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Abstract

Series of partially hydrophobic and water soluble alkyl ether hyaluronans were prepared. The conditions of chemical reaction of
alkyloxymethyloxiranes with hydroxyl groups of hyaluronan (HA) were examined. Varying reagent ratio, amount of DMSO, pH,
original molecular weight (M) and reaction time affected the formation of the products and derivatives with various degree of substitu-
tion (DS) and M, can be obtained. All novel HA derivatives were fully biodegradable with testicular hyaluronidase. Tests for chondro-
cyte adhesion, proliferation, as well as their differentiation marker production on the surfaces containing HA derivatives showed better or

equal quality as original HA.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Hyaluronan (HA) is a glycosaminoglycan composed of
the repeating disaccharide B-(1 — 3) linked glucuronic acid
and N-acetylglucosamine. The disaccharides are linked by
B-(1—4) bonds to form the polysaccharide linear chain
(Ambrosio, Borzacchiello, Netti, & Nicolais, 1999). It is
present in connective tissues and plays a vital role in many
biological processes such as tissue hydration, proteoglycan
organization in the extracellular matrix and cell differentia-
tion. HA influences several aspects of cell behaviour, e.g.
phagocytosis, motility, adhesion and detachment. Unmodi-
fied HA has found important applications in viscosupple-
mentation, drug delivery and surgery (Benedetti, Topp, &
Stella, 1990). The derivatization of HA allows tailoring of
physicochemical properties according to the desired appli-
cations. The interest in this macromolecule has grown dur-
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ing the last two decades because of its associative properties
and its potential applications in pharmaceuticals, cosmet-
ics, paints and coatings, oil and recovery.

To present, the alkyl derivatives of HA were prepared
mostly in the form of esters or carbamates. The esterifica-
tion of carboxyl groups of hyaluronic acid with therapeu-
tically important alcohols produces water insoluble
biopolymers with physical properties that are significantly
different from those of hyaluronic acid itself (Vercruysse
& Prestwich, 1998). The esterification involves generation
of tetraalkylammonium salts of hyaluronic acid in DMSO
or DMF, and its subsequent reaction with alkyl bromides
(e.g. ethyl, propyl, pentyl, benzyl or dodecyl). Analo-
gously, octadecyl ester was prepared using octadecyl bro-
mide (Pelletier, Hubert, Lapicque, Payan, & Dellacherie,
2000). Another possibility for the preparation of esters is
based on the reaction of HA with palmitoyl chloride in
DMF in the presence of pyridine (Kawaguchi, Matsuk-
awa, & Ishigami, 1992). Other methods of hydrophobiza-
tion are based on the reaction of hydroxyl groups of
glycosaminoglycan with fatty acid in trifluoroacetic acid
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anhydride (Hariki, Matsuzaki, Yamaguchi, & Akima,
1994) or acetylation with acetanhydride in the presence of
acetic acid and sulfuric acid (Oka, Yanaki, & Yamaguchi,
1996). The reaction of quaternary ammonium salt of hyal-
uronic acid in DMSO with dodecylisocyanate in the pres-
ence of di-m-butyltin dilaurate lead to the formation of
biodegradable hydrophobic polymer which can form
micelles in low critical micelle concentration. Therefore, a
pharmaceutically active or bioactive molecule was used in
the hyaluronic acid derivative micelles to form a bioactive
composition with a controlled released effect (Chen et al.,
2003). The n-alkanoylated HA or its salt was prepared by
reacting a complex of hyaluronic acid or its salt with an
n-alkanoyl halide in a non-aqueous solvent. The alkanoyl
group represented a chain with 4-18 carbon atoms (Yui,
Otani, & Nakama, 2004). n-Hexyl, n-decyl, n-tetradecyl
and n-hexadecyl ether derivatives having an equal degree
of substitution have been prepared by the reaction of lin-
ear alcohols with 6-O-tosylated HA in DMSO under basic
conditions (BenesSova, Pekar, Lapcik, & Kucerik, 2006).
New n-alkylated derivatives of HA were also obtained by
the reaction of HA with adipic dihydrazide followed by
the coupling with an aldehydic chain (8, 10, 12, 14, 16 car-
bon atoms) in the presence of NaCNBH; (Creuzet, Kadi,
Rinaudo, & Auzély-Velty, 2006). Recently, some alkyl
carbamates were prepared by the reaction of HA with
alkyl amines using cyanogen bromide activation method
(Mlcochova et al., 2006).

