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Abstract
In this paper, the release of proteins from a novel self-gelling hydrogel based on biodegradable dextran microspheres is
investigated. The protein-loaded macroscopic gels are obtained by hydration of mixtures of oppositely charged hydroxyethyl
methacrylate-derivatized dextran microspheres with a protein solution. In media of low ionic strength (100 mM Hepes pH 7.0)
it was found that the release of the entrapped model proteins (lysozyme, BSA and IgG) was slower than in saline (150 mM
NaCl, 100 mM Hepes pH 7.0). The reason behind this observation is that substantial adsorption of the proteins onto the
microspheres’ surface and/or absorption in the microspheres takes place. Confocal images showed that independent of their
crosslink density the microspheres are impermeable for BSA and IgG. BSA, bearing a negative charge at neutral pH, was
adsorbed onto the surface of positively charged microspheres. Lysozyme, which is positively charged at neutral pH, was able to
penetrate into the negatively charged microspheres. In saline, the gels showed continuous release of the different proteins for 25
to 60 days. Importantly, lysozyme was quantitatively and with full preservation of its enzymatic activity released in about 25
days. This emphasizes the protein friendly technology to prepare the protein-loaded gels. Mathematical modeling revealed that
protein release followed Fick’s second law, indicating that the systems are primarily diffusion controlled. These results show
that these hydrogels are very suitable as injectable matrix for diffusion-controlled delivery of pharmaceutically active proteins.
D 2005 Elsevier B.V. All rights reserved.
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1. Introduction
Hydrogels are an attractive class of materials for
the controlled release of pharmaceutical proteins and
for tissue engineering applications [1–7]. The release
of the entrapped proteins can be tailored by varying
the crosslink density, the water content and the polymer composition of the hydrogels. Crosslinking can
be established either with chemical or physical methods [8]. The latter is most favorable since the use of
organic solvents or crosslinking agents, often toxic
and potentially destructive for the protein, is avoided.
In physically crosslinked systems non-permanent
bonds are created by physical interactions between
the polymer chains [9–14]. In recent years there is a
growing interest in physically crosslinked systems
where gel formation is through self-assembly [15–
19]. Network formation can be obtained after mixing
the hydrogel components (e.g. stereocomplex gels
[20–23]) or after a certain trigger (e.g. temperature
[24–28], pH [29,30] or biological stimuli [31]). These
systems can be administered by injection as liquid
formulation and gelation occurs in situ.
Recently we reported on a novel self-gelling
hydrogel based on oppositely charged dextran microspheres [32]. This system combines the injectability of
polymeric microspheres with physical crosslinking
through ionic interactions. A macroscopic hydrogel
is formed by simply mixing aqueous dispersions of
anionically and cationically charged microspheres.
Importantly, it was demonstrated that the ionic interactions creating the physical network could be broken
when exposed to shear. Further, the gel is reformed
when the shear is removed, indicating the reversible
character of the system. The concept is illustrated in
Fig. 1.
This study is focused on the release of proteins in
these novel hydrogels, composed of dex-HEMAMAA and dex-HEMA-DMAEMA microspheres.
Dex-HEMA microspheres are degradable at physiological pH and temperature. The network degradation is
caused by OH driven hydrolysis of the carbonateester, linking the dextran backbone and the HEMA
side chains. The in vitro and in vivo degradability of
dex-HEMA microspheres has been reported previously [33–35]. The release of three model proteins
varying in isoelectric point (pI) and size was studied
as function of the solid content of the gel and the
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crosslink density of the dextran microspheres that
form the gel. Possible matrix–protein interactions
were studied by adsorption experiments and confocal
laser scanning microscopy. Finally, fluorescence
recovery after photobleaching was used to gain insight
into the mobility of proteins in the complex network
of charged polymeric microspheres.

