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Abstract: The purpose of this study was to evaluate the
antitumor efficacy and local drug distribution from do-
xorubicin-containing poly(D,L-lactide-co-glycolide) (PLGA)
implants for intratumoral treatment of liver cancer in a
rabbit model. Cylindrical polymer millirods (length 8 mm,
diameter 1.5 mm) were produced using 65% PLGA, 21.5%
NaCl, and 13.5% doxorubicin. These implants were placed
in the center of VX2 liver tumors (n ¼ 16, ~8 mm in diam-
eter) in rabbits. Tumors were removed 4 and 8 days after
millirod implantation, and antitumor efficacy was assessed
using tumor size measurements, tumor histology, and fluo-
rescent measurement of drug distribution. The treated
tumors were smaller than the untreated controls on both
day 4 (0.17 6 0.06 vs. 0.31 6 0.08 cm2, p ¼ 0.048) and day

8 (0.14 6 0.04 vs. 1.8 6 0.8 cm2, p ¼ 0.025). Drug distribu-
tion profiles demonstrated high doxorubicin concentrations
(>1000 mg/g) at the tumor core at both time points and
drug penetration distances of 2.8 and 1.3 mm on day 4
and 8, respectively. Histological examination confirmed ne-
crosis throughout the tumor tissue. Biodegradable polymer
millirods successfully treated the primary tumor mass by
providing high doxorubicin concentrations to the tumor
tissue over an eight day period. � 2006 Wiley Periodicals,
Inc. J Biomed Mater Res 81A: 161–170, 2007
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INTRODUCTION

Minimally invasive, intratumoral strategies for the
treatment of solid tumors promise to substantially
improve the therapeutic outcomes for many cancers.
Systemic chemotherapy is often limited by severe
toxicity and patient morbidity,1,2 and local cancer
therapy can overcome this limitation by maximizing
drug delivery to malignant tissues while minimizing
systemic exposure to chemotherapeutic drugs.3 Recent
progress in imaging technology has created an unprec-
edented opportunity for minimally invasive treatment
of solid tumors.4 With image guidance, radiologists
can pinpoint the spatial location of solid tumors and
use percutaneous procedures to administer local treat-
ments.5–7 Combining minimally-invasive treatment

with controlled release technology provides opportu-
nities for treating cancers in a safe and effective man-
ner by placing drug-loaded implants directly into
solid tumors.8 However, many studies are still needed
to understand the local distribution of drugs released
from intratumoral implants as well as their efficacy in
treating the desired volume of tumor.

Several strategies for local chemotherapy of tumors
have been developed as reviewed recently by Gold-
berg et al.9 Regionally administered chemotherapy
schemes, such as intrahepatic artery infusion for liver
cancer3 or intrapleural infusion for lung cancer,10,11

have improved clinical patient outcomes by changing
drug pharmacokinetics to provide increased drug con-
centrations to tumor tissues while minimizing toxicity
associated with treatments. To further increase the
specificity of chemotherapy, other studies have imple-
mented direct injections of anticancer agents into
tumors.12,13 Irregular distribution of the drug and
rapid clearance from the tumor site results in treat-
ments that are highly dependent on the timing and
frequency of the drug injections, which must be cho-
sen to maximize tumor exposure to drug. These stud-
ies point to the utility of a controlled release device,
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which can ensure the drug is properly localized and
can release drug in a desired amount of time, maxi-
mizing the effect of drug on the tumor tissue.14

Drug-containing devices such as polymer im-
plants,15,16 hydrogels,17,18 and injectable microparti-
cles19,20 provide additional options for controlling drug
release to tumors. Polyanhydride wafers have been
studied extensively for the delivery of anticancer agents
and are clinically approved (Gliadel1) for the delivery
of BCNU to malignant gliomas.21 Multiple formulations
of drug-containing microspheres have been shown to
have antitumor effects both in animal studies and pre-
liminary clinical trials.14,22 Despite these successes, drug
distribution from these devices is often limited to only a
few millimeters away from the device.23,24 Moreover,
these implant strategies have only been attempted in a
small subset of tumor types, and further studies are nec-
essary to understand their drug release and its effects
on treated tumor cells.

