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Abstract

To optimize and predict the release of proteins from biodegradable microspheres based on crosslinked dextran, a fundamental understanding of
the mechanisms controlling their release is necessary. For that purpose, a mathematical model has been developed to describe the release of
proteins from these hydrogel-based microspheres. A kinetic Monte Carlo scheme for the degradation of a small domain inside the microsphere was
developed. The results from this were used in a second kinetic Monte Carlo scheme to model the diffusion and the subsequent release of proteins.
The only processes included in this model are diffusion and degradation. The general effects of diffusion, crosslink density, protein loading, and
clustering of proteins on the release were investigated. The model crosslink density (Xmodel) and the model diffusivity (Dmodel) were fitted to
experimental release data of BSA monomer from hydroxyethyl methacrylated dextran (dex-HEMA) microspheres. By using the experimental
release curves of liposomes and BSA monomer, it was found that (1) the model crosslink density (Xmodel) scales with the hydrodynamic diameter
(dh) as dh

1.64 and (2) the diffusivity of the protein (Dmodel) scales approximately with 1 /dh (Stokes–Einstein). Using these scaling relations,
quantitative predictions of the release curves of BSA dimer, immunoglobulin G and human growth hormone were possible. In conclusion, this
model may play an important role in the optimization, understanding and prediction of the release of various proteins from degradable hydrogels.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Biodegradable hydrogels in the form of macroscopic (in situ
forming) systems and injectable microparticles are attractive
systems for the controlled release of pharmaceutically active
proteins [1–6]. It has been shown that hydrogels have a good
compatibility with proteins and living tissue [7–11]. Moreover,
a unique property of hydrogels is the possibility to tailor the
release by changing the crosslink density [12–15].

Biodegradable dextran-based microspheres are prepared in
an all-aqueous environment by crosslinking dextran derivatized
with hydroxyethyl methacrylate (dex-HEMA) droplets in an
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emulsion with poly(ethylene glycol) (PEG) [14–16]. Under
physiological conditions, the carbonate esters linking the poly-
HEMA to the dextran are hydrolyzed, which results in an
increased mesh size in the hydrogel network. The encapsulated
protein will be released when the mesh size exceeds its hydro-
dynamic diameter. In previous studies it was shown that the
release of entrapped colloidal particles (proteins, liposomes)
from dex-HEMA microspheres could be tailored from days to
months by varying the degree of substitution (DS, the number of
hydroxyl ethyl methacrylates per 100 glucose units) of dextran
and the initial water content of the microspheres [14,17].

To optimize the protein release characteristics of these
systems, a fundamental understanding of the degradation me-
chanism, the diffusion of proteins through the matrix, as well
as formulation parameters controlling the initial burst, the re-
lease rate, the lag time and the release time is required. The
development of an appropriate model can be very helpful in



List of symbols

Nmodel model parameter describing the maximum number of crosslinks per lattice site. In all simulations reported here,
Nmodel =2000 (see Section 2.1)

Xmodel model crosslink density; number of neighboring crosslinks that needs to be broken to open a lattice site. Note that
Xmodel depends on two experimental parameters: the actual degree of substitution of dextran and the hydrodynamic
diameter (dh) of the protein.

Dmodel rate at which a molecule jumps to a neighboring open lattice site
r reaction rate
k reaction rate constant: also hydrolysis rate constant
K number of events
u uniformly distributed random number between 0 and 1
M number of cycles
P(t) probability that a lattice site is open at time t
θ(t) Heaviside step function
P protein loading
dh hydrodynamic diameter
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the understanding and optimization of the release curves of
these systems. Moreover, as experiments can be time and
labor consuming, computer simulations may provide an attrac-
tive alternative to deepen the understanding of the release
process.

In dex-HEMA based systems, the protein is surrounded by
crosslinked dextran. For this system, protein release is con-
trolled by the opening of domains inside the microsphere as a
result of hydrolysis of crosslinks. Many models have been
developed to describe the release of drugs from various drug
delivery systems [18–24]. Most related to dextran-based micro-
spheres are the PLA-b-PEG-b-PLA gels developed by West and
Hubbell [25]. For these systems, Mason et al. [26] developed
scaling laws that relate bulk-degradation to the changing trans-
port properties of proteins during degradation. The predicted
release curves agreed qualitatively with experimental observa-
tions. However, quantitative predictions were not possible,
suggesting that not all important chemical and physical pro-
cesses were taken into account properly.

Models describing the network changes at a microscopic
level may result in better quantitative agreement between the
model and experiments. Most models describing polymer deg-
radation and release of proteins at microscopic level are based
on Monte Carlo simulations [27–31]. An important advantage
of this type of simulations is the use of a stochastic description
of the state of a small domain inside the microsphere. More-
over, the effects of diffusion and degradation can be studied
separately.