2. Materials and methods
2.1. Materials
Dextran T40 (from Leuconostoc ssp.), N,N,N V,NVtetramethylethylenediamine (TEMED), 2-hydroxyethyl
methacrylate (HEMA) and lysozyme (from hen egg
white) were provided by Fluka (Buchs, Switzerland).
Poly(ethylene glycol) (PEG) 10,000 and potassium
peroxodisulfate (KPS) were purchased from Merck
(Darmstadt, Germany). N-2-hydroxyethylpiperazineNV-2-ethanesulfonic acid (Hepes) was obtained from
Acros Chimica (Geel, Belgium). Metha-crylic acid
(MAA), dimethylaminoethyl methacrylate (DMAEMA), bovine serum albumin (BSA, fraction V,
minimum 96%), fluorescein isothiocyanate bovine
serum albumin (FITC-BSA), fluorescein isothiocya-
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nate (FITC, isomer I, 90) and Micrococcus lysodeikticus were provided by Sigma-Aldrich (Zwijndrecht, The
Netherlands). Bovine immunoglobulin G (IgG, fraction
II) was obtained from ICN Biomedicals BV (Zoetermeer, The Netherlands). The bicinchoninic acid
(BCA) protein assay kit was purchased from Interchim
(Montluçon, France). Hydroxyethyl methacrylate-derivatized dextran (dex-HEMA) was synthesized and
characterized according to Van Dijk-Wolthuis et al.
[36]. Dextran with an M n of 16,000 Da was selected,
ensuring renal excretion during in vivo applications
[37]. The DS’ (i.e. the number of HEMA groups per
100 glucopyranose units) used in this study were 5, 8
and 18.
2.2. Preparation of charged dex-HEMA microspheres
Negatively and positively charged microspheres
were prepared as described previously [32]. In short,
the dextran microspheres, with a water content of
70%, were obtained through radical polymerization
of dex-HEMA, emulsified in an aqueous poly(ethylene glycol) solution. Addition of either methacrylic
acid (MAA) or dimethylaminoethyl methacrylate
(DMAEMA) to the polymerization mixture resulted
in respectively negatively (dex-HEMA-MAA) and
positively (dex-HEMA-DMAEMA) charged microspheres. The crosslinked particles were purified by
multiple washing and centrifugation steps and ultimately the microspheres were lyophilized. The particle size and size distribution of the microspheres were
determined with a laser blocking technique, using an
AccusizerR (model 770, Particle Sizing Systems,
Santa Barbara, CA, USA).
The mean volume diameters of the dex-HEMAMAA and the dex-HEMA-DMAEMA microspheres
were 10 Am. The microsphere charge was confirmed
by n-potential measurements using a Malvern Zetasizer 2000 (Malvern Instruments, Worcestershire, UK)
[38]. The n-potentials varied from  13 to  16 for
dex-HEMA-MAA microspheres and from + 12 to + 15
for dex-HEMA-DMAEMA microspheres.
2.3. Formation of physically crosslinked hydrogels
using charged microspheres
Hydrogels consisting of equal amounts of positively (dex-HEMA-DMAEMA) and negatively (dex-
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HEMA-MAA) charged microspheres were prepared
by mixing the lyophilized microspheres. Next, the
microsphere mixture was hydrated in Hepes buffer
for 1 h (100 mM pH 7.0) at 4 8C. The solid content
of the gels was varied between 15% and 30%. Hydrogels containing 1 mg protein per 100 mg gel were
prepared by hydration of the microsphere mixture in a
protein solution (25 mg/mL) in 100 mM Hepes (100
mM pH 7.0).
2.4. Adsorption and absorption of proteins to the
microspheres
Possible absorption and adsorption of proteins to
the negatively or positively charged microspheres
were studied by incubating 10 mg dry microspheres
with 1 mL of protein solution 500 Ag/ml in Hepes
buffer (100 mM, pH 7.0). After 1 h of incubation at
room temperature the dispersions were centrifuged (1
min 10,000 rpm) and the protein concentration in the
supernatant was determined with the BCAR Protein
Assay (described in Section 2.7). Subsequently, the
microsphere pellet was redispersed in 1 ml 150 mM
NaCl, Hepes buffer pH 7.0 and incubated for 1 day at
room temperature. Thereafter, the dispersions were
treated and analyzed as described above.
Confocal images of FITC-labeled lysozyme and
BSA in the gels were taken using a confocal scanning
laser microscope (model MRC1024 UV, Bio-Rad,
Hemel Hempstead, UK).
2.5. Rheological experiments
Rheological experiments were performed on
hydrogels (25% solid) with and without protein loading. The rheological measurements on the hydrogels
were performed using a controlled stress rheometer
(AR1000-N, TA Instruments, Etten-Leur, The Netherlands), equipped with an acrylic flat plate geometry
(20 mm diameter) and a gap of 500 Am [32]. Hydrogels were prepared as described in Section 2.3 and
thereupon introduced between the two plates. A solvent trap was used to prevent evaporation of the
solvent. The viscoelastic properties of the gels were
determined by measuring the GV (shear storage modulus) and GU (loss modulus) at 20 8C with a constant
strain of 1% and constant frequency of 1 Hz. Creep
experiments were done to evaluate the extent of
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recovery of the material after deformation. Therefore a
shear stress of 50 Pa was applied while the strain was
monitored. After 5 min the stress was removed and
the recovery of the sample was monitored by measuring the strain during 10 min.
2.6. In vitro protein release
Hydrogels were prepared and loaded with the various proteins as described in Section 2.3. Lysozyme
(Mw 14,000 g/mol), BSA (Mw 67,000 g/mol) and
IgG (Mw 150,000 g/mol) were used as model proteins. Their diffusion coefficients in water (D 0) are
respectively: 1.04  10 6 cm2/s [39], 0.59  10 6
cm2/s [39] and 0.40  10 6 cm2/s [40]. The hydrodynamic diameter of the proteins (d) was calculated
using the Einstein–Stokes Eq. (1):
D0 ¼

