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Abstract Purpose: Pancreatic cancer is widespread, as-
sociated with high mortality, and rapidly fatal. Most
cases are diagnosed too late for surgical treatment, and
the disease responds poorly to systemic chemotherapy.
Nevertheless, pancreatic cancer cells are sensitive to
fluorouracil (5-FU) in a time- and dose-dependent
manner, suggesting that improved retention of drug in
the tumor may improve patient prognosis. In this study,
we evaluated a novel drug delivery system, 5-FU/epi-
nephrine injectable gel (5-FU/epi gel), designed to im-
prove drug retention in tumors. Methods: We used a
BxPC-3 human pancreatic cancer xenograft model in
athymic mice to examine drug levels in tumor, liver, and
kidney tissue following administration of: (a) 5-FU/epi
gel (30 mg 5-FU/ml) intratumorally (i.t.); (b) 5-FU so-
lution i.t.; and (c) 5-FU solution intraperitoneally (i.p.).
[*H]5-FU was added as a radiolabeled marker to all test
formulations. Animals were sacrificed at designated
times, and the tumor, liver, and one kidney from each
animal were excised and processed for radioactivity
analysis. Drug concentration was quantified by both
storage-phosphor autoradiography (SPA) and liquid
scintillation counting (LSC). Results: Higher and sus-
tained i.t. drug levels were achieved following i.t. ad-
ministration of 5-FU/epi gel (SPA AUC 18.4 mM - h,
LSC AUC 13.0 mM - h) compared with 5-FU solution
i.t. (SPA AUC 2.02 mM - h, LSC AUC 1.92 mM - h) or
5-FU solution i.p. (SPA AUC 0.07 mM - h, LSC AUC
0.04 mM - h). Use of the 5-FU/gel system was associ-
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ated with lower drug levels in liver and kidney, indi-
cating that it produces far less systemic exposure. Con-
clusion: In the human pancreatic cancer xenografts, i.t.
administration of 5-FU/epi injectable gel provided sig-
nificantly higher drug and/or metabolite concentrations
for extended periods than was possible with either i.t. or
1.p administration of drug solution. This i.t. drug de-
livery system could potentially be used to treat patients
with pancreatic cancer to increase tumor exposure to
drug and improve the therapeutic index in comparison
to systemic drug administration.
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Introduction

Pancreatic cancer is the second most common gastroin-
testinal malignancy [25]. Recent reports indicate that the
mortality associated with this disease represents 2.8% of
all cancer deaths worldwide [33]. It is among the most
rapidly fatal cancers with a 1-year survival rate of less
than 20%. Because early detection of this disease is diffi-
cult, most patients (~75 to 85%) have advanced or non-
resectable cancer at the time of diagnosis, which severely
limits the potential for effective treatments such as surgery
or radiation therapy [11]. Human pancreatic adenocar-
cinoma is also highly resistant to most chemotherapeutic
drugs [32]. While systemic therapy is used to treat patients
with widespread disease, the impact is insignificant.

Fluorouracil (5-FU) has been extensively studied as a
single agent and has a response rate of about 20% in
pancreatic cancer patients [3, 7, 12, 17]. Little improve-
ment in response rates or survival has been achieved
with other single agents in comparison with 5-FU alone,
and most drug combination regimens only increase the
toxicity [3, 9, 15, 27, 31].

Several factors may contribute to the unsatisfactory
response of pancreatic cancers to chemotherapeutic
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drugs: the histologic features of the tumor; the potential
inherent chemoresistance of pancreatic cancer cells; and
the inability to achieve adequate tumor drug concen-
trations. The avascular nature and local fibrosis of these
tumors may partially contribute to poor drug exposure
and suboptimal cytotoxic drug concentrations following
systemic chemotherapy. In vitro studies in our labora-
tory [28] and others [20, 26] have shown that pancreatic
cancer cell lines are sensitive to a variety of drugs in a
time- and dose-dependent manner (e.g. 5-FU, cisplatin,
doxorubicin, mitomycin C). Thus, chemotherapy could
be used to improve the prognosis of patients with pan-
creatic cancer if a more effective drug delivery system
was available.

