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ABSTRACT
Purpose PEG-phospholipid-based micelles have been success-
fully used for the solubilization of several hydrophobic drugs but
generally lack sustained stability in blood. Our novel PEG-
Fluorocarbon-DSPE polymers were designed to increase stability
and improve time-release properties of drug-loaded micelles.
Methods Novel ABC fluorous copolymers were synthesized,
characterized, and used for encapsulation release of amphoter-
icin B. FRET studies were used to study micelle stability.
Results The micelles formed by the new polymers showed
lower critical micelle concentrations and higher viscosity cores
than those formed by the polymers lacking the fluorous block.
FRET studies indicated that fluorocarbon-containing micelles had
increased stability in presence of human serum. Physicochemical
properties and in vitro release profile of micelles loaded with
Amphotericin B (AmB) were studied.
Conclusions The effect of PEG length and fluorocarbon
incorporation were investigated. The shorter hydrophilic
PEG2K induced greater stability than PEG5K by decreasing
the proportion of hydrophilic block of the polymer. The
fluorocarbon placed between hydrophilic and hydrophobic

block formed a fluorous shell contributing to the enhanced
thermodynamic stability of micelles and to the drug sustained
release. Polymer mPEG2K-F10-DSPE, bearing both a fluoro-
carbon block and a shorter mPEG, showed the greatest
stability and the longest half-life for AmB release.

KEY WORDS Amphotericin B . drug delivery . fluorous .
polymeric micelle . stability

ABBREVIATIONS
AmB Amphotericin B
CMC critical micelle concentration
DiIC18(3) 1,1-dioctadecyl-3,3,3,3-tetramethylindocarbo-

cyanine perchlorate
DiOC18(3) 3,3-dioctadecyloxacarbocyanine perchlorate
DSPE 1,2-distearoyl-sn-glycero-3-phosphoethanolamine
FRET Förster resonance energy transfer
mPEG methoxy-capped poly(ethylene glycol)
P3P 1,3-(1,1′-dipyrenyl) propane
PEG poly(ethylene glycol)
PEG2K poly(ethylene glycol) of an average molecular

weight of 2,000
PEG5K poly(ethylene glycol) of an average molecular

weight of 5,000

INTRODUCTION

Amphiphilic block copolymers that assemble into micelles or
liposomes in aqueous solutions are commonly studied in the
field of drug delivery. Micelle-based drug delivery systems
made from amphiphilic block copolymers, which self-
assemble into structures with hydrophobic cores and hydro-
philic exteriors, have proven to be an attractive method of
delivering poorly soluble drugs (1,2). The hydrophobic drug
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can be encapsulated in the core while the hydrophilic
portion provides the necessary water solubility for the system.
This allows the solubilization of sparingly soluble drugs as
well as an increase in bioavailability. Poly(ethylene glycol),
PEG, has been the most common hydrophilic block because
of its ability to be strongly hydrated, its high conformational
flexibility, and its remarkable biocompatibility (2). The inner
hydrophobic block has shown greater variability depending
on the system being studied, but phospholipids such as DSPE
have been extensively studied (3–6).

The stability of a micelle, measured by its critical micelle
concentration (CMC), is an important consideration in
drug delivery systems (7). Aggregates with relatively high
CMCs, such as low-molecular-weight surfactants, are
unstable upon strong dilution, such as during intravenous
administration into the bloodstream. Polymeric micelles are
characterized by greater thermodynamic stability, as evi-
dent by lower CMCs, than smaller surfactants. However, in
order for a micelle to be successful as a delivery vessel, it
must be kinetically stable in the presence of blood proteins,
such as albumin. Dissociation due to binding by hydropho-
bic blood proteins has been shown to be the main
mechanism with which micelles are dissociated in the
bloodstream; moreover, recent studies have shown that
poly(ethylene glycol)-block-poly(caprolactone) and poly(eth-
ylene glycol)-block-poly(D,L-lactic acid) micelles lose their
integrity in serum mimicking conditions (8,9). An additional
concern raised in some release studies of physically
entrapped drugs is the sudden release, or burst, of drugs
once the micelle reaches the tumor (10). A slower, sustained
release of the drug from the conjugate micelles can result in
a prolonged effect period against cancer cells, reduce the
required amount of drug, and even depress toxic side effects
in humans (11). Chemical cross-linking of either the
exterior shell or the core-shell interface or the micelle core
has been investigated for the purpose of increasing the
stability of polymer micelles in blood (12–15). However, the
complexity of cross-linking processes, the possible degener-
ation of loaded drugs during cross-linking processes, and
drug release problems due to the cross-linked core limit the
wide application of these methodologies (12). Increasing the
hydrophobicity of the interior of the micelle normally leads
to lower CMCs, indicating greater thermodynamic stabil-
ity, and thus slower drug release, while a polymer resistant
to blood protein binding will show increased circulation.

Since hydrophobic blocks are required to obtain stable
micelles, we decided to explore the incorporation of perfluor-
ocarbons into drug delivery systems. Fluorous compounds are
characterized by both lipophobicity and extreme hydropho-
bicity, also known as fluorophilicity (16). Fluorocarbons tend
to be chemical and biologically inert, have high gas
solubilities, and show a strong tendency to form highly stable
self-assemblies (17). Fluorocarbons have been investigated for

oxygen transport, using neat perfluorooctyl bromide (18) and
using fluorocarbon-based emulsions (19,20). Numerous
fluorinated colloids have been investigated as drug delivery
systems, using fluorocarbon emulsions stabilized by
fluorocarbon-hydrocarbon diblocks as the surfactant (21).
Recent studies have used fluorocarbon emulsions as delivery
vessels using in vivo monitoring of the delivery system by
19F MRI (22). It is noteworthy to point out that a fluorous
segment should not participate in the encapsulation of
hydrophobic drugs due to the lipophobic properties of the
fluorocarbon. Incorporation of fluorous segments into
polymeric micelles should enhance thermodynamic stability
by increasing hydrophobicity of the micelle core, while
kinetic stability will be enhanced by the lipophobic fluorous
segment by reduced binding to blood proteins.

