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Environmental context. The concentration of a free metal cation has proved to be a useful predictor of metal
bioaccumulation and toxicity, as represented by the free ion activity and biotic ligand models. However, under
certain circumstances, metal complexes have been shown to contribute to metal bioavailability. In the current
mini-review, we summarise the studies where the classic models fail and organise them into categories based on
the different uptake pathways and kinetic processes. Our goal is to define the limits within which currently used
models such as the biotic ligand model (BLM) can be applied with confidence, and to identify how these models
might be expanded.

Abstract. Numerous data from studies over the past 30 years have shown that metal uptake and toxicity are often best
predicted by the concentrations of free metal cations, which has led to the development of the largely successful free-ion
activity model (FIAM) and biotic ligand model (BLM). Nonetheless, some exceptions to these classical models, showing
enhanced metal bioavailability in the presence of metal complexes, have also been documented, although it is not yet fully
understood to what extent these exceptions can or should be generalised. Only a few studies have specifically measured the
bioaccumulation or toxicity of metal complexes while carefully measuring or controlling metal speciation. Fewer still
have verified the fundamental assumptions of the classical models, especially when dealing with metal complexes. In the
current paper, we have summarised the exceptions to classical models and categorised them into five groups based on the
fundamental uptake pathways and kinetic processes. Our aim is to summarise the mechanisms involved in the interaction
of metal complexes with organisms and to improve the predictive capability of the classic models when dealing with

complexes.
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Introduction

In the aquatic environment, metals are found in numerous forms
including the hydrated free ion, inorganic complexes (with
ligands such as CI~, OH ", CO%’), organic complexes (with
simple organic molecules of biogenic or anthropogenic origin,
and with natural organic matter, NOM); colloidal and other solid-
phase forms may also be present. Metal partitioning among the
different forms is a dynamic process that depends on the type
and concentration of ligands, temperature, pH and redox con-
ditions of the medium.['>! In natural aquatic systems, many
metals are mainly found as complexes and in colloidal forms,
often at concentrations that are much greater than that of the free
metal ion.[* Nonetheless, the general consensus for cationic
metals is that the concentration of the free metal ion is the best
predictor for both metal bioaccumulation and toxicity in aquatic
systems.™ The strong observed dependency of biological
effects on the concentration (activity) of the free ion has been
attributed to the rapid equilibration of the metal forms in solu-
tion with toxicologically sensitive sites on the biological
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surface,'**"! which is the basis of both the Free Ion Activity

model (FIAM) and Biotic Ligand model (BLM). A general
misconception is that the FIAM and BLM imply that the free ion
is the only toxic species in solution. In fact, this is not necessarily
the case; the models simply rely on the direct (linear) relation-
ship between the free ion and the surface-bound metal species
responsible for biological effects, a relationship that prevails
when the species are at equilibrium. Note that whereas the
equilibrium assumption is likely valid for metals equilibrating
among microorganisms and inorganic ligands in the water
column, it is less clear whether it will be valid in more complex
media such as soils, sediments and biofilms or in the presence of
heterogeneous ligands such as humic substances.!

For uptake and biological effects to occur, the metal must first
be transported from the bulk solution to the biological surface
(Fig. 1). During transport, many of the metal complexes are
dynamic, implying that they undergo numerous complexation—
dissociation reactions in the time that it takes to reach the
surface of the organism. Generally speaking, metal equilibration
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Fig. 1. Main processes involved in trace-metal uptake. M represents a
metal of interest whereas ML is a metal complex with the ligand L, and Ky
represents the stability constant of the metal complex. R represents a biotic
ligand on the surface of the organism (often a metal transporter). The
parameters k¢and k4 represent the formation and dissociation rate constants
of the metal with the biotic ligand; ;. represents the internalisation rate
constant of the metal across the cell membrane.

(adsorption—desorption) with the surface of the organism will
occur next, followed by the facilitated transport of the metal into
the organism (uptake). In the FIAM/BLM, the transport of metal
across the biological membrane (internalisation) is assumed to be
rate-limiting, with biological effects resulting directly from the
binding of metals to the ‘biotic ligands’. In such a case, the metals
in solution are at an apparent equilibrium (steady-state condi-
tions) with the biological surface and it follows that uptake
(proportional to the concentration of metal bound to surface-
bound metal transporters) and even toxicity (proportional to metal
uptake flux) can be related back to the trace metal speciation in
solution (by the equilibrium stability constants, K).

