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Résumé de la thèse (French abstract)

Introduction générale

Les études portant sur les cellules vivantes se développent sans cesse pour apporter une compréhension plus fine des phénomènes de la vie. Le stress oxydant est une des situations métaboliques importantes qui intéresse fortement la communauté en bioanalytique.

Durant ce processus, des familles d'espèces réactives de l'oxygène (ROS) et réactives de l'azote (RNS) sont formées pour réguler des fonctions physiologiques et pathologiques. D'après les propriétés électroactives de ces espèces, les microélectrodes ouvrent de nouveaux horizons et opportunités pour explorer des cellules vivantes. Cependant, en raison des variations du comportement cellulaire, les résultats statistiquement fiables au niveau de la cellule unique requièrent souvent des expériences répétitives et fastidieuses. Pour contourner ces difficultés, nous avons décidé dans ce travail de thèse de tirer bénéfice des avantages des microélectrodes et de la microfluidique pour accomplir des analyses à haut débit de RNS/ROS à partir de populations de cellules vivantes.

En premier lieu, la fabrication des microélectrodes doit être optimisée pour leur utilisation en microfluidique ainsi que leurs performances analytiques vis-à-vis des espèces considérées individuellement. Les microdispositifs seront conçus à partir de ces outils pour ensuite explorer le stress oxydant de cellules vivantes. Ainsi, le manuscrit de la thèse sera organisé de la façon suivante. Dans une première partie, nous dresserons un état de l'art du progrès des recherches actuellement menées dans ce domaine. Dans une seconde partie, nous présenterons la fabrication de microélectrodes en noir de platine et son optimisation pour atteindre des performances analytiques élevées vis-à-vis de la détection de ROS/RNS en solution. Dans la troisième et dernière partie, deux configurations de microdispositifs seront étudiées pour analyser le comportement de populations de macrophages soumis à un stress oxydant.

PARTIE A: Etat de l'art

1.

Stress oxydant et production d'espèces ROS/RNS

La vie dans un environnement aérobie est constamment accompagnée de la production Ces espèces apparaissent comme des espèces omniprésentes dans le processus global de la vie et sont imputées de rôles très ambivalents. Elles peuvent réguler des fonctions physiologiques vitales mais peuvent aussi conduire à de nombreuses affections mortelles.

L'exploration approfondie des principales espèces ROS/RNS générées durant le stress oxydant permet alors une meilleure compréhension du processus métabolique.

Méthodes de détection des espèces ROS/RNS

Ces espèces étant transitoires et générées en très faible quantité, des méthodes de détection à haute performance (fluorescence, chimiluminescence, etc.) sont requises. Nombre d'entre elles sont actuellement à l'étude. Parmi celles-ci, on trouve l'électrochimie qui offre une approche directe, sans marquage, car fondée sur les propriétés électroactives de ces espèces.

Des modifications post fonctionnelles de la surface d'électrode ont été développées afin d'améliorer les performances de la détection. Parmi les dépôts possibles, il y a le noir de platine (noir-Pt) qui a été reporté comme le dépôt offrant une sensibilité et sélectivité optimales vis-à-vis de la détection de quatre espèces oxydantes (H 2 O 2 , NO • , ONOO -, et NO - 2 ). En effet, ces quatre composés sont considérés comme les espèces clés du stress oxydant puisque les autres qui sont impliquées sont soit de trop courte durée de vie (e.g., OH • ) ou encore non électroactives (e.g., NO - 3 ) dans les conditions expérimentales données. En effet, avant de pouvoir être détecté, O •- 2 par exemple est majoritairement éliminé par la réaction rapide d'antidismutation. Une alternative consiste alors à détecter le principal produit de la réaction (H 2 O 2 ) pour sa quantification.

Progrès analytiques dans la détection ex vivo de messagers cellulaires électroactifs

Les propriétés connues des microélectrodes ouvrent de nouveaux horizons et de Ainsi, dans ce contexte et afin d'atteindre un couplage optimal entre la microfluidique et une détection ampérométrique, nous nous intéresserons principalement (i) à l'optimisation des électrodes microbandes Pt/noir-Pt et à la validation de leurs performances analytiques visà-vis des espèces individuelles ROS/RNS à l'intérieur de canaux microfluidiques et (ii) au suivi simultané de ces espèces émises à partir de cellules vivantes. Différentes configurations de dispositifs pourront alors être envisagées afin d'accéder à une compréhension fine du comportement de cellules, à la fois au cours d'études cinétiques et de détections quantitatives.

Conclusion et perspectives

PARTIE B: Détection électrochimique in vitro d'espèces ROS/RNS à l'intérieur de microcanaux à partir d'électrodes microbande en Pt/noir-Pt

Dans cette partie, le dépôt de noir de platine sur des électrodes microbandes en platine a été optimisé pour une utilisation à l'intérieur de microcanaux. Les performances analytiques vis-à-vis de solutions synthétiques de H 2 O 2 , NO • , ONOO -, et NO - 2 ont été évaluées en comparant les résultats expérimentaux avec les régimes théoriques du transport de masse par diffusion-convection.

Electrode microbande en Pt/noir-Pt

Comme décrit sur la Résumé-6D). Ainsi, les performances analytiques vis-à-vis des espèces individuelles ROS/RNS ont pu être évaluées sous régime stationnaire convectif à l'intérieur de microcanaux.

2.

Détection in vitro de deux espèces stables : le peroxyde d'hydrogène et les nitrites Afin de mieux évaluer le transport de masse aux électrodes Pt/noir-Pt, les courants limites pour les deux espèces ont été tracés en fonction de la vitesse d'écoulement et ont été comparés aux prévisions issues de régimes convectifs stationnaires théoriques. . Il convient de noter que H 2 O 2 est oxydé par le biais de sites actifs Pt(OH) 2 générés électrochimiquement. Ce processus en lui-même est très rapide mais la vitesse de la réaction globale est inhibée par de l'adsorption compétitive ou oxydation ultérieure de sites actifs.

Dans le cas de NO - 2 , une oxydation globale a lieu à travers une réaction de d'antidismutation du dioxyde d'azote. La vitesse du transfert d'électron diminue avec la formation de couches d'oxydes à la surface de platine.

Bien que les mécanismes soient fondamentalement différents, l'oxydation des deux espèces sur électrodes Pt/noir-Pt est contrôlée par les régimes du transport de masse. Ceci démontre qu'un nombre plus large de sites actifs à l'échelle nanométrique peut effectivement empêcher les effets d'inhibition/passivation et faciliter le transfert d'électron. Ainsi, l'adsorption passive d'espèces et la formation de sites de platine inactifs ne masquent pas l'activité globale de l'électrode sur la surface active apparente. Dans (B), pH = 11.1 (○), 10.8 (▲), 10.2 (•), 9.4 (□), 8.9 (Δ) et 8.4 (■).

Détection de l'oxyde nitrique La performance de la détection de NO • a été évaluée par la génération dynamique de NO • à travers la décomposition de solutions de DEA-NONOate. Cependant, la concentration de NO • ne résulte pas seulement de la décomposition du donneur (k 1 ) mais aussi d'une Il convient de souligner que le contrôle du transport de masse par convection de NO • à des électrodes Pt/noir-Pt a été une hypothèse de départ durant l'ajustement. Le fait que la valeur trouvée de k 2 = (2.2±0.4)×10 6 M -2 s -1 corresponde à celles de la littérature confirme notre hypothèse.

Ainsi, nos résultats ont montré que les microbandes optimisées de Pt/noir-Pt, offrent une meilleure sensibilité et fiabilité des réponses électrochimiques vis-à-vis des espèces ROS/RNS les plus intéressantes. Le détail des performances analytiques sont listées dans le tableau Table Résumé-1.

Détection de mélanges

Les courbes voltamétriques de H 2 O 2 , ONOO -, NO • et NO - superpose fortement avec celle de ONOO -tandis que celles de NO • et de NO - 2 sont bien séparées des autres. Ainsi, quatre potentiels optimaux de détection ont été définis comme le montrent les lignes verticales en tiret. Ainsi, en réalisant à ces potentiels des séries de microinjections de mélanges , un bon accord a été obtenu par additivité des courants sans qu'aucune réaction annexe ne soit observée. 

Conclusion de la Partie B

Contrairement aux électrodes de platine nues, les électrodes en noir de platine permettent d'améliorer les performances analytiques de détections électrochimiques avec une stabilité sur de longues durées d'expérience pour les quatre espèces ROS/RNS (i.e., H 2 O 2 , ONOO -, NO • , et NO - 2 ). Ces avantages sont dus à un plus grande nombre de sites actifs sur la surface de l'électrode qui facilite le transfert d'électrons et empêche les effets de passivation ou d'inhibition d'électrode. Le processus de platinisation a été optimisé afin d'atteindre le rapport signal sur bruit le plus élevé tout en préservant la compatibilité des épaisseurs de dépôt avec les dispositifs microfluidiques. Parallèlement, l'activation des électrodes donne des résultats reproductibles, rendant ces électrodes facilement réutilisables.

Le transport de masse par convection à l'état stationnaire à l'intérieur de microcanaux nous a permis d'étudier les mécanismes d'oxydation (H 2 O 2 et NO - 2 ) et de décomposition (ONOO -et NO • ). De plus, les détections ont été réalisées de façon satisfaisante dans le cas du mélange des quatre espèces. La composition des échantillons a pu être évaluée aux potentiels de détection sélectionnés. Ces résultats valident la possibilité d'effectuer des détections électrochimiques simultanées de ROS et RNS dans des dispositifs microfluidiques en utilisant des électrodes en noir de platine.

PARTIE C: Suivi du stress oxydant de cellules avec des électrodes Pt/noir-Pt intégrées dans des microsystèmes

Dans cette partie, des dispositifs intégrant des électrodes Pt/noir-Pt ont été étudiés pour suivre l'émission d'espèces ROS/RNS à partir de cellules vivantes. En raison de la flexibilité des procédures de microfabrication, les espèces oxydantes issues d'une population de cellules ont été caractérisées à la fois par détection basale ou en aval d'une chambre de culture cellulaire.

1.

Modèle cellulaire et méthode de stimulation 

Détection d'émission d'espèces oxydatives à partir de populations de cellules par détection basale

Inspiré par la configuration de synapse artificielle pour la détection de cellules uniques, nous avons développé ci-après un microdispositif PDMS-verre à l'intérieur duquel des électrodes microbandes en Pt/noir-Pt ont été placées juste en dessous de cellules émettrices . Les macrophages ont été confinés dans des chambres à proximité des électrodes de travail avec un nombre moyen de 1200 cellules adhérentes. Après stimulation, des mesures ampérométriques ont été faites simultanément à 0.30, 0.45, 0.62 et 0.85 V vs.

Ag/AgCl à chaque électrode dans chacune des quatre chambres. Un point important qui doit être souligné ici est qu'un microsystème n'est performant que pour étudier des évènements sous des conditions spécifiques, i.e., résolution temporelle, évaluation des quantités détectées, caractérisation des espèces à l'origine des évènements initiés. Dans ce cadre, la configuration de synapse artificielle offre le meilleur choix pour les performances analytiques atteintes. Cependant, d'autres performances peuvent être requises dans le contexte d'études biologiques de grand intérêt comme l'évaluation des effets de principes actifs sous différentes conditions mettant en jeu de nombreux paramètres. C'est pourquoi, le dispositif qui sépare une population de cellules de la zone de détection présente certains avantages. 

Conclusion générale et perspectives

General introduction

Life science is more and more solicited by modern societal demands. This is why investigations on living cells and subcellular messengers develop increasingly to give a deep understanding of complex life phenomena. Among metabolic situations of interest, oxidative stress is one that appears ubiquitous in the whole life process. It can be initiated by radiation, air pollution, smoking, virus or bacteria. During oxidative stress, a family of reactive oxygen species (ROS) and reactive nitrogen species (RNS) are formed under complex imbrication pathways. They work together to regulate vital physiological functions. However, they can also be potent mediators that trigger cellular damages when the release exceeds antioxidant capability.

Due to the subtle generation and transient existence of these active candidates, highperformance detection methods are required. Among these methods, electrochemistry offers a direct and label-free approach owing to the intrinsic electroactive properties of some ROS and RNS. In this context, microelectrodes provide new scope and opportunities to explore living cells ex/in vivo according to their well-known properties: (i) fast responses; (ii) high signal-tonoise ratio and (iii) high spatial resolution. By approaching a microelectrode to the emitting surface of an isolated living cell, excellent temporal resolution, sensitivity and collection efficiency are achieved due to the confined space and high concentration of species released locally. Based on this artificial synaptic configuration, our group has previously studied extensively the oxidative stress from single cells. Four key oxidative compounds (i.e., H 2 O 2 , NO • , ONOO -, and NO - 2 ) were identified, and their releases were analyzed dynamically. However, due to some differences in cells behaviors at the single-cell level, statistically reliable results often require fastidious and repetitive experiments (long time duration of measurements, complications in experimental part, intense human labors, etc.).

To overcome these difficulties, we wanted hereafter to take benefit of microfluidics to ease and optimize the analysis of RNS/ROS released from populations of cells. Indeed, microfluidics offers new opportunities in biological studies to grow, manipulate and monitor living cells. Dimensions of microfluidics components match well with biological scales.

Advanced and standard microfabrication technologies, such as photolithography, enable flexible designs of microdevices with the use of biocompatible materials such as PDMS (polydimethylsiloxane). Furthernore, fluidic features inside microchips allow also to automatize the entire bioanalytical experiment. Therefore, after the versatile implementation of ultrasensitive microelectrodes into these "all-in-one" devices, high-throughput analysis of ROS and RNS are expected with high performances and low consumptions of materials.

However, before the development of such highly-effective microdevices, preliminary studies are required to optimize the electrode performances within microfluidic channels. This is the context in which the present work takes place. In order to enhance the sensitivity of the electrochemical detection, deposition of Pt-black films onto microbands will be investigated.

Pt-black deposits are expected to prevent electrode inhibitions and to improve the stability of the measurements. Under such configurations, performances of the Pt/Pt-black microband electrodes towards H 2 O 2 , NO • , ONOO -, and NO - 2 will benefit also from convective mass transport above the electrodes.

Therefore, to achieve our goal, we will mainly focus on: (i) the optimized fabrication of Pt/Pt-black microelectrodes and assessment of their analytical performances towards interested ROS/RNS in vitro, and (ii) the simultaneous monitoring of these oxidative species from living cells in more elaborated devices. The manuscript is then organized in the following way:

In Part A, we report the state-of-the-art of research advances in this domain. The generation of ROS/RNS cocktails and their ambivalent roles in life process are first recalled.

Detection methods and their analytical performances are then summarized and discussed.

Particular attention is paid on existing electrochemical methods. Methodologies for detecting single-cell events or population of cells are summarized. Details about cell culture, manipulation and monitoring in microfluidic system are also described. The general oxidative stress family in terms of reactive oxygen species (ROS) and reactive nitrogen species (RNS) comprises a variety of hazardous substances, including hydrogen peroxide (H 2 O 2 ), hydroxyl radical (OH • ), hydroperoxyl radical (HO • 2 ), peroxyl radical (ROO • ), peroxynitrite (ONOO -), nitrite (NO - 2 ), nitrogen dioxide (NO • 2 ), dinitrogen trioxide (N 2 O 3 ), nitrosonium cation (NO + ), etc. [1]. Nevertheless, these secondary species are mainly from two precursors, namely superoxide ion (O •- 2 ) and nitric oxide (NO • ).

In

ROS/RNS generation may be initiated by radiation, air pollution, smoking, or even by invading virus or bacteria. Moderate produce is usually suppressed by protection complexes (e.g., catalase, glutathione peroxidase, superoxide dismutase, and vitamin C). However, when the release uncontrolledly exceeds antioxidant capability, critical oxidative stress prevails, tending to irreversibly convert neighboring biological components and amplify cell damages.

Two specific enzyme families, beside the normal metabolism in respiratory chain, are responsible for mass generation of oxidative bursts. assembly of cytosolic and integral membrane proteins to form a multi-subunit complex (i.e., gp91 phox and p22 phox accompanied with translocation of p40 phox , p47 phox , p67 phox and a small GTPase-Rac2) [2]. Defects in any cofactor will lead to an inactivate NADPH oxidase, and no mass production of O •- 2 will be observed. Different NOS isoforms have been identified according to cell type or conditions in which they were first described [4]:

 Neuronal NOS (nNOS or NOS1) is the first nitric oxide synthase to be cloned from peripheral nerves. It has the most complex genomic organization in humans with multiple splice variants being produced. Its activity is controlled by intracellular calcium changes.

 Inducible NOS (iNOS or NOS2) from macrophages is tightly bound to calmodulin.

Unlike nNOS, it is strongly induced by proinflammatory stimuli rather than changes of calcium concentration. However, this enzyme produces NO • at a less substantial rate as compared to the other isoforms.

 Endothelial NOS (eNOS or NOS3) is later cloned from cardiovascular system and is a constitutive isoform located to the plasma membranes. It is strongly activated by entry of calcium and is also regulated by phosphorylation.

 Mitochondrial NOS (mtNOS) is recently described to play an important role in modulating mitochondrial respiration of cells from liver, brain and kidney. It is also responsive to calcium concentration in the matrix.

Derived family of ROS and RNS

From the two primary species: O •- 2 and NO • , diverse active substances are generated afterwards.

Under physiological conditions, the O •- 2 is readily scavenged through the natural disproportionation into hydrogen peroxide and oxygen (k = 2×10 5 M -1 s -1 at 25°C ); nevertheless, in mammalian aerobic cells, this process is even accelerated by superoxide dismutase (SOD, k = 2.5×10 9 M -1 s -1 at 25°C ) [5]:

→ (A.2)
There are two main types of SOD, present respectively in mitochondria (manganese type: Mn SOD); or in cytoplasm and membranes (copper and zinc type: Cu/Zn SOD generation pathway (at the presence of myeloperoxidase (MPO) and chloride), is even more harmful, because one of the strongest oxidant hypochlorous acid (HOCl) is formed as an intermediate [7]:

→ (A.4) (A.5)
To prevent extensive generation of these lethal products, some antioxidant molecules thus play the protective roles. For instance, catalase (CAT), exists in every cell, can convert H 2 O 2 into water (Equation (A.6)) or use H 2 O 2 to detoxify other substances (Equation (A.7)) [6]:

→ (A.6) → (A.7)
These processes are essential for limiting oxidative damages, H 2 O 2 concentration is then maintained at nanomolar levels.

NO • is an omnipresent and hydrophobic messenger that travels freely across cell membranes. NO • itself is a weak oxidant which is expected to react with oxygen (k = 2×10 6 M -1 s -1 ) to form NO - 2 [5]:

(A.8)
However, once it collides with O •- 2 in the vicinity (a few cell diameters), they couple extremely fast (at diffusion-limited rate: k = 2×10 10 M -1 s -1 ) to form a powerful oxidant peroxynitrite (ONOO -):

(A.9)

In contrast to OH • , peroxynitrite can diffuse quite far on a cellular scale. Accordingly, it possesses a better selectivity towards target components (nucleic acids, lipids and thiol groups)

and has more subtle actions on cells.

At physiological pH, peroxynitrite is unstable and decomposes through its conjugated acid ONOOH into ions NO - 2 and NO - 3 [8]:

(A.10) (A.11)
On the other side, reaction between ONOO -and CO 2 (k = 3 -6×10 4 M -1 s -1 ) may compete the main decomposition route, especially in blood since CO 2 concentration is considerably high there (12 -30 mM). This process gives short-lived intermediate species 

Roles of ROS/RNS in life

The imbrication of ROS/RNS metabolism appears ubiquitous in the whole life process. Indeed, their roles in biological activities are quite complex and ambivalent. They can regulate metabolic signaling; whereas can also be potent mediators that trigger cellular damages.

These contrasting effects may come from collaboration of several ROS and RNS; or only from one species as a function of its concentration and local condition. For instance, endogenous NO • can promote (low concentrations) or inhibit (high concentrations) apoptosis, kill tumors or increase metastasis, relieve or enhance damages after stroke [3]. The controversial role of ROS/RNS is one of the most popular topics in physiological and pathological community; and the following content shows some essential affects in living systems.

Beneficial effects

Host immunity

The primary function of phagocyte ROS is the defense against invading microorganisms, such as microbes, viruses, and even foreign antigens. During phagocytosis (Figure A-4A), NADPH oxidase are activated to generate microbicidal ROS. Rather than pure O •- 2 , some secondarily derived metabolites such as H 2 O 2 , OH • and HOCl probably contribute more in the host immunity [10]. Efficiency of phagocytosis and ROS production is further augmented if microbes are opsonized with host serum proteins (e.g., antibody or complement).

If some defects lead to inactivated NADPH oxidase, accumulation of phagocytes unable to kill ingested pathogens is likely to provoke inflammations.

Regulation of vasodilatation

Maintenance of blood pressure is of a great importance since the deviations from normal level could be life-threatening. NO • is well recognized as one key relaxation factor synthesized by endothelial cells on the interior wall of blood vessels. Benefited from its fast diffusing and the free permeability to membranes, NO • then activates guanylate cyclase (GC) in surrounding smooth muscle cells to generate increased level of cyclic guanosine monophosphate (cGMP), and consequently dilates blood vessel (Figure A-4B) [11][12][13]. This self-regulation mechanism ensures adequate blood flow and tissue perfusion to maintain organs within the normal physiological ranges.

It is currently thought that vasodilatation is also modulated by vascular ROS (generated in fibroblasts, endothelial cells, smooth muscle cells) [14]. As mentioned before, NO • would be consumed anytime it encounters O •- 2 , so its bioavailability is actually regulated by the balance with O •- 2 . Excessive ROS will upset the balance and accordingly cause endothelial dysfunction, vasoconstriction and hypertension.

