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ABSTRACT: Hydrogels synthesized from a polysaccha-
ride-based polymer, dextran, in the presence of two
crosslinking agents, N,N0-methylenebisacrylamide and
epichlorohydrin, were evaluated for the oral colon-specific
delivery of polypeptide drugs. These novel dextran hydro-
gels had significantly greater swelling ratios than recently
developed dextran hydrogels. A model protein, bovine
serum albumin, was loaded into 50% (by weight) cross-
linker-containing dextran hydrogels in two ways: during
the crosslinking reaction and by a soaking method. The
loading capacity was varied between 22 and 25 mg/g of
dry gel, depending on the loading procedure. In vitro
release experiments were performed with a simulated
gastrointestinal system in the presence and absence of

dextranase. The diffusion exponents were calculated by
means of a semiempirical power-law equation for the
release of protein from swellable hydrogel discs. Bovine
serum albumin was mainly released by Fickian diffusion,
and this indicated that its hydrodynamic diameter
(7.7 nm) was smaller than the hydrogel mesh size
(�19 nm). The release of bovine serum albumin from both
hydrogel types was substantially higher than expected,
especially in the presence of dextranase, and this was
attributed to the high swellability of the hydrogels. VC 2009
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INTRODUCTION

Pharmaceutically active proteins are increasingly
being used as drugs for the treatment of various
diseases. The effective application of these drugs
requires special delivery methods. Because the acidic
environment and the proteolytic enzymes of the gas-
trointestinal tract (GIT) cause the rapid degradation
of protein drugs, simple oral administration is not
possible. In addition, proteins have a short half-life
in the blood circulation, and this necessitates
repeated injections of a drug to have a therapeutic
effect.1 An option for overcoming the aforemen-
tioned problems is the use of delivery systems
consisting of polymeric networks in which the
proteins are loaded and from which they are
gradually released. Colon-specific drug delivery is of
special interest for protein drugs that are unstable in
the upper GIT because the amount of digestive

enzymes in the colon is significantly lower than that
in the upper GIT.2,3

In the past 2 decades, many systems have been
proposed to deliver drugs specifically to the colon.4–9

Among them, dextran hydrogels are mostly preferred
because they are degradable by special kinds of
microbial enzymes called dextranases, which are
present in the colon.10–13 It is known that dextran is
easily crosslinked with various functional organic and
inorganic compounds with the formation of swollen
aqueous gels.14–17 Degradable dextran hydrogels have
been prepared by the co-entrapment of dextranase in
the gels18 and by the induction of hydrolyzable
groups into the crosslinks.12 In addition, pH-respon-
sive dextran hydrogels have been developed to pro-
tect proteins from enzymatic hydrolysis in the upper
GIT and enhance drug release in the colon via exten-
sive gel swelling and degradation.19–21 Biodegradable
and pH-sensitive hydrogels have been widely applied
for protein delivery,22–24 and there is increasing
interest in these hydrogels.25,26 The release behavior
of a number of proteins from both degradable and
pH-sensitive dextran hydrogels has been studied by
several researchers.18,27–29

Recently, Güner et al.30 studied crosslinking
reactions of dextran with epichlorohydrin (ECH),
phosphorus oxychloride, N,N0-methylenebisacrylamide
(MBAm), and 60Co c-irradiation. In our previous
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study, we prepared dextran hydrogels by crosslinking
dextran with ECH, glutaraldehyde, and MBAm.31

Doğan et al.32 investigated the controlled release of
epidermal growth factor and basic fibroblast growth
factor from dextran hydrogels crosslinked with ECH.
The objective of this article is to compare the suitabil-
ity of dextran hydrogels prepared with two different
crosslinkers, MBAm and ECH, as possible drug
carriers for colon-specific drug delivery by an investi-
gation of the release of a model protein, bovine serum
albumin (BSA). The factors affecting the protein release
profile were studied and evaluated.

