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Abstract
Polymeric micelles formed by the self-assembly of amphiphilic block copolymers can be used to
encapsulate hydrophobic drugs for tumor-delivery applications. Filamentous carriers with high
aspect ratios offer potential advantages over spherical carriers, including prolonged circulation
times. In this work, mixed micelles comprised of poly (ethylene oxide)-poly-[(R)-3-
hydroxybutyrate]-poly (ethylene oxide) (PEO-PHB-PEO) and Pluronic F-127 (PF-127) were used
to encapsulate a near-infrared fluorophore. The micelle formulations were assessed for tumor
accumulation after tail vein injection to xenograft tumor-bearing mice by non-invasive optical
imaging. The mixed micelle formulation that facilitated the highest tumor accumulation was
shown by cryo-electron microscopy to be filamentous in structure compared to spherical structures
of pure PF-127 micelles. In addition, increased dye loading efficiency and dye stability was
attained in this mixed micelle formulation compared to pure PEO-PHB-PEO micelles. Therefore,
the optimized PEO-PHB-PEO/PF-127 mixed micelle formulation offers advantages for cancer
delivery over micelles formed from the individual copolymer components.
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Introduction
Chemotherapy remains one of the major treatment approaches for cancer. Though effective,
several drawbacks limit the action of these drugs. Most chemotherapeutics are hydrophobic
and thus poorly water soluble. In addition, cancer chemotherapies are generally active
against dividing cells, and therefore also affect healthy dividing cells such as those in the
bone marrow or digestive tract. This offsite toxicity can be dose-limiting, thereby affecting
treatment efficacy. Tumors also frequently develop drug resistances that reduce their
responsiveness to certain chemotherapeutics.[1]
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Polymeric micelles, self-assembled structures often formed from amphiphilic block
copolymers, are promising carriers for chemotherapeutics because they help to address the
aforementioned issues.[2, 3] In aqueous solutions, the hydrophobic blocks form cores that
can serve as reservoirs for hydrophobic molecules while the surrounding hydrophilic block
ensures water solubility and stability. Micelle formulations that remain relatively stable in
vivo enable improved biodistribution, and tumor targeting of encapsulated drugs through the
enhanced permeability and retention (EPR) effect.[4] Micelle stability at physiologic
conditions is therefore an important property for tumor delivery applications.

Micelle morphology and size depend on specific composition and formulation conditions.[5]
Spherical micelles, typically 10-100 nm in size, have been primarily used in drug delivery
applications, although several recent studies have reported advantages of filamentous
morphologies; for instance, higher drug loading can be obtained with filamentous micelles.
[6, 7] In addition, Discher and colleagues showed that long filamentous micelles are much
less susceptible to phagocytic clearance compared to shorter micelles, resulting in prolonged
in vivo circulation times (up to one week in mice).[8]

We recently reported a Pluronic F-127 (PF-127, block copolymer of poly(ethylene oxide)
and poly(propylene oxide) with composition PEO100-PPO65-PEO100) polymeric micelle that
facilitates tumor accumulation of a near-infrared (NIR) dye, indocyanine green (ICG), in
xenograft mouse models following intravenous injection.[9] However, two challenges of
working with this thermosensitive material are low drug loading efficiency and the need to
formulate micelles at elevated temperatures. In parallel studies, we demonstrated that a
copolymer composed of poly(ethylene oxide) and poly(3-hydroxybutyrate), hereafter PEO-
PHB-PEO, offers high drug loading and stable micellar structures at room temperature.[10]
We hypothesized that a mixed micelle formulation of these two triblock copolymers would
result in a delivery vehicle that provides efficient drug loading and stability, at room and
body temperatures, enabling more robust micelle preparations while enhancing distribution
of the delivered molecule to tumor sites. The more crystalline PHB block is proposed to
offer stability at room temperature while the PF127 component, due to its thermosensitive
nature, provides improved stability at body temperature, the ability to increase drug delivery
to multidrug resistant tumors, and the potential for active targeting due to facile chemical
conjugation.[8]

Previous studies have demonstrated that mixing two miscible block copolymers in solution
generally results in the formation of mixed micelles rather than coexistence of two separate
micelle species.[11-13] Mixed micelles have been used successfully to provide improved
functionality to micellar formulations for drug delivery applications and a mixed micelle
system, comprised of Pluronics L61 and F127, is currently in clinical trials.[14-16] For
example, Bae and coworkers have reported mixed micelles comprised of a pH-sensitive
copolymer that facilitates drug release in acidic tumor environments with a stabilizing
copolymer, PEG-PLA (poly(ethylene glycol)-co-poly(lactide)).[17-19] The Hsiue group has
also reported several formulations of either pH-sensitive or temperature-sensitive
copolymers mixed with PEG-PLA copolymers to utilize both the stabilizing effect of the
PEG or the ability to conjugate targeting ligands to PEG.[20-22]

