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Protein diffusion in alginate beads monitored by confocal
microscopy. The application of wavelets for data reconstruction
and analysis
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A microscopic technique has been developed to obtain the protein profiles inside calcium alginate gel. To do this,

the diffusion of BSA, previously marked with FITC, inside calcium alginate beads was observed using confocal laser
microscopy, thus obtaining the spatio-temporal evolution of the protein concentration. The technique, however,

presents certain limitations and zones where it is impossible to obtain experimental data. Wavelets analysis, com-
monly used in signal processing and statistics, was employed to reconstruct and subsequently analyse the experi-

mental results. Once the diffusion model was defined, the substrate profiles obtained were used to calculate a
diffusivity value for BSA in alginate gel.
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Introduction fusional process [2,17,28], causing a decrease in the

Analysis of the different uses of immobilized cell systemsSUbStra.te s ability to diffuse through the support.
Studies ofSerratia marcescengnmobilised in alginate

and their modelling has been an important area of stud ; :
throughout the Iasgt3 decade [2,17,25,26,28], mainly due t?yi:?d fermgntmg whey [12,20] led to the negd FO as_certam
the advantages that these systems present in contrast w d|ffl.,|5|on'al_beh_aV|our of the whey proteins in this Sys-
cell-free systems [22]. When working with immobilized tem. With this in mind, we cpqse one of the larger proteins,
systems, we have to know the diffusional properties of the8SA (69000 D, 0.3-0.6 gL in whey) [7]. Most of the
species involved, since diffusion can be the main cause dfiffusional studies were carried out by monitoring the spe-
limited cell growth during a fermentation process Ci€S concentration in the liquid medium and the sqbsequent
[25,26,28], and also the specific phenomenon that control@Pplication of a diffusion model [19,23,24]. Martinsef
the release of products to the external liquid medium. Fo@l [15] sectioned beads containing“¢]-albumin, and
this reason, many authors have studied the diffusion of sutdetermined the concentration profile inside them by scintil-
strates through different immobilization supports, in parti-lation counting.
cular alginate and other polysaccharide gels [15,19,23,24]. In the present work, and in order to obtain these profiles
In some cases small solutesZ0000 D) can diffuse as over time, confocal laser microscopy was employed, of the
freely into alginate gel beads as into water [24], or with aprotein labeled with fluorescein isothiocyanate (FITC). The
slightly lower effective diffusivity than that in water [19]. concentration profiles obtained allowed us to select an
However, controversy arises when regarding larger solutegdequate diffusion model to obtain BSA diffusivity through
(>65000 D). Tanakat al [24] stated that these solutes are the alginate. However, there are difficulties in obtaining
not able to diffuse from the liquid medium towards the BSA concentrations in some zones, which require a method
inside of the immobilization support. On the other hand,that allows analysis and reconstruction of the results. The
Shoichetet al [23] calculated the diffusivity values of BSA method chosen in this case for data treatment was that of
and immunoglobulin through alginate when penetratingwavelets.
into the support from the liquid medium. Wavelets [9,18] constitute a refinement of Fourier analy-
Diffusivity properties in alginate are influenced by a sis and have been useful for analysing and de-noising sig-
great number of factors [15,19,24]: the concentration anchals and images, substantially reducing contaminating
composition of the alginate, the conditions of support prepnoise. In statistical analysis, these methods are also
aration, pH and temperature. The number of alginattemployed for reducing random errors made when measur-
calcium Dbridges decreases with time and hence pefng and reconstructing the original data. In the present case,
meability with respect to the solutes increases [23]. Likeyyayelets were employed to de-noise the gross data, elimin-
wise cells growing in the support can influence the dif-4ing Gaussian errors, to study the goodness of fit of these
data to theoretical model equations, and finally allowing us

to differentiate fluctuations due to Gaussian or systematic
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196 Experimental methods Protein labeling with FITC [8]
) ) Ten per cent of a BSA solution (8 mg ™ [12] was lab-
Preparation of alginate beads [27] eled and later re-mixed with the rest of the solution in order

