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Hydrogels are increasingly used for the entrapment of biocatalysts, especially for the use of enzymes in
organic solvent systems. Hence, it is necessary to understand the influence of the hydrogel matrix on
the transport kinetics (diffusion and phase transfer) and on the reaction kinetics (activity and stability
of the enzymes). Here, the diffusion of propionic acid into Ca-alginate hydrogel beads is studied using a
structured methodology, model-based experimental analysis (MEXA).
The basis for all further investigations is a rigorous model of all processes occurring during the diffusion
of the propionic acid into the Ca-alginate hydrogel bead. As competing model assumptions the Fickian
and Nernst--Planck diffusion laws are integrated. Then, an optimal experimental design is performed to
determine those experiments that allow an efficient discrimination of the rival model candidates. The
change in pH-value over time resulting from the diffusion of propionic acid into the hydrogel bead is
observed in the centre of the hydrogel bead. The fluorescent pH-indicator resorufin shows pH-dependent
lifetimes that are measured by time-correlated single photon counting using a confocal laser scanning
microscope at high temporal resolution (every 1 s). To our knowledge lifetime confocal laser scanning
microscopy is used for the first time in this study for the quantification of dynamic pH-changes in macro-
scopically large particles. The model parameters for each candidate model are estimated based on 16
independent experimental data sets. Finally, the likelihood function is used to evaluate and discriminate
the competing diffusion laws.
For the diffusion of propionic acid into spherical Ca-alginate hydrogel beads, it could be shown that Fickian
diffusion is not able to describe the process accurately in contrast to Nernst--Planck diffusion. The influence
of the Ca-alginate hydrogel density was found to be insignificant for the estimated diffusion coefficient.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, biocatalysis can be considered as an established tool
to produce bulk and fine chemicals, where a strong focus lies on chi-
ral precursors and active pharmaceuticals (Liese et al., 2000; Schmid
et al., 2001; Schoemaker et al., 2003). For some substrates and
products the solubility in the natural aqueous environment of the
enzymes is limiting (Leresche and Meyer, 2006). To this end, the
natural, aqueous medium is exchanged against a so called non-
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conventional medium, often an organic solvent (Hudson et al.,
2005). The stabilisation of enzymes for those environments is fre-
quently accomplished by immobilisation, eventually limiting the
rate of the enzyme catalysed reaction by substrate diffusion. The
entrapment of enzymes into macroscopic hydrogel beads provides
a stabilised aqueous environment for the enzyme while being sus-
pended in an organic solvent. This forms a generic solution that can
easily be adapted to a wide range of enzymes (Ansorge-Schumacher
et al., 2000; Metrangolo-Ruiz et al., 2005). However, the micro-
environment of the enzyme is inevitably influenced by any type of
hydrogel.

A rational design of hydrogel matrices requires the mechanistic
understanding of all effects occurring in an immobilised biocatalyst
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reaction system. One basic description for reaction--diffusion cou-
pling is the Thiele modulus that relates the maximum reaction
velocity of the enzyme to the diffusivity of the substrate, indicating
regimes of reaction or diffusion control. When immobilising en-
zymes, the activity loss due to diffusion limitation is often expressed
as effectiveness factor, the ratio of observed activity of the immo-
bilised enzyme over that of the free enzyme. For the simplified case
of Fickian diffusion and irreversible Michaelis--Menten kinetics, an-
alytical solutions for the effectiveness factor are available (Buchholz
et al., 2005). However, this simplified approach to diffusion necessar-
ily fails if the above assumptions do not hold, or if additional interac-
tions inside the hydrogel matrix occur. Examples for those additional
complications include an uneven enzyme distribution across the
catalyst radius (Hossain and Do, 1992), or pH- and substrate concen-
tration gradients influencing the reaction kinetics and/or the selec-
tivity (Bailey and Chow, 1974; Spiess and Kasche, 2001; Berendsen
et al., 2006). To account for more complex kinetics with electrolytes
as reactants, a distributed model incorporating Nernst--Planck
diffusion for infinitely dilute aqueous electrolytes and a radial
enzyme gradient has recently been explored (van Roon et al.,
2006).

