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Restricted Bovine Serum Albumin Diffusion through the Protein

Network of Pasta
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Food digestion may be influenced by the diffusion processes that govern the accessibility of substrates
to enzymes, both within the intestinal lumen and within the food structure itself. The purpose of
this study was to determine the diffusion coefficient (D) of bovine serum albumin (BSA), which
simulates a-amylase diffusional behavior, in the pasta protein network. A diffusion cell consisting
of two well-stirred compartments separated by a lasagne matrix was designed and used. Starch
was enzymatically removed from the lasagne, and *C-BSA was allowed to diffuse through the protein
matrix for 26 h. The D obtained was ~2-fold lower than the self-diffusion coefficient of BSA in free
solvent. Protein network tortuosity, which increases path length diffusion, was probably the main
factor involved in this restricted diffusion process. The presence of emulsified lipid, which is partly
representative of the digestive environment, did not limit BSA diffusion toward and within the

pasta protein network.
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INTRODUCTION

It is generally considered that foodstuffs, after their
passage through the stomach, are emptied in the form
of chyme and not as particles with an intact physical
structure. However, from the mouth to the large
intestine, some foodstuffs or fiber may retain a complex
solid structure (Noah et al., 1998; Hoebler et al., 1997).
Enzyme diffusion processes in food structure (in the
upper digestive tract) or fiber (at the colonic level)
appear to be a key factor determining the rate at which
macromolecules are degraded into nutrients. Although
the diffusivity of solute through model foods has been
exhaustively studied for biotechnological purposes, for
example, the diffusion of NaCl through cheese (Zorrilla
and Rubiolo, 1994) and agar gel (Djelveh et al., 1989)
or of bovine serum albumin (BSA) (which simulates
a-amylase) through starch gels (Leloup et al., 1990), no
studies to date have investigated the influence of
complex food structure on enzyme diffusion in the
digestive process.

Enzyme penetration/diffusion into food is determined
mainly by physicochemical factors such as the tortuos-
ity, porosity, and crystallinity of food components.
Among these factors, porosity has been most studied,
especially in the case of fiber. It has been shown in vitro
that the hydrolysis of cellulosic material is strongly
related to the available pores for diffusion of cellulase
(Wong et al., 1988; Tanaka et al., 1988). It is also now
well-established that the increase of fiber porosity by
technological processes or in vitro digestion increases
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the initial rate of in vitro fermentation by bacterial
enzymes (Guillon et al., 1992; Auffret et al., 1993;
Fardet et al., 1997). In the case of complex foodstuffs,
very few studies have tried to relate the porosity of food
structure to its digestion, although one technological
study has shown that the fine structure of the processed
rice food matrix (normally cooked, autoclaved, and
retrograded), especially the pore size distribution, was
correlated with in vitro starch digestibility (Ito et al.,
1988).

Porosity depends mainly on food texture, as deter-
mined by technological processes. For example, the
different textures of bread and pasta affect the rate of
starch degradation in vitro and in vivo: Because of the
loose texture of bread, starch is rapidly degraded,
whereas the compact texture of pasta restricts the
access of a-amylase to starch (Granfeldt and Bjorck,
1991; Karinthi, 1995). In pasta, the low degree of starch
swelling, and especially the presence of a fine and
insoluble protein network, may slow starch degradation
(Colonna et al., 1990). The mechanisms by which this
protein network impairs a-amylase action are not well-
elucidated. Light and electron microscopy have shown
that this network is highly porous and tortuous, with
holes in the range of 0.5—40 um (Fardet et al., 1998).
The network surrounds the starch granules, but some
connections in the walls of the protein network itself
(~0.5—3 um) allow access of all the potential degradable
starch fractions to a-amylase. Thus, the porosity of the
protein matrix is not a limiting factor for starch hy-
drolysis (Fardet et al., 1998).

