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Abstract: Thermosensitive nanoparticles were prepared via the self-assembly of two different poly(e-caprolac-
tone)-based block copolymers of poly(N-isopropylacrylamide)-b-poly(e-caprolactone) (PNPCL) and poly(cthylene
glycol)-b-poly(s-caprolactone) (PEGCL). The self-aggregation and thermosensitive behaviors of the mixed nano-
particles were investigated using 'H-NMR, turbidimetry, differential scanning microcalorimetry (micro-DSC),
dynamic light scattering (DLS), and fluorescence spectroscopy. The copolymer mixtures (mixed nanoparticles, M1-
M5, with different PNPCL content) formed nano-sized self-aggregates in an aqueous environment via the intra- and/
or intermolecular association of hydrophobic PCL chains. The microscopic investigation of the mixed nanoparticles
showed that the critical aggregation concentration (cac), the partition equilibrium constants (K,) of pyrene, and the
aggregation number of PCL chains per one hydrophobic microdomain varied in accordance with the compositions
of the mixed nanoparticles. Furthermore, the PNPCL harboring mixed nanoparticles evidenced phase transition
behavior, originated by coil to the globule transition of PNiPAAm block upon heating, thereby resulting in the tur-
bidity change, endothermic heat exchange, and particle size reduction upon heating. The drug release tests showed
that the formation of the thermosensitive hydrogel layer enhanced the sustained drug release patterns by functioning

as an additional diffusion barrier.
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Introduction

Block copolymers, containing hydrophobic and hydro-
philic chains, have been studied in biotechnology and phar-
maceutical fields for their unique properties forming micelle
or micelle-like self-aggregate in aqueous milieu.'” In partic-
ular, polymeric micelles have been considered as one of the
promising candidates for drug delivery systems owing more
to the increment of drug concentration in an aqueous milieu
than to the solubility limit of the hydrophobic free drug by
partitioning the drugs into the hydrophobic core."

The hydrophilic corona also endowed the polymeric self-
aggregates with excellent physiological stabilities and bio-
compatibilities.”® Therefore, a number of studies have
focused on the applications of the polymeric self-aggregates
into drug delivery systems.'”"* As polymeric materials for
the self-aggregate, amphiphilic block copolymers, hydro-
phobically modified water-soluble polymers, and hydropho-
bized polysaccharides have been extensively studies.'®

Poly(ethylene glycol) (PEG), the hydrophilic corona,
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endowed the polymeric micelles with escape from nonspe-
cific uptake by reticuloendothelial systems (RES). In the
systemic circulation, the RES plays a crucial role for clear-
ance of colloidal particle from the blood stream. Therefore,
long systemic circulation can be achieved by introducing
the PEG component into polymeric micelle systems.””
Coupled with the long circulation effect, remarkably low
critical micelle concentration is guaranteed to the polymeric
micelle excellent stability owing to the rate of micelle disso-
ciation slower than small molecular surfactant micelles dur-
ing the systemic circulation. Furthermore, the enhanced
permeation and retention effect at a tumor site gave the pos-
sibility of passive targeting of the polymeric micelles into
tumor site.””

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 respon-
sive polymeric nanoparticles. One of the most widely inves-
tigated stimuli sensitive polymers are poly(N-isopropylacryl-
amide) (PNiPAAm) and related copolymers.**** Owing to
the amphiphilic characters in the monomeric unit, the
PNiPAAm shows unique reversible thermosensitivity with
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the hydrated extended coil to globule transition by increas-
ing 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 comonomers.”?' Therefore, the PNiPAAm
based several block copolymers have been studied as tem-
perature sensitive polymeric nanoparticles.”?®

In this study, thermosensitive nanoparticles were prepared
by self assembly of two different poly(e-caprolactone) based
block copolymers of poly(N-isopropylacrylamide)-b-poly(&
caprolactone) (PNPCL) and poly(ethylene glycol)-b-poly(e-
caprolactone) (PEGCL). The hydrophobic block of PCL is
well-known biodegradable polyester with excellent biocom-
patibility and degradability. Although a number of studies
of PCL based amphiphilic block copolymers have well doc-
umented for the synthesis and characterization,”* and
application for drug delivery system (DDS), but the micro-
scopic physicochemical properties of the block copolymers
with different hydrophilic/hydrophobic balances still remain
unclear. The self-aggregation and thermosensitive behaviors
of the mixed nanoparticles (with different PNPCL content)
were investigated by using "H-NMR, turbidimetry, differen-
tial scanning microcalorimetry (micro-DSC), dynamic light
scattering (DLS), and fluorescence spectroscopy. Finally,
the efficacies of the mixed nanoparticles as drug carriers
were examined with the hydrophobic model drug of clon-
azepam.