Important progress was made in the understanding of the
degradation and release from bioerodible systems with models
based on Monte Carlo simulations. Following the pioneering
work of Zygourakis [27,28], Göpferich [29–31] and co-worker
constructed a model in which the erosion of polymer ‘pixels’
(i.e. small domains inside a microsphere) was considered as a
random event. This erosion was combined with the diffusion of
degradation products. Good agreement was obtained between
this model and available experimental data. To investigate the
drug release from bioerodible spherical particles, a new math-
ematical model was developed by Siepmann et al. [32], in
which a stochastic process described local erosion. Release
curves were obtained by solving Fick's second law numerically
with a diffusivity related to local erosion. At present, no
microscopic models are available describing the release of
proteins by hydrolysis of crosslinks and diffusion of proteins
in matrices based on dextran, PLA-b-PEG-b-PLA and other
related systems [25].

The aim of this study is to describe the release of proteins of
variable size from dex-HEMA microspheres with different
crosslink densities. For that purpose, a numerical model based
on Monte Carlo simulations was developed which accurately
describes the diffusion and degradation processes inside the
microspheres, while neglecting swelling effects of the micro-
spheres. After validation of the model with experimental release
data of bovine serum albumin (BSA) monomer from dex-
HEMA microspheres, scaling laws for the model diffusivity
and model crosslink density with the hydrodynamic diameter
of the protein were obtained. This was used to predict release
curves for different crosslink densities and encapsulated pro-
teins (hGH, IgG) and liposomes, for which experimental release
curves were taken from earlier work of our group [14,17,33].
The experimental observations and the computed release curves
combined with confocal microscopy experiments were used to
obtain a better understanding of the processes determining the
release from dex-HEMA based microspheres.

2. Theory

2.1. Hydrolysis of crosslinks and opening of lattice sites

In the experimental situation, prior to polymerization, the
protein molecules are dissolved in a dex-HEMA solution. After
polymerization, these molecules are entrapped inside the net-
work if the initial mesh size of the network is smaller than their
hydrodynamic diameter (Fig. 1).



radical

dextran

hydrolysis
methacryloyl group (closed) lattice site

(open) lattice site
release

diffusion

hydrolysis

polymerization

oligomethacrylate

Fig. 1. Schematic two-dimensional representation of the confinement of a protein molecule and its subsequent release from dex-HEMAmicrospheres. Key features of
the release are the opening of a neighboring lattice site through hydrolysis of crosslinks and the subsequent diffusion of a protein molecule to this lattice site.
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The microsphere is modeled as a cubic three-dimensional
lattice. For simplicity reasons, the lattice is modeled as a cubic
object instead of a spherical object, as diffusion inside a spherical
object and a cubic one only differ by a constant geometric factor.
Each lattice site represents a small domain of the microsphere
containing a certain number of crosslinks (Fig. 1). At time t=0
protein molecules are randomly distributed over the lattice sites.
Two proteins can never occupy the same lattice site (excluded
volume principle). No proteins are present at the surface lattice
sites. Furthermore, when a protein molecule occupies a certain
lattice site, no crosslinks are present at that site.

In the experiments, once a protein is entrapped inside the
network (Fig. 1) the protein can only be released when (1) holes
in the network are created through hydrolysis of the surround-
ing crosslinks, or, (2) swelling of the system creates a larger
mesh size. Generally, swelling can occur directly after prepara-
tion (equilibrium swelling) and as a result of hydrolysis of
crosslinks. It has been demonstrated before that after prepara-
tion, dex-HEMA microspheres immediately reach their equi-
librium swelling [34]. It is expected that the swelling as a result
of hydrolysis of crosslinks is not contributing to the opening of
lattice sites, as the remaining crosslinks will keep the proteins
entrapped in the network. Therefore, swelling is neglected in
this model.

In principle, the opening of a small domain inside the
microsphere is determined by microscopic parameters such as
the average distance between two crosslinks, the size and shape
of the protein, and the topology of the crosslinked network.
This information can be used to construct a geometric model
based on the caging of a certain object [35,36]. However, the
precise details of the microscopic parameters controlling this
confinement are unknown. Therefore, in this model, a coarse-
grained approach was used to model the opening of a small
domain inside the microsphere (represented by a lattice site). In
this approach, a single lattice site is modeled as Nmodel cross-
links arranged on a line (Fig. 2A). The lattice site is considered
open when at least Xmodel neighboring crosslinks are hydro-
lyzed. Periodic boundaries are applied to identify neighboring
crosslinks near the edges.