The model drug chosen for this study was the hydrophobic
antifungal Amphotericin B (AmB), as similar PEG-
Phospholipid systems have incorporated AmB and shown
moderate success (23–25). AmB is the drug of choice for
treating systemic fungal infections (26). However, its poor
water solubility and systemic toxicity have limited its clinical
effectiveness (27). AmB toxicity is likely related to the relative
aggregation state of the drug (28–31). Liposomal and
micellar formulations have been shown to encapsulate and
disaggregate AmB (25,32). Slow, sustained release of
monomeric AmB would be beneficial, as clinical research
has shown a continuous infusion of AmB over 24 h is better
tolerated than a standard 2–4 h infusion (33–36). Addition-
ally, dose-related nephrotoxicity of AmB has been shown to
limit higher dosages or longer durations of therapy (37).

In this study, we have synthesized novel micelle-forming
amphiphilic block copolymers, mPEG2K-F10-DSPE and
mPEG5K-F10-DSPE, and characterized their physico-
chemical properties. We have prepared micelles of these
polymers and the commercially available mPEG2K-DSPE
and mPEG5K-DSPE and explored the encapsulation and
release properties of AmB from these polymers. Micelle
stability was examined in buffer and in human serum.

MATERIALS AND METHODS

Materials

AmBwas purchased from Alpharma (Copenhagen, Denmark).
1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE), 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy
(polyethylene glycol)-2000] (mPEG2K-DSPE) and 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly-
ethylene glycol)-5000] (mPEG5K-DSPE) were purchased from
Avanti Polar Lipids Inc. Polyethylene glycol monomethyl ether
with average molecular weights of 2,000 and 5,000 (mPEG2K
andmPEG5K respectively) were purchased fromSigmaAldrich
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(St. Louis, MO, USA) (Alabaster, AL, USA). 1,3-(1,1′-
dipyrenyl) propane (P3P) was obtained from Invitrogen
(Eugene, OR, USA). 1H,1H,12H,12H-Perfluoro-1,12-dodec-
anediol was purchased from SynQuest Laboratories Inc.
(Alachua, FL). Human serum was obtained from Innovative
Research (Novi, MI, USA). All solvents were of ACS grade or
higher and were purchased from Sigma-Aldrich Inc. (St. Louis,
MO, USA) or Fisher Scientific (Hanover Park, IL, USA). All
other reagents were purchased from Sigma Aldrich Co. (St.
Louis, MO, USA) and used as received, unless otherwise
mentioned. Chromatographic separations were performed
using Silicycle 60Å SiO2. Fluorous separations used Fluoro-
Flash® 40 μm silica. 1H and 19F NMR spectra were obtained
on Varian VI-400 and VI-500 spectrometers using deutero-
chloroform (CDCl3) or deuterated acetone (CD3COCD3) as
solvents, and TMS as internal reference. Polymer purity was
analyzed by HPLC with a Gilson 321 Pump (Middleton, WI)
equipped with Jordi Gel DVB 500Å (Bellingham, MA)
column and a Gilson Prep-ELS detector. Particle sizes were
determined by dynamic light scattering (DLS, NICOMP
380ZLS, Particle Sizing Systems, Santa Barbara, CA). CMCs
were determined by surface tension measurement (Sigma 700,
KSV Instruments, Helsinki, Finland).

Polymer Synthesis

mPEG2K-OMs

To a solution of mPEG2K-OH (20.33 g, 10.10 mmol) in
dichloromethane (DCM, 125 ml) under Ar was syringed
triethylamine (Et3N, 3.50 ml, 25.1 mmol) followed by
methanesulfonyl chloride (MsCl, 1.56 ml, 20.1 mmol) and
solution stirred at room temperature overnight. After 16 h
reaction deemed complete by NMR, and reaction was
washed with concentrated ammonium chloride (NH4Claq,
50 ml), dried over magnesium sulfate (MgSO4), and volume
reduced to 50 ml under vacuum. Solution was then
precipitated with diethylether at 0°C and collected by
filtration. Precipitate was resuspended in DCM (200 ml)
and washed with concentrated sodium bicarbonate (NaH-
CO3aq, 100 ml) and volume reduced to 10 ml in vacuo.
Benzene (10 ml) was added and solution frozen in dry
ice/acetone bath and dried overnight under vacuum to give
16.17 g (7.730 mmol, 76.6%) fluffy white solid. 1H NMR
(500 MHz,CDCl3): δ 4.39 (m, 2H), 3.82 (t, J=4.8 Hz, 2H),
3.77 (t, J=4.8 Hz, 2H), 3.71–3.61 (m, ~166H), 3.55
(t, J=4.8 Hz, 2H), 3.46 (t, J=4.8 Hz, 2H), 3.38 (s, 3H),
3.09 (s, 3H).

mPEG2K-F10-OH

In a typical reaction, to a flame-dried flask was added
mPEG2K-OMs (3.861 g, 1.781 mmol) and HO- F10-OH

(2.086 g, 3.711 mmol) under an Ar atmosphere. Solids were
dissolved in anhydrous dioxane (25 ml) followed by addition
of sodium hydride (NaH, 200 mg, 8.3 mmol), flask fitted
with condensor and refluxed under Ar. After 24 h, additional
100 mg NaH added, and reaction continued to reflux for
additional 24 h. Reaction was cooled to room temperature
and solvent removed in vacuo. Residue was taken up in DCM
and washed with NH4Claq, then brine, dried over MgSO4,
and dried in vacuo. Crude product purified by flash
chromatography with fluorous silica. Sample was loaded in
70% MeOH/H2O, eluted until no PEG seen by I2
visualization, and product eluted with THF. THF removed
under vacuum. Solid was then dissolved in DCM (10 ml) and
benzene (10 ml), frozen in dry ice-acetone bath and dried
overnight under vacuum to yield 1.118 g (0.437 mmol,
24.5%) while solid. 1H NMR (400 MHz,CDCl3): δ 4.08
(t, J=13.4 Hz, 2H), 4.05 (t, J=13.4 Hz, 2H), 3.80 (m, 4H),
3.71–3.61 (m, ~166H), 3.55 (t, J=4.8 Hz, 2H), 3.46 (t, J=
4.8 Hz, 2H), 3.38 (s, 3H). 19F NMR (376 MHz, CDCl3): δ -
117.2 (m, 2F), -120.0 (m, 2F), -122.2 (m, 10F), -122.4
(m, 2F), -122.8 (m, 2F), -123.9 (m, 2F).

