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Abstract

Methoxy poly(ethylene glycol)-b-poly(caprolactone) (MePEG-b-PCL) copolymers with varying PEG block lengths and a constant
PCL block length were synthesized by cationic ring-opening polymerization and used to form nano-sized micelles. Due to their small
size and superior in vitro stability, the MePEGsggq-b-PCL5ooo micelles were selected for further in vitro characterization and an in vivo
evaluation of their fate and stability following intravenous (i.v.) administration. Specifically, ;H-labelled MePEGsgqo-b-PCL5g0o micelles
were i.v. administered to Balb/C mice at copolymer doses of 250, 2 and 0.2 mg/kg in order to examine the distribution kinetics of (1)
copolymer assembled as thermodynamically stable micelles, (2) copolymer assembled as thermodynamically unstable micelles and (3)
copolymer unimers, respectively. Overall, it was found that when the copolymer is assembled as thermodynamically stable micelles
the material is effectively restricted to the plasma compartment. Interestingly, the copolymer was found to have a relatively long circu-
lation half-life even when administered at a dose that would likely fall to concentrations below the CMC following distribution. Analysis
of plasma samples from this group revealed that even 24 h post-administration a significant portion of the copolymer remained assem-
bled as intact micelles. In this way, this study demonstrates that the hydrophobic and semi-crystalline nature of the PCL core imparts a
high degree of kinetic stability to this micelle system.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction studied quite extensively with many reports on the in vivo

fate of the drug following i.v. administration in micelles

In aqueous media, amphiphilic block copolymers self-as-
semble to form micelles when the copolymer concentration
is at or above the critical micelle concentration (CMC). At
concentrations below the CMC the copolymer is present in
solution as unimers [1]. Hydrophobic (e.g. paclitaxel) or
amphiphilic (e.g. amphotericin B) drugs may be incorporat-
ed into the copolymer micelles as a means to formulate or
deliver these drugs [2-6]. These formulations have been
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[3,6-11]. However, only a few studies have examined the
in vivo fate of the copolymer micelles [6,12—16] and unimers
[6,13,15]. Specifically, Burt et al. studied the in vivo fate of
paclitaxel and MePEG-b-poly(D,L-lactide) (MePEG-b-
PDLLA) copolymers in rats following i.v. administration
of a MePEG-b-PDLLA micelle formulation of this drug
[6]. The in vivo pharmacokinetics and biodistribution for
micelles prepared from tyrosine (Tyr)-PEG-b-PDLLA and
tyrosyl-glutamic acid (Tyr-Glu)-PEG-b-PDLLA copoly-
mers were also investigated by Kataoka’s group [13].

To this point, the effect of the administered copolymer
dose on the in vivo behavior of micelles as well as the fate
of copolymer unimers and micelles remains relatively
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unexplored. One of the only studies that has examined the
influence of copolymer dose on the distribution kinetics of
block copolymers was recently reported by Kabanov’s
group [15]. Their study evaluated the pharmacokinetics
and biodistribution of the Pluronic® triblock copolymer
P85 following administration of copolymer concentrations
ranging from below to above the CMC of the material after
the dilution that occurs upon administration [15].

Additional studies on the in vivo behavior and fate of
other copolymer unimer and micelle systems are necessary
as they will ensure full exploitation of block copolymer
micelles as a viable drug formulation strategy. In this
study, MePEG-b-PCL copolymers of varying PEG block
lengths (i.e. M, =20,000, 10,000 and 5000 g/mol) and a
constant PCL block length (i.e. M, = 5000 g/mol) were
synthesized, characterized and the physico-chemical prop-
erties of micelles formed from this series of copolymers
were evaluated. The MePEGsggg-b-PCL5009 micelle system
was selected for an in vivo evaluation of copolymer fate
and stability following i.v. administration due to its small
size and superior in vitro stability. Specifically, the pharma-
cokinetics and biodistribution profiles of the copolymer
were evaluated in mice following i.v. administration of
three distinct doses of the copolymer.

2. Materials and methods
2.1. Materials

MePEGs (M, = 5000, M,/M,=1.06; M, = 10,000,
M,/M,=1.10 and M, = 20,000, M/M, = 1.10 as deter-
mined by size-exclusion chromatography (SEC)) from Sig-
ma-Aldrich (Oakville, ON, Canada) were dried twice by
azeodistillation of toluene. The monomer, ¢-caprolactone
(CL), dichloromethane, and toluene were dried using calci-
um hydride and distilled prior to use. The tritium (*H)
radiolabelled compound acetyl chloride (CH5COCI in
dichloromethane) was obtained from America RadioLa-
belled Chemicals Inc. (St. Louis, MO) and used without
further purification. All other chemicals were obtained
from Sigma-Aldrich (Oakville, ON, Canada) and used as
received.

