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Abstract
To test the hypothesis that co-delivery of synergistic drug combinations in the same liposome
provides a better anti-tumor effect than the drugs administered in separate liposomes, fluoroorotic
acid (FOA) alone and in combination with irinotecan (IRN) were encapsulated in liposomes and
evaluated for their anti-tumor activity in the C26 colon carcinoma mouse model. Fluoroorotic acid
was dissolved in 7 M urea to increase its solubility so it could be passively loaded into liposomes
at a high concentration. IRN was remote loaded into liposomes that contained the ammonium salt
of the multi-valent 1,2,3,4-butanetetratcarboxylic acid with a greater than 90% efficiency and at a
drug to lipid ratio of 0.2/1. When the two molecules were loaded into the same liposome, FOA
was used to remote load IRN. Modulation of the drug/lipid ratio, temperature, and loading time
allowed for consistent co-encapsulation of FOA + IRN at various molar ratios. The anti-tumor
activity of L-FOA, L-IRN, L-FOA-IRN (5:1), and the L-FOA + L-IRN mixture (5:1) were
examined in the C26 mouse model. The maximum tolerated dose of L-FOA was 10 mg/kg given
weekly as compared to 100 mg/kg of the non-encapsulated FOA. Delivering two drugs in the
same liposome provided a statistically better antitumor effect than delivering the drugs in separate
liposomes at the same drug ratio. However, the synergistic activity of the 5:1 ratio of free drugs
measured on C26 cells in vitro was not observed in the C26 tumor mouse model. These findings
point out the challenges to the design of synergistic treatment protocols based upon results from in
vitro cytotoxicity studies. L-FOA at 10 mg/kg as a single agent provided the best anti-tumor
efficacy which supports previous suggestions that L-FOA has useful properties as a liposome
dependent drug.
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1. Introduction
The combination of a fluoropyrimidine, such as 5-fluorouracil (5-FU), and irinotecan (IRN)
is widely used for the treatment of colorectal cancer because of the enhanced tumor killing
effect exerted by this drug pair. 5-FU is an antimetabolite that inhibits RNA and DNA
synthesis via the enzyme thymidylate synthase. IRN is a camptothecin prodrug that acts by
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inhibiting the enzyme topoisomerase I, a process which prevents the re-ligation of DNA
after replication and causes single strand breaks. A number of studies report that IRN and
fluoropyrimidines can be synergistic [1–4], meaning that the combined effect of these drugs
is greater than the additive pharmacological effect of the combination. Although the exact
mechanism of synergism of this drug combination is not clearly understood, it is believed
that IRN recruits cells in S phase that allows increased fluoropyrimidine incorporation into
DNA and induces apoptosis [1, 4, 5].

Certain ratios of drug combinations may be synergistic while other ratios may be additive or
antagonistic [6]. Therefore, the therapeutic activity of a drug combination such as IRN and
5-FU depends on maintaining the synergistic ratio at the target site. Because drugs have
diverse physico-chemical properties, it can be difficult to control the pharmacokinetics of
two drugs in a manner that enables the drugs to reach target cells at the optimal ratio and
concentration. Phospholipid bilayer vesicles (liposomes) have been used by many groups to
enhance the therapeutic activity of anti-cancer drug combinations [5, 7–14]. Bally, Mayer
and coworkers have been at the forefront of this new paradigm to improve combination
chemotherapy by controlling drug ratios using liposome drug carriers [15, 16]. They have
demonstrated that liposomes are able to maintain the encapsulated drug combination at the
synergistic ratio for approximately 24 hr after systemic administration in mice [5, 13, 17].
Liposome drug combinations have significantly more therapeutic activity than free drug
combinations [5, 13, 14, 18]. Therefore, liposomes are able to synchronize the
pharmacokinetics and biodistribution of drug combinations and to control the ratio and dose
of the drugs that reach the target site.

The activity of fluoropyrimidines and IRN can be enhanced via liposome delivery [5, 16, 18,
19]. Liposome irinotecan can efficiently encapsulated by remote loading [20–22] and the
resulting liposomal IRN (L-IRN) has greater in vivo anti-tumor activity than free IRN. 5-FU,
on the other hand, is difficult to retain in liposomes because of its hydrophobicity. FOA is an
anionic prodrug of 5-FU that can be encapsulated and retained in liposomes. In in vitro
cytotoxicity studies, the liposome encapsulated form is more active than the free form[23–
25]. FOA also has significant antitumor activity [26]. However, the in vivo efficacy of
liposomal FOA (L-FOA), has not been tested. Nor have FOA and IRN been combined in a
liposome formulation.