The opening of lattice sites around a protein by hydrolysis of
crosslinks is related to two experimental parameters: (1) the
experimental crosslink density and (2) the hydrodynamic diam-
eter (dh) of the protein. The actual crosslink density is deter-
mined by the degree of HEMA substitution (DS) of dextran and
the water content of the microspheres. For larger proteins or
higher crosslink densities, more crosslinks need to be hydro-
lyzed to open a lattice site. This means that when Nmodel is
fixed, Xmodel increases with protein size and crosslink density of
the gel. It is important to note that different combinations of the
protein size and actual crosslink density can in principle result
in similar release curves. This implies that the experimental
situation can be described by a model crosslink density Xmodel

which depends on both the hydrodynamic diameter and the
degree of HEMA substitution (DS), while keeping the maxi-
mum number of modeled crosslinks (Nmodel) fixed. Keeping
Nmodel fixed for all simulations is allowed, as variations in the
actual crosslink density (which in turn at fixed water content is
proportional to the degree of HEMA substitution) or hydrody-
namic diameter (dh) are already accounted for in Xmodel. In that
situation, it is assumed that Xmodel is directly proportional to the
actual crosslink density (DS). The precise interplay between
Xmodel and dh will be discussed in Section 4.3.
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Fig. 2. Schematic representation of the model used in the simulations. (A) Example for the opening of a single lattice site with Nmodel=8 and Xmodel=4. The lattice site
is considered open if four neighboring crosslinks are hydrolyzed. Periodic boundary conditions are applied. Intact crosslinks are indicated with a cross; hydrolyzed
crosslinks are indicated with empty squares. (B) Schematic representation of the kinetic Monte Carlo scheme to compute P(t) for a single lattice site, see also Eq. (3).
(Nmodel=8, Xmodel=4). (C) Diffusion of a protein in the degrading matrix. A protein can jump to a neighboring lattice site (jump rate: Dmodel) provided that it is open.
The time τi at which lattice site i is open is computed by solving P(τi)=u, in which u is a uniformly distributed random number between 0 and 1. This is done for each
lattice site at the start of the simulation.
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Generally, the hydrolysis of crosslinks can be considered as
independent events with rate constant k. Therefore, the degra-
dation of the polymer network can be described by a Poisson
process. The time evolution of a Poisson process can be fol-
lowed by using the conventional kinetic Monte Carlo (KMC)
scheme (see Section 3.1.1).

2.2. Protein diffusion inside a microsphere

At t=0 protein molecules are positioned at lattice sites. To
model diffusion, it is assumed that a protein molecule can jump
to a neighboring lattice site provided that it is “open”, i.e. Xmodel

crosslinks are hydrolyzed so that the protein can enter this new
lattice site (see Section 2.1). Proteins jump to neighboring
lattice sites with a certain rate: Dmodel. Attempted jumps to a
“closed” lattice site are rejected, e.g. the protein returns to its
original position. Proteins that leave the cubic three-dimension-
al lattice are considered as released. In this model it is assumed
that jumps of protein molecules to neighboring lattice sites are
uncorrelated. It is also assumed that hydrolysis of crosslinks
Table 1
Overview of parameters used in experiments and simulations

Protein Experiments

dh
a (nm) DS pH

BSA
–Monomer (Mw=67 kDa) 7.2 12 7.2
–Dimer 13.6 12

IgG [14] (Mw=150 kDa) 10.9 3 7.0
6
8
12

hGH [33] (Mw=22 kDa) 4.1 16 7.4
Liposomes [6] 180 8 7.2
a For IgG and BSA monomer dh was taken from Ref. [17]. For hGH and BSA di
b The rate constants were derived from the pH dependence of the hydrolysi
c The loading of microspheres with liposomes was not given in Ref. [17]. Arbitrar

low diffusivity the loading does not affect the release curve.
and attempted jumps to neighboring lattice sites are uncorrelat-
ed processes as well. This means that it is possible to determine
which lattice sites are open at time t before the start of the
simulation.

3. Materials and methods

3.1. Modeling section

The modeling of the release of proteins from dex-HEMA
based microspheres is split into two parts. The first part consists
of modeling the hydrolysis of crosslinks and opening of lattice
sites. This will provide a release curve for the opening of a
single lattice site. This curve is used in the second part of the
model, which describes the diffusion of proteins in the degrad-
ing polymer matrix and their subsequent release.

