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Abstract: Various hormone replacement regimens and delivery systems have been developed,;
however, there is still a need for additional, easily controllable and biocompatible systems. We
have developed and characterized biocompatible polycaprolactone-block-poly(ethylene oxide)
(PCL-b-PEO) micelles for the delivery of 175-estradiol (E2) and investigated their loading and
release properties using fluorescence spectroscopy. The micelles are spherical aggregates that
range in size from 20 to 40 nm, as determined by both transmission electron microscopy and
dynamic light scattering. A high loading efficiency for E2 of up to 96%, as well as a high drug
loading capacity of up to 4000 molecules of E2 per micelle (equivalent to 190% (w/w)), is
obtainable. In addition, the E2 loading and release can be controlled by modifying the block
length of the polycaprolactone core and the initial estradiol concentration. The release of E2
from the micelles showed a biphasic profile under perfect sink conditions: there is an initial
burst release, followed by a slow and prolonged release for up to 5 days, until complete release
is achieved. The release of E2 from the micelles was shown to be diffusional, as shown by the
linearity of the release as a function of the square root of time. Approximate diffusion coefficients
of the order of 10717 cm?/s were obtained. In vitro and in vivo experiments confirmed that the
biological activity of E2 was retained after preparation of the micelles. This micelle carrier could
serve as a versatile and efficient nanodelivery system for steroids and other poorly water soluble
drugs that require solubilizing agents for delivery.
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Introduction dermal, polymeric, and block copolymeric systems. We will
Estrogen replacement therapy was originally proposed asoutline each of them briefly. Transdermal delivery systems
a solution for estrogen deficiendy® however, hormone  including EstraderniFemPatcH,and other FDA approved
replacement therapies have also been the subject of controSyStems are reviewed by Ramachandran étlghosomes
versy* A variety of drug delivery systems for estradiol and CONtaining phosphatidylcholine and surfactants, which serve

contraceptives have been developed, among them trans
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to disturb the lipid bilayer, have also been used as trans-Also, disk and cylinder-type laminate systems have been
dermal delivery vehicles for E2Both proniosomes (lipo-  employed for the controlled release of E2.

somes that are formed from nonionic surfactants) and Block copolymers have also been used in the preparation
niosomes (proniosomes that have been hydrated in water)of micellar drug delivery systeni$:24 Amphiphilic self-
have also been used to increase the permeation of estradioassembled systems are attractive drug delivery vehicles,
across the skif!* Among the advantages of the transdermal mostly due to their size, stability, versatility, and biocom-
delivery system are avoidance of the hepatic first pass patibility. Very few micellar systems exist for estradiol aside
elimination, improved patient compliance, and reduction of from Pluronicb-poly(acrylic acidj® and various Carbopol
some side effects However, variation in a patient’s skin ~ (Poly(acrylic acid))/surfactant systerffsHowever, a new
permeability results in insufficient or excess mean serum biocompatible micelle system for the delivery of estradiol
concentrations in the blood. In addition, adverse effects suchMight prove advantageous. In our group, polycaprolactone-
as depression, breast tenderness, headaches, and nausea 8lgckPoly(ethylene oxide) (PCb-PEO) copolymer micelles

associated with both oral and transdermal E2 formulations. NaVe been explored as a drug delivery systért.PCL, the
. . .__hydrophobic or core block, is a well-known biodegradable
Biocompatible polymers have also been used to deliver

diol w(actid veolid ) and biocompatible polymer that has been used in various
17p-estradiol. Poly(lactideo-glycolide) (PLGA) micro- biomedical applications because of its excellent biocompat-
spheres have been used to load and releasé'£2 range

. . ibility and degradability. Poly(ethylene oxide) (PEO) serves
of concentrations (0.1515% (w/w)) can be loaded into the 54 the hydrophilic block in the corona of the micelle. It is

microspheres, and controlled release is achievable. Howevergne of few water soluble polymers that have been widely
the large sizes of microspheres are not ideal for avoiding ysed to improve the biocompatibilities of blood-contacting
the body’s defense mechanisms, i.e., the reticuloendothelialpiomaterials, because it helps prevent uptake by the RES by
system (RES), and there is a large burst release lasting uprolonging the circulation time of the carrier in the blo8d.
to 24 h due to the presence of E2 on the surface of the |t has been shown that PQi-PEO micelles are an effective
particlest*1*Block copolymers made from polycaprolactone carrier for hydrophobic probé$, and lipophilic drugs
and polylactide have been used to create microspheres. such as FK5082 L-685,8183% and dihydrotestosterone
(DHT).34
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To investigate and assess polycaprolactoloek-poly- and dialyzed against MilliQ water in the dark to remove the
(ethylene oxide) micelles as a delivery system for E2, we DMF solvent and any excess E2 molecules. For the first 4
examined its loading and release parameters. E2 is fluores+, the water was changed twice every 2 h, then once every
cent, and its presence can be quantified using fluorescencenour for the next 4 h, and then it was left overnight. After
spectroscopy. The influence of the initial concentration of dialysis, the micelle solution was diluted to 6.4.0%