Metal uptake and toxicity are not always well predicted by
the concentration of free metal ion.>>7*! Indeed, there are
several classes of exceptions whereby metal complexes are
known to contribute to bioavailability: (i) intact metal com-
plexes are internalised by the organism (either by simple
diffusion across the lipid bilayer or by transport across the lipid
bilayer via a ligand transport site); (ii) metal complexes react
with sensitive sites (i.c. biotic ligands) on the organism surface
(ternary complex formation); (iii) metal complexes dissociate
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and increase the local free-metal-ion concentrations in the
boundary layer close to the organism surface. In the present
paper, we summarise the studies where the classic models
appear to fail and organise them into five categories based on
the uptake pathways and kinetic processes involved. Our aim is
to summarise the mechanisms involved in the interaction of
metal complexes with organisms and to improve the predictive
capability of the classic models when dealing with complexes.

Five documented cases showing the bioavailability of
metal complexes

(1) Passive diffusion of lipophilic complexes

It has been known for many years that uncharged, lipophilic
metal complexes can passively diffuse through the lipid bilayer
of biological membranes. The passive diffusion of metal com-
plexes has been observed for complexes involving synthetic
organic ligands, including 8-hydroxyquinoline (Ox), diethyl-
dithiocarbamate (DDC) and ethylxanthate (XANT),”"'! and
for inorganic metal complexes such as HgCl9.[' The passive
diffusion of AgCl° remains questionable. Indeed, although
several authors have attributed increased bioaccumulation to the
passive diffusion of AgCl° in marine diatoms and salmonids, for
the green alga Chlamydomonas reinhardtii, Fortin and
Campbell were able to show that enhanced Ag biouptake
resulted from increased mass transport and dissociation of the
complex under conditions of diffusion limitation (see Dissociation
of labile metal complexes section below).l'*™"!

In these cases, metal complexes are thought to be taken up in
a similar manner to hydrophobic organic contaminants, which
are simply partitioned between the water and the phospholipid
bilayer of the cell membrane. In such a case, metal complexes
could diffuse into the cytosol where the metal could dissociate
from the complex and bind with intracellular ligands.[lo] This
implies that the bioaccumulation of lipophilic metal complexes
would not simply be dependent on complex permeability (or the
octanol-water partition coefficient, K, of the complex) but
rather would be driven to some extent by the re-equilibration of
the complex within the cell. For example, whereas (CH3),Hg
and Hgo have higher hydrophobicity than HgCl, and CH;HgCl,
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When are metal complexes bioavailable?

Box 1. Research priorities for the uptake of lipophilic metal
complexes

Examine further the bioavailability of neutral Ag
complexes, especially in the context of renewed outputs
of Ag to the environment (e.g. Ag nanoparticles)
Characterise and quantify naturally occurring hydro-
phobic metal complexes; determine to what extent these
complexes contribute to metal uptake in natural waters
Systematically investigate the role of metal complex
hydrophobicity on uptake and toxicity

their bioaccumulation by a marine alga (Thalassiosira
weissflogii) is lower, presumably because elemental mercury
and dimethylmercury do not readily form complexes with
intracellular ligands.!"*!

Generally speaking, the observed uptake rates of lipophilic
metal complexes are usually at least an order of magnitude
higher than their hydrophilic metal counterparts,'%!"1¢:17]
which makes this mechanism potentially important for certain
metals. Furthermore, uptake is sensitive to the pH of the
medium, with a decreased bioaccumulation of the lipophilic
metal complexes at low pH, potentially due to a reduction in the
electrostatic repulsion between adjacent phospholipids, leading
to their tighter packing and a decreased membrane
permeability.!'!+'#1%]

With the exception of what is known about such hydrophobic
metal species as the methylated forms of Hg, Sn, As and
Sb?*22 and the hydrophobic complexes described above, it is
currently unclear to what extent lipophilic ligands are present in
natural systems. Owing in large part to the analytical difficulties
associated with measurements of (likely low concentrations of)
hydrophobic complexes in aquatic systems, few data are available
to estimate metal uptake fluxes for these species. One exception is
the work of Turner and Mawji who used C-18 and liquid-liquid
extractions to quantify and characterise the hydrophobic fraction
of dissolved metals in natural waters.”*! Their octanol-water
partition coefficients indicated that the hydrophobicity of metal
complexes was both pH- and metal-dependent,?***! reaching a
maximum in the range of pH 7-8, where the overall charge of the
metal complexes was thought to be very low. Some of the metal
complexes with dissolved organic matter (DOM) were also
shown to be hydrophobic, and their prevalence was related to
the nature, origin and concentration of the DOM!?¥! (Box 1).

