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Abstract

A polysaccharide-based hydrogel was prepared by photocrosslinking of modified dextran. Dextran was first bromoacetylated by bromoa-
cetyl bromide and was subsequently reacted with sodium acrylate for incorporating a vinyl group. The acrylated dextran was then irradiated
by a long-wave UV lamp for photocrosslinking. Reaction products (bromoacetyl dextran, acrylated dextran, and hydrogel) were character-
ized by elemental analysis, FT-I&4-NMR, and**C-NMR. The prepared dextran hydrogels showed a wide range of swelling behavior in
different pH media, depending on the degree of substitution in bromoacetyl dex@a1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction groups per glucose residue in the structure (Sidebotham,
1974). In our study, these hydroxyl groups were first

Hydrogel is a material, when placed in excess water, able converted to bromoacetyl groups, and the resulting pendant
to swell rapidly and retains large volumes of water in its bromoacetyl groups in dextran were used for the subsequent
swollen three-dimensional structure without dissolution attachment of vinyl groups to make a hydrogel precursor.
(Park, Shalaby & Park, 1993). Recently, intelligent hydro- The degree of substitution was controlled at the bromoace-
gels, which can respond to an external stimuli, such as pH, tylation level. Photocrosslinking was employed to create a
temperature, and magnetic field, were developed and genernetwork of the chemically modified dextran because of
ated a lot of interest in this area (Dagani, 1997; Li, Hu & the convenience of photocrosslinking over other conven-
Chen, 1997; Nagasaki & Kataoka, 1997; Park & Orozco- tional crosslinking method (Andreopoulos et al., 1996;
Avila, 1992; Park & Orozco-Avila, 1993; Park & Hoffman, Elisseeff, Anseth, Langer & Hrkach, 1997; Sawhney,
1991; Park & Hoffman, 1994). However, most of the Pathak & Hubbell, 1993; Vyavahare & Kohn, 1994).
advanced hydrogel systems mentioned above were devel-The photocrosslinked hydrogels were subjected to various
oped from synthetic non-biodegradable polymers. There isapH buffer solutions, and their swelling characteristics
need to develop non-toxic biodegradable hydrogels for were studied.
biomedical applications. As a result of their abundant
sources and variety, natural polysaccharides would be
good candidates as starting materials in preparing intelligent 2. Materials and methods
hydrogels, especially for use as drug delivery, artificial
muscles, and wound healing.

In this paper, a synthetic method to use dextran as the . .
starting material to make hydrogels is described. Dextran is De_xtran (MW, =70 OOO, with 5% bran_chmg) was
a naturally occurring non-toxic biodegradable polymer and obtained from Sigma Chemical Co. (St. Louis, MO, USA)
widely used in many biomedical areas (Mora & Pato, 1990). and dried at_ 60 in a vacuum oven. Acrylic acid, bromoa-
Dextran contains primarily (3 6) linked a-p-glucopyra- cetyl bromide, 2,2dimethoxy-2-phenyl acetophenone,

nosyl residues and carries, on average, three hydroxyldimethyl formamide, pyri(_jine, and. sodium hydroxide
were purchased from Aldrich Chemical Co. (Milwaukee,

WI, USA). Lithium chloride was obtained from Aldrich
* Corresponding author. Present address: Drug delivery division, Shear- Chemical C_O- and dried at_?(D In avacuum oven. _S_tandard
water Polymers Ins., 2305 Spring Branch Rd., Huntsville, AL 35816, USA. buffer solutions were obtained from VMR Scientific (West

2.1. Materials
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Scheme 1. Preparation of dextran-based hydrogel.

Chester, PA, USA). A pH 3 buffer solution contained 0.0168 molar for achieving different degrees of substi-

0.25 M of sodium carbonate and bicarbonate. A pH 7 buffer tution. The reaction was conducted at room temperature

solution contained 0.05 M of sodium and potassium phos- for 8 h under nitrogen. The reaction product was preci-

phate. A pH 10 solution contained 0.05 M potassium hydro- pitated with cold ethyl alcohol, filtered, washed several

gen phthalate. times with ethanol, and then dried at°&0in a vacuum
oven.

