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ABSTRACT

There is a growing need for real-time monitoring of metabolic products that could reflect cell damages over
extended periods. In this paper, we report the design and development of an original multiparametric
(bio)sensing platform that is tailored for the real-time monitoring of cell metabolites derived from cell cultures.
Most attractive features of our developed electrochemical (bio)sensing platform are its easy manufacturing
process, that enables seamless scale-up, modular and versatile approach, and low cost. In addition, the
developed platform allows a multiparametric analysis instead of single-analyte analysis. Here we provide
an overview of the sensors-based analysis of four main factors that can indicate a possible cell deterioration
problem during cell-culture: pH, hydrogen peroxide, nitric oxide/nitrite and lactate. Herein, we are proposing
a sensors platform based on thick-film coupled to microfluidic technology that can be integrated into any
microfluidic system using Luer-lock connectors. This platform allows obtaining an accurate analysis of the
secreting stress metabolites during cell/tissues culture.
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1. INTRODUCTION

The sharp increase in development and testing of new biomaterials in recent years means that there is a
real need for higher throughput screening systems in the biomedical field to accelerate the development of
new and improved implant biomaterials with lower costs [1-4]. Conventional in vitro cell culture experimental
set-ups are used in early stages of development to characterize cell culture/biomaterials interactions.
However, these simplistic systems are now recognized to fall short in mimicking the natural in vivo
microenvironment thus delivering poorly predictive outputs.

Organs-on-chips are microengineered cell culture devices that recapitulate physiological functions and
closely mimic the cellular microenvironment found in vivo [5,6]. They are expected to provide more predictive
pre-clinical tools than standard in vitro models [7-9]. To provide an accurate analysis of the stress imposed
by the tested biomaterials, cells/tissues need to be surrounded by a range of (bio)sensors for real-time
monitoring of inflammatory biomarkers [10,11]. Indeed, acute stress of biological tissues is accompanied by
the secretion of direct (chemokines and cytokines) and non-direct inflammatory biomarkers [12]. While
measuring cytokines and chemokines is informative, changes in these factors could take significant amount
of time. Therefore, monitoring of non-direct parameters associated to cell metabolism such ions (H*, Na*,
K*, Ca?*, Mg?*, NO2" and NOz’), chemicals (ROS, glucose and lactate) and dissolved gases (02, CO2 and
NO) is of particular interest. Such monitoring would provide some valuable insights; first, on cell behavior
and microenvironment during cell growth and/or, secondly, on cell stress when cell cultures are submitted
to biomaterial testing [13].
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Indeed, cell behavior and metabolic activity are related to the nature of the monitored cell cultures [14].
Thereby, the screening parameters have to be generic to a variety of organ tissues culture based on their
relevance and their implication in the inflammatory process. Briefly, inorganic ion concentrations as well as
pH have to be carefully managed to provide an adequate microenvironment for cell culture [15,16]. However,
except proton and nitrogen-based anions, ions provide poor information on tissue inflammation. It is
worthwhile to mention that nitrates and nitrites are more specific to the inflammation process. Practically,
both anions are issued from nitric oxide oxidative degradation in presence of dissolved oxygen. Indeed, NO
is poorly stable (half time life of few tens of seconds) and reacts rapidly with dissolved oxygen to produce
consecutively nitrite and nitrate anions [17,18]. However, monitoring of nitrogen-based anions, which
accumulates within the culture media, is not a reliable parameter in regard to NO due to its slow temporal
evolution that will provide poor insights on acute phenomena [19]. On the other hand, reactive oxygen
species (ROS) including oxygen radicals (superoxide radical and hydroxyl radical) and non-radical
derivatives (hydrogen peroxide, hypochlorite...) are known to produce effects on cellular physiology [20]. At
low to moderate concentrations, these molecules act as signal to promote cell proliferation and survival. In
healthy tissues, ROS generation is balanced by antioxidant species production. However, environmental
stressors can contribute to an excessive production of ROS inducing cell death [21]. From the different
aforementioned species, hydrogen peroxide (H202) is a more stable diffusive species which is strongly
related to inflammation and together with NO represents a target of choice for the characterization of
inflammation process [22]. Besides, lactate is one of the main studied molecular metabolites for cell culture
monitoring as a product of cell respiration dysfunction. Practically, lactate production occurs under hypoxic
conditions or as a consequence of high flux of glycolysis in proliferating cells [23]. Therefore, as a
representative and stable biomarker of inflammation, monitoring lactate concentration, which accumulates
within the culture media, is of high interest.