3.1.1. Hydrolysis of crosslinks and opening of lattice sites
Assuming that the average size of a microsphere is 10 μm

and protein size is 10 nm (e.g. IgG, Table 1), a minimum
Simulations

Hydrolysis
rate constant b (s−1)

P (% v/v) Dmodel Xmodel

3.24·10−6 7.9% 1.0·10−3 15
5.3·10−4 43

2.06·10−6 5.9% 6.6·10−4 9
15
20
29

5.09·10−6 5.1% 1.8·10−3 8
3.24·10−6 10%c 4.0·10−5 2000

mer dh was derived using GPC data of Ref. [33].
s rate constant k as previously reported by van Dijk-Wolthuis et al. [39].
ily, a loading of 10% was assumed. In principle, any loading is justified since at
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lattice size of 1000×1000×1000 would be necessary to model
each crosslink as a single lattice site. Simulations for these
lattice dimensions are extremely time consuming. Therefore,
the simulations were performed for a 50×50×50 lattice in
which each lattice site represents either a protein or a certain
number of crosslinks. Lower lattice dimensions will result in
insufficient resolution. Simulations of slightly larger lattice
dimensions do not change our results significantly. Therefore,
the use of a 50×50×50 lattice is a compromise between
resolution (large lattices) and computational resources (small
lattices).

Each lattice site represents a certain number of crosslinks
(here: Nmodel=2000), which is fixed as discussed in Section 2.1.
To open a lattice site, Xmodel out of Nmodel crosslinks have to be
hydrolyzed, see Fig. 2. The value of Nmodel =2000 is chosen in
such a way that (1) the simulations are able to describe a wide
range of protein sizes and DS's, and (2) for the largest particle
in this study, Xmodel=Nmodel.

In this paragraph, the kinetic Monte Carlo scheme is de-
scribed (see also Fig. 2B). In general, in the KMC algorithm the
following steps are executed:

1. Set the time τ at τ=0.
2. Construct a list of possible events (i.e. list of crosslinks that

can be hydrolyzed). Suppose that there are K events with
rate constants r1, r2, r3,…rK (in units of events per unit of
time).

3. Select one of these events (l) with a probability

pl ¼ rl
XK

j¼1

rj

ð1Þ

4. Execute this particular event and advance the time for the
next event (i+1) by

siþ1 ¼ si þ jlnðuÞj
XK

j¼1

rj

ð2Þ

in which u is a uniformly distributed random number be-
tween 0 and 1.

5. Check whether Xmodel neighboring crosslinks are broken in
such a way that the lattice site is open (Fig. 2A). If this is the
case, record the time τ, otherwise return to step 2.

6. Repeat this process M times. Reasonable statistics were
obtained with M=106.

7. Construct the cumulative distribution of τ by computing

PðtÞ ¼

XM

i¼1

hðt � siÞ

M
ð3Þ

in which θ(t) is the usual Heaviside step function (θ(t)=1 for
tN0 and θ(t)=0 otherwise). Essentially, P(t) is the probabil-
ity that Xmodel neighboring crosslinks out of Nmodel are
hydrolyzed at time t. As τ can be written as a sum of
exponentially distributed random variables, it is expected
that the time derivative of P(t) is Gaussian [37,38].
3.1.2. Protein diffusion inside a microsphere
At t=0, P protein molecules are distributed randomly over

the lattice. Each lattice site can be either open or closed at a
certain time t with a probability given by Eq. (3). A lattice site
occupied with a protein molecule does not contain crosslinks.
The time τi at which lattice site i is opened can be calculated by
solving P(τi)=u, in which u is a uniformly distributed random
number between 0 and 1. This equation was solved for each
lattice site at the beginning of the simulation. The function P(t)
is uniquely determined by Xmodel and Nmodel and was computed
using the method outlined in the previous section.

After the start of the simulation, protein molecules (or other
entrapped colloidal particles such as liposomes) can diffuse
from lattice site to lattice site with diffusivity Dmodel (here
defined as a jump rate, in units of particle jumps per unit of
time) using the same KMC scheme as described in the previous
section. Jumps to new lattice sites are accepted when the new
lattice site is open and not occupied by another protein mole-
cule, see Fig. 2C. Proteins that diffuse out of the lattice are
marked as released. The simulation stops when all proteins
have been released from the cubic lattice. The approximate
CPU time for a typical simulation of protein release takes less
than 5 min. Clusters of proteins were modeled as a group of
monomeric proteins, in which each protein occupies a lattice
site. For example, a cluster of 10×10×10 proteins means a
group of 1000 protein molecules occupying 1000 neighboring
lattice sites. Once sufficient crosslinks are hydrolyzed, the
protein molecules can move independently from each other to
other open lattice sites. A cluster is not an aggregate, as the
proteins are neither physically, nor chemically linked.

