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Abstract: Image-guided radiofrequency ablation com-
bined with intratumoral drug delivery provides a novel and
minimally invasive treatment of liver cancers. In this study,
the in vivo transport properties of doxorubicin in thermo-
ablated and nonablated rabbit livers were characterized and
compared. Doxorubicin was released from polymer im-
plants (millirods) to the ablated and nonablated liver tissue.
At different time points, the 2D distribution profiles were
quantitatively determined by a fluorescence imaging
method. Analysis of the doxorubicin concentration at the
ablation boundary showed that it reached a maximum of
49.8 �g/g at 24 h after implantation, which was higher than
the reported cytotoxic concentration of doxorubicin (6.4 �g/g)
for liver VX-2 cancer cells. This value dropped to 0.4 �g/g at
48 h after implantation due to the depletion of doxorubicin
from the polymer millirod. Results also showed that the area

of drug distribution was significantly larger in ablated tissue
than nonablated tissue. The therapeutic penetration distance
was found to be 5.2 mm in thermoablated livers, compared
to 1.2 mm in nonablated livers at 24 h. This difference in
drug transport properties is attributed to destruction of the
vasculature network in the ablated tissue as supported by
histological analysis. Consequently, drug washout by blood
perfusion is hampered while drug diffusion becomes the
dominant process of transport in the ablated tissue. Results
from this study provide insightful information on the ratio-
nal design and development of polymer millirods for intra-
tumoral drug delivery applications. © 2002 Wiley Periodi-
cals, Inc. J Biomed Mater Res 62: 308–314, 2002
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INTRODUCTION

Image-guided radiofrequency (RF) ablation of solid
tumors is emerging as a powerful, minimally invasive
technique for the treatment of human cancers.1–3 This
procedure relies on the advanced imaging techniques
(e.g., computed tomography, magnetic resonance im-
aging), which permit accurate placement of a needle
electrode inside solid tumors to destroy the tumor tis-
sue by heat. RF tumor ablation is currently under
phase II clinical trials at Case Western Reserve Uni-
versity and University Hospitals of Cleveland.1 As
part of the clinical trials, it has been used to treat can-
cers of the liver, pancreas, breast, and prostate. Com-
pared to surgical resection, image-guided RF ablation

provides a more patient-compliant and much less
costly treatment. Its application, however, is currently
limited due to the incomplete elimination of all the
cancer cells at the ablation boundary, which leads to
tumor recurrence and requires repeated treatments.4,5

The long-term goal of our research is to develop a
combination therapy, which consists of RF tumor ab-
lation followed by intratumoral drug delivery, to
achieve the total control of the liver cancer. In this
paradigm, image-guided RF ablation will first provide
instantaneous destruction of the majority of the liver
tumor by heat. After RF ablation, a drug-loaded poly-
mer millirod (diameter 1.6 mm) will be directly im-
planted inside the ablated tumor by a modified 14-
gauge tissue biopsy needle under image guidance.
Intratumoral drug delivery will then provide a sus-
tained local chemotherapy to eliminate the remaining
cancer cells that survive RF ablation.

For thermoablated tumors, the desired site of action
for drugs is located at the boundary of the thermoab-
lated and nonablated tissue, where residual viable
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cancer cells are most likely present. For intratumoral
drug delivery to be effective, it is necessary that drug
molecules be able to penetrate through the ablated
tissue from the polymer millirod and reach therapeu-
tic concentrations at the ablation boundary. Questions
regarding the penetration distance and the time to
achieve drug therapeutic concentrations at the site of
action need to be addressed. In this study, we report
the transport properties of an anticancer drug, doxo-
rubicin, in thermoablated rabbit livers in vivo. Doxo-
rubicin is an anthracyclin-based antitumor agent that
displays a broad activity against liver cancers.6,7 Re-
sults demonstrate that doxorubicin was able to reach
the therapeutic level at the ablation boundary after
24 h. In addition, comparison of the distribution dy-
namics of doxorubicin in ablated and normal tissues
provides significant insights in understanding the
drug transport processes in vivo.