Experimental

Materials. N-isopropylacrylamide monomer (NiPAAm),
2-mercaptoethanol (ME), 2,2'-azobisisobutyronitrile (AIBN),
stannous 2-ethyl hexanoate (SnOct), pyrene, cetylpyridin-
ium chloride (CPC), e-caprolactone, and mPEG (MW
2,000) were purchased from Aldrich chemical Co.. The
NIPAAm and mPEG were recrystallized in n-hexane and
dichloromethane/diethyl ether system, respectively. The &
caprolactone monomer was dried using CaH, and distilled
under reduced pressure. The clonazepam (CNZ) was pur-
chased from Sigma (St. Louis, MO) and used as received.
All other chemicals and solvents were analytical or reagent
grades and used without further purifications.

Synthesis of Semitelechelic Poly(/V-isopropylacryl-
amide) (PNiPAAm-OH). Semitelechelic PNiPAAm with
terminal hydroxyl group (PNiPAAm-OH) was synthesized
by radical polymerization with 2-mercaptoethanol as a
chain transfer agent and AIBN as an initiator. After dissolv-
ing the NiPAAm monomer (10 g, 88.4 m mole in 90 mL
methanol), ME (0.372 g, 2.95 m mole) and AIBN (0.2 g) in
methanol, the reaction mixture was degassed under reduced
pressure by freeze-thawing cycles. Then the reaction mix-
ture was transferred into thermostat bath at 70°C and the
polymerization was carried out for 24 h with vigorous stirring.
After polymerization, the reaction solvent was removed
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using rotary evaporator. Finally, the polymer was dissolved
in dichloromethane and precipitated in excess amount of
diethy] ether. The precipitates were collected by filtration
and washed with diethyl ether and dried in vacuo for 48 h.
The dried polymer was dissolved in deionized water and
fractionated by ultrafiltration with 10,000 and 3,000 molec-
ular weight cut-offs membranes (ultrafiltration stirred cell,
Amicon YM10, and YM3 membranes) at 4°C. Each frac-
tionated parts (> 10,000 and 3,000-10,000 fractions) were
collected and freeze dried. Molecular weights of the PNiPAAms
were determined by gel permeation chromatography and
"H-NMR end group analysis.

Synthesis of PNPCL and PEGCL Block Copolymers.
PNPCL and PEGCL block copolymers were synthesized
by ring opening polymerization of &caprolactone using
PNiPAAM-OH (with > 10,000 fraction) and mPEG-OH
(MW 2,000) as initiators with trace amount of SnOct as a
catalyst. Predetermined amount of PNiPAAm-OH (or
mPEG-OH) and toluene/xylene co-solvent (12.5 mL tolu-
ene/g, and 5 mL xylene/g) were introduced into a flask and
moisture impurities were removed by azeotropic drying
with removal of toluene at 120°C. After drying and cooling
(~60°C), one drop of SnOct (100 4L) and predetermined
amount e-caprolactone monomer were added. Then, the
polymerization reaction was performed at 140°C for 24 h
with vigorous stirring. After reaction, the diblock copoly-
mers were obtained by precipitation in excess diethyl ether
and dried in vacuo for 48 h. The resulting block copolymers
were characterized by '"H-NMR and GPC.

Characterization of PNIPAAm-OH and Block Copoly-
mers. 'H nuclear magnetic resonance ('H-NMR) spectra of
the PNiPAAm-OH and diblock copolymers were recorded
by using Bruker spectrometer operating at 400 MHz using
D,O (for PNiPAAm-OH) and CDCl; (block copolymers) as
solvents. Chemical shifts (§) were given in ppm using tet-
ramethylsilane (TMS) as internal reference. Average molec-
ular weights and their distribution of the PNiPAAm-OH and
copolymers were measured by gel permeation chromatogra-
phy (GPC, Waters) using THF as elution solvent with mono-
disperse polystyrene standards.

Preparation of Mixed Nanoparticles. Mixed nanoparti-
cles of PNPCL, PEGCL block copolymers and their mix-
tures (wt% of PNPCL of 100 (M1), 75 (M2), 50 (M3), 25
(M4), and 0 (M5)) were prepared by solvent evaporation
method. Briefly, copolymers and their mixtures were dis-
solving 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 evapo-
ration under reduced pressure. After the nanoparticle forma-
tion, the solutions were concentrated using ultrafiltration
with 30 kDa MWCO membranes. Finally, mixed nanoparti-
cles were obtained by lyophilization. The core-shell type
mixed nanoparticles were characterized by 'H-NMR with
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adopting different locking solvents (D,O and CDClI;).