In this study, we investigated the use of liposomes to deliver FOA and IRN. We describe our
efforts to develop effective liposomal formulations encapsulating FOA alone, IRN alone,
and FOA + IRN at synergistic molar ratios in order to test the hypothesis that co-
encapsulation of two drugs in the same liposome can enhance the efficacy of synergistic
agents compared to two drugs delivered in different liposomes. This study illustrates one
example of how to co-encapsulate drugs with disparate physico-chemical properties,
demonstrates how modifying the drug loading conditions can affect drug co-encapsulation,
and provides insights on designing combination chemotherapy studies for assessing drug
synergism.

2. Methods and Method
2.1 Materials

5-Fluoroorotic acid (FOA) was purchased from Research Products International (Mt.
Prospect, IL). Irinotecan-HCl Trihydrate (IRN) with 98% purity was purchased from Ivy
Fine Chemicals (Cherry Hill, NJ). 1,2,3,4-Butanetetracarboxylic acid (BTCA), cholesterol
(Chol) and sulforhodamine B (SRB) were purchased from Sigma-Aldrich (St. Louis, MO).
Distearoylphosphatidylcholine (DSPC) and methoxy-polyethylene glycol (MW2000)-DSPE
(mPEG2000-DSPE) were products from Genzyme (Cambridge, MA). The above chemicals
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were reagent grade and used as received. C26 and HT29 cells were obtained from the
University of California, San Francisco Cell Culture Facility.

2.2 Cell Culture
C26 murine colorectal cancer cells were maintained in RPMI 1640 media supplemented
with 10% fetal calf serum. HT29 human colorectal cancer cells were maintained in McCoy’s
5A media supplemented with 10% fetal calf serum. The cells were cultured as a monolayer
in 5% CO2 at 37 °C.

2.3 Cytotoxicity Assay
C26 cells were seeded in 96 well plates and incubated for 24 hr at 37 °C to allow for cell
attachment. IRN + FOA in a fixed ratio (10:1, 5:1, 1:1, 1:5, and 1:10) were simultaneously
added to cells at eight doses that capture the full range of cytotoxicity of the most potent
drug. The cells were continuously exposed to the single drugs and pairs of drugs for 72 hr at
37 °C. Each concentration was tested in triplicate per plate. Cytotoxicity was evaluated
using the sulforhodamine B assay (SRB) assay [27]. Briefly, the cells were fixed with 50%
trichloroacetic acid and stained for 30 min with 0.4% SRB in 1% acetic acid (w/v). The
protein bound dye was solubilized with 10 mM unbuffered Tris base, and the absorbance of
each well was measured at 564 nm.

2.4 Drug Interaction Analysis
Dose-effect curves consisting of eight data points were generated for each drug alone and in
the combinations. The effect for each concentration was normalized to the untreated controls
as a percent of cell survival and then converted to fraction of affected cells. CalcuSyn
software (Biosoft, Ferguson, MO) was used to analyze the drug interaction between FOA
and IRN. This program uses the median effect principle to determine the combination index
(CI), a term which quantitatively describes the degree of synergism or antagonism of a drug
interaction [28, 29]. Synergism is indicated for CI < 1, additivity for CI = 1, and antagonism
for CI > 1.