Using pancreatic cancer xenografts as an in vivo
model, we first explored the use of a therapeutic inject-
able gel system administered intratumorally (i.t.) to
achieve higher tumoral drug levels than those from in-
travenous (i.v.) drug administration [28]. This site-spe-
cific, sustained-retention drug technology provides a
new modality for local control of solid tumors. The in-
jectable gel contains a cytotoxic drug (e.g. 5-FU, cis-
platin), and epinephrine as a vasoconstrictor to enhance
local drug retention. The drugs are incorporated into a
biocompatible, biodegradable gel of purified bovine
collagen. This gel formulation provides a homogeneous,
reliable and safe delivery system. Use of this delivery
format has been shown to enhance tumoral drug reten-
tion and increase antitumoral efficacy in a syngeneic
mouse tumor model [34]. In our previous preclinical
studies with athymic mice bearing BxPC-3 human pan-
creatic cancer xenografts, we have demonstrated that
tumors treated with i.t. injectable gels (containing 5-FU,
cisplatin, or doxorubicin) significantly decreased in size
by 72-79% compared with vehicle-treated or untreated
controls. Also, neither i.t. injection of drug solution or
intraperitoneal (i.p.) injection of drug in the injectable
gel delivery system produced tumor size reductions when
compared with controls [28]. Several injectable gel sys-
tems have been used to treat a variety of spontaneous
cutaneous and subcutaneous tumors in veterinary ani-
mals [16, 24]. In human clinical trials, direct i.t. adminis-
tration of 5-FU/epinephrine gel or cisplatin/epinephrine
gel has been used to treat patients with cutaneous epi-
theliomas [18, 21], and advanced solid tumors including
cancers of the head and neck [4], esophagus [22], pros-
tate [2] and liver [10]. Injection with endoscopic proce-
dures for esophagus [6], and percutaneous techniques
with ultrasound or computed tomography to guide the
injections has been utilized for subcutaneous tumors or
tumors in internal organs such as liver and prostate. For
pancreatic cancer, treatment could be accomplished with
a similar percutaneous route of administration of in-
jectable gel under ultrasound guidance [8], or endoscopic
delivery through the duodenum to the head of pancreas,
or an initial injection provided intraoperatively for
patients found to have non-resectable tumors.

Drug retention and distribution can vary depending
on the morphological characteristics of different tumors.

In this study, we examined the local distribution and
retention of 5-FU in BxPC-3 human pancreatic cancer
xenografts grown on the flanks of athymic mice, using
[*H]5-FU as a tracer. Distribution of label to distal
organs was also monitored. The tumoral concentration
and distribution of radiolabel was evaluated after i.t.
administration of 5-FU/epinephrine injectable gel
(5-FU/epi gel) or 5-FU solution. For comparison,
tumors of mice treated i.t. or i.p. with 5-FU solution
were also examined. Equivalent drug concentration was
quantified using two analytical methods: storage-phos-
phor autoradiography (SPA) and liquid scintillation
counting (LSC).

Materials and methods

Investigational agents

5-FU was administered either as an aqueous solution or as 5-FU/
epi gel (Matrix Pharmaceutical, Fremont, Calif.). The 5-FU/epi
injectable gel is an aqueous system consisting of 5-FU and epi-
nephrine as the active agents, purified bovine collagen as the gell-
ant, and various pharmaceutically acceptable salts as buffering and
osmotic agents. Radiolabeled fluorouracil (6-*H, 20 Ci/mmol) was
obtained as a solution in 50% ethanol (Amencan Radiolabeled
Chemicals; St. Louis, Mo.). Fluorouracil Injection USP (50 mg/ml)
was obtained as an injectable commercial product (SoloPak Lab-
oratories, Elk Grove Village, Ill.), and epinephrine solution (1 mg/
ml) was a custom preparation manufactured for Matrix Pharma-
ceutical by Chesapeake Biological Laboratories, Baltimore, Md.

