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A series of diblock poly(ethylene oxide)-block-polylactide copolymers with fairly narrow dis-
tribution of molar masses and compositions was prepared and characterized. The copoly-
mers form multimolecular spherical micelles in 1,4-dioxane–water mixtures. The chain ex-
change between micelles formed by fluorescence-labeled copolymers was studied by direct
nonradiative excitation energy transfer (NRET) fluorescence measurements in water-rich me-
dia containing 10 vol.% of 1,4-dioxane. The equilibration rate, i.e., the rate of unimer chain
exchange between micelles obeys basically the theoretically predicted scaling relations. It
slows down with the length of soluble blocks (a quadratic decrease) and considerably (an ex-
ponential decrease) with the length of insoluble chains. Scaling exponents were found lower
than those predicted. The study shows that nanoparticle systems based on poly(ethylene
oxide)-block-polylactide copolymers with required properties for various biomedical applica-
tions can be designed, prepared and their properties can be optimized.
Keywords: Block copolymers; Self assembly; Micelles; Biodegradable polymers; Light scatter-
ing; Fluorescence spectroscopy; Atomic force microscopy.

Biodegradable amphiphilic block copolymers are an attractive subject of
study due to their potential applications in pharmacy and medicine. Special
attention is paid to copolymers comprising poly(ethylene oxide) (PEO) as a
hydrophilic block and a biodegradable aliphatic polyester, e.g., polylactide
(PLA) as a hydrophobic block. Both constituents are biocompatible materi-
als approved for clinical use by food and drug administration (FDA).
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Poly(ethylene oxide), called also poly(ethylene glycol), has unique prop-
erties in water1,2. At room temperature PEO is completely miscible with
water, regardless of the degree of polymerization. Its polymer chains are
highly hydrated as a result of strong interactions, via hydrogen bonds with
water molecules, and has a large excluded volume as evidenced by a high
value of second virial coefficient3. In addition, the neutral linear chains
without side groups show high mobility of polymer segments compared
with other non-ionic water-soluble polymers. Above all, these properties of
PEO may result in its low affinity to biomolecules such as proteins or other
colloidal particles. Majority of PEO-derived pharmaceutical applications are
based on this feature. The PEO-coated (“pegylated”) peptides, proteinaceous
drugs and polymer nanoparticles induce much lower immune response of
the body and exhibit longer circulation times in blood, which both are re-
lated to lower interaction with plasma complements and, therefore, result-
ing in higher performance of these devices compared with their unmodi-
fied counterparts.

Polylactide together with polyglycolide and poly(6-caprolactone) belong
to the group of aliphatic polyesters4, which are the most widely used syn-
thetic degradable polymers. The monomers, lactones, can be copolymerized
by controlled polymerization and the properties of copolymers relevant to
biomedical applications, such as degradability, mechanical properties or
miscibility with drugs, can be tuned to a particular purpose by varying the
composition and molecular weight. Typical applications of these bio-
materials are surgical sutures, orthopedic devices and drug delivery sys-
tems5. More recently, they became studied as supporting materials for tis-
sue regeneration6–8.

Block copolymers of PEO and PLA combine the unique properties of both
homopolymeric structures. They can be prepared by controlled polymeriza-
tion of lactide initiated by OH end-groups of PEO as a co-initiator. As a cat-
alyst, tin(II) 2-ethylhexanoate is most frequently used9. According to the
telechelic type of PEO, containing either one or two OH end groups,
diblock or triblock copolymers can be prepared, respectively. Due to bio-
compatibility and biodegradability, the potential of these copolymers for
drug delivery formulations has been recognized in the eighties of the last
century10.

In aqueous solutions the copolymers form nanoparticles, with a hydrated
poly(ethylene oxide) shell and a hydrophobic polylactide core11–13, in
which other hydrophobic compounds, such as drugs, can be incorporated.
Therefore, the colloids prepared from PEO–PLA copolymers have been ex-
tensively studied as potential carriers for parenteral delivery of lipophilic
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drugs14–17, including paclitaxel18, taxol19 or adriamycin20,21. Typically,
nano-assemblies of amphiphilic block copolymers are in a dynamic equilib-
rium with free copolymer molecules in solution (unimers). The unimer ex-
change rate is closely related to the rate of micelle disassembly, e.g. after di-
lution or change of composition of the solution. Micelle stability is an im-
portant factor for drug release kinetics and the lifetime of such a delivery
system in vivo22. While the assemblies of water-soluble PEO–PLA copoly-
mers with short PLA blocks exhibited poor circulation time after injection
and dilution in blood17, the particles formed from copolymers with a rela-
tively high-molecular-weight hydrophobic block exhibited longer lifetime
in blood circulation23. Although copolymers with prevailing hydrophobic
blocks are usually insoluble in water, they can be made to form nano-
particles, using an intermediate solvent and a simple preparation proce-
dures23,24,16. To optimize such a system, the information about the ex-
change rate of unimers between the particles formed by copolymers with
different molecular parameters becomes of key importance. The present
work was aimed at investigation of the unimer exchange between nano-
particles of PEO–PLA block copolymers and evaluation of the effect of the
copolymer size and the ratio of hydrophobic and hydrophilic blocks on the
unimer exchange rate. For this purpose, a series of PEO–PLA diblock copoly-
mers, covering a wide range of molecular sizes and exhibiting different
PLA/PEO ratios were synthesized and fluorescence-labeled. The chain ex-
change dynamics of the copolymers in aqueous systems was studied by
nonradiative energy transfer method.

