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Abstract

Dextrin is a polymer composed of a-(1!4) D-glucose units produced by partial hydrolysis of starch. In this work, the
transesterification of the soluble polysaccharide with vinyl acrylate (VA) was carried out in anhydrous dimethylsulfoxide
(DMSO). The effect of the water activity and of the enzyme Proleather, on the reaction rates, was analysed. Different
degrees of substitution (DS) ranging from ca. 10% to 70% were obtained by controlling the molar ratio of VA to dextrin.
Gels were obtained by free radical polymerization of dextrin-VA, with different degrees of substitution and monomer con-
centration, in water. A comprehensive solid state-NMR analysis of the hydrogels was performed. These hydrogels are
being developed as scaffold materials for bioactive molecule and cell delivery, tissue engineering and a variety of other bio-
medical applications.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Hydrogels are a class of three-dimensional,
highly hydrated polymeric networks [1]. They are
composed of hydrophilic polymer chains, which
can be either synthetic or natural. The structural
integrity of hydrogels depends on cross-links estab-
lished between the polymer chains, by chemical
bonds and physical interactions. Hydrogels are pro-
viding new opportunities for the development of a
variety of medical applications [2], including drug
delivery systems [3], scaffold materials to organize
cells into a three-dimensional architecture, tissue
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replacements [4], wound dressings [5,6] and immobi-
lization of proteins and cells, among others. Since
the clinical use of hydrogels is increasing, consider-
able efforts have been made in order to develop new
hydrogels from a variety of synthetic and natural
materials [7]. In this work, we report a procedure
to prepare dextrin hydrogels. Dextrin is a glucose-
containing saccharide polymer linked by a-(1!4)
D-glucose units, having the same general formula
as starch, but smaller and less complex. This poly-
saccharide is produced by partial hydrolysis of
starch, which can be accomplished by the use of
acid, enzymes, or a combination of both. Dextrin
is a widely used material with a variety of applica-
tions, from adhesives to food industry and textiles.
Moreover, because of the biocompatibility and
degradability, starch-based materials are presently
.
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being used to prepare biodegradable hydrogels with
technological applications in a large number of
areas such as medicine, pharmacy and biology
[8,9]. Various approaches have been already
explored for the production of starch hydrogels.
These approaches include one or two-step free rad-
ical graft polymerization of hydrophilic vinyl mono-
mers in the presence of a cross-linker, cross-linking
b y chemical reactions with complementary groups,
radiation-induced polymerization and cross-linking,
and novel self-assembly processes [10]. However,
compared with our approach, some of these chemi-
cal strategies show disadvantages, such as the use of
catalysts (e.g. 4-dimethylaminopyridine (4-DMAP)
or pyridoxine) [11,12] which are difficult to remove
from the reaction mixture and could dramatically
increase the toxicity of the material.

To prepare the hydrogels, dextrin was modified
with vinyl acrylate (VA) using two different
approaches, chemical or enzymatic. Chemical syn-
thesis is broadly used, however presenting several
drawbacks, such as the need for protection and
deprotection of functional groups to prevent
unwanted racemization, as well as the lack of stere-
oselectivity. The use of enzymes under mild condi-
tions has allowed, in some cases, overcoming these
limitations, also enabling modification of molecules
that could not otherwise be altered [13–16]. Apolar
solvents are generally considered to better preserve
the enzymatic activity that polar ones [17,18]. How-
ever, Ferreira et al. [11,12] have recently reported
the used of the Bacillus subtilis protease Proleather
FG-F to catalyze the transesterification of dextran
with VA, in anhydrous dimethylsulfoxide (DMSO).
The enzyme-catalyzed system developed by Ferreira
and colleagues, using dextran and inulin, was in this
work used for dextrin modification. The starch
polysaccharide functionalized with reactive double
bonds was cross-linked by free radical polymeriza-
tion in aqueous solution. The structure and mor-
phology of starch networks in the hydrogel were
characterized by cross-polarization magic-angle-
spinning 13C NMR spectroscopy (CP-MAS 13C
NMR).