Radiolabeled formulations

Tritium-labeled fluorouracil (*H]5-FU) was added as a radiola-
beled marker to the test formulations, 5-FU solution and 5- FU/epl
gel. The physical, chemical, and biochemical propertles of [*H]5-
FU are the same as that of 5- FU In preparing the [*H]5-FU/epi
gel, ahquots of the ethanolic [*H]5-FU solution were evaporated
overnight in a fume hood, reconstituted in epinephrine solution,
and then mixed with 5- FU and colldgen gel until homogeneous
(~30 s) by means of syrmge -to-syringe transfer back and forth
through a Luer-lock mixing adapter. The final [*H]5-FU/epi gel
nominally contdmed 30 mg/ml fluorouracil, approximately
100 uCl/ml 3H, 0.1 mg/ml epinephrine, and 20 mg/ml collagen. In
prepari ng the [ H]5-FU solution for i.t. administration, the evap-
orated ["H]5-FU was reconstituted in 5-FU solution (50 mg/ml)
and saline (0.9% Sodium Chloride Injection, USP). The resultant
[*H]5-FU solution nominally contained 30 mg/ml 5-FU and ap-
proximately 100 uCi/ml *H. The solution was further diluted
fourfold with saline to yield the 7.5-mg/ml [*H]5-FU solution for
i.p. administration.

Animals

Male athymic NCr-nu mice (5 to 6 weeks old) were obtained from
the National Cancer Institute. Average body weight was approxi-
mately 25 g. The animals were housed in sterile isolator cages made
of flexible plastic film, with autoclaved bedding, food, and water.
A diurnal cycle of 12 h light and 12 h dark was maintained. Food
and water were available ad libitum.

Human pancreatic cancer xenografts

The human pancreatic cancer cell line BxPC-3, established from a
well-differentiated human pancreatic adenocarcinoma [29] was



purchased from the American Type Culture Collection (Rockville,
Md.). The BxPC-3 cells were maintained in culture in RPMI me-
dium supplemented with 10% fetal bovine serum, L-glutamine
(2 mM), penicillin (100 U/ml), and streptomycin (100 pg/ml). Cells
were maintained at 37 °C under a humidified atmosphere con-
taining 5% CO, in an incubator. Single-cell suspensions were in-
jected subcutaneously in a volume of 0.5 ml (1 x 10° cells) into the
back of each athymic mouse. When tumors reached approximately
800 mm~, mice were randomly assigned to treatment groups.

Experimental design

Local retention of *H and its distrlbutlon to distal tissues Jwere
assessed following admmlstratlon of[ H]5-FU solution i.p, [*H]5-
FU solution i.t., or [’H]5-FU/epi gel i.t. The injection volume was
200 pl for i.p. admmlstratlon and 50 pl for i.t. administration. The
5-FU dose for all groups was 1. 5 mg/injection per animal, or ap-
proximately 60 mg/kg, and the *H dose was approximately 5 pCi
per injection. At each designated time-point, one animal from each
group was euthanized. The pancreatic cancer xenografts as well as
the liver and one kidney from each animal were excised and im-
mediately frozen and stored at —20 °C until sectioning. The tissues
were then processed for analysis by both SPA and LSC.

Storage-phosphor autoradiography

Tumor imaging and quantitative autoradiography were performed
as previously described by Kanekal et al. [14]. This method was
used to compare the local retention and distribution of radiolabeled
5-FU delivered systemically (i.p.) as a drug solution or i.t. as either
a drug solution or 5-FU/epi injectable gel. Frozen samples of tissue
removed from mice were mounted onto cryomicrotome chucks
with tissue-freezing medium and sectioned (using a cryomicrotome)
at =25 °C. Tumors were sectioned serially along the longitudinal
axis, and 10 to 18 sections (20-50 pum thick) traversing the entire
thickness of the tumor were collected at approximately 400-pm
intervals. For the liver and kidney, three to five longitudinal sec-
tions were removed at roughly the midpoint of the tissues. The
tissue sections were placed on microscope slides and were air-dried
at room temperature. The slides were placed in autoradiography
cassettes and exposed, along with a *H standard slide (prepared
using a [PH]5-FU/epi gel formulation) to imaging plates for 15 h.
The exposed plates were scanned, and radiation was quantified
using a phosphor imaging analyzer (BAS 1000; Fuji Biomedicine
Systems, Stamford, Ct.) equipped with the instrumental software
(Fuji MacBas version 1.0).