Cell signaling

The high reactivity and rapid diffusion of ROS/RNS facilitate surrounding cells to generate appropriate physiological signaling. One example is temporal integration of local neuronal activity with NO • signaling. The convoluted trails and life span make NO • an ideal messenger to surrounding synapses [15], offering retrograde signaling pathway from postsynaptic cells to presynaptic terminals and consequently maintaining long-lasting synaptic transmission (Figure A-4C) [16,17]. ONOO -behaves as a potent modulator of various signal-transduction pathways. At low concentrations (10 -200 M), it was observed to promote phosphotyrosine signaling in different cells [9]; however, higher concentrations of ONOO -can impair downstream signaling through nitrotyrosine formation. H 2 O 2 and other ROS also play important roles in cellular signaling. Among which, the activation of nuclear transcription factors in the mitogen-activated protein kinase (MAPK) pathways perhaps is the most significant one [18]. These factors are able to control expression of protective genes that repair damaged DNA, power the immune system, and arrest the proliferation of damaged cells [19].

Redox regulation

The redox environment of a cell is critical determinant for the trigger of apoptosis.

ROS/RNS can lead to a temporary redox regulation and modify intracellular homeostasis. [2]. (B) NO • generation from endothelial cells elicits vasodilatation process [20]. (C) Retrograde regulation of synaptic functions by NO • . Vesicle endocytosis is accelerated through NO • activating soluble guanylate cyclase (sGC) and protein kinase (PKG) [16].

Deleterious effects

Despite those physiological regulations, overwhelming generation of ROS/RNS can irreversibly damage cellular compounds. This will lead to many life-threatening diseases, including cardiovascular disease, cancer, neurological disorders, diabetes and ageing [21,22].

Lipid peroxidation

Oxidative bursts can initiate a chain reaction of lipid peroxidation (in membranes, liposomes, and lipoproteins), by abstracting a hydrogen atom from polyunsaturated free-fatty acids (PUFA) [23]. This reaction produces some secondary hydroperoxy radicals (e.g., ROO • and LOO • ) that continue attack neighboring PUFAs and ultimately result in degeneration of membrane lipids (Figure A-5A). Lipid peroxidation changes membrane fluidity, permeability, and the capacity to maintain equilibrated concentration gradient [24]. Consequently, cells will suffer from loss of intracellular liquids, enzymes, and other important biological elements.

Protein alteration

ROS/RNS such as OH • , O •- 2 , and ONOO -have large potential to oxidize amino acids in the peptide chain, altering protein structures and functions. The most prevalent reaction is that with cysteine (Figure A-5B), leading to formation of disulfides (RSSR) from two thiols [25].

This oxidation inactivates many enzymes involved in cellular energetic processes. Besides, thiols may also be oxidized into thiyl radicals (RS • ) to further promote oxidative stress. Other protein modifications include oxidation of transition metal centers-containing proteins (e.g., hemoglobin, myoglobin, and cytochrome c) [26], cytotoxic tyrosine nitration in nervous system [27], and proteins degradation (through alteration of lysosomal systems and proteasomes) [28].

DNA lesion

Another important damaging effect of ROS/RNS is their capability to attack almost every part of DNA (e.g., purine, pyrimidine, and deoxyribose backbone) [29], and then cause DNA strand breaks (Figure A-5C). The in vivo repair system is also affected, not totally inhibited, but its capacity and repair procedures can be impaired. This permanent DNA lesion represents the first step in mutagenesis and carcinogenesis. [23]. (B) Oxidation of amino acid cysteine [25]. (C) DNA lesion with broken strand [29].

Conclusion of section 1

Life in an aerobic environment is constantly accompanied by ROS/RNS generation.

Originated from two primary species (O •- 2 and NO • ), a cocktail of derived candidates work together to regulate vital physiological functions. When the ROS/RNS release uncontrolledly exceeds antioxidant capability, via activation of NADPH and NOS enzymatic pools, critical oxidative stress prevails. Indeed, physiological and pathological processes are to a large extent due to the collective regulating and damaging effects mentioned above. Therefore, the in-depth exploration of main ROS/RNS candidates should allow a better understanding towards metabolic process.

Detection methods for ROS/RNS

Due to the apparent ubiquity and importance of ROS and RNS, it is of great interest to monitor their production during oxidative stress. Indeed, rather than the long-term observation of patients' metabolites, direct measurements are much preferred in deciphering the intricate mechanisms at different oxidative stress stages. Despite the difficulties of subtle generation and transient existence of those active species, highly-sensitive and selective analytical methods have undergone great progress and some of which are introduced in the following context.

Some general analytical methods

Fluorescence method

Two types of fluorescent probes are commonly adapted in this domain, namely "oxidant-sensitive" or "non-redox" indicators [30]. The former dyes comprise aromatic compounds which can be oxidized by free radicals and then generate fluorescent end products The "oxidant-sensitive" dyes can detect samples at very low concentration (several to tens of nanomolar [31][32][33]) but react simultaneously with various oxidants, providing the global cellular redox activity rather than specifically for one analyte. In addition, 2 ) and diaminofluorescein (DAF, targets to NO • [33][34][35]). [33].

As an alternative, the "non-redox" probes (e.g., boronate, benzene sulfonyl, and benzyl based compounds [33]) release fluorophores from protecting groups instead of being directly involved in radical-intermediate reactions, and accordingly avoid some potential complications. However, these probes tend to be selective (towards a particular group of reactive species) rather than specific (towards only one target species); and their low reactivity (boronate probes react with H 2 O 2 at k ≈ 1 M -1 s -1 ) usually raises questions. [6-(4'-hydroxy)phenoxy-3H-xanthen-3-on-9-yl]benzoic acid (HPF) and 2-[6-(4'amino)phenoxy-3H-xanthen-3-on-9-yl]benzoic acid (APF) O-dearylation induced by highly reactive ROS and RNS [36].

Beyond those two main types, one new group called genetically encoded proteins (e.g., reduction-oxidation sensitive green fluorescent protein (roGFP) [37]) can react rapidly and selectively with oxidants (detection limit down to 0.1 nM). Moreover, they can be targeted to different sites in the cell to monitor local oxidant production. But their functions are likely to be affected by cellular reductases and enzymatic peroxide metabolism.

Yet, the fluorescence-based assays provide primary investigation of a variety of oxidative species. But the lack of specificity and multi-step reactions still trigger problems in interpreting the absolute identification or quantification. Some additional techniques (e.g., high-performance liquid chromatography (HPLC), mass spectrometry (MS) and gas chromatography (GC)) are thus needed to accomplish the whole analysis.

Chemiluminescence method

Chemiluminescence detection consists in a probe or an enhancer that provokes light Luminol (LM) is the most famous chemiluminescent probe which has been reported to selectively detect ROS/RNS in activated phagocytes (detection limit down to the range of femtomolar) [31]. But it cannot identify the oxidants or provide mechanistic information since a host of active species (e.g., OH [38].

Lucigenin (LC) is often thought more specific for O •- 2 [39], but neither react directly with O •- 2 . It must be first reduced to cation radical (LC •+ ) which then initiate reaction to generate luminescence. Some more promise and specific probes such as coelenterazine and analogues of LM and LC [40] still remain the same issues of specificity and interference, since no matter in which case, an initial oxidation step and subsequent radical reactions are involved.

NO • is measured by chemiluminescence using reaction with ozone (O 3 ) to form nitrogen dioxide in its excited state (NO • *

2 ). The subsequent emission from NO To prevent underestimation of NO • , its side oxidation must be minimized by introducing inert gas (nitrogen or argon). Nevertheless, other species that may react with O 3 (e.g., ethylenes, carbonyls or sulfur compounds) also skew the results. Finally, despite the good sensitivity (1 nM), neither oxygen-free environment nor the presence of O 3 (highly toxic) seems suitable for investigation of living cells.

Electron spin resonance (ESR) spectroscopy

ESR spectroscopy is used for measuring paramagnetic species through their transition of spin states under magnetic field . For the detection of oxidative species, specific complexes "spin traps" [42] are needed to convert radicals to long-lived spin-adducts.

Characteristic and quantitative information is then acquired from spectra of those stable adducts. The most frequently used spin traps include pyrroline-based cyclic nitrones (e.g., 5,5dimethyl-1-pyrroline-N-oxide (DMPO) [44]) which react with OH • and O •- 2 to generate -OH and -OOH adducts; and colloid iron (II) diethyldithiocarbamate (Fe 2+ -DETC) [45] which is specific for bioactive NO • .

ESR spin trapping offers higher selectivity compared with previous optical methods.

From the adduct spectrum, identification, concentration, and even the relevant reaction kinetics of free radicals could be obtained. However, it is not directly available for the oxidants without unpaired electrons (e.g., H 2 O 2 and ONOO -). Some additional limitations also hamper its application in living cells, such as adverse alteration of conjugates (by endogenous metabolites), long recording times, expensive and cumbersome setup, as well as lowtemperature usually required during measurement.

Ultraviolet-visible (UV-Vis) spectroscopy

UV-Vis spectroscopy provides a direct detection method of ONOO -. Unlike fluorescence or chemiluminescence detection, it does not need a probe compound; neither like SER, there is no requirement of the presence of unpaired electron). ONOO -can be easily quantified by measuring absorbance intensity at 302 nm (ɛ = 1705 M -1 cm -1 ) [46,47]. However, experiments are usually performed in basic solution since adequate species stability is guaranteed in such environment.

Indeed, for most oxidants, special techniques are needed to circumvent their transient nature and to induce light absorbing property. One famous assay is the detection of NO • from its oxidation product NO - 2 [48]. As demonstrated in Figure A-12, NO - 2 reacts with the Griess reagents (sulfanilamide and N-1-napthylethylenediamine) to form a red-pink color azo dye which is then monitored spectroscopically at 540 nm. These series of chemical reactions and indirect nature of detection forbid real-time analysis of NO • generation, despite the low price and simple execution. In addition, precaution should be taken in the quantitative analysis since NO - 2 from other resources can lead to the overestimation of NO • . Sensitivity of this method is highly dependent on solution composition. In ultrapure deionized distilled water, detection limit for commercially available Griess reagent kits is roughly 2.5 M. 2 with Griess assay reagents forms an azo dye that is easily detected spectrophotometrically to extrapolate NO • concentration [48].

Biomarkers method

In living cells, oxidative species are ascribed to regulating some biomarkers, including glutathione (GSH), glutathione disulfide (GSSG), 3-nitrotyrosine (3-NT), homocysteine (Hcy), and cysteine (Cys) [START_REF] Maria | New Perspectives in Biosensors Technology and Applications[END_REF]. These biomarkers can be accurately determined by advanced instrumental assays like UV-Vis and fluorescence. Accordingly, they act as signaling media that offer a new chance to investigate oxidative stress.

To conduct biomarker analysis, a small, functional and simply-operated carrier is needed. For example, a sensitive and quantitative assay of ROS/RNS (H 2 O 2 , OH • , HOCl, NO • , and O •- 2 ) has been accomplished by using glutathione-modified gold nanoparticles (GSH-AuNPs) [START_REF] Kumar | [END_REF]. The GSHs on the AuNP surface can be readily detached via the formation of glutathione disulfides (GSSGs) upon reaction with ROS/RNS. These destabilized particles subsequently aggregated into plasmonic couplings and triggered the red shift in UV-Vis spectrum . The change of solution color was directly observed by naked eyes. This method works smoothly for highly reactive radicals; but for non-radical species such as H 2 O 2 , it is necessary to improve detection efficiency by converting H 2 O 2 to the radical from OH • , via the FeCl 2 -catalyzed decomposition. By using this analysis, cancerous cells with higher oxidative stress level were distinguished rapidly from the normal ones. However, identification of specific analyte is still problematic.

Nitration of phenolic probes (e.g., tyrosine) has been utilized as a more specific modification induced by NO • -derived oxidants [51]. The product 3-nitrotyrosine is stable and can be directly assessed spectrophotometrically (350 -450 nm region). This method was previously used to detect ONOO -but more recently for the collective detection of potential nitrating species. This detection is strongly pH-dependent, giving detection limit around 1 M and might being subjected to interference from other compounds that may absorb in the same region. Therefore, it is suitable for relatively concentrated and pure samples. To achieve more sensitive and specific detection, HPLC, MS, GC, or electrochemical techniques are often required. 

Electrochemical method

Electrochemistry has been identified since centuries and is widely accepted as a scientific branch to investigate the processes of electron-transfer-involved chemical reactions (the fundamental electrochemical principles and techniques are introduced in Appendix I.1 and I.2). Electrochemical methods solve many constraints described with previous approaches owing to the intrinsic electroactive properties of several important oxidative species. Therefore, a direct and label free investigation is allowed to study oxidative stress at its very origin.

Detection of ROS/RNS is carried out via either reduction or oxidation at the working electrode. Electro-reduction is promising but inevitably suffers from interference of oxygen in aerobic environments. Electro-oxidation is preferred in general; however, high overpotential usually precludes the accurate detection since a global signal from all feasible species is measured rather than from one particular analyte. Moreover, the traditional bare electrodes (e.g., carbon, platinum and gold) are quite easily passivated in biological medium, resulting in unstable results.

To improve the selectivity and sensitivity, functional materials were developed to modify electrode surface [5,[52][53][54]. Immobilization of specific biomolecules on electrode surface is commonly used; specificity of this sensor is linked to reaction between analyte and those biological substances. The permselective membranes prevent diffusion of undesired molecules, by size or charge exclusion (e.g., Nafion®), to electrode surface. Thin layer of metal-containing catalytic complexes are tunably electrodeposited to increase electron-transfer kinetics and negatively shift the detection potential. More recently, metal nanoparticles attract great interest because of their favored chemical, physical and electronic properties than usual bulk materials. Improved electrons transfer as well as better surface stability is often observed at metal-particles deposited electrodes. Multiple modification layers are sometimes incorporated to minimize diverse interference; but usually at the expense of decreasing sensitivity and prolonging respond time. In the following context, some widely used electrochemical sensors are introduced, with special attention paid to the two primary radicals (O •- 2 and NO • ) and the three main electroactive derivatives (H 2 O 2 , ONOO -and NO -

Superoxide anion (O

•- 2 ) sensors O •- 2
is an "easily-detected" target due to the low oxidation potential at ordinary electrode surface; whereas better performances can be achieved by coating biomolecules such as cytochrome c (cyt c) or, more elegantly, its natural scavenger superoxide dismutase (SOD) [52,55,56]. 

As shown in

Electrode Modification Characteristics and performances

Carbon fiber Gold [60,61];

Platinum [62] Cytochrome c +0.02 V vs. Ag/AgCl Sensitivity: 0.5 pA pM -1 Improved selectivity against NO Although O •- 2 is primarily related to oxidative stress, its electrochemical responses usually present quite low local concentrations (nanomolar) during oxidative bursts. This may result from either trace production, or more likely, from the fact that larger level of production is scavenged by the rapid disproportionation (Equation (A.2)) before being detected. Based on the reaction kinetics ( 10 9 M -1 s -1 when SOD exists), 50% O •- 2 decomposes into H 2 O 2 after diffusing over a distance of 0.1 m from the emitting point (half life time less than 10 s) [START_REF] Meunier | Méthodes analytiques pour la détection de phénomènes biologiques de sécrétion à l'échelle de la cellule unique[END_REF].

Therefore, detection of its main products H 2 O 2 is relevant for quantitative evaluation of oxidative stress as well as for a better understanding of the derivation process since SOD enzymes are abundant in living cells.

Hydrogen peroxide (H 2 O 2 ) sensors

H 2 O 2 is the most stable member among ROS family, but it has a poor sensing performance on bare carbon surface. The kinetics on metal electrode is comparatively higher; however, the activity is gradually downgraded by formation of oxide layer plus passive adsorption. Thus, current researches mainly focus on surface modification that allows electrocatalytic detection of H 2 O 2 [START_REF] Chen | [END_REF]. Utilization of heme proteins, Prussian blue (PB), and transition metals or metal oxides have been reported. 

Electrode Modification Characteristics and performances

Glassy carbon [67]; Graphite [68];

Gold [69];

Titanium dioxide [70] Horseradish peroxidase [70];

Catalase [71];

Cyt c [69]; -0.2 V vs. SCE Detection limit: 1 M Heme proteins allow less exposure to interfering reactions Carbon [72];

Gold [73] PB nanoparticles -0.05 V vs. Ag/AgCl NO • is oxidizable at a higher potential on ordinary bare electrodes; and may encompass large interferences from other electroactive species in real samples (NO - 2 , H 2 O 2 , ascorbic acid, etc.). Among which, NO - 2 is considered the most significant interference since it prevails in vivo, and has a similar size and oxidation potential as NO • .

The primitive NO • sensors are dependent on permselective membranes (size-or charge-repulsive). A better performance is obtained by further incorporating catalytic redox mediators. Typical catalysts include porphyrins or phthalocyanines (with metal centers of nickel (Ni), copper (Cu), iron (Fe), cobalt (Co) or manganese (Mn)). Decreased oxidation potential ( 0.1 V less) and enhanced sensing sensitivity (detection limit down to a few nanomolars) were evidenced [52]. The Ni-porphyrin/Nafion sensor (multiple-coating) is expected to achieve highly sensitive NO • detection with immunity to NO - 2 , because of the impermeability of Nafion to anions. Other blocking membranes (e.g., polycarbazole, polyphenol, polymethylcellulose) have also been developed to fulfil different requirements.

The permeability or catalytic effect is adjustable by the film morphology and thickness.

Thicker coating enables great selectivity, but often leads to a poor sensitivity and low temporal resolution.

On the other side, the instrumentation of NO • sensors has undergone great progress as well, evolving from electrolyte-filled glass pipette sealed with a gas-permeable rubber film (Shibuki-style electrode) into miniaturized and whole-solid assembly [54,82]. Many remarkable NO • sensors are characterized in terms of sensitivity, selectivity, dynamic range, response time and applications as reported in the following Table A-3. 

Electrode Modification Characteristics and performances

Carbon fiber Carbon fiber [85];

Gold [86];

Platinum [87,88] Nafion;

Polycarbazole [87];

Polystyrene [88]; Carbon fiber [91,92]; Gold [93,94] Metalloporphyrins or Immune to NO - 2 , dopamine, ascorbic acid Good efficiency to detect real-time release from single endothelial cells [START_REF] Malinski | [END_REF] or in the brain of a freely moving animal [99] Ni-porphyrins/hydrogel 

Platinum black (Pt-black) coated electrodes

Since the nineties, our group has focused on monitoring of four key oxidative species (H 2 O 2 , ONOO -, NO • , and NO - 2 ) by Pt-black coated carbon-fiber microelectrodes (Figure A-17A) [5,75,76,79,109,[117][118][119]. Black platinum is electrodeposited from a Pt(IV) solution following a 4e -reduction into Pt(0) on a microelectrode surface:

(A.15)
By controlling plating process, the deposit thickness and surface morphology are adjustable. The especial synergetic effect between nanotechnology and electrochemical determination is highlighted since superior sensing performances towards ROS/RNS over the conventional bulk materials are frequently observed. [79,117].

(purple curve) obtained at this platinized microelectrode. Black solid curve is the arithmetic addition of these individual voltammograms, which neatly match the constructed voltammogram (red points) derived from amperometric responses (25 mV interval) during cellular oxidative stress

According to the in vitro voltammetric study at this platinized carbon-fiber microelectrode (Figure A-17B) [79,117], selectivity of the four analytes is provided through precise control of microelectrode potential. The oxidation waves of NO • and NO - 2 are well separated from each other and from the waves of the other two compounds. The electrochemical waves of H 2 O 2 and ONOO -overlap, however, possessing different features (H 2 O 2 : E 1/2 = 0.250 0.005 V vs. SSCE; and ONOO -: E 1/2 = 0.35 0.02 V vs. SSCE) [109,118]. Owning to the excellent analytical property, platinum black remains popular in ROS/RNS investigations. In addition, the easy regeneration of active surface, flexible deposition onto conductive surfaces of any shape or dimension, further promotes its incorporation as coating film in a wide range of biochemical sensors.

As a consequence, the constructed voltammogram from cells oxidative bursts (red points in

Conclusion of section 2

As compared to most spectroscopic methods (fluorescence, chemiluminescence, etc.), electrochemistry allows a more direct approach to unravel the complex biological roles of ROS/RNS and their intricate derivate pathways.

Thanks to the excellent analytical properties of Pt-black coating films, several oxidative species (H 2 O 2 , ONOO -, NO • , and NO - 2 ) have been sensitively and selectively detected by controlling the electrode working potential. Indeed, these four compounds are considered as the key species of interest since the others are either too short-lived (e.g., OH • ) or not electroactive (e.g., NO - 3 ) to be treated as significant components of amperometric response. O •- 2 is neither considered since the majority of this production is scavenged by the rapid disproportionation before its detection could occur. Alternatively, detection of its main products H 2 O 2 makes great importance for quantitative characterization.

Since our interests evolve from in vitro to the ex vivo world, living cells will become in the following the objects of studies. The recent progress of cell-based analysis is discussed.

Although our main objective will focus on electrochemical detection of ROS/RNS during oxidative stress, some investigations of other electroactive messengers are included so as to give a general overview about experimental designs and analytical performances achieved till now. Cellular communication takes place through the release of specific chemical/biochemical messengers (e.g., release of neurotransmitters, hormones, and peptides during vesicular exocytosis; and the ROS/RNS generation during oxidative bursts as we mentioned above). Indeed, almost all the cellular activities (life cycle regulation, proliferation, signaling, apoptosis, etc.) are accompanied with directional and orderly transfer of charged or electroactive components, making a living cell essentially an electrochemical dynamic system [121]. In this case, electrochemistry offers an excellent medium that well suits biological systems, and gives a direct chance to understand metabolic stages, pathological processes and some other complex life phenomena. 

Analytical progress in ex vivo

Single-cell analysis by using microelectrodes

Detection of secreted species from a living cell is principally constrained by the infinitely minute number of molecules (zepto-to attomoles) released during a fairly short time period. In this section, the progresses of instrumentations and methodologies in electrochemistry towards single-cell analysis are first demonstrated.

