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The Model of Uptake with Instantaneous Adsorption and
Efflux, MUIAE, describing and predicting the overall Cd uptake
by the metal-resistant bacterium Cupriavidus metallidurans
CH34, is presented. MUIAE takes into account different processes
at the bacteria—medium interface with specific emphasis on
the uptake and efflux kinetics and the decrease in bulk metal
concentration. A single set of eight parameters provides a
reasonable description of experimentally determined adsorbed
and internalized Cd, as well as the evolution of dissolved Cd
concentrations with time, for an initial Cd concentration between
10~% and 10~* M, covering the situation of contaminated
environments and heavily polluted effluents. The same set of
parameters allowed successful prediction of the internalized and
adsorbed Cd as a function of the measured free Cd ion
concentration in the presence of natural and anthropogenic
ligands. The findings of the present study reveal the key role of
Cd efflux and bulk depletion on the overall Cd uptake by C.
metallidurans, and the need to account for these processes
to understand and improve the efficiency of the metal removal
from the contaminated environment.

1. Introduction

Bioremediation and removal of toxic metals by living cells
is an attractive solution for the treatment of metal-
contaminated environment and industrial effluents (1—3).
The ability ofliving cells for self-replenishment, continuous
metabolic uptake of metals following adsorption, and the
potential for optimization through the development of
resistant species and cell surface modification offer
advantages over the use of dead biomass (2, 3). Metal-
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resistant bacteria and their consortia are largely used for
the decontamination of industrial effluents, as well as
metal-polluted soils and mining tailings (2—5). The key
processes controlling the overall metal uptake by growing
cells, and, thus, their capacity to remove metals, involve
transport of a metal to the organism surface, adsorption
on the biological surface, and internalization (3, 6—8). It
is often assumed that the adsorption process is rapid and
reversible, while the internalization is slower and me-
tabolism-dependent (3, 6—8). Once inside the cell, the
metal may undergo different transformations leading to
storage, detoxification, and/or efflux that can regulate the
internalized content and determine metal resistance (9, 10).
Dynamic models taking into account the key physico-
chemical processes, such as diffusion, adsorption, and
internalization, have been successfully used to describe
metal uptake in several organisms (e.g., algae, bacteria,
intestinal Caco2 cells) (8, 11, 12) and explored in the
ecotoxicology context. However, in most bioremediation
studies, the overall uptake process is described by simpli-
fied equilibrium isotherms, such as Langmuir and Fre-
undlich, assuming that equilibrium is established between
the medium and bacterial biomass (3, 13). The metal uptake
capacity and affinity parameters of the biosorbent are
obtained by fitting the experimental data obtained for a
given contact time over a range of metal concentrations,
but without providing information about the underlying
mechanisms. Kinetics of metal sorption and uptake is
modeled most often by simple (pseudo-) first and second
order kinetic formalism (13—15). Different mass transfer
models for metal biosorption in batch system or reactors
were also reported in the literature (16— 18). Furthermore,
most studies considering the metal uptake by living
bacteria do not distinguish between the adsorbed and
internalized metal, despite their different role in removal
and further recovery of the metals.

The aim of the present study is to develop a dynamic
model able to describe and predict metal uptake by bacte-
rium, considering the different processes at the bacteria—
medium interface with specific emphasis on the uptake and
efflux kinetics and considering the decrease in bulk metal
concentration. This work extends further the research efforts
to develop and refine mechanistic models able to describe
and predict the dynamics of metal uptake (8, 12, 19—21),
incorporating metal efflux from the cell. To the best of our
knowledge, this is the first model that provides analytical
expressions explicitly and simultaneously contemplating
changes of the metal concentration in the medium, uptake,
and efflux for living bacteria. For simplicity the model is
called Model of Uptake with Instantaneous Adsorption and
Efflux (MUIAE). MUIAE is developed for Cd(Il), which is
considered a priority pollutant (e.g., by the U.S. Environ-
mental Protection Agency and the European Environmental
Agency) and metal-resistant bacterium Cupriavidus metal-
lidurans widely used in metal removal (5).

