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Thermally Reversible Pluronic/Heparin Nanocapsules Exhibiting
1000-Fold Volume Transition
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Novel Pluronic/heparin composite nanocapsules that exhibit a thermally responsible swelling and deswelling behavior
were synthesized. Pluronic F-127 preactivated pithitrophenyl chloroformate at its two terminal hydroxyl groups
was dissolved in a methylene chloride phase. The organic phase was dispersed in an aqueous phase containing heparin.
At an organic/aqueous interface, Pluronic-cross-linked heparin nanocapsules were produced. They exhibited a 1000-
fold volume transition (ca. 336 nm at 2&; ca. 32 nm at 37C), and a reversible swelling and deswelling behavior
when the temperature was cycled between 20 antiC3The reversible volume transition of Pluronic nanocapsules
was caused by micellization and demicellization of cross-linked Pluronic polymer chains within the nanocapsule
structure in response to temperature. The morphological characters were investigated with transmission electron
microscopy and small angle neutron scattering. Pluronic/heparin nanocapsules had an aqueous fluid-filled hollow
interior with a surrounding shell layer below the critical temperature, but they became a collapsed core/shell structure
similar to that of Pluronic micelles above it.

Introduction Nanogels are cross-linked water soluble polymer networks
Thermo-responsive synthetic hydrogels, exhibiting a lower that SW.e” N agueous soluthn. They have r!anoscale sphencal
dimensions (less than am in diameter) with narrow size

critical solution temperature (LCST) behavior in an aqueous distribution. They are different from self-assembling polymer
solution over a narrow temperature range, received much attention” " : Y g poly

recently’~19They swell and expand below the LCST but deswell \n;;ﬁ)”j; tg?tna;gi?:;ﬁg %ﬁ?@ﬂh’ g?\// Qggcﬁqvéleﬁél'gt?gfgﬂgfj
and shrink above that temperature. The major cause for the LCSTacters h:fve{)eens nthegized and utilized fordrr)u d(gliver ene
phenomenon is entropy driven hydrophobic interaction of polymer th d di y " licati h 9 Iy, gl
chains that have a delicate balance of hydrophilic and hydrophobic. era.py'll,alj | |agﬂo|s Ic ?pp ||ca ons ISUC asll kmo eguhar
moieties in the structuré? Among them, polyil-isopropylacryl- 'maging: Poly(ethylene glycol) nanogels cross-linked wit

amide) (PolyNIPAAmM) hydrogels have been extensively polye_t_hylenimine were used for gene delivéry? _Thermo-_
studied®5 PolyNIPAAM hydrogels in aqueous solution exhibit sensitive PolyNIPAAmM nanogels showing a reversible swelling/

a sharp volume transition at an LCST value of & and its deswelling behavior at the LCST were also produced for

LCST ranae can be controlled by copolvmerizing with other intracellular delivery of bioactive agents8More recently, dual
hydrophilig or hydrophobic morzomgrsy Pluronigc tri-block stimuli-sensitive core/shell nanogels that exhibit volume changes

copolymers composed of poly(ethylene oxigdeply(propylene ?n response to temperature and/or pl—_|_were synthesized by
oxinjegl—pon(ethyFI)ene oxiSe)y((PEyePPO—Plfop)y(gl S opysh ow  Incorporating temperature- gnd pH-sensitive polymer in the core
similar LCST behaviors over a broad temperature range dependingﬁnOI shell structure, respectivéfyThe nano-structured polymer

onthe composition and molecular weight® They self-assemble ni“%ﬁé#ﬂﬁ){fr{hﬁa\gﬁg :I\éerfz?e d?l:am:rﬁzr agﬁfigg/er
to form a spherical micellar structure above the LCST by ’ Y g 9 Y

hydrophobic interaction of the PPO middle block in the applications. Most self-assembling polymeric micelles and

structure’8 At high concentration above about 25% (v/v), they polyelectrolyte complex nanoparticles have a much smaller size

exhibit a sot-gel transition behavior when raising the temperature than 190 nm, but they are inherently ynstabl_e_, tend to aggrega;e,
above the LCSP.L0 or easily disintegrated in the body fluid conditions because their

supra-molecular structures are primarily maintained by non-
covalent interactions. Thus, it is desirable to synthesize robust
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physiological conditions. They have definite advantages as carriersA total of 1 mL of the remaining toluidine blue in aqueous phase
for drugs and imaging agents. For example, such nanogels carwas mixed with 9 mL of ethanol and the absorbance value measured
be exploited more effectively as anti-cancer drug carriers to targetat 631 nm with UV-visible spectrophotometer (Shimadzu, UV-
solid tumors having a loosened vascular structure (enhancedt601, Kyoto, Japan). A series of heparin concentrations was used

