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A B S T R A C T

During gastric digestion, hydrolysis of proteins by pepsin contributes largely to the breakdown of protein-rich
food. We hypothesized that the effect of pepsin is limited by its diffusivity, which is co-determined by the food
structure and the local pH in the food during digestion. To investigate the principle mechanism of enzyme
diffusion in food matrices, we used enhanced green fluorescent protein (EGFP) as probe to study the diffusivity
of proteins in whey protein isolate gels, using fluorescence correlation spectroscopy (FCS). Gels made with
different ionic strength showed distinctive elastic moduli but did not show differences in diffusivity of EGFP.
Some models for diffusion in hydrogels yield good description of the obtained data, and can approximate the
enzyme diffusion in diverse food matrices. However, the enzyme pepsin is more complicated than the probe
EGFP, to yield more accurate predictions, electrostatic and enzyme-substrate interaction also need to be con-
sidered.

1. Introduction

The digestion kinetics of food are dependent on the structure of the
food that is digested. Food structure influences the oral processing, the
gastric disintegration rate, and the consequent gastric emptying to-
wards the duodenum (Singh, Ye, & Ferrua, 2015). The gastric disin-
tegration of food invovles physical and chemical processes, including
the peristalsis of the stomach, acid hydrolysis and enzymatic reactions
(Bornhorst & Singh, 2014). Among these processes, hydrolysis of pro-
teins by pepsin contributes largely to the breakdown of protein-rich
food in the stomach. This hydrolysis can limited by the diffusion of
pepsin and the local pH in the solid food matrix during digestion. The
hydrolysis kinetics of egg white protein gels and whey protein gels
differed strongly from that of the same proteins in solution, which is
likely due to the diffusion limitation in gels for both the pepsin and the
hydrolysates (Luo, Boom, & Janssen, 2015). Compared to acid-induced
dairy gels, a rennet-induced casein gel consists of compact protein ag-
gregates in the acidic gastric environment, and the rennet gel had much
slower proteolysis kinetics than that of acid-induced gels (Floury et al.,
2018). Thus, a quantitative investigation of pepsin diffusion in food
structures may contribute to the understanding of food breakdown and
digestion kinetics.

We previously measured the diffusivity of pepsin in whey protein
isolate (WPI) gels by fluorescence correlation spectroscopy (FCS). We
found that the pepsin does not penetrate deep into the gel but remains
in a thin layer below the surface of the gel. A second finding was that
the diffusivity of pepsin depends strongly on the concentration of the
protein gels (Luo, Borst, Westphal, Boom, & Janssen, 2017). Fluores-
cence Correlation Spectroscopy (FCS) was used for its non-invasiveness
and suitability to be used within protein gels. In FCS, a confocal laser
microscope is coupled with a photon detector to measure fluorescence
intensity fluctuations in a small focal volume. If these fluctuations
originate primarily from the diffusion of the fluorophores through the
focal volume, autocorrelation analysis can quantify the diffusion rate of
the fluorophore.

Whey protein gels were used before as model for protein-based solid
foods (Luo et al., 2017). Whey protein gelation is generally a two-step
process. After heat denaturation, protein oligomers form primary ag-
gregates with different shapes and sizes depending on the pH and the
salt concentration. These primary aggregates then form large self-si-
milar aggregates that precipitate or gel above a critical concentration
(Aymard et al., 1996; Nicolai, Britten, & Schmitt, 2011). At neutral pH,
the primary aggregates consist of short, curved strands with a length of
about 50 nm and a diameter of about 10 nm, independent of ionic
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strength. At low ionic strength, the large aggregates mainly form via
head-to-tail association of the primary aggregates, while at higher ionic
strengths the structure is more densely branched (Nicolai et al., 2011;
Pouzot, Nicolai, Visschers, & Weijers, 2005).