mPEG2K- F10-DSPE

In a typical reaction, to a flame-dried flask charged with
acetonitrile (ACN, 25 ml) was added mPEG2K- F10-OH
(2.530 g, 0.989 mmol) along with 4Å powdered molecular
sieves (0.50 g). N,N′-disuccidimidyl carbonate (DSC, 2.512 g,
9.806 mmol) was added, flask sealed under Ar, pyridine
(2.40 ml, 29.7 mmol) syringed in, and flask stirred for 1.5 h
at room temperature. Solution was precipitated with ice-cold
ether, filtered, and precipitate collected with warm toluene
(45°C). Solvent removed in vacuo to yield white solid, which
was added to a thick-walled reaction flask along with 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine (903.1 mg,
1.201 mmol) and DCM (25 ml). Et3N (420 μl, 3.01 mmol)
was syringed in, flask flushed with Ar and quickly sealed and
allowed to stir in 80°C oil bath for 25 min. Flask allowed to
cool to room temperature, then reaction quenched with
acetic acid (AcOH, 170 μl, 2.97 mmol) and solvent removed
under vacuum. Purification was accomplished by flash
chromatography (10:1 ammoniacal chloroform,
CHCl3*NH3,:MeOH). Product lyophilized from benzene to
yield 1.805 g (0.541 mmol, 45.1%) fluffy white powder. 1H
NMR (500 MHz,CDCl3): δ 7.05 (br s, 2H), 5.22 (m, 1H),
4.58 (t, J=14.0 Hz, 2H), 4.39 (dd, J=12.1, 3.2 Hz, 1H) 4.15
(dd, J=12.1, 7.1 Hz, 1H), 4.04 (t, J=14.0 Hz, 2H), 3.97 (m,
4H), 3.78 (m, 2H), 3.71–3.61 (m, ~166H), 3.55 (m, 2H),
3.50 (m, 1H), 3.34 (m, 1H), 3.38 (s, 3H), 3.13 (m, 2H), 2.28
(t, J=7.7 Hz, 2H), 2.27 (t, J=7.7 Hz, 2H), 1.59 (m, 4H),
1.26 (br m, 56H), 0.88 (t, J=6.9 Hz, 6H). 19F NMR
(376 MHz, CDCl3): δ -120.0 (m, 2F), -120.3 (m, 2F), -122.1
(m, 8F), -122.4 (m, 4F), -123.7 (m, 2F), -123.8 (m, 2F).
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mPEG5K-OMs

In a typical reaction, to a flask of mPEG5K-OH
(22.383 g, 3.772 mmol) in DCM (125 ml) under Ar
was added Et3N (1.30 ml, 9.33 mmol) followed by MsCl
(600 μl, 7.72 mmol), and flask stirred at room temperature
for 24 h. Solution diluted to 500 ml with DCM then
washed with NH4Claq (2×300 ml), brine (300 ml), dried
over MgSO4, filtered, and solvent removed in vacuo to
yield 20.60 g (3.426 mmol, 90.8%). 1H NMR (500 MHz,
CDCl3): δ 4.39 (m, 2H), 3.82 (t, J=4.8 Hz, 2H), 3.78
(m, 4H), 3.71–3.61 (m, ~440H), 3.56 (m, 2H), 3.50
(m, 2H), 3.38 (s, 3H), 3.09 (s, 3H).

HO- F10-OBn

In a typical reaction, to a solution of HO- F10-OH
(17.364 g, 30.897 mmol) in DMF (100 ml) under Ar was
added crushed KOH (1.79 g, 31.9 mmol). Benzyl bromide
(BnBr, 1.22 ml, 10.3 mmol) was then syringed into flask and
solution stirred for 12 h. Reaction was filtered and solvent
removed in vacuo. Residue taken up in ethyl acetate and
washed with saturated ammonium chloride, aqueous layer
extracted twice with ethyl acetate, and combined organics
volume reduced to minimal under vacuum. Crude solution
purified by flash chromatography (hexanes/ethyl acetate,
9:1–3:1) to yield 4.10 g (6.28 mmol, 61.0% based on BnBr).
Also recovered was 11.01 g HO- F10-OH (19.59 mmol) as
well as 1.68 g BnO- F10-OBn (2.26 mmol). 1H NMR
(400 MHz,CD3COCD3): δ 7.39 (m, 5H), 5.20 (t, J=
7.2 Hz, 1H), 4.77 (s, 2H), 4.21 (t, J=14.0 Hz, 2H), 4.19
(td, J=14.0, 7.2 Hz, 2H). 19F NMR (376 MHz, CDCl3): δ -
120.3 (m, 2F), -122.7 (m, 10F), -123.0 (m, 4F), -124.2
(m, 2F), -124.4 (m, 2F).

mPEG5K- F10-OBn

In a typical reaction, to a solution of mPEG5K-OMs
(11.319 g, 1.882 mmol) in anhydrous THF (500 ml) was
added HO- F10-OBn (3.085 g, 4.731 mmol) followed by
sodium hydride (1.0 g, 41 mmol) as THF slurry. Flask was
then fitted with a condenser and refluxed for 16 h. Reaction
mixture was then quenched with water dropwise and
filtered, and solvent was evaporated. Crude solid was
purified by column chromatography (DCM/MeOH, 1:0–
10:1) to afford 8.01 g (1.22 mmol, 64.6%) of an off-white
solid. 1H NMR (500 MHz,CDCl3): δ 7.34 (m, 5H), 4.67
(s, 2H), 4.04 (t, J=13.5 Hz, 2H), 3.94 (t, J=13.5 Hz, 2H),
3.78 (m, 4H), 3.70–3.60 (m, ~440H), 3.55 (m, 4H), 3.49
(m, 4H), 3.38 (s, 3H). 19F NMR (376 MHz, CDCl3): δ -
119.7 (m, 4F), -122.2 (m, 8F), -122.4 (m, 4F), -123.7
(m, 4F).