EXPERIMENTAL

Materials

The dextran used in this study (T-70) was purchased
from Sigma (Schnelldorf, Germany). The weight av-
erage and number-average molecular weights were
determined by the manufacturer to be 70,000 and
46,800 g/mol, respectively. The crosslinking agents
MBAm and ECH were obtained from Sigma. So-
dium hydroxide was used in the preparation of an
alkaline medium for the crosslinking reactions, and
it was supplied by Sigma. Hydrochloride acid (37%)
and 2-amino-2hydroxymethyl-1,3-propanediol (Tris)
buffer used in the protein release medium were
obtained from Merck (Darmstadt, Germany). Dextra-
nase D-1508 from Penicillium spp (EC 3.2.1.11; spe-
cific activity ¼ 500 U/mg of protein) and sodium az-
ide were obtained from Sigma. All chemicals were
analytical-grade and were used as received.

Synthesis and characterization of the dextran
hydrogels

The synthesis of the dextran hydrogels from dex-
tran–crosslinker mixtures was carried out through
intermolecular side-chain reactions of dextran
hydroxyl groups with monomeric crosslinking
agents such as MBAm and ECH in alkaline solutions
with an appropriate temperature program. In a typi-
cal experiment, dextran was dissolved in distilled
water containing 2.8M NaOH at a concentration of
20 (w/v) %. MBAm or ECH (50 wt %) was added to
the dextran solution, which was stirred magnetically
for 10 min. The polymer mixture was then poured
into glass tubes 6 mm in diameter. In the case of
MBAm, the crosslinking reaction was completed in
24 h at 25 � 0.5�C. For ECH-containing gels, cross-
linking was completed in 2 h at 25�C and then in
60 h at 37.5�C. The hydrogels were removed from
the tubes and cut into discs (diameter ¼ 6 mm,
thickness ¼ 3 mm). Then, they were washed thor-
oughly in distilled water with stirring for 7 days to
remove the uncrosslinked dextran and excess of

crosslinkers. Washed hydrogel discs were dried
in vacuo (EV 018, Nüve, Ankara, Turkey) at 25�C
until no weight loss could be detected. The dry discs
were kept hermetically until further use.
The time-dependent swelling ratios of the hydro-

gels were determined at pHs 2.0 and 7.0. The
preweighed dry hydrogel discs were immersed in
25-mL Tris buffer solutions at 37�C. Changes in the
weights of the hydrogel discs were recorded at time
intervals until equilibrium swelling was reached.
The swelling of the hydrogels was expressed as the
swelling ratio with the following equation:

Swelling ratio ¼ ½ðMt �M0Þ=M0� (1)

where M0 is the dry weight of the hydrogel (initial
weight) and Mt is the weight of the swollen gel at
time t. In addition, the initial swelling rate of the
hydrogels was determined by means of second-order
kinetics proposed by Schott.33

A scanning electron microscope (JSM-840 A, JEOL,
Tokyo, Japan) was used to analyze the surfaces and
cross sections of the dextran hydrogels. The hydro-
gel disc samples were prepared for microscopy via
drying in vacuo from the swollen state. The dry disc
samples were mounted onto stubs and sputtered
with gold.
The molecular weight between crosslinks (Mc) was

determined by density measurements according to
the well-known Flory–Rehner equation34 as modified
by Peppas and Merrill35 for gels in which crosslinks
are introduced in solution. The details of the synthe-
sis method and the characterization of the dextran
hydrogels have been reported by us previously.31

BSA as a model protein

BSA (weight-average molecular weight ¼ 65,000 Da;
Fraction V, Sigma) was used as a model protein. The
hydrodynamic diameter of BSA was calculated with
the Einstein–Stokes equation:

D0 ¼ kT=3pgd (2)

where g is the viscosity of the solvent; k is the Boltz-
mann constant; T is the absolute temperature; and d
and D0 are the hydrodynamic diameter and diffu-
sion coefficient of the protein; respectively. The
reported D0 value was 5.9 � 10�7 cm2/s for
BSA.36,37 With the Einstein–Stokes equation, the
hydrodynamic diameter of BSA was calculated to be
7.7 nm.
A BSA assay was performed with a fluorescence

spectrophotometer (RF 1501, Shimadzu, Tokyo,
Japan). All measurements were made with freshly
prepared solutions of BSA in PBS with 1-cm2 quartz
cells. The intrinsic tryptophan fluorescence was
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observed from protein solutions at 280-nm excitation
and 332-nm emission wavelengths. The calibration
results showed that concentrations up to 3 lg/mL
fit linear curves, and the minimum detectable con-
centration was 0.1 lg/mL.

