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ABSTRACT: An amphiphile prodrug, 50-deoxy-5-fluoro-N4-(phytanyloxycarbonyl) cytidine (5-FCPhy) has been prepared and
investigated for its self-assembly material properties, in vitro cytotoxicity, and in vivo efficacy as a chemotherapy agent. The phase
transitions and stability of the neat amphiphile were characterized by differential scanning calorimetry (DSC) and thermogravi-
metric analysis (TGA). X-ray diffraction (XRD) was used to confirm the structure of the neat amphiphile, which was an amorphous
glassy material. The lyotropic liquid crystalline self-assembly behavior of the amphiphile prodrug in water was examined by cross
polarizing optical microscopy (POM) and small-angle X-ray scattering (SAXS). Under excess water conditions at room
temperature, the amphiphile prodrug self-assembles into lyotropic liquid crystalline mesophases of inverse bicontinuous cubic
symmetry. Upon aging, the inverse cubic phase slowly transformed to an inverse hexagonal phase. This amphiphile was successfully
dispersed into nanoparticles of cubic and hexagonal symmetry. The in vitro cytotoxicity of dispersed nanoparticles was evaluated in
seven different normal and cancer cell types and exhibited IC50 values between 70 and 90 μM for all cell types. Evaluation of
5-FCPhy in vivo against a mouse 4T1 breast tumor model displayed a trend of increasing efficacy with increasing dose. Furthermore,
after 21 days, tumor volumes in the 0.5 mmol 5-FCPhy treatment group were significantly smaller than all other treatment groups
including mice receiving a short chain water-soluble analogue, Capecitabine (a commercially available oral chemotherapy agent),
delivered at the same dosage.
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’ INTRODUCTION

A prodrug is a chemically modified version of a toxic drug, with
reduced systemic toxicity. The prodrug is activated at the specific
site of action via an enzymatic or biochemical reaction.1 Prodrug
modification is often used to increase the lipophilicity of a drug
thereby improving passive membrane permeation. One common
method of creating a prodrug has been covalent attachment of a
hydrophilic drug to a long alkyl chain that can then be hydrolyzed
via an enzymatic reaction.2,3 With this type of drug formulation,
oral administration is possible because an increase in the drug
lipophilicity can enhance drug uptake across the epithelial barrier
of the gastrointestinal tract and thereby improve bioavailability.
Thus, a prodrug strategy may overcome drawbacks associated
with pharmacologically potent hydrophilic drugs, such as high
toxicity and low bioavailability.

5-fluorouracil (5-FU) is a highly toxic chemotherapeutic drug
that has played a dominant role in the treatment of breast cancer,
colorectal cancer, and a variety of other solid tumors. Due to its
hydrophilic nature, this drug has a very low absorption rate and
low bioavailability. Capecitabine (Xeloda) has been developed to
overcome some of the limitations of 5-FU.4�9 Capecitabine is an
inactive precursor of 5-FU, which is administered orally and,

following rapid uptake, converts to the active form by a three-step
enzymatic reaction in the liver and at the tumor site. It is currently
the only oral 5-FU prodrug authorized by the U.S. Food and
Drug Administration (FDA). Xeloda has been shown to possess
a number of advantages over 5-FU including lower toxicity,
improved bioavailability via oral administration, and tumor
selective activation.6,10,11 This prodrug is currently used to treat
colon, metastatic colorectal andmetastatic breast cancer. Follow-
ing oral administration of Capecitabine, the 5-FU concentration
in tumors has been shown to be several orders of magnitude
higher than those treated with 5-FU either by oral or intravenous
administration. Despite all of these advantages, this prodrug has a
relatively high clearance rate and must be administered at
relatively high doses twice per day.

The design of effective, sustained release delivery systems to
circumvent the problem of high drug clearance rates is an
ongoing challenge. One strategy is the use of nanoparticle-based
delivery systems, consisting of either biodegradable polymers or
lipid-based nanoassemblies, such as liposomes, for encapsulation
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of a wide range of toxic drugs.1,12�17 Nanoparticles, either
formed directly by drug conjugates or acting as carriers of
chemotherapeutics, have been reported to promote passive
targeting and drug penetration through the leaky neovasculature
of tumors.16,18,19 To date, liposomes represent the most widely
studied lipid-based nanocarrier system and Doxil, a commercially
available liposomal formulation of Doxorubicin, has been ap-
proved for the treatment of ovarian cancer.18,20 Liposomes are
dispersed nanoparticles of a liquid crystalline fluid lamellar phase.
Amphiphilic molecules can also self-assemble into a variety of
higher ordered nanostructures including 2D inverse hexagonal
and 3D inverse cubic mesophases. These mesophases have been
studied extensively in the last two decades for their high potential
as drug delivery systems,13,21 and as delivery agents in cosmetics
and food.22�24 The high surface area and extensive water channel
networks in the higher-order liquid crystalline structures facilitate
the incorporation of high payloads of both hydrophobic and
hydrophilic drugs. More importantly, because of their size range,
they have the potential to be targeted either passively or actively
via incorporation of active targeting molecules.13,25

We, and others, have recently designed and characterized a
large number of novel amphiphiles with the capacity to self-
assemble into 2D and 3D lyotropic liquid crystalline phases,
suitable for use as drug delivery systems.26�32 Here, evolving
structure�property relationships have been used to design a
series of 5-FU amphiphile prodrug analogues of Capecitabine
with the propensity to self-assemble into lyotropic liquid crystal-
line structure under physiological conditions.33 In the work
reported herein we build upon a previous communication33

introducing amphiphile 5-FC prodrugs. Elsewhere we have also
demonstrated that replacement of the short C5 pentyl chain
within the Capecitabine molecule with a longer C16 alkyl chain
(palmityl) altered the self-assembly behavior of the molecule.34