In this work, mixed micelle formulations were prepared using various ratios of PEO-PHB-
PEO and the thermosensitive PF-127. Confirmation of micelles containing two species of
block copolymers was confirmed by fluorescence resonance energy transfer (FRET) studies.
The stabilities of the micelle formulations were assessed by encapsulation of ICG, which
was used as an indicator for both in vitro stability and in vivo tumor accumulation. Tumor
accumulation was monitored by non-invasive NIR fluorescence imaging using a tumor-
bearing mouse model. A mixed micelle formulation with filamentous morphology was
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identified that exhibited improved passive tumor accumulation when compared with both
types of pure micelles.

Materials and Methods
Materials

Natural source poly[(R)-3-hydroxy butyrate] (PHB), anhydrous diethylene glycol dimethyl
ether (diglyme), anhydrous ethylene glycol, dibutyltin dilaurate, 4-(dimethylamino) pyridine
(DMAP), triethylamine, and anhydrous dichloromethane were purchased from Sigma
Aldrich (St. Louis, MO). Methoxy-poly (ethylene glycol)-monocarboxylic acid (mPEG-
COOH, Mw 4900) and fluorenylmethyloxycarbonyl-PEG-monocarboxylic acid (Fmoc-
PEG-COOH, Mw 4200) were obtained from Laysan Bio (Arab, AL). Pluronic F-127
(PEO100-PPO65-PEO100, Mw=12,600), indocyanine green (ICG), were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Tetrabutylammonium iodide (TBAI) and 1,3-N,N′-
dicyclohexylcarbodiimide (DCC) were purchased from Acros Organics (Morris Plains, NJ)
and MP Biomedicals (Lolon, OH) respectively. Solvents used were ACS grade and obtained
from J. T. Baker Chemical Co. (Phillipsburg, NJ) with the exception of chloroform (EMD,
Gibbstown, NJ).

Synthesis of PEO-PHB-PEO triblock copolymers
PEO-PHB-PEO copolymers were synthesized as previously described.[10, 17, 23, 24] In
brief, PHB diol (Mw 2300) was prepared from purified natural high molecular weight PHB
by transesterification with diethylene glycol using dibutyltin dilaurate as a catalyst in
diglyme. Carboxy-terminated PEO was then conjugated to the PHB diol termini through N,
DCC coupling chemistry. Following fractional precipitation from a mixed solvent of
chloroform/diethyl ether, the triblock copolymer was purified by filtration through Amicon
regenerated cellulose membranes (MWCO 30kDa, Millipore, Billerica, MA). Purity was
subsequently confirmed by NMR and GPC analysis. The Mw of the triblock as determined
by GPC was 16,600 and the Mn was 13,800.

Synthesis of Fmoc-PEO-PHB-PEO Triblock Copolymers
PEO-PHB-PEO triblock with a terminal fluorenylmethyloxycarbonyl functional group was
synthesized by a two-step variation of the previously described triblock synthesis. Briefly, in
the first step, PHB-diol and mPEG-COOH were reacted in a 1:1.2 molar ratio with DCC
coupling in the presence of DMAP for 48 hr to yield PEO-PHB diblock. After filtration of
precipitated dicyclohexylurea, the diblock was precipitated in diethyl ether and was
characterized by NMR and GPC analysis. PEO-PHB diblock was then reacted at a 1:1.2
ratio with Fmoc-PHB-COOH with DCC coupling in the presence of DMAP to yield an
Fmoc-terminated triblock. After filtration of precipitated dicyclohexylurea, the triblock was
handled, filtered, and characterized as described above. To expose the reactive amine of the
Fmoc functional group, Fmoc-PEO-PHB-PEO was mixed for 1 hour at 100 mg/mL in 20%
piperidine in DMF (v/v). Liberated Fmoc was detected under UV illumination after isolation
via thin-layer chromatography and subsequent iodine staining.

FRET Dye Conjugation and Energy Exchange Measurement
A 488/555 FRET dye pairing was employed to verify the proximity of the two triblock types
in solution. An Alexa Fluor® 488 succinimidyl ester dye (Molecular Probes) was conjugated
to deprotected Fmoc-PEO-PHB-PEO triblock, and a succinimidyl ester Alexa Fluor® 555
succinimidyl ester dye was conjugated to the terminal amine of Pluronic F127 triblock after
amination using N-hydroxysuccinimide and ethylene diamine. Briefly, conjugation was
carried out at a 1:1 dye/primary amine ratio in 1× phosphate buffered saline (pH 8) at a
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polymer concentration of 0.5mg/mL. The reaction solution was mixed for 20 h and free dye
was removed by multiple filtrations through a MW 3000 molecular weight cutoff centrifuge
filter (Pall-Life Sciences). Energy exchange was measured by mixing 10 mg/mL solutions of
each polymer at varying ratios and exciting the FRET pair at 488 and 555 nm, recording
emission intensity at 565 nm using a Safire 2 microplate fluorimeter (Tecan, Austria).