. . to construct a calibration curve.
pe:?;?sc;?uzgd t:]eetfr:g?snei;il\?r)e if:g?iinke d Pluronic E-127/ Particle Size MeasurementsThe effective diameter and surface

. : A ) -potential value of the Pluronic/heparin nanocapsules were measured
heparin composite nanocapsules having a diameter of about 3G,y 5 dgynamic light scattering instrument (ZetaPlus, Brookhaven
nm at the body temperature were produced. Terminal two |nstrument Co., NY) equipped with a H&\e laser at a wavelength
hydroxyl groups of Pluronic F-127 were activated with amine of 632 nm at 99 detection angle. The concentration of nanocapsules
reactive groups. The activated Pluronic F-127 was dissolved in was 10 mg/mL and the temperature was varied from 7 tC45he

a methylene chloride phase, which was emulsified under measurement was carried out in triplicate. .

sonication conditions in an aqueous phase containing heparin Critical Micelle Temperature of Pluronic/Heparin Nano-

that had primary amine residues as impurities. The resultantc@psules.The critical micelle temperature was measured by a
Pluronic/heparin nanocapsules were characterized with anfluorescence probe technique using pyrene as a fluorescence probe,

. P o . as described previouskj.Pyrene dissolved in acetone was added
emphasis on thermal sensitivity and reversibility. Morphological to deionized water to make a concentration of &.20-6 M and

characters were studied by using Transmissjon electron microscopy, .atone was subsequently removed under reduced pressure for 3 h
and small angle neutron scattering techniques below and above,; room temperature. The final concentration of pyrene was adjusted

the phase transition temperature. at6.0x 10-7 M. The concentration of nanocapsules was 10 mg/mL
and the temperature was varied from 7 t6@5A combined mixture
Experimental Section of the pyrene solution and the nanocapsule solution was equilibrated

at each temperature for 30 min in a dark room. Fluorescence spectra
were monitored using a spectrofluorophotometer (Shimadzu, RF-
5301PC, Kyoto, Japan) at an excitation and an emission wavelength
of 339 and 390 nm, respectively.

Transmission Electron Microscopy (TEM) and Atomic Force
Microscopy (AFM). For obtaining TEM images, 0.2% (w/v)
nanocapsule solution was preequilibrated at@®r 37°C and one
drop of the solution was dried on a Formiaarbon support grid
with 300 mesh for 2 min. To improve images, nanocapsule specimen
was stained for 1 min with one drop of 2% (w/v) uranyl acetate
solution. Negatively stained samples were analyzed using a Zeiss
Omega 912 TEM (Carl Zeiss, Oberkochen, Germany) electron

Materials. Pluronic F-127 was obtained from BASF Corporation
(Parsipanny, NJ) and used without additional purification. Its average
molecular weight provided by the manufacturer is 12 600. Partially
De-N-sulfated heparin sodium (fractionated,, = 6000) was
obtained from Celsus laboratories, Inc. (Cincinnati, OH), which has
20% free amino group per repeating unit measured by fluorescamine
assay?! Pyrene,p-nitrophenyl chloroformate (p-NPC) were from
Sigma-Aldrich Corporation (ST. Louis, MO). All other chemical
reagents were of analytical grade.