(SZOS%TV/V?I\?V'Q?;|0$233;egr002{n;0i6n§§§:’ ratBeeli%ItL(j)m)to avoid a modification of its properties. Ten milliliters of
- 0 P . : %he BSA solution were dialysed (dialysis tubing D-9777)
solution of CaC} _(3/0\_/v/v) that was qontlnuously_ agitated. vs 500 ml of FITC labelling buffer (0.05M boric acid
The beads remained in the CaGblution for 30 min, com- 2 M NaCl, pH adjusted to 9.2 with NabH) #@, chang- '
plgtmg the alginate gelling process. The beads obtained 'ﬁn.g the buﬁ"er three times in' 2 days. Subéequ’entlyuzo
:jhr's v\\,/v;yhrt]%?‘ gg na;venrﬁlge diameter of 3.0.2 mm and a of FITC solution in dimethyl sulfoxide (5 mg ) were

y 9 g mr. added for each mg of protein and this new solution was

Figure 1 Central sections of alginate beads at different diffusion times (confocal laser microscopy). (a) 35 min; (b) 1 h; (c) 3 h; (d) 5 h; (e) 16 h; (f) 51 h
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incubated for 2 h at room temperature. Excess FITC sol- time lapse was as short as possibie5(min) and the 157
ution was eliminated by dialysigs 500 ml of the dialysis same in all cases.
buffer (0.1 M tris CI (pH 7.4), 0.1% (w/v) Nal 0.2M e A drop in protein concentration on the border of the
NaCl, pH adjusted to 7.4 with HCI). beads was detected due to the drying process, which

means that the data in this zone must be reconstructed.

Diffusion experiments e The structure of the gel matrix that constitutes the algin-

Alginate beads were introduced into flasks in such a way ate beads may present inhomogeneities [11]. Thus,
that the beads were covered by the partially-labeled BSA Weaker gelling zones or microvoids could lead to differ-
solution to allow the protein to diffuse through the internal ~ €nces in protein diffusion and asymmetry.
part of the beads by incubating the flasks in an orbital
shaker at 150 rpm,°€, and in darkness. The beads were All these effects could lead to results that are not con-
kept under these conditions for different times, and afteisidered in the model, because of complex real structures or
being lightly dried with filter paper, were ready for analysis Systematic errors. Moreover, the measuring system itself
using confocal microscopy. (microscope, image analysis equipment) provides data with
The beads were then dissolved in 1% (w/v) sodium cit-point to point fluctuations, causing Gaussian errors.
rate (1 g of beads in 10 ml of solution) with agitation. The
total amount of protein released into the solution was anax : .
lysed by the Lov?/ry procedure [13]. “Mathematical analysis
In recent years, there has been a widespread application of
Confocal microscopy wavelets analysis to mathematical treatment of data, signals
A confocal laser microscope (BIO-RAD MCR 600) with a and images in a variety of scientific areas ranging from
BHS filter was used. This technique offers the possibilitymedicine and biology [1] to electromagnetism [10] or astro-
of observing the zones of support reached by the labeleghysics [21]. Wavelets are a refinement of Fourier analysis;
protein, and it is possible to analyse sections of the sampl@hereas Fourier analysis allows us to expand a periodic
without making cuts in the beads that could damage thenfunction as a sum of trigonometric functions (a sum of
The images obtained were analysed using the COMOS antiaves with different frequencies), wavelets include a new

SOM software, THRU-VIEW. ingredient: localisation.
In spite of the advantages that the confocal microscopy If we consider experimental data represented by a certain
technique offers [14], difficulties also arise: functionf(x), we can analyse these data using wavelets, tak-

ing into account its structure at different levels of resol-

e The microscope presents a series of parameters (blaciion: this resolution being able to change from point to
level, gain, diaphragm, laser intensity) that must be fixedPoInt. A number of basic concepts concerning Wavele_:ts are
by the operator. The values of these parameters we efined next. A mother wavel@i(x) and a scaling function

