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Introduction

Enzyme modified electrodes allow to extend the limits of application of conventional electrochemical analytical sensors by making possible the detection of many nonelectrochemically active compounds and/or by increasing the selectivity and sensitivity of the electrochemical detection [START_REF] Yang | Enzyme-based ultrasensitive electrochemical biosensors[END_REF][START_REF] Pinyou | Enzyme-modified electrodes for biosensors and biofuel cells[END_REF][START_REF] Kucherenko | Advances in nanomaterial application in enzyme-based electrochemical biosensors: a review[END_REF][START_REF] Bartlett | Modelling Biosensor Responses[END_REF]. This permits the selective detection and monitoring of biologically active molecules in particular under complex in vivo conditions possibly involving several electroactive interferents.

The performance and limitations of these sensors are often pre-evaluated or post-evaluated by recording calibration curves that relate the current intensity of the sensor to the concentration of the target analyte in a series of bulk test solutions. This is perfectly fine whenever these sensors are intended to be used to study the compositions of other bulk solutions whose concentrations may vary slowly provided they remain homogeneous around the sensor. Indeed, when used under such conditions, the recorded calibration curves feature intrinsic characteristics of the sensors, viz. of the enzymatic conversion and the transport supply of the substrate to the sensor surface. Nowadays, highly miniaturized sensors are more often designed to detect and quantify transient releases of analytes under in vivo or ex vivo conditions [START_REF] Mcmahon | The efficiency of immobilised glutamate oxidase decreases with surface loading: an electrostatic effect, and reversal by a polycation significantly enhances biosensor sensitivity[END_REF][START_REF] Wang | Ultra-fast glutamate biosensor recordings in brain slices reveal complex single exocytosis transients[END_REF][START_REF] Yang | Quantitative Nano-Amperometric Measurement of Intravesicular Glutamate Content and of its Sub-Quantal Release by Living Neurons[END_REF]. Under these conditions the problem will be even more severe due to complex and intermittent diffusion patterns encountered in such systems.

In this work, we first wish to highlight the practical importance of these questions by considering a canonical Michaelis-Menten mechanism (Figure 1) to illustrate the drastic role of diffusional constraints on the responses of enzymatic sensors under stationary or quasistationary conditions and their analyses. Our analysis aims to analytically evaluate the consequences of these constraints. Note that similar attempts have already been published, although with different focus and format (see e.g. refs. [START_REF] Bartlett | Modelling Biosensor Responses[END_REF][START_REF] Kulys | Biosensor response at mixed enzyme kinetics and external diffusion limitation in case of substrate inhibition[END_REF][START_REF] Lyons | Mediated Electron Transfer at Redox Active Monolayers. Part 4: Kinetics of Redox Enzymes Coupled with Electron Mediators[END_REF]). The central question of the problem at hand is introduced in section 2 "Preliminary considerations…" and is treated quantitatively in the case of a simple Michaelis-Menten mechanism. However, stricto sensu, this is rarely applicable to describe the performance of electrochemical sensors which generally involve a cosubstrate. For this reason, our approach is then extended to treat ping pong bi-substrate enzymatic mechanisms with or without inhibition.

Preliminary considerations stressing the role of diffusional constraints.

Let us consider here that the system at hand involves a simple canonical Michaelis-Menten (MM) enzymatic mechanism (Scheme 1) converting a non-electroactive substrate , present at concentration in the analyzed bulk solution, into an electroactive product detected at a micro-or nanoelectrode surface on which a thin enzyme coating is deposited (Figure 1) [START_REF] Yang | Quantitative Nano-Amperometric Measurement of Intravesicular Glutamate Content and of its Sub-Quantal Release by Living Neurons[END_REF]. Note that by "thin" we mean that the thickness of the enzyme layer is extremely small relatively to the dimension of the electrode, therefore also vs. that of the diffusion layers which spontaneously establish in a few seconds at most in the enzyme-free solution surrounding the electrode [START_REF] Amatore | Electrochemistry at ultramicroelectrodes[END_REF][START_REF] Amatore | Electrochemical kinetics at microelectrodes. Part I. Quasi-reversible electron transfer at cylinders[END_REF][START_REF] Amatore | Equivalence Between Electrodes of Different Shapes: Between Myth and Reality[END_REF]. Therefore, one may rightly consider that most of the current flow stems from the electrolysis of the product generated in the enzyme layer without significant losses due to diffusion towards the bulk solution [START_REF] Kulys | Biosensor response at mixed enzyme kinetics and external diffusion limitation in case of substrate inhibition[END_REF].