Preparation of Activated Pluronic F-127. A total of 2 g of
Pluronic F-127 were completely dried in vacuo at®8@overnight

and dissolved in 6 mL of anhy(_:irous benzene. The solution was microscopy. For AFM image, the sample equilibrated atGTvas
slowly added to a stirred solution of 6 mL anhydrous benzene 4 qrieq on a clean mica surface and its image was obtained with
containing p-NPC (192 mg, 0.95 mmol) in a dropwise manner. The 3 50, 50,,m scanner of PSIA XE 100 AFM system (Santa Clara,

reaction was carried out f& h atroom temperature with gentle i 3 noncontact mode. The scanned images were collected from
stirring under nitrogen atmosphere. The activated Pluronic F-127 a0.7x 0.7um area

was precipitated three times in ice-cold diethyl ether and dried under Small-Angle Neutron Scattering (SANS)To characterize the

vacuum. To determine the activation extent of Pluronic F-127 with ', 5 ohgjogical structure of Pluronic/heparin nanocapsules, small
p-NPC, a known amount of activated Pluronic F-127 was treated 5 q1e neytron scattering (SANS) measurements were performed on
with 0.2 N NaOH at 22°C for 2 h. The concentration of g SANS instrument at High-flux Advanced Neutron Application
p-nitrophenoxide released in the aqueous phasiel was quantifiedgector Center, Korea Atomic Energy Research Institute in Daejeon,
spectrophotometrically at 410 nm € 1.7 x 10° M~em ™). Republic of Korea. Neutrons of wavelength= 6.38 A with a

Synthesis of Pluronic/Heparin Nanocapsule®luronic/heparin wavelength spread af4/. = 10% were incident on samples held
nanocapsules were synthesized using an emulsification/solvent, 5 quartz cell. Scattering intensities were measured using a
evaporation method with modificatio#&ethylene chloride solution 2-dimensional He-3 detector positioned2am away from samples
(200 uL) containing activated Pluronic F-127 (60 mg) was added 4nq offset by 5 cm to give an overajlrange of 0.016 AL < g <
dropwise to an agueous solution (2 mL, pH 9) of heparin (30 mg). .28 A-whereq = (47/2) sin(9/2) is the magnitude of the scattering
The mixture solution was sonicated for 3 min in a Branson sonifier \acior andd is the scattering angle. Scattering from samples was
450 (20kHz, output contret 2.5). The oil-in-water emulsion solution  ¢orected for background and empty cell scattering. The corrected
was quickly transferred to a rotary evaporator and residual methyleneqsia sets were placed on an absolute scale and circularly averaged
chloride was removed at 3C€ until the solution became clear. After using standard samples.
neutralizing by hydrochloric acid, the solution was dialyzed by a ~ gaNS Data Analysis The SANS intensity(q) from particles in
Spectra/Por dialysis membrane with the Mw cutoff 50,000 against gg|ution can be calculated as
water at pH 4.0.

Heparin Amount Assay of Pluronic/Heparin Nanocapsules. _ 2
The amount of heparinincorporated in Pluronic/heparin nanocapsules 1@ = (Ap) nP(@Sa) + b ()
was dete_rmined by toluidine blue colorimetric assay with'modifica- where Ap is the contrast of the scattering length density (SLD)
tion 22 Briefly, a known amount of sample was dissolvedin 0.2 mL  peyeen the particles and solventis the number density of the
of water, which was mixed with 2.5 mL of 0.005% (w/v) toluidine o ticles P(q) is the intraparticle interference called form factor,
blue solution in 0.01 N HCl and 0.2% (w/v) NaCl and vigorously - g js the interparticle interference called structure factor, kaisd
stirred for 30 s. To this heparin/toluidine blue complex was added {ne resjdual incoherent scattering. In this study, model fitting was
5 mL of hexane, and the solution was vortexed for 5 min. This yertormed on dilute samples where interparticle interference is
mixture was centrifuged at 1000 rpm for 3 min, and the hexane ,qqigible gq) ~ 1). Then, the scattering function can be simplified

phase was discharged to remove the heparin/toluidine blue complex.. ¢

(20) kabanov, A. vV NN 095 2. 365. _ 2
(21) Chung, L. A juiiaaiesn 1997, 248, 195. I(a) = (Ap)nP(q) + b 2)
(22) Smith, P. K.; Mallia, A. K.; Hermanson, G. fiiiaiiiaaiain1 980 109 . )

466. In this study, two different models for the form factor, a hard sphere
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Figure 1. Schematic diagram of Pluronic/heparin nanocapsules.