With the goal of developing a minimally invasive
treatment strategy for liver cancer, we have designed
doxorubicin-containing, biodegradable polymer
implants for intratumoral drug delivery. These poly-
mer implants were designed as cylindrical rods, or
millirods (diameter 1.6 mm, length 8.0 mm), com-
posed of poly(D,L-lactide-co-glycolide) (PLGA), which
can be administered with image-guidance through the
bore of a 14-gauge biopsy needle. Previous studies
have established the release properties of these im-
plants in both normal and radiofrequency (RF) ablated
liver tissues,25–27 modeled the transport of drug
through these tissues,28 and established techniques for
customizing the release rate of these millirods.29,30

However, the drug distribution from and efficacy of
these implants in tumor tissue, which is considerably
different from normal tissue in vascularity and trans-
port properties,31 is currently unknown. In this study,
we chose doxorubicin as the therapeutic agent because
of its wide use in the treatment of primary and meta-
static liver cancers.32,33 In addition, its natural fluores-
cence permits quantitative measurement of drug con-
centration in tissue slices from the tumor.

While other studies have established the initial
proof of concept for minimally invasive, intratu-
moral chemotherapy,34 few studies of intratumoral
therapies have simultaneously measured local drug
concentration and tumor histology to correlate tumor
response to drug exposure. Targeting this goal, we
selected an aggressive, realistic model of hepatic can-
cer (rabbit VX2 tumor) that has been widely used in
studies of minimally invasive tumor treatments.35,36

A rapid delivery implant was chosen to provide the
highest possible drug concentrations early in the study
to maximize the initial tumor kill from the treatment
and minimize the amount of time in which tumor
cells might become doxorubicin resistant. Treatment
effects were gauged by monitoring tumor size

through gross tissue measurements, drug distribu-
tion through fluorescent imaging of tissue slices, and
cell morphology through histology. Using adjacent
tumor sections for histology and fluorescent drug
measurement allowed for direct correlation of drug
concentrations with drug effects. Results from this
study provide considerable insights for the future
development of intratumoral implants as part of
clinical cancer therapy.

MATERIALS AND METHODS

Materials

Poly(D,L-lactide-co-glycolide) (PLGA; 1:1 lactide/glyco-
lide; inherent viscosity 0.65 dL/g) was obtained from
Birmingham Polymers (Birmingham, AL). Tris-buffered sa-
line (TBS, pH 7.4), hydrochloric acid, sodium hydroxide,
acetonitrile, and dimethyl sulfoxide (DMSO) were pur-
chased from Fisher Scientific (Pittsburg, PA). Ammonium
formate, methylene chloride, poly(vinyl alcohol) (PVA,
MW 13,000–23,000 Da, 87–89% hydrolyzed), and Hank’s bal-
anced salt solution (HBSS) were acquired from Sigma-
Aldrich (St. Louis, MO). Doxorubicin HCl (DOX) (2 mg/mL)
in saline (9 mg/mL) was acquired from Bedford Laborato-
ries (Bedford, OH). Teflon tubes (i.d. 1.6 mm) and stainless
steel plungers (o.d. 1.6 mm) were purchased from McMas-
ter-Carr Supply Company (Cleveland, OH). Fetal bovine se-
rum was obtained from Cambrex (East Rutherford, NJ).

