Effect of fibrous capsule formation on doxorubicin
distribution in radiofrequency ablated rat livers
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Abstract: In this study, we report the histological findings
of a combined therapy using radiofrequency ablation and
intratumoral drug delivery in rat livers, with special atten-
tion to wound-healing processes and their effects on drug
transport in post-ablated tissue. Doxorubicin-loaded milli-
rods were implanted in rat livers that had undergone medial
lobe ablation. Millirods and liver samples were retrieved
upon animal sacrifice at time points ranging from 1 h to 8
days. Results demonstrate a clearly defined area of coagu-
lative necrosis within the ablation boundary. The wound-
healing response, complete with the appearance of inflam-
matory cells, neovascularization, and the formation of a
fibrous capsule, was also observed. At the 8-day time point,
fluorescence imaging analysis showed a higher concentra-
tion of doxorubicin localized within the ablation region,

with its distribution hampered primarily by fibrous capsule
formation at the boundary. Given the variant nature of
ablated liver, a mathematical model devised previously by
our laboratory describes the data well up to 4 days, but loses
reliability at 8 days. These results provide useful mechanistic
insights into the wound-healing response after radiofre-
quency ablation and polymer millirod implantation, as well
as the impact this natural corollary has on drug distribution.
© 2004 Wiley Periodicals, Inc. ] Biomed Mater Res 69A:
398-406, 2004
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INTRODUCTION

Although surgical excision remains the most cur-
able option in treating hepatic cancer, only a handful
of liver cancer patients are candidates for resection.
Presently, several obstacles including anatomical inac-
cessibility of the tumor and the coexistence of various
tumor nodule sites have led to a burgeoning focus on
less invasive and more patient-compliant treatment
modalities such as cryotherapy,'™ high-intensity fo-
cused ultrasound,* and radiofrequency (RF) abla-
tion.>”® The latter technique, which utilizes heat sup-
plied by a needle electrode to eliminate tumors, has
proven effective in destroying cancerous cells within
the heat burst radius, but fails to eliminate remnant
and viable malignant cells found at the periphery of
ablation.””"" In an attempt to improve this technical
shortcoming, our research laboratory proposes a com-
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bination therapy consisting of the following: 1) image-
guided RF ablation of solid tumors, followed by 2) the
implantation of a polymer millirod drug delivery de-
vice, which permits intratumoral delivery of doxoru-
bicin, an anticancer drug, so as to eradicate any resid-
ual cancer cells.'*'® Hence, vital to the efficacy of the
aforementioned combined strategy is the knowledge
that RF ablation can drastically alter the liver tissue
environment, potentially modifying the means of
drug transport from the millirod implant to the sur-
rounding liver parenchyma.

Fortunately, many recent studies have been devoted
to the advancement and the establishment of RF abla-
tion as a promising application for cancer therapy. As
a result of the intense research and practice over the
years, it is now well known that RF ablation causes
coagulative necrosis of tissue because of the local pa-
renchyma surpassing temperatures of up to 100°C.
Destruction of tissue microvasculature accompanies
the phenomenon, and peripheral small-diameter
venules become thrombotic. The consequential burn
wound produced by RF ablation elicits a wound-heal-
ing response from the host, brought about by the
release of inflammatory mediators. Although the
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pathophysiology of the inflammatory response caused
by physical injury, burns, and the implantation of
foreign materials in the body has been extensively
documented,'”?° to the best of our knowledge, the
wound-healing response in liver tissues after RF abla-
tion and its effect on drug distribution has not been
reported.

Previous research conducted by our laboratory has
led to the rational design of dose formulations, char-
acterization of drug distribution, and mathematical
modeling of transport within the ablated liver tissue
environment.”>'®> The mathematical model in its
present form assumes that drug diffusivities and drug
elimination coefficients remain constant throughout
the duration of the polymer millirod implantation, as
the environment is considered time-invariant. Al-
though the model does provide acceptable approxi-
mations up to 4 days after implantation,'® the effect of
the wound-healing response on drug transport at later
times has not been fully examined.