On the other hand, owing to the flux conservation of the substrate one has at any time:

(

where is the diffusion flux of the substrate from the solution to the thin enzymatic layer where it is consumed with an overall rate of enzymatic conversion per unit of electrode surface, denoted . Denoting the immobilized enzyme concentration, the usual "Michaelis constant" and the mean substrate concentration within the enzyme layer (Scheme 1), one has:

(

for a simple canonical Michaelis-Menten enzymatic mechanism without product inhibition [13,[START_REF] Lescovac | Enzymatic kinetics[END_REF]. Note that represents the maximum conversion rate per unit of surface area, noted , achievable by the immobilized enzyme when .

[Fig. 1] Scheme 1. Canonical Michaelis-Menten (MM) mechanism with product electrochemical detection.

It is important to note that Eq. ( 2) involves the mean concentration of the species in the enzymatic layer and not that, , in the bulk solution [START_REF] Bartlett | Modelling Biosensor Responses[END_REF]. Actually, depends on and the current flow, indeed:

(

where is a function that depends on the diffusion profile of inside the diffusion layer, A is the global surface area of the enzyme layer, the number of electrons transferred per product molecule, is the Faraday constant. It follows that:

where is the inverse function of . Therefore, whenever one wants to relate the current to , as is performed in the usual practice, the following equation must be used:

(

instead of the oftenly used improper formulation [START_REF] Mcmahon | The efficiency of immobilised glutamate oxidase decreases with surface loading: an electrostatic effect, and reversal by a polycation significantly enhances biosensor sensitivity[END_REF][START_REF] Wang | Ultra-fast glutamate biosensor recordings in brain slices reveal complex single exocytosis transients[END_REF][START_REF] Yang | Quantitative Nano-Amperometric Measurement of Intravesicular Glutamate Content and of its Sub-Quantal Release by Living Neurons[END_REF][START_REF] Gonçalves | Penicillinasebased amperometric biosensor for penicillin G[END_REF][START_REF] Silva | An efficient poly(pyrroleviologen)-nitrite reductase biosensor for the mediated detection of nitrite[END_REF][START_REF] Enache | Electrochemical evaluation of Glutathione Stransferase kinetic parameters[END_REF][START_REF] Yuan | Creating a Low-Potential Redox Polymer for Efficient Electroenzymatic CO 2 Reduction[END_REF]: [START_REF] Wang | Ultra-fast glutamate biosensor recordings in brain slices reveal complex single exocytosis transients[END_REF] adopted within the context of analyses through Lineweaver-Burk plots, Eq.( 7):

However, Eq.( 5) establishes that the real relationship between current and is: [START_REF] Kulys | Biosensor response at mixed enzyme kinetics and external diffusion limitation in case of substrate inhibition[END_REF] which clearly confirms that contrary to what is considered in the usual practice, cannot vary linearly with even for an electrochemical enzymatic sensor relying on a canonical Michaelis-Menten mechanism, i.e., onto the simplest rate law given in Eqn. [START_REF] Pinyou | Enzyme-modified electrodes for biosensors and biofuel cells[END_REF].

Equations [START_REF] Yang | Quantitative Nano-Amperometric Measurement of Intravesicular Glutamate Content and of its Sub-Quantal Release by Living Neurons[END_REF][START_REF] Kulys | Biosensor response at mixed enzyme kinetics and external diffusion limitation in case of substrate inhibition[END_REF] highlight the critical role of the function whose exact structure depends on the system under the scrutiny. In fact, non-linear Lineweaver-Burk experimental plots as well as Hanes-Woolf ones were also reported for enzymatic/heterogeneous biosensors (see e.g. refs. [START_REF] Lyons | Heterogeneous redox catalysis at hydrated oxide layers[END_REF][START_REF] Jiao | Multifunctional Nanoprobe-Amplified Enzyme-Linked Immunosorbent Assay on Capillary: A Universal Platform for Simple, Rapid, and Ultrasensitive Dual-Mode Pathogen Detection Anal[END_REF]) being presumably due to the effect of function.