E2 and of the polycaprolactone block length on the loading (w/w) of polymer.

and release parameters are also examined. The release of Fluorescence Measurements for Loading and Release
E2 from the micelles is studied using a perfect sink apparatusExperiments. The loading efficiency of 17-estradiol into

in order to obtain information about the profile of drug the micelles was determined by fluorescence spectroscopy.
release, and diffusion coefficients are calculated. In vitro and A calibration curve of E2 in dimethyl sulfoxide (DMSQO)

in vivo experiments show that E2 incorporated into block was created to determine the linear range of fluorescence as
copolymer micelles did not lose its biological effectivness. a function of concentration of the drug. A small aliquot of
The results from these studies provide evidence for the micelles containing drug (i.e., 20L) was dissolved in 490
possibility of controlling these relevant properties of the uL of DMSO and placed into a quartz microcuvette. This
micelle self-assembly drug delivery system, and for its was performed for determinations of the concentration of

versatility in incorporating other sex hormones. E2 in both loading and release experiments. The micelles
are completely dissolved in DMSO, releasing all of the E2,
Experimental Section and the solution is then analyzed by fluorescence. The

copolymer and the solvent do not contribute significantly to
the fluorescence, and the background value obtained was
subtracted. The fluorescence was measured using a SPEX
FluoroMax 2 in the right-angle geometry (9@mission
collection). The emission fluorescence spectra were obtained
at an excitation wavelengthld = 281 nm). The loading
efficiency and the drug content were calculated using the
experimental values from fluorescence spectroscopy and
from the following equationg?

Materials. The block copolymer that was used in this
study was polycaprolactortdeckpoly(ethylene oxide). A
description of the complete synthesis of Bgb-PEQs block
copolymers can be found in a previous publication by Luo
et al. in connection with another proje8tA series of block
copolymers with the same number of units of ethylene oxide
but different polycaprolactone units (PGHb-PEQy, to
PCLis1-b-PEQy) were synthesized by anionic polymerization
by Yu et al. in connection with another projé€tThe
subscripts after PCL or PEO refer to the number of repeatI gi ffici % mass of drug in micelles (g)
units in each block. J#Estradiol was purchased from Sigma oading efficiency (% )= total mass of drug used (93<
Aldrich (Oakville, ON, Canada) and used as received. E2 100 (1)
has a molecular weight of 272.4 g/mol and a melting point
of 173—179°C (refer to Table 1 in the Supporting Informa- drug content (% wiw)- mass of drug in micelles (g)
tion for the structure of E2 and its physical properties). Mini 9 0 mass of micelles (g)
dialysis chambers (Slide-A-Lyzer mini dialysis unit) used 100 (2)
for the release experiments were purchased from MJS
BioLynx Inc. (Brockville, ON, Canada) and had a molecular ~ Release of E2 from PCLb-PEO Micelles. The solution
weight cutoff (MWCO) of 3500 g/mol. of the micelles with the incorporated E2 used for the release

Preparation of PCL-b-PEO Micelles with E2 for Load- experiment had a polymer concentration of -0140%
ing and Release StudiesAn aliquot of E2 solution in  (W/W) and an initial concentration of-335 mM. Samples
acetone was placed into an empty vial in quantities such that,0f micelles (16-204L) containing the E2 were placed into
in the final solution, the concentration of the drug ranged dialysis chambers (MWCO: 3500 g/mol). MilliQ water
from 10 to 72 mM. The acetone was allowed to evaporate. (380-390uL) was then added to each dialysis chamber. The

The block copolymer (510 mg) was then added to the vial, experimgnt was performed under'perfect sink conditions;
and 15 mg of dimethylformamide (DMF) was added to after being rele_ased f_rom the micelles, a_1|| of the dru_g
dissolve both the drug and the copolymer. The solution was MPlecules were immediately washed away into the exterior
stirred for 4 h. To induce micellization, MilliQ water was ~Solution, hence there was no drug that accumulates in the
added slowly at a rate of approximately 2.5%/min until 35 €Servoir and stead_y stgte conditions were not reached.
mg of MilliQ water had been added. The total mass of this Briéfly, @ number of dialysis chambers (up to 20) were placed
solution was ca. 500 mg, which yielded a2% (wiw) into a dialysis float device, which was placed into a large

polymer solution. The micelle solution was stirred overnight Peaker filled with tap water. This beaker was placed into a
crystallization dish (160« 100) equipped with a side neck.

