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Many living organisms store iron in solid form, Fe(Ill), as a crystal in the inner
cavity of the ferritin molecule. When iron is needed for biosynthesis, a reducing agent
reduces Fe(Ill) into the soluble form Fe’* released by ferritin. Crystallization and
release processes are reversible, and their rates evolve in an identical way as a function
of the number n of iron atoms in the molecule. The rate increases with n, showing a
maximum value when n is approximately 1,300, and then stabilizes for the highest
values of n, which can reach 4,500. On the other hand, plotting the amount of released
iron as a function of time gives curves with a sigmoid shape. The proposed model was
based on the theoretical description of different steps involved in crystal growth inside
the protein shell: several independent crystals grow freely at the inner protein wall, and
then_a distribution function takes into account possible overlapping of different crystal-
lite clusters, whose further growth is limited by diminution of the available space inside
the cavity. The kinetics derived was then used to calculate the release curve as a func-
tion of time. Solving the system of differential mass-balance equations was simplified by
describing the ferritin population as a large discrete distribution of species. The model
fully fitted and explained the variation in the crystallization rate with n, and the sigmoid
shape of the release curve as a function of time obtained experimentally in a thin-layer

electrochemical cell.

Introduction

Chemical engineering methods have brought substantial
contributions to biomedical engineering or to fundamental
research in the life sciences. Numerous significant examples
highlight the variety of fundamental topics investigated: gen-
eral aspects of momentum and mass transport (Lightfood,
1974); water flow across alveolar epithelium (Kim and Cran-
dall, 1983); pulmonary blood flow (Saidel and Burma, 1983);
physicochemical properties of human tissue cells (DiMilla et
al., 1992); or of human skin (Steven et al., 1993). The purpose
of this work is to elaborate a model of crystallization inside a
confined space to be applied to the kinetics of iron storage
and release in living organisms.

In most living organisms iron is stored in solid form as
Fe(II1), which is barely soluble (solubility constant 107%7).
Thus, these organisms have sequestering molecules, ferritins,
that maintain the iron in a stable form where it is available
for transport or haem synthesis. Ferritin is found especially
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in the liver, spleen, and bone marrow of mammals (Macara
et al., 1972). It is, however, widely distributed in vertebrates,
invertebrates, bacteria (Chasteen and Theil, 1982) or in the
vegetable kingdom (phyto- or mycoferritin) (Hoffmann and
Harrison, 1963). Ferritin molecules are made up of a protein
shell, called apoferritin, and a microcrystalilite core, or mi-
celle, situated within the hollow shell and containing up to
about 4,500 iron atoms (Harrison et al., 1967). The whole
molecule approximates a rhombic dodecahedron yielding an
inner spherical iron-storage cavity of about 70 to 80 A in di-
ameter. The shell, with an approximate molecular weight of
480,000, consists of 24 subunits designated H (for heavy, with
molecular weights about 21,000) and L (for light, with molec-
ular weights about 19,000) (Adelmann et al., 1975; Arosio et
al., 1978; Ford et al., 1984). The proportion of the two sub-
units differs depending on the tissue source of the protein.
The general iron uptake and release mechanism is now well
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established. Fe?" ions enter the protein shell through chan-
nels and are oxidized into Fe(III), which form a polynuclear
ferric oxyhydroxide core associated with some phosphate
(Harrison et al., 1967). The threefold and fourfold symmetry
axes of the molecule are pierced by channels that allow Fe?*
and perhaps some other small molecules to move toward the
central cavity. It seems that the threefold channels are pref-
erentially used as passageway by iron, although they may not
be the only route (Treffy et al., 1993). The protein shell plays
an integral part in iron core formation. Fe?* complexation
by the protein is followed by oxidation to Fe(III) at protein
ferroxidase sites (Lawson et al., 1989). Examination of the
three-dimensional structure of human ferritin has showed a
pathway lined with hydrophilic residues between the three-
fold channels and the ferroxidase centers (Treffy et al., 1993).
The ferroxidase activity is associated with H-subunits, while
the L-subunits, devoid of ferroxidase sites, better fulfill a
long-term storage function (Lawson et al.,, 1991). Phosphate
is involved in the core structure in very different proportions
depending on the origin of the ferritin (Watt et al,, 1986;
Harris et al., 1994). For instance, ratios of iron uptake with
respect to inorganic phosphate as different as 1.71 for bacte-
rial ferritin and 21.0 for human ferritin have been deter-
mined (Mann et al., 1986).