Nevertheless, numerous papers have described the design of individual sensors for the detection of one or
two of these parameters [23,24]. More recently, some papers have reported the development of a
multiparametric sensing platform for the detection in vivo of metabolic species such as glucose, lactate,
glutamate and oxygen [25-27]. However, the development of sensors for the detection of the selected
metabolites (oxygen species (NO, H203) in addition to pH and lactate) in a multiparametric configuration
combining the use of microfluidic technology have never been developed and reported. So, a
multiparametric (bio)sensing platform is needed for the real time monitoring of the cellular metabolites.

In this study, we report the development of a multiparametric (bio)sensing platform for real-time monitoring
of a selected cellular metabolites (oxygen species (NO, H202) in addition to pH and lactate). This platform
is integrated into a dedicated microfluidic system allowing a direct contact with the cell-culture
microenvironment under flow. The development of all (bio)sensors was achieved using the same
technological basis involving screen-printing of the electrodes and drop-casting of the sensitive
(bio)membranes. Herein, we demonstrate that this modular set-up provides a powerful toolkit for the
detection of metabolites issued from the inflammatory process for in vitro testing. This contribution focused
on the development of the latter analytical tool.

2. MATERIALS AND METHODS

2.1. Chemicals, Buffers and Solutions

Sodium hydroxide solution (NaOH - Titripur® Reag, 1M) and hydrochloric acid (HCI - ACS reagent, 37%)
were purchased from Merck and were used for the adjustment of media pH. Stock solution of hydrogen
peroxide (H202 30 %, CAS: 7722-84-1) was also obtained from Merck and utilized for the preparation of
standard solutions. Stock solution of phosphate-buffered saline (PBS 10x) was purchased from Sigma-
Aldrich and utilized for the preparation of working solution (PBS 1x pH 7,4). Sodium nitrite (NaNO: - purity
> 99 %, CAS: 7632-00-0) and DL-Lactic acid sodium salt (2-Hydroxypropionic acid - ReagentPlus®, purity
299 %, CAS: 72-17-3) were also obtained from Sigma-Aldrich and used for the preparation of standard
solutions. Lactate oxidase (LOX - EC # 1.13.12.4) was purchased from Sorachim and was employed in the



preparation of lactate sensor. Iridium (IV) oxide (IrO2.2H20, CAS: 30980-84-8) was obtained from Sigma-
Aldrich and used in the mixer of carbon paste for the preparation of pH sensor. Deionized water was
obtained in our laboratory by an appropriate production system (Millipore). Other chemicals used in this
study were of analytical reagents grade.

2.2. Apparatus

Screen-printer EKRA E4 was utilized for the fabrication of electrochemical biosensing platform under clean
room conditions. Lab oven (Memmert UM100) was used after the screen-printing steps for ink/paste drying.
Metrohm pH Meter systems (model 827 pH Lab meter) have been used for the adjustment of media pH.
Syringe pump (PHD 2000 Infusion) acquired from Harvard Apparatus was used to work under flow
conditions (100 pL.min't). Multichannel potentiostat (VPM-300) purchased from BiolLogic Science
Instruments was used for simultaneous measurements of electrochemical signal using NStat mode (CE to
ground configuration). EC-lab® software (V11.34) was employed for the electrochemical data processing.

2.3. Mechanical and Electrical design

The electrochemical (bio)sensing platform has been designed as shown on Figure la. This platform
integrates on the same support the reference electrode (RE) in the center of the design (3 mm), 1 big annular
counter-electrode (CE) and up to 8 working electrodes of 1,6 mm diameter.

In terms of electrodes size and position, the platform has been designed according to the electrochemical
standards of sensors development. So far, the counter electrode has a surface area more than three times
than the sum of the area of the eight working electrodes. The positioning of different working electrodes are
designed to avoid cross-interferences between the different sensing pads. Nevertheless, all the WE are
similarly positioned equidistantly from RE and CE.

A printed circuit board (PCB) is used as support for the biosensing platform (Fig. S1). Tracks and electrodes
are made of copper and platted with a gold layer (tens of nm). A UV-curable dielectric film covers the
conductive tracks, except the connecting pads. Gold is not directly used as electrode material and is further
covered by different materials to provide each electrode the required properties. First, a carbon layer is
printed at the surface of all the electrodes. This carbon layer is implemented to promote the adhesion of the
active layers for the different electrodes except for the counter electrode for which it is used as counter
electrode material. For the reference electrode, a silver/silver chloride layer is deposited at the top of the
carbon layer. The development of all (bio)sensors is achieved using drop-casting or inkjet printing of the
sensitive (bio)membranes on the carbon electrodes.