2.2. Synthesis of MePEG-b-PCL copolymers

The block copolymer was synthesized using a metal-free
cationic method [17]. A typical procedure for the synthesis
of the copolymer was as follows: 1.0g of MePEG
(0.2 mmol, M, = 5000, M,/M,=1.06) was added to a
flame-dried flask and dried twice by toluene azeodistilla-
tion. A 10mL volume of dried dichloromethane and
1.0 g of CL (8.76 mmol, dried and distilled over calcium
hydride) were then added to the flask. 0.6 mL (1 M,
0.6 mmol) of the catalyst and hydrogen chloride in diethyl
ether was added to the mixture at 25 °C and the reactor
was sealed using a rubber septum. The reaction mixture
was maintained overnight with vigorous stirring at this

temperature and terminated by the addition of 0.1 mL tri-
ethylamine. The precipitated triethylamine-HCI salt was
removed by filtration and the copolymer was collected by
precipitation in ether. The molecular weight of the PCL
block was calculated from '"H NMR and the known molec-
ular weight of the MePEG precursor. '"H NMR assign-
ments were as follows: signals for the MePEG unit
appeared at 3.38 ppm (3H, CH;-O-) and 3.60 ppm (4H,
—~OCH,CH,-); while, signals for the PCL block appeared
at 1.35ppm (2H, CO-CH,-CH,-CH,-CH,-CH,-0),
1.55 ppm (4H, CO-CH,~CH»-CH,—CH»—CH»-0), 2.28 ppm
(2H, CO-CH>,—CH,—CH,-CH,-CH»-0), and 4.07 ppm (2H,
CO-CH,-CH,-CH,-CH,-CH»,-0). The composition of
the block copolymers was calculated by comparing the rel-
ative ratio of the PCL methylene proton signal at 4.07 ppm
to the MePEG ecthylene proton signal at 3.60 ppm [17].

2.3. Radiolabelling of MePEG-b-PCL copolymer

The radiolabelled block copolymer was synthesized by
end-capping the terminus of the PCL block as shown in
Scheme 1. Specifically, 10 mg of MePEG-b»-PCL, that had
previously been dried by toluene azeodistillation, was dis-
solved (M, = 10,000 of 5000-5-5000 for MePEG-b-PCL,
Table 1, entry 3) in 1.0 mL of dried THF and charged into
a flame-dried glass tube reactor. The triethylamine in THF
(1 mg) and 1 mCi of *H-labelled acetyl chloride were then
added and left overnight at room temperature. The solvent
was removed under vacuum. The triethylamine-HCI salt
and unreacted acetyl chloride and its derivatives were
removed by dialysis (Molecular weight cut-off,
MWCO = 1000) against water (Spectrum Laboratories
Inc., Dominguez, CA) and the remaining copolymer was
dried by lyophilization.

2.4. Characterization of MePEG-b-PCL copolymers

'"H NMR spectra were obtained using a Mercury 400
spectrometer (400 MHz for 'H, MR Resources Inc., Fitch-
burg, MA) with CDCI; as solvent. Chemical shifts were
reported in ppm with CHCI; as the internal standard.
SEC measurements were carried out at room temperature
using a Waters 590 liquid chromatography system equipped
with three Waters Styragel HR 4E columns and a 410 differ-

o) o)
cm[—o—cm—cmﬂ;p—ﬁ%—(cmas—o—}gl + CH3—I(|I—C1

THF
Triethylamine

o) o)
CH3PO—CHZ—CHzﬂ-mo—E%—GCHzas—o—];l(lj—CH3

Scheme 1. The *H-labelled MePEGsoo->-PCLsgo copolymer was pre-
pared using an end-capping method. The three tritium atoms in the methyl
group are shown in bold.
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Table 1

Summary of properties of MePEG-b-PCL copolymers and micelles

Exp. My car® MmSECb Mynmr© My /M, CMC (£SD) (uM) CMC (£SD) (mg/L)  Micelle size (£SD) (nm)
1 MePEG 0000-b-PCLs000 25,000 46,500 24,800 1.04 12.0+0.3 299 +9 115+13

2 MePEGj0p00-b-PCLs000 15,000 27,800 14,600 1.06 7.6+14 110 +£20 124 +£8

3 MePEG 5000-b-PCLs000 10,000 12,900 9800 1.10 32404 3846 56+6

4 MePEGs;qgg-b-AcePCLsooo 10,000 12,900 9800 1.10 49 +2

* Myca = Mypec + MypcL; My pcw is the calculated molecular weight of the PCL block based on the feed ratio of caprolactone to MePEG.
M, sgc is the relative molecular weight as determined by SEC with respect to poly(styrene) standards.
¢ Mynmr = My peG + My pcrL; My pcrL Was calculated from '"H NMR analysis.

ential refractometer as the detector (Waters Inc., Milford,
MA). THF with 1% triethylamine was used as the mobile
phase at a flow rate of 1.0 mL/min at 40 °C. Polystyrene
standards (Polysciences Inc., Warrington, PA) were used
to obtain the calibration curve. The data obtained were
recorded and manipulated using the Windows-based Mille-
nium 2.0 software package (Waters Inc., Milford, MA).