Microelectrodes and their advantages

Nowadays, the field of microelectrodes in cellular biology has outpaced a topical curiosity among community of electrochemistry. They are sufficiently small (micro-or nanometers at least in one dimension) to be used for instance for the detection of living cells.

The high sophistication of fabrication [122][123][124] As compared to the macroscopic counterpart, convergent diffusion above microelectrode exhibits drastic advantages . The planar diffusion is only a transition step before reaching steady state when diffusion layer (δ) grows to the order of microelectrode critical dimension ( r 0 for microdisk). Correspondingly, the mass transport at microelectrodes is very fast due to radial diffusion that leads to high spatial resolution and well defined steady-state regimes. Timescale of this process varies with electrode size and shapes. Generally, the smaller the electrode, the shorter time it needs to reach steady state.

More details about the regimes and electrochemical behaviors of several commonly used microelectrodes can be found in Appendix I.3.

Beside the spatial resolution and fast mass transport, all the other advantages are related to their small dimension: the time constant of the electrochemical response (RC d ∝ r) which decreases with the size, as well as the charging current (i c ∝ e -t/RCd ) which becomes less predominant versus the faradaic current. The Ohmic drop distortion (iR) is also minimal in less conductive media since the current detected is usually in nA or pA level. Therefore, microelectrodes provide favorable tools in many sophisticated investigations of cellular events [125-127].

Detection of electroactive messengers from a single living cell

Using a configuration similar to that of synapse in nervous system (Figure A-20A, left), one can image an assembly where one microelectrode approaching the emitting surface of isolated cell is collecting the cellular messengers immediately after their production. This configuration, termed as "artificial synapse" (Figure A-20A, middle), offers excellent sensitivity and efficiency since the small distance ensures an adequate local concentration (micro-to millimolar) even for extremely minute release by one cell (atto-to femtomoles), leading to measurable and reliable electrochemical responses from an analytical point of view.

Based on this synaptic assembly, our group has explored extensively the oxidative stress at single-cell level. In the series of experiments [5,75,76,79,109,[117][118][119], the platinized carbon-fiber microelectrode was designed to nearly match cells dimension (d ≈ 10 m) and only the tip surface was left conductive while the other area of whole fiber shaft was insulated. 

Figure A-20: (A) Schematic illustrations of natural synapses (left) [132], artificial synaptic assembly of living cell/microelectrode (middle), and the ensuing amperometric monitoring of single-cell oxidative release by this synaptic microelectrode [117]. (B) SEM images and amperometric recordings of dopamine release from PC12 single cells (rat pheochromocytoma cells) by electrodes respective with 5m (left) and 100 nm diameter (right) [128]. (C) Schematic diagram shows possible monitoring position by microelectrode during cellular communications [129]. (D) Monitoring of intracellular ROS/RNS production during oxidative stress (left). An etched Pt nanoelectrode after Pt-black deposition (radius of 80 nm) and its insertion into a single macrophage are shown (middle). And corresponded current traces for extracellular and intracellular detections are presented (right) [130]. (E) Images obtained from SECM-CFMDE system to illustrate morphological changes of HUVECs before and after NO • secretion [131].

Beside the experiments mentioned above, a domain that concerns high-throughput detection of multiple analytes is presently under rapid progress. One example is given by a methodological extension of the synaptic assembly. Simultaneous monitoring of multiple ROS/RNS at one platinized carbon-fiber microelectrode was achieved by triple potential-step chronoamperometry [133]. The successive potential step-sequence is demonstrated in Following the single-cell detection by using synaptic microelectrode, the very nature of electroactive messengers are detected with significant temporal and spatial resolution.

Despite the excellent precision and accuracy of such measurements, to allow for statistically meaningful results, it is inevitable to conduct a large number of repetitive and fastidious measurements due to the cellular variability. When a few different experimental conditions are incorporated, the high intense of human labors and considerably long working time are required.

Microfluidic devices as functional tools for cell-based analysis

One future trend is to integrate the overall experiment into a microfluidic system where multiple microelectrodes can be flexibly patterned and manipulated in an autonomous "all-in-one" device [START_REF] Wartelle | Materials Science & Engineering C-Biomimetic and Supramolecular Systems[END_REF][135][136][137][138]. By designing particular configuration, simultaneous detection either at single-cell stage or towards cells population is readily carried out in high throughput. The investigation of cells in microfluidic system is so widespread, and here we strive to cultivate a general opinion by highlighting recent advances in cell culture, manipulation and electrochemical monitoring of biological messengers.

The advent of microfluidics stems back to early 1950s when efforts were made to dispense small amount of liquids Beside the advantages mentioned above, there are still some particular merits for bioanalysis:

 The dimension of microfluidic unit (typically several tens of micrometers) parallels size of cells [156], giving access to establishing realistic environment for living cells.

 High integration of pumps, valves, and other smart microstructures design [157],

enabling precise control of microenvironments.  Certain microfluidic materials (e.g., PDMS) are biocompatible and permeable to O 2 and CO 2 that are vital for cell maintenance.

 Compatibility with ultrasensitive detection methods for detecting cells and subcellular molecules in an eligible, efficient and less risky manner.

The minute regulation in local environment such as matrix composition, flow rate, pH and temperature, even structural dimension, is of first-rate importance to cell mechanical and biochemical functionalities [156]. To appropriately design a microfluidic platform capable of cell loading, cell culture, signal delivery and final measuring, one need to acquire enough accumulation of knowledge in multiple academic domains, including physicochemical properties of microenvironment, cell culture techniques, analytical monitoring methodologies, and practical experience on device fabrication.

Cell culture in microfluidic devices

As a regenerative and simplified alternative to the whole organism or animal tests, cell This robust perfusion culture allows cell growing under stable condition for several weeks until confluence is reached [179]. In most situations, perfusion rates are balanced between sufficient mass transport and safe shear stress. Low shear stress from microfluid leads to nearly no injury to the normal activities of cells, and that is particularly meaningful to the following cell-based research. Shear stress may have detrimental effects at high levels;

however the levels can be reduced by many ways such as decreasing flow rate, increasing height of culture chamber, and incorporating micropillars or microwells. Medium perfusion as well as fluid velocities varies greatly depending on cell type. For certain highly environmentsensitive cells (e.g., neuron cells [180]), culture is even maintained in static or half-perfusion (molecule diffusion with persistent nutrients supply) microenvironments.

Cell manipulation in microfluidic devices

In microfluidic system, various manipulation techniques [181] have been developed to realize accurate control of cell trajectory. Typical manipulations, categorized by externally applied forces, including:

 Optical manipulation: From differences between pulling force and repulsive force exerted by a highly focused laser beam, target cells can be simultaneously measured and separated according to their sizes or intrinsic optical attributes. Although it may induce photodamage, due to the high sensitivity and contactless manipulation, this method is still applied onto a wide range of biological molecules or whole cells ( All these technologies permit predicable separating, sorting, trapping, focusing and alignment of target cells from heterogeneous solution, offering new tools to study cell biology more accurately and pertinently, making microfluidic system more eligible for both fundamental and clinical applications. 

Cell-based analysis on microfluidic platforms

Microdevices of diverse materials (see the context in Appendix II.1) have been developed for specific assays. Among which PDMS-glass hybrid microchip, owning to its elasticity, biocompatibility, and optical transparency, has become the standard base for cells analysis. The entire biological study can be compacted in one portable device. After integration of ultrasensitive analytical instruments, myriad meaningful biological information such as intracellular contents, cellular responses to chemical stimulus, and even cell-cell interactions are obtainable with a high throughput and low consumption. The feasibility of fluidic manipulation within microdevice ought to be highlighted particularly for electrochemical detection [212]. Owning to the flowing solution and the forced convection above sensing electrodes, mass transport of electroactive analyte should drastically increase and lead to higher signal-to-noise ratio. Thus by combining elaboratelydesigned microstructures, ultrasensitive sensors, and controllable flow, microfluidic devices can offer versatile and effective platforms for cellular and subcellular monitoring.

Conclusion of section 3

Investigation of living cells gives a direct chance to understand complex life phenomena. The advent of microelectrode, with its compatible dimension, high signal-tonoise ratio, fast response, offers new scope and opportunities to reveal the most difficult mechanisms of cell-related behaviors. By approaching a micro-or nano-scale electrode near isolated single cell, diverse electroactive messengers (including ROS/RNS products during oxidative stress) can be detected in efficiency and accuracy. However, an insightful and reliable understanding of cells statistical behaviors usually needs fastidious repetition of series of experiments.

Recent microfluidic devices have become more sophisticated in an effort to provide powerful platform for biological analysis. This system integrates cell culture, reaction, and detection into a portable device. With the unique benefit of laminar flow, the on-chip bioanalytical experiments are conducted in an automated and high-throughput approach.

Multiple microelectrodes (no matter in band, disk, square, or circle shapes) can be flexibly patterned at the device substrate and the parallel detection of multiple analytes is thus feasible.

In contrast to the traditional synaptic detection which offers each time one result from one single cell, the detection in microfluidic platform allows convenient and simultaneous analysis of a collective group of living cells during a short experimental period. Further miniaturizing and multiplexing are also feasible without compromising device functionalities, making this portable electrochemical sensor really a viable approach in bioanalytical domain.

Conclusion of state-of-the-art and perspectives

In Under this assumption, problems can be solved by numerical simulations. Some previous results from our group are presented below giving a general overview of regimes achieved under such conditions [214,215]. Diffusion and convection are governed by the following mass transport equation:

( ) (B.1)
where D is diffusion coefficient and c is redox species concentration. u x (y) is the flow velocity whose profile is assumed to be parabolic across microchannel section:

(B.2)
where u av is the average flow velocity over this section.

Pe is the Péclet number matching the time scales of convective and diffusional transport: gives clues to predict and optimize electrode behaviors inside microdevice for particular analysis.

(B.

Choice of mass transport regime in our microfluidic device

In order to monitor minute amount of ROS/RNS in a short time, a microfluidic system with small channel dimensions, moderate electrode size and sufficiently high flow rate is required. This device is supposed to deliver a steady-state current proportional to concentration, with a high signal-to-noise ratio due to convective mass transport. For that purpose, the convective regimes described above (zone III and zone II for W/Pe 0.56) are more suitable for monitoring concentrations of reactive species inside microchannel.

According to channel dimensions usually used in microfluidics and microfabrication procedures, the characteristics of the microchip and flow velocity were chosen as detailed below.

Microchannel dimensions

Scheme of our integrated device is illustrated in Figure B-5A. 

Flow velocity

As mentioned previously, the flow velocity was chosen to ensure a convective regime at the microband electrodes. However, flow velocity cannot be too fast for practical reasons and ease of experiments and not too slow to maintain a good signal-to-noise ratio. A good compromise was thus to set the mass transport regime in zones III and II with:

(B.17

)
The corresponding conditions are reported on the diagram below (red zone in Figure B-6): According to the microchannel height and electrode width used (h = 20 m and w = 197 m), Pe is between:

(B.18)
A moderate value of 2 L min -1 (i.e., u av = 0.83 cm s -1 inside the microchannel) was experimentally set as a good choice. Firstly it is because this flow rate allows analytes with diffusion coefficient from 0.3 to 1.7 10 -5 cm 2 s -1 (for most aqueous molecules) to be analyzed within the Pe range indicated above. Moreover, no leakage or flow instability is usually observed under this velocity. This value should not induce also any cell damages for future applications with living cells.

Experimental validation of the mass transport regime

Analytical performance under flow rate of 2 L min -1 was tested and compared to theoretical predictions at bare Pt electrodes using ferrocenemethanol (FcMeOH: D = (7.6±0.4)×10 -6 cm 2 s -1 ; n = 1; c* = 0.5 mM) as redox mediator.

Here the Peclet number was given:

(B.19)
And the corresponding steady-state current ( ), convective-diffusion layer thickness Therefore, beside low samples and reagent consumptions, the present microdevice allows fast and effective electrochemical detections under well-defined steady states.

Measurements are performed in a reliable and predictable manner. In this case, samples with minute quantities are expected to be detected accurately.

Optimization and evaluation of Pt-black deposit

The present microfluidic device promotes advanced analytical methods for performing rapid analysis with high sensitivity. However, the detection of cellular messengers on metallic electrode still involves considerable challenges that need to be addressed. As mentioned in the introduction (Part A 2.2.), bare electrode suffers greatly from low electron transfer kinetics and surface fouling, often resulting in diminished activity, poor reproducibility, and even failure of detection. Indeed, analytical measurements must necessarily display satisfying sensitivity as well as long-term stability, and electrodes must enable their electrochemical activities constantly at a high level.

For this purpose, platinum-black coated platinum electrodes (Pt/Pt-black electrodes)

were used in this work [216]. This surface coating is well known for a high surface area with a large number of active sites to prevent electrode against surface passivation [217][218][219].

Effective detections of important ROS/RNS from living cells have been successfully achieved on platinized carbon-fiber microelectrode [11,75,109,117,133,220], indicating that Pt-black deposit is an attractive modification strategy to guarantee high analytical performances even in a complex physiological environment.

In the following, Pt-black films are deposited onto microband electrodes and Under the range of conditions investigated, the thickness of platinum deposits did not exceed 700 nm. Beyond 300 nm, the thickness profiles displayed very high roughness and sharp peaks located on the electrode edges . These phenomena are associated to the inhomogeneous distribution of current during plating which follows well-known characteristics of mass transport at micrometric electrodes. Indeed, higher current densities prevail on the edges leading locally to higher deposition rates. Besides, the average thickness of deposits depended also strongly on J as shown in Considering the efficiency and signal-to-noise ratio, optimal conditions for Pt-black platinization required a current density of J = -8 mA cm -2 and a charge density of Q = -240 mC cm -2 . Under these conditions, Pt-black deposits were uniform with a thickness of about 300 nm. These characteristics in height make them fully compatible for implementation of these modified electrodes in micrometric devices.

Surface roughness and morphology of Pt-black deposit

The roughness factor (i.e., specific surface area over geometric surface area) of optimal deposit was evaluated from voltammetric peaks recorded in 0. These values confirmed the drastic enhancement of the specific surface area produced by the Pt-black coating. They are in full agreement with other data reported in the literature [224,225] although they still remain in the lower range. One must underline here that the signal-to-noise ratio and microdimension compatibility was considered for delineating the optimal plating conditions. This discriminating parameter prohibits the use of thicker deposits with higher roughness. One must note that this factor of apparent active surface (i.e., 1.3) is much lower than the roughness factor previously evaluated (i.e., 36.8) since the latter is related to the specific surface area which is necessarily larger. With the presence of numerous Pt sites on electrode surface, passive adsorptions of species and formation of inactive sites should not hinder the electrode overall activity. The electrochemical reaction is thus supposed to be controlled by convective mass transport on the apparent active surface area of Pt-black deposits. 

Conclusion of section 1

In this section, fabrication of Pt-black on bare Pt microband electrodes was optimized from various electrodeposition conditions. A constant-current plating process (current density of J = -8 mA cm -2 and a charge density of Q = -240 mC cm -2 ) was found to offer the optimal Pt-black deposit with compatible thickness (300 nm) for subsequent integration within microchannel.

As compared to bare Pt, a factor of 1. In the previous section, we showed that mass transport can be enhanced drastically under convection regimes. We demonstrated also that Pt-black nanoparticles improve the electrodes activities. In the following, NO - 2 and H 2 O 2 were chosen as two stable representative species of oxidative bursts to check the analytical performances of the detection at Pt/Pt-black electrodes.

H 2 O 2 is an essential indicator of primary oxidative species O •- 2 and is commonly involved in a wide range of "redox chemistry" biological process. NO - 2 is the end product of most RNS. Both species are involved in various fields due to their potential cytotoxicity.

Compared to other highly reactive and short-lived species (e.g., O •- 2 , NO • , OH • and ONOO -), H 2 O 2 and NO - 2 are the most stable in physiochemical environment and their oxidation potentials mainly encompass the whole interested RNS/ROS [5,226]. Finally, from an electrochemical point of view, they are the most difficult to detect because of their tendency to passivate most metallic electrodes. Measurements based on H 2 O 2 and NO - 2 solutions at Ptblack deposits are undoubtedly a reliable assessment of the analytical performances reached by our device.

Measurements were performed together at bare Pt microbands for comparison purpose.

Oxidation mechanisms for both species were investigated based on theoretical predictions of steady-state regimes under convective mass transport. Advantages resulting from Pt-black deposits were not only visible on the current amplification but also on the shapes of voltammograms. Indeed, current plateaus were observed with Pt/Pt-black electrodes whereas peaks, which were not supposed to show up in fast-established steady-state regime [214], were monitored at bare Pt electrodes for both species. These results were confirmed by performing several injections of H 2 O 2 and NO - As a consequence, the improvement of electrode responses by activation procedure was here clearly demonstrated. A flow-induced removal of adsorbed species (e.g., PO 3- 4 , Cl -), or residues (e.g., O 2 , H + ) on electrode surface probably operates along with a selective activation of Pt sites [229,230]. In comparison to bare Pt, current enhancement at Pt-black electrodes was moderate due to their initial high catalytic active surface. Furthermore, the stability in current response depends on Pt sites inhibition during the oxidation processes. As Pt/Pt-black electrodes provided more catalytic sites, electrodes remain fully activated during H 2 O 2 and NO - 2 detections. This is a fast process. However, the reaction rate is inhibited by competitive adsorption of diverse species on the active sites as well as by further oxidation of these sites into PtO, PtO 2 .

Current responses at Pt/Pt-black electrode

Steady-state voltammograms

In case of NO - 2 , an overall oxidation into nitrates occurs through the homogeneous disproportionation of nitrogen dioxide [234,235]:

(B.25) (B.26)
The kinetics of latter process is not very fast and even slows down with the formation of oxide layers on platinum surface. 

Oxidation mechanisms validation based on mass transport regimes

To evaluate the mass transport conditions at Pt-black electrodes, limiting currents were plotted as a function of the flow velocity. They were then compared to predictions issued from numerical simulations for steady-state regimes considering all hydrodynamic and geometrical parameters involved during experimental detection . Note that the apparent active surface was estimated with a factor of 1.3 for Pt-black deposit as compared to bare Pt microband.

The range of flow rates investigated corresponded to laminar flows. They encompassed all the regimes starting from the thin layer regime (i.e., at flow velocities lower than 0.15 Lmin -1 ) to the Levich regime (i.e., at flow velocities higher than 4.5 Lmin -1 ) passing through an intermediate regime [214]. For H 2 O 2 , a very good agreement was obtained between theoretical and experimental data on Pt/Pt-black electrodes (Figure B-18A); evidencing that over the wide range of flow velocities investigated, oxidation of H 2 O 2 was fully controlled by mass transport. This was not the case on bare Pt electrodes where no match could be observed with theoretical predictions whatever the flow rate velocities (currents still increased with flow rate, showing partial mass transport traits, but more likely being limited by a decreasing apparent active surface). These results were consistent with previously introduced oxidation mechanism of H 2 O 2 , demonstrating again that the density of active sites on Pt-black deposits were sufficiently large enough for the reaction to be fully controlled by mass transport over the whole apparent active surface area. In this case, passive adsorptions of species and formation of inactive Pt sites did not hinder the overall activity.

For NO - 2 , the data on bare Pt electrodes was independent of flow rate and deviated seriously from theory (Figure B-18B), showing relative kinetic control of oxidation mechanism versus mass transport. In comparison, current at Pt/Pt-black electrodes were much higher and deviated much less from theory. Even if kinetic is locally inhibited by formation of surface oxides, NO - 2 oxidation on Pt/Pt-black electrodes was still efficient due to greater number of active sites at the nanometric scale and higher porosity of Pt-black deposits. Sensitivities were respectively 6.02 A M -1 cm -2 for H 2 O 2 and 5.54 A M -1 cm -2 for NO - 2 . Accordingly, these values were higher on Pt/Pt-black electrodes by a factor of 2.03 for H 2 O 2 and 8.84 for NO - 2 when compared to bare Pt electrodes. The limits of detection (LOD) were estimated from slope of calibration curve and three times the standard deviation (from at least 10 parallel tests at low sample concentration: 10 nM H 2 O 2 and 20 nM NO - 2 ). This led respectively to LOD of 7 nM H 2 O 2 and 12 nM NO - 2 . These results belong to the highest performances reported for stable ROS/RNS detection in microfluidic channel [80]. 

Calibration curve and electrode sensitivity

In vitro detection of two unstable candidates: ONOO -and NO •

Detection of ONOO -

Natural decomposition

Since ONOO -naturally decomposes with time and pH, we had to take into account its chemical stability during electrochemical investigation. The evaluation of the kinetics was thus a necessary step before assessing the electrochemical performances of Pt/Pt-black electrodes.

The pKa of peroxynitrous acid (ONOOH) is about 6.8 [238-240], thus both acid and anion forms are present at physiological pH. However, the acid is unstable and undergoes very fast isomerization to nitrate:

(B.27)

At higher pH, a decomposition pathway prevails with the production of dioxygen and nitrite: In each case ONOO -started to be oxidized at potentials higher than 0. The calibration curve allowed also the diffusion coefficient of ONOO -to be estimated.

→ (B.
According to theoretical steady-state currents predicted under this hydrodynamic regime at microchannel electrode (Equation (B.12)), it gave = (1.4 0.2) 10 -5 cm 2 s -1 . This value is close to those usually considered for RNS in similar conditions [245-248].

Detection of NO •

NO • released from DEA-NONOate

The performances of NO • detection were evaluated using dynamic NO • concentrations generated through the decomposition of DEA-NONOate (NO • donor molecule) solutions.

Preliminary studies evidenced that the decomposition rate depended strongly on the concentration of DEA-NONOate and pH. Therefore, NO • generation rates were carefully investigated through kinetic evaluations performed under the conditions in this study.