The HA-esters were also used for production of material
for drug delivery, tissue engineering and viscosupplementa-
tion. Hydrocortisone was physically incorporated into HA-
esters microspheres and the rate of hydrocortisone release
in vitro was reported. Likewise, the release of chloroproma-
zine from the films of ethyl and benzyl total esters was stud-
ied. The ability of HA-esters to form artificial skin was
studied with cultivation of fibroblast and keratinocytes on
this composite. Similar studies were performed with cells of
other tissues, i.e. mesenchymal stem cell, chondrocytes (see
review: Campoccia et al., 1998). The insoluble HA-esters
are suitable for the preparation of fibers or films used for
suturing and protecting the wounds (Hariki et al., 1994).

Glycosaminoglycan derivatives modified by a covalently
bound primary amine to the reducing terminal sugar moi-
ety can be used for forming of antithrombotic surface on
medical instruments and inhibiting the proliferation of vas-
cular smooth muscle cells to prevent narrowing or obstruc-
tion of blood vessels as prevention to arteriosclerosis

(Matsuda, 2000).

COCH3

R' = H or/and CH,CH(OH)CH,R, R = alkyl

The aim of our study was preparation of the water solu-
ble alkyl derivatives of HA with high biocompatibility, with
convenient degradation rate and new physical properties.
In this regard, we have prepared a series of alkyl ethers of
HA by the reaction of 2-alkyloxymethyloxirane with HA
under basic conditions. In the first step, alkyl alcohols
reacted with epichlorohydrin in aqueous sodium hydroxide
solution, using phase-transfer catalyst (tetrabutylammo-
nium hydrogen sulphate) to give corresponding 2-
alkyloxymethyloxiranes in high yields (Mouzin, Cousse,
Rieu, & Duflos, 1983). These were used for etherification in
the next step (see Fig. 1).

2. Materials and methods
2.1. Materials

Hyaluronan was obtained from CPN spol. s r.0., Czech
Republic. Epichlorohydrin, decyl alcohol, hyaluronidase
type 1S Bovina Testes H 3506 were purchased from Sigma—
Aldrich. Hexanol was from Fluka and tetradecanol from
Merck. Butanol and octanol were products of Riedel de
Haén.

2.2. Preparation 2-alkyloxymethyloxiranes ( R-EP,
R=ualkyl)

2-Alkyloxymethyloxiranes (alkyl=butyl, hexyl, octyl,
decyl or tetradecyl) were prepared analogously to the litera-
ture (Mouzin et al.,, 1983). Typically, a mixture of 50%
aqueous sodium hydroxide (400 mL), epichlorohydrin (250
mL) and tetrabutylammonium hydrogen sulphate (8.4g)
was vigorously stirred at room temperature. Alkyl alcohol
(0.6 mol) was gradually added during 30 min with cooling in
ice water to keep the temperature below 25°C. Then, the
reaction mixture was poured on ice/water. The aqueous
phase was extracted with diethyl ether and organic phase
was washed with brine to neutrality, dried with sodium sul-
phate, filtered, and the product was distilled under reduced
pressure.

2.3. Synthesis of hyaluronan-alkylethers

Etherification of HA was performed at alkaline pH with
excess of 2-alkyloxymethyloxirane where alkyl was butyl,
hexyl, octyl, decyl or tetradecyl as follows: 0.5g of HA was
dissolved in 25mL of demineralized water and 25mL of
DMSO, pH of solution was adjusted to 9.0-10.0 with 0.1 M

ﬁm

COCH3

Fig. 1. Preparation of alkyl derivatives of HA.
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NaOH. 2-Alkyloxymethyloxirane (R-EP) in DMSO was
added to the HA solution. The mixture was stirred over-
night at 30 °C and the product was isolated by dialysis and
freeze-drying. To remove unreacted 2-decyloxymethyloxi-
rane or 2-tetradecyloxymethyloxirane, the product was
washed with diethyl ether.