Namely, substitution of the pentyl chain by palmityl in the water-
soluble Capecitabine resulted in formation of a crystalline
lamellar phase under excess water conditions. We have shown
that this phase may be successfully dispersed into solid lipid
nanoparticles (SLNs). Herein we attempt to promote liquid
crystalline phase formation at room or physiological temperature
by substitution of the pentyl group at the N4 position with a
hydrophobic isoprenoid-like branched C16 alkyl chain, forming
5-FC phytanyl, 5-FCPhy, Figure 1. We present herein the
synthesis, physicochemical characterization of 5-FCPhy and
the in vitro cytotoxicity and in vivo efficacy of its self-assembled
amphiphile nanoparticles. Nanoassemblies of 5-FCPhy have

been shown to undergo the first enzymatic conversion step,
carboxylesterase hydrolysis to a 5-FC prodrug, at a much slower
rate than Capecitabine (e.g., 26 h vs 15 min for full conversion
under equivalent conditions).33 The formation of liquid crystal-
line nanoparticles with a concomitant reduction in the enzymatic
conversion rate, suggests potential for a sustained release of the
drug, and thereby a lower clearance rate and more effective
therapeutic properties.33,34

’EXPERIMENTAL PROCEDURES

General Method. Materials preparation, characterization meth-
ods, and in vitro and in vivo experimental methods are similar to
those described in refs 33 and 34 and are described briefly here. A
full experimental method is therefore provided in the Supporting
Information.

Thermogravimetric Analysis (TGA). The thermal decomposition
weight loss was measured in the range 25 to 500 �C with a heating rate
of 10 �C/min using aMettler Toledo thermogravimetric analyzer TGA/
SDTA 851e (Mettler Toledo, Switzerland).

Differential Scanning Calorimetry (DSC).DSC curves were obtained
using a Mettler Toledo (Mettler Toledo, Switzerland) differential
scanning calorimeter DSC822e equipped with a liquid nitrogen cooling
system. All scans were heated at a fixed heating rate of 10, 2.5, or 0.2 �C/
min. The enthalpy change associated with each thermal transition was
obtained by integrating the area of the relevant DSC peak. The transition
temperatures and energies were determined with the Mettler combined
STAR SW8.10 software.

X-ray Diffraction (XRD). XRD analysis was performed on a PANaly-
tical X0pert PRO X-ray diffractometer. A solid crystal sample was
compressed into a thin film of 1 cm2 area in the middle of a glass slide.
Samples were analyzed at room temperature over a range of 2�80� 2θ
with a step size of 0.05� 2θ, with each step measured for 60s.

Cross-Polarized Light Microscopy (Water Penetration Scans). An
initial assessment of the lyotropic mesophase behavior was carried out
using water penetration experiments. A small amount of neat amphiphile
was placed on a glass slide, and covered with a glass coverslip. Drops of
Milli-Q water, introduced to the edge of the coverslip, resulted in a
concentration gradient from pure amphiphile in the center to pure water
around the edges of the coverslip. The generated mesophases were
identified by their characteristic textures using an Olympus GX51
inverted polarizing microscope (Olympus Australia Pty.Ltd., Australia)
equipped with an Olympus C-5060 digital camera for image capture.

Small-Angle X-ray Scattering (SAXS). Excess water samples were
analyzed using an Anton-Paar SAXSess (Graz, Austria) with a PANaly-
tical PW3830 stand-alone X-ray generator operating at 40kv, 50mAwith
a sealed-tube Cu anode (λCu�KR = 0.154 nm). All measurements were
performed in the heating direction with equilibration times of 10 min at
each temperature.

All other samples were analyzed using the SAXS/WAXS beamline at
the Australian Synchrotron. The experiments used a beam of wavelength
λ = 0.80 Å (15.0 keV) with dimensions 700 μm� 500 μm and a typical
flux of 1.2 � 1013 photons/s. 2D diffraction images were recorded on a
Mar CX165 detector with analysis in the q-range 0.012�0.35 Å�1.

Preparation of Colloidal Dispersions. The dispersions 50-deoxy-5-
fluoro-N4-(phytanyloxycarbonyl) cytidine (5-FCPhy) were prepared by
a combination of sonication and extrusion. Neat prodrug containing
10% (wt/wt% lipid) of the triblock polymer stabilizer F127 was
dissolved in a small amount of absolute ethanol and then added dropwise
into milli-Q water with vigorous vortexing. The mixture was sonicated
for two hours using a benchtop sonicator and then extruded through a
series of polycarbonate (PC)membranes. The final concentration of the
5-FCPhy mixture was: 4.74% of 5-FCPhy, 0.45% F127, 9% ethanol, and
85.7% of water.