3.1.3. Comparison with in vitro release experiments
To compare the computed release curves with previously

reported experimental release curves of BSA (see Section 3.2),
IgG [14], hGH [33] and liposomes [17], the time in the simula-
tions was converted to days using the hydrolysis rate constant k
of dex-HEMA in solution (Table 1). The release curves for BSA
monomer, BSA dimer, hGH and the liposomes were normalized
(maximum release was set at 1). This was not possible for the
curves of IgG as complete release was not obtained, and there-
fore the release curves were used as reported in Ref. [14].

For the simulations, the protein loading of the microspheres,
in the experiments given in weight of protein/weight of dex-
HEMA, was converted into protein volume/microsphere vol-
ume using an average microsphere size of 10 μm, a water
content of 50%, the density of dextran (1.61 g/cm3) [40] and
the hydrodynamic diameters (dh) and the molecular weights of
the proteins (Table 1). The loading of microspheres with lipo-
somes was arbitrarily set at 10% (volume of liposomes/volume
of microsphere).

The relation between dh and Xmodel and Dmodel, respectively,
was determined in the following way. Initially, the experimental
release curves of BSA monomer were fitted to the computed
release curves to obtain the model crosslink density (Xmodel)
and the model diffusivity (Dmodel) for BSA monomer. The
experimental release curves of BSA dimer and liposomes were
used to investigate the scaling of Xmodel and Dmodel with the



Fig. 3. Probability P(t) that a lattice site is open at time t for Nmodel=2000 and
different model crosslink densities (Xmodel) as a function of time. Curves from
left to right are for Xmodel=10, 40, 100, 400, 1100 and 2000. To convert the time
in units of 1 /k to time in days, a hydrolysis rate constant of 2.06·10−6 s−1 was
used (Table 1).
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hydrodynamic diameter (dh) of the protein. Using these scaling
relations, Xmodel and Dmodel were calculated for IgG, hGH and
liposomes (see Table 1) and their release curves were computed.
Confocal microscopy analysis of fluorescently labelled protein
in some systems indicated the presence of protein clusters. The
size of these clusters is of the order of the size of a microsphere.
For these systems, the release curves were computed assuming
that the proteins were initially arranged in clusters of similar size
(10×10×10 compared to 50×50×50 for the whole lattice).

3.2. Experimental section

3.2.1. Materials
Poly(ethylene glycol) (PEG) 10,000 g/mol and potassium

peroxodisulfate (KPS) were obtained from Merck (Darmstadt,
Germany). N,N,N′,N′-tetramethyl ethylene diamine (TEMED),
fluorescein isothiocyanate-bovine serum albumin (FITC-BSA)
were purchased from Fluka (Buchs, Switzerland). Rhodamine
B isothiocyanate was obtained from Aldrich (Milwaukee,
USA). Bovine immunoglobulin G (IgG, fraction II) was pur-
chased from ICN Biomedicals (Zoetermeer, The Netherlands).
Hydroxyethyl methacrylate derivatized dextrans (dex-HEMA)
with a degree of HEMA substitution 8 (8 HEMA groups per
100 glucose units) were synthesized according to van Dijk-
Wolthuis et al. [41] and obtained from Polymer Service Centre
Groningen (PSCG, Groningen, The Netherlands).

3.2.2. Preparation of rhodamine labeled IgG
A solution of 50 mg/ml IgG in phosphate buffer (10 mM)

was incubated with rhodamine (ratio 1 :5 mol/mol) for 1 day at
room temperature under stirring. The IgG was separated from
the rhodamine by diafiltration over 10 kDa filters.

3.2.3. Preparation of microspheres
Dextran microspheres were prepared by a water-in-water

emulsion technique [16]. First, a dex-HEMA solution contain-
ing protein was prepared. This solution was obtained by dis-
solving 61 mg dex-HEMA in 488 mg buffer and 61 μl of a
solution of 50 mg/ml rhodamine labeled IgG or in 427 mg
buffer and 120 μl of a solution of 50 mg/ml FITC-labeled
BSA or BSA. Second, 610 mg of dex-HEMA/protein solution
was added to a PEG solution (3.75 g, 35% w/w). All solutions
were prepared in 10 mM phosphate buffered saline pH 7.0. An
emulsion was obtained by vortexing this mixture in a 15 ml
tube (1 min, 14,000 min−1). Then, 100 μl TEMED solution
(20% v/v, pH neutralized with 4 M hydrochloric acid) was
added. The emulsion was vortexed for another minute, and
180 μl of 50 mg/ml KPS-solution was added and polymeriza-
tion was allowed to proceed for 60 min at room temperature,
without stirring. Multiple centrifugation and washing steps
were performed to purify the crosslinked dextran particles.