2.5. Measurement of critical micelle concentration

The critical micelle concentrations of the MePEG-b-PCL
copolymers were determined using an established fluores-
cence-based method [18]. In short, aliquots of MePEG-b-
PCL stock solutions in chloroform were added to glass vials
such that the concentration of copolymer ranged from 0.1
to 200 mg/L. An aliquot of a hydrophobic probe, DPH
(1,6-diphenyl-1,3,5-hexatriene) stock solution was then
added to each vial such that the concentration of DPH
was maintained at 1 mg/L in each solution. The solutions
were stirred vigorously for 4 h and the solvent was evapo-
rated under nitrogen. The dried vials were heated to 60 °C
and 1 mL of double distilled water was added slowly to each
vial. The solutions were equilibrated by stirring overnight at
room temperature followed by measurement of the fluores-
cence emission at 430 nm with excitation at 350 nm (Spectra
GeminiXS dual-scanning microplate spectrofluorometer,
Molecular Devices, Sunnyvale, CA).

2.6. Preparation of micelles

Aliquots of stock solutions of block copolymers pre-
pared in DMF were added to vials, dried under nitrogen
at room temperature and left overnight under vacuum.
PBS (0.01 M, pH 7.4) warmed to 60 °C was then added
to rehydrate each copolymer film. The solutions were vor-
texed, stirred for 72 h at room temperature and sonicated
for 2 h prior to use.

3H-labelled micelles were prepared from a mixture of the
H-labelled MePEGsopp-b-PCLsggp and the unlabelled
MePEGs;(p-b-PCL5y09 copolymer.

2.7. Thermal analysis of micelles
Thermal analysis of each block copolymer micelle sys-

tem was performed on a 5-10 mg sample of micelles as
lyophilized dry powder using a Q100 differential scanning

calorimeter (DSC) (TA Instruments, Inc., New Castle,
DE). The samples were cooled to —70 °C using a refriger-
ated cooling system and then heated to 80 °C at a rate of
5 °C/min. The data were analyzed using TA universal soft-
ware (TA Instruments, Inc., New Castle, DE) and the melt-
ing temperature (7)) was taken to be the peak of the
endotherm.

2.8. Characterization of micelle size and morphology

The hydrodynamic diameter of micelles was determined
by dynamic light scattering (DLS) at an angle of 90° and
temperature of 25°C (90Plus Particle Size Analyzer,
Brookhaven Instruments Corporation; Holtsville, NY).
For analysis the samples were diluted to a copolymer con-
centration of 2 mg/mL using filtered double distilled water.
The morphology of the micelles was evaluated by transmis-
sion electron microscopy (TEM) with a Hitachi 7000
microscope operating at an acceleration voltage of 75 kV
(Schaumburg, IL). The micelle solutions were diluted in
PBS buffer and negatively stained using phosphotungstic
acid. The sample solutions were deposited on copper grids
that had been pre-coated with carbon and negatively
charged.

2.9. Evaluation of in vitro stability of micelles

The stability of the block copolymer micelles was evalu-
ated in both the absence and presence of physiologically
relevant concentrations of bovine serum albumin (BSA).
Specifically, the micelle solutions were mixed with equal
volumes of PBS (0.01 M) in the absence and presence of
BSA (45¢g/L) and incubated at 37 °C. At various time
points, 50 pL aliquots of the solutions were removed and
analyzed by DLS for size measurement (n = 3).

2.10. In vitro evaluation of protein copolymer interactions

The interaction between the MePEGsgo-b-PCL5y00
copolymer unimers and plasma protein was investigated
by incubating copolymer with mouse plasma or PBS at
37 °C for 5 h at copolymer concentrations that were 10-fold
below the CMC. The mixtures were then run through a gel
filtration chromatography (GFC) column. Specifically
200 pL samples of plasma were run through a Superose 6
gel filtration column (Sigma, Oakville, ON, Canada) with
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a flow rate of 0.1 mL/min and 0.01 M PBS (pH 7.4) as the
mobile phase. Two hundred microliter fractions were col-
lected from the column and the concentration of copolymer
in each fraction was determined by direct scintillation
counting (LS 6500 Liquid Scintillation Counter, Mississau-
ga, ON, Canada). The copolymer elution profiles following
incubation with plasma or PBS were compared.

2.11. Assessment of in vivo stability of radiolabelled micelles

A method based on GFC was employed in order to eval-
uate the in vivo stability of the MePEGsg-b-PCLsgg
micelles in plasma following i.v. administration [13,19,20].
Specifically, the radiolabelled micelle solutions were admin-
istered to healthy Balb/C mice (average weight = 20 g) at
total copolymer doses of 250 and 2 mg/kg. At specific time
points (i.e. 1 h and 24 h following i.v. administration), plas-
ma was collected and immediately run through a GFC
column as described in Section 2.10. Samples of block
copolymer micelles and unimers in PBS were also run
through the column as controls.