DEA-NONOate solutions chemically decompose into NO • when dissolved with aqueous solutions at physiological pH, according to the following process [249]:

→ (B.31)
with a rate law of NO • formation given by: (B.32)

where k 1 = 7.22×10 -4 s -1 at 22 °C at pH 7. Because V 1 is much larger than V 2 , NO • concentration increases fast at very short times, reaches a maximum and then decays slowly [11]. Note that the corresponding half-life time of For that purpose, diffusion coefficient of NO • was considered equal to 1.5 10 -5 cm 2 s -1

[216] and currents were estimated on the basis of theoretical predictions accounting for the local hydrodynamic regime (Equation (B.12)). All these results were thus perfectly consistent with values of k 1 and k 2 reported in the literature [250][251][252][253][254][255][256][257]. With these kinetic constant values, time-dependent concentration of NO • could be predicted whatever the donor concentration during its decomposition, providing important basis for quantitative analysis. 

Calibration curve and electrode sensitivity

On the basis of these kinetic determinations, a calibration curve was established over a submillimolar concentration range by evaluating NO • concentrations at the time of each chronoamperometric measurement.

Accordingly, a linear variation was obtained over two decades , showing that NO • detection on Pt-black electrodes was very reliable over this concentration range.

Note that the upper limit was constrained by the initial concentration of DEA-NONOate that could be used experimentally. The electrode sensing limitation was believed in a larger range since no deviation was observed at the highest experimental concentrations (i.e., 22 M of NO • in Figure B-26A). Note also that the linear curves reported in these figures did not represent the result of curve fits but were the theoretical line predicted from previous determined values of k 1 and k 2 . These results confirmed again a good consistence among fitness of k 1 , k 2 values over various concentrations, well-controlled convective mass transport, as well as species diffusion coefficient; indicating Pt-black deposits would be suitable and effective for NO • monitoring. The LOD resulting from repetitive measurements at low NO • concentrations (i.e., close to 50 nM) was about 30 nM. This limit was similar to those already reported under various conditions with different geometries and electrode dimensions [52][53][54]82,202,212,256,258,259]. However, the sensitivity reached here with 2.87 A M -1 cm -2 was higher by one order of magnitude than previously reported ones. Mixture of hydrogen peroxide, peroxynitrite, nitric oxide, and nitrite As already known, oxidation of ONOO -at the Pt-black electrode occurs at potentials close to H 2 O 2 oxidation[216]. A similar situation may apply to NO • oxidation in the presence of NO - 2 [11]. In order to be able to perform quantitative analysis of ROS and RNS mixtures at Pt-black electrodes, preliminary tests were performed to ensure (i) that no interferences or competitive reactions occurred during simultaneous oxidations and (ii) that the relative contributions of one species to the global response could be easily recovered at every detection potential.

In vitro

The choice of an optimal detection potential for one species corresponded to a compromise between reaching a limiting current (i.e., a current plateau) and minimizing the influence of the other ROS/RNS on each individual current response. In the case of simultaneous detections of two species, it was convenient to select a potential related to significant contributions of the species involved. As observed, oxidation of H 2 O 2 overlapped strongly with ONOO -while oxidation profiles of NO • and NO - 2 were well separated from the others. Accordingly, four optimal detection potentials were defined as reported by the vertical dashed lines in 

Conclusion of section 2

The optimized Pt/Pt-black microband electrodes showed satisfactory analytical performances in detecting four representative ROS/RNS (i.e., H 2 O 2 , ONOO -, NO • , and NO - 2 ) in vitro. Although mechanisms were fundamentally different, oxidation on Pt/Pt-black electrodes was found to be predominantly controlled by convective mass transport according to the device geometry and hydrodynamic velocity.

Owing to a larger number of active sites at nanometric level and higher porosity of Ptblack deposits, inhibition effects did not occur mostly leading to effective responses and longterm stability in contrast to bare Pt electrodes. Based on theoretical predictions of convective mass transport at microband electrodes, oxidation mechanisms as well as species-related kinetic parameters were investigated. The results matched well with data from literature, in particular with alternative spectroscopic measurements (i.e., UV-Vis). In all cases, Pt/Pt-black electrodes gave sensitive and reliable electrochemical responses (see Table B-1). Individual components as well as mixtures could be easily analyzed according to respective oxidation potentials. The detection limits down to several or tens of nanomolar well satisfy all the requirements for future monitoring of oxidative bursts from cells populations in microfluidics.

All these results indicate that the optimized Pt/Pt-black electrodes offer high performances leading to promising bioanalytical applications for monitoring trace amount of ROS/RNS. 

Conclusion of Part B

In contrast to bare Pt electrodes, Pt/Pt-black microband electrodes allowed enhanced electrochemical performances and long-term stability towards the four crucial ROS/RNS (H 2 O 2 , ONOO -, NO • , and NO - 2 ). These benefits are due to the large number of active sites on electrode surface that facilitates electron transfer and prevents inhibition effects. The plating process was optimized in order to reach the highest signal-to-noise ratio while keeping compatibility of the deposit thickness with microfluidic devices. In parallel, activation of electrodes gave reproducible results, making these electrodes easily reusable.

High reliability and sensitivity of measurements were achieved under laminar flow inside microfluidic channel, allowing the species oxidation mechanisms (for H 2 O 2 and NO - 2 ) and the decomposition kinetic parameters (for ONOO -and NO • ) to be fully investigated according to the steady-state mass transport regimes in experimental conditions. Furthermore, detections were successfully performed in case of the mixture of the four species. Sample compositions can be evaluated at selected detection potentials. These results validate the possibility of simultaneous electrochemical detections of ROS and RNS in microfluidic devices using Pt/Pt-black electrodes. Thus highly effective electroanalytical sensor for interpreting oxidative bursts from living cells can be expected. One must underline that temporal resolution below the second-time-scale can be achieved at channel microelectrodes owing to flexibility of device geometry and flow velocity control.

PART C: Monitoring of cellular oxidative stress by Pt/Ptblack electrodes-integrated microsystems

In this part, Pt/Pt-black electrodes-integrated microdevices are developed to monitor ROS/RNS release from living cells. The four key compounds (i.e., H 2 O 2 , ONOO -, NO • and NO - 2 ) can be selectively detected at the four optimal potentials determined in Part B. Owning to the biocompatibility of PDMS-glass microchip and easy integration of microband electrodes, cell culture, stimulation, and detection are performed in the small "all-in-one" device. Specifically, due to advanced photolithographic patterning and flexible arrangement of microstructures, cellular oxidative bursts are fully investigated under different configurations. Microband electrodes are positioned either directly beneath a few living cells, or downstream a large cells population to achieve non-invasive measurements. In both cases, simultaneous detection of multiple compounds during oxidative stress is expected in a highthroughput manner. To provide comparison, responses from isolated single cells to the same biochemical stimulus are also monitored at platinized carbon-fiber microelectrodes, by adopting the synaptic configuration previously reported as a standard detection method in many studies of our group [75,76,79,109,[117][118][119]133,220].

Investigation of oxidative stress in laboratory 1.Cell models

Many aerobic cells, such as skin fibroblasts [75], phagocytes [262], vascular smooth muscle cells [263], endothelial cells [264] and lymphocytes [265], correspond to cell models of interest and are used in laboratory to investigate oxidative bursts. However, the burst amplitude obviously depends on individual cell line and can be dramatically different as it is essentially a function of cell's metabolic activity.

Macrophage, a crucial phagocyte in immune system, is famous for its self-survival phagocytosis behavior that primarily protects host integrity against hazardous foreign particles. The macrophage incorporates a specific arsenal of enzymes (i.e., NADPH oxidases and NO synthases) aimed at readily producing large amounts of ROS and RNS [118,200,220], plus its easy maintenance and biosafety, greatly fulfilling the prerequisites for ex vivo measurements. As an example [265], the burst generated by activated murine Raw 264.7 macrophages was about 13 times larger in amplitude than that from murine T lymphocytes (Figure C-1). Even the bigger B lymphocytes provided responses much smaller than macrophages (similar to those of T lymphocytes), again demonstrating the favored mass oxidative production from macrophages was a result of specific metabolic activity rather than simply caused by cell's surface area. This immortalized cell line (Raw 264.7 macrophages) was previously studied in a set of works in our laboratory [118,119,133,220] over different stimulation modes (see below).

For the sake of consecutive effort, they are still adopted in the following ex vivo experiments conducted inside the Pt/Pt-black microband electrodes-integrated devices.

Cell stimulations

According to the characteristics of a particular cell line, different stimulating methods are performed to initiate ROS/RNS generation. In the case of macrophages, membrane-bound NADPH oxidase (phagocytic isoform of NOX2) is reported to be primarily responsible for ROS generation, while both inducible and constitutive isoforms of NO synthase (iNOS and eNOS) have been found to provoke RNS release. Therefore, stimulus that has effects on one or more enzymatic pools can be imposed to initiate extracellular or/and intracellular oxidative bursts. Generally, stimulation in the laboratory is carried out either through physical penetration [75,76,109,117,118] or by locally delivery of biochemical agents [119,133,200,220]. In each case, enzymatic activity possesses particular mechanisms and leads to specific response features; some examples are introduced in the following context.

Mechanical penetration

At single-cell level, oxidative stress is usually provoked by penetrating the tiny tip of a glass microcapillary across cell plasma membrane. This mechanical penetration creates transitory microhole on the lipid bilayer (through which ions such as K + , Na + , Ca 2+ and Cl - can diffuse) and induces depolarization of the membrane, exhibiting certain similarity with the process caused by invading micro-organisms [118]. The entry of ions, in particular of calcium ions, allows activation of a group of calcium-dependent enzymes (i.e., NADPH oxidase and constitutive NO synthase enzymes in macrophages) and subsequently leads to mass generation of ROS/RNS. Such a stress is achieved by rapidly pricking cell membrane along the "z" direction Indeed, the sudden depolarization has been adopted to induce oxidative bursts in different types of cells besides macrophages. Though current intensities vary a lot (from tens to several hundreds of picoamperes, corresponding to cell metabolic activity), the current-time curves are following the similar trend, which is a very fast increase of current at beginning, reaching a maximum after about one second and then undergoes a slow decrease until back to the baseline level after tens of seconds (Figure C-2B) [5,75,118]. Characteristics and kinetics of burst fluxes can be deduced from this spike-shaped signal (from maximum oxidation current, electrical charge and the peak's half-width duration).

This physical stimulation represents an excellent technique for rapid and efficient activation of oxidative stress in laboratory conditions. However, either the highly experiencedemanding manipulation or necessity of repetitive experiments on large numbers of single cells for statistic purpose substantially prevents its flexible and extensive application.

Biochemical stimulation

On the other side, oxidative stress of macrophages could also be aroused by delivering specific biochemical agents to cells surroundings . These activators promote phosphorylation of enzyme subunits (e.g., phorbol esters [133,266-268]), interact with cell membrane receptors (e.g., endotoxins and cytokines [220,269,270]), or affect calcium channels (e.g., calcium agonist [5,200,271]), subsequently activating specific enzymatic pools and leading to production of ROS/RNS. Unlike mechanical penetration, biochemical drugs are present within the solution and can initiate oxidative stress simultaneously from a group of cells. Signal collection is conducted at any selected cells via adjusting arrangement of target cells and detection sensors. Over this stimulation, a much moderate and durative oxidative release is expected as compared to the condition under physical stress. 

Immune factors

The combination of cytokine interferon-γ and bacterial-derived endotoxin lipopolysaccharide (IFN-γ/LPS) is a typical biochemical stimulus for macrophages [133,220]. This immunological activator provokes expression of inducible NO synthase (iNOS) as mimicking an in vivo inflammation process. Unlike the situation of mechanical penetration, a pre-activation time of 18 to 24 hours was reported [220] for first transcribing gene of these inducible enzymes into their final active states and then provoking the oxidative stress. Except for the mentioned biochemical agents, thrombin platelet-derived growth factor (PDGF), tumour necrosis factor-α (TNF-α), interlrukin-1(IL-1) and angiotensin II [273][274][275] are also well known to initiate oxidative stress from a variety of cell lines.

As compared to the situation under direct physical stress, mechanisms herein relay on recognition of stimuli by membrane receptors, and genetic expression of enzyme assembling, inevitably prolonging stimulation time. Moreover, the immunostimulated cells produce primarily intracellular superoxide and nitric oxide radicals that in turn activate multiple intracellular signaling pathways and probably trigger irreversible alteration of cell's metabolism. Therefore, this type of stimulation is usually adopted for investigation of inflammatory situation.

Calcium agonists

Cytosolic free calcium ion concentration is an important intracellular messenger system. In resting cells, this concentration is kept very low (c.a. 100 nM) by calcium pumps.

In response to specific stimulus, calcium pumps are impacted and calcium concentration rises to micromolar levels, resulting in the activation of corresponded cellular processes.

Calcium ionophore A23187 enables a fast, efficient, and reproducible activation of oxidative bursts [200]. This type of agent directly interacts with calcium channels on cell membrane, leading to a local variation of cytosolic calcium state as well as membrane polarity.

Consequently, the calcium-dependent enzyme groups (e.g., NADPH oxidases and constitutive 

Conclusion of section 1

Murine Raw 264.7 macrophages serve ideal laboratory models for studying cellular oxidative stress, owning primarily to their robustness and abundant enzymes that are able to generate a large amount of ROS/RNS. They have been previously chosen in our laboratory to establish the basic interpretation of oxidative bursts at single-cell level; and for the sake of conformity, they will be used as well in the following experiments.

In this work, macrophages will be stimulated by calcium ionophore A23187, because this activator assumes a fast, ubiquitous and reproducible stimulation, bypassing either the sharp and repetitious manipulations (in case of mechanical penetration) or the long recognition and transcription process (in case of immunostimulation). Inspired by this approach, we considered hereafter a PDMS-glass reversibly-bonded microdevice in which electrochemical sensors were placed just beneath emitting cells to collect immediately the species released (called as "basal configuration" in this text). As Murine Raw 264.7 macrophages were preliminary confined within each chamber where calcium ionophore (A23187) was thus introduced to initiate mass generation of ROS/RNS. The species released by adherent living cells were then detected simultaneously by the basal WE in each of the four chambers. Each WE was individually biased at one selected potential (i.e., 0.30, 0.45, 0.62 or 0.85 V vs. Ag/AgCl) according to in vitro voltammetric studies of H 2 O 2 , ONOO -, NO • and NO - 2 (results in Part B). This gave the possibility to delineate the four compounds after performing parallel measurements from only one experiment.

Detection of oxidative bursts from cells populations on basal microband

Accordingly, this microsystem was expected to offer a multi-sensor that could efficiently detect multiple analytes simultaneously from cells populations with the aim of getting rapid insights about average cells behaviors.

Measurements were then conducted at the platform of microscope inside a Faraday cage to minimize the environmental noise. To better evaluate this basal configuration and discrepancies that could emerge from comparison with single-cell measurements, macrophages were primarily isolated and studied using synaptic microelectrodes configuration under similar conditions of cell maturation and stimulation.

Cells viability and density

Murine Raw 264.7 macrophages were harvested from one culture flask, resuspended in each chamber and cultured for 12 to 24 h inside a 37°C, 5.5% CO 2 incubator (cells preparation see Appendix III.3). Then growth medium was replaced by Locke's buffer ( 150L in each well, pH = 7.4 containing 2.5 mM of calcium ions) just before electrochemical studies. This process allowed cells to reach a good attachment and viability on glass substrate 

Qualitative detection of ROS and RNS production

Characteristics of amperometric responses

In order to ultimately transpose experimental conditions and to appropriately monitor a group of living cells, the release of ROS/RNS was first followed at the single-cell level by well-defined synaptic microelectrode configuration. Isolated single cells were sparsely deposited at the bottom of a petri dish (Appendix III.3) and activated by injecting 40 L of a calcium ionophore A23187 stock solution (1 mM), with a micropipette, into its close environment (to obtain 10 M final concentration within 4 mL buffer).

The oxidative release was collected by a platinized (30 C deposit of black platinum) carbon-fiber microelectrode, which was positioned 1 -2 m above the membrane of an isolated cell with the sensing surface covering whole cell-emitting region. Note that in this case, four optimal potentials correspond to 0.30, 0.45, 0.65, and 0.85 V vs. SSCE, and combination of relations were derived from previously reported works at platinized carbonfiber electrode (see Appendix III.2 of "Pt-black coated carbon-fiber microelectrode"). Slight differences as compared to microband electrodes might result from the variations of Pt-black deposits in geometry, morphology and quantity on different substrates.

In this artificial synaptic configuration, electrochemical detection was performed at the cell apex as described in Appendix III.4. Distinct from the current responses over control experiment (without A23187 stimulation), a signal higher in amplitude and duration was 

Cells variations and successive releases

Cells variations

The current-time responses displayed variability between different cells populations, yet this was much less significant than that observed from single cells. Accordingly, we assume that monitoring of cells population is preferred to illustrate average behaviors during cellular oxidative stress while single-cell measurement is carried out when particular emphasis is placed on cell variability. Clearly from these two sets of measurements, isolated macrophage monitored by microfiber ultramicroelectrodes displayed an excellent run-to-run reproducibility after many experiments, confirming firstly that no significant inhibition of platinum black sensing surface during long-term detection towards a variety of ROS and RNS, and secondly the non-invasive stimulation over A23187 which should interact only with the membrane calcium channels, not entailing any destructive process in macrophage cell (e.g., inflammatory situation).

In contrary, the average charge progressively withdrew when cells were detected by basal microband electrodes. That might be resulted from the enhanced interaction between neighboring cells since they were closely distributed in population. Another possibility, which is more likely to take place under basal configuration, is from the blasting of cells during electrochemical study. The latter influence could be due to the fact that cells were firmly adherent on the surface of working electrode, and some hazardous side products (e.g., OH • , NO + , ONOO • ) could be constrained just around the emitting cells; or even directly due to the prolonged contact between electrode and living cells which probably disturbed cells behaviors and electrode activity. However, the productions of ROS and RNS followed the first two stimulations were still of analytical importance according to their eligible amplitudes.

Cells detachment and chip reuse

Reuse of this device was feasible after detaching the macrophages within culture chambers. This was achieved by removing reversibly-bonded PDMS cover and then rinsing glass substrate surface with 70% ethanol alcohol under strong airstream. When the surface was thoroughly clean (Figure C-11A), cells were again found adherent and successfully grow at glass substrate. An eligible response of oxidative production was subsequently observed on the reused device. However, if the surface was not cleaned up (leaving some residues from prior group of cells; Figure C-11B), the new collection of living cells were not in good shape/viability even after a long-time recovering in growth medium. Consequently, the amperometric response displayed random features instead of a normal and integral signal. The minute/unstable fluxes and immethodical noise could not be characterized or quantified since the amperometric currents were likely affected by abnormal cell metabolism or by electrode surface contamination of adherent biological residues. 

Quantification of ROS and RNS production

Evaluation of fluxes and quantities of ROS and RNS production

According to the kinetic pathways concerning ROS/RNS generation and derivation under biological conditions, we consider H 2 O 2 , ONOO -, NO • and NO - 2 as the predominant candidates to interpret the chemical nature of cellular oxidative stress in electrochemical detections. The amperometric measurements were then performed simultaneously at 0.30, 0.45, 0.62, and 0.85 V vs. Ag/AgCl at each microband WE by using the multi-channel potentiostat (experimental setup and process can be seen in Appendix III. where n j is the number of electrons transferred in oxidation of one molecule (n j = 1 for ONOO -and NO • ; n j = 2 for H 2 O 2 and NO - 2 ); F is the Faraday's constant, 96485 C mol -1 . Therefore, the current detected can be converted into flux of species. For example, at the maximum release around 200 s after stimulation, from a batch of 1200 cells the following fluxes were deduced: On the other side, the effective quantities of each species (N j ) was deduced from integrating the overall charge of individual components during the entire oxidative stress:

∫ (C.6)
where t i is the time when oxidative emission is initiated (i.e., current responses start to increase), and Δt is the oxidative event interval (i.e., time during which the responses are However, statistical results from single-cell detection were only relevant after performing more than 100 individual experiments (20 -30 tests at each selected potential); whereas the corresponding results of cells population detection were obtained only after combination of 5 experiments. This observation makes thus this basal detection mode highly favored for highly demanding biological studies where various experimental conditions and parameters might be investigated (such as to evaluate drug effects). Indeed, the standard errors in latter case were strictly related to the variations between different batches of cells, since each data already represented the average behaviors of 1200 cells. Moreover, the fact that the stable fluxes composition and the similar level of species amounts detected from single-cell measurements or cells population assays justifies a posteriori of the present configuration of basal detection.

Evaluation of primary production of O •- 2 and NO •

One assumption for the release of oxidative species by macrophages, just like in the case of exocytosis, is that they are originally stocked inside cells and passively set free after activation. If so, the liberated ROS/RNS should fleet to the nearby microelectrodes in much less than one second according to their fast diffusion in aqueous medium (D ~ 10 -5 cm 2 s -1 ).

However, the duration of integral release (c.a. 10 minutes) observed in present work, whatever on single cells or cells population, makes this assumption impossible. The lipophilic property of most candidates (e.g., NO • , H 2 O 2 , and ONOO -via its protonated form ONOOH) further conflicts the preexistence of reservoirs of those compounds. Taking into account the previous studies in our group about oxidative stress on different types of cells, including macrophages [118,200], the mass generation of ROS/RNS is certainly due to activities of specific enzymes rather than the storage-and-liberation process as occurs in vesicular exocytosis.