We here aim to find an appropriate model to describe diffusion in
protein gel matrices, for predicting pepsin diffusion in food during
gastric digestion. We also explore the correlation between a macro-
scopic parameter such as the elastic modulus and the diffusivity of a
protein in the gel. Two types of whey protein gel matrices were con-
structed by altering the ionic strength but keeping the same protein
concentration, so that we can compare the diffusion in the gels at the
same volume fraction but at different gel strengths. Enhanced Green
Fluorescent Protein (EGFP) was used as the pepsin analogue since it has
a similar size (The molecular weight of EGFP is 26.9 kDa and the unit
cell dimensions of EGFP crystal are 5.1 nm×6.3 nm×7.1 nm (Ormo
et al., 1996); the molecular weight of pepsin is 34.6 kDa and the unit
cell dimensions of pepsin crystal are 5.5 nm×3.6 nm×7.4 nm (Sielecki,
Fedorov, Boodhoo, Andreeva, & James, 1989)) and similar diffusivity to
pepsin (Luo et al., 2017). EGFP is auto-fluorescent, thus it can avoid the
possible interference of dissociated free dye from the conjugate.
Thévenot, Cauty, Legland, Dupont, and Floury (2017) have quantified
pepsin diffusion in dairy gels and applied models of polymer science to
predict the diffusion coefficients. Quantification of enzyme diffusion in
food products will not only improve the understanding of digestion, but
may also elucidate the bioaccessibility of proteins and other nutrients.
Moreover, the activity of pepsin inside a protein gel network can
change the structure of the network, which may lead to a change of
diffusivity (Luo et al., 2017). Models that account for such a change of
structure during digestion can offer better descriptions of the diffu-
sivity.

2. Theory

Many models for solute diffusion in hydrogels are based on the
hydrodynamic theory or the obstruction theory (Amsden, 1998; Masaro
& Zhu, 1999). The hydrodynamic theory is based on the Stokes-Einstein
equation for solute diffusivity. The solute is assumed to be a hard sphere
which moves with constant average velocity through a continuous
solvent, experiencing friction. Polymer chains present in the medium
reduce the local velocity of the fluid, and hence increase the friction of a
solute with its surroundings. In the obstruction theory, the polymer
chain network obstructs specific sites that were otherwise available for
the solute, and therefore reduces the available paths for diffusion. The
chains themselves are considered immobile and impenetrable for the
solute. The models have been thoroughly discussed in the two reviews
of Amsden (1998) and of Masaro and Zhu (1999). We selected some
models based on their feasibility for our system of interest. One of the
models is based on the hydrodynamic theory, some models on the ob-
struction theory and some models combine the theories. These models
are briefly discussed hereafter, the meaning of each symbol is listed in
Table 1.

Cukier's model (Eq. 1) is based on the hydrodynamic theory, and
that assumes the friction of the solute with the medium is the main
cause of reduced diffusion rate (Cukier, 1984):
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Ogston's model (Eq. 2), based on obstruction-scaling theory, as-
sumed solute diffusion is a succession of directionally random unit steps
(Ogston, Preston, & Wells, 1973). The polymers are considered to be
long, straight fibers of small width, while the solute is considered as a
hard sphere. The unit step was defined as the root-mean-square average
diameter of the spherical solute molecules within the fiber network.
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Johansson's model (Eq. 3), also based on obstruction-scaling theory,
views the gel as a collection of cylindrical cells of a given radius
(Johansson, Elvingson, & Loefroth, 1991). Each cell contains an in-
finitely long polymer rod and is filled with solvent.
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Tsai and Strieder's obstruction-scaling model (Eq. 4) (Tsai &
Strieder, 1985) assumed a random network of overlapping fibers:
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Johnson, Berk, Jain, and Deen (1996) (Eq. 5) combined the ob-
struction model of Johansson with the hydrodynamic term of Phillips,
Deen, and Brady (1989). The model includes the hydraulic permeability
of the medium, which is considered to be a network of straight, rigid
fibers with random, three-dimensional orientation.
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Clague and Phillips (1996) (Eq. 6) combined Tsai and Strieder's
obstruction model (Eq. 4) with a hydrodynamic term. The hydro-
dynamic effects are calculated by taking the solute as a sphere made up
of point singularities, and the polymer fibers are accounted for using a
numerical version of the slender-body theory.
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Later, Phillips also combined Johansson's obstruction model (Eq. 3)
with the hydrodynamic term of Clague and Phillips (Eq. 6), resulting in
a model suitable for hindered diffusion of proteins and micelles in hy-
drogels (Eq. 7) (Phillips, 2000):

=D
D

e ef a

0

0.84 b1.09

(7)

These diffusion models are based on specific theories, while protein
gels have more complex structure than polymer gels. For example,
whey protein gels are formed by chains of protein aggregates (Nicolai
et al., 2011), while many polymer gels are formed by polymer fibers
with simpler structures (Peppas, Huang, Torres-Lugo, Ward, & Zhang,
2000). Therefore, a screening of these models is required to find out the

Table 1
List of symbols.

