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Abstract

PEGylated liposomes have transformed chemotherapeutic use of doxorubicin by reducing its 

cardiotoxicity; however, it remains unclear whether liposomal doxorubicin is therapeutically 

superior to free doxorubicin. Here, we demonstrate a novel PEGylated liposome system, named 

DAFODIL (Doxorubicin And 5-Flurouracil Optimally Delivered In a Liposome) that inarguably 

offers superior therapeutic efficacies compared to free drug administrations. Delivery of 

synergistic ratios of this drug pair led to greater than 90% reduction in tumor growth of murine 

4T1 mammary carcinoma in vivo. By exploiting synergistic ratios, the effect was achieved at 

remarkably low doses, far below the maximum tolerable drug doses. Our approach re-invents the 

use of liposomes for multi-drug delivery by providing a chemotherapy vehicle which can both 

reduce toxicity and improve therapeutic efficacy. This methodology is made feasible by the 

extension of the ammonium-sulfate gradient encapsulation method to nucleobase analogues, a 

liposomal entrapment method once conceived useful only for anthracyclines. Therefore, our 

strategy can be utilized to efficiently evaluate various chemotherapy combinations in an effort to 

translate more effective combinations into the clinic.
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INTRODUCTION

This year marks two decades since the FDA approval of doxorubicin-entrapped liposomes 

(Doxil), a transformative nanoparticle formulation which has consistently reduced adverse 

cardiac side effects of the original free drug administration [1–3]. However, this first 

generation liposomal system has been confronted with challenges which ultimately question 

its advantages over free doxorubicin (DOX) [4–10][11–14]. Some clinical trials reported 

little or only comparable therapeutic efficacy [4, 5, 8–10], whereas other studies showed that 

liposomal DOX merely increased the tolerable dose, making it difficult to decipher whether 

liposomal entrapment actually enhanced antitumor efficacy [6, 7]. Attempts have been made 

to improve Doxil’s efficacy is tumor-targeting via conjugation of ligands with enhanced 

affinity towards membrane receptors over-expressed in cancer cells. Tumor-homing 

peptides, proteins and even small molecules have been shown to enhance cancer cell kill 

both in vitro and in vivo of DOX-entrapped liposomes [15–19]. Tumor-targeting has proven 

particularly useful against DOX-resistant cell lines exhibiting poor drug internalization of 

free DOX. In these drug delivery systems, however, it remains challenging to decouple the 

effect of enhanced drug uptake from enhanced drug potency.

Co-encapsulation of synergistic chemotherapy combinations could overcome these concerns 

by eliciting significant therapeutic efficacy at low doses. In this approach, the drug payload 

is improved by incorporating multiple drugs which can simultaneously inhibit various stages 

of cancer cell proliferation. Numerous in vitro studies have demonstrated that chemotherapy 

combinations can appreciably reduce drug doses required to inhibit significant cancer cell 

growth [20–22]. Here we co-encapsulate a prominent drug pair of 5-fluorouracil (5FU) and 

DOX in liposomes at an optimal synergistic drug ratio. 5FU and DOX have been included in 

nearly all combination chemotherapy regimens against gastric cancer [23–31], and has been 

employed in many clinical trials against breast carcinoma as well [32–34]. When included in 

combination chemotherapy regimens, response rates can improve from 15–38% [5, 35–37] 

to 40–50% against advanced gastric cancers [23–25, 28, 38] and 50–75% against advanced 

breast carcinoma [32–34]. However, the median survival time for patients treated with these 
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regimens is still quite low, ranging between 7–9 months. Despite encouraging improvements 

in therapeutic efficacy, there still remains a clear unmet need to advance these combinations 

to create more successful therapeutics with more complete responses and longer survival 

times [24, 32].

Therapeutic potency of the combination can be improved by optimizing the ratio of drugs 

exposed to cancer cells, as the same drug pair can exhibit antagonistic or synergistic cancer 

cell kill depending on the ratio [39–41]. To our knowledge, however, there have been no 

reported studies that explored whether synergistic interactions exist between 5FU and DOX. 

Such fundamental drug interaction studies would validate therapeutic merit in combining 

5FU and DOX, especially since the pair is frequently utilized in the clinic. Here we report 

such synergistic combination and a method of encapsulating it in a liposome to deliver it to 

tumors. Since liposomes and nanoparticles in general exhibit low tumor accumulation, about 

1.5–2.0% initial dose per g of tumor tissue [42–44], it is essential that the combination is co-

delivered in a single vehicle. The liposomal co-encapsulation of 5FU and DOX ensures that 

the optimally identified synergistic ratio is exposed to the tumor cells, thereby achieving the 

most therapeutic benefit from the combination.

MATERIALS AND METHODS

Cell culture

All cell lines were obtained by ATCC and maintained in a humidified CO2 incubator at 

37°C. BT-474 human breast cancer cells were cultured in Hybri-Care medium (ATCC), 4T1 

murine breast cancer cells in RPMI-1640 medium (Thermo Scientific), and bEnd.3 mouse 

brain endothelial cells in Dulbecco’s Modified Eagle’s medium (DMEM; ATCC). Both 

breast tumor cell lines investigated were DOX-sensitive. All above cells were supplemented 

with 10% fetal bovine serum (FBS; Thermo Scientific). 4T1 and bEnd.3 cells were 

supplemented with 1% penicillin/streptomycin (Thermo Scientific). MCF10A human breast 

epithelial cells were cultured in Mammary Epithelial Basal Medium (MEBM; Lonza) 

supplemented with BPE, hydrocortisone, hEGF, insulin, and 100 ng/mL cholera toxin 

(Sigma-Aldrich).

