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Abstract.

Luminescent whole-cell metal biosensors are genetically engineered cells used for the detection of metals
in e.g. aqueous solutions. Herein, we detail the quantitative connections between time-response of
luminescent bacterial metal sensors and the bioavailability of free and complexed metal species. To that
end, we formulate the biophysicochemical dynamics of metal partitioning at a biosensor/solution
interface and integrate the required metabolism contribution to cell response. The formalism explains the
ways in which cell signal depends on: coupled Eigen kinetics of metal complexation and diffusion of metal
species to/from the interface; kinetics of metal excretion, Michaelis-Menten bioaccumulation and ensuing
metal depletion from bulk solution; and kinetics of bioluminescence production following intracellular
metal sequestration by regulatory metalloproteins. In turn, an expression is derived for the time-
dependent cell signal as a function of interrelated (bioavai)lability of metal species and (thermo)dynamic
descriptors of extra/intracellular metal complexation. Quantitative criteria are elaborated to identify
scenarios where equilibrium modeling of metal speciation is incorrect, bulk metal depletion is operative,
metal biouptake kinetics is governed by metal diffusion, or labile metal complexes fully contribute to cell
response. Remarkably, in agreement with experiments, the theory predicts time-shifts of
bioluminescence peaks with increasing concentration of biosensor and/or metal ligand in solution. We
show that these shifts originate from the crosstalk between activation kinetics of cell photoactivity and
speciation-dependent kinetics of bulk metal depletion. Overall, the work paves the way for the
elaboration of new strategies to exploit the bioluminescence response of metal /ux-biosensors at a
dynamic level and evaluate metal bioavailability properties in environmental or biological aqueous

samples.
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1. Introduction.

Persistence, bioaccumulation potential and toxicity are key factors currently used to classify metals
(M) that pose a risk to living organisms in aqueous environmental media. Due to their interactions with
organic and inorganic metal-binding ligands (L), metals exist in various physicochemical forms or species
(ML) that differ in terms of chemical reactivity, which in turn impacts on their fate, transport,
bioavailability and toxicity.! Accordingly, metal risk assessment generally requires the evaluation of metal
speciation in solution.? This explains why much effort has been spent on developing equilibrium models
that predict the solubility and stability of complexed metal forms, e.g. NICA-Donnan, WHAM and
extensions thereof, and freeware chemical models like Visual MINTEQ.>® The relationship between metal
speciation and bioavailability to metal-accumulating microorganisms (e.g. bacteria, microalgae) has
further received a lot of attention in literature.! In particular, the Biotic Ligand Model (BLM) makes the
distinction between total metal activity and activity of free (not complexed) metal M as the determinant
bioavailability parameter.” In detail, BLM assumes a priori the existence of a full equilibrium between M
activities in bulk solution and at the surface of the metal-consuming microorganism, so that the only
parameter controlling metal bioavailability of bioinactive (i.e. non-bioaccumulated) ML complex is the
bulk activity of M.®° Within such an equilibrium representation of metal species partitioning at
microorganism/medium interfaces, metal complexation therefore leads only to a decrease in the bulk
concentration of free metal ions M.

Whereas BLM constitutes an interface within regulatory arena, its failure to predict metal
bioaccumulation has long been reported for a variety of organisms and metals under both complexing
and non-complexing medium conditions.®? One of the BLM limits at the origin of such a failure stems
from its restrictive equilibrium-based assessment of the dynamic processes that control the intertwined
reactive transport of metals (free and complexed) from the solution to the microorganism and the
accumulation of the bioactive free metal forms (or any others if relevant).®*? In particular, BLM does not
account for the lability of metal complexes, i.e. the extent to which ML dissociates and releases free M on
the timescale of its diffusion towards the bioaccumulating surface.'** Then, depending on the demands
of the organism and on the lability of ML complex, the latter may dissociate in the vicinity of the organism
and thereby contributes to the biouptake of free M (Figure 1).1131* Concepts have been developed for
describing the dynamics of chemical speciation in aqueous media in the context of an ongoing interfacial
process that consumes free metals at a given surface, may it be a metal-sensor or a microorganism.® Based
on these concepts, it was shown that applicability of BLM is conditioned to a sufficiently fast transport of

metal species in solution as compared to the actual metal uptake so that the latter is rate-determining.



82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

An additional limitation in the application of BLM when combined to classical thermodynamic speciation
computations is its incapacity to address whether or not metal depletion from bulk solution is operative
during bioaccumulation.'!>%7 This issue is however crucial as metal depletion - when significant - leads
necessarily to a decrease in bioavailable M concentration over time. Theoretical studies confronted to
experiments have solved this problem on the basis of a non-equilibrium flux-based approach with or
without account of metal speciation in solution, intracellular M complexation and organism ability to
excrete internalized M for detoxification purpose.’?*>1° The common denominator of these studies is their
modelling of M biointerfacial partitioning without invoking a priori the equilibrium hypothesis formulated
in BLM.

Parallel to the above modelling developments on metal bioavailability, the advent of cutting-edge
biotechnologies like luminescent whole-cell metal bacterial reporters (or biosensors) has provided
environmental chemists with a tool to measure bioavailable metal concentration in aqueous solution
(Figure 1).%° Briefly, lux-reporter genes introduced in a given host bacterium are fused to a promoter
whose expression is regulated by a regulatory (or repressor) protein, P, that has a strong affinity for the
metal to be detected. In the absence of the metal, the expression of the reporter gene is repressed by the
repressor attached to the promoter and bacteria do not produce luminescence. Inactivation of the
repressor occurs when the latter forms a MP.; complex with internalized M, which initiates the
expression of /ux gene and the production of the reactants required for bioluminescence reaction,

including the reporter protein (luciferase) that acts as a reaction catalyst.?°

Advantages of so-engineered
metal biosensors include the possible exploration of a large spectrum of metal speciation scenarios via
cost-effective and automated measurement of the bioluminescence response over several tens of hours
with minute-timestep resolution.?! However, despite the (apparent) simplicity of their functioning, one of
the clear downsides to the use of metal lux-bioreporters is that interpretation of the bioluminescence
signal is far from easy. Indeed, quantifying metal bioavailability from bioluminescence output requires not
only the integration of the relevant physical and chemical processes that determine biointerfacial metal
partitioning over time (Figure 1),%2 but also the way in which cell metabolism of nutrients from the
medium can sustain light production after metal-triggered actuation of the promoter.?® As an
illustration, recent work demonstrated that cell stringent response and catabolite repression may lead to
bioluminescence signals over time that feature one, two or three peaks depending on the bioavailability
of amino acids and sugars in solution, some of these peaks being doublets or even presenting marked

truncations.?»? Due to this complexity, the exploitation of bioluminescence cell signals remains

essentially limited so far to (i) mere consideration of the only maximal signal amplitude without
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mechanistic analysis of the signal dependence on time, (ii) the recourse to calibration measurements for
converting bioluminescence into bulk concentration of free metal estimated by thermodynamic
speciation computations within restrictive equilibrium BLM framework, or (iii) empirical fitting of time-
dependent bioluminescence data collected for different metal contents in solution.?%242¢

In view of the above elements, force is to recognize the lack of a comprehensive theory for a full
exploitation of the time-response of luminescent metal biosensors and the evaluation of metal
bioavailability properties beyond the limits of equilibrium BLM. Accordingly, we extend herein our recent
model on bioluminescence emission by metal biosensors?? to cases where media contain metal-binding
ligands and metal may be depleted from bulk solution in the course of time. Following the idea in [22],
the model integrates the contribution of cell metabolism to the produced signal via a differentiation
between photoactive and photoinactive cells in solution. It further formulates explicitly the connection
between bioluminescence signal and bioavailability of metal species, which includes not only bioactive M
but also labile ML that can contribute to M biouptake flux. The analysis accounts for cell metal excretion,
metal complexation by intracellular repressor protein, interconversion between M and ML forms during
their (coupled) diffusions to the biosensor surface, and depletion of M from bulk solution as a result of M
bioaccumulation by the metal-sensing cells. Among the important results reported here, we demonstrate
how the amplitude, shape and time of apparition of the bioluminescence signal depend on the
concentrations of biosensor and metal-binding ligand in solution, and how these signal properties reflect
the thermodynamic and kinetic determinants of metal speciation and related metal bioavailability
features. Accordingly, this work defines a solid theoretical basis for the development of new procedures
to unravel the contributions of biology (cell metabolism) and interfacial physical-chemistry (metal

bioavailability/speciation) to the bioluminescence response of metal /ux-biosensors.
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Figure 1. (Left panel) Simplified scheme for the functioning principle of a metal (M)-responsive luminescent
bacterial sensor. (Right panel) Schematics of the transport and chemical kinetic contributions to the overall flux of
(bioactive) metal ions at the interface between a metal biosensor and aqueous solution. The work aims at
formulating quantitatively the connections between the time-dependent bioluminescence response of the
biosensor, and the bioavailability of the metal species via account of the interplay between metal complex (ML)
chemodynamics, diffusive transports of M, metal-binding ligand (L) and ML (with associated diffusion coefficients

D,_y;; i ), @and kinetics of metal depletion from bulk solution. In the right panel, the reaction layer (thickness 4, )

and the diffusion layer (thickness a, the curvature radius of the metal-sensing bioparticle) are indicated. See text for
details.

2. Dynamics of biointerfacial metal partitioning: governing equations, results and discussion.
2.1. Setting the stage.

We consider an aqueous medium of volume V, containing metal-accumulating bacteria (the
bioluminescent metal biosensors) assimilated to spheres of radius a, metal ions M and metal-binding
ligands L (Figure 1). The complexation reaction M+L¢é>ML leads to the formation of ML complexes with
stability constant denoted as K, (m® mol™) defined by X, =k, / k, where k, (m*mol*s?)and £, (s7)
are the kinetic constants for ML formation and dissociation, respectively. Expressions of %, and K,, for
the here-considered molecular ligands L follows Eigen mechanism for ions pair association?’ and Eigen-
Fuoss theory,?®?° respectively. The total concentration of bacteria is expressed by their number density
¢, (in m?) taken independent of time ¢ for the sake of simplicity. The formalism is thus applicable to

situations where bacterial growth is insignificant, which is achieved in minimal nutritive media.?** ¢, is

related to the volume fraction of bacteria in solution ¢ via ¢, = ¢ /¥, with ¥V, =4za’ /3 the volume of

an individual bacterium. The developments below hold under conditions where the electrostatic charges

distributed at the surface of the metal-sensing cells are screened, i.e. in media whose ionic strength is
sufficiently high. At 1 =0, metal ions are introduced in the medium with bulk concentration 0;4’0 (mol m

3). For the sake of demonstration, free metal ions M are viewed as the only metal species that can be

accumulated by the bacteria (i.e. they are the only bioactive metal forms) and excreted to some extent

6
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via dedicated metal efflux pumps. We denote as , (s?) the kinetic constant for metal excretion, and the
corresponding metal excretion flux, J, (mol m? s?), is written J, =k.4, where ¢, (mol m?)is the
concentration of intracellular free M expressed per microorganism surface area.l?3032 After their
internalisation, free metal ions are bound by the intracellular regulatory proteins Prg to form metal

complexes, MPreg. In the following, we denote as k;; and k;; the kinetic constants of association between
M and P, and dissociation of intracellular MPg, respectively. Based on theory for chemodynamics of
complexes formed between metals and nanoparticulate ligands (P being a representative thereof),3*3°

the constants k;; and kg, integrate here the coupling between the conductive-diffusion transport of

intracellular free M to/from the metal binding sites carried by Pre; and the kinetics of the chemical binding
step. The MPr; complexes interact with the promoter placed upstream the lux reporter gene (Figure 1),
which initiates the transcription of that gene and the production of the reporter protein (luciferase) that
plays a central role in bioluminescence reaction. The modelling of the kinetics of the intracellular
biochemical reactions leading to bioluminescence, from the very activation of the promotor by MP¢ to
the production of luciferase, follows the scheme we formulated elsewhere?? for metal biosensors under
non-complexing medium conditions in the absence of metal depletion from bulk solution.