2.4. Determination of substitution degree

The DS was defined as a molar ratio of substituent and
dimer unit of HA. This means that one alkyl substituent per
one dimer unit represents a reference value (100%). 'H
NMR was used for its determination (Fig. 2). The DS was
calculated as a ratio of integration of signal for terminal
methyl of alkyl at around 0.9 ppm and methyl of acetyla-
mino group at 2.0 ppm.

'H- and 3C NMR measurements (in D,0) were per-
formed on Bruker Avance DPX 300 instrument operating
at 300.13 ('H) and 7546 MHz ('3C) working frequencies,
respectively. Infrared spectra (in KBr pellets) were obtained
on FT-IR 8400S Shimadzu spectrophotometer and corre-
spond with substitution pattern.

2.5. Molecular weight determination

The M, gyration radius and polydispersity were deter-
mined by size exclusion chromatography (SEC). The SEC
was performed using a Shimadzu LC-10ADVP pump
equipped with Shimadzu SIL-10AD autoinjector. The

OH

" A 9 7 5 3
157 13 0\12 107 S N N

injection volume was 50 pL. The instrument set-up con-
sisted of HEMA BIO 1000 and HEMA BIO 300
(250 x 8mm) columns in series (Tessek, Czech Republic)
thermostated at 40°C, combined with a miniDAWN
MALLS detector (Wyatt Technology Corporation, three
angles) followed by a RI (Shimadzu RID-10A) detector.
The mobile phase was 0.1 M sodium phosphate buffer (pH
adjusted to 7.5) and 0.05% NaNj, the flow rate was
0.8mLmin~!. Data acquisition and M, calculations were
performed using the ASTRA software, version 4.90.07
(Wyatt Technologies Corporation). Refractive index incre-
ment dn/de of 0.155mL g~! was used for the SEC-MALS.

2.6. Solubility of derivatives

The results of HPLC analysis were used for determina-
tion of solubility of the prepared samples. Soluble portion
was determined by comparison of values obtained by
weighting of original samples and those values indicated by
RID detector of HPLC after filtration through polyether-
sulfone filter (Puradisk 25 AS, porosity 0.2 um).

2.7. Enzymatic degradation

The biological degradability of the tested samples was
studied in acetate buffer (concentration SmgmL ™). To this
solution stirred at 35°C, bovine testicular hyaluronidase
(40mgmL~") was added. The samples for measurements
were taken in certain time intervals. Time effect on kine-

CH
e
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Fig. 2. "H NMR spectrum of HA (at bottom) and dodecyl derivative of HA (DS = 11%) in D,0O at 300 K.
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matic viscosity (v) and M., determined by light scattering,
was studied. Enzymatic hydrolysis was stopped by denatur-
ation of enzyme by heating the sample in boiling water.
Kinematic viscosity was measured at 25°C in Ubbelohde
viscosimeter with constant A =10.00999 at 25°C. The 0.5%
(w/w) solution in acetate buffer (pH 5.1) was tempered
15min at 25 °C before measurement.

2.8. Isolation of cells

The samples of cartilage were obtained from patients
undergoing a surgery for a total knee replacement. Carti-
lage was cut into small pieces (2mm?) and digested over-
night with collagenase II (1mgmL~', Gibco). The cells
were filtered using a cell strainer (40 pm, Becton Dickinson)
and centrifuged at 1200rpm for 15min. Then, they were
washed twice with Nutrient Mixture Ham’s F-12 Medium
(Gibco), the pellet was resuspended in this medium supple-
mented with 20% fetal bovine serum (Gibco), 1% antibi-
otic/antimycotic (Gibco) and 1% insulin-transferrin—
selenium supplement (Gibco). The cells were cultured in
monolayer at 37°C in a humidified atmosphere of 5% CO,
with medium exchange every second day. The primary
chondrocytes were passaged once before the experiments.
The cells were seeded at the density of 4 x 103 cells per well
(96-well microtitration plates) for proliferation experi-
ments, or 1 x 10° per well (6-well plates) for RNA isolation.

2.9. Covering the plastic surfaces with HA and hexyl-HA

Five milligrams of sample was dissolved in 1 mL of injec-
tion water. Culture plates (96-well microtitration plates and
6-well plates, TPP, Switzerland) were covered with the
solution (I mL per well for 96-well plates, 100 uL per well
for 6-well plates) and incubated overnight at 37°C. Wells
were gently rinsed with 1 mL (300 uL) of phosphate buffer
saline and incubated with 1% solution of bovine serum
albumin (BSA, Sigma) in injection water for 2h at 37°C to
block non specific binding sites. Wells were rinsed once
with phosphate buffer saline and used immediately for cell
seeding.