Symbol Description

D Diffusion coefficient (m2s−1)
D0 Diffusion coefficient at infinite dilution (m2s−1)
rs Radius of the solute (nm), calculated using the Stokes-Einstein

equation: =rs
kBT

D6 . Where kB is the Boltzmann's constant, T is

temperature and η is the solvent viscosity.
rf Radius of the polymer fiber (nm)
ϕ Polymer volume fraction ϕ = v× C, where v is the voluminosity (mL

g−1) and C is the mass concentration (g mL−1)
α

=
+rs rf
rf

2

kc Interaction parameter for a given polymer-solvent system (nm−1)
v Screening parameter
k1 Constant for a given polymer-solvent system, dependent on the length

of a monomer unit and the stiffness of the polymer chain
k Hydraulic permeability, estimated using a correlation derived by

Jackson and James (1986): k=0.31rf2ϕ−1.17

f Adjusted volume fraction given by: f=(1+ rs/rf)2ϕ
λ λ= rf/rs
a a=3.727−2.460λ+0.822λ2

b b=0.358+0.366λ−0.0939λ2
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suitable models for describing the enzyme diffusion in protein gels.
Models that have better prediction could suggest the suitable theory for
protein diffusion inside a protein network.

3. Material and methods

3.1. Materials

Whey Protein Isolate (WPI) (Bipro, lot no. JE 034–7–440-6) was
purchased from Davisco Food International, Inc. (Le Sueur, USA). This
batch of WPI was reported to have a protein content of 97.9 g/100 g dry
solid. Milli-Q water (resistivity 18.2MΩcm at 25 °C, Merck Millipore,
Billerica, USA) was used in all experiments. All other chemicals used
were purchased from Sigma Aldrich (St. Louis, USA).

Enhanced green fluorescent protein (EGFP) was produced in-house
at Wageningen University & Research, following the method described
by Nolles et al. (2015).

3.2. Methods

3.2.1. Gel preparation
Whey protein isolate was dissolved in water or in 0.05mol/L so-

dium chloride solution, the gels made from these solutions are denoted
as ‘WPI gels’ and ‘WPI-NaCl gels’ respectively. The protein weight
fractions of the solutions are shown in Table 2, the volume fraction was
calculated based on the voluminosity of heat-induced whey protein
aggregates (2.3mL g−1, Grácia-Juliá et al. (2008)), the minimum con-
centration was chosen based on their critical gelation concentration
based on preliminary experiments and literature (Ako, Nicolai, Durand,
& Brotons, 2009). The solutions were stirred at room temperature for at
least 2 h. Afterward, they were centrifuged at 1000 rpm (∼ 200 g re-
lative centrifugal force) for 10min to remove any large aggregates and
air bubbles. Then they were degassed using 17.50 μm ultrasonic dis-
placement in an ultrasonic bath for 3min, followed by another cen-
trifugation step (1000 rpm, 10min). The pH of the WPI solutions was
measured to be pH 7.

The focus of the microscope is usually 30 μm above the glass. If
using sliced gel sample for the diffusivity measurements, we cannot
ensure that the focus is inside the gel rather than the space between the
glass and the gel. Therefore, the gels for fluorescence correlation
spectroscopy (FCS) were prepared differently: 200 μL of protein solu-
tion was pipetted into each well of a μ-Slide 8-well chambered glass
slide (ibidi, Martinsried, Germany). The system was covered and heated
for 30min 90 °C in a hot-air oven. The system was cooled to room
temperature and stored at 4 °C. The thickness of the gel layer was
1–2mm. FCS measurements were performed within 2 to 3 days.