The objective of this work is to histologically mon-
itor the wound-healing response in ablated and non-
ablated liver tissue with implanted polymer millirods
over an 8-day period of time. We hypothesize that
structural changes resulting from wound healing, es-
pecially fibrous capsule formation, will greatly affect
the drug transport properties in vivo. Such structural
changes need to be taken into consideration for the
future design of polymer millirods for liver cancer
treatment.

MATERIALS AND METHODS

Materials

Poly(D,L-lactide) (PLA, inherent viscosity 0.67dL/g) and
poly(D,L-lactide-co-glycolide) (PLGA, lactide/glycolide =
1:1, MW 50,000 Da, inherent viscosity 0.65 dL/g) were pur-
chased from Birmingham Polymers, Inc. (Birmingham, AL).
Poly(ethylene glycol) (PEG, M,, 4600 Da) was obtained from
Aldrich (Milwaukee, WI). Doxorubicin HCI solution was
purchased from Bedford Laboratories (Bedford, OH). Tris-
buffered saline solution (1X) was purchased from Fisher
Scientific (Pittsburgh, PA).

Animals

Male Sprague-Dawley rats (350-450 g) were obtained
from Charles River Laboratories (Boston, MA). Animal pro-
cedures were adhered to the National Institutes of Health
Guidelines and an approved protocol by the Institutional
Animal Care and Use Committee at Case Western Reserve
University.
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Fabrication and in vitro characterization of
sustained-release millirods

The doxorubicin HCl solution was desalted by dialysis in
distilled water. The purified doxorubicin solution was then
lyophilized to provide a fine powder. Monolithic PLGA
millirods containing 5% doxorubicin, 25% NaCl, and 70%
PLGA were fabricated by a compression-heat molding pro-
cedure.'” The cylindrical millirods, measuring 1.6 mm in
diameter, were cut to a length of 8 mm.

Sustained-release millirods were fabricated following a
published procedure.'® First, the monolithic PLGA millirods
were dipped into PEG/PLA solution in CH,Cl,. The total
polymer concentration was 200 mg/mL and the PEG in PLA
percentage was 10%. The dipping speed was controlled by a
vertically placed syringe pump at 2 mm/s. The millirods
were then air-dried for 24 h followed by another round of
dip-coating at the alternate end. The resulting membrane-
encased millirods provide a total sustained-release phase of
doxorubicin over 7 days at approximately 0.4 mg/(day - cm
millirod) in Tris buffer (pH 7.4, 37°C).'¢

RF ablation and millirod implantation

Male Sprague-Dawley rats were anesthetized with an in-
traperitoneal injection of sodium pentobarbital (50 mg/kg).
The abdomen was shaved and prepped with Betadine and
alcohol. A local anesthetic, Marcaine, was injected subcuta-
neously just before skin incision. The medial lobe of the liver
was then exposed through a small midline incision and
exteriorized for RF ablation and millirod placement. Liver
tissue ablation was produced using RF-generated current
(0.09-0.12 A) from a 19-gauge needle electrode (Radionics”,
Burlington, MA) at 90° = 2° C for a duration of 2 min. The
ablated region extended approximately 4-5 mm from the
electrode source. After the removal of the electrode, a mil-
lirod was inserted within the electrode tract and a small
piece of cotton was sewn at the top. After the ablation
procedure, 5 mL of saline solution was poured into the
abdomen to assist in animal recovery, and the abdomen was
then sutured. The animals were kept alive for predeter-
mined periods of 1,4, and 7 h, as well as 1, 2, 4, 6, and 8 days,
with retrieval of polymer millirods occurring after animal
sacrifice. The liver was recovered and cut perpendicular to
the long axis of millirod implantation. Half was fixed in 10%
formalin solution for future histological analysis, whereas
the other half was preserved for doxorubicin concentration
analysis.

