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Purpose. The purpose of this work was to synthesize a new amphi-
philic diblock copolymer of poly(N-vinyl-2-pyrrolidone and
poly(D,L-lactide) (PVP-b-PDLLA) capable of self-assembling into
polymeric micelles with multiple binding sites and high entrapment
efficiency.
Methods. The copolymer was synthesized by ring-opening polymer-
ization of D,L-lactide initiated by potassium PVP hydroxylate. It was
characterized by gel permeation chromatography, 1H- and 13C-NMR
spectroscopy. The ability of the copolymer to self-assemble was dem-
onstrated by dynamic and static light scattering, spectrofluorimetry
and 1H-NMR. The hydrophobic model drug indomethacin was incor-
porated into the polymeric micelles by a dialysis procedure.
Results. A series of amphiphilic diblock copolymers based on PVP-
b-PDLLA were successfully synthesized. The critical association con-
centrations in water were low, always below 15 mg/L. Micellar size
was generally bimodal with a predominant population between 40
and 100 nm. PVP-b-PDLLA micelles were successfully loaded with
the poorly water-soluble drug indomethacin and demonstrated an
entrapment efficiency higher than that observed with control poly-
(ethylene glycol)-b-PDLLA micelles. It was hypothesized that spe-
cific interactions with the hydrophilic outer shell could contribute to
the increase in drug loading.
Conclusion. PVP-b-PDLLA micelles appear to exhibit multiple bind-
ing sites and thus represent a promising strategy for the delivery of a
variety of drugs.

KEY WORDS: poly(N-vinyl-2-pyrrolidone) (PVP); poly(D,L-
lactide) (PDLLA); colloids; diblock copolymer; polymeric micelles;
drug carrier, indomethacin.

INTRODUCTION

In recent years, water-soluble supramolecular assemblies
such as polymeric micelles and polyion complex micelles have
emerged as promising new colloidal carriers for the delivery
of hydrophobic drugs (1) and polyions (e.g. antisense oligo-
nucleotides) (2,3), respectively. Polymeric micelles are gener-
ally prepared from amphiphilic diblock or multiblock copoly-
mers (4). Their hydrophobic inner core serves as a microen-
vironment for the incorporation of poorly water-soluble
drugs, while the hydrophilic outer shell is responsible for mi-
celle stability, protecting the system against opsonization (2)
and uptake by the mononuclear phagocyte system (5). Com-
pared to low-molecular weight surfactant micelles, polymeric
micelles are generally more stable because of their lower criti-

cal association concentration (CAC), and show slower disso-
ciation which allows the longer retention of loaded drugs and
higher drug accumulation at the target site (5,6).

Until now, in most studies dealing with the preparation
of polymeric micelles, poly(ethylene glycol) (PEG) has been
used for formation of the hydrophilic shell (7,8). Thus, the
uniqueness associated with different copolymer systems
largely originates from the choice of the hydrophobic block
(8). Indeed, several biodegradable (e.g. poly(D,L-lactide,
PDLLA) as well as non-biodegradable (e.g. poly(propylene
oxide) biocompatible polymers have been employed as core-
forming blocks (8). Although PEG remains the “gold stan-
dard” in the stabilization of colloidal drug carriers because of
its remarkable properties in water, De Jaeghere et al. (9) have
demonstrated that, under certain circumstances, PEG may
promote the aggregation of PDLLA nanoparticles after
freeze-drying.