2. Experimental section

2.1. Materials

Proleather FG-F, a protease from B. subtilis, was
obtained from Amano Enzyme Co. Dextrin–Koldex
60 (Mw = 45700 Da, as determined by gel perme-
ation chromatography (GPC) analysis) was a gener-
ous gift from Tate & Lyle. Vinyl acrylate (VA) was
from Aldrich, N,N,N 0,N 0-tetramethylenethylenedi-
amine (TEMED) and ammonium persulfate (APS)
were purchased from BioRad, dimethylsulfoxide
(DMSO) and acetone were from AppliChem and
polyethyleneglicol (PEG 200 g/mol) was obtained
from Riedel-d Haën. DMSO was dried with
0.4 nm molecular sieves, at least overnight, before
use. Regenerated cellulose tubular membranes, with
3500 MWCO, were obtained from membrane filtra-
tion products.

2.2. Pretreatment of Proleather and determination

of proteolytic activity in DMSO

Proleather FG-F was ‘‘pH adjusted’’ as described
by Ferreira et al. [11,12]. The enzyme was resus-
pended in 20 mM phosphate buffer at pH 8. After
freezing, the sample was lyophilized on a CHRIST
ALPHA2-4 lyophization unit (B. Braun Biotech
International) for 48 h. The percentage of active
enzyme in commercial powder was 8.9% (w/w) as
obtained by BCA Protein Assay (Pierce) using
BSA as protein standard. The proteolytic activity
of Proleather FG-F in either 0.2 M phosphate buffer
pH 8 or DMSO was determined with casein as sub-
strate. Briefly, in the presence of a protease the
casein is cleaved, exposing primary amines. The
compound TNBSA (2,4,6-trinitrobenzene sulfonic
acid) reacts with these exposed amines thereby pro-
ducing an orange-yellow colour that can be quanti-
fied as 450 nm absorbance. Control blanks for each
sample were included in the assay to correct the
effect of primary amines on proteins in the protease
sample. The absorbance values were then converted
to equivalent subtilisin (a B. subtilis protease) con-
centration using a calibration curve. One unit of
protease activity (U) is defined as the production
of 1 mM of free amine per minute per milligram
of enzyme.

2.3. Enzymatic and chemical synthesis of dextrin-VA

The enzyme-catalyzed modification of dextrin
was performed as described by Ferreira et al.
[11,12], with few modifications. Briefly, dextrin
(4 g) and an amount of VA ranging from 382 to
2600 lL were dissolved in anhydrous DMSO
(60 mL). The reaction was started by adding
600 mg of ‘‘pH adjusted’’ Proleather FG-F. The
reaction mixtures were then incubated at 50 �C,



Fig. 1. Dextrin-VA synthesis and formation of the hydrogel networks.
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Fig. 2. Proteolytic activity in 0.2 M phosphate buffer pH 8 (m) or
DMSO (j) using casein as substrate. The proteolytic activity is
expressed as the rate of NH2 formation.
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with magnetic stirring, for 72 h. Fig. 1 shows the
chemical reaction of dextrin modification. After this
time, the mixtures were dialyzed for 5 days against
HCl aqueous solution, pH 3, at 4 �C. The aque-
ous solutions of dextrin-VA were precipitated in a
4-fold excess of acetone and further centrifuged at
9000 rpm for 15 min. Finally, the precipitates were
lyophilized for 48 h. The chemical modification
was carried out in the same conditions, but in the
absence of enzyme.

The degree of substitution (DS, defined as the
amount of acrylate groups per 100 glucopyranose
residues) was determined by titration according to
Vervoort et al. [19]. Dextrin-VA samples (100 mg)
were dissolved in 2.00 mL of 0.1 M NaOH (standar-
dised) and stirred for 72 h at room temperature, to
carry out the alkaline hydrolysis of the ester. Molar
consumption of NaOH was determined by back
titration with 0.1 M (standardised) HCl, using phe-
nolphthalein as indicator. Additionally, a liquid
RMN analysis of the DS was also performed and
the values compared.
2.4. Determination of water amount and activity (aw)

Water content was determined by the Karl Fisher
titration method. Water activity of DMSO solutions
with different amounts of water was established
using a microclimate method. A small amount of
sample is disposed in a plate as a thin layer. The
plate is then placed in a gas-tight container, where
relative humidity is fixed with saturated salt solu-
tions (LiCl, MgCl2, KI and (NH4)2SO4). Whenever
the sample and the saturated salt solutions do not
have the same water activity, a water transfer
among the samples occurs, quantified by weighting.
The equilibrium is reached when constant mass is
observed, by sorption or desorption. The water
activity of the sample is determined according to
the procedure described by Multon and Bizot [20]
and shown in Fig. 2.