The aforementioned PCB support is then mounted in a polymer-based microfluidic chamber. Indeed, this
microfluidic chamber was designed taking account the volumes, the viscosity and the flux of fluids (Figure
1la). Cyclic olefin copolymer (CoC) have been chosen as a machining material for the fabrication of
microfluidic chamber for its physico-chemical and biological properties (e.g. biocompatibility, low adsorption
capabilities, transparent, resistant to autoclave sterilization). The microfluidic chamber was assembled to
the electrochemical platform using a double-sided pre-cutting tape (Fig. S2). Mini Luer-Lock connectors
purchased from Microfluidic-ChipShop (Fluidic 263 - 10000080) were used to bring the fluid through the
inlet position of the flow cell.

The depth of the microfluidic chamber is of 300 um leading to a volume of around 190 pL. This ensure a
total fluid regeneration in the chamber each 2 minutes under a flow rate of 100 pL.min? with the required
flow rate for our application. Nevertheless, the chamber volume can be adapted to host more or less volume
of liquid depending on the application (Fig. 1b).

The electrical design of the integrated platform has been developed to be connected using Molex connector:
1.0 Pitch SMT FFC/FPC (REF: 49456-1017) that typically presents 250 mating cycles. This connector was
connected to the potentiostat via an electrical connection board (Fig. S3 and S4).

2.4. Biosensing layer formulation and platform functionalization



For the multiparametric biosensing platform, four parameters are selected as follow: pH, hydrogen peroxide,
nitric oxide/nitrite (NO and its by-product) and lactate. For these parameters, the working electrodes are
functionalized by screen-printing or drop casting of the different sensitive layers.

For pH sensing, we developed a specific formulation by blending previously used carbon-based ink and
iridium oxide powder. This formulation is then screen-printed as sensitive layer for pH monitoring (Fig. 2a).
For hydrogen peroxide sensing, a Prussian blue carbon-graphite based ink (purchased from Gwent material,
C2070424P2) is screen-printed (Fig. 2b). For nitric oxide/nitrite sensing, a carbon-graphite paste containing
Meldola’s Blue mediator (purchased from Gwent material, C2030519P5) is utilized as sensitive layer (Fig.
2c¢). For lactate sensing, an enzymatic biosensor based on lactate oxidase was developed. This biosensor
is composed of hydrogen peroxide sensitive layer (Prussian blue carbon-graphite based ink purchased from
Gwent material, C2070424P2) on which is deposited an enzyme biolayer consisting on cross-linking the
enzyme with Glutaraldehyde as described in the literature [28—-31] (Fig. 2d).

First, in the view of reproducibility study of the sensitive layers, the pfluidic platform was used for
electrochemical sensing of one parameter by up to eight working electrodes. To achieve this goal, the same
sensitive layer is deposited on all the working electrodes for the selected sensing parameter. Secondly, the
platform was used for simultaneous sensing of the four different parameters. The working electrodes were
functionalized by pairs with the different sensing membranes using the aforementioned protocols.

The different (bio)sensors were localized on the platform according to analyte flux to avoid cross-
interferences between the different sensing pads (Fig. S5). The screen-printed and drop-casted inks/pastes
have been dried according to the manufacturer instructions.

2.5. Cell culture

Immortalized cell line of human colorectal adenocarcinoma—Caco-2 (ATCC® HTB-37™) were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich, UK) supplemented with 10% FBS, MEM
non-essential amino acids (Gibco, Thermo Fisher Scientific, UK), 1 M HEPES (Gibco, UK), 100 mM sodium
pyruvate (Gibco, UK), 200 mM GlutaMAX (Gibco, UK), and penicillin-streptomycin (Sigma-Aldrich, UK),
cultured at 37°C, 5% CO2 and 90% relative humidity.

Caco-2 cells were cultured on PET Transwell® at 5x10° cells/cm2. The culture medium was replaced every
2-3 days. After 21 days of culture, the cells were exposed for 24 h to sodium dodecyl sulfate (SDS) solution
0.5 mM, a well-known substance impacting the integrity of Caco-2 cells, used as positive control for
cytotoxicity evaluation [32,33]. After SDS exposure the media was collected and used for analysis on the
multiparametric (bio)sensing platform. Samples without SDS exposure were used as control for this
experiment.

3. RESULTS AND DISCUSSION

The main parameters selected for electrochemical detection by the (bio)sensors were: pH, hydrogen
peroxide, nitric oxide (ROS) and lactate. Different electroanalytical methodologies were involved in the
design of the different (bio)sensors. pH measurements deal with potentiometric detection owing the use of
a redox pH material (IrO2) [34]. The nitric oxide and hydrogen peroxide were detected amperometrically
owing to the use of a catalyst modified carbon materials [24,35]. Lactate monitoring was effected using an
amperometric enzymatic biosensor that embed the enzyme lactate oxidase [36]. The (bio)sensors platform
has been characterized in artificial fluid (PBS solution) by determining the limit of detection, the sensitivity,
the selectivity, the response time and the dynamic range of each sensor.