2.10. Chondrocyte proliferation

The chondrocyte viability and proliferation was moni-
tored after 24, 48 and 72h as a response of an addition of
hyaluronan and his derivative into the culture medium in
concentrations of 50 and 500 uygmL~! using XTT Cell pro-
liferation Kit IT (Roche, Germany). This assay is based on

the reduction of tetrazolium salt by viable cells to colourful
formazan. Formazan product was measured at 492nm by
using spectrophotometer (VersaMax Microplate Reader,
Molecular Devices). An increase in number of living cells
correlates to the absorbance. Cells cultured in medium
without HA and hexyl-HA were used as control. In the next
experiment, chondrocytes were seeded on HA (hexyl-HA)
coated surfaces and proliferation was evaluated by XTT
Cell Proliferaon Kit as well. BSA attached to the bottom of
culture plates was used as a control.

2.11. Detection of chondrocyte differentiation

To test the differentiation of chondrocytes adhered to
HA and hexyl-HA on the molecular level, RT-PCR was
proposed for monitoring the expression of differentiation
markers (collagen I, II, aggrecan), CD44 and PCNA after
24 h. As a control, chondrocytes adhered to the surface cov-
ered with BSA was used. Total RNA was isolated using
TRIzol Reagent (Invitrogene, USA) according to the man-
ufacturer’s instruction and subjected to reverse transcrip-
tion. 2 ug of total RNA per 20 pL of reaction mixture was
reverse-transcribed into cDNA. Reaction mixture con-
tained Random Primer 3 pg (1 L), diethylpyrocarbonate
(DEPC), water 5.1 uL (0.1%), 1st Strand buffer 6 L, dithio-
treitol (DTT) 0.1M (3puL), Rnase OUT™ Ribonuclease
Inhibitor Recombinant 5000U (1puL), dNTP 2.4 ulL, BSA
3.0uL, Superscript™II RT 10000U (1.5puL) (Invitrogene,
USA). 2-5uL aliquots of the resulting cDNA were ampli-
fied in a total 20pL volume containing DEPC water
(13.4pL), PCR Buffer 10x (2.5pL), MgCl, 5S0mM (1.5 uL),
BSA ImgmL~! (1pL), oligonucleotides 10 uM (0.5 uL),
dNTP 0.5puL, Tag DNA Polymerase Recombinant 500 U
(0.1 uL) at appropriate annealing temperatures using Peltier
Thermal Cycler PT200 (MJ Research, Inc, USA). All
chemicals for PCR were obtained from Invitrogene (USA).
Specifity of primers was checked by BLAST. The levels of
cDNA amount needed for PCR were compared to the
housekeeping gene P-actin. Intensity of expression was
determined and quantified by gel documentation system
(Syngene, UK).

3. Results and discussion
3.1. Effect of reaction conditions
Effect of concentration of DMSO in reaction mixture

on product features is given in Table 1 (for decyl deriva-
tive, DEC). The solubility of HA in aprotic solvent is

Table 1

Effect of concentration of DMSO in reaction mixture on product features

Sample c¢(DMSO) % (v/v) M, origin (g mol~") M, result (gmol ™) Soluble ratio (%) DS (%)
DECI 90 380,000 343,700 42 78
DEC2 80 380,000 356,300 52 33
DEC3 40 380,000 329,400 55 16
DEC4 20 380,000 341,450 53 17
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limiting factor for the reaction. In contrary to 2-hex-
yloxymethyloxiran and analogs with shorter alkyl chain,
the 2-decyloxymethyloxiran, 2-dodecyloxymethyloxiran
and tetradecyloxymethyloxiran are already insoluble in
water and therefore, reaction mixtures were not homoge-
nous. The water soluble original hyaluronan has soluble
portion of 88% and this value was not reached for alkyl
derivatives with longer alkyl chains. It was found, that
increasing amount of DMSO resulted in increase of DS
but slight decrease of M,,. The hyaluronan of molecular
weight about 369,700 gmol™"' has soluble portion of
88%.