model and a spherical corshell model, have been tested to analyze phase concurrently cross-linked out-fluxing Pluronic copolymers
the scattering intensities from the nanocapsule solutions. The hard-at the interface. Since the cross-linking reaction would occur
sphere model which describes the form factor of a dense sphericalpredominantly at the surface of initially formed emulsion droplets,

particle with a sharp interface is giver?a® it was likely that the resultant nanoparticles had a Pluronic/
3(sin @R — qRsin @R)]? heparin cross-linked shell structure on the surface and an aqueous
P(g) = [ 3 3) fluid-filled hollow cavity in the interior. As shown in Figure 1,
(aR the structure of nanoscale reservoir capsules is different from
) ) ) those of previously reported nanogels that are homogeneously
whereRis the radius of the sphere. The spherical ealeell model cross-linked in the polymer matr#&:16 The Pluronic/heparin

> o
for the form factor is given &5 nanocapsules contained 29.2% (w/v) heparin in the structure on

V(0. — p)3(AR) N 3V (p, — psolu)‘ll(q&)]z @ a dry weight basis as determined by toluidine blue assay.

aR aR
whereV, andVs are the volume of core and shd®, andR; are the

radii of core and shellp., ps, and psoi, are the SLDs of core, shell
and solvent, respectively, adgX) is the first-order spherical Bessel

Pluronic/heparin nanocapsules exhibited an LCST behavior
with increasing temperature, as shown in Figure 2A. They showed
a sharp volume transition behavior over a temperature range of
25~33°C. Their average diameter was 33%:72.4 nm at 25
°C but was drastically reduced to 3241.9 nm at 37C. About

(Ap)’P(q) = ’

function Jy(x) = (sin X — X COSX)/x2. a 10-fold decrease in diameter indicates that the volume was
reduced about 1000 times. The greatly collapsed volume of
Results and Discussion nanocapsules over the LCST region was attributed to the self-

A schematic illustration of Pluronic/heparin nanocapsules was @ssociation of Pluronic copolymers with increasing the temper-

depicted in Figure 1. Organic (methylene chloride) phase emulsion@ture- In the structure of nanocapsules, both of the two terminal
droplets containing high concentration (30% wiv) of p-NPC 9roups in the activated Pluronic copolymer were reacted with
activated Pluronic F-127 were ultrasonically dispersed in an heparin molecules inter- and intramolecularly for cross-linking.
aqueous phase containing fractionated heparin. The fractionatedOWeVer, it was also possible that only one terminal group in
De-N-sulfated heparin has about 2.2 primary amine groups in th€ activated Pluronic copolymer was conjugated to a heparin
the backbone structure as an impurity, as determined by molecule, resulting in the formation of a freely mobile Pluronic
fluorescamine assay. The amount of primary amine groups in copolymer grafted h_eparin structure. Thus, _it is reasonable to
heparin is sufficient enough to cross-link activated Pluronic Postulate thatcross-linked and grafted Pluronic copolymers were
copolymers. The amine reactive p-NPC groups at the Pluronic Self-aggregated with increasing the temperature via hydrophobic
copolymer ends were conjugated to the primary amine groupsinteraction between PPO middle blocks in the tri-block Pluronic
in heparin, thereby cross-linking Pluronic tri-block copolymers, €OPolymer structure. Itis well-known that Pluronic copolymers
vice versa. Since heparin was not soluble in the methylene chiorideSelf-associate in aqueous solution to form spherical mic&i#s.
droplet phase, the cross-linking reaction primarily took place at PPO middle blocks hydrophabically interacted to form an inner

the interface between oil and water phases, where heparin and°re; While two PEO side blocks surround’it. Likewise,
activated Pluronic met together. As methylene chloride in the Pluronic/heparin nanocapsules were collapsed and shrunken with

emulsion droplets was gradually extracted into the aqueous phasd&€r€asing the temperature above’Zdue to the micellization
and evaporated in the air, the size of organic emulsion droplets ©f grafted and cross-linked Pluronic copolymers. Figure 2B shows

was slowly decreased. Atthe same time, p-NPC activated Pluronicthe critical micelle temperature (CMT) of Pluronic/heparin
copolymers in the organic phase would continuously diffuse out "anocapsules, as determined by using pyrene as a fluorescent

into the aqueous phase, whereas heparin present in the aqueod%r?be- The CMT value, as determined from the. first inflecti.on
point, was about 24C. The excitation fluorescent intensity ratio

