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Abstract

pH-Sensitive nanoparticles of poly(vinyl sulfadimethoxine) (PSDM )-deoxycholic acid (DOCA) conjugates were pre-
pared by dialysis at pH 9.0. The average size and the critical aggregation concentration (CAC) of the nanoparticles were
340 nm and 2.5 x 107! g/1, respectively. The CAC decreased with decreasing pH as a result of the increase in the hydro-
phobic nature of the PSDM. Nanoparticle aggregation was observed at pHs ranging from 6.6 to 7.2. The photophysical
characteristics of the nanoparticles were examined using a fluorescence probe technique. The microviscosity in the nano-
particle core was measured by 1,6-diphenyl-1,3,5-hexatriene (DPH). The microviscosity changed significantly with decreas-
ing pH from 8.0 to 6.8, indicating a decrease in the rigidity of the inner cores. One interesting feature was that the
microviscosity increased sharply at pHs below 6.8. This suggests that in this pH range most of the PSDM became deion-
ized, which caused the reconstitution of new hydrophobic domains inside the nanoparticles.
© 2006 Published by Elsevier Ltd.
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1. Introduction

Self-assembled nanoparticles from hydrophobized
water-soluble polymers have attracted increasing
attention on account of their potential biomedical
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and pharmaceutical applications [1-3]. Nanoparti-
cles exhibit various structural and rheological
features in aqueous solutions depending on the pres-
ence of water-soluble polymer, conjugated hydro-
phobic moiety or groups [4-6]. The formation of
self-assembled nanoparticles is interpreted by a free
energy-minimized structure, which shares a common
feature of assembly with polymeric micelles. How-
ever, nanoparticles and polymeric micelles have a dif-
ferent interior structure. The interior of the polymeric
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nanoparticles consists of dispersed multiple hydro-
phobic island domains inside a hydrophilic sea
domain due to the random association of hydropho-
bic moieties conjugated to the water-soluble macro-
molecules, while polymeric micelle have a single
inner core of hydrophobic segments with a hydro-
philic shell [6,7]. Nanoparticles with a moiety switch-
ing its hydrophilicity as a result of external stimuli is
expected to show stimuli-responsive properties [8,9].
These properties may lead to the accumulation of
nanoparticles at a disease site and a change in the
drug release behavior.

It has been reported that most solid tumors and
inflammatory regions in the body have a lower
extracellular pH (<7.2) than the surrounding tissues
and blood (pH 7.4) [10,11]. Various pH-sensitive
amphiphilic materials have been synthesized to pre-
pare pH-sensitive polymeric nanoparticles, and their
pH-dependent assembling behavior has been exten-
sively studied [12-14]. However, there are few sys-
tems that are responsive to small fluctuations in
pH under physiological conditions.

This paper reports new pH-sensitive nanoparti-
cles consisting of deoxycholic acid (DOCA), as a
hydrophobic moiety, and poly(vinyl sulfadimethox-
ine) (PSDM), as a pH-sensitive segment. The pH-
sensitivity and interior structural feature of these
polymeric nanoparticles were examined using fluo-
rescence techniques, dynamic light scattering and a
zeta potentiometer.

2. Experimental
2.1. Materials and equipment

Sulfadimethoxine [4-amino-N-(2,6-dimethoxy-4-
pyrimidynyl)benzenesulfonamide] (SDM) (Sigma),
methacryloyl chloride (Sigma), deoxycholic acid
(DOCA) (Sigma), N-hydroxysuccinimide (NHS)
(Aldrich), dicyclohexyl carbodiimide (DCC) (TCI),
4-(dimethylamino)pyridine (DMAP) (TCI), pyrene
(Aldrich), 1,6-diphenyl-1,3,5-hexatriene (DPH)
(Aldrich) were used as received without further
purification. 2-2’-Azobis(isobutyronitrile) (AIBN),
dimethylsulfoxide (DMSO), methylene chloride
(MC), and tetrahydrofuran (THF) were obtained
from Junsei Chemical (Japan).

The 'H spectra were obtained using a Bruker AC
250 spectrometer at 250 MHz. The FT-IR spectra
were recorded on a Perkin—Elmer Spectrum 2000
Explorer FT-IR spectrometer.