Poly(N-vinyl-2-pyrrolidone) (PVP) is a well-known wa-
ter-soluble, biocompatible and relatively amphiphilic poly-
mer. The highly polar amide confers hydrophilic and polar-
attracting properties to the polymer, while the apolar meth-
ylene group in the backbone and the methine group in the
ring contribute to its hydrophobic properties (10). The amide
group of PVP easily forms hydrogen bonds and, as a result,
PVP has a high binding affinity for water and several other
small and large molecules (11,12). The interaction between
PVP and water is so strong that high PVP concentrations can
prevent water from freezing. This unique behavior has led to
the use of PVP as a cryoprotectant for a wide variety of cells
(13) and as a lyoprotectant for proteins (14). It has been
shown that interactions between PVP and DNA protect DNA
from degradation by extracellular nucleases (12) and that
PVP can serve to stabilize proteins (15). Like PEG, PVP can
increase the circulation time of peptides/proteins (16) and
colloids in vivo (17). Moreover, PVP is remarkable for its
capacity to interact with a wide variety of hydrophilic and
hydrophobic pharmaceutical agents. For instance, it can en-
hance the solubility of several poorly water-soluble nonste-
roidal anti-inflammatory drugs (18,19). Drug solubilization in
water is due to hydrophobic interactions with PVP which lead
to the formation of a soluble complex.

The objective of the present study was to synthesize a
new biocompatible and biodegradable diblock copolymer
based on PVP and PDLLA. To the best of our knowledge,
only a random graft copolymer, poly(N-vinyl-2-pyrrolidone)-
graft-poly(L-lactide), has been previously described in the lit-
erature (20). Since PVP is in itself a lyoprotectant, it should
self-assemble in micelles with excellent storage properties (af-
ter freeze-drying), and should be able to incorporate a variety
of drugs in the inner core and the outer shell with a high loading
capacity (Fig. 1A). Several diblock copolymers were synthe-
sized, characterized and assessed for micelle formation. The in-
corporation of a model hydrophobic drug, i.e. indomethacin,
into PVP-b-PDDLA micelles was compared to control PEG-b-
PDLLA micelles prepared under identical conditions.

MATERIALS AND METHODS

Chemicals

Solvents and reagents were purchased from Moquin Sci-
entifique (Terrebonne, QC, Canada) and Aldrich (Oakville,

1 Faculty of Pharmacy, University of Montreal, C.P. 6128, Succ. Cen-
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ON, Canada). N-vinyl-2-pyrrolidone (VP), PEG monomethyl
ether (MeO-PEG, Mn 4 5000), 2-isopropoxyethanol, potas-
sium hydride (KH) 35% (w/w) dispersion in mineral oil, 18-
crown-6 and pyrene were used without further purification.
D,L-lactide was recrystallized 3 times from anhydrous ethyl
acetate at 60°C and then dried over P2O5 at room tempera-
ture for 24 h under reduced pressure. Tetrahydrofuran (THF)
was refluxed and distilled over sodium under an inert atmo-
sphere. 1,18-Azobis(cyclohexane-carbonitrile) (ACCN) was
purified by precipitation into water from an ethanol solution
and dried under vacuum for 4 days. Sepharose 2B was ob-
tained from Sigma (St. Louis, MO) and equilibrated with wa-
ter. The dialysis bags used for micelle preparation and drug
incorporation were Spectra/Por membranes (Por 1, molecular
weight cut-off: 6000–8000, Spectrum, Rancho Dominguez,
CA). All reactions were carried out in round-bottom flasks
fitted with a rubber septum under an anhydrous and inert
atmosphere.

Synthesis of Polymers

Hydroxy-Terminated PVP (PVP-OH)

PVP-OH was prepared by radical polymerization using
2-isopropoxyethanol as a chain transfer agent (21). VP (5 mL,
47 mmol) and ACCN (0.11 g, 0.45 mmol) were solubilized in
volumes of 2-isopropoxyethanol ranging from 60 to 300 mL.
These solutions were degassed with argon. Polymerization
was carried out at 80°C with stirring under a dry argon atmo-
sphere for 24 h. After evaporation of 2-isopropoxyethanol,
the polymer was precipitated in diethyl ether. The white pow-

der obtained was purified by 3 successive solubilizations in
CH2Cl2 and reprecipitations in diethyl ether. The polymer
was finally dried in vacuum.