Representative images of the sections were transferred to a
computer graphics program (Canvas; Deneba Systems, Miami, Fl.)
to construct time-course color plates. After imaging plates were
scanned, the areas in which the radiolabel resided (as assessed by
color) were delineated. Sections that produced autoradiograms
with detectable radioactivity were used for quantification. The
imaging software then integrated the total intensity (expressed as
photostimulatable luminescence, PSL) over that area (square
millimeters). Background (BG) radiation intensity was determined
in a similar fashion from an identical area drawn on a blank
imaging plate. This background intensity was subtracted from the
total PSL over the area of interest. Average intensities are ex-
pressed in (PSL — BG)/mm? and converted to disintegrations per
minute per milliliter or disintegrations per minute per cubic centi-
meter by comparison with standard curves. The disintegrations per
cubic centimeter values were then converted to micromoles of 5-FU
equivalent per cubic centimeter (or millimoles) based on the specific
activity of the radiolabel in each formulation.

A graphics software package (Kaleidagraph; Abelbeck Soft-
ware, Reading, Pa.) was used to plot concentration-versus-
time profiles. The linear trapezoidal rule was used to calculate
areas under the tumor concentration-versus-time curve
(AUC1ast time point)- The first-order rate constant was determined
by monoexponential curve-fitting, performed by least-squares
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analysis of the semilog plots. The half-life (t;),) of *H in the tumor,
defined as the time required for the concentration to decrease by
50%, was calculated from the rate constant obtained from the
monoexponential curve fit. Tumoral clearance (cubic millimeters
per hour) was calculated from the equation:

Dose

cl =2
carance AUC

Liquid scintillation counting

Retention of *H in tissue samples was determined by LSC. For this
method, the 400-um tissue chunks between the thin serial sections
for SPA were collected and processed. Methanolic KOH was added
to these samples, which were then heated at 37 °C and agitated
intermittently until the tissue was fully solubilized (approximately
2 days). Aliquots (100 pl) of each sample were placed into scintil-
lation vials and neutralized with 100 pl of 2 N HCI. After addition
of 4 ml sc1nt1llat1on fluid (Cytoscmt ICN Biomedicals) to each
sample, *H was counted (5-min count) in a liquid scintillation
counter (Beckman LS3801). Data are presented as disintegrations
per minute, percent of total administered *H dose, and 5-FU
equivalent concentration (micrograms per gram and millimoles) in
the specified tissue. The 5- F U equivalent concentration was cal-
culated by converting the *H concentration (expressed as percent
total administered dose) to 5-FU concentration, assuming an ad-
ministered (100%) dose of 1.5 mg in an injection volume of either
200 or 50 ul, AUC, tl/z, and clearance values were obtained as
described above. All *H concentrations for SPA and LSC are ex-
pressed as 5-FU equivalents (millimoles). For both analytical
methods, the average concentrations were calculated to include
drug in the gel and drug in the tumor tissue.

Results
Storage-phosphor autoradiography

The qualitative time course of retention of *H (5-FU
and/or its metabolites) in tumors is presented in Fig. 1.
Retention and localization of *H were greater in the
xenografts treated i.t. with [°H]5-FU/epi gel than in
those treated i.t. with [’H]5-FU solution. Three-dimen-
sional (3-D) images of the tumors were constructed
based on the series of two-dimensional autoradiograms
of tumor slices. These 3-D images showed that [*H]5-FU
was rapidly distributed throughout the tumor within
2 min of injection of either gel or solution. At 0.5 h after
administration of the 5-FU solution, the radioactivity
was substantially decreased. In contrast, substantial ra-
dioactivity was found even after 120 min in tumors
treated with the 5-FU/epi gel and the distribution pat-
tern was different.