Traditionally concentration measurements over time in the bulk
phase are used to evaluate both the reaction rates and the diffu-
sion coefficients inside the hydrogel matrix (Polakovic et al., 2001).
This integral information is not considered sufficient to quantify
the local effects of the hydrogel matrix on both reaction and trans-
port kinetics. Thus, additional measurements inside the carrier are
required. Spectroscopic measurement techniques are increasingly
applied for the non-invasive in situ observation of chemical species.
Due to recent developments of different concentration quantifica-
tion methods a detailed observation of transport processes is now
possible. Nuclear magnetic resonance (NMR) techniques have re-
cently been applied for the imaging of transport phenomena and
chemical reactions (Küppers et al., 2002). In principle, any chemical
species can be observed using NMR imaging. However, a severe
trade-off between spatial, chemical and temporal resolution ex-
ists. Therefore the resolution of species concentrations during fast
transients is currently limited. Raman spectroscopy has also been
used for the spatially resolved observation of concentration and for
the determination of diffusion coefficients in hydrogel slabs (Kwak
and Lafleur, 2003). The applicability of Raman spectroscopy; how-
ever, is limited because only non-fluorescent species of significant
concentration can be quantified so far. In contrast, the widely ap-
plied confocal laser scanning microscopy (CLSM) can only observe
fluorescent species. Therefore, CLSM requires either fluorescent
molecules (Tallarek et al., 2003; Cvetkovic and Straathof, 2004), or
small fluorescent marker molecules attached to macromolecules to
allow for spatially resolved concentration measurements (Kasche
et al., 2003). The quantification of concentration based on fluo-
rescence intensity; however, has been demonstrated to be limited
by the attenuation of light by the carrier matrix that results in
depth-dependent calibration curves and prohibits the evaluation
of (fast) dynamic diffusion problems (Heinemann et al., 2004).
The impact of light attenuation may be overcome using either
two-photon excitation (Denk et al., 1990), or fluorescence lifetime
CLSM (Kuwana et al., 2004). Comparing the available spectroscopic
techniques, the highest potential for diffusion measurements in
transparent hydrogel matrices is attributed to CLSM due to its
high temporal and spatial resolution and the availability of suitable
indicators.

The objective of the present work is to discriminate between
possible diffusion laws for the diffusion of propionic acid into
Ca-alginate hydrogels. Propionic acid is an example for dissociating
species, which can be quantified using a fluorescent pH-indicator
detected by lifetime CLSM. Due to the complexity of the experi-
mentation equipment and the specificity of the questions raised,

Fig. 1. Model-based experimental analysis work flow as applied in this paper. The
numbers in the figure indicate the respective section numbers.

model-based experimental analysis (MEXA) is used to guide the
work process.

The methodology has been developed to provide a systematic
framework that optimally combines modelling, experimentation and
the solution of inverse problems for the evaluation of experimental
data (Marquardt, 2005). A simplified scheme of the sequential mod-
elling, experimental, and evaluation steps, taken during this work,
is given in Fig. 1 and guides through this paper.

After the initial development of the diffusion model variants (Sec-
tion 2), the MEXA cycle is passed twice. Simulations are performed
to check for identifiability and discriminability of some of the model
variants (Section 3). Constrained by the available experimentalmeth-
ods and equipments (Section 4), the optimal experiments for model
discrimination are determined (Section 5). The experimental results
(Section 6) are then used for the estimation of the diffusion pa-
rameters for both model variants and for the model discrimination,
i.e. for the performance comparison of both models (Section 7.1).
Due to an unexpected result, the model candidates are analysed and
re-formulated and the parameter estimation procedure is repeated
(Section 7.2).

2. Model development

The system of interest is an enzyme catalysed esterification reac-
tion in Ca-alginate beads suspended in an organic solvent that serves
as substrate supply. The hydrogel matrix consists of Ca-alginate,
which results from the gelation of alginate with CaCl2, releasing
free chloride (Cl−) ions during cross-linking. The Ca-alginate matrix
is considered immobile, but is slightly buffered using Tris buffer to
control the pH-value during gelation. The Cl− anion, the excess cal-
cium ions, as well as Tris and TrisH+ are supposed to be mobile.
In an esterification reaction, the acid reactant may dissociate to the
corresponding basic anion. The diffusion of a charged compound can
show differences between the Fickian and Nernst--Planck diffusion
laws. Thus, the diffusion of propionic acid (HPa) and its propionate
anion (Pa−) in the hydrogel matrix is investigated.

Assuming an ideally mixed batch system without volume change
and ideally spherical particles, the mass balance equations for the
bulk and the bead read as follows:

Vbulk dcbulk
i

dt
= kL,i · Abead · (Pi · cbeadi − cbulki ) (1)

�cbead
i

�t
= − 1

r2

(
�

�r
· r2 · ji

)
(2)
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with the following boundary and initial conditions:

r = 0 : �ci

�r
= 0

r = R : −ji = kL,i ·
⎛
⎝ cbulk

i

Pi
− cbeadi

⎞
⎠ , i = HPa (3)

t = 0 : cbulki = cbulki,0 , cbeadi = cbeadi,0 (4)

where Vbulk represents the volume of the bulk phase, ci the concen-
trations in the bead and the bulk phase, respectively, kL,i the mass

transfer coefficients, Abead the surface of the bead and Pi the parti-
tion coefficient between the phases.