Lower Critical Solution Temperature (LCST) Mea-
surement. To measure lower critical solution temperatures
(LCSTs) of PNiPAAm-OH and mixed nanoparticles pre-
pared by PNPCL and PEGCL, two different methods of
cloud point measurement (turbidimetry) and calorimetric
method were employed.”*?***>*7 Firstly, optical transmit-
tance of aqueous PNiPAAm solutions (I mg/mL in H,0)
and mixed nanoparticles (1 mg/mL in H,0) at various tem-
peratures (30-42°C, 1°C interval) were measured at 500 nm
wavelength using UV-VIS spectrometer (UV-1601, Shi-
madzu). At each temperature, the samples were stabilized
for 10 min before measurements. Values for the LCST of
polymer solution and nanoparticles dispersions were deter-
mined at a temperature with a half of the optical transmit-
tance between below and above transitions.

The hydrated extended coil to globule transition of
PNiPAAm chain is concomitant with change of thermody-
namic parameters such as enthalpy and entropy. The enthalpy
change of PNiPAAm solution and the mixed nanoparticles
during phase transition was investigated by differential
scanning microcalorimetry (micro-DSC). Eight hundred pL
samples (5 mg/mL in H,O) were loaded into DSC cells and
heat exchange during the transition were monitored in the
temperature range of 10-70°C with a heating rate of 1°C/
min. As a reference, the DSC cells containing 800 mL H,O
was used for normalization of the heat exchange. The
endothermic peak points measured by micro-DSC were
employed transition temperature (LCST).

Measurement of Dynamic Light Scattering (DLS).
Particle size and size distribution of mixed nanoparticles
were investigated by dynamic light scattering (DLS) instru-
ment. The DLS measurements were carried out using ELS-
800 electro phoretic LS spectrophotometer (Otsuka Elec-
tronics Co.) equipped with an argon laser operating at 632.8
nm at various temperature (25, 30, 35, and 40°C) with a
fixed scattering angle of 90°. Before measurement, the
nanoparticles were re-dispersed in deionized water (1 mg/
mL), sonicated for 30 sec, and filtered through a 0.8 yum
pore size filter. Measurements were carried out at higher
concentration than the critical aggregation conceniration
(cac) obtained by fluorescence spectroscope. The hydrody-
namic diameters of the mixed nanoparticles were calculated
by the Stokes-Einstein equation, and the polydispersity fac-
tors represented as /7 were evaluated form the cummu-
lant method (z4; second cumulant of the decay function, 7%
average characteristic line width).***

The shapes of the mixed nanoparticles were also charac-
terized by DLS (Malvern Instrument LTD. Series 4700)
with and argon ion laser system at 488 nm with a digital
autocorrelator. The scattering angle varied form 30 to 150°
at constant temperature of 25°C.**** The PEGCL block
copolymer concentrations of the samples were 1 mg/mL in
deionized water.
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Fluorescence Measurements (Pyrene). The pyrene solu-
tion in acetone (6 x 10° M, prepared prior to use) was
added to the deionized water to make a pyrene concentra-
tion of 1.2x10°M, and the acetone was removed at
reduced pressure at 40°C for 2 h. This solution was mixed
with block copolymer nanoparticles solutions to make co-
polymer concentration from 2.0 to 1 x 10° mg/mL, result-
ing in a pyrene concentration of 6 x 107 M. Pyrene fluores-
cence specira were obtained by using spectrofluorophotometer
(RF-5301PC, Shimadzu). The excitation and emission
wavelengths were 336 and 390 nm, respectively.

The aggregation number of PCL block per one hydropho-
bic domain was determined by the steady state fluorescence
quenching method with CPC as a pyrene fluorescence
quencher.**" In microheterogencous systems such as aque-
ous self-aggregate solution of amphiphilic block copoly-
mers, the decrease in 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(Iy/) = [QV[M] (M

where I, and [ are the fluorescence intensity with the
absence and presence of a quencher, [Q] is the concentra-
tion of the quencher, and [M] is the concentration of hydro-
phobic microdomains in the solution. Therefore, the number
of hydrophobic group (PCL blocks in this system) in a
hydrophobic microdomain (Npc;) can be calculated by eq.

@-
Nper = [PCL block}/[M] )

Drug Release Studies. The CNZ loaded mixed nanopar-
ticles (Wt% of PNPCL of 100 (M1), 75 (M2), 50 (M3), 25
(M#4), and 0 (M5)) were carried out as followed: 20 mg of
mixtures was dissolved in 5 mL of THF and 4 mg of CNZ
was added. The solution was stirred at room temperature.
The solution was dropped in cool deionized water (80 mL,
final concentration of polymer; 0.25 mg/mL) during sonic
using probe type ultrasonic-generator, followed by evapora-
tion of THF under reduced pressure. After the CNZ loaded
nanoparticles were formed, the solutions were concentrated
using ultrafilteration with 30,000 molecular weight cut-offs
membranes and then filtered a 0.8 ym pore sized filter to
remove large aggregates, and CNZ loaded nanoparticles
were obtained by lyophilization.