Note that the four detected ROS/RNS are indeed derived from two primary reactive species (i.e., NO • and O •- 2 ) that are well-known to be generated from particular enzymatic sources. As demonstrated in the background part, NO • is synthesized from oxidation of Larginine at the presence of NOS dimers. The presence of two NOS isoforms, namely endothelial NOS (eNOS) and inducible NOS (iNOS), have been previously evidenced in Raw 264. 7 macrophage [276-278]. However, each has distinct activation pathway. The eNOS exhibits constitutive enzymatic activity for a fast and intense NO • generation; while the main NO • source characterized in macrophages is iNOS but a long-term delay before NO • production is necessary for genetic expression [133,220]. In our condition, macrophages were not pretreated with immunoactive factors but stimulated by calcium ionophores which are supposed to directly interact with calcium channels. Accordingly, the NO • production should arise from the eNOS rather than iNOS since the former isoform is strongly activated by entry of calcium whereas the latter one is substantially insensitive to calcium concentration alteration. Moreover, the immediate release of ROS/RNS observed in our experiments also caters to a constitutive enzymatic pathway.

The primary source of O •- 2 in aerobic cells is usually credited to mitochondrial respiratory chain. However its slow kinetics and minute production cannot explain the fast and intense bursts observed in present experiments. NOS enzymes are also suspected to produce O •- 2 as well as the follow-up species when they follow cytosolic depletion of Larginine. They function, similarly as oxidase, only in monomer form [279,280]. But this situation is unlikely in the present work since macrophages were cultured prior to electrochemical studies in a classical medium containing adequate arginine (0.4 mM). It neither seems possible that in each experiment, the monomer-and dimer-formed enzymatic sites always existed in constant proportion and gave rise to reproducible production of ROS and RNS. In addition, the simultaneous detection of H 2 O 2 , ONOO -and NO • strongly indicates a distinguished location of NO • and O •- 2 enzymatic sources in the cell, because only such a situation may provide enough time for a portion of the O •- 2 molecules to disproportionate into H 2 O 2 (k ~ 10 9 M -1 s -1 ) before they react with NO • to form ONOO -(k ~ 10 10 M -1 s -1 ). The alternative and more reasonable hypothesis for a distinct source of O •- 2 during oxidative stress is thus addressed on the plasma membrane-bounded NADPH oxidase, which is abundant in phagocytes such as macrophages. These enzymes seem more likely to offer massive extracellular production of O •- 2 through assembling of enzymatic units over activation of calcium channels by A23187. Some previous studies in our group [79,118,265] also supported this pathway and reported the quenching of ROS generation from both fibroblasts and macrophages by involving NADPH oxidase inhibitors.

As a consequence, the interaction of calcium ionophore with membrane calcium channels might simultaneously activate two types of enzymatic systems, namely constitutive NOS sites (located in the cytosol side and anchored to the cell membrane) which generate NO • , and transmembrane NADPH oxidase sites that generate O •- 2 .

The original production of O •- 2 and NO • can be established from the four detected species. Indeed, 1 molecule of detected H 2 O 2 results from disproportionation of 2 molecules of O •- 2 (Equation (A.2)); ONOO -is formed by fast coupling of NO • and O •- 2 , 1 molecule in each resource (Equation (A.9)); NO - 2 is generated by spontaneous decomposition of ONOO - (Equation (A.10)) and thus follows the same contribution as ONOO -(i.e., 1 molecule of NO - 2 comes from 1 NO • and 1 O •- 2 ); and excess NO • freely diffuses to the microelectrode surface without serious reaction with O 2 over this short response time. These stoichiometries enabled the reconstruction of the original release of O •- 2 and NO • according to the following equations:

(C.7) (C.8)
After reconstruction, our data show that primary production of O •- 2 and NO • was quantified respectively around 25 fmol and 27 fmol per macrophage under A23187 stimulation in basal detection. The similar quantities of two original active species and the constant production kinetics of all detected components suggested that the two types of enzymatic systems operate in tandem, possibly coupled, in order to provide a defined and stable composition between ROS and RNS during the whole burst.

Note that some other oxidative species such as OH • are too short-lived, or like NO - 3 not electroactive under our experimental conditions to be treated as significant components of amperometric response, although their formation cannot be excluded. Indeed, NO - 3 may be evolved from first-order decomposition of ONOO -(k = 0.2 s -1 ; via the acid form of ONOOH, Equation (A.11)). However its amount is assumed not of great importance since the ONOO - generated from emitting cells diffuse really fast to the adherent basal electrodes. Even when the contribution of NO - 3 is not negligible, owing to the fact that it is derived from equivalent NO • and O •- 2 source, the overall ratio between each primary species is independent of NO - 3 . Therefore, the detected responses at least represent a minimal value of oxidative contents. By using the basal electrodes which direct contact emitting cells, the calculated quantities should reflect closely the substantial release during oxidative stress.

Conclusion of section 2

By placing electrochemical sensor in the vicinity of activated macrophages, the trace emission of oxidative species was finely characterized considering kinetic and quantitative criteria. A rapid response was observed from Raw 264.7 macrophages under A23187 stimulation, indicating an immediate activation of calcium-dependent enzymes (NADPH oxidase and constitutive NO synthase), as in the situation induced by physical membrane depolarization. However, in the present work, moderate and durative signals implied much gentler enzymatic process.

The single-cell release was detected by synaptic microelectrode. This configuration provided great collection efficiency with high temporal resolution, but inevitably needed repetitive and tedious experiments at any selected experimental condition to obtain statistical meaningful result. We thus reported a PDMS-glass microdevice to detect oxidative bursts from cells population (c.a. 1200 cells) by basally-localized Pt/Pt-black microband electrodes. In comparison to apical detection, similar releasing kinetics was measured, indicating also a real-time monitoring under basal configuration. Results from only few experiments directly satisfied statistical criteria. Moreover, multiple microband electrodes were easily patterned on the same glass substrate and were individually biased at selected potentials, giving access to simultaneous evaluation of the four key ROS/RNS (i.e., H 2 O 2 , ONOO -, NO • and NO - 2 ). Although this basal configuration may lose some apical production, the direct contact between electrodes and cells may affect cells behaviors or/and the sensor's analytical performance over the electrochemical detections. The observation of stable release and the globally similar species quantity than under synaptic configuration justifies the reliability of the present basal configuration.

Detection of oxidative bursts from cells population on downstream microband electrodes

Experimental conditions

Microdevice configuration

In order to bypass the disturbance from direct contact of working electrodes with living cells [100,281], we have designed another configuration of PDMS-glass hybrid microchip which successfully separates the cells culture chamber and electrochemical detection region. The major purpose here is to perform non-invasive detection; however, the increasing distance from the point of generation may trigger new difficulty, since some shortlived species such as ONOO -and NO • decay rapidly (half-life in range of seconds) during the transport. In our case, flowing solution could be conveniently applied to shorten the delivery 

Cells manipulation inside microdevice

Cells seeding and adhesion

Concentrated cell suspension was collected and resuspended into the microdevice by using the same protocol as described in the former basal studies with minor modifications.

Before seeding cells, entire device was UV-sterilized and treated by fibronectin (50 g mL -1 ) for 20 minutes. Then, cell suspension solution was directly driven into the microdevice by external syringe pump. After being rested for 1 h under zero flow condition in incubator, macrophages showed much favored attachment on the fibronectin-coated surface (implied by the stretching "arms" as shown in Figure C-17A) than on a pristine glass surface . This biocompatible modification, by using intermediate proteins, is a crucial step for insitu cell study inside microfluidic system, since that ensures fast and robust cell adhesion before nutrients depletion within the small microenvironment and thus assists the following perfusion culture. 

Perfusion culture

As illustrated in the background part, cell maintenance inside a small culture room needs constant nutrition replenishment and wastes removal. Therefore, in this work, Dulbecco's modified eagle medium (DMEM)-based growth medium was continuously pumped into the microdevice after macrophages became adherent on the coated substrate (see Appendix III.3). However, the ensuing hydrodynamic shear stress is often an inherent limiting factor due to its detrimental effects on cells at high levels ( 15 dyn cm -2 ) [170,282].

For a microfluidic 2D system, parabolic flow profile yields a simple estimate of shear stress at the surface [170]:

(C.9)
where the shear stress is presented in dyn cm -2 (1 dyn cm -2 equals to 0.1 kg m -1 s -2 ), µ is viscosity (kg m -1 s -1 ), u av is average flow rate in culture chamber, h is chamber height, and w is the chamber width. Thus the shear stress is possible to be mitigated by tuning fluid velocity for a given device. In the present work, a perfusion rate of 4.0 L min -1 (u av = 0.027 cm s -1 inside microchamber) was applied during long-term cell culture; it correspondingly gave a shear stress of 0.25 dyn cm -2 when incorporating chamber dimension (h = 50 m, w = 5 mm) and viscosity of DMEM medium (7.8×10 -4 

kg m -1 s -1 ) [283].
This perfusion rate is sufficient to provide effective medium transport while the shear stress is of orders of magnitude below the level at which adverse effects might be introduced to cause cell injury. Moreover, for adherent macrophages, the continuous flow of media accurately mimics the natural transport within microvascular network, thus providing more biologically meaningful conditions for ex vivo cellular assay.

By performing consecutive and stable media perfusion, long-term cell culture was achieved. Cells were able to continuously grow, proliferate, and even reach confluence all over the culture chamber . 12, 24, 36, 48, 60, 72 and 96 h 

Cells detachment and chip reuse

This irreversibly integrated microdevice is also reusable after biological measurements. minutes rinse (4 L min -1 ), a clean substrate was found again and the new collection of macrophages similarly exhibited great adhesion and viability in the reused chip. Cells could not be effectively removed by rinsing only with 70% ethanol; ubiquitous biological residues and unfavorable culture of newly seeded macrophages were observed . As compared to the basal detection system, it is possible that cells are more firmly attached to fibronectin-coated surface in present work, and accordingly are more difficult to remove. In addition, strong force is unfeasible during cells detachment in this enveloped chip since that may lead to leakage of the device or destruction of the vulnerable pillars-barrier structure.

Thus, the more efficient cells dissociation agent of trypsin-EDTA was adopted in this platform due to its high digestive strength. 

Detection of ROS and RNS production

Detection reproducibility between parallel electrodes

Cell-free microdevice was filled with 0. 

Detection reliability after biocompatible coating

In the present work, to favor cell growth and proliferation, fibronectin layer was introduced into microdevice to promote biocompatibility of the bare glass substrate. However, unlike cells, this coating solution cannot be obstructed simply by pillars barrier and thus downstream sensors were also immersed in fibronectin during the treatment. A few studies [53,[284][285][286] have reported that this agent caused a negative effect on electrochemical responses of redox probes. The similar observation was found in our multi-sensor system after being treated by fibronectin and perfused with medium for 24 h. A decrease of c.a. 25% in the intensity of oxidation response of H 2 O 2 compared with that detected by a fresh Pt/Pt-black microband electrode was revealed . Although this influence was not extremely severe, it may lead to an underestimation of cells release in the following ex vivo experiments since quantification is based on the calibration curves established with fresh and activated Pt/Pt-black sensors. To retrieve surface fouling of working electrodes, activation procedures previously adopted in the in vitro experiments, in terms of the alternative potential pulses (+ 0.2 V/REF, 1 s; -0.5 V/REF, 1 s; 30 cycles), was again applied. The voltammogram of 0.1 mM H 2 O 2 detected after activation of the degraded electrode is presented in Figure C-24. Clearly, electrode sensitivity was enhanced to reach the original level at which the steady-state current was found under control of convective mass transport. Accordingly, the calibration curves obtained in Part B are able to be quoted to estimate concentration of ROS and RNS detected on these activated sensors.

Detection during continuous flow

As the same to previous ex vivo experiments, culture medium within the device was replaced by Locke's buffer just before electrochemical study. Detection in this multi-sensor device was operated in continuous flowing solution (8 L min -1 in the overall device; 2 L min -1 in each channel). ROS/RNS production from the immobilized cells population was immediately delivered to the downstream electrodes (less than 1 s transition delay from the end of chamber) after introducing the flowing stimulation solution (10 M A23187). Details of experimental setup and manipulations are described in Appendix III. = 2.22 × 10 -3 A M -1 ). Note that the observed currents (a few tens of nanoamperes) demonstrated that the local concentration of released species in this microfluidic environment was higher than the micromolar level, which led to an efficient detection according to the electrode performances reported in the previous work. The global production of each species (N j ) can be deduced by the following equation:

∫[ ] ∫ (C.10)
where [C j ] is the converted concentration of each species in sample solution; V plug is the volume of ROS/RNS-containing sample solution that passes through detecting electrodes; i j is the current ascribed for each species; S j is the calibration slope for each species; is the solution flow rate in each detection channel, equals to 2 L min -1 (a factor of 4 was introduced here since sample solution was branched into four parallel channels); t s is the time when electrochemical responses started to increase (i.e., analyte solution just arrived at sensor surface), and Δt here refers to duration of sample passage.

As a result, the following average quantities per cell were obtained: 5.1±0.8 fmol H 2 O 2 , 6.3±1.8 fmol ONOO -, 7.8±1.7 fmol NO • and 6.7±1.1 fmol NO - 2 (Figure C-26A). As for basal detection, lower quantities of ONOO -and NO • were as well observed in this downstream configuration when compared to the values detected from single cells by synaptic microelectrode configuration. However, unlike basal mode, this result was not related to the attachment between cells and working electrodes, neither to the apical diffusion loss, but was more likely due to the sample transition delay from emitting cells to the downstream electrodes. Although this delay is less than 1 s under driven flow from the end of microchamber to the electrochemical sensor, the duration of solution passage over this chamber itself takes around 20 s. Therefore, an underestimation of content combination, especially for the unstable components ONOO -and NO • was inevitable in our experimental conditions. Despite this deviation, the detected production of ROS/RNS (20 -30 fmol per cell) as well as the peak-shaped amperometric responses were still of great significance to characterize and quantify oxidative bursts from the large cells population, particularly for the assessment of biological effects. 

Detection after 10-min stop flow

From the former sets of experiments, we know that duration around 10 minutes is needed for the oxidative emission of macrophages over A23187 stimulation. Therefore, to obtain a highly concentrated ROS/RNS sample solution within microchamber, the stimulus (10 M A23187) was locally delivered into the microchamber, followed by a 10-min static stimulation without any flow rate throughout the device (process and manipulations are described in Appendix III.4). Oxidative production was supposed to accumulate, with a slight diffusion under static solution, inside this small chamber. Then the buffer was pumped again (8 L min -1 ) to push sample plug across downstream microchannels, and simultaneous electrochemical detections were conducted towards the homogeneous solution. After reconstructing current contribution for each species and converting this current to species concentration, the composition of accumulated oxidative production is interpreted in Figure C-29. As a result, 4.1±0.9 fmol H 2 O 2 , 10.2±1.2 fmol NO - 2 was detected after 10min stimulation in static solution. Signals of ONOO -and NO • were not adequately obvious since the time delay was too long as compared to their short life time (few seconds). A part of these two highly active species may convert into the end products of NO - 2 , and that probably explains the higher NO - 2 signal as compared to previous measurements under shorter response time. Moreover, the gradually-accumulated ROS/RNS in cells' microenvironment might also affect their normal metabolism and then impact, more or less, the ensuing production. At this point, one cannot expect the information about any temporal variations of species releasing rates under 10-min stop mode; however, quantification of the stable candidates (e.g., H 2 O 2 and NO - 2 ) and the evaluation of derivation/decomposition of unstable candidates over any certain period are still feasible. So, this downstream configuration offers a sensitive, highlyparallel, and also tunable platform to interpret multiple biological samples by manipulating flowing solution. Cells biologically-relevant effects can be flexibly investigated at any interested time point, with situation that mimics natural continuous perfusion or under static microenvironment. 

Conclusion of section 3

In this section, we presented a PDMS-glass hybrid microfluidic chip consisted of separated microchamber for cell manipulation and microchannels for electrochemical detection. Fibronectin was coated on the glass substrate for biocompatibility purpose, facilitating fast immobilization of cells and long-term perfusion culture inside microsystem.

Cells oxidative emission was equally branched into four downstream channels and simultaneously measured at four selected potentials by independently addressed working electrodes.

In the present work, oxidative compounds from a large population of cells (c.a. Highly reproducible results were obtained in this device, despite some underestimation of the two unstable components (ONOO -and NO • ) were observed as compared to the highlyefficient synaptic single-cell measurements.

As a conclusion, this multi-sensor device offers a universal platform that enables highly effective and non-invasive detection of biological analytes released by a large population of cells. Statistical analyses of multiple compounds can be obtained by performing only few simultaneous measurements. Semi-kinetic and quantitative results are expected, particularly towards the stable products, in a flexible and high-throughput approach.

Conclusion of Part C

The oxidative bursts from Raw 264.7 macrophages under A23187 stimulation were investigated extensively by using a series of different experimental platforms.

Among which, the single-cell detection by synaptic microfiber electrode offered the best temporal resolution and collection efficiency to characterize the very origin of oxidative stress by A23187 activated macrophages, despite the expense of laborious work.

Detection of cells population (c.a. 1200 cells) by basal microband electrodes conveniently gave rise to the reproducible and statistical results in terms of both chemical composition and the real-time fluxes of cells releases, but might suffer from not only the loss of apex emission but also perturbation of cells normal behaviors.

Separating emitting cells and detecting sensors seemed a reasonable solution to bypass these defects. This downstream detection configuration inevitably led to longer transport time from the generating point to the electrochemical probes. However, flowing solution can shorten the delivery time and improve the detection efficiency. Furthermore, high biologically-relevant environment (as compared to perfusion transport within microvascular network) can be reproduced with microfluidic network, and toxic metabolites that might affect cells behaviors can be immediately removed from cells surroundings. The overall experiment including cell culture, stimulation and detection were automately achieved with this device. The electrochemical responses also benifited from convective mass transport. By tuning the flowing mode (continuous and stop-flow modes), investigations could be carried out at different cellular event stages. Although underestimation of two highly-reactive components (i.e., ONOO -and NO • ) were observed in this configuration in comparison to single-cell synaptic detection, the results were still relevant to enable a fine understanding of oxidative bursts from a large group of cells (c.a. 35000 cells).

The average productions of H 2 O 2 , ONOO -, NO A crucial point that has to be addressed is that a given microsystem and a given experimental configuration can be considered alone, i.e., its intrinsic ability to detect ROS/RNS in real-time, with accurate quantification and characterization at the very origin of cellular event. In this aspect, "artificial synapse" configuration offers the best choice.

However, the analytical performance can also be viewed in the context of biologicallyrelevant investigations, such as evaluation of drug effects under varying experimental conditions and parameters. For our experimental condition, more than 100 parallel single-cell detections are needed to obtain reliable effect evaluation. Image to compare or modify a few experimental parameters, even thousands of operations are required, and are therefore too fastidious and time-consuming. In that way, a configuration that has some defects in detecting the real amounts of unstable components (i.e., ONOO -and NO • ) is not necessarily to be discarded if it enables convenient evaluation of overall biological effects. Therefore, it has to be stated that the 4-channel downstream configuration, while sacrificing to some extent the real-time analysis, could remain an appropriate analytical tool to explore cells average behaviors in a non-invasive and highly-throughput manner. However, improvements are still possible such as further minimizing distance between emitting cells and sensing electrodes, or even adopting more integrated microfluidic structures to tackle the kinetic process and chemical nature of oxidative contents over any selected and precise number of cells.

General conclusion and perspectives

As demonstrated in Part A, investigation of oxidative stress and ROS/RNS production is very important for understanding many complex physiological and pathological life processes. The present work took place in the context of developing functional microfluidic devices for high-throughput detection of multiple oxidative species released by living cells.

The objective was to overcome practical difficulties resulting from single-cell electrochemical detections. Usually, this configuration requires a large amount of repetitive measurements under each experimental condition to obtain meaningful statistical results. Using microfluidic devices, cell culture, manipulation and simultaneous detections can be achieved through an automated and high-parallel procedure in order to get rapid insights about average cells behaviors.

Standard microfabrication technologies such as photolithography, lift-off and soft lithography were thus used to design several types of microfluidic devices according to different purposes. With flexible integration of thin-layer microband electrodes, both in vitro detections of synthetic solutions and ex vivo detections of oxidative burst emitted by living cells could be investigated.

The analytical performances of Pt/Pt-black microband electrodes towards four key ROS/RNS (i.e., H 2 O 2 , ONOO -, NO • , and NO - 2 ) were first studied in Part B. A constantcurrent plating process provided optimal Pt-black deposits with high signal-to-noise ratio of the electrode responses and compatible thickness for subsequent integration within microchannel. Owing to a larger number of active sites of Pt-black at the nanometric level, efficiency and long-term stability of electrochemical detections were observed in contrast to bare Pt. Oxidation mechanisms including decomposition kinetics were investigated based on theoretical predictions. Oxidation of species at Pt/Pt-black microband electrodes was mainly controlled by convective mass transport. Large linear concentration ranges and high sensitivities were obtained for all these species. High detection selectivity was achieved by choosing appropriate potentials. The good summation of individual species contributions at each potential allowed composition of sample mixtures to be easily determined.

where E ° is the electrode potential in standard condition (solutes at unit activity a = 1, gases at pressure of 1 atm); R is gas constant, equals to 8.314 J mol -1 K -1 ; T is absolute temperature in K; n is moles of electrons; F is Faraday's constant, equals to 96485 C mol -1 ; and respectively refer to the activities of chemical reagents in reduced and oxidized forms.

In 

Faradaic processes

When reaction takes place at an electrode surface, the amount of reacted substance is proportional to transferred electrons as described in the Faraday's first law:

(Appendix.2)
where m is mass of reacted species; Q is the passed electric charge; M is molar mass of species; i is measured current; and t is the time.

However, sometimes due to unfavorable thermodynamic or kinetic factors, nonfaradaic process occurs. This process resembles a capacitor, with the whole array of charged species and oriented dipoles existing at metal-solution interface, establishing an electrical double layer [288] (Figure Appendix-2A). Although charge (q) doesn't cross the interface, it could still exhibit a transient current (charging current) when potential, electrode area or composition changes, until the capacitance equation is balanced again:

(Appendix.3)
where q is charge stored on surface; A is electrode surface area; E is applied potential; C d is double-layer capacitance. Both faradaic and nonfaradaic processes contribute to current.