3.2.4. Confocal laser scanning microscopy
The microspheres were mixed with FluorSave (Calbio-

chem, San Diego, CA, USA) before visualization. Confocal
microscopy analysis was performed with a Leica TCS-SP
confocal laser scanning microscope equipped with a 488
nm Argon laser used to detect FITC-labeled BSA, 568 nm
Krypton laser used to detect rhodamine labeled IgG. Laser
power and photomultiplier settings were kept identical for all
the samples.

3.2.5. In vitro release of BSA
The BSA loaded microspheres were resuspended in 5 ml

25 mM phosphate buffer pH=7.0. Periodically, the micro-
spheres were centrifuged for 7 min at 3200 ×g, 3 ml super-
natant was removed and replaced by 3 ml 25 mM phosphate
buffer pH=7.4. The BSA monomer and dimer concentration
was determined using size exclusion chromatography (SEC)
[42].

4. Results and discussion

4.1. Hydrolysis of crosslinks and opening of lattice sites

In Fig. 3 the distributions P(t) for different Xmodel (model
crosslink density; number of neighboring crosslinks that need
to be broken to open a lattice site) are plotted. As expected, as
Xmodel increases, it will take on average more time to open a
lattice site. All curves have an S-shape. The time derivative of P
(t) is the probability distribution of the release time τ. The
release time τ was nearly Gaussian distributed in this model.
This is as expected, since τ equals the sum of exponentially
distributed random variables (Erlang distribution).

4.2. Modeling release

4.2.1. Diffusion
The effect of diffusivity on the computed release curves was

investigated. Fig. 4 shows the computed cumulative release
curves for a variable Dmodel, at a fixed protein loading of 10%
and model crosslink density Xmodel=10. For the whole range of
tested model diffusivities, a biphasic release curve was ob-
served. During the first phase, no protein was released. The
duration of this phase, which is called the lag time, was almost



Fig. 5. Computed release curves of proteins from microspheres as function of
time. Xmodel=16 (▴, Δ or - - -,—), 30 (●,○ or – - –,– –), loading 25% (closed
symbols, — or – - –) and 4% (open symbols, - - - or — —), Dmodel=1·10

−2

(symbols) and 1·10−3 (lines) (hydrolysis rate constant=2.06·10−6 s−1).

Fig. 4. (A) Computed release curves of proteins from microspheres as function
of time for a range of Dmodel. From left to right: Dmodel=5·10

−1; 1·10−1; 1·10−2;
1·10−3; 1·10−4 (Note: loading=10%, Xmodel=10, protein molecules are homo-
geneously distributed over the lattice, hydrolysis rate constant=2.06·10−6 s−1).
(B) Release during the first 8 days.
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independent of diffusivity (see Fig. 4B, lag time is around 4
days). In the second phase, the protein was released with a
diffusion dependent release rate. During the first phase, cross-
links are hydrolyzed and some lattice sites are opened. How-
ever, not enough neighboring lattice sites are opened to
release the protein from the matrix. In the second phase,
when sufficient neighboring lattice sites are opened, protein
molecules can jump from one lattice site to another and can
consequently be released from the matrix. Fig. 4 also clearly
shows that the release kinetics after the lag time strongly
depended on Dmodel. When Dmodel is increased from 10−4

to 10−2, the release rate increases and the total release time
(time to release all protein molecules) decreases. Assuming
that the diffusivity of a protein is related to its size (Stokes–
Einstein equation), for large proteins diffusion becomes the rate
determining process, resulting in a substantially decreased re-
lease rate and also longer total release time. Note that for larger
proteins the lag time will also increase because Xmodel increases.

4.2.2. Model crosslink density, protein loading and clusters
The effect of Xmodel on the release of proteins with different

sizes, and thus different Dmodel, from the microspheres is shown
in Fig. 5. In these simulations, again biphasic release curves
were found. In this figure it is shown that the lag time of the
first phase depends on Xmodel (∼4 and 7 days for Xmodel=16 and
30, respectively). The release rate in the second phase was
nearly independent of Xmodel, but strongly dependent on Dmodel

(see also Fig. 4).
The effect of protein loading is also shown in Fig. 5. At

higher protein loading the lag time is slightly shorter (∼0.5 day
shorter, comparing protein loading=4% and 25% at Xmodel=30,
Dmodel=1·10

−2). If the protein molecules are initially homoge-
neously distributed over the lattice, more protein molecules are
present close to the surface of the microspheres at higher
protein loading. Since less lattice sites need to be opened to
release proteins close to the surface, the release from micro-
spheres with a higher loading starts consequently earlier. This
effect becomes less pronounced at smaller Dmodel (larger
proteins).