To measure drug content, 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 spectrophotometer at 322
nm. Drug contents and loading efficiency were calculated
eqs. (3) and (4).

Drug contents = A/(4 + B) x 100 3)
Where, 4 and B are the weight of remained drug in the
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nanoparticles and polymer weight, respectively.
Loading efficiency = C/D x 100 4

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

The release experiment in vitro was carried out as follow:
4 mg of CNZ-loaded nanoparticles was dispersed into 1 mL
of Na-PBS (pH: 7.4, ion strength: 0.15 M), which was put
into a dialysis membrane (MWCO: 12,000) and the mem-
brane were immersed into vials with 30 mL Na-PBS. Then,
the drug release tests were performed at two different tem-
peratures (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 solu-
tion at selected time intervals in order to prevent the reach
of saturation concentration of drug in the solution. The con-
centration of the released CNZ was determined by UV-VIS
spectrometer.

Results and Discussion

Synthesis and Characterization of PNiPAAm-OH,
PNPCL, and PEGCL. The semitelechelic polymer of
hydroxyl terminated PNiPAAm-OH and PNPCL or PEGCL
block copolymers were synthesized by radical chain-trans-
fer polymerization and ring-opening polymerization of &
caprolactone, respectively, and the schematic procedure of
the polymerizations were illustrated in Figure 1.

Hydroxyl terminated PNiPAAm-OH was successfully
synthesized by chain-transfer polymerization using 2-mer-
captoethanol (ME) as chain transfer agent. However, the
resulting polymer showed broad molecular weight distribu-
tion due to the uncertainty of the chain transfer polymeriza-
tion. To minimize the unwanted side effect such as increasing
LCST by low molecular weight portions, low molecular
weight impurities were removed by ultrafiltration using
MWCO 10K membrane and resulting polymer (> 10K
fraction) was characterized by 'H-NMR spectrometer using
D,O as a locking solvent. The chemical shifs of the PNiPAAm-
OH were followed. PNiPAAm-OH 'H-NMR (D,0O, ppm,
TMS): 3.61 ppm (polymer end, t, HOCH,CH,S-PNiPAAm),
3.83 ppm (j in Figure 2, -CH(CHs),), 1.08 ppm (i in Figure
2, -CH(CH;),), 1.19-2.58 ppm (polymer main chain -CH-
and -CH,-). Using the integration values of polymer end and

Q
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AIBN,
wmethanol, 70 °C
NiPAAm "™

N e

Figure 1. Synthetic scheme for PNPCL and PEGCL block copoly-
mer.

peak j, number average molecular weight was calculated.
The obtained M, value was 11,000 Da/mole. PNiPAAm-OH
and mPEG-OH initiated ring-opening polymerization of &
caprolactone were also confirmed by 'H-NMR spectra. The
resulting block copolymer NMR spectra showed the co-
existence of characteristic peaks of PCL block with
PNiPAAm or PEG blocks. PNPCL ‘H-NMR (CDCl;, ppm,
TMS): 3.92 ppm (j, -CH(CH3), in PNiPAAm), 1.08 ppm (i,
-CH(CH;), in PNiPAAm), 1.19-2.58 ppm (PNiPAAm main
chain -CH- and -CH,-) 2.20 ppm (d, t, OCOCH,(CH,), in
PCL), 1.54 ppm (e, m, OCOCH,CH,CH,CH;CH, in PCL),
1.28 ppm (f, m, OCOCH,CH,CH,CH,CH, in PCL), and
3.96 ppm (g, t, OCOCH,CH,CH,CH,CH, in PCL). PEG-
PCL 'H-NMR (CDCl,;, ppm, TMS): 3.27 ppm (a, s, CH;-O
in PEG end), 3.54 ppm (b, s, -CH;CH,-O in PEG), 2.20
ppm (d, t, OCOCHACH,), in PCL), 1.54ppm (e, m,
OCOCH,CH,CH,CH,CH, in PCL), 128ppm (f, m,
OCOCH,CH,CH,CH,CH, in PCL), and 3.96 ppm (g, t,
OCOCH,CH,CH,CH,CH, in PCL). The M, values and PCL
block lengths were calculated based on integration values of
each block copolymers and listed in Table 1. PCL block
lengths of 1,700 and 1,900 Da were calculated based on
PNPCL and PEGCL 'H-NMR spectra, respectively. The
block copolymer synthesis also confirmed by GPC chro-
matograms. The average molecular weights and polydisper-
sity indexes of PEG, PNiPAAm, and block copolymers were
listed in Table I.