Implant fabrication

Polymer millirod implants were produced as reported
previously37 and described briefly below. PLGA micro-
spheres (*4 mm in diameter) were produced using a sin-
gle-emulsion procedure. Doxorubicin/NaCl powder mix-
ture was prepared as follows. The acidic doxorubicin solu-
tion (pH 3.0) was basified to pH 9.0 by adding sodium
hydroxide, leading to doxorubicin precipitation. The pre-
cipitated drug was washed, resuspended, and lowered to
pH 3.0 using hydrochloric acid. The resulting concentrated
solution was combined with doxorubicin in saline and ly-
ophilized to yield a final powder containing 38.5% doxoru-
bicin and 61.5% NaCl (w/w). To produce the implants,
65% PLGA microspheres and 35% doxorubicin/NaCl pow-
der were mixed with a mortar and pestle, packed into a
Teflon tube, and compressed with steel plungers at 908C
for 2 h. The resulting millirods had a composition of 65%
PLGA, 21.5% NaCl, and 13.5% doxorubicin (w/w). Control
implants were produced using a similar procedure with
100% PLGA microspheres.

Drug release measurement

An in vitro release study was performed in TBS (pH 7.4)
at 378C. Millirods (n ¼ 3) were placed in vials containing
5 mL of TBS in an incubator/shaker rotating at 100 rpm.
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To maintain sink conditions, the implants were moved into
a fresh vial of TBS at each sampling point, and the doxoru-
bicin concentration of the solutions was determined by
measuring the absorbance at 480 nm (Perkin Elmer
Lambda 20 Spectrophotometer) and determining doxorubicin
concentration using an extinction coefficient of 17.62 mL/
(cm mg). Explanted rods were dissolved in acetonitrile to
extract the remaining doxorubicin, and the concentrations of
the resulting solutions were measured using HPLC on a
C-18 column (150 � 4.6 mm, 5.0 mm particle size) with a mo-
bile phase consisting of 35% acetonitrile and 65% ammo-
nium formate buffer (0.1% w/w) at pH 4.0.

Animals and tumor model

Adult New Zealand White rabbits (n ¼ 16; Covance,
Princeton, NJ) weighing 2.8–3.2 kg were used. All animal
studies were approved by the Institutional Animal Care
and Use Committee at Case Western Reserve University
and carried out according to its guidelines. For surgical
procedures, animals were anesthetized with intramuscular
ketamine (40 mg/kg), acetylpromazine (5 mg/kg), and
xylazine (5 mg/kg).

The tumor model used in this study was the VX2 carci-
noma in rabbit liver. To implant the VX2 cells into the
liver, the tumor was first grown for 4 weeks on the hind
limb of a donor rabbit. The donor rabbit was euthanized,
and the tumor was removed and dissected into small
pieces of *2–3 mm3. Tumor pieces were stored in fetal bo-
vine serum with 10% DMSO in a liquid nitrogen storage
tank. Prior to liver tumor implantation, the tumor pieces
were rapidly thawed and washed three times with HBSS.

The implantation surgery was modified from a published
procedure38 and was performed on day �12. The abdomens of
the recipient rabbits were shaved and prepped with betadine,
after which a midline subxyphoid incision was made. The ante-
rior surface of the middle liver lobe was perforated to a depth
of 5 mm with the outer cannula of a 22-gauge angiocatheter,
and a piece of tumor measuring *1 mm3 was placed into the
puncture. Small pieces of cotton and abdominal fat were
secured over the puncture site using a single biodegradable
suture. This method allows for the growth of a single, well
demarcated tumor in the liver of each rabbit. The tumors were
then allowed to grow in the liver for 12 days until day 0, when
they reached an approximate diameter of 8 mm.

Tumor treatment procedure

For tumor treatment, the rabbits were randomly divided
into two groups, a treatment group (n ¼ 8) and a control
group (n ¼ 8), receiving 13.5% and 0% (w/w) doxorubicin
implants, respectively. On day 0, the rabbits’ abdomens were
reopened as described before, and the tumor was located by
palpation. The tumor was punctured through the center and
perpendicular to the liver surface with an 18-gauge needle.
The implant was inserted into the center of the tumor and
sutured in place with a piece of cotton and fat on top of the
liver. Using sodium pentobarbital euthanasia, half of the ani-
mals from each group were then euthanized on day 4, and
the remaining half were euthanized on day 8.