Chemotherapy combination studies

The Combination Index (CI) method [45], was adopted to identify ratios of 5-fluorouracil 

(5FU; Sigma-Aldrich) and doxorubicin (DOX; LC laboratories) which synergistically inhibit 

cancer cell proliferation in vitro. For cell viability studies, BT-474 cells were seeded at a 

density of 10,000 cells per well in 100 μL cell culture medium in a 96-well plate and grown 

overnight. Cell viability was assessed post drug-incubation using 3-(4,5-Dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT; Invitrogen Life Technologies) assays. Individual 

drug concentrations which inhibit 50% cell growth (D50) were first determined by fitting 

dose-effect data to the median-effect model [46]. For combinatorial studies, 5FU and DOX 

were simultaneously incubated with BT-474 cells at ratios of differing multiples of their D50 

concentrations, and cell viability was subsequently assessed. CI values were further 

calculated, as previously described [45], with the designations of CI<1, CI=1, and CI> 1 
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respectively representing synergy, additivity, and antagonism. The same methodology was 

applied to assess interactions between all other chemotherapy combinations presented.

Liposome preparation

Liposomes were prepared utilizing the conventional thin film evaporation method [47]. 

Zwitterionic liposomes (DOX-L) were composed of 1,2-distearoyl-sn-glycero-3-

phosphocholine (DSPC; Avanti Polar Lipids) and cholesterol (Chol; Sigma-Aldrich) in a 

molar ratio of 55:45, and cationic liposomes consisted of DSPC, 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP; Avanti Polar Lipids), and Chol in a ratio of 

80:10:10. The lipid concentrations for zwitterionic liposomes mimic those implemented in 

Doxil [48], and the elevated levels of PC-lipids in cationic formulations ensures that 

insignificant toxicity will be induced by the presence of positively-charged lipids. PEGylated 

liposomes were prepared using DSPC:1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (mPEG-DSPE):DOTAP:Chol in a ratio of 75:5:10:10. 

Cationic liposomes designated as +DOX-L, 5FU-L, and 5FURW-L represent liposomes 

encapsulating DOX, 5FU or 5FURW, respectively. 5FURW refers to the ribosylated 

nucleoside form of 5FU (5FUR), conjugated to tryptophans (W) via esterification of 5FUR 

hydroxyl moieties (Fig. S3). DOX And 5FU Optimally Delivered In a Liposome, 

abbreviated as DAFODIL, was also made with the cationic lipid composition. Lipids were 

co-dissolved in chloroform and methanol in a round-bottom flask, and organic solvent was 

removed using a Buchi R-210 rotary evaporator at reduced pressure and 60°C (5°C above 

the lipid transition temperature) in order to form a thin lipid film. The film was subsequently 

hydrated in 125 mM ammonium sulfate at 60°C and passed 21 times through an extruder 

(Avestin LiposoFast Extruder) with 100 nm polycarbonate filters. A transmembrane 

ammonium sulfate gradient was generated by passing liposomes through a Sephadex G-25 

PD-10 column (GE Healthcare Life Sciences) equilibrated with PBS [49]. Please see SI Text 
for optimal liposome encapsulations of each drug. To remove free drug, liposomes were 

finally passed through a Sephadex G-25 PD-10 column.

Liposome characterization

To measure drug encapsulation, 50 μL of drug-loaded liposomes were dissolved in 950 μL 

methanol through vortexing and sonication. The dissolved liposomes were centrifuged at 

12000 g for 20 minutes to allow the lipids to pellet. The supernatant was collected, diluted 

serially, and their absorbances were measured at 480 nm, 266 nm, 264 nm, 268 nm, 268 nm, 

and 394 nm to quantify DOX, 5FU, 5FUR, and 5FURW concentrations, respectively. Drug 

encapsulation is reported as the mol% of drug with respect to lipids ± SD. Liposome sizes 

and ζ potentials were determined utilizing dynamic light scattering and electrophoretic light 

scattering, respectively, on a Malvern ZetaSizer NanoZS. Samples were diluted 100X in 

distilled de-ionized water immediately prior analysis, and each measurement is reported as 

an average of 3 independent sets of at least 13 runs each ± SD.

Cancer cell growth inhibition by liposomal drugs

In vitro anticancer efficacy of drug-loaded liposomes was determined using calcein-AM cell 

viability assay (Life Technologies). BT-474 cells or 4T1 cells were seeded in a 96-well cell 

culture plate at a density of 11,000 cells per well or 1,000 cells per well in a total volume of 
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100 μL media and allowed to adhere overnight. Media was then replaced with fresh media 

containing liposomes and incubated for 72 hours or 48 hours for BT-474 or 4T1 cells, 

respectively. The differences in cell seeding densities and drug incubation times between 

BT-474 cells and 4T1 cells is due to the much lower doubling time of 4T1 cells compared to 

BT-474. Parameters were optimized such that untreated cells reached 70% confluency after 

treatment. After incubation with liposomes, media was aspirated and replaced with 1 μM 

calcein-AM in PBS for 30 minutes at room temperature. Fluorescence intensity of 

intracellularly hydrolyzed calcein-AM was measured using excitation and emission 

wavelengths of 490 nm and 520 nm. Fractional cell inhibition was calculated by subtracting 

fluorescence of live cells in experimental wells from those of untreated cells and 

normalizing against untreated cells. D50 concentrations were determined by fitting 

experimental data to the median-effect model [46], and their error is reported as the standard 

error of the model fit.

DOX internalization

Confocal laser scanning microscopy was utilized to visualize DOX intracellular distribution. 

BT-474 cells were seeded in an 8-well chambered borosilicate coverglass at 85,000 cells/300 

μL/well, and were allowed to adhere overnight. Fresh media containing DOX, DOX-L or 

+DOX-L at drug-equivalent concentrations of 1 μM were incubated with cells at 37°C and 

5% CO2. After specified incubation times, cells were washed three times with warmed PBS, 

followed by nuclear staining with 25 μg/mL Hoechst for 30 minutes at 37°C and 5% CO2. 