The quantitative retention time course for the xeno-
graft tumors is shown in Table 1 and Fig. 2. For up to
1 h after systemic (i.p.) administration of 5-FU solution,
radiolabel in the tumor was barely discernible (less than
0.10 mM). Local (i.t.) administration of 5-FU solution
resulted in tumor *H concentrations much higher than
those observed after i.p. administration both immedi-
ately after injection and 0.5 h later. However, at 1 h
postinjection, the tumor *H concentration had decreased
to less than the concentration achieved after i.p.
administration at the same time-point. In contrast, i.t.



270

3[H]5-FU/epi gel, i.t. 3[H]5-FU solution, i.t.
2 minutes 2 minutes

120 minutes

Fig. 1 Localization of *H in BxPC-3 human pancreatic cancer xenografts after intratumoral (i.t.) injection of [*H]5-FU/epi gel or [’H]5-
FU solution. Two- dimensional autoradiograms (left section of each panel) of all cryosectioned tissue slices of each tumor were used to
construct the three-dimensional images (right of each panel)
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Table 1 >H retention in BXxPC-

3 human b atic oz Treatment Time after Storage-phosphor Liquid scintillation
noglfanf?: %izcgzgfng?gcgg e injection autoradiography® counting
ts. ] (h)
?lolsi' lnnfgl)caiersaﬁ?;il' 501rng % Total dose  5-FU % Total dose  5-FU
N 60 nL1L o/kg (134 UC area under equivalent equivalent
the curve, zero hour to last (mM) (mM)
time-point) 5-FU solution, i.p. 0 0.11 0.06 0.01 0.00
(7.5 mg/ml, 200 pl) 0.5 0.15 0.09 0.23 0.06
1 0.06 0.04 0.44 0.05
AUC 0.12% - h 0.07 mM - h 0.23% - h 0.04 mM - h
5-FU solution, i.t. 0 39.1 7.44 35.8 6.83
(30 mg/ml, 50 pl) 0.5 0.90 0.26 0.90 0.26
1 0.22 0.02 0.69 0.06
2 0.12 0.04 0.30 0.07
AUC 10.5% - h 2.02mM - h 10.1% - h 1.92mM - h
5-FU/epi gel, i.t.> 0 81.6 10.6 78.9 10.2
(30 mg/ml, 50 pl) 1 61.8 7.45 41.5 5.00
2 14.6 3.40 6.46 1.51
4 1.00 0.15 0.89 0.13
8 0.20 0.05 0.45 0.11
AUC 128% - h 184 mM - h 94.2% - h 13.0 mM - h

#Mean of 3-15 autoradiograms per time-point (obtained from tissue sections at equal intervals

through the entire tumor)

® Drug retention represents overall retention and includes retention of drug in the gel as well as in the

tumor

administration of the 5-FU/epi gel yielded tumor *H
concentrations that were considerably higher than those
observed after 5-FU solution administered either i.p. or
i.t. at the same time-points; for example, at 1 h, the
concentrations were nearly 200 and 400 times greater,
respectively.

Tumor AUC values for 5-FU solution i.p., 5-FU
solution 1i.t.,, and 5-FU/epi gel i.t. were 0.07, 2.02, and
18.4 mM - h, respectively. After i.t. administration of
5-FU as a simple solution, the concentration decreased
rapidly, exhibiting a first-order rate constant of about
4.0 h™', corresponding to a ty2 of only about 10.4 min
(Fig. 2). In contrast, the 5-FU/epi gel provided sustained
i.t. availability of drug: the radiolabel was cleared much
more slowly and exhibited a rate constant of only
0.70 h™!, corresponding to a ty» of about 59 min. The
5-FU solution i.p. was barely detectable at 30 min.
Clearance of *H from the tumor was 9.58 times slower
after i.t. administration of the 5-FU/epi gel than after
administration of the aqueous 5-FU solution (Table 2).