kT
3pgd

ð1Þ

where D 0 is the diffusion coefficient of the protein, k
is the Boltzmann constant, T is the absolute temperature and g is the viscosity of the solvent. The calculated hydrodynamic diameters for lysozyme, BSA and
IgG are respectively 4.1, 7.2 and 10.7 nm.
Different protein-loaded hydrogels were prepared,
altering the solid content of the gels (15%–30%) and
the DS of the microspheres (DS 5, 8, 18). Each formulation was made in duplo. Non-protein loaded
hydrogels were also included in the study. For every
formulation, 500 mg gel was prepared in 2 mL eppendorf cups that were weighed in advance. After hydration the gels were transferred into the release device
(described below), closed with a rubber stop and the
empty eppendorf cups were weighed again to determine the exact weight of the gel introduced in the
device. The release device is made of polyoxymethylene and consists of a gel and a release compartment,
with a diameter of respectively 8.5 and 15 mm and
length of 8.8 and 30 mm (Fig. 2). As a result, cylind-

3 mL buffer
0.5 mL gel
Fig. 2. Schematic presentation of the release device.

rical gels of 8.5  8.8 mm (diameter  length) were
obtained. Release buffer (3 mL, 100 mM Hepes pH
7.0, 0.02% NaN3, with and without 150 mM NaCl) was
added to each formulation and the device was incubated on a shaking plate at 37 8C. Samples of 0.5 mL
were taken at regular time intervals and replaced by an
equal volume of fresh buffer. The release samples were
analyzed for their protein concentration using the
BCAR Protein assay described in the next section.
2.7. Determination of protein concentration and enzymatic activity of lysozyme in release samples
The protein concentration in the release samples was
determined with the BCAR Protein Assay [41]. Standard protein solutions (concentration range 0.010–1
mg/mL) were prepared to generate calibration curves.
Release samples (25 AL) were pipetted into a 96-microwells plate and 200 AL of working reagent (= BCA
reagent A: BCA reagent B, 50 : 1 v/v) was added. The
plates were incubated for 30 min at 37 8C followed
by cooling down to room temperature. Subsequently
the absorbance was measured at 550 nm with a Microplate ManagerR (Bio-Rad Laboratories, Hercules, CA,
USA).
The enzymatic activity of lysozyme in some
selected release samples was determined. The assay
is based on the hydrolysis of the outer cell membrane
of M. lysodeikticus, resulting in solubilization of the
affected bacteria and consequent decrease of light
scattering [42]. The release samples were diluted to
a concentration of 50–100 Ag/mL. Next, 10 AL of
sample was added to 1.3 mL of M. lysodeikticus
suspension (0.2 mg/mL, 100 mM Hepes buffer pH
7.0) and the decrease in turbidity was measured for 3
min at 450 nm. The percent remaining enzyme activity was obtained by comparing the activity to that of a
reference lysozyme solution (100 Ag/mL).
UV scans (Perkin-Elmer Lambda 2 UV/VIS spectrophotometer, Überlingen, Germany, 250–350 nm) of
release samples containing lysozyme were taken and
compared to a scan of a reference lysozyme solution
(100 Ag/mL) to verify the possible presence of protein
aggregates. Lysozyme denaturation was checked by
fluorescence spectroscopy of release samples (Fluorolog fluorimeter, Jobin Yvon Horriba, 300–450 nm)
and also compared to a freshly made lysozyme solution (23 Ag/mL).
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2.8. Mathematical modeling of in vitro protein release
An analytical solution of Fick’s second law of
diffusion was used to quantitatively describe protein
release from the investigated hydrogels. The hydrogels are regarded as monolithic structures since the
proteins were molecularly dispersed in the macroscopic gels. Furthermore, the model considers that
the edges of the cylindrical gels were not exposed to
the release medium. Thus, the mathematical analysis
could be restricted to one dimension and the release
kinetics could be described as follows [43]:
Bc
B2 c
¼ Dd 2
Bt
Bx