The diffusion velocity of charged species at constant pressuremay
be described using Nernst--Planck law (Taylor and Krishna, 1993),
where the area-specific flux of a charged component is driven by a
combination of the gradients in concentration and electrical poten-
tial:

ji = −Di ·
(

�ci

�r
+ zi · ci

F

RmT

��

�r

)
(5)

where i denotes the diffusing species, ji is the molar diffusive flux
(in molm−2 s−1), Di the effective diffusion coefficient in the alginate
matrix, ci the local concentration, r the radial position in the bead,
zi the charge, F the Faraday constant, Rm the gas constant, T the
temperature, and � the electrical potential. The gradient in poten-
tial can be expressed in terms of concentrations by summing up the
concentration gradients of all involved species. This yields a repre-
sentation of Nernst--Planck law based merely on ion concentrations,
ion diffusivities and ion charges (Taylor and Krishna, 1993):

ji = −Di · �ci

�r
− zi · Di · ci∑

hz2
h

· Dh · ch

·
∑
h

zh · Dh · �ch

�r
(6)

For uncharged species (zi = 0), the second summand equals zero,
resulting in Fick's law:

ji = −Di · �ci

�r
(7)

As stated above, the diffusing species are electrolytes that may dis-
sociate depending on the environment. The dissociation process is
fast in comparison to the diffusion. Therefore, it is assumed that the
dissociation reaction is in equilibrium at all times. The dissociation
equilibrium is represented by the mass action laws:

Ki = ci,cation · ci,anion
ci,electrolyte

(8a)

Kw = cH+ · cOH− (8b)

where Ki is the dissociation constant, the ci's are the concentrations
of the undissociated electrolytes, the cation, and the anion, respec-
tively, while Kw is the ion product of water, cH+ the proton, and cOH−
the hydroxide ion concentration. Since electroneutrality is given at
all times, expressed by the charge balance,
∑

i

ci · zi = 0 (9)

one diffusive flux can be expressed through the diffusion of all other
species.

The diffusion coefficient Di in the hydrogel bead matrix is depen-
dent on the alginate density. However, the Ca-alginate beads are not
homogeneous, but the alginate polymer is radially distributed. Dur-
ing the gelling process, the multivalent Ca-ions diffuse from the sur-
face and rapidly cross-link, resulting in a higher concentration near

the surface than in the core (Thu et al., 2000). For the bead produc-
tion process used in this work, the alginate density distribution has
been measured using Raman spectroscopy (Heinemann et al., 2005).
A quadratic equation was used to fit the alginate density profile:

wAlg(r) = wAlg + d · (r2 − 3
5 · R2) (10)

where wAlg is the alginate concentration, wAlg the average alginate
concentration, d a model parameter to be fitted, and R the bead
radius. Masaro and Zhu (1999) list several physical models mainly for
self-diffusion of small to medium sized non-electrolytes in polymer
solutions in their review article. The presented model alternatives
express the diffusion coefficient (Di) as a function of the diffusion
coefficient in free solution (Di,0) and a tuneable model parameter
(k). The most simplified models take exponential (hydrodynamic
theory, model of Gao and Fagerness, Eq. (11a)), hyperbolic (simplified
Maxwell--Fricke model, Eq. (11b)), or linear form (obstruction model
for micro-emulsions, Eq. (11c)), and are expressed in terms of the
alginate concentration:

Di = Di,0 · e−k·wAlg (11a)

Di = Di,0
1 + k · wAlg

(11b)

Di = Di,0 · (1 − k · wAlg) (11c)

where Di,0 is here the diffusion coefficient in free solution and k a
fitting parameter for the polymer diffusion model that indicates the
extent of the matrix interaction.

3. Discriminability between diffusion parameter models (Eqs.
(11a)--(11c))

Before any kind of model analysis (as for instance checking the
model discriminability) can be performed, nominal values have to
be assigned to all model parameters. An overview of the model pa-
rameters and the assigned values is provided in Table 1. Assuming
a pH-range between 3 and 8 during the diffusion process, the very
strong acid HCl is fully dissociated. Also most salt species are fully
dissociated. To reduce the computational load, species that only oc-
cur theoretically are omitted in the model.

Table 1
Model parameters describing the diffusion of propionic acid into Ca-alginate hydrogel
beads (Heinemann, 2003). (A) diffusion coefficients, (B) dissociation constants and
(C) ion product of water

(A)

Species Diffusion coefficient, Di,0 (m/s2)

HPa 1.061 e−9
Pa− 0.953 e−9
TrisH+ 0.778 e−9
Tris 0.7 e−9
CaCl+ 1 e−9
Ca2+ 0.792 e−9
Cl− 2.032 e−9
OH− 5.273 e−9
H+ 9.312 e−9

(B)

Dissociation pair Dissociation constants, pKi = logKi

HPa/Pa− 4.86
TrisH+/Tris 8

(C)

Dissociation pair Ion product of water, pKw = logKw

H2O/OH− 13.996
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Fig. 2. Simulated pH-value over time in the hydrogel particle core after 30 and
50 s assuming different (linear, exponential, hyperbolic) dependence of the diffusion
coefficient on the local alginate density (Eqs. (11a)--(11c)). Nernst--Planck diffusion
is chosen as diffusion model. Simulation parameters: R = 1.15mm, pHbead,0 = 6.5,
cPa,tot,0 = 100mM.

