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a b s t r a c t

Biocompatible double-hydrophilic PNIPAM-g-PEO copolymers containing 0.3–3.2 mol% PEO grafts were
synthesized and utilized to prepare indomethacin (IMC)-loaded core–shell nanoparticles by dialysis and
nanoprecipitation methods. IMC loading was conducted at room temperature using the organic sol-
vents ethanol and DMF, which induced phase separation in the copolymers aqueous solutions due to
the cononsolvency of PNIPAM. In ethanol–water solutions, the cononsolvency-induced phase separa-
tion of the copolymers promoted effective drug incorporation into the formed micellar structures. In
DMF–water system, the formation of the nanoparticles did not correspond to the cononsolvent region of
PNIPAM-g-PEO. In this case, hydrophobic interactions between PNIPAM and IMC allowed the copolymer
oly(N-isopropylacrylamide)-g-
oly(ethylene
xide)
ononsolvency
anoparticles

ndomethacin

self-association and drug loading. Irrespective of the solvents or preparation methods applied, the drug
loading content (DLC) depended on the drug-to-copolymer feed weight ratio. DLC was relatively low at
the 0.5:1 ratio but it significantly increased at the ratios of 0.75:1 and 1:1 (DLC∼90%). The particle size
was strongly affected by the different mechanisms of nanoparticles formation. The nanoprecipitation
from ethanol produced significantly smaller particles (<150 nm) with narrow size distribution than the
dialysis from DMF. The velocity of indomethacin release from the nanoparticles was influenced by the

rug,
rug release amount of encapsulated d

. Introduction

In the recent years, polymeric micelles with core–shell morphol-
gy have attracted much attention for their potential application in
rug delivery (Allen et al., 1999; Kataoka et al., 2001; Gaucher et al.,
005; Torchilin, 2007; Bromberg, 2008). Particles with nanometer-
cale dimensions, obtained by self-assembly of amphiphilic or
ouble-hydrophilic block copolymers are of interest as carriers that
an entrap mainly hydrophobic and poorly water-soluble drugs
hrough hydrophobic, hydrogen-bonding, or electrostatic interac-
ions. The small size, appropriate surface properties, and enhanced
tability of the loaded nanoparticles ensure their prolonged circula-
ion in the blood and access to diseased organs, tissues or cells (Bae
nd Kataoka, 2005). The pharmacokinetics of the entrapped drugs

an be modulated by changing the polymer architecture and char-
cteristics of the core-forming blocks as well as by the incorporation
f a thermo-responsive polymeric segment in either the micellar
ore or corona (Rösler et al., 2001; Qiu and Bae, 2006). The conver-

∗ Corresponding author at: Department of Pharmaceutical Technology and Bio-
harmacy, Faculty of Pharmacy, Medical University of Sofia, 2 Dunav Street, Sofia
000, Bulgaria. Tel.: +359 2 9236 546; fax: +359 2 9879874.

E-mail address: vmihailova@pharmfac.acad.bg (V. Michailova).

378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2009.09.034
the process being faster at lower DLC.
© 2009 Elsevier B.V. All rights reserved.

sion of the thermally sensitive component from hydrophobic to a
more hydrophilic state or vice versa in response to small changes
in temperature permits temporal and spatial delivery control of the
incorporated drug (Rijcken et al., 2007).

Temperature responsive polymers like poly(N-isopropyl-
acrylamide) (PNIPAM) homopolymer and its copolymers have
been widely applied for the formation of thermo-sensitive drug
delivery systems because they exhibit reversible phase transition
in water around body temperature, the lower critical solution tem-
perature (LCST). Additives such as salts, proteins, low molecular
drugs and some polar organic solvents affect significantly their
critical temperature by changing the hydrophilic/hydrophobic
balance within the polymer molecule via different mechanisms
of hydration or dehydration (Eeckman et al., 2001; Costa and
Freitas, 2002; Liu et al., 2004; Chaw et al., 2004; Coughlan and
Corrigan, 2006). For example, hydrophobic drugs like benzoic acid
and its derivatives as well as ibuprofen associate with PNIPAM by
hydrophobic interactions and hydrogen-bonding which results
in a more hydrophobic system and a concomitant decrease in

the phase transition temperature. Such drug-induced changes in
the thermal sensitivity of PNIPAM have been found to impact on
the equilibrium swelling degree and drug release rate of PNIPAM
hydrogel matrices (Lowe and Tenhu, 1998; Coughlan et al., 2004;
Coughlan and Corrigan, 2008).

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:vmihailova@pharmfac.acad.bg
dx.doi.org/10.1016/j.ijpharm.2009.09.034
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Double-hydrophilic graft copolymers PNIPAM-g-poly(ethylene
xide) (PNIPAM-g-PEO) composed of a PNIPAM backbone and PEO
ide chains, exhibit LCST around that of PNIPAM homopolymers or
igher, depending on the number and distribution of the grafted
EO, the length of the PNIPAM backbone and the copolymer con-
entration (Virtanen and Tenhu, 2000; Bisht et al., 2005). Below
he LCST, these copolymers readily dissolve in water; at tempera-
ures above the critical point, they self-assemble into single chain
r inter-chain nanostructures consisting of a collapsed PNIPAM
nner core and a hydrated PEO outer shell, which confers colloidal
tability to the system. The degree of interchain aggregation and
he nanoparticles size are mostly determined by the competition
etween the hydrophobic interactions in PNIPAM and the solu-
ilizing and surface stabilization effect of PEO on the shrinking
ackbone. Some technological factors such as the rate of heating
nd the copolymer concentration can also affect the nanoparticles
ize by the change in the balance between intrachain contraction
nd interchain association of PNIPAM as well as by the resulting
iscoelasic effects (Qiu and Wu, 1997; Virtanen et al., 2000; Chen
t al., 2005).

The PNIPAM-g-PEO core–shell nanoparticles have not been
mployed so far in drug delivery applications, yet, their ability
o solubilize small amounts of lipophilic and amphiphilic probe

olecules upon heating at T > LCST and to dissolve and release the
robe at room temperature has been proved by fluorescence and
PR spectroscopy studies (Wu and Qiu, 1998; Virtanen et al., 2001).
n this work, we evaluated the capacity of double-hydrophilic
NIPAM-g-PEO copolymers containing 0.3–3.2 mol% PEO grafts
o incorporate and retain indomethacin inside the hydrophobic
nner core of the micellar nanoparticles formed at T < LCST of the
opolymers. Indomethacin was selected as a model drug because
f its specific chemical structure and physicochemical properties
e.g., H-bonding carboxylic acid group, hydrophobic nature, pH-
ependent solubility) that were expected to affect the processes
f nanoparticles formation and loading as well as the drug release
ate.