Iron release occurs through the action of a reducing agent
that transforms the Fe(IIT) core into soluble Fe?* ions. Iron
release has been the focus of numerous studies that used ei-
ther a strong reducing agent, such as dithionite, or other re-
ducers, such as superoxide anions O, (Monteiro et al., 1989),
reduced flavins (Sirivech et al., 1974; Imai et al., 1980), or
viologens (Jacobs et al,, 1989). It is not clear whether the
reducing molecule penetrates the protein shell by some of
the channels or if a long-range electronic transfer occurs
through the shell (Kadir et al., 1991; Kadir et al., 1992).

The processes of iron uptake or release are reversible.
Their rates vary in the same way as a function of the number
n of iron atoms contained in the molecule. Plotting this rate
as a function of n always gives the same curve shape, no
matter what the experimental conditions are. The rate in-
creases, reaches a maximum for a number of atoms of the
order of 1,300, decreases, then stabilizes (Figure 1). Plotting
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Figure 1. Uptake and release rates as a function of iron
content, experimental results.

Experimental results from Harrison et al. (1974). ® Uptake
of iron added as (NH,),Fe(SO,), with an excess of KIO;-
Na,$,03; o uptake of iron added as (NH ),Fe(SO,), with
an excess of molecular O,; + iron release with 1,10-
phenanthroline.
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Figure 2. Iron release as a function of time, experimen-

tal results.

Experiment was carried out in a thin-layer electrochemical
cell in tris-HC] 25 mM, pH 7.4 buffer, with 1 g/L ferritin,
0.2 mM FMN, and an excess of 2,2-bipyridine.

the amount of released iron vs. time usually gave a sigmoid
shape curve (Figure 2).

In order to explain these kinetics, two different types of
investigative approach have been proposed. On the one hand,
the most numerous works have been of a purely biochemical
nature. They have given a wealth of information concerning
the structure, mechanism, and influence of some parameters
such as the phosphate ratio or the ferritin source. On the
other hand, physical studies assumed that kinetics are essen-
tially controlled by variation of the accessible area during
crystal growth or solubilization (Macara et al., 1972; Harrison
et al., 1974). The current trend seems to accept that one or
the other explanation predominates, depending on the exper-
imental conditions (Ford et al., 1984; Levi et al., 1988). Sun
and Chasteen (1992) suggested a different stoichiometry ac-
cording to the uptake being performed with small or great
iron increments. With iron increments not exceeding 50 atoms
per protein molecule, oxidation essentially occurred via the
ferroxidase sites. On the contrary, with increments of about
240 to 960 atorns per protein molecule iron is initially oxi-
dized on the protein but once sufficient core has developed,
iron oxidation and deposition occurs directly on the core sur-
face.

Nevertheless, compared to the numerous biochemical stud-
ies, kinetic physical investigations remain very poor. The old
and simple crystal growth model based on a single spheric
crystal is still used, although it does not fit the experimental
data.

The aim of this article is to improve the physical model of
iron crystallization or release by adapting some well-known
concepts of chemical engineering to the particular case of
crystallization in a confined space. The changes in the rate of
iron release vs. the amount » of iron contained in the protein
could thus be totally and quantitatively explained by the con-
straint imposed by the protein shell on core formation. Since
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ferritin molecules react with different rates depending on the
number of iron atoms they contain, it is necessary to consider
them as a discrete population in the balance equations, as
would be the case for classic crystal at different stages of
crystallization. Coupling crystallization kinetics with mass
transfer then makes it possible to fully explain the sigmoid
shape of iron release curves as a function of time. Some ex-
perimental results obtained by electrochemical reduction of
ferritin can thus be explained without recourse to any other
hypothesis.

Experiment

Experimental data concerning the variations in uptake and
release rates as a function of the number n of iron atoms
contained in the ferritin molecule were taken from Harrison
et al. (1974).