(2) Uptake of hydrophilic complexes through a ligand
transporter system

Hydrophilic metal complexes cannot passively diffuse through
biological membranes, but some have been found to enter the
cell using transport systems meant for ligands. This mechanism
has been observed for ligands with established biological
functions and their own specialised channels or trans-
porters.[27’28] For example, for some bacteria, citrate, which can
be used as a carbon source,?* is taken up by citrate trans-
porters (e.g. CitM and CitH). Furthermore, citrate has been
shown to be transported in the form of a complex with Ca®™,
Ccd*t, Co*, Mg2+, Mn?*, Ni?T, Pb>", St*T or Zn*T, transport
rates being related to the specific size of the metal ion.* Metals
taken up by this pathway can enter cells at a faster rate than
metals entering by the cation transporters. In observations made
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using the green alga Pseudokirchneriella subcapitata, Cd
uptake was 2 times faster in the presence of citrate than when
similar concentrations of free Cd were buffered by nitrilo-
triacetic acid (NTA)."! Furthermore, for a constant concen-
tration of Cd*" (0.25 uM), growth inhibition increased from
50% of control values to 70 % of control values as the con-
centration of the Cd—citrate complexes increased from 0.077 to
1.47 pM.

Iron complexes with siderophores are another class of
species that can be directly incorporated into cells by transpor-
ters that are specific to the siderophores. In the open
ocean, where the concentration of free iron is extremely low
(<10~ '® M), many bacteria and fungi have evolved specific
pathways in order to acquire iron for growth. Numerous
microbes (nearly all fungi) can excrete siderophores, which
have an extremely high affinity for iron (log K ~10'? to 10>*)1*%)
and will complex Fe'! extracellularly. In this case, the uptake of
Fe''siderophore complexes is mediated by transport proteins
that are found only in microorganisms."**!

For other inorganic ligands, such as thiosulphate and phos-
phate, similar situations have been observed. For example,
silver—thiosulphate complexes are taken up by algal cells
(Chlamydomonas reinhardtii) at higher fluxes than free
Ag.PY In this case, evidence that uptake was occurring over
the sulphate transport system was provided by the observation
uptake was significantly inhibited by the addition of sulphate.
Nonetheless, the toxicity induced by the silver—thiosulphate
complexes was not as important as that due to silver ions,*”!
again demonstrating the importance of the intracellular fate of
metal complexes once assimilated. Finally, although it is
extremely difficult to distinguish transport of the complexes
from that of a co-transport of inorganic phosphate and the metal
ions, some bacteria (Escherichia coli®®); Arthrobacter sp.[37])
are thought to internalise metals in the form of neutral metal
phosphate complexes (MeHPO,) by their phosphate trans-
porters. In this case, divalent metal complexes (e.g. Cd and
Zn) exerted additional toxicity on the bacteria, which also
depended on the pH (greater toxicity was observed at higher
pH values).*”! Clearly, the role of ligands such as phosphate,
which is independently required as a nutrient element by some
organisms, requires further study.

In a final example of a ligand transporter being used by metal
complexes, it has been observed in plants and using molecular
modelling that some metalloids, especially arsenic (As) and
antimony (Sb), can be transported through the aquaglyceroporins,
which are channels that are specific for the transport of water,
glycerol and other small, uncharged solutes (similar conformations
prevail among As(OH);, Sb(OH); and glycerol).****) Similarly,
owing to its structural similarities to phosphate, As", in the form of
AsO3 ", is known to be accumulated through phosphate trans-
porters in E. coli, yeast and mammals.***' Owing to this
dependency on transporters that are designed for nutrients, the
toxicity induced by the metalloids is highly dependent on nutrient
exposure concentrations and conditions (Box 2).