Excessive Hoechst was removed by washing with PBS and cells were then cultured in 

culture medium. Live cells were immediately imaged with an Olympus Fluoview 1000 

spectral confocal microscope. Hoechst and DOX were excited by 405 nm 50 mW diode and 

488 nm 10 mW Argon gas lasers, respectively. Optical filters of 425–475 nm and 574–674 

nm emission wavelengths were used to view fluorescence from Hoechst and DOX, 

respectively. Z-stacks of 10 μm were captured and averaged. Fluorescence intensity is 

reported as the raw integrated density of DOX fluorescence divided by number of cells, as 

determined by Hoechst labeling.

Synthesis of 5FURW

A 5FU prodrug was synthesized to modify the native drug’s chemical properties and 

facilitate incorporation in liposomes bearing a transmembrane ammonium sulfate gradient. 

See SI Text for complete synthetic steps.

In vivo tumor growth inhibition

All experiments were performed according to approved protocols by the Institutional Animal 

Care and Use Committee of the University of California, Santa Barbara. To assess tumor 

growth inhibition in vivo, 1 × 105 4T1 cells in 100 μL saline were subcutaneously injected 

into the mammary fat pad of female BALB/c mice six to eight weeks in age (Charles River 

Laboratories). Post-inoculation, mice were randomized into experimental and control 

groups, and were monitored daily for tumor growth and body weight changes. Mice were 

injected intravenously with either DAFODIL or free 5FURW combined with free DOX, at 

drug-equivalent doses of 3 mg/kg DOX and 0.62 mg/kg 5FURW diluted in sterile saline. For 

the small tumor model, treatments began on day 3 post tumor inoculation when volumes 
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were approximately 10 mm3 (estimated based on extrapolation of a typical growth curve) 

and were repeated every other day for a total of 4 injections. For the large tumor model, 

treatments began when volumes were 300 mm3, on day 15 post inoculation. Tumor volumes 

were calculated as V = 1/2 (l) x (w)2, where l and w correspond to the longest and shortest 

tumor diameters, respectively, as measured by a digital caliper. Body weights were also 

measured daily to assess overall health.

In vivo biodistribution

Biodistribution studies were conducted by embedding the nonexchangeable and 

nonmetabolizable lipid marker [3H]-cholesterylhexadecyl ether (CHDE; Perkin Elmer, 

Waltham, MA) [50] in the liposome membrane. CHDE was dissolved at a ratio of 0.5 μCi/

μmol phospholipid prior to thin film formation, and liposome fabrication proceeded as 

described above. [3H]-liposomes at drug equivalent doses of 6 mg/kg DOX + 1.2 mg/kg 

5FURW were injected intravenously to BALB/c mice bearing approximately 100 mm3 4T1 

tumors and circulated for 6 hours. Solvable (Perkin Elmer, Waltham, MA), 5 mL, was added 

to harvested organs, and incubated overnight at 60°C, followed by 10 mL Ultima Gold 

(Perkin-Elmer). Radioactive content was measured in a Packard TriCarb 2100TR 

scintillation counter. Results were reported as organ disintegrations per minute (DPM) 

relative to initial dose DPM, normalized to organ weight.

Statistical analyses

Statistical significance was assessed via the two-tailed, unpaired Student’s t-test in Microsoft 

Excel. One star indicates significance with p < 0.05, and two starts indicate p < 0.01.

RESULTS

Synergistic inhibitory effect on tumor cell proliferation by optimal ratio of 5FU:DOX

BT-474 human breast cancer cells were exposed to 5FU+DOX at various ratios and 

evaluated for synergistic growth inhibition utilizing the Combination Index (CI) method 

[46]. At a constant 5FU concentration, the ratio which yielded the lowest CI, and hence 

greatest synergy, was R=819:1 ± 64 5FU:DOX (Fig 1a). R<819 caused additivity (CI=1) and 

R>819 induced antagonistic effects (CI>1). Moreover, the pair consistently outperformed 

individual drugs when combined at R=819 (Figs. S1a–b). On the contrary, 5FU+DOX at an 

antagonistic ratio R=6551 ± 170 consistently led to underperformance compared to 5FU 

alone. 5FU+DOX led to elevated reactive oxygen species (ROS) generation, a nontraditional 

mechanism by which DOX induces cancer cell death, and was a probable contributor to the 

synergistic activity (Fig. S2).

The synergistic combination (R=819) also enhanced drug specificity towards BT474 cells 

over non-cancerous MCF 10A epithelial cells (Fig. 1b). The ratio of D50 between BT474 

and MCF 10A, an indicator of cancer specificity, was significantly greater than 1 for free 

5FU and DOX, indicating lack of cancer specificity. This ratio was reduced by 36-fold and 

5-fold for 5FU and DOX, respectively when 5FU+DOX was administered at the synergistic 

ratio, and reached a value less than 1, indicating higher cancer specificity of the 

combination. Additional cell inhibition studies verified that 5FU+DOX at both R=819 and 
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R=6551 is less toxic than single drug treatments in endothelial and epithelial cell lines bEnd.

3 and MCF 10A, respectively (Fig. S1c–f).

Incorporation of DOX in liposomes

DOX was initially encapsulated in zwitterionic liposomes (DOX-L) using an ammonium 

sulfate gradient. DOX activity was significantly reduced in zwitterionic liposomes (Fig. 2a), 

with 100-fold greater D50 concentration relative to free DOX. In order to recover drug 

activity, a small fraction of cationic lipids (DOTAP) was incorporated (properties listed in 

Table 1). Cationic lipids can combat poor release from liposomes after ammonium sulfate 

gradient-mediated loading [51–53]. Moreover, cationic liposomes preferentially accumulate 

in tumor endothelium compared to neutral and negatively-charged vesicles [54–56], and can 

provide tumor-homing complementary to the enhanced permeation and retention (EPR) 

effect. Drug activity was significantly enhanced in cationic liposomes (+DOX-L)(Fig. 2a).

