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Abstract

To investigate thermosensitive polymeric nanoparticle, amphiphilic block copolymers of poly(N-isopropylacrylamice)-b-poly(g-caprolactone)
(PNPCL) with different PCL block lengths were synthesized by hydroxy-terminated poly(/N-isopropyoacrylamide) (PNiPAAm) initiated ring
opening polymerization of e-caprolactone. Owing to their amphiphilic characteristics, the block copolymers formed self-assembled polymeric
nanoparticles in aqueous milieus with thermosensitive PNiPAAm shell compartment. The characterizations of the nanoparticles revealed that the
PNPCL nanoparticles showed PCL block length dependent physicochemical characters such as particle sizes, critical aggregation concentrations,
and core hydrophobicities. Moreover, the thermosensitive PNiPAAm shells conferred unique temperature responsive properties such as phase
transitions with temperature elevation over its lower critical solution temperature (LCST). The temperature induced phase transition resulted in
the formation of PNiPAAm hydrogel layer on the PNPCL nanoparticle surface. The drug release tests revealed that the formation of
thermosensitive hydrogel layer resulted in the enhanced sustained drug release patterns by acting as an additional diffusion barriers. Therefore, the

introduction of thermosensitive polymers on polymeric nanoparticles might be a potential approaches to modulate drug release behaviors.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Amphiphilic block copolymers, containing hydrophobic
and hydrophilic chains, have been frequently studied in
biotechnology and pharmaceutical fields for their unique
properties of micelle or micelle-like self-aggregate formation
in aqueous milieu [1-3]. Because of the limited water solubility
of hydrophobic block and the hydrophobic interaction between
the water-insoluble segments in aqueous environment, amphi-
philic block copolymers spontaneously form micelle or
micelle-like self-aggregates to achieve thermodynamic stab-
ility by minimizing interfacial free energy via intra- and/or
inter-molecular segregation [2].

The self-aggregates, formed by polymeric amphiphiles, are
composed with two basic compartments of hydrophobic core
and hydrophilic corona. Owing to these supramolecular
structure, the polymeric self-aggregates have been considered
one of the promising candidates for drug carriers with higher
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drug concentration in an aqueous milieu than to the solubility
limit of the hydrophobic free drug by partitioning the drugs into
the hydrophobic core compartment [4—10]. The hydrophilic
corona also endowed the polymeric self-aggregates
with excellent physiological stabilities and biocompatibilities
[11-13]. Therefore, a number of studies have focused on the
applications of the polymeric self-aggregates into drug delivery
systems [14-21]. As polymeric materials for the self-
aggregate, amphiphilic block copolymers, hydrophobically
modified water-soluble polymers, and hydrophobized
polysaccharides have been extensively studies [22-26].
Although numerous studies and promising results of the
polymeric self-aggregates as drug carriers have been reported,
only few researches have been focus on the stimuli responsive
polymeric nanoparticles. One of the most widely investigated
stimuli sensitive polymers are poly(N-isopropylacrylamide)
(PNiPAAm) and related copolymers [27-31]. Owing to the
amphiphilic characters of the monomeric unit, the PNiPAAm
shows unique reversible thermosensitivity with the hydrated
extended coil to globule transition by increasing temperature
over its lower critical solution temperature (LCST). The LCST
of PNiPAAm in aqueous environment is around 32 °C and is
dependent on its molecular weight and incorporated comono-
mers [32-34]. Therefore, the PNiPAAm based several block
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copolymers have been studied as temperature sensitive
polymeric nanoparticles [35—41].

In this study, we focused on the poly(N-isopropylacryla-
mide)-b-poly(e-caprolactone) (PNPCL) block copolymers.
The hydrophobic PCL block is well-known biodegradable
polyester with excellent biocompatibility and degradability.
The PNiPAAm block may compose hydrophilic corona of the
PNPCL nanoparticles and act as temperature sensitive
component. Therefore, it is expected that the PNPCL
nanoparticles might form core-shell type polymeric self-
aggregates with thermosensitive nanoparticle corona. For
detailed investigation, we synthesized PNPCL block copoly-
mers with different PCL block lengths. Then, the thermo-
sensitive PNPCL nanoparticles were prepared by solvent
evaporation method and their physicochemical characteristics
and thermosensitivities were investigated. Finally, the effica-
cies of the PNPCL nanoparticles as drug carriers were
examined with the hydrophobic model drug of clonazepam.