For texture analysis, the gels were prepared by pouring the protein
solution into Teflon tubes of 2 cm diameter. The Teflon tubes were then
heated at 90 °C in a water bath while rotating at 30 rpm for 30min.
Afterward, the tubes were immediately cooled in ice water and stored
at 4 °C. Texture analysis was performed within 2 to 4 days. All mea-
surements were performed at 20 °C.

3.2.2. Fluorescence correlation spectroscopy
Twenty μL of 3.2 μM EGFP solution was pipetted onto the wells of

the eight-well plate containing WPI gels. The samples were stored at

4 °C for approximately 20 h before they were measured, to allow the
EGFP to disperse homogeneously throughout the system.

The principles and practice of FCS have been explained in the pre-
vious paper of the authors (Luo et al., 2017), only the experimental
details are described here. FCS was performed on a confocal microscope
(Leica TCS SP8, Leica, Microsystem, Wetzlar, Germany). The micro-
scope was equipped with a 63 × 1.20 NA water immersion objective
and a supercontinuum white light laser, which emits a continuous
spectrum from 470 to 670 nm. EGFP was excited at wavelength 488 nm
at a pulsed frequency of 80MHz. The fluorescence intensity was re-
corded through a 70 μm pinhole using a 495 nm to 525 nm spectral
filter. The fluorescence was recorded via the internal hybrid detector,
which was coupled to a PicoHarp 300 TCSPC module (PicoQuant
GmbH, Berlin, Germany). Every gel was measured 10 times for 30 s
each. Experiments were repeated 3 times at 20 °C and neutral pH, due
to the pH-dependency of the used fluorophore. The focal position of the
gel in the well was chosen such that the number of fluorescent mole-
cules in the confocal volume at any given time was lower than 10. A
blank gel without EGFP was measured to check for noise from the gel.
Rhodamine 110 (D=4.3× 10−10m2s−1 at 20 °C) was used to calibrate
the setup. At each calibration, diffusion times between 20 μs and 25 μs
and a structural parameter between 5.2 and 6.6 were obtained, re-
sulting in confocal volumes of approximately 0.2 fL.

Fluorescence Fluctuation Spectroscopy software (FFS data processor
version 2.3 from Scientific Software Technologies Software Centre,
Belarus) was used to fit the fluctuation data to a diffusion model that
includes the triplet state of the fluorophore. Ten measurements of one
sample were fitted by a global analysis based on the Marquardt-
Levenberg nonlinear least-squares method. The goodness of fit was
confirmed by the straightness of the weighted residuals and low chi-
square values. The confidence intervals of the recovered parameters
were calculated by the exhaustive search method. Those procedures
were all performed within the software, more details have been de-
scribed by Skakun, Digris, and Apanasovich (2014).

The hydrodynamic radius of EGFP Rh, were calculated using the
Stokes-Einstein equation:

=R kT
D6h (8)

where k is the Boltzmann constant, T is the absolute temperature, and η
is the viscosity of the solvent.

3.2.3. Texture analysis
To determine the compressive elastic modulus of the protein gels, a

texture analyzer (type 5564, Instron, MA, USA) was used. Cylindrical
gel samples (diameter 20mm and height 20mm) were compressed to
25% of their original height at a rate of 30mm/min using a 2000 N load
cell. The compressional extension and load were logged during the
experiment to determine the elastic modulus (Pa):

= =E Stress
Strain

F A
dL L

/
/

0

0 (9)

where F is the load, A0 is the initial area of the surface where the force
of compression is applied, dL is the extension and L0 is the initial height
of the sample. The experiments were repeated at least three times per
sample composition.

We calculated Mc (Da), defined as the number-average molecular
weight between cross-links Peppas et al. (2000), based on the elastic
contribution of the Flory-Rehner model (van der Sman, 2012):

=M
RT
Ec

s
(10)

where E is the elastic modulus, R is the gas constant, T is the tem-
perature, ρs is the density of the polymer (1421kgm−3, Papiz et al.
(1986)). Mc can be considered as the inverse of crosslink density.

Table 2
The weight and volume fraction of WPI gels and WPI-NaCl gels used. WPI-NaCl
gels were prepared with 0.05M NaCl.