Figure 1. Chemical structure and energy minimized (space filling
model) of the amphiphile prodrug 5-FCPhy.
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Particle Size Distribution. Determination of the particle size distribu-
tion of the dispersions was carried out using dynamic light scattering
(DLS) analysis on a Zetasizer (nano zs, Malvern) equipped with a
He�Ne Laser (4mw, 633 nm) and an avalanche photodiode detector.
The size distribution was recorded by intensity.
Cryo-Transmission Electron Microscopy (Cryo-TEM). Cryo-TEM

Imaging was carried out using an FEI Tecnai 12 TEM, operating at
120 kV, equipped with a MegaView III CCD camera and Analysis
imaging software (Olympus Soft Imaging Solutions). The sample was
kept at a temperature of �180 �C and standard low-dose procedures
were used to minimize radiation damage.
Molecular Modeling. The energy minimum conformation of the

molecule was determined by Chem 3D Pro v11.0 (Cambridgesoft
Corporation) using its MM2 energy minimization routine. The theore-
tical molecular distances of the hydrophobic and hydrophilic parts are
determined from Sybyl 8.0 programs.
Cell Culture. The toxicity of the 5-FCPhy prodrug nanoparticles was

evaluated against seven different cell types: MCF-7 (human breast
cancer cell line; American Tissue Type Collection, USA), PC-3
(human prostate cancer cell line; kind gift from Prof. P. J. Russell,
Institute of Oncology, Prince ofWales Hospital, UNSW, Australia), 4T1
(murine breast tumor cell line; kindly supplied by Dr F. Miller, Michigan
Cancer Foundation, Detroit, MI, USA), HMEpiC (Primary human
mammary epithelial cells; ScienCell, USA), PZ-HPV7 (human prostate
epithelial cell line; kind gift fromProf. P. J. Russell, Institute ofOncology,
Prince of Wales Hospital, UNSW, Australia), HH (human hepatocytes;
ScienCell, USA), and MRC-5 (lung fibroblast cell line; ATCC, USA).
Antiproliferative Activity. Ten microliter aliquots of prodrug

were added to the cells listed above with a final amphiphile prodrug
concentration in five different logarithmic concentrations (100, 10, 1,

0.1, 0.01 μg/mL). The number of cells was determined by measuring
the conversion of a tetrazolium compound into a formazan product
by the mitochondria of living cells (CellTiter 96 AQueous One
Solution Cell Proliferation Assay, Promage, Australia). After ∼3 h
incubation with the reagent, the absorbance was read at λ = 490 nm
using a Wallac Victor 1420 multilable counter (Perkin-Elmer Life
Science).

In vivo Experiments. Female BALB/cmice were injected with 5� 104

4T1 cells/10 μL PBS into the second mammary fat pad on the right-
hand side. Mice were divided into 7 groups of 6 and administered the
following daily treatments for 21 days calculated based on a 20 g mouse:
0.5 mmol of 5-FCPhy, 0.25 mmol o 5-FCPhy, 0.1 mmol of 5-FCPhy,
0.5 mmol of Capecitabine, 0.25 mmol of Capecitabine, 0.1 mmol of
Capecitabine, or a 1.5 mg/mL solution of F127 in water. The length and
breadth of the tumors were measured and recorded on day 1, 4, 7, 14,
and 21 of drug administration. On day 22 of drug administration, mice
were euthanized. Blood was collected via cardiac puncture, followed by
removal of the tumor, liver, spleen, and kidney for histological analysis.
Lungs were injected with indium ink prior to removal to allow for
quantification of the number of lung metastases in each animal.

’RESULTS AND DISCUSSION

Structural Studies on the Neat Amphiphile. Differential
Scanning Calorimetry (DSC).At room temperature, neat 5-FCPhy
appears as a sticky, highly viscous mesomeric wax. DSC of neat
5-FCPhy displayed two step-like transitions indicative of glass
transitions (Tg) with onset temperatures at approximately �73
and 3.5 �C (Figure 2A). Tg values determined from DSC scans
are presented in Table 1. No detectable melting peak was
exhibited in the DSC trace at temperatures below the decom-
position temperature of 5-FCPhy, however, visual observations
on a sample heated from�20 �C on a hot stage showed a soften-
ing of the 5-FCPhy material at around 50 �C, which became a
mobile isotropic liquid above 70 �C (Table 1).
In general, the introduction of branched hydrocarbon chains

tends to lower the melting point and associated melting transi-
tion enthalpy, because of disruption of well-ordered packing of
the molecules. Amphiphiles with isoprenoid-type phytanyl
chains exhibit melting point transition temperatures significantly
lower than their n-alkyl chain counterparts.28,35�37

One possible explanation for the two apparent glass transitions
displayed by 5-FCPhy is that it may contain two amorphous
domains; a disordered (glassy) hydrophobic chain and a dis-
ordered (glassy) headgroup region, and that the two domains
undergo separate glass transitions. When supercooled below the
first glass transition temperature Tg1 (�73 �C), both the chain

Figure 2. (A) DSC curve of 5FCPhy measured at 2.5 �C/min showing
two glass transitions. (B) TGA trace (solid line) and 1st derivative curve
(dotted line) of neat amphiphile prodrug 5-FCPhy.

Table 1. DSC Scan Results Performed on Neat 5-FCPhy at
Heating Rate 2.5 �C/mina

DSCscan

rate

(�C/min)

1st glass transition Tg

onset (�C)
[midpoint (�C)]

2nd glass transition

Tg onset (�C)
[midpoint (�C)]

visual melting

point (�C)

2.5

�75.53 [�69.51] 3.80 [8.15]

53�68�66.31 [�66.38] 3.75 [7.20]