2.5 Preparing Liposomal FOA
Liposomes were composed of DSPC:Chol:mPEG-DSPE at a 55:40:5 molar ratio. Lipid
mixtures were dissolved in chloroform and dried into a thin film under reduced pressure by
rotary evaporation then placed under high vacuum overnight. The films were subsequently
hydrated with 500 mM FOA in 7 M urea (adjusted to pH 7 with triethylamine or LiOH) at
65 °C and vortexed to obtain a lipid concentration of 50 mM. The multilamellar vesicles
were then sonicated at 65 °C. The preparation was added to a dialysis cassette (10,000
MWCO) (Pierce Chemical Co, Rockford, IL) and dialyzed against 500 mL of 5 mM Hepes,
5% Glucose pH 7.4. For comparison, FOA was passively loaded into liposomes following
the method of Heath and coworkers [25]. To assay for the encapsulated FOA concentration,
an aliquot of liposomes from all preparations were diluted with phosphate buffered saline
(PBS; 2.16 g/L Na2HPO4 7H20, 0.2 g/L KH2PO4, 0.2 g/L KCl, 8.0 g/L NaCl) and mixed
with methanol:chloroform (1:1:1 v/v/v), vortexed, and centrifuged at 1,000 rpm for 10 min.
Then the upper phase was mixed with 1M HCl. The encapsulated FOA concentration was
determined by comparing the absorbance at 284 nm to a standard curve prepared with a
solution from a blank lipid extraction. The liposome diameter and particle size distribution
were measured by dynamic light scattering (Malvern Instruments, Westborough, MA). The
average liposome diameter with encapsulated FOA was ~120 nm.
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2.6 Preparing Liposomal IRN
The same lipid mixture was used for IRN encapsulation and was processed as described
above. The films were subsequently hydrated with 300 mM BTCA (adjusted to pH 5.0 with
NH4OH) at 65 °C and vortexed to obtain a lipid concentration of 100 mM. The liposomes
were then sonicated at 65 °C and extruded through 200 nm and 100 nm polycarbonate
membranes (Avestin, Ottawa, CA) at 65 °C. The liposomes were exchanged into 5 mM
Hepes, 5% Dextrose pH 6.5 by size exclusion chromatography using a Sephadex G25
column. IRN was loaded by incubating the drug with liposomes (0.2/1 drug to lipid molar
ratio) at 65°C for 1 hr. The liposome preparation was exchanged into Hepes Buffer (5 mM
Hepes, 140 mM NaCl pH 7.4) by size exclusion chromatography using a Sephadex G25
column. To measure the encapsulated IRN concentration, an aliquot of liposomes was mixed
with 1% Triton X-100, heated to 100°C until the cloud point was reached, and cooled down
room temperature. The encapsulated IRN concentration was determined by comparing the
absorbance at 370 nm to an IRN standard curve in the appropriate buffer. The liposome
diameter and particle size distribution were measured by dynamic light scattering (Malvern
Instruments, Westborough, MA). The average liposome diameter with encapsulated IRN
was ~100 nm.

2.7 Liposome Co-encapsulation of FOA and IRN
The same lipid mixture was processed into thin films as outlined above. The lipid films were
subsequently hydrated with 500 mM FOA in 7 M urea (adjusted to pH 7 with triethylamine)
at 65 °C and vortexed to obtain a lipid concentration of 25 mM. The resulting multilamellar
vesicles were then sonicated at 65 °C. The preparations were added to a dialysis cassette
(10,000 MWCO) and dialyzed against 500 mL of 5 mM Hepes, 5% glucose pH 6.5. To load
IRN into the FOA containing liposomes and achieve an encapsulated FOA:IRN 5:1 molar
ratio, IRN was incubated with the liposomes at drug/lipid molar ratios ranging from 0.025/1
to 0.3/1, at loading temperatures of 40, 45, 50, or 60 °C and for incubation periods of 10, 30
or 60 min. The liposome preparations were exchanged into Hepes buffer (5 mM Hepes, 140
mM NaCl pH 7.4) by size exclusion chromatography using a Sephadex G25 column. To
assay the drug content of the liposomes, an aliquot was mixed with 1% Triton X-100, heated
to 100°C until the cloud point was reached, and then cooled down room temperature. The
encapsulated IRN concentration was determined by comparing the absorbance at 370 nm to
a standard curve. A second sample was diluted with PBS and mixed with
methanol:chloroform (1:1:1 v/v/v), vortexed, and centrifuged at 1000 rpm for 10 min. Then
the upper phase was mixed with 1M HCl. The encapsulated FOA concentration was
determined by 1) calculating the absorbance due to FOA in the co-formulation at 284 nm
according to the equation (A284)FOA = (A284)FOA+IRN − R(A284)IRN where R = [IRN
Dilution Factor/FOA Dilution Factor] and 2) comparing (A284)FOA to a standard curve. The
liposome diameter and particle size distribution were measured by dynamic light scattering.
The average liposome diameter with co-encapsulated drugs was ~120 nm.

2.8 Animals
Eight to ten week old Balb/c mice (for C26 model and maximum tolerated dose studies) and
athymic nu/nu mice (for HT29 model) were obtained from Simonsen Laboratories, Inc.
(Gilroy, CA). Animal maintenance and experiments adhered to the NIH principles of
laboratory animal care under a protocol approved by the Committee on Animal Research at
the University of California, San Francisco.