mPEG5K- F10-OH

In a typical reaction, mPEG5K- F10-OBn (8.01 g,
1.22 mmol) was dissolved in methanol (250 ml) under Ar
atmosphere and 5% Pd/C (512 mg) added and reaction
allowed to stir under H2 (1 atm). After 72 h, reaction was
filtered through celite and solvent evaporated. Off-white
solid was dissolved in minimal DCM and precipitated with
ice cold ether, then dissolved in minimal THF and again
precipitated with ice cold ether to afford 7.07 g (1.09 mmol,
89.5%) white solid. 1H NMR (500 MHz,CDCl3): δ 4.07
(t, J=13.5 Hz, 2H), 4.04 (t, J=13.5 Hz, 2H), 3.78 (m, 4H),
3.70–3.60 (m, ~440H), 3.55 (m, 4H), 3.49 (m, 4H), 3.38 (s,
3H). 19F NMR (376 MHz, CDCl3): δ -120.1 (m, 2F), -122.2
(m, 8F), -122.4 (m, 4F), -122.6 (m, 2F), -123.9 (m, 4F).

mPEG5K- F10-DSPE

In a typical experiment, mPEG5K- F10-OH (7.06 g,
1.09 mmol) and DSC (2.55 g, 9.95 mmol) were dissolved
in anhydrous ACN (50 ml) under Ar atmosphere. Pyridine
(3.0 ml, 37.1 mmol) syringed into reaction flask and
solution stirred for 1.5 h. Reaction mixture was diluted
with ACN (50 ml) and precipitated with ice-cold ether. This
solid was quickly dissolved in anhydrous DCM (30 ml) and
transferred to thick-walled reaction flask. DSPE (928 mg,
1.24 mmol) was added, followed by Et3N (300 μl,
2.15 mmol), flask flushed with Ar, sealed, and heated in
85°C oil bath for 30 min. Reaction was filtered through
celite, purified by column chromatography (CHCl3*NH3/
MeOH, 10:1) and lyophilized to afford 454 mg
(.0623 mmol, 30.4%) white powder. 1H NMR (500 MHz,
CDCl3): δ 7.05 (br s, 2H), 5.22 (m, 1H), 4.58
(t, J=14.0 Hz, 2H), 4.39 (dd, J=12.1, 3.2 Hz, 1H) 4.15
(dd, J=12.1, 7.1 Hz, 1H), 4.04 (t, J=14.0 Hz, 2H), 3.97
(m, 4H), 3.78 (m, 2H), 3.71-3.61 (m, ~440H), 3.55 (m, 2H),
3.50 (m, 1H), 3.34 (m, 1H), 3.38 (s, 3H), 3.13 (m, 2H), 2.28
(t, J=7.7 Hz, 2H), 2.27 (t, J=7.7 Hz, 2H), 1.59 (m, 4H),
1.26 (br m, 56H), 0.88 (t, J=6.9 Hz, 6H). 19F NMR
(376 MHz, CDCl3): δ -120.1 (m, 2F), -120.3 (m, 2F), -122.1
(m, 8F), -122.3 (m, 4F), -123.7 (m, 2F), -123.8 (m, 2F).

Measurement of Surface Tension

Measurements of surface tension were performed with a
KSV Sigma 701 tensiometer (KSV Instruments, Helsinki,
Finland) using a roughened platinum rod with a diameter
of 1.048 mm and wetted length of 3.248 mm. Prior to each
run the rod was submerged in absolute ethanol and then
flame-dried until rod was glowing orange-red. After flame-
drying, the rod was hung on the instrument and allowed to
cool for several minutes. As a control, the surface tension of
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double-distilled water (Millipore water) was measured.
Polymer solutions, each composed of varying concentra-
tions of polymer, and Millipore water were prepared in the
vessel with a diameter of 20 mm and a height of 40 mm.
Measurements were made in quadruplet, from lowest to
highest polymer concentration, at a constant temperature
of 25°C. The average surface tension was plotted against
the logarithm of polymer concentration to measure the
critical micelles concentration (CMC). The surface excess of
nonionic surfactants was calculated using the Gibbs
adsorption isotherm:

*max ¼ � 1
RT

@g
@ lnC

� �

where Гmax is the surface excess concentration at CMC
(mole/m2), R is the universal gas constant, T is the absolute
temperature, γ is the surface tension and C is the surfactant
concentration. The minimum area per molecule, Amin (Å

2),
at the interface was calculated as

Amin ¼ � 1020

NA*max

where NA is the Avogadro number (38).

Preparation of AmB-Loaded Micelles

Micelles were prepared using a solvent evaporation
method. AmB stock solution was generated by dissolving
AmB in methanol, aided by sonication, at a concentration
of 250 μg/mL. Polymer was dissolved in 1 mL of AmB
stock solution to achieve a final concentration of 2.4×
10−3 M. Methanol was evaporated at 65ºC under reduced
pressure on a rotary evaporator to produce a thin film of
AmB and polymer. The thin film was rehydrated with
1 mL of PBS buffer (pH 7.4) heated at 65°C with gentle
agitation, and the flask was rotated at room temperature for
10 min. Sample was then filtered through 0.45 μm nylon
syringe filters to remove any insoluble precipitate.

Measurement of Core Microviscosity

The relative microviscosity of the micelle core was estimated
from the intensity ratio (IM/IE) of monomer and excimer
emission of 1,3-(1,1′-Dipyrenyl)-propane (P3P) at 376 and
480 nm, respectively, in response to excitation at 333 nm
(39–41). P3P was dissolved in chloroform and in amber vials
to achieve a final P3P concentration of 2×10−7 M.
Chloroform was then evaporated and replaced with 3 mL
of polymeric micelles solution in PBS buffer (pH 7.4) at a
concentration of 2×10−4 M. Samples were sonicated at 65°C
for an hour and cooled to room temperature for 12 h.

Emission spectra were obtained at 22°C on an AMINCO-
Bowman Series 2 Luminescence Spectrometer (Thermo
Electron Corp., Madison, WI, USA).