Histology and fluorescence imaging analysis

After fixation in 10% formalin solution, the liver samples
for histology analysis were embedded in paraffin, sliced to a
thickness of 5 um, and stained with hematoxylin and eosin
(H&E) and Masson’s trichrome (MTC) stains. Histology im-
ages were taken using a Nikon Eclipse (TE300 model) mi-
croscope.
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Before ablation

Following ablation

Figure 1. Medial lobe of rat liver before and immediately after RF ablation. The arrows point to the hemorrhagic rim formed
as a result of ablation. The scale bars represent 5 mm. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

Frozen liver samples set aside for fluorescence microscopy
analysis were mounted on a cryostat microtome with O.C.T.
embedding medium (Miles Inc., Elkhart, IN), sectioned at
—15°C to a thickness of 100 wm, and placed on a glass slide.
Given that doxorubicin is a fluorescent molecule with exci-
tation and emission wavelengths of 488 and 580 nm, respec-
tively, the fluorescence microscopy images were captured
using a rhodamine filter on the Nikon Eclipse microscope.
For quantitative fluorescence imaging studies, the liver
slices were scanned using a fluorescence imager (Fluorolm-
ager™ SI model; Molecular Dynamics, Sunnyvale, CA). Flu-
orescence images were saved in TIFF format and fluores-
cence intensity in the images was converted to drug
concentration using MatLab software (version 5.3) and a
previously determined calibration curve.'® Image J software
(provided free of charge by the National Institutes of Health)
was used to calculate the doxorubicin concentrations span-
ning radially outward from the millirod implantation site.
The concentration—distance profiles were then averaged
from eight radial directions, with an approximate separation
of 45° between each direction.

RESULTS
Gross and histological analysis of liver samples
Gross examination of rat livers

Figure 1 compares the gross images of rat livers
before and immediately after RF ablation of the medial
lobe of a rat liver. As depicted in Figure 1(A), the
medial lobe of the liver displays a glossy, smooth, and
bright red external surface before ablation, character-
istics indicative of a healthy liver. However, subse-
quent to ablation, the liver displays a pale circular
region of tissue shrinkage surrounded by a hemor-
rhagic rim that delineates the radius of ablation, aver-

aging 3-5 mm. The central cavity visible in Figure 1(B)
corresponds to the ablation probe insertion site, serv-
ing furthermore as the site for millirod implantation.

One hour to 4 days after ablation

Within a matter of hours after RF ablation and mil-
lirod implantation, a clear distinction between ablated
and nonablated zones becomes apparent in the liver
samples. Figure 2(A) shows the immediate post-ab-
lated environment, composed of a region within the
radius of ablation akin to a coagulative, necrotic
core—an area lacking well-defined sinusoidal and nu-
clear structure. The highly porous interstitial space
owes itself mainly to tissue shrinkage during the char-
ring process. The nonablated region, however, dis-
plays the characteristics of normal liver tissue mor-
phology, including intact sinusoidal structure and
undamaged hepatocytes with integral nuclear fea-
tures. The results obtained are consistent with a pre-
vious short-term histological study of ablated rat liv-
ers.'® Given the short time lapse after ablation, events
characteristic of the acute inflammatory response can-
not yet be discerned. Inflammatory cell migration, the
initial stage of the acute wound-healing process, is
well underway 2 days after RF ablation and millirod
implantation. A clearly defined zone of inflammatory
cells, predominantly neutrophils and monocytes, is
present in Figure 2(B), and the cells are shown accu-
mulating at the ablation boundary, separating the ne-
crotic core from the nonablated region in the process.
MTC-stained images at the 2-day mark (data not
shown) do not illustrate any indication of collagen
deposition by fibroblasts, and no fibrous capsule for-
mation can be seen.