EXPERIMENTAL

Materials

Chemicals. Dichloromethane (DCM), dimethyl sulfoxide (DMSO), tetrahydrofuran (THF)
and the other solvents used in the syntheses (Lachema Brno, Czech Republic) were purified
by conventional methods25. 1,4-Dioxane of UV spectrophotometric grade (Fluka) was used
for preparation of micellar solutions without further purification. Triethylene glycol mono-
methyl ether (TEGM) (Fluka) was twice distilled over LiAlH4 under reduced pressure. Ethyl-
ene oxide (Fluka) was dried for 3 days over CaH2 in a storage glass vessel equipped with a
brass vent. DL-Lactide (Aldrich) was purified by recrystallization from a mixture of dry ethyl
acetate and toluene (1:1). Tin(II) 2-ethylhexanoate (Aldrich), Sn(Oct)2, was purified by dou-
ble vacuum distillation. 9-(Chloromethyl)anthracene, dicyclohexylcarbodiimide (DCC),
4-(dimethylamino)pyridine (DMAP), (1-naphthyl)acetic acid, all from Fluka or Sigma, were
used as received. Water was purified with a MilliQ Plus System (Millipore).

Synthesis of (9-anthryl)acetic acid. 9-(Chloromethyl)anthracene (2.5 g, 11 mmol) in dry
DMSO (18 ml) was added dropwise to a solution of dry NaCN (0.89 g, 18 mmol) in DMSO
(10 ml). The mixture was stirred at 35 °C and monitored by TLC (silica gel/chloroform–
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petroleum ether, 1:1). After 4 h, the dark red mixture was diluted with 400 ml of water and
the obtained yellow suspension was extracted with chloroform (3 × 30 ml). The water phase
was saturated with NaCl and extracted again with chloroform (2 × 30 ml). The combined
chloroform extracts were evaporated to dryness under reduced pressure. The solid residue
was suspended together with 1 g (18.7 mmol) of KOH in a mixture of triethylene glycol
(15 ml) and water (2 ml). The suspension dissolved to a dark red solution when heated. The
solution was stirred at 100 °C for 10 h. After cooling, the mixture was diluted with 30 ml of
water and neutralized with 2.5 M H2SO4. The precipitated yellow product was collected by
filtration, washed with cold water and finally recrystallized three times from glacial acetic
acid. Yield 0.23 g (12%), m.p. 224 °C. For C16H12O2 (236.3) calculated: 81.34% C, 5.12% H;
found: 81.0% C, 5.4% H. 1H NMR (acetone-d6): 8.49 s, 1 H (H-arom.); 8.35 d, 2 H (H-arom.);
8.04 d, 2 H (H-arom.); 7.53 m, 4 H (H-arom.); 4.68 s, 2 H (CH2COOH).

Synthesis of block copolymers. Polymerizations were prepared and performed under inert gas
in sealed tubes equipped with a stirring bar. The copolymers used in this study were pre-
pared in two steps. First α-methyl-ω-hydroxy-poly(oxyethylene) (mPEO) was prepared by an-
ionic polymerization of ethylene oxide initiated with a mixture of triethylene glycol mono-
methyl ether and its potassium alcoholate as described in ref.26 Typical procedure was as fol-
lows. Potassium metal (1 g, 26 mmol) was dissolved in TEGM (15.3 ml, 97 mmol) under re-
duced pressure. This solution of initiator (0.3 ml, 1.92 mmol) was dosed with a syringe into
a graduated glass tube followed by monomer (48.95 g), which was transferred as gas from a
storage vessel through a steel capillary and liquefied in the tube by cooling it in dry-ice/eth-
anol bath. The polymerization proceeded at 40 °C while stirring. After 3 days the tube con-
tent solidified. The crude polymer was dissolved in water, dialyzed and isolated by
freeze-drying (yield 48.7 g, 99%). In this way, three samples of mPEO were prepared using
different amounts of the initiator. The GPC-determined molecular weights Mn and poly-
dispersities (Mw/Mn) were as follows: 5600 (1.05), 15 100 (1.03) and 23 810 (1.04).

