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Purpose. To investigate some physicochemical properties of self-
assembled hydrogel nanoparticles of pullulan acetate (PA) and sul-
fonamide conjugates, as a potential tumor targeting drug carrier re-
sponsive to tumor extracellular pH.

Methods. A new class of pH-responsive polymers was synthesized by
conjugating a sulfonamide, sulfadimethoxine (SDM), to succinylated
pullulan acetate (coohPA). The polymers formed self-assembled PA/
SDM hydrogel nanoparticles in aqueous media, which was confirmed
by fluorometry and field emission-scanning electron microscopy. The
pH-dependent behavior of the nanoparticles was examined by mea-
suring transmittance, particle size and zeta potential. Adriamycin
(ADR) was tested for loading into and release from the nanoparticles
at various pHs.

Results. The mean diameters of all PA/SDM nanoparticles tested
were <70 nm, with a unimodal size distribution. The critical aggrega-
tion concentrations at pH 9.0 were as low as 3.16 pg/mL. The nano-
particles showed good stability at pH 7.4, but shrank and aggregated
below pH 7.0. The ADR release rate from the PA/SDM nanopar-
ticles was pH-dependent around physiological pH and significantly
enhanced below a pH of 6.8.

Conclusions. The pH-responsive PA/SDM nanoparticles may pro-
vide some advantages for targeted anti-cancer drug delivery due to
the particle aggregation and enhanced drug release rates at tumor
pH.

KEY WORDS: sulfonamide; pullulan acetate; self-assembled hydro-
gel nanoparticles; anti-cancer drug delivery; adriamycin; tumor pH.

INTRODUCTION

Most cytostatic agents are not as effective in cancer che-
motherapy as anticipated because of nonspecific toxicity,
lacking tumor selectivity, and development of multidrug re-
sistance in various tumor cells. The passive accumulation of
various colloidal nanocarriers with optimum sizes, such as
liposomes and polymeric nanoparticles or micelles, in solid
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tumor sites by a process termed “enhanced permeation and
retention (EPR),” has prompted an extensive investigation of
these systems for effective anti-cancer drug delivery (1-3). In
addition, a more efficient delivery mode of anti-cancer drug,
which switches from a slow-release rate in the systemic cir-
culation to a fast-release at the tumor site, is anticipated (2).

Polymeric nanoparticles constructed from stimuli-
sensitive polymers have been proposed as new anti-cancer
drug carriers. Such polymeric nanoparticles alter their physi-
cal properties, such as swelling/deswelling, particle disruption
and/or aggregation, in response to the changes in environ-
mental condition. These features may alter the interactions of
the nanoparticles with cells and switches the carriers system
from slow to fast drug release. There have been recent reports
for the possibility of developing thermo-sensitive polymeric
nanoparticles for the double-targeting of anticancer drugs to
tumors, i.e., passive accumulation/aggregation and the en-
hanced release of loaded drugs by an externally provided
hyperthermic condition (4-6).

One of the consistent differences between various solid
tumors and the surrounding normal tissue is the nutritional
and metabolic environment. The vasculature of tumors is of-
ten insufficient to supply enough oxygen and nutritional
needs for the expanding population of tumor cells. The pro-
duction of lactic acid under hypoxic conditions and the hy-
drolysis of ATP in an energy-deficient environment contrib-
ute to an acidic micro-environment, which has been found in
many types of tumors. Most solid tumors have lower extra-
celluar pH (pH.) (<7.2) than the surrounding tissues and
blood (pH 7.5) (7.8).

It has been proposed that pH-induced anticancer drug
release from pH-sensitive liposomes based on carboxylic
group, stable at neutral pH but leaky under mildly acidic
condition (pH 4.5-6.0) (9-10), could be a new mode of cancer
treatments. However due to the lack of responsive property
to the range of tumor acidity (pH 6.5-7.2), these carriers limit
their utility as tumor targeting. Leroux et al. discussed that the
pH. rarely declines below pH 6.5 and thus makes it techni-
cally difficult to engineer liposomes that become disrupted in
such a narrow window of pH (11). More recently, pH-
sensitive nanocarriers have been more justified as cytosolic
drug delivery carriers, instead of targeting to tumor pH,, via
endocytosis mechanism to improve drug bioavailability be-
cause endosomes and lysosomes are more acidified by pro-
ton-translocating ATPase to an average pH of approximately
5.0 (12-15). Thus it is necessary to develop a nanocarriers
which are truly responsive to tumor pH, for direct tumor
targeting.