MATERIALS AND METHODS

Materials

Poly(D,L-lactide-co-glycolide) (PLGA, lactide: glycolide =
1:1, MW = 50,000 Da, inherent viscosity 0.65 dL/g) was pur-
chased from Birmingham Polymers, Inc. (Birmingham, AL).
Doxorubicin was purchased from Bedford Labs (Bedford,
OH). Polyethylene glycol (PEG, MW = 5, 000 Da) was pur-
chased from Aldrich Chemical Company, Inc. (Milwaukee,
WI). Phosphate-buffered saline (PBS) and methylene chlo-
ride were obtained from Fisher Scientific (Pittsburgh, PA).

Fabrication and characterization of polymer
millirods in vitro

Polymer millirods containing 10% doxorubicin, 50% PEG,
and 40% PLGA were fabricated by a compression-heat
molding procedure described previously.8 Briefly, doxoru-
bicin solution (2 mg/mL, also containing 0.9% NaCl) was
first dialyzed in distilled water to remove the NaCl. The
desalted solution was lyophilized to obtain the purified
solid particles of doxorubicin. The drug particles were
mixed with PLGA microspheres (average diameter 5 �m)
and PEG powder. The mixed particles were vortexed and
placed in a Teflon tube and molded into a polymer millirod
at a compression pressure of 4.6 × 106 Pa and a fabrication
temperature at 70°C for 5 min. The in vitro release study was
carried out in PBS buffer (pH 7.4) at 37°C by an UV-Vis
spectrophotometer (Lambda 20 model, Perkin-Elmer Corp.).
The Beer–Lambert law was used to calculate the agent con-
centration at its maximum absorption wavelength (�max =
480.8 nm) at each time point. The cumulative mass of the
released agent was calculated by summing the individual
mass after each sample removal.

Correlation of doxorubicin fluorescence intensity
with its tissue concentration

A calibration curve correlating fluorescence intensity with
doxorubicin concentration in liver tissue was first estab-
lished. In this set of experiments, a piece of healthy rabbit
liver was frozen and sliced by a cryostat microtome (Microm
505E model) at 100-�m thickness. The size of the liver slice
was controlled approximately at 15 × 30 mm2, and the
weight of each slice was measured and recorded immedi-
ately after cutting. A series of doxorubicin solutions were
prepared at concentrations of 1, 5, 10, 25, 50, 100, 200, and
500 �g/mL. Doxorubicin-containing liver slices were pre-
pared by spreading 40 �L of doxorubicin solution on the
surface of the liver slice on a glass slide. Three samples were
prepared for each concentration. The liver slices were placed
in a black box to allow water evaporation. The weight of the
liver slice was monitored until it returned to the original
weight, and then the slice was sealed by the mounting media
and covered with a cover slip. Three doxorubicin-free liver
slices were also prepared as control samples for the liver
background. All the slices were placed on a fluorescence
imager (FluorImager™ SI model, Molecular Dynamics, Inc.)
and scanned simultaneously. The fluorescence images were
saved in TIFF format and ImageJ software (freeware avail-
able from NIH) was used to calculate the average fluores-
cence intensity of each liver slice. Net fluorescence intensity
(NFI) was calculated by subtracting the fluorescence inten-
sity of drug-free liver slices from drug-containing slices. The
value of NFI was plotted as a function of doxorubicin con-
centration in the liver tissue. The least-squares curve fit
leads to a correlation equation: NFI = 586*[Doxorubicin]0.51,
which was used in later experiments to convert fluorescence
intensity to doxorubicin tissue concentration. To estimate
the sensitivity limit for doxorubicin detection, we deter-
mined the experimental noise (a combination of electronic
noise due to imager and sample noise due to sample varia-
tion) for each concentration. We found that the experimental
noise is comparable to the fluorescence signals as produced
by 0.6 �g/g of doxorubicin concentration.