In the second step, the poly(DL-lactide) block was synthesized by controlled ring-opening
polymerization of DL-lactide using mPEO with OH end-groups as a polymer co-initiator and
tin(II) 2-ethylhexanoate as a catalyst. The monomer and co-initiator were dosed into a poly-
merization tube in the required ratio and dissolved in dry toluene under stirring and gentle
heating. The catalyst was added in a dry toluene solution (0.12 mol/l) to achieve the
catalyst/co-initiator mole ratio 2:1. The polymerization reached equilibrium conversion in
3 h at 85 °C. Then the copolymer was recovered by precipitation into twenty-fold excess of
diethyl ether and dried in vacuum at 40 °C. Typical yields for copolymers were 96%. Molec-
ular parameters were evaluated by GPC and 1H NMR.

Labeling of block copolymers. The prepared copolymers of mPEO–PDLLA were labeled at the
free end of PDLLA block with a single naphthalene or anthracene derivative thus forming a
pair for the Förster energy transfer. The labeling was performed by esterification of OH poly-
mer end-groups with (1-naphthyl)acetic acid or (9-anthryl)acetic acid in the presence of
dicyclohexylcarbodiimide (DCC)27.

To label the amount of 300 mg of the copolymer containing 7–40 µmol of OH end-
groups a solution of activated ester was prepared by mixing the DCM solutions of DCC
(0.22 mmol, 0.54 mol/l), (1-naphthyl)acetic acid (0.18 mmol, 0.39 mol/l) and DMAP
(0.004 mmol, 0.8 mol/l). The resulting mixture was filtered through an 0.5 µm PTFE syringe
filter, added to the copolymer solution in 1.5 ml of DCM and the solution was stirred at
room temperature for 10 h. After dilution with 5 ml of DCM, the fine precipitate of dicyclo-
hexylurea was removed with a 0.5 µm PTFE syringe filter. The labeled copolymer was precip-
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itated from the solution into diethyl ether, collected by filtration and dried in vacuum at
45 °C. Typical yield was 80–90%.

The same molar ratio and concentration of reagents was used for the labeling with
(9-anthryl)acetic acid; however, THF was used as a solvent, because of low solubility of
(9-anthryl)acetic acid in DCM. In this case mere precipitation was found insufficient to re-
move low-molecular-weight components from the reaction mixture. Hence, separation was
performed by preparative GPC using a 2.5 × 50 cm column filled with Sephadex LH20 in
THF, followed by UV detection. Collected polymer fractions were concentrated on a rotary
evaporator, precipitated in diethyl ether and dried in vacuum at 45 °C. Typical yield was
70–85%.

Solubility tests. 3 mg of each copolymer sample was suspended in 1 ml of dioxane–water
mixture. The suspension was vigorously shaken 5 h at 25 °C. The composition of the sol-
vent was varied from 0 to 80 vol.% of dioxane.

Preparation of micelles. Block copolymer samples were dissolved overnight under stirring in
a mixture of 1,4-dioxane with 20 vol.% of water. This mixture is a selective solvent for PEO
and a mild selective precipitant for PLA. Therefore, spherical multimolecular reversible mi-
celles form spontaneously upon dissolution. They coexist in equilibrium with a low fraction
of unimers. In this mildly selective solvent, fairly fast exchange of unimers between micelles
occurs. Then the water content was adjusted to 90 vol.% by a fast addition of water under
stirring. The fast transfer into more selective solvent slows down the exchange kinetics con-
siderably.

Consequently, it was found by the fluorescence-based monitoring of the exchange ki-
netics that in some cases (for samples with long insoluble PLA blocks) the system was
quenched, i.e., the chain exchange kinetically frozen. In this case, the association number
and size parameters do not presumably correspond to thermodynamic conditions of the
water-rich solvent, but to those of the previous 1,4-dioxane-rich solvent. However, the
micellization equilibrium of well-soluble samples with short PLA blocks readjusted to the
conditions in the water-rich solvent. This is why we selected for detailed light scattering and
fluorescence studies and for evaluation of scaling exponents only the well-soluble samples,
the micellization of which is controlled by thermodynamic conditions existing in water-rich
mixture with 10% of 1,4-dioxane, where the study has been performed.

Methods

1H NMR spectroscopy. The prepared polymers were analyzed by 1H NMR spectroscopy, us-
ing a Bruker Avance DPX-300 spectrometer operating at 300 MHz, with acetone-d6 as sol-
vent. Molecular weight of PDLLA block in CH3(OCH2CH2)n-[OCOCH(CH3)]m-OH was esti-
mated from integrated areas of CH groups in lactide units (5.19 ppm), CH2 groups in
oxyethylene units (3.28 ppm) and the known molecular weight of mPEO block.