Tap water was allowed to run into the beaker so that when
the water overflowed from the beaker, the excess water
would go into the crystallization dish and out the side neck

(33) Allen, C.; Yu, Y.; Maysinger, D.; Eisenberg, Bioconjugate
Chem.1998 9, 564-572.

(34) Allen, C.; Han, J.; Yu, Y.; Maysinger, D.; Eisenberg, A.
Controlled Releas@00Q 63, 275-286.

(35) Yu, Y.; Eisenberg, APolym. Mater.: Sci. Engl998 79, 288— (36) Riley, T.; Govender, T.; Stolnik, S.; Xiong, C. D.; Garnett, M.
289. C.; lllum, L.; Davis, S. SColloids Surf., B1999 16, 147—159.
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attached with a tube. This allowed for constant stirring and a
also for perfect sink conditions to be observed. At specific 100
time intervals, a dialysis chamber was removed and an
aliquot was sampled, dissolved in DMSO, and analyzed by 80
fluorescence.

Transmission Electron Microscopy (TEM). The micelles
in the solutions were examined using a JEOL JEM-2000FX
electron microscope operating at an accelerating voltage of
80 keV. Dilute solutions of the micelles containing the E2
in water (0.05% (w/w)) were deposited on 400 mesh copper
grids (EMS Sciences, USA) that were precoated with a thin 20 -
film of Formvar (poly(vinylformal)) and carbon. The samples
were allowed to remain on the grids for a few seconds, and . . . '
then a blotter was applied to remove the excess solution. 0.0 05 10 15 20 25
The grids were then left overnight to air-dry. Digital images b Weight ratio of drug/polymer (g/g)
were taken with a Gatan 792 Bioscan &klk wide angle
multiscan CCD camera (JEM-2000 FX).

Dynamic Light Scattering (DLS). The sizes and size
distributions of the micelles containing the E2 were deter-
mined on a Brookhaven Instruments photon correlation
spectrophotometer with a BI-9000AT digital correlator. The
instrument was equipped with a compass 315M-150 laser
(Coherent Technologies) that was used at a wavelength of
532 nm. Micelles containing the E2 were filtered through a
200 nm filter and used at a concentration of 0.05% (w/w).
Dust free vials were used for the aqueous micelle solutions,
and measurements were performed at an angle“céitd@om
temperature. The CONTIN algorithm was used to analyze o = o » o " .
the DLS data. ' ’ ' ' ' '

Assessment of Effectiveness of PGib-PEO.s Micelles Weight ratio of drug/polymer (g/g)

Containing the E2 in Vitro and in Vivo. All animal work Figure 1. Loading efficiency (a) and drug content (b) of E2
was performed according to guidelines approved by the localin PCL;3-b-PEO,s micelles. The straight line is only meant to
Animal Research Committee of the Institute, and all efforts serve as a guide for the eye.

were made to minimize animal suffering and to reduce the

number of animals used. Dorsal root ganglia (DRG) explant sacrificed by decapitation. Positive control animals were
cultures were prepared as described by Tam &t@tplants  treated once a day (08 of E2) and were also sacrificed 1
obtained from 3-4 month old C57BL mice were treated with Week after treatment. Negative controls were injected with
nonincorporated E2 (1 nM) and E2 incorporated into PCL- empty micelles or a vehicle for E2 (i.e., olive oil). There
b-PEO micelles (1 nM), and empty micelles (equivalent Was no significant difference between animals treated with
amount of polymer as in micelles containing E2). The neurite €Mpty micelles or olive oil, so these two groups were merged
outgrowth was determined after 7 days by assessing relativeMto the control group. After the animals were sacrificed,
optical density (ROD) of the total neuritic area using MCID- Wet uterine weight was determined in all experimental
M5+5.1 image analysis software (Imaging Research). groups. Results are expressed as me&SEM. All statistics

Twenty 4 day old female mice (C57BL) were fed ab Were p_erforrr_]ed_ l_,lsing SYSTAT 9 (SPSS Inc., _Chicago, IL).
libitum with mouse standard diet and kept in a 12 h lighy Statistical significance was determined using one-way
dark cycle. Prior to injection, 20L of micelle stock solution ~ ANOVA with a Bonfferoni post hoc test.

