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Abstract

This paper describes a combined modeling and experimental approach for the design and development of a polymer
device to provide local drug therapy to thermally ablated solid tumors. The polymer device, in the shape of cylindrical
millirod, will be implanted via image-guided procedures into the center of the ablated tumor. Drug released from the millirod
aims to eliminate residual cancer cells at the boundary of the normal and ablated tissue following thermal ablation to provide
an effective treatment of the total tumor volume. The design of the millirod release kinetics is based on a mathematical
model of drug transport in the ablated tumor and the surrounding normal tissue. The optimal release kinetics consists of a
dual-release process—a burst release followed by sustained release—to provide the most optimal drug pharmacokinetics at
the ablation boundary. Model analysis leads to a quantitative correlation of burst dose and release rates to the ablation size
and the drug concentration at the ablation boundary. A three-layer polymer millirod is produced by a dip-coating method,
and in vitro study demonstrates the dual-release kinetics in which a burst release occurs within 2 h followed by a sustained
release over 7 –10 days. Independent control of the burst and sustained release rates is achieved by varying the structural
composition of the outer and middle layers of the millirods, respectively. Results from this study provide the rational basis
and experimental feasibility of dual-release millirods for further efficacy studies in solid tumors.
   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction site-specific delivery of drugs has remained an
elusive goal despite intensive research efforts in both

Targeted drug delivery was first conceptualized in academia and industry. In the last 20 years, tradition-
the early 1900s by a German pharmacist, Paul al research efforts have been mostly focused on a
Ehrlich, who coined the term ‘magic bullet’ to ‘chemical’ targeting strategy, which relies on the
describe an ideally site-specific drug. Until recently, molecular recognition of unique surface signatures of

targeting tissues by chemical ligands (e.g., antibody–
drug conjugates, immunoliposomes) [1,2]. Although*Corresponding author. Tel.:11-216-368-1083; fax:11-216-
initial successes have been achieved in cell culture368-4969.
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successful in vivo due to a number of factors, such the dosage regimens in the local drug therapy. In this
study, we aim to establish a conceptual frameworkas non-specific uptake by the reticuloendothelial
based on drug transport processes in vivo for thesystems, enzymatic degradation, decreased targeting
rational design of polymer devices for intratumoralcapability under shear conditions, etc. [3–5]. In the
drug delivery. To achieve the most optimal drugcase of solid tumors, this targeting approach is
pharmacokinetics, model analysis proposes dual-re-further thwarted by a hydrodynamic barrier due to
lease kinetics consisting of a burst release followedthe high interstitial pressure within the solid tumor
by a sustained release of drugs from the polymer[6]. These numerous physiological barriers strongly
millirods. Moreover, a quantitative correlation ofsuggest that a simpler targeting method that can
burst dose and sustained release rates is obtainedbypass these barriers should be explored.
with the ablation size and the targeted drug con-At our institution, we are currently developing a
centration at the ablation boundary. This quantitative‘physical’ targeting strategy for tumor-targeted deliv-
relationship provides the design criteria for theery of drugs. This approach aims to maximize the
polymer millirods in drug delivery applicationssynergy between two dynamic fields of research—
within ablated solid tumors. Experimentally, theinterventional radiology and controlled release drug
dual-release millirods are produced by a dip-coatingdelivery—to apply image-guided procedures to im-
procedure with independent control of burst dose andplant a drug delivery device directly into tumor
sustained release rates to permit future validation oftissues for controlled delivery of anticancer drugs.
the millirod design.Our current research focuses on the development of a

combination therapy consisting of image-guided
radiofrequency (RF) ablation of solid tumors fol-