. Materials and methods

.1. Materials

�-Methoxy-�-hydroxy-polyoxyethylene (MPEO) with
n = 2000 was purchased from Fluka. Indomethacin (IMC, 1-

4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indole-3-acetic acid)
nd the other reagent grade chemicals were Aldrich products.
-isopropylacrylamide (NIPAM) was recrystallized from a 65:35

v/v) mixture of hexane and benzene. Maleic anhydride was recrys-
allized from benzene. Azobisisobutyronitrile (AIBN) was purified
y recrystallization from methanol. N-hydroxyphthalimide, N,N′-
icyclohexylcarbodiimide (DCC), and morpholine were used as
eceived. Solvents such as diethyl ether, methylene chloride,
oluene, benzene and hexane were dried prior to use. Dimethyl-
ormamide (DMF) and 95% ethanol were used for IMC and graft
opolymers dissolution.

.2. Synthesis and characterization of PNIPAM-g-PEO copolymers

.2.1. Synthesis of MPEO monoester of maleic acid (MEMA)
MEMA was prepared through the reaction of MPEO with maleic

nhydride. In a typical reaction, MPEO (10 g, 5 mmol), maleic anhy-

ride (3 g, 30 mmol) and toluene (40 ml) were placed in a reaction
essel and the mixture was heated at 80 ◦C for 48 h. Then the
olvent was removed, the residue was dissolved in methylene chlo-
ide, and precipitated into large excess of anhydrous diethyl ether.
ield: 9.9 g, 95%. 1H NMR (CDCl3, ı): 6.4, 6.2 (d, 1H and d, 1H,
f Pharmaceutics 384 (2010) 154–164 155

HOOC-CH CH-COOR); 4.36 (t, 2H, CH2CH2-OC(O)); 3.67 (t, 182 H,
O-CH2CH2-O); 3.37 (t, 3H, O-CH3).

2.2.2. Synthesis of MPEO phthalimido maleate (MEPAM)
MEMA (1.05 g, 0.5 mmol) and N-hydroxyphthalimide (0.081 g,

0.5 mmol) were dissolved in 10 ml of methylene chloride. DCC
(0.105 g, 0.5 mmol) dissolved in 2 ml of methylene chloride was
added and the reaction mixture was stirred for 20 h. The mixture
was filtered and the polymer precipitated into diethyl ether. Yield:
1 g, 88%. 1H NMR (CDCl3, ı): 7.73 (4H, C(O)C6H4C(O)); 6.4, 6.2 (d,
1H and d, 1H, HOOC-CH CH-COOR); 4.36 (t, 2H, CH2CH2-OC(O));
3.67 (t, 182 H, O-CH2CH2-O); 3.37 (t, 3H, O-CH3).

2.2.3. Synthesis of PNIPAM-g-PEO copolymers
PNIPAM-g-PEO copolymers were obtained by radical copoly-

merization of MEPAM macromonomer with NIPAM in benzene
in the presence of morpholine. The molar content of the
macromonomer in the feed varied in the range of 0.5–5 mol%. In
a typical procedure, 0.52 g of MEPAM, 1.28 g of NIPAM, 0.038 g of
AIBN and 0.03 ml of morpholine were dissolved in 10 ml of ben-
zene. The copolymerization was carried out in sealed ampoules
under high vacuum at 60 ◦C for two days. Then the reaction mixture
was diluted with methylene chloride and precipitated into diethyl
ether. An aqueous solution of the polymer was dialyzed (Spec-
tra/Por membrane tubing, MWCO 12,000) against distilled water
for 14 days. The graft copolymer was recovered by lyophilization.

The composition of the graft copolymers was determined by 1H
NMR in CDCl3. The relative intensities of the signals of the oxyethy-
lene protons at ı 3.67 and of methyl protons at ı 1.12 enabled
the estimation of the approximate number of NIPAM units (y) per
grafted PEO chain (Eq. (1)),

Area of PNIPAM protons at ı 1.12
Area of PEO protons at ı 3.67

= 6y

4n(PEO)
(1)

where n is the degree of polymerization of PEO.
The copolymerization products were denoted xPNEM, where

x stands for the molar content of the PEO macromonomer in the
purified graft copolymer.

2.3. Structural characterization of copolymers

1H NMR spectra were recorded on Bruker 250 MHz spec-
trometer in CDCl3 at 20 ◦C. Size exclusion chromatography (SEC)
measurements were performed on a system (Waters Associates,
USA) consisting of a M510 pump, a U6K injector, refractometer 410,
and a set of 10 �m mixed-B, and 5 �m 100 Å PL gel columns. The
mobile phase was THF at a flow rate of 1 ml/min at 45 ◦C. The weight
average molecular weight, Mw, of copolymers was determined by
static light scattering (SLS). SLS measurements were carried out on
a multi-angle DAWN DSP Laser light scattering photometer (Wyatt
Technology Corp., USA) equipped with a He-Ne laser emitting at
a wavelength of 632.8 nm. Analyses were performed in a batch
mode. Specific refractive index increments, dn/dc, were measured
on a Wyatt Optilab 903 interferometric refractometer operating at
633 nm. The stock solutions for the light scattering measurements
were prepared at concentration of 3 × 10−3 g/ml. They were puri-
fied of dust using filter of 0.2 �m pore size (PVDF filter) and diluted
with filtered solvent.

2.4. In vitro study of copolymers biocompatibility
2.4.1. Cell culture conditions
The human embryonal kidney cell line HEK-293 was purchased

from the German Collection of Microorganisms and Cell Cultures
(DSMZ GmbH, Braunschweig, Germany). They were cultured under
standard conditions—RPMI-1640 medium supplemented with 10%
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etal bovine serum and 2 mM L-glutamine, at 37 ◦C in an incubator
ith humidified atmosphere and 5% CO2.

.4.2. In vitro biocompatibility assessment (MTT-dye reduction
ssay)

Stock solutions of the copolymers were freshly prepared in
MSO and consequently diluted with RPMI-1640 medium to yield

he desired final concentrations (at the final dilution, the concen-
ration of the solvent never exceeded 1%). The cell viability was
ssessed using the standard MTT-dye reduction assay (Mosmann,
983), with minor modifications (Konstantinov et al., 1999). The
ells were seeded in 96-well microplates (100 �l/well) at a den-
ity of 1 × 105 cells per ml and after 24 h incubation at 37 ◦C they
ere exposed to various concentrations (0.125–2 mg/ml) of the

opolymers for 72 h. For each concentration at least 8 wells were
sed. After the incubation, 10 �l of the MTT solution (10 mg/ml in
BS) were added to each well. The microplates were further incu-
ated for 4 h at 37 ◦C and the formed MTT-formazan crystals were
issolved by adding 100 �l per well of a 5% HCHO solution in 2-
ropanol. The MTT-formazan absorption was determined using a
icroplate reader (Labexim LMR-1) at 580 nm.

