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This article reports on the self-assembly behavior of a negatively charged hyaluronan (HA) and an
oppositely charged styrylpyridinium species (specifically SbQ) in aqueous solution. Turbidity and Zeta
potential measurements were utilized to explore the formation of complex micelles. These nano-sized
micellar aggregates have a core-shell structure composed of a hydrophobic inner core containing aggre-
gated SbQ molecules and a hydrophilic HA shell layer. UV spectra and DLS experiments confirmed that
the micelles are photo-crosslinkable. A dimerization reaction of the SbQ molecules induced by UV light
irradiation led to the crosslinking of the inner core, resulting in a decrease in the size of the micelles.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Hyaluronan (also named hyaluronate, hyaluronic acid or
HA) is a naturally occurring polysaccharide originally extracted
from bovine vitreous humour, rooster combs or umbilical cords
(Rinaudo, 2008), and now has been successfully produced on a
large scale by streptococcus bacteria in high purity and good yield
(Gao, Du, & Chen, 2006; Ogrodowski, Hokka, & Santana, 2005).
It consists of repeating (3-(1 — 4)-p-glucuronic acid B-(1 — 3)-N-
acetyl-p-glucosamine disaccharide units (Chytil & Pekar, 2009;
Cowman & Matsuoka, 2005) (Fig. 1a). Since it is a biopolymer,
much current interest focuses on its applications in biomedicine
and pharmaceutics (Lee, Lee, & Park, 2008; Lee, Ahn, & Park, 2009;
Pitarresi, Pierro, Palumbo, Tripodo, & Giammona, 2006; Vazquez
et al., 2009).

In this work, we focus, in part, on the anionic polyelectrolyte
character of HA, allowing it to form electrostatic complexes with
cationic compounds. Not surprisingly, many studies are dedicated
to HA complexation with oppositely charged compounds, since
such complexes provide a path to tailor the properties of HA such as
encapsulation capacity, adsorption capacity onto substrate surface
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and stability (Kujawa, Moraille, Sanchez, Badia, & Winnik, 2005;
Szarpak et al., 2010; Thalberg & Lindman, 1989).

Polyelectrolyte-surfactant systems have been studied inten-
sively for decades due to their potentially useful physicochemical
characteristics, and a range of studies are devoted specifically to
the interactions between polyelectrolytes and oppositely charged
surfactants (Antonietti, 1994; Hansson & Almgren, 1994; Hu, Jonas,
Varshney, & Gohy, 2005; Kuntz & Walker, 2007; Leonard & Strey,
2010; Mezei, Mészaros, Varga, & Gilanyi, 2007). Several techniques
are available to study the interactions between polyelectrolytes and
surfactants, such as dynamic and static light scattering (Ren, Gao,
Lu, Liu, & Tong, 2006), turbidity (Karlberg, Piculell, & Huang, 2007),
small-angle neutron scattering (Annaka, Morishita, & Okabe, 2007;
Claesson et al., 2000), surface tension (Kolarié, Jaeger, Hedicke,
& Klitzing, 2003), viscometry (Yang, Chen, & Fang, 2009), etc. It
is usually accepted that the main driving force for association
in polyelectrolyte-surfactant aqueous solution is the hydrophobic
interaction as well as electrostatic attraction (Onesippe & Lagerge,
2008; Ren et al., 2006).

SbQ, similar to usual surfactants, is an amphiphilic sensitizer
of the styrylpyridinium family. Moreover, it can be dimerized via
the [2 +2]-cycloaddition reaction under UV irradiation (Cockburn,
Stephen-Davidson, & Pratt, 1996) (Fig. 1b). According to pre-
vious reports, SbQ has been covalently grafted to the polymer
poly(vinyl alcohol) (PVA) as a pendant group, and the result-
ing photo-crosslinkable polymer PVA-SbQ has found widespread
use in films, photoresists, biosensors, etc. (Chang, Chang, Chou,
Han, & Chen, 2007; Liu, Bolger, Cahill, & McGuinness, 2009; Nam
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Fig. 1. Schematic illustration of micelle formation via self-assembly (a) and photo-dimerization mechanism of SbQ (b).

et al,, 2009; Uhlich, Tomaschewski, & Komber, 1995). In addi-
tion, the physico-chemical behavior of SbQ in aqueous solution
has also been investigated (Crowther & Eagland, 1997). How-
ever, no studies have to our knowledge been published on SbQ
complexation with oppositely charged polyelectrolytes in aqueous
solution.