ð2Þ

where c denotes the concentration of the protein
within the polymeric system, being a function of
time t and position x; D represents the apparent
diffusion coefficient of the protein.
Considering perfect sink conditions throughout the
experiment and the fact that only one circular surface
of the cylindrical gels was exposed to the release
medium, the following solution of Fick’s second law
of diffusion can be derived and used to describe
protein release from the investigated hydrogels [43]:
l
X
Mt
8
¼1
2
2
Ml
n¼0 ð2d n þ 1Þ d p

d exp

ð2d n þ 1Þ2 d p2

d Dd t
4d L2

!
ð3Þ

where M t and M l , represent the absolute cumulative
amounts of protein released at time t, and infinite
time, respectively; L denotes the height of the cylindrical hydrogel.
If protein release leveled off below 100%, the
experimentally determined plateau value (amount of
mobile protein) was considered as 100% reference
value for protein diffusion.
2.9. Fluorescence recovery after photobleaching
(FRAP)
FRAP was used to study the mobility of the proteins in the gels composed of oppositely charged
particles, as well as in the microspheres themselves
[44].

71

The FRAP measurements were performed using a
setup as described previously [45,46]. In detail, a confocal scanning laser microscope (model MRC1024 UV,
Bio-Rad, Hemel Hempstead, UK) modified for
bleaching arbitrary regions, was used. The 488-nm
line of a 4 W Ar-ion laser (model Stabilite 2017;
Spectra-Physics, Darmstadt, Germany) was used to
bleach uniforms disks with a typical diameter of 25
Am. It is assumed that the bleaching phase is very
short (100 to 200 ms) so that the amount of fluorescence recovery that will take place during bleaching is
negligible compared to the characteristic recovery
time. The microscope was equipped with a 10 objective lens (CFI Plan Apochromat; Nikon, Badhoevedorp, The Netherlands). Next, a highly attenuated
laser beam measured the fluorescence recovery in
the bleached area, which is due to the diffusion of
fluorescent probes from the surrounding unbleached
area into the bleached spot. The diffusion coefficient
can be calculated from the experimental recovery
curve by fitting of the appropriate FRAP model. The
derivation of the FRAP model for a uniform disk
bleached by a low numerical aperture lens has been
described earlier [47].
The gels were loaded with fluorescein isothiocyanate (FITC) labeled proteins. FITC-BSA was used as
provided by the supplier whereas lysozyme was
labeled as follows: 300 mg lysozyme and 12 mg
FITC were each dissolved in 60 mL borate buffer
(100 mM, pH 8.5). While stirring, the FITC solution
was added drop wise to the lysozyme solution and the
resulting solution was stirred for 16 h. Next, the
protein solution was extensively dialyzed against
water (at 4 8C) and the FITC-lysozyme was collected
after freeze-drying.
Protein stock solutions were prepared by dissolving 180 mg lysozyme or BSA and 20 mg FITClysozyme, respectively, FITC-BSA in 10 mL buffer
(Hepes 100 mM pH 7.0).
The microspheres were prepared as described in
Section 2.2. After the washing and centrifugation
steps, 500 mg of both dex-HEMA-MAA and dexHEMA-DMAEMA microspheres were dispersed in
5 mL buffer (Hepes 100 mM pH 7) and subsequently
vigorously mixed. The vials were rinsed with 5 mL
buffer that was subsequently added to the particle
dispersion. After centrifugation (5 min 2000 rpm)
200 mg gel was transferred into eppendorf vials (1.5