Following previous reports,'%'’

it is convenient to formulate the spatial distribution of biosensors in
solution according to a Kuwabara cell representation. Within the framework of the latter, each individual
metal-sensing bacterium is enveloped by a virtual cell of radius r, such that the bacterium/solution

/3

volumes ratio in that cell equates with the one prevailing in the entire medium, i.e. 7, =ag " . Due to the

accumulation of M in the bacterial body (internalisation), the concentration of M in bulk solution at time
t, denoted as ¢, (t) (mol m3), may differ from c;f as a result of M depletion from bulk solution. Steady-

state M diffusion is readily achieved at any t for organisms with micrometric dimension like bacteria,*®
and the corresponding ~ms timescale required for building up a metal diffusion layer at the
organism/solution interface (transitory diffusion regime) is much faster than the typical timescales
associated with M internalisation and depletion from bulk solution (~mins to hrs).>%6!® |t was further
shown? that steady-state M transport from solution to the M-accumulating biosurface actually applies at
any t while M bulk concentration is being depleted provided that ¢ is much lower than unity (in line with
typical bioassays conditions). The radial coordinate r is adopted and the origin is taken at the
microorganism centre. The position » =a marks the location of the membrane where M internalisation
takes place via dedicated metal transporters. A glossary of all symbols adopted in this work is provided at

the end of the document to facilitate reading. We specify that possible medium- and metal-induced

7
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toxicity effects on cells are not considered here, meaning that (photoactive and photoinactive) bacteria
are alive during the entire duration of bioluminescence assays. This situation corresponds to experimental
conditions commonly adopted in practice to monitor bioavailability of trace metal ions with metal-sensing

bacteria.

In the developments below, we determine the spatial distributions of M, L and ML over time in the

extracellular domain (a <r< rc) and the expression of the metal bioaccumulation flux as a function of the

relevant thermodynamic and kinetic descriptors of the problem (§2.2). We then formulate the connection
between metal bioavailability properties and bioluminescence response of the metal-sensing bacteria
(83.1), and we discuss the outcome of theoretical predictions with few computational examples that
illustrate the dependence of signal amplitude, shape and apparition delay on the concentrations of
biosensor and metal-binding ligand in solution (§3.2-§3.3). The expressions reported hereafter for the
time-response of luminescent metal biosensors and for metal partitioning at the biosensor/medium
interface under bulk metal depletion condition were derived with the support of PTC Mathcad Prime 8
calculus environment. All demonstrations are available upon request, together with the numerical code

developed to simulate biosensor signals.

2.2. Metal bioavailability at the biosensor/solution interface under bulk metal depletion condition.
2.2.1. Extracellular distribution of metal species, expression of metal supply flux at the biosensor surface.
Under the conditions detailed in §2.1, the concentration profiles of M, L and ML in the diffusion layer
are at steady state while free metal M is being depleted in bulk solution on a time scale much longer than
the time needed for the re-adjustment of the M concentration profile.’® In turn, the spatial distributions
of M, Land ML concentrations over time, ¢,_y;; \i (r,t) , are governed by the coupled steady-state Nernst-
Planck equations corrected for the kinetic terms pertaining to chemical ML formation and dissociation
Dy Viey (rit)+kyey (rt) =k (r,0)c, (r,0)=0  (a)
Dy Viey (rit)—key (r.0) + ke (r,0) e (r,0)=0  (b) (1)
D \Vic, (r,0)+kyey (r.t) —kyey (r,0) e, (r,1)=0  (c)
where Vf is the Laplacian operator in spherical geometry. For cases of practical interest, L is in large
excess over M so that L concentration is essentially independent of » and t, and Eq. (1c) reduces to

¢, (r.t)=c; where ¢ is the bulk concentration of L® In bulk solution, far from the surface of the

microorganisms, equilibrated M and ML concentrations are related linearly by K, =cp,, (¢)/ ¢y, () where
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“wn (1) are the bulk concentrations of M and ML at t, and K, is the dimensionless ML stability

c

constant defined by K,, =K, c, . The boundaries associated with the coupled differential Eqs. (1a)-(1b)
are provided by
CiomML (l’ = rc’t) = c;:M,ML (l) (@)
eu(r=at)=cy (1) (b) (2)
Dy, (acML (r.t)/ 6r|r:a) =0 (o)

where Eq. (2a) reflects bulk condition, Eq. (2b) specifies that M concentration identifies with ¢}, (t) at the

surface of the bacteria (¢j, (t) will be determined in §2.2.2), and Eq. (2c) states that ML complex is not
bioactive, i.e. not accumulated by the metal M-sensing bacteria. Following the procedure detailed
elsewhere,'*% the exact solution of Egs. (1)-(2) can be written in the form
eKy, [e’;“(l’”“) —-(1- a)e’g"(l”/"q + [a +h, (2~ a)}(l —¢"r/ a)
aek,, +|:0(+/’_la (2—0{)}(1—(#”)
[a +h,(2- a)](l —0"r/ a) - [ei'“(lf'/“) -(1- a)efg“(lf"/“)]
aek,, +[a +h, (2—0{)](1 —(0”3)

au (r0) :1_2[1_5;3 (1)] (a)

(3)
G (r)=1-2[1-23(1)]

r

(b)

where we introduced the dimensionless concentrations ¢, (7.1)= ¢y (7:1)/ ¢y (£) and

i (1-077)

ey (1)=cy (1)/ ¢y (1), and the scalar o =1 —¢ with %, (dimensionless) defined by

}_151:\/’?761 1+1/(€EML> (4)
The Damkohler number &, =k,c;a’ / D,, in Eq. (4) can be seen as the dimensionless rate constant of ML
formation which compares the steady state M diffusional timescale, 7 =a’/D,,, with the reaction

timescale 1/(kac;:). Equivalently, \/k, compares a with the thickness u_  of the so-called reaction layer

(Figure 1) defined by u, =./D,, /(kacfj) , Which represents the distance travelled by a free metal ion via

diffusion before it re-associates with L to form ML. The supply flux of M to the biosensor surface, denoted
as J,, (mol m?s™), is given at time t by J,,(¢) = D,, (6cM (r,t)/6r|r:a). Using Eq. (3a), the result can be
recast in the concise form

T (£)= pau Dyl e (£) =i (1) ]/ a (5)
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with py; = p, /(1—;0”3), and p, isthe (dimensionless) scalar defined by p, =1+$I?ML§ which quantifies

the contribution of ML to the M supply flux as a function of ML lability parameter & (0< £ <1) defined

by Duval et al.*® (cf. Eq. (22) in Ref. [13]). In the limit ¢ <<1, & reduces to'**®

&R, (VR oK+ 2Ky, ) (6)
where ¢=D,, /D, is the ratio between diffusion coefficients of ML and M. In line with earlier
conclusion,®* the parameter & in the dilute limit is independent of the boundary condition adopted at
the surface of the M-consuming interfaces, i.e. on ¢y, (7).

11,13,15

As detailed elsewhere, criteria can be established to distinguish the nature of the contribution

(if any) of ML to the M supply flux, J,,, depending on ML lability parameter &. For the sake of

completeness and clarity, we recall briefly below the basic arguments. At the level of the (volume) reaction

M+L<$>ML in solution, discrimination needs to be made first between dynamic and inert complexes on
the basis of the comparison between the characteristic lifetimes of M (given by l/kac;i) and ML (1/k,)
and timescale (TSS) for the steady state M diffusion from solution to the biosensor surface. In detail, ML
is dynamic in the time window 7 with a resulting fast interconversion between M and ML if

kot >>1 and k7 >>1 (7)
and ML is inert if

kot <<1 and k7 <<1 (8)
In the latter case, ML does not contribute in any way to the M supply flux at the biosensor surface. For

dynamic complexes, different scenarios can be defined from the analysis of the J,, -flux property under
sink metal condition (i.e. ¢y, =0), which comes to qualify the maximal ML contribution to J,, within the
diffusion timescale r,,. Namely, for &, >0 (i.,e. £—>0 and p, —>1), the flux J, (t) reduces to
Jy (1)=Dycy (1) / a: this is the situation where the only free metal M is relevant to the supply flux, and
ML behaves as if it is inert on the timescale of M diffusion. The other extreme i, >>1 (equivalent to the
condition k,c| 7, >>1) refers to dynamic ML complexes, and two limiting situations can be distinguished

depending on the nature of the ML contribution to the flux. In detail, for i, >> (2K, )(1+¢K,, ), we have

&—1 (cf. Eq. (6)) and p, > 1+¢K

ML/

and J,, then simplifies into J,, (¢)=D(t)cy, (¢)/a, where

15(t)=[DI\,Ic;i4(t)+DMLc;4L (t)}/c;h(t) (m? s!) is the concentration-averaged diffusion coefficient of M

10
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and ML at t with ¢, (7) the total metal concentration (mol m?) in bulk solution defined by
o (£) =y (t)(l+I?ML): this is the fully labile ML case where ML contribution to the flux is of a purely

diffusive nature, with the equilibrium between M and ML being maintained at any position » in the

diffusion layer. For &, << (&K, )(1+ Ky, ) - which implies the inequality £K,, >>1 so as to satisfy the
examined limit &, >>1 - the expressions of & and J,, () reduce to §—>\/E_a/(gI?ML) (i.e. p, —>1+\/1?7a
) and J, (t)=Dycy (1) a+Jy, (1) with J (1)=kycy, (£) a4, ¢ this is the nonlabile ML case where M

bioaccumulation is dictated by the diffusion of free M and the kinetics of ML dissociation at the surface

of the M-accumulating bacteria.

2.2.2. Expressions for the metal biouptake flux, and the time-dependent concentrations of free metal

species in bulk solution, at the surface and in the intracellular body of the metal-accumulating bacteria.
The uptake of free M by the bacteria is assumed to follow a Michaelis-Menten mechanism, which

corresponds to a fast langmuirian adsorption of M at the membrane transporter sites distributed over the

entire surface of the bacteria, followed by a rate-limiting internalisation step with kinetic constant k. (s

int
1),1112153038 |5 stydies on metal monitoring by bacterial reporters, the linear Henry regime for metal
bioaccumulation is relevant as it corresponds to a low coverage of the internalisation sites by M and to an
ensuing linearity between bioluminescence at t and bioavailable metal concentration (cf. §3).2% In this

regime, the M biouptake flux J, (¢) reads as'*!2153

Jo (1) = Ky (1) (9)
with K, (m) the Henry adsorption constant. Under steady state conditions, the metal supply flux J,,
defined by Eq. (5) must equate at any t the difference between internalisation and excretion fluxes
T (6)=J, (6) = ko (¢) (10)
, where J,(¢) is given by Eq. (9), and ¢, () (mol m?) is the concentration of intracellular free M at time
t per microorganism surface area (cf. §2.1). The derivative of ¢, with respect to time corresponds to the
uptake flux J, (¢) corrected for M excretion and conversion of internalized M into MPreg, i.€.
dgy, (1)/de =7, () =k (1) = k2 oy (1) + Ky (1) (11)
where k;; and k;; were definedin §2.1, ¢, (#) (mol m?)is the concentration of intracellular MPe; complex

at t per unit cell surface area, and p_ is the molar concentration of metal binding sites carried by P, and

smeared-out over the volume ¥, of a bacterium. The counterpart of Eq. (11) for ¢, (t) is written
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dg, (1)/dr = k; .y (1)~ ks, (1) (12)
Finally, at any t, the level of metal depletion in bulk solution is determined by the amount of accumulated

and excreted free M according to the following mass balance condition

7

[ ([ (1) + ey (728) ][00 (720) + 4 (-0) 1 = —az.:[[Ju (1)~ ke, ()] (13)

where the M and ML concentration profiles, ¢y, (r,t) , are defined by Eq. (3).

