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Abstract—Grafting of poly(N-vinylcaprolactam) side chains onto a hydrophilic dextran backbone was found to provide the dextran
with new, thermoresponsive properties in aqueous solutions. Depending on its solution concentration, the resulting dextran deriv-
ative could exhibit a temperature-induced phase-transition and critical transition temperature (7¢). Different anions and cations of
added salts, including five potassium salts and five alkali-metal chlorides, were observed to influence the 7, value of its aqueous
solution. Except for potassium iodide, all added salts were found to lower the 7, value. The addition of the surfactant, cationic
cetyltrimethylammonium bromide or anionic sodium dodecyl sulfate, resulted in an increase of the 7, value. With the help of
the Coomassie Brilliant Blue dye as a polarity probe, the formation of hydrophobic aggregates above the 7, was revealed for this

new dextran derivative in aqueous solution.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Dextran is a water-soluble glucose polymer consisting
predominantly of a linear a-(1—6)-glucosidic linkage
with some degree of branching via a (1—3)-linkage,
which could be produced by bacteria from sucrose or
by chemical synthesis." Due to its biocompatibility
and biodegradability, this polysaccharide and its deriva-
tives have been widely used and investigated for various
biomedical applications, especially their uses for the
delivery of drugs, proteins, enzymes, and imaging
agents.4

In recent years, water-soluble polymers showing a
thermoresponsive property have attracted much atten-
tion due to their potential applications in biomedicine
and biotechnology.’ Once a critical temperature is sur-
passed in such polymer solutions, spontaneous phase
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separation or precipitation of the polymer will take
place. At the molecular level, this phenomenon corre-
sponds to a transition from the well-dissolved coil to
the less-soluble globular state of the macromolecule.®
It is well known that thermally induced phase separa-
tions of such polymer solutions are very attractive
because they require no additives and are usually revers-
ible, especially for a temperature-responsive drug release
system.”® Among various temperature-sensitive poly-
mers reported in the literature, poly(/N-vinylcaprolac-
tam) (PNVCL), which shows a critical transition
temperature (7.) in water around 32 °C, is especially
interesting due to the fact that it is nontoxic, stable,
and biocompatible.’

In the present work, a dextran derivative was pre-
pared for the first time by grafting PNVCL chains onto
a dextran backbone. It is expected that such a chemical
modification could provide a dextran with new, temper-
ature-responsive properties in aqueous solutions.
Described herein are its phase-transition and aggrega-
tion characteristics in aqueous media.
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2. Results and discussion

Figure 1 gives the optical transmittances as a function of
temperature for aqueous solutions of pure dextran and
its derivative with the same concentration of 0.87 g/L.
As shown, the aqueous solution of pure dextran is trans-
parent in the whole temperature range studied due to its
high hydrophilicity, and its optical transmittance was
found to be fully independent of temperature. For the
dextran derivative, however, its aqueous solution
showed a temperature-dependent transmittance change
due to the introduction of thermosensitive PNVCL graft
chains, and the critical transition temperature (7,) value
was determined to be 31.9 °C. Moreover, the solution
concentration of the dextran derivative was found to
influence the optical transmittance and phase-transition
temperature, as shown in Figure 2. For example, the T,
value changed from 31.9 to 35.4 °C when the solution
concentration decreased from 0.87 to 0.10 g/L, and a
dilute concentration of 0.01 g/L is too low to induce
the transmittance change.

For 0.50 g/L aqueous solutions of the dextran deriva-
tive, the effects of various salts and their concentrations
on the 7, were investigated. Figures 3 and 4 demonstrate
how the T, value changes as a function of different salts,
including five potassium salts and five alkali-metal chlo-
rides, and their concentrations. In all cases except for
potassium iodide, the 7, was lowered by the addition
of the salt and was shown to decrease almost linearly
with increasing salt concentration (‘salt out’ effect).
The shift in the phase-transition temperature depends
strongly on the counterions used, and significant differ-
ences were obtained. For the potassium salts investi-
gated, the extent of lowering the 7. was found to be in
the following order: K,SO, > KCIl > KNO; > KBr. For
alkali-metal chlorides studied, the extent of lowering
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Figure 1. The optical transmittances as a function of temperature for
aqueous solutions of pure dextran and its derivative with the same
concentration of 0.87 g/L.
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Figure 2. The influence of the solution concentration of the dextran
derivative on the optical transmittance.
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Figure 3. The changes of 7, value with the concentrations of different
potassium salts (dextran concentration, 0.50 g/L).

the 7. was found to be in the following order:
KCl1> NaCl > BaCl, > CaCl, > LiCl. These results
may be explained by the difference in the salting-out
capacity of these added salts. According to Freitag
et al.,'” the phase separation of the thermoresponsive
polymer solutions stems from two effects. One is the dis-
ruption of hydrogen bonds, which form at lower tem-
perature between groups of the polymer chain and the
water molecules, and the other is a tendency to reduce
the volume of the layer with a deformed water structure
that forms around the more hydrophobic groups of the
polymer units. Therefore, the effects of added salts on
the T, may be considered to result mainly from the influ-
ence of a particular salt on the water structure.