Tuinier and Brulet [43] showed that phase separation of
lysozyme in a dextran solution occurred at low dextran con-
centrations (b15% w/w) and low lysozyme concentrations.
Likely, phase separation will also occur for other proteins in
the highly concentrated dex-HEMA phase (50% w/w). As a
result, after polymerization, clusters of protein are imprisoned
in the network of the microspheres. With the currently devel-
oped model, the effect of clusters of proteins on the release
curves was investigated. At low loading (4% v/v) and small
Xmodel the effect of the clusters on the release curves was
marginal. After the lag time (which was almost independent
of the presence of clusters) the release rate is slightly higher for
proteins homogeneously distributed over the microspheres than
for proteins originally present in clusters (data not shown). This
can be explained by the restricted mobility of proteins inside
a cluster. Before proteins inside a cluster are able to move,
first proteins at a neighboring lattice sites should have
jumped at other (unoccupied) lattice sites. Only for large
Xmodel and at high loading the effect of clusters becomes
important. At Xmodel=30, Dmodel=10

−3 and loading=25%
v/v, the release curve of proteins from microspheres with
clusters was shifted and the time to release 50% of the
entrapped protein was increased from 8 to 9.5 days. It is
important to note that of the effect of Xmodel on the release is
much larger than the effects of loading and clusters.



Fig. 7. Cumulative release of BSA monomer (□) and dimer (Δ) from dex-
HEMA microspheres (DS 12, water content of 50%) as a function of time. The
computed release curves are plotted as lines.
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4.3. Validation and prediction

As no length scales were introduced for the lattice or a single
lattice site, the model crosslink density (Xmodel) and the model
diffusivity (Dmodel) cannot be converted directly into experi-
mental diffusion and crosslink densities. Therefore, to compare
the experimental release curves with the simulations, the ex-
perimental crosslink density should be translated into the model
crosslink density (Xmodel). Moreover, a Dmodel should be fitted,
representing the diffusion of proteins inside a microsphere. The
release of BSA monomer obtained from dex-HEMA micro-
spheres (DS 12) was fitted with the computed release curves.
Fig. 6A shows a confocal microscopy image of microspheres
loaded with FITC-BSA. This suggests that BSA is homoge-
neously distributed over the microspheres and in the simula-
tions it was therefore assumed that the BSA molecules were
homogeneously distributed over the lattice. The best fit was
obtained using Xmodel=15 and Dmodel=1.0·10

−3 (Fig. 7). The
simulation is in good agreement with experimental data.

The obtained Xmodel and Dmodel for BSA monomer (Table 1),
and the experimental release curves of BSA dimer and liposomes
were used to investigate the scaling of Xmodel and Dmodel with the
hydrodynamic diameter (dh). To compute the release curve of
liposomes from the microspheres, it was assumed that Dmodel is
proportional to 1 /dh (Stokes–Einstein equation), in which dh is
Fig. 6. (A) FITC-BSA and (B) rhodamine labeled IgG encapsulated in dex-
HEMA microspheres (DS 12, water content 50%).
the hydrodynamic diameter of the liposome. Furthermore, with
increasing protein (or liposome) size Xmodel increases since for a
larger protein (or liposome) more crosslinks need to be hydro-
lyzed to open a lattice site. However, the precise relation between
Xmodel and dh is not a priori clear. There are two extreme situations
that result in opening of the lattice site and release of the protein
(or liposome) (Fig. 8). In the first situation, a lattice site is opened
when all crosslinks at the perimeter of the projection of the
protein on the plane are hydrolyzed. This means that Xmodel is
proportional to dh. In the second situation, a lattice site is open
when all crosslinks at the surface of the projection of the protein
are hydrolyzed. In that particular case, Xmodel scales with dh

2. The
real situation is expected to be an intermediate between these two
extreme situations, as crosslinks are hydrolyzed randomly and not
exclusively on the perimeter of the projected protein. Moreover,
not all crosslinks on the projected area of the protein need to be
hydrolyzed to open a lattice site. Therefore, it is expected that
Xmodel scales with dh

α, where 1bαb2.
In Fig. 9, the experimental and computed release curves of

liposomes from dex-HEMAmicrospheres are shown. Best agree-
ment between experimental data and simulations was obtained by
Fig. 8. Schematic representation of the movement of a protein through a plane
of crosslinks. There are two extreme situations. Left: Crosslinks are hydrolyzed
at the perimeter of the projection of the protein onto the plane. Right: Crosslinks
at the projection of the protein are hydrolyzed.