The content of anthracene and naphthalene moieties in labeled copolymers was deter-
mined from 1H NMR spectra on the basis of the peak intensity ratio of the aromatic protons
(anthracene δ 8.5–7.5 ppm, naphthalene δ 8.0–7.4 ppm) of the label to the methylene pro-
tons (OCH2CH2) of the PEO block.

Gel permeation chromatography. GPC measurements were carried out on a modular system
using coupled PLgel 103 X, 10 :m (7.5 × 600 mm) and PLgel MIXED C, 5 :m (7.5 × 600 mm)
columns with Waters 410 RI and Waters 484 detectors and THF as eluent. Molecular param-
eters were calculated using calibration with poly(ethylene oxide) standards.
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Steady-state fluorometry. Steady-state fluorescence spectra (i.e., corrected excitation and
emission spectra) were recorded with a SPEX Fluorolog 3 fluorimeter, USA, in a 1-cm quartz
cuvette closed with a Teflon stopper.

Light Scattering. The light scattering setup (ALV, Langen, Germany), used for both static
(SLS) and dynamic (DLS) measurements, consisted of a 633 nm He-Ne laser, an ALV CGS/8F
goniometer, an ALV High QE APD detector and an ALV 5000/EPP multibit, multitau auto-
correlator. The solutions for measurements were filtered through 0.45 µm Acrodisc filters.
The measurements were carried out for different concentrations (0.1–3 mg/ml) and different
angles at 20 °C. The measurements for the low ionic strength solutions were performed in
quartz cells.

The SLS data were treated by the standard Zimm method using the equation
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where n0 is the refractive index of the solvent, (dn/dc) is the refractive index increment of
the polymer with respect to the solvent, λ is the wavelength of the incident light, NA is the
Avogadro constant, Rcor(q,c) is the corrected Rayleigh ratio, which depends on the polymer
concentration c and on the magnitude of the scattering vector, q = (4πn0/λ) sin (ϑ/2), where
ϑ is scattering angle, Mw is the apparent weight-average molar mass of scattering polymeric
particles, A2 is the “light-scattering-weighted” second virial coefficient of the concentration
expansion and Rg is the radius of gyration of scattering polymeric particles.

The refractive index increments, dn/dc, were measured on a Brice–Phoenix differential
refractometer. For PLA–PEO micelles in 1,4-dioxane–water mixtures, the preferential sorption
of solvent components in micelles plays an important role and increments at the osmotic
equilibrium of the low-molar-mass components, (dn/dc)µ, have to be used. Increments were
measured in a 50% 1,4-dioxane–water mixture, where the samples dissolve molecularly.
They were recalculated to solvent mixtures differing in the content of 1,4-dioxane, taking
into account the experimentally measured dependence of the refractive index of the
1,4-dioxane–water mixture.

DLS data analysis was performed by fitting the measured normalized intensity auto-
correlation function g2(t) = 1 + β|g1(t)|2, where g1(t) is the electric field correlation function,
t is the lag-time and β is a factor accounting for deviation from the ideal correlation. An in-
verse Laplace transform of g1(t) with the aid of a constrained regularization algorithm
(REPES)28 provides the distribution of relaxation times, τA(τ)

g t A t1

0
( ) ( ) exp( / ) ln= −

−∞∫ τ τ τ τd . (2)

Diffusion coefficients were calculated from mean times of individual diffusion modes, 〈τ〉 as
D = 1/(〈τ〉 q2). Hydrodynamic radii, RH, were evaluated from the diffusion coefficients using
the Stokes–Einstein formula. The viscosities and refractive indices of 1,4-dioxane–water mix-
tures (for the calculation of RH values) were determined in previous studies29.

Atomic Force Microscopy. All measurements were performed in the tapping mode under
ambient conditions using a commercial scanning probe microscope, Digital Instruments
NanoScope dimensions 3, equipped with a Nanosensors silicon cantilever, typical spring
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constant 40 N/m. Polymeric micelles were deposited on a fresh (i.e., freshly peeled out) mica
surface (flogopite, theoretical formula KMg3AlSi3O10(OH)2, Geological Collection of Charles
University in Prague, Czech Republic) by a fast dip coating in a dilute micelle solution in di-
lute alkaline buffer (c ca. 10–2 g/l). After the evaporation of water, the samples for AFM were
dried in a vacuum oven at ambient temperature for ca. 5 h.

RESULTS AND DISCUSSION

Molecular Parameters of Prepared Copolymers

Tables I and II summarize molecular parameters of α-methoxy-poly(ethyl-
ene oxide)-block-poly(DL-lactide) copolymers with a relatively wide range of
molecular weights between 8000 and 45 000 the poly(DL-lactide) content in
the range of 15–50 wt.% which were used to study the effect of copolymer
composition on unimer exchange rate between copolymer micelles. The co-
polymers are referred as E(n)-L(m) where n and m represent number-average
molecular weights Mn of mPEO and PLA blocks in thousands, respectively.