2.2. Preparation of bromoacetyl dextran (1)
. . . 2.3. Preparation of sodium salt of acrylic acid (sodium
Dextran was dissolved in a LIiCI/DMF (10wWt.%) gcrylate) (2)

solvent system at 8C under nitrogen. After the dextran

was clearly dissolved and cooled down to room  Acrylic acid was mixed with 10 volumes of absolute ethyl
temperature, pyridine was added to the dextran solution. alcohol. Then, sodium hydroxide in ethyl alcohol (10 wt.%)
The amount of pyridine added was in equimolar ratio to was added to the acrylic acid ethanol solution with a drop-
bromoacetyl bromide. The solution was stirred for ping funnel. The amount of sodium hydroxide added was in
10 min Then, bromoacetyl bromide was added at a equimolar ratio to acrylic acid. After the reaction, sodium
very slow rate to the dextran solution. The amount of acrylate was filtered off and dried at room temperature in a
bromoacetyl bromide added ranged from 0.0056 to vacuum oven.
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Table 1
Reactant concentrations and degrees of substitution (DS) for the reaction of dextran with bromoacetyl bromide

# Reactant concentration Bromine content (%) Degree of substitution
(Glucose} (Bromoacetyl bromidé)

1 0.0056 0.0056 8 0.19

2 0.0056 0.0084 18 0.49

3 0.0056 0.0112 34 1.42

4 0.0056 0.0168 46 2.99

#Moles of glucosyl residues as dextran.
® Moles bromoacetyl bromide.

2.4. Preparation of hydrogel precursor, acrylated dextran acrylation reaction, the subsequent hydrogel formation,
3) and their swelling behavior.

Bromoacetyl dextran was dissolved in LICIDMF 5 5 Hydrogel formation with UV polymerization (4)
(10 wt.%) at 70C under nitrogen. An excess amount of

sodium acrylate was uniformly dispersed in the bromoacetyl  Acrylated dextran was dissolved to 40 % (w/v) in a buffer
dextran solution. The acrylation reaction was conducted at solution (pH 7). Photoinitiator (2,2-dimethoxy-2-phenyla-
40°C for 24 h. Unreacted sodium acrylate was removed by cetophenone dissolved im-methyl pyrrolidone) was
filtration and the product was precipitated from the filtrate added to the acrylated dextran buffer solution. The amount
with cold ethyl alcohol (10 volume). The acrylated dextran of photoinitiator was 3 wt.% of the acrylated dextran. The
was filtered off, washed several times with ethyl alcohol, solution was poured onto the glass plate and irradiated with
and then dried at room temperature in a vacuum oven. along wave UV lamp (360 nm) for 1 h. The resulting hydro-
Bromoacetyl dextrans having 18 and 46% bromine contentsgel was washed with deionized water and ethyl alcohol, and
were used as the model compounds to illustrate this then dried in a vacuum oven.

\
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Fig. 1. FT-IR spectra of bromoacetyl dextrans: (a) B9; (b) DS= 1.42; (c) DS= 2.99. Arrow (¥) indicates hydroxyl stretch.
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Fig. 2. FT-IR spectra of dextran and its derivatives: (a) Dextran; (b) Bromoacetyl dextran wih@49; (c) Acrylated dextran with DS 0.23. Arrow (V)
indicates carbonyl stretch.

2.6. Characterization Yao, Yuan & Goosen, 1994):

W; — W,

Elemental analysis of bromine was conducted for calcu- Swelling ratiq% — s 0 %100 @

lating the bromine content of bromoacetyl dextran by use of W
a Carlo Erba 1106 EA instrument. The degree of substitu-

tion was obtained from the following formula (Won, Chu & whereWis the weight of a swollen hydrogal, the weight
Yu, 1997): of a dried hydrogel.