PVP-b-PDLLA and PEG-b-PDLLA

Diblock copolymers PVP-b-PDLLA and PEG-b-
PDLLA were obtained by anionic ring-opening polymeriza-
tion (22,23). KH (0.567 g, 14 mmol) was placed in a round-
bottom flask under inert atmosphere. Anhydrous THF was
added via a double-tipped needle, the resulting dispersion
was briefly stirred, and then THF was removed. Thirty mL of
THF was added to the flask and the dispersion was cooled to
0°C. PVP-OH or MeO-PEG (1.34 mmol, based on the mo-
lecular weight of the repeating unit), previously dried in
vacuum at 60°C over P2O5, was solubilized in 30 mL of THF
at 60°C. This solution was added to the stirred dispersion
through a double-tipped needle, and the resulting solution
was maintained at 0°C for 1 h. After warming to room tem-
perature, stirring was maintained for 4 h. Then, the dispersion
was transferred to another flask, 18-crown-6 (0.085 g, 0.32
mmol) was added at room temperature, and stirred for 30
min. D,L-lactide polymerization was initiated by its quick in-
troduction (1.5 g, 10 mmol) in 20 mL of THF. After 16 h,
polymerization was stopped by adding 1 mL of acetic acid and
5 mL of water. The polymer solution was dialyzed against
water for 24 h at 4°C to form micelles. After dialysis, the
solution was centrifuged for 30 min at 40,790 g and 20°C to
remove PDLLA homopolymers. Free PVP-OH (MeO-PEG)
was removed by passage over Sepharose 2B. The micellar
solution was lyophilized for 2 days and stored at -20°C until
use to avoid degradation of PDLLA segments. All the co-
polymers were synthesized with a yield of approximately
60%.

Nuclear Magnetic Resonance (NMR) Spectroscopy

1H- and 13C-NMR spectra of the polymers were recorded
on Varian 300 and Bruker AMX 600 spectrometers in CDCl3
at 25°C. 1H-NMR spectra of PVP-b-PDLLA were also ob-
tained in D2O.

Determination of Copolymer Molecular Weights

Molecular weights were determined by gel permeation
chromatography (GPC) (Waters Model 600, Milford, MA)
employing the Millennium software program. HR1, HR3 and
HR4 Styragel columns (Waters, 4.6 × 300 mm) and a differ-
ential refractometer detector (Waters 2410) were used. The
mobile phase was CHCl3 (30°C and 1mL/min). The calibra-
tion curve was produced with polystyrene standards (Al-
drich).

Critical Association Concentration (CAC)

CAC was measured by the steady-state pyrene fluores-
cence method (24). It has been shown previously that with
increasing concentrations of amphiphilic polymers in aqueous
pyrene solution, there is a shift of the (0,0) band from 333 to
338.5 nm in the excitation spectra of pyrene. This change, as
measured by the I338/I333 intensity ratio, accompanies the
transfer of pyrene molecules from a water environment to the
hydrophobic micellar cores, and can be used to estimate the

Fig. 1. Schematic illustration of the incorporation of a pharmaceuti-
cal agent into the inner core and outer shell of polymeric micelles (A)
and synthesis of PVP-OH and PVP-b-PDLLA (B).
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apparent CAC (24). Several polymeric solutions in water con-
taining 10−7 M of pyrene were prepared and stirred overnight
in the dark at 4°C. Steady-state fluorescent spectra were mea-
sured (lem 4 390 nm) after 5 min under stirring at 20°C using
a Series 2 Aminco Bowman fluorimeter (Spectronic Instru-
ments Inc., Rochester, NY). Experiments were run in dupli-
cate.