.4.3. Data processing and statistics
The cell survival data were normalized as percentage of the

ntreated control (set as 100% viability). The statistical process-
ng of biological data included the Student’s t-test whereby values
f p ≤ 0.05 were considered as statistically significant.

.5. Phase transition measurements

.5.1. Cloud point determination
The cloud points (CPs) for 0.1 wt% solutions of the graft copoly-

ers in water or in a phosphate buffer solution (PBS, pH 7.4) were
etermined by observing light transmittance. The sample cell was
hermostated with a circulating water jacket from 25 ◦C to 55 ◦C.
he temperature was gradually increased with a heating rate of
.2 ◦C/min. The cloud point was defined as the temperature cor-
esponding to a decrease of 10% of the solution transmittance at
00 nm (Boutris et al., 1997).

.5.2. Phase transition of PNIPAM-g-PEO copolymer in an organic
olvent–water mixture

The phase transition of PNIPAM-g-PEO copolymer alone and in
he presence of IMC was studied in ethanol–water and DMF–water
inary mixtures at 20 ◦C using a spectroscopic technique (Causse
t al., 2006). Stock solutions of PNIPAM-g-PEO copolymer or of
1:1 (w/w) IMC-copolymer mixture were prepared in the rele-

ant organic solvent at a polymer concentration of 0.25 wt%. Their
ptical transmittance was monitored (Hewlett Packard 8452A
pectrophotometer) as a function of the solvent-to-water volume
atios at 500 nm upon stepwise addition of small aliquots (250 �l)
f water. After the addition of each water portion, the sample was
ept under stirring for 20 min to stabilize before the transmit-
ance measuring. The phase separation of 0.25 wt% IMC solutions in
thanol or DMF was also monitored under the same experimental
onditions.

.6. IMC-PNIPAM-g-PEO copolymer interactions studies

The hydrogen-bonding and hydrophobic interactions between
MC and the copolymer were examined by IR and 1H NMR spec-

roscopy.

.6.1. IR spectroscopy
The IR spectra were recorded on Bruker Vector 22 spectrometer.

hin films for spectral measurements were prepared by dissolving
f Pharmaceutics 384 (2010) 154–164

PNIPAM-g-PEO, IMC or an appropriate amount of PNIPAM-g-PEO
and IMC in ethanol and then several drops of the sample solution
were placed onto KBr plates. The plates were dried under vacuum
at room temperature.

2.6.2. 1H NMR spectroscopy
1H NMR spectra of IMC-loaded nanoparticles and the respec-

tive PNIPAM-g-PEO copolymer were performed in D2O at 20 ◦C.
The spectrum of IMC was recorded at the same temperature, using
NaOD/D2O as a solvent.

2.7. Preparation of IMC-loaded PNIPAM-g-PEO nanoparticles

PNIPAM-g-PEO nanoparticles containing IMC were prepared by
both the dialysis method (Allen et al., 1999) and the nanoprecipi-
tation technique (Fessi et al., 1989; Bilati et al., 2005). All steps of
the two preparation methods employed were conducted at room
temperature.

2.7.1. Dialysis method
PNIPAM-g-PEO copolymer (50 mg) and IMC (25 mg, 37.5 mg or

50 mg) (copolymer: IMC, 0.5:1, 0.75:1 or 1:1 w/w) were dissolved
in 5 ml of DMF or ethanol and the solution was dialyzed against
1000 ml of distilled water for 24 h using a cellulose dialysis mem-
brane with a molecular weight cut-off of 12,000 (Sigma–Aldrich,
Germany) at 20 ◦C. During the first 3 h, water was exchanged every
hour and then on the next day. After the dialysis, the colloidal dis-
persion was filtered through 1.2 �m membrane filter (Whatman
GF/Cw/GMF, USA) to remove insoluble material and the filtrate was
analyzed or freeze dried for 24 h before further examinations. Each
experiment was performed in triplicate.

2.7.2. Nanoprecipitation method
PNIPAM-g-PEO copolymer (50 mg) and IMC (25 mg, 37.5 mg or

50 mg) (copolymer: IMC, 0.5:1, 0.75:1 or 1:1, w/w) were dissolved
in 5 ml of ethanol. Then the solution was slowly injected into 95 ml
of distilled water under moderate magnetic stirring. The resulting
opalescent solution was allowed to stir for 10 min at room tempera-
ture. Afterwards, it was dialyzed against water for 6 h to remove the
organic solvent and filtered through 0.80 �m membrane filter (Sar-
torius AG, Germany). The loaded nanoparticles were recovered by
freeze drying for 24 h. Each experiment was performed in triplicate.

2.8. Characterization of IMC-loaded nanoparticles

2.8.1. Particle size measurement
The average size and size distribution of the nanoparticles were

estimated by dynamic light scattering (DLS) using a Malvern Zeta-
sizer Nano 3600 (Malvern Instruments Ltd., UK) equipped with a
He-Ne laser (0.4 mW; 633 nm) and a temperature-controlled cell
holder. The intensity of the scattered light was detected at 90◦ to
the incident beam. The nanoparticles dispersions were prepared by
the above described methods and were analyzed at 20 ◦C and 37 ◦C,
at a sample concentration of 0.2 mg/ml. The particle size was mea-
sured starting at 20 ◦C. Then, the temperature of the samples was
increased to 37 ◦C in 45 min and the particle size was determined
by DLS after equilibration of 30 min. The mean intensity-weighted
diameter was recorded as the average of three measurements.

2.8.2. Scanning electron microscopy (SEM)

SEM observations were conducted on a JEOL JSM-5510 (JEOL,

Japan) at 10 kV. The specimens for SEM observations were prepared
by spin casting the sample solution in water on a clean glass slide.
All the glass slides used were first washed with distilled water and
then with acetone. A thin layer of gold was sputter-coated on the
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ments. The weight average molecular weights (Mw) ranged from
0.9 × 105 to 2.4 × 105. The SEC traces of the graft copolymers
were monomodal, lacking traces of macromonomer contamina-
tion.

Table 1
Characteristics of PNIPAM-g-PEO graft copolymers.