(27 mM) was redispersed in saline to make a total volume
of 100 uL (retaining the polymer concentration approxi- Results and Discussion
mately 950 times above the critical micelle concentration  Loading Properties of E2 in PCL-b-PEO Micelles.The
(CMC)#*" 2.8 x 107 M). The Supporting Information  |oading of E2 into PChs-b-PEQ;s micelles was investigated
contains details of the calculation. At postnatal day 17, the for a series of samples ranging in initial (prior to loading)
suspension providing pharmacological plasma concentrationdrug concentrations from 10 to 72 mM in solution. The
(150 ug of E2 in olive oil) was injected into the backs of |oading efficiency is an indication of the percentage of the
mice (i.e., subcutaneous). One week later, the animals weredrug present in solution that can potentially be incorporated
into the carrier. The loading efficiency of micelles for E2
(37) Tam, J.; Danilovich, N.; Nilsson, K.; Sairam, M.; Maysinger, D. ¢an be determined from eq 1, and the results are shown in
Neuroscienc002 114, 493-506. Figure la. The loading efficiency increases from 36% when
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Table 1. Loading Properties of E2 in PCL,3-b-PEOys PCLyo-b-PEQy which has been previously determined by
Micelles our group’ was used since the copolymer (i.e., R&b-
wtratio of  loading drug wt of E2/ PEQs) did not greatly differ in terms of block lengths of

drug/polymer efficiency content molecules of wt of PCL core either PCL or PEO. The PGkb-PEQs micelles can
wiw) %) % (wiw) E2/micelle % (whw) incorporate up to a maximum of ca. 4000 molecules of E2
0.1 36 5 9.9x 10! 10 per micelle, representing a drug content of 190% (w/w).
0.8 67 55  1.2x10° 100 These numbers suggest that these block copolymer micelles
1.4 85 120 2.6 x 103 215 can be suitable carriers for steroids and similar hydrophobic
2.0 96 190 4.0 x10° 330 drugs, in contrast to what has been stated for small molecule

surfactant$? In general, the great affinity of PCL for steroid

. ) ) o molecules such as E2 is well documentédt is also of
the weight ratio of drug to polymer is 0.1 (w/w) to 67% as interest to compare estradiol with DHT loaded into block

this value increases to 0.8 (w/w), and it reaches 96% (w/w) copolymer micelles. Allen et al. incorporated DHT into

when the weight ratio of drug to polymer is 2 (W/w). An - pc), ' PEQ,, micelles (ca. 50 nm) and showed that, at a
increase in th_e loading efficiency of E2 with |n_|t|al drug weight ratio of drug to polymer of 2 (w/w), ca. 1300 DHT
concentration is generally seen for copolymer micelles. For molecules were incorporated, representing 134% (#w).

example, Hagan et &. reporFed this tre_nd for both test- Hence, for any given weight ratio of drug to polymer, REL
osterone and Sudan black B in pay(lactide)blockpoly- b-PEQss micelles can incorporate approximately-2 times
(ethylene glycol) (PLAb-PEG) micelles. Similarly, Goven- more E2 than DHT molecules.

5 ; . .
der et af? also observed this trend for procaine hydrochloride The weight ratio of the amount of E2 and the PCL core is

l:norITcL;-t?;lzgr? ir:Ictflltleess.ollﬂt%LOl;r:cr:]reesaesgsszsr;easet/heitﬂgjllg also an important indication of the loading properties of the
reaches a point when the loadin effi(;ienc decreaseysmice”e’ because most of the hydrophobic drug should be
b 9 y resent in the hydrophobic core. The weight ratio of E2 and

molocules naroases n loading effciency wi el crug e PCL GOre ranges from approximately 1056 (0 330%
: 9 y 9 (w/w) for a weight ratio of drug to polymer of 0-12

concentration were also seen for microspheres; for example,(W/W) In comparison. data for DHT ranges from ap-

Birnbaum et al. showed that an increase in the initial roxirﬁatel 60/5 o 13’0% for a weiaht rat?o of dru tF())

concentration of E2 increased the loading efficiency of the Eolymer ofyo 12 (wiw)3 For the san?e drug per poly?ner
13 . L . 0 . .