To acquire the appropriate pH-sensitivity, self-
assembled hydrogel nanoparticles were prepared by introduc-
ing sulfadimethoxine (SDM, pKa; 6.1) into pullulan acetate
(PA) (Fig. 1). Pullulan, is a linear polysaccharide with an
a-(1-6)-linked maltotriosyl repeating unit, and is now com-
mercially available. A number of pullulan derivatives have
been prepared to investigate their potential applications in
pharmaceutical and biomedical fields (16,17). SDM is a mem-
ber of the sulfonamide family and has been used as an anti-
bacterial agent (18). Sulfonamide is a weak acid because the
hydrogen atom of sulfonamide nitrogen can be readily ion-
ized to liberate a proton in solution. Our previous paper
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Fig. 1. Chemical structure of pullulan acetate (PA)/sulfadimethoxine (SDM) conjugate.

reported that copolymers synthesized from a monomeric de-
rivative of sulfamethazine and N,N-dimethylacrylamide
showed reversible solubility around physiological pHs (19).
In this paper, we report some physicochemical properties
of PA/SDM nanoparticles in terms of particle size, critical
aggregation concentration (CAC) and stability in aqueous
media. We also examined the aggregation behavior of PA/
SDM nanoparticles as a function of pH and the release ki-
netics of a model drug, adriamycin, to explore the possibility
of the new polymeric system as an anti-cancer drug carrier.

MATERIALS AND METHODS

Materials

Pullulan (Mw 200,000) was obtained from Hayashibara,
Japan. Acetic anhydride, succinic anhydride, sulfadimethox-
ine [4-amino-N-(2,6-dimethoxy-4-pyrimidynyl)benzenesul-
fonamide] (SDM), dicyclohexyl carbodiimide (DCC), N-
hydroxysuccinimide (HOSU), and 4-dimethylaminopyridine
(DMAP) were purchased from Sigma, St. Louis, Missouri.
Adriamycin (ADR) was kindly supplied by Boryung Pharm.
Co. Ltd. (Ansan, Korea). All other chemicals used were of
reagent grade.

Pullulan Acetylation

To impart the amphiphilicity, pullulan was chemically
modified by acetylation. Pullulan (2 g) was suspended in 20
mL of formamide and dissolved by vigorous stirring at 50°C.
Pyridine (60 mL) and acetic anhydride (150 mL) were added
and the mixture was stirred at 54°C for 48 h. Pullulan acetate
(PA) was obtained by precipitation from 200 mL of water.
The synthesized PA was identified using FT-IR and NMR
spectrophotometers. The NMR result gave the degree of
acetylation, 1.17 acetyl groups per glucose unit of pullulan.

Synthesis of PA/SDM Conjugate

To conjugate PA and SDM, PA was first succinylated
using succinic anhydride. PA (5.0 g) was dissolved in 200 mL
of 1,4-dioxane purified by vacuum distillation. Succinic anhy-
dride (2.2 g) and 4-dimethylaminopyridine (DMAP; 2.0 g)
and triethyl amine (1.8 g) as catalysts were added. The reac-
tion mixture was stirred for 24 h at room temperature. This

procedure was carried out in a nitrogen atmosphere. After
reaction, 1,4-dioxane was removed using a rotary evaporator
and the product was dissolved in 300 mL of carbon tetrachlo-
ride to remove unreacted succinic anhydride. The solution
was filtered, and the filtrate concentrated to 100-150 mL us-
ing the rotar evaporator and precipitated in cold diethyl ether
(4°C). The degree of succinylation was 0.54 carboxyl groups
per glucose unit of PA, as determined by "H-NMR and gel
permeation chromatography (GPC).