The main purpose of this study was to test the
hypothesis that the geometry of the protein network
(i.e., tortuosity) plays a major role in the slow degrada-
tion of starch by restricting the diffusion rate of o.-amy!l-
ase. The diffusion of radiolabeled methylated BSA
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Figure 1. Schematic view of the diffusion cell.

through the protein matrix of lasagne was investigated
via the well-known diffusion cell technique (Stokes,
1950), which has recently been improved and applied
to gels and model/real foods (Djelveh et al., 1989;
Axelsson and Westrin, 1991). BSA was chosen as the
probe species because its diffusion behavior, which is
comparable to that of a-amylase (Leloup et al., 1990,
has been extensively characterized (Wagner and Scher-
aga, 1956; Keller et al., 1971) and because it is a
globular protein similar in size to many amylolytic
enzymes (Buisson et al., 1987). As foods are rarely
eaten alone, and as the digestive environment may
influence enzyme diffusion to the food matrix, this study
also investigated the influence of a lipid complex emul-
sion (as found at the duodenal level) on the BSA
diffusion coefficient in the pasta protein network.

MATERIALS AND METHODS

Diffusion Apparatus. Two diffusion cells were used,
consisting of two glass compartments with different volumes
(cell 1, V1 =41 mL and V, = 20 mL; cell 2, V; = 37.5 mL and
V, =20 mL; Figure 1). The radius of the effective aperture R
was either 2.0 cm (cell 1) or 1.66 cm (cell 2). The outer radius
of the diaphragm holder R’ was constant and equal to 5 cm.
The liquids in the upper and lower compartments were stirred
by a turbine impeller rotated by a motor and a magnetic
stirrer, respectively. The two compartments were separated
by a slice of cooked lasagne. The diffusion cells were sus-
pended in a thermostated water bath (accuracy +0.1 °C). All
diffusion measurements were done at 37 °C.

Preparation of the Pasta Protein Diaphragm. Lasa-
gnes were prepared in the Cereal Technology Laboratory of
the INRA (Montpellier, France) from a mixture of 78.4% (w/
w) semolina (3SE durum wheat white semolina; 70% extrac-
tion; provided by the Semoulerie of Normandie) and 21.6%
water (final moisture content = 33.5%). These ingredients
were blended for 20 min at 120 rpm and placed under vacuum.
Extrusion was performed at 40 °C under 136—161 Pa. Lasa-
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gnes were desiccated at 55 °C for 17 h to a final moisture
content of ~12% and then cooked in excess boiling mineral
water (Evian) containing 7 g/L NaCl. The cooking time (7 min)
was determined to be optimal when complete starch gelatini-
zation had occurred according to French standards (NF 1SO
7304).

The lower compartment of the diffusion cell was filled with
a solution containing human salivary a-amylase (0.15 ukat/
mL supplied by Sigma; EC 1.2.1.1.; specific activity = 1 ukat/
mg of dry matter) in a 5 mM phosphate buffer (pH 6.9—7.0)
with 0.25 mM CacCl,, 1.75 mM NacCl, and 0.02% sodium azide
(w/v). The lasagne was carefully placed on the lower part of
the diaphragm holder to ensure that no air bubbles were
introduced between the lasagne and the enzymatic solution.
The upper part of the diaphragm holder was fastened with a
steel string tightened by means of a screw mounted on the
string. The upper compartment was then filled with enzy-
matic solution. Before the experiment, the diffusion cell was
placed in a thermostated water bath so that the level of
enzymatic solution in the upper compartment was below that
of the water. The thermostated water bath was placed on a
magnetic stirring device.

To remove residual o-amylase activity and hydrolyzed
starch fractions trapped in the protein matrix, enzymatic
solutions from both compartments were replaced by 5 mM
phosphate buffer. Washing efficiency was controlled by meas-
uring a-amylase activity regularly [Phadebas test procedure
described by Leclerc et al. (1993)] and the amount of a-glucans
released (Tollier and Robin, 1979) in the upper compartment
of the diffusion cell within 26 h of washing. The release of
glucose and o-amylase activity reached a plateau within ~5
h. The protein matrix was washed for 14 h at 37 °C to ensure
maximum efficiency of release.

Characterization of the Lasagne Protein Diaphragm.
Total starch and resistant starch contents of cooked lasagnes,
before and after starch removal, were determined according
to the method of Champ et al. (1995). Protein content was
determined according to Kjeldahl’'s method.