fixed at the beginning and kept constant throughout th (x) are unidimensional functions satisfying suitable math-
observations. ematical properties [9,18]. Wavelefs, and scaling func-
e Photographs must be taken immediately since thdiONS ¢j« are constructed fromys and ¢ through dyadic

exposure time can affect the results (photobleaching [47)dilations and translations.
hence, they were always taken after the first laser scan. ) )

e When observing the central sections of beads exposed to ¥ix = 222X = K) )
the labeled protein for a long time, the presence of a b = 22H(2x - K) )
dark crown was detected just around this central zone ~
(Figure 1). This crown is wider the wetter the bead is,\yherej andk are integers. The indexlabels the level of
which confirms that it is an artefact caused by the beaQggo|ution andk fixes the position. Given a functiofx),

having to rest on a Petri dish in order to be observedyynroximation coefficients; and detail coefficients;  are
Thus, water drips through the lower parts, forming a ringyefined as ’ '

around the contact point between the bead and the sup-
port. The laser ray collides with this ring, which impedes _
it from reaching every point of the sample with the same G = 10, (3
intensity, causing the dark zones that appear in the d, = [f(X)y; . (x)dx (4)
photographs. Therefore, a light drying of the beads was
carried out to minimise the effect, since a total drying |f we are dealing withN dataN =2’ (J an integer) and
would degrade their structure. The data corresponding tgssume the data take valfg) constant in equally spaced
these dark zones were interpolated. subintervals of [0,1] (the method can be extended to more
general cases), we can expand the functjog) at any data
Besides these problems inherent in microscopic obserpoint x; as:
vations, other error-including effects have to be mentioned:
f3(%) = f520¢) + gra(X) 5)
e The time from the extraction of the beads to observation
under the microscope contributes to the error because theheref, , is called the first level approximation argj ,
protein will continue to diffuse inside the support. This the first level detail and are given by €12>1 - 1)
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Figure 2 BSA fluorescence intensity profiles in alginate beadR € dimensionless radius) at different diffusion times. (a) 35 min; (b) 1 h; (c) 3 h;
(d)5h; (e) 16 h; (f) 51 h.

1 If we assume that our data are affected by Gaussian
f3.106) = 2, Coasbr.(X) (6)  errors with mean zero and standard deviatiofnoise-in-

k=0 signal theory), the detail coefficients at the first level will

1 be dominated by the noise and can be used to estimate
Or1(%) = EdH,kd/H,k(xi) (7)  through their standard deviation or other more robust esti-

k=0 mators [18]. We can also cut down the errors in a signifi-

_ cant way by using a technique called ‘soft thresholding’.
fJL'l can also be written as a sum of second'level approxiThis technique consists in fixing a suitable threshgldet-
mation f,, and second level detaidj,,. This can be ting all the detail coefficients, with absolute values lower

repeated tillf, can be finally written as: than A to zero and replacing those higher than this value
by 8, with
31 2
£06) = Cooboo) + > X bt 8) S=d—A (if dy > \) ©)
mo e S=du+ A (if dy < -A) (10)

As j increases from zero td— 1, the wavelets represent
the structure of the function on increasingly smaller scales, We use the universal threshold [&]=sqrt(2 logN) o,
with each scale a factor 2 finer than the previous one. Th&here o has been previously estimated aNds the data
index k denotes position. number N = 500 in our case). In this way, the errors are
From a practical point of view, the first level approxi- subtracted from the coefficiends, and the new coefficients
mation means an ‘average’ of two successive data, wherea, are used to reconstruct the denoised data by means of
the first level detail represents the difference of this averag&qn 8. Since the contribution of the noise in our data is
with respect to the original data. If we decrease the resolenly significant till level 5, we perform the denoising only
ution, going to lower values gf we are considering ‘aver- until that level. Different families of wavelets can be used
ages’ of 2" data, wheram is the approximation level. The in this process. The Daubechies 4 wavelets [5] proved to
details give the difference between two successive levelbe very efficient for denoising. We used the MATLAB
of approximation. WAVELET TOOLBOX [16] for analysis and denoising
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process. This toolbox is also adequate for compressing onés obtain an equation, which will be presented later, relating
dimensional signals and two-dimensional images. fluorescence intensity and BSA concentration.