Sometimes the impact of nonfaradaic current is neglected due to the very short duration; nevertheless, when potential is changing fast or at very low analyte concentration, the charging current can't be ignored since it is probably larger than the faradaic value. During the faradaic process, a heterogeneous reaction occurs at electrode-electrolyte interface; and the reaction rate is depending on not only usual kinetic variables, but also species mass transfer to electrode and myriad surface effects. For an overall electrode reaction, several processes affect the reaction rate as well as final current [289]:

 Mass transfer of species from bulk solution to electrode surface.

 Electron transfer between electrode and species at the interface.

 Relevant preceding or following chemical reactions.

 Adsorption, desorption, crystallization and other surface reactions.

The overall reaction rate is usually limited by one or more rate-determining steps with inherent sluggishness, and finally reaches a steady state where the rates of all steps are in consistent.

Mass transfer model

In the simplest model, rates of all associated chemical reactions and kinetics of interfacial electron transfer are very rapid. The overall reaction rate (v rxn ) is then governed by the mass transport rate (v mt ) of electroactive species from bulk solution to the surface of electrode:

(Appendix.4) Inside a solution, three modes of mass transfer contribute to the movement of species from one location to another:

 Migration under influence of electrical potential gradient.

 Diffusion under influence of concentration gradient.

 Convection caused by natural density gradient or extra force.

The migration effect could be reduced to negligible level by adding an inert supporting electrolyte (performing as ionic charge carriers); and that electrolyte, at the same time, leads to a lower solution resistance during measurements. Convection can be eliminated to a certain extent by preventing stirring and vibration. However, it is less likely to be completely avoided (in the form of natural convection). Sometimes for analytical purpose, the convection is even mechanically forced to enhance mass transport.

For the sake of simplicity, an approximate treatment of steady-state mass transfer has been considered. It is based on the following assumption: convection is only occurring beyond x = δ (x is the distance from electrode surface, δ is the thickness of stagnant layer).

Therefore, the mass transfer flux at electrode surface can be written as following equation from Fick's first law when concentration gradient is assumed linear These simplified anticipations facilitate understanding about mass transfer processes, offering primal basis to the rigorous description of current arising from diverse conditions (such as with electrodes in different shapes, under different convective conditions, and so on).

Based on the convection-diffusion principles, many detection methods have been developed

to investigate electrode reaction, either towards dynamic process or steady state. The concepts and operations for some popular techniques are presented in the following context.

I.2. General electrochemical techniques

In electrochemical analysis, many possible experimental designs have been conceived 

I.3. Microelectrodes and their electrochemical performances

For a microelectrode, only one critical dimension is necessary to be confined to microor nanometers range; thus various shapes have been developed according to practical use where r 0 is radius of the electrode.

The first term is identically Cottrell current of infinite planar diffusion; it dominates at short time when diffusion layer is smaller than r 0 . Whereas the second term depicts steadystate current achieved later when diffusion layer grows larger than r 0 (large radial diffusion where r 0 is radius of disk. This relationship spans three regimes: once diffusion begins (δ t < r 0 ), it remains purely planar character, showing Cottrell current; then as diffusion continues (δ t ≈ r 0 ), radial diffusion brings larger observed current than pure linear diffusion, manifesting "edge effect" with nonuniform-distributed flux; finally at longer time when diffusion field grows much larger (δ t ≫ r 0 ), it resembles hemispherical case and current approaches a steadystate value: * (Appendix. 16) This steady state at microdisk electrode can be established quite fast with a relatively large mass-transfer coefficient. For example, when D = 10 -5 cm 2 s -1 (typical value for a molecule in aqueous solution), a 500 nm radius microdisk electrode deviates from planar diffusion field after 2.5 s, and establishes steady state after 25 ms. While for a 1 mm radius macroelectrode to reach exactly the same concentration profiles with respect to its radius, will take 250 s and 32 years respectively [308]. Nevertheless in a real system, diffusion layer, for a large disk electrode, is not infinitely growing and is usually limited by natural convection (δ conv ) [309]. These intrinsic benefits of microdisk electrodes allow investigation of steady state in a rather convenient, efficient and less risky manner. Nowadays, micro platinum disks with 5 m radius are already commercially available, and disks with radius less than 0.1 m have also been achieved under special processing.

 Cylindrical microelectrode

Cylindrical microelectrode is obtained by sealing thin metal wire or carbon fiber in tapered glass capillary [310]. It has only a single dimension of diffusion due to the simple geometry. Similarly, planar diffusion prevails at short times when diffusion length is smaller compared to curvature of electrode. Whereas in the long-time limit, mass transfer current is developed in terms of: * (Appendix.17 where w is width of band electrode. Electrode surface area A could be much larger than a microdisk counterpart, since the length of band is not necessarily confined into micrometer level.

This system also grows into quasi-steady state, although diverging process differs with respect to electrode critical dimension. However, forced or natural convection is usually present, and the free diffusion is constrained to a certain thickness (from several to severalhundred micrometers against electrode surface, Figure . Consequently the mass transport current may reach a "truly" steady-state value in opposition to the quasisteady-state regime. Indeed, these microband electrode are currently often used for their ease of fabrication and flexibility of integration in different working surroundings, including in open system [311], confined system [312], or in microfluidic channels [214,313].

As a conclusion, microelectrodes may differ in shapes and regimes, they own some common trends in electrochemical responses to abruptly applied potentials: transient planar diffusion, and then diverge to steady or quasi-steady state under enhanced mass transport.

These characters, along with decreased resistance, high faradaic-to-charging current ratio, and simple instrumentation, make microelectrodes easily gives determination and speciation about nearby redox reactions (from well-established voltammograms or steady-state current), and accordingly favored in many elaborate investigations (e.g., exploration of rapid reaction mechanisms, unstable reactants, coupled homogeneous reactions, species with minute concentration or complicated kinetics, and imaging of redox centers present in thin sold films [220,314,315]). SU-8 photoresist is a typical thermoset [329]. When heated or radiated, molecules cross link to form a rigid network, remaining stable shape before decomposition, even at high temperature. This feature benefits fabrication of true 3D structure, but on the other side thwarts high-density integration based on diaphragm valves. Furthermore, concerning the high cost, today SU-8 is commonly used to build stiff masters with microstructures for PDMS replicas fabrication.

Thermoplastic materials, such as polymethyl methacrylate (PMMA), polycarbonate (PC), polystyrene (PS), polyethylene terephthalate (PET) and polyvinylchloride (PVC), could be distinctly soften at glass transition temperature, and therefore become processable. The thermo-molding process is capable of producing chips at high rate and low cost, but requires metal or silicon template during high temperature processing. As compared to PDMS, poor gas permeability, hardship in bonding, and rigidity under room environment prevent them from being used in highly-integrated biocompatible systems. However, various surface modifications via dynamic coating or grafting [330] expand their utilization to some extent. 

II.2. Microfabrication techniques

To fabricate a microfluidic device, many techniques might be performed in sequence;

sometimes to make multi-layer structures, processes are needed repeatedly. Several primary There are also some alternatives in defining microstructures, including electron beam lithography [339], X-ray lithography [340], laser ablation [341] and so on; each with particular protocol and characteristics. However, photolithography is illustrated here with details, since it predominately offers desirable masters for further manipulations (e.g., etching

or polymer prototyping). The procedure of UV photolithography involves mask fabrication, wafer cleaning, photoresist preparing, spin coating, baking, alignment, exposure and development.

 Masks: A mask can be fabricated in different ways, mainly depending on the required resolution. The photo masks, made from quartz or glass covered by thin chromium layer, offers high resolution pattern (around 1 m); while film masks, easily produced by digital printer with black inks, are suitable for features in bigger size (10 m).

 Wafer cleaning: The substrates should be clean and dry prior to applying photoresist.

The preparation of substrates normally starts with a solvent cleaning or a dilute acid rinse, and then followed by distilled water rinse.

 Photoresist: Photoresist is composed of epoxy resin, photoinitiator and solvent. When exposed to UV light, the physico-chemical properties of resists are altered and consequently change its solubility. For positive resist, exposed area is made soluble and easily removed inside liquid developer; for negative resist, on the contrary, exposed area is cured while the rest regions are removed.

Resists of SU-8 series [342] are quite widely used as negative resist to form thick image with vertical sidewalls (up to 2 mm in aspect ratio 20). Normally the higher resist's viscosity is, the easier it will be to acquire a thick film. These resists manifest great chemical and thermally stabilities after curing, and are best suited for permanent applications as masters.

Resists of AZ family [343][344][345] are able to serve thin films with good adhesion, high resolution, and high resistance to oxygen plasma etching. They are typically used to facilitate subsequent metal electroplating and lift-off process. Among which, AZ 5214E is specially favored owing to the capability of reversing images. When it acts as a positive resist, exposed part is removed; however, this part could be cross linked simply by applying an extra bake cycle. The unexposed part turns to be soluble after a flood exposure, leading to a negative image after development.

 Spin coating: This process is to generate uniform thickness of resist layer. Desired thickness could be obtained by selecting appropriate spin speed for specific photoresist (Table Appendix-1). 

Lift-off

Lift-off is commonly used as an additive process to transfer a design . The target material is deposited on a substrate which is previously patterned by a sacrificial resist layer. After dissolution within a specific solution (e.g., acetone), the sacrificial layer is removed together with its upper film, only remaining the target material in the regions where it directly contacts the substrate. This mild transfer process is widely applied in fabrication of microelectrodes array as well as in some other cases where a direct etching process might have undesirable effects. Besides these mentioned techniques, wet or dry etching, hot embossing, injection molding and so on that continuously thrive the progress of microfluidics [349].

 Fibronectin

Fibronectin (Sigma-Aldrich) was prepared with Locke's buffer to 50 g mL -1 , stored in sterile safe-lock tubes (1.5 mL; Eppendorf) at -20°C and thawed before use. 

III.2. Sensors preparation

Pt

 Device assembly

The PDMS replica was irreversibly bonded to the glass substrate via oxygen plasma (2 min, Harrick), offering a robust microdevice capable of driving flowing fluids. The microchannels were assembled perpendicular to microband electrodes .

Thus effective electrode lengths were limited by microchannel width (L = 200 m) and the solution volume above these microbands was restricted by microchannel height (h = 20 m).

Note that during electrochemical studies, only one WE was connected and only one channel was filled with solution, the others remaining empty. The integration of three independent microchannels and several parallel WEs was for the sake of utilization efficiency (in case of electrodes brokenness or channel leakage). This compound structure was transferred to silicon wafer after two-step photolithography (Table Appendix-5). The mold of thicker chamber was constituted with SU-8 3050 while that of thinner channels was made by SU-8 2015. Both resins were negative thus inverse masks were sequentially adopted. 

 PDMS replica

Although this fabrication of multi-layer master was more complicated, once obtained, PDMS replicas were still simply got after casting and curing the polymer mixture.

 Electrodes pattern on glass substrate

The pattern of microband electrodes was fabricated according to the previously mentioned procedures (Table Appendix-4 was added to each vial. These vials were sealed and stored in a -80°C refrigerator.

Before thawing the freezing cells, a water bath (Polystat 5; Bioblock Scientific) was warmed to 37°C . One cryovial was removed from the refrigerator and warmed as soon as possible. A new sterile flask (75 cm 2 ) containing 12 -15 mL fresh medium was prepared and the cells were gently dispensed into this flask. After incubation for 4 to 6 hours at 37°C , cells attachment was verified under an inverted microscope (Observer D1; Zeiss). The old medium was softly aspirated and then replaced by another 12 -15 mL fresh medium. When cells showed satisfying viability, they could be maintained and subcultured as described above.

Cultures were not maintained beyond three months. New freezing clusters were thawed at least two weeks prior to the end of the three-month culture period. and NO - 2 reported on the same platinized microband electrodes in Part B. The time-courses of amperometric current were monitored and stored on a computer (Latitude E6410; Dell) through its software interface (EC-Lab V10.34; BioLogic). The decrease of the baseline current over the course of the measurement was fitted and subtracted by using the self-written program (Gmef). Three to five individual experiments were sufficient (when cells and sensors were both in good condition) for statistical analysis; each experiment simultaneously interpreted four key analytes released from c.a. 1200 cells.

Cells population downstream detection

In the downstream measurements, all the flow manipulations were driven by the syringe pump at a constant flow rate of 8 L min -1 , corresponding to a low shear stress of 0.5 dyn cm -2 above immobilized cells in culture chamber and a tributary flow rate of 2 L min -1 in each downstream detection channel (four parallel channels behind one common culture chamber). This guaranteed the same hydrodynamic condition and calibration basis above microchannel working electrodes as reported in the in vitro studies (Part B).

Prior to experiments, the culture medium was replaced by pumping Locke's buffer into the microdevice. The morphology and density of immobilized macrophages were checked under microscope; and optical images were obtained with 10× or 20× objective lens.

Measurements were conducted also by the multi-channel biopotentiostat . In each channel, the sequentially-localized Ag/AgCl REF, Pt/Pt-black WE and Pt CE were connected with one output system and applied with one particular constant potential (0.30, 0.45, 0.62, or 0.85 V vs. Ag/AgCl). Before detection, the WEs were activated by alternative potential pulses (+ 0.2 V/REF, 1 s; -0.5 V/REF, 1 s; 30 cycles) to relieve surface bio-fouling, and were subsequently polarized for 1 minute at corresponding potential to stabilize background currents. Abstract: With intrinsic benefits of electrochemistry and unprecedented progress in instrumentation, microelectrodes are playing prominent roles in the analysis of living cells behaviors. Nowadays, microfluidics also gains in popularity due to the feasibility of performing the entire bioanalytical experiment within an automated device. In this thesis, fabrication of Pt/Pt-black microband electrodes was thus optimized to detect ROS/RNS species during oxidative stress. They were integrated into PDMS-glass microdevices in order to analyze four key compounds (i.e., H 2 O 2 , ONOO -, NO • , and NO - 2 ) released from cells populations. High analytical performances were first evidenced according to the devices geometry and hydrodynamic conditions. The control of the electrochemical responses by mass transport was validated through comparison with theoretical predictions. Simultaneous detections of ROS/RNS release from macrophages were then carried out under two different configurations of microdevices. Reproducible and statistically relevant results were obtained within only few experiments. These microdevices allow for easy characterizations of average behaviors of cells populations. This study paves the way to a very broad field of bioanalytical applications integrating electrochemical detections for high-throughput monitoring of living cells.

Keywords: Oxidative stress, Microelectrode, Microfluidics, Amperometry, Platinum black Résumé: Avec les avantages intrinsèques de l'électrochimie et les progrès sans précédent dans l'instrumentation, les microélectrodes jouent un rôle de premier plan dans l'analyse du comportement de cellules vivantes. Aujourd'hui, la microfluidique gagne également en popularité en raison de la possibilité d'effectuer l'ensemble de l'expérience de bioanalyse dans un dispositif automatisé. Dans cette thèse, la fabrication de microbandes Pt/noir-Pt a été optimisée pour détecter les espèces ROS/RNS durant le stress oxydant. Celles-ci ont été intégrées dans des microdispositifs en PDMS-verre afin d'analyser la libération de quatre composés clés (i.e., H 2 O 2 , ONOO -, NO • , et NO - 2 ) à partir de populations de cellules. Les performances analytiques ont été évaluées suivant la géométrie des dispositifs et les conditions hydrodynamiques. Le contrôle des réponses électrochimiques par le transport de masse a été validé par comparaison avec des prédictions théoriques. Des détections simultanées de ROS/RNS libérées par des macrophages ont ensuite été réalisées sous deux configurations différentes de dispositifs. Des résultats reproductibles et statistiquement pertinents ont été obtenus en seulement quelques expériences. Ces microdispositifs permettent de caractériser facilement le comportement moyen de populations de cellules. Cette étude préalable ouvre la voie à un très large champ d'applications bioanalytiques intégrant des détections électrochimiques à haut débit pour le suivi de cellules vivantes.

Mots clés: Stress oxydant, Microélectrode, Microfluidique, Ampérométrie, Noir de platine

  Résumé de la thèse (French abstract) Sujet: Détection Electrochimique à Haute Performance d'Espèces Réactives de l'Oxygène et de l'Azote à l'Intérieur de Dispositifs Microfluidiques. Application au Stress Oxydant de Cellules Vivantes.

  Figure Résumé-2 mène à la génération de plusieurs espèces dérivées importantes.

Figure Résumé- 1 :

 1 Figure Résumé-1: (A) Modèle de l'activation de NADPH oxydase. Les protéines cytosoliques phox et Rac migrent dans la membrane plasmique ou celle du phagosome, générant O •- 2 à partir des ressources en oxygène. (B) Le dimère NOS catalyse l'oxydation de la L-arginine en citrulline et NO • en présence d'oxygène et de NADPH.

Figure Résumé- 2 :

 2 Figure Résumé-2: Schéma des principales voies de génération d'espèces ROS/RNS à partir des espèces primaires O •- 2 et NO • .

  nouvelles opportunités pour explorer les cellules vivantes en raison des caractéristiques suivantes: (i) réponse rapide; (ii) rapport signal sur bruit élevé et (iii) résolution spatiale. Une configuration importante est celle de la synapse artificielle (Figure Résumé-3A). En approchant une microélectrode à la surface émettrice d'une cellule isolée, les messagers électroactifs sont détectés avec haute efficacité et haute résolution temporelle. Suivant cette configuration, notre groupe a exploré de façon intensive le stress oxydant au niveau de la cellule unique. D'autres développements dans l'instrumentation et les méthodologies permettent des études intracellulaires (Figure Résumé-3B) et la détection simultanée de multiples espèces (Figure Résumé-3C). Cependant, en raison des variations importantes observées au niveau du comportement des cellules, des résultats statistiquement fiables nécessitent la répétition d'expériences souvent fastidieuses à réaliser. En raison de la biocompatibilité des matériaux tels que le PDMS, une des voies prometteuses consiste à intégrer ce type d'expérience à l'intérieur d'un système microfluidique. Les technologies de microfabrication avancées ainsi que les caractéristiques fluidiques font que toutes les étapes de culture cellulaire (Figure Résumé-4A), de manipulation (Figure Résumé-4B) et de détection (Figure Résumé-4C) peuvent être réalisées dans un dispositif « tout en un ». A l'opposé de la détection sur cellule unique (suivant une configuration de type synapse artificielle), la détection sur une plateforme microfluidique permet des analyses simples et simultanées de groupes de cellules durant une courte durée d'expérience. En élaborant différentes configurations, la détection peut être réalisée pour satisfaire les exigences et les besoins de l'expérience.

Figure Résumé- 3 :

 3 Figure Résumé-3: (A) Illustrations d'une vraie synapse (à gauche) et d'une synapse artificielle pour un assemblage cellule vivante unique/microélectrode (au milieu), puis le suivi ampérométrique résultant de l'émission d'espèces par la cellule unique. (B) Suivi de la production intracellulaire de ROS/RNS durant le stress oxydant (à gauche). Une nanoélectrode après dépôt de noir-Pt (rayon de 80 nm) est insérée à l'intérieur d'un macrophage (au milieu). Des exemples de mesures de courant pour des détections extracellulaires et intracellulaires sont également reportés (à droite). (C) Courants mesurés (en bas à gauche, ligne continue) lors d'une séquence de sauts de potentiel (à gauche en haut) appliquée à une électrode fibre de carbone platinisée.Les quatre lignes en tiret sont les meilleurs ajustements du courant moyen à la fin de chaque saut. Les potentiels imposés sont successivement 0.30, 0.45, 0.65 et 0.85 V vs. ECSS, pendant une durée de 20 s. Chaque figure du côté droit montre des chronoampérogrammes à 0.30 (croix noires), 0.45 (carrés rouges) et 0.65 V (triangles bleus) vs. ECSS à partir d'un seul macrophage. Des mesures sont reportées pour deux cellules différentes.

D

  'après l'état de l'art qui a été dressé, des microdispositifs PDMS-verre intégrant des microélectrodes devraient déboucher sur la réalisation d'excellentes plateformes pour mener à bien des détections à haut débit d'espèces ROS/RNS à partir de cellules vivantes. Des dispositifs hautement sophistiqués peuvent être élaborés pour effectuer des cultures cellulaires, des stimulations et des détections simultanées d'espèces. Cependant, pour le développement de tels microdispositifs, certaines études préliminaires demeurent nécessaires comme par exemple l'optimisation du dépôt de noir de platine pour satisfaire les conditions d'utilisation requises en microfluidique.

Figure Résumé- 4 :

 4 Figure Résumé-4: (A) Réseau de perfusion microfluidique à haut débit pour des cultures cellulaires de longue durée. Le dispositif complet est de 2×2 cm en taille, et chaque chambre de culture possède quatre voies d'accès et plusieurs canaux de perfusion aux alentours. Des cellules Hela sont cultivées sous perfusion pendant 6 jours. Le profil du gradient de concentration est mis en évidence par un colorant rouge perfusé de gauche à droite, et des colorants bleu et jaune sont introduits en haut du générateur de gradient. (B) Manipulations de cellules par solution circulante en microfluidique. Suivant les tailles caractéristiques, les cellules peuvent être séparées en passant simplement à travers différentes microstructures. (C) Réseau de microélectrodes intégré dans un bloc de PDMS pour la détection de cellules uniques. La structure du dispositif multicouche est montrée à gauche. La dopamine émise à partir de trois cellules individuelles PC12 est collectée par le réseau d'électrodes.