drug-”They reported loading efficiencies ranging from 67% ratios in the initial solution, the incorporation of E2 is

to'l}r?gcyc;rlljrgoccfnl_tgrﬁ E?Ero;pehzﬁjél amount of drug incor- approxima_ltely 23-f9ld higher than for I.DHT in the PCL
porated in the micelle.s).,of E2 is determined from eq 2 and cores. This comparison is more meamng.ful, because we
is shown in Figure 1b. There is a nearly linear relation compare the gmount of drug |n.corporated in the PCL core.
between the drug contént and the weight ratio of drug to Exact comparisons beMeen micelle systems are not trl\{lal,
due to the differences in the total molecular weight, the size

polymer in the initial solution. A remarkably high amount fthe micell he si fh d the size of th
of E2 can be incorporated into the P&ib-PEQ;s micelles oft e mice e, 1 ©siz€ 0 the core, and the size of the corona
° ' chains; hence this was the reason why we compared the

I 0,
The drug content of E2 ranges from approximately 5% to loading data using many different units.

190% (w/w) for a weight ratio of drug to polymer of 0.1 to In order o | ligate the effect of pol lact block

2 (w/w). By comparison with microspheres, 6.2.3% | ntcr)]r erﬂ:) |r|1ve§_|gae e_? ecf: EOZ polycapro ?C onel oc

(w/w) and 5-15% (w/w) were reported in PLGA micro- €ngth on Ihe foading capacity of 2, & Series of copolymers
were synthesized with different polycaprolactone blocks

spheres ranging in size from 30 to 1602 and from 60 to : X .
13 . ) : (ranging from 12 to 151 units) with the same poly(ethylene
75um,respectively. Thus, the PeEDb-PEQs micelles can oxide) blocks (e.g., 44 units). The influence of the PCL block

incorporate approximately 13 times the maximum drug . - . -
content achieved in these PLGA microspheres (15% vs 190%Iength on theiloadln'g efficiency of B2 is shown N Flggre 2.
There is a linear increase?(= 0.998) in the loading

(w/w)). However, from the microspheres studies, it is not .~ 0 0
clear whether the limits of incorporation had been reached,_emc'ency’ from _10A’ to_ 90%, as the P(.:L block Ien_gth
increases. More information about the loading characteristics

so itis conceivable that a greater amount of drug could have ) S :
been incorporated. Additional insight into the loading capac- gf the different PCl-b-PEQ, copolymers is given in Table

ity can be obtained from the data in Table 1. . .
The number of molecules per micelle is another indication _ 1 N€ drug content ranges from 15% to 130% (w/w) as the

of the loading properties of the delivery system. To calculate PCL block length increases. The number of molecules of
the amount of drug per micelle, the association number of E2 increases from approximately 230 to 11 000, which leads
to a weight ratio of drug and PCL core of 3&44% (w/w)

(38) Hagan, S. A.; Coombes, A. G. A.; Garnett, M. C.; Dunn, S. E.;
Davies, M. C.; lllum, L.; Davis, S. S.; Harding, S. E.; Purkiss, (40) Scholes, P. D.; Coombes, A. G. A.; Davies, M. C.; lllum, L.;

S.; Gellert, P. RLangmuir1996 12, 2153-2161. Davis, S. SControlled Drug Delvery 1997, 73—106.
(39) Govender, T.; Riley, T.; Ehtezazi, T.; Garnett, M. C.; Stolnik, S.; (41) Kost, J. InPolymeric Materials Encyclopedidst ed.; Salamone,
lllum, L.; Davis, S. S.nt. J. Pharm.200Q 199, 95-110. J. C., Ed.; CRC Press: New York, 1996; Vol. 2 (C).
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Figure 2. Dependence of loading efficiency of E2 on the block
length of polycaprolactone in PCL-b-PEO,44 micelles.

Table 2. Loading Properties of E2 in Different
PCL,-b-PEQO44 Micelles

PCL loading drug wt of E2/
block efficiency content molecules of E2/ wt of PCL core
length (%) % (wiw) micelle % (w/w)

12 10 15 2.3 x 107 36
21 17 22 5.1 x 10? 40
40 30 45 1.3 x 108 64

151 90 130 1.1 x 104 144

of the micelle. In the cell membrane, E2 tends to associate
with the hydrophobic domairfé.