Förster Resonance Energy Transfer (FRET)
Spectroscopy

Briefly, polymer was dissolved in methanol in 50 mL
round-bottom flasks at a 1.7×10−4 M concentration. 4.6 μg
of DiOC18(3) and 4.4 μg of DiIC18(3) were added to
achieve final concentrations of 5 μmol. Methanol was
evaporated at 65ºC under reduced pressure on a rotary
evaporator to produce a thin film of DiOC18(3), DiIC18(3)
and polymer. The thin film was rehydrated with 1 mL of
PBS buffer (pH 7.4) heated at 65°C with gentle agitation,
and the flask was rotated at room temperature for 10 min.
Sample was then filtered through 0.45 μm nylon syringe
filters to remove any insoluble precipitate. FRET experi-
ment was performed by using AMINCO-Bowman Series 2
Luminescence Spectrometer (Thermo Electron Corp.,
Madison, WI, USA). The detector high voltage was
adjusted for 50% of a maximum output signal. The sample
was excited at 484 nm, and emission spectra were measured
from 495 to 600 nm. One hundred microliter of the micelle
was mixed with 1.9 mL of human serum, and the mixture
was incubated at room temperature. Fluorescence emission
was measured after vigorous agitation every 20 min for 2 h.
To remove baseline noise due to human serum, fluores-
cence of empty micelles in the presence of human serum
was also measured and subtracted from the spectra. The
stability change of FRET probes-loaded micelles was
monitored by calculating the FRET ratio:

FRET ratio ¼ IR
IG þ IR

where IR and IG are the peak fluorescence intensities of
DiIC18(3) and DiOC18(3) at 565 and 501 nm, respectively,
at t min in response to excitation at 484 nm. FRET ratio at
each time point was normalized to the initial FRET ratio.

Quantification of AmB Loading in Micelles

The content of AmB loaded in the micelle was quantified
by reverse phase HPLC. The HPLC system used for
quantifying was a Shimadzu prominence HPLC system
(Shimadzu, Japan), consisting of a LC-20AT pump, SIL-
20 AC HT autosampler, CTO-20 AC column oven and a
SPD-M20A diode array detector. A 100-μL aliquot of
micelle solution was mixed with 900 μL of methanol, and
10 μL of the mixture was injected into a C8 column
(Agilent XDB-C8, 4.6×150 mm), eluting with an isocratic
mixture of 90% methanol containing 5% of acetic acid and
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10% Millipore water containing 5% acetic acid. The run
time was 3 min, the flow rate was 1.0 mL/min and the
detection was at 409 nm. AmB eluted at 1.98 min.

Dynamic Light Scattering (DLS) Measurements
of Micelles

Micellar size was determined by dynamic light scattering
using a ZETASIZER Nano-ZS Malvern Instruments Inc.,
Worcestershire, UK) equipped with He-Ne laser (4 mW,
633 nm) light source and 173° angle scattered light
collection configuration. Micelle was diluted in Millipore
water, and the sample was equilibrated for 2 min at 25°C

before measurements. The final polymer concentration was
approximately 2.4×10−4 M. The hydrodynamic diameter
of micelle was calculated based on the Stokes–Einstein
equation. Correlation function was curve-fitted by a
Cumulants analysis method to calculate mean size and
polydispersity index (PDI). All measurements were per-
formed in triplicate, and volume-weighted particle sizes are
presented as the average diameter with standard deviation.

In Vitro Release Profiles of AmB from Micelles

The release profile of AmB from micelle was evaluated by a
dialysis method. After micelle preparation, each sample was

Scheme 1 Synthesis of mPEG5K-F10-DSPE triblock copolymer.

Scheme2 SynthesisofmPEG2KF10-
DSPE triblock copolymer.
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diluted with PBS buffer (pH 7.4) for a concentration of
0.2 mg/mL AmB. A volume of 2 mL of the prepared sample
was loaded into a 3 mL Slide-A-Lyzer® (Thermo Scientific
Inc.) dialysis cassette with a MWCO of 10,000 g/mol. Four
cassettes were used in each experiment. The cassettes were
placed in 3.0 L of PBS buffer (pH 7.4), which was changed
every 3 h until 12 h and then every 12 h until 240 h to ensure
sink conditions for AmB and polymer. To prevent drug
degradation, 20 μg/mL propyl gallate was added. A sample of
100 μLwas drawn from each cassette at various sampling time
intervals and then replaced with 100 μL of fresh buffer. The
sampling time intervals were 0, 0.5, 2, 3, 6, 9, 12, 24, 36, 48,
72, 96, 120, 144, 168, 192, 216 and 240 h. Curve-fitting
analysis using one phase exponential association was used to
calculate the half-life (t1/2) of drug for in vitro drug release
experiments. The amount of AmB in each sample was
quantified by HPLC as per the “Quantification of AmB
Loading in Micelles” section.

Data Analysis

Linear regressions were preformed to calculate CMC.
Curve-fitting analysis using one phase exponential associa-
tion was used to calculate the half-life (t1/2) of DiIC18(3) and
DiOC18(3) in FRET experiments and AmB in in vitro drug
release experiments. Comparisons between different sample
sets were made using Student’s t-test. These analyses were
performed using GraphPad Prism (version 5.01; GraphPad
Software, San Diego, CA, USA).

RESULTS AND DISCUSSION

Polymer Synthesis

The synthetic scheme for mPEG5K- F10-DSPE is shown in
Scheme 1. The first step was the monoprotection of the

Table I Surface Active Properties of Polymers

Polymer CMC (M) γCMC (mN/m) 106 Γmax (mol/m2) Amin (Å
2) IM/IE Diameter (nm)

mPEG2K-DSPE 1.38×10−5 57.35 2.12×10−6 78.35 5.69±0.29* 12.44±0.15

mPEG2K-F10-DSPE 8.45×10−6 51.07 5.88×10−6 28.26 9.30±0.38 12.35±0.19

mPEG5K-DSPE 1.40×10−4 55.31 7.67×10−7 217.72 4.89±0.15* 18.62±0.57

mPEG5K-F10-DSPE 2.94×10−5 51.19 1.28×10−6 129.90 7.44±0.42 19.97±0.55

*Denotes statistical significance at p<0.05

Fig. 1 Surface tensions versus log
concentration plot for (a)
mPEG2K-DSPE; (b) mPEG2K-
F10-DSPE; (c) mPEG5K-DSPE; (d)
mPEG5K-F10-DSPE. The results
were expressed as mean±S.D.
(n=4).
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fluorous diol, HO- F10-OH. The rigidity of the fluorous
molecule made selective protection impossible; therefore,
statistical mono-benzylation was the best route. Due to the
higher cost of the fluorous starting material, the most
efficient path found was to use a 3:1 ratio of diol to benzyl