Therefore, it is the purpose of this work to precisely investigate this issue in detail in the following. This will be performed for the above MM canonical mechanism (Scheme 1) as well as for a series of other important enzymatic mechanisms of general interest for their involvement in bioelectroanalytical sensors. Note also that although they will be derived for a cylindrical micro-or nanosensor, the following results are readily transposable to other types of electrodes leading to steady state or quasi-steady state diffusional regime using previously established equivalence relationships [START_REF] Amatore | Electrochemistry at ultramicroelectrodes[END_REF][START_REF] Amatore | Equivalence Between Electrodes of Different Shapes: Between Myth and Reality[END_REF][START_REF] Oleinick | Efficient quasi-conformal map for simulation of diffusion at disk microelectrodes[END_REF]. As was noted at the end of the Introduction the above equations are obtained in the same spirit as was reported previously by, e.g., Bartlett et al [START_REF] Bartlett | Modelling Biosensor Responses[END_REF], Lyons [START_REF] Lyons | Mediated Electron Transfer at Redox Active Monolayers. Part 4: Kinetics of Redox Enzymes Coupled with Electron Mediators[END_REF] and Kulys [START_REF] Kulys | Biosensor response at mixed enzyme kinetics and external diffusion limitation in case of substrate inhibition[END_REF]. However, the results obtained below, are providing different insights so this study does not overlap with the previous ones and are rather to be seen as complementary.

Results and Discussion

To simplify the formulation of the models and of their ensuing key equations and focus on the real issues at hand, the two following assumptions are made: (i) the partition coefficients between the enzymatic layer and the solution are equal to unity for all considered species; (ii) diffusion coefficients of substrate and products in the solution are set equal to their average value, . It should be noted that using the proper values for partition coefficient and/or diffusivities may change the overall systems responses by introducing adequate multiplicative factors applying to , viz., can be viewed as being integrated in values. Yet, the general validity of the approach developed hereafter will not be affected since anyway value is not supposed to be known.

Finally, it worth to note that the flux balance analysis given below represents a usual practice for the analysis of the enzymatic systems (see. e.g. refs. [START_REF] Bartlett | Modelling Biosensor Responses[END_REF][START_REF] Kulys | Biosensor response at mixed enzyme kinetics and external diffusion limitation in case of substrate inhibition[END_REF]), however we provide all the equations for clarity and consistency with our final results vs. the approach we develop in this work.

Canonical Michaelis-Menten mechanism

Figure 2a displays schematically the concentration profiles of the substrate and product for a canonical MM mechanism in the real space and can be readily adapted to the more complex mechanisms which will be considered in the following. Since all these species diffuse in the solution their concentration profiles under steady state or quasi-steady state conditions are linear in the appropriate transformed space: for electrodes of radius equivalent to hemispherical ones [START_REF] Amatore | Equivalence Between Electrodes of Different Shapes: Between Myth and Reality[END_REF] or for cylindrical ones [START_REF] Amatore | Electrochemistry at ultramicroelectrodes[END_REF][START_REF] Amatore | Electrochemical kinetics at microelectrodes. Part I. Quasi-reversible electron transfer at cylinders[END_REF][START_REF] Amatore | Equivalence Between Electrodes of Different Shapes: Between Myth and Reality[END_REF]. As shown in Fig. 2b, the effect of diffusion can then be taken into account by considering steady or quasi-steady state diffusion layers of thickness given by: (

accordingly [START_REF] Amatore | Electrochemistry at ultramicroelectrodes[END_REF][START_REF] Amatore | Electrochemical kinetics at microelectrodes. Part I. Quasi-reversible electron transfer at cylinders[END_REF][START_REF] Amatore | Equivalence Between Electrodes of Different Shapes: Between Myth and Reality[END_REF], where is the time duration of each calibration step (note that for micro-and nanosensors, does not vary significantly as soon as is larger than a few seconds [START_REF] Amatore | Electrochemistry at ultramicroelectrodes[END_REF][START_REF] Amatore | Electrochemical kinetics at microelectrodes. Part I. Quasi-reversible electron transfer at cylinders[END_REF][START_REF] Amatore | Equivalence Between Electrodes of Different Shapes: Between Myth and Reality[END_REF], hence the term of "quasi-steady-state" applying to cylindrical diffusion when ).