Preparation of ICG-Encapsulating Mixed Micelles
A solvent evaporation method was implemented to encapsulate ICG within micelles after
complexing ICG with TBAI to form a hydrophobic ICG-tetrabutylamine salt, as previously
described.[25] Initially, a 1 mM ICG solution was prepared in chloroform with a six-fold
molar excess of TBAI. After 30 minutes of sonication, the ICG solution was then added
dropwise to stirring micelle solutions containing various ratios of PHB triblock (PEO-PHB-
PEO) to Pluronic F127 triblock (PEO-PPO-PEO) (10:0, 7:3, 5:5, 3:7, 0:10). The chloroform
was evaporated off to incorporate ICG into the hydrophobic cores of mixed micelles. Free
ICG was removed using Amicon regenerated cellulose centrifuge filters (MWCO 10000,
Millipore, Billerica, MA), and the remaining ICG-loaded micelle solution was rinsed two
times using deionized (DI) water. Purified micelles were resuspended in the original volume
of DI water and lyophilized using a Labconco FreeZone 2.5 benchtop freeze dryer
(Labconco, Kansas City, MO).

ICG Loading Efficiency and ICG Content
Lyophilized micelles were weighed and dissolved in 1 mL of dimethyl sulfoxide (DMSO),
causing complete dissolution of the micelle and release of the encapsulated ICG. Empty
micelles dissolved in DMSO were used as a blank for ICG-loaded micelle samples. The ICG
concentration was determined by comparing absorbance at 775 nm to a standard curve of
ICG with a squared correlation coefficient of 0.999 in the linear range of 0–12.5 μM in
DMSO. ICG content was expressed as the weight ratio between loaded ICG and total weight
of ICG-loaded micelle and loading efficiency as the weight percent of encapsulated ICG to
total ICG initially used for encapsulation. All loading measurements were performed in
triplicate.

CMC determination
The critical micelle concentration (CMC) of the micelles was determined by measuring the
light scattering of serial aqueous dilutions of unloaded micelles using a Wyatt miniDAWN
TREOS detector. The peak signal obtained from each sample was plotted against a
logarithmic scale of micelle concentration and the CMC was calculated as the point of
intersection between the least-squared regression fits to the baseline detector voltage and the
linear region of signal increase.

Measurement of Micelle Sizes
The effective diameters of the mixed micelles (10:0, 7:3, 5:5, 3:7, 0:10 [PHB:PF-127])
prepared at 1 mg/mL was measured using a ZetaPlus dynamic light scattering (DLS)
instrument (Brookhaven Instrument Co., Holtsville, NY) at a wavelength of 659 nm with a
90-deg detection angle at both 25 and 37°C. Each sample was analyzed in triplicate and the
effective diameter and polydispersity of the micelle formulation was reported.

Micelle Imaging
Select micelle formulations were imaged by cryo-TEM. Micelles were prepared at 37 °C as
described above and suspended across a thin layer of vitreous ice by rapid plunging into
liquid ethane using Gatan's CP3 Cryo-plunger (Gatan, Pleasanton, CA).[26] Low dose cryo-
EM imaging was performed on a JEM 2100 electron microscope (JEOL, Tokyo Japan)
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operating at 200 kV with a Gatan 626 liquid nitrogen specimen cryo-holder. Images were
recorded by Gatan US4000 4kx4k CCD camera at 21,000-67,000x magnifications.

Aqueous and Thermal Stability Studies
Stability of ICG in mixed micelles was evaluated by measuring decay of fluorescence
emission in solution over a period of approximately 10 days. After preparing ICG-
encapsulating mixed micelle solutions as described above, samples were dissolved at 10 mg/
mL in deionized water and maintained at room temperature or 37°C in the dark and under
slight agitation for the duration of the study. At predetermined intervals, each mixture was
sampled and the fluorescence intensity of the sample was evaluated with excitation at 775
nm and emission from 786 to 850 nm.

Cell Lines and Cell Culture
MDA-MB-435 human melanoma cells were cultured in improved MEM (Mediatech Inc.,
Manassas, VA) with 10% FBS and 1% antibiotic/antimicrobial at 37°C in 5% CO2.