72

S.R. Van Tomme et al. / Journal of Controlled Release 110 (2005) 67–78

mL) and 100 AL fluorescently labeled protein stock
solution was added. These mixtures were again intensively vortexed and centrifuged (5 min 2000 rpm).
Samples containing either positively or negatively
charged microspheres were prepared in the same
way. Just after preparation, the supernatant in the
vials containing protein-loaded gels composed of
oppositely charged microspheres was colorless and
the gels were yellow, whereas in the vials containing
only microspheres of the same charge, the supernatant
had a bright yellow color. This indicates that the
fluorescently labeled protein was fully entrapped in
the physically crosslinked network.
To perform FRAP experiments a spatula tip of the
protein-loaded hydrogel was placed on an objective
glass, on which an adhesive spacer (Secure-Seal
Spacer, Molecular Probes, Leiden, The Netherlands)
of 0.5 mm thickness (adhering at both sides) was
fixed, and subsequently protected with a cover glass.
In this way evaporation and convection in the sample
were prevented.
As a control, the diffusion coefficients of the fluorescent probes were measured in a sucrose solution
(50% w/w). The viscosity of the sucrose–protein solutions was determined using a Lauda MGW 540 SK
viscosimeter (Lauda MGW, Germany).

3. Results and discussion
3.1. Adsorption and absorption of proteins to the
microspheres
Confocal images were taken to visualize the distribution of the proteins in the gel matrices. Fig. 3A
and B show respectively lysozyme and BSA in gels
composed of dextran microspheres with DS 5 in a
medium with low ionic strength (100 mM Hepes, pH
7.0, ionic strength 27 mM). This figure illustrates that
lysozyme was able to penetrate into the microspheres,
while BSA was only visible between the microspheres. The same results (not shown) were found
for the gels composed of microspheres with higher
crosslink densities (DS 8 and 18), indicating that
lysozyme (d h = 4.1 nm) is small enough to diffuse
into the microspheres even when the DS is 18,
while BSA (d h = 7.2 nm) is too large to penetrate
into the microspheres. Fig. 3A also shows that lyso-

zyme is not able to penetrate into all microspheres.
Control experiments (Fig. 3C and D) reveal that lysozyme is able to penetrate into negatively charged
microspheres, whereas positively charged microspheres do not absorb this protein. This result can
be explained by the positive charge that lysozyme
bears at neutral pH (pI lysozyme = 9.3 [48]). BSA,
which is negatively charged at pH 7 (pI BSA = 4.7
[49]), is adsorbed onto the surface of positively
charged microspheres (Fig. 3B). No penetration into
neither the negatively nor positively charged microspheres is observed. Adsorption and/or absorption of
the proteins to the microspheres were quantified as
described in Section 2.4. Table 1 lists the results. In
the presence of negatively charged microspheres, the
microspheres ad(b)sorbed 75% of the added lysozyme
in medium of low ionic strength (100 mM Hepes, pH
7.0), whereas no adsorption onto the positive microspheres was found. BSA adsorbed onto positively
charged microspheres (35% of amount added) and
showed no adsorption onto negatively charged particles. These results are in good agreement with the
confocal images and can be explained by the net
charge that BSA and lysozyme have at neutral pH.
When the protein solutions were added to mixtures of
positively and negatively charged microspheres, the
adsorbed amount was considerably lower (50% and
20% for lysozyme and BSA, respectively), indicating
that the proteins are only able to interact with part of
the microsphere population. IgG (polyclonal, pI 5–10)
showed the least adsorption to the particles (5%–
20%), independent of the charge of the microspheres.
When the microspheres, preadsorbed with protein,
were incubated in Hepes buffered saline (150 mM
NaCl, 100 mM Hepes, pH 7.0) almost quantitative
desorption occurred, again indicating that the adsorption is due to electrostatic interactions between the
proteins and microspheres of opposite charge.
3.2. In vitro protein release
To study the in vitro protein release from the
ionically crosslinked gels, three model proteins, lysozyme, BSA and IgG, differing in hydrodynamic
radius, molecular weight and isoelectric point were
used. The influence of protein properties, solid content of the gels, DS of the microspheres and the ionic
strength of the release buffer was investigated.
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Fig. 3. Confocal images of FITC-lysozyme (A) and FITC-BSA (B) entrapped in hydrogels prepared by mixing oppositely charged dextran
microspheres (DS 5). C and D show the confocal images of FITC-lysozyme in dispersions of negatively and positively charged dextran
microspheres.