Graft copolymer PEO grafts CP (◦C)a

Sampleb Mw
c (g mol−1) PDId mol% wt% Aqueous

solution
PBS
pH 7.4

0.3PNEM 2.4 × 105 1.73 0.3 5 32.5 30.9
1.1PNEM 2.0 × 105 1.75 1.1 18 35.7 34.2
2.2 PNEM 1.7 × 105 1.66 2.2 30 39.1 35.0
2.7PNEM 1.5 × 105 1.65 2.7 35 –e 36.8f

3.2PNEM 0.9 × 105 1.54 3.2 39 –e 37.2f

a Cloud point temperature of a 0.1 wt % solution at 10% loss of transmittance at
500 nm.
V. Michailova et al. / International Jou

amples with the aid of JEOL JFC-1200 fine coater (JEOL, Japan) for
harge dissipation during SEM imaging.

.8.3. Determination of drug loading content and entrapment
fficiency

The IMC loading was quantified using a high-performance liq-
id chromatographic (HPLC) assay (Hewlett Packard 1040 M) after
issolution of the freeze-dried nanoparticles in an appropriate
mount of the mobile phase. The chromatographic procedure was
arried out at 20 ◦C using a reverse-phase C18 column (Kromasil
00-5 C18, 125 × 4 mm, 5 �m), acetonitrile–water (0.1% TFA) 80:20
s a mobile phase with a flow rate of 1 ml/min, and a detection
avelength of 320 nm (Djordjevic et al., 2005). The IMC concen-

ration in the samples was obtained from a calibration curve.
he drug loading content (DLC) and entrapment efficiency (EE)
f the IMC-loaded nanoparticles were calculated according to
qs. (2) and (3):

LC (wt%) = the amount of IMC in nanoparticles
the amount of polymer added initially

× 100 (2)

E (w/wp%) = the total amount of IMC in nanoparticles
the amount of IMC added initially

× 100.

(3)

.9. In vitro IMC release studies

In vitro release studies were conducted in acetate buffer solu-
ion (pH 4.5) and in phosphate buffer solution (0.06 mol/l, pH 7.4)
sing the dialysis tube method (D’Souza and DeLuca, 2006). In
typical experiment, 7 mg of lyophilized IMC-loaded nanopar-

icles were dispersed in 5 ml of the respective buffer solution
t room temperature. Then the dispersion was transferred into

dialysis tube closed at one end with a dialysis membrane
7.065 cm2 exposed area, MWCO 12,000–14,000, Sigma–Aldrich,
ermany). The dialysis tube was then immersed into an outer
essel containing 150 ml of the buffer solution. During the exper-
ment, the temperature of the entire assembly was maintained
t 37 ◦C ± 0.5 ◦C, using a circulating water jacket. At appropriate
ntervals, 3-ml aliquots were withdrawn from the outer aqueous
olution and replaced with an equal volume of the fresh release
edium. The released IMC was quantified by UV spectroscopy

Hewlett Packard 8452A) at 320 nm, using a standard calibra-
ion curve. Each in vitro release experiment was repeated four
imes.

. Results and discussion

.1. Synthesis and characterization of PEO macromonomer and
NIPAM-g-PEO copolymers

The synthesis of the double-hydrophilic PNIPAM-g-PEO copoly-
ers consists of three consecutive steps: (1) synthesis of MPEO
onoester of maleic acid (MEMA), (2) its esterification with N-

ydroxyphthalimide to obtain MPEO phthalimido maleate, and (3)
opolymerization of MEPAM macromonomer with NIPAM.

The interaction of MPEO with maleic anhydride proceeded
uantitatively in toluene at 80 ◦C. The esterification of the result-

ng MPEO monoester of maleic acid with N-hydroxyphthalimide
roduced the corresponding diester of maleic acid, MEPAM. The
hthalimido esters are activated carboxylic ester units that read-
ly react with amines and provide a possibility of affecting the
hase and conformational behavior of the double-hydrophilic graft
opolymers. The structure of the activated ester was confirmed by
he 1H NMR spectrum in CDCl3 (Fig. 1). The ratio of the intensities
f the phthalimide protons at 7.73 ppm, the CH2 protons adjacent
Fig. 1. 1H NMR spectrum of MPEO phthalimido maleate in CDCl3.

to the ester group at 4.36 ppm and the CH CH protons at 6.4 ppm
and 6.2 ppm was found to be 4:2:2.

The graft copolymers were obtained by the “grafting through”
method (Fig. 2). To enhance the reactivity of the maleic acid
macromonomer derivatives, the copolymerization was performed
in the presence of morpholine as an isomerization catalyst (Otsu
et al., 1981). Since morpholine is a secondary amine, the phtal-
imido groups were substituted with morpholine groups to yield
the copolymer xPNEM. These groups were not expected to have
implications for PNEM biocompatibility since polymers contain-
ing morpholine are known as nontoxic materials (Ranucci et al.,
1994). The grafting degree of the copolymers obtained was low, in
the range of 0.3–3.2 mol%. The characteristics of the graft copoly-
mers are summarized in Table 1. The molecular weights of the
graft copolymers were determined by SLS in methanol and the
molecular weight distributions were obtained from SEC measure-
b The number code indicates the content of PEO grafts (mol%).
c Measured by light scattering in methanol.
d Polydispersity index.
e The transmittance did not decrease upon increasing solution temperature up to

50 ◦C.
f The transmittance was measured at 400 nm.
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ig. 2. Synthesis of PNIPAM-g-PEO graft copolymers through copolymerization of
acromonomer in the graft copolymer; n = 44.

The CPs for the graft copolymers solutions in water and in pH 7.4
BS were determined by transmittance measurements (Table 1).
n water, the CPs increased with increasing the molar content of
he PEO-macromonomer from 0.3 to 2.2 mol%. At higher degree of
EO grafting, phase transition was not observed upon increasing
he solution temperature up to 50 ◦C, which may be ascribed to
he significant increase in the hydrophilic properties of the copoly-

ers (Schmaljohann, 2006). In PBS the graft copolymers displayed
ransition at lower temperatures compared to the pure aqueous
olutions. The buffer salts have a “salting out” effect on the PNIPAM
egments, similar to salts effect on the phase transition of linear and
ross linked PNIPAM (Eeckman et al., 2001; Coughlan and Corrigan,
006).

