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Polycaprolactone-b-Poly(ethylene oxide)
Biocompatible Micelles as Drug Delivery Nanocarriers:
Dynamic Light Scattering and Fluorescence
Experiments

Cristiano Giacomelli, Gabriel Lafitte, Redouane Borsali*

Summary: Dynamic light scattering (DLS) and fluorescence experiments were carried
out to study PCL,,-b-PEOy,, biocompatible micelles used as nanocarriers in drug
delivery. Micelles prepared by a simple procedure (THF removal under nitrogen flow)
exhibited a narrow size distribution with an average diameter of 100 nm. For micelles
containing a hydrophobic model compound (pyrene) within the PCL core, a smaller
average micellar size of 80 nm was observed, with a simultaneous broadening in the
size distribution profile. In parallel to DLS results, fluorescence experiments showed
evidence of pyrene encapsulation, and that the onset of the micellization process
occurs at approximately 10/90 (v/v) THF/water mixtures in the case of PCL,,-b-PEO,;,
polymer.
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Introduction

An amphiphilic AB type block copolymer
is made of two segments of different
chemical structures with hydrophilic and
hydrophobic components. One of the most
interesting and fascinating solution proper-
ties of these AB block copolymers is their
ability to self-assemble into micelles (and
other ordered structures such as lamellar
aggregates, vesicles, etc.) when dissolved in
a selective solvent, i.e., a solvent thermo-
dynamically good for one block and poor
for the other.'®! Micellar aggregates are
characterized by their unique core-shell
architecture, where in an aqueous environ-
ment the hydrophobic blocks of the copo-
lymer are segregated from the aqueous
exterior to form the inner core, and the
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hydrophilic blocks form the corona or the
outer shell.[*]

Recently, micelles made from copoly-
mer chains have been increasingly used as
drug delivery vehicles due to the fact that
their hydrophobic core serves as a micro-
reservoir for the incorporation of small
molecules.!'! The properties that make
micellar systems advantageous for drug
delivery applications include the facts that
they (i) can be made of biocompatible and/
or biodegradable block copolymers,
(i) have a small size (10-100 nm) and
narrow distribution allowing intravenous
injection, (iii) are able to incorporate and
release poorly water soluble, hydrophobic,
and/or highly toxic compounds, (iv) mini-
mize drug degradation and loss and (v)
increase bioavailability.!'***1°1 From this
standpoint, there has been a great interest
in biocompatible block copolymer micelles
whose core-forming block is polycaprolac-
tone (PCL), and the corona-forming block
is poly(ethylene oxide) (PEO). PCL-b-
PEO micellar nano-containers were
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shown, notably by Eisenberg’s pioneer
group,[l’g’n’lz] to be suitable carries for
lipophilic steroids,™! neurotrophic (FK506
and 1—685,818),[]2] anti—inﬂammatory,[l3‘14]
anticancer,'” and hypertension agents.'°!
Besides, these micelles have been found to
distribute in defined cytoplasmic organelles
of PC12 cells.!"”!

Despite the increasing number of studies
reported on PCL-b6-PEO and other bio-
compatible block copolymer micelles, the
methodology of micelles preparation that is
the key parameter controlling the mechan-
ism (kinetics and thermodynamics) of
micelle formation is neither fully described
in the literature nor unique. Such methods
have direct consequences on drug loading
as well as on the structure and dynamics of
noncovalently drug-loaded and unloaded
micellar aggregates. Basically, two princi-
pal methods have been employed: direct
dissolution or dialysis. The choice of which
method to use depends mostly on the
copolymer solubility in water. In the case
of PCL-b-PEO, the dialysis method has
applied due to the copolymer insolubility in
water.!I™ 12171 1t consists in dissolving
the PCL-b-PEO copolymer in a common
organic solvent (i.e., good for both blocks
such as THF, DMF, acetone) that is
miscible with water. Subsequently, the
copolymer/organic solvent/water mixture
is dialyzed against water to remove the
organic solvent, so that during this process
the micellization is induced owing to
amphiphilic nature of the polymeric chain.
Although this procedure is satisfactory and
gives excellent results, it shows some
handling difficulties especially when work-
ing with small quantities.”! In an different
approach, Yoo et al.le! prepared PCL-b-
PEO micelles using acetone as organic
solvent, which was distilled off from the
solution under reduced pressure.