2. Mathematical Formulation of MUIAE

2.1. Model Starting Assumptions. Let M be a chemical specie
which diffuses toward the surface of the microorganism; cy; ()
representing its bulk concentration, which evolves with time
becauseitis being depleted from the medium by the bacteria.
M is adsorbed onto two types of adsorption sites, labeled 1,
leading to metal internalization, and 2 (not leading to metal
internalization, Figure S1, insert). Each adsorption process

VOL. 44, NO. 12, 2010 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 4597



is assumed to be fast enough, when compared with diffusion
or the internalization processes, for equilibrium relationships
to apply.

For type-2 sites, the Langmuir isotherm that relates the
coverage of this kind of sites (I'z(#)/T'mayx2) With the concen-
tration of M at the organism surface c},(?) reads:

Lo &0
FPnaxz Ky, + (0

1)

where T'; stands for the surface concentration and 1/Ky,
acts as an adsorption constant (See Supporting Information
(SI) for alist of symbols). Typically, a Langmuir isotherm can
be linearized when &,(# is negligible in front of Ky,. The
desired linearization can alternatively be obtained with better
precision, by considering that the denominator in eq 1 is
roughly constant because the changes in ¢},(#) are in the
same order of magnitude as the bulk c}(# along one
experiment. For each experimental condition (i.e., [Cd(ID)]
=10"%M, labeled as condition I, 107% M, labeled as condition
Il and 10~* M, labeled as condition III), T'»(t) in eq 1 is
approximated as:

(D . o
(0 = Toagoqe— = Kipcu(0) with Ky, =
M,2(0)
1—‘max2
- j=11orIlI (2)
KM,Z + (ko,nominal,j ]

so that, for instance, KIH_z represents the effective adsorption
constant for sites of type-2 for a nominal bulk concentration
(e.g., the concentration intended in the preparation or some
other known value estimating or averaging the bulk con-
centration) in condition I.

Analogous considerations will be applied of type-I sites,
where we distinguish—for reasons apparent in Section
3.4—two kinds of internalization sites (a and b):

0 0
au(® (D) .
Im=T e —— = K, en(0
1 max,lalqvlykl + CR/[(f) rnax,l,blgvmb + Cg,,(t) H,1"M
. I T
with K, = punly maxlb j =111, or Il
i KM,la + d]‘\(/l,nominal,j KM,lh + d{d,nominal,j /

3

We also assume that M is taken up following a first-order
kinetic process from the adsorbed amount in sites of type I
(7, 22) with internalization rate constant, ki, yielding the
uptake flux:

1,8 = ki L1 (9) 4

The efflux J« is understood as a pumping of M from the
internalized compartment out to the adsorbed sites and bulk
solution, and can be thought as just the opposite of /. It is
postulated that the efflux is proportional to what has been
accumulated as internalized metal (8, 9, 23, 24):

Jeit() = kg @, (0) (5)

where @, is the internalized metal amount (in moles per
unit area of cell, see SI) and k¢ is a constant for the efflux
kinetics.

The internalized amount @, changes due to the supply
of the internalization flux and to the losses due to the efflux.
Using eqs 3—5 and assuming that the concentration at the
bacterial surface is quite similar to that in the bulk concen-
tration, which evolve with time due to decrease in a bulk
metal concentration (12), we reach:

4598 m ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 44, NO. 12, 2010

ao,(»
dt

= ]u(t) - ]eff(t) = kintKH,ldf\d(t) - keff(bu(t) (6)

To take into account the finite volume of the medium, we
use the mass balance of the metal (M) over the different
compartments (bulk, cell volume, and interface sites):

Vern = VEy (D) + AD,() + AT, (D) + AT,(f) @

where Vis the total volume of the solution and A is the total
area of the cells present in this volume.