Characterization of Mixed Nanoparticles. The am-
phiphilic block copolymers and hydrophobized water solu-
ble polymers can self-aggregate to form micelle like self-

Table I. Characterization of PNiPAAm, PNPCL and PEGCL Block Copolymer

Samples HPL MW PCL MW* PCL wi%" Mt MS PDr
mPEG 2K - - 2,000 1,690 1.20
PEGCL PEG 2K 1,900 48.8 3,900 4,840 137
PNiPAAm-OH 11K - - 11,000 11,400 2.10
PNPCL PNP, 11 K 1,700 13.4 12,700 15,200 1.99

“Molecular weight of hydrophilic blocks. *Calculated based on 'H-NMR results. “GPC results (with polystyrene standards).
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Figure 2. '"H-NMR spectra of M3 in (A) D,0 (at 40°C), (B) D,O
(at 25°C), and (C) CDCl;, and peak assignment of the synthe-
sized copolymer.

aggregates in aqueous milieu. In case of PNPCL and
PEGCL diblock copolymers, the formation of hydrophobic
PCL domain in aqueous environment can easily be verified
by 'H-NMR spectra with different locking solvents of D,O
and CDCl;. The results, as demonstrated in Figure 2 for 50/
50 mixed aggregate (M3) of PNPCL and PEGCL, show that
in CDCl;, a nonselective solvent for the PNiPAAm, PEG
and PCL, the completed structural resolution of each con-
stituent blocks were observed (Figure 2(C)). However, in
D,0, only the PEG and PNiPAAm signals were detected,
mainly originated from the selective salvation of exterior
hydrophilic corona chains through hydrogen bond forma-
tion with D,O (Figure 2(B)). The results clearly revealed
that the PCL blocks in PNPCL and PEGCL block copoly-
mers were self-associated into hydrophobic domain and
remained in solid and/or semi-solid state, which resulted in
the disappearance of PCL characteristic peaks in D,0O. Sim-
ilar trends of 'H-NMR spectra are consistent with other
amphiphilic block copolymer systems and hydrophobized
polysaccharides.>>"!

The mean diameter of PNPCL, PEGCL, and their mixed
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Figure 3. Relation ship between relaxation rate (/”) versus scat-
tering angle (sin’(62)) at 25°C ([polymer solution] = 1.0 mg/
mL). The regression lines indicate the best fit to the data accord-
ing to eqs. (3) and (4) (@; M1, B; M2, A ; M3, ¥; M4, and L &
M5).

nanoparticles, prepared by solvent evaporation method and
measured by DLS, were in the range of 190-260 nm (Table II),
with slight increasing the particle size by increasing PNPCL
portions. The increments of particle size with increasing
PNPCL block content are mainly originated from the incre-
ment of bulky hydrophilic corona (MW of PNiPAAm is 11 K,
that of PEG is 2 K). Furthermore, the fairly low polydispersity
factors (1/17, 0.16-0.22), estimated by cumulant method,
suggest that the nanoparticles showed narrow size distribu-
tions. The shapes of the self-aggregate were investigated by
DLS with adopting different scattering angle. In case of
spherical particles, there is no angular dependence of the
translational diffusion coefficient (D).**** As shown in Fig-
ure 3, the nanoparticles showed linear relationships between
relaxation rates (/7) and square of the scattering vector (K)
according to;

I'=DK? 3)

K = 4msin(82)/ A4 4)

Table IL Characterizations of Mixed Nanoparticles by DSC, DLS, and Fluorescence Probe Method

Samples PEGCLWi% LCST*(°C) LCST*(°C) d(mm)Y d(my /™ i — cac(mgl) Kf(<10%)  Neo'
Ml 0 345 35.1 2596 2643 021  0.134 533 5.00 7.84
M2 25 34.6 35.2 2313 2397 017 0223 3.02 5.14 8.07
M3 50 353 36.1 2300 2346 0.6 0311 271 538 8.46
M4 75 36.1 36.4 2046 2308 021 0400 2.10 5.94 10.55
M5 100 . - 1914 1953 022 0488 143 6.60 13.99