Since the proteins investigated bear a charge at
neutral pH and show adsorption onto the microspheres, it cannot be excluded that by this process
the interaction between the microspheres is diminTable 1
Influence of ionic strength and protein charge on the adsorption and/
or absorption of lysozyme, BSA and IgG to charged microspheres
Protein
(charge)

Microsphere % adsorbed/
charge
absorbed
after 1 h
without NaCl


+
+ and 
BSA ()

+
+ and 
IgG (polyclonal) 
+
+ and 

Lysozyme (+)

75
0
50
0
35
20
5
10
20

% adsorbed/
absorbed after 1
day after addition
of NaCl after 1 h
0
0
0
0
10
10
0
5
5

ished. It was shown that the rheological parameters
( GV, GU, tan (d)) and the recovery during creep of a
protein-loaded and control gel prepared in Hepes
buffer (100 mM, pH 7.0) were equal, indicating that
proteins do not influence the network properties of the
gel.
A continuous release of the proteins from both the
15% and 30% gels composed of microspheres with
DS 5, 8 and 18 was observed in Hepes buffered saline
(100 mM, pH 7.0, 150 mM NaCl). Fig. 4 shows a
representative example. This figure illustrates that
50% of the entrapped lysozyme, BSA and IgG was
released in 4, 5 and 60 days, respectively.
The structure of proteins might be changed after
their release from polymeric matrices because of
stress factors applied during the preparation of the
protein-loaded materials [50]. Also, degradation of
the matrices might be associated with protein degradation [51–55]. Therefore, we studied the structure of
the released lysozyme with spectroscopic techniques
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Fig. 4. Cumulative release of lysozyme (n), BSA (z) and IgG (E)
from hydrogels (15% solid, DS 8). Symbols: experimental values;
curves: fitted theory (Eq. (3)). Data are shown as average (n = 2).

(fluorescence, UV) and a bioactivity assay was done
to quantify its enzymatic activity. Fluorescence spectroscopy revealed that there were no shifts in the
maximum fluorescence intensity peak of the released
protein when compared to native lysozyme, indicating
that no structural damage of the protein has occurred.
Moreover, UV scans showed no shift in maximum
absorbance and no extra peaks in the 310–350 nm
region, which indicates that no protein aggregates
were formed. Finally, the lysozyme activity assay
showed that the specific activity of released lysozyme
was the same as that of native lysozyme. It can therefore be concluded that neither degradation nor aggregation of the lysozyme during preparation of the gel
and/or during release had occurred.
Good agreement between the experimentally measured and theoretically calculated (Eq. (3)) protein
release kinetics was obtained in all cases (e.g. Figs.
4 and 5). This indicates that the release of the model
proteins from the hydrogels is primarily diffusion
controlled during the entire release period. Dependent
on their size and surface charge, all proteins, are
hindered by the microsphere network. Smaller proteins with a hydrodynamic diameter smaller than the
pores in the dextran microspheres are able to diffuse
in and out of the microspheres. In contrast, larger
protein molecules are not able to penetrate into the
microspheres and have to search their way between
the microspheres, leading to a longer journey before
they reach the gel surface and diffuse into the release
medium. But for both extreme situations, and in
agreement with observations, the release of both

small and large proteins is governed by diffusion
(Fig. 4; Table 2). Based on the mathematical analysis,
the apparent diffusion coefficients of the respective
proteins in the gels was determined (Table 2). The
observed differences correlate very well with the
molecular weight and hydrodynamic radii of the proteins (D (lysozyme) N D (BSA) N D (IgG)). In all cases, except
for lysozyme with microspheres of DS 8 and 18 and
IgG with microspheres of DS 18, doubling the percent
solid content did not lead to a significant decrease in
D (Unpaired t test, p N 0.05). The insignificant differences between the diffusion coefficients of the proteins in the gels of 15% and 30% solid content can be
explained as follows. In the initial situation, 30% gels
will be composed of 30% dry microspheres hydrated
with 70% water (the microspheres were prepared as
such that their equilibrium water content amounted
70%), leaving no water in the spaces between the
microspheres. In 15% gels, obtained by mixing 150
mg dry dextran microspheres with 850 mg water, the
dry microspheres will absorb 350 mg water, meaning
500 mg (50% of the total hydrogel mass) is present
between the microspheres. During the release experiment the gels are brought into contact with an excess
of water, which makes that they swell. A higher
percent of microspheres results in a higher swelling
ratio (1.3 for 15%; 1.8 for 30%) of the macroscopic
gel, eventually leading to gels of about the same
cumulative lysozyme release (%)

cumulative release (%)
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0
0
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15
20
time (days)