Results and discussion Analysis of results
Result forms Denoising gross data with wavelets: Gross data are
Some pictures corresponding to central zones of the suppoat mixture of the ‘original’ data and random-type errors.
obtained by confocal microscopy are shown in Figure 1. InWhen reconstructing the original data, wavelets analysis is
these pictures, the protein penetrates into the interior of thef extraordinary value, since it allows us to carry out a
support (greater fluorescence intensities, higher proteiprocess denominated denoising, that consists in suppressing
concentration), reaching the centre of the sample after difthe local random errors (noise) and recuperating the orig-
fusion. After 16 h, it is not possible to observe any increasenal data (signal). Wavelets do not require a previous data
in fluorescence, so it is approximately at this moment wheriitting model.
the beads are considered to be saturated with protein. It is assumed that random errors present a Gaussian dis-
In these pictures, we have selected some directions crossibution with a zero mean and standard deviation
ing the beads in a random way. Based on the fluorescendgecause only one measurement for each point, time and
intensity, the data analysis program gives an intensity numedirection was madey may not be calculated. In this case,
ber at certain points along the diameter. Three directionsvavelets offer an alternative method for determiniog
were analysed in each of the pictures, but only one of théetail coefficients of the first level are dominated by local
profiles for each time is shown in Figure 2, as an exampletandom errors (noise in signal theory) amdnay be esti-
In these graphs, it is possible to see more clearly how thenated by means of the standard deviations of the detail
protein enters the support, initially only in the surface areagoefficients of the first level (local fluctuations). When
and later in the central zones, concave profiles appearingorking with Gaussian simulations, this estimation method

that develop with time. gives excellent results. In accordance with this estimation,
o values are obtained (Table 1) of 10-12 orderig con-
Result tests sidered the same for every point in the space, although

In order to validate the microscopic method employed, thevarying with time and direction).
total amount of protein in the support was analysed at dif- The detail coefficients are analysed at different levels in
ferent times. The results are shown in Figure 3(a). One caorder to eliminate noise. The first levels, including the third,
observe the rapid entrance of the protein in the alginatare dominated by the noise and are therefore eliminated
support at the beginning of the diffusion process, whichfrom the process. Noise is normally eliminated until the
continues more slowly until it reaches the saturation poinfifth level, where a mixture of signal and noise still appears;
at 16-20 h, which confirms the microscopy data. Thethe method used being soft thresholding, as was explained
maximum concentration of BSA in the support is in the mathematical analysis. Gaussian simulations added
5.8 mg mit of support. The comparison of these valuesto signals were carried out, whese= 10 normally passes
with those obtained by the microscopic technique allows ugo o = 2, which implies a significant reduction in the noise
when employing this technique.

The signals reconstructed with this method are shown in
_ . 140 Figure 4(c) and (f), for 3 h (two directions) and 51 h (one
af 120 direction). In these figures, it can be observed that the clean
data obtained suggest a parabolic-type fitting. This type of
fitting might be adequate from a physical point of view of
the system, since when protein diffuses, it first reaches the
external zones of the support, subsequently diffusing
a+2 through the internal parts. This means that even when the
— 0 protein reaches these central zones of the beads, its concen-

Time (b) tration is lower there than in the more external zones.
In every case, Daubechies 4 was used as the type of

6 wavelets, similar results being obtained when working with
5 other Daubechies bases with a higirBecause of the
4l fragmentary character of the data, the reconstruction is
. sometimes not very good at the extremes. When Gaussian
2
1
0

mg BSA/ml
o — 8 w £ w -}
-]
<
Intensity area

mg BSA/mi

Y eI simulations of fragmentary data are carried out, reconstruc-

tion only presents small problems at the extremes, that
b hardly affect the complete data.

s
+

4

° ® Y emsityares 10 12 Parabolic fitting and modelling
Figure 3 (a) Total BSA concentration and fluorescence intensity asea Based on the fluorescence intensity data and as the dispo-
diffusion time: experimental (symbols) and interpolated (lines) data.smor.] of those dat{;\ suggests, results were fitted to a sym-
(b) Relationship between total BSA concentration and fluorescence intenMetric parabola with respect to the centre of the support,
sity area. x=0.5; denoting the fluorescence intensity yyand the
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Figure 4 Fluorescence intensity data denoised by wavelets and parabola Vistimgsition in the bead at two different diffusion times. (c) 3 h (solid
and dotted line: data denoised in two random directions; dash-dotted line: fitting parabola). (f) 51 h (solid line: data denoised in one random directi
points line: fitting parabola).