Animals and Tumor Implantation
Pathogen free Balb/c mice were housed in separate cages with normal access to food and
water and kept on a 12-h light-dark cycle. All experimental procedures were performed in
accordance with the protocols approved by the Institutional Animal Care and Use
Committee at the University of Washington. To generate tumors, the flanks of 6-week-old
male Balb/c mice were shaved and 100 μL of single cell suspension containing 2×106

MDA-MB-435 cells in serum-free IMEM was injected subcutaneously under anesthesia.

Tumor localization Study
ICG and ICG-loaded micelle solutions (150 μL) were injected intravenously (i.v.) through
the tail vein of MDA-MB-435 tumor-bearing mice at a dose of 10 μg ICG. A second
injection was performed with the same dose of ICG and ICG-loaded micelles 30 min
following the initial injection. Blood was collected at various time points and all the mice
were sacrificed at the last time point to collect the liver, lung, heart, kidney, spleen, and
tumor. A fluorescence-based assay was used to analyze ICG in the biological samples as
previously described [9]. Briefly, the blood samples were diluted by adding 100 μL of
DMSO to dissociate micelles and analyzed after 10 min. Tissue samples were homogenized
with 1 mL of DMSO, followed by overnight extraction at room temperature in the dark. The
mixtures of blood and tissues were then centrifuged at 10,000 rpm for 10 min and the
supernatant containing the extracted ICG was measured by fluorescence spectroscopy. The
fluorescence intensity of ICG in plasma was normalized by protein content as measured by
BCA Protein Assay Kit (Pierce, Rockford, IL). The amount of ICG in tissue was calculated
according to a standard curve with a squared correlation coefficient of 0.993 in the linear
range of 0–0.25 μg/mL and normalized by weight of tissue. The tissue and plasma samples
from the non-treated animals were analyzed to determine the background fluorescence.

Results
Micelle formulation and characterization

ICG-encapsulated micelles were prepared by solvent evaporation using PEO-PHB-PEO,
PF-127, or mixtures of these two polymers. Particle sizing of the ICG-loaded micelles
clearly illustrated temperature-dependent behavior in the micelle architectures (Figure 1A).
At room temperature, PEO-PHB-PEO and mixed micelles had average effective diameter
ca. 100 nm. No data is available for pure PF-127 because stable micelles are not formed at
the evaluated concentration at room temperature. At 37°C PF-127 micelles formed small,
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uniform structures with effective diameters of ca. 26 nm while PEO-PHB-PEO micelles
were larger with effective diameters of ca. 120 nm. The average hydrodynamic diameter of
mixed micelles decreased with increasing PF127 content. The polydispersity of each
formulation at 37°C is shown in Figure 1B. Polydispersity of pure PF-127 micelles is low
(PD=0.08) while polydispersity of formulations containing PEO-PHB-PEO ranged from
PD=0.26 to 0.28.

DLS assumes spherical particles in its analysis, but the differences in polydispersity
indicated the possibility of non-spherical morphologies. Therefore, pure PEO-PHB-PEO
micelles, pure PF-127 micelles and 7:3 PEO-PHB-PEO:PF-127 micelles encapsulating ICG
were imaged by cryo-TEM. Because temperature-sensitivity was observed with these
micelles, micelles were prepared at 37 °C and then flash frozen for analysis. All
formulations were prepared in duplicate from two separate solutions and imaged. The
observed structures were reproducible between the replicates and representative images are
shown in Figure 2. Filamentous structures were observed for PEO-PHB-PEO and 7:3 PEO-
PHB-PEO:PF127 micelles, with average diameters of 5.40±0.88 nm (n=49) and 5.25±0.73
nm (n=48), respectively, while pure PF127 micelles were spherical in structure with average
diameter of 10.00 ±1.28 nm (n=54).

To evaluate whether the micelles being formed were in fact mixtures of the two triblock
copolymers and not separate populations of each type, FRET studies were conducted. Close
spatial proximity of donor-conjugated PEO-PHB-PEO and acceptor-conjugated PF127 is
expected to result in efficient FRET whereas separate populations of PEO-PHB-PEO and
PF127 micelles would not be concentrated enough to result in energy transfer. As shown in
Figure 3, energy transfer from donor PEO-PHB-PEO to acceptor PF-127 is observed in all
mixed micelle formulations, thus confirming that the polymers colocalized in mixed micelle
structures.