Fig. 11. Cumulative release of hGH as a function of time from microspheres of
DS 16 and water content 50% prepared in the absence (□), and presence (Δ) of
0.1% tween 80. Experimental data were obtained by Vlugt-Wensink et al. [33].
The computed release curve is plotted as a line. In these simulations proteins
were present in clusters occupying 1000 lattice sites.

Fig. 9. Cumulative release of liposomes from dex-HEMA microspheres (DS
8 (●), water content 50%) as a function of time obtained previously by
Stenekes et al. [17]. The computed release curve is plotted as a solid line.
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using Xmodel=2000 and Dmodel=2.0·10
−5 and α=1.64. Note that

for liposomes Xmodel equals Nmodel, which means that liposomes
can only jump to neighboring lattice sites when all model cross-
links are hydrolyzed (Fig. 2A). The Stokes–Einstein relation
predicts a somewhat higher diffusivity (Dmodel=4.0·10

−5, Table
1). This may indicate that in the degrading hydrogel matrix the
mobility of liposomes is more restricted than that of BSA.

Based on the values for Xmodel and Dmodel obtained for BSA
monomer as well as α (obtained from the release of the lipo-
somes), Xmodel and Dmodel were calculated for BSA dimer, IgG
and hGH released from dex-HEMA based microspheres using
the scaling rules for crosslink density (Xmodel∼dh1.64) and diffu-
sivity (Dmodel∼1 /dh) as discussed in the previous paragraph. In
Figs. 7, 10 and 11 the experimental data are compared with the
simulations.

By applying the scaling relations, for BSA dimer Xmodel=43
and Dmodel=5.3·10

−4 was predicted. Good agreement between
experimental and computed release curve was obtained partic-
ularly for the last period of the release curve. Fig. 10 shows the
computed and experimental release curves for IgG loaded
microspheres. Confocal microscopy revealed that IgG is present
Fig. 10. Cumulative release of IgG from microspheres of DS 3 (■), DS 6 (▴),
DS 8 (●) and DS 11 (♦) (water content 50%) as a function of time. Experi-
mental data were obtained previously by Franssen et al. [14]. The computed
release curves are plotted as lines. It was assumed that the proteins were present
in clusters occupying 1000 lattice sites.
in clusters of proteins inside the microsphere (Fig. 6B). There-
fore, in the simulations of these systems the proteins were
initially arranged in clusters. Good agreement was obtained
between experimental and computed release curves, especially
for the release of IgG from microspheres of DS 3 and 6
(Xmodel=9 and 15, respectively, Dmodel =6.6·10

−4). Differences
in the lag time (but not in release rate) between experiments
and simulations were found for DS 8 and DS 11(Xmodel=20
and 29, respectively, Dmodel=6.6·10

−4) indicating that other
processes than degradation and diffusion affect the release
here. A possible explanation is that IgG is present as precipi-
tates in the microspheres. A longer lag time can be expected
when dissolution of IgG from the precipitates is rate-limiting.

Fig. 11 shows the experimental release curves for hGH from
micropheres prepared in the presence and absence of 0.1%
tween 80. In the release curve of hGH a lag time of 2 days is
observed, where in the release curve of hGH with tween 80 no
lag time was present. Moreover, the release rate of the hGH is
quite similar. Good agreement was found between the experi-
mentally obtained release curve of hGH from micropheres
prepared with 0.1% tween 80 and the computed release curve
(Xmodel=16, Dmodel=1.8·10

−3). A possible explanation is that
hGH without tween 80 is aggregated in the microspheres. Since
aggregates are larger than monomers, a longer lag time and a
lower diffusivity were expected. The difference in diffusivity
for hGH monomer and dimer is relatively small and might not
be observed in in vitro release experiments. In fact, experiments
presented in Ref. [33] showed that when microspheres were
prepared without tween, large precipates of hGH were ob-
served. Therefore, the release of hGH does not only depend
on hydrolysis and diffusion (processes included in this model),
but probably also on the dissolution rate of these precipitates of
hGH in these microspheres.

5. Conclusions

A model was developed to investigate the release of pro-
teins from dex-HEMA based microspheres. The effects of
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diffusion, crosslink density, protein loading, and clustering of
proteins on the release were investigated. It was found that of
the effect of Xmodel on the release is much larger than the
effects of loading and clusters. It was shown that proper
prediction of release curves is possible for various proteins
and for microspheres of various crosslink densities (here:
degree of substitution, DS) by scaling Xmodel with the hydro-
dynamic diameter dh

1.64 and Dmodel with 1 /dh (Stokes–Einstein
relation). As experimental determination of release kinetics can
be time and labor consuming, this model may play an impor-
tant role in the optimization, understanding and prediction of
the release of various proteins from crosslinked hydrogel-
based microspheres.
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