The D50 concentration was found to be 5-fold lower than DOX-L. This was likely due to 

enhanced DOX internalization in +DOX-L, which was 12-fold greater than that of DOX-L 

(Fig. 2b–f). Both DOX-L and +DOX-L were less active than free DOX (D50 = 0.3 μM), 

which is expected since liposomes must first overcome the added barrier of active cell 

internalization before DOX can reach its intracellular target. All liposome formulations 

thereafter included 10% cationic lipids in order to facilitate drug release and to better 

preserve anticancer activity.

Enhanced incorporation of 5FU in liposomes by tryptophan esterification

The transmembrane ammonium sulfate gradient, which was specifically developed for 

incorporating amphipathic anthracyclines, presents difficulty for the entrapment of drugs 

from different classes. Specifically, 5FU could only be incorporated at 0.7 mol% relative to 

lipids using the ammonium sulfate gradient (Table 1), congruent with previous studies [57]. 

To incorporate 5FU and DOX in the same liposome, an analogue of 5FU was developed by 

improving its compatibility with the transmembrane ammonium sulfate gradient. The 

analogue, designated as 5FURW, consists of the ribosylated nucleoside form of 5FU 

(5FUR), conjugated to tryptophans (W) via esterification of 5FUR hydroxyl moieties (Fig. 

S3).

Contrary to unmodified 5FU, 5FURW exhibits extensive aromaticity and basicity: 

functionalities responsible for high liposomal DOX encapsulations. DOX’s free amine 

governs its ability to form a salt in the presence of ammonium sulfate, and Π electron 

stacking of planar aromatic rings drives intra-liposomal DOX oligomerization [58]. These 

functionalities, carried by tryptophan, were integrated in 5FURW to improve encapsulation, 

and were also designed to be cleavable in order to preserve 5FU+DOX synergy. 5FURW can 

be hydrolyzed to 5FUR, which is further metabolized by uridine phosphorylase to 5FU [59–

61]. Furthermore, 5FURW itself exhibits the same anticancer activity as 5FUR (Fig. S4). 

Thus, 5FUR is projected to behave similarly to 5FU, including its synergistic interaction 

with DOX. 5FURW yields a 38-fold enhancement in encapsulation to 26.6 mol% (Table 1), 

a number similar to DOX encapsulation (~14–24%) [49].
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Synergistic activity of 5FURW and DOX

Since 5FURW hydrolyzes directly to its precursor, 5FUR, synergistic interactions were 

investigated between both 5FURW+DOX and 5FUR+DOX. High synergy was observed 

when high doses of 5FURW were combined with low doses of DOX (R≥75), and slight 

synergy occurred at the opposite regime, when low doses of 5FURW were combined with 

high doses of DOX (R=0.1) (Fig. 3a). 5FUR and DOX exhibited synergy at extreme ratios 

(R≤1 and R=600), as well. These synergistic regimes are similar to the original synergistic 

interactions observed with unmodified 5FU and DOX, which occurred at R≤0. 5 and R=819. 

While the exact synergistic ratios are slightly different for each 5FU analogue, the regimes 

of synergy are similar, which attests to the potent interactions between this particular 

combination. It was also verified that the cleavable moiety, tryptophan, was non-toxic for 

5FURW doses utilized in these studies (Fig. S5); therefore, synergy is attributed to 5FUR

+DOX interactions.

Single-drug loaded liposomes were next tested for synergy preservation after encapsulation. 

Contrary to their free drug counterparts, single drug-loaded liposomes synergistically 

inhibited cancer cell growth only at one regime, R≤1. Although free drugs were synergistic 

for R>75, liposome-encapsulated forms were highly antagonistic (CI ≫ 1), with CIs two 

orders of magnitude greater than those of liposomal synergistic ratios. While a surprising 

finding, it is not unusual since liposomal encapsulation can impact drug internalization and 

intracellular concentrations, which further alter drug-drug interactions. Since 5FU+DOX 

consistently elicited synergistic cancer cell kill at R≤1, regardless of delivery method, this 

regime was chosen for their dual encapsulation in liposomes.

Co-incorporation of 5FURW and DOX in liposomes

Two ratios of 5FURW+DOX, one synergistic and one antagonistic, were incorporated in 

liposomes, and a third formulation of PEGylated synergistic liposomes was synthesized for 

in vivo studies (physical and chemical properties listed in Table 2). Co-loaded liposomes 

were first assessed in vitro against 4T1 cells, the same cell line ultimately used for in vivo 
studies. The 4T1 model was chosen to challenge formulations against aggressive tumors in 

immunocompetent mice. Synergistic 5FURW+DOX liposomes (R=0.18) exhibit superior 

cell kill compared to either 5FURW- or DOX-loaded liposomes (Fig. 4a–b) (CI=0.31 

± 0.24). Antagonistic combinations of the same drugs (R=12.2) exhibit expected behavior 

(CI=1.92 ± 1.21).

PEGylation of cationic liposomes is necessary for prolonged systemic circulation in order to 

prevent opsonization [62, 63]. A small fraction (5mol%) PEG2000-DSPE was incorporated 

in the lipid bilayer, and resulted in a slightly larger size of 168. 8 nm compared to non-

PEGylated version (149.8 nm), as well as a change in ζ potential. Upon PEGylation, the 

cationic lipids became shielded, as was evident in the ζ potential of −23.0 mV. Drug 

encapsulations and ratios were only slightly altered. The inclusion of PEG allowed twice as 

much DOX retention compared to non-shielded liposomes, and may be a result of the added 

barrier of long, hydrophilic polymeric chains which must be overcome for drug leakage. 