2 . Model basis for the rational design of dual-lowed by intratumoral drug delivery [7,8]. In this
release millirodsparadigm, RF ablation destroys most of the tumor

tissue by heat; after RF ablation, intratumoral drug
2 .1. Drug transport in ablated and normal tissuesdelivery provides a sustained local chemotherapy to

eliminate residual cancer cells and prevent tumor
First, we developed a mathematical model thatrecurrence. This combination therapy has several

describes the drug release and transport processes
potential advantages: (1) the procedure benefits from

from the polymer millirod implanted at the center of
the pinpoint accuracy of a high-resolution image-

the ablated tumor to the site of action. The targeted
guidance procedure [9–13] for minimally invasive site of action is located at the boundary of the
and local tumor destruction; (2) RF ablation destroys ablated and non-ablated tissue, where residual viable
the majority of tumor tissue and, consequently, cancer cells are most likely present (Fig. 1). Within
reduces the drug dosage required for intratumoral the ablated tissue where no viable cells or blood
delivery; (3) destruction of the tumor vasculature by circulation exist, only diffusion occurs [7]. We begin
RF ablation can reduce drug loss by perfusion and with a mass transport model that describes the
increase drug diffusion in ablated tissues (previous dynamics of drug concentrationC (r, t) in theastudies have shown that drug penetration reached 5.2ablated region (r , r , r ) as a function of radialp s
mm in ablated tissue versus 1.2 mm in non-ablated distance from the millirod:
liver tissue [7]); (4) intratumoral delivery can im-

≠C D ≠[r≠C /≠r]a a aprove delivery efficiency and reduce drug toxicity ] ]]]]]5 , r , r , r (1)p s≠t r ≠rand morbidity that are usually associated with sys-
temic chemotherapy. whereD is the diffusivity within the ablated tissue.a

Unlike systemic chemotherapy where drugs are Since the length of the millirod is much greater than
delivered from ‘outside-in’ (i.e., drug molecules first its diameter, we assume that the diffusion process
enter the blood circulation and then distribute to the occurs primarily in the radial direction. When the
tumor tissue), intratumoral drug delivery provides an drug diffuses into the surrounding viable tissue, it
opposite ‘inside-out’ means of delivery. As a result, will be taken up by cells or lost by perfusion. The
existing clinical pharmacokinetic models for sys- governing equation for the drug concentrationC (r,n

temic drug administration cannot be used to optimize t) in the non-ablated region (r # r) iss
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≠Ca
]r 5 r : J 5 2D (5)p a ≠r

If we apply this condition and the definition of the
drug concentration at the ablated tissue boundary
C 5C (r ), then the constants can be evaluated tos a s

yield

r rp s
] ]C 5 J ? ln 1C (6)S Da sD ra

At steady state, drug transport and uptake in the
non-ablated region (r , r) is simplified tos

2d C dC k1n n n
]] ]]] ]1 2 C 50 (7)2 nr dr Ddr n

whose general solution is:

C 5 b K (br)1 b I (br)n 3 0 4 0

whereK (br) and I (br) are modified Bessel func-0 0 ]]
tions of zero order andb 5 k /D . The constantsœ n nFig. 1. Schematic representation of the implanted millirod inside b and b can be evaluated from the boundary3 4the thermoablated tumor tissue. The radii of the millirod and the
conditions. Since the drug concentration goes to zeroablated area are denoted byr and r , respectively.p s

with distance from the millirod source, we must set
b 5 0. Noting that C (r )5C , we can write the4 n s s

solution as≠C D ≠[r≠C /≠r]n n n
]] ]]]]5 2 k C , r , r (2)n n s K (br)≠t r ≠r 0

]]]C 5C (8)n s K (br )0 swhere D is the diffusivity within the non-ablatedn

tissue andk is the combined rate coefficient of cell To evaluateC , we apply the condition of drug fluxn s
uptake and drug perfusion. continuity between ablated and non-ablated regions:

Because the time constant for sustained release is
≠C ≠Ca nmuch greater than the other rate processes, we ] ]]r 5 r : D 5D (9)s a n≠r ≠rassume quasi-steady conditions in the solution to

these equations. Correspondingly, the rod radius is Consequently, from Eqs. (6) and (8), we obtain
considered as a quasi-steady because its time con-

