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ABSTRACT — The hyaluronic acid (HA) conjugate bearing a-cyclodextrin (a-CD) was synthesized as the potential carrier
of poly(ethylene glycol) (PEG)-drug conjugates. The HA conjugate was prepared by the reaction between the carboxylic
acid of HA and the primary amine of a-CD in the presence of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and 1-
hydroxybenzotriazole. The chemical structure of the conjugate was confirmed using '"H NMR and FT-IR spectroscopy. The
conjugate could form nano-sized particles in the presence of PEG by forming the inclusion complexes between a-CD at

the backbone of HA, which was demonstrated using electrophoretic light scattering and field emission transmission electron
microscopy. It is anticipated that this novel kind of nanoparticles can serve as a useful delivery system for PEGylated drugs.
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Cyclodextrins (CDs), composed of D-glucose units linked
through o-(1—4) glycosidic bonds, are water-soluble cyclic
oligosaccharides with truncated cone shapes. They have hydro-
phobic inner cavities and hydrophilic outer surfaces, which
enables them to form inclusion complexes with a variety of
hydrophobic molecules. This unique feature of the CDs has
allowed development of pharmaceutical formulations to
improve physicochemical properties of the hydrophobic drugs
such as solubility, stability, and bioavailability (Charlot et al.,
2006; Szejtli., 1998; Uekama et al., 1998; Loftsson and Brew-
ster., 1996). In addition to hydrophobic small molecules, CDs
are known to form inclusion complexes with various polymers
such as poly(ethylene glycol) (PEG) and poly(propylene gly-
col) (PPG). The guest molecules to form the complexes are
determined by cavity sizes of the CDs (Harada., 1996). For
example, a-CD can form the inclusion complexes with PEG,
whereas 3-CD can form complexes with PPG. The PEG chain
can easily pass through the a-CD cavity, followed by the phys-
ical interaction to form the stable complex. On the other hand,
PPG can form the complex with 3-CD, possessing the cavity
larger than a-CD, because PPG has the bulky methyl group at
the polymeric backbone.

PEG, approved by food and drug administration (FDA) in
USA, has been widely used for various biomedical applica-
tions such as drug delivery and tissue engineering. PEGylation,
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a technology based on the covalent attachment of PEG to ther-
apeutic drugs including proteins, has been demonstrated to
improve pharmacokinetics of the drugs, enhance stability,
increase solubility, reduce immunogenicity, and extend bio-
logical half-lives by reducing renal clearance (Veronese and
Paust., 2005; Duncan., 2003). Hyaluronic acid (HA), consisting
of repeating units of N-acetyl-D-glucosamine and D-glucu-
ronic acid, is a linear polysaccharide found in the extracellular
matrix and synovial fluid of the joint. Owing to its intrinsic
properties such as viscoelasticity, biodegradability, and bio-
compatibility, HA has been extensively used for tissue engi-
neering and drug delivery (Lee et al., 2008; Yadav et al., 2008.,
Laptik et al., 1998). For example, HA can bind to the receptor
CD44, over-expressed in various cancer cells, which allows its
use as the targeting ligand for drug delivery (Gotte and Yip.,
2006; Eliaz and Szoka., 2001; Luo and Prestwich., 1999).
Since HA has the carboxylic acid at its repeating unit, its phys-
icochemical properties can be readily controlled via the chem-
ical conjugation using the functionally reactive compounds.

In this study, the HA conjugate bearing the o.-CD was syn-
thesized as the potential carrier of PEGylated drugs. Since
PEG forms inclusion complexes with o-CD at the backbone of
HA, it is expected that the conjugate can improve stability of
the drug and allow its sustained release from the complexes.
The conjugate was obtained by preparation of the a.-CD pos-
sessing the primary amino group, followed by the coupling
reaction with HA. The chemical structure of the conjugate was
confirmed by '"H NMR and FT-IR spectroscopy. The complex
formation of the conjugate with PEG was demonstrated using
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electrophoretic light scattering and field emission transmission
electron microscopy.

Experimental

Materials

HA (MW =300 K) was obtained from Lifecore Biomedical
(MN, USA). a-CD and 1-hydroxy benzotriazole (HOBt) were
purchased from Fluka (Steinheim, Switzerland) and TCI
(Tokyo, Japan), respectively. 1-Ethyl-3(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC), PEG (MW=10 K), and all
other chemicals were purchased from Sigma-Aldrich (St.
Louis, MO, USA) and used without further purification.