Light Scattering

Three relatively soluble samples (Table III) with approximately constant
length of the insoluble PLA block (MPLA ca. 5000) and increasing length of
the soluble PEO block (MPEO 5600–23 800) and two less soluble samples
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TABLE I
Characteristics of block copolymers. Mn was determined by GPC for the PEO block and by
NMR for the PDLLA block. Mw/Mn was determined by GPC

Copolymer Mn (PEO) Mn (PDLLA) Mn (total) Mw/Mn PLA, wt.%

E(6)-L(5) 5600 4930 10530 1.11 47

E(6)-L(3) 5600 2570 8170 1.06 31

E(6)-L(1) 5600 1150 6750 1.04 17

E(15)-L(14) 15100 14400 29500 1.17 47

E(15)-L(6) 15100 5770 20870 1.19 28

E(15)-L(2) 15100 2370 17470 1.18 14

E(24)-L(21) 23800 21000 44800 1.20 47

E(24)-L(10) 23800 10060 33860 1.15 30

E(24)-L(5) 23800 4600 28400 1.14 16
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TABLE II
Number of anthracene, xA, and naphthalene, xN, groups per PEO block of copolymer
mPEO–PLA labeled by anthracene and naphthalene determined from 1H NMR spectra

Copolymer xA Copolymer xN

E(6)-L(5)-A 0.95 E(6)-L(5)-N 0.97

E(6)-L(3)-A 0.29 E(6)-L(3)-N 1.19

E(6)-L(1)-A 0.30 E(6)-L(1)-N 0.93

E(15)-L(14)-A 1.27 E(15)-L(14)-N 0.95

E(15)-L(6)-A 1.13 E(15)-L(6)-N 1.21

E(15)-L(2)-A 1.32 E(15)-L(2)-N 1.23

E(24)-L(21)-A 1.49 E(24)-L(21)-N 1.38

E(24)-L(10)-A 0.94 E(24)-L(10)-N 1.11

E(24)-L(5)-A 1.29 E(24)-L(5)-N 1.25

TABLE III
Appearance of the mPEO–PLA copolymer/dioxane–water mixture after shaking at room tem-
perature for 5 h (S, suspension; T, turbid solution; C, clear solution)

Copolymer

Dioxane, vol.%

0 10 20 30 40 50 60

E(6)-L(5) S T T C C C C

E(6)-L(3) S C C C C C C

E(6)-L(1) C C C C C C C

E(15)-L(14) S S S T T C C

E(15)-L(6) S T C C C C C

E(15)-L(2) C C C C C C C

E(24)-L(21) S S S S S T C

E(24)-L(10) S S S T C C C

E(24)-L(5) S S C C C C C



(MPLA ca. 15 100 and 23 800, MPEO 14 400 and 10 000) were chosen for the
study of the exchange rate from an extensive series of synthesized copoly-
mers. The selected samples were characterized by static and dynamic light
scattering. The values of refractive index increments were evaluated as de-
scribed in the Experimental. The weight average molar masses obtained by
the standard Zimm method are given in Table IV. The radii of gyration are
too small and cannot be evaluated by static light scattering measurements.
It is evident that the increasing length of soluble block results in a decrease
in the aggregation number (for samples with the same length of insoluble
block). The synthesized copolymers thus obey general theoretical predic-
tions30 confirmed experimentally for different micellizing systems31 (see in-
set in Fig. 1). The size of micelles was characterized by dynamic light scat-
tering. The distributions of hydrodynamic radii of micelles formed by co-
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TABLE IV
Weight average molar masses, (Mw)mic, aggregation numbers, nagg = (Mw)mic/Mn, and hydro-
dynamic radii, RH, of mPEO–PLA micelles in dioxane–water mixture (10 vol.% dioxane)

Copolymer (Mw)mic × 10–6, g/mol nagg RH, nm

E(6)-L(5) 1.65 157 11.7

E(15)-L(6) 1.83 88 16.7

E(24)-L(5) 1.91 67 18.8

FIG. 1
DLS distributions of hydrodynamic radii of E(6)-L(5) (1), E(15)-L(6) (2) and E(24)-L(5) (3) mi-
celles in 10% dioxane. Inset: hydrodynamic radii, RH, and aggregation numbers, nagg, vs num-
ber of PEO units for E(6)-L(5), E(15)-L(6) and E(24)-L(5) micelles



polymers with comparable length of insoluble blocks, RH, measured at the
scattering angle ϑ = 90°, are plotted in Fig. 1, their hydrodynamic radii and
aggregation numbers as functions of the length of soluble block, MPEO, are
shown in the inset. The distributions consist basically of one relatively nar-
row peak corresponding to micelles. Angular measurements show that the
reciprocal relaxation time is proportional to sin2 ϑ (not shown). In some
cases, traces of large particles were detected. They are most probably traces
of dust particles present after filtration via 0.45 µm ultrafilters. It is neces-
sary to take into account that the intensity of scattered light is proportional
to the sixth power of size of particles and the recalculated number fraction
falls deep below 1%.