Biocompatibility of 1.1PNEM, 2.2PNEM and 3.2PNEM copoly-
ers was evaluated in vitro by assessing the viability of HEK-293

ells (MTT-dye reduction assay). As evident from the cell viability
ata (Fig. 3), all tested polymers proved to be devoid of cytotoxic
ffects against the tested cell line after 72 h continuous exposure
t 37 ◦C. Only at the highest copolymers concentration (2 mg/ml)

here was some, statistically insignificant decrease in the cell via-
ility (p > 0.05). These results suggest that the synthesized graft
opolymers are biocompatible and, hence, suitable for pharmaceu-
ical application.

ig. 3. Cytotoxic effects of PNIPAM-g-PEO graft copolymers against a human embry-
nal kidney cell line HEK-293 after 72 h continuous exposure (MTT-dye reduction
ssay). 1.1PNEM (white columns), 2.2PNEM (grey columns) and 3.2PNEM (black
olumns). Each column represents a mean value ± SD of 8 independent experiments.
and a poly(oxyethylene) (PEO) macromonomer; x—the molar content of the PEO

3.2. Preparation of IMC-loaded PNIPAM-g-PEO nanoparticles

PNIPAM-g-PEO nanoparticles were loaded with IMC by the dial-
ysis method and nanoprecipitation technique at 20 ◦C, using two
water-miscible organic solvents, ethanol and DMF. The two sol-
vents were selected because they dissolve both the copolymers
and IMC and their mixing with water might induce micellization
of PNIPAM-g-PEO at room temperature due to the precipitation of
PNIPAM segments. Such solvent-induced soluble-insoluble-soluble
transition of PNIPAM in mixtures of water with some polar organic
solvents like methanol, ethanol, DMSO, THF or DMF, termed conon-
solvency, has been related to the competitive interactions among
water, the solvent and the polymer, which limit the number of
solvents molecules available to solubilize the polymer (Winnik et
al., 1993; Tanaka et al., 2009). As the type of interactions between
the organic solvent and water depends on the nature of the sol-
vent applied (Costa and Freitas, 2002; Panayiotou et al., 2004),
it is expected that the different properties of ethanol and DMF
would have implications for the formation and drug loading of the
PNIPAM-g-PEO nanoparticles.

3.2.1. Phase transition behavior of PNIPAM-g-PEO in mixed
water–cononsolvent systems

The cononsolvency of PNIPAM-g-PEO copolymer in
ethanol–water and DMF–water mixtures was examined at 20 ◦C
in order to avoid the effect of temperature on the phase transition
of the copolymer. Stock solutions of 1.1PNEM in ethanol or DMF
were prepared at a concentration of 0.25 wt%. The dependence of
the optical transmittance of these solutions on the volume fraction
of water, ϕwater, is shown in Fig. 4. For both organic solvents, the
transmittance of the polymer solutions exhibited a minimum
around intermediate water concentrations, indicating that the
system reversibly changed its dispersing state from molecular to
colloidal and back again similar to the conversion of PNIPAM-
block-PEO copolymers in methanol–water solutions that led to the
formation of PNIPAM-core micelles (Rao et al., 2007). The type
of the solvent greatly influenced the strength of cononsolvency

in PNIPAM-g-PEO aqueous solutions. The phase separation was
more pronounced and occurred in a wider ϕwater range in the
mixtures of the more hydrophobic ethanol (0.37 < ϕwater < 0.72)
than in the mixtures of DMF (0.32 < ϕwater < 0.45). This effect might
be attributed to the predominant type of the solvents hydration,
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ig. 4. Optical transmittance of mixed ethanol–water and DMF–water solutions of
.1PNEM graft copolymer as a function of the volume fraction of water, at 20 ◦C.

.e. H-bonded solvent–water complexes for DMF (Zhu and Napper,
996a) and hydrophobic hydration for ethanol (Zhu and Napper,
996b; Costa and Freitas, 2002) that controls the reduction of the
umber and strength of PNIPAM–water contacts in the region of
hase transition.

.2.2. Phase transition behavior of PNIPAM-g-PEO in mixed
ater–cononsolvent systems in the presence of indomethacin

The phase transition behavior of PNIPAM-g-PEO copoly-
er in mixed water-cononsolvent systems in the presence of

ndomethacin was evaluated with 1.1PNEM-IMC mixture at a drug-
o-polymer ratio of 1:1 (w/w), at 20 ◦C. The changes in the optical
ransmittance of the 1.1PNEM-IMC mixture, IMC and the pure
.1PNEM in ethanol or DMF solutions as a function of ϕwater were
ompared in Fig. 5. In ethanol–water binary solution (Fig. 5a),
rapid and irreversible phase separation was observed in the

.1PNEM-IMC mixture, presumably associated with the formation
f drug-loaded nanoparticles. The phase transition of the mixed
ystem started at a slightly lower water fraction (ϕwater ∼ 0.33) than
hose of the pure 1.1PNEM (ϕwater ∼ 0.36) and IMC (ϕwater ∼ 0.42)
ndicating that, besides the soluble–insoluble transition of PNIPAM,
he decrease in the drug solubility has also a bearing on the process
f micellization and loading of the double-hydrophilic copolymer.
ecause of the cononsolvency of PNIPAM, the self-association of
NIPAM-g-PEO promoted the IMC incorporation into the formed
icellar associates. Since they remained physically stable upon

urther addition of water one can presume that the encapsulation
f a relatively high amount of drug and the arising drug–polymer
ttractive forces reinforced the micellar structure and enhanced
ts resistance against dissociation. In DMF–water solution (Fig. 5b),
he cononsolvent effect on the 1.1PNEM-IMC mixture was similar
o that of the pure copolymer. Due to the high solubility of IMC and
NIPAM-g-PEO in DMF, the phase separation region was limited to
narrow range of DMF–water ratios (0.32 < ϕwater < 0.45) and the
rocess was reversible. However, at ϕwater > 0.70, far beyond the
ononsolvent region of the copolymer, a second, irreversible phase
ransition was detected in the transmittance curve of 1.1PNEM-IMC

ixture which corresponded to the precipitation of the pure IMC.
ne can assume that PNIPAM-drug specific interactions dominate
t this critical solution composition and might induce nanoparticles

ormation.

The appearance of irreversible phase transitions in the pres-
nce of IMC at 20 ◦C suggests that the process of IMC incorporation
nto the PNIPAM-g-PEO core–shell nanoparticles can be conducted
t room temperature using loading procedures with the organic
Fig. 5. Optical transmittance of mixed organic solvent–water solutions of 1.1PNEM
graft copolymer, of a 1.1PNEM-IMC mixture at a 1:1 (w/w) ratio, and of IMC as a func-
tion of the volume fraction of water, at 20 ◦C. (a) Ethanol–water and (b) DMF–water
solutions.

solvents tested. To obtain a deeper insight into the possible inter-
actions between IMC and the copolymer and the mechanisms of
IMC encapsulation in the dispersing media tested, IR и 1H NMR
spectroscopy studies were carried out.