The set of Egs. (9)-(13) defines the time-dependent concentration of M in bulk solution and at the
biosensor/solution interface (c;, (r) and ¢}, (¢), respectively), and the concentrations of intracellular M
and MPrg (4, () and ¢,(¢), respectively) using the boundary conditions ¢, (1=0)=4¢,(¢=0)=0. After
some algebra and recourse to Laplace transform, it can be demonstrated that the bulk M concentration
atany time t, ¢}, (¢), is determined by the following explicit expression

() el =l —fe® + fe ™ (14)
where ¢’ = ¢y, (1=0), oy (t > ©)=cy”, t =t/1,; isthe dimensionless timescale with 7,; =1/ (k;ps) the

lifetime of intracellular free metal M, and K, =7, /7,, is the stability constant of MP.; complex with

7y, =1/ kg; the lifetime of MPreg. The dimensionless factors f, involved in Eq. (14) are further defined by

4 -(@7) 1+ (1-a,)]
LT AK ()
where the (dimensionless) frequencies @, in Eq. (15) are given by

I ] e

o 1 o o

(15)

™\

N

The (dimensionless) timescale 7

o

involved in Egs. (15)-(16) is defined by 7, =7, /7,; with the time

constantz, (s) given by

. :(1+EML)(KL

Hint

j[l+(pMLBn)_] (1- £ )]13_—; (17)

while the dimensionless scalars ¢ and A, appearing in Egs. (15)-(16) read as

;:1+(1+1?ML)(%]13_—; (18)
2o ={1=[ 14 (P Bn)" /[ (pra B fa,M}}_l (19)

12
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, respectively. The physical meanings of z, and ¢ are thoroughly discussed in §2.2.3, together with the
implications of Eqg. (14) in terms of dynamics of metal bioaccumulation. Eq. (16) is obviously meaningful
for values of I?i, ¢ and 7, in line with a positive argument of the square root in Eq. (16) : a Taylor-series
expansion of that argument with respect to ¢ for the here-considered case of dilute cell suspension (

@ << 1) evidences that positivity of that argument is always verified. In Egs. (17) and (19), Bn is the so-

called Bosma number®® that compares the M diffusion conductance, a’lDM (m s1), and the M

(ms?

int

internalisation conductance Kk,

Bn=a"'D,, /(Kyk,) (20)

The extremes Bn™' <<1 and Bn™' >>1 correspond to a metal bioaccumulation process that is rate-limited

by M internalisation kinetics and M diffusional transport, respectively. The (dimensionless) quantity £,

in Egs. (17) and (19) depends on the cell volume fraction ¢ according to Eq. S1 given in SIt. For ¢ <<1, it

can be shown that f,, simplifies into the following expression that involves the ML lability parameter &
defined by Eqg. (6)

fon 229" (146K, €)1 (1+ 6K,y ) (21)

At t - o, the partitioning of free M between the solution and the intracellular volume of the bacteria

0

is fully equilibrated, and the resulting bulk metal concentration c}, (t —>oo) =cy;” involved in Eq. (14) can

be written in the concise dimensionless form

— -1 -1
C*,oc /C*,O — 1+ 1+_I<i 3(0 KHkim 1_ (pMLBn) f (22)
Moo 1+K, \1-¢ ak, 1+ (py Bn) ™

Given the expression (14) that defines ¢;, (t) , using Eq. (10) we finally infer that the concentration of M

at the cell surface, ¢, (t) , and the metal biouptake flux J, (t) (Eq. (9)) are formulated according to

A0 = L5 a0 k0 1) 2

For the sake of completeness, we report in Sl the expressions obtained for the surface concentration of

a,o

M at equilibrium, denoted as ¢, (z—>oo):cM , and for the intracellular concentrations of free and

complexed metal, i.e. ¢M(t) and ¢C(t) , respectively (cf. Egs. (52)-(S5) in SIt).

2.2.3. Bulk metal depletion: timescales and equilibrium situation.
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Equation (14) highlights that the bulk concentration ¢}, (t) of free metal M decreases over time
according to 2 exponential functions with associated timescales r, defined by 7. =7,,@;' where @, are
given by Eq. (16) that involves the time constant r, defined by Eq. (17). Interestingly, the decay of ¢;, (t)

over time featured by Eq. (14) is similar to the double exponential form adopted in [40] to describe the
time-dependence of bulk protein concentration following protein adsorption and uptake by spherical

resin beads. Realizing that z, <z_, 7z, and z_ feature the short- and long-term components of bulk M

depletion, respectively. We provide below a biophysical meaning of the processes having time constants

, , and we identify the situations where bulk metal depletion kinetics is controlled by both 7, and z_, or
by only one of these two timescales.

Absence of M excretion. For poorly-metal excreting bacteria, i.e. when M internalization is much faster

than excretion (i.e. &,/ k,, — 0, or equivalently {' =1, cf. Eq. (18)), it can be shown that the expressions

int

of 7, considered in the limits 7, /7,; <<1, 7, /7,; >>1, K, <<1 (weak MP; complex) or K, >>1 (strong

MPeg complex) reduce to

T, ~ min((r(;i' +7,; )71 ,To) (a)
e vmax((elee) ) ) 24

-1
The term (r;i‘ + r;}) pertaining to one of the two kinetic components of bulk M depletion is determined

by the only time constants 7,; and 7,; for the formation and dissociation of intracellular MPyc,

respectively, with the kinetic limits (Td]l +7, )_1 ~ 7, and (r;i‘ +7, )_] ~7,; applicable to weak and strong
MP.e; complexes, respectively. In contrast, the time constant z, (Eq. (17)) relevant for the other

component of the depletion process (Eq. (24)) is independent of the chemodynamic properties of MPieg:
it simply corresponds to the timescale for transferring M from bulk solution to the intracellular cell volume
prior to its sequestration by Prg. The relative contributions of the short and long-term components to the

overall depletion process, as identified by Eq. (24) for k, / k,, — 0, depend on the respective magnitudes
of f and f (Eqg.(15)) involved in the definition of ¢, (t) (Eq. (14)). Combining Egs. (24) and (15) with
r, =17,,@, , we demonstrate that bulk M depletion for &, / k,, — 0 in the limits 7, /z,; <<1, 7, /7,; >>1,
I?i <<1 or K >>1 systematically proceeds according to a single exponential decaying function of time
with a single depletion time constant, denoted as z,, that identifies with z, . The bulk M concentration

can then be approximated by

14



369

370

371

372

373
374

375

376
377

378

379

380
381

382

383

384

385

386

387

388

389

390

391

392

393

394
395
396

an(t)/ e = (1 - /ci&o)e_m“"' +eut ey (25)

where ¢;;” /c;f is defined by Eq. (22). Under the examined conditions, the presence of the intracellular
metal binding ligand P, does not affect the kinetics of bulk M depletion nor the equilibrium bulk
concentration of M, c;” / ci . Indeed, regardless of the magnitude of K,, ¢} / ¢}" necessarily tends to
0 value for bacterial systems where M excretion is insignificant, which is inferred from Eq. (22) taken in
the limit £,/ k,, —> 0.

Presence of M excretion. When M efflux pumps are operational (i.e. k,/k, #0), the resulting M

excretion tends to buffer the concentration of M in solution so that the maximum level of depletion

reached at ¢ — o necessarily decreases as compared to the situation where excretion is not significant:
this is in line with the increase of ¢;;* / ¢}’ with increasing k, / k,, at given K, as formulated by Eq. (22).

In addition, at fixed value of k,_/k,, , Eq. (22) evidences that c;;" /c;,}o now decreases with increasing I?i:

int 7
M depletion at equilibrium is therefore enhanced by intracellular metal complexation process. The latter

counteracts indeed the excretion-mediated buffering of bulk M concentration to an extent that depends
on the ratio (1+I?i)/(kC / k) thatis involved in Eq. (22).

For the case k, /k,, =0 or, equivalently, ¢ >1 (cf. Eq. (18)), we report in Table 1 the corresponding
expressions of 7z, for the relevant limits 7, /7,; <<, 7,/7,;>>(, K, <<1 and K, >>1 (Egs. (26a,b),

(27a), (28a,b) and (29a) in Table 1, respectively). These expressions constitute the analogues of Eq. (24)
for cases where M excretion is significant. The obtained results are obviously more involved as the kinetics
of metal depletion is now determined by the complex interplay between M excretion and internalisation

(as subsumed in ¢'), chemodynamics of MP.e; complex (via the time constants 7z,; and 7,;) and transfer
of M from solution to bacterial body (via the time constant ¢, ). The conditions underlying the applicability
of a mono-exponential decrease of ¢, (¢) over time with associated depletion time constant 7, (Eq.
(25)) are further identified in Table 1 for each limit considered (Egs. (26¢,d), (27b,c), (28c) and (29b,c)) and
the corresponding expressions of 7, , are also specified. In particular, for I?i <<1, bulk M depletion
kinetics is always captured by the single timescale z,,, =7, /¢, which is a factor 1/£ lower compared to

that discussed above for the situation where M excretion is insignificant: excretion thus decreases the
time required for M partitioning at the biointerface to reach equilibrium. In the extreme of infinitely fast

excretion (k, > or, equivalently, ¢ —), bulk M concentration is buffered so efficiently that
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oy /c]f,}o ~1 (cf. Egs. (21)-(22) for ¢ <<1), and M depletion then becomes insignificant. For strong Preg

complexant (I?i >>1) under conditions where the inequality 7, / { >>1 is satisfied, e.g. for k.7,; <<1 (cf.
Egs. (17) and (18)), 7,,, reduces to r,,, ~27,, /(1—41—4/?0), which is independent of the excretion

kinetic constant k. This is the situation where a sufficiently fast complexation of M by Pz bypasses M

excretion kinetics. The latter then becomes immaterial in defining the partitioning of M over time at the

biosensor/medium interface. The possible existence of two timescales r, for bulk M depletion kinetics

and the aforementioned contributions of M excretion and intracellular M complexation agree with
conclusions by Duval et al.'® and their numerical analysis of M partitioning at a metal-accumulating

interface in the scenario where metal complexation in solution is not significant. In particular, we verified
that Eq. (22) (or equivalently Eq. (30) reported below) in the limit I?ML =0 (absence of metal-complexing
ligand in solution) correctly reproduces the ratio ¢;” /c{{i0 evaluated in Ref. [19] under the conditions
where cell electrostatics is screened and linear Henry bioaccumulation regime applies, i.e. K, / ci, (z) >>1
where K, relates to the M affinity for the metal transporter sites at the bacterial membrane. Under such
conditions, we further checked that the characteristic depletion frequencies @, evaluated from Eq. (16)
for strong Prg complexant (i.e. I?i >>1) properly compare to values obtained from Eq. (36) in Ref. [19]

valid for K, >>1.