SDM was coupled to the succinylated PA (coohPA) via
amide linkage using a dicyclohexyl carbodiimide (DCC) and
N-hydroxylsuccinimide (HOSU)-mediated reaction. Differ-
ent amounts of SDM (300, 700 mg), DCC (250, 500 mg) and
HOSU (150, 350 mg) were added to 40 mL of dry DMSO
containing 1 g of coohPA and reacted for 24 h at room tem-
perature. Precipitated dicyclohexylurea (DCU) was removed
by filtration. After 24 h, the reactant mixtures were filtered
and dialyzed using a dialysis tube (molecular cutoff 12,000)
against distilled water for 3 days. The samples were then ly-
ophilized. The lyophilized product was purified by dissolution
in DMSO and re-dialyzing against distilled water; this process
was repeated three times. The PA/SDM conjugates obtained
were characterized by IR (Perkin-Elmer 2000 series IR, KBr
pellet), 'H-NMR (JEOL JNM-LA 300 WB FT-NMR) and
GPC [Waters LC system coupled to a Waters 410 Differential
Refrectometer using Styragel™ HR Series column at a flow
rate of 1 mL/min. Eluent; tetrahydrofuran (THF)]. In the
NMR measurement, all samples were dissolved in DMSO-dg
(Aldrich) and tetramethylsilane (TMS; Aldrich) was used as a
reference. The degree of substitution (DS), was defined as the
number of SDM groups per anhydroglucose unit of the pul-
lulan acetate, and was determined by 'H-NMR. The DS of
two PA/SDMs produced were 0.17 (PA/SDM 1) and 0.39
(PA/SDM 2), respectively.

Preparation of Self-Assembled Nanoparticles from PA
and PA/SDM

The polymers were self-assembled into hydrogel nano-
particles using a diafiltration method (molecule cut-off of di-
alysis tubing: 2000). Amphiphiles (50 mg) were dissolved in 20
mL of DMSO. Each polymer solution was dialyzed against
borate buffer (NaOH, Na,B,O-; pH 9.0) at room temperature
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for two days. The solution was filtered through a 0.45 pm
filter to remove precipitated materials.

Particle Size Measurement

The particle size of the resulting nanoparticles was de-
termined by dynamic light scattering (DLS, Malvern Instru-
ments Ltd. Series 4700, Malvern, United Kingdom). The DLS
experiment was performed with an argon ion laser system
tuned at a wavelength of 488 nm. Each sample was filtered
through a 0.45-pm filter directly into a precleaned 10 mm
diameter cylindrical cell. Intensity autocorrelation was mea-
sured at a scattering angle (8) of 90 degree at 25°C. The
sample concentration was maintained at 1.0 mg/mL.

Measurement of Fluorescence Spectroscopy (Pyrene)

A stock solution of pyrene (6.0 x 1072 M) was prepared
in acetone and stored at 5°C. To obtain the steady-state fluo-
rescence spectra, the pyrene solution was diluted with dis-
tilled water to a pyrene concentration of 12.0 x 10~ M. The
solution was then distilled under vacuum at 60°C for 1 h to
remove the acetone. The acetone-free pyrene solution was
then mixed with nanoparticle suspensions, of which concen-
tration ranged from 1 x 107 to 1.0 mg/mL. The final concen-
tration of pyrene in each sample was 6.0 x 1077 M.

Light Transmittance of Nanoparticle Solution

The optical transmittance of the nanoparticle solution (1
g/L) at various pHs was measured at 500 nm using Varian
CARY 1E UV/Vis spectrometer. The pH was gradually low-
ered by adding 0.01 N HCI solution, and the relative trans-
mittances (%) at differing pH were expressed relative to the
transmittance at pH 9.0 (100%).

Zeta Potential Measurement of the PA/SDM Nanoparticles

The average zeta potential of the nanoparticles was de-
termined as a function of pH using a zeta potentiometer
(Zetasizer 3000, Malvern Instruments Ltd, Malvern, United
Kingdom). An electric field of 150 V was applied to observe
the electrophoretic mobility of the nanoparticles. The zeta
potential was determined by varying the pH at a fixed particle
concentration of 1 g/L.
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Morphological Observations of the PA/SDM Nanoparticles

The morphologies of the nanoparticles were observed
under a FE-SEM (S-4700, Hitachi, Ibaraki, Japan). A drop of
the hydrogel nanoparticles in water was placed on a graphite
surface and coated with Pt by sputtering, for 4 min at 20 mA.