Four days after RF ablation, the inflammatory re-
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Figure 2. Histology analysis of liver samples 1 h, 2 and 4 days after RF ablation and millirod implantation. (A) One-hour
H&E stained sample at original magnification of 4X. (B) Two-day H&E stained sample (original magnification 4X). The
triangle in (B) points to the sharply defined zone of inflammatory cells at the ablation boundary. (C) and (D) H&E and
MTC-stained samples, respectively, 4 days after RF ablation (original magnification 4 X). Black arrows in all images point to
the millirod implantation and ablation probe insertion site. The scale bars in all four images represents 1 mm. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]

sponse has progressed and become quite extensive,
yielding five distinct zones in the ablated and adjacent
nonablated tissue, as is evident in Figure 2(C). The
first zone consists of viable, nonablated hepatocytes,
located well outside of the ablation radius. The second
zone is characterized by fibroblast activity, whereas
the third zone represents an area of cellular debris left
behind by the migration of inflammatory cells, which
in turn comprise the fourth zone. The fifth zone, and
that closest to the ablation and millirod implantation
site, represents the necrotic core.

Close observation of the distinct zones at higher
magnifications yields insight into their various char-
acteristics (data not shown). Analysis of the first zone
at a higher magnification shows that this nonablated
region is composed mainly of viable and healthy
hepatocytes that have well-defined cytoplasms and
nuclear structure. The sinusoidal morphology of nor-
mal liver tissue is also noticeable in this region. Addi-
tionally apparent in Figure 2(C) is the migratory action
of inflammatory cells. At the 2-day mark, the inflam-
matory cells were found concentrated at the ablation
boundary. However, at the 4-day mark, the inflamma-
tory cells have moved from the ablation boundary into
the necrotic zone, an event that has left an area of

cellular debris that is easily discernible by the lack of
nuclei. The inflammatory zone, however, can be easily
recognized by the dark stained nuclei of the mono-
cytes, predominant cell types at this stage.'” At the
ablation boundary, a fibroblast zone does exist, al-
though an obvious and well-defined fibrous capsule is
still lacking. This observation is supported by Figure
2(D), in which MTC stains show the presence of a
small amount of extracellular collagen deposition ar-
ranged in a random manner.

Eight days after ablation

The inflammatory response due to tissue injury
has progressed to the chronic stage 8 days after RF
ablation and millirod implantation, and the forma-
tion of an extensive fibrous capsule, along with the
appearance of new blood vessels, was observed. As
is evident in Figure 3(A), a tight, dense layer of
granulation tissue, averaging 1 mm in thickness, has
formed adjacent to the ablation boundary, an event
confirmed by the light blue staining region in the
MTC image of Figure 3(C). Close examination of the
fibrous matrix encapsulating the ablation region
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Figure 3. Liver tissue images 8 days after RF ablation and millirod implantation. (A) H&E image showing the distinct zones
of ablation (original magnification 4X). (B) H&E magnification of new blood vessel formation (original magnification 60X).
(C) MTC stain highlighting fibrous capsule formation in blue (original magnification 4X). (D) MTC magnification of
fibroblasts within the fibrous capsule layer (original magnification 40X). (E) and (F) H&E magnifications of fibroblasts and
inflammatory cells, respectively (original magnification 60X). The dashed lines in (A) and (C) delineate the ablation boundary,
whereas the arrows in (A) and (C) point to the site of ablation probe insertion/millirod implantation. The scale bars in (A)
and (C) represent 1 mm, whereas the scale bars in (B), (D), (E), and (F) represent 50 pm. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

[Fig. 3(B,D,E)] yields the presence of a high density
of fibroblasts and a significant amount of collagen
fibril deposition. Figure 3(A) also displays the pres-
ence of the five zones seen in samples collected 4
days after ablation. At the 8-day time point, the
fibrous capsule layer has become broader than in the
4-day samples, and the zone of migrating inflamma-
tory cells, amplified in Figure 3(F), has developed
into a more massive aggregation that has come to
include macrophages.

