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Does the calcein-AM method assay the total cellular ‘labile iron pool’
or only a fraction of it?
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The calcein-AM (calcein-acetoxymethyl ester) method is a widely
used technique that is supposed to assay the intracellular ‘labile
iron pool’ (LIP). When cells in culture are exposed to this ester, it
passes the plasma membrane and reacts with cytosolic unspecific
esterases. One of the reaction products, calcein, is a fluorochrome
and a hydrophilic alcohol to which membranes are non-perme-
able and which, consequently, is retained within the cytosol of
cells. Calcein fluorescence is quenched following chelation
of low-mass labile iron, and the degree of quenching gives an
estimate of the amounts of chelatable iron. However, a require-
ment for the assay to be able to demonstrate cellular LIP in total is
that such iron be localized in the cytosol and not in a membrane-
limited compartment. For some time it has been known that

a major part of cellular, redox-active, labile, low-mass iron is
temporarily localized in the lysosomal compartment as a result
of the autophagic degradation of ferruginous materials, such as
mitochondrial complexes and ferritin. Even if some calcein-AM
may escape cytosolic esterases and enter lysosomes to be cleaved
by lysosomal acidic esterases, the resulting calcein does not
significantly chelate iron at <pH 5. In the present study we show
that the calcein-AM method does not capture lysosomal low-mass
iron and, therefore, that the method seriously underestimates total
cellular labile iron.
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INTRODUCTION

The cytochemical calcein-AM (calcein-acetoxymethyl ester)
method [1–4] is an established technique for the assay of the cellu-
lar ‘labile iron pool’ (LIP). There are however, as we shall demon-
strate, reasons to doubt its efficacy.

Calcein-AM is a non-fluorescent lipophilic ester that easily pen-
etrates cellular membranes. It is then rapidly cleaved by unspecific
cytosolic esterases [compare with the FDA (fluorescein-diacetate)
cellular viability test]. One of the reaction products is calcein, a
fluorochromic alcohol that chelates labile iron under quenching of
the green calcein fluorescence. Accordingly, following addition
of calcein-AM to cells in culture, it diffuses into the cells and
is quickly converted into calcein, which does not penetrate
membranes; because of this (in the same way as fluorescein),
calcein is retained within the cells. Therefore calcein-AM
cannot enter cellular compartments, themselves confined by
membranes, unless it is administered extracellularly at such high
concentrations that it is not fully split by cytosolic esterases before
some part of it has had the time to diffuse into these compartments.
This point applies, for example, to lysosomes, endoplasmic reti-
culum and to mitochondria. It follows that for only as long as es-
sentially all the intracellular LIP is in the cytosol is it possible to
rely on the calcein-AM method for the evaluation of intracellular
low-mas iron: the assay would not reliably detect iron that exists
inside membrane-surrounded compartments. Moreover, since the
binding of iron by calcein is pH-dependent (see the present
study), calcein is not useful for an assessment of low-mass iron
in compartments with a pH considerably lower than that of the
cytosol.

It has been shown that lysosomes (which together with late
endosomes constitute the acidic vacuolar compartment) are rich
in low-mass iron [5–12]. This is a result of autophagic degradation

of ferruginous material, such as ferritin and mitochondrial com-
plexes. Accordingly, and especially if calcein does not readily
chelate iron at lysosomal pH (pH 4–5), the calcein-AM method
will not demonstrate all intracellular low-mass iron, but only a
fraction of it.

In summary, a major part of intracellular low-mass iron is
present in the lysosomal compartment and, therefore, cannot be
assayed by the calcein-AM method. First, because calcein does
not penetrate lysosomal membranes and, secondly, because it
does not chelate iron at the low lysosomal pH.