Effects of extracellular metal speciation and cell concentration on biointerfacial partitioning of metal
species. The formulations obtained above for ¢;;” /c;:f (Eqg. (22)) and for the time constant z, (Eq. (17))
appearing in the defining expressions of both 7, and 7., (cf. Eg. (24) and Eq. (26)-(29) in Table 1),
evidence that bulk M depletion kinetics is intrinsically controlled by: (i) the nature of the process that
limits the rate of metal bioaccumulation, as evidenced by the involvement of Bn™'(Eq. (20)), (ii) the
chemodynamics of intracellular MPreg complex, via involvement of 7, ; and I?i, (iii) the efficiency of M

internalisation compared to excretion, via involvement of the ratio Kk, /(ake ) , (iv) the thermodynamics

nt
of extracellular metal speciation, via the dependence of Egs. (16)-(22) on ML stability constant I?ML, and
finally (v) the bioavailability of ML complex, via the lability parameter £ which enters the definition of

Py and foy (cf. §2.2.1 and §2.2.2). Substituting the defining expressions of p,, (cf. below Eq. (5)) and
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Considered limit Corresponding expressions of z, and 7,
.27, /¢ (a)
T RTy; /(1+I?i /.,/)
K,
7, /7, <<¢ 7, for (é, ) <<1 (¢)
(K +<)(4,
Tyl = _ Eq. (26a-d)
K,
z_ for (C: ) >>1 (d)
(K +¢)(48 1)
2
/7 >>¢ T, =27,/ 1+—K +|1=£ K__l / 1—i K‘_ <
' - ' 1+K, 7, \1+K, T,
r =1,/ forK, <<1 (b)
Tyt = _ Eq. (27a-c)
dert = ( /1——] for K; >>1 (c)
T, =17, (a)
K; <<1 r =1, /g (b) Eq. (28a-c)
Tdepl =7
_ i
[ 2}{1+§j+é[1i(§ ;J/ /1—%} (a)
K >>1 +<) o) K o t¢ (7, +¢)
T_ 4/1 or 7, >> b
Toepl = ) ¢ 0 Eq. (29a-c)
T NT, /é’forr <<¢ (c)
427
428  Table 1. Expressions of the time constants 7, =7,,@.' involved in the decay of bulk M concentration with time
429 (Eq. (14)) within the limits specified in the left column where M excretion is accounted for (i.e. k, !k, #0or¢>1
430 (Eq. (18)). The (dimensionless) frequencies @, are defined by Eq. (16), and the timescale 7, =7,7,; (s) by Eq. (17).
431 K = 74,/ 7,; is the stability constant of intracellular MP ., complex, with 7,; and 7,; the lifetimes of MP, and
432 intracellular M, respectively. The conditions (if any) required for the existence of a smgle bulk M depletion timescale,
433 T4 » @re further specified wherever necessary together with corresponding expressions of 7, . See text for details.
434
435 fum (Eq. (21)) into Eq. (22), we show that oy /c;‘,‘l0 depends on the descriptors of processes (i)-(v) listed
436 above according to the explicit expression valid for ¢ <<1
o . Bn™' v 3Kk, 1+K,
437 e ey 2| 1- =L ¢ _ /(1 ot (p] (30)
1+(1+6KML§) Bn™ 2(1+5KML) ak, 1+Ky,
438  Similarly, substitution of p, and f,,, into Egs. (17)-(18) leads to the following expression of the
439  timescale 7, /¢ (which identifies to 7, fore.g. K, <<1, cf. Table 1) in the dilute limit ¢ <<1
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- 3/2+eK,, (1+&£/2 :
7,/ ¢ =41+ Bn_ - +oRu (1+6/72) " |/ ke+—3KH]E“‘ @ (31)
1+&K,, & 1+¢&K,, a(1+K,,)

We discuss specifically in §2.2.4 how ML lability (£) and bioaccumulation kinetics (Bn™") impact M
depletion thermodynamics and kinetics (Egs. (30) and (31), respectively), and we analyse here the effects

connected to M speciation in solution (I?ML) and to changes in the cell volume fraction ¢. Briefly, Egs.
(30)-(31) evidence that both ¢;;" /ci and 7, /¢ increase with increasing K, (= KMLc;) (up to leading-
order terms in I?ML) at fixed @, meaning that extracellular metal complexation acts as a buffer of bulk M
concentration. In turn, increasing K,, at fixed concentration ¢, of L (which is realized in practice by

changing the nature of the ligand L) or increasing ¢, at given K,, leads to a reduction of M depletion at

equilibrium and to an increase in the delay needed to achieve this equilibrium. The effects caused by
extracellular M speciation on bulk M depletion are therefore opposite to those caused by intracellular M
sequestration by Pr.. The retardation of the equilibrium situation upon increasing ML stability agrees with

the conclusion by Pinheiro et al.’® formulated for microorganisms devoid of intracellular M chelator (i.e.
I?i — 0) in the absence of M excretion (i.e. k£, — 0), and Egs. (30)-(31) taken in these limits correctly
reproduce Egs. (13)-(14) given in Ref. [15] for media where L is absent (i.e. I?ML — 0). In addition, Egs.
(30)-(31) provide a rationale of the (intuitive) connections existing between the equilibrium level and

*0 decreases with

kinetics of M depletion, and the concentration ¢ of biosensors, that is : ¢;” / c};

increasing the amount of M-accumulating bacteria (cf. the leading order ¢-term in Eq. (30)), and
increasing ¢ fastens the depletion process (cf. Eq. (31)). Finally, we infer from Eq. (30) that the conditions
marking a significant depletion of M from bulk solution can be formulated by the inequality ¢ > ¢*, where
@" is the critical cell concentration that depends on the relevant parameters of the problem according to

. ak, 1+K,,  d’k, 1+K,

e c

T3K,k, 1+K, 3D Bn' 1+K,

H™int

(32)

4

and the second equality in Eq. (32) follows directly from the definition of Bn™' (Eq. (20)). The opposite

roles played by the intra- and extracellular ligands L and P in terms of effects on depletion at equilibrium

are reflected by the ratio (1+12ML)/(1+IZ) :the larger I?ML is, the higher is the concentration of bacteria

required to deplete a given amount of M, and conversely for I?i. The buffering of M concentration in

solution by excretion process is also correctly captured by Eq. (32): the more efficient is excretion (i.e. &,
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is high), the larger becomes the concentration of bacteria needed to achieve a given M depletion level,

and conversely for high £, .

2.2.4. Metal bioavailability.

. *,00 0
The expressions of ¢;” / cy;

and z, /¢ given by Eqgs. (30)-(31) depend on the ML lability parameter
¢ which qualifies and quantifies the nature and magnitude, respectively, of the contribution of ML

complex to the M bioaccumulation flux, with the differentiation between inert and dynamic ML (=0

and & =0, respectively) and, if dynamic, between non-labile and fully labile ML (&£ z\//?j / 5[2ML and £~1

, respectively), as explained in §2.2.1. The quantities c;;” /¢y’ and 7, /¢ further reflect the extent to

which M bioaccumulation is kinetically determined by M internalisation and/or M diffusion process,
depending on the magnitude of the reciprocal of the Bosma number Bn™' (Eq. (20)) compared to unity.
We summarize in Figure 2 all conditions invoked in §2.2.1 that must be verified for ML complex to be
inert, dynamic, and non-labile or fully labile, while replacing them in the relevant limits Bn™' <<1 and
Bn™' >>1 where biouptake is controlled by M internalisation and M diffusion, respectively. For each case
considered across the spectrum of speciation and bioaccumulation dynamic scenarios, we report the
corresponding limits of Egs. (30)-(31) pertaining to c;* / ¢}’ and 7, /¢ (Egs. (33a,b)-(36a,b) in Figure 2).

I.%> valid under the strict conditions where metal

Figure 2 thus extends the results by Pinheiro et a
excretion and intracellular metal complexation were ignored, and they provide a so-far missing overview
of the expressions that govern metal depletion over time for all relevant limits of speciation and
bioaccumulation dynamics.

For internalization-controlled bioaccumulation ( Bn™' <<1, case o in Figure 2, Egs. (33a,b)), there is
no limitation of the biouptake by M diffusion, the only free M concentration is relevant to the biouptake

and L simply acts as a buffer for the free M concentration in solution (§2.2.3). This is the conventional

situation treated by BLM where the surface concentration of M, c,,, is a priori assumed to equate with
the bulk M concentration, ¢;,, which actually corresponds to Eq. (23) taken in the limit Bn'=0.In

situations where bioaccumulation rate is limited by M diffusion ( Bn™' >>1), the extent of ML dissociation
within the timescale 7 for steady state diffusion of M to the biosensor surface becomes relevant to
discriminate inert from dynamic ML complexes. The conditions fulfilled by inert and dynamic ML are then
formulated by Egs. (7) and (8). For inert ML (case Q in Figure 2, Egs. (34a,b)), expressions of ¢;* /¢y

and 7, /£ basically merge (up to leading order terms in ¢ ) with those derived for case o on the premise
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that there is no concentration gradient at the biosurface, i.e. ¢, =c}, or, equivalently, Bn' —0. For

dynamic ML (corresponding to x, >>1) the distinction between non-labile and fully labile ML complex
(cases 9 and @, respectively) is tied to the applicability of the inequalities 1 <<k, << (d?ML)(l + 5[?1\41)

and K, >> (gI?ML)(1+gI?ML), respectively. The contribution of non-labile ML to bulk M depletion and M

transport is dominated by ML dissociation kinetics (case e, Egs. (35a,b)). In the limit of fully labile ML,
ML dissociation kinetics is so fast that the contribution of ML to M bioaccumulation flux is entirely
governed by ML diffusion from bulk solution to the M-accumulating biointerface.

Bn' = Kyk,, /(a"Dy)

mt

<<1/\>>1

M biouptake flux M biouptake flux
controlled controlled
by M internalisation kinetics by diffusion of M
Eqs. @ (BLM) ;
® (333'b) 9 —1Kvk kacl.rss > k(ifss
r“/g’zl/['?—[?“"mgo+ke} (a)
+ &y - << 1 >>1
o f et I{H l1+£(, [BKqum ]gp} (b) N :nte:rt ML Dynamic ML
+K,p \ ak, Po=1l i _ = - _ s —
and §f-0i9 l<<k, <<sKm(1+£Km) K, ><‘9K)[L (1+3Km)
— ~
L+ B [1-{1+1/[2(14 2Ky ) ]} 0" | Non labile ML Labile ML
T,/{ = = D zl+\/E_ p, =l+ekK
36{ KHka k (a) o — i o o ML
1+K,, o+k, and £~ \/E/I({;KML) (=<1) and & Tl
1/3 - i i
s /[2(1+Rs )] X I} 0
YLK 3Kk, ; |
1+ K, ak, i E if
Egs. (34a,b r B o T
TS B 1R ) 1 BT (130 12)
I+ ——|1-| 1+ X2 " Jrn 1tEKy
1+./k, 28K, Ty G = (a)
p /é« a3 Ay (a) 3a KHkull gp-{-k
& 3[1_1K]1k- 1+ K. €
7_""@_,_,(—& ML
1+ Ky Bn lf(l-t—e]zm) "
Eqgs. (35a,b) Buli(2eR 1- : =
& ( & Mr) 13 1+Bn /(l+5K, ) 2
b RS o168 (b)
+Bn + K, M g (3
c:i:t /C:io ~ — (b) l+ 1+£<1 = KHkml
o L K (3K, 1+ Ky | ak,
1+Em, ak, Eqs. (36a,b)

Figure 2. Conditional applications of the possible scenarios in terms of dynamics of metal bioaccumulation, and
related contribution of ML complex to M biouptake flux (J, ). Scenario o applies when bioaccumulation is limited

by M internalisation kinetics without any resulting ML contribution to J . Scenario Q, e and o refer to cases

where M bioaccumulation is limited by M diffusion from bulk medium to the biosensor surface. More specifically,
unlike cases 9 and 9, case Q is that where ML does not contribute to the M biouptake flux (inert ML). In cases
9 and e, the contribution of MLto J is determined by ML dissociation kinetics (non-labile ML) and ML diffusion

(fully labile ML), respectively. For all cases, the expressions of c¢y;” /c;,io are provided together with those defining

the time constant 7, / £ which corresponds to the M depletion timescale for weak intracellular MP,, (cf. Table 2).
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The timescale 7, =a’ / D,, in Figure 2 refers to the steady state diffusion of M from solution to the accumulating
biointerface. The Biotic Ligand Model (BLM) assumes equilibrium between metal affinity in bulk medium and at the
biosensor surface (i.e. ¢, (¢)=cy, (¢), cf. Eq. (23) for Bn™' —0), which corresponds to case @. Al parameters
are defined in the text and glossary of symbols. See text for details.