In this paper, the self-assembly behavior between HA and
SbQ in aqueous solution was investigated. A novel core-shell
type micelle was obtained during the self-assembly pro-
cess (Fig. 1a). This work also provides a new approach
to the functionalization and modification of HA under mild
conditions.

2. Experimental
2.1. Materials

1-Methyl-4-[2-(4-formylphenyl)-ethenyl]-pyridinium-

methosulphate (SbQ) was provided by SHOWA KAKO Co.
Ltd. (Japan). Sodium hyaluronate, with a viscosity average
molecular weight of 22kDa, was purchased from Zhen-
jiang Dongyuan Biology Technology Co. Ltd. (China). The
chemicals were used as received without further purifica-
tion. Deionized water was used for the preparation of all
solutions.

2.2. Preparations

A HA solution was prepared by dissolving sodium hyaluronate
in water, and stirring overnight at room temperature to ensure
complete dispersion. Stock solutions of SbQ with different concen-
trations were prepared by dissolving SbQ in water. The HA solutions
were mixed with a series of SbQ solutions in equal volume, ensuring
the concentration of hyaluronate constant. All the mixtures were
stored in glass bottles wrapped in aluminum foil package prior to
use. The compositions of the mixtures (Z value) are expressed as the
molar ratio of the positively charged SbQ and negatively charged
carboxylate groups of HA, Z=[SbQ]/[COO~]; they are reported for
each experiment described here.

2.3. Measurements

Dynamic light scattering (DLS) measurements were carried out
using an ALV-5000 laser light scattering spectrometer. All the solu-
tion samples were filtered through 0.45pm Millpore filters to
remove dust before the light scattering measurements. DLS mea-
surements were performed at a fixed scattering angle of 90° at
25°C. The apparent hydrodynamic radius R;, was obtained using
the CONTIN program.

¢-Potentials of the micelle solutions were measured by a
Malvern Zetasizer 2000 instrument. The solution samples were
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Fig. 2. (a) Turbidity of the mixtures of SbQ with the HA as a function of the Z value
(the molar ratio between SbQ and carboxylate groups of HA). The mixtures were
obtained by mixing HA solution ([HA]=20 mg/ml) with SbQ solutions (from 0 to
16.7 mg/ml) in equal volume. The final concentration of HA in each mixture was
10 mg/ml. (b) For comparison, blank for pure SbQ without HA is given. The solution
samples were obtained by mixing water (instead of HA solution) with SbQ solutions
(in the same way as in (a)) in equal volume. The inset shows the tyndall light scatter-
ing experiment for three solution samples under the same experimental condition:
HA solution (left), SbQ solution (middle) and HA/SbQ complex solution (Z= 1) (right).

injected into the instrument and the {-potential measurement was
carried out at room temperature.

Transmission electron microscopy (TEM) was performed on a
JEOL JEM-2100 microscope, operating at an acceleration voltage
of 200 kV. The samples were prepared by drop-coating the micelle
solution on the carbon-coated copper grid and drying at room tem-
perature before observation.

For the atomic force microscopy (AFM) observations, 100 .1 of
HA/SbQ micelle solution was placed on a clean mica surface and
then air-dried overnight. The image was obtained with a Benyuan
CSPM 4000 AFM system in the tapping mode with a scanned area
of 5um x 5 wm.

Turbidity was measured at different Z values during mixing of
the HA with SbQ in aqueous solution. The absorbance of the mixture
at 550 nm was measured by TU-1901 UV-vis spectrophotometry.
The turbidity was calculated as turbidity=1— 104, where A is the
UV absorbance of the mixture.

TH NMR spectra were obtained at 25°C with an AVANCE III
400 MHz Digital NMR spectrometer. Using D, 0 as solvent.

To obtain cross-linked particles, the micelle solutions were irra-
diated under a POWER ARC UV 100 Lamp. The cross-linking process
was tracked by TU-1901 UV-vis spectrophotometry.

3. Results and discussion
3.1. Behavior between HA and SbQ in aqueous solution

The self-assembly behavior between HA and SbQ in aqueous
solution was studied using turbidity method. As shown in Fig. 2,
the turbidity of the HA and SbQ mixtures gradually increases with
the increasing of Z value (shown in Fig. 2a), indicating spontaneous
formation of the HA/SbQ complex aggregates. In this case, blank
experiment of a pure SbQ solution was designed for comparing
with HA/SbQ solutions (Fig. 2b). From curve (b), we can exclude the
possibility that turbidity changes are due to the formation of SbQ
micelles. We hypothesize that, at low Z value, the SbQ molecules
interact with the HA chains via electrostatic attraction, whereas at
high Z value, the ordered micellar aggregates were formed owing
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Fig. 3. "H NMR spectra of HA (a), SbQ (b) and HA/SbQ (c) measured in D,0.

to hydrophobic interaction from the hydrophobic groups present
in the SbQ structure.