Integration of eq 6 leads to an exponential decay expres-
sion for the bulk concentration (see SI-7), from which all
other quantities can be computed. For a rough estimation,
in Section 4.1, we will further assume a negligible efflux (in
the 20 min experiment) and a constant uptake flux (steady-
state approximation):

o0 = 0,0 + [J@dr ~ [ Ta@dr = kyTy(0 x ¢
@®)

3. Materials and Methods

3.1. Bacterial Growth Conditions. C. metallidurans CH34
(also known as Ralstonia metallidurans, Alcaligenes eutro-
phus) is a gram-negative soil bacterium, able to grow in the
presence of millimolar concentrations of metals (25). C.
metallidurans CH34 was cultured aerobically in a mineral
salts liquid medium 284 (25) prepared in 1072 M of MOPS
(3-(N-morpholino)-propanesulfonic acid, p.a. Fluka) at pH
7.0 and complemented with 0.2% Na-gluconate as a carbon
source. The cultures were agitated on a rotary shaker at 160
rpmat 30 °C. At the late log phase (ODgo = 1.8 + 0.1) bacteria
were isolated by gentle centrifugation and washed twice with
1072 M MOPS at pH 7.0.

3.2. Cd Uptake Kinetics Experiments. In the uptake
kinetics study, bacteria were resuspended in 1072M of MOPS
(pH 7.0) supplemented with 8 x 107%,9 x 1077, or 9 x 107°
M of Cd(II) as cadmium nitrate (p.a. Fluka). These concen-
trations were chosen as corresponding to contaminated
environments and heavily polluted industrial effluents. The
concentration of bacteria during each experiment was 1.36
+ 0.06 gpw. L' and corresponds to a bacterial surface area
of14.12m? L. Cd uptake kinetics was followed as a function
of time up to 60 min, by measuring the internalized, adsorbed,
and dissolved Cd(II) concentrations in bacterial suspensions.
Aliquots of 8.5 mL were taken each 5 or 10 min and bacteria
were separated from the solution by gentle centrifugation at
4000 rpm. The supernatant was used to measure the dissolved
metal concentration. The bacterial pellet was washed for 2
min with EDTA (ethylenediaminetetraacetic acid, ultra Fluka)
1073 M at pH = 7.0 to extract Cd adsorbed to the bacterial
surface (26, 27) which is identified with I', + T'; (Figure S1).
The amount of internalized Cd (EDTA-nonextractable, ®)
was determined following the digestion of the bacterial pellet
with concentrated HNO; (Suprapur, Backer) at 100 °C during
1h. Bulk, adsorbed, and internalized Cd concentrations were
measured by inductively coupled plasma—mass spectometry
(ICP-MS) (Elan DRC II, Perkin-Elmer) or by inductively
coupled plasma—optical emission spectroscopy (ICP-OES)
(Optima 3300 DV, Perkin-Elmer), depending on the con-
centration range.

3.3. Cadmium Efflux Experiments. The efflux was quan-
tified following the decrease of the internalized Cd content
over time. For this purpose, bacteria were pre-exposed to 5
x 1078,9 x 1077, or 9 x 107> M Cd(II) for 20 min and washed
with EDTA 1072 M, then resuspended in MOPS 1072 M.
Aliquots of the bacterial suspensions (8.5 mL) were taken
every 10 min over an approximately 40-min period and
centrifuged. The internalized Cd content was determined



after acid digestions of the bacterial pellet and ICP-MS
measurements. Bacterial density was kept the same as for
uptake experiments.

3.4. Quantification of Cd Adsorption and Internaliza-
tion in the Absence and Presence of Ligands. Internalized
and adsorbed Cd contents in C. metallidurans exposed to
increasing Cd(II) concentrations from 107° to 107 M were
determined at constant contact time of 20 min. Since the
uptake is directly related to the free rather than the total
Cd(II) concentrations (6), the experiments were performed
in the absence and presence of citric (CA), nitrilotriacetic
(NTA), Elliot Soil (EHA), and Pahokee Peat (PPHA) humic
acids (International Humic Substances Society, St. Paul).
Stock solutions of 1 g L™! were prepared in Milli-Q water,
equilibrated overnight, and stored in dark at 4 °C. The
concentrations of EHA and PPHA were fixed at 50 mg L™,
while the total concentrations of Cd(II) varied between 107
and 1075 M. Free cadmium ion concentrations, [Cd*'], were
measured by ion exchange technique as detailed elsewhere
(27). Internalized and adsorbed Cd concentrations used as
measures of Cd uptake were expressed in mol m™2 taking the
area of single cell to be 3.5 x 1072 m? cell™".