2.5. Preparation of dextrin-VA hydrogels

Dextrin-VA hydrogels were obtained by free rad-
ical polymerization of aqueous solution of dextrin-
VA, with different degrees of substitution and
monomer concentration (Fig. 1). Two different
amounts of dextrin-VA (300 and 400 mg) were dis-
solved in 900 lL of 0.2 M phosphate buffer, pH
8.0, and bubbled with nitrogen for 2 min. The gela-
tion reactions were initiated by adding 90 lL APS
(80 mg/ml in 0.2 M phosphate buffer, pH 8.0) and
90 lL TEMED (13.6% (v/v) in water, pH adjusted
to 8.0 with HCl) and allowed to occur for 30 min
at room temperature. All the recipients in which
gelation took place were coated with a polyethyl-
eneglicol solution (PEG 200 g/mol) to simplify the
removal of the hydrogel following polymerization.
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2.6. Solid state NMR spectroscopy

The CP-MAS 13C NMR technique is a conve-
nient solid-state analytical method for the charac-
terization of hydrogels due to the insolubility of
their networks. The 13C NMR spectra were
recorded on a 400 MHz Bruker FT NMR (Fourier
transform nuclear magnetic resonance) spectrome-
ter equipped with CP-MAS (cross-polarization
and magic-angle-spinning) accessories. The dry
samples were placed in a 7 mm rotor and spun at
a rate of 4.5 kHz. Spectra were acquired with a con-
tact time of 5 ms, spectral width 300 ppm, 2 K time
domain points and the number of transients indi-
cated in the figure captions. All spectra were pro-
cessed with a linebroadening (LB) factor of 30 Hz
in order to improve signal to noise ratio.

2.7. X-ray powder diffraction measurements

Monochromatic Cu-Ka radiation (wavelength =
1.542 Å) was produced by a Philips PW1710 X-ray
powder diffractometer. The samples were exposed
to the X-ray beam with the X-ray generator running
at 40 kV and 30 mA. The scanning regions of the
diffraction angle 2h were 3–65�, step interval 0.02
and scan rate 2 �C/min.

3. Results and discussion

3.1. Production of dextrin-VA

In previous studies, Ferreira et al. [12] demon-
strated the successful enzymatic acryloilation of
the polysaccharide dextran, solubilized in anhy-
drous DMSO. In this work, a similar dextrin mod-
ification was attempted using the same enzyme-
Table 1
Degree of substitution (DS) obtained with different VA concentrations
substrates

Dextrin

With Proleather Non-catalysed reaction
(without Proleather)

DS (%)a Efficiencyb DS (%)a Efficiencyb

11 73 10 73
14 70 13 70
19 76 20 76
67 67 59 59

a Determined by titration of the molar consumption of NaOH (alkal
b Ratio of the experimental to the theoretical DS (calculated as mol

mixtures).
catalyzed method. The proteolytic activity of the
enzyme Proleather FG-F in either 0.2 M phosphate
buffer pH 8 or DMSO was assessed (Fig. 2). As can
be seen, although with a smaller activity, the enzyme
remains catalytically active when solubilized in a
DMSO solution. Additionally, a time-course reac-
tion, carried out for six days, showed that the
enzyme is very stable in DMSO, conserving nearly
80% of the initial activity.

The synthesis of dextrin-VA was performed both
in the presence or absence of 10 mg/mL Proleather
FG-F, for 72 h at 50 �C in DMSO. The results in
Table 1 show that dextrin-VA with different DS
(ranging from ca. 10% to 70%) can be obtained,
both in the presence or absence of the enzyme, by
varying the concentration of the acyl donor. The
modified polymer was successfully recovered by pre-
cipitation with an excess of acetone, after dialysis.
The obtained reaction yields, in the range 41–62%,
were superior to values referred in other similar
works [11,12].