(23) Jeong, J. H.; Byun, Y. R.; Park, T. | N NN 2003 determined at 339 and 334 nm changed over the temperature
14,1

, L. ) range from 24 to 30C. The change of fluorescent intensity ratio
(24) Pedersen, J. NG | 007, 70, 171. fil " tched with that of effective di "
(25) Small angle scattering of X-ray§uinier, A.; Fournet, G., Eds.; John profie was exactly matched wi at or errective diameters

Wiley and Sons: New York, 1955. over the same temperature range. This directly reveals that the
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dimensior?® To ensure that the reversible swelling/deswelling
behavior was indeed caused by covalently linked Pluronic
copolymers, Pluronic/heparin nanocapsules were freeze-dried
and extracted with methylene chloride to thoroughly remove
unconjugated Pluronic fraction. There was no difference in
reversible swelling/deswelling behavior after the extraction,
suggesting that the thermo-sensitive property was due to the
cooperative formation of a single Pluronic micelle from each
Pluronic/heparin nanocapsule.

Figure 4 shows transmission electron microscopy (TEM)
picture of nanocapsules taken after preequilibrating at 15 and 37
°C. The average sizes of nanocapsules at 15 antC3®ere
325.6+ 39.8 and 48.3: 10.8 nm, respectively, which are well
corroborated with the results shown in Figure 3. The TEM pictures
Temp (°C) in Figure 4A show clear evidence that the Pluronic/heparin

Intensity ratio (ly5¢/154,)

. - . . nanocapsules have a nanoreservoir structure below the LCST.
Figure 2. (A) Size change of Pluronic/heparin nanocapsules b

measured by DLS over a temperature range 6f43°C, and (B) They exhibit an aqueous fluid-filled hollow interi(_)r with a
the critical micelle temperature determined from the relative Surrounding shell layer. The shell structure was likely to be
fluorescence intensity ratids4dlsss) of pyrene in the excitation composed of a Pluronic grafted or cross-linked heparin network.
spectra. The inserted figure is fluorescence spectra as a function ofAbove the LCST, the reservoir-type nanocapsule structure was
temperature. collapsed and became a void-free matrix-type nanoparticular
structure (Figure 4B) From the TEM results, it is evident that,
thermal collapse of Pluronic/heparin nanocapsules was causedvith increasing temperature above the LCST, grafted or cross-
by self-association of free mobile grafted or cross-linked Pluronic linked Pluronic copolymers were locally interacted in the vicinity
copolymers abundantly present inside of the nanocapsules in aof the shell layer, and they further self-associated to form a
cooperative manner. Thus, the observed deswelling behavior ofspherical micellar structure by pulling the soft and malleable
nanocapsules above the LCST can be attributed to the collapsecross-linked heparin shell layer around it. An atomic force
of a fragile and soft nanocapsule structure by inward hydrophobic microscopic image as shown in Figure 4C also reveals the
interaction of Pluronic copolymers pendant onto the Pluronic/ formation of hard nanospheres above the LCST.
heparin shell layer. The formation of a spherical Pluronic micellar ~ To further probe the morphological structure of collapsed
structure within the interior might drive the shrinkage of Pluronic/heparin nanocapsules above the critical temperature,
nanocapsules. The average size of collapsed nanocapsules i®ANS measurement was performed for a 1% (w/v) Pluronic/
aqueous solution was around 30 nm, similar to that of a single heparin nanocapsule solution at®7, above the LCST. For this
Pluronic micelle? This indirectly implies that the collapsed ~Measurement, fO was used as a solvent to enhance the contrast
micelles might contain a single Pluronic copolymer micelle inside. Of scattering length density between the solvent and the
Figure 3 shows reversible swelling and deswelling of Pluronic/ N&nocapsules. The scattering length densities,0f, PEO, and
heparin nanocapsules when thermally cycled between 25 and 37°PO are 6.48< 10%, 0.547 x 10°, and 0.325x 10" cm 2,
°C. It can be seen that the Pluronic/heparin nanocapsules exhibif ©SPECtively. Figure 5 shows the SANS intensity and modelfittings