(3) Formation of ternary metal complexes at a metal
uptake site

It is often assumed that the biotic ligand, <—R>, binds to the
free metal ion, either directly or by ligand exchange, to yield
<M-R>. However, several cases of bioavailability enhance-
ments, resulting from the apparent formation of a ternary
complex on the biological surface, <L-M—-R>, have also been



Box 2. Research priorities for the uptake of metal com-
plexes by ligand transporters
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Box 3. Research priorities concerning the role of ternary
surface metal complexes

— Given that phosphate is ubiquitous is many (eutrophic)
aquatic systems, further quantitative studies on its role in
metal uptake (and toxicity) are required

— Determine the intracellular fate of metal complexes once

assimilated

Evaluate the role of solutes that are simultaneously nutri-

ents and ligands, in metal bioaccumulation and toxicity

documented."*> 1 In these cases, toxicity or bioaccumulation
data were best explained by taking into account the interaction
of a metal complex with the biotic ligand <L-M-R>, most
often in addition to the contribution of the free metal ion <M-R>.
An underlying assumption is that the site of toxic action occurs on
the biological surface and not intracellularly.

Direct physical evidence for the presence of a ternary
complex on the biological surface is difficult to obtain. Chemical
extractions using strong ligands such as EDTAM! cannot always
distinguish unambiguously between a surface-bound and inter-
nalised metal. This especially appears to be the case for the
trivalent metals. Techniques such as solid-state nuclear magnetic
resonance spectroscopy and synchrotron-based X-ray micro-
scopy have been used to probe for the presence of ternary
complexes on biological surfaces. For example, the formation
of AIF, ternary complexes on cells obtained from fish gills
(Micropterus salmoides) was demonstrated by '’F nuclear
magnetic resonance,!*” whereas Hg Lyj-edge X-ray absorption
near-edge spectroscopy (XANES) showed that ternary
complexes involving He—EDTA and the biological surface were
unlikely. Experiments using radiolabelled ligands can also show
when ligands are not taken up by the organism.[*>*”! In such
cases, either an equilibrium or a kinetic explanation can be put
forward to account for enhanced uptake. For example, for cases
where metal adsorption—desorption kinetics are rate-limiting, the
formation of the mixed-ligand complex at the cell surface
(especially for inorganic ligands, such as hydroxide and chloride)
can accelerate the water loss rate of the metal, thus increasing the
rate of biouptake (mechanism 5 below).1**! Otherwise, the bio-
logical effect can simply be related to the total concentration of
metal bound to the biotic ligands on the surface of the organism
(i.e. the sum of the equilibrium concentrations of <M—R> and
<L-M-R>). In this case, the use of an equilibrium model (such
as the BLM) that uses multiple equilibrium constants (Kyr,
Kivr, ete.) would be an appropriate means by which to predict
biological effects.

The formation of ternary complexes has been postulated to
occur for both divalent metals, including Pbl#349500 apd Zn,[4451)
and trivalent metals such as Al,[42’52] Sc,P3 Eu*1 and Tm.[*!
Indeed, Aristilde et al."** suggested that the formation of ternary
complexes may be universal, irrespective of the specificity of the
metal or ligand. They found a linear relationship between an
enhancement of Zn uptake and the concentration of Zn—cysteine
complexes in the presence of cysteine and EDTA (cysteine still
inhibits Zn uptake if only the cysteine is present, which rules out
the possibility of mechanism 2). Zhao and Wilkinson**! found
that an observed increase in Tm uptake (above what was observed
in the absence of complexes) could be related to the concentra-
tions of the dominant Tm species (including both 1:1 and 1:2
complexes with malate and citrate). As would be expected for a
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Determine the factors that favour the formation of ternary
L-M-R complexes at biological surfaces (e.g. cation
properties such as charge and radius; affinity of M for
L and R)

Determine whether NOM can form ternary complexes
with metals at biological surfaces

Further probe the role that ternary complexes may play in
metal toxicity and metal internalisation

Develop spectroscopic techniques that can confirm
the formation (or absence) of ternary complexes under
reasonable metal exposure scenarios

fixed ligand concentration, the contribution of the complexes is
generally more significant for low concentrations (proportions) of
free ion, where the metal complexes predominate. As is often
the case for metal uptake of the free cation, the formation of the
ternary surface complexes also appears to follow a saturable
Michaelis-Menten-like function.[*>!