bromide, giving only a small amount of di-benzylated
product. This way, after purification of the desired mono-
benzylated molecule, unreacted HO- F10-OH could imme-
diately be recycled and subsequently protected. The di-
benzylated product could also be deprotected, purified, and
recycled to regenerate the fluorous diol. The PEG mesylate
was then made and reacted with HO- F10-OBn and sodium
hydride in THF to give the diblock, mPEG5K- F10-OBn.
Hydrogenolysis of the benzyl group gave mPEG5K- F10-
OH that was then activated with disuccinimidyl carbonate
(DSC). To this was added the chosen phospholipid, 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine (DSPE),
forming the carbamate linkage via the primary amine of
DSPE to give the tri-block mPEG5K- F10-DSPE. Scheme 2
shows the route beginning with the smaller mPEG2K-OH.
When working with the smaller PEG, we found it was more
efficient to react mPEG2K-OMs directly with HO- F10-OH
without previous mono-benzylation. No significant amount
of undesired mPEG- F10-mPEG was found after 48 h, and
the product mPEG2K- F10-OH could be purified easily with
fluorous silica. This route was not found viable with
mPEG5K-OMs, as longer reaction times were required,
and significant mPEG5K- F10-mPEG5K was generated and
difficult to separate from the desired product. DSPE was
then coupled to mPEG2K- F10-OH as with the larger PEG
polymer, generating mPEG2K- F10-DSPE.

Fig. 2 Schematic representation of AmB-loaded Fluorous shell micelles.

Fig. 3 Fluorescence spectra of
DiIC18(3) and DiOC18(3) encap-
sulated micelles in human serum
for 120 min. Fluorescence intensity
of (a) mPEG2K- DSPE; (b)
mPEG2K- F10-DSPE; (c) mPEG5K-
DSPE; (d) mPEG5K- F10-DSPE,
measured at 22°C.
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Determination of CMC

The CMCs of polymers were determined by the surface
tension method. The surface tension of a polymer solution
was plotted versus logarithm of the polymer concentration in
Millipore water from which the CMC of the polymer was
calculated. The curves used for CMC determination of
polymers are given in Fig. 1, and the CMCs of polymers in
aqueous solution are presented in Table I. Increasing the
length of the hydrophilic PEG block increases the CMC by
decreasing the proportion of hydrophobic block of the
polymer, consistent with other researchers’ results (4,38,42–
44). The addition of the center fluorocarbon, as in
mPEG2K-F10-DSPE and mPEG5K-F10-DSPE, decreased
the CMC relative to the corresponding polymer without
fluorocarbons mPEG2K-DSPE and mPEG5K-DSPE, re-
spectively. This increased stability was due to the fluoro-
philic nature of the fluorous polymers. The fluorocarbons
are considerably 1.5 times more hydrophobic than the
same numbers of hydrocarbons, and fluorinated amphi-
philic polymers are known to exhibit CMCs lower than
those of their hydrocarbon analogues (38,45–47). Further-
more, it is reported that the formation of micelles is
controlled mainly by the nature of the hydrophobic block

not the hydrophilic block (42). The inclusion of a
fluorophilic block lowers the CMC, thus increasing the
thermodynamic stability of the polymeric micelles.

Determination of Surface Active Properties

To evaluate the surface active properties of the polymers,
γCMC, Γmax and Amin were calculated based on the surface
tension measurement results (Table I). γCMC is the limit
surface tension of the polymer at its CMC. The γCMC of
mPEG2K-DSPE was higher than that of mPEG2K-F10-
DSPE, and the γCMC of mPEG5K-DSPE was higher than
that of mPEG5K-F10-DSPE. The results are in good
agreement with other researchers’ findings, as γCMC has
been shown to decrease with increasing polymer fluorophi-
licity due to a higher order packing ratio of the fluoro-
carbon layer at the air/water interface (38,47). Гmax is the
surface excess concentration at the CMC, and Amin (Å

2) is
the minimum area per molecule. They were obtained from
the slope of the surface tension curves. For a given
hydrophilic part (mPEG2K or mPEG5K, for instance),
Гmax increased and Amin decreased when the hydrophobic
chain (fluorocarbon) length increased, whereas for a given
hydrophobic part (DSPE or F10-DSPE), the opposite trend
was obviously observed when the hydrophilic chain length
increased. mPEG2K-F10-DSPE had the highest Гmax and
the lowest Amin. In other words, the fluorophilicity of the
polymer affects the surface active properties. These results
indicate that as the surfactant molecules become more
fluorophilic, the tendency of those molecules to move from
the water to the air/water interface is stronger, resulting in
a more packed surface and lower CMC (47,48).

Characterization of Micelles Properties

The mean diameters for mPEG2K-DSPE, mPEG2K-F10-
DSPE, mPEG5K-DSPE and mPEG5K-F10-DSPE micelles
as determined using DLS are listed in Table I. As expected,
the diameter of the micelles increased with an increase in
hydrophilic chain length (4). However, the introduction of
fluorocarbons into the polymers had almost no effect on the
micelle’s diameter.

P3P, a hydrophobic fluorescent probe, preferentially
partitions into the hydrophobic core of micelles. P3P forms

Fig. 4 Normalized FRET ratio of (■) mPEG2K- DSPE; (●) mPEG2K-
F10-DSPE; (□) mPEG5K- DSPE; (○) mPEG5K- F10-DSPE, measured
over time in human serum for 120 min at 22°C. The results were
expressed as mean±S.D. (n=3).

