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Abstract

Dextran hydrogels have been studied as drug delivery vehicles but not as scaffolds for tissue-engineering likely because previously

synthesized dextran hydrogels had pores too small for cell penetration. Our goal was to create macroporous, interconnected dextran

scaffolds. To this end, we took advantage of the liquid–liquid immiscibility of poly(ethylene glycol) and methacrylated dextran

during radical crosslinking of the methacrylated moieties. By controlling the degree of methacrylate substitution on dextran, dextran

molar mass and PEG concentration, macroporous hydrogels were created. The presence of PEG in solution had a significant effect

on the final morphology of the dextran hydrogel leading to the formation of different types of structures, from microporous gel to

macroporous gel-wall to a macroporous interconnected-beaded structure. A series of formulation diagrams were prepared which

allowed us to determine which conditions led to the formation of macroporous interconnected-beaded scaffolds. Dextran

macroporous interconnected-beaded gels had a high water content, between 89% and 94%, a homogeneous morphology,

determined by scanning electron microscopy, with interconnected macroporous pores, as determined by protein diffusivity where

the effective diffusion coefficients of BSA were calculated to be 3.1� 10�7 cm2/s for Dex-MA 40kDa DS 5 and 1� 10�7 cm2/s for

Dex-MA 6kDa DS10, which are similar to that of BSA in water, 5.9� 10�7 cm2/s. Mercury intrusion porosimetry showed that the

macroporous interconnected-beaded scaffolds had a bimodal distribution of macropores, with a median diameter of 41mm,
interconnected by throats, which had a median diameter of 11 mm. Together, these data suggest that the dextran scaffolds will be

advantageous in applications that require an interconnected macroporous geometry, such as those of tissue engineering where cell

penetration and nutrient diffusion are necessary for tissue regeneration.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Hydrogels derived from either natural or synthetic
polymers have been of interest for cell encapsulation [1]
and drug delivery [2,3]. In recent years, hydrogels have
been investigated for tissue-engineering applications as
scaffolds to support and promote the regeneration of
tissues [4–6]. The interest in hydrogels for soft tissue
applications has increased owing to their capacity to be
e front matter r 2005 Elsevier Ltd. All rights reserved.
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designed to match the mechanical properties and water
content of these tissues. However these physical
characteristics are not sufficient for hydrogels to fulfill
their role to support and promote tissue growth. For
scaffold utility, interconnectivity, porosity and pore size
are also important to facilitate cell penetration, nutrient
diffusion, and tissue regeneration.
Naturally derived hydrogels include crosslinked pro-

teins, polypeptides and polysaccharides such as: collagen,
gelatin, hyaluronate, fibrin, alginate, agarose, and chit-
osan [7]. For example, alginate [8–12], chitosan [13–15],
and collagen [16] have been investigated in tissue-
engineering applications as cell carriers and scaffolds.

www.elsevier.com/locate/biomaterials
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Dextran, a bacterial-derived polysaccharide, consists
essentially of a-1,6 linked D-glucopyranose residues with a
few percent of a-1,2-, a-1,3-, or a-1,4-linked side chains.
Dextran particles have been widely used as separation
matrices [17–20], such as Sephadexs, as cell microcarriers
when surface modified [21–23], such as CytodexTM, and
more recently as drug delivery vehicles [24]. We were
interested in studying dextran as a scaffold for tissue-
engineering applications because we thought that we could
take advantage of the liquid–liquid phase separation
observed in microsphere processing for scaffold design.
Dextran hydrogels can be created by either physical

or chemical crosslinking, taking advantage of the
hydroxyl groups present on the a-1,6-linked D-glucose
residues. Dextran was physically crosslinked after
derivatization with L-lactic acid and D-lactic acid
oligomers [25]. Chemical hydrogels were obtained by
covalently crosslinking dextran with bifunctional iso-
cyanates [26], glutaraldehyde [27], or by partial oxida-
tion of dextran hydroxyl groups to aldehydes that were
then crosslinked with gelatin [28,29]. Alternatively,
dextran hydrogels have been synthesized by radical
polymerization of derivatized dextran with polymeriz-
able groups. Edman et al. introduced polymerizable
moieties to dextran by derivatizing it with glycidyl
acrylate under aqueous conditions [30]. Similar studies
have been achieved using a diversity of polymerizable
groups including: (meth)acrylates [31,32], allyl isocya-
nate [33], maleic anhydride [32], or vinyl acrylate using a
chemo-enzymatic procedure [34]. More recently, Hen-
nink and co-workers described how to control the
degree of substitution (DS, the number of methacrylate
groups per 100 glucopyranose residues) of methacry-
lated groups on dextran using one of glycidyl metha-
crylate (GMA) [35,36], hydroxyethyl methacrylate
(HEMA) [37], or lactate-HEMA [37]. Hydrogels ob-
tained with dextran derivatized with glycidyl methacry-
late (Dex-GMA) were shown to be stable under
physiological conditions [38] and biocompatible in vivo
[39] whereas hydrogels of Dex-HEMA or Dex-lactate-
HEMA were susceptible to hydrolysis [38].
Dextran hydrogel scaffolds are particularly compel-