“Lower critical solution temperature measured by transmittance change. °LCST measured by micro-DSC (endothermic peak point). “Particle
size measured by DLS at 25 °C (Concentration of 1 mg/mL). “Particle size after thermal history (25°C — 40 °C — 25°C). “Polydispersity factor
estimated by cumulant method. /PCL weight fraction calculated from 'H-NMR data. *Binding equilibrium constant of pyrene in water in the
presence of the mixed nanoparticles. "Aggregation number of PCL blocks per on hydrophobic microdomain.
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Figure 4. Measurement of the transmittance of PNiPAAm and
mixed nanoparticles in PBS at A =500 nm (O; PNiPAAm-OH,
@M1, l; M2, A; M3, ¥; M4, and €; MS).

where n, is the solvent refractive index, A, in the wave-
length of incident light in vacuo, and @ is the scattering
angle. The linear relationship due to the consistent transla-
tional diffusion coefficient with various detection angles,
cause by undetectable rotational motion, represented that
the self-aggregate in aqueous milieu are spherical.*

Poly(N-isopropylacrylamide) (PNiPAAm) is one of the
most widely invested thermosensitive polymer with show-
ing highly hydrated extended coil to globule transition upon
heating (lower critical solution temperature, LCST). The
transition resulted in the precipitation and/or sol to gel trans-
formation of PNiPAAm or related copolymers. The transi-
tion phenomena can be easily characterized by optical
property change (turbidimetry) of polymeric solution or N-
isopropylacrylamide containing hydrogels, and the optical
property change has been frequently employed for the crite-
ria of the transition. PNIPAAm-OH and other mixed nano-
particles (M1-M4) showed optical property (transmittance
at 500 nm) changes upon heating, as shown in Figure 4, and
the transmittance changes were closely rely on PNiPAAm
content. By increasing PNPCL content, the more sharp and
dominant transmittance reductions were observed. From the
Figure 4 results, the LCSTs were determined at a tempera-
ture with a half of the optical transmittance change between
below and above the transitions, and the results were listed
in Table II. The LCST was slightly decreased with increas-
ing PNPCL content. While, M5, the self-aggregate consist
with only PEGCL, did not show any transmittance change
upon heating.

The LCST, coil to globule transition point, can be inter-
preted by thermodynamic view point. At the transition point,
enthalpy change (heat of phase separation) is occurred due
to the corresponding entropy change (AH = T4S, since AG =
0 for the phase transitions) and the thermodynamic event
can be detected by micro-DSC. The endothermic peak
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points, obtained by micro-DSC measurement of the mixed
aggregate solutions, were quietly closed with LCST values
measured by transmittance change, and the results were
listed in Table IL

The phase transition of PNiPAAm block in aqueous envi-
ronment also affected the 'H-NMR spectra of the mixed
nanoparticles. In microscopic point of view, the LCST can
be interpreted as the temperature where solution to solid (or
precipitate) and/or sol to gel transition occur. Therefore, the
solution NMR spectra and resulting peaks originated form
PNiPAAm block were severely affected by increasing tem-
perature higher than its LCST. As shown in Figures 2(A) and
2(B), there are several differences, such as shifts of the char-
acteristic peaks and reduction of PNiPAAm peaks, between
NMR spectrum measured at 2 and 40 °C. Furthermore, sig-
nificant reductions of integration ratio of peak b and i or j
were occurred by the transition. The initial integration ratio
of 0.235 (j/b, at 25°C) and 1.089 (i/b) were reduced into
0.061 and 0.214, respectively, by measurement at 40 °C.

Shrinking of PNiPAAm corona by increasing temperature
also affected the particle size of the mixed nanoparticles.
Figure 5 illustrated the temperature dependent particle size
variation of M1 (PNPCL), M3 (50/50 mixture of PNPCL
and PEGCL), and M5 (PEGCL). In case of M1, significant
decrease of the particle size was occurred by increasing
temperature. Furthermore, at higher temperature than its
LCST (at 40°C), the M1 dispersion showed bimodal distri-
bution of particles at 50 nm region and 200 nm region. The
small sized particle may represent the shrunken particle by
shrinking of outer PNiPAAm corona and the large sized par-
ticle may be formed by interparticular segregation of the
shrunken particles. The reduction of particle size by increas-
ing temperature was reduced by increasing PEGCL content.
In case of M3, the particle size slightly decreased with in-
creasing temperature, and maintained the particle size

Particle Size (nm)

25 30 35 "
Temperature (°C)

Figure 5. Particle size of mixed nanoparticles with increment
temperature (@; M1, A; M3, and 4; M5).
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around 150 nm. Compared with M1, the segregation of
shrunken particles did not observed with M3, mainly due to
the interruption of particle-particle aggregation by hydro-
philic PEG chains. While, there was no significant change
of particle size on PEGCL self-aggregates (M5). Another
interesting finding is reversible change of the particle size
after thermal history (25°C — 40°C — 25°C). Although the
segregation of shrunken particles was occurred in PNPCL
nanoparticles at higher temperature than its LCST, the seg-
regates were returned to its original self-aggregates by
decreasing temperature (Table IT). Similar trends of particle
size reduction, segregation, and reversible returning after
thermal history have been reported with several N-isopropyl-
acrylamide based amphiphilic copolymers.