[Fig. 2]

The flux at the conducting surface of the enzymatic electrode is null since is nonelectroactive substrate by definition. Conversely, the flux of towards the solution is (Fig. 2b): [START_REF] Amatore | Electrochemistry at ultramicroelectrodes[END_REF] where, for our purpose here, represents the value at , whose value is defined by the intersection of the two lines figuring the slopes of concentration profile on either side of the enzymatic layer in the conformal space (Fig. 2b). is much smaller than since its value is by definition smaller than that of the thickness of the thin enzymatic coating (see Fig. 2). Hence, Eq.( 10) can be readily simplified into:

For any electroactive species and generated by the enzymatic conversion of substrate and initially absent in the bulk solution, the conservation of fluxes imposes that:

(12a)
where since the substrate is not electroactive and , while where is the maximum concentration of P (Fig. 2). Hence, since , Eq. (12a) readily rewrites as:

(12b)
From Eqs.( 11) and (12b) it follows that: (13) which establishes that the function defined in Eq.( 4) is then: [START_REF] Lescovac | Enzymatic kinetics[END_REF] Note that Eq.( 14) is general and remains valid for any enzymatic mechanism since it stems only from (i) the diffusional supply of the substrate to the enzymatic layer and (ii) the electroactivity of the product at the electrode electroactive surface, both processes occurring in the enzyme-free sections of the electrochemical enzymatic sensor. Conversely, the very nature of the mechanism active in the thin enzyme coating is only acting through the exact analytical dependence of on whose value is related to and to the current intensity through Eq.( 13).

Let us then return to the canonical Michaelis-Menten mechanism. Incorporating Eq.( 14) into Eq.( 5) yields: [START_REF] Gonçalves | Penicillinasebased amperometric biosensor for penicillin G[END_REF] where and , being the maximum rate (in mol/m 2 /s units) of the sensor (note that for a canonical MM mechanism, as follows from Eq.( 5)). The dimensionless parameter compares reaction and diffusion rates for the system at hand so is, to some extent, related to the square root of the Thiele modulus [START_REF] Hill | An Introduction to Chemical Engineering and Reactor Design[END_REF]. Eq.( 15) then provides the correct relationship between the current and the substrate bulk concentration. Only this correct relationship is able to provide the kinetic data characterizing sensor under the present conditions. Special care should be taken whenever a calibrated enzymatic electrochemical sensor is aimed to be used under non-steady state conditions as will be shown in a following work [START_REF] Dannaoui | [END_REF].

[Fig. 3] Although Eq.( 15) is quadratic with respect to the current intensity, it is first order with respect to . This property allows to easily construct calibration curves providing as a function of the current for different values of which are shown in Fig. 3a.