Table 1 Gaussian and systematic deviations a0 ' ' ' : ' " i ' ™~
Time (h) Directions o o
1 1 10.3 12
2 8.6 19
3 10.2 11.5 z
3 1 10.6 13.5 ]
2 9.9 18.7 g
3 10.3 12 5
5 1 10.8 15.6 g
2 11.5 12.9
3 9.8 13
16 1 10.5 24
2 10.2 23.3
3 12.2 16.8
51 ;‘ ]:!.]]: ? 560 98 Q 01 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
. . Position, x
3 9.5 20.6

Figure 5 Parabolic fitting at different diffusion times.

data under the curve, the result will be the same in both

position byx. Fitting toy=a(x*-x)+b ory=az+b(z=  cases.
x2—-X) was carried out for the three directions in which  The values shown in Figure 3(b) are obtained by interpo-
measurements were made and also for the different timdating the data obtained by calculating the areas and those
assayed; coefficients and b and the corresponding para- of the total amount of protein inside the support obtained
bolas are shown respectively in Table 2 and Figure 5. by the Lowry method and comparing them. When protein

The area under the parabola of the fitting (intensity areagoncentrations are between 3.0 and 6 mg BSA ndorre-
is obtained for each time assayed and the mean values asponding to 1-20 h, both types of values can be related
shown in Figure 3(a). This area under the fitting curve willby a straight line [Figure 3(b): BSA (mg m) = 0.0253x
correspond to the area under the curve resulting from joinintensity + 2.6942] that allows the profiles of fluorescence
ing gross data. This is because the mean of the gross daitatensity to be transformed, in an approximate way, into
will be equal to the mean of the data supplied by the fittingprofiles of protein concentration. This relationship can not
curve calculated by square minima, so when integratinde extrapolated to lower times because a minimum protein



Table 2 Fitting parametersy = az+ b; z=x% - x

Time (h) Directions a b
1 1 291.9 65.4
2 330.1 73.9
3 273.4 61.3
3 1 242.6 99.5
2 201.1 90.2
3 2575 100.9
5 1 85.1 105.9
2 195.5 140.8
3 111.1 118.7
16 1 353.3 161.4
2 214.2 137.5
3 277.8 140.8
51 1 189.4 155.9
2 281.2 165
3 218.9 156.5
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always lower than 3 mg ml. Besides, when interpolating
data, only a little were available at these early times, being
zones of high slope, so a slight deviation will lead to a
large error when establishing the correlation.

The parabolic profiles obtained suggest analogous behav-
iour to that of applying the homogeneous diffusion model
used in previous works [12,15] to modelize these alginate
systems:

Mass balance inside the support:

oC 190 oC
s_ =~ Y2 S
gt r? ar(r Ds ar ) (11)
Mass balance in the reactor:
dCys 3 (1-¢) aC
="\ "nH7Ts 12
at R ¢ S ar . (12)

whereC, is the protein concentration in the support dhd
the diffusivity of the protein in the support,the radial co-
ordinate of the supportR is the average radius of the

concentration value needs to exist inside the support ispherical particlesC,. the protein concentration in the
order to be detected using the microscope. For shortdiquid medium ande_ the porosity of the bed. The values

times, the zones where no fluorescence is observed asmployed in

the simulation wereg =0.73 and

greater, although a certain amount of BSA may existR=0.00155m.

mg BSA/ml

mg BSA/ml

;
t +

0.6 0.8 1

Position, x

4

15

| '
T 1 t

25 30 35 40

Time (h)
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Figure 6 (a) Simulated (solid lines) and experimental (symbols) BSA concentration profiles in alginate beads, coming from fluorescence intensity
profiles, at different diffusion times:) 1 h; (+) 3 h; (A) 16 h. (b) Simulated (solid line) and experimental (symbols) total BSA concentragon

diffusion times.
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Figure 7 Outlines of probabilities at a 99% level in three random directions at two different diffusion times. (c) 3 h; (d) 5 h.