2.2. Synthesis of PSDM-DOCA conjugates

Amine terminated semitelechelic PSDM was pre-
pared via free-radical solution polymerization of
methacryloyl SDM in DMSO in the presence of
AIBN as an initiator (Scheme 1(a)). 2-Aminoethane-
thiol was added as a chain transfer agent. The
details of the synthesis and characterization of the
methacryloyl SDM and PSDM are reported else-
where [15,16]. The activated succinimide ester of
DOCA was first prepared in order to conjugate
the PSDM and DOCA. DCC (2.62 g, 12.7 mmol)
and DMAP (0.078 g, 0.64 mmol) were added to a
stirred THF solution (110 ml) containing DOCA
(5g, 12.7mmol) and NHS (1.46g, 12.7 mmol).
The reaction mixture was stirred at room tempera-
ture for 24 h under nitrogen (Scheme 1(b)). After fil-
tering the dicyclohexylurea, the DOCA-NHS was
obtained by column chromatography and dried at
40 °C under vacuum. The PSDM-DOCA conjugate
was prepared by reacting DOCA-NHS with amine
terminated PSDM (Scheme 1(c)). The synthetic pro-
cedure of the conjugate, PSDM-DOCA is as fol-
lows. A THF solution of the amine terminated
PSDM (Mn: 2.1x10% (1.26g, 0.6mmol) and
DOCA-NHS (0.88 g, 1.8 mmol) was stirred under
reflux for 12h in a nitrogen atmosphere. The
PSDM-DOCA conjugate was isolated by column
chromatography and was precipitate twice in
diethyl ether.

2.3. Sample preparation

The conjugate was self-assembled into nanoparti-
cles using a dialysis method (molecular cutoff of
dialysis tubing: 1000). The conjugate (50 mg) was
dissolved in 20 ml of DMSO. The solution was dia-
lyzed against a borate buffer (NaOH, Na,B,0;: pH
9.0) at room temperature. The dialysaltes were
exchanged at 2, 6, 12, and 24 h after beginning dial-
ysis. The solution was filtered through a 0.45 pum fil-
ter (Millipore) to remove the precipitated materials.

2.4. Particle size measurement

The average particle size distribution of the
resulting nanoparticles was determined using
dynamic light scattering (DLS, Malvern Instru-
ments Series 4700, UK). The DLS experiment was
performed using an argon ion laser system at a
wavelength of 488 nm. The scattering angle was
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Scheme 1. Synthesis schemes of methacryloyl SDM (a), PSDM (b), DOCA-NHS (c), and PSDM-DOCA conjugate (d).

varied from 30° to 150° and the temperature was
kept constant at 25 °C. The sample concentration
was maintained at 1.0 g/L.

2.5. Measurement of fluorescence spectroscopy

A stock solution of pyrene (6.0 x 107> M) was
prepared in acetone and stored at 5°C. The

steady-state fluorescence spectra were obtained by
diluting the pyrene solution with distilled water to
a pyrene concentration of 12.0 x 10”7 M. The solu-
tion was then distilled under vacuum at 60 °C for
1 h to remove the acetone. The acetone-free pyrene
solution was then mixed with the nanoparticle sus-
pensions, which ranged in concentration from
1x107° to 2.0 g/l. The final pyrene concentration
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in the samples was 6.0 x 10”7 M, which is almost its
solubility limit in water at 25 °C. The fluorescence
intensity was measured using a fluorescence meter
(RF-5301 PC BROC, Shimadzu, Japan).

2.6. Zeta potential measurement

The average zeta potential of the nanoparticles
was determined at different pH using a zeta potenti-
ometer (Zetasizer 3000, Malvern Instruments). The
electrophoretic mobility of the nanoparticles was
observed by applying an electric field of 150 V.
The zeta potential was determined by varying the
pH at a fixed particle concentration of 1.0 g/1.

2.7. Measurement of anisotropy value

The steady state fluorescence anisotropy values
of DPH (2.1 x 107®M) in the nanoparticles were
determined in the L-format geometry of detection.
The excitation and emission wavelengths were
360 nm and 430 nm, respectively. The anisotropy
value (r) was calculated using the following
relationship:

(Ivy = Iyy) — G(Iyu — Iyy) 0
(Fvw = oy) +2G(Ivn = 1)

where I is the contribution of scattered light from a
sample solution without DPH, G(=Iyu/lyn) is the
instrumental correction factor, and Iyvv, Ivg, Igv,
and Iyy are the resulting emission intensities polar-
ized in the vertical or the horizontal planes (second
sub-index) when excited with vertically or horizon-
tally polarized light (first sub-index), respectively.

=

3. Results and discussion

The PSDM-DOCA conjugate was synthesized
by amine terminated semitelechelic PSDM and
DOCA-NHS, which is an activated ester of DOCA.
The formation of an amide linkage between the
PSDM and DOCA was confirmed by the amide
band in the FT-IR spectrum at 1627 cm™!
(Fig. 1(a)). The molecular weight was determined
from the '"H NMR spectrum. Fig. 1(b) shows the
"H NMR spectrum of PSDM-DOCA showing the
characteristic resonance peaks. The number-average
molecular weight (M,,) of the PSDM-DOCA conju-
gate was determined by comparing the integration
ratio of the portions in the DOCA part at 0.65—
2.30 ppm and the methoxyl group in the PSDM at
3.8 ppm. The M, of PSDM-DOCA was 2.48 x 10°.