The effect of mixed micelle polymer ratios on micelle stability was assessed by determining
the CMC for each formulation using static light scattering (Supplemental Figure S1).[27]
The CMC can be identified as the point at which the refractive index curve deviates
significantly from a baseline of 0; a sharp increase in refractive index is indicative of
spontaneous macromolecular assembly.[27] The enhancement of stability of the mixed
micelles at room temperature by incorporating PEO-PHB-PEO is clearly evident, as
micelles with increasing fractional proportions of PEO-PHB-PEO exhibit lower CMC
values (Table 1).

ICG loading and fluorescence stability in micelles
ICG has advantageous fluorescence properties for NIR imaging in vivo but limitations
include the molecule's photo, aqueous, and thermal instability.[28, 29] Aqueous degradation
of the compound occurs as a result of double bond saturation in the molecule's conjugated
chain and sequestering the molecule from the solvent radicals that activate this process
reduces the rate of its degradation.[29, 30] To test the ability of the mixed micelle systems to
stabilize ICG, ICG was loaded into micelles by solvent evaporation. The ICG loading
efficiency in the various formulations is shown in Table 1. Loading efficiency in the mixed
micelle formulations increases with higher PF-127 content. The ICG loading content ranged
from 1 μg ICG/mg polymer (10 to 0 formulation) to 1.6 μg ICG/mg polymer (3 to 7
formulation). The fluorescence of encapsulated dye was monitored over time at both room
temperature and 37°C (Figure 4). All measurements were normalized to the initial
fluorescence at t=0. At both room temperature and 37°C, free ICG rapidly degrades to less
than 10% of its original fluorescence value within 48 hours. All mixed micelles formulations
improved ICG stability compared to PEO-PHB-PEO and PF127 micelles, with all mixed
micelle formulations incubated at RT maintaining near 100% of original fluorescence after
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10 days and above 60% of original fluorescence after 10 days at 37°C. ICG in PEO-PHB-
PEO (10:0) micelles showed increased fluorescence loss at 37°C compared to room
temperature. This decline in ICG fluorescence in PEO-PHB-PEO micelles at 37°C was
mitigated by inclusion of PF-127 in mixed micelle formulations.

Evaluation of ICG-micelle formulations in vivo
Free ICG or ICG-micelles were administered to mice by tail vein injection in two sequential
injections of 10 μg ICG per dose per mouse with 30 min between the two injections. We
previously showed that double micelle injection results in higher plasma concentrations,
perhaps due to saturation of phagocytic cells after the first injection.[9] Blood samples were
taken at various time points to compare the relative bioavailability of injected ICG
formulations (Figure 5). The PEO-PHB-PEO:PF-127 7:3 ICG micelle showed the highest
plasma concentrations after both the first and second injections. Area under the curve (AUC)
for this formulation was 2.5-fold higher than the 10:0 formulation (p-value = 0.035 in two-
sided t-test). Interestingly, the AUC for PEO-PHB-PEO:PF127 3:7 micelles was also higher
compared to the pure PEO-PHB-PEO micelles although there is little improvement change
in the 5:5 formulation.

To determine efficiency of tumor accumulation, whole-body NIR fluorescence images of
ICG were collected 2 and 24 hrs after administration of ICG to xenograft tumor-bearing
mice. At 2 hours the fluorescence image is dominated by signal from the liver. However, at
24 hrs, ICG is mostly eliminated from the body and tumor accumulation is evident (Figure
6). Low levels of fluorescence was observed in spleen, heart, lung and kidney by 24 hours
post-injection (Supplementary Figure 1), although liver fluorescence is still evident and
∼10-fold higher than all organs (data not shown). A comparison of tumor accumulation of
the various ICG formulations reveals a trend similar to that observed in the blood circulation
data; a polymer ratio of 7:3 appears to result in maximal ICG fluorescence in the vicinity of
the tumor (right flank). Moreover, a ratio of 5:5 appears to provide little stabilization of
fluorescence intensity when compared to the other groups. This data was quantified using
ROI analysis after excising the tumor tissues.

Tumor tissues that were collected at 24 hrs are displayed for fluorescence intensity (yellow
hot) and size comparison (Figure 7A). Tumor size was not uncharacteristically disperse
across groups and the strongest average signal intensity was also observed in the 7:3
formulation. Region of interest (ROI) analysis to calculate the average radiant efficiency of
each tumor was conducted on the tumor tissues collected at 24 hours post injection for
quantification of ICG fluorescence. Mice treated with the 7:3 mixed micelle formulation
showed statistically significant increase in ICG fluorescence signal in the tumor tissue when
compared to mice treated with the 10:0 formulation or free ICG (Figure 7B).