2.12. Evaluation of the pharmacokinetics profile and
biodistribution pattern of block copolymer unimers and
micelles following i.v. administration

The in vivo fate of the block copolymer, including the
pharmacokinetics profile and biodistribution, was investi-
gated following i.v. administration of three different doses
of copolymer. Studies were performed using female Balb/
C mice of 8-10 weeks of age with body weights ranging
from 16 to 20 g. The mice were housed 4 per cage under
standard conditions with access to food and water ad libi-
tum. All protocols for these studies were in accordance with
the Guide to the Care and Use of Experimental Animals
(Canadian Council on Animal Care) and were approved
by the Animal Care Committee at the University of Toron-
to. The block copolymer micelles (*H-labelled) were i.v.
injected into the mice via the lateral tail vein. The doses
of copolymer administered were 250, 2 and 0.2 mg/kg in
order to examine the distribution kinetics of (1) copolymer
assembled as thermodynamically stable micelles, (2)
copolymer assembled as thermodynamically unstable
micelles and (3) copolymer unimers, respectively. At
10 min, 1, 2, 3, 6, 8, 11, 24 and 48 h post-injection the ani-
mals were sacrificed (n=3) by cervical dislocation and
blood as well as tissue samples (i.e. heart, lung, kidney,
liver and spleen) were collected. Blood samples were imme-
diately centrifuged at 1600g for 10 min to obtain plasma.
The concentration of block copolymer in plasma was
measured directly by liquid scintillation counting.

The heart, lung, kidney, liver and spleen samples were
washed with PBS to remove excess blood and weighed.
The tissue samples were then placed in excess PBS (tis-
sue:PBS = 1:3 (wt:wt)) and homogenized. One hundred
and fifty microliter aliquots of the homogenized samples
were added to 0.5mL of Soluene® (Perkin-Elmer Life

and Analytical Sciences Inc., Wellesley, MA) and the mix-
ture was incubated at 50 °C overnight. After cooling to
room temperature, 50 pL EDTA (200 mM), 200 pL hydro-
gen peroxide (30%) and 25 pLL HCI (10 N) were added. The
mixture was then incubated for 1 h at room temperature
and 10 mL of scintillation cocktail was added. The samples
were analyzed by scintillation counting following 24-h
incubation at room temperature. The total area under the
plasma concentration—time curve (AUC) and the total area
under the first-moment curve (AUMC) for the copolymers
were calculated by the linear trapezoidal rule.

2.13. Compartmental modeling and data fitting

Compartmental open models were used for fitting the
data from the in vivo studies. The computer software Scien-
tist® version 2 (MicroMath Inc., Salt Lake City, UT) was
employed for all fitting and simulations. The model selec-
tion criterion (MSC) was used as the parameter to deter-
mine the optimal model [21].

2.14. Statistical analyses

Statistical analyses of the data were performed using the
unpaired, two-tailed, Student’s -test. Values of P <0.05
were considered to be statistically significant.

3. Results

3.1. Synthesis and characterization of MePEG-b-PCL and
radiolabelled MePEG-b-PCL block copolymer

The block copolymers of MePEG-b-PCL were synthe-
sized by a metal-free cationic polymerization method with
HCl-ether as the catalyst [17]. MePEG was able to initi-
ate CL polymerization in the presence of HCI and as con-
firmed by SEC analysis little unreacted residual MePEG
remained following the procedure. As summarized in
Table 1, the copolymers have been found to have the pre-
dicted compositions and relatively narrow molecular
weight distributions (i.e. M,/M, = 1.04-1.10). The radio-
labelled MePEGsggg-b-PCL5o090 was synthesized by an
end-capping method as shown in Scheme 1. The *H-la-
belled acetyl chloride was reacted with the hydroxyl group
at the end of the PCL block of the MePEG(yy-b-PCL5000
copolymer. Due to the low molecular weight of this radio-
active compound as well as the hydroxyl functional
group, the labelling of the copolymer does not result in
a significant change in the overall chemical composition
of the material.

3.2. Determination of critical micelle concentrations of
MePEG-b-PCL copolymers

As listed in Table 1, the CMC values for MePEG5gggo-b-
PCLSOOOa MePEGIOOOO'b'PCLSOOO and MCPEGSOO()-[J-
PCLsyyy copolymers were found to be 299 49 mg/L,
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110 220 mg/L  and 38 &= 6 mg/L, respectively. The
observed trend agrees well with previous findings in that
the CMC increases with an increase in the hydrophilic
block length of the copolymer, when the length of the
hydrophobic block is held constant [22].

3.3. Micelle preparation and characterization

A dry-down method was used to prepare micelles from
the three MePEG-bh-PCL copolymers. Following hydration
of the copolymer films in PBS, sonication was employed as
a means to reduce the size distribution of the micelles. The
size and size distribution of the micelles were measured by
DLS and are provided in Table 1. The MePEGsggg-b-
PCLs09 copolymer was found to form the smallest sized
micelles with an effective mean diameter of approximately
56 £ 6 nm (n=3). A significant increase in the viscosity
of the solution was observed for the micelle solutions pre-
pared from copolymers having the higher PEG block
lengths. Specifically, the MePEGygo-b-PCL5099 micelle
solution was gel-like; while, the MePEGyypo-b-PCLsg00
solution was found to be more viscous than the
MePEG5(gy-b-PCLsg00 micelle solution, with all solutions
having copolymer concentrations of 50 mg/mL. DLS mea-
surements revealed that all micelle solutions had a mono-
modal size distribution. The morphology of the particles
formed from MePEGsgg-b-PCL5o0 Was also investigated
by TEM. As shown in Fig. 1, the electron microscopic
analysis revealed a spherical morphology with a relatively
uniform size distribution for the micelles.