Therefore, R for encapsulated combination shifted from 0.18 to 0.15, in favor of greater drug 

synergy. The anticancer activity of PEGylated synergistic liposomal formulation surpassed 
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that of non-PEGylated version (Fig. 4a–b), and was therefore labeled as DAFODIL (DOX 

And 5FU Optimally Delivered In Liposomes). 5FURW is released slightly faster than DOX, 

and acidic conditions accelerated drug release (Fig. 4c). Therefore, the effective free drug R 

exposed to cancer cells is slightly higher than the R encapsulated in liposomes, but is 

evidently still potent at inhibiting cell growth. Delayed DOX release relative to 5FURW may 

account for the abolishment of high R synergy in liposomes, particularly if a threshold DOX 

concentration is necessary for synergistic interactions.

Inhibitory effect of 5FURW+DOX liposomes on tumor growth in vivo

Potent multi-drug loaded liposomes were challenged against a highly metastatic and 

aggressive 4T1 mouse breast cancer model in vivo. This model was also chosen for its 

robust tumor formation in immuno-competent BALB/c mice, which allows for a more 

accurate depiction of nanoparticle clearance and efficacy compared to models in immuno-

incompetent mice. PEGylated liposomes (DAFODIL) were administered intravenously to 

mice bearing 4T1 murine breast carcinoma, at drug-equivalent doses of 3 mg/kg DOX 

+ 0.62 mg/kg 5FURW for a total of four i.v. injections. Tumors of both small and large sizes 

were investigated, where injections started when tumor volumes were ~10 mm3 (see 

methods) or ~300 mm3 respectively. Assuming similar tumor weight to body mass, a 10 

mm3 murine tumor corresponds to a human tumor diameter of 2 cm, whereas the large 

model corresponds to a 6.3 cm tumor diameter. Clinical tumor diameters of 1 cm encompass 

58% of breast cancer cases, whereas tumor diameters > 5 cm are present in ~11% of patients 

and corresponds to poorer prognosis [64]. Significant tumor reduction was achieved by 

DAFODIL (Fig 5a). By day 20, when survival of untreated mice dropped to 50%, 

DAFODIL elicited 91% (77 ± 11 vs. 904 ± 98 mm3) tumor growth inhibition, whereas free 

5FURW+DOX at the same doses were only capable of inhibiting only 39% tumor growth 

(547 ± 49 vs. 904 ± 98 mm3). Moreover, all tumors treated with free 5FURW+DOX 

eventually grew to the same sizes as control mice, and hence were only able to extend 

average survival of untreated mice by 4 days (25 vs. 21days). By contrast, DAFODIL 

treatments extended median survival rates (Fig. 5b) by at least 44 days. Free drug 

combinations as well as liposomal combination were well tolerated as judged by the body 

weight (Fig. 5c).

Contrary to free drug-treated mice, most DAFODIL-treated mice reached a peak tumor 

volume between 50–80 mm3 on Day 25, followed by tumor regression and finally, complete 

disappearance in 5 out of 8 mice. Only 3 of 8 tumors from this group eventually grew. No 

detectable tumors in 5 of 8 mice were observed for the remainder of the study. Tumors in 3 

DAFODIL-treated mice that showed detectable growth grew significantly slower than those 

in untreated mice. Whereas all untreated mice reached 1000 mm3 tumor volumes by Day 26, 

the first DAFODIL-treated mouse to reach 1000 mm3 tumor volume occurred on Day 44. 

The average survival was significantly extended by at least 40 days (>160 % over untreated 

mice) when treated with the liposomal drug combination (Fig. 5b). To the best of our 

knowledge, this is the first time that 4T1 tumor growth was inhibited by >90% at a 

cumulative DOX dose <15 mg/kg, either used as a single agent or combined with another 

chemotherapy drug [44, 65–72]. Biodistribution studies were conducted to see if antitumor 

efficacy was dictated by high uptake in tumors (Fig. S9b). Liposomes exhibited 
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biodistributions and clearance (Fig. S9a) typical of PEGylated liposomes [43, 44, 73], with 

greatest accumulation occurring in the liver and spleen, and 2.3% initial dose per g (ID/g) 

present in tumors. Therefore, the enhanced antitumor efficacy is likely attributed to the 

potent synergistic interactions between 5FURW and DOX and not enhanced tumor 

accumulation.

Liposomal treatment of large (300 mm3) tumors also exhibited significant antitumor effects. 

By Day 11, 48% tumor reduction (530 vs. 1018 mm3) was achieved with DAFODIL 

treatments of the same dose as the small tumor study (Fig. S10a, b). The median survival 

was extended by 190% (19 vs. 10 days, Fig. S10c) and demonstrated the potential of 

synergistic liposomes for treating aggressive and late stage cancers.

DISCUSSION

This study shows that low dose chemotherapy, if co-delivered in synergistic ratios, is in fact 

capable of completely regressing small tumors. Chemotherapy efficacy is hindered by poor 

specificity, so nanoparticle delivery is imperative in order to alleviate distribution to healthy 

organs. Nanoparticles promote accumulation in tumors via the EPR effect. Although 

liposomes have been applied for chemotherapy delivery since 1995, overall response rates 

have not significantly improved compared to free drug administration [5, 74]. The new 

generation liposomes reported here not only significantly improve therapeutic efficacy of 

free chemotherapy administrations, but also maintain the paramount safety benefit of 

liposomal formulations. 5FU+DOX combination in particular has been utilized in numerous 

clinical chemotherapy combinations, but this is the first investigation, to our knowledge, 

which aimed at identifying and delivering synergistic ratios of the pair to tumors. This 

widely-used pair has been repeatedly reported to improve partial response rates, however 

complete response rates have been rare and median survival times are still typically less than 

a year. Utilizing synergy, we demonstrated the immense therapeutic potential of 5FU+DOX 

at low doses. Commonly regarded as inactive, low dose chemotherapy elicited remarkable 

tumor disappearance due to co-delivery of optimal ratios of 5FU and DOX in liposomes.