To investigate microscopic self-aggregation behavior of
the mixed nanoparticles in aqueous milieu, pyrene was used
as a fluorescence probe. With exposure to polymeric self-
aggregate aqueous solution, pyrene molecules preferably
participate into inside or close to the hydrophobic micro-
domains of the self-aggregate rather than in aqueous phase.
The localization, combined with strong fluorescence illumi-
nation of pyrene in a non-polar environment, shows the dif-
ferent photophysical characteristics depending on the con-
centration of self-aggregate forming materials.>**** There-
fore, the self-aggregation behaviors of the mixed nanoparti-
cles were investigated by using fluorescence excitation spectra
of the mixed aggregate solutions with various concentra-
tions, in the presence of 6.0 x 10”7 M pyrene, and the results
were illustrated in Figure 6. At low concentration (¢ < cac),
there are small or negligible changes of total fluorescence
intensity and the shift of (0, 0) band at 335 nm. As increas-
ing concentration remarkable increase of the total fluores-
cence intensity and a red shift of the (0, 0) band from 335 to
338 nm were observed. Figure 7 shows the intensity ratio

120

100 4

<=1 (mg/ml)

Intensity (a.u.)
3

300 310 320 330 340 350 360
Wavelength (nm)
Figure 6. Pyrene excitation spectra ([Py]=6.0 x 107 M) in

mixed aggregate (M3) aqueous solutions (emission wavelength
was 390 nm).
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Figure 7. Plot of total fluorescence excitation intensity ratio (/335
L;5) versus PNPCL and PEGCL block copolymers mixture con-
centrations (@; M1, ll; M2, A; M3, ¥; M4, and ¢; M5).

(I13s/l335) obtained by the pyrene excitation spectra versus
the logarithm of the mixed aggregate concentrations. Based
on the intensity ratio data, the cac values of the mixed nano-
particles were calculated by the crossover point at low con-
centration ranges. The cac values of the mixed nanoparticles
were in the range of 1.43-5.33 mg/L with increasing the cac
values with higher PNPCL content due to the decreased
amount of hydrophobic PCL block in the mixed nanoparti-
cles (Table II). The obtained cac values of the mixed nano-
particles were similar to the reported values of amphiphilic
block copolymers and slightly lower than alkyl group end-
capping PNIPAAms.>*

The hydrophobic nature of interior microdomain of the
mixed nanoparticles was investigated by estimating the pyrene
equilibrium constant (X,), 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:

[PyL/[Py). = KV, V, (5)

where V,, and V,, are the micellar and water phase volumes,
respectively. In micellar association sensitive case, the eq *
can be expressed as

[Py]/[Py) = Kxper(c - cac)/1000,0p¢; (6)

where xp¢; is the weight fraction of PCL block, c is the con-
centration of the mixed nanoparticles and pyc; is the density
of the inner core of self-aggregates (1.073-1.146 in Aldrich
catalogue, adopt the average value of 1.10). In the interme-
diate range of the mixed aggregate concentrations, the [Py],/
[Py}, values can be calculated by

[Py]m/[Py]w = (F - me)/(Fmax - F’) (7)
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Figure 8. Plot of (F - F,,;,)/(F e - F) versus PNPCL and PEGCL
block copolymers mixture concentrations. Solid lines indicate the
best fit to the data according to eq. (5) (@; M1, l; M2, A ; M3,
¥ M4, and € ; M5).

where F,,,. and F,,;, are the intensity ratio (/335//335) at high
and low polymer concentration ranges, and F in the inten-
sity ration in the intermediate concentration range. There-
fore, the equilibrium constant (K,) values of pyrene in
mixed aggregate solutions can be easily calculated from the
slopes of (F - F,,,)/(F e - F) versus polymer concentration
graph (Figure 8). As summarized in Table II, the K, values
were in the range of 5.0-6.6 x 10°. Slightly increasing the K,
values with increasing PEGCL content might originated the
slightly longer PCL block length in PEGCL (1,900 Da) than
PNPCL (1,700 Da) which resulted in the increased hydro-
phobicity in PEGCL rich mixed nanoparticles. Compared to
the mixed nanoparticles, other amphiphilic copolymers such