A comparative study, using dextrin and dextran,
was carried out in the presence and absence of the
enzyme. Dextrans are soluble polysaccharides char-
acterized by a predominance (higher than 95%) of
a(1!6) backbone linkages and varying proportions
of a(1!2), a(1!3) and a(1!4) linkages typically at
branch points. Dextrins are partially hydrolyzed
glucose homopolymers composed exclusively of
a(1!4) backbone linkages. As already stated,
Ferreira et al. showed in previous work that the
presence of the Proleather enzyme is mandatory
for a high DS to be obtained, using dextran as sub-
strate, as confirmed in this work (Table 1). Interest-
ingly, the spontaneous non-catalysed reaction is
very effective in the case of dextrin (reaction effi-
ciency always higher than 59%). As a matter of fact,
obtained enzymatic and chemically, with dextrin and dextran as

Dextran

With Proleather Non-catalysed reaction
(without Proleather)

DS (%)a Efficiencyb DS (%)a Efficiencyb

10 67 0 0
13 65 0 0
16 64 0 0
44 44 5 5

ine hydrolysis of the ester).
ar ratio of VA to dextrin glucopyranose residues in the reaction
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the presence of enzyme, for this substrate, does
affect neither the reaction yield nor kinetics. It thus
appears that the non-catalysed reaction occurs fas-
ter and to a higher extent with dextrin as substrate
rather than with dextran. Proleather is an efficient
catalyst for dextran transesterification, but not of
dextrin. Indeed, the reaction reaches similar conver-
sion degrees for different DS and reaction times
(data not shown) irrespective of the presence of
enzyme. These results clearly show that, contrarily
to previous results obtained with dextran and inulin,
dextrin acylation is not catalysed by Proleather.
Table 2
13C and 1H NMR assignments of the glucopyranosyl ring
(d, ppm) on dextrin-VA with DS 20%

Carbon Dextrin-VA

Unsubstituted 2-substituted 3-substituted

1H 13C 1H 13C 1H 13C

1 5.42 102.4 5.65 99.06 5.47 102.30
2 3.65 74.26 4.86 75.53 a a

3 3.86 73.89 4.25 73.67 5.44 78.06
4 3.69 79.45 3.69 79.45 3.69 79.45
5 3.99 76.05 3.99 76.05 3.99 76.05
6 3.88 63.18 3.88 63.18 3.88 63.18

a Signals not identified.
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Fig. 3. Weight variation of the samples containing DMSO, VA and en
saturated salt solutions. Insertion shows the aw calculation (aw = 0.3, f
3.1.1. Characterization of dextrin-VA obtained with

and without Proleather

The ester positions on the glucopyranosyl resi-
dues were determined based on additional signals
present in the 13C NMR spectrum of dextrin-VA
produced both with and without Proleather [11].
The two positional isomers in the main dextrin
backbone are at the glucopyranosyl positions 2
and 3. The respective 13C NMR assignments are
presented in Table 2.

Bi-dimensional (HSQC) NMR experiments were
carried out in order to evaluate the isomer ratio in
dextrin-VA. The area of the three peaks, C1, C1–
S2 and C1–S3, was determined using a Lorentzian
adjust, and the isomer ratios calculated. For dex-
trin-VA with DS 20% obtained by chemical reac-
tion, an isomer ratio of 70:30, at positions 2 and
3, was found. For the enzymatic reaction a similar
substitution pattern was observed (the ratio of iso-
mers at positions 2 and 3 was 76:24). Additionally,
the regioisomer at position 2 was more highly
favored (two times). Again, it appears that the
enzyme does not influence the reaction, since the
isomers obtained are the same, irrespective of
the presence of the enzyme. Thus, this work demon-
strates that it is possible to regioselectively modified
dextrin without using enzymed.
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3.1.2. Effect of water amount and activity on the

transesterification reaction

The transesterification reaction was carried out
using mixtures of DMSO with different amounts
of water, corresponding to different values of aw

(Fig. 3). The values of aw and the corresponding
dextrin DS obtained are shown in Fig. 2 and Table
3. Table 3 shows that the reaction is switched
towards synthesis for aw < 0.3. Low amounts of
water (in the range 0–20%) correspond to similar
aw, and lead to similar DS. Higher values of aw

(P0.4) result in a dramatic reduction of dextrin
modification. These results are clearly different from
the effect of aw described by Ferreira et al. for the
catalysed reaction, with dextran. In this case, a very
low amount of water is mandatory for the enzy-
matic reaction to be carried out, while in our exper-
iment (with dextrin) as much as 20% of water
Table 3
Water activity of reaction mixtures with different amounts of
water and DS (the VA to dextrin ratio correspond to a theoretical
DS of 20%) obtained after transesterification reaction