The protein concentrations on the surface of the supportation of the experimental data. The diffusion model
are different from the liquid medium protein concentrationsemployed is a simplification of the experimental com-
at each moment so that it is necessary to employ an externplexities that have been mentioned and possible phenomena
resistance in the model. Hence, an external resistance wésat are not taken into account, namely steric problems near
introduced using the boundary conditions presented in ¢he central part of the support, repulsive electrostatic forces

previous work [12] K =1935 m?). between the negatively charged alginate gel and the protein
molecules or between the protein molecules [15] and a non

_ aCs _ uniform distribution of the alginate structure [11,15] may
r=R ar K(Cos — C{R)) (13) explain the diffusion discrepancies between experimental

and model data at the early and final steps.

whereK is a mass transfer coefficient in the external film.
Its presence may be due to two reasons: the existence of@oodness of fit: The usual method for determining
real external film surrounding the beads caused by a lowhe goodness of fit is to calcula¥y; — y?)? o2, wherey; is
degree of agitation in the liquid medium or to a densethe gross datag; are the standard deviations of the error
‘membrane’ of very high alginate concentration found for each datum ang the values of the intensities predicted
[3,15] on the support surface that could hinder the entrancby the fitting function. If the random errors are assumed to
of the protein and that we assume to be similar to an exterfollow a Gaussian distribution with zero mean and standard
nal film [12]. Of course, both phenomena could take placedeviationg;, this 2 follows a chi-square distribution with
at the same time. N —M degrees of freedon\ being the data number and
The value of the diffusion coefficient of BSA in alginate M the fitting parameter number (two in our case). This is
gel beads determined by employing the model wasvalid if the fitting function depends linearly on its para-
5.5x 107 cm? s This value is within the range of the meters.

values found by Martiseret al [15] for BSA diffusivity In this case, as was pointed out earlier, it is impossible
through different kinds and concentrations of Na alginateo know theo value in advance, but it may be estimated
gels (3.3-17.% 107 cn?s™?). by means of the detail coefficients of the first level (local

In Figure 6(a) and (b), the concentration profiles obtainedluctuations) (see Table 1). If the probability of the fitting
with the model are compared with the experimental databeing correct is determined using these values, very low
The achieved results fit the experimental ones well althouglvalues are obtained=(101%). Apart from Gaussian errors,
it is necessary to highlight the discrepancy after 10 h. Thaleviations exist that may be assimilated as systematic,
experimental profiles are concave even at 51 h, when theshich makes difficult the fitting to a parabola, as suggested
stationary state is assumed to have been reached a lohg the data.
time previously, and the model gives plane profiles after The repeatability of the results may be tested by analys-
10 h. For the earlier times, the model predicts a slightlying results obtained in different directions at each time. If
slower protein penetration than that shown by the experio is not calculated using wavelets and the fitting is assumed
mental data. The diffusion model employed is a simplifi-to be good, this will give an estimation of the random
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Figure 8 (a) Gaussian fluorescence intensity data simulated and added to the fitting parabola (diffusioB tilngb) Approximation with wavelets
(level 1). (c) Approximation with wavelets (level 3). (d) Approximation with wavelets (level 5).

errors, o® = 3(y; — y¥9%(N — 2). Using this estimation, the Comparison with Gaussian data: In order to illus-
distribution of probabilities of the parameteasandb may  trate the wavelets denoising technique, random data from
be calculated and it is also possible to draw the outline othe parabolic fitting corresponding to 3 h were generated,
probabilities at a 99% level (Figure 7c and d), indicatingadding Gaussian errors with= 10 (Figure 8a), after clean-
that the results obtained in different directions are noting up the data at different approximation levels. At the
coincident. This stands out clearly in the data for 5 hfifth level, the parabola is recovered with= 2 (Figure 8d).
whereas for 3 h, there are a number of intersection zone®enoising at levels one and three still leaves significant
An explanation for this is that the differences observed inerrors with values ofc=7 and o=3.5 respectively
the distinct directions are due to structural differences inFigure 8b and c).