EXPERIMENTAL

Materials

DMEM (Dulbecco’s modified Eagle’s medium) and L-glutamine
were from Biochrom AG. Fetal calf serum, Nunc tissue culture
plastics and penicillin/streptomycin were from Gibco BRL.
Calcein-AM, calcein and Lysotracker Red were from Molecular
Probes. Microscope slides and glass cover-slips were from
the Menzel-Glaset Company. The reducing mounting medium
Canada balsam [for the SSM (sulfide-silver method)] was from
BDH. The specific iron chelator SIH (salicylaldehyde isonicot-
inoyl hydrazone) was a gift from Professor Prem Ponka (Depart-
ment of Physiology and Medicine, McGill University, Montreal,
Canada). All other chemicals were from Sigma.

Estimation of calcein fluorescence and iron binding at pH 4–7

Calcein was added (final concentration 60 nM) to 0.1 M acetate
(pH 4.0, 5.0 and 6.0) and phosphate (pH 6.0 and 7.0) buffers.
Ferrous ammonium sulfate was then repeatedly added to provide
a 20 nM stepwise increase in the final iron concentration. The

Abbreviations used: calcein-AM, calcein-acetoxymethyl ester; DMEM, Dulbecco’s modified Eagle’s medium; LIP, labile iron pool; SIH, salicylaldehyde
isonicotinoyl hydrazone; SSM, sulfide-silver method.
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procedure was carried out in stirred cuvettes and the resulting
fluorescence monitored (λex 488 nm; λem 518 nm) using an F-2500
Hitachi spectrofluorometer.

Cell culture, exposure to calcein or calcein-AM and ensuing
confocal microscopy

HeLa cells were grown in DMEM containing 10% heat-inactiv-
ated fetal calf serum, 2 mM glutamine, 100 units/ml penicillin and
100 µg/ml streptomycin in standard culture conditions (37 ◦C,
humidified air, 5% CO2). Cells were propagated in plastic
flasks and dishes using routine methods. In order to study the
capacity of calcein to pass plasma and lysosomal membranes,
cells growing on glass cover-slips were exposed for 2 h to calcein
at a final concentration of 5 µM in otherwise standard culture
conditions. The calcein-containing medium was then exchanged
for normal complete medium, and the cells were subjected to con-
focal microscopy (Leica Microsystems AG) at different intervals
during the next 24 h. To obtain a distinct lysosomal labelling,
and to enable a judgement of the endocytic uptake of calcein
and its ensuing transport to the lysosomal compartment, cells
were exposed for 60 min to Lysotracker Red (50 nM) before
microscopy.

In order to assay the efficiency by which the calcein-AM ester
is cleaved by unspecific cellular esterases, and how that would in-
fluence the diffusion of calcein-AM into membrane-limited intra-
cellular compartments, cells were exposed for 10 min to calcein-
AM at concentrations between 10 pM and 12.5 nM before
confocal microscopy was carried out following various periods
of time under standard culture conditions.

Measurement of intracellular calcein-chelatable iron

The amounts of calcein-chelatable iron within both control cells
and cells initially exposed to a bolus dose of hydrogen peroxide
(an established way to rupture lysosomes [8–12]) was assayed
along the lines described by Cabantchik et al. [1]. Briefly, control
HeLa cells were incubated with 0.15 µM calcein-AM for 10 min
at 37 ◦C in PBS containing 1 mg/ml BSA and 20 mM Hepes,
pH 7.3. After calcein loading, cells were trypsinized, washed and
re-suspended in 2.2 ml of the above buffer without calcein-AM,
and placed in a stirred, thermostatically controlled (37 ◦C) fluor-
escence spectrophotometer (F-2500 Hitachi) cuvette and the
fluorescence was monitored (λex 488 nm; λem 518 nm). Calcein-
loaded cells show a fluorescence component (�F) that is quenched
by intracellular iron. This iron-induced quenching was mini-
mized by the addition of 10 µM SIH, a lipophilic, highly specific
and membrane-permeable iron chelator. Cell viability (assayed as
Trypan Blue dye exclusion) was >95% and unchanged during
the assay.

Since hydrogen peroxide oxidizes calcein, and thus interferes
with the assay, the estimation of cellular iron following lysosomal
rupture had to be performed somewhat differently: cells were
exposed to a bolus dose of hydrogen peroxide (40–200 µM) in cul-
ture medium for 2–60 min (hydrogen peroxide is degraded by
the cells and, thus the concentration declines with time), rinsed
in PBS, exposed to calcein-AM, trypsinized and assayed as de-
scribed above.