Figure Résumé- 5 ,

 5 une approximation à deux dimensions de la géométrie d'un canal rectangulaire peut être appliquée pour évaluer plus simplement les réponses en courant des électrodes en fonction des paramètres géométriques et hydrodynamiques. En effet, deux paramètres W (w/h) et Pe (u av h/D) contrôlent le régime du transport de masse au voisinage des électrodes avec des effets opposés. Lorsque W/Pe > 1.2 (zone I), le transport de masse est contrôlé par la diffusion. A l'opposé, lorsque W/Pe < 0.04 (zone III), l'épaisseur de la solution sondée par les électrodes est principalement fixée par la convection. Un comportement intermédiaire prend place lorsque 0.04 < W/Pe < 1.2. Une valeur seuil de W/Pe ≈ 0.56 permet finalement de distinguer la prédominance de la convection ou de la diffusion sur le régime. Dans le cas de notre dispositif microfluidique, (Figure Résumé-6A: hauteur de canal = 20 m, largeur de canal = 200 m, largeur d'électrode de travail = 197 m), la vitesse d'écoulement a été choisie pour assurer un régime stationnaire de type convectif. La vitesse ne doit pas être trop élevée pour des raisons pratiques d'expérience et pas trop basse pour maintenir un rapport signal sur bruit élevé. Un bon compromis (zone rouge dans la Figure Résumé-6B) a été fixé pour établir un régime du transport de masse répondant au critère 0.02 < W/Pe < 0.1. En tenant compte de la géométrie de notre dispositif, une valeur de 2 L min -1 a été fixée expérimentalement. Cette vitesse d'écoulement permet, d'une part, d'assurer une stabilité de l'écoulement sans problème de fuites au niveau du dispositif et d'autre part, d'assurer la manipulation de cellules à l'intérieur du système sans les endommager ou engendrer une perte de leur adhésion.
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 5 Figure Résumé-5: Schéma 2D de la configuration utilisée pour les simulations numériques avec le profil parabolique du flux à l'intérieur du microcanal.

H 2 O

 2 2 et NO - 2 ont été choisis en premier lieu pour vérifier les performances analytiques atteintes pour les électrodes Pt/noir-Pt et pour plusieurs raisons. Ce sont les espèces les plus stables chimiquement dans ces conditions physiologiques. Leurs potentiels d'oxydation couvrent toute la gamme de potentiels des espèces RNS/ROS intéressantes à étudier. De plus, ces deux espèces ont une forte tendance à passiver les électrodes. La Figure Résumé-7A, -7B montre les voltamogrammes à l'état stationnaire obtenus pour une vitesse d'écoulement de 2 L min -1 et des solutions de 0.1 mM H 2 O 2 et 0.1 mM NO - 2 . L'activation électrochimique par sauts de potentiels alternés conduit à des résultats hautement reproductibles. Cependant, en comparaison avec des électrodes nues de platine, les avantages résultants de dépôts de noir de platine sont non seulement visibles à partir de l'amplification du courant mais aussi sur l'allure des voltamogrammes. Les courants de plateau suggèrent un régime stationnaire alors que les montées rapides en courant montrent un transfert d'électron rapide. A l'inverse, des pics de courants ont été observés aux électrodes nues en Pt pour les deux espèces étudiées, indiquant une plus faible activité de ces électrodes à plus hauts potentiels. En réalisant plusieurs injections successives à potentiel constant, les électrodes Pt/noir-Pt ont montré une stabilité des mesures remarquables (Figure Résumé-7C) alors que les courants sur électrodes nues en Pt diminuent lors d'une injection et chutent de façon significative d'une injection à l'autre (Figure Résumé-7D).
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 7 Figure Résumé-7: Voltamogrammes à l'état stationnaire à 10 mV s -1 dans un flux continu de 0.1 mM H 2 O 2 et 0.1 mM NO - 2 pour des électrodes (A) noir-Pt et (B) en Pt avec les courants résiduels du PBS (courbe en tiret). Chaque courbe en trait plein représente un voltamogramme d'une électrode microbande soit pour une électrode Pt/noir-Pt ou en Pt. (C) Réponses en courant de microinjections de 5 L de 0.1 mM H 2 O 2 (E = 0.45 V/REF, courbes bleues) et 0.1 mM NO - 2 (E = 0.85 V/REF, courbes rouges) à une électrode Pt/noir-Pt. Dans chaque cas, les courants sont représentés pour la première (courbe en trait plein) et la cinquième injection (courbe en tiret). (D) Variation de la réponse en courant après des injections répétitives de 5 L de 0.1 mM H 2 O 2 (E = 0.60 V/REF) à une électrode en Pt, de la première (en haut) à la quatorzième (en bas) injection.

Figure Résumé- 8 :

 8 Figure Résumé-8: Comparaison entre courants limites théoriques et expérimentaux en fonction de la vitesse d'écoulement. (A) Détection de 0.1 mM H 2 O 2 sur électrodes Pt/noir-Pt (E = 0.45 V/REF) et électrodes en Pt (E = 0.6 V/REF). (B) Détection de 0.1 mM NO - 2 sur électrodes de noir-Pt (E = 0.85 V/REF) et électrodes en Pt (E = 0.9 V/REF). Dans (A, B), les courants expérimentaux sur électrodes Pt/noir-Pt (•) et électrodes en Pt (○) sont comparés avec les valeurs théoriques simulées avec 1.5 10 -5 cm 2 s -1 . (courbe en trait plein pour Pt/noir-Pt avec un facteur de surface active apparente de 1.3, courbe en tiret pour électrodes en Pt)

Figure

  Figure Résumé-9: (A) Voltamogrammes obtenus pour des solutions circulantes de 0.1 mM ONOO -à des électrodes Pt/noir-Pt (courbe en trait plein) et électrodes en Pt (courbes en tiret) à pH 11.1 PBS. Vitesse de balayage 10 mV s -1 . (B) Comparaison entre constantes cinétiques évaluées par détection électrochimique (k EC ) et par analyses de spectres UV-Vis (k UV ) à des temps n'excédant pas 200 s après la préparation de la solution. Dans (B), pH = 11.1 (○), 10.8 (▲), 10.2 (•), 9.4 (□), 8.9 (Δ) et 8.4 (■).

  réaction compétitive entre NO • et l'oxygène (k 2 ). L'extraction du courant d'oxydation de NO • nécessite une correction par le courant résiduel. Une vague a été obtenue avec un maximum à E = 0.62 V/REF (Figure Résumé-10A) contrairement à un plateau prévu sous régime stationnaire. Ce comportement peut être relié à la génération progressive d'espèces interférentes (dues principalement aux anions nitrites) durant le balayage de potentiel. Néanmoins, en comparaison avec les électrodes nues en Pt, les voltamogrammes corrigés ont montré une amplitude de courant 350 fois plus importante avec les dépôts en noir de platine. En réalisant des séries de spectres UV-Vis, la vitesse de décomposition de DEA-NONOate a été suivie (Figure Résumé-10B) à travers la diminution de l'absorbance Une valeur moyenne de k 1 a été déterminée avec (7.8 0.5) 10 -4 s -1 . En introduisant cette valeur dans la cinétique de génération et de décomposition de NO • , la constante k 2 a été évaluée à partir du meilleur ajustement d'une série de courbes chronoampérométriques enregistrées à 0.62 V/REF à plusieurs concentrations de solutions de DEA-NONOate (Figure Résumé-10C).

Figure

  Figure Résumé-10: (A) Voltamogrammes corrigés du courant résiduel à des électrodes Pt/noir-Pt (courbe en trait plein) et nues en Pt (courbe en tiret) avec des mesures initiales effectuées 270 s après la préparation de la solution. (B) Analyses des intensités de pic UV-Vis pour trois séries de mesures dans des solutions de 0.1 mM DEA-NONOate à pH = 7.4. λ = 250 nm, t 0 = 40 s représente le point de départ des mesures après la préparation des solutions. Droite ajustée avec une pente égale à k 1 = 7.8 10 -4 s -1 . (C) Courants en chronoampérométrie théoriques (courbes en trait plein) et expérimentaux (symboles) à des électrodes Pt/noir-Pt pour des concentrations variées de solutions circulantes de DEA-NONOate. De haut en bas : 1.5 (•), 1 (○), 0.5 (■), 0.2 (□), 0.1 (▲) et 0.05 mM (Δ). Ajustement de courbes avec k 1 = 7.8 10 -4 s -1 , k 2 [O 2 ] = 5.5 10 2 M -1 s -1 et i/[NO • ] = 1.13 10 -3 A M -1 .

2 ont

 2 été reportées et comparées sur la Figure Résumé-11A. Comme il peut être observé, l'oxydation de H 2 O 2 se

Figure

  Figure Résumé-11: (A) Voltamogrammes normalisés obtenus à l'état stationnaire pour des électrodes Pt/noir-Pt à partir de solutions circulantes et séparées de H 2 O 2 , ONOO -, NO • et NO - 2 . pH = 7.4 pour toutes les espèces à l'exception de ONOO -(pH = 11.1). Les lignes en tiret représentent les potentiels qui garantissent en ampérométrie la meilleure sensibilité et sélectivité pour la détection de chaque espèce. De gauche à droite : E = 0.30, 0.45, 0.62, 0.85 V/REF. (B) Réponses en courant pour des électrodes noir-Pt (courbes en trait plein) en fonction des potentiels de détection avec des microinjections de solutions séparées et mélanges de 0.1 mM de H 2 O 2 , ONOO -, DEA-NONOate et NO - 2 à pH = 8.4. La courbe en tiret représente la somme des courants individuels obtenus à partir de solutions séparées.

Figure Résumé- 12 :

 12 Figure Résumé-12: Illustration schématique des 4 chambres du microdispositif en PDMS-verre (figure du haut); et vues agrandies des électrodes microbandes CE, WE et REF à l'intérieur de chacune des chambres, avant (figure en bas à gauche) et durant la détection basale (figure en bas à droite).

Figure

  Figure Résumé-13: (A) Réponses ampérométriques simultanées de populations de cellules (c.a. 1200 cellules) après une stimulation par 10 M A23187. Quatre courbes sont enregistrées respectivement à 0.30, 0.45, 0.62 et 0.85 V vs. Ag/AgCl. La flèche noire sur l'axe x indique le temps lorsque A23187 est injecté pour initier le stress oxydant. (B) Comparaison du relargage de H 2 O 2 , ONOO -, NO • et NO - 2 par cellule à partir de détections sur cellule unique (colonnes bleues) et à partir de populations de cellules avec détection basale (colonnes roses) après stimulation par 10 M A23187. Les données pour la détection sur cellule unique ont été obtenues après la réalisation de 20 -30 expériences à chaque potentiel (n 100 expériences en tout); alors que seulement 5 mesures simultanées ont été faites à partir de populations de cellules.

  Figure Résumé-14: Illustration schématique de microdispositif PDMS-verre intégrant 4 canaux pour la détection en aval de bouffées oxydantes émises par une population de cellules. (figure du haut). Vues agrandies décrivant la barrière de micropiliers qui sépare les cellules de la zone de détection. (figure en bas à gauche), et le groupe d'électrodes REF, WE et CE insérées dans chacun des canaux (figure en bas à droite).
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 15 Figure Résumé-15: (A) Réponses ampérométriques simultanées à partir d'une population de cellules (3.5 10 4 cellules) après stimulation par 10 M A23187. Les quatre courbes sont respectivement enregistrées à 0.30, 0.45, 0.62 et 0.85 V vs. Ag/AgCl. La flèche noire sur l'axe x indique le moment où la solution A23187 est pompée à travers la chambre et les espèces transférées de la chambre vers les électrodes en aval. Vitesse d'écoulement = 2 L min -1 dans chaque canal. (B) Comparaison des quantités moyennes de H 2 O 2 , ONOO -, NO • et NO - 2 relarguées par cellule à partir de détections sur cellule unique (colonnes bleues) et à partir de population de cellules (colonnes roses). Les données pour cellule unique ont été obtenues après la réalisation de 20 -30 expériences à chaque potentiel (n 100 expériences au total alors que 5 expériences ont été seulement menées pour les populations de cellules.
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 16 Figure Résumé-16: Stimulation successive par 10 M A23187 à partir d'une même population de c.a. 3.5 10 4 macrophages immobilisés dans la microchambre. Les réponses ampérométriques ont été enregistrées aux potentiels de 0.30, 0.45, 0.62 et 0.85 V vs. Ag/AgCl dans les microcanaux. Entre chaque stimulation, un intervalle de 10 minutes a été fixé pour restaurer l'activité des cellules.

  Figure Résumé-17: Réponses ampérométriques enregistrées après stimulation par une solution de 10 M A23187 d'une population de c.a. 3.5 10 4 cellules avec une accumulation dans la microchambre pendant 10 min. Les réponses représentatives sont données en (A) après la première stimulation et en (B) après la seconde stimulation. Les électrodes ont été polarisées respectivement à 0.30, 0.45, 0.62 et 0.85 V vs. Ag/AgCl. La flèche noire sur l'axe des x indique le moment où la solution est transférée de la chambre vers les microcanaux. Vitesse d'écoulement = 8 L min -1 à l'entrée du dispositif. (C) Relargage moyen par cellule de H 2 O 2 , ONOO -, NO • et NO - 2 durant la stimulation de la population de cellules (colonnes roses). Les données sur cellule unique (colonnes bleues) ont été obtenues après avoir réalisé 20 -30 expériences à chaque potentiel (n 100 expériences en tout) alors que 5 expériences ont été menées pour la population de cellules.

L

  'objectif de ce travail a été de développer des dispositifs microfluidiques pour détecter de multiples espèces oxydantes émises par des cellules vivantes. L'idée principale était de contourner les expériences répétitives et fastidieuses de détections habituellement menées sur cellules uniques avec une configuration de synapse artificielle. En utilisant des dispositifs microfluidiques permettant la culture de cellules et leur manipulation, la détection simultanée des espèces peut être réalisée suivant des procédures menées en parallèle et automatisées. Les technologies standards de microfabrication ont été utilisées pour élaborer plusieurs dispositifs correspondant à différentes finalités. Avec l'intégration d'électrodes microbandes, des détections à la fois in vitro de solutions synthétiques et ex vivo de bouffées oxydantes émises par des cellules vivantes ont été réalisées. Les performances analytiques d'électrodes Pt/noir-Pt vis à vis de quatre espèces clés (i.e., H 2 O 2 , ONOO -, NO • , et NO - 2 ) ont été étudiées et optimisées en premier lieu. En raison d'un grand nombre de sites actifs de platine à l'échelle nanométrique, l'efficacité et la stabilité à long terme des réponses électrochimiques ont été obtenues à l'intérieur de microcanaux. Les mécanismes d'oxydation incluant les cinétiques de décomposition ont été étudiés sur la base de prédictions théoriques. De larges gammes de concentration et des sensibilités élevées ont été évaluées. La sélectivité des détections a été atteinte en fixant précisément les potentiels de détection. Dans une dernière partie, les électrodes ont été intégrées dans des microdispostifs élaborés pour suivre l'émission de bouffées oxydantes de macrophages. Les microélectrodes ont été placées pour effectuer une détection basale ou encore une détection en aval des cellules. Les électrodes situées en dessous des cellules procurent une résolution temporelle élevée alors que les électrodes situées en aval permettent un suivi sans perturbation du comportement cellulaire. Malgré une plus faible efficacité de collecte dans le cas des espèces hautement réactives, les quantités globales détectées ont toutefois été comparables à la configuration utilisée pour une détection sur cellule unique. Des résultats reproductibles et statistiquement viables ont été obtenus en seulement quelques expériences. En conclusion, le couplage dans ce domaine d'étude de la microfluidique avec une détection électrochimique est très prometteur. En élaborant plusieurs configurations, des détections multiples d'espèces peuvent être réalisées à partir de populations de cellules en quelques expériences seulement. En perspective, des dispositifs plus sophistiqués seront certainement élaborés intégrant des procédés totalement automatisés pour la réalisation de mesures à haut débit.

1 .

 1 Part B, the fabrication of Pt-black deposits onto Pt microband electrodes is optimized for subsequent integration within microfluidic device by considering various electrodeposition conditions. The analytical performances towards individual in vitro solutions of H 2 O 2 , NO • , ONOO -, and NO - 2 are evaluated by comparing experimental results with theoretical mass transport regimes. The electrochemical performances are then studied over a wide range of applied potentials and compared to data obtained from bare Pt electrodes. Steady-state currents are also investigated to confirm the mechanisms and evaluate the kinetics. Finally the mixtures of four synthetic solutions are studied for performing simultaneous detections. In the last Part C, two configurations of microelectrodes-integrated devices are considered to perform simultaneous ex vivo detections of oxidative products released by cells population. Parallel Pt/Pt-black microband electrodes are localized either directly beneath living cells within culture chamber, or at the downstream channels to avoid any disturbance between sensors and cells. Experimental results from both configurations are discussed kinetically and quantitatively. They are compared with the ones obtained from the synaptic configuration with single cells. Devices biocompatibility, reproducibility and long-term reuse are also investigated. Finally, the statistical results are compared with data reported in literature to assess the analytical performances towards these species. Natural process of oxidative stress Aerobic organisms require oxygen (O 2 ) during energy supplementation. Paradoxically, O 2 is meanwhile a permanent threat since it allows continuous production of highly reactive radicals that might jeopardize physiological functions.

  Nicotinamide adenine dinucleotide phosphate (reduced form: NADPH) oxidases and superoxide anion During oxidative stress, larger quantities of O •- 2 are produced with membrane-bound enzymatic complexes: NADPH oxidases: → (A.1) As shown in Figure A-1, activation of classical NADPH oxidase (NOX2) needs

Figure A- 1 :

 1 Figure A-1: Model of NADPH oxidase activation [2]. Cytosolic phox proteins and Rac translocate to the phagosomal or plasma membrane, generating active O •- 2 from oxygen resources.

Figure A- 2 :

 2 Figure A-2: The NOS dimer catalyzes oxidation of L-arginine to citrulline and NO • in presence of oxygen and NADPH [3].

  Nitrogen and oxygen can exist in various redox states and lead to perplexing biochemical pathways. The very intricate chemistry originated from O •- 2 and NO • is depicted in Figure A-3, marked with several important derivatives.
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 3 Figure A-3: Scheme of the main routes of ROS/RNS generation from primary superoxide ion and nitric oxide.
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 4 Figure A-4: Examples of ROS/RNS regulating physiological processes. (A) Activation of NADPH oxidase and microbicidal systems during phagocytosis[2]. (B) NO • generation from endothelial cells elicits vasodilatation process[20]. (C) Retrograde regulation of synaptic functions by NO • . Vesicle endocytosis is accelerated through NO • activating soluble guanylate cyclase (sGC) and protein kinase (PKG)[16].

Figure A- 5 :

 5 Figure A-5: Examples of oxidative damages in vivo. (A) Bi-lipids membrane degeneration via peroxidation of PUFA (with typical product of malondialdehyde MDA)[23]. (B) Oxidation of amino acid cysteine[25]. (C) DNA lesion with broken strand[29].

(

  Figure A-6A). The other probes release masked fluorophores after oxidants' attack on the blocking groups (Figure A-6B).

Figure A- 6 :

 6 Figure A-6: Principles of oxidants fluorescence detection by using (A) "oxidant-sensitive" dyes, or (B) "nonredox" probes.

  misinterpreted signals usually result from unstable intermediates, side production, and autofluorescence. Famous fluorescent probes of this type include 2',7'dichlorodihydrofluorescein (DCFH, Figure A-7), dihydrorhodamine 123 (DHR 123, targets to H 2 O 2 , HOCl and ONOO -), dihydroethidium (DHE, targets to O •-

Figure A- 7 :

 7 Figure A-7: Mechanism of 2,7-dichlorodihydrofluorescein (DCFH) oxidation to form fluorescent 2,7dichlorofluorescein (DCF) by several ROS and RNS[33].

Figure A- 8 :

 8 Figurephenoxy-3H-xanthen-3-on-9-yl]benzoic acid (HPF) and 2-[6-(4'amino)phenoxy-3H-xanthen-3-on-9-yl]benzoic acid (APF) O-dearylation induced by highly reactive ROS and RNS[36].

  emitting during oxidant reaction (Figure A-9). It is highly sensitive but has the same limitations as fluorescence method issued from the specificity and multi-step radical mechanisms.

Figure A- 9 :

 9 Figure A-9: Principle of oxidant chemiluminescence detection with probe or enhancer.

Figure A- 10 :

 10 Figure A-10: Mechanism of luminol oxidation by ROS and RNS to emit luminescence[38].

Figure A- 11 :

 11 Figure A-11: Illustration of electron spin resonance method [43]. (A) Principle of energy levels splitting directly proportional to the magnetic field's strength. An unpaired electron can only move between magnetic moment m s = +1/2 and m s = -1/2. (B) One example of resulting ESR spectrum.

Figure A- 12 :

 12 FigureA-12: The reaction of NO - 2 with Griess assay reagents forms an azo dye that is easily detected spectrophotometrically to extrapolate NO • concentration[48].

Figure A- 13

 13 Figure A-13: (A) Reaction between GSH-AuNPs and ROS/RNS to form plasmonic couplings. (B) Structures illustration of GSH and GSSG. (C) The plasmonic couplings-based colorimetric and spectroscopic detection[START_REF] Kumar | [END_REF].

Figure A- 14 :

 14 Figure A-14: Illustration of different surface modifications on bare electrode surface for ROS/RNS measurements.

  Figure A-15A, Fe(III)-cyt c can be immobilized on gold or platinum surface, reduced by O •- 2 (k = 2 10 6 M -1 s -1 ) and then immediately re-oxidized at electrode surface at a quite low potential (15 -25 mV vs. Ag/AgCl (silver-silver chloride reference electrode)). The oxidation current of cyt c constitutes analytical response for continuous O •- 2 in bulk solution. On the other side, SOD-based biosensor works through converting O •- 2 to H 2 O 2 and then oxidizing this stable product (Figure A-15B). Nevertheless, this sensor may encounter the difficulty in distinguishing the previously existed H 2 O 2 (by natural disproportionation process).

Figure A- 15 :

 15 Figure A-15: Illustration of reaction processes for (A) cyt c-based O •- 2 biosensor or (B) SOD-based O •- 2 biosensor [52].

  vs. Ag/AgCl Cells absorbed and activated by IgG, exhibiting very low current (a few pA)

2 . 2 . 3 .