A value for the partition coefficient of E2 in the PQi--
PEO micelles was not determined, but a comparison of the
partition coefficients reported in the literature gives a good
indication of the value. Lundberg et al. determined the log
water—octanol partition of E2 to be 48.The log apparent
partition coefficient of DHT was determined to range from
2.9 to 4.3 in PChyb-PEQy micelles3* On the basis of the
water solubilities of dihydrotestosterone and estradiol (e.g.,
42 mg/L and 1.7 mg/L, respectivel§hwe estimate that the
partition coefficient for E2 would be larger than that for
DHT, and E2 would partition into the PCL core more than
DHT. In comparison with another system, Ye et al. calculated
the log partition coefficient of E2 in block copolymers of
varying ratios of caprolactone and lactide and found that
increasing amount of caprolactone (from 60% to 90%) led
to an increase of lo from 3.0 to 4.3 Similarly, a high
partition coefficient (logP = 3.8) was determined between
a model fluorescent hydrophobic probe (CM-Dil) and PCL-
b-PEO micelles and resulted in a high loading capacity for
the probe’!

PCL-b-PEO Morphology and Size.The size and mor-
phology of the PCLs-b-PEQ;s micelles were determined
previously?3 and the findings are confirmed in the present
study. Briefly, the micelle aggregates were spherical with
sizes (determined by both DLS and TEM) of 252 nm. A
TEM image of micelles containing E2 (concentratien2

as the PCL block length increases. The increase in the blockmm) revealed spherical shapes and a diameter 03D
length of PCL resu_lts in a larger core diameter, so more drug nm (Figure 3a). Dynamic light scattering was also used to
molecules can be incorporated. The reason for this is that asjetermine the size of the micelles containing E2 (concentra-
the PCL block length increases, the aggregation number oftion = 3 mMm), and the results are shown in Figure 3b.

the micelle increases, resulting in a larger core, which allows

There should not be a significant change in the size and

for a higher loading efficiency. This has been reported in sjze distributions due to small differences in drug loading.

the literature by Gadelle et al., who showed that as the |engthThe majority of the micelles are less than 50 nm and the
of the hydrophobic block increases, the CMC decreases andaverage micelle diameter is 33 nm, as determined by Contin
a resulting increase in the diameter of the core facilitates analysis using DLS. Although we have not studied the effect

the loading of more drug molecules into the ctr&imilarly,

of drug loading of E2 on the micelle size, we speculate that,

K_OZIOV et al. Sh_Owed that a decrease in the CMC was the with higher amounts of E2 loaded, there may be a possible
direct result of increasing the length of the core-forming increase in the micelle size. Such an increase has been

block*3

previously observed for the incorporation of estrone into PLA

The increase in the PCL block length also influences the microsphereS and antiestrogen (RU 58668) into PLGA,
partition coefficient, which is a convenient way to express PLA, and PCL nanospheré’.

the affinity of the drug for the micelle core or for the external

Release Kinetics of E2 from PCLb-PEO Micelles.E2

environment. The partition coefficient increases with increas- from PClys-b-PEQis micelles with different E2 contents (3
ing PCL block lengths. Allen et al. showed that the partition and 35 mM) is released at different rates (Figure 4).

coefficient of pyrene increased from 240 to 1450 as the PCL
block length increased from 14 to 40.n the previous

In order to obtain more quantitative information on the
release of estradiol from the micelles, the release data was

section, the high estradiol loading into the micelles would plotted against the square root of time; the linearity of the

suggest that there is a great affinity of the drug molecules
for the polycaprolactone core. g-Estradiol is highly lipo-
philic and prefers to partition into the hydrophobic PCL core

(42) Gadelle, F.; Koros, W. J.; Schechter, RM&cromoleculed4995
28, 4883-4892.

(43) Kozlov, M. Y.; Melik-Nubarov, N. S.; Batrakova, E. V.; Kabanov,

A. V. Macromolecule00Q 33, 3305-3313.
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(44) Clarke, R.; Van den Berg, H. W.; Murphy, R. F.Natl. Cancer
Inst. 199Q 82, 1702-1705.

(45) Lundberg, BActa Pharm. Suec979 16, 151-159.

(46) Ye, W.-P.; Chien, Y. WPharm. De. Technol.1996 1, 1-9.

(47) Parikh, B. V.; Upadrashta, S. M.; Neau, S. H.; Nuessle, NI.O.
Microencapsulatior.993 10, 141-153.