�73.36 [�68.95] 3.46 [7.56]
aThermal properties of three independent measurements of 5-FCPhy
observed by DSC included two glass transitions, one near�70 �C, the other
around 3 �C. Melting points obtained from visual observation are also listed.
By visual observations, neat 5-FCPhy appeared as a sticky solid at tempera-
tures below�20�C and became a clear sticky solid at ambient temperature.
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and headgroup domains are in an amorphous glassy state where
molecular motion is ‘frozen’. Upon heating to a temperature
range between the two Tgs (�73 to 3.5 �C), the hydrophobic
layer can move freely in a liquid state but the headgroup layer is
still locked in the frozen position. Further energy uptake at
temperatures above Tg2 (3.5 �C) enables the headgroups to
escape from the “frozen” mode, releasing the whole molecule
into a liquid state. Hence, the glass transitions in pure 5-FCPhy
observed upon heating involve mobility changes of the structural
units but not the structure itself. A similar trend was observed in a
chelating amphiphile, phytanyl ethylene diamine tetra acetic acid
(EDTA).38

Thermogravimetric Analysis (TGA). The change in weight of
the sample as a function of temperature ranging from 25 to 500 �C
and its first derivate curve are displayed in Figure 2B. Thermal
degradation of 5-FCPhy exhibited multiple, partially overlapping
processes accounting for 85.8% of the total weight loss. A minor
weight loss (�0.71%) is represented as the first peak in the first
derivative curve from 91 to 125 �C. Successive mass losses
occurred from 125 to 371 �C in three decomposition steps, with
mass losses of 5.9, 64.2, and 7.5%, respectively, accounting for
more than 77% of the total loss. A much slower process occurs
from 371 to 500 �C (�4.5%). Compared to the decomposition of
5-FCPalmityl (5-FCPal) (120 �C), the decomposition of
5-FCPhy (90 �C) begins at a much lower temperature.34 It was
also found that when exposed to sustained heating (i.e., incubation
in a 50 �C oven for three weeks), 5-FCPhy undergoes decom-
position as indicated by color changes and confirmed by UPLC
measurement (data not shown). Thus, temperatures should
remain below 90 �C during short-term processing of the 5-FCPhy
prodrug, whereas temperatures below 25 �Care preferred for long-
term storage of this material.
XRD and SAXS on Neat Amphiphile.Neat 5-FCPhy is a waxy,

sticky solid below 50 �C. The X-ray powder diffraction pattern
obtained for neat 5-FCPhy at 25 �C, Figure 3A, shows a single
broad peak in the wide angle region between 10 and 20 nm�1,
suggesting molten hydrocarbon chains. SAXS images obtained
on the same sample at 25, 37, 50, and 70 �C also show a broad
peak at a q-value of approximately 1.61 nm�1, indicative of a
weakly ordered material, Figure 3B. The presence of a weakly
ordered material is in agreement with DSC data indicating that
the second Tg occurs at ∼3.5 �C. Similar XRD diffraction
patterns have been observed by us for other amphiphile mol-
ecules containing phytanyl chains.38

Structural Studies on Hydrated Amphiphile. Water Pene-
tration Studies. Representative water penetration scans carried
out on 5-FCPhy are shown in Figure 4. Immediately following
water exposure, at 23 �C, an isotropic band was observed at the
water�surfactant interface, Figure 4A. The fast invasion rate of
this isotropic band suggested that this did not represent an
ordered lyotropic liquid crystalline phase but rather a rapid
uptake of water by the sample. This was confirmed by SAXS
experiments which, following overnight equilibration, showed a
very broad peak indicative of an amorphous material. After three
days equilibration at room temperature, another isotropic band
slowly formed and expanded into the interior of the sample,
Figure 4B. The high stiffness of this band suggests it is a cubic
phase. Increasing the temperature to 37 �C facilitated the
formation of this cubic isotropic band, Figure 4C. After further
incubation of 1 day, a texture characteristic of a coexisting hexa-
gonal phase was observed, Figure 4D. We suggest this represents
an inverse hexagonal phase based on the low hydration capacity

of the mesophase and resistance to increased dilution. Both
an increase in temperature and prolonged equilibration times
favored the conversion of the cubic phase to an inverse hexagonal
phase (HII). The HII phase progressively expanded into the neat
surfactant phase, Figure 4E, F, and after 11 days of equilibration
at 37 �C, the sample had completely converted to HII. The rate of
transition to the hexagonal phase can be accelerated to two days
bymaintaining the sample at 60 �C. This inverse hexagonal phase
remained unchanged up to 90 �C. The mesophase structures of
the isotropic band and the anisotropic band were confirmed to be
a cubic QII

D phase of Pn3m symmetry and a hexagonal HII phase,
respectively, via SAXS experiments and are discussed further in
the following section.
XRD and SAXS onHydrated Samples. SAXS experiments were

carried out across a range of water contents, in the temperature-
range 25�70 �C. Typical 1D diffraction patterns are shown in
Figure 5. The mesophase adopted and the associated lattice
parameters calculated from the SAXS measurements are given in
Table 2.
Theweakly orderedmaterial formed by neat 5-FCPhy at 25 �C

is retained up to the temperature at which sample decomposition
occurs. At a limited hydration of 9 wt % water SAXS data show a
broad peak indicative of a fluid micellar phase, Figure 5A.
Superimposed on the broad peak are two peaks at q-values of
1.820 and 1.904 nm�1 (25 �C) in the ratio

√
11:

√
12 marked

with an asterisk. These peaks are retained as the water content is

Figure 3. (A) XRD and (B) SAXS profile of neat 5-FCPhy.
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increased, although they smear out into a single broad peak
centered on a d-spacing of 32.9 Å by 30 wt % water. Peaks in this
ratio may correspond to the third and fourth order reflections of
an Fd3m phase. In this case no additional peaks corresponding to
an Fd3mphase are noted, although a diffuse hump is observed for
the 19 wt % water sample at a q-value of 1.555 nm�1 (25 �C), in
the expected position of the