Cytochemical detection of low-mass iron using the SSM

Cells grown on cover slips were subjected to the sensitive SSM
for the cytochemical demonstration of cellular, low-mass, labile
iron [5,8,12]. This technique is a modification (high pH, high S2−)
of the original method by Timm [13]. As iron is the only cellular

Figure 1 Fluorescence and iron-binding capacity of calcein is pH-
dependent

Calcein at a final concentration of 60 nM was added (filled arrow) to 2 ml buffers in stirred
cuvettes [0.1 M acetate (pH 4.0, 5.0 and 6.0) and phosphate (pH 6.0 and 7.0)]. A freshly
prepared solution of ferrous ammonium sulfate in distilled water was then added in aliquots to
bring the final iron-concentration up in steps of 20 nM (arrows). Calcein fluorescence, depressed
by iron-binding, was finally de-quenched by the addition of a strong iron chelator, SIH, at a
final concentration of 10 µM (added at 600 s). Note that both the calcein fluorescence (λex

488 nm; λem 518 nm) and its iron-binding capacity are pH-dependent and much depressed at
pH 4.0–5.0 as compared with pH 7.0.

heavy metal that normally can be demonstrated in significant
amounts (the main exceptions are some zinc-rich neurons and pro-
static epithelial and endocrine cells), the method can be considered
as specific for iron. Following rinsing in PBS, cells were fixed
with 2% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) with
0.1 M sucrose for 2 h at 22 ◦C. Cells were then rinsed (×5) in
glass-distilled water at 22 ◦C and sulfidated at approx. pH 9 with
1% (w/v) ammonium sulfide in 70% (v/v) ethanol for 15 min.
After washing in glass-distilled water for 10 min at 22 ◦C, devel-
opment was performed for 20–60 min at 26 ◦C in the dark using
a physical colloid-protected (gum arabic) developer containing
silver lactate and hydrochinone (the reaction is autocatalytic and
the precipitation of metallic silver on the FeS cores depends on
time and the amount of initiating FeS). Following dehydration
in a graded series of diluted ethanol and mounting in reducing
Canada balsam (to prevent oxidation of black silver to white
silver oxide), the cells were examined and photographed under
transmitted light using a Leitz DMR microscope connected to a
DFC 480 digital camera (Leica) and Leica DFC Twain Software
for image acquisition.

Statistical analysis

The Student’s paired t test was used in order to determine signi-
ficant differences between groups.

RESULTS

The hydrophilic alcohol calcein does not pass cellular membranes
and has iron-binding and fluorochromic properties that are
pH-dependent

First we wanted to study the fluorescence intensity and iron-bind-
ing capacity of calcein at pH 4.0–7.0. As shown in Figure 1, not
only is calcein fluorescence heavily influenced by pH, so is its
iron-binding capacity, as reflected by the iron-induced quenching
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Figure 2 Calcein does not penetrate cellular membranes but is taken up
by fluid-phase endocytosis

HeLa cells (2.5 × 104/cm2), grown on glass cover-slips for 24 h, were exposed for 2 h to 5 µM
calcein under otherwise standard culture conditions and then transferred to fresh culture medium
without calcein and followed by confocal laser scanning microscopy for the next 24 h. Before
each observation, lysosomes were labelled for 60 min with Lysotracker Red (final concentration
50 nM). (A) Calcein is mainly localized in early and late endosomes in the periphery of the cells,
while some has reached a few centrally placed lysosomes (see yellow lysosome-sized granules
in the merged picture). When the calcein-containing medium was replaced with normal medium
for (B) 1 h, (C) 6 h, (D) 12 h or (E) 24 h, calcein entered lysosomes in a time-dependent way.
However, even after 24 h there was no cytosolic staining. The results clearly demonstrate that the
hydrophilic alcohol calcein does not pass plasma or lysosomal membranes. Note that even after
24 h there are several, mainly centrally located lysosomes that show only red fluorescence in the
merged picture, indicating that the formation rate of new lysosomes (autophagolysosomes; com-
pare with Figure 6) is substantial, taking into consideration the active fusion/fission processes
within the lysosomal compartment that will introduce calcein into newly formed lysosomes.

of calcein fluorescence. At pH 7.0, the fluorescence intensity of
calcein was found to be about 10 times higher than at pH 4.0 and
was dramatically quenched by added iron, while at pH 4.0–5.0
iron had only a minor quenching effect on the already low calcein
fluorescence.