ling as scaffolds for soft tissue-engineering applications
because dextran has been shown to be resistant to both
protein adsorption and cell adhesion [40–42] allowing
one to design a scaffold with specific sites for cell
recognition [42], as has been described for poly(ethylene
glycol) (PEG). While dextran hydrogels have been
studied as drug delivery vehicles [24,43], they have not,
to the best of our knowledge, been investigated as
scaffolds for tissue engineering. This may be explained
by previously synthesized dextran hydrogels having
morphologies with pores too small for cell penetration
and regeneration.
For scaffold utility, the pore size, porosity and

interconnectivity become important parameters for
analysis where macropores (450 nm, o300 mm) [44]
are most useful for cell and tissue penetration, and
smaller pores, such as micropores (o2 nm) and meso-
pores (42 nm, o50 nm) [44], contribute to solute
diffusion. Previously crosslinked methacrylated dextran
hydrogels had very small pores, with diameters up to a
few hundred nm [45,46]. Hydrogels obtained by the
copolymerization of dextran-allyl isocyanate and
poly(N-isopropylacrylamide) showed pores with an
average diameter of 0.8–3.5 mm [47], which is signifi-
cantly larger than those of methacrylated dextran, but
likely too small for tissue-engineering applications.
More recently, Zhang et al. synthesized a macroporous,
pH-sensitive N-isopropylacrylamide (NIPAAm)/Dex-
MA hydrogel with average pore diameters ranging from
3 to 13 mm [48]; however to introduce macroporosity,
significantly more NIPAAm vs. Dex-MA was required.
Our goal was to create an open cell, interconnected

macroporous dextran hydrogel and to determine the
polymerizing conditions of Dex-MA that would lead to
the formation of this scaffold. We took advantage of
liquid–liquid phase separation caused by polymer–po-
lymer immiscibility in aqueous solutions to create our
dextran scaffolds, building on the phenomenon pre-
viously described to create dextran microspheres using
highly concentrated PEG solutions [49–51]. By careful
analysis of the reaction conditions, through the use of
formulation phase diagrams, and characterization of the
resulting morphologies, we were able to predict the
morphology of the resulting scaffold.
2. Materials and methods

2.1. Materials

All chemicals were purchased from Sigma-Aldrich Canada

Ltd. (Oakville, Ont.) and used as received, unless otherwise

noted. Water was distilled and deionized using Millipore Milli-

RO 10 Plus at 18MO resistance. Aqueous solutions of

ammonium persulfate (APS) and tetramethylethylene diamine

(TEMED) were prepared prior to every use.
2.2. Synthesis of methacrylated dextran (Dex-MA)

The modification of dextran through the addition of GMA

was adapted from a methodology previously described [35]

using dextran with a molar mass of either 40 or 6 kDa. Briefly,

5 g of dextran (Leuconostoc mesenteroides) was dissolved under

nitrogen in 50ml of anhydrous dimethylsulfoxide (DMSO)

after which 1 g of 4-dimethylaminopyridine (DMAP) was

added. Following the dissolution of DMAP, GMA was added

to the solution. For example, 210, 688 or, 1680ml of GMA was

added to achieve a DS of 5, 10 or, 40, respectively. The mixture

was stirred at room temperature for 48 h. The reaction was

terminated by adding an equimolar amount of concentrated

hydrochloric acid (HCl) to neutralize the DMAP. The dextran
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solution was extensively dialyzed against distilled water at

4 1C, lyophilized and stored at �20 1C.