Methods

Synthesis of 6-amino-a-cyclodextrin

6-Amino-o-cyclodextrin was prepared with slight modifi-
cation of the report published previously (Hamasaki et al.,
1993). In brief, o-CD (10 g) and p-toluenesulfonyl chloride
(10 g) were dissolved in pyridine (750 mL) at 5°C. The reac-
tion mixture was stirred for 5 h at room temperature and was
precipitated in acetone, followed by purification in an activated
charcoal column to obtain monotosyl a-CD (2.3 g). The prod-
uct was suspended in distilled water (50 mL) containing
sodium azide (3 g), which was then stirred for 5 h at 80°C. The
resulting mixture was precipitated with acetone and dried for 2
days at room temperature under vacuum to obtain azide-bear-
ing a-CD. Thereafter, it was dissolved in DMF (20 mL) con-
taining triphenyl phosphine (1 g), to which concentrated NH;
(aq) (7 mL) was added. The solution was stirred at room tem-
perature for 4 h, precipitated in acetone, and purified by the ion
exchange chromatography on a Sephadex column eluted with
IN NH; (aq) to obtain 6-amino-a-cyclodextrin (1.4 g).

Synthesis of HA-a-CD Conjugate.

HA (100 mg) was dissolved in distilled water at a con-
centration of 3 mg/mL, to which an excess amount of 6-amino-
a-cyclodextrin (3.6 g, 3.75 mmol) was added. The pH of the
solution was adjusted to 6.8 with 0.1 A NaOH and 0.1 M HCI.
EDC (192 mg, 1 mmol) and HOBt (135 mg, 1 mmol), dis-
solved in DMSO/H,O (1:1, 1 mL), was added to the solution
and the reaction was allowed to proceed overnight. After the
reaction, the pH of the solution was adjusted to 7.0 with 0.1 M
NaOH and was extensively dialyzed (MW cutoff 12-14000)
against distilled water, followed by lyophilization.

Characterization
The FT-IR spectrum of the conjugate was obtained using a
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Bruker 66V FT-IR spectrophotometer (Ettlingen, Germany) at
a resolution of 4 cm™ with 100 scans. "H NMR spectrum was
obtained using the NMR spectrometer (JEOL, INM-AL300)
operating at 300 MHz, in which the sample was dissolved in
D,O at a polymer concentration of 1 mg/mL.

The nanoparticles were prepared by mixing the HA-o-CD
conjugate with PEG in distilled water. The solution was further
sonicated using a probe type sonifier (VCX-750, Sonics &
Materials) at 90W in which the pulse was turned off for 2 s
with an interval of 5 s. The solution was passed through a
syringe type membrane filter (0.85 um, millipore). The particle
size and size distribution of the inclusion complex were deter-
mined by an electrophoretic light scattering (ELS, Photal,
ELSZ-2), in which the scattered light was measured at 90°.
The morphology of the nanoparticles was observed using field
emission transmission electron microscope (Fe-TEM), oper-
ated at an accelerating voltage of 200 keV. The sample was
prepared at a concentration of 1 mg/mL in distilled water,
placed in the copper grid, and dried under vacuum.

Results and Discussion

In recent years, a-CD has been considered as the potential
carrier of PEGylated drugs for their sustained release in the
biological environment because a-CD is capable of forming
inclusion complex with PEG which is insoluble in aqueous
media (Harada and Kamachi., 1990). However, the inclusion
complex between a-CD and PEG, by the hydrogen bonding, is
not sufficiently stable in the biological fluids. Therefore, the
PEGylated drugs were released from the complex within sev-
eral hours, although this formulation showed better pharma-
cokinetics than free PEGylated drugs (Higashi et al., 2009;
Higashi et al., 2007). In this study, we aimed to develop a-CD-
bearing polymer conjugates to form nano-sized inclusion com-
plexes with PEGylated drugs, which may allow sustained
release of the PEGylated drugs by hydrogen bonding as well
as entanglements with the polymer chain. The overall synthetic
route is shown in Figure I.

Synthesis and Characterization of HA-a-CD Conjugate

6-Amino-o-cyclodextrin is prepared by the three-step pro-
cess. Since this o-CD derivative has the primary amino group,
it can react with the carboxylic acid of HA. At the first step,
a-CD was monotosylated in the presence of p-toluenesulfonyl
chloride, in which pyridine was used as a solvent. Pyridine
forms complex with a-CD and favors mainly the formation of
monotosylated derivative at low temperature. The multi-sub-
stituted o-CDs were purified by using the column chroma-
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EDC/HOBt

Figure 1. Synthesis of HA-a-CD conjugate.

tography. At the second step, the tosyl group of a-CD was
substituted with the azide functional group, which was then
reduced to the primary amino group via the Staudinger reac-
tion at the final step. The '"H NMR spectrum of 6-amino-o.-
cyclodextrin is shown in Figure 2.