It is unclear to what extent the nature of the metal-ligand
complex plays a role with respect to its ability to form ternary
complexes at the biological surface. In order for ternary com-
plexes to contribute to biouptake, the dissociation of L from
<L-Tm-R> needs to occur at a faster rate than the dissociation
of Tm-L from the same sites. In other words, in the ternary
complex L-M-R, the M—L bond must be weaker than the M—R
bond. It follows that weaker metal complexes or those with a
greater affinity with the metal uptake site are likely to contribute
more to bioaccumulation. Such determinations would be
consistent with results showing that algae grown in Zn-limited
environments and having developed an enhanced uptake capacity
can use Zn—cysteine complexes more efficiently than Zn-replete
algae, potentially owing to the increased affinity of the Zn
transporter.”**>* Nonetheless, for metals that are very strongly
bound to biotic ligands, metal dissociation kinetics are likely to be
limiting.

In the presence of NOM, such as humic or fulvic acids, the
role of ternary complexes must be evaluated with great care.
Although Lamelas et al. found that Pb biouptake was clearly
enhanced in the presence of NOM,**! i.e. Pb uptake was greater
than what would have been expected given the free Pb*"
concentration, alternative explanations to the formation of a
ternary complex can be proposed. As mentioned above, it is
sometimes difficult to distinguish between surface-bound and
internalised metals using chemical extraction techniques. In
addition, purely physiological effects caused by increased
nutrient availability or decreased light in the presence of
NOM also need to be evaluated.[>>>® Furthermore, NOM
adsorption to biological surfaces can increase their overall
negative surface charge,””! thereby enhancing their overall
electrostatic attraction for cations. Nonetheless, even when
taking these other explanations into account, Lamelas and
Slaveykova estimated that most (57-95 %) of the Pb internalisa-
tion in the presence of 10 mg L ™" of humic acid could be attributed
to the formation of ternary complexes ([Pb**], nanomolar to
micromolar scale). However, for Cd under similar experimental
conditions, ternary complexes did not appear to contribute to
biouptake!*”! (Box 3).



When are metal complexes bioavailable?

(4) Dissociation of labile metal complexes

The basic assumption of the equilibrium models (FIAM and
BLM) is that metal species in the bulk solution are in (pseudo)-
equilibrium with the surface of the organism. In other words,
metal biouptake is rate-limiting and the concentrations of each
of the metal species in solution are the same as those in the
boundary layer at the biological interface. In contrast to this
assumption, several examples in both defined media and natural
waters have been documented for which the mass transport of
the metal to the cell surface is the rate-limiting step.l°* %! In
these cases, biologically reactive metal species (e.g. free M=)
are depleted in the diffusion layer next to the organism. To
restore equilibrium, ‘labile’® metal complexes are able to dis-
sociate, thus providing an extra source of free ions to the
organism. According to this scenario, both physical transport
(size of the complex) and chemical reactions (kinetic lability of
the metal complex) will then affect metal bioaccumulation,!
which will not necessarily be proportional to the concentration
of the free ion in the bulk medium, but rather some combination
of the free ion and labile metal complexes.

A diffusive limitation is usually identified by comparing the
metal internalisation flux with the calculated maximum diffu-
sive flux.['*¢193] Diffusive limitation can also be inferred from
fluxes determined by the diffusive gradients in thin films (DGT)
technique,'®*! from free-metal-ion gradients close to biological
surfaces, as measured by microelectrode arrays,°>%! or from
changes in biouptake under different flow conditions.!®**7-%%) [n
the environment, a mass transport limitation (and thus potential
contribution of labile complexes) is often observed: (i) for very
low concentrations of metals (picomolar to nanomolar
levels)[14’6l’64]; (i1) in constrained media such as sediments,
soils or biofilms, where metals have much lower diffusion
coefficients!®”’; or (iii) for nutrients and metals with high
biouptake fluxes (e.g. PO3~, Ag).'*’"! For example, for
Chlamydomonas reinhardtii, metal uptake occurs in the order:
Ag>Pb ~ Cu>Cd ~ Zn ~ Mn, with an Ag uptake flux that is
nearly one order of magnitude higher than that for Pb.!"" Indeed,
as mentioned earlier, AgCl complexes were shown to contribute
to biouptake for C. reinhardtii’* and the authors concluded that
the increased bioaccumulation was due to the lability of
AgCl," Y~ complexes, rather than to passive diffusion of the
uncharged metal species through the biological membrane. This
interpretation was supported by subsequent reanalysis of the
data by Pinheiro et al.l’?!