Discussion
In this work, mixed micelles of PF-127 and PEO-PHB-PEO (PEO5k-PHB2.3k-PEO5k)
triblock copolymers were formulated, characterized, and assessed for tumor delivery. ICG
was loaded in the micelles as a tool for monitoring micelle stability and in vivo
biodistribution. PF-127 is a hydrophilic polymer that does not form micelles at room
temperature but self-assembles at higher temperatures, thus generating more stable
architectures at physiological temperatures.[31] PEO-PHB-PEO contains the highly
crystalline PHB hydrophobic block that drives micelle assembly at room temperature. The
molecular weights of the two copolymers (∼12000 Da) and the block lengths were selected
to be similar in order to facilitate micelle formation.

Kim et al. Page 7

Mol Pharm. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Analysis of the average hydrodynamic radius of the micelles by DLS revealed
thermosensitive behavior for the mixed micelles; at 37°C micelle diameter decreases as
PF127 content increases (Figure 1A). Pure PF-127 micelles had average hydrodynamic
diameters of 20 nm, the same size reported previous by Attwood and coworkers for PF-127
micelles in the 35-45°C range.[32] Lo et al. also recently reported the ability to regulate
particle size at elevated temperatures by incorporation of thermosensitive copolymers in
mixed micelle constructs.[21] The polydispersities of PEO-PHB-PEO and mixed micelle
formulations were higher than the polydispersity of PF-127 micelles indicated possible non-
spherical morphologies (Figure 1B). Therefore, micelles were imaged to visualize structure.

PEO-PHB-PEO, PF-127 and 7:3 PEO-PHB-PEO:PF-127 mixed micelles were imaged by
cryo-electron microscopy. PF-127 micelles were uniform and spherical in shape whereas
filamentous structures were observed for both PEO-PHB-PEO and 7:3 PEO-PHB-
PEO:PF-127 mixed micelles (Figure 2). The filamentous structures were unexpected
because the hydrophilic mass fraction (fhydrophilic) of these block copolymers is ∼80% for
PEO-PHB-PEO and ∼70% for PF-127. In this regime, most micelles form spherical
structures because this morphology is favored when hydrophilic blocks are longer than
hydrophobic blocks due to larger available surface area.[33, 34]

The filamentous structures observed by cryo-TEM were also quite distinct from worm-like
micelles with flexible morphology reported for systems formed from materials such as
mPEG-PCL.[6, 35] The relatively rigid morphology observed here likely reflects the
crystalline nature of the hydrophobic core due to the isotactic PHB. Crystalline phases have
been shown to form from PHB-PEO-PHB triblocks but only with isotactic PHB blocks;
polymers synthesized from atactic PHB are amorphous.[36] Li et al. analyzed the
crystallization behavior of a similar PEO-PHB-PEO triblock copolymer (PEO5k-PHB3.8k-
PEO5k) by differential scanning calorimetry and found the melting temperatures (Tm) of the
PEO and PHB blocks to be 54.1°C and 140.2°C, respectively.[23] Rigid cylindrical
structures was also reported by Zhang and coworkers for their crystalline mPEG-
poly(caprolactone-b-L-lactide) block copolymers (Tm of the hydrophobic block ∼150°C) as
compared to the analogous amorphous mPEG-poly(caprolactone-b-D,L-lactide) materials,
which formed spherical structures.[37]

It should be noted that Li et al. showed by TEM that PEO5k-PHB3.8k-PEO5k triblocks
formed spherical structures with diameters ∼3-70 nm in aqueous solutions instead of the
filamentous structures reported here.[38] This difference is likely due to differences in
micelle formulation. Li et al. prepared micelles by direct dissolution in water, whereas in
order to load hydrophobic drugs into the micelles reported here, micelles were dissolved in a
chloroform/water mixture with subsequent evaporation of chloroform. Ravenelle reported
that slow evaporation of chloroform (over 2 weeks) from PEO5k-PHB1k diblock copolymers
resulted in spherical morphologies with diameters ∼50-100 nm whereas rapid evaporation of
chloroform over 24 hours, similar to the methodology employed here, resulted in rigid
filamentous structures.[39]

To confirm that both copolymers were self-assembling in heterogeneous structures rather
than segregated micelle populations, each copolymer was labeled with a fluorophore to
probe spatial colocalization by means of fluorescent resonance energy transfer (Fig. 3).
PEO-PHB-PEO was labeled with the donor dye (AlexaFluor 488), while PF-127 was labeled
with the acceptor (AlexaFluor 555). When excited at 491 nm, minimal fluorescence
emission was detected from the 0:10 (pure PF127) micelles, indicating that the vast majority
of acceptor fluorescence occurred due to resonant energy transfer from excited donor
molecules in the molecule's immediate vicinity (30-60 angstroms).[40] In the mixed micelle
formulations, acceptor fluorescence at 565 nm was between 4 and 10-fold higher than in the
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0:10 formulations, with the ratio of (donor fluorescence) / (acceptor fluorescence)
decreasing with higher fractions of PF-127. These observations provide confirmation that
heterogeneous mixed micelles were achieved with this mixture of triblock copolymers.