The iron release curves as a function of time were ob-
tained in the laboratory and have already been published
(Durliat et al, 1993). Experiments were carried out in a
thin-layer electrochemical cell with flavin mononucleotide
(FMN) as reducing agent. The reduced form of flavin was
continuously regenerated by a very fast reaction at the plat-
inum cathode maintained at the potential —0.45 V with re-
spect to a saturated calomel reference electrode (SCE). By
using a thin-layer cell it was possible to monitor absorbance
of the solution continuously. A detailed description of the
experimental setup has already been published elsewhere
{Durliat and Comtat, 1982). Experiments were performed in
tris-HCI 25 mM, pH 7.4 buffer containing 1-g/L horse spleen
ferritin, 0.20-mM FMN, and an excess of 2,2"-bipyridine.
2,2"-Bipyridine was used to form a complex with released
Fe?* whose absorbance can be easily monitored at 520 nm
(e =8,430 M~ lem™1).

Horse spleen ferritin and FMN were purchased from
Sigma. A Princeton Applied Research EGG 362 potentiostat
and a Hewlett-Packard 8451 diode array spectrophotometer
were used. The numerical program was written in Fortran
and fed to a Hewlett-Packard 9000 workstation.

Theory
Crystallization rate as a function of iron content n

The processes of iron storage and release by ferritin are
reversible. The rate of iron crystallization or release varies in
the same way as a function of the number n of iron atoms
contained in the protein. Whatever the experimental condi-
tions, the curve showing rate as a function of n always ex-
hibits the shape plotted in Figure 1. The fundamental as-
sumption of all physical interpretations is that rate variation
is due to the variation of the accessible core surface. Despite
many improvements the first models based on crystallization
of a single spherical or hemi-spherical crystal did not satisfac-
torily fit the experimental data (Hoy et al., 1974; Jones et al.,
1978).

Based on the bibliographic analysis, hypotheses were re-
tained that described the crystailization process as it would
occur, for instance, in the interior of a geode in mineralogy:

. A polynuclear core is formed by crystallization at differ-
ent sites on the inner surface of the protein.
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e Each crystal grows toward the center, at first freely, then
impeded by the bordering crystals. The part of the crystal
surface that is turned toward the protein wall becomes inac-
cessible.

e The growth stops when the access channels are blocked
by the crystal.

The crystals grow individually from the protein wall toward
its center. When they collide their lateral growth is blocked
but they continue to grow with a deformed surface. The de-
crease in the accessible surface is calculated in proportion to
the available surface in the sphere. An equivalent radius r, is
defined as the internal radius that would be attained if all the
iron atoms uniformly covered the protein wall. The accessible
surface of the laterally blocked crystals decreases proportion-
ally to 2. Once a crystal is laterally blocked by the bordering
crystals, the sides that face the protein wall can no longer be
reached by new iron atoms. Half of its surface therefore be-
comes inaccessible for further growth. The total accessible
surface § thus equals the sum of the areas of the independ-
ent crystals and half of the deformed areas of the laterally
blocked crystals:

2

S=N(1-§)A+05 Nch—Ir:—, (1)

where N, is the number of crystals, ¢ the proportion of
blocked crystals, A the area of one crystal, r, the equivalent
radius, and R the radius of the inner cavity of the protein.

Let us define & as the characteristic size of the crystal, the
shape of a crystal or a cluster is correlated to A by three
shape factors u, v, w:

e Crystal volume = uk® 0
e Accessible crystal area: A = vh? 3
e Projected area of one crystal onto the

shell wall = wh? )

Using the average atomic volume of one crystal V' to express
the total volume occupied by the crystals:

nV = Nuh® )

allowed # to be calculated as a function of iron content #n:

()" )
=l |

Similarly, the equivalent radius r, is derived from the expres-
sion of the total volume occupied by the crystals:

4
nV=§77(R3—re3) @)

®)

R=

r, ( 3nV )W
47R3

In all the equations, the average atomic volume V" is calcu-
lated by using the volumic filling ratio F, defined as the pro-
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portion of the protein occupied when crystallization is com-
pleted:

47 R3 F
3-4,500

)]

Blocking of the channels before the protein cavity was totally
filled induced F values less than 1.