The molecular weights of the linear a-glucans recovered
after starch hydrolysis and washing of the lasagne protein
network were studied by size exclusion chromatography (SEC)
performed on a Superose 12TM column (Pharmacia, 30 cm
long, 1 cm diameter). Dried samples, obtained after freeze-
drying and grinding of the lasagne protein network (50—100
mg), were solubilized for 24 h in 1 N KOH under mixing,
diluted with water to 0.1 N KOH, and centrifuged (10000g for
10 min) to remove most of the gluten proteins. Samples (100
uL) were injected into the column after filtration through a
Millipore filter (0.45 um) and eluted by 0.1 N KOH (20 mL/h).
Each fraction was then analyzed for total glucose determina-
tion by the miniaturized p-glucose oxidase—peroxidase method
(Thivend et al., 1972) and identified by its partition coefficient
Kav

Kav = (Ve - VO)/ (Vt - VO) 1

where V., Vo, and V; are, respectively, the fraction elution
volume, exclusion volume (as native elution volume), and total
volume (as glucose elution volume). The calibration was
carried out with lintnerized potato starch (prepared locally).
The plotting of log average chain length (DP) versus Ka, gave
a linear regression between the two variables from which the
calibration curve (over the range of K,, from 0.40 to 0.93) was
obtained:

log(DP) = 3.915 — 3.701K, )

Thus, each eluted peak was defined by the degree of poly-
merization (DP) at its maximal concentration. Results are the
means of duplicates.

Confocal laser scanning microscopy (CLSM; Zeiss LSM 410,
Carl Zeiss, Germany) was used to examine the overall organ-
ization and three-dimensional structure of the protein network
of lasagne inside the food structure before and after starch
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hydrolysis. Bulk sections ~500 um thick were stained for 2 h
within a 0.01% (w/v) fuchsin acid solution diluted in acetic acid
1% (v/v) (ref A 3908; Sigma, St. Louis, MO). Sections were
then washed overnight at 4 °C. Several sections were mounted
in distilled water onto cavity slides. A coverslip was added
and the preparation sealed with nail varnish to prevent drying.
Bulk samples were examined in the epi-fluorescence mode of
the microscope. Samples were excited by a green laser beam
at 543 nm, and the emitted light was selected by a long pass
filter (>570 nm). The laser beam focused on an ~2 um thick
plane inside the sample. A sequence of 12 images, each taken
2 um higher in the sample, allowed the three-dimensional
structure of the lasagne protein matrix to be reconstructed on
a PC computer. Because of the false color scale (8 bit
grayscale) in the images, the pasta protein network appeared
white in the micrographs.

Diffusion Measurements. Prior to the experiment, solu-
tions and the protein matrix were kept at the experimental
temperature to avoid volume changes during diffusion meas-
urements. The phosphate buffer was degassed for 30 min
before being introduced into the two compartments of the
diffusion cell. A given volume (from 37.1 to 41.9 mL according
to the diffusion experiment considered) of buffer was intro-
duced into the lower compartment and 20 mL into the upper
one. Radioactive [methyl-**C]BSA (20—60 uL, 0.05—0.3 uCi)
(DuPont NEN, 0.024 mCi/mg, 0.005 mCi/mL; MW 69 000) was
then injected into the lower compartment by the injection port
(Figure 1). Stirring (300 rpm) provided perfect mixing within
both compartments and allowed us to neglect the resistance
of the boundary layers of the membrane as compared to the
resistance within the membrane itself. A 2 mL receiver
compartment sample was taken after ~5 min to check for any
leaks in the apparatus. The diffusion process through the
protein network of lasagne was monitored by determining the
increase in radioactivity in the initially BSA-free compartment.
Samples (2 mL) were drawn from the upper compartment at
intervals for up to 26—29 h and replaced by 2 mL of phosphate
buffer at 37 °C to ensure that total volume remained constant
(the dilution effect was considered insignificant). The 2 mL
samples were mixed with 18 mL of high-flash-point LSC
cocktail (Ultima Gold, Packard) and analyzed for radioactivity
using a liquid scintillation analyzer (model 2500TR, Tri-Carb).
Radioactivity was corrected for quenching, and measurements
were repeated three times. A blank containing only phosphate
buffer was used, and its radioactivity was subtracted from each
aliquot.