√
8 reflection, marked with an

asterisk. In addition, the Fd3m phase is not generally observed for
binary lipid�water systems, rather for ternary systems consisting
of two lipids of different chain lengths, and water.39 Finally, the
intensity variation is not as expected for an Fd3m phase, where
the

√
11 peak is expected to be the most intense. We therefore

are unable to assign these peaks and suggest they represent a
partially ordered phase.
At water contents between 19 wt % (Figure 5B) and 40 wt %

(Figure not shown) the system adopts an inverse hexagonal HII

phase, in addition to the unidentified phase described above. The
lattice parameter of the HII phase decreases with increasing
temperature as expected. In addition the lattice parameter
increases with increasing hydration (Table 2).
For 5-FCPhy at 60 wt % water, a coexistence of QII

D and HII

phases was observed for equilibration times up to 39 days,
Figure 5C. Six characteristic Bragg diffraction peaks in the ratio
2:
√
3:
√
4:
√
6:
√
8:
√
9 are indexed as the 110, 111, 200, 211, 220,

211 reflections of a QII
D cubic phase (crystallographic space

group Pn3m). The lattice parameter of the cubic phase remains
constant upon further dilution (data not shown) indicating that
the cubic phase is in equilibrium with excess water. An additional
diffraction peak at a q value of approximately 1.2 nm�1 is
assigned as the first diffraction peak of a putative HII phase. As
only one peak is observed, assignment is based on comparison
with POM results as well as similarity in d-spacing to that
observed for the pure HII phase. Although a pure cubic phase was
seen using cross-POM this was not detected in the SAXS
measurements. At temperatures above 60 �C, a transition to a
fluid isotropic L2 phase is seen.
However with time, the system slowly transforms to produce a

pure HII phase. This process required up to two months at room
temperature. However we found that raising the equilibration
temperature to 60 �C for 2 days (premelting) with subsequent
equilibration at 25 �C could also produce a pure HII phase,
Figure 5D. Three distinct Bragg diffraction peaks in the ratio
1:
√
3:
√
4 are indexed as 100, 111, and 200 reflections of a 2D

hexagonal lattice. The HII phase is stable up to 70 �C and we note
that the 5-FCPhy-water system showed no detectable chemical
change via UPLC after two days equilibration at 60 �C. Note that
the UPLC system used, with dual UV and ELSD detectors, is highly
sensitive and can detect possible degradation of less than 0.1%. In

Figure 4. Water penetration scans of 5-FCPhy at varying temperatures and equilibration times. (A) 25 �C for 30 min. An isotropic band developed
quickly at the interface of neat 5-FCPhy and water. (B) 25 �C for 6 days. A new isotropic band is observed at the water interface. (C) 37 �C for 4 days. An
isotropic band is observed at the water interface. (D) 37 �C for 5 days. Four different regions exist, water, a birefringent region (HII), an isotropic phase,
and neat 5-FCPhy. (E) 37 �C for 11 days viewed through cross polarizers. The expansion of the HII phase is observed. (F) 60 �C for 2 days viewed
through cross polarizers. The whole sample has converted to HII phase. 100� magnification.
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line with the POM results the phase conversion rate from coexisting
cubic and hexagonal phase to a pure hexagonal phase is again found
to depend strongly on the equilibration temperature. The formation
of higher-order lyotropic liquid crystalline phases (such as those of
hexagonal or cubic symmetry) has been shown to be a kinetically
hindered process for several lipid systems.40,41

The lattice parameter of the QII
D and HII phases decrease with

increasing temperature, Tables 2 and 3. The reduction in lattice
parameter on heating reflects the increased degree of disorder in
the hydrocarbon chains with an increased interfacial curvature of

the bilayer and a concomitant reduction in unit cell size. The
surfactant�water penetration behavior of 5-FCPhy was similar
to other isoprenoid-type surfactants with the formation of cubic
phases and hexagonal phases at relatively low temperatures (at or
below ambient temperature).28,42

Nanoparticle Dispersion Characterization. Particle Size
Distribution. Kinetically stable colloidal particle dispersions
were produced from 5-FCPhy using a combination of hydrotrope
inclusion and extrusion. Because the neat prodrug 5-FCPhy is

Figure 5. 1D SAXS diffraction patterns for samples at various water contents, temperatures, and equilibration conditions. (A) 5-FCPhy (9% water)
without premelting, equilibrated at room temperature for 3 days. A diffuse peak corresponding to a L2 phase is observed. Superimposed on this peak are
unassigned peaks marked with an asterisk and discussed in the text. (B) 5-FCPhy (19% water) without premelting, equilibrated at room temperature for
3 days. The 1,

√
3, and

√
4 peaks of an inverse hexagonal HII phase are observed. Additional unidentified peaks are marked with an asterisk and discussed

in the text. (C) 5-FCPhy (60% water) without premelting equilibrated at room temperature for 3 days. The
√
2,
√
3,
√
4,
√
6,
√
8, and

√
9 peaks of a

QII
D phase (Pn3m symmetry) are indicated. An additional peak, marked with an asterisk is assigned as the putative first-order reflection of a HII phase.

(D) 5-FCPhy (40% water) premelted and equilibrated at 60 �C for 2 days. The 1,
√
3, and

√
4 peaks of an inverse hexagonal HII phase are indicated.