3.4. Thermal analysis of micelles

DSC measurements were performed to investigate the
thermal properties of the MePEG-b-PCL micelles (data
not shown). The thermograms for all copolymer micelles
included a single, symmetrical endotherm that peaks at 61,
58 and 55 °C for MCPEGzoooo-b-PCL5ooo, MePEGloooo-b-
PCL 5009 and MePEGs5ggg-b-PCL5000, respectively. PCL and
PEG are both known to be semi-crystalline polymers [1].
The Ty, for the MePEG homopolymers were found to be
65, 63 and 62 °C for molecular weights 20,000, 10,000 and
5000, respectively. The T, for PCL homopolymer of a sim-
ilar molecular weight has been reported to be between 52
and 60 °C [23]. The single endotherms in the thermograms
are the result of the melting of both the PCL and PEG blocks.
As expected, as the PEG content within the copolymer is
decreased, the T, for the copolymer approaches the T, of
PCL homopolymer.

3.5. In vitro stability of micelles

The in vitro stability of the MePEG-b-PCL micelles at
37 °C was investigated in the absence and presence of phys-
iologically relevant concentrations of BSA (45 g/L). The
size and size distribution of the micelles in buffer (£BSA)
were evaluated via DLS measurements for periods of up

100 nm

Fig. 1. Transmission electron micrograph of micelles formed from the
MePEGsg9-b-PCL5g00 copolymer.

to 240 h (i.e. 10 days). The measurements were terminated
prior to 240 h if the intensity of a second population
increased to more than 40% of the total intensity as this
indicates the significant presence of a multi-modal size dis-
tribution. As shown in Fig. 2, micelles formed from the
MePEGsgo-b-PCL500o copolymer retained their size and
a monomodal size distribution over the 240 h incubation
period in both the absence (Fig. 2A) and presence
(Fig. 2B) of BSA. The values obtained for the hydrody-
namic diameters of the MePEGsyp9-b-PCLsg09 copolymer
micelles in the absence and presence of BSA were com-
pared by the Student’s z-test and the differences in the
diameters were found to be insignificant (P > 0.05) at all
time points. However, significant size variations were
observed for the micelles formed from the MePEG;gggo-b-
PCLsp09 and MePEG yggo-b-PCL5000 copolymers, both in
the absence and presence of BSA. In addition, the micelle
solution formed from the MePEGpp99-b-PCL5g00 copoly-
mer at a concentration of 50 mg/mL was observed to form
a gel upon incubation at 37 °C.

3.6. Interaction of copolymer with plasma protein

The GFC elution profile for copolymer that had been
incubated with total plasma was found to be the same as
that for copolymer incubated with PBS. The retention time
for the copolymer remained unchanged demonstrating that
there are no significant interactions between protein and
copolymer (data not shown).
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Fig. 2. Mean diameters of micelles formed from MePEG-5-PCL copoly-
mers (~@- MePEGy000-b-PCLsgo0, —A— MePEGiggo-H-PCL5000, —M-
MePEGs0p9-b-PCL5g00) in the absence (A) and presence (B) of physiolog-
ically relevant concentrations of BSA (45 g/L) (SD shown as error bars).
*Signifies that more than one size population has been observed from DLS
measurements. Only the mean diameter of the major population is shown
on the graph.

3.7. In vivo stability of MePEGsygg-b-PCLsgg9 micelles

The elution volumes for micelles and copolymer unimers
had previously been determined to be 5-7 mL and 11—
14 mL, respectively. The recovery of total radioactivity
from the column for each sample was found to be greater
than 92%. This high recovery rate confirms that the cleav-
age of the *H label from the copolymer occurs to an insig-
nificant extent in mouse plasma for periods of up to 24 h.

Fig. 3A includes the GFC elution profiles for a plasma
sample collected 1 and 24 h post-administration of a
copolymer dose of 250 mg/kg. If it is assumed that follow-
ing administration, the 250 mg/kg copolymer dose is com-
pletely diluted in the entire blood volume, then the
resulting copolymer concentration would be 70-fold above
the CMC of the copolymer (i.e. 38 mg/L). As shown in
Fig. 3A, each profile includes a peak eluting at volumes
ranging from 5 to 7 mL, confirming the presence of intact
micelles in the plasma at both time points. The radioactiv-
ity collected in the elution fractions that correspond to the
micelle population for both the 1 and 24 h samples was
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Fig. 3. GFC chromatograms for plasma samples obtained from mice 1 h
(dashed line) and 24 h (dashed-dotted line) following administration of (A)
250 mg/kg or (B) 2mg/kg copolymer. MePEGsgo0-b-PCLsgoo micelles
prior to injection are shown as the solid line. The area under the curve
(AUC) for each peak is provided in the inset.

found to be 78% and 74%, respectively, of the total radio-
activity administered onto the GFC column. A similar elu-
tion profile was obtained for the plasma samples collected
from mice administered a 2 mg/kg dose of copolymer
(Fig. 3B). In this case, with the same assumption as above,
the resulting copolymer concentration would be 2-fold
below the CMC of the copolymer. The amount of copoly-
mer collected in the fractions that correspond to intact
micelles was 59% and 55% of the total copolymer adminis-
tered, for the 1 and 24 h samples, respectively.