3.1. pH sensing

Many technological approaches are available for the development of pH sensor including glass electrodes
[37], ion sensitive field effect transistors (ISFET), ion-selective electrodes (ISE), and redox-material based
electrodes (such as polyaniline (PANI) and iridium oxide (IrO2)). Briefly, ISFET technology [38] appears as



a valuable sensor owing to its response time and dynamic range. However, its measurement methodology
is very different from electrochemical sensors. This may leads to the existence of current loss that disturb
the platform measurements reliability ratability. The miniaturized ISE technique [39] represents a high risk
related the formulation of the sensitive membrane leading to stability issues problems according to
experiment duration. In this work, we use glass electrode as a reference method for pH measurements.
However, its miniaturization for further implementation in a multiparametric pfluidic platform is not possible.
PANI [40-42] is a well-known semi-conductive polymer that has attracted attention in the scientific and
engineering fields especially for application in chemical sensors and biosensors due to its easy preparation
procedure. However, the formulation of PANI as an ink for screen-printing process, the long sensor
response time [43] and the proteins adsorption properties of PANI membrane makes it here a mitigation
plan for the pH sensor development [43,44].

On the other hand, many studies have proven that hydrous IrO2 may be a good option for pH sensing using
screen-printing or drop-casting technology [45-47] mainly for its biocompatibility, long-term stability and its
rapid response [48,49]. For this purpose, IrO2 were examinated here as a pH redox material under flow rate
conditions (100 pL.min1). Figure 3a shows the pH sensing response based on potentiometric
measurements in PBS medium. The pH determination consists then on measuring the open circuit potential
(OCP) between the IrO2 based carbon electrode and the reference electrode (Ag/AgCI). In such
measurement methodology, the potential of the pH sensitive sensor is always measured at the equilibrium
state. More particularly the pH response mechanism for the metal oxide electrodes is fundamentally different
from that of traditional electrodes. In the case of IrO:z electrode, the pH response not only depends on the
H* activity but also on the oxidation state of the iridium film. The equilibrium of iridium oxide electrode takes
value of nearly 200 mV vs Ag/AgCl (Figure 3a) in PBS at pH 7.35 suggesting that the Ir'V/Ir'"' couple is
involved in the equilibrium as reported by Carroll et al. [50]. Thus, the redox reaction is given by the following
equations either IrOx is in its anhydrous or hydrous state [50,51]:

21rO2 + 2 H* + 2e- «<—> 203 + H20 (for an anhydrous IrOy electrode) (D)
2 [IrO2(0OH)2:2H20]%> + 3 H* + 2 e <> [Ir203(0OH)3-3H20]* + 3 H20 (for the hydrated IrOx system) (2)

Thus, the measured potential could be expressed using the following Nernst equations:

v, 111 2 .2 IV, Il RTIn (a%4) v, 111 1
Eftior =Eo /T +¥l (%) =E" " 4 Tm =g —RTHT(lO)pH (for an anhydrous
IrOx electrode) 3)
v, 111 2 .3 IV, 11l RTIn (a34) il 1
Efuor = EX /T +¥l <a’;‘1’2¢> =E /" +TH+ =g/ —%’;(N)pH (for the hydrated
1r203
IrOx system) 4)

Where R and F are respectively the perfect gas and the Faraday constants and an+ the activity of the

hydronium ion. Eo"'" is the standard potential of iridium oxide system. However, the later parameter

generally slightly differs from the theoretical value due to experimental conditions (electrochemical cell
architecture, medium...). Thereby; it is assimilated to an offset potential and determination of its value is of
the first importance since it plays a role in the sensor calibration. Temporal shift of this offset potential gives
some insights about the stability of the redox system in the conditions of use.

To calibrate the different sensors of the platform, PBS media of different pHs were flow through the
microfluidic platform in function of time. In addition, this test was reproduced five times in order to establish
five pH-sensing cycles and to assess the reversibility and the reproducibility of the sensors responses.
Indeed, between each cycle, the platform is washed with deionized water (the poor conductivity of the
medium explaining the instability of the sensor response between two cycles). Nevertheless, the variation
of the OCP (mV) in function of pH is represented on Figure 3b. As expected, a linear relation (r2> 0.999)
was observed with a slopes value corresponding to the sensitivity of pH sensor (between 56 and 58 mV/pH



unit in absolute value). Thus, the experimental sensitivities were near ideal to the theoretical Nernstian slope
(59 mV/pH unit). These results confirm that IrO2 probe was slightly affected by the hydrodynamic conditions.