Table 2. Phase Behavior and Lattice Parameters of Neat and
Hydrated 5-FCPhy Determined from XRD and SAXS Ex-
periments; X, No Diffraction Observed

water content (% w/w)

0 9 19 30 40 60

temp (�C) HII HII HII QII
D HII

25 weakly ordered L2 46.5 46.0 57.9 80.0 59.5

30 weakly ordered L2 46.3 45.6 57.5 79.4 58.5

37 weakly ordered L2 45.5 45.1 57.0 78.0 57.6

40 weakly ordered L2 45.1 44.6 55.7 77.4 57.1

50 weakly ordered L2 44.2 X 55.8 76.4 56.7

55 weakly ordered L2 X X 55.6 X X

Table 3. In vitro IC50 Values of Capecitabine,7 5-FCPhy, and
5FUEvaluated in VariousNormal andCancer Cell Lines; ND:
Not Determined

IC50 (μMI)

cell culture 5-FCPhy Capecitabine 5-FU

MCF7 94 >200 13a

HMEpiC 99 >200 ND

PC3 97 >200 7

PZHPV7 70 >200 ND

4T1 11 100 ND

MRC5 91 >200 ND

HH 99 100 ND
aThis value was obtained from ref 7.
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sensitive to heating, no heating was used during the nanopar-
ticle dispersion preparation. For 5-FCPhy which forms a
coexistence of cubic QII

D and HII phases in the presence of
water, this method effectively produced a uniform dispersion.
The dispersions are stabilized against aggregation by the
addition of a nonionic triblock copolymer, Pluronic F127.
The size distribution of the nanoparticle dispersion formed
initially via hydrotrope inclusion and then followed by extru-
sion, is shown in Figure 6.
The 5-FCPhy dispersion appeared as an opaque, milky white

solution. Prior to membrane extrusion, two particle populations
were present ranging from 100 nm to few micrometers with two
peaks located at 250 nm and ∼1.1 μm respectively (Figure 6,
upper curve). The volume fraction of particles larger than 800 nm
occupied approximately 30% of the total volume of the particles.
This coarse dispersion was directly passed through polycarbo-
nate (PC) membranes for size reduction or subjected to weak
sonication for a few hours to further break down the macroscopic
particles and minimize the sample loss in the extrusion process.
After consecutive membrane extrusion (30 cycles of extrusion
per membrane of 1 μm, 800 nm, 400 nm, 200 nm and 100 nm
membranes), only a single population remained with a mean
particle size of 164 nm (Figure 6, lower curve). This demon-
strates that extrusion treatment is an effective method for
obtaining a uniform narrow size distribution for cubosomes
and hexosomes, as well as liposomes.
The 5-FCPhy dispersions were stable for a few weeks at 25 �C

in small aliquots. Stability was lower when stored in larger
volume vials. The aggregate can easily be redispersed upon
sonication or by passing through the extrusion membrane.
Cryo-TEM. Representative cryo-TEM images of 5-FCPhy

colloidal nanoparticles under different conditions are shown in
Figure 7. Similar to results obtained for bulk phase samples, the
phase behavior of the dispersion was found to depend on the
dispersion equilibration time and temperature. Samples equili-
brated at room temperature for 2 weeks, Figure 7A and B, showed
mostly cubosomes with very few hexosomes, as confirmed by fast
Fourier transform (FFT) measurements. The majority of cubo-
somes possess a spherical shape rather than a square facet. This
may be an artifact of the extrusion process; cubosomes with a

spherical rather than a cubic shape have been previously observed
for dispersions made by high shear techniques.43 Direct structur-
al evidence for the formation of cubosomes and hexosomes was
obtained using high resolution cryo-TEM, Figure 7C, D. An
individual cubosome structure is clearly seen in Figure 7C. When
dispersions were equilibrated at 37 �C for 2 weeks, Figure 7D,
structures characteristic of hexosomes were observed. Some
particles exhibited the hexagonally faceted shape similar to that
previously reported for a 2D projection of dispersed particles
with hexagonal symmetry. Other particles had a characteristic
multilamellar or fingerprint shape also indicative of hexosomes.44�47

The particle size distribution observed from Cryo-TEM is in
good agreement with DLS measurements.
SAXS on Nanoparticle Dispersions. As scattering from dis-

persed samples is weak, synchrotron SAXS was used to confirm
the presence of order in the dispersed phase. Figure 8 shows the
diffraction pattern obtained for a dispersion of 5-FCPhy in excess
water following two weeks equilibration at 25 �C. Two distinct
sets of well-defined diffraction peaks were seen corresponding to
coexisting QII

D and QII
G phases. The QII

D phase was assigned as
six peaks in the ratio

√
2:
√
3:
√
4:
√
6:
√
8:
√
9. Assignment of the

QII
G phase was based on only two peaks in the ratio

√
6:
√
8. The

lattice parameters of these phases were calculated as 78.5 Å for
the QII

D phase and 124.4 Å for the QII
G phase. Although

assignment of the QII
G phase is based on only two reflections

the ratio of lattice parameters a(QII
G)/a(QII

D) = 1.585 is close to
that predicted for coexisting QII

D and QII
G phases (the Bonnet

Ratio a(QII
G)/a(QII

D) = 1.576).48,49 The lattice parameter of the
QII

D phase is slightly smaller than that obtained for the bulk cubic
phase (80.3 Å) probably reflecting the addition of the polymer
and ethanol required to disperse the bulk cubic phase.
The phase adopted by the dispersed nanoparticles differs from

that of the bulk phase, where coexisting QII
D and HII phases

are observed, slowly transforming to a pure HII phase with time.
The formation of a coexisting QII