3.8. Pharmacokinetics profile of block copolymer unimers
and micelles following i.v. administration

The plasma clearance profiles for MePEG sgqq-b-PCL 5000
micelles at doses of 250, 2 and 0.2 mg/kg were investigated
for periods up to 48 h following i.v. administration. Com-
partmental fits of the data from both the individual exper-
iments and averaged plasma clearance profiles (n = 3) were
performed using the Scientist® software. For all doses
considered in this study, the fits obtained for individual
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experiments were found to provide similar mean values as
those obtained from the fits of averaged data (data not
shown).

When the copolymer was administered at a dose of
0.2 mg/kg, a very rapid elimination profile from plasma
was observed. As shown in Fig. 4, at 10 min, 1 h, 3h and
6 h, 12.7%, 10.7%, 9.9% and 7.6% of the total injected dose,
respectively, remained in the plasma. These values were
compared with those from the other two dose groups using
the Student’s z-test and the differences were found to be sta-
tistically significant at all time points (P < 0.01). The fitting
of the plasma clearance data obtained at this dose revealed
a one-compartment elimination profile and therefore a one-
compartment model was employed to calculate the main
pharmacokinetic parameters (MSC = 5.70). The calculated
parameters are summarized in Table 2 including an elimi-
nation constant of 0.070 & 0.003 h~' and volume of distri-
bution of 7.6 + 0.2 mL.

In contrast, as also shown in Fig. 4, the plasma elimina-
tion profiles for the copolymer following i.v. administration
of doses of 250 and 2 mg/kg had two-compartment profiles
and thus were fit using a two-compartment model. Good
fits were obtained using this model as indicated by MSC val-
ues of 3.59 and 5.30 for the 250 and 2 mg/kg dose groups,
respectively (shown in Fig. 4 as solid lines). The elimination
constants for both the central and peripheral compartments
(i.e. k19, k1o, ko1 and V) for both doses were obtained
directly from the fits. Other critical pharmacokinetic
parameters were calculated based on these constants and
are summarized in Table 2. Overall, the copolymer was
found to have a relatively fast distribution phase (0-2 h)
followed by a much slower elimination phase (2-48 h). A
comparison, using the Student’s ¢-test, of the elimination
phases for the copolymer when administered at 2 mg/kg

100
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=

1 T T T T T T v T v 1
0 10 20 30 40 50
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Fig. 4. The plasma clearance of MePEGsygo-b-PCLsg0o micelles in Balb/C
mice (n =3, SD shown as error bars) following intravenous injection at a
dose of 250 mg/kg (@, concentration of copolymer above CMC upon
dilution following administration) 2 mg/kg (A, concentration of copoly-
mer above CMC prior to administration but falls below CMC upon
dilution) or 0.2 mg/kg (M, copolymer unimers). The plasma concentration
data for all groups were fit using compartmental open models by
Scientist® software and are shown as solid lines.

versus a dose of 250 mg/kg revealed that the copolymer as
thermodynamically unstable micelles is cleared more rapid-
ly than copolymer as thermodynamically stable micelles at
all time points (P <0.05). Also, the total clearance rates
for the 2 and 250 mg/kg dose groups were found to be
0.14 and 0.06 mL/h, respectively.

3.9. Biodistribution pattern of block copolymer unimers and
micelles following i.v. administration

The tissue distribution of copolymer at specific time
points following administration is shown in Fig. 5. For
all three dose groups, a rapid accumulation of copolymer
in the various organs was observed. Among the three dose
groups examined, the most significant copolymer accumu-
lation in both the kidney and liver was obtained for the
0.2 mg/kg dose (Fig. 5C). This high accumulation of
copolymer in the major elimination organs correlates well
with the rapid plasma clearance profile obtained for the
copolymer when administered at this dose. On the other
hand, the biodistribution profiles for the copolymer at dos-
es of 2 and 250 mg/kg were found to be quite similar at
most time points (P > 0.05).