The hydrodynamic radius, RH, increases with increasing length of the sol-
uble block, MPEO, which is in agreement with theoretical predictions and
observations of other authors31. The plot yields the empirical scaling expo-
nent v of about 0.3. Theoretically predicted values for the shell thickness of
uncharged micelles, based on existing theories30 and those observed experi-
mentally31 range from 0.5 to 0.7 according to solvent quality. The value ob-
tained in this study is lower than literature values on similar systems. The
discrepancy is due, in part to a non-negligible polydispersity of studied mi-
celles. For a fully quantitative comparison, it is also necessary to keep in
mind that the lengths of the insoluble blocks slightly differ in individual
samples and that the association number and hence the size of micellar
cores decreases as the shell thickness increases.

Atomic Force Microscopy Characterization of Micelles

Atomic force microscopy allows for visualization and measurement of sizes
of nanoparticles deposited on the surface. Figure 2 shows a 3 × 3 µm tap-
ping mode AFM scan of E(24)-L(5) micelles deposited on a mica surface by a
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FIG. 2
The top view of a 3 µm × 3 µm AFM scan of E(24)-L(5) micelles deposited on mica surface



fast dip-coating from a dilute solution. The picture shows reasonably
monodisperse, well-separated nanoparticles. The particles are pancake-
deformed after deposition, but their dimensions (obtained by section analy-
sis using the deconvolution technique correcting the finite size of the AFM
tip) correspond roughly to those measured in solution. As it is evident from
a low coverage of the surface, the micelles deposited from 1,4-dioxane–
water solution do not stick properly to the mica surface and some of them
may be rinsed off during the preparation of samples for imaging. It is the
reason why we did not try to evaluate the polydispersity of micelles by AFM
as we did in our earlier papers32. It is likely that larger micelles may adsorb
at the surface more strongly than the small one and the AFM based distri-
bution of sizes does not have to be a correct one.

Fluorescence Study

The main goal of the study was to measure the exchange rate of unimers
between micelles. The exchange rate and the ability of reorientation of
chains in nanoparticles are important factors that affect the behavior and
stability of nanoparticles and have to be considered in the design, engineer-
ing and processing of successful biomedically applicable systems. In this
work, we measured the overall rate of equilibration after mixing two other-
wise identical micellar systems, which are labeled by two different
fluorophores. Fluorescence measurements of nonradiative excitation energy
transfer (NRET) have been often used for monitoring the exchange and
equilibration rates in polymer systems33–36.

The fluorophores (naphthalene or anthracene) were covalently attached
at the ends of insoluble PLA blocks as described in the Experimental. Naph-
thalene (energy donor) and anthracene (energy acceptor) represent a suit-
able pair for NRET studies. The emission spectrum of naphthalene overlaps
strongly with the absorption spectrum of anthracene, which is the prereq-
uisite for an efficient NRET dipole–dipole interaction. Since the Förster ra-
dius, R0, is fairly large (in nonviscous nonpolar solvents, ca. 2.1 nm 37) and
the PLA chains in the swollen core are close to each other and reasonably
flexible and mobile, donors and acceptors may come close to each other in
mixed cores. Hence the formation of mixed micelles should lead to a pro-
nounced NRET effect. The normalized absorption and emission spectra of
naphthalene-tagged copolymer, E(24)-L(5)-N (full lines 1 and 2) and those
of anthracene-tagged copolymer, E(24)-L(5)-A (broken lines 3 and 4) are
shown in Fig. 3 to demonstrate the strong spectral overlap. Spectra of other
samples are identical and are not shown.
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The overall rate of the chain exchange between micelles and formation of
mixed micelles may be monitored by time-dependent energy transfer and
characterized by its efficiency, χ(t) = {1 – ID(t)/I0

D}, where t is the time upon
mixing, ID(t) is the time-dependent donor intensity at time t after mixing
and I0

D is the donor intensity in the absence of acceptor (one half of the in-
tensity before mixing). The extent of mixing may be characterized by (i) the
value ID(∞), obtained for time approaching to infinity from the leveling off
part of the curve, and (ii) by the ratio ID(∞)/Ifm

D(∞), where Ifm
D(∞) corre-

sponds to the full (maximum) mixing and was obtained as follows: The
“fully mixed micelles” were prepared by mixing individual micelles in a
slightly selective 1,4-dioxane-rich solvent with 20% water, where a fast and
easy exchange of unimers takes place. Mixed micelles were then quenched
in a mixture of water with 10% of 1,4-dioxane (i.e., the water was added
fast to slow down the exchange rate of unimers between micelles) and the
donor intensity was measured.