The structure and dynamics of biocom-
patible block copolymer micelles when
used as drug delivery systems is also of
great interest not only before but also after
drug loading. The incorporation of hydro-
phobic molecules implies in remarkable
changes in micellar properties such as size
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distribution and diffusion coefficient. These
characteristics have implications on pri-
mary aspects in drug delivery such as drug
loading efficiency, partition coefficient,
release kinetics and micelle stability."!

We report here on dynamic light scatter-
ing (DLS) and fluorescence experiments
carried out on PCLyy-b-PEO;4 (the sub-
scripts refers to the number of repeat
monomeric units) biocompatible micelles
obtained by a simplified method of pre-
paration and drug loading by taking
advantage of the high volatility of the
organic solvent. Pyrene (Py) was used as a
model hydrophobic drug due to its well-
known photo-physical properties.

Experimental Part

Chemicals

The block copolymer used was polycapro-
lactone-b-poly(ethylene oxide) (PCLyy-b-
PEO;4) containing 44 caprolactone units
and 114 ethylene oxide repeat units,
My/M, =1.06 (Polymer Source Inc.).
The volume fraction of PCL (¢pcr) in this
copolymer is 0.503, calculated as ¢pcr =
(mcL - Npcr/dpeL)/[(mer - Nper/dper) +
(mgo - Npeo/dpeo)], where m is the molar
weight of the monomer, N is the degree of
polymerization, and d is the density of the
polymer. Pyrene (Sigma-Aldrich) was
recrystallized from ethanol. Distilled and
deionized water was employed for all
solution preparations. Tetrahydrofuran
(THF) (Merck) was distilled under reduced
pressure prior to use.

Sample Preparation

As previously outlined, the preparation
method of block copolymer micelles
depends on the copolymer solubility in
water. Direct dissolution was initially tested
for the PCL44-b-PEOq 4 polymer, which has
a large degree of polymerization N as
compared to other systems (40-50 repeat
units) studied elsewhere. 11121 A polymer
solution was prepared by direct addition of
PCL44-b-PEO;14 to water and overnight
stirring at room temperature. Such a naive
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method, however, did not show a narrow
size distribution profile characteristic of
micelles (see discussion below).

As an alternative approach to obtain
PCL-b-PEO micelles in water, the copoly-
mer was first dissolved in common organic
good solvents (THF or acetone) and left to
stir overnight at room temperature in a
closed vial. Micellization was achieved
by slow addition of water (selective solvent
for PEO) at a rate of approximately
0.05 g-s~'. Subsequently, the organic
solvent (THF or acetone) was removed
from the aqueous/organic mixture by
stirring under a gentle nitrogen flow, which
was maintained until the total mass of the
copolymer solution was approximately the
sum of added water and polymer masses.
The copolymer concentrations in the result-
ing aqueous micellar solutions were 0.01,
0.05and 0.10 mg - mL~". Py-loaded micelles
(1.0 x 10~"mol - L~! Py) were prepared by
adding an appropriated amount of Py to the
copolymer organic solution prior to induce
micellization to insure the Py encapsulation.

Dynamic Light Scattering (DLS)

Experiments

Dynamic scattering measurements were
performed using an ALV laser goniometer,
which consists of a 22 mW HeNe linear

polarized laser with 632.8 nm wavelength
and an ALV-5000/EPP multiple 7 digital
correlator with 125 ns initial sampling time.
The samples were kept at an exact and
constant temperature of 25.0 °C during all
the experiments. The accessible scattering
angle range is from 15° up to 150°. How-
ever, all the scattering measurements were
done at 40°, 60°, 90° and 120°. The solutions
were put in 10 mm diameter glass cells. The
minimum sample volume required for the
experiment was 1 mL. The data acquisition
was done with the ALV Correlator Control
software, and the counting time varied for
each sample from 300 up to 600 s.