Mean Diameter and Molecular Weight of
Polymeric Micelles

Hydrodynamic mean diameter and size distribution were
determined at a 90° angle by dynamic laser scattering (DLS)
using differential size distribution processor intensity analysis
(N4Plus, Coulter Electronics, Haieleah, FL). Micelle size was
measured at 20°C in water and phosphate-buffered saline
(PBS) at a concentration of 5 g/L and after filtration through
a 0.22-mm pore size filter. Size measurements were done in
triplicate. The weight-average molecular weight (Mw) of the
polymeric micelles was evaluated by static light scattering in a
Dawn DSP Laser Photometer (Wyatt Technology Corp.,
Santa Barbara, CA). The laser wavelength was 633 nm. A
magic optical glass was used to normalize the signal of each
detector. The specific refractive increment (dn/dc) was evalu-
ated with a Water Millipore Model 590 pump coupled to a
Model 903 interferometric refractometer (Wyatt Technology
Corp.). The eluent was either PBS or deionized water. The
eluent flow rate was kept at 0.2 mL/min to avoid dilution of
the samples. The concentration of each solution exceeded the
CAC. PVP-b-PDLLA presented a dn/dc of 0.124 ± 0.003 in
water and 0.140 ± 0.002 in PBS. PEG-b-PDLLA showed a
dn/dc of −0.052 ± 0.005 in water.

Preparation of Indomethacin-Loaded Polymeric Micelles

The drug and the copolymer (10 mg/mL) were dissolved
in N,N-dimethylformamide (DMF) or ethanol and dialyzed
for 24 h, in the dark, against water. The solutions were filtered
through a 0.22-mm pore size filter and freeze-dried. The drug
loading was determined by spectrophotometry in DMF at 320
nm, using a Hewlett Packard 8452A diode array spectropho-
tometer (Boise, ID).

RESULTS AND DISCUSSION

PVP-OH was synthesized by radical polymerization us-
ing 2-isopropoxyethanol and ACCN, as chain transfer agent
and initiator respectively (Fig. 1B) (21). The chain transfer
agent can react with the initiator-derived radical or the propa-
gating radical and reinitiate the polymerization (25). This al-
lows the grafting of functional groups (-OH) at one extremity
of the polymeric chain (21). Its chemical structure was con-
firmed by NMR spectroscopy. 1H-NMR d (ppm): 1.15 (m,
CH3), 3.50-4.00 (broad signal, CH PVP); 13C-NMR d (ppm):
175.74 (C4O PVP), 63.05 (CH2OH). Mws of the PVP-OH
obtained were between 4600 and 8600 with low polydispersi-
ties (<2) (Table I). The molecular weight of PVP-OH was
controlled by varying the solvent/VP ratio, a higher ratio re-
sulting in decreased molecular weight.

Stannous octanoate is the most commonly used catalyst
for the synthesis of PEG-b-poly(lactide) diblock copolymers
by ring−opening polymerization of lactide initiated from
MeO-PEG (26). Poly(N-isopropylacrylamide)-b-poly(D,L-

lactide) (PNIPAm-b-PDLLA) can be obtained under the
same conditions from hydroxy-terminated NIPAm (27). Our
attempts to prepare PVP-b-PDLLA from PVP-OH with stan-
nous octanoate were unsuccessful, favoring the formation of
the PDLLA homopolymer rather than the PVP-b-PDLLA
copolymer. Accordingly, to enhance the reactivity of PVP-
OH, the diblock copolymers were prepared by anionic poly-
merization of lactide using potassium PVP hydroxylate as the
initiator (Fig. 1B) (22,23). Ether crown was employed to in-
crease the rate of polymerization by amplifying the nucleo-
philic character of the generated potassium alkoxide. Several
diblock PVP-b-PDLLA copolymers with variable composi-
tions were synthesized with this method. The residual
PDLLA homopolymer was removed by centrifugation, while
unreacted PVP-OH was eliminated by size exclusion chroma-
tography. The molecular weights of the resulting copolymers
after purification are shown in Table II. All PVP-b-PDLLA
copolymers presented Mns between 3700 and 12100 with
polydispersity between 1.2 and 1.9. PVP/PDLLA mass ratios,
as estimated by GPC, varied from 33:67 to 75:25 (Table 2). In
the case of PEG-b-PDLLA (6), the evaluated weight esti-
mated by GPC was of the same order of magnitude as that
obtained from NMR, confirming the validity of our molecular
weight analysis. The GPC analysis did not reveal the presence
of monomers or oligomers after purification of the copoly-
mers by dialysis and gel filtration. The chemical structure of
the copolymer was characterized by NMR spectroscopy: 1H-
NMR d (ppm): 5.20 (m, CH PDLLA), 3.50-4.00 (broad signal,