similar values of effective diameter at each temperature evenUSing @ spherical coreshell model or a hard sphere model,

after several thermal cycles, suggesting that they maintained_reSpeCtively' In these model fittings, the structure factor was not

structural integrity during the repeated swelkingpllapse 'rggtlé?]i%' toTtEZ osbagﬁgjals Acfli.lfsgfe”n;}[ic:eieév:aﬁﬁgna% v(\;ell

processes. The kinetic rates of swelling and deswelling processes : the eqtzage,

in response to thermal stimuli were very fast on the order of whereas the hard sphere model failed. The radius of the core and
. . he thickness of the shell obtained from the spherical-eshell

msec because the Pluronic/heparin nanocapsules had a nanoscatle P

dimension. It is known that swelling/deswelling kinetics of the (26) Tanaka, T.; Sato, E.; Hirokawa, Y.; Hirotsu, S.; Peeterma gk

hydrogel volume transition are highly dependent on the their Lett. 1985 55, 2455.
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Figure 5. SANS results for 1% Pluronic/heparin nanocapsules
solution in DO at 37 °C. The SANS data were fitted to the
monodisperse spherical cershell model or to the monodisperse
hard sphere model.

antitumor effectin a tumor-bearing animal model study. It should
be also mentioned that similar Pluronic based nanocapsules can
be readily fabricated by using other multifunctionalized water
soluble synthetic and natural polymers instead of using heparin.
It can be surmised that such Pluronic-based nanocapsules can
encapsulate various bioactive agents in the hollow reservoir and
they can release them in a temperature-responsive manner.
Although there have been many studies on thermally triggered
drug release using temperature-sensitive hydra§éftemper-
ature-sensitive nanocapsules with temperature triggered “on/
off” drug release characters have never been reported to our
knowledge. We are now investigating the thermally modulated
drug release with the Pluronic/heparin nanocapsules, and the

o =
o 200 400 00

o results will be reported soon.
Figure 4. Size change of Pluronic/heparin nanocapsules below/
above a critical temperature (A) TEM image at 45, (B) TEM Conclusions

image at 37°C, and (C) AFM image at 37C. . . .
mag © mag In this study, novel Pluronic/heparin nanocapsules were

successfully synthesized, and they exhibit thermo-responsive
LCST properties. They exhibited a very sharp volume transition
over a temperature range of-233°C and a reversible swelling
and deswelling behavior when the temperature was cycled
between 20 and 37C. The reversible volume transition of
Pluronic nanocapsules in response to temperature was caused by
micellization and demicellization of grafted and cross-linked
Pluronic polymer chains pendant on the nanocapsule structure.
The TEM analysis showed that the Pluronic/heparin nanocapsules
had a hollow interior structure with a surrounding shell layer
elow the critical temperature. The SANS result indicated that
luronic/heparin nanocapsules have a eaieell structure above
the critical temperature. Pluronic/heparin hanocapsules can be
potentially utilized to a wide range of targeted drug delivery
applications for anti-cancer agents, proteins, peptides, genes,
and imaging agents.

model fitting were 5.1% 0.03 and 6.36= 0.03 nm, respectively.
This result clearly indicates that the collapsed Pluronic/heparin
nanocapsules were spherical cesbell matrix-type particles
which consisted of a hydrophobic PPO core surrounded by a
hydrated PEO/heparin shell. The overall diameter (23(.08

nm) of the nanocapsules measured by SANS are slightly smaller
than those values observed from DLS and TEM analysis. This
discrepancy was due to the different techniques including different
assumptions and conditions for size determination, but the
observed values were reasonably close.

The Pluronic/heparin nanocapsules are expected to have man
interesting applications in the field of drug delivery. The primary
reason for selecting heparin as a Pluronic cross-linking material
in this study was because heparin is recently known to induce
apoptosis for a variety of cancer celfsThus, it is conceivable
that the Pluronic/heparin nanocapsules would exhibit antitumor

effects if they were administered in the body. Enhanced Acknowledgment. This study was supported by the Grant
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