Water content (%) Water activitya DS (%)b

0.015 0.22 (0.11–0.33) 17
0.15 0.17 (0.11–0.33) 17
5 0.15 (0.11–0.33) 18
10 0.25 (0.11–0.33) 14
20 0.30 (0.11–0.33) 14
40 0.41 (0.33–0.73) 0
60 0.95 (0.82–1) 0
80 �1 0
100 1 0

a aw estimated as shown in Fig. 2. The actual aw value is in the
range between brackets.

b Degree of acrylate substitution (calculated as molar ratio of
VA to dextrin glucopyranose residues in the reaction mixtures).

Fig. 4. 13C CP-MAS NMR spectra of dextrin mixed with VA. Ban
(NS) = 16729.
(aw � 0.3) may be present without loss of synthesis
reaction.
3.2. Hydrogel production and NMR characterization

The acrylate groups in dextrin-VA were polymer-
ized using APS and TEMED as free radical initia-
tors. Aqueous solutions of dextrin-VA with
different DS (ranging from ca. 10% to 70%) and
with two concentrations (33% and 44% (w/v)), were
polymerized at room temperature, and gelation
occurred within less than 5 min. The obtained
hydrogel slabs were almost transparent, the opacity
increasing with decreasing in DS values, which is
likely related to the better solubility of the more
highly substituted material.

The hydrogels were characterized using the solid
state NMR technique of 13C CP/MAS. This analy-
sis, as described ahead, allowed the detection of VA
adsorbed to dextrin, covalently linked to dextrin,
and finally of the VA reticulating the hydrogel.

In the 13C CP/MAS spectra of dextrin or similar
samples, the peak chemical shifts are sufficiently
similar to those observed in the solution state to
allow peak assignment to be made. In order to iden-
tify the environments of non-linked dextrin and VA
moieties, a sample of dextrin wetted with vinyl acry-
late was prepared and analysed. The spectrum
obtained (Fig. 4) clearly shows the glucopyranosyl
carbons in the 58–110 ppm and the acrylate carbons
in the 120–175 ppm region. Signals at 90–105 ppm
and 58–65 ppm are attributed to C1 and C6 carbons
in hexapyranoses, respectively. The overlapping sig-
nal at about 68–78 ppm is associated with C2, C3
and C5. The resonance that appears at 82 ppm is
ds indicated with * are spinning side bands. Number of scans
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thought to arise from C4 carbons in non-crystalline
material [21]. Regarding VA carbons, the peak res-
onating at 128 ppm arises from the carbons engaged
in the double bond whereas the peak at 163 ppm
corresponds to the carbonyl carbons (arrow in
Fig. 4). Both these positions should thus be charac-
teristic of the VA environments when simply
adsorbed to the dextrin. Fig. 5 shows the downfield
expansions of the 13C CP-MAS NMR spectra of the
Fig. 5. Downfield expansions of the 13C CP-MAS NMR spectra of (a
degrees of substitution (DS); (b) 6.6%, NS = 6228; (c) 8.7%, NS =
determined by liquid state NMR of the solubilised dextrin-VA sample.

Fig. 6. Full 13C CP-MAS NMR spectra and lowfield expansions for
hydrogel, NS = 62916.
same non-derivatized dextrin sample, together with
those of samples of dextrin-VA obtained with differ-
ent degrees of substitution.

It is clear that the transesterification reaction
leads to a shift of the VA carbonyl resonance from
163 ppm to 167 ppm. Indeed, and in spite of the rel-
atively poor signal to noise ratio of the spectra
(Fig. 5), the area of this signal was found to increase
steadily with the degree of substitution. It is possible,
) dextrin mixed with vinyl acrylate and dextrin-VA with different
6706; (d) 15.3%, NS = 18827; the degrees of substitution were

Peaks indicated with * are spinning side bands.