The critical aggregation concentration (CAC) of
the PSDM-DOCA conjugate was determined
using a fluorescence assay, which was based on
the changes in the photophysics of pyrene that
was added to the nanoparticle solution in minute
amounts as a hydrophobic probe. This probe prefer-
ably partitions in a hydrophobic microenvironment.
It undergoes changes in its photophysical properties
as a result of the change in the micropolarity it expe-
riences after diffusing from bulk water into the
hydrophobic domains of the nanoparticle. The
CAC value was estimated by monitoring the change
in the ratio of the pyrene excitation spectra intensi-
ties at 2 = 333 nm (/333 for pyrene in water) and A =
336 nm (/336 for pyrene in the hydrophobic medium
within the nanoparticle). Fig. 2 shows the concen-
tration dependence of the ratio Is3¢//333 at two dif-
ferent medium pH values. At low concentration
ranges, the change in intensity ratios was negligible.
The intensity ratios increase markedly with increas-
ing concentration, which reflects the partition of
pyrene into the hydrophobic domains of the nano-
particles. Hence, the CAC was determined from
the crossover point at the low concentration range.
The CACs of the PSDM-DOCA conjugate at pH
9.0 and pH 7.4 were 0.25 and 0.1 g/1, respectively.
The CACs of the conjugate were much higher than
those of other amphiphilic block copolymers. How-
ever, the values were <1.0 g/l for DOCA in water.
Qualitatively it is well known that contributions
from the size of the hydrophobic part and the size
of the hydrophilic part of the amphiphilic molecules
influence the CAC. The two contributions are coun-
teracting, with a low CAC for a large hydrophobic
part and a high CAC for a larger hydrophilic part.
Therefore, the formation of nanoparticles of the
PSDM-DOCA conjugate at lower concentrations
indicates that the size of the hydrophobic part of
the PSDM-DOCA conjugate is larger than that of
DOCA. The CAC was reduced by decreasing the
pH in the medium from 9.0 to 7.4. Because the
CAC values are lowered with increasing hydropho-
bic moieties, the reduction of CAC confirms the
existence of additional hydrophobic groups induced
by PSDM deionization. This suggests that the sec-
ondary amine of the sulfonamide groups is well-ion-
ized at pH 9.0, which contributes to the inter or
intramolecular electrostatic repulsions. On the other
hand, deionized PSDM segments encourage hydro-
phobic interactions at pH 7.4.

In order to further examine the pH sensitivity of
the nanoparticles, the aggregation behavior of the
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Fig. 1. FT-IR spectrum (a) and '"H NMR spectrum (b) of the PSDM-DOCA conjugate.

PSDM-DOCA conjugate was investigated by mea-
suring the particle size at various pHs. SDM is a
group that influences the particle surface charge
by altering the level of ionization/deionization at
pHs ranging from 7.2 to 6.5. Therefore, at pH 9.0,
the outer surface of the nanoparticles was presumed
to be composed of ionized SDM groups. However,
the deionization of SDM can lead to the pH-sensi-
tive aggregation of the PSDM-DOCA nanoparti-
cles because unionized SDM is known to be

hydrophobic. Fig. 3 shows a dramatic change in
the particle size with decreasing pH. At a high pH,
the ionization of the SDM groups on the surface
causes charge—charge repulsion between the nano-
particles. This can explain why the particle size
was unaffected above pH 7.0. However, the particle
size increased considerably from 320 nm at pH 7.2
to approximately 2000 nm at pH 6.7. This change
in size with a change in the pH of 0.5 units was
attributed to the aggregation of nanoparticles as a
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Fig. 2. Plot of I33¢/I333 (from pyrene excitation spectra) versus
log C for PSDM-DOCA conjugate at 25 °C. (@) pH =7.4, (A)
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Fig. 3. Change in the particle size of the PSDM-DOCA
nanoparticles as a function of pH.

result of the hydrophobic interaction due to the dei-
onization of SDM groups on the surface. It should
be noted that the transition of the particle size
occurred at a relatively high pH even though the
pK, of the secondary amine of the SDM monomer
is 6.1. This can be explained by the fact that when
a monomer with ionizable groups is polymerized
or attached to a polymer, the pK, of the ionized
groups usually shifts to a higher pH. This is because
the intervening water molecules cannot provide an
adequate degree of hydration for stabilizing the
charged form when the hydrophobic and chargeable
groups are in close proximity.