Let us define #* as the maximum value beyond which all
the crystals would be contiguous:

4wR* = Nwh*?. (10)

If the crystallization sites were uniformly distributed along
the protein surface, ¢ would be equal to zero so long as &
remained less than A*, because all the crystals grew inde-
pendently, while ¢ would equal one when # reached /*. Be-
cause of a random distribution of the crystallization sites, ¢
was assumed to be the normal distribution associated with a
Gaussian function centered on k* and with a standard devia-
tion o:

ll/(h)=lf("_h*)/“e)<p - dx a1
2J) . 2 ‘

Finally, the parameters of the model were

e F the volumic filling ratio of the protein when it con-
tains 4,500 iron atoms

e N, the number of crystallization sites

e ¢ the standard deviation of the distribution of crystal-
lization sites

e u, v, w the crystal shape factors, which were directly cal-
culated on the basis of the chosen crystal geometry

Iron release as a function of time

Because of the variation in the Fe2* release rate with re-
spect to the iron content n, it was necessary to consider fer-
ritin as a population composed of N +1 distinct species
(noted Iron,), N being the maximum number of iron atoms
contained in the ferritin cavity. Each ferritin species Iron,
underwent a reaction with reduced flavin (reduction agent
noted Red) yielding free Fe2", the ferritin species Iron,
and oxidized flavin (Ox). In the thin-layer electrochemical cell
the reduced form of flavin was continuously regenerated by
oxidation of Ox at the electrode surface.

It is generally accepted that diffusion phenomena are neg-
ligible in a thin-layer electrochemical cell, since the thickness
of the cell is of the same magnitude as that of a diffusion
layer. Nevertheless, this hypothesis is not used here because
it is not valid when the rate of the homogeneous reactions is
too high (Devaux et al., 1995). The theoretical description of
the cell is classic (Hubbard and Anson, 1970): the electrode is
a plane surface that defines one side of the cell (x = 0), with
the other side being determined by an inert surface (x = §).

The differential mass balance relative to each ferritin
species reacting with the reduction agent (Red) gives:
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d*[Iron,, ]

dllIron,,]
= >— — k,[Red][Iron, ]
ax

It - ~Iron

+k,.,[Red]{Iron, ;] (12)

for 0 <n < N and with k;,=0.

The kinetic term is the difference between the rate at which
the ferritin species Iron,, disappears and the rate at which it
appears through transformation of the species Iron, . For
n= N the equation becomes

#[Iron 5] 8%[Iron 5 ]

gr  mom 542

—ky[Red][Iron, 1, (13)

since there is no creation of the species Iron . The diffusion
coefficients are assumed to be equal for all the ferritin species.
The rate of consumption through chemical reaction of the
reduction agent (reduced flavin) is the sum of all the reactive
terms of iron release:

d[Red]
at

3*[Red] N
Red -

9% )y k,,[Red][Ironn]), (14)

n=1

Boundary conditions are imposed by the electrochemical
reactions at the electrode surface (x = 0). Mass fluxes of fer-
ritin species are nil, since they are not electroactive:

d[Iron,,]
_._._.___—_0

0<n<N. (15)
ax

The reduction rate of flavin is assumed to be very high com-
pared with diffusion rates, and the diffusion coefficients of
the oxidized and reduced forms of flavin are assumed to be
equal. Consequently, the boundary condition at the electrode
surface is

[Red] = [FMNY]°, (16)

where [FMN]° is the initial flavin concentration.
At the cell wall (x = §) all the mass fluxes are nil:

#[Iron, ] 0 d[Red]
ax ox

(17-18)

Using dimensionless variables, the system to be solved be-
comes

n

ac 9*C,
9T ' ax?

- KnCRean + Kn + ICRean+I
0<n<N (19)

dCy  J*Cy

—7 = Dim—3 = KyCreaCy (20)

aCRed aZCRed N
T - (7X2 _CRed nglKnCn . (21)
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At X=1:

acC, 0
T 0<n<N. (22)
CRcd = 1 (23)
At X=1:
aC, 0 0
X <ns<N (24)
aCRed
=0
X (25)
Initial conditions:
C,=0 0<n<N (26)
Cy=C" Q@n
Crea=0, (28)

which implies integration of N +2 equations.