2.9 FOA and L-FOA MTD Studies in Balb/c Mice
A solution of free FOA was made by dissolving the drug in 50 mM MOPS + 50 mM LiCl
(pH adjusted to 7.4 with LiOH). L-FOA was prepared by hydrating liposomes with 500 mM
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FOA in 7 M urea (adjusted to pH 7 with triethylamine) as described above. In the first
maximum tolerated dose (MTD) study, Balb/c mice (n=2 mice/group) were administered a
single intravenous injection of FOA 100 mg/kg or L-FOA 10 mg/kg on Day 0. In another
arm of the study, Balb/c mice (n=2 mice/group) were administered FOA 100 mg/kg or L-
FOA 10 mg/kg by intravenous injections on a q4d schedule starting on Day 0. In a second
MTD study, Balb/c mice (n=2 mice/group) were administered FOA 100 mg/kg by
intravenous injections on a q7d schedule starting on Day 0. Mouse weight and overall health
were monitored on alternate days. If a mouse’s body weight decreased by > 15% of the
original weight or if a mouse looked unhealthy, treatments were stopped for the group to
which the mouse belonged. Mice were sacrificed due to decrease in body weight > 20% of
original weight.

2.10 Liposomal FOA+IRN Combination Therapy in C26 Mouse Model
C26 murine colorectal cells (3×105) suspended in 50 μL RPMI 1640 medium were
inoculated subcutaneously in the right hind flank of each Balb/c mouse. On Day 8 after
tumor implantation, mice were randomly distributed into treatment groups (n = 8). L-FOA-
IRN (5:1) was prepared by hydrating liposomes with 500 mM FOA in 7 M urea (adjusted to
pH 7 with triethylamine) and incubating IRN with liposomes (0.025/1 drug to lipid molar
ratio) at 50 °C for 10 min as described above. Each treatment (~200 μL) was administered
by tail vein injection on Day 8 and Day 15. Mouse tumor growth, weight, and overall heath
were monitored on alternate days. Tumor volume was determined by measuring the tumor in
three dimensions with calipers and calculated using the formula: tumor volume = length ×
width × height. Mice were sacrificed due to tumor burden (volume ≥ 2000 mm3) or decrease
in body weight (> 20% loss). Mouse survival was analyzed by using MedCalc 8.2.1.0 for
Windows (MedCalc Software, Mariakerke, Belgium).

2.11 L-IRN Chemotherapy in HT29 Mouse Model
HT29 human colorectal cells (5×106), suspended in 50 μL medium, were inoculated
subcutaneously in the right hind flank of each athymic nu/nu mouse. On Day 8 after tumor
implantation, mice were randomly distributed into treatment groups (n = 8). Each treatment
(~200 μL) was administered by tail vein injection on Days 12, 14, 19, and 21. Mouse tumor
growth, weight, and overall health were monitored on alternate days. Tumor volume was
determined by measuring the tumor in two dimensions with calipers and calculated using the
formula: tumor volume = ½ (length × width2). The percent tumor growth delay (%TGD)
was calculated from the equation %TGD = (T-C)/C × 100, where T is the mean time for the
tumor volume of a treatment group to reach a designated volume of 300 mm3 and C is the
mean time for the control group to reach the designated volume of 300 mm3. Mice were
sacrificed due to tumor burden (volume ≥ 2000 mm3) or decrease in body weight (>20%
loss). Mouse survival was analyzed by using MedCalc 8.2.1.0 for Windows (MedCalc
Software, Mariakerke, Belgium).

3. Results
3.1 Synergism of FOA + IRN

FOA and IRN were screened for synergy in C26 murine colorectal cancer cells at 10:1, 5:1,
1:1, 1:5, and 1:10 molar ratios. To determine whether this combination was synergistic,
additive, or antagonistic, we used the median effect method which is the most widely
utilized model for analyzing drug interactions[29]. In this method, synergism is indicated for
combination index (CI) values < 1, additivity for CI = 1, and antagonism for CI > 1. Table 1
displays the CI values at the EC50, EC75, and EC90 for the five molar ratios tested. This drug
combination was very synergistic at the 5:1 molar ratio and slightly synergistic at 10:1 molar
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ratio over a wide range of concentrations. However, FOA + IRN was mostly antagonistic at
the 1:5 and 1:1 molar ratios, and additive at the 1:10 molar ratio.

Since delivery of FOA and IRN in liposomes may enhance the efficacy of the combination
by maintaining the drugs at their synergistic ratio to tumor cells, we devised liposome
formulations for each individual drug and a liposome formulation of the drugs pairs to
examine this hypothesis.