Using Egs. (30)-(31), in Figures 3A,B we report computed variations of z, /¢ as a function of Bn™

and ML lability & . For the sake of comparison, predictions from the relevant limiting expressions specified

in Figure 2 are further reported. With increasing Bn™', 7, / ¢ decreases at fixed &, meaning that it takes
less time to deplete a given amount of M when switching from internalised-controlled to diffusion-
controlled M biouptake, which is line with a faster biouptake process achieved by increasing Bn™'. For
diffusion-controlled M biouptake (i.e. Bn™' >>1), increasing ML lability & leads to a decrease in .,/ M
depletion thus becomes faster when the contribution of ML to the uptake flux increases, i.e. from the
non-labile to fully labile ML situations. Figure 3C further illustrates the expected decrease of ¢y, / c;;’ with
increasing Bn' at fixed cell concentration or, equivalently, with increasing ¢ / ¢ (where ¢" is defined by
Eg. (32)). The new feature is that the impact of ML lability & (which includes the variables ¢K,,, and &,
, cf. Eq. (6)) on c;;” /¢y is very moderate, as judged from the similarity of the curve computed for &=0.5
and those corresponding to the extremes of inert and fully labile ML complex (not shown). This result can
be understood from inspection of Egs. (30) and (34b)-(36b) where quantities ¢K,, and K, are

systematically involved in ¢ -dependent terms that are much lower than unity. In turn, ¢;;* / i’ (Eq. (30))

basically reduces to the simple expression ¢;;" / ¢}’ z(1+¢7/¢;* )71 with ¢ /ey’ =1/2 for ¢ /¢" =1, in
agreement with Figure 3C.

The buffering of bulk M concentration by ligand L in solution (as explained in §2.2.3) is illustrated in
Figure 4A and Figure 4B by the increase of z, /¢ and ¢;;* / c;;’ with increasing K,, at fixed values of &
and Bn™', respectively. Figure 4 further reveals that the magnitude of this buffering effect is reduced as

biouptake becomes increasingly controlled by M-transport (increasing values of Bn'), in line with the

decrease captured by Figures 3A,B for 7, /¢ when lability of ML increases. Finally, Figures 3-4 support
the consistency between the results derived on the basis of Egs. (30)-(31) and those obtained with the

approximate Egs. (33)-(36) within their applicable ranges of Bn'and & values (cf. Figure 2).
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Figure 3. Variations of the time constant z, /£ (A,B) and (dimensionless) bulk M concentration at equilibrium,
o /c;}O (C) as a function of Bn' defined by Eq. (20) (A), ML lability parameter ¢ (Eq. (6)) (B), and normalized cell
volume fraction @ / ¢" where ¢" is given by Eq. (32) (C). Model parameters if not specified in the figure: I?ML =10
,9=10", =1, a=1pum, D, =10° m*s, k, =0 in(AB), k, =10*s?and K, =10 in (C). The solid lines are
predictions by Eq. (31) and Eq. (30) for 7, /¢ (A,B) and ¢;” /cKA’O (C), respectively. Dotted lines refer to results

s

obtained with the expressions of 7, /£ and ¢};” /cMO given in Figure 2 for internalisation-controlled M biouptake,
inert ML, non-labile ML and/or fully labile ML (specified in Figure 3). Orders of magnitude for selected values of ¢,

k, and [Z conform to experimental data on Cd-excreting bacterial® and intracellular Cd complexation by

metallothionein.'®

22



526
527

528

529

530

531
532

533

534

535

536
537

538

539

540

102 1
A Bnl= 0.1/ B
/ 0.8
—~ 10 s
& 1 *UE 0.6 Bn'l =0.1
h 107 8\ 1
° ~s 0.4
= s e 10
—_/’/103— O 2 102
4/ al
101 0
4 0 _ .1 2 0 2 4 _ 6 8
Log (K, ) Log (Ky,)

Figure 4. Variations of the time constant z, /¢ (A) and bulk M concentration at equilibrium ¢};” /c;f (B) as a
function of dimensionless ML stability constant, K,, =K, c;, for different values of Bn™' (indicated). Model
parameters if not specified in the figure: ¢ =107, ¢=1, a=1 um, Dy, =107 m?s?, £=0.5, k, =0 (A) and
k., = 107 s (B), I?i =10 (only relevant in (B) because z, /¢ is independent of I?i, cf. Eq. (31)). The solid lines are
predictions by Egs. (31) and (30) for z, /¢ and cy;” / c;;’, respectively.

3. Connections between metal partitioning dynamics at the biosensor/solution interface and
bioluminescence signal.
3.1. Theoretical formulation.

In the situations where M depletion from solution is insignificant (i.e. for @<<¢"), the

bioluminescence Lum'® (in counts s*) generated at time t by the bacterial metal sensors present at the

(time-independent) concentration ¢, = ¢ / ¥, can be written in the form?

Kk,

int

v (l—kHSacB)
1+(1+ 6K, &) Bn

Lum"” (t,c;f,EB’p (Z)) =ybc, [F(t) ®cy, (t)] (37)

where the symbol ® is the convolution product, and we recall that the initial bulk concentration of free
M, ¢, obeys the relationship o =c§,‘ﬁ /(1+I?ML) where ¢, is the total bulk metal concentration

(including M and ML species). We have specified in Eq. (37) that Lum'” depends on time t, on the relevant

bulk concentration of free metal, c;j’ , and on the dimensionless time-dependent concentration Cop (t)

of photoactive cells, also termed cell photoactivity.?? This concentration is defined by [ (Z) =Cy,, (t) / c];“;x

max

, where ¢, (S cB) is the maximum number density (in m3) of photoactive bacteria the medium can

sustain depending on the available resources therein required to convert internalized metal ions into light.
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For medium compositions that exclude toxicity towards bacteria, ¢, (t) is an increasing sigmoid-like

21-23

function of time, independent of M concentration, with initial and end values EBwp(t:O):O and

Cp,p (t —>oo) =1, respectively. Under such conditions, an increase in the total cell concentration ¢, leads

to an increase in the concentration of photoactive cells. As a first-order approximation, this connection is

written in Eq. (37) according to the linear relationship C{;;X =0c, with 0<@<1. We recall that the
function ¢, (t) , originally introduced in Ref. [22], is inspired by the modelling work of Delle Side et al.**

on bacterial bioluminescence onset and quenching. In their work, these authors proposed a model to
disentangle the roles of cell growth and quorum activation in shaping the bioluminescence signal
produced constitutively by cells. In turn, adaptation of their treatment to metal-sensing bacteria?? allows
to differentiate between the total concentration of bacteria in the medium (taken here constant over
time) and the time-dependent concentration of photoactive cells. Obviously, the physiological state of the
bacteria is crucial in defining cell capacity to convert chemical information (e.g. the internalized M) into
bioluminescence. This physiological state and the related cell metabolic activity at time t depend on the

nutritional resources available in the medium. Both are effectively reflected by the magnitude of ¢, | (z) ,
with ¢, (#)=0 and ¢, (¢) =1 pertaining to photoinactive and fully photoactive bacteria, respectively. As
detailed elsewhere,*! the quantity ¢, (1) may be equivalently interpreted as the (dimensionless) number

of photoactive cells at time t with each of these cells maintaining a constant bioluminescence yield, or as

a time-dependent bioluminescence yield that applies to all cells present in the medium.

The term (1 —KHSacB) in Eq. (37) corrects the free metal concentration ¢}’ for the amount of M that is
passively adsorbed at the biosensor surface (this metal fraction does not contribute to the
bioluminescence signal), with KH (in m) the adsorption constant in the here-considered linear Henry

adsorption regime. Passive metal adsorption at bacterial surfaces is usually fast compared to

15,16,30

internalisation and M depletion, which leads to a fast-initial decrease of bulk M concentration, in

agreement with electroanalytical measurements!® and formulation in Eq. (37). The resulting quadratic

dependence of Lum'” versus ¢, i.e. Lum® ~ ¢, (1-K,S,¢c, ), has been validated by experimental data.*?
Eq. (37) holds for the practical case ¢ >> ., Where t typically exceeds hours and 7, (~min) is the
characteristic duration of photon emission by luciferase-luciferin complexes.?? In Eq. (37), v is defined by
W= kﬁ’aVTkkaz'qu;il (in counts st mol™ m°) , with S, the surface area of an individual biosensor, &, (counts
st mol?) is the kinetic constant for photon emission per mole of luciferase, &, (mol ms™) is the kinetic
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constant for luciferase production, and K, (mol m?)is the Hill constant that relates to the affinity of the

#,0
KH kinth

— - in Eq. (37) simply corresponds
1+(1+2K,, &) Bn'

promoter for the MPg; complex (Figure 1). The term

to the steady state M biouptake flux in the absence of metal excretion (cf. Eq. (23) taken at t = 0). The

dimensionless function F(t) in Eq. (37) is defined by Eq. (16) in our previous report?? and it reflects the

rate of variation of luciferase concentration with time, which is mediated by the dynamics of M
partitioning at the biosensor/solution interface and by the kinetics of the intracellular processes leading
to the expression of the reporter gene (/ux). For practical situations of strong intracellular metal-chelators
Preg (K, >>1) that significantly bypass M excretion (i.e. k,,; <<1) and for kz,, <<1 with £ (s) the

effective kinetic constant associated with the inhibition of luciferase production and/or activity, we have?

F(t)= (1= /he) [ = (ke 1 b, )e ' ] (38)
where k,; (s)is defined by & =k, /{12 [1"‘(1"'51?1%5)4 Bn”}} 2

Under conditions where bulk metal depletion is significant, i.e. for ¢ ~¢" or ¢>¢" (cf. §2.2.3),

following the bioluminescence modeling scheme detailed elsewhere?? and correcting it for the

dependence of bulk M concentration on time, we straightforwardly obtain for the bioluminescence signal

KHkintC;/}O (l_kHSaCB) e (t)_
Lum(t)=ybc, - F(1)®|| ~52¢,, (1) (39)
1+(1+&K,, &) Bn Cn

where the ratio ¢y, (7)/ ¢y, is defined by Eq. (14) whose limits are specified in Figure 2 for the relevant

denoted as Lum(t)

scenarios differing in terms of M bioaccumulation and speciation dynamics. For ¢;, (t)/c;f =1, Eq. (39)

correctly reproduces the non-depletive situation covered by Eq. (37). In cases where M depletion kinetics

is determined by a single time constant 7, (cf. Eq. (24) and Table 1), we argued that Eqg. (25) reproduces

correctly the time-variation of c;, /c;’. Then, substituting Eq. (25) into Eq. (39) we show that the

expression of the bioluminescence signal Lum(t) with account of bulk M depletion can be written
Lum(t) = Lum" (t,c,tf +Cap (z)) + Lum™ (z,c;,}o —cr e Coy (t)) (40)

where Lum'” (1,x,y) is given by Eq. (37), and x and y are dummy arguments referring to bulk M

concentration and cell photoactivity, respectively. Equation (40) explains how the bioluminescence signal

Lum(t) is impacted by the kinetic and thermodynamic determinants of bulk metal depletion. Namely,
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Lum(t) can be viewed as the sum of two terms: the first term, Lum'” (t, c;f,EB,p (t)) , corresponds to the

bioluminescence signal that would be obtained in the absence of M depletion but with setting the bulk M

o

concentration to x =¢,;” and the (time-dependent) cell photoactivity to y:EB)p(t), while the second

*,00 —t/ Taepl =

term Lum" (t,c;f—cM e cB,p(t)) pertains to the signal in the absence of M depletion with

1/ Tepl —

x=c'—cy” and y=e [ (t) The underlying modifications of the bioluminescence signal due to

metal depletion are detailed in the next sections by analysing the dependence of Lum(t) on cell volume

fraction and concentration of metal-binding ligand in solution.