The DS was determined by proton nuclear magnetic

resonance ( 1H-NMR) performed on a Gemini 300MHz

spectrometer (Varian Associates, Inc. NMR Instruments, Palo

Alto, CA) using D2O as solvent at 4.8 ppm as the reference.

The relevant peaks were integrated to calculate the DS of Dex-

MA using the following equation [37]:

DS ¼
IB

1:04 IA
� 100, (1)

where IB is the average integrated region of the double bond

protons around d 6 ppm, IA the integrated area of the

anomeric proton of dextran at 5 ppm, and 1.04 the correction

factor on the average 4% of a-1, 3 linkages in dextran [35].

2.3. Preparation of Dex-MA scaffolds

Crosslinked Dex-MA hydrogel scaffolds were prepared in

tubular-shaped glass molds with excess water in the presence

of PEG (Mw of 10 kDa). Varying concentrations of dextran

and PEG were dissolved in water. The solution was vortexed

for 2min. The polymerization was initiated by adding 10wt%

APS and 1.4wt% TEMED (where the wt% of the initiator is

relative to the mass of GMA coupled to Dex-MA). The

solution was briefly vortexed again and subsequently injected

into the glass mold, displacing all of the air within the mold.

The mold was plugged and placed in the chuck of a

horizontally mounted, variable-speed stirring drill. The poly-

merization was carried out under barreling at 40 rpm to

prevent sedimentation of the dextran phase inside the glass

mold, and overnight to minimize any residual amount of non-

reacted methacrylated moieties. All scaffolds were washed with

deionized water and were allowed to swell in water for 1 week,

with daily water exchanges.

2.4. Characterization of Dex-MA scaffolds

2.4.1. Morphology

A scanning electron microscope (SEM) was used to examine

the scaffold morphology. Cross-sections of Dex-MA hydrogels

were mounted onto aluminum studs and sputter-coated with

gold. They were examined under the SEM (S570, Hitachi, Inc.,

Mountain View, CA) at an accelerating voltage of 20 kV and a

working distance of 15mm.

2.4.2. Equilibrium water content

Hydrogel rods prepared from different DEX-MA/PEG/

water formulations were allowed to swell in deionized water

for 1 week, with daily water exchanges, in order to reach

equilibrium. The rods were weighed to determine the

equilibrium hydrated mass. The dry mass was obtained for

each rod by freeze-drying the hydrogels and subsequently

measuring the mass. The equilibrium water content (EWC)

was calculated according to the following equation:

EWC ¼
wh � wd

wh
� 100%, (2)

where wh is the hydrated mass and wd the dry mass of the Dex-

MA hydrogels.
2.4.3. Interconnected porosity

Diffusion of two proteins, bovine serum albumin (BSA, Mw:

67,000 kDa and immunoglobulin G (IgG, Mw: 1,50,000 kDa),

were used to probe the pore interconnectivity of a series of

Dex-MA scaffolds by comparing the effective diffusion

coefficient, Deff, of the proteins in the scaffolds to their

diffusion coefficient in free water, D0. This study was

performed on Dex-MA scaffolds obtained by polymerizing

Dex-MA 40 kDa DS5 and 6 kDa DS10 in the presence of 0, 2.5

and 5wt% PEG solutions.

Dex-MA scaffolds were cut in 5-mm rods, loaded with

proteins by immersing the scaffolds in 10mM PBS solution (pH

7.2, 0.02% sodium azide) containing either 5mg/ml BSA or

0.5mg/ml IgG. The hydrogel scaffolds were incubated at 37 1C

for 1 week to allow the protein solution to equilibrate into the

scaffolds and then rinsed in PBS to remove externally

adsorbed proteins. The diameter of the scaffolds was measured

prior to immersing the samples in 10ml of 10mM PBS (pH 7.2,

0.02% sodium azide) at 37 1C. Periodically, 1ml aliquots were

removed and replaced with fresh buffer. The protein concen-

tration of the aliquots was measured with the Bio-rad protein

assay using the micro-assay procedure [52].

The concentration of protein loaded in the scaffolds was

determined by subtraction of the protein concentration in the

solution after one week of scaffold immersion from the initial

protein concentration in solution.