The CMC of the mixed micelles were measured to assess whether incorporating the PEO-
PHB-PEO copolymer would result in stable micelle formation at 25°C. As anticipated,
increasing the fraction of PEO-PHB-PEO significantly decreased the CMC, indicating
improved particle stability at room temperature (Table 1). The determined values for each
formulation with >50% PEO-PHB-PEO content is similar to the reported value for a similar
PEO-PHB-PEO copolymer (0.013 mg/mL for PEO5k-PHB3.8k-PEO5k), indicating that
substantial contribution of the more PHB crystalline core in micelle formulation at room
temperature.[23] Several methods were attempted for measuring CMC at 37°C without
success. The typical fluorescence methods such as pyrene or PRODAN encapsulation
resulted in low dye incorporation without the chloroform emulsion step, likely due to the
crystalline nature of the PHB block.

ICG was loaded into the micelles by solvent evaporation. The loading efficiency of PEO-
PHB-PEO micelles and mixed micelles was determined by disrupting the micelles in DMSO
and measuring ICG absorption at 775 nm. High content of PEO-PHB-PEO in the micelle
formulations resulted in reduced dye loading efficiency, likely due to the higher crystallinity
in the cores of these formulations. The ability of polymeric micelles to protect ICG from the
aqueous environment significantly reduces the rate of the molecule's degradation and thus
stabilizes the molecule's fluorescence.[9, 25] At room temperature (Figure 4A), each of the
micelle formulations significantly reduces the degradation kinetics of ICG, as monitored by
fluorescence measurements, compared to free (unencapsulated) ICG. The mixed micelle
formulations provide the best stabilization of the dye. While the ability of polymeric
nanocarriers to stabilize the fluorescence of organic dyes is well-known, this mixed micelle
system offers the ability to optimize particle formulation for the best stabilization of ICG
fluorescence at physiological temperature (Figure 4B).[25, 41] The degradation half-life of
aqueous ICG is decreased by 30% with an increase in incubation temperature from 22°C to
42°C.[42] At 37°C, the advantages of micellar encapsulation with the thermosensitive
PF127 copolymer are pronounced, as the 3:7 formulation offers the best stabilization of ICG
fluorescence over the time period studied. Because ICG degradation is due to solvent
radicals and ions, encapsulation of ICG within a more crystalline core may offer better
protection against these agents.

The ICG-loaded micelles were evaluated in vivo for plasma clearance kinetics and tumor
accumulation by intravenous delivery to a murine xenograft tumor model. Effective passive
tumor delivery of nanoparticulate vehicles requires increased circulation half-life for
sufficient tumor accumulation to occur via the EPR effect.[43-45] The 7:3 PEO-PHB-
PEO:PF-127 mixed micelles provided 2.5-fold higher bioavailability of ICG compared to
the pure micelle formulations over the 120 min period of analysis. The CMC of the mixed
micelle formulations is lower than PF-127 micelles at room temperature (Table 1) and this
suggests that the CMC of the mixed micelle formulations may also be lower than PEO-
PHB-PEO micelles at 37°C due to the thermosensitive aggregation behavior of PF-127. The
prolonged circulation of the 7:3 PEO-PHB-PEO:PF-127 mixed micelles (Figure 5) may also
be attributed to their filamentous shape. Champion and Mitragotri demonstrated using
elongated polystyrene worms with high aspect ratios (>20) that negligible phagocytosis was
observed compared to spherical morphologies.[46, 47] Because the primary clearance
mechanism for systemically injected nanoparticles is clearance by the reticulo-endothelial
system, reduced macrophage uptake is expected to lead to prolonged circulation times.
Christian et al. report that flexible poly(ethylene oxide)-b-poly(ε-caprolactone) (PEO-PCL)
filamentous micelles remain in murine circulation even 24 hours after initial administration
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due to diffuse fluorescence observed in the mouse.[48] This diffuse fluorescence was not
observed in our studies; further increases of in vivo stability might be achieved by
lengthening the hydrophobic block length of the triblock copolymers to decrease CMC.