The inset in Fig. 2 shows a simple Tyndall scattering experiment
for an HA solution, a SbQ solution and an HA/SbQ complex solution
(Z=1), respectively. A strong light scattering signal was observed
in the mixed solution of HA and SbQ, compared with pure HA and
SbQ solutions, confirming that HA chains were aggregated by SbQ
molecules to form the complex micelles.

The interaction between HA and SbQ was further confirmed
from 'H NMR spectra. As shown in Fig. 3, aromatic protons (H;
and Hyp) on the pyridinium moiety of SbQ display upperfield shift.
This shift is due to the increase in electron density of the pyridinium
moiety after binding with HA. Considering the above experimen-
tal evidence, electrostatic coordination of ShQ with HA forms the
complex, where the binding site is carboxylate O and pyridinium
N.

Fig. 4 depicts the dependence of the {-potential of HA/SbQ com-
plex as a function of the Zvalue. It is seen that {-values are negative,
which confirms that the shell moieties of the complex micelles con-
tain —-COO~ groups. The change in the value of the {-potential is
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Fig. 4. ¢-Potential of HA/SbQ complex aggregates as a function of the molar ratio
between SbQ and carboxylate groups of HA (Z value). [HA]=0.5 mg/ml. The zeta
measurement was performed at gradually increasing SbQ concentrations.
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Fig. 5. UV-vis spectra of micellar aqueous solutions of three samples, showing the changes of UV absorption with different irradiation times under irradiation by POWER
ARC UV 100 at a distance of 2 cm away: (a) pure SbQ Z=0, (b) HA/SbQ, Z=1/3, (c) HA/SbQ, Z=1 and (d) decrease of absorption at around 340 nm of all the samples under UV

irradiation. The SbQ concentration for each sample was 0.015 g/I.

probably due to the binding of additional positively charged SbQ
molecules to the HA chains. This change means that some negative
charges from HA were neutralized with the addition of SbQ, while
the rest of the carboxylate groups provided for the net negative
charge of the micelles.

However, there appears to be a limit to the extent of SbQ bind-
ing by the HA chains, as the ¢-potential levels off at an almost
constant value from Z=0.5. This limit is probably imposed by elec-
trostatic repulsion of the headgroups of SbQ in the hydrophobic
cores of the micelle particles (Solomatin et al., 2003). Therefore,
only a part of negative charges are neutralized by SbQ molecules.
Consequently, the excess SbQ molecules only exist in solution in
the form of free molecules and small molecule micelles of pure
SbQ instead of becoming incorporated into the micelle particles.

UV-vis spectroscopy was utilized to trace the photo-cross-
linking process of pure SbQ solution and solutions containing
SbQ bound HA micelles (Fig. 5). When the solution is exposed
to UV light, the absorbance intensity at around 340 nm decrease
continuously with increasing the irradiation time, indicating the
dimerization of SbQ moieties. Furthermore, for sample (b), the max-
imum absorbance peak position blue-shifted to 332 nm, when the
Z value reaches a ratio of three carboxylate groups to one SbQ. This
shift is possibly due to that the conjugation of SbQ styryl structure
is weakened with increasing HA concentration. In order to visualize
the differences in behavior among the three samples, the changes of
the characteristic absorption as a function of the irradiation time of
these samples are depicted in the same figure (Fig. 5d). In contrast
to sample (a) and (c), in sample (b), the HA/SbQ complex solution

obtained forZ=1/3, has the lowest photo-crosslinking reactionrate.
This low crosslinking rate is observed because HA exists in the con-
formation of a random coil, with some SbQ molecules attached
to the HA chains even at low Z value, and it is likely that SbQ
molecules are far from each other, which inhibits the collision
between SbQ molecules (Fig. 6a). However, at high Z value, spheri-
cal micelles with the inner core of SbQ are formed via electrostatic