3.2. Effects of cell volume fraction on the bioluminescence signal Lum(t) .

Figures 5A,B illustrate the changes of the bioluminescence signal caused by bulk M depletion upon

increasing cell volume fraction ¢. The focus is given here on the analysis of the contribution of the only
convolution product in Eq. (39). For that purpose, results in Figures 5A,B are reported in the dimensionless

form M(t) | Lutima

. with m(t):Lum(t)/[cB (l—kHSaCB)J and Lumms| _ is the maximum of

P<<Lp P<Lp

the bioluminescence signal Lum(t) reached in the absence of M depletion, i.e. at ¢ << ¢*. Accordingly,

the ratio M(t) | Lutima

. basically reflects the (normalized) bioluminescence produced by a single
0<<p

biosensor. For the sake of demonstration, we adopt a S-shaped increase of the cell photoactivity ¢, (t)

with time (red dotted curve in Figures 5A,B), and we introduce the characteristic timescales T hotosctivity and

7, atwhich ¢, () features an inflexion point and deviates significantly from 0, respectively. As detailed
elsewhere, 7., marks the onset of bioluminescence increase with time and it is essentially controlled by

cell metabolism and nutritional quality of the medium.?*%3

Starting from the situation ¢ << ¢", increasing ¢/ ¢" leads to a decrease in bulk M concentration

from ¢}’ to ¢ within the period ~ Tiepl (Figure 5A). If this depletion is completed before cells become

photoactive, i.e. for 7, / 7,,, <<1, the second term in Eq. (40) is 0, and the bioluminescence signal at any

t will simply decrease by a factor ¢;;” /c;‘,}o ~1 /(1+(p/ go*) (Figure 3C) as compared to the signal obtained

under non-depletive condition (Figure 5A). The bioavailable metal concentration perceived by the

biosensor (i.e. ¢;;”) can then significantly differ from the one prevailing at =0 (i.e. ¢;;’) depending on

the magnitude of the ratio ¢/ ¢".
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In cases where ¢, /7,,~1 (Figure 5B), the second term in Eq. (40) contributes significantly to

Lum(t) .Inturn, for values of ¢/ ¢" underlying a significant bulk M depletion, the overall dependence of

the signal on time differs from the one that holds under non-depletive condition (Figure 5B). In detail,

while the maximum of the signal decreases with ¢/ ¢" as a result of decreasing c;” / ¢}, the position

t... marking that maximum is now shifted to lower values with increasing ¢/ ¢" . This shift is due to the

max

crosstalk between activation kinetics of cell photoactivity (~1/7,,,) and M depletion kinetics (~1/7,,, ),

as subsumed in the second term of Eq. (40) (cf. the respective positioning of the blue and red dotted
curves in Figure 5B, and cf. Figure S1 in SIt for further details). This crosstalk implies that a biosensor will

probe at time t a larger metal fraction as compared to the situation where 7, /7, <<1.As a result, the

extent of decrease in Lum(t)/Lummax . with @/ ¢" will be lower than that pertaining to the situation

P<<p

Tyt / Toigt << 1: this finding is illustrated in Figure 5C where Lumme / Lumma ot is plotted versus ¢/ ¢"

in the situations 7, /7, <<1 and z,, /7, ~1. Refined analysis of the dependence of 7, on ¢/¢"

(Figure 5D) indicates that: ¢ _ first decreases with increasing ¢/ ¢" due to the aforementioned crosstalk

between decay of bulk M concentration and increase in cell photoactivity over time, then 7, reaches a
minimum and finally increases at sufficiently large ¢ / ¢ towards the value achieved in the absence of M

depletion. The latter increase of 7 with ¢/ ¢" is explained by the corresponding change in Ty - the

largeris @/ ¢", the faster the depletion process becomes (cf. Eq. (31) and §2.2), and for ¢/ ¢" >>1 bulk
M depletion can therefore reach equilibrium before cell photoactivity has significantly increased.
Accordingly, at sufficiently high ¢/¢" the overlap between the time windows over which ¢}, (7)

decreases and ¢, (¢) increases becomes considerably reduced, and ¢, then necessarily returns to the

values that hold in the absence of M depletion, i.e. for ¢/ ¢" <<1 (Figure 5A). This also explains why the

ratios Lumimax / LuiMmax _evaluated at sufficiently high ¢/ ¢" under the conditions of Figures 5A and 5B

<<
are similar (Figure 5C).

Finally, in the trivial situation 7, / 7, >>1, bulk M depletion is so sluggish that cell photoactivity has

increased from 0 to 1 well before bulk M depletion started. A biosensor then essentially ‘feels’ the initial

M concentration ¢, and the corresponding signal Lum(t) will remain independent of bulk M depletion

(i.e. @/ ¢", Figures 5C,D). Last, we mention that the shapes of the signals given for ¢/ ¢" <<1in Figures
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5A and 5B are different because the transition between ¢, / 7,,, <<1 (Figure 5A) to z,, / 7, ~1 (Figure
5B) is realized here by decreasing the excretion kinetic constant %, (which slows bulk M depletion down,
cf. §2.2.3) while maintaining the value of z,,, identical in Figures 5A and 5B. In turn, the time-dependence

of F(¢) in Eq. (39) is modified and, therewith, the shape of the signal Lum(r), as detailed elsewhere.”?

Taept/ Toiol << 1 Taept/ Toiol ~ 1
® d 1 x 1
S S
v \ Pral 4
— 0.8§% S 0.3/ 03}108°—~ — 08
3 7 ;1 S
£ f\ E
|E 06§ \_ 0.6 |E 0.6
S Lo F1 1 o, |3
SO | 7 = 2
— 0.4} /// \\ 04 = = 04
= / =
g N 7/ 3 3 Py 3
|= 0.2l /// \ L0.2 =2 |= 0.2
~ 10 10 e I
0! -0 0/
0 t—Tr 0.5 1 15 2 25 o 1os 1 15 2 25
" "hiol t/Tphotoactivity = hiol t/ Tphotoactivity
1fp---—-----mmmmmm——g—— - 1.7
\ Tdepl /Tbio! >>1 e i g s s o
* \
\Z 0.8 :‘Q\ » L6} Tept/ Thiot << 1 OF >> 1~/ »"...u"""
_S \ 3 o i
8 06l & 8 15]\ y
EE Tl W e/ B~ 1 C g ; Tgep!/ Tojo1~ 1 ’,‘ D
| 3 . | b ¢
~ 0491 P & 144 .
~ v R ~ & P
x L § x L P
© [} © ®
I i BN
|3 olfien /B << 170920000000 004 1.2
0 5 10 15 20 25 30 0 10 20 30 40 50
o/ ¢* o/ ¢
Figure 5. lllustrations of the dependence of the dimensionless bioluminescence signal Lum(l‘) [ LuMimax , on
p<<g

time (evaluated from Eq. (39)) for different normalized biosensor concentrations, ¢/ ¢@" (indicated), in the

situations 7., / 7, <<l (A)and 7z, /7, ~1 (B). 7, isthe timescale for depletion of bulk M concentration

(it dependson ¢/ ¢") and 7., marks the onset of the increase in the concentration ¢; | (t) of photoactive cells

with time (red dotted curves). The time axis is scaled by 7 which is the time at which EB,p (t) features an

photoactivity
inflexion point. Blue dotted curves represent the time-dependent (dimensionless) bulk M concentration,
oy (t)/c;,io, evaluated for each selected ¢/ ¢" (Egs. (14)-(22) or, equivalently, Eq. (25) under the conditions
adopted in this figure). The (dimensionless) maxima of bioluminescence signals and their time-positions,
Lax | Tonownctiviey » UNer the conditions adopted in (B) (where 7., /7., ~1) are reported in (C) and (D),

respectively. We further provide in (C) and (D) the (dimensionless) signal maxima and associated ¢___ /z'photoactivily

, respectively, as a function of @/ ¢@" in the extremes z,., /7, <<l and 7, /7., >>1 (indicated). Unless
otherwise specified in the figure, adopted model parameters are: I?ML =10, e=1, a=1pum, D, = 107 m2s

L Bn'=0.1, E0, K, =10, 7,,=0.1 s, kz,,=10", ¢ =15 h, k,=107s1 (A), k, =107 1

photoactivity
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(B,C,D). The expression adopted for F () in Eq. (39) is defined by Eq. (16) in Ref. [22]. In (C) and (D), the dotted

lines connecting symbols are guides to the eye.

in

photoactivity

In Figures 6A,B, we replot Figures 5A,B in the form Lum(t)/(l//ﬁcm) (in m?) versus ¢/7

order to investigate how the signal (and its amplitude Lum__ ) produced by the ensemble of bacterial

sensors are affected by the ratio ¢/ ¢", with account of the ¢ -contributions stemming from both the
convolution product and its prefactor in Eq. (39). Results are first analysed for situations where passive M
adsorption on the surface of the biosensors is insignificant, i.e. K, =0 or, equivalently, ¢, =0 with ¢,

the (dimensionless) passive adsorption coefficient defined by ¢, = KHSa V.

In the case 7, /7, <<1 where the time-position ¢ of the bioluminescence peak is independent

of ¢/ ¢" (cf. Figures 5A,D), an increase in ¢/ ¢* now leads to an increase in Lum(t)/(w&c;&i) (Figure 6A),

and at any t this increase amounts to a factor Lum, W/Lum >1) relative to the signal at

‘max max (p<<(/)* (

@/ " <<1. This modification of the signal contrasts with the one discussed using the representation

Lum(1) / T

_ selected in Figure 5A. This is so because the quantity Lum(t)/(l//ecm) includes the

P<<L@
balance between two opposite effects generated on bioluminescence when increasing cell concentration

at ¢,,, =0, namely: an increase of bulk M depletion with a resulting decrease of the signal (as specifically

analysed in Figure 5A), and an increase in the number of light-emitting cells with a resulting increase of

the bioluminescence, which is the dominant effect in Figure 6A. For 7, / 7,,, <<1, it is easily shown from
Eq. (39) that Lum,_, scales with ¢ according to

Lum,_, ~(o(1—gads¢)/(1+(p/(p*) (41)
Equation (41) makes it transparent that linearity between Lum_, and ¢ is conserved on the premise that
p/p <<1 and g,¢<<1. Eq. (41) further conforms to the Lum,_ /(l/lﬁc;ﬁ) data provided in Figure 6C
for ¢, =0, with a linear increase of Lum,__ /(y/ac;ﬁ) when increasing ¢/ ¢" in the range ¢/ ¢" <<1,

and a plateau value (proportional to ¢") reached at ¢/ ¢* >>1. The denominator and numerator in Eq.

(41) taken in the limit £ @ <<1 capture the balance between the two opposite effects induced on the

ads

signal when increasing cell volume fraction. This balance is obviously modified by M passive adsorption,

which is evidenced in Figure 6C where Lum_ /(z//ec;ﬂ) is reported as a function of ¢/ ¢ for increasing

values of ¢, . In agreement with Eq. (41), Figure 6C shows the quadratic dependence of Lum_ on ¢/ ¢
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for ¢/ ¢" <<1 and sufficiently high &,

a

«»and alinear decrease of Lum_, withincreasing ¢ at ¢/¢" >>1
(with slope —¢,,.0").
For the situation ., /7, ~1 (Figure 6B), the signal Lum(t)/(l//@c;:/ﬁ) is characterised by a shift of

the position ¢ of the maxima with varying ¢/ ¢" (as explained in Figure 5D) and by a non-monotonous

X

variation of the signal maxima with increasing ¢/ ¢" (cf. black and coloured curves in Figure 6B). In detail,

for ¢, =0, Lum_,  increases with ¢/¢", reaches a maximum, decreases before slightly increasing to

X

finally reach a constant plateau value at ¢/ ¢" >>1 (Figure 6D). The existence of such a maximum in the
representation Lum,_,_versus ¢/ ¢ is-together with the companion dependence of ¢ on ¢/ ¢ (Figure

5D)- the signature of the significant crosstalk discussed in Figure 5 between activation kinetics of cell

photoactivity and M depletion kinetics for 7, / 7, ~ 1. This crosstalk allows indeed cells to ‘feel” a larger

bioavailable M fraction as compared to the situation where M depletion would be completed well before

Cy, (2) starts to increase over time. At sufficiently large ¢/¢", z,,, becomes lower than 7., and the

bulk M concentration probed by the biosensors then gradually reduces to ¢;;” / ¢} =1/ (1 +@/ (o*) so that

Lum__ then reaches the plateau value that would hold in the absence of M passive adsorption, in

max

agreement with Figure 6D and Eq. (41) taken in the limit ¢/ ¢ >>1. The slight increase of Lum_, with

max

¢/ ¢" (observed under the selected conditions) that just precedes the achievement of that plateau is
simply due to the increase of light-emitting cells (factor ¢ in the numerator of Eq. (41)). The introduction

of M passive adsorption decreases the maximum identified in the plot Lum,_, versus ¢/¢" at ¢, =0

X

(Figure 6D), and it leads to a linear decrease of Lum,  versus ¢/¢" at ¢/¢" >>1 with a slope —¢,, ¢",

max

similarly to the trend discussed in Figure 6C for 7, /7, <<1.
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Figure 6. (A,B) As in Figure 5A and 5B, except that bioluminescence signals are reported in the form
Lum(t)/(y/Hc;,ﬁ) for selected values of ¢/ ¢" (indicated). Model parameters in (A) and (B): as in Figure 5A and
5B, respectively, with ¢,,. = 0. Bioluminescence maxima under the conditions holding in (A) and (B) are collected

as a function of @/ ¢" in (C) and (D), respectively. The way the dependence of these maxima on ¢/ ¢ is affected
by passive adsorption of M at the surface of the biosensors is further illustrated in (C) and (D) where computations
are given for different ¢,  (indicated). In (C) and (D), dotted lines are guides to the eye. Coloured lines in (B) mark

ads

non-monotonous variations of Lum(t) / (w@c;&i) with changing ¢/ ¢".