Tumor analysis

After tissue removal, tumors were hemisected perpendic-
ular to the implant track and photographed. One half of the
tumor was placed in 10% buffered formalin solution and
subsequently embedded in paraffin. Alternating slices of
paraffin embedded tissue were stained with hematoxylin
and eosin (H&E) or left unstained and observed qualita-
tively with fluorescence microscopy. The other half of the
tumor was frozen at �208C for use in fluorescent imaging
analysis. The size of the tumors was evaluated by comput-
ing the area of the elliptical cross section through the center
of the tumor, which is given by the equation A ¼ pRlRs,
where Rl and Rs are the long and short radii of the ellipse,
respectively. Statistical comparison was performed using a
two-tailed, unpaired t-test with a significance level of 0.05.

Quantitative fluorescence analysis

To determine the amount of drug present in the tissue
surrounding the implant, we used a previously established
fluorescence imaging technique that takes advantage of
doxorubicin’s natural fluorescence.39 Frozen liver sections
of 100 mm thick were sliced from each tumor using a cryo-
stat microtome (Microm 505E) and then scanned with a
fluorescent imager (Molecular Dynamics Fluorimager SI)
using the following conditions: pixel size, 100 mm; bit
depth, 16; photomultiplier gain, 850; and sensitivity, high.
A calibration between net fluorescence intensity (NFI), the
fluorescence minus the liver background fluorescence, and
doxorubicin concentration was established by imaging
weighed slices of normal liver to which known amounts of
doxorubicin were added. This empirical relationship, NFI ¼
194[Dox]0.67, where [Dox] is the doxorubicin concentration
in mg/g, was then used to convert fluorescence intensities
to doxorubicin concentrations. Mean drug distribution pro-
files were calculated by averaging 8 profiles evenly spaced
by 458 around a fluorescence image. The drug penetration
distance was calculated as the average distance between
the implant boundary and the point where the drug con-
centration dropped below 64 mg/g, which is 10 times the
therapeutic drug concentration.40,41 To estimate the total
mass of drug remaining in the tumor, we determined the
average drug concentration within 4 mm of the implant
surface (the approximate size of the original tumor) and
multiplied this value by the tissue volume.

RESULTS

Implant properties

The implants used in this study had an average
length of 8.0 6 0.3 mm and an average diameter of
1.49 6 0.04 mm. In vitro the doxorubicin-containing
implants were found to release a total of 2.07 6 0.05 mg
of drug over the 8 day period, corresponding to (71.3 6
1.7)% of the total drug loading. The release half-time
was *4 h, and the vast majority of doxorubicin, 1.98 6
0.03 mg, was released in the first 24 h.
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Tumor size

After tumor removal and sectioning, the VX2 tumors
were observed qualitatively and photographed. The
tumors were largely spherical, but most of the cross
sections were found to be slightly elliptical. Photo-
graphs of control and treatment tumors taken on day
8 are shown in Figure 1(A,B), respectively. The control
tumor seen in Figure 1(A) is a large and well-circum-
scribed tumor. The boundary of the tumor is a solid
mass of dense tumor tissue, while the center of the tu-
mor is necrotic and consists of a mixture of necrotic
cells, inflammatory debris, red blood cells, and edema.
Because the center of the tumor was liquid filled, the
original location of the implant which was placed in
the center of the tumor is not visible in the photo-
graph. The treated tumor seen in Figure 1(B) is also
well-circumscribed but considerably smaller than the
untreated tumor. The doxorubicin containing millirod
was removed from the cavity seen in the center of the
tumor, and the remaining tumor is seen as a small,
hard shell only a few millimeters in thickness sur-
rounding the implant location.