3.2.3. IR studies of the interactions between IMC and
PNIPAM-g-PEO copolymers

Fig. 6 shows IR spectra recorded on 1.1PNEM graft copolymer
and a blend of IMC and 1.1PNEM at a feed weight ratio of 1:1 (w/w).
The graft copolymer displayed absorption bands at 3432 cm−1 (free
N–H vibration), 3279 cm−1 (hydrogen bonded N–H stretching),
1646 cm−1 (C O stretching, amide I band) and 1547 cm−1 (N–H
bending, amide II band) (Fig. 6a). IMC, deposited on KBr by evap-
oration of its ethanol solution, displayed characteristic carbonyl
peaks at 1713 cm−1 and 1680 cm−1 (Fig. 6b). The spectrum of IMC-
PNIPAM-g-PEO copolymer blend shows a difference in the shape
and frequency of the observed absorption bands in comparison
to the pure drug and the copolymer. In the N–H stretching region
the absorption at 3432 cm−1 disappeared and a new peak at about
3336 cm−1 occurred (Fig. 6c). The results suggest that the absorp-

tions at 3336 and 3280 cm can be assigned to N–H stretching of
different species: (i) N–H group hydrogen bonded to IMC carboxyl
group, and (ii) N–H group hydrogen bonded to the carbonyl group
of another amide function (Maeda et al., 2000; Zhang et al., 2007).
Obviously, the proton donor ability of the OH bond of the IMC car-
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oxylic group is higher than that of the N–H bond. Furthermore, the
nteractions between IMC and 1.1PNEM also resulted in changes in
he C O stretching region. The shoulder detected at 1622 cm−1 can
e interpreted as arising from the amide carbonyl hydrogen bonded
ith the carboxylic acid group of IMC. The decrease in the frequency

f the amide I band indicates a stronger hydrogen bonded state at
he carbonyl group in the IMC-PNIPAM-g-PEO blend than that in
he parent graft copolymer.

.2.4. Structure of IMC-loaded PNIPAM-g-PEO nanoparticles in
queous solution studied by 1H NMR

The NMR technique is a valuable tool to gain information about
ore–shell structures. The signals assigned to solvated coronal
hains should be clearly seen in the NMR spectrum, while the ones
orresponding to the desolvated chains forming the core of the
icelles should decrease and even vanish.
The 1H NMR spectra of IMC in NaOD/D2O, of 0.3PNEM graft

opolymer in D2O and of the D2O dispersion of IMC/0.3PNEM
anoparticles prepared by dialysis from DMF at a 1:1 (w/w) drug-
o-polymer ratio are presented in Fig. 7. All spectra were recorded

◦
t 20 C. The spectrum of 0.3PNEM graft copolymer (Fig. 7b) shows
haracteristic signals due to the PEO side chains at ı 3.67 (oxyethy-
ene protons, H3) and the PNIPAM main chain at ı 3.86 methine
H1) and at ı 1.1 methyl (H2) protons of the pendent isopropyl
roups. The ratio of the integrated peak intensity of the methyl

ig. 6. Infrared spectra of (a) 1.1PNEM graft copolymer, of (b) IMC and of (c)
.1PNEM-IMC blend at a 1:1 (w/w) ratio.
Fig. 7. 1H NMR spectra of (a) IMC in NaOD/D2O, of (b) 0.3PNEM graft copolymer in
D2O and of (c) IMC/0.3PNEM nanoparticles in D2O, at 20 ◦C.

protons of the isopropyl groups to that of the oxyethylene pro-
tons was 10.86. In the spectrum of the IMC-loaded nanoparticles
(Fig. 7c), the same ratio was equal to 6.7, quite lower than that of the
parent graft copolymer. This indicates that some isopropyl groups
from the PNIPAM backbone are entrapped in the nanoparticles core
where they loose their mobility, while others are sufficiently mobile
to be observed in the 1H NMR spectrum. One can suppose that
a fraction of PNIPAM segments remains partially solvated, while
another is involved in interactions with IMC. In 1H NMR analy-
sis, hydrogen-bonding and hydrophobic interactions of IMC with
polymer molecules can be accounted by the change in the chem-
ical shifts (�ı = ınanoparticle − ıIMC) (Iohara et al., 2008). As can be
seen in Table 2, most protons of the hydrophobic parts of IMC
displayed relatively large changes in their chemical shifts in the
IMC-loaded nanoparticle, namely about 0.21 ppm for H3′, H5′ in
the p-chlorobenzoyl ring, 0.25 ppm and 0.08 ppm for H6 and H9
in the six-membered ring of the indole moiety, and 0.08 ppm and
0.1 ppm for H10 and H11 in the OCH3 and CH2 groups, respec-
tively, indicating intermolecular interactions between IMC and the

hydrophobic parts of the PNIPAM chain. Since the association of
a hydrophobic drug with PNIPAM results in an increase in the
hydrophobic character of the polymer (Coughlan and Corrigan,
2006), these interactions seem to make a major contribution to
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Table 2
1H chemical shifts (ı) of IMC and �ı values for IMC/0.3PNEM nanoparticles prepared
by dialysis from DMF at a 1:1 (w/w) ratio.

Position IMC IMC/0.3PNEM nanoparticles

ı (ppm) m, J (Hz) �ı (ppm)a

H2′ , H6′ 7.59 d, 7.0 −0.02
H3′ , H5′ 7.23 d, 7.0 0.21
H6 6.84 s 0.08
H8 6.58 d, 7.0 0.01
H9 7.15 d, 7.0 −0.25

t
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H10 3.64 s 0.08
H11 3.32 s 0.10

a �ı = ı(IMC/0.3PNEM) − ı(IMC).

he formation of IMC/PNEM nanoparticles in the DMF–water mixed
olutions.