The emission spectra were measured in the wavelength region from λ =
300 to 500 nm (for excitation at 290 nm) at different times upon mixing
and the rate of mixing was evaluated from the time dependence of the
maximum intensity of the naphthalene band at λ = 337 nm. The compari-
son of the emission spectrum obtained immediately after mixing the
well-soluble samples E(24)-L(5)-N and E(24)-L(5)-A (in less than 1 min,
curve 1), excited at 290 nm with the theoretical average of spectra of pure
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FIG. 3
Excitation and emission spectra of 1.5 g/l solution of E(24)-L(5)-N micelles (1 excitation,
2 emission) and E(24)-L(5)-A micelles (3 excitation, 4 emission) in 10% dioxane



samples before mixing (curve 2) in Fig. 4 shows that an important initial in-
termixing proceeds on the time scale of seconds (less than 1 min). A rela-
tively weak anthracene emission in the theoretical zero-time average spec-
trum is due to direct excitation of anthracene at λ = 290 nm. This spectrum
should be subtracted from all spectra measured at later times if anthracene
emission were used for the evaluation of the time-dependent NRET efficien-
cy. The observed non-negligible direct excitation of anthracene was one of
reasons why we used only the changes in naphthalene emission in our
study. It has been shown by several research groups that reliable evaluation
of NRET should be based on the decrease in the donor (naphthalene) emis-
sion only, especially if the steady-state emission is measured29,35,36. In this
case, the only complication may occur due to excimer formation, but the
naphthalene excimers were not detected in this study29. As a typical exam-
ple of spectral changes upon mixing, spectra for a mixture of E(24)-L(5)-N
and E(24)-L(5)-A are shown in Fig. 5. The decrease in naphthalene emission
and the concomitant increase in anthracene emission due to NRET are
clearly evident. The dotted curve shows the spectrum of the fully mixed
and equilibrated system, prepared in a slightly selective solvent 1,4-dioxane–
20% water and quenched in a water-rich medium 1,4-dioxane–90% water.
It is evident that even for the fastest equilibrating system, the NRET effect
does not reach that observed in the corresponding “fully mixed micelles”
prepared in a 1,4-dioxane-rich solvent and quenched in a water-rich solvent.
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FIG. 4
Emission spectra (excitation 290 nm) of a mixture of E(24)-L(5)-N and E(24)-L(5)-A micelles
(both 0.75 g/l) in 10% dioxane, immediately after mixing (1) and average of emission spectra
(excitation 290 nm) of E(24)-L(5)-N and E(24)-L(5)-A micelles (concentration of both solutions
1.5 g/l) in 10% dioxane (2)



The energy transfer efficiency curves, χ(t) = {1 – ID(t)/I0
D} are shown in

Fig. 6 for samples E(6)-L(5), E(15)-L(6), and E(24)-L(5) with almost the same
lengths of insoluble PLA blocks (full curves) and for samples E(15)-L(14)
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FIG. 6
Naphthalene-to-anthracene energy transfer efficiency, χ(t), measured in mixtures naphthalene-
and anthracene-labeled micelles (both 0.75 g/l) of E(6)-L(5) (1), E(15)-L(6) (2), E(24)-L(5) (3),
E(15)-L(14) (4) and E(24)-L(21) copolymers (5). Inset: rate constant, k, as a function of the
number of PEO units, NPEO

FIG. 5
Emission spectrum (excitation 290 nm) of a mixture of E(24)-L(5)-N and E(24)-L(5)-A micelles
(both 0.75 g/l) in 10% dioxane, immediately and 20, 68, 240 and 1260 min after mixing. Arrows
show the evolution of the spectrum with time. Dotted curve shows the emission spectrum (ex-
citation 290 nm) of fully mixed micelles of E(24)-L(5)-N and E(24)-L(5)-A in 10% dioxane



and E(24)-L(21) with fairly long PLA blocks (broken curves). The time de-
pendence is non-exponential, which is in agreement with our earlier obser-
vations29. The process consists of a faster initial exchange of chains and a
slower conformational equilibration, but the contribution of the fast pro-
cess is prevailing. A fully quantitative treatment of NRET and evaluation of
the rate of exchange of individual chains is complicated because, after mix-
ing and at early times (practically until full equilibration), the system con-
tains two different types of micelles: donor-rich and acceptor-rich ones, and
NRET differs in both types of micelles. Common fluorescence measure-
ments yield an integral (ensemble average) response of the whole system.
Nevertheless, the rate of NRET is proportional to the rate of the decisive
equilibration processes, in this case, to the chain exchange rate. Moreover,
for a potential use of micelles in targeted drug delivery systems and for
studies of their dynamic behavior and long-time stability, the knowledge of
the overall rate is usually sufficient.