Pharmacokinetics in the liver and kidney are pre-
sented in Table 3. In the liver, radiolabel concentrations
after either systemic (i.p.) or local (i.t.) administration of
5-FU solution peaked earlier (at 0.5 h) and were twice
those observed after i.t. administration of 5-FU/epi gel,
which peaked at 2 h. Similarly, drug-derived radiolabel
concentrations in kidney peaked 0.5 h after either i.p. or
i.t. administration of 5-FU solution and were 35%
higher than those after 5-FU/epi gel i.t., which peaked
2 h after administration. No radioactivity was detectable
in liver or kidney 2 h after injection (i.t. or i.p.) of 5-FU
solution.

Liquid scintillation counting

The drug-derived radiolabel concentrations in tumors
treated i.t. with 5-FU/epi gel were initially twice those in
tumors injected with the simple drug solution, and at all
study time-points, they persisted at levels higher than
those following administration of 5-FU solution either
i.t. or i.p. (Table 1).

Tumor AUC values for 5-FU solution i.p., 5-FU
solution i.t., and 5-FU/epi gel i.t. were 0.04, 1.92, and
13.0 mM - h, respectively (Table 1), indicating, as with
the SPA method, far greater concentration of drug and/
or metabolites over time with 5-FU/epi gel i.t. than with
the other treatment schemes. The t,, values for 5-FU
solution i.t. and 5-FU/epi gel i.t. were 12 min and
55 min, respectively (Fig. 2). Clearance of *H from the
tumor was 7.07 times slower after i.t. administration of
the 5-FU/epi gel than after administration of the aque-
ous solution (Table 2).

Radiolabel concentrations in liver were substantially
higher immediately after i.p. administration of 5-FU
solution than after i.t. administration. Peak levels for
both administration routes were reached 0.5 h after in-
jection. In contrast, animals treated with 5-FU/epi gel
did not manifest peak liver concentrations until 1 to 2 h
after the injection (Table 3).

Compared with those in tumor and liver, radiolabel
concentrations in kidney were considerably lower at all
time-points, peaking 1 h after injection of 5-FU solution
1.p., 30 min after injection of 5-FU solution i.t., and 2 h
after injection of 5-FU/epi gel i.t. The kidney concen-
tration produced by 5-FU/epi gel i.t. 2 h postinjection
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Fig. 2 Retention of *H in BxPC-3 human pancreatic cancer
xenografts after various forms of drug delivery. Tumor concentra-
tions over time were determined by storage-phosphor autoradio-
graphy (SPA, A) and liquid scintillation counting (LSC, B).
Concentrations are expressed as 5-FU equivalents

Table 2 Clearance of *H in BxPC-3 human pancreatic cancer xe-
nografts. The nominal 5-FU dose in all cases was 1.5 mg
(11.5 pmol) per animal or ~60 mg/kg. (SPA storage-phosphor
autoradiography, LSC liquid scintillation counting)

Detection Formulation Clearance® Clearance ratio
method (cm?/h) (5-FU solution vs
5-FU/epi gel)
SPA® 5-FU/epi gel 0.635 9.58
5-FU solution 6.085 -
LSC 5-FU/epi gel 0.904 7.07
5-FU solution 6.389 -

#Clearance (dose/AUC) represents overall clearance (clearance
from gel + clearance from tumor tissue)
®Mean of 3-15 autoradiograms per time point

was four times lower than that produced by 5-FU
solution i.t. (Table 3).