Preparation of BSA-loaded dextran hydrogel discs

Crosslinked dextran discs containing BSA were pre-
pared according to two frequently used methods.
The first method was the incorporation of proteins
after the formation of the hydrogel network by
soaking. Hydrogel discs containing 50% (w/w)
crosslinker were allowed to swell until equilibrium
was reached at 37�C in a Tris buffer (pH 7.0)
containing three different BSA concentrations (0.5,
1.0, and 5.0 mg of BSA/mL of buffer). Experiments
in which the loading time was varied showed that
48 h was sufficient for complete loading. The
concentrations of the loading solutions were deter-
mined fluorimetrically. The amount of protein
loaded onto each hydrogel disc was calculated from
the difference between the original and final reser-
voir concentrations, and it was presented as milli-
grams of protein per gram of dry hydrogel. This
solution loading technique is commonly used to
incorporate solutes at concentrations below the max-
imum solubility limit, as described by Carelli et al.38

At the end of 48 h, the hydrogel discs were dip-
rinsed in a buffer to wash off any protein solution
on the gel surface, and free surface water was blot-
ted with filter paper. The gels were then dried at
room temperature in vacuo until the weight was
constant and then stored in an evacuated desiccator
for 24 h.

The second method was the incorporation of pro-
teins during the formation of the hydrogel network
(during the crosslinking reaction). Dextran was
dissolved in a Tris buffer (pH 7.0) containing 10 mg
of BSA/mL. The crosslinking agent, MBAm or ECH,
was added afterwards. The mixture was poured into
a glass tube and allowed to react in an incubator
with the same temperature program given before for
the hydrogel preparation; this yielded BSA-loaded
dextran hydrogel discs. The discs were removed
from glass tubes, blotted with filter paper, and dried
at room temperature in vacuo until the weight was
constant. The dry protein-loaded discs were kept
hermetically until further use.

In vitro release study of BSA from dextran
hydrogel discs

The release of BSA from the hydrogels was investi-
gated in a model gastrointestinal system containing
0.02% sodium azide under perfect sink conditions.
Protein-loaded dry hydrogel discs were immersed in

a Tris buffer at pH 2.0 for 2 h (simulating gastric
medium). Then, the samples were transferred to a
Tris buffer at pH 7.0 (simulating intestinal medium).
Incubation was conducted by rotation at 50 rpm on
a shaker (S400, Nüve) thermostated at 37�C. Samples
were withdrawn at 15-min intervals initially and at
1-h intervals later and replaced with fresh release
medium. The released amount of BSA from each
hydrogel disc was determined with a fluorescence
spectrophotometer in the same way as the loading
process.
The release studies were also realized in the pres-

ence of dextranase under the same conditions
described previously. In the fourth hour of the
release experiment, a dextranase solution in the
range of 0.01–0.5 U/mL was added to the release
medium. The cumulative amount of released BSA
from each hydrogel disc was determined in the
same way described previously.
All experiments (loading and release) were real-

ized in BSA-precoated vessels to prevent the adsorp-
tion of BSA onto vessel walls, and they were
repeated at least three times. The results are
reported as average values.