3.3. Effects of ligand concentration on the bioluminescence signal Lum(t) .

In practice, the options for tuning the bioluminescence response so as to address metal bioavailability
properties are not limited to varying cell concentration but also include the possibility to change the

concentration ¢/ of ligand in solution: this comes to modify the value of the dimensionless ML stability
constant, K, =K, c, . Accordingly, we report in SIt (Figure S2) and Figures 7A,B the analogues of Figure

5 and Figures 6A,B with bioluminescence signals that are computed for increasing values of K, at fixed

value of ¢ and ¢, =0.To ease interpretation, simulations of Lum(t)/(wec;ﬂ) in Figures 7A,B are given
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for ML lability & — 0, which ensures that the function F () (and k,, cf. Eqg. (38)) involved in Eq. (39)

eff 7

remains unchanged with varying X, . Briefly, for both cases z,., /7,,, <<1 (Figure 7A) and 7, / 7,;, ~ 1

(Figure 7B), the observed modifications of the bioluminescence response with increasing I?ML at given ¢
are qualitatively similar to those discussed in Figures 6A and 6B when decreasing ¢ / ¢" at fixed I?ML, and
the same conclusion holds for the signals produced by a single metal-sensing cell (Figure S2 to be
compared with Figure 5). We observe: (i) a monotonous and non-monotonous decrease of

Lum_,_ /(w@c;;[ﬂ) with increasing K, for r,., /7., <<1 (Figures 7A,C) and ., /7, ~1 (Figures 7B,D),
respectively, with the apparition of a shallow maximum for Lum,__ /(1//00;‘,‘3) versus K, in the latter

situation (Figure 7D), and (ii) the absence and presence of a dependence of 7 on I?ML for Taept | Tl <<1

max

and 7, /7, ~1 (cf. inset Figure 7B), respectively. The decrease of Lum,,, /(a//Hc;fl) at sufficiently high

K,, for Taept / Toia <<1 is the result of the decrease in the initial free M concentration, ¢’ according to

o :c;ft /(1+I?ML) (cf. Eq. (39)). This effect of K,, dominates the increase in bioluminescence that

would be observed as a result of the only ligand-mediated buffering of M depletion illustrated in Figure 4

(cf. Figure S2A). For 7, / 7, ~ 1, features (i) and (ii) above are again the results of the interplay between

M depletion kinetics and activation kinetics of cell photoactivity. In detail, under the conditions selected

in Figure 7B, ¢__ increases with I?ML according to a sigmoid-like dependence, and it reaches a plateau

value at K,, >>1 (inset Figure 7B). The evolution of ¢ with increasing K,, from values <<1 to >>1is
qualitatively identical to that produced when decreasing ¢ from >>1 to <<1 because I?MLand @ acts on
depletion kinetics (and thus on the extent of crosstalk between depletion and cell photoactivity) in
opposite ways: increasing ¢ fastens depletion (cf. blue dotted curves in Figures 5A,B) whereas increasing

K,, slows depletion down (Figure 4A and Figure S2B). This argument also explains, qualitatively, the

mirror evolutions of Lum__ with K,, and ¢ in Figure 7D and Figure 6D, respectively. Depending on the

max

respective magnitudes of ¢

shooactvity (@Nd therewith 7, ) and 7, a local minimum in the dependence of

on [?ML may further exist (Figure $2D). This minimum is the pendant of the one observed in Figure 5D

tmax

when varying ¢/ ¢" atfixed K,, . Quantitatively, from Eq. (39) taken in the limit & — 0 and Taept | Toiot <<1
, we infer the following scaling of Lum,__ with K,

Lum,_, ~ ¢(1—sads¢)/[(l+gp/(p*)(l+I?ML )J (42)
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where the expression of ¢" involves I?ML according to Eqg. (32). In agreement with Eq. (42), for the regime

K,, >>1 where buffering of bulk M concentration by L is very efficient and M depletion becomes

insignificant, Log(Lummax) then decreases with slope -1 with increasing Log(I?ML) (Figures 7C,D). For

illustration, the dependence of Lum,_ /(t//ﬁc;ft) on K,, is shown in linear scale for ¢, =0 in the insets

of Figures 7C,D. At fixed [?MLand @, M passive adsorption reduces Lum,  (Figures 7C,D), in agreement

max

with Eq. (42). Interestingly, combining Eqgs. (32) and (42) in the limits ¢/ ¢" >>1 and ¢, ¢ <<1 leads to

2
k
Lum 4% !

™ —— (43)
3D, Bn" 1+K;

, Which is independent of extracellular metal speciation conditions and biosensor concentration in

solution.
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Figure 7. Panels (A), (B), (C) and (D) are the analogues of Figures 6A, 6B, 6C, 6D, respectively, with the focus given
here on biosensor’s time-response evaluated for selected values of I?ML (indicated) at constant cell volume
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fraction @/ @ =10 with @ defined by @=¢" /(1+EML) which is independent of K,, (cf. the definition of
@" by Eq. (32)). Other model parameters in (A),(C) and (B),(D): as in Figures 6A,C and 6B,D, respectively. Inset

panel (B): time-position ¢, /7 of the bioluminescence maxima versus Log( K, ) under the conditions

photoactivity

that hold in (B). Insets panels (C) and (D): representation of the bioluminescence maxima for &,,, =0 according

to linear scale in ]?ML. In (B)-(D), symbols are computed data and dotted lines are guides to the eye.

*,00

Finally, we recall that ¢; / c;* and 74, depend on the bioavailability features of M and ML species

(cf. Table 1 and Figures 2-4), i.e. on Bn' and ML lability &. Accordingly, changes in the amplitude and
apparition delay of bioluminescence maxima and/or modification of signal shape with increasing ¢
and/or I?ML (Figures 5-7) at given Cn,p (t) can be viewed as intrinsic markers of the nature of the M

biouptake flux (i.e. internalized- or diffusion-controlled), of ML inertness and -if applicable- ML lability

(Figure 2). Observed change in the time response of the biosensors measured with varying ¢, ¢/ and/or
nature of L, thus necessarily reflect the dependence of M biouptake flux and M depletion on Bn" and &
(cf. discussion in §2.2.3-2.2.4), and/or the way in which F (¢) varies with k_; which is also function of Bn

and & (cf. below Eq. (38)). For the latter aspect, the reader is referred to our previous work?? where we

detailed how the shape of the bioluminescence signal is modulated by £

and by the dependence of cell
photoactivity on time. The theory thus highlights here the benefits of systematic measurements of the
time-response of luminescent biosensors as a function of both ligand and cell concentrations in solution
in order to extract relevant information on M speciation properties and bioaccumulation kinetic features
from cell signal analysis. In a coming contribution, the remarkable properties of bioluminescence signal
produced by metal biosensors -as evidenced here by theory- will be supported by experiments on Cd-
sensing luxCDABE-Escherichia in various metal-complexing medium conditions. Based on the theory and
the defining expression of bioluminescence signal detailed here, a proper signal normalization and time-
deconvolution procedure will be elaborated to analyze quantitatively the full biosensor response

measured over time and therewith evaluate relevant metal bioavailability and bioaccumulation kinetic

properties.

4. Conclusions and perspectives.

In this work, we elaborate an original and comprehensive theory that details how the time-response
of metal lux-bacterial sensors is determined by the dynamic partitioning of bioactive (free) metal species
at the interface between biosensor and aqueous medium. This partitioning is tackled by a mechanistic

formulation of the coupling between kinetics of bulk metal depletion, chemodynamics of intracellular
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metal complexes formed with the regulatory protein of the metal bioreporter, and dynamics of the
reactive transfer of metal species from solution to the metal-accumulating interface. Reasoning beyond
the equilibrium hypothesis underlying the applicability of standard BLM modeling, this metal reactive
transfer involves here the interplay between steady-state diffusion of free and complexed metal species,
the kinetics of formation/dissociation of metal complexes formed with metal-binding ligands in solution,
and the kinetics of metal bioaccumulation and excretion. In turn, an explicit expression is developed for
the bioluminescence signal produced by metal lux-biosensors as a function of biosensor and metal ligand
concentrations in solution, and the key biophysicochemical determinants of intra/extracellular metal
speciations, metal depletion kinetics and metal bioavailability. The formalism allows identification of the
scenarios where metal biouptake is rate-limited by metal internationalization (applicable in BLM) or
diffusion, and the cases where metal complexes in solution are inert, dynamic, non-labile or fully labile
depending on their contribution to the biouptake flux of free metal. On the basis of a set of computational
examples, we then discuss how time-dependent signals generated by metal biosensors are modified with
varying concentration of metal-sensing cells and extracellular metal-binding ligands. In particular, we
explain why the crosstalk between kinetics of bulk metal depletion (which is speciation-dependent) and
activation kinetics of cell photoactivity (connected to cell metabolism and quality/quantity of nutrients)
can generate shifts in the delay of apparition of bioluminescence maxima, and a non-monotonous
dependence of these maxima on cell concentration and concentration/strength of ligands in solution.
Overall, the conceptual framework detailed here paves the way for a promising processes-based
interpretation/exploitation of metal bioreporter response over time and the evaluation of metal
bioavailability features beyond restrictive BLM foundation, i.e. with account of intertwined dynamics of
extracellular and intracellular mechanisms that contribute to metal-triggered bioluminescence emission.
Obviously, extensions of the theory will be required to treat metal speciation conditions more involved
than those considered here for demonstration purpose, especially for cases where e.g.: (i) metal
speciation in solution is significantly controlled by different types of ligands, (ii) bioactive metal forms
include complexed metal species, or (iii) there is competition between metal species probed by the
biosensors and other ionic solution components for occupancy of the internalisation sites at the biosensor
surface.”®* The theoretical scheme detailed in this work constitutes a starting basis for such future
extensions. Last, we stress that the findings derived here also apply to cell signals featuring successive
bioluminescence peaks over time.?"?® The extent to which the positioning and amplitude of a given peak

is impacted by changes of biosensor and ligand concentrations will indeed depend on how fast metal
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depletion in solution operates as compared to the time-increase of cell photoactivity corresponding to

the mode of bioluminescence emission?! at the origin of that peak.

Glossary of main abbreviations and symbols.