The surface charge of the nanoparticles was mea-
sured using a zeta-potentiometer in order to observe
the charge density and distribution of the ionized
groups on the surface as a function of pH. Fig. 4

shows the effect of pH on the zeta potential of the
nanoparticles. The zeta potentials changed from
—54 mV to —30 mV with decreasing pH from 9.0
to 7.2. The zeta potential values suggest that at
higher pH, the fully ionized PSDM chain segment
may be entirely prolonged over the water phase
resulting in the formation of a broader outer shell,
while at lower pH, the nanoparticles may have a rel-
atively narrow shell as a result of the hydrophobic
interactions between the deionized PSDM and
DOCA parts. The results showed no change in the
zeta potential between pH 7.2 and 6.6. The constant
value of the zeta potential may appear contradictory
because the degree of PSDM ionization should
decrease with decreasing pH. However, such a trend
can be explained by considering the aggregation
behavior of the nanoparticles. As mentioned previ-
ously, aggregation of the PSDM-DOCA nanoparti-
cles occurred below pH 7.2. This aggregation
changed the hydrodynamic volume of the nanopar-
ticles, which might result in an increase in the num-
ber of the ionizable SDM moieties in a single
aggregate particle. This means that enlarged aggre-
gates can provide additional ionized groups to cover
the outer surface of the nanoparticles even though
the degree of ionization of a single PSDM segment
decreased. The increasing number of SDM moieties
in a single nanoparticle due to aggregation compen-
sated for the decreasing number of ionized groups in
a single PSDM segment. Therefore, the charge den-
sity of the nanoparticles surface remained constant
over a certain pH range. At lower pH, the zeta
potential decreased again due to further deioniza-
tion of the SDM moieties. This suggests that in
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Fig. 4. Change in the zeta potential of the PSDM-DOCA
nanoparticles as a function of pH.
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the range of pH 6.6-5.5, the deionization process
has a larger influence on the change in the surface
charge density than the aggregation process.

In order to investigate the structural change in
the nanoparticles, the microviscosity of hydropho-
bic domains were estimated by measuring the
steady-state fluorescence anisotropy originating
from the depolarization of the DPH fluorescence.
The anisotropy increases with increasing microvis-
cosity because the rotational diffusion of DPH is
increasingly hindered. Fig. 5 shows the change in
the anisotropy, r, as a function of pH. There is little
difference in anisotropy at pH ranging from 9.0 to
8.0. This suggests that the stability of the hydropho-
bic domains was not unaffected by the change in pH
in this range. However, the r value decreased signif-
icantly from 0.183 to 0.105 at pH 8.0 to pH 6.7,
respectively. The reduced r value suggests a decrease
in rigidity of the hydrophobic domains. This might
be due to the expansion of the hydrophobic
domains on account of the disruption of the hydro-
phobic interactions. A disruption of the hydrophilic
interactions can occur as a result of the incorpora-
tion of deionized SDM moieties into the pre-existing
cores. With decreasing pH, the deionized SDM
should be further incorporated into the hydropho-
bic domains, which mainly consisted of DOCA.
The incorporation of the SDM moieties might dis-
turb the hydrophobic interaction between the
DOCA units, resulting in a decrease in the microvis-
cosity of the hydrophobic domains. Another inter-
esting feature is that the r value sharply increased
at pH 6.5. This suggests that most PSDM became
deionized in this pH range and caused the reconsti-
tution of new hydrophobic domains within the
nanoparticles.
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Fig. 5. Change in the anisotropy of DPH as a function of pH.

4. Conclusion

This study examined the pH-sensitivity and pH-
dependent structural change of the nanoparticles
of PSDM-DOCA conjugate. The results showed
that at pH 9, the PSDM-DOCA conjugate formed
self-assembled nanoparticles with an average size
of 340 nm and a CAC of 2.5x 107! g/I. Below pH
7.2, the deionization of the PSDM segments signif-
icantly lowered the charge—charge repulsion, leading
to nanoparticle aggregation. Since extracellular
tumor pH is slightly lower than that of normal tis-
sue, this pH-sensitive property of the nanoparticles
may provide a more effective anti-cancer drug car-
rier with improved passive accumulation. The
increase in the total number of SDM moieties in a
single particle could compensate for the decrease
in the number of ionized groups in a single PSDM
segment, resulting in a constant surface charge den-
sity over a certain pH range. The incorporation of
deionized SDM moieties into the hydrophobic
domains disturbed the hydrophobic interaction,
resulting in the formation of a less condensed core
structure. At a lower pH, the core composition
might be significantly altered as a result of the large
amount of the deionized SDM moieties incorpo-
rated in the hydrophobic domains. It was quite
likely that such a change in composition caused
the reconstitution of hydrophobic domains within
the nanoparticles.
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