3.2 Formulation Development of L-FOA
FOA is a weak acid and is charged in aqueous solution; thus it is difficult to actively load
into pre-formed liposomes. Therefore, passive loading methods for encapsulating FOA
within liposomes were investigated. Initially, L-FOA was prepared using an approach
developed by Heath and coworkers [25]. In this method, the lipid films were hydrated with
50 mM solution of lithium salt of FOA that resulted in the liposomes encapsulating only 1–3
mM of FOA. This drug concentration is low and would require high injection volumes to
achieve a therapeutic drug concentration. Therefore, we focused our efforts on ways to
increase FOA concentration in liposomes. One method was to increase the solubility of FOA
in order to make a more concentrated drug solution for passive loading. FOA was dissolved
by using the chaotropic agent 7M urea and adjusted to pH 7 with either LiOH or TEA. By
this tactic, we could increase the solubility by greater than 10 fold, and an FOA
concentration as high as 650 mM FOA was obtained. This permitted the preparation of L-
FOA formulations encapsulating 4–10 mM FOA by passively loading liposomes with 500
mM of TEA-FO or Li-FOA. Remote loading using zinc acetate or calcium acetate were also
investigated [30]; however, we were unable to encapsulate FOA to high internal
concentrations using these methods.

3.3 Maximum Tolerated Dose (MTD) Analysis of FOA and L-FOA in Balb/c Mice
The toxicity of free FOA in mice and anti-tumor activity of FOA in murine tumors has been
described [26, 31]. However, liposomal FOA has only been evaluated in vitro [24, 25, 32].
A MTD study in Balb/c mice is shown in Fig. 1A. The weight of mice did not significantly
decrease after one i.v. dose of FOA 100 mg/kg or L-FOA 10 mg/kg during the course of the
study. Therefore, one i.v. dose of both formulations was well tolerated. A 2xq4d schedule of
FOA 100 mg/kg and L-FOA 10 mg/kg was toxic to the mice.

We then examined the MTD when FOA 100 mg/kg and L-FOA10 mg/kg were administered
i.v. on a 3xq7d schedule, starting on Day 0 to Balb/c mice (Fig. 1B). The weight of the mice
showed a non-statistically significant downward trend for twenty-one days after initiating
dosing. However the weight of the animals then recovered, indicating that this dose and
schedule provided an acceptable maximum tolerated dose in non-tumored mice.

3.4 Development of L-IRN Formulation
There are several published methods for formulating liposomal irinotecan by remote
loading, a highly efficient technique used to encapsulate drugs into preformed liposomes via
a transmembrane ion or pH gradient [20–22, 33]. Encapsulating IRN in liposomes
containing 1,2,3,4-butanetetracarboxylic acid (BTCA) resulted in greater than a 90%
encapsulation efficiency of IRN. Therefore, L-IRN was prepared with BTCA as the trapping
agent for the single agent studies. Fig. S1 (supplementary information) depicts the proposed
mechanism of IRN encapsulation with BTCA as the trapping agent.

3.5 Therapeutic Efficacy of L-IRN in HT29 Tumor Model
To verify that the antitumor efficacy of BTCA loaded L-IRN was similar to that observed in
previous studies using sucrose octasulfate as the remote loading gradient generating
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molecule [20], we determined the anti-tumor activity of L-IRN in HT29 tumor-bearing
mice. Free IRN and L-IRN were administered at a dose of 50 mg/kg intravenously to mice
twice per week for a total of four doses. This is the MTD of free IRN, and when
administered using the dosing regimen is well tolerated [20]. Fig. S2 shows that L-IRN 50
mg/kg had significantly greater tumor growth inhibition than IRN 50 mg/kg (p < 0.05). In
fact, the %TGD of L-IRN was 114% whereas the %TGD of IRN was 36%. Also, mice
treated with L-IRN 50 mg/kg had a slight increase in survival rate when compared to mice
treated with free IRN 50 mg/kg (% increase in life span equaling 50% and 29.3% for L-IRN
and IRN, respectively). Thus the BTCA loaded L-IRN had a similar efficacy as other
liposomal IRN formulations evaluated in a HT29 tumor xenograft model [20]. L-IRN did
not adversely affect the weight of the mice, which indicates that there is an acceptable
toxicity profile in the mice at this dose (Fig. S3 in the supplementary information).