(r /r )(J /bD )K (br )p s n 0 sstant is expected to be much larger than that for the ]]]]]]]C 5 (10)s K (br )drug transport within the tissue. At steady state, the 1 s

governing equation in the ablated region (r , r , r )p s whereK (br) is the modified Bessel function of the1is
first order. KnowingC , we can use Eqs. (6) and (8)s

2 to compute the steady-state concentration distributiond C dCa a
]] ]r 1 50 (3) in both regions.2 drdr

The general solution for this equation is 2 .2. Quantitative design of drug release

C 5 b ln r 1 b (4)a 1 2 At the millirod surface, the drug release rate per
unit length of millirod (R ) is proportional to theDwhere b and b are constants. At the interface1 2 drug flux:between the polymer rod surface and ablated region,

the release fluxJ equals the diffusion flux: R 52pr J 5 2pbD r C K (br ) /K (br ) (11)D p n s s 1 s 0 s
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This relationship can be used in designing drug
release kinetics to achieve a therapeutic concen-
tration C at the ablation boundary, i.e.,C 5C .T s T

The maintenance doseA needed to keepC 5C atM s T

steady-state for a time periodt is A 5 t R .M M M D

Before this sustained effect is achieved at steady
state, a burst doseA can be released so thatC canB T

be reached quickly for an early therapeutic effect.
For an accurate estimate ofA , the dynamic modelB

equations must be solved with a specified time-
varying release rate. As an approximation, we can
obtain the minimal bound onA by integrating theB

steady-state concentration over both the ablated and
non-ablated regions. This approximation neglects the
effect of drug loss in the non-ablated region during
the transient period:

rs ` Fig. 2. Steady-state drug concentration distribution as predicted
by the mathematical model. We assume thatr 50.08 cm,r 50.5p sA 5E 2pr ?C (r) dr 1E 2pr ?C (r)dr 27 2 21 24 21B a n cm. D 5D 54.3310 cm s ,k 54.4310 s . The drugn a n

r rp s distribution profiles are modeled for three drug release rates
(R 530, 60, 120mg/cm per day).r DR pD 2 2 2]] ]5 2r ln 1 r 2 rF S D Gp s p4D ra s

2 2 boundary. Fig. 3 illustrates the concept for rationalC (r 2 r ) RT s p D
]]]] ]1 1 (12) design of polymer millirods. From the steady-state2r Dp n solution of the model, the values ofA andR wereB D

plotted as a function of the targeted concentrationCThe minimum drug dosage needed per unit length of T

at the ablation boundary for three ablation sizes. Forthe millirod is therefore the sum of the burst and
specific values ofC andr , corresponding values ofmaintenance doses,A5 A 1 A . T sB M

A andR can be obtained for the design of releaseB D

kinetics of the polymer millirods. For example, to2 .3. Model design for dual-release millirods
3achieve C 510 mg/cm concentration atr 50.5T s

cm, we need to develop millirods withA 52.2From the steady-state solution of the mathematical B

mg/cm andR 520mg/cm per day. The large valuemodel, the drug distribution profiles were obtained in D

of A illustrates a clear advantage for introducingablated and non-ablated regions (Fig. 2). The con- B

the burst dose in the millirod design.centration distribution depends on the model parame-
ters (r , r , D , D k , J). In this simulation, wep s a n, n

chose to use theD and K values for an anticancern n

3 . Experimental methodsdrug, BCNU, in brain tissues as reported from
27 2 21Saltzman’s lab (D 54.3310 cm s ,k 54.43n n

24 2110 s ) [14,15]. In addition, we assumeD 5D . 3 .1. Materialsa n

It should be noted that model design based on these
parameters is intended only for demonstration of Poly(D,L-lactide) (PLA, inherent viscosity 0.67 dl /
principle. Current work is in progress to determine g) and poly(D,L-lactide-co-glycolide) (PLGA,
these parameters in the normal and ablated liver lactide:glycolide51:1, MW 50 000 Da, inherent
tissues for doxorubicin. viscosity 0.65 dl /g) were purchased from Birming-