Fig. 3b shows the same calibration curves plotted using a double reciprocal scaling. Although the calibration curves in Fig. 3a are strongly reminiscent of usual calibration plots, as hinted in the 'Preliminary consideration' section, those in Fig. 3b -which are the formal correct equivalents of Lineweaver-Burk plots -show that as soon as values are not negligible plots vs. are strongly curved except at large values where a linearity is apparently restored (Fig. 3b). Yet, as noted through comparing Fig. 3b to Fig. 3c (compare the dashed lines in Fig. 3c to the dotted lines in Fig. 3b) the theoretical limits predicted when given in Eq.( 16) require extremely large values to achieve linear behavior: [START_REF] Silva | An efficient poly(pyrroleviologen)-nitrite reductase biosensor for the mediated detection of nitrite[END_REF] This is a clear proof that the performance and limitations of enzymatic electrochemical sensors cannot be analyzed using approaches developed for homogeneous solutions even for the simplest MM case. This is a very important result of the above analysis. Indeed, to evaluate the performance and limitation of electrochemical bioenzymatic sensors one often uses double reciprocal plots expecting them to be linear for a well-behaving sensor and try to extract slopes (supposedly values) and intercepts (supposedly ) values to characterize their sensors [START_REF] Mcmahon | The efficiency of immobilised glutamate oxidase decreases with surface loading: an electrostatic effect, and reversal by a polycation significantly enhances biosensor sensitivity[END_REF][START_REF] Wang | Ultra-fast glutamate biosensor recordings in brain slices reveal complex single exocytosis transients[END_REF][START_REF] Yang | Quantitative Nano-Amperometric Measurement of Intravesicular Glutamate Content and of its Sub-Quantal Release by Living Neurons[END_REF][START_REF] Gonçalves | Penicillinasebased amperometric biosensor for penicillin G[END_REF][START_REF] Silva | An efficient poly(pyrroleviologen)-nitrite reductase biosensor for the mediated detection of nitrite[END_REF][START_REF] Enache | Electrochemical evaluation of Glutathione Stransferase kinetic parameters[END_REF][START_REF] Yuan | Creating a Low-Potential Redox Polymer for Efficient Electroenzymatic CO 2 Reduction[END_REF]. Furthermore, Fig. 3c shows that unless , this frequent but incorrect procedure yields intercepts of that are significantly smaller than unity which is a theoretical non-sense since by definition . Therefore, except when , i.e., when mass transport is excessively fast compared to enzymatic kinetics the usual double reciprocal diagrams provide misleading information. Note also that when , (black curves in Fis.3a-c), one has so that the corresponding situations are those in which the enzymatic system is almost inactive, the sensors being close to their saturation limit (compare Fig. 3a). Note that the same considerations would also apply to other types of (semi)reciprocal plots such as Hanes-Woolf or Eadie-Hofstee analyses [START_REF] Lescovac | Enzymatic kinetics[END_REF] if used to treat bioelectrochemical enzymatic sensor data.

However, plotting calibration curve as a function of would provide a linear curve in double reciprocal scale since in these case equations are equivalent to the classical Lineweaver-Burk relations. Yet, generally is not known, thus preventing construction of these simple to analyze calibration curves.

In fact, the dependence of with for non-negligible values of is obtained by combining Eqs.( 1), ( 2) and [START_REF] Amatore | Electrochemical kinetics at microelectrodes. Part I. Quasi-reversible electron transfer at cylinders[END_REF]. This yields a quadratic equation which is readily solved analytically to afford:

A set of these solutions is shown in Fig. 4 for the values already used in Fig. 3. All these plots display two interesting limiting behaviors (see the dotted lines in Fig. 4 for ):

(i) a tangent at whose equation is:

(18a)
and (ii) an asymptote with a unity slope at large values:

These two limits in Eqns.(18a,b) and the noticeable curvatures at intermediate values emphasize again that always differs from unless when , that is when the mass transport rate drastically outperforms that of the enzymatic activity as exemplified by the black curve ( ) in Fig. 4. Though, as said above, this corresponds to a highly inefficient enzymatic activity.

[Fig. 4]

Bisubstrate ping pong mechanisms (PP and PI)

In this section we would like to consider a bisubstrate ( and ) ping pong mechanism (Scheme 2) since it is one of the most frequently encountered situations in bioelectrochemical sensors. Two versions of ping pong mechanism will be considered: (i) one, denoted PP in the following, when as more often considered [START_REF] Clay | A Detailed Model of Electroenzymatic Glutamate Biosensors to Aid in Sensor Optimization and in Applications in Vivo[END_REF] or (ii) in the general case, noted PI since it may involve product inhibition, when , i.e. when the enzyme is inhibited by the intermediate product [START_REF] Lescovac | Enzymatic kinetics[END_REF] Ping Pong Bi Bi electrochemical mechanisms such as the one detailed in Scheme 2 [START_REF] Clay | A Detailed Model of Electroenzymatic Glutamate Biosensors to Aid in Sensor Optimization and in Applications in Vivo[END_REF] are often approximated by a canonical Michaelis-Menten MM mechanism (Scheme 1) [START_REF] Mcmahon | The efficiency of immobilised glutamate oxidase decreases with surface loading: an electrostatic effect, and reversal by a polycation significantly enhances biosensor sensitivity[END_REF][START_REF] Wang | Ultra-fast glutamate biosensor recordings in brain slices reveal complex single exocytosis transients[END_REF][START_REF] Yang | Quantitative Nano-Amperometric Measurement of Intravesicular Glutamate Content and of its Sub-Quantal Release by Living Neurons[END_REF].