Under conditions of a diffusion limitation, both the ligand
properties and the size of the organisms will influence metal
bioavailability through their influence on mass transport. Thus,
for a given stability constant, a metal that is bound to a small
ligand will be more bioavailable than the same metal bound by a
macromolecule. Interestingly, this implies that the bioavaila-
bility of Ag nanoparticles will be reduced in line with the
reduction of their diffusive flux (which would scale with the
reciprocal particle diameter).l”*! Because organisms in biofilms
and macro-organisms generally have less efficient mass trans-
port than unicellular microorganisms (planar diffusion instead
of radial diffusion),[74’75] they are also more likely to encounter

ALabile complexes are those that can frequently associate and dissociate over the time frame of the transport from the bulk solution to the cell surface,

Box 4. Research priorities for metal bioavailability due to a
transport limitation

— Measure metal complex bioavailability in soils, sedi-
ments and biofilms, i.e. media with potential limitations
on diffusive resupply of metals

— For organisms subject to diffusion limitation, determine
the influence of complex size on metal bioavailability

— Develop simple models (that could be used by regulators)
to predict metal bioavailability under conditions of
transport limitation

diffusive limitation. Because labile complexes can contribute
to metal uptake under a mass-transport limitation, equilibrium
models (e.g. BLM) are not useful predictors of metal accumulation
or toxicity under these conditions (Box 4).

(5) Dissociation of metal complexes — kinetically controlled
uptake (ligand exchange)

Complex lability is dependent on the intrinsic characteristics of
the metal ion, i.e. on the water loss rate constant of the hydrated
free ion (k_.,, Eigen-Wilkins mechanism).’®””) Metals with
lower k_,, values such as Al, Cr'™", Fe'™, Ni and Co are likely to
react slowly with the biotic ligand/transport site and the disso-
ciation rate of these metals from their transporters back into the
boundary layer could be lower than their internalisation rates. In
this case, metal uptake would be kinetically controlled.!®**!
Unfortunately, for conventional experiments conducted with
chelators, it is often difficult to distinguish metal uptake under
kinetic control from a thermodynamically controlled uptake.
Elegant experiments have been performed by Hudson and
Morel,l”® who used pulse-chase experiments® to show that
Fe uptake was kinetically controlled for two species of marine
phytoplankton (the dissociation rate constant of the Fe from the
biotic ligand was lower than the Fe internalisation rate constant),
and in direct contradiction to the equilibrium assumption of the
FIAM and BLM. In that case, the kinetically controlled metal
uptake rate depended on the total concentration of inorganic
metal, mainly Fe(OH)3, Fe(OH); and Fe(OH); ; these hydroxo-
complexes have faster ligand exchange rates than Fe*" (Eigen—
Wilkins mechanism).!”®!

Note that the intrinsic properties of the biotic ligand are
critical to whether metal uptake is thermodynamically or kineti-
cally controlled.[ The kinetically controlled uptake of Fe was
observed with Fe-stressed algae that had a large number of
strong-affinity transporters, but this was not the case for Fe-
replete algae.”®! In a more recent example, Thomas et al.l’”}
demonstrated increased bioavailability of Hg in the presence of
Hg—EDTA complexes and suggested that this enhanced uptake
was likely due to a ligand exchange reaction between the
complex (Hg—EDTA) and the biotic ligand R on the surface of
E. coli. Because no spectroscopic evidence could be obtained for
the presence of a ternary complex <EDTA-Hg-R>, their
results suggested that the presence of EDTA may have

B2 e.

metal flux provided by complex dissociation >>> maximum diffusion flux. More precise physicochemical definitions and equations are provided in Pinheiro

and van Leeuwen.[”*!

BCells are first exposed to a radioactive metal (pulse) that is replaced by the same non-radiolabelled metal (chase). When uptake of radioactive metal is
observed during the chase phase, it is possible to conclude that the rate of surface complex dissociation is less important than the internalisation rate (i.e.
equilibrium was not attained among the metal species in solution and the biotic ligands).



Box 5. Research priorities for cases where metal uptake is
kinetically controlled

— Verify whether internalisation fluxes for metals with low
water rate loss constants (Al, crlt Fe™l) Ni) are better
predicted by their free ion concentrations or by the sum of
their inorganic complexes

Evaluate the role of transport site affinity in the uptake of
trace metals

Examine the role of Hg complex dissociation kinetics in
Hg biouptake

accelerated the exchange of Hg with the uptake site. There
remain very few well-documented cases of kinetically con-
trolled uptake of a trace metal (Box 5).