The measured rate depends strongly on the length of the soluble block,
i.e., it decreases with increasing length of the soluble block. At long times
the curves level off but, as already mentioned, they do not reach the value
measured for micelles prepared by the mixing in 1,4-dioxane-rich solvent.
Hence the mixing is always (i.e., at times ca. 103 min) incomplete, even
though the curves clearly level off, and NRET is reduced, probably due to
steric reasons. The energy-transfer-efficiency curves for two less soluble
samples E(15)-L(14) and E(24)-L(21) with long PLA blocks are depicted by
dotted curves. It is evident that the mixing is very slow for sample with
MPLA ca. 15 000 and that the unimer exchange rate is even slower for mi-
celles formed by copolymer with the MPLA ca. 24 000.

As mentioned above, the measured rate of donor fluorescence quenching
caused by energy transfer is a result of a fairly complex integral response of
the system and we realize that its comparison with theoretical predictions
of the effect of copolymer structure on the rate of chain exchange processes
between micelles is not straightforward. Nevertheless, we assume that the
leading mechanism is the exchange of individual chains, i.e., the insertion/
expulsion mechanism. This process is the slowest, i.e., the rate-determining
step of the equilibration, since it assumes an energetically demanding hin-
dered transport of insoluble PLA blocks through fairly concentrated shell
formed by incompatible water-soluble PEO blocks. Therefore it is interest-
ing to compare the experimentally measured rates with scaling laws pro-
posed theoretically by Dormidontova38. The theory predicts the following
dependences for the rate constants of the equilibrium exchange rate of
chains on the lengths of individual blocks
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k nin eq
1/2

un∝ exp( )/τ (3)

k nex eq
5/6

un∝ exp( )/τ (4)

where neq is the association number that does not depend, in the first ap-
proximation, on the length of soluble blocks and the characteristic time,
τun, necessary to reach the “activated escape state” scales τun ∝ (NPEO)9/5.
The association number depends on the length of insoluble blocks, neq ∝
(NPLA)4/5. According to theory, the exchange rate slows appreciably with in-
creasing length of the soluble block (almost quadratic decrease has been
predicted) and much more with the length of insoluble block (in principle,
exponentially) because the slowest rate-determining “diffusion-like” pene-
tration of the insoluble block through a fairly dense brush formed by in-
compatible blocks is more difficult and takes longer. In our study, we were
reasonably able to test the dependence on the length of soluble PEO blocks
only. A logarithmic plot of the NRET rate constant k (obtained by a reason-
ably accurate single-exponential fitting) of mixing curves as χ(t) = a(1 – e–kt)
vs log NPEO is shown in the insert of Fig. 6. The plot is linear and yields the
scaling exponent ca. 1.2, i.e., 6/5. This is a lower value than that predicted,
influenced by several factors: we monitor a fairly complex response of the
system, the core-forming chains slightly differ in length, the “effective flex-
ibility” of shell-forming PEO blocks increases with their length and the the-
ory of Dormidontova is strongly simplified. We believe that the simplifica-
tion in the theory may lead to slightly incorrect (higher) values of the scal-
ing exponent. The theory assumes that the equilibrium association number
does not depend on the length of the soluble block. More detailed theories,
as well as a number of experimental studies (including this one – see Fig. 1)
show that the association number decreases with increasing length of solu-
ble blocks30. The core slightly shrinks with decreasing association number,
but the number and density of chains in the shell decreases. The effects of
decreasing density and increasing thickness partially compensate and do
not hinder the penetration of PLA blocks through the shell formed by long
PEO blocks so much as the simplified theory predicts.

CONCLUSIONS

Poly(ethylene oxide)-block-polylactide copolymers with comparable lengths
of both blocks (length ratio 1:1–4:1) form spherical core-shell micelles in
1,4-dioxane–water mixtures and in aqueous media. The self-assembly basi-
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cally obeys the theoretically predicted scaling laws, even though a certain
polydispersity of micelles formed by fairly short copolymers studied in this
paper lowers the experimental values of scaling exponents.

The exchange rate of individual chains between micelles depends
strongly on the lengths of both blocks. It decreases slightly with increasing
length of the soluble PEO block and strongly with increasing length of the
insoluble PLA block as predicted by the scaling theory.

Even though the NRET measurement yields a complex integral response
of the system, the obtained rate constants reasonably scale with the length
of the soluble block as predicted by theory.

In the water-rich 1,4-dioxane–90% water mixture, the rate of mixing
slows down by one order of magnitude for molar masses of the soluble
block increasing four times. Thus relatively small biocompatible self-
assembled nanoparticle systems based on PLA–PEO can be designed and
successfully manufactured.

Since the exchange rate slows down at least by one order of magnitude
when going from the 1,4-dioxane–10% water mixture to pure water, the be-
havior and properties appropriate for potential applications in the field of
targeted drug delivery together with sufficient kinetic stability of PLA–PEO
self-assembled nanoparticles are guaranteed. They may be further opti-
mized by selecting proper lengths of blocks.
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