Apart from showing the extent of the dense collagen
fibril layer, Figure 3(B) and (D) also shows neovascu-

larization, or the formation of small new blood vessels,
within the granulation tissue. As shown in the MTC-
stained image [Fig. 3(D)], the endothelial tissues of the
blood vessel wall are quite evident and stained red,
whereas the surrounding fibrous capsule was stained
light blue.

In two separate sets of control studies, the wound-
healing response was examined after the implanta-
tion of doxorubicin-loaded millirods in nonablated
livers, and the implantation of drug-free millirods in
ablated livers (data not shown). In the sets of exper-
iments conducted involving the implantation of
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Figure 4. Fluorescence microscopy images of liver samples at various time points. (A), (C), and (E) Liver samples after RF
ablation and millirod implantation at 2, 4, and 8 days, respectively (original magnification 4X). The boxed areas in (A), (C),
and (E) are presented at higher magnifications (original magnification 10X) in figures (B), (D), and (F), respectively. The
arrows point in the direction of the ablation probe insertion/millirod implantation site, with the letter X marking the site. The
scale bars in (A), (C), and (E) are 1 mm, whereas the scale bars in (B), (D), and (F) are 0.5 mm. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]

doxorubicin-loaded millirods in nonablated livers,
the same wound-healing processes such as inflam-
matory cell migration and fibrous capsule formation
were observed. However, the location of the fibrous
capsule was localized around the site of implant,
due mainly to the tissue injury resulting from punc-
turing the liver and from the presence of a foreign
material. When drug-free control millirods were im-
planted in ablated livers, the five distinct zones
presented above were readily identifiable, and a
thick fibrous capsule engulfing the ablation region
was observed after 8 days.

Doxorubicin distribution analysis

Fluorescence microscopy analysis: A qualitative
approach

Figure 4 consists of fluorescence microscopy images
obtained 2, 4, and 8 days after RF ablation, which
provide insightful qualitative information on the effect
of the fibrous capsule on doxorubicin distribution in
RF-ablated livers. Although no morphological or nu-
clear detail can be discerned in these images, certain
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features such as the millirod implantation site, the
porous necrotic core, and the nonablated region with
an intact sinusoidal network can be perceived. In Fig-
ure 4(A), a greater concentration of doxorubicin can be
seen closer to the millirod implantation site 2 days
after ablation, with the intensity waning throughout
the necrotic core as it reaches the boundary. The mag-
nification of the 2-day sample presented in Figure 4(B)
allows for the appreciation of a sharp distinction be-
tween the ablated and nonablated regions; a higher
concentration is shown to be localized within the ne-
crotic core, with trace amounts of intensity appearing
within sinusoids in the nonablated region.

Figure 4(C) and (D) shows fluorescence microscopy
images of a liver sample 4 days after RF ablation.
According to the histological findings presented in
Figure 2(C) and (D), fibroblast activity occurs at this
stage of the wound-healing response, as well as the
early onset of collagen deposition, which will eventu-
ally yield a fibrous capsule adjacent to the ablation
boundary. Figure 4(C) and (D) shows the presence of
a dark, discontinuous region between the ablated and
nonablated zones, a region with minimal to hardly
any fluorescence intensity. Given its location, discon-
tinuity, and lack of doxorubicin concentration, the
zone labeled “fibrous” in Figure 4(D) is highly analo-
gous to the fibroblast zone, and is assumed to be the
early stages of fibrous capsule formation.

As shown in Figure 3, a dense and clearly defined
fibrous capsule was shown to appear at the 8th day
time point. Figure 4(E) shows the presence of a more
extensive and well developed layer, the fibrous cap-
sule, separating the ablated and nonablated regions,
ranging from 0.5 to 1 mm in width. Of significant
importance in the figure is the stark increase in doxo-
rubicin concentration confined within the ablated re-
gion, a fluorescence intensity found to be in sharp
contrast to the images obtained for the 2- and 4-day
time points. The fibrous layer, better appreciated in
magnification in Figure 4(F), shows low doxorubicin
retention when compared with the adjacent ablated
and nonablated regions.