25
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lysozyme 150 mM NaCl

lysozyme no NaCl

BSA 150 mM NaCl

BSA no NaCl

Fig. 5. The release of lysozyme (n) and BSA (z) from a 15% gel
(DS 8) in 100 mM Hepes, 150 mM NaCl, pH 7.0, 0.02% NaN3 (full
symbols) and 100 mM Hepes, pH 7.0, 0.02% NaN3 (open symbols).
Symbols: experimental values; curves: fitted theory (Eq. (3)). Data
are shown as average (n = 2).
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Solid
content

Protein

DS

D, 10 7 cm2/s
(FS.D.)

R2

15%

Lysozyme

5
8
8a
18
5
8
8a
18
5
8
18
5
8
18
5
8
18
5
8
18

5.4 F 0.6
5.1 F 0.1
3.4 F 0.3
8.8 F 0.1
4.3 F 0.2
4.4 F 0.0
1.5 F 0.1
6.8 F 0.8
2.1 F 0.1
2.1 F 0.2
3.6 F 0.1
4.1 F 0.6
3.9 F 0.2
3.7 F 0.0
4.1 F 0.2
4.1 F 0.5
5.0 F 0.2
2.1 F 0.5
2.6 F 0.2
2.4 F 0.3

0.99–1.00
0.99–1.00
0.99–1.00
0.98–0.99
0.98–0.99
0.99
0.97–0.99
0.99
0.99
1.00
0.99
0.99–1.00
0.99
1.00
0.97–0.98
0.97
0.98
0.98–0.99
0.99–1.00
0.99

BSA

IgG

30%

Lysozyme

BSA

IgG

Unless indicated otherwise, the release medium was Hepes buffer
(100 mM, pH 7.0, 0.02 % NaN3, 150 mM NaCl).
a
Release medium: Hepes buffer (100 mM, pH 7.0, 0.02 %
NaN3).

equilibrium water content (85%–90%). The data given
in Table 2 also show that the 15% hydrogels composed of microspheres of DS 18 (highest crosslink
density) exhibited the fastest release. We have previously shown that dextran gels with DS above 10 are
dimensionally stable [56]. It can be expected that due
to swelling the microspheres with a low DS (5 and 8)
are pressed onto each other, which will restrict diffusion of the protein. However, the high crosslink density (DS 18) prevents strong swelling of the
microspheres, leading to larger pores between the
microspheres when compared to the other gels and
resulting in the faster release.
Table 2 shows that the diffusion coefficients of the
different model proteins in the 30% gels are not
dependent on the microsphere crosslink densities.
Confocal images (Fig. 3A) showed that lysozyme is
absorbed by negatively charged microspheres, independent of their crosslink density. As a result, lysozyme is distributed in and between the microspheres.

Hence, the lysozyme release is not influenced by the
crosslink density of the microspheres and will be
comparable for DS 5, 8 and 18. Confocal images
(Fig. 3B) also showed that BSA is unable to penetrate
into the microspheres, independent of their crosslink
density. Consequently, BSA is only present in the
pores between the microspheres resulting in a release
rate that is independent of the DS of the microspheres.
The release of lysozyme and BSA release from
15% gels composed of microspheres with DS 8 was
studied in media of low (100 mM Hepes, pH 7.0) and
physiological ionic strength (100 mM Hepes, pH 7.0,
150 mM NaCl) (Fig. 5.). Eq. (3) was fitted to the
experimentally determined protein release kinetics
and the calculated diffusion coefficients are reported
in Table 2. In media with physiological ionic strength,
the diffusion coefficients of lysozyme and BSA were,
respectively, 1.5 and 3 times higher than in media
with low ionic strength. In both media full release was
observed, indicating that the adsorption/absorption,
occurring in media of low ionic strength, is reversible.
Adsorption/absorption and subsequent desorption processes retard the mobility of the proteins in the gels
and will consequently lower their diffusion coefficients in media of low ionic strength.
3.3. Fluorescence recovery after photobleaching
(FRAP)
To study the mobility of lysozyme and BSA on a
micro scale in the microsphere dispersions and gels,
FRAP measurements were performed. As a control,
1.00
fluorescence recovery