As listed in Table 3, the tissue to plasma concentration
ratios (Kyp) were also calculated for liver, kidney and spleen,
which are known to be the main elimination organs for
block copolymers [6,13]. For the 0.2 mg/kg dose group,
high values for K, were obtained for all organs (i.e. ranges
from 1.3 to 3.8). The volume of distribution of the copoly-
mer in these organs was found to be much larger than their
extravascular space as indicated by the high K}, values (i.e.
for distribution in extravascular space, liver: Ky, < 0.3,
spleen: Ky < 0.3) [13]. In contrast, for the 2 mg/kg dose
group the values for Ky, confirm that most of the copolymer
occupies the extravascular space of the liver and vascular
space of the spleen (i.e. for distribution in vascular space,
liver: Ky, < 0.1, spleen: Ky, < 0.1) at 1 h following adminis-
tration [13]. This indicates a low level of cellular uptake of
copolymer in these organs. Also, at this dose, the K, values
demonstrate a time-dependent profile with an increase
from 0.41 to 1.85 in the liver and from 0.14 to 0.85 in the
spleen at 1 and 12 h following i.v. administration. The K
values for the 250 mg/kg dose group did not vary as signif-
icantly with time. The K, values were 0.27 and 0.41 in the
liver and 0.16 and 0.2 in the spleen at 1 and 12 h post-
administration, respectively. These small values for Ky, also
indicate that a significant amount of the injected copoly-
mer, when administered at this dose, remains in the extra-
vascular space of the liver and vascular space in the spleen
with only minor uptake by these organs for up to 12h
following i.v. administration.

4. Discussion
In this study a series of MePEG-b-PCL copolymers were

synthesized and used to form micelles that were character-
ized in vitro as a means to select the most suitable material
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- to investigate in vivo. Overall the three copolymers were
ulle found to be biodegradable, have low CMC values and pro-
S=|% o . oo .

I duce micelles with dlametgrs in the range of 150 nm or less.
< Z|emo = It should be noted that, in these studies the CMC of the
= copolymers were measured in aqueous solution in the
E = 5 § ; absence of the vast array of plasma proteins present in
blood. Under conditions of thermodynamic equilibrium,

= protein—copolymer interactions could result in a decrease
e . in the population of unimers present in solution, which
JE|SZ2 could then in turn shift equilibrium towards micelle disas-
sembly. However, it was confirmed in this series of studies

7 that there are no significant interactions between plasma
%) - © g oo proteins and copolymer unimers. Therefore, it is unlikely
= g =« that the presence of plasma protein would have a signifi-

cant influence on the CMC.

Sle o < Thermal analysis of the copolymer micelles confirmed
SElawzZ the semi-crystalline nature of the hydrophobic core which

has been shown to enhance the kinetic stability of micelles
on <t O . .
A |z22 and result in a slow rate of disassembly once the concentra-
G |HHH tion of the copolymer falls below the CMC [1]. In addition,
E T]g/ E % § as listed in Table 1, the polydispersity index (PDI) for each
of the three copolymers was found to be relatively low (i.e.
§_|oma PDI < 1.1), which usually leads to a more stable micelle
LElgss S

= system in vivo [13].

d 1.2 As previously reported, the plasma protein adsorption
KEl-s2Z profile and self-aggregation of colloidal carriers are the

_ two key factors that determine their in vivo fate [20,24—

L|gegs 26]. Therefore, in this study the in vitro stability of the
==leee micelles in the absence and presence of protein was con-

P sidered to provide a preliminary indication, although
2|22 likely an overestimate, of the stability of the formulation

in vivo. Unlike micelles formed from MePEG;qgg0-b-

gﬂ) ; S 2 PCLSOOO and MCPEG]Oooo-b-PCL5000, the size of the
w E(=T MePEG5pp-b-PCL5g0o micelles remained constant over
the entire 240 h incubation period at 37 °C in the absence

% S < < and presence of BSA (i.e. 45 g/L). In addition, the values
< E S < > obtained for the hydrodynamic diameters of MePEGsgg-

b-PCL5g00 micelle system in the absence and presence of
A |1=8 BSA were compared by the Student’s s-test and their dif-
2 133 ference found to be insignificant (P > 0.05). This suggests
ETA [el that significant quantities of BSA do not adsorb to this
MElesZ micelle system. These findings are in agreement with our
2 |xsq previous report [25]. In this way, the MePEG5900-b-
4 S 3 PCLs0g9 copolymer was determined to be more suitable
E; g g < for in vivo use than the other MePEG-b-PCL copolymers
eSS Z considered.
- The distribution kinetics of the MePEGsgq9-b-PCL5000
—~ |88 copolymer was examined at three different doses in order
% j j to evaluate the behavior and fate of: (1) copolymer assem-
=88 < bled as thermodynamically stable micelles (i.e. concentration
KElSsZ of copolymer above CMC prior to and upon dilution follow-
- ing i.v. administration), (2) copolymer assembled as thermo-
g dynamically unstable micelles (i.e. concentration of
-g copolymer above CMC prior to but not following dilution
= % upon i.v. administration) and (3) copolymer unimers.
gﬁ) o o The pharmacokinetics profile obtained for the copoly-
QElG s mer administered as unimers (i.e. 0.2 mg/kg dose group)
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Fig. 5. The tissue distribution profile for the MePEG ¢09-b-PCLsqgo copolymer in mice following i.v. administration of micelles and/or unimers at doses of
(A) 250 mg/kg, (B) 2 mg/kg or (C) 0.2 mg/kg. The amount of PEGsggo-b-PCLsg0o copolymer is expressed as the percentage of the injected dose versus time.
The histograms are representative of the mean of three-independent determinations (z = 3, SD shown as error bars).