However, this supposes that the first step of the Scheme 2 is globally irreversible, i.e., , and also that the second step is infinitely fast relative to the first one. Despite the fact that this approximation is often used we wish to separate in the following the situations depending on whether or not has a negligible kinetic role.

The rate law for PP mechanisms, i.e. in the absence of any product inhibition, is given by [13,[START_REF] Lescovac | Enzymatic kinetics[END_REF]: [START_REF] Lyons | Heterogeneous redox catalysis at hydrated oxide layers[END_REF] where:

, ( 20 
)
Rate law [START_REF] Lyons | Heterogeneous redox catalysis at hydrated oxide layers[END_REF] involves again the interfacial concentrations of both substrates. However, as discussed above about oxidases when O 2 is the co-reactant while the electrochemical detection step involves the 2e-oxidation of the formed H 2 O 2 , concentration does not suffer significant variations, hence . We assume in the following that this is always the case.

As was noted before, Eqs.( 1), ( 3), ( 4), ( 13), ( 14) take into account the effect of diffusional transport and are independent of the exact mechanism occurring in the thin enzyme layer.

Thus, by performing the same derivations as in the MM case but using now the pertinent rate law in Eq.( 19) one readily obtains the equation describing calibration curves for PP mechanisms under the present electrochemical conditions: [START_REF] Oleinick | Efficient quasi-conformal map for simulation of diffusion at disk microelectrodes[END_REF] where:

, , (22) 
The maximum current depends now on the second substrate concentration owing to the presence of the term in its denominator albeit the whole sequence remains kinetically controlled by the first irreversible step in Scheme 2 as evidenced by comparing Figs. 3 and5. Nonetheless, the second step may act by lowering the electrochemical current intensity which is now divided by the factor unless (i.e., when as evidenced by the above expression in Eq.( 22). This indirectly justifies the general use of analyses based on MM mechanistic framework using the kinetic characteristics of the first step although PP mechanisms involve a sequence of two enzymatic steps. Yet it is clear that using this MM pseudo equivalence leads to the determination of apparently smaller values.

More precisely, the smaller with respect to the second Michaelis constant , the larger is the decrease of the maximum current compared to that predicted assuming a canonical MM mechanism involving the same first step when . However, any Lineweaver-Burk plots established for sufficiently large values will have different significance than they would for a true MM mechanism. This is fully evident upon examining equation ( 23) that describes the linear asymptote of Eq.( 21) at large values (compare Eq.( 16) taking into account that ): [START_REF] Dannaoui | [END_REF] This caveat needs to be duly taken into account if the calibration results and their data extracted through Lineweaver-Burk plots need to be used for applications of the same sensor under different experimental conditions.

[Fig. 5]

In the case of PI mechanisms, i.e., with inhibition by the intermediate product , the rate law becomes: [START_REF] Clay | A Detailed Model of Electroenzymatic Glutamate Biosensors to Aid in Sensor Optimization and in Applications in Vivo[END_REF] where , and

Let us introduce: ,

Since we assumed that the diffusion coefficients of the substrate and intermediate product are equal, the substrate/product mass conservation equation affords: [START_REF] Herr | Electroosmotic Flow and Its Contribution to Iontophoretic Delivery[END_REF] since this stems from the substrate/product mass conservation equation. By substituting Eq.( 27) into (24), taking the limit at and converting rates into currents (as done when multiplying rates by ) one obtains a quadratic equation with respect to whose solution is:

(28)

The equation of calibration curves under PI mechanism is then given by: (

is structurally similar to Eqs.( 15) and ( 21), but incorporates additional kinetic terms representing the effect of the partial inhibition of the first step kinetics by the intermediate product . 15), ( 21) and ( 29)