G phase for the dispersed
samples is note-worthy as theQII

G phase is typically not observed
under excess water conditions. However the behavior of dis-
persed nanoparticles has been shown inmany cases to differ from
the behavior of the bulk phase lipid. For example, Monoolein,
which forms aQII

D (diamond) cubic phase in the bulk phase forms
cubosomes of QII

P symmetry50 and phytanyl monoethanolamide,
which also forms a QII

D bulk phase, forms dispersed nano-
particles of cubic and hexagonal symmetry.28 We suggest that
the presence of the polymer used to disperse the system, along
with the dispersion process has resulted in a change in phase. It
has been documented that the self-assembly structure may be
influenced by the addition of such external molecules.44,51,52 In
addition, the QII

G phase has been observed for cubosome
systems that have not reached thermodynamic equilibrium,53

again suggesting that phase transitions for the 5-FCPhy system
may be kinetically hindered.
In vitro Toxicity. The 5-FCPhy nanoparticles and Capecita-

bine were examined for their toxicity against 7 different cell types
consisting of both normal cells and cancer cell lines (Table 3).
Capectabine is an effective chemotherapeutic agent which ex-
hibits low toxicity in its parent form, thus limiting unwanted
cytotoxic side effects. Because of the necessity of specific
enzymes localized to the liver and tumor tissue in vivo for
bioconversion of the prodrug to its active form, low toxicity in
vitro is expected.
In vitro toxicity results demonstrate that 5-FCPhy exhibits

slightly higher in vitro toxicity (IC50) than Capecitabine for all

Figure 6. Particle size distribution (diameter in nm) as determined by
dynamic light Scattering (DLS) of 5-FCPhy/F127/ethanol dispersions.
Upper curve represents the coarse dispersions formed directly using the
ethanol method. Bottom curve is the size distribution after size-
controlled membrane extrusion.
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cell types/lines examined. With the exception of the 4T1 cells
(IC50:11 μM), IC50 values for 5-FCPhy were between 70 and
90 μM for all cell types/lines. In contrast, IC50 values for
Capecitabine were greater than 200 μM (the highest concentra-
tion examined) for all cell types/lines except the 4T1 and HH,
which both had IC50 values of 100 μM. A two-step in vivo enzy-
matic activation process is needed to convert both 5-FCPhy and
Capecitabine to 5-FU. 5-FU exhibits an IC50 of 13 μM to the

MCF-7 cell line, which is 10-fold greater than 5-FCPhy. Re-
ported IC50 values for 5-FU range from 0.25 μM to 22 μM in a
variety of other human cancer cell lines.7 Thus, low toxicity of
5-FCPhy is expected in vitro. Because of the unique bioactivation
processes necessary to convert 5-FCPhy to its toxic form, it is
unlikely that any toxicity exhibited in vitro can be attributed to
the release of 5-FU from the prodrug form. Because of the
formulation of 5-FCPhy into the highly fluid nanostructured
nanoparticles, the in vitro toxicity can most likely be attributed to
the nature of the interaction between the amphiphilic particles
and the cell membrane. When a lipid containing nanoparticle
interacts with the lipid bilayer of a cell membrane, fusion and
lipid exchange can occur. If enough exchange occurs, disruption
to the cell membrane integrity can occur and cell death may
result. In the case of the 5-FCPhy nanoparticles, the hydrophobic
portion of the molecule contains a highly branched phytanyl
chain. The fluid nature of the nanoparticles could promote
membrane fusion and amphiphilic exchange, while the branched
nature of the hydrophobe may contribute to membrane instabil-
ity. If enough particles interact with a particular cell, membrane
integrity may fail and result in cell death. Because of the confined
two-dimensional, static nature of the in vitro environment, the
chances of this scenario occurring is much greater thus con-
tributing to the lower IC50 values seen for the 5-FCPhy nano-
particles versus Capecitabine in vitro. However, we caution that
these results are unlikely to be indicative of what may occur in the
dynamic in vivo environment.
In vivo Efficacy. The efficacy of 5-FCPhy nanoparticles to the

mouse 4T1 breast cancermodelwas assessed over a 21 day period at
three different dosages (0.1 mmol, 0.25 mmol, and 0.5 mmol/
mouse/day). For comparison, Capecitabine was administered at the

Figure 7. Cryo-TEM images and FFT (insets for A and B) of 5-FCPhy dispersions consisting of 4.74% 5-FCPhy, 0.45% F127, 9% ethanol, and 85.7%
water. (A, B)Overview of a dispersion equilibrated at 25 �C for 2 weeks. The FFT of the internal structure of the particle shows both cubic and hexagonal
arrangement. Typical examples of cubosomes (C) and hexosomes (D) obtained using a high-resolution FEI Tecnai 300F microscope equipped with a
Gatan Ultrascan 1000UHS CCD camera.