_ MW of dextran repeating unik %Br
~ (Atomic wt.of brominex 100) — (MW of ester substituent 1) X (%Br) -

DS (€]

KBr pellets of reaction products (10wt.% of KBr 3. Results and discussion
powder) were prepared for FT-IR measurement in a
Perkin—Elmer Magna-IR560 Spectromet#i-NMR spec- 3.1. Bromoacetylation of dextran
tra and™C-NMR spectra were recorded with a Varian Unity
spectrometer at 300 MHz. DMSQr-dias used as a solvent The procedure of bromoacetylation of dextran is shown in
and tetramethylsilane (TMS) was used as the internal refer-Scheme 1. The carbonyl carbon in bromoacetyl bromide

ence. reacted with the hydroxyl groups in dextran to form esters.
The degree of substitution (DS) increased with an increase
2.7. Swelling test in the ratio of bromoacetyl bromide to dextran as shown in

Table 1. For example, the DS increased from 0.19 to 2.99 as
Dried hydrogels were weighed and soaked in buffer solu- the bromoacetyl bromide concentration increased form
tions of different pH: 3, 7, and 10. The soaked hydrogel was 0.0056 to 0.0168 mol. The DS data indicate that a wide
removed at a predetermined interval, washed, the surfacerange of hydroxyl group replacement, from a fraction to a
water was then wiped by a paper towel, and weighed until complete bromoacetylation of all three hydroxyl groups per
no further weight change was detected. Swelling ratio of glucosyl residue in dextran, was achieved.
hydrogel was calculated by the following equation (Peng, Highly substituted bromoacetyl dextran (351.42) has
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Fig. 3. 'H-NMR spectra of dextran and its derivatives (300 MHz, DMS{4@&) Dextran; (b) Bromoacetyl dextran with 3S0.49; (c) Acrylated dextran with
DS = 0.23. In spectrum B, arrow¥() indicates methylene protons in bromoacetyl group. In spectrum C, aNpindicates protons in acrylic substituents.

low water solubility due to fewer free hydroxyl groups. The spectrum (Fig. 2), it is difficult to identify the vinyl groups
collapse of the hydroxyl IR band (3400—3600 ciywith an (1635-1645 cm?) of the acrylated dextran due to the exis-
increase in DS (Fig. 1) also supported the observed low tence of the small band (1646 ¢ of the unmodified
water solubility of highly substituted bromoacetyl dextran. dextran. Therefore, NMR would be more suitable for iden-
The presence of the carboxyl ester group in the bromoacetyltifying the presence of vinyl groups in the acrylated dextran.
dextran was also confirmed by the appearance of a carbonyl As shown in*H-NMR spectrum (Fig. 3), the protons in
band at 1714 cm that was absent in native dextran (Fig. 2). acrylic groups of the acrylated dextran appeared in&he
In *H-NMR spectrum (Fig. 3), the methylene protons in 6.03—6.46 ppm range. I°C-NMR spectra (Fig. 4), the
bromoacetyl groups were shown & 4.18 ppm. In**C- appearance of two peaks &t128—-134 ppm corresponded
NMR spectrum, the methylene carbon in bromoacetyl to the carbons in the vinyl group. In addition, the upward
groups was shown id 40.9 ppm and the ester carbon was shift of methylene carbon peaks frodn40.9 toé 56.6 was
shown iné 167 ppm (Fig. 4). observed because of the replacement of the adjacent
bromine atom by an ester group.