the alginate, since the remaining errors should have affected p final comment with respect to identifying zones of

all the directions in the same way. o ‘systematic’ errors may be made comparing the real results

If by or we denote the standard deviation of the grossyjth the simulated Gaussian data. Simulated data, adding
data with respect to the parabolic fittingy is different  Gayssian errors with standard deviatior 10, is shown
from the value ofo (random errors) calculated by means i, rigyre 9(a), and it can be observed how practically all
of wavelets. This implies the existence of systematic errorg, o qata fall betweewy + 2, y being the fitting parabola.
mentioned above and, assuming independence of both type§ s gata compared with the fitting parabola are shown
of errors, we can calculate their standard deviatienas in Figure 9b. Data outside of + 2o correspond to zones

- —_ 1/2 1at1 i
0s = (07~ 0%)'”. These deviations of) are shown in where systematic deviations are more relevant with respect

-elz_:ltti)rlr?a%ic?r?%fh&rgzcgye:c/?;t?:rlcgftltrﬁg gﬂgir?glegg?;;/vvi\{ﬁ ?&;’;3& the parabola plus the Gaussian fluctuations model. Thus,
the more contaminated data may be eliminated.

to the parabola.
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Figure 9 (a) Gaussian fluorescence intensity data simulated and added to the fitting parabola (diffusiB tijnend fitting parabolic curvey.+ 2o,
y — 20. (b) Gross fluorescence intensity data (diffusion tiri2h) and fitting parabolic curvey.+ 20; y — 20.

Conclusions

In order to understand the behaviour of immobilised cell
systems in relation to modelling, it is necessary to ascertalgg
5,k

f
f5

the behaviour of substrates inside the support. By means
confocal microscopy, after labeling the protein with FITC,

protein concentration profiles were obtained in an

alginat<-:‘j’j’k

support when the protein diffused from a liquid medium 9
through the support. BSA, in spite of its high molecular
weight, diffuses from the liquid medium through the algin-

ate support, reaching the centre of the bead. Mo

diffusivity value, in accordance with other studies, was

obtained by employing a diffusivity model.

reover,
A

Nevertheless, the experimental method presents a nun%—I

ber of difficulties and measurement errors that

lead tq

incomplete results together with some deviations, which
implies their study and reconstruction. Hence, the dat

obtained were ‘denoised’ using wavelets analysis. Wavelets
were also employed in order to infer the goodness of the’

parabolic models to which the results were fitted.

Finally, %

a distinction has been made between Gaussian and systeffit

atic errors.

Symbols

a = parabola fitting parameter

b = parabola fitting parameter

C,s = protein concentration in the liquid medium
Ck = approximation coefficients (defined in Eqn
Cs = protein concentration in the support

D, = diffusivity of the protein in the support

dx = detail coefficients (defined in Eqn 4)

S« = detail coefficients after denoising

e = porosity of the bed

general function

data constant in each subinterval
approximations at different levels

wavelets (defined in Eqn 1)

scaling function

scaling functions (defined in Eqn 2)

details at different levels

level of resolutions

number of levels of resolution

position index

mass transfer coefficient in the external film
threshold

fitting parameter number

number of data

radial co-ordinate of the support (centre of the sup-
port; r =0)

average radius of the spherical particles
standard deviation of the random errors
standard deviation of the error for each datum
standard deviation of the gross data with respect
to the parabolic fitting

os = standard deviation of the systematic errors

t = time

X = position (center of the support;=0.5)

y = intensity of fluorescence

Vi = gross data

y& = intensities predicted by the fitting function
3) ¢ = mother wavelet

Yix = wavelets (defined in Eqn 1)
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