Fig. 2 shows the effect of varying the release rate ham Polymers, (Birmingham, AL). Poly(ethylene
R on the simulated concentration distribution pro- glycol) (PEG,M 4600) and poly(ethylene oxide)D n

files, where faster release rates from the polymer (PEO,M 200 000) were obtained from AldrichV

millirods led to higher concentrations at the ablation (Milwaukee, WI). Doxorubicin–HCl solution was
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doxorubicin solution was lyophilized to provide fine
powder. PLGA microspheres (size: 5mm) were
produced by a single emulsion procedure [16].
Monolithic PLGA millirods containing 16% doxoru-
bicin, 24% NaCl and 60% PLGA were fabricated by
a compression-heat molding procedure [16]. Briefly,
doxorubicin, NaCl and PLGA microspheres were
weighed separately according to the final loading
densities and the three components were placed in a
plastic tube and physically mixed by vortex for 10
min. The mixture was placed into a Teflon tube (I.D.
1.6 mm) and then the Telfon tube was placed inside
a stainless steel mold. The mold was put inside an
iso-temp oven at 908C (Fisher Model 282A, set
point accuracy,2 8C) for 2 h to allow the annealing
of PLGA polymer. Compression pressure of 4.6 MPa
was applied during the annealing process by a copper
weight. After cooling down to room temperature, the
millirods were pushed out of the Teflon tube by a
stainless-steel plunger. The monolithic millirods
have a diameter of 1.6 mm, and their length was cut
to 10 mm.

Dual-release millirods were fabricated by applying
two additional dip-coating procedures on the mono-
lithic millirods. The PEG/PLA layer (middle layer)
was formed by dipping the monolithic PLGA mil-
lirods into PEG/PLA solution in CH Cl . The total2 2

polymer concentration was 200 mg/ml and three
different PEG in PLA percentages were used: 5, 10
and 20%. The dipping speed was controlled by a
vertically placed syringe pump at 2 mm/s. After the
control layer was completely dried, the burst layer
was formed by dipping the millirod into doxorubi-
cin /PEO suspension (100 mg/ml, 75% doxorubicin,
25% PEO in CH Cl ). High-molecular weight PEO2 2

was used to increase the viscosity of the dipping
solution. The number of dippings in doxorubicin /

Fig. 3. Rational design of burst dose (A ) and drug release rateB PEO suspension was used to control the burst dose.
(R ) to reach and maintain a targeted drug concentration (C ) atD T The dimension of the millirods is 10 mm in length,r . Three ablation sizes are evaluated atr 50.3, 0.5 and 0.8 cm.s s

1.8–2.0 mm in diameter depending on the thickness
of the coated layers.

purchased from Bedford Laboratories (Bedford,
OH). 3 .3. In vitro release studies

3 .2. Fabrication of doxorubicin-loaded, dual- In vitro release studies were carried out in 25 mM
release millirods Tris buffer (pH57.4) at 378C. Each millirod was

placed in a glass vial containing 2 ml Tris buffer.
The doxorubicin–HCl solution was first desalted The sample vials were placed in an orbital shaker

by dialysis in distilled water and then the purified (C24 model, New Brunswick Scientific) with a
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rotating speed of 100 rpm. At each time point, 2 ml varied to control the sustained release rate. Higher
of solution were removed for concentration measure- PEG content produces higher porosity in the middle
ment and 2 ml of fresh buffer were added. The layer and, therefore, a faster drug permeation and
concentration of released doxorubicin was measured release rate. The burst dose was controlled by the
by a UV–Vis spectrophotometer (Perkin-Elmer Lam- thickness of the outer PEO layer loaded with 75%
bda 20 model) at its maximum adsorption wave- doxorubicin. Table 1 lists five types of dual-release
length (480.8 nm). The extinction coefficient of millirods with different structural compositions and
doxorubicin at this wavelength is 16.8 ml /(cm?mg). release properties.