2. Materials and methods
2.1. Materials

N-Isopropylacrylamide (NiPAAm), 2-mecrcaptoethanol
(ME), 2.,2'-azobisisobutyronitrile (AIBN), e-caprolactone,
stannous 2-ethyl hexanoate (stannous octoate, SnOct), pyrene,
cetylpyridinium chloride (CPC), and 1,6 diphenyl-1,3,5-
hexantriene (DPH) were purchased from Aldrich (St louis,
MO). The NiPAAm was recrystallized in n-hexane. The
e-caprolactone was dried using CaH, for overnight and
distilled under reduced pressure. The clonazepam (CNZ) was
purchased from Sigma (St Louis, MO) and used as received.
All other chemicals and solvents were analytical or reagent
grade and used without further purifications.

2.2. Synthesis of poly(N-isopropylacrylamide) (PNiPAAm-OH)
and PNPCL block copolymers

Hydroxyl terminated poly(N-isopropylacrylamide) (PNi-
PAAm-OH) was synthesized by radical telomerization using
ME as a chain transfer agent with AIBN as a radical initiator.
Briefly, the NiPAAm (10 g), ME (0.372 g), and AIBN (0.2 g)
were dissolved in tetrahydrofuran (THF, 90 mL) and degassed
under reduced pressure by triple freeze—thawing cycles. Then,
the polymerization was carried out at 70 °C for 24 h with
vigorous stirring. After polymerization, the reaction mixture
was concentrated by solvent evaporation under reduced
pressure and the polymer was obtained by precipitation in
excess amount of diethyl ether. The precipitates were collected
by filtration and washed twice with diethyl ether and dried in
vacuo for 48 h.

Owing to the uncertainty of the chain transfer poly-
merization, the obtained polymer showed broad molecular
weight distribution with fairly high amount of low molecular
weight oligomers. Therefore, the PNiPAAm-OH was further
purified by ultrafiltration to remove small molecular weight
fractions. Briefly, the dried polymer was dissolved in deionized

water (5 mg/mL) and the solution was filtrated through
ultrafiltration membrane with molecular weight cut-offs
(MWCO) of 30kDa (using ultrafiltration stirred cell and
YM30 membranes) at 4 °C. The 30 kDa membrane filtrate was
further fractionated by using 10 kDa MWCO membrane, and
the fraction between 30 and 10 kDa membrane was collected.
Finally, separated polymers of each fractions (10-30 kDa and
below 10 kDa) were obtained by lyophilization. The molecular
weight of the fractionated PNiPAAm-OHs was determined by
'"H NMR (400 MHz, Bruker) end group analysis and gel
permeation chromatography (GPC; DAWN DSP and OPTI-
LAB DSP, Wyatt).

PNPCL block copolymers were synthesized by ring opening
polymerization of e-caprolactone using PNiPAAm-OH as
initiators with a trace amount of SnOct as a catalyst.
Predetermined amount of PNiPAAm-OH and toluene were
introduced into a three neck flask and moisture impurities were
removed by azotropic drying with removal of toluene at
120 °C. After cooling (~60°C), one drop of SnOct and
predetermined amount of e-caprolactone were added (target
PCL block lengths of 3, 5, and 7 kDa). Then, the
polymerization was performed at 140 °C for 24 h with vigorous
stirring. All steps were carried out in a nitrogen atmosphere.
After reaction, PNPCL block copolymers were obtained by
precipitation in excess diethyl ether and dried in vacuo for 48 h.
The resulting PNPCL block copolymers were characterized by
'H NMR and GPC.

2.3. Preparation of self-aggregated nanoparticles

PNPCL block copolymer nanoparticles were prepared by
solvent evaporation method. Briefly, PNPCL block copolymers
were dissolving in THF (5 mg/mL). Polymer solutions were
dropped in chilled deionized water (80 mL, final concentration
of polymer; 0.25 mg/mL) with sonication using probe type
ultrasonic-generator (80 W). Then, THF removed by eva-
poration under reduced pressure. After the nanoparticle
formation, the solutions were concentrated using ultrafiltration
with 30 kDa MWCO membranes. Finally, the thermosensitive
nanoparticles were obtained by lyophilization. The core-shell
type thermosensitive PNPCL nanoparticles were characterized
by 'H NMR with adopting different locking solvents (D,O and
CDCly).