For diffusive scattering particles, the
relaxation frequency (I') is ¢°-dependent
(' = Dg?, where D is the diffusion coeffi-
cient)."® Such a behavior was observed in
the PCL-b-PEO micellar system, and is
illustrated in Figure 1 for a 0.10 mg - mL ™"
solution. Accordingly, some micellar solu-
tions were studied at a fixed scattering
angle (90°) using a Malvern Zetasizer light
scattering apparatus, and the micellar size
was obtained from the Stockes-Einstein
relation [Ry = kgT/(67nD), where Ry is
the hydrodynamic radius, kg is Boltzmann
constant, 7 is the temperature of the
sample, and n is the viscosity of the
medium].!"®!
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Figure 1.

Variation of the relaxation frequency (I') as a function of g* for a 0.10 mg - mL™' PCL-b-PEO aqueous micellar

solution.
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Fluorescence Experiments

Steady-state fluorescent spectra were mea-
sured using a Hitachi F-4500 spectrometer
in the right-angle geometry (90° collecting
optics). For the fluorescence measure-
ments, 2 mL of solution was placed in a
10-mm square quartz cell. All spectra were
run on air-equilibrated solutions. For fluo-
rescence emission spectra, Ao was 339 nm.
Spectra were accumulated with an integra-
tion time of 1 s per 0.5 nm.

Results and Discussion

Method of Preparation

DLS experiments were carried out to
measure the effective diameter of the
micelles and CONTIN analysis!"”! was
employed to determine their distribution
in terms of their size. Figure 2 shows the size
distribution of 0.10 mg - mL~"' PCL-b-PEO
solutions prepared by different methods:
direct copolymer dissolution in water (A),
and dissolution in acetone (B) and THF (C)
followed by water addition and evaporation
of the organic solvent. Copolymer solutions
prepared by direct dissolution in water
[Figure 2(A)] revealed the presence of two
relaxation modes corresponding to effec-
tive diameters of about 150 and 1 500 nm.
The overall size distribution profile is
clearly not characteristic of PCL-b-PEO
micelles, exhibiting large and broadly
dispersed macromolecular aggregates. This
is indeed due to the low solubility of the
PCL block in water.

In order to obtain PCL-»-PEO micelles
in water without using the dialysis method,
highly volatile organic solvents as com-
pared to water were chosen. Figure 2(B)
and 2(C) show the effective diameter of
micelles in water prepared by dissolution
first in acetone and THF, respectively. In
Figure 2(B), two broad size distributions
were evidenced at ca. 50 and 150 nm, and
successive measurements performed on
these solutions gave irreproducible results
as illustrated in the inset of Figure 2(B).
On the contrary, narrow distribution in
size (average diameter = 102 nm) and
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excellent reproducibility were observed
for micelles prepared by dissolution first
in THF [Figure 2(C)]. Therefore, aqueous
micellar solutions were thereafter prepared
by copolymer dissolution in THF prior to
induce micellization with a selective solvent
(water) and THF evaporation under nitro-
gen flow to speed up the process.

Unloaded and Py-loaded PCL,,-b-PEO,,,
Micelles: DLS Experiments

The size of colloidal nanoparticles used as
drug delivery vehicles is one of the proper-
ties that largely influence, for instance, the
circulation time, organ distribution, loading
efficiency and release kinetics. Ideally, drug
carries whose size are less than 200 nm in
diameter are less susceptible to clearance
by the reticuloendothelial system, and
those less than 5 wm have access to small
capillaries.[z()] Likewise, the size of the
carrier may influence its mechanism of
entry into cells, and may, in turn, affect the
kinetics and extent of cell uptake.