included a very rapid elimination from the plasma follow-  (i.e. /'y = 7.6 mL), in comparison to the total blood volume
ing i.v. administration. The profile for the copolymer was of a mouse (i.e. 1.75 mL/mouse) [27]. This high value for
found to be well portrayed by a one-compartment open V, confirms a broad tissue distribution for the copolymer

model with a rapid distribution phase of less than  to the various tissues and organs within a short period of
10 min. The volume of distribution (V) was quite large  time. This may be attributed to the relatively low molecular
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Table 3

The tissue to plasma concentration ratios for the MePEGg0o-b-PCLsggo copolymer following i.v. administration at doses of 250, 2 or 0.2 mg/kg copolymer

Time (h) Ky, (liver) Ky (spleen) Ky, (kidney)
250 mg/kg 2 mg/kg 0.2 mg/kg 250 mg/kg 2 mg/kg 0.2 mg/kg 250 mg/kg 2 mg/kg 0.2 mg/kg
1 0.27 0.41 1.90 0.16 0.14 1.30 0.30 0.47 1.70
6 0.41 0.69 3.80 0.23 0.30 2.30 0.39 0.68 3.10
12 0.41 1.85 N/A 0.20 0.85 N/A 0.43 1.20 N/A

weight (i.e. M, = 10,000 g/mol) and amphiphilic nature of
the copolymer unimers. In this way, the penetration of the
copolymer into tissues may be enhanced, relative to the
degree of penetration or entry of intact micelles. As listed
in Table 3, the tissue to plasma concentration ratios (Kp)
for the copolymer unimers indicate a significant degree of
intracellular uptake of the copolymer in these organs [28-
30]. The prompt uptake by the liver and spleen leads to a
rapid total elimination of the copolymer from the plasma
as confirmed by the short half-life (i.e. 10.2 h) and high
clearance rate (0.53 mL/h) obtained for the copolymer
when administered at this dose.

Following administration of the copolymer as both ther-
modynamically stable and unstable micelles (i.e. dose
groups of 250 and 2 mg/kg, respectively), the presence of
intact micelles in plasma both 1 and 24 h post-administra-
tion was confirmed by a GFC-based method. The presence
of intact micelles in plasma following administration of the
thermodynamically unstable micelles (i.e. 2 mg/kg) con-
firms a high degree of kinetic stability for this system. This
may be attributed to both the hydrophobic and semi-crys-
talline nature of the PCL core as well as the appropriate
surface coverage of the PCL core by the MePEG shell
[1] The in vivo Stablllty of the MGPEG5000-[)-PCL5000
micelle system has also been demonstrated in the pharma-
cokinetics profiles and elimination rates obtained for both
the 2 and 250 mg/kg dose groups. Specifically, the plasma
clearance profiles for the copolymer at both doses include
obvious two-compartment patterns with an initial fast dis-
tribution phase in the first 2 h followed by a relatively slow
elimination phase. It was found that even the thermody-
namically unstable micelles (i.e. 2 mg/kg dose group) had
a much longer circulation half-life and slower rate of elim-
ination than the copolymer unimers (i.e. 0.2 mg/kg dose
group, P <0.05 at all time points), despite the fact that
the copolymer concentration would be expected to reach
levels that are approximately 2-fold below the CMC of
the copolymer following i.v. injection.

As expected, in comparison to the thermodynamically
unstable micelles (i.e. 2 mg/kg dose group) the thermody-
namically stable micelles (i.e. 250 mg/kg dose group) were
found to have a slower elimination rate from the plasma
during the elimination phase (i.e. 248 h, P <0.05 for all
time points). The concentration ratios of tissue to plasma
for the main elimination organs were also found to be low-
er for the 250 mg/kg dose group: this indicates that the
copolymers were more effectively entrapped within the
extracellular or vascular space of these elimination organs

leading to a lower elimination rate, relative to the 2 mg/kg
dose group.

In summary, it has been demonstrated that by optimizing
the block lengths of MePEG-b-PCL copolymers, a micelle
system with a reasonable in vivo circulation half-life, that is
comparable to that of other well-established long-circulating
colloidal particles, may be achieved [12,13,31,32]. The inves-
tigation and comparison of the pharmacokinetics and bio-
distribution profiles for copolymer administered as
thermodynamically stable micelles, thermodynamically
unstable micelles and copolymer unimers revealed that the
aggregation state (i.e. micelles or unimers) of the copolymer
plays an important role in determining the in vivo fate of the
material. These studies also demonstrate that when the
copolymer concentration falls below the CMC the kinetic
stability of the system, which is largely determined by the
nature (i.e. degree of hydrophobicity) and state (i.e. semi-
crystalline, amorphous) of the micelle core, can have a
significant impact on in vivo stability as well as the pharma-
cokinetics and biodistribution of the material. In this way,
the selection of a core-forming block that provides a high
degree of kinetic stability may be a strategy for the prepara-
tion of micelles that act as true drug carriers and remain
intact until reaching the target site.
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