Drug ratios have long been determined to dictate combination chemotherapy potency in 
vitro, but FDA-approved combinations have yet to incorporate this important factor. Our 

results confirm enhanced cytotoxic activity at synergistic ratios. Studies with healthy breast 

epithelial cell line MCF 10A also introduced another advantage of ratiometric delivery; 

selective cancer cell toxicity. At synergistic R, much less total drug dose is required to kill 

cancer cells compared to MCF 10A. The reverse was also true; at antagonistic R or even free 

drug incubations, less drug is required to inhibit healthy MCF 10A cell growth compared to 

malignant cells. Thus, the specificity of chemotherapy treatment is improved simply by 

combining the two drugs in a proper, optimized ratio. The same trends were observed for a 

control endothelial cell line, bEnd.3 (Fig. S1c–d).

The mechanism of synergy between 5FU and DOX may be multi-faceted. As seen in Fig. 

S2, the presence of 5FU amplifies DOX-generated ROS in cancer cells, and likely 

contributes to enhanced cell death. However, concerted cell cycle phase arrests may be 

another plausible reason for 5FU+DOX anticancer synergy. 5FU is a cell cycle-specific drug 
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which causes accumulation of cells in the G1/S phases [75–78], whereas the cell cycle-

specificity of DOX is controversial. One report by Ling and co-workers demonstrated that 

DOX-induced cytotoxicity can be significantly enhanced when cells are previously 

synchronized in the S phase [79]. By first imposing a thymidine block on cancer cells, the 

researchers were able to accumulate cells in the S phase and subsequently reduce DOX D50 

concentrations 3.3-fold relative to concentrations needed for asynchronized cells. This 

enhanced DOX potency also correlated with significant accumulation of cancer cells in the 

G2/M phases. In this report, it is likely that 5FU, a thymidine analogue, synchronizes cancer 

cells in the G1/S phases and further allows DOX to arrest cells in the G2/M phases. 

Consequently, the combination elicits significantly greater cancer cell death when combined 

rather than when used alone. However, it is clear that this effect does not always occur, 

particularly when 5FU and DOX are introduced at R=6551. It is likely that at very large R, 

not enough DOX is present relative to 5FU in order to promote further progression of cancer 

cells to the G2/M phases, and their synergistic cell cycle effects may not be realized.

Selectivity of synergistic combination towards cancer cells over non-malignant cells may be 

attributed to inherently different cytotoxicity mechanisms the drugs elicit depending on the 

cell type. For instance, susceptibility for cell death after 5FU treatment greatly depends on 

the activity of various enzymes responsible for RNA and DNA incorporation, such as 

uridine phosphorylase and thymidylate synthase. The activities of these enzymes have been 

shown to differ between various cells and seemed to correlate with drug sensitivity [80]. 

Altered levels of these enzymes can influence the ability of 5FU to synchronize cells in the 

G1/S phases, and is one plausible reason for reduced combination activity in bEnd.3 and 

MCF 10A cells. Moreover, DOX has been previously reported to trigger apoptosis in 

endothelial cells and cancer cells via different pathways. DOX-mediated generation of ROS 

has been shown to play a pivotal role in endothelial cell apoptosis, but not in tumor cell 

apoptosis [81]. Hence, DOX activity in endothelial cells may not promote the progression of 

S-synchronized cells to the G2/M phases in the same way it can in cancer cells. Such 

differences in drug sensitivity may prevent cell cycle effects between 5FU and DOX that are 

seen in cancer cells, and provide a probable cause for reduction in combination activity. 

Results from these studies suggest that the enhanced cell inhibition of 5FU+DOX at R=819 

is specific for cancer cells. In fact, the combination may not be any more toxic than either 

5FU or DOX when administered as a single agent because the combination, at best, only 

inhibits as much cell growth as DOX alone. This is a remarkable finding, since amplified 

adverse side effects due to co-localization of multiple drugs in essential organs is a major 

challenge with combination chemotherapies. Our results suggest that this challenge can 

potentially be overcome by optimizing drug pair and ratio, so that synergistic cell kill occurs 

in malignant cells, but not in healthy cells. Further in vivo or ex vivo studies, wherein 5FU

+DOX are exposed to tissues in their natural environments, would need to be executed to 

assess this hypothesis.

To incorporate a synergistic ratio of 5FU+DOX in a single, effective carrier, an optimal 

liposome formulation and 5FU entrapment method was developed. A small fraction of 

cationic lipids (10 mol%) enhanced DOX delivery and activity relative to completely 

zwitterionic liposomes. This is likely due to enhanced ionic interactions between liposome 

and cell membranes. It is in fact thought that the positively-charged liposomes are first 
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associated with cell membranes via ionic interactions, and then are capable of fusing with 

cells by flip-flopping with anionic phospholipids [51, 82]. This fusion allows liposome drug 

payloads to escape and release into the cytoplasm or even nucleus, where chemotherapy 

drugs can then attack their targets. The small fraction of cationic lipids in the liposome was 

non-toxic at relevant concentrations for drug delivery (Fig. S6).

The novel prodrug reported here, 5FURW, allowed high incorporation in liposomes, to the 

same extent as DOX (~26 mol% relative to lipids). To the best of our knowledge, this is the 

first time 5FU was successfully incorporated in liposomes bearing a pH gradient. Regardless 

of initial drug loading, time of drug loading, and temperature, unmodified 5FU was 

demonstrated incapable of measurable integration in liposomes with an acidic core [57]. In 

fact, it was previously reported that the exact opposite approach, utilizing basic media (~pH 

8.6), is required for liposomal encapsulation of 5FU [83]. A possible reason for this is that 

5FU lacks a charge, and can therefore easily pass through the lipophilic bilayer to escape the 

liposome. 5FU has only been reported to exist in anionic forms, which occur at neutral pH 

[84], and hence not in liposomes bearing an acidic pH gradient. Thus, for the purpose of 

simultaneously co-delivering 5FU+DOX, it was imperative that we develop a new method. 