2.4. Measurement of thermosensitivity (lower critical
solution temperature, LCST)

To measure LCSTs of PNiPAAmM-OH and thermosensitive
PNPCL nanoparticles, the cloud point measurement (turbidi-
metry) method was employed [29,30,36,38—40]. Briefly, the
PNiPAAm-OH and thermosensitive nanoparticles were dis-
persed (0.5 mg/mL) in PBS (pH 7.4, ion strength /=0.15 M).
The optical transmittances of these solutions were measured at
500 nm wavelength using UV-vis spectrometer (UV-1601,
Shimadzu) with increasing solution temperatures (20—40 °C,
1°C interval). At each temperature, the samples were
stabilized for 10 min before measurements. Values for the
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LCST of PNiPAAm-OH solution and nanoparticle dispersions
were determined at a temperature with a half of the optical
transmittance between blow and above transitions.

2.5. Nanoparticle characterizations (DLS and FEG-SEM)

The particle size and the size distribution of the
thermosensitive nanoparticles were investigated by dynamic
light scattering (DLS, Otsuka, ELS 8000) equipped with an
argon laser operating at 632.8 nm with a fixed scattering angle
of 90°. Before measurement, the nanoparticles were re-dis-
persed in deionized water (1 mg/mL), sonicated for 30 s, and
filtered through a 0.8 um pore size filter to remove large
aggregates. Measurements were carried out at higher concen-
tration than the critical aggregation concentration (CAC)
obtained by fluorescence spectroscope. The hydrodynamic
diameters of the thermosensitive nanoparticles were calculated
by the Stokes—Einstein equation, and the polydispersity factors
represented as u,/I” were evaluated form the cummulant
method (u,; second cummulant of the decay function, I’ 2.
average characteristic line width).

The morphologies of the thermosensitive nanoparticle were
investigated by a field emission gun scanning electron
microscopy (FEG-SEM, S-4300, Hitachi, Japan). To make
specimen, a drop of the nanoparticle suspension was placed on
a graphite surface and dried by lyophilization. After drying, the
sample was coated with platinum/palladium using an Ion
Sputter (12-15 mA for 80 s, E-1010, Hitachi). Finally, the
observation was performed at 5 kV.

2.6. Measurement of fluorescence spectroscopy
(pyrene and DPH)

The self aggregation behaviors of the PNPCL copolymers
were investigated by fluorescence measurements using pyrene
as a hydrophobic fluorescence probe. Briefly, the pyrene
solution in acetone (6X 107> M, prepared prior to use) was
added to the deionized water to make a pyrene concentration of
1.2x107° M, and the acetone was removed at reduced
pressure at 40 °C for 2 h. This solution was mixed with block
copolymer solutions to make copolymer concentration from
2.0 to 1.0X 10> mg/mL, resulting in a pyrene concentration
of 6X 1077 M. Pyrene fluorescence spectra were obtained by
using spectrofluorophotometer (RF-5301PC, Shimadzu,
Japan). Fluorescence excitation spectra were measured at the
emission wavelength A.,, =390 nm. Slit width was set at 3 nm
for the excitation. Based on the pyrene excitation spectra and
red shift of the spectra (major peak, 335-338 nm) with
increasing PNPCL concentrations, the critical aggregation
concentrations of the PNPCLs were measured.

The aggregation number of PCL block per one hydrophobic
micro-domain was determined by the steady state fluorescence
quenching method with CPC as a pyrene fluorescence quencher
[42]. In microheterogeneous systems such as aqueous self-
aggregate solution of amphiphilic block copolymers, the probe
fluorescence intensity is dependent upon concentration of the
quenching molecule in the system ([Q]). The steady state

quenching data is widely accepted to fit in the quenching
kinetics as follows

In <IO> = 1 (1)
I (M]

where I and [ are the fluorescence intensity with the absence

and presence of a quencher, [Q] is the concentration of the

quencher, and [M] is the concentration of hydrophobic

microdomains in the solution. Therefore, the number of

hydrophobic group (PCL blocks in this system) in a
hydrophobic microdomain (Npcr) can be calculated by Eq. (2).

[PCL block]

= 2
PCL [M] 2

The temperature sensitive physicochemical characters,
especially the nanoparticle hydrophobicities, were investigated
by dye solubilization method with DPH as microenvironment
sensitive fluorescence dye [43—-45]. Briefly, the DPH stock
solution (20 pL, 0.4 mM in methanol) was added to 2 mL of
nanoparticle solutions (3 X 10~ -2 mg/mL) and left in the dark
for 3 h for equilibrium. Then, 100 pL. samples were placed into
96 well plate and their absorption intensities at 356 nm
(characteristic peak point of DPH) were obtained with a
microplate reader (VERSAman, Molecular Device, CA, USA)
at various temperatures (25-43 °C). By using the obtained
absorption data, CMC values at each temperature were
calculated by the crossover point at low concentration ranges.