The system can be significantly simplified by grouping the
ferritin species by bands of width A, within which the con-
centration is assumed to be constant and equal to that of the
center of the band. Letting I; be the sum of the concentra-
tions of species containing from (i —1)An+1 to iAn iron
atoms, T, is expressed

Fi =An Cn(i)9 (29)

where
An
n(i)=iAn—T+0.5. (30)

Summation of the An equations composing a band yields

aT; %I, K, K,
i . i n(i) CRedFi + i+ 1)

= - Crealinq. (31
oT DI&XZ An An Redlie1- (31)

For the singular values n =0 and n= N, let

I,=C, and T,=C,, (32)

with

N-1

I= +1. (33)

It should be noted that this calculation assumes that (N —1)
is divisible by An. If this is not the case, a larger number of
singular values must be used in order for I to remain an inte-
ger. The system thus consists of [(N —1)/An]+4 equations:

o Diazr" _ Ky
oT 3X? An

Kn(i+ 1

An

Creal; + Crealis:
O<i<I (34
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of; 9%l

o ' oxe = knCrealy (35)
9CRed  9*CRreg !
3T 5X2 ~ Creq ';IK;;(;)R')- (36)

The boundary and initial conditions remain the same.

The system was solved numerically by an implicit Crank
and Nicholson finite difference method. The nonlinear ki-
netic term was evaluated by the sum

KD Crea(T) Ky (T + AT)Cpeg(T + AT)
2An 2An )

Occurrence of a nonlinear term expressed at time T + AT
implies iterations for every time step. The use of an underre-
laxation method to correct the value calculated at T + AT:

new

T(T+AT)Y  =T(T)+0.5[I(T+ AT)-T(T)] (37)
improved the convergence of these iterations. The sum of the
absolute values of all the concentration differences between
two consecutive iterations was chosen as the stop criterion.
When its value became less than 1073, calculation went to
the next time step.

The concentration profiles obtained were integrated from
X=0to X=1 to have the average concentration of each
species within the cell. The sum of these concentrations for
all the ferritin species should remain equal to the initial con-
centration CJ... Conservation of the total ferritin amount
was thus verified for each time step. The only values that are
experimentally accessible are flavin and Fe?* concentrations
in solution. The latter, denoted Cp,, Was caiculated as the
difference between the total iron concentration and the con-
centration of iron contained in all the ferritin species:

i=1

I
Creany = NC},n ”'[ h n(i)F,»]. (38)

Results
Crystallization rate as a function of iron content n

Three forms of crystal or cluster were considered: spheric,
cubic, and octahedral; the corresponding shape factors u, v,
and w are reported in Table 1. In the two latter cases, w was
calculated by assuming that the crystal was in contact with
the protein wall by one of the edges of the cube or one of the
peaks of the octahedre. The successive determination of V,
h, r,, and ¢ as a function of n, using Eqs. 5 through 11 led to
the accessible surface expressed by Eq. 1 as a function 7.

For each crystal shape a group of parameters (N,, F, o)
was found by a trial-and-error method that correctly fitted
the experimental data (Figure 3). Each parameter exerted a
preponderant influence on a specific part of the release curve.
The number of crystallization sites N, largely determined the
position of the maximum in the curve. It varied from n = 1,340
to n=920 when N, increased from 10 to 20. The standard
deviation o essentially allowed the decreasing part to be ad-
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Table 1. Shape Factors of the Crystals or Clusters

u v w
Shape Size A Vol. Area Proj. Area
Cubic Side 1 6 y2*
Octahedral Half-height 4/3 4y3 2t
Spheric Radius 47/ 3 47 47

*Contact by one of the cube edges.
Contact by one of the peaks.

justed. The last part of the curve was a function of the filling
ratio F. The accessible surface, and consequently the uptake
or release rates, tended toward zero for the high values of n
as F approaches 1. A good fitting of the experimental data
was obtained for similar values of ¢ and F for the three
types of crystals. Only N, should vary and be adjusted over a
wide range of values. The values of 350 and 500 found for the
cubic and octahedral crystals, respectively, appeared to be far
too high. The value of 15 found for the spheric cluster seems
more realistic. The crystalline cluster should consequently
have a rather compact form close to the spheric form. It has
also to be noted that the value of 15 is of the same order of
magnitude as the number of L-subunits that fulfill the iron
storage function.