The influence of reaction time on selected parameters of
prepared derivatives is shown in Fig. 3 with hexyl derivative
prepared without organic solvent.

Molecular weight increased with increasing degree of
substitution and corresponded with kinematic viscosity.
After reaction time of 36 h, disintegration of polymer chain
may occur.

The influence of reactants ratio R-EP/HA (R =butyl)
with two different M, of HA in aqueous solution without
DMSO at 45°C and pH=9.0-9.5 was also studied. Evi-
dently, the increase of the ratio R-EP/HA caused increase
of DS independently on M, (Table 2).

1000 —
900
800 -]
700
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600 —
500 —

400 —
- [
300
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Table 2
Effect of ratio R-EP/HA (R = butyl) on reactivity of HA with different
M,

W

M, (gmol™") n(R-EP)/n(HA) DS (%)
1,630,000 59 13.1

42 8.5

2.0 48
385,000 59 103

4.1 83

1.9 48

We have also tested the changes in M|, of products pre-
pared in 56% aqueous DMSO at 30°C, pH =9.3 and decyl-
EP/HA =3.7 with three different original M, of HA. In the
case of original M, =50kDa, slight increase of M, was
observed while evident decrease of M|, was registered for two
higher original M,,. The DS did not change significantly.

As may be expected, these modifications result in
reduced water solubility. Slight increase in structural rigid-
ity can be caused by the interaction of hydrophobic chains
linked to hyaluronan and by the decrease of stable hydro-
gen bond bridges. Hyaluronic acid has a considerably
greater ability to trap water than other polyelectrolyte
polysaccharides (Hatakeyama & Hatakeyama, 1998) but in

40 !
35
30 ]
25 ]

20 -] .

DS (%)

15
10

1,23 -
1,28
1,27 3
1,26 - PY
1,25 -
1,24 3 *
1,23
1,22

v (cSt)

30 40 50

Time (h)

Fig. 3. Characteristics of hexyl derivative of HA as a dependence on reaction time.
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Table 3

Effect of original M, on characteristic of derivatives

M,-origin M, M, IM,- Gyration Polydispersity DS
(kDa) (kDa) origin (%) radius (nm) M, /M, \(%)
50 55 110 <15 1.42+0.28 6.1
550 446 81 57 1.27+0.14 7.0
1470 652 44 71 1.44+0.20 54

the case of above described derivatives, this ability may be
slightly changed. Hydrodynamic measurement indicates
that radius of gyration is almost the same as the radius of
the solved sphere (see Table 3).
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The effect of the temperature and pH is very important.
It was found that higher DS of products were obtained
when the reactions were performed at higher temperature
and higher amount of aqueous sodium hydroxide. Regard-
ing the M, temperature upper 30°C was inconvenient
because of higher degradation of biopolymer chain. At this
temperature, the initial M,, remained almost unchanged.
The increasing pH caused increase of DS. For example, for
initial M, =365kDa, the resulting M, =384.4kDa and
DS=4.4% were observed at pH=9.0. On the other hand
M,=4331kDa and DS=17.0% were obtained at
pH=10.5.

Absorbance

T T T T T T T T
3500 3000 2400 2000 1750 1500 1250 1000
cm’

T
740

1

Fig. 4. FT-IR spectra of HA-decyl derivatives with various DS (1) 0%; (2) 2%; (3) 8%; (4) 16%; (5) 23%; (6) 67%.
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Fig. 5. Degradation of ether-linked HA-derivatives with various DS and alkyl length.
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Fig. 6. Growing curve of chondrocytes cultured in medium supplemented with HA and hexyl-HA.

The reactions were monitored by infrared spectroscopy.
The resulting HA-alkyl derivatives have specific vibration
vy(CH,) and v,((CH,) in the range of 2920-2860cm™" (see
Fig. 4). The differences between individual spectra are so
significant, that they could be used for determination of
DS. Characteristic peak of the ether bond was found in the
range of 1150-1100cm ™. The other vibrations belonging to
the HA correspond with data given in the literature (Gilli,
Kacurakova, Mathlouthi, Navarini, & Paoletti, 1994).

In 'H NMR spectra (see Fig. 2), the peaks at 0.85—
1.5ppm corresponding to alkyl chain were observed. The
anomeric protons were registered at 4.4-4.6 ppm. The other
protons of pyranose rings were found in the range of 3.2—
4.0 ppm.