DLS experiments were performed on
PCL-»-PEO micelles with the objective of
studying the dependence of the micellar
size and size distribution on the copolymer
concentration and Py-loading. Figure 3
shows average diameters and diffusion
coefficients of unloaded and Py-loaded
micelles as a function of the copolymer
concentration. It has been observed that
unloaded micelles following the method of
preparation described in this work present
nearly the same size with an average
diameter of ca. 100 nm regardless of the
polymer content in solution. For micelles
containing pyrene molecules within the
hydrophobic PCL core, one observes a
smaller micellar size down to 80 nm. In this
case, however, the micellar diameter
slightly decreases as the copolymer con-
centration is increased. The extrapolation
at infinite dilution (¢ — 0) allows us to
determine the single micelle particle
size.l'® Therefore, in absence of Py, the
single particle size of a PCLyy-b-PEO;4
micelle is 101 nm, whereas in presence of
the hydrophobic probe is 87 nm. The
reciprocal behavior is evidenced in terms

www.ms-journal.de



Macromol. Symp. 2005, 229, 107-117

12 - b (A)

Relative number / %
o0
1
\.\_.h\'
o—©
°.
\.\
®
o ¢
o
e ——
o—*

4_
[
/
—e-®
\
0 T T T
B
20 ® 35 3 ( )
30 205
25 A
¥ 151 20
= 15 i
L] .
o 10
g ° \
g 101 | :
2 100 1000)
g
L]
°
=1 54 ./ .\
/./ o\
[}
0 T - T \9 T
35
N ©
/\
°
x ®
5 21
O
g
=
=]
° 14
2 [
i [
&
7 ®
/ ;
|
0 T AR

Diameter / nm

Figure 2.

Size distribution of 0.10 mg - mL~" PCL-b-PEO aqueous solutions prepared by different methods: direct

copolymer dissolution in water (A), and dissolution in acetone (B) and THF (C) followed by water addition
and solvent evaporation.

of the diffusion coefficients and it is also Figure 4 shows typical autocorrelation
illustrated in Figure 3 (smaller scattering functions C(g,/) measured at different
particles diffuse faster as defined by the scattering angles and distributions of the
Stokes-Einstein relationship). relaxation times A(r) at 90° as revealed by
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Figure 3.

Average diameter and diffusion coefficient of unloaded and Py-loaded PCL-b-PEO micelles in water prepared
using THF as organic solvent as a function of the copolymer concentration.

CONTIN analysis at the concentrations
0.05 mg - mL~" (A,C) and 0.10 mg - mL ™"
(B,D) PCL-b-PEO in absence (A,B) and in
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presence (C,D) of Py within the micelle
core. In general, the distributions of relaxa-
tion times exhibit a dominant mode, which

mv

mv

Autocorrelation functions C(q,t) measured at different shown scattering angles (9) and distributions of the
relaxation times A(t) as revealed by CONTIN analysis for different PCL-b-PEO concentrations in absence and in
presence of Py within the micelle core, as indicated.
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is related to the diffusive motion of the
micelles. The relaxation frequency asso-
ciated with these processes increases
(relaxation time decreases) as Py molecules
are incorporated into the hydrophobic PCL
core, evidencing a change in the average
micellar size.

The hydrophobic compound, as illu-
strated in Figure 4(D), also induces a
broadening in the distribution of relaxation
times as compared to the same solution in
absence of pyrene [Figure 4(B)]. Further-
more, the autocorrelation functions mea-
sured at low scattering angles (such as 40°)
for this particular system revealed the
presence of a slower relaxation mode, as
shown in Figure 5. This is due to the
formation large dynamical macromolecular
aggregates (500-700 nm), likely of small
individual micelles as earlier proposed by
Allen et al.l"?! for PCL,(-b-PEO,, micelles.
It is worth noting that this slow mode is
even observed (very small amplitude) even
at 90° scattering angle [see Figure 4(D)].