ADR Loading and Release

ADR-HCI (20 mg) and 1.3 equivalents of triethylamine
were reacted in N,N-dimethyl acetamide (DMAc) (3ml) to
form ADR basic adduct. The pullulan derivative (50 mg,
coohPA or PA/SDM) was added to the ADR solution and the
mixture was stirred overnight at 4°C in a dark condition. The
polymer/ADR solution was transferred into a dialysis tubing
(Spectra /Por molecular weight cut-off size 15,000) and then
dialyzed against borate buffer solution for three days at 25°C.
The buffer was exchanged with a fresh solution every 3 h for
the first 24 h, and then daily. The solution was filtered
through a 0.45-pm filter to remove precipitated polymer and
drug, and freeze-dried to obtain ADR loaded hydrogel nano-
particles. To determine drug-loading content, a freeze-dried
sample was placed in DMAc, vigorously stirred for 2 h and
then sonicated for 3 min. The resulting solution was centri-
fuged at 20,000 g for 30 min and the supernatant was analyzed
using a UV spectrophotometer at 490 nm.

The release rate measurement in vitro was carried out as
follows: 2 mL of drug-loaded PA/SDM nanoparticles solution
(1 g/L in a dialysis tube) was placed in 10 mL of phosphate
buffered saline (PBS) at various pHs (6.0, 6.8, 7.4, and 8.0).
The release medium was stirred at 100 rpm and 37°C. At
predetermined sampling times, the whole medium was re-
moved and replaced by fresh PBS to maintain a sink condi-
tions. The amount of ADR in the solution was determined by
UV-spectroscopy at 490 nm.

RESULTS AND DISCUSSION

Physicochemical Properties of PA/SDM Nanoparticles

PA/SDM polymers with two different degrees of SDM
substitution (DS = 0.17 and 0.39) were synthesized. Self-
assembled nanoparticles were then prepared by the diafiltra-
tion method, which prevented the uncontrolled rapid precipi-
tation of the polymer during the self-assembly process. The
size and size distribution of the nanoparticles were measured
by DLS. The results revealed that the size of the nanoparticles
prepared from all polymers except PA was less than 70 nm,

Table 1. Properties and Drug Loading Efficiency of Self-Assembled Hydrogel Nanoparticles in Aqueous Media (pH 9.0)

Particle size” CAC® x 10° ADR loading efficiency
Sample DS + SD (nm) (mg/mL) + SD (%)
PA 1.17*! 118 £ 55 1.07 28 +5.5
CoohPA 0.4432 51+24 8.55 18+£5.6
PA/SDM 1 0.17%3 56 +22 5.04 24+2.4
PA/SDM 2 0.39%3 61 +29 3.16 25+32

a-land 2 Deoree of substitution of acetyl and carboxymethyl groups per anhydroglucose unit of pullulan. **Degree of substitution of SDM per

anhydroglucose unit of pullulan, (using NMR and GPC).

> Mean diameter (intensity average) measured by dynamic light scattering.

¢ Critical aggregation concentration determined from I53,/155, data.

4 Drug loading efficiency was calculated as loaded drug weight/initial drug weight x 100.
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Fig. 2. Size changes of PA/SDM 2 nanoparticles as functions of nano-
particle concentration (a) and time (b) at pH 7.4 (1 g/L).

which is equivalent to those of viruses or lipoproteins and
smaller than the critical size (about 100 nm) required for the
recognition by reticuloendothelial systems (RES) (20) (Table
I). The self-assembling process of a PA/SDM polymer in
aqueous media was monitored by pyrene study. At low con-
centrations of PA/SDM 1, the change in total fluorescence
intensity and the shift of the (0,0) band at 334 nm are negli-
gible. As the PA/SDM 1 concentration was increased, how-
ever, an increase in the total fluorescence intensity and a red
shift of the (0,0) band were observed, indicating that pyrene is
transferred from the aqueous media to the less polar micro-
domains (interior) of the nanoparticles. The (0,0) band for
pyrene at 334 nm shifts to 337 nm on adding PA/SDM 1 (data
not shown). The critical aggregation concentration (CAC),
which is the threshold concentration of the polymer required
to form self-assembled nanoparticles by intra- and/or inter-
molecular association, was determined from the change in the

