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Abstract

In this paper a method is presented to determine the equilibrium water content of microspheres with a hydrogel
character based on cross-linked dextran. The water content was established by determination of the increase in blue
dextran concentration after incubation of this solution with dried microspheres. An excellent correlation between the
actual and predicted water contents was observed for microspheres with a moderate to high cross-link density. On the
other hand, for particles with low cross-link density, the equilibrium water content was higher than predicted. This
could be fully ascribed to swelling of the microspheres. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Biodegradable hydrogels based on cross-linked
dextrans have been shown to be attractive systems
for the controlled release of proteins (Hennink et
al., 1996, 1997; Franssen et al., 1997; Van Dijk-
Wolthuis et al., 1997). It has been demonstrated
that in gels with large mesh sizes, the release
kinetics of an encapsulated protein was dependent
on the water content of the hydrogel. On the
other hand, in gels where the average mesh size
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was smaller than the protein diameter, screening
occurred. Macroscopic gels with a degree of sub-
stitution (DS, the number of methacryloyl groups
per 100 glucopyranose residues) larger than ten
were dimensionally stable and did not swell,
whereas gels with a DS smaller than ten showed
water uptake once exposed to aqueous buffer
solutions (Hennink et al., 1996).

Besides macroscopic hydrogels, we also demon-
strated that dextran microspheres can be pre-
pared, using a novel, all-aqueous procedure based
on the phenomenon of phase-separation in
aqueous systems containing two polymers
(Franssen and Hennink, 1998; Stenekes et al.,
1998). In a previous study, we investigated the
effect of the formulation parameters on the parti-
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cle characteristics (Stenckes et al., 1998). The size
of the dextran microspheres was dependent on the
viscosity of both phases and the volume ratio
between the two phases. Tailoring of the initial
water content, in theory, is possible by selecting
appropriate preparation conditions, using the
phase-diagram (Albertsson, 1986) of poly(ethylene
glycol) (PEG) and methacrylated dextran
(dexMA) (Stenekes et al., 1998).

The aim of the present study was to determine
the actual equilibrium water contents of dextran
microspheres and to compare these values with
the predicted ones.

2. Materials and methods

PEG 10.000 (M, 12000 g/mol; M, 8700 g/mol)
and potassium peroxodisulfate (KPS) were ob-
tained from Merck (Darmstadt, Germany). Dex
40.000 (M,, 38800 g/mol; M, 16400 g/mol) and
N,N,N’,N’-tetramethylethylenediamine (TEMED)
were purchased from Fluka (Buchs, Switzerland).
M, and M, refer to the weight and the number
average molecular weight, respectively, and were
determined by GPC. Blue dextran 2000 (apparent
molecular weight =~ 2000000 g/mol) was ob-
tained from Pharmacia Biotech AB (Uppsala,
Sweden).

DexMA was prepared and characterized essen-
tially as described previously (Van Dijk-Wolthuis
et al., 1995, 1997). Batches with degrees of substi-
tution (DS: the number of MA groups per 100
dextran glucopyranosyl monomer units) of 5, 10
and 20 were used. Dextran microspheres were
prepared using a water-in-water emulsion as de-
scribed by Stenekes et al. (1998). The cross-linked
dextran particles were collected and purified by
multiple centrifugation and washing steps. Next,
the microspheres were frozen, while rotating, in
liquid nitrogen and subsequently freeze dried
(type Christ, Alpha 1-2).

Macroscopic hydrogels (diameter ~0.9 cm,
height ~2 cm) were prepared by adding 75 ul
TEMED (20% v/v, adjusted to pH 7 with 4 M
HCI) and 135 pl KPS (50 mg/ml) to 1.29 g of a
dexMA solution of desired concentration in an
Eppendorf vial. Polymerization was performed at

37°C for 30 min. Thereafter, the gels were placed
in vials containing 15 ml reversed-osmosis water
at room temperature. At regular time intervals,
the weight of the gels was determined and used to
calculate the swelling ratio (defined as W,/W,, in
which W, is the weight of the gel at time 7 and W,
is the initial weight of the gel).

3. Results

Dextran microspheres with different water con-
tents and degrees of methacrylate substitution
were prepared. Several attempts to establish the
water content of microspheres are described in the
literature, e.g. by determination of the difference
in total volume of wet and dry microspheres
(Kesenci and Piskin, 1998), or the difference in
total weight either with (Shukla et al., 1991; Mu-
rat El¢in, 1995) or without blotting (Atkins et al.,
1993). In another study, the wet microspheres are
filtered and the change in filter mass was deter-
mined (Wang and Wu, 1998). However, in our
hands these methods gave irreproducible results,
because it is difficult to discriminate between wa-
ter that is present in the microspheres and water
present between the microspheres.