Table I. Weight- (Mw) and Number-Average (Mn) Molecular
Weights of PVP-OH

PVP-OHa
Solvent/VP

(v/v) Mw Mn Mw/Mn

1 12 8600 4800 1.8
2 30 5800 4100 1.4
3 30 7200 4000 1.8
4 40 6000 3300 1.8
5 60 4600 2500 1.8

a By 13C NMR, it was found that more than 80% PVP chains had a
terminal hydroxy group (semi-telechelic polymer).

Table II. Weight- (Mw) and Number-Average (Mn) Molecular
Weights of Diblock PVP-b-PDLLA copolymers

PVP-OH
Diblock

copolymer
PVP:PLA
(% w/w)a Mw Mn Mw/Mn

1 1a 60:40 15200 8000 1.9
2 2a 75:25 8500 5500 1.5
3 3a 57:43 9000 7000 1.3
3 3b 33:67 14500 12100 1.2
4 4a 60:40 7200 5500 1.3
4 4b 65:35 8000 5100 1.5
5 5a 68:32 5800 3700 1.5
6c 6ac 41:59 18000 12000 1.4

37:63b — 7900b —

a Determined by GPC, using the Mn of PVP-OH and the correspond-
ing diblock copolymers PVP-b-PDLLA.

b Determined by 1H-NMR, using the terminal methoxy group of the
PEG chain.

c 6: MeO-PEG-OH and 6a: PEG-b-PDLLA.
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CH PVP); 13C-NMR d (ppm): 175.78 (C4O PVP), 169.77
(C4O PDLLA), 69.82 (CH-CH3 PDLLA), 17.20 (CH-CH3

PDLLA).
Figure 2 shows the 13C-NMR spectra of PVP-OH (A)

and PVP-b-PDLLA (B). The signal (e) at 63 ppm was asso-
ciated with the primary carbon linked to the terminal hydroxy
group and disappeared after coupling to D,L-lactide. On the
other hand, the signals (j), (k) and (l) appeared in the 13C
spectrum (B) of PVP-b-PDLLA. The presence of only 2
peaks, related to the carbonyl groups of PVP and PDLLA,
and the suppression of signal (e) confirmed that a diblock
structure was obtained.

The formation of PVP-b-PDLLA (PEG-b-PDLLA) mi-
celles was investigated by a steady-state fluorescence method,
using pyrene as a probe (24). The pyrene intensity ratio I338/
I333 was determined as a function of the diblock copolymer
and PVP-OH concentration (Fig. 3). In the case of the diblock
copolymer, the major change in the slope of the fluorescence
intensity ratio indicated the onset of micellization. The CACs
of all block copolymers were always below 15 mg/L (Table
III) and reached values as low as 2 mg/L (samples 4a and 6a).
In the case of PVP-OH only (without PDLLA segments), the
ratio was enhanced above 100 mg/L. As micellization is a
priori excluded with pure PVP-OH, the relative increase in
fluorescence intensity can be explained by the binding of py-
rene to the hydrophobic domains of PVP-OH.