We then wanted to see whether calcein was able to pass cellular
membranes, especially plasma and lysosomal membranes. As
demonstrated by a series of confocal micrographs (Figures 2A–
2E), calcein was taken up by fluid-phase endocytosis (the exposure

Figure 3 Cellular iron is predominantly located inside lysosomes

Cells were subjected to the sensitive (high pH, high S2−) SSM for the demonstration of
low-mass, labile iron. This method is an autocatalytic one and the precipitation of atomic
silver (indicating the presence of FeS) is dependent on the development time (for details
see the Experimental section). Lysosomes with a higher concentration of low-mass iron thus
appear silver-impregnated earlier than those with less iron. By increasing the development
time [20, 25, 30 and 40 min, (A)–(D), respectively] a growing number of lysosomes appear,
indicating a pronounced heterogeneity with respect to iron content between different lysosomes,
most probably reflecting varying participation in recent autophagic degradation of ferruginous
materials. In (A) no SSM-positive lysosomes are apparent, whereas in (B) about 50 % of the
cells (some are indicated by arrows) show at least a few SSM-positive lysosomes. In (C) and
(D), all cells show SSM-positive lysosomes, although those in (D) are more abundant.

time to calcein was 2 h) and transported to the lysosomal com-
partment, where it remained during the period studied (24 h) when
cells were kept under standard culture conditions without calcein
in the medium. Even at the end of the observation period there was
no sign of cytosolic fluorescence, indicating that calcein, indeed,
does not pass lysosomal membranes.

Lysosomes contain a major part of cellular labile iron

We then wanted to confirm that lysosomal low-mass iron is a major
part of the cell’s LIP [5,8,9,12]. Our high pH, high S2− SSM [5]
(modified from Timm [13]) is a catalytic cytochemical technique
able to demonstrate even minute amounts of labile iron.

As demonstrated in Figures 3(A)–3(D), normal HeLa cell lyso-
somes contain substantial amounts of iron, although there are
large individual variations between lysosomes within the same
cell. Some lysosomes are rich in iron and are distinctly silver-
impregnated already after a short period of development (see
Figure 3B) while others require longer development to appear
(see Figure 3D). Most probably this difference reflects varying
participation in recent autophagic degradation of ferruginous
materials. The staining of the cytoplasm is much weaker than that
of lysosomes, indicating that the concentration of cytosolic low-
mass iron is substantially lower than that of lysosomes.

To further demonstrate the high amounts of iron within lyso-
somes, we exposed cells to a bolus dose of hydrogen peroxide, a
well-known way to rupture lysosomes as a result of peroxidative
damage to lysosomal membranes [8–12]. As demonstrated in
Figures 4(A) and 4(B), the induced lysosomal rupture dramati-
cally and quickly increased the cytosolic amount of labile iron.
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Figure 4 The ‘cellular’ calcein-chelatable LIP increases following oxidative
stress-induced lysosomal rupture