3 .4. SEM analysis 4 .2. In vitro characterization of millirod release
profiles

Scanning electron microscopy (SEM, Jeol model
840) was used to study the morphology of the Fig. 4a shows the cumulative release of doxorubi-
cross-section of the dual-release PLGA millirod. cin from three types of dual-release millirods with
Freeze-fracturing in liquid nitrogen was used to different burst doses (A ), but similar sustained-B

provide a smooth and even millirod cross-section. release rates (R ). These millirods shared the sameD

Before SEM analysis, the sample was mounted on an inner core and rate-control (middle PEG/PLA) layer,
aluminum stub by double-sided tape and sputter but the thickness of the outer layer differed. All three
coated with Pd (10 nm thick). SEM analysis was types of millirods demonstrated the dual-release
carried out at an accelerating voltage of 20 kV. kinetics: a steep initial burst release phase due to the

dissolution of the outer PEO layer followed by a
sustained release phase controlled by the middle

4 . Results layer (10% PEG in PLA). Millirods B1S2, B2S2 and
B3S2 have burst doses of 0.26, 0.65 and 1.48 mg/

4 .1. Structural composition of dual-release (cm millirod), respectively, within the first 2 h of
millirods release. For these millirods, the sustained dose (A ,M

amount of doxorubicin contained inside the inner
The dual-release polymer millirods consist of three drug reservoir) was approximately 3.5 mg/(cm mil-

structural components. The outer water-soluble lirod), and the sustained release (constant slope)
doxorubicin /PEO layer provides the initial burst phase was maintained for about 7 days (or 170 h) at
release of the drug after contact with biological fluid. approximately 0.4 mg/(day?cm millirod).
After dissolution of the outer layer, the sustained Fig. 4b shows the cumulative release of doxorubi-
release rate of doxorubicin is controlled by the cin from three types of dual-release millirods with
middle PEG/PLA layer. The inner core of doxorubi- the same burst dose, but different sustained release
cin–PLGA matrix serves as the drug reservoir for rates. These millirods shared the same inner core and
sustained release. For this study, the inner monolithic burst dose layer (outer PEO layer), but the rate-
PLGA millirods (16% doxorubicin) were kept the control (middle PEG/PLA) layers differed. The PEG
same for all the dual-release millirods. The PEG composition in the middle layer was set at 5, 10 and
composition in the middle layer (5, 10, 20%) was 20% for B3S1, B3S2 and B3S3 millirods, respective-

Table 1
Structural composition and release properties of different types of dual-release millirods

Millirod Inner core Middle layer Dip-coating times A RB D

code doxorubicin (%) PEG (%) of the outer layer (mg/cm) (mg/(day?cm))

B1S2 16 10 1 0.25 0.37
B2S2 16 10 2 0.65 0.39
B3S2 16 10 3 1.48 0.43
B3S1 16 5 3 1.55 0.27
B3S3 16 20 3 1.60 0.60
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ly. The cumulative release profiles demonstrate
similar burst dose at 1.55 mg/(cm millirod), but the
sustained release rates increased with the increase of
PEG composition. The average release rates were
0.27, 0.43 and 0.60 mg/(day?cm of millirod) for
B3S1, B3S2 and B3S3 millirods, respectively. Since
all the millirods shared the same sustained dose
(A ), the different release rates led to different timeM

duration for the three types of dual-release millirods
(Fig. 4b).