Polymer 10−3 First-order rate constant (h−1) t1/2(h) Goodness of fit (r2)

mPEG2K- DSPE 5.16 134.2 0.926

mPEG2K-F10- DSPE 2.99 231.7 0.984

mPEG5K- DSPE 12.9 53.7 0.995

mPEG5K-F10- DSPE 5.11 135.7 0.998

Table II Curve Fit Parameters
for FRET Ratio of mPEG2K-
DSPE, mPEG2K- F10-DSPE,
mPEG5K- DSPE and mPEG5K-
F10-DSPE in Human Serum for
120 min at 22°C
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intramolecular pyrene excimers due to a free rotation of
carbon bonds placed between two pyrene fragments when
excited. The conformational change in P3P is restricted by
core friction proportional to the viscosity of its environ-
ment. Therefore, a higher monomer to excimer fluorescent
intensity ratio (IM/IE) of P3P is evidence of microenviro-
ment viscosity (39–41). For a given hydrophilic block
(mPEG2K or mPEG5K, for instance), the IM/IE ratio
increased with the presence of the fluorocarbon (Table I).
Compared to the micelles without the fluorocarbons, the
micelles with the fluorocarbons had ca. 66% (mPEG2K-
DSPE vs. mPEG2K-F10-DSPE) and 52% (mPEG5K-
DSPE vs. mPEG5K-F10-DSPE), respectively, higher viscous
cores. As presented in Fig. 2, the fluorocarbons in the
micelles may have formed a shield between the hydrophilic
and hydrophobic parts, and the shield restricts the motion of
P3P in core and leads to a higher viscosity. For a given
hydrophobic part (DSPE or F10-DSPE), the IM/IE ratio
decreased when the hydrophilic chain length increased.
Ashok, B. et al. (4) reported that the aggregation number of
mPEG2K-DSPE is higher than that of mPEG5K-DSPE.
This indicated that mPEG2K-DSPE micelles are composed
of more mPEG2K-DSPE molecules than that of mPEG5K-

DSPE per a micelle. Fewer molecules of mPEG5K-DSPE
per micelle lead to a lower IM/IE ratio and less restricted
motion in the mPEG5K-DSPE micellar core. mPEG2K-F10-
DSPE had the highest IM/IE ratio, representing the highest
core viscosity and the most restricted motions in the
micellar core environment. These results indicated that
the fluorocarbon’s presence leads to higher core viscosity
and may enhance in vitro and in-vivo stability by retarding
disintegration at concentrations lower than CMC.

For a potential in vivo application, the delivery system has
to be stable in the presence of blood components. To
investigate the effect that polymer structure had on the
micellar stability in human serum, a FRET experiment was
employed with fluorescent, lipophilic acceptor (DiIC18(3))
and donor probes (DiOC18(3)). When the probes are
encapsulated into micelles, the close distance between
donor and acceptor probes leads to a strong FRET. FRET
efficiency decreases as the distance between donor and
acceptor probes increases due to micelle structure changes
such as swollenness, dissociation of micelles or release of the
encapsulated probes. Therefore, FRET results offer an
accurate tool for monitoring micelle stability (8,49). The
micellar stability was measured in human serum by

Table III The Mean Diameters of AmB Encapsulated mPEG2K- DSPE, mPEG2K- F10-DSPE, mPEG5K- DSPE and mPEG5K- F10-DSPE Micelles at 0
and 24 h. The Results Were Expressed as Mean±S.D. (n=3)

Polymer with 250 μg/mL AmB a

Diameter (nm)

Initial At 24 h % changed at 24 h b

mPEG2K-DSPE 12.65±0.39 13.10±0.38 4±6

mPEG2K-F10-DSPE 13.69±0.50 13.31±0.61 −3±7

mPEG5K-DSPE 23.02±0.74 23.25±0.44 1±5

mPEG5K-F10-DSPE 22.80±0.94 22.83±1.29 1±5

a Solutions were prepared with 250 μg/mL AmB
b% changed=(diameter at 24 h-initial diameter)/initial diameter×100

Table IV AmB Encapsulation in Polymeric Micelles at 0 and 24 h. The Results Were Expressed as Mean±S.D. (n=3)

Polymer With 250 μg/mL of AmB a

Initial solubility AmB (μg/mL) AmB loading efficiency (%) Solubility AmB at 24 h (μg/mL) % changed at 24 h b

mPEG2K-DSPE 242.14±2.67* 97±1 241.27±1.86 −1±2

mPEG2K-F10-DSPE 249.76±2.06* 100±1 247.27±2.87 −2±1

mPEG5K-DSPE 226.46±2.88** 90±3 217.82±8.67 −4±3

mPEG5K-F10-DSPE 238.56±1.95** 95±1 235.94±8.50 −1±3

a Solutions were prepared with 250 μg/mL AmB
b% changed=(concentration at 24 h-initial concentration)/initial concentration×100

*Denotes statistical significance at p<0.05

**Denotes statistical significance at p<0.01
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monitoring time-dependent changes in FRET. Figure 3
presents fluorescence spectra of mPEG2K-DSPE,
mPEG2K-F10-DSPE, mPEG5K-DSPE and mPEG5K-
F10-DSPE micelles, with encapsulated DiIC18(3) and
DiOC18(3), in human serum for 2 h at 22°C. A change in
fluorescence spectra over time, specifically increased inten-
sities of DiOC18(3) at 501 nm and decreased intensities of
DiIC18(3) at 565 nm, indicated an increased distance
between DiOC18(3) and DiIC18(3). Spectra are illustrated
in Fig. 4 and summarized in Table II. mPEG5K-DSPE
micelles lost FRET efficiency most rapidly, followed by
mPEG2K-DSPE and mPEG5K-F10-DSPE micelles, re-
spectively. The highest FRET efficiency remained at ca.
90% in mPEG2K-F10-DSPE micelles after 2 h. The
different rates of change in FRET from the micelles
correlated with the surface active properties of the polymers
such as CMC, minimum area, core viscosity, aggregation
number and particle size. For a given hydrophobic block
(DSPE or F10-DSPE), the micelles with mPEG5K polymers
were less stable than those with mPEG2K polymers. In
comparison with the mPEG2K polymers, the mPEG5K
polymers had a higher CMC, larger minimum area (Amin),
larger particle size and lower core viscosity, as previously
shown, and these properties correlated to a faster loss of
FRET efficiency in human serum. For a given hydrophilic
block (mPEG2K or mPEG5K), the micelles with fluorinat-
ed polymers better retained the probes in their cores and
resulted in higher FRET efficiency than those without
fluorocarbons after 2 h. These results suggest that the

fluorinated block between hydrophilic and hydrophobic
blocks enhances the thermodynamic stability of the micelles
in the presence of human serum.