Also, the sensors showed reversible responses as well as large dynamic range (here between 5 and 8)
totally enough for the monitoring of pH needful for biological applications. The response time of sensors
were of few seconds and remains quick stable during the pH sensing. According to the sensing sensitivity,
the pH sensors demonstrated reproducible results for the different tests with acceptable Standard Deviation
(< 5 %). Moreover, an important feature deals with the fact that the iridium oxide film could be previously
conditioned at a certain potential to fix its sensitivity. Such conditioning is somewhat easy to make through
cyclic voltammetry and can be used to self-calibrate the pH sensor in case of drift. To conclude, iridium is
an expensive material and its use may significantly increase the sensors platform cost regarding its
production; however, the obtained results make it an option of choice in terms of technology selection and
particularly relevant for the (bio)sensors platform development.

3.2. H2O, sensing

The development of hydrogen peroxide sensor is based on amperometric measurements. We proposed
here to detect the hydrogen peroxide in reduction in order to avoid electrochemical interferences with the
detection of NO/NOz2. In fact, H2O2 detection is generally effected in oxidation at rather high potential at
which NO/NO:2 could be detectable (as well as others electro-oxidizables species potentially present in the
culture media). This strategy allows us to discriminate between amperometric responses of radical species
[52,53]. Prussian blue (PB) is known to catalyze hydrogen peroxide reduction near to 0 V vs Ag/AgCI (-0.1V
+ 0.05 vs Ag/AgCl) and thus able to deliver electrochemical response free of interferences. Thereby, the
detection of H202 by the PB modified carbon electrodes consists on the catalytic reduction of hydrogen
peroxide on the Prussian blue interface (PB) according to the following reactions [54-56]:

PBred + 2 H202 —> PBox + 4 OH" (catalytic reaction) (5)
PBox+ 4 € <—> PBred (electrochemical regeneration of PB) (6)

Figure 4a shows the voltammetric behavior of PB in PBS (1x) medium at a scan rate of 50 mV.s1, 15 cycles.
The obtained voltammograms show the typical peaks usually observed for PB activation through successive
cycling [57]. The reversible redox system of Prussian blue «— Prussian white appears in the potential range
of -0.1 — 0 V. Comparing to the literature, this system exhibits one pair of redox peaks in 1 M KCI [54,58].
This is attributed to the higher concentration of background electrolyte (high concentration level of K*). At
approx. -0.3 V, a pair of peaks is visible at the voltammogram and may corresponding to the electrochemical
redox system of Ferri/Ferrocyanide ions in the bulk solution probably due to PB degradation during cycling.
However, the catalytic activity of PB corresponding to the electrochemical oxidation/reduction of Prussian
blue < Berlin green should appears at higher potentials range of 0.9 — 1.1 V in PBS (1x) medium (not visible
at the voltammograms). It was in fact reported in the literature that the reduced form of Prussian Blue (also
called Prussian White) had a catalytic effect for the reduction of Oz (~ -0.3 V) and hydrogen peroxide (~ 0
V) [54]. Thus, the amperometric detection of H202 was realized by reduction at a potential of -0.05 V vs
Ag/AgCl, set nearly to the plateau of PW/PB reduction peak that enables selective reduction in presence of
oxygen.

Figure 4b shows the amperometric detection at -0.05 V vs Ag/AgCI of hydrogen peroxide in PBS (1x)
medium under flow rate conditions of 100 pL.mint. Thus, the reductive current of H202 (iH202) increases with
the H202 concentration. By plotting the variation of inzoz2 = f ([H202]) a linear relationship (r2>0.99) is obtained
with a slope value corresponding to the sensors sensitivity (average of 2.85 nA/uM) (Fig. 4c). The obtained
sensitivities of 5 sensors printed on the same platform are very close (RSD = 6.46 %). These results highlight
two important features. First, all the sensors exhibit similar responses whatever their position on the
platform. This demonstrates that the flow, in the experimented conditions, does not differentially affect the
electrochemical response of the sensors. Secondly, this shows that PB screen-printing process allows at
obtaining reproducible catalytic behavior of the sensors toward hydrogen peroxide. The sensors show



reversible responses as exemplified by the return to the same levels of response following flowing of
solutions containing different concentration of H202 (Fig. 4b).

So far, the detection limit of hydrogen peroxide sensing under hydrodynamics conditions is estimated to few
UM in PBS medium (8 + 0.3 uM). On the other hand, the stability of PB ink over time was investigated. It
was observed a sensitivity loss during long-sensing activity with the sensors. This result is probably due to
the consumption of PB on the electrode interface over time especially in presence of high concentration of
H20:. Indeed, in these conditions, the generation of OH- leads to the local alkalization of the media despite
the bulk solution buffering and to dissolution of PB in Ferri/Ferrocyanide ions [59]. Due to that limitation,
two options are available to avoid the sensitivity loss: the first consists of realizing a sampling detection of
hydrogen peroxide (e.g. 1 measurement point/hour) to minimize the consumption of PB of the electrode
interface and stress less the electrode material. The second consists of establishing a one-point
recalibration measurement during the hydrogen peroxide sensing (each 12 hours) to verify the sensitivity
drift and correct the sensors signal according to the initial established calibration curve. For the second
solution, the microfluidic cell-flow easily allows to realize this calibration using a dedicated by-pass channel.
Nevertheless, the expected concentrations of H202 arising from cellular stress are rather low and thus the
degradation of PB would not be such a problem.