Table 2
Diffusion coefficients of lysozyme, BSA and IgG determined by
fitting Eq. (3) to the experimentally measured protein release
kinetics: effects of the solid content of the hydrogel, type of protein,
degree of substitution of dextran
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Fig. 6. Fluorescence recovery after photobleaching of FITC-lysozyme (n) and FITC-BSA (z) in dex-HEMA-MAA/dex-HEMADMAEMA hydrogels in Hepes buffer (100 mM, pH 7.0, 150 mM
NaCl).
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Table 3
Diffusion coefficients (10 8 cm2/s) of the model proteins in gels
(30% solid) determined with FRAP (data are shown as averages F
standard deviation (n = 5–7))
Gels

Lysozyme
BSA

DS
5

8

8a

18

6.9 F 0.8
3.1 F 0.6

7.2 F 1.0
2.2 F 0.6

14 F 2.0
8.5 F 3.0

3.8 F 1.2
0.8 F 0.2

Dispersions
(DS 8)

Negatively charged
microspheres

Positively charged
microspheres

Lysozyme
BSA

4.6 F 1.2
82 F 16

31 F 2
4.0 F 1.0

Unless indicated otherwise, the medium was Hepes buffer (100
mM, pH 7.0, 0.02% NaN3).
a
Hepes buffer (100 mM, pH 7.0, 0.02% NaN3, 150 mM NaCl).

the diffusion coefficients of the proteins were determined in 50% sucrose solutions. This resulted in
diffusion coefficients in water of 0.85  10 6 cm2/s
(lysozyme) and 0.31  10 6 cm2/s (BSA). Fig. 6
shows some representative bleaching and recovery
curves. The diffusion coefficients of the proteins in
gels composed of microspheres with DS 5, 8 and 18
and dispersions of either cationically or anionically
charged microspheres with DS 8, as determined by
FRAP, are listed in Table 3. Lysozyme and BSA
present in dispersions (100 mM Hepes, pH 7.0) containing non-interacting positively charged or negatively charged microspheres, respectively, have
diffusion coefficients similar to those in water.
Obviously, the proteins are repelled by the equal
charges of the microspheres and diffuse freely through
the dispersions. Upon mixing of the positively
charged lysozyme with interacting negatively charged
microspheres or negatively charged BSA with positively charged microspheres, the opposite phenomenon occurs. The proteins are ionically attracted to
the spheres, resulting in 10–20 times lower diffusion
coefficients as compared to their values in water.
Diffusion coefficients of both proteins in gels composed of equal amounts of positively and negatively
charged microspheres (100 mM Hepes, pH 7.0) were
about the same as those observed in microsphere
dispersions having opposite charge as the proteins.
To minimize the ionic interactions between the proteins and the microspheres, FRAP was performed on
gels (DS 8) containing 150 mM NaCl protein solution

(Table 3). In these hydrogels, the diffusion of lysozyme and BSA was, respectively, 2 to 4 times faster
than in low ionic strength media. These findings are in
good agreement with the adsorption and protein
release data as described in Sections 3.1 and 3.2. In
general, the diffusion coefficients obtained with
FRAP are 5 to 20 times smaller than the D’s calculated from the release experiments. These discrepancies result from the differences in experimental setup.
The diffusion coefficients of the proteins during their
release are macroscopic D’s, whereas those measured
with FRAP are on a microscopic level. It might be
possible that in gels two populations of protein molecules are present. One with a high mobility, present in
the pores between the microspheres and a diffusion
coefficient (almost equal) as that in water, and one
fraction with restricted mobility (ad(b)sorbed by the
microspheres). The fraction of protein molecules with
high mobility diffuses too rapidly for our confocal
microscope to determine their D and consequently the
D of the protein molecules interacting with the microspheres is obtained using FRAP.

4. Conclusions
Physically crosslinked hydrogels are an attractive
class of protein delivery systems since, during preparation and protein loading, harsh crosslinking conditions are avoided, thereby maintaining the biological
activity of the proteins. This paper reports on the in
vitro protein release from an injectable self-assembling hydrogel based on oppositely charged dextran
microspheres. The gels show a continuous release of
the entrapped model proteins with full preservation of
the enzymatic activity of lysozyme. This emphasizes
the protein-friendly nature of the hydrogel. In conclusion, these hydrogel systems are very suitable for the
diffusion-controlled release of pharmaceutical proteins. At present we are studying the degradation
behavior of the gels and the in vivo protein release.
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