The discriminability of the diffusion law variants (different as-
sumptions on the dependence of the effective diffusion coefficient on
the alginate density, Eqs. (11a)--(11c), hereafter referred to as alter-
native diffusion models) is investigated simulating the pH-profiles
under identical initial conditions. For the subsequent simulations,
the following realistic parameter values have been used: The nom-
inal bead radius R is set to 1.15mm. The hydrogel beads contain
wAlg = 3.3% (w/w) sodium alginate in 50mM Tris buffer and have
been hardened with CaCl2 to yield a bead concentration of 180mM
CaCl2. The alginate distribution has been fitted to measured alginate
concentration profiles (Heinemann et al., 2005), giving an alginate
parameter d = 6000g g−1 m−2 (see Eq. (10)). The initial pH-value of
the beads is set to pH0 = 6.5 and the volume of the bulk solution
to Vbulk = 300�L. The initial total concentration of propionic acid
cPa,tot,0 is set to 100mM . The calculated influence of the alterna-
tive diffusion coefficient models (Eqs. (11a)--(11c)) on the effective
diffusion coefficient and thus the resulting pH-profiles at different
times using Nernst--Planck law is shown in Fig. 2.

These simulations show no visible difference in the pH-profiles
calculated for the alternative diffusion coefficient models Eq. (11). In-
specting the numerical data, the largest simulated difference occurs
at the centre of the bead where it amounts to less than 0.0066 pH-
units. Even using highly accurate pH-measurement methods, these
differences are an order of magnitude smaller than the typical mea-
surement errors. Therefore, the simulations show that a discrimina-
tion of the alternative diffusion coefficient model variants for low
molecular weight substrates cannot be expected using hydrogels of
this density and size. In the following sections, the exponential de-
pendence of the diffusion coefficient on alginate density (Eq. (11a))
was chosen to account for the radial variation of the diffusion coef-
ficient and the task of model discrimination was re-focused to dis-
crimination between Fick and Nernst--Planck diffusion only.

4. Experimental methods and calibration

4.1. Chemicals

Propionic acid, Tris base, and calcium chloride were purchased
from Fluka, Buchs, CH. Resorufin was obtained from Sigma-Aldrich,
Deisenhofen, Germany. Manugel DJX sodium alginate was purchased

Fig. 3. Device for the determination of bead roundness. Digital pictures are taken
from an illuminated hydrogel bead and its four mirror images and subsequently
analysed quantitatively.

from Monsanto, San Diego, CA, US. All chemicals used were of ana-
lytical grade.

4.2. Preparation and characterisation of hydrogel beads

Two percent (w/v) sodium alginate was dissolved in 50mM Tris
buffer, pH 6.8. To obtain almost ideally round beads, each 15�L of
alginate solution were dropped into a column containing a Ca2+ and
a density gradient (Buthe et al., 2004), resulting in beads of approx-
imately 1mm radius. The beads were washed several times with
50mM Tris buffer containing 2% CaCl2 and 500�M resorufin as fluo-
rescent lifetime pH-indicator. Bead diameter (as Feret-diameter) and
roundness (as rmin/rmax) were measured using the device depicted
in Fig. 3 and the image analysis software Image Tool 3.00 (UHTSCSA,
San Antonio, TX, US).

4.3. Diffusion experiment

The diffusion experiments are performed in a 96-well microtiter
plate at room temperature. To guarantee uniform conditions around
the hydrogel bead, it is placed on top of a circular holder supporting
the bead at three points above the well bottom. The diffusion exper-
iment is initiated adding 300�L of propionic acid cPa,tot,0 ∼ 100mM
to the well. Solvent evaporation was considered negligible due to
the short duration of the experiment.

4.4. Control of beads

After each measurement, the position and the quality of the hy-
drogel bead is controlled using light microscopy. Data from beads
that have not been centred correctly or that contained cracks or air
inclusions are rejected. The beads are subsequently checked for di-
ameter and roundness (see above). Beads with a roundness less than
0.8 are rejected likewise.

4.5. Measurement of pH-dependent resorufin lifetime using confocal
laser scanning microscopy (CLSM)

For the lifetime measurements, a Leica TCS SP2 confocal laser
scanning microscope (Leica Microsystems Heidelberg GmbH,
Mannheim, Germany) has been combined with a pulsed 405nm
diode (PicoQuant, Berlin, Germany) emitting picosecond laser pulses
for the excitation of resorufin fluorescence. Only fluorescence pho-
tons emitted from the confocal plane can pass a confocal pinhole
and are collected through a longpass filter (edge 500nm) by a pho-
tomultiplier tube (PMT) with high quantum efficiency and accurate
timing characteristics (H7422P-40, Hamamatsu Photonics GmbH,
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Fig. 4. Fluorescence intensity decay over time. Points correspond to photon counts
during the calibration of resorufin in Ca-alginate hydrogel bead at pH 6.2. The line
corresponds to the fitted biexponential decay curve. �2 <1.3 was obtained for all
calibration fits.