3.3. Nitric oxide sensing

Nitric oxide (NO) is a very reactive compound with very short life-time of few sec at cell-culture
temperature (2-6 sec) [18,60]. Its direct in situ measurement is thus complex. Therefore,
complimentary strategy to asses indirectly the NO-secretions relies on the detection of the NO by-
products such as nitrite (NOz2") [17]. In this work, we implemented this strategy since the (bio)sensors
were developed as an external multiparametric platform.

Herein, NO2  was detected amperometrically owing to the use of catalyst (Meldola Blue) modified-
carbon electrode [38]. By applying a potential of +0.863 V vs Ag/AgCl, NO2z" ions issued from NO
secretions are electrochemically oxidized to NOgs- at the electrode surface as follow [61,62]:

4 NO + 02+ 2H20 —> 4 H*"+ 4 NO2 (homogenous-phase oxidation of NO in the cell-
culture medium) (7)
NO2 + H2O —> NOsz + 2 H* + 2 e (electrochemical oxidation of NO by-product) (8)

Figure 5a shows the amperometric response of nitrite in PBS (1x, pH 7,4) medium under flow rate
conditions (100 pL.min1). As expected, the detection of NO2- depends linearly on the concentration
of the analyte (Fig. 5b). The sensor sensitivities are very close with an average value of 7.09 + 0.35
nA/uM (RSD = 5.02 %). This highlights that screen-printing process allows at obtaining reproducible
nitrite sensors. We also characterized the limit of detection of Meldola blue sensors under
hydrodynamics conditions toward nitrite that takes value of around 2 puM in PBS medium (data not
shown). The sensors show reversible responses as exemplified by the return to the same levels of
response following flowing of solutions containing different concentration of nitrite (Fig. 5b).

Otherwise, it is important to note that at this potential, hydrogen peroxide may be also detected by
electrochemical oxidation. This may interfere on the NO measurement during the multiparametric
detection strategy of the selected parameters. This aspect is more completely described in the
following section devoted to multiparametric sensing (8 3.5).

3.4. Lactate sensing

Lactate monitoring is effected using an amperometric enzymatic biosensor that embed the enzyme
lactate oxidase (Lox). The current response is measured in reduction and arises from the two
successive biochemical and electrochemical reactions [63]:

Lox



L-Lactate + O2 —> Pyruvate + H20:2 (enzymatic biofilm) 9)
PBred + 2 H2O2 —> PBox + 4 OH- (catalytic surface reaction) (20)

PBox+ 4 e <> PBred (electrochemical regeneration of PB) (11)

The lactate is catalyzed by the lactate oxidase (Lox) generating pyruvate and hydrogen peroxide
(H202) as by-products. Peroxide molecules that are able to diffuse the electrode surface through the
enzymatic biofilm are further reduced on the Prussian blue interface as already described in the
hydrogen peroxide detection section (8 3.2).

Therefore, the measured reductive current via the transducer interface is used for the lactate
monitoring. Figure 6a shows the amperometric response of the lactate biosensors (potential of -0.05
V vs Ag/AgCl) in PBS (1x, pH 7,4) medium under flow rate conditions (100 pL.min1). The current
response is then proportional to the L-lactate concentrations (Fig. 6b) with an average sensitivity of
0.87 + 0.08 nA/pM (RSD 9.97 %). One can notice the relative dispersion of calibration curves
obtained for the five sensors. Indeed, this come from the biofilm deposition on the PB electrode that
is currently under optimization process to obtain a better reproducibility. The Fig. 6a highlights the
nice reversibility of the lactate biosensors in the lactate concentration range (50 — 500 puM). Indeed,
the dynamic range of the lactate biosensors is larger (up to 3 mM). However, at higher concentration
range of lactate (> 1mM), the biosensors exhibit rapid degradation profile due the alkalization of the
electrode interface generated by the hydrogen peroxide reduction as already mentioned [64].
Otherwise, we also characterized the limit of detection of lactate biosensors under hydrodynamics
conditions (100 pL.mint) that takes value of around 20 pM in PBS medium.