RF ablation of rabbit livers and implantation of
polymer millirods

The animal procedure follows the NIH Guidelines and an
animal protocol approved by the Institutional Animal Care
and Use Committee (IUCAC) at Case Western Reserve Uni-
versity. Male New Zealand white rabbits (3–3.5 kg) were
anesthetized with a cocktail of ketamine, xylazine, aceproma-
zine, and atropine. The abdomen was shaved and swabbed
with a solution of betadine prior to the start of surgery. The
liver was exposed through an incision in the midsection. The
medial lobe of the liver was ablated with a 19-gauge needle
electrode (Radionics�, Burlington, MA) at 90 ± 3°C for 3 min
to create an ablation zone of approximately 6 mm in diam-
eter. This RF ablation procedure is similar to those described
previously.9,10 A short segment of a doxorubicin millirod
was implanted into the ablated lobe. An identical rod seg-
ment was implanted into the right lobe, which was first
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punctured with an 18-gauge hypodermic needle. A small
piece of fat was sutured on top of both implantation sites to
prevent the implants from slipping out. Following the sur-
gery, the animals were monitored periodically to assure
their health and safety.

Analysis of drug distribution profiles

At different time points, the rabbits were sacrificed and
the livers were removed for drug distribution and histology
analysis. First, the millirod was removed from the implan-
tation site to determine the remaining amount of doxorubi-
cin inside the millirod. To mark the implantation site and
orientation, a blue liquid latex solution was injected into the
cavity, followed by a small length of plastic tubing, which
extended past the surface of the liver. The livers were frozen
in a −80°C freezer. During sample preparation, the tubing
was removed and livers were trimmed with a long blade to
the starting end of the millirod. The liver sample was then
mounted on a cryostat chuck with O.C.T. embedding me-
dium (Miles Inc., Elkhart, IN) and cut into slices for drug
distribution and histology studies. All slices were cut per-
pendicular to the long axis of the millirod. Alternating slices
for drug distribution and histology studies were prepared,
which permits later image registration between drug distri-
bution profiles and histology images. Slices for drug distri-
bution study were cut into 100 �m-thick slices while the
ones for histology were cut into 2-mm slices. The thicker
slices are necessary to obtain large tissue sections (∼2 cm in
diameter) by the histology facility on campus. The liver
slices for drug distribution analysis were scanned by the
fluorescence imager, and the fluorescence intensity in the
image was converted to drug concentration based on a pre-
determined calibration curve (see above). The liver slices
were also examined at higher magnifications by a fluores-
cence microscope (Nikon Eclipse TE300 model).

Histology analysis

The histology slices were first placed in 10% formalin so-
lution for fixation. After fixation, the samples were embed-
ded in paraffin, sliced to a thickness of 5 �m, and stained
with hematoxylin and eosin (H&E). The H&E sections were
alternated with unstained sections preserved for TUNEL
staining. For the TUNEL assay, standard procedures from
the manufacturer’s guidelines (Oncogene TdT-FragEL™ kit)
were followed. Briefly, the unstained sections were depar-
affinized with two 10-min xylene washes and hydrated with
sequential ethanol dilutions. The slices were incubated with
proteinase K in Tris buffer (pH 8) and then incubated at 37°C
with the TUNEL reaction mixture and diaminobenzidine
stain. The sections were counterstained with hematoxylin,
dehydrated in ethanol, fixed on slides, and covered with
cover slips for analysis. The assay allowed the recognition of
apoptotic nuclei by binding terminal deoxynucleotidyl
transferase (TdT) to exposed 3�-OH ends of DNA fragments
generated as a response to the apoptotic cascade. The bind-

ing catalyzed the addition of biotin-labeled and unlabeled
deoxynucleotides. Biotinylated nucleotides were then de-
tected with a streptavidin–horseradish peroxidase conjugate
and tagged with diaminobenzidine. The apoptotic nuclei ap-
peared brown on the sections in contrast with the counter-
stain, hematoxylin, which appeared blue.

RESULTS AND DISCUSSION

Dynamics of doxorubicin distribution in rabbit
livers in vivo

In this study, we used polymer millirods with burst
release kinetics to examine the drug transport proper-
ties in thermoablated and nonablated liver tissues.
In vitro release studies in PBS buffer at 37°C showed
that the time (t1/2) for 50% release of loaded doxoru-
bicin was 0.5 h and more than 90% of doxorubicin was
released after 1.5 h. Polymer millirods were implanted
in either nonablated or ablated livers and, at different
implantation times, the liver was harvested and the
drug distribution profiles were obtained perpendicu-
lar to the long axis of the millirod. Figure 1 illustrates
the two-dimensional doxorubicin distribution profiles
in nonablated and thermoablated liver tissues at dif-
ferent implantation times. Figure 1(A–E) utilizes pseu-
docolor images constructed in MatLab 5.3 to provide a
better illustration of concentration distribution. The
red color in the images corresponds to a higher doxo-
rubicin concentration. White dashed lines in Figure
1(C–E) represent the ablated–normal tissue boundary,
which was obtained by comparing the fluorescence
image with an optical image of histology slides where
this boundary is well defined (see histology section
below).