Free amine and aromatic modifications to 5FUR helped overcome poor encapsulation issues, 

and were also designed to be cleavable in order to restore the active drug which is 

synergistic with DOX. While this approach was demonstrated only for 5FU, it can be 

theoretically applied to the entire class of nucleobase analogue chemotherapies, such as 

cytarabine, gemcitabine, and decitabine, all of which contain pendant hydroxyl groups for 

tryptophan conjugation. Tryptophan modification has implications not only for delivering 

agents that previously could not be liposomally-entrapped, but also for combination co-

delivery of the many drugs that can be compatible with this encapsulation method.

Similar to co-administered single-drug loaded liposomes, 5FURW and DOX co-

encapsulated in the same liposome at R<1 inhibited greater cancer cell growth than either 

single-drug loaded liposome (Fig. 4a–b). This was evident for both non-PEGylated and 

PEGylated liposomes. However, the true merit of PEGylated 5FURW+DOX co-

encapsulated liposomes (DAFODIL) was captured in vivo when challenged against a 4T1 

murine mammary carcinoma tumor. Non-PEGylated liposomes were unable to prolong 

survival rates (Fig. S7), while DAFODIL was able to completely reverse tumor growth and 

cause tumor disappearance in 62.5% of treated mice. This is not surprising, as PEGylation 

prevents opsonization and prolongs systemic circulation. What is surprising, however, is the 

low doses that were sufficient to achieve immense antitumor effects. Mice were treated with 

4 total injections of 3 mg/kg DOX and 0.62 mg/kg 5FURW, for a total DOX and 5FURW 

dose of 12 mg/kg and 2.5 mg/kg, respectively. To the best of our knowledge, never before 

has cumulative DOX doses <15 mg/kg been able to inhibit aggressive 4T1 tumor growth by 

>90%, regardless of its use as a single agent or in combination with another chemotherapy 

drug [44, 65–72]. Doxil alone is required at doses of 20 mg/kg to provide significant 4T1 

tumor reduction, as reported by previous studies [44]. This is also the first instance of 5FU-

liposomes which were both well-tolerated and effective at inhibiting tumor growth, let alone 

at remarkably low doses [55, 85]. Moreover, tumor disappearance was maintained for the 

remainder of the study, and resulted in median survival rates greater than 65 days post-

treatment. DAFODIL was also effective in treating large tumors at the same low-dose and 
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dosing frequency, resulting in 48% reduction in tumor growth 12 days post-treatment. 

Through these studies, it was evident that nanoparticle co-delivery is crucial to manifest the 

potency of 5FU+DOX in vivo, as free drug equivalents were only able to prolong median 

survival rates from 21 to 25 days, and were largely ineffective. This is likely due to 

uncoordinated drug pharmacokinetics and fast plasma clearance of the small molecule drugs 

when injected intravenously as free solutions. Clinical studies have shown that 5FU and 

DOX exhibit elimination half-lives of 8–22 minutes [86] and 4–5 minutes [87], respectively. 

These rapid clearance rates demonstrate a clear need for nanoparticle delivery to ensure 

concurrent delivery to tumors.

Collectively, studies investigated here demonstrate the vast, untapped therapeutic potential 

harbored by low dose chemotherapy. Although liposome-entrapment can alleviate 

chemotherapy side effects, it has not necessarily improved patient survival or response rates. 

By identifying and co-encapsulating synergistic chemotherapy combinations in liposomes, it 

was possible to deliver effective therapies that were also safe. Ratiometric drug delivery has 

been largely explored in vitro, yet clinical translation of synergistic combinations is still rare. 

Furthermore, encapsulation of multiple drugs in liposomes, apart from a few exceptions [39, 

40], achieving therapeutic doses of both drugs has been a challenging problem. Novel 

methods for nucleobase entrapment described here provide a means to manifest 5FU+DOX 

synergy in vivo. More notably, findings here suggest a transformative methodology for 

evaluating chemotherapy clinically. Instead of dose pushing, chemotherapy can be 

engineered to maximize tumor growth inhibition and minimize off-target toxicity through 

the use of synergistic combinations. High encapsulation methods and tumor-homing can 

further achieve these effects with low cumulative doses which were previously regarded as 

therapeutically inactive.

Chemotherapy is conventionally administered at the maximum dose possible, risking serious 

adverse effects in exchange for hope of maximum tumor reduction. Despite dose pushing 

and numerous efforts to improve chemotherapy, tumor eradications are rare. Drug 

combinations are widely proposed to improve therapeutic efficacies, encompassing 25% of 

all oncology clinical trials since 2008 [88]. Until now, however, little emphasis has been 

devoted towards fundamentally understanding and optimizing combination chemotherapy 

efficacy. Our results demonstrate that complete tumor disappearance can be achieved, 

contrary to convention, at remarkably low chemotherapy doses if the combination is 

administered at an optimal synergistic ratio. This study provides a basis for transforming 

combination treatments and capturing their full therapeutic potential by delivering the 

correct drug ratio to tumors.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Dependence of synergy between DOX and 5FU on molar ratio R and verification that 
synergistic combination exhibits increased cancer specificity
(a) Combination indices calculated for various ratios of 5FU+DOX exposed to BT-474 

human breast cancer cells. For all ratios, 5FU concentration was kept constant at 487 μM. 