3.6 Liposome Co-encapsulation of FOA + IRN
To investigate whether liposomes encapsulating a synergistic ratio had better anti-tumor
efficacy in vivo, liposomes co-encapsulating both drugs were formulated. The approach was
to first passively load FOA into the liposomes and then to use the weak acid on FOA to
remote load IRN. Cholesterol content, drug/lipid ratio, loading temperature, and incubation
time can influence co-encapsulation of drugs into liposomes [22]. Therefore, various IRN
drug/lipid ratios, loading temperatures, and incubations times were tested in order to load
IRN into the FOA encapsulated liposomes and achieve an FOA/IRN 5:1 molar ratio. The
approaches examined are summarized in Table 2. The encapsulated FOA concentration is
significantly reduced during IRN remote loading. Decreasing the initial IRN drug/lipid ratio,
loading temperature, and incubation time increased the retention of FOA in the liposomes.
Whereas, increasing the initial IRN drug/lipid ratio and incubation time generally increased
the encapsulated IRN concentration. Loading temperature did not significantly affect IRN
encapsulation. Thus, the final loading protocol had to balance the competing tendency of the
two drugs to be retained in the liposome.

There is a strong correlation between the initial IRN drug/lipid ratio and: 1) the final
encapsulated IRN concentration, 2) the final encapsulated FOA concentration, and 3) the co-
encapsulated drug ratio (Fig. 2). A FOA/IRN 5:1 co-encapsulated molar ratio could be
consistently achieved when remote loading IRN at a 0.025/1 drug/lipid ratio at 50 °C for 30
min. How the aforementioned parameters as well as cholesterol content would affect co-
encapsulation of the drugs at a 1:1 molar ratio were also investigated (Table S2 and Fig. S4
in the supplementary information). Thus, the loading parameters were selected to
reproducibly achieve a 5:1 or 1:1 molar ratio in the formulations of FOA/IRN in the
liposomes.

The proposed mechanism of co-encapsulation is shown in Fig. 3. We hypothesize that
triethylamine present in the liposome internal buffer partitions out of the liposome interior
similar to what occurs in other remote loading process [34, 35]. This causes a
transmembrane pH gradient across the liposome bilayer (high [H+] in the interior, low [H+]
in the exterior). IRN in the external buffer is then able to cross the liposome bilayer and
become protonated. IRN within the liposomes that is positively charged (pKa = 8.1)
interacts with FOA that is negatively charged (pKa = 2.4) and probably forms a complex
[36].

3.7 Anti-tumor Effect in and Survival of C26 tumor-bearing mice treated with Liposomal
FOA + IRN

The therapeutic activity of the co-formulation was compared to the single formulations and
to mixtures of the single formulations in C26 tumor-bearing mice (Fig. 4). L-FOA 57.4

Riviere et al. Page 7

J Control Release. Author manuscript; available in PMC 2012 August 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



μmol/kg (10 mg/kg) had a superior tumor growth inhibition and significantly longer survival
rate (p=0.0027; log rank test) than L-IRN 73.8 μmol/kg (50 mg/kg). None of the
combinations were more effective than L-FOA. Mice treated with drugs in the same
liposome, L-FOA-IRN 5:1, had an increased survival compared to mice treated with drugs
in separate liposome, L-FOA + L-IRN 5:1 (p=0.0414, log rank test). Furthermore, mice
treated with L-FOA + L-IRN 5:1 at twice the dose, which is the same dose given as L-FOA,
had a similar survival time as the L-FOA. Mice in both treatment groups lived longer than
mice given L-FOA + L-IRN 5:1 at the lower dose (p=0.0015, log rank test). Thus the L-IRN
provided no advantage in this combination and perhaps a disadvantage since mice from two
groups, L-IRN and L-IRN + L-FOA 5:1, were steadily losing weight after the second i.v.
injection (Fig. 4B).

4. Discussion
The objective of this study was to investigate the hypothesis that co-encapsulation of two
drugs in the same liposome can enhance the efficacy of synergistic agents compared to two
drugs delivered in different liposomes. This required us to devise liposome formulations of
FOA, IRN, and FOA + IRN combination.

The combination activity of FOA + IRN was tested in C26 cells. FOA + IRN at a 5:1 molar
ratio was synergistic in C26 cells in vitro (Table 1). It was surprising that IRN showed good
activity since it is a prodrug that has to be activated by a carboxylesterase to the active
compound SN38. The results from the screen indicated that the synergism exhibited by FOA
and IRN is ratio-dependent. This makes it important to control the ratios in vivo in order to
achieve maximum therapy.