Herrsching, Germany). The electrical pulses from the PMT are guided
to an external PC-system with a fast electronics for photon counting
(SPC 830, Becker and Hickl, Berlin, Germany), that correlates the
counted photons to the excitation laser pulses via time-correlated
single photon counting (TCSPC) and writes the results to a file. Dur-
ing all experiments, the average power of the laser diode was kept
at 50�W, and the repetition rate at 20MHz. The diffusion experi-
ment was observed for 300 s, divided into 300 observation cycles of
1 s each to balance time resolution with sufficient number of pho-
tons. During this second all recorded photons were accumulated to
calculate one lifetime decay curve.

4.6. Calibration

For the calibration of the correlation between the pH-value and
the resorufin fluorescence lifetime, resorufin-dotted sodium alginate
solutions and Ca-alginate hydrogel beads were equilibrated at dif-
ferent pH-values. In each of those samples, the decay of resorufin
intensity after the excitation pulses was recorded tenfold for 30 s du-
ration using all wavelengths larger than 500nm. The acidic and basic
forms of resorufin have different pH-independent lifetimes (Ryder
et al., 2003). At a defined pH-value, the decay curve is composed of
lifetime components of both forms. Thus, a biexponential intensity
decay over time will yield the proportion a and b of the acidic and
basic component, respectively:

Int = a · e−t/�A + b · e−t/�B (12)

where Int is the normalised time-dependent intensity, t the time, a
and b the pre-exponential factors that sum up to 1, and �A and �B the
corresponding intrinsic lifetimes for the acidic and basic component,
respectively. A typical intensity decay is shown in Fig. 4.

4.7. Calibration

Before carrying out the diffusion experiments, the dependence
of the fluorescence lifetime of resorufin on the pH-value has to be
determined. Please note that the calibration procedure also incorpo-
rates models that are treated separately from the diffusion process
model. The lifetime curves of resorufin at the different pH-values
are fitted using Eq. (12) with fixed lifetimes. The resulting propor-

Fig. 5. Calibration of pH-value vs. the proportion of acidic and basic dissociation
forms A (Square) and B (Circles) of resorufin as determined from biexponential decay
curves. Open symbols indicate measurements in alginate solution, closed symbols
refer to Ca-alginate hydrogel beads. The error bars indicate the standard deviation
based on 10 repetitions of 30 s duration each.

tion of acidic to basic component over pH-value in both the alginate
solution and the hydrogel bead is depicted in Fig. 5.

Fig. 5 shows the typical shape of a pH-titration curve with a pK-
value of approximately 5.6, where nearly pure acidic or basic form
of the pH-indicator resorufin is observed at roughly 1.5 pH-units
below and above the pK-value. This supports the assumption of bi-
exponential decay using fixed lifetimes. The lifetimes of the acidic
and basic component of 0.4 and 2.6ns, respectively, coincide reason-
ably well with the data reported earlier of 0.3--0.67 and 3.3--3.4ns
(Ryder et al., 2003). The deviations may be due to the chosen ex-
citation and observation wavelength ranges and the assumption of
fixed component lifetimes across all pH-values. The standard devia-
tion of the replicates is between 0.3% and 3%, with the higher error
occurring at high pH-values. The increase of experimental error with
increasing pH-value is due to the different intensity of both dissoci-
ating forms of resorufin. At basic pH-values, the anion with a lower
intensity prevails, resulting in the lifetime decay curve consisting of
fewer counted photons. The microenvironment of resorufin changes
the lifetime only slightly. A somewhat steeper slope is observed for
Ca-alginate beads in comparison to dissolved alginate. However, the
error bars indicate that the difference is insignificant except for the
pH-values 6.2 and 6.5. In independent experiments, it has been veri-
fied that the scanning depth in the hydrogel bead does not influence
the lifetime measurement (data not shown).

The calibration curve for the acidic component A (Fig. 5) decreases
monotonously with increasing pH-value; however, the curve shows
a slight shoulder around pH 5.5. For the evaluation of the diffusion
experiments, a linear interpolation between the calibration points is
applied to estimate the pH-value.

5. Design of experiments for model discrimination

Based on the experimental set-up, the optimal experiments for
discrimination between Fickian and Nernst--Planck diffusion can be
designed. According to the simple approach of Hunter and Reiner
(1965), an optimal experiment is defined as the one giving the largest
difference between both competing model candidates. Numerically,
this refers to the maximisation of the objective function �(�) with
respect to the experimental degrees of freedom �:

max
�

�(�) = max
�

∫ t=tf

t=0

∑
i

[cN
i (r, t, �N, �) − cF

i (r, t, �F , �)]2 dt (13)
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Fig. 6. Simulation of the development of pH-value over time at two different
positions in a hydrogel bead: (thick) centre of the bead (r=0); (thin) middle between
the centre and the surface of the bead (r = 0.5). Fickian (lines) and Nernst--Planck
(dashes) diffusion are shown for an initial bulk phase concentration of 100mM
propionic acid into a Ca-alginate hydrogel bead of R = 1.25mm radius with initial
pH-value of 6.8.

where �N and �F are the parameter sets for Nernst-Planck and Fickia
diffusion, respectively. The objective function integrates the predic-
tions of concentration differences over time in order to determine
the experimental conditions at which the model alternatives can be
discriminated most efficiently. The experimental degrees of freedom
for the optimisation are the measurement position r within the hy-
drogel bead, the hydrogel bead size, the initial pH-value of the bead,
and the initial concentration of the propionic acid (and thus the ini-
tial pH-value in the bulk).