3.5. Multiparametric sensing configuration

From an experimental point of view, sensing in a multiparametric configuration is more complex
than sensing an individual parameter because of interfering and cross-talk signals that may be
encountered [65]. Indeed, in terms of interferences, as already mentioned endogenous hydrogen
peroxide may be detected on the nitrite and the lactate sensors. As well, lactate may influence the
pH of the measured media. Otherwise, lactate oxidase encapsulated at the surface of the lactate
sensor generates some exogenous hydrogen peroxide that could be detected on the H202 and
nitrite sensors. In this configuration, the response of the sensors should be correlated in order to
extract the specific metabolites concentrations from the raw data. Moreover, the positioning of the
sensors on the platform has to be selected according to the flux inside the flow-cell to limit cross-
talk signals.

Herein, 8 working electrodes were modified by pairs using the different sensitive layers as already
described. Thereby, the lactate sensors are positioned near to the outlet of the flow-cell (position 5
and 6) to avoid cross-talk with the other sensors. The other sensors are placed in the remaining
positions: H202 sensors are placed in position 1 and 2 while pH sensor are placed at position 3 and
4 and NO/NOz sensors are placed respectively at position 7 and 8.

During measurements, the responses were simultaneously recorded potentiometrically for pH
sensors and amperometrically for the hydrogen peroxide, nitrite and lactate sensors that are
polarized at respective potentials of -0.05, +0.863 and -0.05 V vs Ag/AgCl. Figure 7 shows the raw
amperometric responses of these sensors.

As illustrated, during nitrite injection (step 1) only NO/NOz" sensors (MB) shows a signal evolution
(830 nA / 100 uM NOz2). Besides this, the other sensors signals are stable demonstrating that no
interferences or competitive reactions occurs in this case. Also, a similar behavior is observed during
lactate injection (step 2) where only lactate sensors (PB/Lox) show signal evolutions (125 nA / 250
UM lactate). As expected, the generated hydrogen peroxide species in the detection process of



lactate does not affect the hydrogen peroxide and the nitrite sensors due to the position of lactate
sensor near the outlet of the pfluidic chamber.

However, during H20: injection (step 3) all amperometric sensors display a current evolution.
Comparing between the responses of lactate and hydrogen peroxide sensors, both sensors showed
a very close current evolution (approx. 350 nA / 100 uM H2032). This indicates that injected H20:2
species were amperometrically reduced at the Prussian blue surface of sensors 1 & 2 and traversing
the (bio)enzymatic membrane of lactate sensors to be also reduced through the Prussian blue
interface of sensors 5 & 6. In addition, the current evolution of sensors 7 & 8 demonstrates that H202
species were amperometrically oxidized at the Meldola blue surface. Nevertheless, C. Amatore et
al.[66—68] have already reported the strategy of electrochemical data processing in the case of a
multiparametric sensing configuration considering of precisely determining the current of different
detected species electrochemically as follow [69,70]:

feen = (axif) +(bxii)+ Tn(xxiz) (12)

where £, is the measured current at any given potential, E, for the detected species (1,2...n) on
the electrode material and, a, b... x are the relative fixed coefficients related to the reference
concentrations.

Based on the result of Figure 7, complementary measurements were separately conducted to
evaluate the coefficients quantifying the concentration of the detected species at the given
potentials. Figure 8 shows the comparison between the sensing sensitivity of hydrogen peroxide on
different electrode materials of Meldola blue (at +0.863 V) and Prussian blue (at -0.05 V). As
illustrated, the obtained experimental values show that sensors have different sensitivities for H20:2
detection. The ratio of the obtained values 0.36 (1.03/2.85) is corresponding to the selectivity
coefficient of H202in the case of multiparametric sensing configuration and conducting to determine
the relationships given below:

i1e2 = i H,0, at E =-0.05V /REF (13)

i7e8 = i N0, - 0.36 i H,0, at E = +0.863 V / REF (14)

Also, the current evolution of lactate and H20:2 sensors during H20:2 injection (Fig. 7a) showed a
similar current values (350 nA / 100 pM) conducting to conclude the following relationship:

ise6 = I Lactate + i H,0, at E =-0.05V / REF (15)

For the potentiometric measurements of pH (sensors 3 & 4), the pH electrodes responses rapidly
stabilize following nitrite and H20: injection (steps 1 & 3). However, lactate injection (step 2) induces
a mark shift in the pH sensors responses as illustrated by the potential increase (Fig. 7b). This is
due to the acidification of the medium by lactate.