Tumor measurements taken from the photographs
were used to assess the effect of the implant on the
growth of the tumor. An example of how the meas-
urements were taken is seen from the white arrows in
Figure 1(A). The resulting measurements of cross sec-
tional area were then averaged for all the animals
in each group, and the resulting data is shown in
Figure 1(C). On day 4, the treatment tumors (0.17 6
0.06 cm2) were approximately half the size (p ¼ 0.048)
of the comparable controls (0.31 6 0.08 cm2). The con-
trol tumors were also slightly smaller than the 8 mm
diameter on day 0, which may be attributed to a
response to placement of the drug free implant. By
day 8, the size difference was significant, as the treat-
ment tumors (0.14 6 0.04 cm2) were more than
10 times smaller (p ¼ 0.025) than the controls (1.77 6
0.78 cm2). Notable variation in tumor size, especially
in the untreated tumors on day 8, is evident, but there
is a statistically significant difference in treated and
control tumors on both day 4 and day 8.

Drug release in vivo

A summary of the drug release properties of the
implants in vivo is shown in Table I. Doxorubicin masses
in the original implant, the extracted implant, and in the
surrounding tissue as measured by fluorescence are
shown along with the values as a percentage of the origi-
nal doxorubicin loading. For implants extracted on both
day 4 and day 8, *87% of the original drug was
released, suggesting that little additional drug was
released after day 4. A greater fraction of the drug was
released in vivo than in vitro. Two notable differences are

Figure 1. Photographs of a control (A) and a treated (B)
tumor cross section on day 8. The boundary between the
tumor and normal liver tissue is indicated with a white dot-
ted outline, and the arrows indicate two directions along
which the tumor dimensions would be measured to calcu-
late the cross sectional area. The scale bars are 1 cm. Bar
graph showing the mean cross sectional area of the treated
and control tumors after 4 and 8 days (C). The error bars
indicate the standard deviation of each measurement (n ¼ 4).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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present between the two time points: the tissue at day 4
retains 50 mg more doxorubicin and the doxorubicin pen-
etration distance at day 4 is 1.5 mm further from the
implant boundary. Of these differences, however, only
the increase in the drug penetration distance is statisti-
cally significant (p ¼ 0.004). From these measurements, it
is also possible to estimate the apparent elimination rate
from the tumor tissue by fitting a decaying exponential
of the form D(t) ¼ D0 exp(�kt) to the known concentra-
tions of drug present in tissue at each time. Using this
method, the elimination rate constant from the tumor
area was calculated to be k ¼ 0.42 6 0.06 day�1, which
corresponds to an apparent elimination half time from
tumor of t1/2¼ 1.66 0.2 days.

Fluorescent doxorubicin distribution

Local drug distributions from the treated tumors on
both day 4 and day 8 were used to evaluate the overall
drug exposure to each tumor region. Representative
doxorubicin distributions from tumor sections on day
4 and day 8 are shown in Figure 2(A,B), respectively.
At both 4 days and 8 days after the millirod implanta-
tion, concentrations of drug higher than 1000 mg/g
were found in a band surrounding the implant loca-
tion. These concentrations are considerably higher
than the previously reported effective concentration
for doxorubicin, 6.4 mg/g.40,41 Additionally, it can be
observed that the band of drug around the implant
location appears to be both more intense and thicker
in the day 4 distribution as compared to the day 8 dis-
tribution. Another characteristic of interest is the large
degree of asymmetry in the distributions, which is
more pronounced than in previous studies in normal
and RF ablated liver tissues.25 This asymmetry likely
reflects the inhomogeneity of the doxorubicin trans-
port properties inside VX2 tumor tissues. Average
drug concentration profiles for the distributions in Fig-
ure 2(A,B) are shown in Figure 2(C). These profiles
quantitatively reaffirm that average concentrations

TABLE I
Summary of Drug Quantities In Vivo

Day 4 Day 8

Original drug loading (mg) 3150 6 110 3000 6 190
Drug remaining in

extracted implant (mg) 400 6 40 390 6 90
Drug released (mg) 2750 6 130 2610 6 120
Drug released (%) 87.2 6 1.5 87.2 6 2.3
Drug in tissue (mg) 210 6 120 160 6 70
Drug in tissue (%) 6.7 6 3.7 5.5 6 2.8
Drug penetration

distance (mm)* 2.8 6 0.5 1.3 6 0.4

Percentages shown are based on the original drug load-
ing. All values are shown 6 standard deviation.
*Statistically significant difference between days.