Data expressed as mean ± SD (n≥8). (b) Ratio of D50 for BT-474 cells relative to MCF 10A 

breast epithelial cells for 5FU (black bars) and DOX (white bars) treated as single drugs or 

in combinations of R=819, R=6551. D50s were determined for experimental fits of cell 

inhibition data to the ME model, and error is propagated from the standard error of the 

model fit.
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Fig. 2. 
Dependence of DOX efficacy on its encapsulation in neutral (DOX-L) and cationic (+DOX-

L) liposomes. (a) In vitro cell growth inhibition of BT-474 cells exposed to free DOX (red 

circles), DOX in neutral liposomes (blue triangles), and DOX in cationic liposomes (green 

squares) for 72 hrs. Data expressed as mean ± SD (N≥6). Dashed lines represent dose-effect 

curves fit to the ME model, with D50 concentrations of DOX, DOX-L and +DOX-L 

corresponding to 0.3 μM, 33.5 μM, and 6.7 μM, respectively. BT-474 cells imaged via 

confocal microscopy after 24 hr incubation with (b) no drug, or 1 μM drug-equivalent 

concentration of DOX in (c) free solution (d) neutral liposomes (e) cationic liposomes. (f) 

DOX fluorescence (red) intensity is reported as mean ± SD (N=3). Representative images 

are shown as an average of 10 μm z-stacks. Scale bar=20 μm. *, P < 0.05; **, P < 0.01 

performed by two-tailed Student’s t-test.
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Fig. 3. 
Verification of synergy between DOX and 5FU derivatives in the solution (a) and liposomal 

(b) form. (a) CIs for 5FUR+DOX (hatched bars) or 5FURW+DOX (black bars). BT-474 

cells were exposed to various ratios of each combination for 72 hours. Drug concentrations 

(μM) for 5FUR and DOX, respectively, corresponding to each ratio were: 0.1 (0.06, 0.60), 

0.5 (0.15, 0.3), 1.0 (0.3, 0.3), 5.0 (1.5, 0.3), 19 (2.8,0.15), 75 (11.25, 0.15), 150 (22.5, 0.15), 

300 (22.5, 0.075), 600 (45, 0.075). Drug concentrations (μM) for 5FURW and DOX, 

respectively, corresponding to each ratio were: 0.1 (0.06, 0.60), 0.5 (0.15, 0.30), 1 (0.30, 

0.30), 5 (1.50, 0.30), 19 (5.60, 0.30), 75 (22.50, 0.30), 150 (45.00, 0.30), 300 (45.00, 0.15), 

600 (90.0, 0.15). (b) CI calculated for various ratios of 5FURW-L and +DOX-L exposed to 

BT-474 cells for 72 hours. Drug concentrations (μM) for 5FURW and DOX, respectively, 

corresponding to each ratio were: 0.1 (0.30, 2.40), 0.5 (0.60, 1.20), 1 (1.20, 1.20), 5 (22.50, 

4.70), 19 (45.00, 2.40), 75 (180.00, 2.40), 150 (180.00, 1.20), 300 (180.00, 0.60), 600 

(360.00, 0.60). Data shown as average ± SD (N≥6).
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Fig. 4. 
Verification of efficacy of 5FURW- and DOX- co-encapsulated liposomes against 4T1 cells. 

(a) Comparison of 5FURW-liposomes (black circles) to DAFODIL with antagonistic drug 

ratio (R=12.2, red circles), DAFODIL without PEG (R=0.18, blue squares), and DAFODIL 

(R=0.15, green diamonds). Significance is provided between 5FURW-L and –PEG 

DAFODIL at 2.8 μM 5FURW. (b) The same co-loaded liposomes in (a) are compared to 

DOX-liposomes (black circles), antagonistic DAFODIL with R=12.2 (red circles), 

DAFODIL without PEG (blue squares) and DAFODIL (green diamonds). Dashed lines 

represent fits to the ME model. Average calculated CI for the cell inhibition data of 

antagonistic DAFODIL (R=12.2) and DAFODIL without PEG are 1.92 ± 1.21 and 0.31 

± 0.24, respectively. Data reported as average ± SD (N≥6). (c) Drug release of 5FURW 

(purple squares) and DOX (black circles) from DAFODIL in PBS at pH 5.5 (open marks) or 

pH 7.4 (closed marks). Data shown as average ± SD (N=3). Lines represent exponential fits 

to release profiles (t1/2 = 14.1, 27.7, 26.9, and 35.3 for 5FURW pH 5.5, 5FURW pH 7.4, 

DOX pH 5.5, and DOX pH 7.4 respectively).
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Fig. 5. 
In vivo efficacy of DAFODIL in 4T1 tumor bearing mice. (a) 4T1 tumor volumes of 

untreated BALB/c mice (black circles), mice treated with DAFODIL (green squares), or free 

5FURW and DOX in saline (red triangles) at drug-equivalent doses of 0.61 mg/kg 5FURW 

and 3 mg/kg DOX (R=0.15). Data shown until the first DAFODIL-treated mouse is 

sacrificed. Significance is provided for the last day when untreated mice survival > 50%. (b) 

Survival rates for all experimental groups. (c) Corresponding body weight changes of tumor-

bearing mice are provided for all groups. Data shown as mean ± SEM (Initial N=8, and 

varies according to survival).

Camacho et al. Page 23

J Control Release. Author manuscript; available in PMC 2017 May 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Camacho et al. Page 24

Table 1

Physical and chemical properties of single drug-loaded liposomes.

Liposome Formulation Liposome Composition Size (nm) Zeta Potential (mV) Drug Incorporation (mol%)

DOX-L 55:45 DSPC:Chol 154.5 ± 5.0 −9.55 ± 3.56 1.08 ± 0.16

+DOX-L 80:10:10 DSPC:DOTAP:Chol 155.6 ± 5.3 39.93 ± 4.81 0.96 ± 0.13

5FU-L 80:10:10 DSPC:DOTAP:Chol 173.5 ± 43 41.7 ± 9.8 0.7 ± 0.2

5FURW-L 80:10:10 DSPC:DOTAP:Chol 163.8 ± 17.2 32.2 ± 6.5 26.6 ± 2.4

Data expressed as mean ± SD (N≥3)
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