Another approach for the determination of the
solvent content of microspheres is based on their
change in size upon swelling. The increase in size
can be determined using static and dynamic light
scattering techniques (Rodriguez et al., 1994) as
well as with microscopic methods (Fukuda et al.,
1991; Kim and Lee, 1992). The equilibrium water
content of the microparticles can be derived from
the difference between the average diameter in the
dry and swollen state. A prerequisite for using this
approach is that the dry dextran microspheres are
non-porous. It was shown using mercury intru-
sion porosimetry (Carli and Motta, 1984; results
not shown), B.E.T. measurements (Lowell and
Shields, 1987; results not shown) and scanning
electron microscopy (Fig. 1) that the particles
were essentially non-porous. However, evaluation
of the average diameter of the dry and swollen
particles using laser light blocking and laser dif-
fraction techniques resulted in large experimental
errors in the water contents of the microspheres.
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We therefore developed a simple and elegant
method to determine the water content of dextran
microspheres using an aqueous solution of blue
dextran (initial concentration 6 mg/ml). This com-
pound is too large to penetrate into the micro-
spheres. Therefore, its concentration will increase
due to absorption of water by the dry micro-
spheres. The hydrated microspheres were sepa-
rated from the solution by centrifugation (3 min,
Eppendorf centrifuge) and the increase in dextran
blue concentration in the supernatant can easily
be quantified spectrophotometrically (4 = 610 nm;
linear range: 0—1000 pg/ml, R?=0.9999). This
method was validated by using different amounts
of microspheres and by varying the swelling time
(Tables 1 and 2, respectively).

From Table 1 it appears that the experimentally
determined water content was independent of the
amount of microspheres added, when 25 mg or
more was used. Table 2 shows that the dry micro-
spheres were rapidly hydrated: no significant dif-
ferences in water content were observed when the
incubation time was varied from 5 to 4000 min.
Throughout the remaining experiments, 40 mg
microspheres were used and these were incubated
for 1 h to rule out effects of the amount of
microspheres and the incubation time on the re-
sulting equilibrium water contents.

Furthermore, it was demonstrated that no aspe-
cific interactions between blue dextran and the
microspheres occurred (e.g. adsorption and/or ab-
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Fig. 1. Representative SEM picture of dextran microspheres.

Table 1

Water content of dextran microspheres (DS 5) as a function of
the amount of microspheres added to the aqueous blue dex-
tran solution (400 pl, 6 mg/ml)*

Predicted % H,O Microspheres % H,O (experi-
(W/w) (mg) mental)
70 10.0 79.2

70 29.2 76.2

70 52.1 76.1

70 55.5 76.0

70 76.6 75.4

50 9.4 65.5

50 26.4 68.0

50 48.8 67.6

50 479 66.7

50 79.2 67.2

30 11.1 67.1

30 25.2 63.2

30 46.8 62.7

30 67.2 61.3

30 87.9 62.4

4 Incubation time 1 h.

sorption was marginal), since after one washing
and centrifugation step, the microsphere pellet
was colorless, indicating that no blue dextran had
penetrated into the microspheres.

Table 3 shows the water contents of different
batches of dextran microspheres. It is obvious
that the water contents predicted by the phase-di-
agram corresponded very well with the experi-
mentally determined values for microspheres with
DS 10 or 20 and water contents of 70 and 50%.
On the other hand, for expected water contents of
30%, equilibrium values of ~ 50% were obtained.

To investigate this discrepancy, we experimen-
tally determined the tie-lines of the phase-dia-
grams at lower water contents, using the GPC

Table 2
Water content as function of swelling time (40 mg micro-
spheres; DS 5; predicted water content 50%).

Time (min) % H,0O (experimental)
5 67.5
15 67.3
60 66.6
150 66.0
4000 68.3
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Table 3
Water contents (predicted and experimentally determined) of
different batches of dextran microspheres®

DS Predicted % HZO % HZO + S.D.

(w/w) (experimental)
5 70 75.7+0.1
5 50 67.3+1.0
5 30 62.6+0.2
10 70 659+1.2
10 50 52.9+0.1
10 30 54.84+0.6
20 70 672+ 14
20 50 519403
20 30 52.5+0.8

# Incubation of 1 h, 40 mg microspheres.

method described earlier (Stenekes et al., 1998).
As demonstrated in Fig. 2, the STL (the slope of
the tie-line) becomes steeper with increasing con-
centrations of both PEG and dextran. This
results in higher water contents (lower dextran
concentrations in the dextran phase) than ex-
pected and can very well explain the discrepancy
between found and predicted water contents
(Table 3).

Table 3 also demonstrates that the equilibrium
water contents for microspheres with DS 5, give
higher values than those predicted by the phase-
diagram. A likely explanation is that gels with
DS 5 are not dimensionally stable, as demon-
strated before (Hennink et al., 1996). A macro-
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Fig. 2. Phase-diagram also including tie-lines at starting com-
positions far from the critical point.

scopic hydrogel with DS 5 and an initial water
content of 70% was prepared and its swelling
behavior was established. The equilibrium
swelling ratio was 1.28, which corresponds with
an equilibrium water content of 76%. Interest-
ingly, for microspheres with the same composi-
tion, an equilibrium water content of 76% was
also found (Table 3), which explains very well the
difference between the actual and predicted water
contents.

4. Conclusions

In conclusion, this paper describes a very sim-
ple and elegant method to accurately determine
the equilibrium water content of microspheres
with a hydrogel character based on cross-linked
dextrans. This method is based on the exclusion
of a high molecular weight compound (blue dex-
tran) from the microspheres and absorption of
water by the dry microspheres. Its working range
depends on the volume and concentration of dex-
tran blue solution as well as the amount of
microspheres used and the amount of water ad-
sorbed by these microspheres: the water absorp-
tion should result in a significant increase in
dextran blue concentration. It can be envisaged
that this method is universally applicable for dif-
ferent types of microspheres with a hydrogel char-
acter.
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