Based on the free-volume theory, Deff was calculated from

cumulative release plots. The Deff values were estimated using

the following equation valid for monolithic devices with

cylindrical geometry and for Mt=M1p0:4 [53]:

Mt

M1

¼ 4
Deff t

pr2

� �1=2

, (3)

where Mt is the cumulative amount of released protein at time

t, MN the amount of protein originally present in the scaffold,

and r the radius of the hydrogel cylinder at equilibrium. The

Deff of the protein in the scaffold is equal to the D0 divided by

the tortuosity (t), which has a value between 2 and 6 [54]

Deff ¼ D0=t. (4)
2.4.4. Pore size

The pore size distribution of freeze-dried Dex-MA scaffolds

was determined by mercury intrusion porosimetry using a

Poresizer 9310 (Micromeritics Instrument Corporation, Nor-

cross, GA). The pore diameter, D, was calculated using the

Wasburn equation [55]:

D ¼ �
4g cos y

P
, (5)

where P is the applied pressure; y, the contact angle of mercury
on the surface of a solid sample (commonly accepted at 1401)

and provided by the analytical laboratory and g the surface

tension of mercury (484 dyn cm�1). In order to determine the

pore distribution domains of the hydrogel, the critical pressure

Pc, i.e. the minimum pressure required to intrude the largest

pore, was determined by plotting the following eqation [56]:

ln½V ð1Þ � V ðPÞ� ¼ ln½V ð1Þ � V ðPcÞ� � m½lnðPÞ � lnðPcÞ�,

(6)
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where V(N) is the volume of intruded mercury at the

maximum intrusion pressure, V(P) the volume of intruded

mercury at pressure P and m the slope of the graph resulting

from Eq. (6).
3. Results and discussion

3.1. Dex-MA synthesis

Dex-MA was synthesized by coupling GMA to
dextran using an experimental methodology adapted
11 10 9 8 7 6
ppm

b b

(b)

(a)

Fig. 1. 1H NMR spectra of: (a) dextran 40 kDa, and
from van Dijk-Wolthuis et al. [35,36]. The 1H-NMR
spectrum for Dex-MA (Fig. 1(b)) showed the distinctive
resonance peaks of chemically modified dextran through
the coupling of GMA. The anomeric proton from the
glucopyranosal ring was found at d 5.0 ppm. The proton
at d 5.3 ppm was from the anomeric carbon due to a-1,3
linkages. Signals from the methacryloyl group were seen
at d 1.95 ppm for the methyl protons and at d 5.75 and d
6.2 ppm for the protons at the double bond. The degree
of substitution (DS) of GMA coupled to the dextran
was quantitatively determined by 1H-NMR, according
to Eq. (1), using the integrated areas of the relevant
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(b) Dex-MA 40kDa DS 40, dissolved in D2O.
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chemical shifts. The following substituted Dex-MA were
successfully synthesized: dextran with molar mass of
40 kDa substituted with 5% GMA (Dex-MA 40kDa
DS5) substituted with 40% GMA(Dex-MA 40kDa
DS40) and, dextran with molar mass of 6 kDa modified
with 10% GMA (Dex-MA 6kDa DS10).

3.2. Dex-MA scaffolds

While dextran hydrogels have been previously synthe-
sized, the pores were likely too small for tissue
engineering applications [45–47]. Our goal was to create
macroporous dextran scaffolds. We adapted the process
of Stenekes et al. [50,51] used to synthesize Dex-MA
microspheres to prepare Dex-MA scaffolds by taking
advantage of the phase separation of Dex-MA from
Fig. 2. Representative scanning electron micrographs of crosslinked 10wt%

solutions: (a) 0wt% PEG, (b) 2.5wt% PEG, (c) 5wt% PEG and (d) 25wt%
aqueous PEG solutions. To obtain microspheres, they
polymerized Dex-MA solution in the presence of a PEG
solution under emulsion conditions, which favored the
separation of PEG and Dex-MA phases.