(a) dextrin-VA DS 15%, NS = 18827; (b) dextrin-VA DS 15%
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therefore, to distinguish the grafted (167 ppm) and
non-grafted (163 ppm) acrylate groups, with basis
on the CP-MAS spectra of the samples. In the course
of dextrin-VA preparation, extensive dialysis is cru-
cial for the effective removal of unreacted vinyl acry-
late. The effectiveness of the dialysis could, thus, be
evaluated by NMR of the consistent presence of
the 163 ppm environment (unreacted VA mono-
mers), under conditions of incomplete dialysis.

The spectrum of dextrin-VA hydrogel (contain-
ing cross-linked acrylate groups) is shown in
Fig. 6b. It is interesting to note that the carbonyl
resonance is now broadened and shifted from
167 ppm in dextrin-VA, to 175 ppm in the hydrogel.
The broadening reflects the heterogeneity of cross-
linked VA environments and the lowfield shift
Fig. 7. Full 13C CP-MAS NMR spectra and lowfield expansions for (a
hydrogel, NS = 20898. The signals indicated with * correspond to spin

Fig. 8. X-ray powder diffraction patterns obtained from (a)
results from the chemical changes taking place
around the carbonyl groups upon the cross-linking
process. The signal detected at 40 ppm after poly-
merization is attributed to the CH2 (methylene) car-
bons of the cross-linked VA groups whereas the
peak at 30 ppm simply corresponds to residual
DMSO (arrows in Fig. 6).

The peak at 167 ppm completely disappears in
the hydrogel spectrum (Fig. 6b), meaning that all
grafted acrylate groups are involved in reticulation.
When using a hydrogel prepared from a dextrin-VA
with a higher degree of substitution (DS 67%), it is
possible to detected grafted acrylate groups not con-
tributing to reticulation, since after polymerization,
a peak at 167 ppm is still present (Fig. 7). The pos-
sibility of using the NMR peak areas to quantify the
) dextrin-VA DS = 67%, NS = 20821; (b) dextrin-VA DS = 67%
ning sidebands.

dextrin-VA DS 67%; (b) dextrin-VA DS 67% hydrogel.
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degree of reticulation (DR, percentage of grafted
acrylate groups that are cross-linked) is currently
being explored and will be reported in a subsequent
paper. Possible structural differences in the polysac-
charide involved in the two samples, dextrin-VA
and the corresponding hydrogel, may be more easily
detected using the hydrogel prepared with higher
DS. The differences observed in the C1 and C4 dex-
trin resonances in the 13C CP-MAS NMR spectra
shown in Fig. 7 suggest that substantial conforma-
tional changes occur in the dextrin polymers in both
materials. Indeed, the C1 and C4 resonances are
broadened and displaced to higher field after poly-
merization (arrows in Fig. 7). These are the two car-
bon sites involved in glycosidic bonds and would
therefore be expected to be the most sensitive to
changes in the polysaccharide conformation. Fur-
thermore, the broadening and shift to higher field
of the C4 resonance have been interpreted before
as indicative of an increase in polysaccharide crys-
tallinity [22]. This could indeed be confirmed by
the X-ray diffraction patterns of both samples
(Fig. 8) which suggest an increase in polymer crys-
tallinity as a result of reticulation.

4. Conclusions

A method previously developed by Ferreira et al.
was in this work applied in the production of dex-
trin hydrogels. Surprisingly, it was verified that,
although Proleather effectively catalyses the transe-
sterification of acrylate molecules to dextran and
inulin, dextrin is not a substrate for this enzyme.
Nevertheless, it has been possible to produce dextrin
with varying amounts of grafted acrylate groups, by
varying the VA concentration. Also surprising was
the finding that the regioselectivity of the non-cata-
lysed reaction is comparable to the one obtained
with the enzyme-catalysed reaction, C2 and C3
being the preferred acylation positions. Derivatized
dextrin can be polymerized in aqueous solution by
radical polymerization with APS and TEMED.

Combining the ability to tailor the hydrogel
properties to fit a wide range of characteristics, with
the biocompatibility of the starch-based materials, it
is possible to obtain dextrin cross-linked networks
which might be very attractive for biomedical appli-
cations. Although starch hydrogels have been
reported by other authors, the approach used in this
work is different, and the basis for a comprehensive
NMR structural analysis has also been developed.
Current work is in progress with the purpose of
quantifying, through solid NMR analysis, the sev-
eral kinds of VA present in the hydrogels. Rheolog-
ical and biocompatibility studies have been
performed and will be described elsewhere.
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