Fluorescence imaging analysis: A quantitative
approach

Fluorescence microscopy analysis provides a quali-
tative description of the doxorubicin distribution in a
local region such as the ablation boundary. However,
because of the potential photo bleaching effect, this
method cannot provide reliable quantitative informa-
tion on drug distribution in ablated and nonablated
liver tissue. Instead, a fluorescence imaging method
was used to obtain the quantitative macroscopic con-
centration—distance relationships for doxorubicin.

Figure 5 shows the doxorubicin concentration-ver-
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Figure 5. Doxorubicin concentration distribution in ab-
lated liver tissues 4 days (A) and 8 days (B) after RF ablation
and millirod implantation. The solid lines represent the ex-
perimental data obtained from fluorescence imaging analy-
sis. The dashed lines represent the computer-predicted con-
centration—distance curves, using the following values for
the constants D_* D_* v* 1.1 X 1077 em?s~ %, 6.7 X 1077
cm?s !, 9.6 X 107 * s~ !, respectively. The bars in (B) repre-
sent the fibrous capsule zone. The figure insets represent
fluorescent images of liver samples. The scale bars in the
insets represent 5 mm. The color bar represents doxorubicin
concentration. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

sus-distance profiles for the 4- and 8-day time points.
Although a slight increase in the doxorubicin concen-
tration exists at the 4-day time point, the concentration
is shown to decrease gradually with increasing dis-
tance from the millirod implant [Fig. 5(A)]. The figure
inset in 5(A), a representative TIFF image whose flu-
orescence intensity has been converted to doxorubicin
concentration using MatLab, qualitatively supports
the general trend of the 4-day data, showing a slight
accumulation of doxorubicin close to the millirod im-
plantation site, with the concentration steadily de-
creasing at distances farther away from the implant. In
Figure 5(B), the experimental data display a height-
ened doxorubicin concentration within the ablated re-
gion. The concentration remains roughly stable be-
tween 700 and 750 pg/g for a distance of 1 mm away
from the millirod tissue interface, with concentration
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decreasing gradually upon the presence of the fibrous
capsule and the nonablated region. The respective
figure inset depicts the elevated doxorubicin concen-
tration within the ablated region, an elevation that can
best be explained by the invariant nature of ablated
liver tissue, which at the 8-day time point has yielded
a thicker encapsulating fibrous capsule.

Mathematical modeling of doxorubicin transport

Previously, we developed a mathematical model to
quantitatively describe the drug transport processes in
ablated and nonablated tissue.'> The mathematical
model in its present form assumes that there is a
coexistence of drug in the free and bound forms in
both ablated and nonablated regions, and that free
drug concentration distribution in ablated tissue
changes by diffusion and drug binding, and not by
perfusion or metabolism. In nonablated tissue, drug
will be lost because of perfusion and/or metabolism in
addition to diffusion and binding processes. Based on
the above transport processes, we developed steady-
state concentration distributions in both regions:

1 T
C,= Da*]'ln(r> + C, (1)
_ Ko(Br)
Cn = CsKo(Brs) 2)

Equation 1 describes the drug concentration in ablated
tissue (C,) as a function of radius (r) from the millirod
implant (radius r,,). The release flux | represents the
diffusion flux at the polymer-millirod interface (r =

o)