3.2.1. Morphology of Dex-MA scaffolds

We investigated the effect of PEG concentration on
the morphology of Dex-MA hydrogel scaffolds that
were polymerized in mono-phasic conditions. The
morphology of these Dex-MA hydrogels is shown in
Fig. 2. The SEM micrographs clearly illustrate the
dependence of hydrogel morphology on the presence of
PEG in the initial solution. As shown in Fig. 2, for 10
wt% Dex-MA 40 kDa DS5 crosslinked in the pre-
sence of a PEG 10 kDa solution, the concentration of
PEG in solution dramatically affected the pore structure
Dex-MA 40kDa DS5 scaffolds synthesized in presence of PEG 10 kDa

Dex-MA; 5wt% PEG.
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of the resulting Dex-MA gels from microporous
with closed pores to macroporous with open pores
as PEG concentration increased from 0 to 2.5wt%
(Fig. 2a, b). For 5wt% PEG, the resulting scaffold had
a homogeneous morphology of interconnected beads
of approximately 5 mm in diameter (Fig. 2c). In-
terestingly, this scaffold had a structure similar to
those obtained by spinodal decomposition [57],
which may also account for the morphology ob-
served during the polymerization of our system.
The morphology of polyacrylamide gels poly-
merized in the presence of varying amounts of PEG
has also been attributed to spinodal decomposition
[58]. At either higher Dex-MA concentration (25wt%)
or higher PEG concentration (45wt%), the poly-
merization led, respectively, into a heterogeneous
scaffold morphology (Fig. 2d) and a heteroge-
neous suspension (not shown). The hydrogel with an
interconnected beaded-wall structure, obtained with
10wt% Dex-MA 40kDa DS5 and 5wt% PEG, was
further investigated because of its interesting homo-
geneous morphology, high pore interconnectivity and
pore size.
DEX-MA
PEG
Excess  

t=0

Methacrylate

Spacer

Dextran

Polymeri
waterof

Fig. 3. Illustration of the formation of macroporous beaded dextran hydrog

groups are represented with ‘‘ ¼ ’’. Dex-MA and PEG were dissolved in wat

system, the methacrylate groups of Dex-MA polymerized, leading to crosslin

separated out of solution as Dex-MA beads. These particles gelled togethe

morphology.
3.2.2. Mechanism to interconnected beaded Dex-MA

scaffolds

In Fig. 3, we propose a mechanism that led to the
interconnected beaded scaffold morphology. Initially,
Dex-MA and PEG were co-dissolved in water forming a
homogeneous solution. After addition of an initiator
system, the methacrylate groups of Dex-MA polymer-
ized, leading to crosslinked dextran chains. As the molar
mass of crosslinked dextran increased, it phase sepa-
rated out of solution as Dex-MA beads. These particles
gelled together to form a hydrogel with homogeneous
interconnected beaded-wall morphology and bicontin-
uous polymer and water phases.
Dex-MA/PEG/H2O formulation phase diagrams were

created to gain greater insight into the effect of the
concentrations of PEG and methacrylated dextran on the
formation of this desired macroporous beaded geometry,
which is depicted by black squares (’) in Figs. 4–6 for
Dex-MA 40kDa DS5 (Fig. 4), Dex-MA 40kDa DS40
(Fig. 5), Dex-MA 6kDa DS10 (Fig. 6). Three different
boundaries were observed: (1) at low Dex-MA concen-
trations, no polymerization was observed ($); (2) at high
PEG concentrations, the resulting polymerization was a
phase    

gelation

Dex-MA

PEG

zation

Oligomethacrylate

separation

els. Hexagons represent monomer units of dextran and polymerizable

er forming a homogeneous solution. After the addition of an initiator

ked dextran chains. As the molar mass of dextran increased, it phase

r to form a hydrogel with homogeneous interconnected beaded-wall
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Fig. 4. Phase diagram of Dex-MA 40 DS5.
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heterogeneous suspension (W); and (3) when the
solution was very viscous, the structure was heteroge-
neous ( ). By varying the ratio of PEG to Dex-MA, the
hydrogel geometry changed from microporous gel (J) to
a macroporous gel-wall (}) to a macroporous beaded-
wall morphology (’).
These phase diagrams were used to identify the

formulations that led to the formation of macroporous
beaded scaffold morphologies and based on these results
it was possible to extrapolate the morphology that
would be obtained from a specific formulation. The
beaded structures for Dex-MA 6kDa DS 10 were
obtained with dextran concentrations from 5 to
30wt% vs. for Dex-MA 40 kDa DS 5 with dextran
concentrations from 5 to 20wt% vs. for Dex-MA
40 kDa DS 40 with dextran concentrations from 10 to
20wt%. Interestingly as Dex-MA molar mass decreased
and Dex-MA DS increased, the number of possible
formulations that resulted in the desired macroporous
beaded morphology increased. These may be explained
by a binodal shift in the phase diagram to higher PEG/
Dex-MA concentrations as was described by Stenekes et
al. [51] with increasing DS and decreasing molecular
weight of Dex-MA.
The macroporous beaded-wall morphology was