Figure 2. Doxorubicin concentration distribution maps
derived from fluorescent imaging of representative tumor
sections from the treated group on day 4 (A) and day 8 (B).
Before removal, the implant was located in the small clear-
ing found in the center of the image, and the scale bars are
2 mm. From these two distributions, concentration profiles
plotting the average doxorubicin concentration against the
distance from the implant boundary are shown for both
times (C). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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near the implant are higher and the drug penetrates to
a greater distance in the day 4 distribution. The aver-
age doxorubicin concentration within 0.5 mm of
the implant boundary in these slices is 1870 6 60 and
1380 6 110 mg/g for day 4 and day 8, respectively. In
contrast, little to no fluorescence was seen in the con-
trol tissue (data not shown).

Histological comparison of tumors

Representative H&E sections of a control and
treated tumor on day 8 are shown in Figure 3. The

control tumor [Fig. 3(A)] is large and has a boundary
of darkly staining viable tumor cells surrounding a
core comprised of viable tumor cells mixed with ne-
crotic debris, while the treated tumor [Fig. 3(B)] has a
smaller boundary of largely necrotic tumor cells. The
higher magnification image from the core of the
control tumor [Fig. 3(C)] reveals clusters of large,
irregularly shaped tumor cells with darkly staining
nuclei interspersed with lighter regions of necrosis
and cellular debris. In contrast, the treated tumor
core [Fig. 3(D)] is heavily necrotic and contains few
viable cells. Cells lack discernible boundaries and
have no distinct nuclei, and basophilic remains

Figure 3. H&E stained sections of control (A, C, E) and treated (B, D, F) tumor sections on day 8. Low magnification
images of the control (A) and treated (B) tumors indicate with lower case letters the regions from which the high magnifi-
cation images are taken. The scale bars are 1 cm. High magnification images of the tumor core for control (C) and treated
(D) tumors as well as the tumor/normal liver interface for control (E) and treated (F) tumors are also shown. The clearing
on the right side of slide (D) is the original implant location. In (E) and (F), normal liver is found to the left of the panel
while tumor is found to the right. All high magnification images (C–F) have scale bars of 100 mm. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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have aggregated. Similar differences are visible in the
high magnification images of the tumor boundaries
[Fig. 3(E,F)]. Again, the control tumor is filled with
viable tumor cells while the treated tumor is largely
necrotic. Both tumors are separated from normal tis-
sue by a lighter staining fibrous region containing a
mixture of tumor and inflammatory cells. Histological
comparison of the tumors reveals marked differences
between the regions exposed to doxorubicin from the
implant and the untreated controls.

H&E histology [Fig. 4(A)] and fluorescent micros-
copy [Fig. 4(B)] from the same tissue area after 8 days
allow for explicit localization of the doxorubicin into
three main regions of the treated tumor. Region 1,
closest to the implant location, contains dense baso-
philic and eosinophilic necrotic debris accompanied
by high doxorubicin concentrations. Region 2 is filled
with less dense necrotic debris characterized by a lack
of nuclei and has detectable but considerably smaller
amounts of fluorescence. Finally, Region 3 contains
the fibrous band separating tumor from normal tissue,
which is marked by a dotted band of fluorescent cells
skirting the outer tumor boundary. Enlargement of
this region [Fig. 4(C)] shows an area of enhanced cellu-
lar uptake of doxorubicin. Particularly, the nuclear
detail visible in the image indicates the presence of
drug in cell nuclei, the primary location of action for
doxorubicin. These images indicate that even those
cells at the tumor/normal tissue interface have signifi-
cant doxorubicin exposure over the 8 day period of
treatment. Fluorescence in this region was not ob-
served in drug-free controls (data not shown).