(A) HeLa cells were plated (2.5 × 105/cm2) and, 24 h later, exposed for 2–60 min to a bolus
dose of 40–200 µM hydrogen peroxide in culture medium. They were then exposed for 10 min
to 0.15 µM calcein-AM in PBS containing 20 mM Hepes and 1 mg/ml BSA (and thereby
loaded with calcein), trypsinized and rinsed in PBS containing 20 mM Hepes and 1 mg/ml
BSA. The intracellular calcein-induced fluorescence was subsequently assayed (λex 488 nm;
λem 518 nm) in a fluorescence spectrophotometer (F-2500 Hitachi). LIP was calculated by the
increase in fluorescence following addition of the membrane-permeable, strong iron chelator
SIH as described in the Experimental section. The initial cytosolic LIP value for HeLa cells
was estimated to be 2.4 +− 0.4 µM, a value that rapidly and significantly increased following
exposure to hydrogen peroxide. The Figure is representative of two separate and mainly identical
measurements. (B) In order to show the lysosome-rupturing effect of the oxidative stress
event, Lysotracker Red-exposed cells (50 nM), growing on glass cover-slips, were exposed
to 100 µM hydrogen peroxide in culture medium for 5, 15 and 30 min. The cells were then
photographed under a confocal microscope. Note the time-dependent decrease in the number
of intact lysosomes with distinct red fluorescence and the appearance of areas with diffuse
cytosolic red fluorescence, indicating leakage of Lysotracker Red from the lysosomes.

Calcein-AM is split by cytosolic unspecific esterases, but there is
time for some of it to enter lysosomes unless the concentration
of calcein-AM is kept very low

Following unspecific cytosolic esterase-induced splitting of cal-
cein-AM, calcein should be present in the cytosol only. However,
we noted that within 10 min of the addition of calcein-AM at the
ordinary concentration (12.5 nM) to the culture medium, some
lysosomes clearly contained calcein. To check this phenomenon

Figure 5 The concentration of added calcein-AM determines early
lysosomal labelling

HeLa cells (2.5 × 104/cm2), grown on glass cover-slips, were exposed for 10 min to (A) 10 pM,
(B) 100 pM or (C) 12.5 nM calcein-AM under otherwise standard culture conditions. Following
lysosomal labelling for 60 min with Lysotracker Red (50 nM), cells were observed by confocal
laser scanning microscopy. Note that almost no calcein-AM diffuses into lysosomes when
calcein-AM is applied at a low concentration (the peripheral green patches most probably
represent plasma membrane-oriented areas of unspecific esterase activity), while a substantial
number of lysosomes are labelled when higher concentrations are used and, presumably, the
cytosolic unspecific esterases were not able to split all the calcein-AM ester directly after its
passage through the plasma membrane, allowing some calcein-AM to continue into lysosomes.

further, we labelled the lysosomes with Lysotracker Red for
60 min in medium without calcein-AM and then added calcein-
AM for 10 min at concentrations between 10 pM and 12.5 nM
and studied the cells by laser confocal scanning microscopy. As
shown (Figures 5A–5C), when calcein-AM was used at 10 pM,
tiny patches of green fluorescence were found along the plasma
membrane but there was no lysosomal green fluorescence. The
patches most probably represent areas with unspecific esterases
where all of the calcein-AM is split directly after entering the
cells. Following exposure to increasingly higher concentrations
of calcein-AM, yellow lysosomes started to show up in the merged
pictures, indicating the passage of calcein-AM first through the
plasma membrane and then into lysosomes, where it is cleaved
by lysosomal esterases. Thus some calcein-AM is able to diffuse
into lysosomes if a high enough amount of calcein-AM penetrates
the plasma membrane. However, since calcein has little or no
capacity to chelate labile iron at lysosomal pH (pH 4–5) (see
Figure 1), it is clear that the calcein-AM assay, nevertheless, does
not evaluate lysosomal iron. Interestingly, the calcein-induced
lysosomal green fluorescence is brighter than that of the cytosol,
indicating that the effect of iron-induced quenching of cytosolic
calcein fluorescence in HeLa cells is far greater than the reduction
of calcein fluorescence by the low lysosomal pH.