Discussion

In the present experiments using pancreatic cancer
xenografts, we studied a new drug delivery system de-
signed for i.t. administration. This delivery system con-
sists of an antineoplastic agent (5-FU) incorporated
within an extended-retention gel. The gel consists of a
biocompatible/biodegradable aqueous dispersion of a
highly purified bovine dermal collagen, which physically
enmeshes the drug and retards drug clearance after in-
jection. The system also includes a small amount of
epinephrine as an adjuvant, further inhibiting drug
clearance into the circulation through local vasocon-
striction. By measuring drug-derived radiolabel con-
centrations after injection, we demonstrated that the
injectable gel not only provided higher drug and/or drug
metabolite concentrations in the tumor than did drug
administered as an aqueous solution i.t. or systemically,
but also resulted in prolonged exposure of the tumor
tissue to the drug and/or its metabolites. Concurrently,
the gel was associated with lower levels of radioactivity
in the liver and kidney, indicating that it produced far
less systemic exposure.

The radiolabel technique used in these studies did not
distinguish between 5-FU and its *H-containing me-
tabolites. These metabolites can either be active (e.g.
F-dUMP) or inactive (e.g. catabolism via dihydropy-
rimidine dehydrogenase, DPD). The latter enzyme is
widespread in many tissues (particularly liver, kidney,
lymphocytes, and the gastrointestinal mucosa) and is
responsible for rapid metabolic inactivation of the drug
following i.v. administration. With i.t. administration,
such systemic inactivation pathways clearly affect the
drug only after it leaves the local tumor environment.
The levels of DPD in tumor tissue are reported to be
variable, depending on tumor location and cell line [23].
DPD levels in the BXPC-3 line have not yet been char-
acterized, although other pancreatic lines (e.g. PANC-3)
are reported to have elevated DPD activity [1]. The long
retention of radiolabel in the tumor following intratu-
moral administration of the 5-FU/epi gel could there-
fore, of course, simply have been due to the presence of
inactive metabolite. However, there would appear to be
little question that retention of parent drug and active
metabolite would also be significantly enhanced with use
of the gel delivery system as compared with the i.t. so-
lution or, especially, the i.p. solution. This is supported
by the enhancement of antitumor activity in vivo seen in
earlier studies [28] and discussed briefly below.

In previous in vitro studies, we have demonstrated
the sensitivity of BxPC-3 pancreatic cancer cells to 5-FU
and other cytotoxic agents and the dependence on drug
concentration and exposure time [28]. If the exposure
time is increased, the required drug concentration can be
reduced. For example, the concentration of 5-FU that
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Table 3 *H levels in liver and kidney of mice bearing BxPC-3 xenografts. The nominal 5-FU dose in all cases was 1.5 mg (11.5 pmol) per
animal or ~ 60 mg/kg (SPA storage-phosphor autoradiography, LSC liquid scintillation counting)

Treatment Time Liver Kidney
(h)
SPA? LSC SPA? LSC
% Total 5-FU % Total 5-FU % Total 5-FU % Total 5-FU
dose equivalent dose equivalent  dose equivalent dose equivalent
(mAM) (mM) (mM) (mM)
5-FU solution, i.p. 0 1.18 0.10 2.21 0.19 0.22 0.13 0.23 0.14
(7.5 mg/ml, 200 ul) 0.5 6.19 0.48 6.18 0.48 0.60 0.34 0.76 0.43
1 3.75 0.28 5.19 0.39 1.30 0.62 1.20 0.57
5-FU solution, i.t. 0 0.00 <0.3x 107 0.01 0.00 0.00 <0.3x107%  0.00 0.00
(30 mg/ml, 50 pl) 0.5 6.23 0.45 13.2 0.95 0.59 0.34 1.50 0.76
1 2.30 0.14 5.76 0.35 0.38 0.18 0.85 0.32
2 0.62 0.05 1.55 0.12 0.20 0.09 0.20 0.11
5-FU/epi gel, i.t. 0 0.00 <0.3x 107 1.09 0.08 0.00 <0.3%x 107  0.59 0.32
(30 mg/ml, 50 pl) 1 2.30 0.16 4.96 0.35 0.31 0.15 0.43 0.21
2 2.83 0.22 5.52 0.43 0.46 0.25 0.78 0.42
4 0.00 <0.3x 107 2.00 0.13 0.00 <03%x107° 0.34 0.14
8 0.00 <03x 107 0.12 0.01 0.00 <03 x 107 0.1 0.06