4 .3. SEM study of millirod microstructure

To obtain mechanistic insight on the dual-release
kinetics, we used SEM to analyze the microstructure
of the doxorubicin millirods before and after the
release experiments. Fig. 5a shows the SEM image
of the cross-section of a representative B3S2 millirod
before release. It clearly demonstrates the three-layer
structure of the dual-release millirod: the outer
doxorubicin /PEO layer, the middle PEG/PLA layer,
and the inner monolithic millirod. The thickness of
the outer and middle layers is approximately 150 and
80 mm, respectively. SEM analysis (Fig. 5b) of the
same millirod composition after 7 days of drug
release in Tris buffer (pH 7.4) shows that the outer
PEO layer, which produces the initial burst, was
completely dissolved. The PEG/PLA layer appeared
to be porous, probably due to the leaching of water-
soluble PEG molecules from the hydrophobic PLA
matrix. The resulting membrane became the semi-
permeable barrier that controls the rate of release

Fig. 4. Cumulative release profiles of dual-release millirods. Thefrom the inner drug reservoir. Finally, SEM shows
structural composition for each type of millirod is listed in Table

the interconnecting pores and channels inside the 1. The error bars in Fig. 4 were measured from triplicate samples.
polymer matrix of the inner core, which is consistent (a) Millirods with the same sustained release rate, but different
with the complete release of doxorubicin and NaCl burst doses. (b) Millirods with the same burst dose, but different

sustained release rates.(Fig. 4).

concentrations at the site of action should be used)
5 . Discussion and conclusion are usually measured over time, and the area under

the concentration–time curve (AUC) is calculated
The delivery of a therapeutic agent to the site of and related to pharmacological response. Typically, a

action is the defining objective of any pharmaceutical desired steady-state concentration (C ) of the drug isss

treatment. The accessible concentration of the drug chosen and a desirable range for theC is defined asss

at the site of action and tissue exposure time are the therapeutic range [17]. Because most anticancer
directly related to the pharmacological responses, drugs have narrow therapeutic indices, their clinical
whether therapeutic or toxic. In systemic chemo- applications require careful design of dosage reg-
therapy, drug plasma concentrations (ideally, drug imens to achieve a fine balance between efficacy and
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Fig. 6. Fundamental pharmacokinetic relationships for systemic
administration of drugs. Dashed and dotted lines, continuous i.v.
infusion; solid line, intermittent dosing. Partially adapted from
Ref. [17].

The first step in a rational and quantitative design
of polymer millirods that can deliver anticancer drug
by an ‘immediate and sustained’ way requires the
development of an appropriate mathematical model.
For specific application in a thermally ablated liver
tumor, we developed a dynamic model that describes
the drug transport process in ablated and non-ablated
regions. The objective of local drug therapy is to
deliver drug at a sufficiently high concentration to
the boundary of ablated tissue to kill the residual
cancer cells. This requires that the therapeutic drug
can be delivered to the targeted region quickly andFig. 5. SEM analysis of the dual-release millirods (B3S2) before
the drug concentration can be maintained for arelease (a) and 7 days after release studies (b). OL, outer layer;

ML, middle layer; IC, inner core. The scale bars in both images prolonged time. In this paper, we present a frame-
are 100mm. work of procedures and working curves by which to

calculate parameters required for fabrication of a
toxicity. Fig. 6 illustrates the concentration–time polymer drug-delivery system.
curves for drugs either administered in a series of Model simulations with a dual-release polymer
repeated doses or as a continuous infusion in sys- millirod indicate how an initial burst dose followed
temic chemotherapy. The figure shows that continu- by sustained release can provide optimal delivery of
ous infusion of drugs permits a significantly less an anticancer drug to the ablation boundary. Without
variable concentration range atC than intermittent a burst dose, it would take a zero-order releasess

dosing. In addition, the use of a loading dose permits device many days to reach the targeted region at the
a much faster attaining ofC than the otherwise therapeutic concentration. Conceptually, the burstss

continuous dosing rate. The combined dosage ad- dose and the sustained release rate can be ‘custom-
ministration and the resulting ‘immediate and sus- designed’ to meet the requirements to deliver thera-
tained’ effect in systemic chemotherapy provide the peutic drug concentrations for differently sized
conceptual basis for the design of polymer devices in tumors. Given the geometry of the tumor and ablated
our drug delivery applications. region, other model parameters such as drug dif-
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