reproducible with different Dex-MA molar masses and
degrees of substitution for Dex-MA of both 40 kDa DS5
(Fig. 7a) and 6 kDa DS10 (Fig. 7b). However, condi-
tions for which the beaded structure was observed were
different depending on the DS and Mw of Dex-MA.
Dex-MA 40kDa DS40 (with a higher DS) had smaller
macropores (Fig. 7c, d) than Dex-MA 40 kDa DS 5 and
6 kDa DS10 likely because the higher crosslink density
of the former led to faster phase separation of the
polymerizing solution and smaller pores. While several
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Table 1

Equilibrium water content (EWC) of Dex-MA hydrogels obtained

with different PEG concentrations and 10wt% Dex-MA in the

polymerizing solution (n ¼ 3, mean7standard deviation)

PEG (wt%) EWC (%)

Dex-MA

40kDa DS5

Dex-MA

40kDa DS40

Dex-MA

6kDa DS 10

0 93.270.3 89.870.4 94.070.2

1 93.070.9 89.570.1 92.970.2

2.5 92.870.2 88.870.5 93.270.2

5 91.770.2 89.870.4 95.070.1

10 89.070.1

20 90.070.4

Fig. 7. Scanning electron micrographs of Dex-MA scaffolds of macroporous beaded Dex-MA scaffolds: (a) 10wt% Dex-MA 40kDa DS5; 5wt%

PEG, (b) 10wt% Dex-MA 6kDa DS10; 5wt% PEG, and (c, d) 10wt% Dex-MA 40kDa DS40; 10wt% PEG.

S.G. Lévesque et al. / Biomaterials 26 (2005) 7436–7446 7443
formulations led to the beaded structure with both Dex-
MA 40kDa DS 5 and Dex-MA 6kDa DS 10, the latter
is more appealing for scaffold applications because there
is a wider range of possible formulations that lead to the
desired macroporous interconnected-beaded structure.

3.3. Equilibrium water content

Hydrogels prepared from different Dex-MA/PEG/
H2O formulations were allowed to swell in deionized
water for 1 week and the EWC was determined using
Eq. (2), the results of which are summarized in Tables 1
and 2. For all the scaffolds obtained with 10 wt% Dex-
MA and different PEG concentrations in the polymer-
izing solution (Table 1), the EWC was between 89% and
94% and was not significantly affected by the change in
morphology, whether it was microporous, macroporous
with open pores, or a macroporous beaded morphology.
When comparing the water content of scaffolds with
macroporous beaded morphology obtained with Dex-
MA 40kDa DS 5, Dex-MA 40 kDa DS 40, and Dex-
MA 6kDa DS 10, the EWC of these hydrogels was
found to be statistically different (po0:001) yet within a
narrow range with values of 91.770.2%, 89.070.1%
and, 9570.1%, respectively. Table 2 shows the EWC
for Dex-MA 40 kDa DS5 and DS40 when the inter-
connected beaded geometry was obtained with different
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concentrations of Dex-MA in the hydrogel formulation
while keeping the PEG concentration constant at 5 and
10wt%, respectively. For both Dex-MA series, the
hydrogels showed a decrease in EWC with an increase of
the Dex-MA wt% although the interconnected beaded-
wall morphology of these hydrogels was similar under
SEM.
3.4. Interconnectivity

The hydrogels with macroporous beaded wall struc-
tures were characterized by protein diffusivity to
determine the interconnectivity of the pores. BSA
(67 kDa) and IgG (150 kDa) were selected to probe the
pore interconnectivity of the Dex-MA scaffolds with
different morphologies by comparing the effective
diffusion coefficient, Deff, of the proteins relative to
their diffusion coefficient in water, D0. Deff of the two
proteins were determined according to Eq. (3) and
compared to D0 of BSA (5.9� 10�7 cm2/s) and IgG
(4.0� 10�7 cm2/s) (Table 3) [59,60]. Deff of BSA and IgG
Table 2

Equilibrium water content (EWC) of interconnected beaded-wall

hydrogels obtained with different Dex-MA concentrations (n ¼ 3,

mean7standard deviation)

Dex-MA (wt%) EWC (%)