Figure 5 shows the influences of two ionic surfactants,
cationic cetyltrimethylammonium bromide (CTAB) and
anionic sodium dodecyl sulfate (SDS), on the 7, for
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Figure 4. The changes of 7, value with the concentrations of different
alkali-metal chlorides (dextran concentration, 0.50 g/L).
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Figure 5. The effects of added surfactants on the 7. for aqueous
solution of the dextran derivative (dextran derivative, 0.50 g/L).

0.50 g/L aqueous solutions of the dextran derivative. It
was found that the addition of CTAB or SDS resulted
in an increase of the T.. Moreover, the T, increases with
the increase of CTAB or SDS concentration. In con-
trast, cationic CTAB increases the 7. more obviously
than anionic SDS at the same concentration. Similar re-
sults were also observed for other temperature-respon-
sive polymer solutions.!'™'* A possible explanation is
that the presence of ionic surfactants prevent the tem-
perature-induced coil-globule transition and macro-
molecular aggregation.'>!?

The Coomassie Brilliant Blue (CBB) method was used
to investigate the aggregation behavior of the thermo-
sensitive dextran derivative in aqueous solution as a
function of temperature. It is known that CBB is highly
soluble in water and possesses a marked hydrophobic
character due to the presence of six aromatic rings.'*!?

Moreover, its maximum absorption could be shifted
toward higher wavelength when its microenvironment
changes from polar media to apolar media.'*!>

Figure 6 shows the absorption spectra of CBB in the
dextran derivative solution with the concentration of
0.50 g/L under various temperatures. As seen, the max-
imum absorption peak of CBB in the solution of the
dextran derivative is different below and above the T
of the dextran derivative. Below the T, corresponding
to 26.0 and 32.0 °C, the maximum absorption peaks of
CBB appeared at almost the same wavelength of
598 nm. However, the maximum absorption peak of
CBB was shifted toward higher wavelengths (616 nm)
when the temperature was above the T, corresponding
to 37.0, 40.0, or 49.0 °C. Moreover, the absorption
intensity at 616 nm increased with an increase in temper-
ature. These results indicate that the environment of
CBB becomes apolar.

For a comparison study, the absorption spectra of
CBB in water as well as the adsorption spectra of the
dextran derivative solution with the concentration of
0.50 g/L were also measured at 26.0 and 49 °C, as shown
in Figure 7. In the wavelength range studied, there is no
maximum absorption peak for an aqueous solution of
the dextran derivative. In the case of CBB in pure water,
its wavelength of maximum absorption was found to be
588 nm, which is close to the value (584 nm) reported for
the CBB in polar media,'® and shown to be independent
of the temperature investigated. Figure 8 shows the
absorption spectra of CBB in the dextran solution with
the concentration of 0.50 g/L. under various tempera-
tures. As seen, the wavelength corresponding to the
maximum absorption peak of CBB in the dextran solu-
tion is also 588 nm, regardless of the T.. In contrast, the
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Figure 6. The absorption spectra of CBB in the dextran derivative
solution under various temperatures (dextran derivative, 0.50 g/L;
CBB, 0.047 g/L).
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Figure 7. The absorption spectra of CBB in water and aqueous
solution of the dextran derivative at 26.0 and 49 °C (dextran
derivative, 0.50 g/L; CBB, 0.047 g/L).

1.6
1.4 —0—49°C
1 —0—40°C
121 ——375°
1.0 ——32°C
0 0,
e 1 —>—26°C
S 0.8
‘8- 4
g %1 \
04 x%
0.2
0.0

T T T T T T T T T
500 550 600 650 700
Wavelength (nm)

Figure 8. The absorption spectra of CBB in the dextran solution under
various temperatures (dextran, 0.50 g/L; CBB, 0.047 g/L).

maximum absorption of CBB in the dextran derivative
solution appeared at higher wavelength (Fig. 6), demon-
strating that there is a microenvironment polarity that is
different from that of water. In particular, the wave-
length of 616 nm, corresponding to the maximum
absorption of CBB in the dextran derivative solution
above the 7., was found to be very close to the value
(618 nm) reported for the CBB in apolar media.'® These
facts confirmed the formation of hydrophobic aggre-
gates in aqueous solution of the thermoresponsive dex-
tran derivative when the temperature was raised above
the T..

In conclusion, the dextran derivative incorporating
poly(N-vinylcaprolactam) graft chains could exhibit a
temperature-induced phase-transition and critical tran-

sition temperature in aqueous solutions, and its 7, value
may be modulated by changing the concentration of the
derivative solution. The presence of some co-solutes
such as added salts (K,SO,4, KCl, KNO;, KBr, NaCl,
BaCl,, CaCl,, LiCl) and surfactants (CTAB, SDS) af-
fected the temperature-induced phase-transition behav-
ior of this dextran derivative in aqueous media. By
measuring the absorption spectra of CBB as a polarity
probe in the dextran derivative solution as a function
of temperature, the formation of hydrophobic aggre-
gates above the T, was revealed.