(a)

at low z value

(b)

at high z value

spherical micelle

Fig. 6. Schematic illustration for the conformation of HA binding with SbQ: (a) coil
at low Z value; (b) spherical micelle at high Z value.
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Fig. 7. (a) Correlation function for HA and HA/SbQ of Cya =0.5 mg/ml (up) and the corresponding distribution of hydrodynamic radius (down). (b) TEM images of HA (up)
and HA/SbQ (Z=1) (down) nanoparticles, respectively. (c) AFM topological 2D image (up) and 3D image (down) of HA/SbQ (Z=1) nanoparticles.

self-assembly (Fig. 6b), and many SbQ molecules are located in the
“sphere” within a short distance from each other. Consequently,
chances of a collision between SbQ molecules are improved and a
high dimerization rate is observed (Fig. 5¢). This is also consistent
with the above results.

3.2. Morphology and size of the HA/SbQ complex micelle (Z=1)

Fig. 7a shows the g!(t) correlation function for the HA solu-
tion and HA/SbQ (Z=1) micelle solution and the corresponding
hydrodynamic radius Ry distribution f(R,). It is seen that the
HA/SbQ complex aggregate has a higher R}, value than the pure
HA aggregate. However, Ren et al. reported that the Ry, values for
the alginate/surfactant aggregates were always lower than that
without surfactant (Ren et al.,, 2006). We hypothesize that, the
benzene ring and pyridine ring in SbQ molecules would take a
volume larger than the alkyl chains present in the usual surfac-
tants. To visualize the HA/SbQ complex micelles, TEM and AFM
images were obtained. TEM image of HA aggregates was also
obtained for the comparison (Fig. 7b). The TEM image shows
tight core-shell type micellar aggregates with an average diam-
eter of around 75 nm. The AFM image also provides evidence for
spherical morphology (Fig. 7c). The spherical morphology of the
micelles probably results from the presence of hydrophobic inter-
actions among the SbQ molecules, and the presence of excess
negative charges on the chain. The hydrophobic species form
the micellar core, while the negative charges provide the stabi-
lization commonly encountered in small molecule SbQ micelles.
The remaining free SbQ molecules form the counter ions in the
solutions.

3.3. Photo-crosslinking of the HA/SbQ complex micelle (Z=1)

As discussed above (Section 3.1, Fig. 5), the HA/SbQ com-
plex micelle can be photo-crosslinked because of the photo-
dimerization of SbQ. To investigate the photo-crosslinking process
more intensively, the size of complex micelle at Z=1 in aqueous

solution after irradiation was monitored by using an ALV-5000/E
dynamic light scattering instrument. As shown in Fig. 8a, the size
of micelle decreased gradually during UV irradiation, and the Ry
value decreased from 124nm (the initial value) to 70nm after
being exposed to UV light for 45min. As commonly reported,
photo-crosslinking induced shrinkage of micelle particles, lead-
ing to the decrease of R;, value (Jiang, Qi, Lepage, & Zhao,
2007; Liu et al., 2010). In our system, HA undergoes degradation
which can also result in the decrease of Ry, value. As a control
experiment, the R; value of pure HA was measured after dif-
ferent irradiation time and the size of pure HA decrease from
90nm to 71nm (Fig. 8b), a much smaller change compared to
that of HA/SbQ micelles. Therefore, the decrease of the size of
HA/SbQ micelles should be mainly attributed to the crosslinking of
micelles.

110+ (@)

! (b)

60 —
0

- r T T

10 20 30 40 50
Irradiation time(min)
Fig. 8. R, values of HA (a) and HA/SbQ (b) aggregates (Z=1) upon irradiation at

365 nm detected by using an ALV-5000/E dynamic light scattering instrument at a
HA concentration of 0.5 mg/ml.
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4. Conclusions

In this study, a novel photo-crosslinkable micelle based
on negatively charged hyaluronan (HA) and positively charged
styrylpyridinium (SbQ) was obtained via an electrostatic self-
assembly technique. The self-assembly behavior in aqueous
solution was investigated. The strong association between HA and
SbQ is driven by electrostatic attraction as well as the hydropho-
bic interactions between SbQ molecules. During the self-assembly
process, core-shell type nano-sized micellar aggregates were
observed, as characterized by TEM, AFM and DLS. UV spectra and
DLS analysis confirmed that the micelles were photo-crosslinkable
and that the photo-crosslinking of the inner core led to a decrease
in size of the micelle particles. The preparation method of HA/SbQ
complex micelles is simple, convenient and potentially applicable
in cosmetics, photoactive materials, membrane, and biomaterials.
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