Dex-MA 40kDa

DS5 5wt% PEG

Dex-MA 40kDa

DS40 10wt% PEG

5 95.270.2 90.270.2

10 91.770.2 89.070.1

15 89.070.2 84.370.2

20 85.970.3

Table 3

Effective diffusion coefficients of BSA (Deff, BSA) and IgG (Deff, IgG) in Dex

Hydrogel

Water

Microporous structure with close pores 10% Dex-MA 40kDa D 5, 0% PEG

Macroporous gel-wall structure 10% Dex-MA 40kDa DS 5, 2.5% PEG

Macroporous-beaded structure 10% Dex-MA 40kDa DS 5, 5% PEG

Table 4

Effective diffusion coefficients of BSA (Deff, BSA) and IgG (Deff, IgG) in Dex

Hydrogel

Water

Microporous structure with close pores 10% Dex-MA 6kDa DS 10, 0% PEG

Macroporous gel-wall structure 10% Dex-MA 6kDa DS 10, 2.5% PEG

Macroporous-beaded structure 10% Dex-MA 6kDa DS 10, 5% PEG
decreased in the Dex-MA scaffolds, but was most
similar to D0 for scaffolds having a macroporous
beaded wall structure, where Deff was 3.170.2�
10�7 cm2/s (for BSA) and 1.170.2� 10�7 cm2/s (for
IgG) in Dex-MA 40kDa DS5 scaffolds. Similar results
were obtained for Dex-MA 6kDa DS10 hydrogel
scaffolds, as summarized in Table 4. The change in
morphology is accurately represented by the change in
Deff measured. Since diffusion in the macroporous
interconnected beaded-wall scaffolds is similar to that
in water, these scaffolds likely have bicontinuous water
and polymer phases with interconnected pores, which
increased our interest into this type of hydrogel for
tissue-engineering applications.
3.5. Porosity

Different Dex-MA/PEG/H2O formulations resulted
in the formation of hydrogels composed of bicontinuous
polymer and water phases. SEM analyses showed that
the hydrogels had the desirable homogeneous macro-
porous beaded-wall morphology. Mercury intrusion
porosimetry was used to determine the pore size
distribution of these interconnected beaded wall scaf-
folds and showed a bimodal distribution composed of
macropores interconnected by throats. The size dis-
tribution of the macropores was very broad irres-
pective of the formulation, from 10 to 120 mm, with a
median pore diameter of 4179 mm. These pores were
connected by tortuous throats, which were also
broad, from 5 to 20 mm, with a median diameter of
1171 mm. These results, in combination with the
interconnectivity data, suggest that the macroporous
beaded-wall hydrogels have a morphology suitable for
tissue engineering.
-MA 40 kDa DS5 scaffolds (n ¼ 3, mean7standard deviation)

Deff, BSA� 107 (cm2/s) Deff, IgG� 107 (cm2/s)

5.9 [59] 4.0 [60]

0.2170.01 0.1670.02

1.570.2 0.4670.05

3.170.2 1.1170.2

-MA 6kDa DS10 scaffolds (n ¼ 3, mean7standard deviation)

Deff, BSA� 107 (cm2/s) Deff, IgG� 107 (cm2/s)

5.9 [59] 4.0 [60]

0.670.1 0.2970.02

0.870.2 0.3170.05

170.2 0.9670.02
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4. Conclusions

Crosslinked dextran hydrogels were synthesized by
radical polymerization of methacrylate groups coupled
to dextran, yielding a crosslinked network. By control-
ling the liquid–liquid phase separation caused by
immiscibility of Dex-MA and PEG in aqueous solu-
tions, macroporous, interconnected beaded wall mor-
phology scaffolds were created. The presence of PEG in
solution had a significant effect on the final morphology
of the dextran hydrogel leading to the formation of
different types of structures, from microporous gel to
macroporous gel-wall to a macroporous interconnected-
beaded structure.
Dex-MA/PEG/H2O formulation diagrams for the

different Dex-MA synthesized allowed us to determine
the conditions for which the macroporous intercon-
nected beaded structure could be obtained. We believe
that porous hydrogels with a macroporous intercon-
nected beaded structure are important for scaffolds used
in tissue engineering applications to facilitate cell
penetration, nutrient diffusion, and tissue regeneration.
In ongoing studies, we are investigating cell penetration
in, and cell interaction with, these scaffolds and the
importance of peptide modification thereof to this end.
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