3.6. Ex-situ characterization of cell culture media by the biosensing platform

To illustrate the use of biosensing platform, we assessed its electrochemical response in real
solutions collected from cell-culture. Therefore, we carried out the ex-situ testing of samples coming
from culturing a human colorectal adenocarcinoma cell line i.e. Caco-2 cells (refer to § 2.5 for culture
conditions). During the cell-culture, the medium was replaced every 2—-3 days. After 21 days, in
order to mimic a stress behaviour, the cells were continuously exposed to SDS solution 0.5 mM for
24 hours. In fact, SDS is known to induce the degradation of tight junctions leading to stress and to
final apoptosis of the Caco-2 cells [71]. In these conditions, the cells are known to express the stress
metabolites that could be measured by the multiparametric platform. After SDS exposure the media
was collected and used for analysis on the multiparametric (bio)sensing platform. Samples without
SDS exposure were used as control for this experiment.

Figure 9 shows the results obtained for the ex-situ characterization of the cell-culture media by the
biosensing platform. As expected, one can observe a clear increase of lactate, hydrogen peroxide
and NO/NO2 concentrations after exposure to SDS. Concomitantly, slight decrease in pH is



observed (ApH = 0.16). The relatively small drop in the pH is not surprising since the culture media
contains a strong buffer (i.e., Earle's salts and sodium bicarbonate).

The detection of these metabolites confirm the stress of the cells due to the exposure to SDS.
Moreover, diacidification of the culture medium can be explained by the lactate production that
occurs under hypoxic conditions. Consequently, glycolysis of proliferating cells which conduct to the
media pH evolution [72].

Herein, we demonstrated that this modular set-up provides a powerful toolkit for the detection of
metabolites issued from the inflammatory process for in vitro testing.

4. CONCLUSIONS

The development of an original electrochemical (bio)sensing platform for real-time monitoring of a
selected cellular metabolites is reported. The design and the qualification of this sensors platform
was studied and carried out in artificial medium. In this study, we demonstrate that applying our
design and our fabrication strategy of this platform enables the detection of multiple parameters
involved in the cell culture stress. The 3D design of the technological approaches for the aggregation
of the different sensors on the pfluidic platform also called fluidic circuit board (FCB) is presented
on Figure 10. The proposed FCB design is developed using building blocks modules strategy and
containing principally 3 modules: cell-culture chamber with impedance sensor module optically
compatible in case of microscope utilization, integrated peristaltic pump module reducing the dead-
volume and; the multiparametric (bio)sensing chamber module. Thereby, the nature of the sensed
parameters could be modulated to allow monitoring of cell cultures involved in different applications
such as drug screening or organ-on-chip.
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connected to the flow cell using luer lock connector.
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Fig. 2. Schematic representation in section view of different sensors layers of (a) pH sensor (b) H202
sensor (c) NO/NOz sensor and (d) Lactate sensor.
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Fig. 3. (a) Electrochemical responses of pH sensors in PBS (1x) medium under flow rate conditions of
100 pL.min, (b) Measured sensitivity of pH sensors.
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Fig. 4. (a) Cyclic voltammetric analysis in PBS (1x) medium at 50 mV.s? of Prussian blue interface (15
cycling). (b) Amperometric responses at -0.05 V vs Ag/AgCl of hydrogen peroxide sensors in PBS (1x)
medium under flow rate conditions of 100 pL.minL, (c) Calibration curves of hydrogen peroxide during
electrochemical sensing.
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Fig. 5. (a) Amperometric responses at +0.863 V vs Ag/AgCl of NO/NOz sensors in PBS (1x) medium
under flow rate conditions of 100 pL.min. (b) Calibration curves of NO2" during electrochemical sensing.
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Fig. 6. (a) Amperometric responses at -0.05 V vs Ag/AgCl of Lactate sensors in PBS (1x) medium under

flow rate conditions of 100 pL.minL. (b) Calibration curves of Lactate during enzymatic electrochemical
(bio)sensing.
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Fig. 7. (a) Amperometric responses of the sensors platform in a multiparametric configuration in PBS (1x)
medium under flow rate conditions of 100 pL.min! (sensors 1 & 2 / PB polarized at -0.05 V vs Ag/AgCl,
sensors 5 & 6 / lactate polarized at -0.05 V vs Ag/AgCl and sensors 7 & 8 / MB polarized at +0.863 V vs
Ag/AgCI). (b) Potentiometric responses of pH electrodes (sensors 3 & 4) at equilibrium vs Ag/AgCl.
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Fig. 8. Evaluation by amperometric analysis of hydrogen peroxide sensing sensitivity on different
electrode materials of Meldola blue (at +0.863 V) and Prussian blue (at -0.05 V).
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Fig. 9. (a) Effect of 24h SDS exposure on lactate, peroxide and NOx secretion from Caco2 cells and (b)
changes of pH in cell culture media.
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Fig. 10. 3D design of the bioreactor-embedded multiparametric (bio)sensing platform approach for
cytotoxicity test.