Figure 1(A,B) shows that in normal livers, doxoru-
bicin distribution is limited to the implantation site,
and almost no doxorubicin is detected 2 mm away
from the millirod–tissue interface. This observation is
similar to those from Dr. Saltzman’s lab on tissue dis-
tribution of carmustine (BCNU, another anticancer
drug) in brain tissue.11,12 We analyzed the doxorubicin
content in the retrieved polymer millirods and results
showed that only 1.2 and 0.6% of doxorubicin re-
mained in the millirods 24 and 48 h after implantation,
respectively. These results indicate that high blood
perfusion leads to the depletion and narrow distribu-
tion of doxorubicin in nonablated liver tissue.

The patterns of doxorubicin distribution in ablated
tissue [Fig. 1(C–E)] are drastically different from those
in nonablated tissue [Fig. 1(A,B)]. At all three time
points (4, 24, 48 h), drug penetration in ablated tissue
is significantly larger than that in nonablated tissue.
We believe that this larger area of distribution is pri-
marily due to the destruction of liver vasculature by
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thermoablation (as evident from histology analysis
below), which hampers the drug washout by liver per-
fusion. Under such circumstances, drug diffusion be-
comes the dominant transport process in the ablated
tissue. Detailed examination shows that the distribu-
tion pattern in the ablated tissue changed with time
following millirod implantation. The distribution pat-
tern at 24 h [Fig. 1(D)] is larger than those at 4 [Fig.
1(C)] and 48 h [Fig. 1(E)]. Analysis of the retrieved
millirods showed that 5.1 and 0.9% of doxorubicin
remained in the millirods after 24 and 48 h, respec-
tively. The depletion of doxorubicin inside the mil-
lirods after 24 h (only 5.1% remaining) can help to
explain the decrease in distribution pattern at 48 h
[Fig. 1(E)].

In addition to the macroscopic fluorescence imaging
study, we also used fluorescence microscopy to exam-
ine the liver slices. Figure 1(F) shows the true fluores-
cence image at the boundary of ablated and nonab-
lated tissue. Because the two peak emission wave-
lengths of doxorubicin are 560 and 593 nm, the
fluorescence image shows the red color. The more ob-

vious color contrast between the ablated and nonab-
lated regions in Figure 1(F) compared with 1(D) is
due to the different color scales, which reflect a con-
centration range of 0–50 �g/g in 1(F) (true color) and
0–500 �g/g in 1(D) (assigned color). In Figure 1(F), the
ablated region is represented by loose cellular struc-
tures that resemble the histology sections (Fig. 3).

Quantitative pharmacokinetic analysis of
doxorubicin distribution

Figure 2(A) provides a series of quantitative profiles
correlating doxorubicin concentration ([DXR]) with
distance from the millirod–tissue interface. Each pro-
file was obtained by averaging four different radial
profiles in a 2D image. Results in Figure 2(A) show
that the doxorubicin concentrations at the millirod/
tissue interface were smaller in nonablated liver tissue
than those in ablated tissue. The area of distribution
was much wider in ablated tissue than in nonablated

Figure 1. Fluorescence imaging of doxorubicin distribution in normal and ablated rabbit livers. (A, B) Doxorubicin distri-
bution in normal livers 24 and 48 h after millirod implantation, respectively. (C, D, E) Doxorubicin distribution in ablated
livers 4, 24, and 48 h after millirod implantation, respectively. The white dashed lines in (C–E) represent the ablated–normal
tissue boundary. Due to the large distribution pattern in ablated livers, only half of the liver slice is shown in (C–E). The scale
bar (3 mm) in (E) applies to (A–D) as well. (F) Fluorescence microscopy image (4×) of doxorubicin at the normal–ablated tissue
boundary 24 h after millirod implantation. See text for detailed description. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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tissue, demonstrating a higher percentage of drug re-
taining in the ablated tissue. Ridge and coworkers
have reported that the cytotoxic concentration of
doxorubicin to the rabbit liver VX-2 tumors (this is
also our animal tumor model) is 6.4 �g/g.13 Based
on the quantitative [DXR]–d curves, we determined
the values of therapeutic distance (TD, the distance
at which [DXR] is equal to 6.4 �g/g) were 1.2 ± 0.5 and
1.0 ± 0.1 mm in nonablated livers at 24 and 48 h,
respectively. Similarly, the values of TD were 3.1 ± 0.4,
5.2 ± 0.8, and 2.5 ± 0.3 mm in ablated livers at 4, 24,
and 48 h, respectively.