4. Results

To describe the Cd uptake and efflux by living bacteria,
MUIAE requires eight relevant parameters: six coupled
parameters related with the equilibrium binding to the
internalization and mere adsorption sites (Kw,1a, Kv,1b, Kui2,
Tmax 120 I'max1by I'max2) and two kinetics parameters related
with uptake (kin) and efflux (ke). The iterative fitting
procedure to evaluate these parameters is detailed in the
next subsections and can be summarize as follows. The initial
estimates of the Cd binding characteristics were obtained
from the adsorption and internalization experiments. Then,
the rate constants ki, and k.; were evaluated from the
independent Cd uptake kinetics experiments. The obtained
single set of parameters was used next to simulate the
adsorbed and internalized Cd concentrations in independent
efflux and accumulation experiments in the presence of
environmental ligands.

4.1. Cd Adsorption and Internalization. Evaluation of
Equilibrium Parameters. For a constant contact time, the
amount of the adsorbed Cd increased with Cd(II) concentra-
tion in the solution. A first estimation of the equilibrium
parameters I'max2, Kuz (characterizing Cd binding to mere
adsorption sites) and ['yax1, Kvip (Cd binding to internaliza-
tion sites) was obtained from the fitting of the adsorbed Cd
content versus bulk Cd(II) concentration (Figure 1A) with a
two-sites Langmuir isotherm. T2 0f 4.96 x 1076 mol m—2
and Ky, 0f 7.1 x 107! mol m ™3, ['pax 15 0F 4.46 x 107" mol m 2
and Ky,1p of 1.19 x 1073 mol m™2 were estimated.

Further refinement of the adsorption characteristics was
made by using Cd internalization data (Figure 1B). Internal-
ized Cd is considered as the EDTA non-extractable fraction
(Figure S1). The fit of the experimental data with eq 8 was
only possible by considering two types of internalization sites:
(a) high-affinity internalization sites, acting at low Cd(II)
concentrations, and (b) low-affinity internalization sites that
are acting at high Cd(II) concentrations. Ky 1, and K1, were
obtained from the plot of the internalized Cd amount versus
bulk Cd?* concentration (Figure 1B), using a value of ki, =
8.3 x 107* s7! as a first approximation. This initial estimate
lies within the range of the internalization rate constants
published in the literature (i.e., 107* to 1072 s~ for the toxic
trace metals (7)), as well as corresponds to ki, x ¢ =1 for
an exposure time 7of 20 min. The high-affinity sites of I'max 1a
appear in much smaller number than the low-affinity ones
and, thus, cannot be estimated from the adsorbed amount.
On the other hand, their affinity, Ky, is much higher. So,
taking the low affinity sites estimation obtained from the

=N
o
&

-
o
&

-
o
L

Adsorbed Cd (mol m™2)
3 3
+«+
<t

100 {rg”

101

=y
o
&

N

=)

N
L

Internalized Cd (mol m'2)
=

_‘_‘
[=] o
% A
3

1011 . . . , . ,
101 10° 108 107 10% 10° 10* 109

[Cd?*] (M)

FIGURE 1. Log—log plot of adsorbed (I';+I;; A) and internalized
(®,; B) Cd content versus increasing bulk free Cd ion
concentrations (pH 7.0 and ionic strength 5 x 10~° M) at 20 min
of exposure time. Error bars were calculated in duplicate or
triplicate experiments and are represented when bigger than
symbol. The lines represent the respective fits (using the full
Langmuirian expressions before linearization) with eqs 1 and 2
for adsorbed Cd and eq 8 in the case of internalized Cd.