After the last sample was withdrawn, the rotated impeller
was removed and the entire device dismantled. Exact protein
matrix diaphragm thickness (L) was measured with an upright
dial gauge. Measurements were made at several points (n =
10) along the surface, and the mean value of diaphragm
thickness was calculated. No significant change in mean
protein diaphragm thickness was observed before and after
diffusion experiments. The mean surface area of the protein
matrix was determined by measuring its diaphragm diameter
at eight different sites with a slide gauge.

To study the influence of emulsified lipids, diffusion experi-
ments were also performed in the presence of a coarse (7.1
um mean droplet size) enteral lipid complex emulsion (Clintec
Technologies Laboratories, Le Plessis Robinson, France) mixed
with phosphate buffer (1.1% w/v) in the two compartments of
the diffusion cell.

Theoretical Considerations. The model used to deter-
mine the diffusion coefficient through the protein matrix was
Fick’s second law:

3°C _aC

et ©

For the diffusion cell, the appropriate boundary and initial
conditions were

t=0 forallx C=0
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x=0 forallt>0 CJ|_,=KC,; 4)

_ aC N dc,
x=L forallt>0 ADaX|X:L—V2dt

The partition coefficient K differentiates the solute concen-
tration at the surface of the protein matrix from that in the
solution. The third boundary condition indicates that at x =
L the solute was immediately transferred from the surface of
the foodstuff to the receiver compartment. This condition is
valid only when the reservoir is perfectly mixed.

The expression for the change of BSA mass in the upper
compartment versus time was obtained by the integration of
the following equation:

. dc,

t dC
Q= fiVorge = = JAD(G e ®)

The integration procedure is given by Crank (1975), and the
resulting equation is

cos o,

= Z—ﬁ(Ql)Z[(OL + (e + B2+ A)] [1-

oy

exp(~Dogt/L?)] (6)

In this expression, § = LAK/V; is a dimensionless number and
o, are the positive roots of

a, tan o, = B )

The values of D and K are determined from the mass of
BSA versus the time plot by minimizing squares of the
deviation between the observed (Q2)exp and the calculated (Q2)ca
values using eq 6. The minimum of the criterion

N
CRIT = (Cz,exp - CZ,caI)2 (8)

is obtained by the Gauss—Newton method.

After sufficient time has elapsed, and for small values of 3,
the exponential terms, except the first one (n = 0) in eq 6,
become zero, and eq 6 is reduced to the following form:

AKD ADrt

Q= L (Cro—Coot= _Le (Cio— Coot 9)
This situation occurs when pseudo-steady-state solute flow

has been reached in the protein matrix. In that case, the slope

of the Q. versus time curve can be used to obtain KD, the

effective diffusion coefficient, De.

RESULTS AND DISCUSSION

Characterization of the Pasta Protein Matrix.
Before diffusion experiments, starch contained in lasa-
gne was hydrolyzed for 24 h to allow maximum starch
degradation (Fardet et al., 1998). The protein matrix
was then washed for ~14 h. These two steps were
performed within the diffusion cell. Nonetheless, even
after 14 h of washing some starch fractions (16% of the
dry matter content with 49% of resistant starch, Table
1) and a-amylase activity (result not shown) remained
in the protein matrix of lasagne.

SEC results (Figure 2) indicated that the remaining
starch fraction in the lasagne corresponded mainly to
hydrolyzed starch residues with maximum DPs at 122
and 52. Only a very small fraction was totally excluded
from the column (at K5, = 0). This insignificant starch
fraction of high DP (DP > 200) corresponded to large
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Table 1. Chemical Characteristics of Lasagne before
and after a-Amylolysis with HSA2

dry proteins®? total resistant
matter (%) (%) starch? (%) starch® (%) RS/TS¢
before 32.2 11.7 75.0 1.0 14
after 11.6 74.1 15.8 7.8 48.8

a Human salivary a-amylase. ® On a dry-matter basis. ¢ Resist-
ant starch/total starch ratio.
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Figure 2. SEC of residues obtained after 24-h a-amylolysis
with human salivary a-amylase and 14-h washing (related to
the amylose DP).