3. Materials and methods
3.1. Materials

Dextran was purchased from ACROS, and its molecular
weight was determined to be 6.3 x 10~* g/mol by a static
light-scattering method. The monomer, N-vinylcapro-
lactam (NVCL) was purchased from Aldrich Chemical
Co., and used as received. The free-radical initiator,
2,2'-azodiisobutynitrile (AIBN), was recrystallized from
MeOH three times and dried in vacuum at room temper-
ature. Other reagents and solvents were obtained from
commercial sources and wused without further
purification.

3.2. Chemical modification of dextran

In a three-necked flask equipped with a reflux condenser
and a magnetic stirrer, 0.5 g of the dextran was dissolved
in a mixed solvent system composed of 5 mL of dimethyl
sulfoxide (DMSO) and 5 mL of deionized water. The
flask was purged with nitrogen for 30 min, and the tem-
perature was adjusted to 75 °C with a water bath. Then,
0.005 g of AIBN was added. After stirring for 10 min,
1.0 g of NVCL was added to the flask. The reaction
was continued for 6 h under the nitrogen atmosphere.
The reaction mixture was subsequently precipitated in
90 mL of EtOH and filtered. In order to remove the
homopolymer (PNVCL) of NVCL, the resulting white
precipitate was further dissolved in water, and the purifi-
cation process was repeated twice. The product was then
dried at 50 °C for 12 h. The IR spectra of pure dextran,
PNVCL(homopolymer), and the dextran derivative,
measured on a Nicolet Nexus 670 Fourier-transform
infrared (FTIR) instrument and shown in Figure 9, con-
firmed the existence of the modification reaction. As
seen, the spectrum of the graft copolymer shows not only
the characteristic stretching vibrations of the hydroxyl
groups from the dextran at 3413 and 1016 cm ™", but also
the characteristic absorption bands of the amide I band
(1625cm™") and C-N stretching (1480 cm™') from
PNVCL. Although the spectrum of pure dextran also
has an absorption band at 1625cm™ ', its intensity
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Figure 9. The infrared spectra of dextran (A), PNVCL (B), and the
dextran derivative (C).

is much weaker than that of PNVCL. In addition, the
characteristic absorption bands of C-H stretching
(2857 cm ') and C-H deformational band (1442 cm™ ")
from the dextran derivative demonstrate also the exis-
tence of PNVCL units. Further evidence for the modifi-
cation reaction is from '"H NMR analyses by means of a
Varian Mercury-Plus 300-MHz spectrometer, as illus-
trated in Figure 10. The '"H NMR spectrum (Fig. 10C)
of the dextran derivative shows not only the characteris-
tic resonance peaks at 3.4-3.9 and 4.8 ppm, correspond-
ing to the protons in methylene groups and other five
methine groups of dextran (Fig. 10A), but also the pro-
ton signals at 4.2 ppm (1H, -NCH- of the a position),
3.2 ppm (2H, -NCH>»-), 2.3 ppm (2H, -COCH>-), and
0.9-2.0 ppm (6H, —-CH>— of the caprolactam ring, and
2H, -CH,— of the backbone) for the PNVCL units
(Fig. 10B). From the measurement of the nitrogen
content of the modified dextran by using an Elementar
Elemental Analyzer, the grafting percentage for the
above sample was 71.0%.

3.3. Measurement of optical transmittance

The optical transmittance for the sample solution was
monitored under various conditions as a function of
the temperature at 540 nm by using a Shanghai Instru-
ment Company model 721 spectrophotometer (China).
The temperature of the sample cell was thermostatically
controlled using a circulator system. At each tempera-
ture, the sample solution was allowed to equilibrate
for about 10 min before the measurement. Pure water
was used as a reference. The value of the critical transi-
tion temperature (7.) of the sample solution was deter-
mined as the temperature at which the transmittance is
50% of the value under various conditions.'®!”

Ha, Hd, He, Hf

Chemicalshift (ppm)

Figure 10. The '"H NMR spectra of dextran (A), PNVCL (B), and
dextran derivative (C) in D,O.

3.4. Detection of hydrophobic aggregates

According to the protocol previously described by
Samsonoff et al.'> for the measurement of the critical
micelle concentration of molecular surfactants, the
hydrophobic microdomain in the sample solution was
evidenced with the Coomassie Brilliant Blue (CBB)
dye. About 1.0 g/L aqueous sample solution was diluted
to a set of solutions with different concentrations. To
2.5mL of those solutions, 2.5mL of 0.094 g/ CBB
was added. The mixed solution was homogenized and
incubated for 10 min at a predetermined temperature.
The absorption of CBB in aqueous media was recorded
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between 500 and 700 nm (Shimadzu UV-240 UV-vis
recording spectrophotometer).
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