2.7. Drug loading and release test

To investigate the efficacy of the thermosensitive PNPCL
nanoparticles as drug carrier, hydrophobic model drug of
clonazepam (CNZ) was loaded into the nanoparticles and drug
release patterns were studied. To prepare drug loaded PNPCL
nanoparticles, solvent evaporation method was employed.
Briefly, 20 mg of PNPCL block copolymer and 4 mg CNZ
were dissolved in 5 mL of THF. Then, the solution was slowly
added into 80 mL of chilled deionized water with mile
sonication (80 W) by using probe type ultrasonic generator.
After formation of CNZ loaded polymeric nanoparticles, the
organic solvent was removed by evaporation under reduced
pressure. The nanoparticle suspension was concentrated by
ultrafiltration apparatus equipped with 30,000 molecular
weight cut-off membrane (with ultrafiltration stirred cell,
final volume around 10 mL). Finally, the concentrated
nanoparticle solution was filtered through 0.8 pm pore sized
syringe filter and CNZ loaded nanoparticles were obtained by
lyophilization.

To measure drug content and loading efficiency, the CNZ
loaded nanoparticles were dissolved in DMF (0.01 mg/mL).
The solution was centrifuged and supernatant was taken for
measurement of drug concentration using UV-vis spectro-
photometer at 322 nm. Drug contents and loading efficiency
were calculated (Egs. (3) and (4)).

A
D tents = —— X 100 3
rug contents = - —— (3
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Where, A and B are the weight of remained drug in the
nanoparticles and polymer weight, respectively

C
Loading efficiency = D X 100 4

Where, C and D are the amount of remained drug in the
nanoparticles and initial feeding amount of drug, respectively.

The in vitro drug release experiment was carried out as
described previously [46]. Briefly, 4 mg of CNZ loaded polymeric
micelles was dispersed into 1 mL of PBS (pH 7.4, I 0.15 M),
which was put into a dialysis membrane (MWCO: 12000) and the
membrane were immersed into vials containing 30 mL PBS. Then,
the drug release tests were performed at two different temperatures
(25 and 37 °C) with continuous shaking (shaking water bath,
100 rpm). During the drug release test, whole media was
withdrawn and replaced with fresh buffer solution at each sampling
points in order to prevent the reach of saturation concentration of
drug in the solution. The concentration of the released CNZ in the
samples was determined by UV—vis spectrometer.

3. Results and discussions

3.1. Characterizations of PNiPAAm-OH and PNPCL
block copolymers

The hydroxyl terminated PNiPAAm-OH was synthesized
by radical chain-transfer polymerization. Although the chain-
transfer polymerizations have been frequently employed for
synthesis of low molecular weight telechelic polymers, the
resulting PNiPAAm-OH showed broad molecular weight
distributions owing to the inhomogeneous initiation and
chain transfer reactions. Furthermore, the low MW fractions
also seriously affected the thermosensitivity of PNiPAAm by
increasing its LCST values. Therefore, the low MW PNiPAAm
oligomers were removed by ultrafiltration techniques. As
illustrated in Fig. 1, the GPC chromatograms clearly showed
the efficacy of separation steps. Before fractionation, the

10-30K
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Fig. 1. GPC spectra of PNiPAAm-OH and its fractionated products. The
synthesized PNiPAAm-OH was separated by ultrafiltration and the fractionated
products showed two different average MWs of 7600 Da (solid line) and
1100 Da (medium dashed line). Dotted line represents raw PNiPAAm-OH.