Na and Bae

intensity ratio (I55,/I55,) of the pyrene in presence of the poly-
mer. The CACs of self-assembled nanoparticles at pH 9.0 are
listed in Table I. The determined CACs were lower than the
typical critical micelle concentration (CMC) of low-
molecular-weight surfactants, such as sodium dodecyl sulfate
and deoxycholic acid in water. The lower CAC values of PA
derivatives may be one of the important characteristics of the
polymeric amphiphiles examined in this study; suggests mi-
celle stability in a dilute condition.

To investigate the stability of PA/SDM nanoparticles
formed at pH 9.0, we measured the particle size as function of
the nanoparticle concentration and time at pH 7.4. Fig. 2(a)
shows that the size of PA/SDM 2 nanoparticles at pH 7.4 was
unaffected by decreasing nanoparticle concentration. More-
over, the mean particle diameter remained almost unchanged
on diluting to 0.03 g/L. This result suggests negligible inter-
particle interactions and the high stability of self-assembled
nanoparticles. Fig. 2(b) shows the change of PA/SDM 2 nano-
particles over time at a fixed nanoparticle concentration of
1g/L. The nanoparticles maintained their initial state of
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Fig. 3. Changes in turbidity (a) and particle size (b) of self-assembled
hydrogel nanoparticles on decreasing pH. PA (@), coohPA (M), PA/
SDM 1 (O) and 2 (OJ) nanoparticles.
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colloidal suspension at pH 7.4 without any precipitation for at
least 10 days.

pH-Dependent Aggregation of PA/SDM Nanoparticles

The aggregation behavior of the hydrogel nanoparticles
in solution was studied by turbidity change [Fig. 3(a)] and
particle size measurements [Fig. 3(b)] at various pHs. On
decreasing the pH from 7.2 to 6.0, no turbidity change was
observed for PA and coohPA, however, a significant change
was observed for PA/SDM nanoparticles [Fig. 3(a)]. The
transmittance of PA/SDM 2 nanoparticle solution drastically
decreased from 100 at pH 7.2 to 38 at pH 6.7, indicating that
turbidity transition occurred in 0.5 pH units. This change in
turbidity was attributed to the aggregation of nanoparticles by
hydrophobic interaction due to the deionization of surface
located SDM. When PA/SDM hydrogel nanoparticles were
prepared at pH 9.0, the outer shell was presumed to be com-
posed of hydroxyl, carboxyl and SDM groups. Of these func-
tional groups, SDM is the only group that can influence the
particle surface charge by altering ionization/deionization in
the pH range of 7.2 to 6.5. Moreover, the deionization of
SDM could lead to pH-sensitive aggregation of the PA/SDM
hydrogel nanoparticles because the SDM is characterized as
hydrophobic in nature when unionized. A considerable
change in turbidity and the slight shift of transition point to a
higher pH at a higher content of SDM were also observed,
and attributed to the increased hydrophobicity of the nano-
particles and the reduced charge-charge repulsion between
particles caused by the reduced number of remaining car-
boxyl groups.

The aggregation behavior of PA/SDM nanoparticles can
be demonstrated directly by measuring the particle size as a
function of pH. The PA/SDM nanoparticles significantly as-
sociated on decreasing the solution pH from 7.2 to 6.0 as
shown in Fig. 3(b). While the particle sizes of PA/SDM 1 and
2 were maintained below 70 nm above pH 7.4, however, the
particle size grew to 450 and 1123 nm at pH 6.8, respectively.
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This result suggests that the PA/SDM nanoparticles may ac-
cumulate at tumor sites due to the synergic effect of aggre-
gation behavior at tumor pH and the EPR effect.