The micellar size is controlled by several
parameters, among which are the lengths
forming the core and the corona.l’! Allen
et all? prepared PCL,y-b-PEO,4 and
PCL,4-b-PEOy4, micelles by dialyzing a
polymer/DMF/water mixture against pure
water and found a narrow size distribution

with an effective diameter of 62 and 55 nm,
respectively. In our approach, larger
PCL44-b-PEO;;4  micelles  (diameter
~ 100 nm) were formed as compared to
earlier results,[>!%1 primarily because of
the block lengths. In contrast, Yoo et al.lo!
prepared the same PCL4-b-PEO;4 micel-
les system using acetone as common
organic good solvent, which was distilled
off from the polymer/acetone/water mix-
ture under reduced pressure. These authors
observed micellar aggregates smaller (dia-
meter = 42 nm) than those obtained by
Allen et al."?! (55-62 nm diameter) and
different from the ones presented in this
work (diameter ~ 100 nm). Accordingly,
the 42 nm in diameter is incoherent with
Allen et al.l*?! °s results and different from
ours. This is certainly due to the use of
acetone as co-solvent leading to irrepro-
ducible results as we have stated above and
illustrated in Figure 2(B).

The decrease in the micelle diameter
from ca. 100 nm to ca. 80 nm upon
incorporation of a hydrophobic molecule
is likely related to changes in the core
assembly structure. If the number of chains
within a micelle is constant, the hy-
drophobic nature of both PCL block and
Py enhances intermolecular interactions
within the core, which may cause shrinking
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Figure 5.

Autocorrelation function C(q,t) measured at & = 40° and distribution of relaxation times A(t) as revealed by
CONTIN analysis at concentration of 0.10 mg - mL™' PCL-b-PEO in presence of Py.
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of PCL chains, in agreement with the
findings observed by Shuai et al.’®! who
concluded from NMR experiments that the
core of doxorubicin-loaded PCL-b-PEG
micelles exhibited lower chain motion.
On the other hand, the presence of a highly
hydrophobic probe in solution might also
induce a decrease in the micellar aggrega-
tion number and critical micellar concen-
tration (CMC) leading to a decrease in the
effective diameter.

From a drug delivery point of view, these
findings are very important to achieve a
better understanding of the diffusive beha-
vior of the drug-carrier (intrinsically related
to its size) within the body, and accordingly
of its circulation time, bio-distribution, bio-
availability and loading efficiency. To date,
however, a limited extent of data is
available on this issue, namely after drug
incorporation.

Pyrene-loaded PCL,,-b-PEO,,, Micelles:
Fluorescence Experiments

Pyrene has commonly been used as a
hydrophobic fluorescence probe, to evalu-
ate the polarity of various environments.
The fluorescence emission spectrum of Py
shows vibrational bands, which are affected

by the polarity of the surrounding environ-
ment of the probe molecules. Specifically,
changes in the relative intensity of the first
(I; at 372 nm) and the third (/5 at 383 nm)
vibrational bands in the Py emission
spectrum have proven to be reliable tools
in examining the polarity of a microenvir-
onment.”'! In this way, it is possible to
follow the transfer of Py molecules from the
solvent (polar) to inside micellar core
(apolar). Incorporated pyrene molecules
will be, therefore, probing the core polarity.
Besides, for a given solvent mixture such
as THF/water, the hydrophobic probe is
distributed between the solvent and the
micellar core, so that incorporated mole-
cules are protected from the external
environment. Consequently, one can have
access to the incorporated Py concentration
by adding small aliquots of a hydrophilic
fluorescence quencher.ml

Figure 6 shows the variation of the 5/
ratio as a function of the solvent composi-
tion in absence and in presence of
0.10 mg - mL~! PCL-b-PEO. In absence
of the block copolymer the I3/} ratio
gradually decreased from ca. 0.83 (pure
THF) to ca. 0.55 (pure water). The values
observed for pure solvents are in very good

1.0
—e—in absence of the polymer
—0—0.10 mg.mL"' PCL-5-PEO °
099 1.0x107 molL"! Py
1 O
o
084 T
®
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Figure 6.