(48) Ameller, T.; Marsaud, V.; Legrand, P.; Gref, R.; Renoir, J.-M.
Eur. J. Pharm. Sci2004 21, 361—-370.
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Figure 3. (a) Transmission electron microscopy of E2 0 T T T T
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range is 30 + 7 nm. (b) Dynamic light scattering of E2 Time (seconds)

(concentration = 3 mM) in PCLzs-b-PEO,s micelles. Average Figure 5. The fit of the release data to the Higuchi model

diameter is 33 nm. using two different estradiol concentrations: 3 mM (®) and
35 mM (a) under perfect sink water conditions. The linearity
of the line of best fit is indicative of a diffusional release
mechanism. The assumption is that the average diameter of
the micelle is 25 nm.

plot is indicative of a diffusional release. The diffusion
coefficients D (expressed in cifs), from these release plots
were determined using the Higuchi equatf8n,

3) burst release phag&For the more concentrated sample (35

mM), the diffusion coefficient was 8.9 108 cn¥/s, while

for the lower concentration sample (3 mM), the diffusion
whereQ is the amount of E2 released per unit area of the coefficient was 1.1x 10°17 cn?/s. The reader is referred to
micelles (expressed in mol/énC, is the initial concentra-  the Supporting Information for sample calculations. Gref et
tion of E2 per volume of PCL (expressed in molAmand al. showed that, at low loadings of lidocaine, the release of
t is the time (expressed in seconds). Previously, we havethe drug occurred more quickly from PLG&PEO micelles
used this model to fit release data of model hydrophobic than at higher loadings. The release of norfloxacin from
probes from micelled: The release plotted against the square poly(y-benzylL-glutamate)slockpoly(ethylene oxide) (PBLG-
root of time is shown in Figure 5. b-PEO) micelles was observed to be slower at higher drug

The release fits relatively well with the Higuchi model contents due to increased hydrophobic interaction between

(i.e., correlation coefficients of 0.978 for 35 mM and 0.980 the PBLG core and the hydrophobic difgSimilarly, in a
for 3 mM). Diffusion coefficients were determined assuming recent paper, we showed that the release of hydrophobic
a micelle diameter of 25 nm, and omitting the data for the

Dt\1/2
o=xof)

(50) Nah, J.-W.; Jeong, Y., II; Cho, C.-8ull. Korean Chem. Soc.
(49) Higuchi, W. 1.J. Pharm. Sci1962 51, 802-804. 1998 19, 962-967.
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Figure 6. Release of E2 (35 mM) from PCL-b-PEO micelles
with different PCL lengths PCL;5; (®) and PCL,3; (a) under
perfect sink water conditions. The linearity of the line of best
fit is indicative of a diffusional release mechanism. The
average diameter of the micelle was taken as 25 nm.

probes (CM-Dil and benza]pyrene) from samples with

the drug and the micelles with higher PBLG content were
responsible for the slower release. Similarly, Nah et al.
incorporated norfloxacin and clonazepam into the PBi-G-
PEO micelles and observed that release of the drugs was
slower for longer PLBG chairf®:>2Gorshokova et al. found
that, over a 15 day period, the release rate of daunomycin is
reduced from 16% to 4% due to the introduction of
hydrophobic blocks (decylaminé).

During the release experiments, all the micelle samples
showed a small initial burst release (i.e.;Z0% in the first
hour) of 17B-estradiol. This is a result of the E2 being
released from the interfacial regions of the micelles. Burst
release has been observed for other micelle systems: e.g.,
Bromberg et al. observed a-31% initial rate of release of
E2 from the expanded PAA corona of the Pluronic-PAA
micelles?® Similarly, Teng et al., showed an initial burst
release of pyrene from the inner corona of micelles from
poly(tert-butyl acrylate)b-poly(2-vinylpyridine) and a blend
of PBA-b-P2VP with P2VPbk-PEO®* Burst release has also
been observed in microsphefésStudies showed that
incorporating PLGA microparticles within a silicone matrix
reduced the initial burst release of E2Makino et al.
controlled the time interval between the initial burst and the
subsequent release by mixing different types of PLGA

higher concentrations was slower than the release frommicrosphere8? Although a burst release is undesirable, in

samples with lower concentratiof’sDiffusion controlled

release was reported in the literature for E2 from another

some cases, such a release can be beneficial.
Biological Effectiveness of PChsb-PEOss Micelles

micelle system. Bromberg et al. observed a slow diffusional Containing E2. The objective was to test the effectiveness

release from Pluronic-PAA micell&s.