undigested or incompletely degraded starch polymers.
The peaks at DP 122 and 52 appeared to represent the
limits of a-amylolysis after 24 h. The DP 52 oligosac-
charides were probably crystalline amylose chains that
had retrograded during the long a-amylolysis process
(Fardet et al., 1998). They probably corresponded to the
7.8% resistant starch content determined in the protein
matrix after washing (Table 1). The residual a-amylase
activity was probably due to strongly adsorbed enzyme
macromolecules, which might limit subsequent BSA
adsorption onto the protein matrix during the diffusion
process.

Heterogeneity in the structure of the protein network,
from the outer edge (Figure 3A) toward the center
(Figure 3C) via the intermediate zone (Figure 3B),
resulted from the state of the starch after the lasagne
was cooked; that is, the starch granules were less
swollen in the center than at the outer edge (Cunin et
al., 1995; Fardet et al., 1998). After starch hydrolysis
and washing of the protein matrix, the solvent (phos-
phate buffer) thus replaced the spaces previously oc-
cupied by the starch granules, leading to a collapse of
the protein matrix, which appeared very dense in the
center (Figure 3D) as well as at the outer edge (micro-
graph not shown).

The method used to prepare the matrix did not allow
the protein fraction alone to be isolated from pasta. The
result was a heterogeneous, complex system not easily
reproducible during each diffusion experiment. Given
its porosity (in a range of ~0.5—30 um) as observed by
CLSM (Figure 3D), the lasagne protein matrix was
considered as a macroporous system relative to BSA
macromolecules having hydrodynamic radii of ~3.1 nm.

Determination of the Protein Matrix Diffusion
Coefficient. An example of the increase of BSA mass
versus time in the receiver compartment, due to the
diffusion of BSA through the protein network of lasagne,
is shown in Figure 4. The same plots were obtained
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for all the experiments summarized in Table 2. Figure
4 shows three zones: a first zone in which BSA quantity
in the receiver compartment remained constant and
close to zero, which corresponds to BSA diffusion in the
protein matrix to reach the boundary in contact with
the receiver compartment; a second transition zone in
which the (Q)exp Versus time plot was not linear,
indicating that the concentration of BSA molecules
changed through the protein matrix; and a third zone
corresponding to the linear variation of the (Q2)exp
versus time plot and indicating the validity of the
Fickian diffusion mechanism through the protein net-
work and the hypothesis of pseudo-steady-state flow
after sufficient time has elapsed (see eq 9). The dura-
tion of this third zone depends on the variation of the
BSA concentrations in the two compartments: as long
as C; is constant and C; close to zero, the pseudo-steady-
state is justified.

The matrix diffusion coefficient (D) and the partition
coefficent (K) were determined simultaneously by mini-
mizing squares of the deviation between the observed
(Q2)exp and the calculated (Q2)cal, Using eq 6. The quality
of fit between experimental and calculated values is
shown in Figure 4 (experiment 1) and was representa-
tive of all diffusion experiments (Table 2). As the BSA
diffusion process in the protein matrix is very slow,
regardless of the BSA concentration in the donor
compartment, the diffusion coefficient can be considered
as independent of BSA concentration in the first com-
partment. Moreover, BSA concentrations introduced
into the lower compartment at the beginning of diffusion
measurements were very low (from 6.25 x 1075 g/L for
the lowest to 1.70 x 10~ g/L for the highest). Diffusion
processes can therefore be considered to have occurred
at infinite dilution. According to these results, all D,
K, and KD values in Table 2 can be used to define their
mean and confidence interval (Fisher—Student test with
o = 0.95):

D=4.24x10"4+0.31 x 10 ¥ m?%s
K = 0.45 + 0.04

KD=1.91 x 10 4+ 0.14 x 10 ¥ m?%s

The mean and confidence interval for the effective
diffusion coefficient (Des) obtained from the slope of the
linear part of the Q» versus time plot were (Table 2)

Doy = 1.84 x 1071+ 0.09 x 107" m?/s

Interestingly, this value was not significantly differ-
ent from the value obtained by using the product of K
and D (two-coefficient estimation), confirming the equiva-
lence between D¢t and KD in our study.