_ _ps aC, 3
] - a gy ( )
The variable 7, is the distance from the millirod to the
ablation boundary, and the term D_,* is the apparent
diffusivity in ablated tissue. Equation 2 describes the
drug concentration in nonablated tissue (C,) as a func-
tion of drug concentration (C,) at the ablation bound-
ary, with Ky(Br) serving as a modified Bessel function
of zero order. The parameters D_* and v*, included in
the Bessel functions (B = vy*/D,%), are the apparent
drug diffusivity in nonablated tissue and the apparent
drug elimination coefficient, respectively. The appar-
ent diffusivities D,*, D,* and apparent drug elimina-
tion coefficient y* are assumed to be invariant of time,
and were previously found to be 1.1 X 10”7 cm?s™?,
6.7 X107 cm? Y, and 9.6 X 107 %57, respectively, for
doxorubicin.'®
The model simulation curves for doxorubicin con-
centration versus distance are depicted in Figure 5.
Figure 5(A) shows that the simulated model predic-
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tion curve correlates well with the experimental data
obtained at the 4-day time point, corroborating the
gradual decrease in drug concentration. However, in
Figure 5(B), the model simulation curve does not ad-
equately fit the experimental data at the 8-day time
point, due primarily to the heightened doxorubicin
concentration within the ablation boundary, itself an
effect of the fibrous capsule.

DISCUSSION

The main purpose of this study was to examine the
wound-healing response in RF-ablated rat livers and
to evaluate whether the natural healing sequelae have
an effect on drug distribution from the polymer mil-
lirod implant. The results from this study demonstrate
that the ablated liver tissue is a time-variant system
consisting of inhomogeneous zones spanning from the
millirod implantation site to the outer periphery of the
ablation boundary (Figs. 2 and 3).

Previously, we developed a mathematical model to
describe the drug transport processes in ablated tis-
sues. The model simplified the ablated liver tissue as a
time-invariant system with two zones of homoge-
neous properties, the ablated and nonablated re-
gions.'>'® Within each region, the drug transport pa-
rameters (e.g., drug diffusivities and drug elimination
coefficients) were assumed to be constant over time.
Although this is a reasonable assumption to begin
with, histology results in the current work demon-
strate that the ablated liver tissue environment is
much more complex, inhomogeneous in space and
time. This premise is much more evident 4-8 days
after ablation when extensive migration of inflamma-
tory cells, proliferation of fibroblasts, formation of fi-
brous capsule, and neovascularization were observed.

Although the model predicts that the drug concen-
tration should steadily decrease with increasing dis-
tance from the millirod at the 8-day time point, a
significant deviation is observed in Figure 5(B). Fluo-
rescence imaging analysis showed the appearance of a
plateau in the drug concentration—distance curve,
which demonstrates a pronounced increase in drug
concentration within the ablated region. This increase
in drug concentration correlates spatially with the lo-
cation of the fibrous capsule [Fig. 5(B)] and is also
supported by fluorescence microscopy results [Fig.
4(E,F)]. The excessive accumulation of connective tis-
sue around the ablation boundary, consisting of
highly organized and tightly packed collagen fibers,
has led us to believe that this fibrous capsule acts as a
barrier to drug transport. This barrier encapsulates the
majority of the drug released from the millirod within
the ablated region. These results agree fairly well with
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the existing literature on drug transport deterrence
with the emergence of collagenous tissue.”>*

In parallel with the formation of the fibrous capsule,
neovascularization was also observed at the 8-day
time point (Fig. 3). Previous studies showed that the
implantation of millirods in nonablated livers had lim-
ited drug penetration because of the drug perfusion
loss through sinusoidal vasculature.'”> Given that tu-
mor recurrence was mostly observed at the ablation
boundary,” neovascularization may present a chal-
lenge for local drug therapy. We hypothesize that the
formation of new blood vessels may carry doxorubicin
away from the ablation boundary, reducing drug ex-
posure to residual cancer cells.

CONCLUSION

Results from this study illustrate that the wound-
healing response after RF ablation has a significant
impact on local drug pharmacokinetics. Perhaps the
most significant finding is the obstructing nature of
the fibrous capsule at the ablation boundary to drug
transport. Current work is in progress to examine the
incorporation of anti-inflammatory drugs (e.g., dexa-
methasone) within the polymer millirods with the
hope of retarding the fibrous capsule formation, which
in turn should facilitate drug delivery to the ablation
boundary.

E. Blanco is grateful for the support of a National Insti-
tutes of Health minority supplement grant.
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