Figure 8. 1D Synchrotron SAXS diffraction pattern of a 5-FCPhy
dispersion containing 4.74% 5-FCPhy, 0.45% F127, 9% ethanol, and
85.7% water. The

√
2,
√
3,
√
4,
√
6,
√
8, and

√
9 reflections of a QII

D

cubic phase with Pn3m symmetry are seen. Two additional reflections in
the ratio

√
6:
√
8 are indexed as a QII

G cubic phase of Ia3d symmetry.
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same dosages to complementary groups of mice. A control group of
mice received only a solution containing the F127 polymer stabilizer
vehicle used in the particle formulation. Tumor volume was
calculated by the following formula: volume = (breadth �
length2)/2. This formula is commonly used to calculate tumor
volume for in vivo studies.54 Average tumor sizes for all treatment
groups are shown in Figure 9. On day 1 and day 4, tumors are
relatively small in size, and no trend in treatment efficacy is
visible. However, on day 7, a definite trend is visible in terms of
decreasing average tumor size with increasing dosages of both the
Capecitabine and 5-FCPhy treatment groups. Average tumor
sizes for animals receiving the 0.1 mmol dose of both the
5-FCPhy and Capecitabine was comparable to the control mice
receiving only the vehicle, indicating that this dosage was not
sufficient to elicit a chemotherapeutic effect. In contrast, on day
21, animals receiving 0.25 mmol of 5-FCPhy had an average
tumor size approximately 72% of those receiving both the control
0.25 mmol of Capecitabine and 84% of those receiving 0.5 mmol
of Capecitabine. Furthermore, animals receiving the 0.5 mmol
dose of 5-FCPhy had an average tumor size, which was less than
50% of the average tumor size in the control groups and 55% of
the tumor size in the 0.5 mmol Capecitabine group on day 21.
The average numbers of metastases seen in the lungs of the mice
in the different treatment groups are shown in Table 4. Because
of high variability, results are not statistically significant; however,
both the 0.5 mmol dose of Capecitabine and 5-FCPhy had the
lowest number of metastases, and numbers of metastases de-
creased in a dose-dependent manner.
The 0.5 mmol dose of 5-FCPhy display the highest efficacy of all

treatments examined in terms of both average tumor volume and
average numbers of lung metastases, however significance was only
reached in terms of an average tumor volume on day 21 for the 0.5
mmol 5-FCPhy treatment groups compared to the control group.
Small sampling size and the high variability which is inherent with
in vivo studies resulted in no other statistically significant results.
The formulation of 5-FCPhy in nanoparticulate formprovides some
advantages over Capecitabine. Enzymatic conversion of 5-FCPhy to

its active formoccurs at a significantly slower rate thanCapecitabine,
on the order of 26 h as compared to <15 min under equivalent
environmental con-
ditions.33 The slower conversion of 5-FCPhy may allow for a more
sustained delivery of 5-FCPhy thanCapecitabine, andmay not need
to be delivered as often asCapecitabine.Here, we have administered
5-FCPhy following a daily dosing regime; however, because of the
role of the internal nanostructure of the 5-FCPhy particles on its
enzymatic conversion, similar efficacy is likely to be achieved via a
less often dosing scheme. 5-FCPhy can also be tolerated at higher
dosages, and thus we may be able to improve efficacy further by
increasing the dosage. Additional in vivo studies are necessary to
properly establish the sustained release capability and optimal
dosage level of 5-FCPhy.

’CONCLUSIONS

The synthesis, neat and lyotropic self-assembly material
behavior, in vitro toxicity, and in vivo efficacy of an amphiphile
prodrug 5-FCPhy have been described. The introduction of a
branched isoprenoid-type hydrocarbon chain of phytanyl (3,7,
11,15-tetremethyl-hexadecyl), succeeded in promoting the for-
mation of inverse lyotropic liquid crystalline phases, as confirmed
by SAXS analysis. Inverse liquid crystalline phase formation
spanned a broad temperature and concentration range, with
the observed phases thermodynamically stable in excess water. The
bicontinuous cubic phase initially observed under excess water
conditions gradually transformed to an inverse hexagonal
phase upon prolonged equilibration. The rate of transforma-
tion may be increased by increasing the equilibration
temperature.

The formation of stable nanoparticles combined with its
chemical stability favor the applicability of 5-FCPhy as a self-
assembled slow release prodrug conjugate and a viable alternative
prodrug to Capecitabine. The in vitro toxicity of 5-FCPhy dis-
played similar toxicity levels to Capecitabine, and significantly
lower toxicity levels than 5-FU. The evaluation of 5-FCPhy for oral
delivery with in vivo experiments displayed a trend of increasing
efficacy with increasing dose level and improved efficacy over
Capecitabine, delivered at the same dosage. Thus, 5-FCPhy self-
assembled nanoparticles may be an alternative slow-release oral
chemotherapeutic treatment to Capecitabine, while simultaneously
capable of encapsulating other therapeutic agents, allowing for
synergistic effects against a broad range of cancers.
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bS Supporting Information. Synthesis of 5-FCPhy and ex-
perimental detail for TGA, DSC, XRD, cross-polarized light

Figure 9. Average tumor size over a 21 day period for mice receiving
either Capecitabine or 5-FCPhy nanoparticles at three different con-
centrations. Both drugs demonstrate improved efficacy in a dose
dependent manner, with the intermediate and high dosages of 5-FCPhy
exhibiting the smallest average tumor volumes at day 21. * 0.5 mmol
5-FCPhy significantly smaller than all other treatment groups.

Table 4. Average number of lung metastases in each treat-
ment group

treatment average no. of lung metastasis

control 10( 6

0.1 mmol Capecitabine 16.6( 13

0.25 mmol Capecitabine 7.8( 7

0.5 mmol Capecitabine 3.7( 6

0.1 mmol 5-FCPhy 22( 10

0.25 mmol 5-FCPhy 6.5( 5

0.5 mmol 5-FCPhy 2.2( 5
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microscopy, SAXS, preparation of colloidal dispersions, cryo-
TEM, molecular modeling, cell culture, antiproliferative activity
and in vivo experiments. This material is available free of charge
via the Internet at http://pubs.acs.org/.
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