adsorbed data and fitting the internalization data allows the
decoupling of Ki;; components. This yielded initial values of
Tiax1a = 3.98 x 1072 mol m™2 and Ky, = 8.47 x 107® mol
m 3 for the high-affinity internalization sites and the refining
of the low-affinity sites values gave ['max 1= 5.49 x 1077 mol
m~2 and Ky 1p = 1.08 x 1072 mol m~3,

4.2. Cd Uptake and Efflux. Kinetic Parameters Deter-
mination. Apart from internalization and adsorption pa-
rameters, the model needs the rate constants of uptake, ki
and efflux, k.. They were fitted simultaneously from the
uptake kinetics experiments (Figure 2) using the initial
estimates of Iy, and Ky obtained in Section 4.1. The
evolution of the internalized, adsorbed, and bulk Cd(II) versus
contact time at initial Cd(II) concentration of 8 x 1079 M,
was fitted to exponential-like expressions derived from eq
SI-7 with a ki, of 7.08 x 10™* s ! and a ke of 7.00 x 1074 s7!
(Figure 2A). The data fitting at this concentration was very
sensitive to ki, kesr, and Ky,1, and less sensitive to Kj 1, and
K. The uptake parameters were further adjusted by using
the Cd uptake kinetic data at the highest initial Cd(I)
concentration of 9 x 107° M (Figure 2C). The fit quality was
quite sensitive to Ky 1, and Ky, and required a fine-tuning
of T'iax 10, Kvi1b, and Ky 2. Additional refinement of the uptake
and efflux parameters was obtained by using the uptake
kinetics results obtained at 1076 M Cd(II) (Figure 2B). These
optimized kinetic and equilibrium parameters (Table 1) are
further validated by simulating the changes in the internal-
ized, adsorbed, and bulk Cd(II) concentrations as a function
of the time (Figure 2), as well as the independent efflux (Figure
3) and accumulation experiments (Figure 4).

4.3. Validation of the Model and Its Parameters against
Cd Efflux Experiments. The efflux experiments follow the
changes of the internalized Cd content over time for bacteria
pre-exposed to a given Cd(II) concentration and resuspended
in the Cd-free medium. A good agreement between the
MUIAE simulated and experimentally determined amounts
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FIGURE 2. Internalized (e), adsorbed (v), and bulk (m) Cd
amounts (in moles in 8.5 mL) versus contact time in the uptake
experiments: (A) 8 x 109 M, (B) 9 x 1077 M, (C) 9 x 105 M
initial Cd(ll) concentration. Experimental data are presented by
full symbols, the MUIAE fit by lines: internalized (—), adsorbed
(— —), and bulk (- - -). Error bars were calculated in duplicate
experiments and are drawn when bigger than symbol. Lines
stand for the model amounts computed starting with eq SI-7
and parameters in Table 1.

of internalized Cd in the efflux experiment is obtained in the
probed large concentration range, as illustrated for initial
Cd(II) concentrations of 5 x 1078,9 x 1077, and 9 x 107> M
(Figure 3).

4.4. Cd Accumulation Experiments in the Presence of
Ligands. Furthermore with the parameters in Table 1,
simplified equations reproduce reasonably well the adsorbed
and internalized Cd contents for various bulk free Cd ion
concentrations in the presence of natural and anthropogenic
ligands such as citrate, NTA, and humic acids (solid lines in
Figure 4A and B).