6-Amino-o-cyclodextrin was then chemically conjugated
into the backbone of HA. For this reaction, the carboxylic acid
of HA was activated in the presence of EDC and HOBt, which
is a well-known procedure for preparing HA derivatives (Bul-
pitt and Aeschilmann., 1999). The reaction was performed at a
pH of 6.8 for the effective coupling; otherwise, formation of
the N-acylurea is favored, which will hinder the coupling
between HA and 6-amino-o-cyclodextrin.

The FT-IR spectra of HA and HA-a-CD is shown in Figure
3. The HA-a-CD spectrum clearly showed the strong signal of
C-O stretching vibration band at 1150 and 1030 cm™ , denoting
the presence of o-CD, and the signal at 1620-1640 cm™ for
amide C=O stretching. This result implies that a-CD is con-
jugated into the HA via the formation of the amide bond.

The "H NMR spectrum of HA-a-CD conjugate is shown in
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Figure 2. '"H NMR spectrum of 6-amino-a.-cyclodextrin in D,O.
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Figure 3. FT-IR spectrum of HA and HA-a-CD conjugate.
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Figure 4. "H NMR spectrum of HA-a.-CD conjugate in D,0.

Figure 4. The characteristic peaks were observed at 5 4.8 (ano-
meric protons of o-CD, 4.42 (H-1 from N-acetyl glucosamine
unit), 423 (H-1 from glucuronic acid), 3.8-3.15 (protons of
HA and o-CD), and 1.85 (CH; from acetamide of HA). The
degree of substitution of a-CD on the HA backbone was
10.3% which was calculated from the spectra by the inte-
gration ratio between the characteristic peak of the N-acetyl
group in HA (8 = 1.8 ppm [3H, -COCHj5-]) and that of the ano-
meric protons in o-CD (6 =4.8 ppm, [6H]).

Characterization of Nanoparticles

Since a-CD can form the inclusion complex with PEG, it
can be expected that large aggregates or particles are formed in
the presence of HA-a-CD and PEG. The large aggregates can
be generated at the small amount of PEG which may play a
role as the physical cross-linker between HA-a-CD conju-
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Figure 5. The particles size distribution of HA-a-CD-PEG nano-
particles.

gates. One the other hand, at the large amount of PEG, the par-
ticles can be obtained due to negligible inter-particular
interactions. In this study, we aimed to make the nano-sized
complexes which are useful for systemic administration of the
drugs without surgical operation. Therefore, HA-a-CD was
exposed to the excess amount of PEG (20 wt% in distilled
water) to investigate its potential forming nanoparticles with
PEGylated drugs.

The formation of the nano-sized inclusion complex between
HA-0-CD and PEG was demonstrated using the particle size
measurement from ELS, as shown in Figure 5. Also, from the
Fe-TEM image, it was found that the particles were spherical
in shape (Figure 6). The size of nanoparticles ranged from 50
to 300 nm. PEGylation of drugs has been developed for the

Figure 6. Fe-TEM image of HA-a-CD-PEG nanoparticles.
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systemic and prolonged circulation of drugs in vivo, due to the
increase in molecular weight of the drugs. Recently, it has been
suggested that o.-CD has a potential as the carrier of PEGy-
lated protein drugs by forming water-insoluble polypseudor-
otaxane (Higashi et al., 2008). The nanoparticular system,
developed in this study, would receive much attention because
the nano-sized particles can be used as an effective strategy in
drug delivery especially for drug targeting to the specific site
of action. Along this line of the research, the release behaviors
of the PEGylated drugs from the inclusion complex and their
biological activities are under investigation.

Conclusion

A novel HA-a-CD conjugate was synthesized by using 6-
amino-a-cyclodextrin and HA in the presence of EDC and
HOB. The conjugate was able to form nanoparticles upon the
addition of PEG, in which formation of the nanoparticle is
attributed to the supramolecular complex formation by hydro-
gen bonding between a-CD at the backbone of the conjugate
and PEG. This novel conjugate is of great interest as the poten-
tial carrier of PEGylated drugs.
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