RESULTS AND DISCUSSION

Synthesis and characterization of the dextran
hydrogels

Dextrans are colloidal, hydrophilic, and water-solu-
ble substances, are inert in biological systems, and
do not affect cell viability. Because of these proper-
ties, they have been used for many years as carrier
systems for a variety of therapeutic agents, including
antibiotics, anticancer drugs, peptides, proteins, and
enzymes. Several approaches to preparing dextran
hydrogels have been adopted.14–21 The dextran
hydrogels that were used in this study were
prepared with MBAm and ECH acting as the cross-
linkers. The crosslinking reaction of dextran–MBAm
can be realized with the simultaneous opening of
acrylic double bonds in the presence of NaOH.
Because MBAm is a polyfunctional monomeric
crosslinker, dextran is crosslinked with MBAm
through a side-chain reaction of dextran hydroxyl
groups with amine groups of MBAm.30,31 In the first
stage of the reaction of dextran with ECH, the
opening of epoxy groups with the formation of free
chlorohydrin fragments in the side chain of linear
macromolecules proceeds. The chlorohydrin frag-
ments that are formed can be easily transformed
into an epoxy functionality by dehydrochlorination
in the presence of NaOH. A dehydrochlorination
reaction between two macromolecules containing
OH and Cl substitutes, respectively, is realized, pro-
viding the formation of a crosslinking structure.30,31
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In our previous study,31 we prepared a number of
dextran hydrogels by varying the amounts of the
crosslinker in the polymer mixture. After taking into
account the swelling and mechanical properties of
all those hydrogels, in this study, we decided to use
only the gels prepared with a 50 wt % crosslinker
concentration.

The synthesized dextran hydrogels demonstrated
typical characteristic properties (Table I). The value
of Mc for the dextran hydrogels was estimated
according to the Flory–Rehner model. The Mc values
for both kinds of hydrogels are higher than 5000 g/
mol; thus, the hydrogels synthesized here can be
considered loosely crosslinked networks. The hydro-
gel mesh size is an important parameter for predict-
ing the release behavior of a macromolecule
(e.g., protein release from hydrogels). The calculated
mesh size of the hydrogels is about 19 nm; this
means that it will not likely result in a screening
effect for most protein drugs because the hydrody-
namic diameters of most proteins are smaller than
19 nm (e.g., that for BSA was calculated to be
7.7 nm). The equilibrium swelling ratios of both
hydrogel types, dextran–MBAm and dextran–ECH,
are higher in a basic medium than an acidic me-
dium; however, dextran–MBAm hydrogels have
higher swelling ratios and higher initial swelling
rates than dextran–ECH hydrogels (Table I). The
state of equilibrium is reached within 4 h. Although
dextran–MBAm hydrogels show average equilibrium
swelling ratios between 12.0 (at pH 2) and 14.0 (at
pH 7), dextran–ECH hydrogels show ratios between
9.0 (at pH 2) and 12.5 (at pH 7). Both hydrogels
(crosslinked with MBAm or ECH) show higher swel-
ling ability at pH 7 than pH 2. This behavior may be
explained by the basic character of hydrogels.30 At
an acidic pH, a hydrogel has an affinity to protons.
Then, protonation leads to the formation of intermo-
lecular hydrogen bonds by hydrogen-acceptor
groups (etheric oxygen, hydroxyl, and amide
groups) of the hydrogel. As a result, the hydrogel
does not show high swelling behavior at pH 2.
However, in a neutral medium (pH 7), protonation
does not occur; thus, water diffusion occurs, and
swelling reaches higher values than those at pH 2.
The equilibrium swelling values of both hydrogel

types used in our study are significantly greater
than those observed by Chiu et al.20 for the acrylic
acid containing dextran hydrogels and about 10 times
higher than those observed by Hennink et al.11 for
glycidyl methacrylate containing dextran hydrogels.

Loading of dextran hydrogels with BSA as a model
protein drug

Protein drugs are loaded into hydrogels by one of
the two common methods. In the first methods,
hydrogels are prepared in the presence of drugs (the
crosslinking procedure). However, this method has
several disadvantages, such as the toxic effects of
initiators, monomers, and crosslinkers on the system
and the activity loss of protein drugs due to the
temperature increase during polymerization. On the
other hand, this method is often satisfactory for
loading a high protein dose. The second method
includes the loading of drugs by the swelling of
hydrogels in a drug-containing solution (the soaking
procedure). Unfortunately, this method leads to
poor loading because of the diffusion limitations,
which depend on the mesh size of the hydrogel net-
work. In this study, we decided to use both methods
for BSA loading. The hydrogel preparation method
used here includes only the crosslinking reaction,
which is realized in the presence of a crosslinker
and NaOH at room temperature. Thus, most of the
disadvantages of the first method discussed
previously should be eliminated. The high swelling
rates and swelling ratios of the dextran hydrogels
synthesized here also eliminate the drawbacks of the
second procedure.
Dextran–MBAm and dextran–ECH hydrogels were