WPI gel (wt%) 10 13.3 15 16.7 18.3 20

Volume fraction (−) 0.230 0.306 0.345 0.384 0.421 0.460
WPI-NaCl gel (wt%) 5 10 12.5 15 19.2 20
Volume fraction (−) 0.115 0.230 0.288 0.345 0.442 0.460
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3.2.4. Modeling
The models for diffusion in hydrogels were fitted to the measured

diffusion coefficients using Matlab R2015b (MathWorks, Natick, USA).
Model fitting was done using the nonlinear fitting function lsqcurvefit
that solves fitting problems using a least-squares approach. The algo-
rithm used was the trust-region-reflective method. The accuracy of the
resulting fit was analyzed by determining the coefficient of determi-
nation of the fit using the resnorm option of lsqcurvefit. The function
nlparci was used to extract the 95% confidence interval of the para-
meters out of the Jacobian matrix.

4. Results and discussion

4.1. Texture analysis

The elastic moduli of the protein gels are reported in Fig. 1A. The
WPI gels of 10 wt% and 11.7 wt% and the 5 wt% WPI-NaCl gel behaved
like viscous semi-fluids, thus were unfit for elasticity measurements.
The crosslinking density, found with the Flory-Rehner equation, is in-
versely proportional to the elastic modulus (Eq. 10) and is shown in
Fig. 1B. It shows that the WPI-NaCl gels are more densely cross-linked,
which agrees with the observation that the protein aggregates at higher
ionic strengths are more strongly branched (Nicolai et al., 2011).

The crosslinking density of the gels will be compared with their
effect on diffusivity in the following section. One should bear in mind
that the gel samples for texture analysis and FCS measurements were
prepared with the same temperature but a slightly different method.
This may have some impact on the microstructure.

4.2. Diffusivity experiments

4.2.1. Report on diffusivity data
The diffusivity of EGFP in water and in gels was assessed using FCS.

The autocorrelation curves obtained via FCS were fitted with a one-
component model resulting in a good fit, yielding a diffusion coefficient
of EGFP in water of 1.3× 10−10m2s−1. The diffusivity reduction (D/
D0) of EGFP in both the WPI and WPI-NaCl gels were calculated and
reported in Fig. 2. As expected, the diffusivity in both types of gels
decreases as the WPI concentration increases. While the two types of
gels had distinctive trends in the change of their elastic moduli
(Fig. 1A), they do not show any significant differences in their reduc-
tion in diffusivity. Therefore, although both elasticity and diffusivity
are related to the gel microstructure, these two properties are not di-
rectly correlated. We see that the volume fraction of the protein gel is
the main determinant of the diffusivity reduction, and we expect that

the elastic modulus will be also be determined by the exact micro-
structure of the gel.

This does not mean that the gel microstructure has no influence on
the diffusion related properties. The diffusion of pepsin into the gel is a
necessary first step in the gastric digestion of protein gels. Guo et al.
found that food gels that have the same protein volume fraction but
different strength, do differ in their gastric disintegration kinetics (Guo
et al., 2015). Although the microstructure of the gels (elasticity or
fracture strength) may not determine the diffusivity reduction in the
gels, it is correlated with other factors that contribute to the ultimate
disintegration of the gel.

4.2.2. Model fitting and analysis
The models discussed in the theory section (Eq. 1–7) are examined

using the experimental diffusivity data. In the fitting process, the radius
of EGFP rs (1.65 nm) is calculated from the measured diffusion coeffi-
cient in water, using the Stokes-Einstein equation (Eq. 8); the radius of
the polymer fiber and the other unknown constants are used as fitted
parameters. All the fitted parameters are shown in Table 3.