3.2. Acrylation of bromoacetyl dextran

. . ) 3.3. Hydrogel formation
The incorporation of vinyl groups to bromoacetylated

dextran is illustrated in Scheme 1. As shown in the FT-IR  The gelation of the acrylated dextran upon 365 nm UV
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Fig. 4. ®C-NMR spectra of dextran and its derivatives (300 MHz, DMS{-@) Bromoacetyl dextran with DS 0.49; (b) Acrylated dextran with DS 0.23.

irradiation occurred within 5min, and irradiation was effect on dextran, it is not clear at the present stage whether

prolonged for more consumption of the vinyl groups. The the ether linkages (C-O-C) in dextran would be

reduction of the ECH, band (813 cm®) was used to indi-  fragmented by this long wave UV.

cate the level of consumption of vinyl groups due to cross-

linking (Dijk-Wolthuis, Franssen, Talsma, Steenbergen, 34 Swelling test

Bosch & Hennink, 1995). As illustrated in Fig. 5, the FT-

IR spectra clearly show the disappearance of the 813'cm The swelling behaviors of crosslinked dextrans (BS

band through crosslinking. 0.49 and DS= 2.99) in different pH media are shown in
The choice of UV wavelength for crosslinking during Fig. 6. Generally, the prepared dextran hydrogels showed a

hydrogel formation is critical to the properties of hydrogel. wide range of swelling behavior in different pH media, and

Torikai et al. (1995) reported the effect of UV wavelength the level of pH-dependent swelling was related to the degree

on the photoinduced reaction of polymethyl methacrylate. of substitution.

They observed that photosensitized main-chain scission was In the pH 3 buffer solution, the bulk of the overall swel-

favored by irradiation at 280 nm, whereas photocrosslinking ling (>87%) was achieved during the initial 30—40 min, and

took place efficiently with exposure to 340 nm. The chain the swelling ratio increased very slowly thereafter for both

scissions observed by Torikai et al. was mainly C—C back- hydrogels with a DS=0.49 and 2.99. The highly substituted

bone scission induced by UV. Although we do not think the dextran hydrogel (DS= 2.99) showed a much lower equili-

long wave UV used in this study would have any adverse brium swelling ratio (128%) compared to that of the
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Fig. 5. FT-IR spectra of dextran hydrogels: (a) Acrylated dextran with=D%23; (b) Dextran hydrogel. Arrow®) indicates double bond ¢&CH,) band.

hydrogel with a lower substitution (923%). Dextran hydro- rates were very similar for both hydrogels (BS 0.49 and
gels in pH 3 medium exhibited a good structural integrity 2.99). Like those dextran hydrogels in pH 3.0 medium, both
when comparing to those in higher pH media. For example, hydrogels reached their equilibrium swelling within 1 h of

the hydrogel (DS= 0.49) showed a good retention of its
structure even after 312 h at low pH.
In the pH 7 buffer solution, the swelling ratios and their
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Fig. 6. Swelling ratio of dextran hydrogels with BS2.99 (©) and DS=
0.49 @) in various pH buffer solutions.

immersion at pH 7.0. Although the highly substituted
dextran hydrogel at pH 7 has a swelling ratio similar to
that in the lower pH medium, the less-substituted dextran
hydrogel (DS= 0.49) at pH 7 has significantly lower swel-
ling ratio (171%) than the same hydrogel at pH 3 (923%).

The swelling phenomena of these two dextran hydrogels
in pH 10, however, were very different from those in the
lower pH media. The characteristics of reaching equilibrium
swelling at an early stage of immersion found in the pH 7
and 3 media, however, did not appear at pH 10. Instead, both
dextran hydrogels, particularly the less substituted one,
showed a continuous increase in swelling ratio with time.
After reaching to 272% swelling at 1 h, the physical struc-
ture of the highly substituted dextran hydrogel began to
break down. The less-substituted dextran hydrogel,
however, exhibited a nearly linear increase in swelling
ratio with time after 1 h, and reached a 990% swelling
ratio at 6 h. This less-substituted dextran hydrogel, however,
began to dissolve in the buffer medium after 6 h and became
completely soluble in the pH 10 buffer medium after 24 h at
room temperature.

This faster structure breakdown of dextran hydrogels
observed in high alkaline pH was consistent with the
reported pH dependent hydrolytic degradation of linear
aliphatic polyesters. Chu reported that polyglycolide, poly-
lactides and their copolymers degraded at a much faster rate
in a highly alkaline buffer medium than in an acid buffer
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