Conclusion

As seen above, our knowledge with respect to metal bioavail-
ability has greatly evolved over the past 25 years, progressing
largely (but not entirely) from equilibrium concepts that mainly
considered the contribution of the free iont"! to dynamic systems
where several factors, including the intrinsic properties of the
metal and ligand,>*%%! their respective concentrations, organism
characteristics such as size,***'! media properties and the kinetic
behaviour of the metal-ligand system!”®% are considered. In
many cases, equilibrium models are a reasonable simplification
of'the real-world system, such that simple relationships should be
obtained that relate metal speciation to biological effects. Indeed,
the BLM has often been an extremely useful construct for
explaining the effect of trace-metal complexation or metal-metal
interactions in well-controlled, (often) laboratory-based experi-
ments. Nonetheless, as the five classes of exceptions demonstrate,
for many systems, metal complexes will need to be taken into
account and kinetic aspects considered when one attempts to
relate trace-metal speciation to biological effects.

In all cases, speciation measurements will be the key to
making well-founded predictions of biological effects. However,
just as physicochemical conditions and organism characteristics
affect metal bioavailability, these same factors will also deter-
mine which chemical species are detected by a chemical sensor
(its size, accumulation rate, etc.). In other words, in order to
improve our ability to predict the effects of metals in the
environment, it will be necessary to improve our theoretical
understanding of both speciation techniques and metal bioaccu-
mulation. Furthermore, the FIAM and BLM consider the interac-
tion between metal and organism largely from a chemical
perspective, even though metal uptake can also be affected by
the physiology of an organism. For example, because stronger
binding between the metal and transporter can affect its dissocia-
tion rate, an organism in metal-replete media could theoretically
shift from pseudo-equilibrium conditions where metal complexes
are not bioavailable to a kinetically controlled uptake where the
biouptake rates are determined by the rate of metal exchange
between complex in solution and the biotic ligand. Similarly,
whereas the role of NOM is often thought of in terms of its ability
to complex metals, physiological changes induced by the interac-
tion of the NOM with the organism cannot be ignored.!>>3 53]

The overwhelming advantage of equilibrium models such as
the BLM is their simplicity in taking into account the effects of
complexation and cation competition on trace metal uptake and
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M &— ML Type 1
M «<— ML Type 2
M [ ML/L  Type 3 Bulk solution
Dy
M 5kim M P — M
Type 4 L
KL
Internalisation Dy
ML e ML

Fig. 2. Schematic figure illustrating the five major exceptions to classical
(equilibrium) models when predicting the bioavailability of metal com-
plexes. M represents the metal of interest whereas ML represents the metal
complex with ligand L. Ky is the stability constant for the formation of ML.
R represents a biotic ligand on the surface of the organism (often metal
transporter). The parameters k¢ and k4 represent the formation and dissocia-
tion rate constants of the metal with the biotic ligand; k;,, represents the
internalisation rate constant of the metal across the cell membrane. Dy, and
Dy represent the diffusion coefficients of M and ML. Type 1 is the passive
diffusion of lipophilic metal complexes. Type 2 represents the uptake of
hydrophilic metal complexes through a ligand transporter system. Type 3 is
reaction of a complex with a biotic ligand at the cell surface (ternary
complex). Type 4 represents an example where labile metal complexes
can contribute to metal uptake (mass-transport limitation). Type 5 represents
the situation where metal exchange between the exposure medium and the
biotic ligand is rate-limiting (ki >> kq). For the type 1 to type 4 exceptions,
several representative examples from the literature have been summarised in
Tables S1-S4 (Supplementary material).

toxicity. However, for many of the examples where trace metal
complexes appeared to be bioavailable, equilibrium conditions
may not exist. In such cases, the construction of a dynamic
model, taking into account mass transport and chemical kinetics,
would be necessary to improve our predictive capacity of metal
bioavailability. Whereas this may prove to be essential for some
environmental media (such as soils, sediments and biofilms), it
is clear that such models would require a much larger number of
input parameters and may be difficult to implement within the
perspective of environmental regulation. The identification of
rate-limiting steps and further research into some of the likely
exceptions (e.g. trivalent metals, hydrophobic complexes) will
be an important first step for advancing our knowledge of trace
metal bioavailability and producing effective tools to identify
the associated risks (Fig. 2).
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