To prepare L-FOA, a method developed by Heath and coworkers [25] was initially used
which allowed encapsulation of 1–3 mM of FOA. Dissolving FOA in 7M urea, which can
disrupt hydrogen bonding between molecules, allowed us to make a more concentrated FOA
solution. As a result, liposome that encapsulated higher concentrations (~10mM) of FOA
could be prepared. With the L-FOA formulation, one could deliver a 10 mg/kg dose to mice
in a 200 μL volume.

The MTD of L-FOA was established because: 1) L-FOA has never been tested in mice and
2) we needed to determine whether L-FOA could be administered safely at a schedule
similar to an IRN dosing schedule. The maximum tolerated dose of L-FOA is 10 mg/kg,
which is a 10 fold less dose than the MTD of free FOA. This enhanced toxicity is probably
due to the longer circulation, sustained release, and enhanced accumulation of FOA to sites
of toxicity due to the liposome formulation. This increased toxicity for a water soluble anti-
metabolite has been observed in liposomal cytosine arabinoside formulations [37]. Balb/c
mice were able to tolerate a single i.v. dose of both treatments, but could not endure multiple
i.v. doses of FOA 100 mg/kg given four days apart (Fig. 1A). The mice also could not
tolerate multiple i.v. doses of 10 mg/kg L-FOA given four days apart. Therefore, L-FOA
could not be administered on the schedule followed in the L-IRN therapy study in HT29
mice. The MTD of the two formulations were also evaluated in the Balb/c mice on a 3×q7d
dosing schedule (Fig. 1B). This is the schedule that Mayer and coworkers used to evaluate
the therapeutic activity of their liposome IRN + floxuridine co-formulations [5]. The
formulations were not toxic to the mice at this schedule; therefore, the weekly schedule was
selected for use in animal studies with the FOA and IRN liposome formulations.

The therapeutic efficacy of BTCA loaded L-IRN was tested in a HT29 human xenograft
mouse model at a similar dose and schedule used by Drummond and coworkers [20]. The
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data in Fig. S2 and Fig. S3 (supplementary information) demonstrate that L-IRN was
efficacious and safe at the dose and schedule administered.

Lastly, a liposome formulation that encapsulated both FOA and IRN was developed. Co-
encapsulating these two drugs in one liposome formulation was challenging because of the
disparate physico-chemical properties of these two drugs. Weakly acidic drugs like FOA are
traditionally passively loaded into liposomes; while amphipathic drugs like IRN can be
actively loaded into preformed liposomes. Passive loading of drugs occurs through
hydrating a lipid film with an aqueous solution of drug. This method is inefficient, and the
resulting encapsulated drug concentration relies on the maximum solubility of the drug in
solution [34]. It is difficult to remote load FOA because it is deprotonated in aqueous
solution; therefore, FOA cannot readily cross a lipid bilayer. Whereas, IRN can partition
into and diffuse across a bilayer when deprotonated. To co-encapsulate FOA and IRN in
liposomes, FOA was passively loaded into vesicles and then was used to remote load IRN
(Fig. 3). In this protocol, some of the FOA leaked out during IRN remote loading (Fig. 2,
Table 2, as well as Table S1 and Fig. S4 in the supplementary information). Reducing the
loading temperature, loading time and IRN drug/lipid ratio enhanced FOA retention but
minimized IRN loading. The IRN drug/lipid ratio had the biggest impact on FOA retention
and IRN loading, and adjusting the loading conditions allowed us to reproducibly
encapsulate FOA + IRN at ratios between 5:1 to 1:1.

We investigated the combination therapy of FOA + IRN when delivered in the same
liposome or when delivered together in separate liposomes in C26 tumor-bearing mice. L-
FOA (57.4 μmol/kg) was more effective than L-IRN (73.8 μmol/kg). Although IRN +
floxuridine, another fluoropyrimidine, co-encapsulated in liposomes had greater anti-tumor
activity than the single liposome agents [5], we did not observe the same results. Although
delivering the two drugs at the 5:1 ratio in the same liposome was statistically superior than
delivering the two drugs at the 5:1 ratio in separate liposome, none of the combinations were
more effective than L-FOA alone at 10 mg/kg (Fig. 4). This might have been due to: 1)
lower dose of FOA in the co-encapsulated formulations than in the single liposome
formulation or 2) co-delivery of the drugs in separate liposomes. The dose of FOA in the co-
encapsulated formulation, L-FOA-IRN 5:1, was 28.7 μmol/kg while that in L-FOA was 57.4
μmol/kg. It was challenging to devise a co-encapsulated formulation with this concentration
of FOA because of the leakage of FOA due to IRN remote loading in the liposome. To
deliver a co-formulation with FOA at the dose of the single agent formulation, we had to
deliver the drugs in separate liposomes. The L-FOA + L-IRN 5:1 (double strength)
combination was administered at the same dose of FOA as the L-FOA formulation and had
slightly but not significantly less, tumor growth inhibition as L-FOA.