Practical use of equations (

The above theoretical analyses had the merit of elucidating quantitatively through compact analytical formulations the important problem identified in the "Preliminary Considerations" section by evaluating the significant changes introduced by the necessary involvement of the diffusional transport of substrate and product(s) to and from the enzyme thin layer. This establishes that enzymatic kinetic formulations derived for homogeneous solutions need to be adapted to account for the performance of enzymatic electrochemical sensors. However, equations ( 15), ( 21) and (29) depend on a whole set of parameters whose values are generally unknown. Therefore, for practical reasons, it would be useful to provide an access to relationships that involve experimentally available information as much as possible.

The maximum sensor experimental current values can be evaluated, or at least reasonably approximated, from calibration curves relating current vs. substrate bulk concentration at high substrate concentrations under steady or quasi-steady state conditions. On the other hand, for a canonical homogeneous Michaelis-Menten mechanism is equal to the substrate concentration value at which the half-maximum activity of the enzyme is observed. Though, this is not the case for electrochemical enzymatic sensors.

Eq. [START_REF] Gonçalves | Penicillinasebased amperometric biosensor for penicillin G[END_REF] shows that under electrochemical conditions the bulk substrate concentration , viz., that at which the sensor current intensity reaches its half-maximum value, , features not only the value of the immobilized enzyme but includes intrinsic enzymatic (viz., ) and transport properties of the system as shown by Eq.( 30):

(30)

Note that is obtained only in the limiting case when , that is when the transport of the substrate across the diffusion layer is infinitely fast compared to the enzymatic kinetics taking place at the surface of the electrode.

The explicit definition of in Eq.(30) allows introducing the dimensionless parameter :

(31) which plays a role equivalent in meaning to that of by comparing the enzyme kinetics to the mass transport rate, although this is now performed through involving only experimentally available data, viz. and as well as operational parameters ( , ).

Eqs.( 30) and (31) allows rewriting Eq.( 15) into Eq.( 32) which now only involves factors that can be experimentally accessible since they are readily evaluated from and experimental values:

(32)

Eq.( 32) provides a dimensionless "calibration curve" that depends only on and and can be plotted without any approximation for any given experimental value of whose value is itself available experimentally. A set of such "calibration curves" are shown in Fig. 6 in linear and reciprocal scales. Note that whatever is the value of , the renormalized calibration curves in Fig. 6a require a high experimental accuracy to be distinguished when .

[Fig. 6]

Along the same logic one may formulate dimensionless "calibration curves" equations for PP mechanism just in terms of the experimentally available parameters , and which are defined in Table 1. As before, this results in an equation with an identical structure to that reported for a MM mechanism in Eq.( 32):

(33)

It follows that in practice the MM and PP mechanisms cannot be distinguished on the basis of their calibration curves alone, although the significance of the parameters extracted from their quantitative processing differs profoundly at the level of enzymatic kinetics. This justifies that the PP mechanisms can be treated as simple MM mechanisms even if it is necessary to realize that the analysis now provides apparent values and values that differ from the effective and . Indeed, one has then and (see Eq. [START_REF] Hill | An Introduction to Chemical Engineering and Reactor Design[END_REF] or Table 1 for the definition of ).

[ predictable. This extends previous conclusions drawn for fully homogeneous situations [13,[START_REF] Lescovac | Enzymatic kinetics[END_REF][START_REF] Plesner | The apparent K m is a misleading kinetic indicator[END_REF] and further illustrates the added complexity brought by electrochemical enzyme micro-and nanosensors owing to convolution of diffusional transport terms with experimental currents. Indeed, upon increasing the mechanism complexity (viz., from MM to PP and then to PI) the operational parameters which govern the calibration curves quickly become complicated functions of primary parameters (see Table 1). Except for MM mechanism, these operational parameters depend on more than two primary parameters. It ensues that an infinite number of primary parameter combinations can lead to a same calibration curve. This is not a problem in itself whenever the only purpose of the calibration curves is to establish a correspondence between currents and substrate concentrations under precise experimental conditions involving steady or quasi-steady state diffusion transport from bulk solution. However, this becomes a debatable issue with significant consequences when sensors "calibrated" under these conditions are to be used under different conditions, i.e., for monitoring the same substrates under in vivo or ex vivo conditions [START_REF] Wang | Ultra-fast glutamate biosensor recordings in brain slices reveal complex single exocytosis transients[END_REF][START_REF] Yang | Quantitative Nano-Amperometric Measurement of Intravesicular Glutamate Content and of its Sub-Quantal Release by Living Neurons[END_REF][START_REF] Yang | Nanoelectrochemistry reveals how soluble Aβ42 oligomers alter vesicular storage and release of glutamate[END_REF][START_REF] Herr | Electroosmotic Flow and Its Contribution to Iontophoretic Delivery[END_REF].