3.2. Biodegradability of derivatives

We have also studied the enzymatic degradability of
HA-alkyl derivatives. All of the prepared samples were
fully biodegradable by testicular hyaluronidase. Fig. 5
shows samples with different alkyl chain lengths (octyl
derivative, OCT; decyl derivative, DEC) as well as various
DS. Generally, the derivatives with longer alkyl chains and
higher DS were degraded more slowly than original HA.
The advantage of these derivatives is retained structure of
original hyaluronan, with untouched carboxyl groups
important for interaction with specific cell surface recep-
tors.

3.3. Influence of the hydrophobized derivative of HA on
chondrocytes

The interaction between biomaterials and cells may
involve the direct interaction of cell receptors with specific
molecules on the surface of the material. We described and

compared the effect of low molecular weight hyaluronan
and its hydrophobized derivate coming from the same
batch on chondrocytes isolated from human articular carti-
lage to find the possibility of using this derivative as a scaff-
old for invitro chondrocyte cultivation essential to
autologous chondrocyte transplantation. The main point
was to observe the ability of human articular chondrocytes
to adhere, proliferate and keep the phenotype when grow-
ing in culture medium supplemented or on surfaces covered
with HA or its hydrophobized derivative.

According to the XTT test (24-72h), the optimal con-
centration for chondrocyte proliferation was established as
50 pgmL~! for both HA and hexyl-HA. Hexyl-HA sup-
ported cell proliferation also after 72h (Fig. 6), whereas
proliferation of chondrocytes treated with HA decreased
after this period. The growing curve gave evidence of ability
of chondrocytes to live in culture medium supplemented
with hexyl-HA (HEX1).

To observe the effect of HA and hexyl-HA on chondro-
cytes during a longer time, proliferation was also moni-
tored at regular intervals i.e. in the 3rd, 4th and 5th days
using the XTT test. HA and hexyl-HA adhered to the

0,6 + B HA

0.5 1 0 HEX1

0.4 1 o = OBSA
0.3 - o o

Absorbance

0,2 1

0,1 1

0

3 4 5
Time (d)

Fig. 7. Proliferation of chondrocytes adhered to HA and hexyl-HA.
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Fig. 8. Expression of differentiation markers on chondrocytes adhered to HA, hexyl-HA after 24 h.

bottom of microtitration plates at the concentration of
S5mgmL~! significantly increased chondrocyte prolifera-
tion during five days, whereas hexyl derivative caused lower
increment (Fig. 7) in comparison with control cells adhered
to 1% BSA.

The ability of cells to maintain the chondrocyte pheno-
type after HA and hexyl-HA exposure was evaluated by
measuring the expression of specific markers (collagen
type I, collagen type II, aggrecan and PCNA) using RT-
PCR. During endochondral ossification, chondrocytes in
cartilage undergo a series of differentiation events, includ-
ing proliferation, hyperthrophy and terminal differentia-
tion. Each zone of differentiation is characterized by the
expression of specific markers. Articular chondrocytes
express PCNA, collagen type II and aggrecan. Culture of
chondrocytes in monolayer leads to their differentiation
into fibroblast-like cells and production of collagen type I
instead of type II (Pfander, Swoboda, & Kirsch, 2001). We
were also interested in the effect of both the HA and
hexyl-HA on CD44 expression since CD44 as a specific
receptor for HA plays a pivotal role in interactions
between this molecule and chondrocytes. Chondrocytes,
which were exposed to the effect of hydrophobized deriva-
tive of hyaluronan or hyaluronan itself, expressed nearly
same or slightly increased levels of all the markers if com-
pared with untreated cells (Fig. 8).

4. Conclusion

The preparation of selected alkyl ethers of HA is based
on proper concentration of reagent, DMSO, pH and reac-
tion time. The critical parameter for solubility of products
is the length of alkyl chains, DS as well as M. The deriva-
tives can be easily characterized by IR spectra.

Additionally, the aim of this paper was also to study
the effect of HA and its derivative on chondrocyte prolif-
eration and differentiation. Positive effect of presented
HA derivatives comparable with HA was observed. The
solution properties, as well as biocompatibility and com-
plete biodegradability make this new biomacromole-

cules interesting material for
applications.

general biological
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