Determination of Protein Matrix Tortuosity. In
a macroporous and inert system, convection movements
of the solvent may be the predominant mass transfer
mechanism (Langer and Peppas, 1983). Theories of
solute diffusion through macroporous matrix assume
that solute transport occurs predominantly through the
water-filled pores and that this process is slowed (1) by
the available pore space for diffusion (¢) and (2) by the
geometric characteristics of the path called tortuosity
(7), the value of which increases with the chaotic nature
of the system. These two effects are normally referred
to as the exclusion effect and obstruction effect, respec-
tively.
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Figure 3. Three-dimensional reconstructed CLSM micrographs of lasagne protein networks before (A—C) and after 24-h
o-amylolysis and 14-h washing (D). Panels A, B, and C correspond to the external, intermediate, and central zones of the cooked
lasagne, respectively. As a result of the false color scale in the images (8-bit grayscale), the pasta protein network appears white

in the micrographs.
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Figure 4. Typical curve for determination of the matrix
diffusion coefficient (D) and the partition coefficient (K)
obtained from the change of Q; of BSA versus time in the
receiver compartment of the steady-state diffusion cell: (solid
line) eq 6; (circles) experimental data from experiment 1.

As the apparent thickness of the protein matrix did
not change during the diffusion process, tortuosity was
considered as constant and was calculated from the
following equation, which is well-known from the field

of diffusion in porous solids (Epstein, 1989):

Dt KD _ ¢
Do Do ¢ (10)
In eq 10, Dy is the self-diffusion coefficient of BSA at
37 °C in pure aqueous solution at infinite dilution and
D is the BSA diffusion coefficient in the available pore
space of the matrix.

Do at 37 °C was calculated from an experimental
value given for BSA at 25 °C (6.07 x 10~ m?/s; Smith,
1970) corrected for temperature and water viscosity at
37 °C (Stokes—Einstein equation). Dy was thus equal
10 9.29 x 107 m?/s. The mean value of the diffusion
coefficient in the protein matrix was assumed to be 4.24
x 10711 m?%/s. If we had no adsorption effects of BSA
macromolecules onto the protein matrix and if the whole
pore network was available for the diffusant, € could be
seen as equal to K. Then, from eq 10, the tortuosity of
the protein matrix can be calculated

7= ,/Dy/D (11)

Its mean and standard deviation were (Table 2)

=142 £ 0.07
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Table 2. Values of D,2 K,2 KD,2 Def,? and z¢ for Repeated Diffusion Experiments (T = 37 °C; Stirring = 300 rpm)

expt cell diffusion

no. no. Qio(ug) time(h) Vi(mL) A(Cm? L (mm) D (x 10 m?s) K KD (x 10" m?/s) Des(x 101 m?/s) T
1 1 2.50 26 41.0 14.28 1.50 4.04 0.50 2.02 1.91 1.45
2 2 5.71 26 37.5 9.70 1.46 4.50 0.44 1.98 1.92 1.38
3 1 6.78 26 41.0 14.45 1.46 3.46 0.49 1.70 1.70 1.57
4 2 4.26 26 375 10.04 1.48 4.41 0.38 1.68 1.81 1.39
5 1 5.01 26 41.5 15.43 1.46 4.58 0.41 1.88 1.74 1.37
6 2 4.52 26 37.5 11.63 1.48 4.53 0.40 1.81 1.76 1.37
7 1 6.12 26 40.5 15.90 1.50 4.18 0.49 2.05 1.86 1.43
8 2 5.74 26 37.4 11.49 1.52 4.18 0.51 2.13 2.04 1.43

a Obtained by identification from eq 6. ? Obtained from the slope of the experimental curve. ¢ Obtained from eq 11.