While the main tumor mass in the treated animals
is necrotic and exposed to high drug concentrations,
there is histological evidence that residual viable tu-
mor cells still exist on day 8. An H&E stained sec-
tion shows cords of tumor cells extending *1–2 mm
from the tumor/normal tissue boundary (Fig. 5).
These cells appear to be viable and are far enough
from the implant location that they are unlikely to
be exposed to therapeutic drug concentrations.

DISCUSSION

In this study, doxorubicin-containing PLGA im-
plants were used to treat VX2 carcinomas in rabbit
liver, and the response to treatment was simultane-
ously evaluated using tumor size, fluorescence drug
distribution, and histology. The treated tumors were
significantly smaller than the untreated controls at
both day 4 and day 8. Histological analysis confirmed
the tumor response to drug treatment at cellular level,
where regions of viable tumor cells in untreated tumor
were replaced by broad regions of necrosis in tumor
implanted with doxorubicin millirods. Both macro-

scopic and microscopic analyses indicate the overall
success of the implant for tumor treatment.

A rapidly releasing implant was chosen in this
study to maximize drug effect immediately after im-
plantation while still preventing the immediate drug
clearance that occurs after direct injection of drug
solutions.14,42 Doxorubicin concentrations greater

Figure 4. H&E stained and fluorescent micrographs of a
treated tumor on day 8. The H&E section (A) illustrates
the different tissue regions moving outward from the
implant location (*): (1) a dense necrotic region, (2) a
sparse necrotic region, and (3) the inflammatory boundary
of the tumor. An aligned fluorescence micrograph (B) illus-
trates the pattern of doxorubicin distribution throughout
the tumor regions. A higher magnification image (C) of the
area indicated with a white box in (B) shows significant
cellular uptake of doxorubicin in the inflammatory bound-
ary of the tumor. All scale bars are 100 mm. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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than 100 times the therapeutic level were observed
in tumor tissues surrounding the implant even after
8 days. In comparison, intravenously administered
doxorubicin is typically eliminated from the plasma
with a half-life of *10 min.43 Cellular uptake, drug
binding to extracellular proteins, and limited perfu-
sion in the necrotic tumor core may each contribute
to prolonged drug retention from these intratumoral
implants. Qualitatively, the pattern of distributions
revealed a greater degree of asymmetry than previ-
ously observed in either normal or ablated liver.28

The irregular drug distribution patterns may be
attributed to the inhomogeneity of tumor vascula-
ture31 and greater drug clearance in highly perfused
areas. Overall, the doxorubicin-containing implants
provided high drug concentrations for a prolonged

exposure time, albeit to only a limited region sur-
rounding the implant.