Based on Figure 2(A), we obtained the correlation of
doxorubicin concentration ([DXR]b) at the ablated–
normal tissue boundary as a function of the implan-
tation time [Fig. 2(B)]. As we previously described, the
ablated–normal tissue boundary is the desired site of

action because most cancer cells will survive in this
region. The [DXR]b–t curve describes the relationships
between the drug concentrations vs. time at the site of
action. This analysis is similar to the concept of plasma
drug concentration–time curve widely used in clinical
pharmacokinetic studies for systemic chemotherapy.14

Results from Figure 2(B) show that the value of
[DXR]b reached 3.3 ± 2.6 �g/g at 4 h. At 24 h, the value
of [DXR]b reached a maximum of 49.8 ± 7.5 �g/g con-
centration, which is significantly higher than the cyto-
toxic concentration of doxorubicin (6.4 �g/g) to liver
VX-2 cells. The value of [DXR]b, however, dropped to
0.4 ± 0.1 �g/g after 48 h as a result of the depletion of
doxorubicin in the polymer millirod. To maintain the
value of [DXR]b at the therapeutic level, polymer mil-
lirods with sustained release kinetics will be neces-
sary.

Histology analysis

Figure 3(A) shows the H&E staining of the ablated
liver tissue 48 h following the implantation of a doxo-
rubicin millirod. Upon gross examination, three
distinctive regions were identified:

1. The necrotic core (arrowheads), which is a result
of thermoablation. This region was identified by
the darker pink color, lack of a defined nuclear
structure, and destroyed sinusoidal vasculature.
The destroyed vasculature eliminates blood per-
fusion in the ablated regions. Consequently, drug
transport in this region is mostly diffusion based.

2. The inflammatory region (arrow), which is easily
recognized by the presence of dark nuclei of the
inflammatory cells (e.g., leukocytes). These cells
accumulated in the area of injury as part of
wound-healing response.15

3. The viable hepatocyte region, which is located at
the bottom right corner of the section. These cells
have well-defined cytoplasm and nucleus, and
the sinusoidal vasculature is maintained.

The TUNEL section of the same area [Fig. 3(B)] also
shows the three distinctive regions in the ablated tis-
sue. The necrotic region appears light brown, and the
inflammatory and normal tissue regions appear blue
due to the hematoxylin counterstain to viable inflam-
matory cells and hepatocytes. Zones 1, 2, and 3
marked on the TUNEL overview section [Fig. 3(B)]
are areas of interest at the interface of the ablated
and viable tissue area. The necrotic cells are shown
closer in Figure 3(B-1). Their nuclei and cytoplasms
are slightly stained brown. The brown staining of
necrotic cells is a result of the nonspecific binding of
the TdT–DAB complex to the DNA released into the
necrotic cell cytoplasm. This is a common problem
encountered with the TUNEL assay; however, it can

Figure 2. Pharmacokinetic analysis of doxorubicin distri-
bution in liver tissues. (A) Quantitative doxorubicin concen-
tration ([DXR]) vs. distance relationships at different experi-
mental conditions. (B) Doxorubicin concentration at the
ablated–normal tissue boundary ([DXR]b) at 4, 24, and 48 h
after millirod implantation.
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be used to the advantage of this study in identifying
the cell necrosis induced by thermoablation instead of
solely relying on morphometric analysis of the H&E
sections. The interface between the infiltrating leuko-
cytes and necrotic cells is shown in Figure 3(B-2). The
migration of the leukocytes still belongs to the acute
inflammation stage of the wound-healing process.
Figure 3(B-3) shows the distal interface of the ablation
injury and viable hepatocytes. The cells marked with
arrows appear to be apoptotic, with their nuclei stain-
ing a dark brown color and cytoplasms reflecting little
nonspecific staining.