PNiPAAm showed average MW (M,) of 2400 with high
polydispersity index values (M,,/M,) of 2.192. However, two
separated fractions showed narrow molecular weight distri-
butions with number average molecular weight of 7600 and
1100 Da by 10-30 K fraction and below 10K fraction,
respectively. The LCST values of these PNiPAAm-OHs
obtained by turbidimetry also showed similar patterns. In
case of unfractionated PNiPAAm, the LCST value was
35.5 °C. However, those of 10-30 K fraction and below 10 K
fraction were 34.6 and 48.5 °C, respectively. Therefore, the
10-30 K fraction was utilized for e-caprolactone poly-
merization. The 10-30 K fraction was further characterized
by 'H NMR spectrometer using D,O as a locking solvent. The
chemical shift of the PNiPAAm-OH was followed. PNiPAAm-
OH 'H NMR (D,O, ppm, TMS); 3.61 ppm (polymer end,
HOCH,CH,S-PNiPAAm), 3.88 ppm (g in Fig. 2, -CH(CHj3),),
and 1.08 ppm (f in Fig. 2, —-CH(CHj;),). Degree of poly-
merization of PNiPAAm-OH also calculated using the
integration values. The M,, of PNiPAAm-OH was 8000 Da.

The PNPCL block copolymers were confirmed by 'H NMR
spectra. The 'H NMR spectra of PNPCL block copolymers
showed the co-existence of characteristic peaks of PNiPAAm
and PCL blocks (Fig. 2). PNPCL block copolymers 'H NMR
(CDCl3, ppm, TMS): 3.98 ppm (g in Fig. 2, -CH(CH3;), in
PNP), 1.19 ppm (f, -CH(CH3), in PNP), 1.21-2.58 ppm (PNP
main chain CH- and —CH»-), 2.48 ppm (a, -OCOCH,(CH,)4—
in PCL), 2.65 ppm (b, -OCOCH,CH,CH,CH,CH,- in PCL),
1.38 ppm (d, —-OCOCH,CH,CH,CH,CH,— in PCL), and
4.05 ppm (e, -OCOCH,CH,CH,CH,CH,- in PCL). The M,
values and PCL block length were calculated based on
integration values of each block copolymers and listed in
Table 1. PCL block lengths were 830, 1920 and 5350 Da,
respectively. The average MWs and polydispersity values of
PNPCL block copolymers also measured by GPC and the
results were listed in Table 1.

3.2. Characterizations of the PNPCL thermosensitive
nanoparticles

The amphiphilic block copolymer can self-aggregate to
form nanoparticles consist of hydrophobic core and hydro-
philic shell in aqueous milieus. For PNPCL block copolymers,
the formation of hydrophobic PCL domain can easily be
confirmed by "H NMR spectra with CDCl; and D,O as locking
solvents. The results, as demonstrated in Fig. 2, showed that in
CDCl3;, a nonselective solvent for PNiPAAm and PCL blocks,
the completed structural resolution of each blocks were
observed (Fig. 2(A)). However, in D,0O, only the PNiPAAm
signals were detected, which mainly originated from the
selective solvation of exterior hydrophilic PNiPAAm shell
through hydrogen bond formation with D,O (Fig. 2(B)). The
results revealed that the PCL blocks in PNPCL block
copolymers were formed hydrophobic domain in the nano-
particles and remained in solid and/or semi-solid state, which
resulted in the disappearance of PCL characteristic peaks in
D,O. Similar trends of 'H NMR spectra are consistent with
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Fig. 2. "H NMR spectra of PNPCL85 in (A) D,O and (B) CDCls, and peak assignment of the synthesized copolymer.

Table 1
Characterizations of the synthesized PNPCL block copolymers

Sample PNP MW (K) PCL MW (K)* PCL MW"

PCL wt%" M,° M,° PDI

PNPCL383¢ 8 3 830
PNPCLS5 8 5 1920
PNPCLS7 8 7 5350

9017 9050 8974
18.93 10,140 10,410
39.43 13,570 13,270

1.412
1.301
1.346

# Theoretical PCL MW based on feed ratio.

® Calculated from 'H NMR data.

¢ Number average M, and polydispersity index by GPC.
4 PNPCL83, PNP8K-block-PCL3K.

other amphiphilic block copolymer systems and hydropho-
bized polysaccharides [2].

PNiPAAm is one of the most widely invested thermo-
sensitive polymer with highly hydrated extended coil to
globule transition upon heating. The transition resulted in the
precipitation and/or sol to gel transformation of PNiPAAm or
related copolymers. The transition phenomena can be easily
characterized by optical property change (turbidimetry) of
polymeric solution or hydrogels containing PNiPAAm. In this
research, the PNiPAAm and PNPCL block copolymers showed
optical property (transmittance at 500 nm) changes upon
heating, as illustrated in Fig. 3. The transmittance changes
were closely relied with PCL block length. By decreasing PCL
block length, the more sharp and dominant transmittance
reductions were observed. Based on the Fig. 3 data, the LCSTs
were determined at a temperature with a half of the optical
transmittance change between below and above the transitions.
The LCSTs were in the range of 29.5-35.2 °C and the results
were summarized in Table 2.