.3. Characteristics and physical stability of IMC-loaded
NIPAM-g-PEO nanoparticles

The characteristics of IMC/1.1PNEM nanoparticles prepared by
he dialysis and nanoprecipitation methods using ethanol and
MF as organic solvents are summarized in Table 3. The IMC-

o-copolymer feed weight ratio significantly influences the drug
oading content and entrapment efficiency in the nanoparticles,
rrespective of the solvents employed. The quantity of encapsu-
ated IMC (24–36%, w/wp) and the entrapment efficiency (58–80%)

ere relatively low at the IMC-to-polymer ratio of 0.5:1, which was
robably due to the insufficient amount of IMC in the system that
hould promote the formation of the micellar structure during the
rocess of drug incorporation. However, the entrapment efficiency
ignificantly increased at the IMC-to-polymer ratios of 0.75:1 and

:1 (87–96%), reaching approximately 90% (w/wp) encapsulation of
he drug. Despite the large drug loading, these nanoparticles were
ystemically smaller than those prepared at the ratio of 0.5:1. They
lso retained a regular spherical shape as can be seen from the SEM
mages (Fig. 8) and did not display any morphology transitions (e.g.,

able 3
haracteristics of IMC/1.1PNEM nanoparticles prepared by the dialysis and nanoprecipita

IMC/graft copolymer (w/w) ratio Solvent Method IMC loa

1:1 DMF Dialysis 88.68
0.75:1 DMF Dialysis 68.14
0.5:1 DMF Dialysis 28.70
1:1 Ethanol Dialysis 83.34
0.75:1 Ethanol Dialysis 67.72
0.5:1 Ethanol Dialysis 23.72
1:1 Ethanol Nanoprecipitation 78.89
0.75:1 Ethanol Nanoprecipitation 64.04
0.5:1 Ethanol Nanoprecipitation 35.98

a The average diameter of three independent measurements.
b Polydispersity.

able 4
tability of IMC/2.2PNEM nanoparticles in water at 20 ◦C.

IMC/2.2PNEM
(w/w) ratio

Initial nanoparticles’ characteristics One day of stor

Particle size
(nm)a

PDb DLC
(w/wp%)c

Particle size
ratiod

1:1 106.2 ± 1.5 0.132 ± 0.022 84.86 1.04
0.75:1 124.6 ± 5.4 0.125 ± 0.025 67.14 1.06
0.5:1 140.2 ± 1.2 0.112 ± 0.027 41.40 0.99

a The average diameter of three independent measurements.
b Polydispersity.
c DLC was determined after filtering the dispersions through 1.2 �m membrane filter.
d Calculated as the ratio of the particle size after storage to its initial size.
f Pharmaceutics 384 (2010) 154–164 161

from spheres to cylinders) that often accompanied micelles forma-
tion and loading with such a high amount of drug (Giacomelli et al.,
2007a,b).

Depending on the organic solvent and the drug-to-polymer
ratio, the mean size of the particles prepared by the dialysis method
varied in the range of 300–600 nm and exhibited high polydis-
persity, which indicates the existence of enhanced intermicellar
association. Probably, due to the relatively lower flexibility of the
branched copolymer structure and the slow solvent exchange, the
collapse of the PNIPAM core was not sufficiently fast to prevent
secondary aggregation. The type of the organic solvent strongly
affected the nanoparticles size. The dialysis from DMF produced
much larger particles than those obtained from ethanol. This agrees
well with the IMC-1.1PNEM phase transition behavior observed in
DMF–water mixed solutions. The contraction of 1.1PNEM is much
weaker in the absence of cononsolvency on PNIPAM, which leads
to a poorer phase separation in the forming micellar structures. In
contrast to the dialysis method, significantly smaller nanoparticles
(<150 nm) with narrow size distribution were obtained by using
the nanoprecipitation technique. The nanoprecipitation occurs by
a rapid polymer desolvation as a result of complex and cumu-
lated interfacial hydrodynamic phenomena (Fessi et al., 1989;
Quintanar-Guerrero et al., 1998) that often enable the production of
small-sized, homogeneous nanoparticles populations from a wide
range of polymers, such as PLA, PLGA, PLGA-b-PEO, cellulose deriva-
tives and poly(�-caprolactone)-b-PEO (Thioune et al., 1995; Chorny
et al., 2002; Vangeyte et al., 2004; Bilati et al., 2005; Cheng et al.,
2007).

To test physical stability of the nanoparticles, aqueous
dispersions of IMC/2.2PNEM nanoparticles were prepared by nano-
precipitation at 0.5:1, 0.75:1 and 1:1 IMC-to-polymer ratios; they
were dialyzed against water and then stored at 20 ◦C for seven days

(Table 4). For all samples studied, the ratios of the particle size after
storage to its initial size were in the range of 1.0 ± 0.1, indicat-
ing that the nanoparticles remained intact and colloidally stable
(Lin et al., 2003). In addition, it was found that each system main-
tained its drug loading content at the end of the study, regardless of

tion methods.

ding (w/wp%) EE (%) Mean particle size (nm)a PDb

94 478.9 ± 16.9 0.638 ± 0.104
95 526.3 ± 24.6 0.691 ± 0.152
66 593.3 ± 21.4 0.742 ± 0.204
92 288.4 ± 31.0 0.354 ± 0.211
90 317.6 ± 49.4 0.392 ± 0.108
58 362.2 ± 76.7 0.454 ± 0.047
87 87.3 ± 3.2 0.102 ± 0.026
87 129.1 ± 3.3 0.139 ± 0.026
80 146.5 ± 1.4 0.095 ± 0.020

age Seven days of storage

PDb DLC
(w/wp%)c

Particle size
ratiod

PDb DLC
(w/wp%)c

0.164 ± 0.015 85.44 1.08 0.164 ± 0.013 84.32
0.152 ± 0.034 66.76 1.04 0.124 ± 0.018 66.61
0.110 ± 0.029 40.92 1.02 0.158 ± 0.034 42.12
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Fig. 8. SEM images of IMC-loaded 1.1PNEM nanoparticles prepared by the dialysis or nanoprecipitation methods using ethanol as a cononsolvent. (a) Dialysis at a 1:1 feed
weight ratio. (b) Dialysis at a 0.75:1 feed weight ratio. (c) Nanoprecipitation at a 1:1 feed weight ratio.

Table 5
Effect of temperature and PEO grafting degree on the size and size distribution of IMC-loaded nanoparticles prepared by nanoprecipitation from ethanol.

Polymer IMC/graft copolymer (w/w) ratio Temperature

20 ◦C 37 ◦C

Size (nm)a PDb Size (nm)a PDb

3.2PNEM 1:1 75.3 ± 2.0 0.070 ± 0.020 75.2 ± 1.7 0.089 ± 0.033
2.7PNEM 1:1 98.8 ± 3.0 0.112 ± 0.021 90.9 ± 3.4 0.081 ± 0.076
2.2PNEM 1:1 101.1 ± 2.5 0.053 ± 0.041 104.7 ± 8.2 0.087 ± 0.040
1.1PNEM 1:1 87.3 ± 3.2 0.102 ± 0.026 89.7 ± 8.2 0.132 ± 0.040
3.2PNEM 0.5:1 94.3 ± 2.5 0.244 ± 0.069 91.3 ± 8.8 0.144 ± 0.042
2.7PNEM 0.5:1 123.9 ± 5.2 0.110 ± 0.055 100.6 ± 5.0 0.077 ± 0.009
2.2PNEM 0.5:1 138.4 ± 3.5 0.120 ± 0.010 115.4 ± 20.1 0.136 ± 0.030

t
i
m
t
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3
n

f
w

F
b
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1.1PNEM 0.5:1 146.5 ± 1.4

a The average diameter of three independent measurements.
b Polydispersity.

he initial degree of drug encapsulation. These results imply that,
n the range of the drug-to-polymer ratios used, the arising intra-

icellar physical interactions are sufficiently intensive and strong
o confer thermodynamic and kinetic stability to the IMC-loaded
NIPAM-g-PEO core–shell structures at T < CPs of the copolymers.