Encapsulation of AmB

Using a simple solvent evaporation method (49,50), AmB
was encapsulated into mPEG2K-DSPE, mPEG2K-F10-
DSPE, mPEG5K-DSPE and mPEG5K-F10-DSPE micelles.
Table III summarizes the sizes of AmB-encapsulated
mPEG2K-DSPE, mPEG2K-F10-DSPE, mPEG5K-DSPE
and mPEG5K-F10-DSPE micelles at 0 and 24 h as
measured by DLS. All micelles exhibited a unimodal
distribution with a size range of 15–25 nm. In comparison
with the micelles without AmB, the sizes of the micelles
increased with the encapsulation of AmB. The sizes of
AmB-encapsulated micelles did not significantly change
after 24 h storage at 10°C.

The AmB encapsulation concentrations of the micelles at
0 and 24 h are listed in Table IV. mPEG2K-DSPE and
mPEG2K-F10-DSPE micelles encapsulated ca. 97% and
100% of initially added AmB, respectively. mPEG5K-
DSPE and mPEG5K-F10-DSPE micelles encapsulated ca.
90% and 95% of initially added AmB, respectively.
Significantly more AmB was encapsulated into the micelles
with shorter chain length of mPEG. Ashok, B. et al. (4)
similarly reported that longer PEG chain of PEG-DSPE
micelles encapsulate less diazepam. Longer mPEG chain
length of the polymer may have adversely affected AmB
encapsulation into the micelles due to their more static
structures. With a given hydrophilic part (mPEG2K or
mPEG5K), the micelles with the fluorocarbons (mPEG2K-
F10-DSPE and mPEG5K-F10-DSPE) encapsulated signifi-
cantly more AmB than those without. Fluorocarbons are
more hydrophobic than the corresponding hydrocarbons
containing the same number of carbon atoms; however,
fluorocarbons are considerably lipophobic and strongly
incompatible with hydrocarbons (12,16,17,41,51). Prelimi-
nary work in our group failed to encapsulate AmB into a
fluorous micellar core of related block co-polymers (data
not shown), indicating that the fluorocarbons of the micelles
did not interact directly with AmB, but the fluorinated shell
protected the AmB against loss from the core in the
encapsulation process. The different structures of the
polymers resulted in different encapsulation amount of

Fig. 5 In vitro AmB release kinetics from (■) mPEG2K- DSPE; (●)
mPEG2K- F10-DSPE; (□) mPEG5K- DSPE; (○) mPEG5K- F10-DSPE, at
37°C. The results were expressed as mean±S.D. (n=4).

Polymer 10−3 First-order rate constant (h−1) t1/2(h) Goodness of fit (r2)

mPEG2K- DSPE 9.28 74.73 0.980

mPEG2K-F10- DSPE 6.35 109.20 0.952

mPEG5K- DSPE 12.30 56.60 0.985

mPEG5K-F10- DSPE 9.77 70.98 0.993

Table V Curve Fit Parameters
for In Vitro AmB Release from (■)
mPEG2K- DSPE; (●) mPEG2K-
F10-DSPE; (□) mPEG5K- DSPE;
(○) mPEG5K- F10-DSPE,
at 37°C
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AmB, but once AmB was encapsulated the AmB was
retained in the micelles for 24 h at 10°C.

In Vitro Release Profiles of AmB from Different
Micelles

To investigate the in vitro release kinetics of AmB from
AmB-encapsulated micelles, each micelle solution was
dialyzed against excess PBS buffer (49). mPEG2K-F10-
DSPE, mPEG2K-DSPE, mPEG5K-F10-DSPE and
mPEG5K-DSPE micelles released ca. 72%, 84%, 89%
and 100% of AmB for 240 h, respectively (Fig. 5). The in
vitro drug release data was curve fitted by one phase
exponential association, which was then used to calculate
the first-order rate constant, t1/2, of AmB release from the
micelles and the goodness of fit. As presented in Table V,
AmB was released with the slowest rate (t1/2 of 109.2 h)
from mPEG2K-F10-DSPE micelles, which also had the
lowest CMC, had the highest core viscosity and was the
most stable in human serum. AmB was released with the
fastest rate (t1/2 of 56.6 h) from mPEG5K-DSPE micelles,
which had the highest CMC, had the lowest core viscosity
and dissociated with the fastest rate in human serum. AmB
was released with intermediate rates from mPEG2K-DSPE
(t1/2 of 74.73 h) and mPEG5K-F10-DSPE micelles (t1/2 of
70.98 h), which have intermediate surfactant properties
compared to those of mPEG2K-F10-DSPE and
mPEG5K-DSPE micelles. Previous studies reported that
drug association and interaction with micelles and subse-
quent release from micelles are dependent on physical and
chemical properties of micelles, including CMC, core state
and surface state (52–54).

PEG functionalization has been used in several drug
delivery systems to reduce protein uptake, interaction
with opsonins, and recognition by the reticuloendothe-
lial system (RES) (55–57). For instance, Doxil® (Doxo-
rubicin liposome), which is approved for clinical
applications, uses the polymer PEG2K-DSPE to enhance
the liposome stability and blood circulation (58). Inter-
estingly, the polymer PEG5K-DSPE, which has a longer
PEG moiety, has similar or no additional suppression
effect on RES uptake compared to PEG2K-DSPE (3,57).
Furthermore, the formulations coated with PEG2K had
longer circulation times than those with PEG5K (59,60).
These reports are in agreement with our results. The
fluorinated shell in the micelles particularly affected the
in vitro release kinetics of AmB, as polymers containing a
fluorous block had significantly longer half-lives than their
non-fluorinated analogues. Specifically, the fluorous shell
modulated the sustained release of AmB from the
hydrophobic core of the micelles, suggesting that the drug
release rate can be controlled through the size of the
fluorocarbon.

CONCLUSIONS

We have synthesized poly(ethylene glycol)-fluorocarbon-
phospholipid triblock copolymers, and we have character-
ized their physicochemical and drug release properties.
Comparison with the analogous polymers that do not
contain the intermediate fluorocarbon block showed that
the micelles with the polymers bearing the fluorocarbons
have lower CMCs, preferable surface active properties
contributing to micellar stability, and higher micelle-core
viscosity. The fluorinated shell in the micellar structures
induces enhanced thermodynamic stability of the micelles
in presence of human serum and allows sustained release of
Amphotericin B from the micelles. Micelle stability, drug
release rates and pharmacokinetic behavior can be modu-
lated through the size of the fluorocarbon introduced in the
polymer.
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