The mean diameters of PNPCL block copolymer nanopar-
ticles, measured by DLS, were in the range of 45-210 nm
(Table 2). Furthermore, spherical morphology of micelles was

120

100 .

80

60

40+

Transmitance (%)

20 -

22 24 26 28 30 32 34 36 38 40
Temp. (°C)
Fig. 3. Measurement of the transmittance of PNiPAAm and PNPCL

nanoparticles in PBS at A=500nm. (@; PNPCL83, Wl; PNPCLS5, A;
PNPCL87, and 4; PNiPAAm-OH).
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Table 2

Characterizations of the PNPCL nanoparticles by DLS and fluorescence probe method

Samples xpcL” LCST® (°C) CAC (mg/L) K, (1077) Npc* d (nm) Polydispersity
(! T?)

PNPCLS83 0.092 322 5.605 4.7 99 45 0.3134

PNPCLS8S 0.189 30.6 2.833 6.0 82 145 0.2884

PNPCLS87 0.394 29.5 1.614 8.1 46 210 0.2523

2 PCL weight fraction calculated from '"H NMR data.
® Measured by UV (PNP LCST:34.6 °C).

¢ Binding equilibrium constant of pyrene in water in the presence of the PCPCL nanoparticles.

4 Aggregration number of PCL blocks per on hydrophobic microdomain.

established by FEG-SEM and the size was similar to DLS
results (Fig. 4). The particle size increased as the PCL block
length increased. The increment of particle size with increasing
PCL block length is mainly originated from the increase of
hydrophobic property by the longer hydrophobic PCL chain in
aqueous milieu. These phenomena were closely agreed with
our previous examinations [47].

To investigate the self-aggregation behaviors of PNPCL
block copolymers in aqueous milieus, photophysical properties
of the nanoparticle solution was investigated using hydro-
phobic fluorescence probe of pyrene. With exposure to
polymeric self-aggregate aqueous solution, pyrene molecules
preferably participate into inside or close to the hydrophobic
microdomains of the self-aggregate rather than in aqueous
phase. The localization, combined with strong fluorescence
illumination of pyrene in a non-polar environment, shows the

SE 10-Nov-04

10-Nov-04

PNPCL 85

different photo-physical characteristics depending on the
concentration of self-aggregate forming materials [2,48,49].
Therefore, the self-aggregation behaviors of the PNPCL block
copolymers aggregates were investigated by using fluorescence
excitation spectra of the PNPCL block copolymers aggregated
solutions with various concentrations, in the presence of 6.0 X
1077 M pyrene. At low concentration (¢ <CAC), there were
negligible changes in total fluorescence intensity. As increas-
ing concentration, remarkable increase of the total fluorescence
intensity and a red shift of the (0,0) band from 335 to 338 nm
were observed. Fig. 5 shows the intensity ratio (/33g/l335) of the
pyrene excitation spectra versus the logarithm of the PNPCL
block copolymers concentrations. Based on the intensity ratio
data, the CAC values of PNPCL block copolymers were
calculated by the crossover point at low concentration ranges.
The CAC values of PNPCL block copolymers, as summarized

10-Nov-04

PNPCL 87

Fig. 4. Image of PNPCL nanopatrticles obtained with a FEG-SEM.
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Fig. 5. Plot of total fluorescence excitation intensity ratio (/33g/l33s) versus
PNPCL block copolymers concentrations. (@ ; PNPCLS3, ll; PNPCL85, and
A ; PNPCLS87).

Table 2, were in the range of 1.614-5.605 mg/L. The CAC
values from pyrene emission spectra showed similar trends
(data not shown). These results reveled that the block
copolymer with longer PCL block length requires small
amounts of it for forming of the self-aggregate. The CAC
values of PEGCLs were similar to the reported values of
amphiphilic block copolymers such as PEG-PLA, poly
(2-ethyl-2-oxazoline)-PCL, and PVP-PCL block copolymers
[48,50,51].