Regarding the optimal measurement position r during an exper-
iment, different scanning strategies can be considered. The most
simple approach is to measure for the whole time at a single, spa-
tial position for the complete course of the reaction. Alternatively a
scan along a line or across a plane is possible. The different scanning
strategies might support the task of model discrimination differently
well. Intuitively, measuring the concentration close to the diffusion
front would be the optimal solution; however, this scanning strat-
egy is not feasible with the device at hand and would require prior
knowledge of the position of the diffusion front as a function of time.
Simple line and plane scans may give additional information on the
exact centring or the roundness of the bead, but this benefit comes at
the cost of a lower time resolution. For these reasons we decided for
the single point measurement strategy. Fig. 6 shows the pH profiles
using the two alternative diffusion laws and different measurement
positions.

The experimental set-up poses the following constraints to the
optimisation problem:

• The diameter of the hydrogel bead has an upper limit of 1.25mm
due to the observable area of the CLSM (2×2mmusing an objective
with ten fold magnification). On the other hand the preparation
of the beads defines a minimal bead size of 1mm in order to
guarantee a sufficient roundness.

• The optimal initial pH-value of the hydrogel beads is limited by the
choice of resorufin as fluorescent pH-indicator in the experimental
set-up. The pH-sensitivity covers the range of 4.0--7.0 due to an
apparent pK-value of resorufin of 5.6. To ensure staying within
this range even in the case of small experimental deviations, the
lower bound of the initial pH-value is set to 4.2 and the upper
bound to 6.8.

Table 2
Degrees of freedom and results for the optimal experimental design

Degrees of freedom Lower
bound

Upper
bound

Initial
estimate

Optimised
value

Measurement position 0 ∗ r r 0.5 ∗ r 0 ∗ r
Bead size (mm) 1 1.25 1 1
Initial pH-value 4.2 6.8 6.8 6.8
Initial total concentration
of propionic acid (mM)

0 100 80 100

• The initial total concentration of propionic acid is limited by the
sensitivity range of resorufin. If too high initial propionic acid
concentration is applied, the pH-value drops too fast through the
sensitive range, resulting in too few observations. Thus, an upper
bound to cPa,tot,0 was set at 100mM while the lower bound is set
to 0mM .

The result of the optimisation using Eq. (13) for these experimental
degrees of freedom, together with the lower and optimal bounds
and the initial estimates, is given in Table 2.

The optimal measurement position is in the centre of the bead,
which should have a radius of 1mm. The initial pH-value within
the bead should be as high as possible (6.8) just as the initial total
concentration of propionic acidwithin the bulk, which has an optimal
value of 100mM .

6. Experimental results

6.1. Diffusion experiments

The diffusion of propionic acid into an alginate hydrogel bead is
observed using the confocal laser scanning microscope. The correct
particle position is verified by light microscopy after finishing the
experiment. At the same time, beads showing irregularities, such as
cracks and holes, are rejected. Sixteen sets of experimental data have
been obtained using this procedure. One of them is presented in Fig.
7.

The pH-value at the bead centre remains approximately constant
for a certain lag-phase, corresponding to the diffusion of propionic
acid into the hydrogel bead. With appearance of the diffusion front
in the bead centre, a steep drop of the pH-value occurs. Between pH
6.0 and 5.5, a shoulder can be observed. This corresponds to the pH-
values where the calibration curve deviates from the sigmoidal shape
(Fig. 5). Finally, the pH-value approximates 3.9, which corresponds
to the initial pH-value in the bulk. The experimental errors of the
pH-value are estimated by horizontal projection of the experimental
error bars of the acidic and basic component to the calibration graph
(Fig. 7).

7. Model discrimination and parameter estimation

7.1. First cycle, model discrimination

For discriminating the correct diffusion model using the exper-
imental data, i.e. to identify the Fickian or Nernst-Planck diffusion
as more suitable for describing the diffusion of propionic acid in Ca-
alginate hydrogel beads, a suitable sequential strategy needs to be
defined to determine the model parameters from the experimental
data. First, the initial experimental values are verified for each in-
dividual experiment. This is necessary to account for the inevitable
deviations of the experimental conditions from their nominal values.
The initial pH-value of the beads is estimated from the first cou-
ple of data points. Then, the initial concentration of propionic acid
is estimated from the last couple of data points, i.e. the equilibrium
data after the diffusion process has stopped. Finally, the bead size is
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Fig. 7. Experimental (points) and estimated (lines) pH-values in the bead centre
for the diffusion of propionic acid into Ca-alginate hydrogel beads. The initial
model as described in Section 4 was used. Fickian diffusion is indicated as solid
line, Nernst--Planck diffusion as dashed line. R = 1.025mm. Estimated parameters:
pH0 = 6.79, cPa,tot,0 = 95mM, alginate influence parameter kF = 5.1, kN = 6.6.

estimated for each individual hydrogel bead within a range of ±2%
around the optically determined Feret-diameter. These preliminary
estimations of the experimental parameters help increasing the ac-
curacy of the succeeding estimation of the model parameters. Out-
come of this for the Fickian diffusion are initial pH-values inside the
hydrogel bead between pH0 = 6.58 and 6.76, initial total concen-
trations of propionic acid between 95 and 105mM and bead radius
between 1.02 and 1.13mm.