The influence of the PCL block length on the release of

estradiol (35 mM) was determined using different PGL-
PEO micelles (PCls-b-PEQ;s and PClys-b-PEQy) (Figure
6). The release of E2 from the Pgltb-PEQ;s micelles D

= 8.9 x 10 *cnv/s) occurred more quickly than the release

from PCLys-b-PEQy micelles D = 1.3 x 10" ¥ cn¥/s). The
drug is released more slowly from Pgl-b-PEQ,, because

of E2 incorporated into PGL-b-PEQ;s micelles in biological
systems. In vitro studies were conducted by employing dorsal
root ganglia explant cultures. As seen from Figure 7, there
was a significant increase in neurite outgrowth in DRG
explants treated with E2 (nonincorporated into micelles) or
micelle loaded with E2. Results from these studies show that
E2 treatments of DRG induced significant neurite outgrowth
regardless of the delivery system. In contrast, there was

it presumably has a larger core due to the longer hydrophobicbarely any detectable increase in neurite density from the
block (151 units of PCL), compared to the shorter hydro- explanted DRG without the sex hormone treatment.

To test the effectiveness of Pgith-PEQs micelles

phobic block (23 units of PCL). The drug has further to
diffuse in a core with a longer hydrophobic block. A longer containing E2 in vivo, we injected micelles into female
core block would also have a higher glass transition C57BL mice 6 = 5). The uterine weights were determined
temperature, so that, closer to room temperature, the higherafter 1 week, and the results (Table 3) clearly show that there
viscosity of the medium would result in a slower release. is a significant increase in uterine weight following the
Finally, the larger core diameter could result in a higher treatment with E2 alone or with micelles containing the E2.
crystallinity of the core in comparison to a smaller core There was an approximate 4-fold increase in uterine weight
diameter; the higher crystallinity would slow the release of after the treatment with micelle-incorporated E2 and an
the drug. Similar findings of increased hydrophobic block approximate 3-fold increase following daily injections with
lengths resulting in a slower release have also been reported
in the literature for other block copolymer micelles. Jeong 55y Nah, J.-w.; Jeong, Y.-I.; Cho, C.-S.; Kim, S.3L. Appl. Polym.

et al. showed that for polytbenzyl L-glutamate)b-poly- Sci.200Q 75, 1115-1126.

(ethylene oxide) (PBLG-PEO) micelles with different  (53) Gorshkova, M. Y.; Stotskaya, L. Polym. Ad. Technol.1998
PBLG contents, but similar loadings of adriamycin, the 9, 362-367.

release was slower for the copolymer with higher PBLG (54) Teng, Y.; Morrison, M. E.; Munk, P.; Webber, S. E.; Prochazka,

conten®! The increased hydrophobic interactions between K. Macromoleculesi998 31, 35783587
(55) Brannon-Peppas, U. Biomater. Sci., Polym. EA994 5, 339~

351.
(56) Makino, K.; Mogi, T.; Ohtake, N.; Yoshida, M.; Ando, S;
Nakajima, T.; Ohshima, HColloids Surf., B200Q 19, 173-179.

(51) Jeong, Y. I.; Nah, J. W.; Lee, H. C.; Kim, S. H.; Cho, ClI8.
J. Pharm.1999 188 49-58.
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Non-Micellar Micellar Table 3. Uterine Weight in Mice after 1 Week Treatment

with E2 and E2 Incorporated in Micelles?

treatment uterine wt (mg)
Nectreitinat contro! (n=17) 13.7+1.0
estradiol alone (n = 10) 43.8 £ 2.7*
micelles containing E2 (n = 5) 52.2 + 8.6*

2 The number of animals for which uterine weight was determined
is indicated in parentheses. Differences were considered significant
at p < 0.05. Asterisks refer to the bars in Figure 7 representing E2
alone and micelles containing E2.

E2 (1 nM) rated. Micelles were spherical and ranged in size from 20 to

40 nm as determined by transmission electron microscopy
and dynamic light scattering. Application of the Higuchi
model showed that the E2 release followed a diffusional
mechanism, and diffusion coefficients of the order of 0

b
o

2wl * cn?/s were obtained. The loading and release of E2 can be
g - controlled by the initial concentration of E2 and by the length
g of the PCL block. The biological activity of E2 in vitro and
2 101 in vivo was retained after the preparation of the micelles.
g 51 _ This biocompatible, tailorable, self-assembled nanodelivery
0l ——= . vehicle not only is suitable for Bfestradiol but also could
notreatment  E2(1nhh  emply miceles  E2M(1nh) provide a versatile, noninvasive system for other sex
Figure 7. Stimulation of neurite outgrowth from explanted hormones individually or in combination.

DRG treated with E2 (nonincorporated into micelles) or
micelles loaded with E2. Explants obtained from 3—4 month
old C57BL mice were treated with E2 nonincorporated and
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