Conclusion

In this work we established theoretically that Lineweaver-Burk analyses justly used for evaluating enzymatic kinetic properties when the enzymes are homogeneously dispersed in a bulk solution cannot be used straightforwardly for the analysis of electrochemical calibration curves recorded with enzyme-modified electrodes. Analytical equations extending Lineweaver-Burk analysis to the electrochemical conditions under (quasi-)steady state conditions were derived to allow proper analysis of enzymatic electrode calibration curves for Michaelis-Menten enzymatic mechanisms and ping pong bi-substrate ones with or without inhibition. More complex enzymatic mechanisms can be equally considered within the framework of the proposed approach. In addition, our analytical equations can be reformulated to fit the format of other reciprocal plots frequently used in enzymatic analysis, such as Hanes-Woolf and Eadie-Hofstee plots [START_REF] Lescovac | Enzymatic kinetics[END_REF].
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The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper. with their linear regression segments are reproduced, while the gray dashed lines corresponds to the limits given by Eq.( 16). for several values labelled on each curve (identical to those in Fig. 3). The red dotted lines are the limiting cases given by (18a) and (18b) for . The black line ( ) is a line with a unit slope. The color code characterizing each value (see Eq.( 32)) is the same in (a) and (b). See Table 1 for the specific definitions of , and according to the MM or PP mechanism. 
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	amperometric conditions presentation and focus on the issue of interest in this work we will only consider this concentration at the electrode surface vicinity is extremely
	small. ubiquitous case (Scheme 2).	
	Scheme 2. Ping Pong Bi Bi electrochemical mechanisms referred hereinafter to as PP and PI
	depending on the reversibility of the first enzymatic step: PP when	, or PI for
	, i.e., when product may inhibit the first step. The global mechanism is detailed in
	the common situation encountered with oxidases when the final product electrochemical
	detection regenerates the co-substrate , i.e., generalizing the ubiquitous case where is
	O 2 and is H 2 O 2 ( =-2).
	For bioelectrochemical sensors developed to monitor the concentration of the main
	substrate of interest, viz., in Scheme 2, it is advisable to independently maintain the
	concentration of the co-substrate	as constant as possible, a constraint that may be
	difficult to fulfill. For this reason, many authors favor oxidases whenever possible to detect

Table 1 ]

 1 For the case of PI mechanisms the resulting equation has structure similar to those in Eqs.(32) and (33), see Eq.(34), but due to the kinetic competition between the direct (i.e.

	uninhibited) mechanism and its inhibition branch two additional competition parameters
	,	are involved in Eq.(29) although they are generally
	unknown:			
					(34)
	Note that	, where	is a function of	defined in Eq.(35)
					(35)
	The structure of Eqns.(34) and (35) show that, although they are necessarily different from
	PP or MM mechanisms, PI mechanisms would be very hard to distinguish. Indeed, they
	exhibit very similar functional dependence on experimental parameters except for the
	kinetic influence of the additional parameters	and	whose values are difficultly

Table 1 .

 1 Definitions of parameters involved in Eqs.(32), (33) and (34) for each of the three mechanisms considered here.

	Enzymatic mechanism
	MM: Michaelis-Menten,
	Eq.(32)
	PP: Ping pong Bi Bi,
	Eq.(33)	(a)
	PI: Ping pong Bi Bi
	with inhibition by
	intermediate product,
	Eq.(34)	(b,c)
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