Finally, all 16 experiments are simultaneously taken into account
in order to estimate the parameter k in Eq. (11a) that accounts for
the alginate density influence on the diffusion coefficient. The sim-
ulation results for the Fickian and the Nernst-Planck diffusion are
demonstrated exemplarily in Fig. 7. The slope of the pH decrease over
time was less steep for Fickian diffusion in comparison to Nernst-
Planck diffusion and apparently better fitted the experimental data.
The steeper slope for Nernst-Planck diffusion was reproducible for all
hydrogel beads. It is attributed to the charge-mediated co-transport
of ions resulting in a sharper diffusion front. The evaluation of the
objective function for the parameter estimation shows that the value
is slightly higher for Nernst-Planck diffusion than for Fickian diffu-
sion, suggesting the latter as the better diffusion law.

Although only effective diffusion coefficients were estimated and
multi-component effects were neglected due to the dilute nature of
the system, it was surprising that Fickian diffusion was superior to
Nernst Planck in modelling the diffusion of propionic acid into Ca-
alginate hydrogel beads. Nernst-Planck diffusion was expected to be
more suitable for modelling electrolyte diffusion in aqueous environ-
ments. One potential explanation was that the Ca-alginate hydrogel
that consists of polyalginic acids cross-linked by bivalent Ca-ions,
might be responsible for a high intrinsic ionic strength that over-
rules the charge co-transport. An estimation of the ionic strength;
however, based on the alginate concentration of 3.3% (w/w) alginate
gave a local monovalent alginic acid concentration of only 18mM.
CaCl2 was present in concentrations of 180mM, resulting in an ionic
strength due to the alginate hydrogel of IAlg ∼ 1M, a high value, but
not sufficient to exclude charge interactions.

The resulting parameters describing the exponential density in-
fluence of the alginate matrix onto the effective diffusion coeffi-
cient were in the same order of magnitude for both diffusion models
and amounted to kF = 5.1g g−1 for Fickian diffusion, in contrast to
kN =6.6g g−1 for Nernst--Planck diffusion, indicating slightly less in-

Fig. 8. Simulated pH progress in the bead centre for Fickian and Nernst--Planck
diffusion. The corrected model as described in Section 7.2 was used.

fluence of alginate hydrogel matrix in case of Fickian diffusion. Con-
sidering Eq. (11a) the overall diffusion coefficient in the hydrogel is
in the order of 85% of the one in free solution indicating a strong
reduction in comparison with the free diffusion due to the hydrogel
matrix.

As a consequence of the remaining doubts, a detailed analysis
of the model assumptions was undertaken. Although the investi-
gation of the transport kinetics inside the hydrogel bead had the
application of the hydrogel suspended in organic solvents in mind,
the experiment was carried out in aqueous environment. This elim-
inated the need of refractivity index matching and also reduced the
model complexity, because no phase equilibria on the phase bound-
ary (Heinemann et al., 2003) had to be taken into account. With
elimination of the organic solvent, however, one restriction regard-
ing the mass transfer, i.e. that only uncharged components can cross
the phase boundary, was overcome (refer to Eq. (3)). This restriction
leads to the similarity of the simulated diffusion process for both
Fickian and Nernst--Planck model. If organic solvents would have
been used as a bulk phase for the diffusion measurements, the two
competing diffusion models could not have been efficiently discrim-
inated.

7.2. Second cycle, model improvement and final parameter estimation

The model was adjusted by allowing the mass transfer across the
boundary layer(s) for all species, not only for the uncharged species.
The mass transfer coefficients kL,i were related to the respective dif-
fusion coefficients by the Sherwood number Sh which is assumed
to be 2 in the unstirred case. The simulation with the unrestricted
model results in a pH progress curve comparable to the previously
simulated curves for Nernst--Planck diffusion. However, the simu-
lation gives a significantly different result for Fickian diffusion, as
shown in Fig. 8.