loaded with 25 mg of BSA/g of dry hydrogel during
crosslinking. This is the highest amount of loadable
protein that does not cause the disintegration of the
hydrogel structure.
The soaking procedure was realized with three

concentrations of the loading solution (i.e., 0.5, 1.0,
and 5.0 mg/mL BSA solutions). However, dextran–
MBAm hydrogels lost their stability in the loading
solution containing BSA. Güner et al.30 showed that
the stability of crosslinks formed by ECH is higher
than that of crosslinks formed by MBAm. This is the

TABLE I
Structural Characteristics and Swelling Properties of the Synthesized Dextran Hydrogels

Hydrogel Mc (g/mol)
Hydrogel

mesh size (nm)

Initial swelling rate

Equilibrium
swelling ratio

(g of water/g of gel)

pH 2.0 pH 7.0 pH 2.0 pH 7.0

Dextran–MBAm 7385 19.23 0.120 0.161 12.00 14.17
Dextran–ECH 7128 19.02 0.088 0.133 9.20 12.55
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reason that, in the presence of BSA in the loading
medium (pH 7), BSA interacts strongly with the
amide groups of MBAm. As a result, the hydrogels
disintegrate. Thus, only dextran–ECH hydrogels
were loaded with BSA with the soaking procedure.
Increased solute loading concentrations above
1.0 mg/mL did not change the amount of the drug
loaded in each hydrogel. The results showed that
approximately 22 � 0.6 mg of BSA was loaded into
each gram of dry hydrogel. Taking into account the
pH-dependent water sorption properties of the
hydrogels, we loaded BSA at pH 7, which allowed
high swelling and thus high loading capacity with-
out causing denaturation of BSA molecules. The
loading of hydrogels by swelling in a protein-
containing buffer solution depends on the size of the
hydrogel mesh versus the size of the protein and on
the swelling properties of the hydrogel. BSA diffu-
sion into the dextran–ECH hydrogel is significantly

realized because the mesh size of the hydrogel
(19.02 nm) is larger than the hydrodynamic diameter
of BSA (7.7 nm).

Characterization of BSA-loaded dextran hydrogel
discs

The swelling properties of BSA-loaded hydrogels
were determined at 37�C in a Tris buffer (pHs 7 and
2). The results showed that there was no detectable
difference between the swelling ratios of the protein-
loaded and unloaded hydrogels. This may be
explained by the absence of osmotic force, which is
generated by the water sorption of dissolved protein
molecules.
Scanning electron microscopy (SEM) pictures of

protein-loaded hydrogel discs are presented in Figure
1(a–d). Figure 1(a) illustrates the appearance of a disc
material loaded with BSA during the dextran–ECH

Figure 1 SEM images of BSA-loaded dextran hydrogel discs: (a) a general view of a BSA-loaded dextran–ECH hydrogel
during a crosslinking reaction (magnification ¼ 43�), (b) a cross section of the same hydrogel (magnification ¼ 88�), (c) a
cross section of the same hydrogel (magnification ¼ 655�), and (d) a dextran–MBAm hydrogel (magnification ¼ 655�).
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hydrogel formation. The material is porous in its
native state. The SEM photograph of the internal
structure of the same disc shows a porous, filamen-
tous matrix; this allows the transport of BSA mole-
cules through the matrix [Fig. 1(b)]. Figure 1(c)
presents a cross-sectional view of the dextran–ECH
hydrogel at a higher magnification (655�). It is possi-
ble to see the BSA particles within the hydrogel. The
solubility of BSA molecules in water is 0.56 g/mL.39

Although we studied below the maximum solubility
limit of BSA during the loading process, the presence
of BSA particles within the hydrogel may be
attributed to the effect of nonionic polymers on the
solubility of globular proteins. Guo and Narsimhan40

investigated the effect of dextran, a nonionic polymer,
on the solubility of BSA, a globular protein. They
showed that the solubility of BSA sharply decreased
with increasing concentrations of dextran. In the case
of dextran–MBAm hydrogels, the structure becomes
less ordered and more porous [Fig. 1(d)].