#Mean of two to three sections per time-point (obtained approximately from the middle of the organ)

inhibits growth of 50-90% (ICsg, ICg) of BxPC-3 cells is
eight to ten times less with a 72-h drug exposure than
with a 24-h exposure. If one uses an AUC to describe
total exposure, these values at the ICy for 24-h and 72-h
exposures are 2.4 and 0.7 mM - h, respectively. Al-
though such use of AUCs can be misleading, the ap-
parent AUC for the 5-FU/epi gel was on the order of 13
to 18 mM - h after only 8 h (Table 1), and was nearly
ten times the exposure after i.t. administration of 5-FU
solution and roughly 300 times the exposure resulting
from systemic (i.p.) administration of drug.

While 5-FU is the most clinically effective systemic
drug for treatment of pancreatic cancer, it is far from
successful. Dose intensification is required because 5-FU
has a short plasma half-life and, because the major cy-
totoxic effect occurs during the S-phase of the cell cycle
[5], is time-dependent [19]. To enhance antitumoral ef-
fects, protracted i.v. infusion of 5-FU has been one ap-
proach used concurrently with radiotherapy [13, 30].
Using the xenograft model, we have shown that delivery
of drug i.t. in the 5-FU/epi gel formulation resulted in
growth inhibition of the pancreatic cancer xenografts
that could not be accomplished with either i.t. or i.p.
5-FU solution [28].

The BxPC-3 pancreatic cancer xenograft has histo-
logic characteristics of a well-differentiated human
pancreatic adenocarcinoma. The architecture of this
experimental tumor consists of groups of closely packed
cells arranged in a glandular pattern with large areas of
interstitium. This “‘porous” morphology may permit
rapid distribution of drug throughout the tumor within
a short time after i.t. administration. This architecture
and its associated pattern of drug distribution were
easily visualized in the SPA images in the present study.
Within 2 min of i.t. drug administration, either as 5-FU
solution or 5-FU/epi gel, the radiolabel extended into
the tumor margins despite the fact that the injection

volume (50 pl) was only a small fraction of the tumor
volume (~800 pl). The subsequent retention behavior,
however, was quite different. Radioactivity was barely
detectable 30 min after xenografts were injected i.t. with
drug solution, whereas drug administered as 5-FU/epi
gel resulted in prolonged concentrations of radiolabel
equivalent to 5-FU concentrations in the tumor well
above cytotoxic thresholds.

For the two methods of *H quantification (SPA and
LSC), portions of the same tissue were used, providing
the opportunity to compare and confirm drug retention
profiles without the confounding influence of animal or
tissue variability. SPA also revealed the spatial distri-
bution of drug throughout the tumor. Quantification of
3H concentrations and AUC values by SPA resulted in
similar but slightly higher values than with LSC. These
small differences are likely procedural because with SPA,
only tissue sections containing detectable radioactivity
were measured, and those sections without detectable
radioactivity were not included in the determination of
the mean tissue concentrations. With the LSC method,
the entire tumor was sampled and weighed, resulting in a
lower mean drug concentration. The detection limit
for SPA was ~2 dpm/mm?, or 1 fmol, compared with
20 dpm/mm?, or 30 fmol for LSC.

In this pancreatic cancer xenograft model, we dem-
onstrated that the therapeutic injectable gel, 5-FU/epi
gel, provided high drug and/or metabolite concentra-
tions in tumor for prolonged periods after i.t. adminis-
tration. Similar concentrations were not obtainable by
either i.t. or i.p. administration of drug solution. Drug
delivery in the injectable gel formulation has previously
been shown to enhance the antitumoral effect of 5-FU
and produce significant growth inhibition of xenografts
[28]. Because the injectable gel system may improve local
tumor control and increase the therapeutic index, it may
improve the prognosis or provide disease palliation in
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patients with pancreatic cancer or other accessible solid
tumors. This novel delivery system may also be appli-
cable for other drugs used for the treatment of pancre-
atic cancer, such as gemcitabine.
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