In Cukier's model (Eq. 1), the screening parameter v has been shown
to vary in different regimes of concentrations. By definition, in the di-
lute regime, polymer chains move independently; in the semi-dilute
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regime, polymer chains start to overlap; and in the concentrated re-
gime, diffusion is dominated by polymer friction. Cukier found an ex-
ponent of 0.5 for small solutes in semi-dilute polymer solutions and
slightly cross-linked gels (Cukier, 1984). Freed and Edwards (1974)
obtained an exponent of 1 for polymer chains in a dense polymer so-
lution without entanglements. De Gennes found an exponent of 0.75 in
a system of long flexible chains in good solvents (De Gennes, 1976).
Thévenot et al. applied Cukier's model with the exponent of 0.75 to the
diffusion of labelled pepsin in casein rennet gels and found good fitting
description (Thévenot et al., 2017). To determine which screening
factor should be used in the EGFP-WPI gel system, we evaluated the
model with both v= 0.75 and v= 1 (Later denoted as Cukier 0.75 and
Cukier 1). The model predictions are illustrated in Fig. 3A/B, the fitted
parameters and the goodness of fit are listed in Table 3.

Overall, the Cukier's model describes the diffusivity in our system
well. In comparison, using an exponent of 1 yields better fit than using
0.75. Since we studied the whey protein gels above the critical gelation
concentration, the gels are densely cross-linked which fall in the con-
centrated regime. The fitted interaction parameter kc differs slightly
between WPI gels and WPI-NaCl gels, however, there is a strong overlap
between their 95% confidence intervals.

In the other models, we used rf as the fitted parameter. Among
them, Johansson's model and Clague-Phillips' model yielded the best fit,
with low SSR, high R2. These two models are shown in Fig. 3 C/D as the
examples. The typical β-lactoglobulin primary aggregates radius is
5 nm, observed with cryo-TEM (Pouzot et al., 2005). In Johansson's
model, the fitted polymer radii rf are 1.29 nm and 1.39 nm, which are
smaller than the protein aggregate radius. Ogston's model and Tsai-
Strieder's model also yielded reasonable fit while the fitted polymer
radii are small. The diffusivity reduction may be affected by more than
the hydrodynamic or obstruction hindrance that is described in the
models, and these effects were reflected in the small rf in the fitting. In
the Phillips' model, the confidence intervals are very large which in-
dicate that there is no strong correlation between the fitted parameter
and experimental data.

We tested whether the different models can predict the diffusivity of
pepsin in WPI gels using the parameters yielded from the EGFP. Cukier
1, Johansson's and Clague-Phillips' models were chosen for the pre-
diction. The experimentally determined diffusion coefficients of
Alexa633-labelled pepsin from our previous study (Luo et al., 2017)
were used. In the models, the hydrodynamic radius of the Alexa633-
labelled pepsin (2.9 nm) was used, while for other parameters we used
the values that were obtained with EGFP diffusion in WPI gels. The
prediction is shown in Table 4. Cukier's model predicted far lower
diffusion coefficients for both gel types. This may indicate that inter-
action parameter kc is not only dependent on the polymer-solvent
system but also the solute's interaction with the polymer, for example,
due to different charge or charge distribution over the different

Table 3
The fitted parameters of the models. The uncertainty are the 95% confidence
intervals of the fit.

Model Matrices Fitted parameter Value R2 SSR

Cukier 0.75 WPI gel kc (nm−1) 2.11 ± 0.23 0.987 0.008
WPI-NaCl gel 1.83 ± 0.43 0.950 0.038

Cukier 1 WPI gel kc (nm−1) 2.77 ± 0.22 0.994 0.004
WPI-NaCl gel 2.51 ± 0.38 0.980 0.015

Ogston WPI gel rf (nm) 1.00 ± 0.25 0.974 0.016
WPI-NaCl gel 1.39 ± 0.84 0.885 0.081

Johansson WPI gel rf (nm) 1.29 ± 0.08 0.994 0.003
WPI-NaCl gel 1.39 ± 0.15 0.985 0.011

Tsai WPI gel rf (nm) 0.55 ± 0.11 0.976 0.015
WPI-NaCl gel 0.69 ± 0.23 0.926 0.057

Johnson WPI gel rf (nm) 0.05 ± 0.06 0.921 0.046
WPI-NaCl gel 0.24 ± 0.32 0.757 0.179

Clague WPI gel rf (nm) 4.73 ± 1.71 0.992 0.005
WPI-NaCl gel 8.23 ± 5.47 0.979 0.017