It is possible that this co-formulation did not show enhanced efficacy compared to L-FOA
because the drugs were in separate liposomes. Delivering drugs in the same liposome
formulation may help to coordinate the release of the drugs in the cell such that the
encapsulated drugs leak at similar rates [15, 16]. Perhaps the L-FOA + L-IRN 5:1 (double
dose) mixture did not deliver the 5:1 synergistic ratio into the cell.

In conclusion, we describe the development and evaluation of liposomal formulations for
FOA and IRN alone and in combination. An optimized method for encapsulating FOA into
liposomes was developed which allowed us to encapsulate up to 10mM of FOA. This
method enabled us to co-encapsulate FOA and IRN, which have disparate physico-chemical
properties, at different molar ratios. L-FOA as a single agent has anti-tumor efficacy in the
C26 tumor mouse model that was superior in tumor growth inhibition and in the increase in
survival time compared to L-IRN 73.8 μmol/kg (50 mg/kg). However, the co-delivery of
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IRN with FOA in either the same or different liposomes failed to improve further the anti-
tumor activity in the C26 model.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Maximum tolerated dose study of FOA 100 mg/kg and L-FOA 10 mg/kg in Balb/c mice. A.
For single dose, FOA and L-FOA administered i.v. on Day 0. For multiple dose, FOA and
L-FOA administered i.v. on Day 0 and four days apart (as indicated by arrows). B. FOA 100
mg/kg and L-FOA 10 mg/kg administered i.v. on a 3xq7d schedule starting on Day 0.
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Fig. 2.
Effect of IRN drug to lipid ratio on FOA and IRN co-encapsulation at 5:1 molar ratio.
Loading temperature was 50 °C and loading time was 30 min. A. Effect of initial IRN drug/
lipid ratio on the final encapsulated IRN concentration ([IRN]f). B. Effect of initial IRN
drug/lipid ratio on the final encapsulated FOA concentration ([FOA]f). C. Effect of initial
IRN drug/lipid ratio on the final ratio of FOA and IRN in the liposomes ([FOA]f/[IRN]f).
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Fig. 3.
Schematic diagram of proposed mechanism of co-encapsulation of FOA + IRN in
liposomes.
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Figure 4.
FOA and IRN release profile from L-FOA-IRN, L-IRN, and L-FOA. A. In vitro leakage
from liposomes during 96 hr incubation in 33% serum at 37°C. B. Ratio of IRN and FOA
released from the co-encapsulated and the individual liposomes over time. *Statistical
significance (P < 0.05) between the ratio from co-encapsulated and separate liposomes as
measured by Student’s t-test.
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Fig. 5.
L-FOA-IRN combination therapy in C26 tumor-bearing mice. Balb/c mice (n=8) were
treated with i.v. injections on Days 8 and 15 (as indicated by arrows). A. Anti-tumor
activity. Error bars represent SEM. B. Effect of combination therapy on weight of C26
tumor-bearing mice. C and D. Survival curves. The treatment group s are PBS, L-FOA (10
mg/kg; 57.4 μmol/kg), L-IRN (50 mg/kg; 73.8 μmol/kg), L-FOA-IRN 5:1 (5 mg/kg or 28.7
μmol/kg FOA; 3.9 mg/kg or 5.7 μmol/kg IRN), L-FOA + L-IRN 5:1 (5 mg/kg or 28.7 μmol/
kg FOA; 3.9 mg/kg or 5.7 μmol/kg IRN), and L-FOA + L-IRN 5:1 double strength (10 mg/
kg or 57.4 μmol/kg FOA; 7.8 mg/kg or 11.5 μmol/kg IRN).
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Table 1

FOA + IRN Combination Activity in C26 Cells

Drug Combination Ratios Combination Index*

EC50 EC75 EC90

FOA + IRN 1:10 1.1 0.99 0.89

1:5 1.3 1.2 1.2

1:1 1.3 1.2 1.1

5:1 0.20 0.16 0.13

10:1 0.89 0.88 0.88

*
Combination Index is a quantity derived from the median effect equation that describes the degree of a drug interaction. Synergism is indicated

for CI < 0.9 (Green), additivity for 0.9 < CI < 1.1 (Yellow), and antagonism for CI > 1.1 (Red).
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