As stated earlier, the aggregation of PA/SDM hydrogel
nanoparticles is due to the deionization of ionizable groups on
the surface. To observe the charge density and distribution of
ionizable groups on the surface as a function of pH, the sur-
face charge of the PA/SDM nanoparticles was measured us-
ing a zeta-potentiometer. The effect of pH on the zeta poten-
tial of the nanoparticles is shown in Fig. 4. It was found that
the absolute value of zeta potentials of the PA/SDM 1 and 2
nanoparticles decreased below pH 7.4. In particular, the ab-
solute value of zeta potential of PA/SDM 2 hydrogel nano-
particles decreased sharply from —48 mV to -8 mV on de-
creasing the pH from 7.4 to 6.0. However, in the case of
PA/SDM 1 the magnitude of the change over the same pH
range was lower than that of PA/SDM 2. It was noted that the
surface properties of the PA/SDM 2 nanoparticles are influ-
enced more by SDM than those of the PA/SDM 1 nanopar-
ticles, because of the higher degree of substitution, and thus,
is less influenced by the properties of the carboxyl group.
Thus, the reduction of surface charge, that is, the formation of
hydrophobic domains on the surface of the nanoparticles,

1 5.0kY 13.0mm
o

£a° : _.lo" .

2 5.0kV 12.9mm x50.0k SE(M)

1.00 um

Fig. 5. Field-emission scanning electron microscopic (FE-SEM) pho-
tographs of PA/SDM 2 self-assembled hydrogel nanoparticles (scale
bar = 1 pm) at pH 9.0 (a) and 6.4 (b).
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caused by deionized SDM, leads to the aggregation by hydro-
phobic interaction of nanoparticles below pH 7.0.

On the other hand, ionized SDM groups on the surfaces
of the nanoparticles surface cause repulsion between nano-
particles, which results in their improved stability observed
above pH 7.4. This data also shows that although the pKa of
the secondary amine in the SDM monomer is 6.1, that the
transition pH is higher. This is explained by the fact that when
monomers with ionizable groups are copolymerized or at-
tached to a polymer, the pKa of ionizable groups usually shifts
toward a higher pH range (21). This is because intervening
water molecules cannot adequately provide the degree of hy-
dration required to stabilize the charged form when the hy-
drophobic and chargeable groups are in close proximity.

Morphologies of PA/SDM Nanoparticles at Different pHs

The pH-sensitive behaviors of PA/SDM hydrogel nano-
particles were observed as morphology changes by FE-SEM.
Each PA/SDM 2 nanoparticle size at pH 9.0 had well defined
spherical particle of 50-90 nm and was well dispersed [Fig.
5(a)], which is in accord with the DLS results. However, at pH
6.4 each PA/SDM 2 nanoparticle size reduced to 20-30 nm
and aggregated, while keeping a spherical shape [Fig. 5(b)].
This result indicates that at pH 6.4, this nanoparticle is com-
pacted due to dehydration of the swollen shell.

pH-Induced Interior Structural Changes of
PA/SDM Nanoparticles

To study the effect of pH on the structure of the PA/
SDM nanoparticle interior, we monitored the micropolarity
of pyrene (5). A nanoparticle solution (0.5 mL, pH 9.0) at a
concentration of 1.0 mg/mL equilibrated with pyrene (6 x
1077 moles) at 60°C for 12 h was diluted with 9.5 mL of PBS
(ionic strength = 0.15 with varying pH).

Above pH 7.4, the total fluorescence intensity remained

Na and Bae

100

80 |

60 t

40

60 |

IS
o

N
[w]

Q

100

Total released ADR (wt%)

»
o

N
o

20 |

0¥
100

80 |

60 |

40 |

20 |

0€» - : -
0 20 40 60 80
Time (h)
Fig. 7. ADR release kinetics from PA (a), coohPA (b), PA/SDM 1

(c) and PA/SDM 2 (d) self-assembled hydrogel nanoparticles loaded
around physiological pH. pH 8.0 (@), 7.4 (O), 6.8 (¥) and 6.4 (V).