The hydrophobic characteristics of interior microdomain of
PNPCL block copolymer self-aggregates were investigated by
estimating the pyrene equilibrium constant (K,), which is
originating from the localization of pyrene between aqueous
and hydrophobic microdomain. With assumption of simplified
equilibrium state, the molar ratio of pyrene in the micellar
phase to the water phase can be expressed as following
equation

[Pylm KV

[Pyl Vi

®)

where V,,, and V,, are the micellar and water phase volumes,
respectively. In micellar association sensitive case, the Eq. (5)
can be expressed as

(Pylm
[Pylw

where xpcp is the weight fraction of PCL block, ¢ is the
concentration of the PNPCL block copolymer and ppcp is
assumed a the bulk density of PCL (1.043—1.146 in Aldrich
catalogue, adopt the average value of 1.10). In the intermediate
range of PNPCL block copolymer concentration, [Py]./[Py]y
values can be calculated by

[PY]m — (F_Fmin)
Pyly  (Finax )

_ K (c—CAC) ©
1000ppcL

)

30

25+

20

154 A

(F'Fmin)/(Fmax'F)

104

0 +#& ; T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12

Conc.(mg/mL)

Fig. 6. Plot of (F—Fupin)/(Fmax—F) versus PNPCL block copolymers
concentrations. Solid lines indicate the best fit to the data according to Eq.
(5). (@; PNPCLS3, ll; PNPCLS8S, and A; PNPCL87).

where Fi.x and F,;, are the intensity ratio (I33g/l335) at high
and low polymer concentration ranges, and F is the intensity
ratio in the intermediate concentration range.

The pyrene equilibrium constant (K,) can be easily
calculated from the slopes of (F— Fyin)/(Fmax—F) versus
polymer concentration graph (Fig. 6). The K, values,
summarized Table 2, were in the range of 4.7-8.1 X 10°. The
K, values increased with increasing PCL block length. These
results reveled that the hydrophobicity of the core of self-
aggregates was increased. Resultantly, the block copolymer
with longer hydrophobic PCL blocks can entrap more amount
of hydrophobic materials into the self-aggregates.

To determine the aggregation number of PCL chains in a
hydrophobic microdomain, self-aggregates were investigated
by using a fluorescence quenching method with various

0.20

0.154

0.10

In(lo/1)

0.05

0.00 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 12

Conc. ( x 10mol)

Fig. 7. Plot of fluorescence intensity In(/o/I) versus CPC quencher
concentration. (@ ; PNPCLS3, ll; PNPCLS85, and A ; PNPCLS87).
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Fig. 8. Effects of concentration, with various temperatures, on the absorption
intensity of DPH at 356 nm in aqueous solution of PNPCLS§3.

quencher concentration. As shown in Fig. 7, the In(/y/) versus
CPC concentration plots showed linear relationships. The
aggregation numbers of PNPCL block copolymers can be
calculated using slope of the straight line using Eq. (2). The
aggregation numbers of PCL blocks in a hydrophobic
microdomain were in the range of 46-99 as summarized in
Table 2. The results revealed that the copolymers with longer
hydrophobic PCL block required relatively small number of
PCL block to form a hydrophobic microdomain than block
copolymer with shorter PCL block. In comparison with particle
size and K, values, the copolymers with short PCL block may
form nanoparticles with a few number of hydrophobic
microdomain.

One of the most characteristic features of the PNPCL
nanoparticles is their temperature sensitivity originated from
PNiPAAm shell. The temperature responsive phase transition
of PNiPAAm shell also resulted in the alternation of the
PNPCL nanoparticle physicochemical properties. As
illustrated in Fig. 8, the DPH dye solubilization patterns of
PNPCLS83 nanoparticles were closely related with polymer
concentration and experimental temperature. Based on the
Fig. 8 results, the CAC values of the PNPCL nanoparticles at
different temperatures were calculated and listed in Table 3.
Although the CACs measured by dye solubilization method
showed different values, which obtained by pyrene

Table 3
CAC of PNPCL nanoparticles aqueous solutions as a function of solution
temperature

Temperature CAC (mg/mL)
O
PNPCLS83 PNPCLS85 PNPCLS87

325 0.8318 0.4266 0.2884
35.0 0.7586 0.3548 0.2344
375 0.3162 0.2239 0.1585
40.0 0.1995 0.1202 0.0933
42.5 0.1259 0.0794 0.0537

fluorescence spectroscopy, the results clearly showed that the
CAC values of PNPCL nanoparticles seriously affected by the
experimental temperatures owing to the PNiPAAm phase
transition. In case of PNPCL83 nanoparticles, the CAC value
of 0.8318 mg/mL at 32.5°C was continuously reduced and
reached 0.1259 at 42.5 °C measurement. Similar reduction of
CAC values were measured by PNPCL85 and PNPCLS7
nanoparticles. Other polymeric materials showing reverse
thermosensitivity such as pluronic copolymers, PEG-PLGA-
PEG, and PEO-PLLA block copolymers showed similar CAC
reduction with temperature induced phase transitions [43—45].