Abbreviations

BLM Biotic Ligand Model

L Metal-binding ligand in solution

M Free (not complexed) metal (the only bioaccumulated metal form in this work)
ML Metal complex formed between M and L in solution

MP,g Intracellular complex formed between M and P,

Preg Metal-binding regulatory protein

Latin
a Radius of the biosensor (m)

Bn™' Reciprocal of the Bosma number Bn defined by Eq. (20)

¢, Number concentration of biosensors in solution (includes both photoactive and photoinactive cells) (m3)

cgj;* = fOc, Maximum number concentration of photoactive cells the medium can sustain depending on available
nutrients therein (m3), with 0 <8 <1

¢; Bulk solution concentration of ligand L (mol m?)

c;,’lo Bulk solution concentration of free metal M at ¢ =0 (mol m?3)

c;,lol Total bulk concentration of metal species at £ =0 (mol m?)

¢, Bulk concentration of free metal M at equilibrium (¢ — o0 ) (mol m?)

CropLmL (r,t) Concentrations of M, L, ML species at position 7 and time ¢ (mol m™)

*

CiomML

(¢) Bulk concentrations of M and ML at time t (mol m?)

CiomML

. . . e . . C[:MML(I"J)

(r,t) Dimensionless concentrations of M and ML at position # and time t defined by —()
; t

i=M,ML

c

Cp, (t) Dimensionless concentration of photoactive cells at time t

¢y (1) Surface concentration of free M at time t (mol m™3)

D Diffusion coefficients of M, L and ML in solution (m?s?)

=M.LML
J.m Dimensionless scalar defined by Eq. (21)
F () Dimensionless function involved in the convolution product of Egs. (37),(39)
Jo(1)

(1)

Jy (¢) Supply flux of M at time t (mol m?s™)

M excretion flux at time t (mol m?2s7?)

M biouptake flux at time t (mol m?2s?)

k, , k, Kinetic constants for ML formation (m?® mol™ s™) and dissociation (s!) in solution, respectively
k*

ai’

k:)i Kinetic constants for intracellular MP,., formation (m* mol™ s) and dissociation (s™), respectively
k, Kinetic constant for M excretion (s)

kg

. Effective kinetic constant defined below Eq. (38) (s

k,,, Internalization kinetic constant (s

k. Effective kinetic constant associated with the inhibition of luciferase production and/or activity (s?)
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K, Henry constant for adsorption of M on the internalisation sites at the biosensor surface (m)
KH Henry constant for passive adsorption of M at the biosensor surface (m)

K, Hill constant that relates to the affinity of the promoter for the MP,, complex (mol m=)

K, = 74; / 7,; Dimensionless stability constant for intracellular MP ., complex

K\, ML stability constant (m3 mol™)

K, Dimensionless ML stability constant defined by K, =K, ¢,

Lum(o) (t,x,y) Bioluminescence (counts s) at time t in the absence of bulk M depletion under conditions where

bulk M concentration is x and (time-dependent) cell photoactivity is y (Eq. (37))
Lum(t) Bioluminescence at time t with account of bulk M depletion (counts s?) (Eq. (39))

Lum__ Maximum of the time-dependent bioluminescence signal Lum(t) (counts s1)

max

M(I) Bioluminescence (counts s m?) at time t defined by Lum(t) / |:CB (1 -K,S.c, )]

. Dimensionless ratio between maxima of Lum(t) evaluated with and without account of
P<<p

Lummax / Lummax

bulk M depletion
P Dimensionless scalar defined by p,; = p, /(l—wm)

p, Dimensionless scalar defined by p, =1+ &K, &
7, Radius of Kuwabara cell defined by 7, = a¢p ™"

S, Surface area of a biosensor (m?)

t Time (s)

t =t/7,; Dimensionless time after scaling of t by 7,;

¥V, Volume of a biosensor (m3)

Greek

& Ratio defined by & =D, / D,

&, Dimensionless number for passive adsorption of M at the biosensor surface defined by ¢,, = I%HSa 1V
¢ Dimensionless scalar defined by Eq. (18)

K, (Dimensionless) Damkéhler number for the rate constant of ML formation, defined by &, = k,ca’ / D,

A, Dimensionless scalar defined by Eq. (19)

M, Reaction layer thickness defined by x4, =,/D,, /(kac:) (m)

& ML lability parameter defined by Eq. (6) (no dimension)

p, Concentration of metal-binding sites carried by P,; and smeared-out over the volume of a biosensor (mol m?)
7,; Time constant for the formation of intracellular MP,, defined by 7,; =1/ (k;ips) (s)

7,; Time constant for the dissociation of intracellular MP,, defined by 7, =1/ k;; (s)

Ty Timescale marking the onset of increase of ¢, | (¢) with time (s)

T4y Time constant for bulk depletion of M (s) for cases where ¢, (t) decreases with t according to a mono-

exponential law (Eq. (25))

7, Timescale for transferring M from bulk solution to the intracellular cell volume prior to intracellular sequestration
of M by P (s)

7, Dimensionless timescale defined by 7, =7,/ 7,;

T Time at which ¢, | (¢) features an inflexion point (s)

photoactivity
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74 Timescale for steady-state M diffusion from solution to biosensor surface defined by 7, =a’ / D,, (s)

T, = ra,ia_);' Time constants for bulk M depletion referring to the short- and long-term depletion components (7,
and 7_, respectively) (Eq. (14))

@ Biosensor volume fraction related to ¢; by @ =c,V,

@" Critical cell volume fraction defined by Eq. (32)

@ Definedby ¢=¢° /(1+I?ML)

@, (t) Concentration of intracellular metal complex MP,, at time t per microorganism surface area (mol m)

Dy (t) Concentration of intracellular free M at time t per microorganism surface area (mol m2)

v Parameter involved in the defining expression of the time-dependent bioluminescence signal (Egs. (37),(39))

(counts s mol* m°)
o, Dimensionless frequencies associated to the short- and long-term kinetics of bulk M depletion (Eq. (16))
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I. Supplementary equations.

The complete expression of f,,, involved in Egs. (17) and (19) that define the time constant z, and

the scalar 4, respectively, reads after algebraic arrangements as

— 1 2
1-¢)| h (¢ sech(o)—1)+tanh(o) [+—(1—@ ) (1+2¢"*)(h, —tanh
f B 3¢ KML( )|:"(¢ ( ) ) ( ):| 6( q) ) ( ¢7 )( ( ))
Mo1-g }_za(l—go'”)—(l—(o”+£I?ML)tanh(O')

(1)
where & is givenby o =4, (1—(0’”3) and &, is provided by Eq. (4) in the main text. It is verified that Eq.
(S1) in the limit ¢ <<1reduces to Eq. (21) written in terms of the ML lability parameter & (Eq. (6)).

Given the expression defining ¢, (t) (Eg. (14) in the main text) obtained after arrangements and
Laplace transform of Egs. (9)-(13), the dependence of the intracellular concentration of free M at t, ¢, (t)

, can be evaluated, and the result after algebraic manipulations reads as

1+I? _

Kk, 7,.c e

= e 5 1-== [%%JT—l Al P 52
¢M(t) 1+(pMLBn) o - Mlz; ( 1][ J+§+K( e J (S2)

where §, =1 for n=+ and 6,=-1for n=—, and Bn, 7,=1,/7

.i» ¢ and @, are given by Egs. (20),
(17), (18) and (16), respectively, and p,, ~ p, =1+¢K,, & for p<<1 (cf. below Eq. (5)). Combining Egs.
(12) and (S2), the time-dependent concentration of intracellular MP.; complex, ¢C(t), can be written in

the form

- Kkt c*0 T IR
) t :K int “a,i ) 5 C(_) —(u,,t (53)
¢() l+(pMLBn) {é"“K K o — +nz+:— }

From Egs. (S2) and (S3), we infer that the concentrations of intracellular M and MP.e; complexes at ¢ — oo

, denoted as ¢, and ¢, respectively, are interrelated by the equilibrium expression

c

S1
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Finally, solution of Egs. (9)-(13) leads to the following expression of the M surface concentration at

equilibrium, ¢, (1 > ©)=cy”,

. 1 o k.z,(py.Bn) "
ca,w/C,OZ C,oc c,0+ e’ o ML
R A puBn) (¢ +K
ML i

= (S5)
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where ¢* /¢, is defined by Eq. (22).

Il. Supplementary Figures.
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Figure S1. lllustration of the decomposition of the bioluminescence signal with account of metal depletion in
bulk solution (curve (a)) on the basis of the two terms defined by Eq. (40) in the main text (curves (b) and (c)).
Accordingly, the signal corresponding to curve (a) is the sum of the signals pictured by curves (b) and (c). Curve
(d) represents the signal obtained without considering the effects of bulk metal depletion. All signals are here
normalized by the maximum of bioluminescence reached in the absence of bulk M depletion. The time axis is

scaled by 7, which is the time at which the (dimensionless) concentration of photoactive cells, Es,p (t) ,

hotoactivity
features an inflexion point (cf. main text for details and Figure 5A, red curve therein). The (dummy) variables x
and y are those defined below Eq. (40), and they specify which bulk M concentration is applicable for computing
the signals (b), (c) and (d) (variable x) and which expression of the concentration of photoactive cells is relevant
to each signal (variable y). At__ represents the shift in position of the bioluminescence maximum as a result of

max

bulk M depletion. Using the notations detailed in the main text (cf. Eq. (40)), curves (a), (c), (b) and (d) correspond

to %(I) / Lutm , Lum” (t,c:,f”,EB,p (t)) | LM

’

p<<¢’ p<<g”

/ Lummax
p<<p”

Lum" (t,c;:io —cpr,e e, (t)) / Lummax and  Lum(t)

., respectively, where

p<<g’ <<

S2



Lum (t) = Lum(t)/ |:CB (1 ~K,S,cs )] and Lum" (¢,x,y)=Lum" (t,x,y)/ I:CB (1 - K,S,cs )] . Figure S1 holds
for @/ @" =6 with the model parameters adopted in Figure 5B of the main text.
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Figure S2. lllustrations of the dependence of the dimensionless bioluminescence signal Lum(t)/Lummax

p<<¢’

(evaluated from Eq. (39)) on time for different dimensionless ML stability constants I?ML (indicated) for the
situations 7., / 7y, <<1 (A) and 7, / 7, ~1 (B). 7, is the timescale for depletion of bulk M concentration
and 7,;, marks the onset of the increase in the concentration of photoactive cells ¢, (t) with time (red dotted

curves). The time axis is scaled by 7 which is the time at which EB’p (t) features an inflexion point. Blue

photoactivity
dotted curves represent the time-dependent (dimensionless) bulk M concentration, c,’:,[ (t)/cf{d’o, for each
selected value of I?ML (Eqgs. (14)-(22) or, equivalently, Eq. (25) under the conditions adopted in this figure). The
(dimensionless) maxima of the bioluminescence signals and their time-positions 7. /7oy UNder the
conditions in (B) (where 7, / T, ~1) are reported in (C) and (D), respectively. We further provide in (C) and (D)

the signal maxima and associated 7, /T iy - F€SPECtively, as a function of K,; in the extremes

Taept | Toiot <<1 and 7., / 7,3, >>1 for the conditions that hold in (B) (indicated). Unless otherwise specified in
the figure, adopted model parametersare: @/ @ =10 with @ = ¢" /(1 + I?ML> (@ isindependent of I?ML ), =1
, a=1 pm, D, =10" m?s?, Bn'=0.1, é>0, K, =10, r,;=0.1 s, kz,,=10", k, =10"s? (A),
k,=10" s1(B,C,D), t

photoactivity
(b) in (C) and (D), 7, yeueiniy =45 h for curves (c) in (C) and (D). The expression adopted for F (1) in Eq. (39)

correspond to Eq. (16) in Ref. [22]. In (C) and (D), dotted lines connecting symbols are guides to the eye.

=15 hin (A), (B), (C) (curve (a)) and (D) (curve (a)), 7 pooaciviy = 30 h for curves
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