.4. Effect of temperature on the IMC-loaded PNIPAM-g-PEO

anoparticles

The change of the particle size and size distribution as a
unction of temperature was studied in nanoparticles dispersions
hose molar content of PEO grafts ranged from 1.1 to 3.2 mol%

ig. 9. IMC release profiles from IMC/2.2PNEM nanoparticles in pH 4.5 and pH 7.4
uffer solutions at 37 ◦C. Drug-to-polymer feed weight ratio: 0.5:1 or 1:1 (w/w);
ean values ± SD of 4 experiments.
0.095 ± 0.020 118.0 ± 16.9 0.151 ± 0.004

(Table 5). The samples were prepared by nanoprecipitation at
IMC-to-polymer ratios of 0.5:1 and 1:1 (w/w). The heating of the
dispersions from 20 ◦C to 37 ◦C, did not influence the size of the
particles obtained at the ratio of 1:1. The mean particle diame-
ters were around 100 nm, regardless of the grafting degree and the
temperature, indicating that the particles possessed quite compact
structure. Presumably at the higher degree of drug encapsulation,
the enhanced hydrogen-bonding and hydrophobic interactions
between the molecules of IMC and PNIPAM allows the formation of
a dense hydrophobic core at 20 ◦C that does not shrink further above
the CPs of the copolymers. At the drug-to-polymer ratio of 0.5:1, a
decrease in the particle size with increasing the mole fraction of the
PEO chains was observed at both temperatures studied. In addition,
the particles size was smaller at 37 ◦C than at 20 ◦C, which might
be associated with additional dehydration of the micellar struc-
ture diminishing the free volume between the core forming chains.
The larger water content and relatively looser structure of these
nanoparticles are likely to increase IMC release rate.

3.5. Drug release behavior

The in vitro process of IMC release was examined in nanopar-
ticles with different molar content of PEO grafts and drug loading.
The experiments were carried out in pH 4.5 acetate buffer solution
and pH 7.4 PBS using samples prepared by nanoprecipitation. The
increase in the molar content of PEO from 1.2 to 3.2 mol% did not
affect IMC release rate. For the samples with similar drug loading,
no statistically significant difference (p > 0.05) was found between
the release profiles in pH 4.5 acetate buffer solution and in pH

7.4 PBS (data not shown). Evidently at such a low molar content,
the change in the PEO concentration is insufficient to regulate the
release rate.

The amount of the encapsulated drug, however, signifi-
cantly influenced the process of IMC release from IMC/PNEM
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anoparticles. Fig. 9 shows IMC release profiles of IMC/2.2PNEM
anoparticles obtained at 0.5:1 and 1:1 (w/w) drug-to-polymer
atios. In pH 4.5 acetate buffer solution, the process of IMC release
as slower than in pH 7.4 PBS and showed a dependence on the

oading degree of the micellar nanoparticles. After 9 h, the amount
f released IMC was 28% and 16% for the IMC-to-polymer ratios
f 0.5:1 and 1:1, respectively. The drug release rate at pH 4.5 was
etermined by both the low solubility of IMC in the dissolution
edium and the presence of hydrogen-bonding and hydrophobic

nteractions between IMC and PNIPAM segments in the nanopar-
icles core. In pH 7.4 PBS, the quantity of IMC released from the
anoparticles over the tested period of 9 h reached 80%. There was
slight difference in the amount of released drug depending on the

oading content. The pH-sensitivity of the hydrogen-bonding inter-
ctions between the carboxylic acid group of IMC and the amide
roups of PNIPAM in the core have a bearing on the fast release
ate. At pH 7.4, IMC is in a dissociated state, its solubility increases
nd the physical interactions within the micellar structure signifi-
antly weaken due to the disruption of the drug–polymer hydrogen
onding, which enhances the drug release rate.

. Conclusions

Biocompatible thermally responsive double-hydrophilic
NIPAM-g-PEO copolymers containing 0.3–3.2 mol% PEO grafts
ere synthesized by copolymerizing MPEO phtalimido maleate
ith N-isopropylacrylamide in the presence of morpholine as an

somerization catalyst. PNIPAM-g-PEO core–shell nanoparticles
ere loaded with IMC by the dialysis and nanoprecipitation
ethods at room temperature, using DMF or ethanol as organic

olvents. The addition of water to the organic solutions of pure
NIPAM-g-PEO or its mixture with indomethacin induced phase
eparation due to the cononsolvency of PNIPAM. In ethanol–water
olutions, the phase transition of IMC and the pure copolymer
ccurred almost simultaneously at the tested concentrations,
hich promoted effective drug incorporation into the formed
icellar structures. In DMF–water system, the formation of the

anoparticles did not correspond to the phase transition of the
ure copolymer. In this case, the preparation of the nanoparticles
as attributed to the IMC-PNIPAM hydrophobic interactions that
ere confirmed by 1H NMR spectroscopy studies. The drug loading

apacity of the nanoparticles depended on the drug-to-copolymer
eed weight ratio, irrespective of the solvent or preparation method
sed. At a 0.5:1 IMC-to-polymer ratio, the loading content and
ntrapment efficiency of IMC were relatively low, but they signifi-
antly increased with the ratios of 0.75:1 and 1:1. The particle size
nd size distribution were affected by the different mechanisms
f nanoparticles formation and the degree of loading under the
pplied preparation conditions. The nanoprecipitation method
mploying ethanol as a cononsolvent produced much smaller
nd narrow distributed nanoparticles than the dialysis from DMF.
he prepared nanoparticles were stable in an aqueous solution
nd maintained their physical characteristics such as particle size
nd drug loading content during seven days of storage. It was
emonstrated that the degree of in vitro IMC release from the
NIPAM-g-PEO nanoparticles in pH 7.4 PBS and in pH 4.5 acetate
uffer depended on the degree of drug loading. The molar content
f PEO in the copolymer molecule did not affect IMC release rate.
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