5. Discussion

With a single set of parameters, the MUIAE describes both
kinetic data of Cd internalization and efflux over a large initial
Cd(II) concentration range representative of slightly to heavily
polluted media. The modeling results clearly reproduce the
observed evolutions of adsorbed Cd in the cell surface and
bulk Cd concentration decrease (see below). The optimized
values for I'yax2 and Ky, (Table 1) were consistent with the
binding sites characteristics reported for C. metallidurans:
site density of 0.42 mmol g™! and pK, of 3.9 for carboxylic,
0.12 mmol g ! and 6.8 for phosphate, and 0.45 mmol g ! and
9.4 for amine binding sites were found with a proton titration
of the bacterial cell walls (28). At pH 7.0 only carboxylic and
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phosphate groups are considered as deprotonated, so the
maximal density of the binding sites available for Cd should
be smaller than 2.96 x 107° mol m 2, value equivalent to the
sum of the density of the carboxylic and phosphate groups.
Furthermore, the initial estimate for log (1/Ky,) of 3.15 is
close to the values of Cd exchange with binding sites for the
carboxylic sites (log K 3.6 for carboxylic, 4.7 for phosphate,
and 5.0 for amine groups (29)). In addition, the two types of
internalization sites (Figure 1B) were consistent with existing
genomic and proteomic data reporting two major Cd
transporters in C. metallidurans: the MIT (metal ion trans-
port) and P-type ATPase (30, 31).

In the uptake kinetics experiments, when bacteria were
exposed to 8 x 107® M Cd(Il), a rapid about 14-fold decrease
in dissolved Cd(II) amount was observed (Figure 2A). The
adsorbed Cd attained amounts greater than those for both
bulk and internalized Cd. The amount of the internalized Cd
increased over time tending to a plateau at times longer than
40 min. At 9 x 1077 M Cd(1I), the amount of bulk Cd(II)
decreased only 4 times and was lower than the adsorbed Cd,
but comparable to the internalized Cd. Similar trends in the
time evolution of the adsorbed and internalized Cd contents
were obtained when bacteria were exposed to 9 x 107° M
total Cd(II) (Figure 2C). However, dissolved Cd(II) decreased
only 1.3 times and was higher than both the adsorbed and
internalized fractions, as expected for such a high concen-
tration of Cd(II) in solution. In the entire Cd(II) concentration
range, the amount of internalized Cd increases rapidly in the
first few minutes and, then, tends to a plateau. Even
significant at low Cd(II) concentrations, the bulk depletion
alone is insufficient to explain the plateau in the internalized
Cd. Assuming that the equilibrium between bulk and cell
surface is instantaneous and reversible, the observed decrease
inadsorbed Cd can be linked to the decrease in the dissolved
Cd (1) in the bacterial medium. The appearance of a plateau
in the bulk concentration cannot be explained with just the
bulk depletion effect. Indeed, taking ke = 0 results in a nil
bulk concentration for the limit of time infinitely long (against
the experimental observation of a plateau in the internalized
amount). Since bulk Cd concentration decrease is important,
the average values of cy*(f) were used in the model as
“nominal” values of bulk concentrations in eqs 2 and 3.

The modeling of Cd uptake by bacteria in a wide
concentration range helps in the understanding of the role
of the key processes involved and their interconnection. For
example, at high Cd(Il) concentrations (e.g., 10~ M) the fit
quality was quite sensitive to Kj 1, and Ky, demonstrating
the importance of Cd binding to the low-affinity internaliza-
tion and adsorption sites for the overall uptake. By contrast,
the data fitting at low Cd(II) concentration was very sensitive
to rate constants ki, and ke as well as to the Ky, (high-
affinity internalization sites) and less sensitive to K, and
Ky, characterizing the low-affinity internalization and mere
adsorption sites. Furthermore, neglecting Cd efflux resulted
in a significant underestimation of the adsorbed and
overestimation of the internalized Cd content, even at low
Cd(I) concentrations. These findings are in line with the
literature demonstrating that the metal efflux is one of the
most important metal resistant mechanisms for this bac-
terium. Indeed, the existence of several efflux systems
including CDF (cation diffusion facilitators), RND (resistance
nodulation division) efflux family, and P-type ATPases which
are energy-dependent in C. metallidurans CH34 (9, 30, 32).
The Cd efflux rate constant ke;=7.00 x 10~*s~! of this metal-
resistant bacterium is estimated to be 78 times higher than
that of the metal-sensitive bacterium Bacillus firmus, where
kess for Cd is around 9 x 107%s7! (26, 33). The Cd efflux rate
constant for the cynobacterium Microcystis aeruginosa was
found to be between 8 x 10 ®and 1.5 x 107°s™! (34) which
is approximately 88 to 46 times smaller than k. found for
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TABLE 1. Summary of the Fitted Parameters Characterizing Cd Uptake and Efflux Kinetics of Cd(ll) by Bacterium C.