In vitro release of BSA from dextran hydrogels in
the GIT model

In the absence of dextranase

Figure 2 presents the cumulative percentage release
of BSA from dextran hydrogels as a function of time.
It can be clearly seen that the loading procedure did
not change the release profile. However, the BSA
release rates for the dextran–MBAm hydrogels are
higher than those for the dextran–ECH hydrogels

because of the highly swellable characteristic of the
dextran–MBAm hydrogels. The most important point
in Figure 2 is that the cumulative release of BSA was
minimal (2%) in a pH 2.0 medium (stomach) for all
the hydrogel samples: at the end of the second hour,
both hydrogels reached less than 50% of their equilib-
rium swelling ratios (�6.0). In addition, 80–90% of
BSA was released in 30 h (the minimum retention
time in the intestinal tract).
The values of the diffusion exponent (n) were

calculated with the semiempirical power-law equa-
tion [eq. (3)], as suggested by Ritger and Peppas.41

This equation is appropriate for the release of drugs
from swellable matrices, and it has been frequently
used in the literature to describe the drug transport
mechanism:

Mt=M/ � ktn (3)

where Mt is the cumulative amount of released
protein at time t, M! is the amount of loaded
protein present in the hydrogel network, Mt/M!

represents the fractional release of the protein at
time t, k is a constant characteristic for the protein-
loaded matrix system, and n is a characteristic of the
release mechanism.
The n and k values determined from the initial

portion of log–log plots of F versus time (F � 0.6)
are presented in Table II together with the regression
coefficients. For swellable cylindrical devices, Fickian
diffusion corresponds to n ¼ 0.45, whereas polymer
relaxation occurs at higher n values. n varies
between 0.52 and 0.56 for BSA release at pH 7 from
all the hydrogel systems (Table II). This demon-
strates that the most important mechanism for BSA
release is Fickian diffusion at pH 7.
The diffusion coefficients of BSA were calculated

with eq. (4) for monolithic devices with cylindrical
geometry for Mt/M! � 0.60:42

Mt=M/ ¼ 4ðDmt=pr
2Þ1=2 (4)

where Dm is the diffusion coefficient of the protein
in the hydrogel and r is the radius of the hydrogel
cylinder in the equilibrium state.

Figure 2 Cumulative release of BSA from dextran (Dx)
hydrogels in the model GIT in the absence of dextranase.

TABLE II
Diffusion Parameters Related to BSA Release from Dextran Hydrogels at pH 7.0

Hydrogel

Amount of
loaded BSA

(mg/g of dry gel) n k Dm � 107 (cm2/s) R2

Dextran–MBAm/
crosslinking BSA

25.00 � 0.09 0.52 � 0.002 0.046 1.708 0.990

Dextran–ECH/
crosslinking BSA

25.00 � 0.09 0.56 � 0.002 0.056 1.531 0.990

Dextran–ECH/
soaking BSA

22.00 � 0.06 0.53 � 0.003 0.058 1.542 0.992
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The Dm values that were calculated from the
slopes of F versus time curves are also presented in
Table II. The Dm values were quantitatively analyzed
with the free volume theory.43 This theory gives a
relationship between the diffusion coefficients of a
solute in a hydrogel and the degree of hydration of
the gel:

LnðDm=DoÞ ¼ lnð[Þ � ðkr2=Vf ;waterÞð1=H � 1Þ (5)

where Do is the diffusion coefficient of the solute in
water, Ø indicates the screening effect of the net-
work, r is the hydrodynamic radius of the solute,
Vf,water is the free volume in water, k is a constant,
and H is the hydration of the hydrogel (the volume
fraction of water in the gel).