Calcein-AM can be used to assay normal autophagocytosis
of the cytosol

Autophagy has recently been found to be a highly conserved turn-
over mechanism regulated by a family of genes (the ATG family)
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Figure 6 The calcein-AM method can be used to follow the kinetics of
cytosolic autophagocytosis

(A) Cells growing on glass cover-slips were exposed for 10 min to a bolus dose of
12.5 nM calcein-AM at otherwise standard culture conditions, rinsed and analysed by confocal
microscopy. Note cytosolic and some lysosomal (due to the high calcein-AM concentration,
compare with Figure 5) calcein-mediated fluorescence. Cells were then kept under standard
culture conditions (without calcein-AM) for periods up to 24 h. After 3, 6, 12 and 24 h (B, C, D and
E, respectively) an increasing number of calcein-containing lysosomes started to appear, while
the cytoplasm became less and less fluorescent. The result indicates that the calcein-labelled
cytosol is autophagocytosed into the lysosomal compartment in a time-dependent way and
suggests that in HeLa cells a major part of the cytosol is turned over within 24 h. Although lyso-
somes are known to be rich in iron (compare with Figure 3), quenching of the calcein-mediated
fluorescence does not occur in lysosomes because calcein does not bind iron at lysosomal pH
(compare with Figure 1), implying that the calcein-AM technique does not assay all intracellular,
low-mass, labile iron, but only the cytosolic fraction of it. Further, the retention of calcein inside
lysosomes for a long period of time following autophagy of the calcein-labelled cytosol confirms
that calcein does not pass lysosomal membranes.

and of much greater significance to normal life and pathological
conditions than generally anticipated [14–16]. Most long-lived
proteins and all organelles are turned over by autophagy: that
includes macro-, micro- and chaperone-mediated autophagy
[16,17]. Since it might be possible to assay the autophagy of cyto-
solic components by following the lysosomal uptake of calcein-
labelled cytosol, we wanted to follow cells exposed to calcein-AM
for longer periods of time. Therefore cells were exposed to cal-
cein-AM (12.5 nM) for 10 min and subsequently returned to
standard culture conditions. As expected (Figure 6A), initially
only a moderate number of calcein-labelled lysosomes could

be seen after the return to standard conditions (see above about
lysosomal calcein loading when cells are exposed to high concen-
trations of calcein-AM). However, in time an increasing number
of lysosome-sized granules started to appear (Figures 6B–6D);
and 24 h after the return to standard conditions the lysosomal
pattern was impressive, showing that, as expected [16], normal
autophagy does indeed effectively bring cytosol into the lyso-
somal compartment as part of the normal turnover of cellular
material. As seen (Figure 6E), the cytosol only contains little
calcein when cells have been kept for 24 h in calcein-AM-
free medium following an initial exposure for 10 min to this
compound. This finding indicates that the turnover of the cytosol
in HeLa cells is rapid, and confirms that calcein does not pass
lysosomal membranes.

DISCUSSION

By exposing cultured human HeLa cells to the fluorochromic
and iron-binding hydrophilic alcohol calcein, we showed that this
compound is taken up by fluid-phase endocytosis and is trans-
ported to the lysosomal compartment despite being unable to pass
either plasma or lysosomal membranes. This explains why calcein
is retained in the cell sap following exposure of cells in culture
to the lipophilic ester calcein-AM, which is cleaved by unspecific
esterases with calcein being one of the reaction products. It follows
that once inside the cytosol, calcein will neither diffuse back to
the extracellular medium, nor into intracellular membrane-bound
compartments.

The calcein-AM method is well-established as a technique for
assaying the ‘intracellular’ LIP. Since we have previously shown
that lysosomes are rich in iron and that most cellular low-mass,
redox-active iron is probably localized inside this compartment
[5,7–12,18], the demonstrable inability of calcein to diffuse
from the cytosol to the interior of lysosomes strongly suggests
that the calcein-AM technique does not measure the totality of
‘intracellular labile iron’, but only the cytosolic fraction of it.