metallidurans, pH 1.0, lonic Strength 5 x 1073 M

Tnaxta (Mol m™?) Ko (Mol m™3) Loy (Mol m™%) Ky gy, (mol m3)

3.98 x 107°° 8.47 x 10°° 9.88 x 1077 1.40 x 1072

kint (371)
7.91 x 1074

keff (sﬂ)
7.00 x 107*

rma)(,Z (mOI m,z) KM,Z (mOI m”)

4.96 x 10°° 5.30 x 107"

C. metallidurans. This difference is probably due to the fact
that the resistant microorganisms possess more efficient
efflux systems than nonresistant bacteria (10).

In spite of reproducing the major features experimentally
observed, MUTAE does not satisfactorily predict the adsorbed
and dissolved Cd(II) concentrations in the first few minutes
of the exposure (Figure 2). The discrepancy between the
predicted and experimentally determined values increases
for lower initial Cd(II) concentrations, being largest for the
bacterial suspensions supplemented with 8 x 107 M Cd(II).
Thus, further improvements of the model predictions could
perhapsrequire a more explicit consideration of the transient
diffusion fluxes (19, 35). However, an estimation of the time
needed to reach 10% proximity to the steady-state flux (more
details in the SI) yielded 1.2 s. This suggests that the role of
the transient diffusion fluxes could be of minor importance
and other physical, chemical, or biological factors should be
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FIGURE 3. Comparison between the calculated (lines) and
experimentally determined (points) internalized Cd (Ad, moles
in 8.5 mL) versus time in the efflux experiments. Bacteria were
pre-exposed at initial Cd(ll) concentrations of (A) 5 x 107 M
Cd(ll), (B) 9 x 1077 M Cd(ll), and (C) 9 x 10~° M Cd(ll). Error
bars were calculated in duplicate experiments and are
presented when bigger than symbol. MUIAE calculations
performed with eq SI-7 and parameters in Table 1.

taken into consideration. Nevertheless, MUIAE allows for
the discrimination between equilibrium and kinetic param-
eters for bacteria at measuring times longer than ca. 10 min,
generally applied for the metal removal.

Overall, MIUAE is a first dynamic model integrating
different phenomena at the bacteria—medium interface
including the metal efflux, which is considered as the major
mechanism determining metal resistance of bacteria such
as C. metallidurans. This work has used varied experiments
to focus on specific steps of the complex interactions of metal
and bacteria, such as Cd accumulation, uptake, and efflux
kinetics experiments. The concentration range covered low
(i.e., when metal depletion is important) and high (i.e., when
metal reduction is less significant) metal concentrations, thus
allowing a detailed exploration at overall biouptake process
dynamics. The combination of the theoretical and experi-
mental approach of the present study demonstrated the
peculiar interplay between adsorption, internalization, and
efflux as well as metal depletion, these phenomena all
affecting the amount of the metal accumulated in bacteria.
Understanding and quantifying the processes controlling the
metal—bacterial interactions is a prerequisite for the correct
interpretation and prediction of the metal uptake and
efficiency of the toxic metal removal from contaminated
environment. According to the obtained results, the reduction
of the metal in the medium and the efflux from the cell may
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FIGURE 4. Log—log plot of adsorbed (I'y+T; A) and internalized
(®,; B) Cd content versus increasing measured bulk free Cd*"
concentrations, in the absence of ligands (¢) and in the
presence of NTA (v), citrate (v), EHA (*), and PPHA (<) (pH 7.0
and ionic strength 5 x 102 M). Error bars were calculated in
duplicate or triplicate experiments and are represented when
bigger than symbol. Solid lines stand for the numerical
calculations using eqs 1 and 2 for adsorbed Cd and eq 8 for
internalized Cd. Parameters from Table 1.
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limit both the adsorption and the internalization, and thus
the overall metal uptake.
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