Variation of the I,/I; ratio as a function of the solvent composition in absence and in presence of 0.10 mg - mL™"

PCL-b-PEO.
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Pyrene fluorescence quenching by N-ethylpyridinium bromide (NEPB) in absence (A) and in presence (B) of PCL-b-
PEO micelles [solvent composition: 05/95 (v/v) THF/water]. The arrows indicate increasing NEPB concentration.

agreement with those obtained by Kalya-
nasundaran and Thomas.’!! When the
PCL-b-PEO copolymer was added to the
solution, however, a clear increase in the I3/
I, ratio was noticed for water contents
higher than 90%, reflecting the incorpora-
tion of Py within the core of the micelle.
Py-loading into PCL-5-PEO micelles was
also confirmed by fluorescence quenching
experiments as illustrated in Figure 7. The
addition of small aliquots of N-ethylpyri-
dinium bromide (NEPB) (0.0-6.0 m mol -
L") notably quenched the Py fluorescence
[Figure 7(A)], whereas in presence of the
block copolymer the spectra remained
virtually unchanged [Figure 7(B)] because
the probe in the core is not susceptible to
quenching.

In order to gain insight into the loading
process during the micellization of PCL-b-
PEO as a function of both water content in
the solvent mixture and copolymer con-
centration, fluorescence quenching results
were analyzed as described by Auger
et al.??! Figure 8 exhibits the variation of
the I/l ratio (where I and I, are the
fluorescence intensities taken at 395 nm
in presence of different quencher concen-
trations and prior its addition, respectively)
as a function of 1/Cngpg, Where Cngpg 18
the concentration of the quencher (NEPB).
The intercept of a linear fit of these data is
proportional to the amount of Py in the
micellar core.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

It is verified that for 10/90 (v/v) THF/
water solutions [Figure 8(B)] the probe
accessibility for quenching is drastically
decreased as compared to 20/80 (v/v) THF/
water solutions [Figure 8(A)] and evi-
denced by the increasing in the /I, ratio
at high quencher concentrations. This result
suggests that the onset of the micellization
processes occurs at ca. 10/90 (v/v) THF/
water in the case of PCL44-b-PEO;q4, in
excellent agreement with data presented in
Figure 6. Furthermore, the amount of
pyrene loaded into the micelles increases
with the block copolymer concentration as
shown in the variation of /1.

Conclusion

In this work, we have studied PCLy4-b-
PEO;4 biocompatible micelles prepared
by a simple method, which comprised
polymer dissolution in THF (good solvent
for both blocks) followed by water addition
(selective solvent for the PEO block) and
THF evaporation under nitrogen flow. It
was found that unloaded PCL44-b-PEO 4
micelles present nearly the same size
(average diameter ~ 100 nm) and a rela-
tively narrow size distribution in the range
of studied polymer concentrations (0.01—
0.10 mg - mL™"). However, upon loading
pyrene molecules (a hydrophobic model
compound), a decrease in the average
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Figure 8.

Pyrene fluorescence quenching by N-ethylpyridinium bromide (NEPB) in different solvent mixtures: (A) 20/80,
(B) 10/90 and (C) 05/95 (v/v) THF/water.

micelle size (diameter ~ 80 nm) was profile. This decrease may be due to a
systematically observed, with a simulta- change in the aggregation number or to a
neous broadening in the size distribution shrink of the core caused by the interaction
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of Py and PCL. In parallel to DLS results,
fluorescence experiments showed evidence
of Py encapsulation within the micelle
(core), and that the onset of the micelliza-
tion processes occurs at about 10/90 (v/v)
THF/water solvent composition.
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