3.3. Drug loading and release studies

The amphiphilic block copolymers and their nanoparti-
cles have been frequently employed for drug -carrier
[3,5,15-17,19]. In this study, the thermosensitive PNPCL
nanoparticles were also investigated as drug carrier after
loading of hydrophobic model drug of CNZ. As preliminary
study, the effect of the drug/carrier ratio on the drug loading
efficiency and drug content were investigated. The drug/
carrier ratio of 1/10 and 2/10 showed similar drug loading
efficiencies. However, further increment of the drug/carrier
ratio (the ratio of 3/10) resulted in the formation of large
aggregates and precipitated by products. Therefore, further
experiments were carried out the fixed drug/carrier weight
ratio of 2/10. As listed in Table 4, CNZ loaded PNPCL
nanoparticles showed slightly increased particle sizes than
original forms (without drug) and the particle sizes were in
the range of 170-250 nm. During the drug loading, the
PNPCL block copolymers showed excellent characteristics
for drug carriers owing to their high drug loading
efficiencies (72.6-95.1%) and drug contents (15.8-19.2%).
The drug loading efficiencies and drug contents also showed
a general trend of increasing these efficacies with PCL
block length increment.

One of the main foci on this research is investigation of
stimuli responsive, especially temperature sensitive poly-
meric nanoparticles a efficient drug carrier. To investigate the
effect of polymer compositions and environmental tempera-
tures on drug release behaviors, the drug release tests were
performed at two different temperature of 25°C (below
PNiPAAm LCST) and 37 °C (above PNiPAAm LCST) with
three different CNZ loaded PNPCL nanoparticles. As
illustrated in Fig. 9, the CNZ loaded PNPCL nanoparticles
showed well-developed sustained drug release patterns with a
trend of slower drug release with increased PCL block
lengths. In case of 25 °C release tests (Fig. 9(A)), the drug

Table 4
Characterization of clonazepam loaded PNPCL nanoparticles
Sample Polymer Drug (mg) Drugcontent Loading d (nm)

(mg) (%) efficiency

(%)

PNPCL83 20 4 15.78 72.6 170
PNPCL85 20 4 18.77 93.4 250
PNPCL87 20 4 19.23 95.1 250
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Fig. 9. Total drug (clonazepam) release behavior from nanoparticles at 25 °C
(A) and 37 °C (B). (@; PNPCL83, ll; PNPCL85, and A; PNPCLS87).

releases were completed (>95% release) at 12 and 20 days
after incubation from PNPCL83 and PNPCL87 nanoparticles,
respectively. The release tests performed at 37 °C also
showed similar drug release patterns (Fig. 9(B)). The effect
of PNiPAAm hydrogel layers on the nanoparticle surface by
temperature phase transition also affected drug release
patterns (at 37 °C). Owing to the increase of hydrophobicity
of the PNPCL nanoparticle shell compartments, the sustained
drug release patterns were increased and the drug release of
PNPCLS87 nanoparticles were completed at 30 days after
incubation. Therefore, it is possible to conclude that the
formation of PNiPAAm hydrogel layer might be act as
additional diffusion barrier for the drug release.

4. Conclusion

In the present study, the thermosensitive amphiphilic
PNiPAAm—PCL block copolymers (PNPCLs) with different

PCL block lengths were synthesized and their nanoparticles
were evaluated as stimuli sensitive drug carriers. Owing to
the amphiphilic character, the PNPCL block copolymers
formed self-aggregated nanoparticles and the nanoparticles
showed excellent potentials for drug carriers. Furthermore,
the PNiPAAm shell showed temperature induced phase
transition at slightly lower than physiological temperature
with enhancement of nanoparticle hydrophobicities. Further-
more, drug release test revealed that the formation of
PNiPAAm hydrogel layers on the nanoparticle surfaces
delayed the drug release patterns by acting as an additional
diffusion barrier. Therefore, the introduction of thermo-
sensitive polymers on polymeric nanoparticles might be a
useful approach to enhance and/or modulate drug release
patterns.
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