It is worth noting that the model allowed fitting of the
whole release curve, and that it correlated each part of the
curve with a specific step of the crystallization process:

¢ Individual growth of the clusters leads to a fast increase
of the accessible surface.

e Progressive aggregation of the clusters induces masking
of a part of the surface, resulting in rate decaying.

e During growth as a whole of all the blocked clusters to-
ward the center of the cavity the increase in surface prompted
by the growth of each cluster is counterbalanced by the de-

rate of iron uptake or release
( arbitrary units )

0 4000

n

Figure 3. Theoretical effect of iron content on uptake
and release rates.

—————— cubic crystal, N.=350, ¢ =0.01, F=0.9; —-~—-
octahedral crystal, N, = 500, o = 0.01, F = 0.9; —— spheric
cluster, N. =15, o = 0.02, F = 0.9.
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Figure 4. Iron release as a function of a time, effect of
An.
[fron]°=2.5 1073 N=2,071; —, An=5 and An=30;
————— , An=90.

crease of available surface. These two antagonist phenomena
resulted in stabilization of the accessible crystal area.

Iron release as a function of time

Stability of the algorithm was first verified by variation of
the space and time steps and of the discretization steps of the
ferritin population An. Values of 0.1 and 0.05 for AX and
AT, respectively, assured a good convergence and allowed the
conservation of the total ferritin amount to within 2%. The
curve Cgeqyy as a function of time of Figure 4 was plotted
with the experimental data: initial ferritin concentration
CP . =I[Ferritin]°’ /FMN]° = 2.5 10~ 3, number of iron atoms
initially contained in the ferritin molecules N =2,071, and
the set of k, values derived from the experimental points of
Figure 3. The curves plotted for An =15 and An =30 (solid
line), that is, with 417 and 72 equations, respectively, are
practically indistinguishable. The gain in calculation time was
approximately proportional to the value of An compared to
the program that solved all the 2,073 equations. The curve
plotted for An =90 (dashed line) is slightly removed from the
preceding curves. It was thus chosen to use An = 30 for fur-
ther calculations.

The evolution of the distribution of the iron content in the
ferritin molecules is plotted for times T =6, 12, 18, 24, and
30 in Figure 5. All the initial ferritin molecules were assumed
to contain the same number of iron atoms (N = 2,071). Dur-
ing iron release, the distribution progressively widened. In
contrast to the kinetic curves giving Cg.qy) as a function of
time, An had a significant influence. Variation of An from 5
(dashed line) to 30 (solid line) logically provoked widening of
the distribution curves. However, the curves remained cen-
tered around almost the same values, and the deformation
was symmetric. This certainly explained invariance of the iron
release curves plotted in Figure 4.
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Figure 5. Effect of An on ferritin distribution.
[Iron]’ = 2.5 1073% N =2,071; ~———- , An=5 —,

An = 30.

Figure 6 shows that with the same experimental conditions,
but with ferritin initially completely filled (N = 4,500, dashed
line), the sigmoid shape of the release curve is less apparent
than in Figure 4 (N = 2,071). This approaches the results ob-
tained by Funk et al. (1985), which have not observed the
sigmoid form in experiments performed with completely filled
ferritins. However, this analogy should be suggested with
caution, because the experiments of Funk et al. were per-
formed in a continueusly stirred reactor, which is quite far
from the conditions of the thin-layer cell used here. The curve
obtained with all the K, values taken equal is also plotted in
Figure 6 (solid line). The sigmoid form totally disappeared,
which proves that it is induced by the special variation of K,
as a function of n. The model is thus fully consistent with the
experimental observations of Funk et al. (1985), who did not
observe a sigmoid shape for the release curves obtained with
artificial cores made out of any protein shell. Actually, the
special conditions imposed by crystallization in the confined
inner cavity of ferritin were sufficient to explain these spe-
cific shapes.