Tumor accumulation of the various ICG-micelle formulations was monitored by non-
invasive NIR imaging at 24 hours post-administration and the relative tumor fluorescence
levels achieved by ICG-micelle formulations correlated well with circulation times (Figure
6). In these images, the brightest signal emanated from the tumors of mice treated with the
7:3 PEO-PHB-PEO:PF-127 mixed micelle formulations. Tumors were then harvested from
the mice and directly imaged (Figure 7A). After normalizing the fluorescence intensity
signal from each tumor to its area, tumors from mice treated with the 7:3 PEO-PHB-
PEO:PF-127 formulation were confirmed to exhibit the highest ICG fluorescence signal
(Figure 7B). We previously reported tumor imaging using spherical PF-127 micelles
encapsulating ICG. By optimizing a mixed micelle formulation, a 60% increase in tumor-
associated fluorescence was achieved.

Conclusion
We report mixed micelles encapsulating the NIR fluorophore ICG that were formed from
PEO-PHB-PEO and PF-127 block copolymers. The formation of heterogenous micelles
comprised of both copolymers was confirmed by FRET analysis. Filamentous morphologies
that are relatively rigid compared to filamentous structures formed from polycaprolactone-
containing copolymers were observed for the 7:3 mixed micelle formulation likely due to
the highly crystalline PHB block. Mixed micelle formulations enhanced the stability of ICG
in solution and the 7:3 PEO-PHB-PEO:PF-127 formulation showed increased circulation
times and improved tumor accumulation in a murine xenograft model compared to the other
formulations. Advantages of the mixed micelle formulations over pure PEO-PHB-PEO or
PF-127 micelles include facile formulation at room temperature, filamentous structures,
reduced plasma clearance rate, and increased passive tumor targeting. These formulations
are therefore promising for tumor-targeted imaging and drug delivery.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A. Particle size analysis of ICG-loaded mixed micelles in PBS as a function of micelle
composition (PEO-PHB-PEO to PF-127 ratio). Increasing the fraction of PF-127 at 37 °C
decreases micelle effective diameter. Stable micelles are not formed with pure PF-127 at RT
(ND = not determined). B. Polydispersity of ICG-loaded micelles in PBS at 37 °C.
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Figure 2.
Cryo-EM images of (A) PEO-PHB-PEO micelles, (B) 7:3 PEO-PHB-PEO:PF127 micelles
and (C) PF127 micelles. Micelles were equilibrated at 37°C before flash-freezing in liquid
ethane. Scale bar in insert of (C) is 20 nm.
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Figure 3.
FRET behavior in mixed micelle formulations upon excitation of donor fluorophore. Donor
fluorophore (Alexa Fluor® 488, peak emission at 519 nm) was conjugated to PEO-PHB-
PEO, and acceptor fluorophore (Alexa Fluor® 555, peak emission at 565 nm) was
conjugated to PF-127. Increasing fraction of PF-127 correlates with decreased ratio of
donor/acceptor fluorescence when excited at donor wavelength (488 nm), indicating
colocalization of donor/acceptor fluorophores.
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Figure 4.
Fluorescence of ICG, ICG-TBA salt, and ICG-micelles maintained in water at room
temperature and 37 °C. All measurements are normalized to initial fluorescence emission of
respective formulations at t=0. Samples were excited at 775 nm and emission was read at
815 nm. Triplicate samples were measured for each formulation.
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Figure 5.
Plot of plasma concentration of ICG vs. time for various micelle formulations after
intravenous administration. * and ** indicate a statistically significant difference between
PHB:PF-127 7:3 and PHB:PF-127 10:0 using the student's t-test, p<0.05 and p<0.01,
respectively, n=5 . # and ## indicate a statistically significant difference between
PHB:PF-127 7:3 and PHB:PF-127 0:10 using the student's t-test, p<0.05 and p<0.01,
respectively, n=5.
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Figure 6.
Full body images of mice injected with ICG-micelles 24 hours after initial ICG
administration. Images acquired using Xenogen Spectrum imager, with excitation at 775 nm
and emission at 820 nm. All images are scaled to the same minimum and maximum color
values, n = 3.
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Figure 7.
Excised tumor tissues following sacrifice of mice injected with ICG-encapsulating mixed
micelles at various PEO-PHB-PEO to PF127 ratios. (A) Fluorescence image of excised
tumor tissues obtained 24 hr after initial injection of ICG. (B) Quantification of ICG
fluorescence in tumor tissue excised 24 hr after injection using ROI analysis. # indicates a
statistically significant difference between the 7:3 mixed micelles and 10:0 micelles (one-
tailed p=0.035, n = 3).
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Table 1

Critical micelle concentrations as measured by static light scattering and ICG loading efficiency for various
mixed micelle formulation ratios at 25°C in mg/mL.

Micelle Formulation CMC (mg/mL) ICG Loading Efficiency (%)

10 to 0 0.0135 66.9

7 to 3 0.019 77.9

5 to 5 0.027 80.2

3 to 7 0.042 91.3
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