Since it is clear that calcein does not pass lysosomal or plasma
membranes, it would probably neither pass inner mitochon-
drial membranes. Because mitochondria are important sites of
cellular iron metabolism, and another example of cellular labile
iron existing in compartments, this would form another serious
limit to the usefulness of the calcein-AM method for assaying
cellular labile iron. In addition, the fact that calcein is a strong iron
chelator may also induce problems with the estimation of cytosolic
labile iron. By chelating such iron, feedback mechanisms may
induce release of iron from ferritin, either directly or following
its autophagic degradation [19,20], and rapidly cause an artificial
elevation of cytosolic labile iron. If lysosomes are burst, e.g. by
exposure of cells to oxidative stress or lysosomotropic detergents,
such as MSDH (O-methylserine dodecylamide hydrochloride)
or sphingosine, or lysosomotropic aldehydes, such as 3-AP (3-
amino propanal), iron will be relocalized to the cytosol or to
nuclear DNA and mitochondrial DNA with resulting site-specific
iron-induced damage [10,21–27]. In the present study lysosomal
rupture was induced by exposing cells to a bolus dose of hydrogen
peroxide and the release of iron to the cytosol demonstrated by
the quenching of calcein fluorescence. The high concentration of
iron inside lysosomes, which is also obvious when the sensitive
cytochemical SSM technique is applied (see Figure 3), must
be sizeable since a rather incomplete rupture of lysosomes (see
Figures 4A and 4B) caused by the exposure for 10 min to a bolus
dose of 100–200 µM hydrogen peroxide more than doubled the
calcein-chelatable cytosolic iron. In a liver cell the lysosomal
compartment constitutes about 2% of the total cell volume but in
HeLa cells it is significantly less. Therefore the doubling of
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the cytosolic iron concentration found following an incomplete
lyosomal rupture means that the intralysosomal concentration of
low-mass iron should be no less than 100 times that of the cytosol.

Because of the large quantity of labile iron within lysosomes,
one would expect that the small amounts of calcein present within
lysosomes following diffusion of calcein-AM (see Figure 5)
should be subjected to severe fluorescence quenching. In reality
this is not the case and is explained by the fact that calcein does
not significantly bind low-mass iron at <pH 5 (see Figure 1).

The calcein fluorescence was also found to be pH-dependent
(see Figure 1). Consequently, calcein in lysosomes, where the pH
is in the range of 4–5, might be expected generally to show a lower
fluorescence than in the cytosol (approx. pH 7). Nevertheless, as
judged from the confocal pictures (see for example Figure 5C)
lysosomal calcein gives a brighter fluorescence compared with
cytosolic calcein. The explanation is, of course, the absence of
iron-mediated quenching that occurs in the cytosol but not in
lysosomes: the depression of calcein fluorescence due to low pH
is less than that caused by iron binding.

Initially after the exposure of cells to a bolus dose of calcein-
AM, a few lysosomes were labelled unless very low concen-
trations of calcein-AM were used, indicating that some calcein-
AM is not cleaved by cytosolic esterases but is left to diffuse into
lysosomes, where it is cleaved by lysosomal esterases. Later, how-
ever, when cells were kept at standard culture conditions, calcein-
labelled lysosomes started to show up in large numbers reflecting
the autophagy of calcein-containing cytosol. Autophagocytosis is
a normal and continuously ongoing process that is responsible for
the turnover of a major part of the cell’s long-lived proteins and
all organelles [14–17]. The exposure of cells to a bolus dose of
calcein-AM followed by the study of calcein redistribution seems
to be an easy way to assay the kinetics of this process. In the pres-
ent study we found that within 24 h most of the cell sap was
turned over by autophagy (Figure 6E). Moreover, the obviously
rather rapid formation of autophagolysosomes explains why cells
exposed to calcein for 2 h and then kept under standard culture
conditions for another 24 h, show many lysosomes without calcein
(red cytosolic granules in Figure 2E) in spite of the fusion/
fission processes that are known to go on within the lysosomal
compartment [28]. If new lysosomes were formed only slowly, it
would be expected that almost all of them should contain some
calcein and show up as yellow granules in the merged pictures.

In conclusion, a major part of cellular low-mass labile iron is
concentrated in the lysosomal compartment and is not demonstr-
able by the calcein-AM technique for estimation of the ‘cellular’
LIP. First because calcein does not penetrate cellular membranes
and, thus, never reaches lysosomes and, secondly, because even
if it did, it would not indicate iron because at the pH observed in
lysosomes calcein does not chelate it. Thus the calcein-AM tech-
nique shows ‘cytosolic’ rather than ‘cellular’ calcein-chelatable
iron.
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