Phillips WPI gel rf (nm) 3.02 ± 11.2 0.990 0.007
WPI-NaCl gel 2.99 ± 18.06 0.952 0.048
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Fig. 3. Diffusivity reduction (D/D0) of EGFP in WPI gels (A/C) and WPI-NaCl gels (B/D) and the model predictions. The black circles and squares are the average of 3
or 4 experimental data measured by fluorescence correlation spectroscopy, error bars are their standard deviation. The lines are the model predictions.
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proteins. Johansson's model also underestimated the diffusion coeffi-
cients, while Clague's model predicted values that are about 60% of the
experiment data, providing the closest prediction among the models.
The small polymer fiber radii used in the Johansson's caused the pre-
diction to be very sensitive to the change of the solute radius rs. The
prediction is too low in all cases, indicating that pepsin is anomalously
mobile relative to EGFP in WPI gels, even though the molecular weights
are similar, with pepsin slightly larger than EGFP, and EGFP is a very
compact molecule compared to other proteins.

The different diffusion behavior of pepsin may be related to a
number of effects, as all these models presume to a specific interaction
between the diffusant and the matrix.

The first possible interaction is the electrostatic interaction. Kang
et al. studied the diffusion of apoferritin (diameter 12.8 nm) in bac-
teriophage fd (a rod-like virus with contour length of 880 nm and bare
diameter of 6.6 nm) solution (Kang, Wilk, Patkowski, & Dhont, 2007).
They found that the electrostatic interactions strongly alter the diffu-
sional behavior of apoferritin. Likewise, both EGFP and whey proteins
are charged at neutral pH, as well as pepsin. Pepsin, having a very low
isoelectric point (IEP), has around 20 negatively charged groups, and
will be quite negatively charged at neutral pH. EGFP, in contrast, has a
much higher IEP and is only slightly negatively charged at neutral pH.
One would expect that pepsin, being more strongly charged, would
have less accessible volume in the WPI gel network, especially in more
concentrated gels. However, we see that the experimental diffusivities
of pepsin are significantly higher than would be expected based on the
diffusivity of EGFP in WPI gels.

A second interaction is binding. Pepsin as an enzyme naturally binds
to protein, which also negatively affects its diffusivity. We previously
observed that a part of the pepsin diffuses slower than the expected
reduction by the whey protein gel network even at neutral pH where
pepsin's activity is very lowis (Luo et al., 2017). Fadda et al. found
anomalously slow diffusion of thermolysin in gelatin gels due to the
enzyme-substrate interaction, and the time that the enzyme is trapped
on the gel is related to the enzyme kinetics constants. Km determines the
proportion of enzyme that is trapped in the enzyme substrate, and kcat
offers an estimate of the elementary trapping time. However, also this
aspect would imply a lower diffusion rate for pepsin than for EGFP. One
may argue that the hydrolytic action of pepsin may lead to a greater
degree of freedom for pepsin to diffuse in a gel matrix; however, our
measurements with pepsin were made at neutral pH, and pepsin is not
catalytically active at this condition.

5. Conclusions

We investigated the diffusivity of EGFP, as a model for pepsin, in
two types of whey protein gels with varied concentrations. The diffu-
sion rates of EGFP decreased dramatically at higher concentrations of
whey protein in the gel. Two types of whey protein gels, made with
different ionic strength had different elastic moduli at the same protein
concentration, but the elastic moduli cannot be directly correlated to
the diffusivity reduction.

Cukier's hydrodynamic model yielded the best description, but the
parameter kc cannot directly reflect the geometry of the gel matrix; and
it varies among different gel matrices. In contrast, Clague's, Johansson's
and Phillips' models require only basic structural information such as
the radius of the polymer fiber (rf) and the radius of the solute (rs).

Surprisingly, the EGFP diffusivity measurements predicted sig-
nificantly lower diffusivities for pepsin, than was found with pepsin
itself. In the translation from EGFP to pepsin, we need to include the
different electrostatic interaction and possible enzyme-substrate inter-
action; however, both effects cannot explain the less reduced diffusivity
of pepsin in WPI gels compared to that of EGFP.

We conclude that while the hydrodynamic models give good de-
scriptions, they are clearly too simple for a full physical understanding
of diffusion of a protein in a protein gel, and that the translation from
one diffusant to another may involve several types of interactions.
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