These results demonstrate that the interface of the
ablated and viable liver tissue can be easily identified
with both H&E and TUNEL staining. The TUNEL
results further demonstrate that apoptosis did occur at
the distal ablation boundary, where the doxorubicin
molecules reached therapeutic levels [24-h time point
in Fig. 2(B)]. However, it is possible that the apoptosis

may not be the result of doxorubicin-induced toxicity,
and may instead be attributed to a heat-induced
mechanism. At the ablation boundary, the tempera-
ture may have been elevated sufficiently to induce
apoptosis but not high enough to cause coagulative
necrosis.16 To distinguish these two possible mecha-
nisms, we examined the tissue sections of nonablated
livers where the same doxorubicin millirod was im-
planted for 48 h. The TUNEL assay revealed no apo-
ptotic cells surrounding the implant (data not shown),
which indicates that the drug-induced toxicity to nor-
mal hepatocytes is very slight in our system. This re-
sult is reasonable because doxorubicin is a cell cycle-
specific agent that attacks cells at the S-phase, but the
low proliferation ratio in normal hepatocyte popula-
tion (1 in 15,000 cells)17 decreases the chances of an
apoptotic event. We expect that the apoptotic event
will be much more frequent in tumor tissues where
cancer cells proliferate at a much higher rate. Current

Figure 3. Histological evaluation of ablated rabbit livers after local delivery of doxorubicin for 48 h. The implantation site
is located beyond the upper left corner of the image. (A) H&E staining (4×) shows three distinctive regions at the ablated
implantation site: necrotic core (arrowheads), inflammatory region (arrow), and normal liver tissue at the bottom right corner.
(B) Overview of TUNEL section (4×) showing the same three regions as 3(A). The necrotic hepatocytes appear brown due to
the nonspecific TdT–DAB binding to DNA in cytoplasm. Three areas of interest are shown at higher magnification (40×): (B-1)
Necrotic core with lightly brown nuclei and cytoplasm. (B-2) Interface between the inflammatory infiltrate (left) and necrotic
hepatocytes. (B-3) Distal border of ablated area interfacing with viable tissue shows apoptotic cells (arrows) implying a
heat-induced cell death. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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work is in progress to evaluate the intratumoral de-
livery of doxorubicin in a RF ablated rabbit VX-2 liver
tumors.

CONCLUSIONS

Results from this study have many important im-
plications to establish intratumoral drug delivery for
local cancer chemotherapy. First, not only can RF ab-
lation provide an instant kill to the major population
of the cancer cells, it can also destroy the tumor vas-
culature to minimize drug loss due to perfusion while
maximizing drug penetration to achieve sufficient
therapeutic margin. This is supported by the increase
in the therapeutic distance from 1.2 mm in nonablated
livers to 5.2 mm in ablated livers. This observation is
important because without RF ablation, intratumoral
drug delivery may be limited as a single treatment due
to insufficient drug penetration. Second, this study
demonstrates that the anticancer drug, doxorubicin,
can successfully penetrate through the ablated tissue
and reach the therapeutic concentration within a rea-
sonable time frame [<24 h, Fig. 2(B)]. This is critical for
the combination therapy (RF ablation + intratumoral
drug delivery) to be effective. Third, to achieve maxi-
mal drug efficacy at the ablation boundary, polymer
millirods with dual release kinetics—an initial burst
release followed by sustained release of drugs—are
probably desirable. In such a design, the initial burst
provides a sufficiently high dosage of the drug to
quickly reach the therapeutic concentration at the ab-
lation boundary, and the sustained release will main-
tain the therapeutic concentration for a prolonged pe-
riod of time. This design will be necessary especially
in the use of cell cycle-specific drugs (e.g., doxorubi-
cin) to kill slow proliferating cancer cells that may
have long cell cycles. Fourth, mass transport models
can be used to describe the dynamics of drug distri-
bution in ablated and surrounding tissues. These
models can potentially provide a rational basis to per-
mit an optimal design of the burst dose and sustained
release rate to achieve a safe and effective local cancer
chemotherapy.
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