The sigmoid shape of these curves has most often been
attributed to purely biochemical causes. Some authors con-
jecture, for instance, the presence of two iron types (Jacobs
et al., 1989). The first group attached to the interior of the
protein, or forming the external layers of the core, would take
part in the initial slow step of the reductive release. The sec-
ond group would then be reduced at a greater rate. The pos-
sible influence of phosphate has also been suggested as an
explanation for the occurrence of two different mechanisms
during iron uptake (Cheng and Chasteen, 1991). Some au-
thors even think that the sigmoid shape may only be due to
experimental artifacts (Funk et al., 1985). A physicochemical
explanation has been also proposed. The first slow step dur-
ing iron release could be caused by diffusion of the reducing
agent from the exterior toward the interior of the protein,
because the latency period is not evidenced for a synthetic
core outside of any protein shell (Jones et al., 1978). Never-
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Figure 6. Iron release as a function of time, effect of the
number of crystallization sites, and the varia-
tion of the rate constant with respect to n.

, Similar to Figure 4 with all the K, equal; —-—-—+ , simi-
lar to Figure 4 with N = 4,500.

theless, a simpte calculation shows that the diffusion coeffi-
cient should be less than 107 m?s~! in order to be sensi-
tive to the process (Courteix, 1991). Consequently, this hy-
pothesis cannot be applied to the general case because the
diffusive transfer, whether of molecular or Knudsen types,
should yield a much higher diffusion coefficient value. In
some particular cases, such a hypothesis could therefore be
used, recalling that electrostatic interactions could hinder the
passage of charged species.

On the contrary, the growth model proposed here ex-
plained the occurrence of the sigmoid shape without re-
course to any other hypothesis. Nevertheless, even if there is
a satisfactory fitting of the whole shape of the experimental
curve, it still remains difficult to quantitatively compare the
results. The theoretical model has to be improved. For in-
stance, it would be necessary to introduce the variation of the
diffusion coefficient with respect to the ferritin content. The
molar mass of a ferritin molecule varies by a factor of 2, as n
varies from 0 to 4,500, which may result in significant varia-
tions of the diffusion coefficient. On the other hand, all the
ferritin molecules in a sample do not initially contain strictly
the same number of iron atoms. Influence of the initial distri-
bution should also be investigated to improve fitting.

Conclusion

The model fully recovers the experimental variations in up-
take and release rates as a function of the number » of iron
atoms contained in the molecule. Moreover, it gives a clear
explanation of the shape of this curve by correlating its dif-
ferent parts to the successive physicochemical steps that oc-
cur throughout crystallization. Unfortunately, it is not possi-
ble to firmly identify the shape of the crystal. Nevertheless, it
is clear that, if the core is composed of only a small number
of different clusters, as suggested by most of the studies, they
will have a nearly spherical compact shape.

The sigmoid shape of the iron release curve as a function
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of time is also recovered by the model. The constraint im-
posed by the shell on the crystallization process is sufficient
to explain fully the kinetics of iron release by ferritin without
recourse to any other hypothesis such as an initiation period
induced by some complex physicochemical processes, differ-
ent iron crystallization types, or an experimental artifact. Also
note the gain in computing time achieved by grouping the
ferritin population in a small number of large bands. In a
general way the model offers an efficient framework for in-
terpreting the crystallization occurring inside a confined
space, when the lack of available space significantly affects
the behavior of the process and the resulting crystal shape.
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Notation

C, =dimensionless concentration of ferritin, C, =[Iron,]/[FMN]®
Cgreq =dimensionless concentration of reducing agent (reduced
FMN), Cgeq =[Red] /[FMN]°
D = diffusion coefficient, m?s~!
Di =dimensionless diffusivity, Di = Dy,,./Dpvn
8 =thin-layer thickness
k, =rate constant relative to ferritin containing » iron atoms, m>

mol 157!
K, =dimensionless rate constant, K, = (k, [FMNI%2)/Dp\/y
t=time, s

T =dimensionless time, T = (t Dgyyy )/8>
X =dimensionless distance from the electrode, X = x/8
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