The free volume theory predicts a linear relation-
ship between ln(Dm/Do) and 1/H in the absence of
any screening effect. For this reason, Figure 3 shows
that the diffusion of BSA in the dextran–MBAm and
dextran–ECH hydrogels can be described by the free
volume theory. This suggests that there is no screen-
ing effect, indicating that the mesh size of the hydro-
gels is larger than the hydrodynamic diameter of BSA
at all hydration levels. We also estimated the mesh
sizes of the hydrogels from the swelling behavior by
the application of the Flory–Rehner theory. The
results of both approaches are compatible.

At the beginning of the release experiment, hydro-
gels are in a nonswollen state, and the mesh sizes
are therefore smaller. At the time of maximum
swelling, an approximate mesh size of 19 nm was
calculated for the dextran–MBAm and dextran–ECH
hydrogels. Because it is greater than the hydrody-
namic diameter of BSA (7.7 nm), BSA is released by
a diffusion-controlled mechanism.

In the presence of dextranase

The release of BSA from dextran hydrogels in
the GIT model containing various concentrations of

dextranase (0.01–0.5 U/mL) was studied. The results
are shown in Figure 4(a–c) together with release
data in the absence of dextranase.
When no dextranase is present, the cumulative

BSA release is about 90% from all the hydrogels
at the end of the 35-h incubation period and is
controlled by simple diffusion. In the presence of
high concentrations (0.5 U/mL) of dextranase, a
fast release of BSA can be observed from all the
hydrogels, and 90% of BSA is released in 13, 15,
and 21 h from dextran–MBAm, dextran–ECH
(crosslinking), and dextran–ECH (soaking) hydro-
gels, respectively. In other words, the release of
BSA from dextran hydrogel discs is enhanced in
the presence of dextranase. This can be explained
by the enzymatic degradation of the dextran back-
bone, which results in increased permeability of

Figure 3 Logarithm of the normalized diffusion coeffi-
cients of BSA in dextran–MBAm and dextran–ECH hydro-
gels as a function of the inverse of the hydrogel hydration.

Figure 4 Comparison of the profiles of BSA release from
dextran hydrogels in the presence and absence of dextra-
nase in the model GIT: (a) dextran–ECH hydrogels loaded
during crosslinking, (b) dextran–ECH hydrogels loaded by
soaking, and (c) dextran–MBAm hydrogels loaded during
crosslinking.
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the hydrogels. Furthermore, it has been observed
that the release rate is independent of the loading
method. In addition, the release rate changes with
respect to the enzyme concentration. Hydrogels
prepared from 50% (w/w) solutions of dextran
and a crosslinker were dissolved completely in
0.5 U/mL dextranase between 75 and 80 h in the
release experiment.

In this study, a BSA assay was performed: the
intrinsic tryptophan fluorescence was observed at
280-nm excitation and 332-nm emission wave-
lengths. Because of the sensitivity of tryptophan
emissions to medium conditions, conformational
change and denaturation can be easily detected from
the fluorescence spectra. During BSA loading and
release experiments, these wavelengths were peri-
odically checked, and no deviation was observed.
This result suggested that the secondary structure of
BSA was preserved during the loading and release
processes.

CONCLUSIONS

The results presented in this study demonstrate that
highly swellable dextran hydrogels synthesized in
the presence of MBAm and ECH can be used for the
colon-specific release of proteins. Nearly equal
amounts of BSA were loaded into the hydrogels by
crosslinking and soaking procedures. This indicated
that the loading procedure does not affect the release
profile of BSA. The release rate depends on and can
be manipulated by the type of crosslinker, release
medium pH, and presence of dextranase in the
release medium. The diffusion of BSA from these
highly swellable gels could be effectively described
by the free volume theory. Both hydrogels provide a
sufficient lag time for protein release to prevent pre-
mature release in the small intestine. Furthermore, a
protein can be released completely within the period
of colonic residence.
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