The most surprising aspect of this study is that ne-
crosis extends to the tumor boundary despite the lim-
ited drug penetration distance. While the initial
tumors had a radius of *4 mm, the maximum drug
penetration distance was less than 3 mm on both day
4 and day 8. These data would suggest that the tumor
periphery would not receive adequate doxorubicin to
kill the VX2 cells. To the contrary, microscopic exami-
nation of histology slides showed that doxorubicin
was present at the tumor boundary and necrotic
tumor abutted the surrounding normal liver tissue,
demonstrating the treatment of entire tumor volume.
Two plausible mechanisms could explain this contra-
diction. In one scenario, doxorubicin may successfully
treat the tumor mass without reaching 4 mm from the
implant. Rapid release of high drug concentrations
eliminates the VX2 cells closest to the implant, caus-
ing the tumor shrinkage observed in the study. The
collapse of the tumor core subsequently brings the
outer tumor boundary closer to the implant interface.
Continued diffusion of drug away from the implant
simultaneously moves the front of drug penetration
outward, where it eventually meets the inwardly
moving tumor boundary by day 4. Alternatively, dox-
orubicin may reach the therapeutic level at 4 mm but
be undetected by this study for various reasons. First,
the time points in this study were chosen to maximize
the information available from drug distribution, tu-
mor pathology, and histology. Peak drug concentra-
tions likely occur earlier, as soon as 24 h after implan-
tation, when doxorubicin may reach the 4 mm tumor
boundary.28 By day 4, drug penetration distances
decrease through clearance and tumor shrinkage as
described earlier. Second, doxorubicin may be present
at undetectable and yet therapeutic levels beyond the
measured penetration distances in this study. While
previous studies have established an effective doxoru-
bicin concentration at 6.4 mg/g,40,41 this number was
calculated for a transient exposure to a systemically
administered treatment. For a prolonged exposure
such as that provided by this implant, the effective
drug concentration is expected to be even lower.
Future studies that differentiate the above two mecha-
nisms will provide significant insights to fundamen-
tally understand drug transport in tumor tissues and
their effects on tumor treatment.

Although this study illustrates considerable prom-
ise of polymer millirods for local treatment of VX2
tumors, these implants are not without limitations.
Viable tumor cells were observed advancing beyond
the main front of the tumor (Fig. 5), potentially by
lymphatic spread, which is a known mode of metas-
tasis for the VX2 tumor cells44 as well as many
human tumors.45–47 Although it cannot be assured
that these cells would have developed into a recurrent

Figure 5. H&E stained micrograph of a treated day 8 tumor
showing potential spread of the tumor beyond its circum-
scribed boundary. A low magnification image (A) indicates
the implant location (*) and viable tumor cells (black box),
which are magnified in (B). The two arrows indicate cords
of viable tumor cells that appear to be spreading beyond
the treated zone. The scale bars are 100 mm. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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tumor, future development of intratumoral treatments
should actively focus on successfully delivering drug
to a margin of safety beyond the main tumor mass to
minimize the risk of recurrence.48

On the other hand, combined treatment strategies
with these implants offer a number of opportunities
for complete tumor eradication. For example, radiofre-
quency (RF) ablation has been shown to facilitate drug
distribution and retention in normal tissues through
destruction of the tumor vasculature,28 which makes it
a particularly attractive candidate for use with these
implants. In a combined therapy, RF ablation could
destroy the vast majority of the tumor volume and
surrounding vasculature, allowing greater delivery of
doxorubicin to the tumor periphery. Other strategies
such as systemically administered targeted nanopar-
ticles49–51 that have demonstrated effective targeting
to the well perfused tumor periphery52 may also prove
synergistic to the millirod therapy. Alternatively, these
implants could also be used as a neoadjuvant treat-
ment prior to resection. Tissue conserving surgical re-
moval of the smaller, post-treatment tumor could then
be performed, minimizing the risk of local recurrence
from residual cancer cells. Irrespective of the com-
bined methods, the described polymer implants pro-
vide a versatile platform for minimally invasive, intra-
tumoral chemotherapy, and this study provides de-
tailed insight about drug distribution and antitumor
efficacy that can be used in their further development.

CONCLUSIONS

In conclusion, doxorubicin-containing millirods have
shown considerable success in treating small but ag-
gressive liver tumors in rabbits. The treated tumors
were significantly smaller than the control tumors af-
ter both 4 and 8 days, and areas adjacent to the im-
plant contained high concentrations of doxorubicin
throughout the study. Although the implants were ca-
pable of treating larger tumors than expected, the
exact mechanism for this success remains incom-
pletely understood. These promising results will open
a variety of opportunities to investigate several com-
bined treatment approaches to achieve complete tumor
eradication.

BW is supported by DOD predoctoral fellowship
BC043453.
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