Polymeric Nanoparticles Responsive to Tumor Extracellular pH

unchanged and the (0,0) band appeared at 337 nm, however,
the band intensity sharply decreased from pH 7.2 on decreas-
ing pH and was shifted to 335 nm below pH 6.8, demonstrat-
ing that the pyrene molecules in nanoparticles were exposed
to a more polar environment as the pH decreased (data not
shown). To quantify the polarity around the pyrene molecules
remained in nanoparticles, the pH effect on the intensity ratio
(I537/1535, lower ratios indicate a more polar environment), of
coohPA, PA/SDM 1 and 2 were measured and shown in Fig.
6. The coohPA nanoparticles did not show any change in
micropolarity around pyrene over the tested pH range. In
contrast, pyrene molecules in PA/SDM nanoparticles experi-
enced a sharp increase in polarity at pH 6.8 and 6.4, while
above pH 7.2 no further change in polarity was observed. In
particular, at pH 7.2 the micropolarity of pyrene in PA/SDM
nanoparticles was slightly lower than that at pH 7.4. This
implies that on decreasing the pH from 7.4 to 7.2, the pyrene
molecules in nanoparticles are associated with more hydro-
phobic groups in the interior of the nanoparticles.
Therefore, we assumed that the deionized SDM in the
nanoparticles below pH 7.4 form new hydrophobic domains,
which perturb the internal structure of the nanoparticles and
lead to conformational changes and to the dehydration of the
PA/SDM nanoparticles. Despite this microenvironmental
change, the overall shape of the nanoparticles, although
shrunken, remained spherical, as is shown in Fig. 5(b).

ADR Loading and Release

We selected ADR as a model because it has a broad
spectrum of activity in human tumors, but is limited in use due
to its non-selective toxicity. All hydrogel nanoparticles tested
were successfully loaded with ADR, which indicated that
ADR was physically incorporated and stabilized in the hy-
drophobic domains of the nanoparticles.

Figure 7 shows the kinetics of drug release from hydrogel
nanoparticles loaded with ADR at various pHs (8.0, 7.4, 6.8,
and 6.0). Although the ADR release patterns from PA and
coohPA nanoparticles show a slight pH dependency; i.e., the
amount of ADR released increased with decreasing medium
pH, this may be the result of the pH-dependent solubility of
ADR (a weak base, pKb = 8.22). However, at pH 6.8, the
amounts of ADR released from both PA/SDM 1 (56%) and
PA/SDM 2 (60%) nanoparticles in 24 h were drastically in-
creased compared to that at pH 7.4 (33%).

In general, the release rate of a drug incorporated in a
hydrophobic domain depends on the solubility and diffusivity
of the drug. However, in the case of polymeric nanoparticles
prepared from stimuli-sensitive amphiphilic polymers, the
drug release rate can be rapidly altered by deformation of the
inner core caused by external stimulation (5). Therefore, pH-
accelerated ADR release from PA/SDM nanoparticles may
be consistent with pH-induced structural change. The deion-
ized SDM inner particle at a pH below 7.2 may form new
hydrophobic interactions. This interaction may lead to inte-
rior-structural deformation and the dehydration of the PA/
SDM nanoparticles, and result in conformational change,
such as particle shrinkage. Furthermore, the aggregation of
deionized SDM on the surface of PA/SDM nanoparticles may
accelerate nanoparticle structural deformation, again influ-
encing the drug release rate.
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CONCLUSIONS

This study was undertaken to investigate hydrogel nano-
particles self-assembled from pullulan acetate-
sulfadimethoxine conjugates (PA/SDM), which have poten-
tial use as an anti-cancer drug delivery system responsive to
tumor extracellular pH. Nanoparticles formed at pH 9.0 by
the diafiltration method were smaller than 70 nm in size and
had a unimodal size distribution, indicating an optimum size
for passive tumor targeting. The nanoparticles were proven to
be stable on dilution and over 10 days at a fixed concentration
of 1 g/L at pH 7.4 and room temperature. However, the par-
ticles shrank and aggregated at pH below 7.2 because of the
deionizion of SDM. Moreover, the lower pH enhanced the
release rate of the loaded adriamycin. Further optimization of
the properties of these nanoparticles, and study of their in-
teractions with tumor cells, may provide a more effective anti-
cancer drug carrier with improved passive accumulation, and
enhanced drug release at tumor pH..
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