Obviously, Fickian diffusion is no longer capable of describing the
experimentally observed diffusion process in accordance with the
physical understanding of the system. In the modified model, the dif-
fusion of all species across the phase boundary is possible, resulting
in the diffusion of 360mM chloride from the bead to the bulk with
significantly higher diffusion coefficient (see Di in Table 1) than the
diffusion of 100mM propionic acid from the bulk to the bead. Fick's
law does not consider the co-transport of charged compounds that
enhances or slows down the diffusional transport of other charged
species. Instead, electroneutrality in the model is only achieved by
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Fig. 9. Experimental (points) and estimated (dash) pH-values in the bead centre
over time for the diffusion of propionic acid into Ca-alginate hydrogel beads. The
corrected model as described in Section 7.2 was used. R = 1.005mm, Estimated
parameters: pH0=6.79, cPa,tot,0=99.1mM, alginate influence parameter on diffusion
k = 0.051.

water dissociation, resulting in an apparent disappearance of the
strong hydrochloric acid from the bead. Only after 400 s, the pH-value
inside the bead decreases again, to proceed to the same equilibrium
value after long times. This behaviour is in contrast to the measure-
ment data, supporting the use of the adequate diffusion model for
electrolyte species. In the case of Nernst--Planck diffusion, the chlo-
ride diffusion does not occur independently of adequate counter-ion
diffusion, resulting in a reasonable simulation profile (Fig. 9).

Using the newmodel, themeasurement data are, again, explained
well by the model. The key difference is found in the estimated pa-
rameters. The estimated parameter k that describes the influence of
the alginate density on the diffusion coefficient is now estimated two
orders of magnitude lower, k ≈ 0.02, and is statistically no longer
significant. Obviously, the alginate matrix does not pose a diffusion
barrier to small molecules that serve as typical substrates for indus-
trial fine chemical synthesis. This result is finally in accordance with
earlier observations, where an alginate influence was observed only
for molecules >20,000Da (Tanaka et al., 1984).

8. Conclusion

The objective of this paper was the discrimination of diffusion
laws to describe the diffusion of propionic acid from bulk into Ca-
alginate hydrogel beads. The simple model system was chosen for
demonstrating steps towards a rational design of biocatalysis using
hydrogels in organic solvent. To our knowledge lifetime CLSM was
used for the first time in this study for the quantification of dynamic
pH-changes in macroscopically large particles. The lifetime signal
was not influenced by photon loss due to scattering and was found
to be constant throughout the bead diameter. Calibration resulted in
sigmoidal shaped component profiles vs. pH. As experimental set-
up, the diffusion from the bulk solution into a hydrogel bead fixed on
a circular holder in a MTP well was chosen that allows a fast screen-
ing of hydrogel variants. A mathematical model was developed de-
scribing the effective diffusion of propionic acid from unstirred bulk
solution into the hydrogel bead without taking multi-component ef-
fects into account. In case of diffusion from an aqueous bulk, the
Fickian diffusion model could not adequately describe the experi-
mentally obtained data, in contrast to the Nernst--Planck diffusion
model. For small molecules, the Ca-alginate hydrogel matrix had no

influence on the effective diffusion coefficient, but the diffusion co-
efficient was equal to a liquid system.

Along the investigation of the diffusion of propionic acid, this pa-
per also illustrates the use of MEXA. Therefore, one detour made dur-
ing the modelling process was shown that demonstrates that Fickian
and Nernst--Planck diffusion models cannot be discriminated in the
original hydrogel/organic solvent system, but only using an aqueous
bulk solution. Thus, the potential of a structured work process to
systematically identify suitable models was demonstrated. The ap-
proach will be further pursued for the simultaneous identification of
diffusion and reaction using observed concentration profiles inside
the catalyst pellets.

Notation

A surface area, m2

a, b proportion of acidic and basic component of re-
sorufin, %

c concentration, molm−3

d alginate density parameter, g g−1 m−2

Di effective diffusion coefficient, m2 s−1

Di,0 diffusion coefficient in free solution, m2 s−1

F Faraday constant, Cmol−1

I ionic strength, M
Int normalised intensity as a function of time, dimen-

sionless
i, h counting variable for species, dimensionless
j diffusive flux, molm−2 s−1

k parameter for alginate density influence on diffusion
coefficient, dimensionless

kL,i mass transfer coefficient from liquid to hydrogel
phase, ms−1

K equilibrium constant for dissociation, molm−3

Kw ion product of water, 1019.996 mol2 m−6

pK negative decadic logarithm of dissociation constant
K, dimensionless

Pi partition coefficient, dimensionless
r radial length, m
R hydrogel bead radius, m
Rm molar gas constant, 8.314 Jmol−1 K−1

t time, s
T temperature, K
V volume, m3

wAlg weight fraction of alginate, g g−1

z charge, dimensionless

Greek letters

� parameter set, dimensionless
� standard deviation, dimensionless
� fluorescence lifetime of resorufin component, ns
� electrical potential, V
� experimental degrees of freedom, dimensionless
� objective function for discrimination, dimension-

less

Subscripts

0 initial conditions
f final
H+ proton
HPa propionic acid
max maximal
min minimal
OH− hydroxide ion
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Pa− propionate anion
Pa, tot total amount of propionic acid and propionate

Superscripts

bead hydrogel bead phase
bulk bulk phase
F Fickian diffusion
N Nernst--Planck diffusion
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