Table 3. Values of D,2 K,2 KD,2 and z°¢ for Repeated Diffusion Experiments in the Presence of a Lipid Complex Emulsion

(T = 37 °C; Stirring = 300 rpm)

expt cell diffusion
no. no. Q10 (19) time (h) Vi(mL)  A(cm?)  L(mm) D (x 10 m%s) K KD (x 10 m?/s) T
1 1 5.82 28 39.1 16.85 1.40 4.24 0.37 1.57 1.48
2 5.79 28 37.3 11.27 1.42 4.36 0.45 1.96 1.46
3 1 5.61 29 41.9 16.17 1.44 6.23 0.25 1.56 1.22
4 2 5.69 29 37.4 10.38 1.44 9.88 0.21 2.07 0.97
5 1 5.18 29 41.3 15.90 1.42 6.84 0.25 1.71 1.17
6 2 6.09 29 37.1 11.58 1.46 9.15 0.20 1.83 1.01

a Obtained by identification from eq 6. P Obtained from eq 11.

indicating the increase of the pathway during diffusion
through the protein matrix (assuming that a value of 1
represents a straight pore). In reality, the BSA diffus-
ing macromolecules were probably too large to enter the
whole pore space (as can be seen from the small value
of K, i.e., 0.45). The porosity of the protein matrix can
be therefore considered as being larger than 0.45, and,
consequently, the value of the calculated protein matrix
tortuosity was underestimated.

Influence of Lipid Complex Emulsion. For six
experiments (Table 3), the mean and confidence interval
(Fisher—Student test with oo = 0.95) of D, K, and KD in
the presence of lipid complex emulsion were

D=6.78 x 10 14+ 1.97 x 10 ¥ m?%s
K = 0.29 & 0.08

KD =1.79 x 10 14+ 0.30 x 10 ¥ m?%s

and 7 = 1.22 + 0.22.

The reason for the increase of D and the decrease of
K are not clear at present. When the lipid complex
emulsion was introduced in the two compartments of
the diffusion cell, the mean value of Def, equal to 1.79
+0.30 x 10711 m?/s, was not significantly different from
that of D¢ obtained without the lipid emulsion, equal
t0 1.91 & 0.14 x 10~ m?s. However, the value of the
partition coefficient decreased, which can be interpreted
as a decrease of the available volume for diffusion, that
is, a larger exclusion effect. This is compensated by a
decreased tortuosity, which increased the matrix dif-
fusion coefficient (D). The tortuous pathway could have
been smoothed by the introduction of lipid into the
network.

Conclusion. Determination of the BSA diffusion
coefficient in the lasagne protein matrix and the use of
a diffusional model from the science of porous solids
enabled us to quantify tortuosity, a geometric charac-
teristic of the protein matrix. This factor induced a
twofold slowing effect of the BSA diffusion coefficient
in comparison with diffusion in pure agueous solvent,
indicating that starch accessibility to a-amylase in the
pasta food structure may be reduced when the protein

network is kept intact. At the intestinal level, the rate
at which the protein network is hydrolyzed, as compared
to starch, is, therefore, an important parameter to
consider. Our results also indicate that emulsified
lipids, partly representative of the digestive environ-
ment, do not limit enzyme diffusion toward and within
the pasta protein network.

ABBREVIATIONS USED

A, apparent surface of the protein network (m?2); BSA,
bovine serum albumin; C, BSA concentration in the
compartment («g/mL); CLSM, confocal scanning elec-
tron microscopy; D, matrix diffusion coefficient (m?/s);
DP, degree of polymerization; D, effective diffusion
coefficient (m?/s); Do, self-diffusion coefficient in pure
solvent (m?/s); €, porosity; K, partition coefficient of
protein matrix; Kay, partition coefficient of SEC column;
L, thickness of protein matrix diaphragm (m); N,
number of experimental samples; Q, solute quantity in
the compartment (ug); SEC, size exclusion chromatog-
raphy; t, diffusion time; V1, V», volumes of the lower and
upper compartments (mL); o, probability of rejection
of a correct value; 7, tortuosity; (subscripts) O, initial
concentration or quantity; 1, solute concentration or
guantity in the lower compartment (donor); 2, solute
concentration or quantity in the upper compartment
(receiver).
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