Mean micelle sizes and standard deviations obtained by

DLS are reported in Table III. The copolymers gave micelles
with a bimodal size distribution, except for PEG-b-PDLLA
6a where the size was unimodal in water and bimodal in PBS.
Eisenberg and coworkers (28) also observed a bimodal size
distribution with polycaprolactone-block-poly(ethylene ox-
ide) micelles. They suggested that the larger population re-
flected the aggregation of small individual micelles, governed
by a secondary order of aggregation. However, these aggre-
gates depended largely on the preparation of the solution, i.e.
the more diluted solution favored the first population
(smaller sizes). The micelle size of the small particles was
generally between 40 and 100 nm, whereas that of the larger
aggregates reached values up to 500 nm. The micelle sizes
obtained by static light scattering correlated with the first
population determined by DLS (data not shown). The aggre-
gation number of polymeric micelles was usually between 100
and 300 (when no apparent secondary aggregation was ob-
served) according to an average micelle Mw of about 1–2 ×
106.

To further characterize micelle formation, the 1H-NMR
spectra of the copolymers taken in D2O and CDCl3 were
compared (Fig. 4). In CDCl3, where micelle formation is not
expected, all peaks proper to the hydrophilic (PVP) and hy-
drophobic parts (PDLLA) were detected (Fig. 4A). In D2O,
however, the formation of micelles modified the 1H-NMR
spectrum, resulting in a loss of resolution of PDLLA signals
(Fig. 4B). NMR analysis in water showed mainly the signals of
PVP chains while those of the hydrophobic core were sup-
pressed, suggesting the formation of a highly viscous internal
core (26).

Indomethacin is a very poorly water-soluble, non-
steroidal anti-inflammatory drug. Its entrapment efficiencies
in PVP-b-PDLLA (3a and 5a) and control PEG-b-PDLLA
(6a) micelles were compared (Fig. 5). At low initial drug con-
centrations, no significant difference was observed between
the 3 different diblock copolymers. At an initial drug concen-
tration of 40%, PVP-b-PDLLA 3a presented a drug loading
level about 30% higher than PEG-b-PDLLA 6a. Moreover,
in spite of the much higher molecular weight of the PDLLA
segment of 6a, copolymer 5a demonstrated comparable en-
trapment efficiencies. It is believed that at low levels of drug
loading, indomethacin is first incorporated in the core,
whereas at higher levels, it also interacts with the PVP outer
shell. The binding of indomethacin to PVP probably occurs

Fig. 2. 13C-NMR spectra of (A) PVP-OH 1 and (B) PVP-b-PDLLA
1a in CDCl3.

Fig. 3. Plots of the I338/I333 ratio as a function of PVP-OH 5 (open
circles) and PVP-b-PDLLA 5a (closed circles) concentrations.
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via intermolecular hydrogen bonding (29). At maximal load-
ing, PVP-b-PDLLA micelle size increased by approximately
30% (data not shown). The influence of the organic solvent
on loading efficiency was also evaluated. The entrapment ef-
ficiency of indomethacin PVP-b-PDLLA was similar in DMF
and ethanol (data not shown). This is an interesting finding,
since ethanol might be preferred over DMF for safety rea-
sons. In the case of PEG-b-PDLLA, no comparison could be
made because this polymer was found to be insoluble in etha-
nol.

CONCLUSION

A series of amphiphilic diblock copolymers based on
PVP-b-PDLLA were successfully synthesized, using anionic
and ring-opening polymerization of D,L-lactide from a PVP-
OH macroinitiator. These copolymers self-assemble in mi-
celles at a low CAC. Specific interactions can take place with
the hydrophobic core as well as the hydrophilic outer shell.
These interactions could explain the higher drug entrapment
efficiencies observed for PVP-b-PDLLA comparatively to
PEG-b-PDLLA micelles. Moreover, as reported in the litera-
ture, PVP polymers present several other interesting proper-
ties such as being good cryo- and lyoprotectants. Finally, ow-
ing to the diversity of interactions they can show, PVP-b-
PDLLA micelles could probably be loaded with several drugs
simultaneously and exhibit selective release patterns, as de-
scribed previously by Jansen et al. (30) for unimolecular den-
dritic micelles.
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