012
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Figure 9. Plot of fluorescence intensity In(Zy/) versus CPC

quencher concentration (@; M1, ll; M2, A; M3, ¥; M4, and
¢ ; M3).
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as PEG-PLLA, poly(2-ethyl-2-oxazoline)-PCL, and PVP-
PCL block copolymers showed similar K, values (1-6 x 10°),
depending on the hydrophilic-hydrophobic balance.’*

To determine the aggregation number of PCL chains in a
hydrophobic microdomain, the mixed nanoparticles were
investigated by using a fluorescence quenching method with
various quencher concentrations.”** As shown in Figure 9,
the In(ZyI) versus CPC concentration plots showed linear
relationships and aggregation numbers of PCL blocks can
be calculated using slope of the straight line using eq. (2).
The obtained aggregation numbers of PCL blocks in a
hydrophobic microdomain were in the range of 7-14, de-
pending the mixed aggregate compositions as summarized
in Table II. The results revealed that the mixed nanoparti-
cles with longer hydrophilic PNiPAAm blocks (M1, Npc; =
7.84) consisted with relatively small number of PCL block
to form a hydrophobic microdomain than block copolymer
having shorter PEG block (M5, Npc; = 13.99), due to steri-
cal difficulty of intermolecular hydrophobic aggregation of
PCL blocks.

Drug Loading and Release Studies. As listed in Table
I11, mixed nanoparticles showed excellent characteristics for
drug carriers owing to their high drug loading efficiencies
(78.8-97.7%) and drug contents (13.6-16.4%). Drug con-
tents and loading efficiency increased with increment of
PEGCL portion because of increasing of hydrophobic core
capacity and hydrophobicity (Table II).

To investigate the effect of PNiPAAm block 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 mixed nanoparticles. As illustrated in Figure
10, the CNZ loaded M1 showed well-developed sustained
drug release patterns (at 37 °C). In case of 25 °C release tests
(Figure 10(A)), the drug releases were completed (> 95%
release) at 10 and 14 days after incubation from M1 and M3
nanoparticles, respectively. The release tests performed at
37°C showed reverse drug release patterns (Figure 10(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 hydro-
phobicity of the PNPCL aggregate shell compartments, the
sustained drug release patterns were increased. Whereas,

Table III. Characterization of Clonazepam Loaded Mixed
Nanoparticles

T T
Ml 20 4 13.6 78.8
M2 20 4 15.7 93.0
M3 20 4 16.1 96.1
M4 20 4 16.3 97.7
M5 20 4 16.4 97.7

Macromol. Res., Vol. 15, No. 7, 2007
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Figure 10. Total drug (clonazepam) release behavior from nano-
particles at 25°C (A) and 37°C (B) (@; M1, A; M3, and @;
MS).

drug release patterns of M5 (without PNiPAAm block on
nanoparticle) was independence of temperature. Therefore,
it is possible to conclude that the formation of PNiPAAm
hydrogel layer might be act as additional diffusion barrier
for the drug release.

Conclusions

In this study, thermosensitive nanoparticles were prepared
by self assembly of two different poly(&-caprolactone) based
block copolymers of poly(N-isopropylacrylamide)-b-poly(s-
caprolactone) (PNPCL) and poly(ethylene glycol)-b-poly(&-
caprolactone) (PEGCL). The self-aggregation and ther-
mosensitive behaviors of the mixed nanoparticles (with dif-
ferent PNPCL content) were investigated by using '‘H-
NMR, turbidimetry, differential scanning microcalorimetry
(micro-DSC), dynamic light scattering (DLS), and fluores-
cence spectroscopy. The copolymer mixtures (mixed nano-
particles, M1-M5, with different PNPCL content) formed

Macromol. Res., Vol. 15, No. 7, 2007

nano-sized self-aggregates in aqueous environment by intra-
and/or intermolecular association of hydrophobic PCL
chains. The microscopic investigation of the mixed nano-
particles revealed that the critical aggregation concentration
(CACQ), the partition equilibrium constants (K,) of pyrene,
and the aggregation number of PCL chain per one hydro-
phobic microdomain were varied by compositions of the
mixed nanoparticles. Furthermore, the PNPCL containing
mixed nanoparticles showed phase transition behavior, orig-
inated by coil to globule transition of PNiPAAm block upon
heating, which resulted in the turbidity change, endothermic
heat exchange, and reduction of particle size upon heating.
Also, we confirmed that PNiPAAm of thermosensitive
aggregate became hydrophobic and forms hydro-gel layer
on surface of polymeric nanoparticles above the LCST and
this layer played a high potential for sustained release of
drug due to hydro-gel layer on surface of nanoparticles.

Based on these results, it is possible to introduction of
mixed nanoparticles composed to PNPCL and PEGCL
block copolymers into various biomedical fields such as
drug delivery.
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