 223 Detection limit: 25 nM Sensitivity: 1.3 A M -1 cm -2 Immune to large molecules such as ascorbic acid, uric acid, and para-acetyl-amino-phenol Lack of stability in neutral and alkaline solutions Gold sensitive than the bare carbon fiber counterpart toward 1 mM H 2 O 2 Kinetic profiles of oxidative bursts from single fibroblasts give clue of enzymatic activity Nitric oxide (NO • ) sensors

Figure A- 16 :

 16 Figure A-16: Schematic diagrams of (A) Shibuki-style NO • sensor, and (B) whole-solid catalytic NO • sensor [54].

(

  M -1 Immune to ascorbic acid, NO - 2 , dopamine Stable for lasting detection in intact brains Catalytic metal-containing polymer complexes ( +0.75 V vs. Ag/AgCl)

  Currents enhance 2 -3 times than bare surface Resist surface degradation during detection Multi-layered coatings ( +0.75 V vs. Ag/AgCl)

  • freely diffuses inside hydrogel Improved biocompatibility of adherently growing cells Nanoparticle deposits (+0.65 to +0.75 V vs. Ag/AgCl) nature of NO • release by neurons in an acute rat brain slice 2.2.4. Peroxynitrite (ONOO -) sensors ONOO -, generated from coupling of O •- 2 and NO • , is a crucial intermediate to quantify and interpret oxidative stress. However, its fast decomposition (through acid conjugates ONOOH) in physiological condition (pH = 7.4) considerably hampers the accurate quantification. Indeed, very few reports are directly dedicated to ONOO -despite its electrochemically feasible redox potential. Beside normal bare metal surface, catalytic metalpolymer complexes and metal nanoparticles are also coated on electrode surface to facilitate ONOO -detection.

1 Good

 1 the end products of NO • metabolism. It is very stable though the main trouble arises from the poor behaviors at most ordinary electrode substrates under relatively high detection potential. A variety of substrates have been investigated, including carbon, pyrolytic graphite, indium tin oxide (ITO) and transition metal electrodes. Among which, transition metal nanoparticles and bimetallic alloy nanoparticles are prevalently used due to their excellent electrocatalytic activity and stability.More detailed examples of NO - 2 sensors are demonstrated in Table A-5. Table A-5: Constitutions and performances of NO - 2 electrochemical sensors.interfering anions: ClO - 4 , SCN -, NO - 3 , Br -, Cl - Slow response time due to intrinsic reaction kinetics V vs. SCE Detection limit: 0.1 M Linear range: 0.2 -150 M Sensitivity: 0.13 A M -detection of secreted species fluxes from single fibroblast or macrophage

Figure A- 17

 17 Figure A-17: (A) Scanning electron microscope (SEM) image of the carbon-fiber microelectrode after Pt-black plating. (B) Solid curves refer to independent in vitro steady-state voltammograms of 1.4 M H 2 O 2 (blue curve), 1.7 M ONOO -(yellow curve), 19 M NO • (green curve) and 4 M NO -

Figure

  Figure A-17B) can be neatly broken down into arithmetic addition of independent

  detection of cellular electroactive messengers Cells, usually called as "building blocks of life", are fundamental units with elaborate machinery. Although varying a lot in size, shape and biological attribute, cells are quite similar in structure and composition (illustration of an animal cell in Figure A-18) [120]. To be specific, one cell has: a phospholipid bilayer membrane, as an envelope to separate interior from surrounding environment, regulating passage of molecules or ions through specific proteins and maintaining electric potential of the cell; salty cytoplasm which takes up most of the cell volume, acting as a house to anchor organelles in place, organizing and sustaining cell's shape and activity; and some typical subcellular components with vital functions such as nucleus (solitary in each cell), mitochondria, ribosomes, peroxisomes, lysosomes and secretory vesicles (numerous in each cell).

Figure A- 18 :

 18 Figure A-18: Illustration of a typical animal cell [120].

  offers new scope and opportunities to tackle the most difficult problems of cellular events with several relevant properties: (i) high spatial resolution; (ii)fast time response; (iii) high signal-to-noise ratio; (iv) improved selectivity after surface modification; (v) non-destructive detection; and (vi) inexpensive and simple instrumentation favored in clinical use.

Figure A- 19 :

 19 Figure A-19: Schematic illustrations of (A) linear diffusion above macro scale planar electrode; and (B) convergent radial diffusion above micro scale electrode which offers the fast-established steady state.

  Thus the faradaic signals were sufficiently collected while the electrical noise from overall conducting surface decreased significantly. A maximum signal-to-noise ratio and an effective collection in real time are expected. The current variations after intense initiation of oxidative stress were recorded at several different constant potentials (Figure A-20A, right), and the exact quantity and kinetics of generated ROS/RNS from activated single cells (fibroblasts, macrophages, etc.) were obtained after performing statistically enough measurements. Similarly, microelectrodes with tip size close to that of a mammalian cell have been reported to monitor dopamine release (Figure A-20B) [128]. Series of current spikes were recorded amperometrically, with each spike corresponding to one vesicle event, indicating many complex features (release frequency, time length, individual and average quantity and kinetics). Higher spatial resolution was achieved by further decreasing tip diameter (100 nm) to match the size of a vesicle. In this case, a single spike was detected meaning only one vesicular event just beneath the electrode during this time period. This shrinking size also gives chance to map different release sites on cell membrane or probe molecular mechanism at any desired part of the cell network (Figure A-20C) [129]. Another important progress is the possibility of harmless penetration of nanoscale electrode into a living cell, in order to investigate more precisely the central contribution of intracellular events. One example is the detection of ROS/RNS inside macrophage (Figure A-20D, left) [130]. The Pt-black deposit was deposited inside an etched nanocavity (r ≈ 80 nm, see Figure A-20D, middle), while the overall electrode with glass insulator was less than 1 m in diameter. A tight seal around nanoelectrode shaft was evidenced through the drastic attenuation of Ru(NH 3 ) 3+ 6 reduction signal after penetrating the electrode into a cell (cells were bathed in PBS containing 1 mM Ru(NH 3 ) 6 Cl 3 ). Cell remained alive for the entire experiment period (more than ten min) with a nanoelectrode inside it. A weak and very short release was detected intracellular as striking comparison to the intense and longer-time lasting response detected outside (Figure A-20D, right). This indicates that macrophage can rapidly reduce ROS/RNS concentration inside its cytoplasm and thus avoiding serious damage. In some researches, more elaborate techniques are incorporated to obtain additional information during single-cell electrochemical detection. For example, the scanning electrochemical microscopy-carbon-fiber microdisk electrode (SECM-CFMDE) system has been developed to obtain 3D images of Human umbilical vein endothelial cells (HUVECs) during NO • release (Figure A-20E) [131]. This regulation of cell morphological changes provided a new perspective for further understanding of physiological and pathological effects of NO • release in vascular relaxation.

  Figure A-21A (at 0.30, 0.45, 0.65, and 0.85 V vs. SSCE), and only the currents near the end of each step (duration of 20 s for each step) were analyzed to minimize capacitive contribution. This method enabled three individual amperograms to be recorded simultaneously at corresponded potentials (0.85 V was excluded due to the greater dispersion of background currents and the significant gain in temporal resolution) for each single cell (Figure A-21B). Thus a direct comparison of the oxidative response was obtained without concerning of any cellular variability or changes of electrode's reactivity.

Figure A- 21

 21 Figure A-21: (A) Measured current (left bottom, solid line) resulting from a successive sequence of potential steps (left top) applied to a platinized carbon-fiber microelectrode [133]. The four dashed lines are the best fits of the mean current near the end of each step. Potentials imposed respectively at 0.30, 0.45, 0.65, and 0.85 V vs. SSCE, with 20 s duration of each step. Each figure at the right side shows amperograms at 0.30 (black crosses), 0.45 (red squares), and 0.65 V (blue triangles) vs. SSCE obtained from one single macrophage. Measurements of two different single cells are reported here as example. The black arrows at x-axis indicate the time at which the microelectrode is positioned near and then removed away from the surface of the cell.

Figure A- 22

 22 Figure A-22: (A) CRMAs contains eight microring electrodes for electrochemical monitoring of dopamine release from single PC12 cells. (B) Representative amperometric traces indicating subcellular temporal heterogeneities of exocytosis [134].

  [140] or HPLC[141].Later at the beginning of 21 st century, also regarded as an unprecedented progressive period of microfluidics, structural variety and functional integration burgeoned through polydimethylsiloxane (PDMS) soft lithography[142] along with implementation of functional units[143]. Nowadays, microfluidic system, also called as "lab-on-a-chip" [144], comprises a massive multitude of microchannel networks, integrating sample injection, reaction, separation, detection, and some other operations into a small chip (a few square centimeters in size), acting similarly as a macro-laboratory with various chemical and biological functions. Owning to controllable fluids, low regent consumption, fast analysis, high sensitivity, effective cost and portability, microfluidic system becomes gradually intriguing in interdisciplinary fields[145,146], and is generally described as one new technology that "changes everything".Although microfluidic devices initially dominated in chemistry and physics, the application in biology (such as the realm of biosensor[147,148], drug screening [149-151],tissue engineering[152,153], point-of-care diagnosis[154,155], etc.) has recently grown as a major focus within scientific community.

Figure A- 23 :

 23 Figure A-23: Concept of integrated microfluidic system with channel network.

  culture is the technique to grow cells ex vivo, acquiring extensive use for diagnosis and therapeutic purpose[158][159][160]. To maintain a constant cell culture, an artificial physiological environment is needed to provide suitable temperature(36 -37°C ), pH value (around 7.4), sterility, nutrition, atmospheric O 2 and CO 2 concentrations. As compared to traditional culture tools (flask, petri dish, microtiter plate, etc.), microfluidic platform shows great potential to achieve a low consuming and inexpensive cell culture in an automated approach.Cell adhesionOn different substrates, cell attachment could be facilitated by coating intermediate proteins or peptides, such as fibronectin [161], collagen [162], laminin [163], elastin [164] or the extracellular matrix [165], (ECM comprises various proteins, Figure A-24A). In contrast, at undesired region, resistance of cell adhesion could be accomplished after pretreatment with protective compounds including polyethylene glycol (PEG) and polyacrylamide (PAAM) [166]. Some groups [167,168] have demonstrated cellular patterns on microfluidic platform (Figure A-24B) through modifying surface properties.

Figure A- 24 :

 24 Figure A-24: Cell adhesion on modified surface. (A) Simplified scheme of ECM proteins bonding a cell via surface receptors (integrins) [169]. (B) Illustration of neural stem cells differentiating into either neurons (red) or astrocytes (green) on protein patterns with square, stripe and grid shapes. Phase contrast images show cell attachment and growth on patterned substrates after 2 days of seeding. Scale bar is 50m in each image [168].

Firm

  and fast attachment is a crucial prerequisite for cell study in microfluidic system [170], since only limited time left for cell adhesion under static conditions before nutrients and oxygen must be replenished through media perfusion. Although most microfluidic systems adopt two-dimensional (2D) bottom monolayer cell culture, the idea of 3D cell culture is looming recently in order to better mimic in vivo organs (liver, lung, kidney and adipose tissue) [171]. In 3D configuration, cells are typically confined into ECM-coated scaffolds (e.g., PDMS [172], PLGA (poly lactic-co-glycolic acid) [173] and PLLA (poly-L-lactic acid) [174]); or immobilized in micro-patterned hydrogels [175] to achieve tissue-like connectivity (Figure A-25). By using polymers, cells are able to be trapped during gelling process, resulting in more uniform distribution; further with incorporation of laminar flow, concentration gradients could also be realized.

Figure A- 25 :

 25 Figure A-25: Bone marrow stromal cells spreading within GelMA hydrogel patterns to form 3D network. Scale bars: 250 m [175].

Figure A- 26 :

 26 Figure A-26: Cell culture in microfluidic system. (A) Illustration of "small-volume effects" in microfluidic devices. (B) High-throughput microfluidic perfusion array for long-term cell culture [178]: (a) Photograph of 2×2 cm device. (b) SEM image of a single culture chamber with four fluidic access paths and several surrounding perfusion channels. (c) Phase contrast image of Hela cells growing under perfusion culture for 6 days. (d) Concentration gradient profile demonstrated by red dye perfused from left to right, blue and yellow dyes loaded from top of gradient generator.

  Figure A-27A), especially in blood-disease-related and cell deformability-based diagnosis [182,183].  Magnetic manipulation: Magnetic forces come from either intrinsic such as ironcontaining hemoglobin in erythrocytes, or extrinsic like cells labeled with magnetic nanoparticles through specific surface proteins [184,185]. Effective recognition and localization could be achieved under certain magnetic field (Figure A-27B).  Electrical manipulation: Target cells are driven to move by a non-uniform electric field (Figure A-27C) [186]. The motion is determined based on their dielectric properties such as magnitude and polarity of particles' electrical charge. Viable and nonviable cells could be separated in this way.  Mechanical manipulation: Hydrodynamic cell manipulation such as sheath fluid [187] to align cells into a single line, or narrow microstructures selectively permit cells passage according to their sizes [188]. This method utilizes the intrinsic merit of laminar flow, achieving cell manipulation simply by adjusting flow rate or microstructural components (Figure A-27D).  Other methods: Cell control is operated through droplet-based encapsulating with controlled microenvironment (Figure A-27E) [189]; through acoustophoresis initiated by radiation force [190]; or through affinity between cell surface receptors and a surface of precoated microstructures (Figure A-27F) [191].

Figure A- 27 :

 27 Figure A-27: Main cell manipulation techniques in microfluidics. (A) Schematic of pulsed laser triggered fluorescence cells sorter, the target cell detected upstream and deflected towards collection channel by a cavitation bubble from focused pulsed laser beam [182]. (B) Magnetic bead-bound circulating tumor cells isolated from whole blood inside a microfluidic-micromagnetic separation device [185]. (C) Dielectrophoretic manipulation can be (a) positive or (b) negative to (c) affect where cells are positioned [186]. (D) According to sizes, cells can be separated simply through passing different microstructures [186]. (E) High-efficiency singlecell encapsulation with sequential reagents addition in droplet-based microfluidic system [189]. (a) Schematics of the system. (b) Enzymatic reaction on single cell is initiated inside droplet. (F) Affinity-based cell separation [191]. (a) Photograph of device. (b to d) A mixture of cells from blood sample can get a fast segregation after interaction with inclined molecular patterns.

  Based on microfluidic system, thousands of innate immune responses of fibroblasts to inflammatory cytokine tumor necrosis factor (TNF-α) have been recorded during a single optical experiment[192]; and massive data of T-cell dynamic secretion[193], stem cell differentiation[194], cell migration [195], G-protein-coupled signaling[196] have also been extracted in a high parallelized fashion.Besides the highly-pervasive optical sensing method, electrochemical detection gains extraordinary popularity due to high selectivity, sensitivity, fast response, ease of miniaturization and minimum instrumentation. Nowadays, advanced microfabrication technologies (photolithography, lift-off, etc.; see Appendix II.2) further accelerate the sophistication of electrodes-incorporated microdevice. Electroactive compounds released by living cells have been effectively detected.The most frequently used design to detect emitted electroactive species is to place planar microelectrode beneath activated cells[197][198][199][200].Cui et al. [201] fabricated microelectrode array (MEA) of planar Au microdisks with a diameter of 30 m in an attempt to conduct drug-screening research on a group of PC12 cells (Figure A-28A). Real-time amperometric spectra of released dopamine were obtained in a rapid and high-throughput manner. More recently, simultaneous detection of multiple messengers was accomplished in the group of Bedioui [202]. By establishing individually sets of gold microdisk (50 m in diameter) arrays, two biologically-relevant molecules NO • and ONOO -were detected simultaneously (Figure A-28B). Great sensitivity and selectivity were obtained on the electrode network through surface modification and potential optimization (-0.1V vs. Ag/AgCl at pristine gold surface for ONOOH reduction; +0.8 V vs. Ag/AgCl at polyeugenol and polyphenol bilayer coated gold surface for NO • oxidation). Neither obvious interfering response nor cross-talk between individual sensors was observed. This work gives promising opportunity to screen NO • and ONOO -production from living cells. In some cases, optical techniques are incorporated during electrochemical detection to give complementary information. One example is shown in Figure A-28C, this previous work in our group [203] reported the monitoring of active neurotransmitter serotonin from BC21 cells by collaboration of transparent ITO electrodes and total internal reflection fluorescence microscopy (TIRFM). Thanks to the electrode's transparency, simultaneous electrochemical and optical results were obtained during the same release process, enabling elucidation of secretory mechanism and active zone at the single-vesicle level.

Figure A- 28 :

 28 Figure A-28: Electrochemical detection of cellular messengers inside microfluidic system. (A) Gold microdisksintegrated biochip for dopamine detection from a group of PC12 cells, showing statistical information of drug effects [201]. (B) Electrochemical sensor arrays that allow simultaneous amperometric detection of NO • and ONOO -on individual sets of microelectrodes [202]. (C) Coupled TIRFM-amperometry real-time measurement of secretory neurotransmitter from adherent BC21 cells on ITO microband electrodes [203].

Figure

  Figure A-29: MEAs-integrated PDMS-glass microchip for living cells detection [204]. (A) Structure of multilayer microdevice. (B) Dopamine released from three individual PC12 cells collected by MEAs.

Figure A- 30 :

 30 Figure A-30: Integrated bioassay systems for cell monitoring. (A) NO • released from macrophage-like cell populations monitored within a glass microchip [206]. (a) Concept of this flow-based system including cell culture, stimulation, enzyme/chemical reactions and downstream detection. (b) Cross section of culture chamber, with cell suspension dropped from inlet hole and held back by the dam structure. (c)Micrograph of J774.1 cells in microchamber for 2 days under continuous flow. (d) Typical time course of NO • release from J774.1 cells stimulated by lipopolysaccharide. (B) Single-cell analysis using high-density trapping arrays [211]. (a) A sketch of overall microchip. (b) Top and side view of schemes that describe cell isolation mechanism. The cup-shaped PDMS site can trap one cell while fluid flow diverting succeeding cells pass by. (c) A phase contrast image of an array of single trapped cells with scale bar of 30 m. (d) Histogram of intracellular carboxylesterase concentrations for 293T, Hela, and Jurkat cells detected on this platform.

PART B : 1 .

 :1 In vitro electrochemical detection of ROS/RNS at highly sensitive Pt/Pt-black microband electrode inside microfluidic system As preliminary steps for developing highly effective microelectrodes-integrated microdevices, the fabrication of Pt-black deposits onto thin-layer microbands need to be optimized before use in microfluidics. According to the convective mass transport under laminar flow inside microchannel, analytical performances of the integrated Pt/Pt-black electrodes can be evaluated by comparing the electrochemical responses from synthetic solutions with steady-state predictions. In this context, theoretical regimes at microchannel electrodes will be first presented. Then the optimization of Pt-black deposition and the measurements towards H 2 O 2 , ONOO -, NO • , and NO - Mass transport regimes above a single microband electrode Principle By considering an embedded microband electrode (width w) within a microchannel (width L and height h), the convective-diffusive mass transport regimes can be identified as a function of these geometrical parameters in association with the hydrodynamic parameters. Taking into account a wide rectangular microchannel (L ≫ h), a simplified 2D approximation can be applied (Figure B-1) to evaluate the current responses by neglecting the influence of lateral walls onto the flow velocity profile [213].

Figure B- 1 :

 1 Figure B-1 : 2D-scheme of device used for numerical simulations when a parabolic flow propagates across the microchannel [213].

3 )

 3 Figure B-2A. W and Pe have opposite-mirror effects on controlling the physical nature of diffusion-convection transport. Depending on the ratio W/Pe, three main steady-state regimes may be achieved under flow conditions. When W/Pe > 1.2, a thin layer regime is set (zone I); diffusion-convection layer thickness is the highest and limited by channel height. In contrast,

Figure B- 2 :

 2 Figure B-2: (A) Simulated concentration profiles for three principal regimes of convective-diffusive mass transport, from transient states (bottom) to steady states (top) [215]. (B) Zone diagram shows location of zone I, II, III, IVa and IVb according to (W, Pe). Dashed line represents W/Pe ≈ 0.56 where contributions of diffusion and convection are equivalent [214].

Figure B- 3 :

 3 Figure B-3: (A) Experimental (symbols) and simulated (lines) steady-state current as a function of Pe for various W: (•,○) 0.8; (♦,◊) 2.6; (▲,Δ ) 4.4; (▼,∇ ) 8.9; (■,□) 13.5. (B) Variation of /Pe versus log W/Pe. Empty symbols correspond to conditions when diffusion is dominant (W/Pe > 0.56) and solid symbols when convection prevails (W/Pe < 0.56). In all cases, WPe > 15 [214].
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  Figure B-4: (A) Simulated concentration profiles and related streamlines (white curves) across the microchannel when performing detection in zone II where convection is dominant. In this case, average thickness of the diffusion-convection layer: H s = 0.42 for W = 3 and Pe =20. (B) Values of H s estimated from experimental currents as comparison with numerical simulation curve (same symbols as in Figure B-3B). (C) Transition time τ s in three zones (solid line), and H values (10 isolines plotted from H = 0.1 to 1) as function of τ and W/Pe. The results were based on setting a relative threshold on variation of steady-state current in 5 % [215].

Figure B- 5 :

 5 Figure B-5: (A) Schematic view of microfluidic device, showing the relative positions of reference electrode (REF), working electrode (WE) and counter electrode (CE) inside microchannel. (B) Illustration of fabrication process of microband electrodes (from bottom to top), and (C) the molding process of PDMS replica (from bottom to top). It consisted of two components: a glass substrate patterned with microband electrodes sequentially through photolithography and lift-off technologies (Figure B-5B); and a microchannel-comprised PDMS slide molded from a prefabricated silicon master (Figure B-5C). Then, the microchannels were assembled perpendicular to the parallel microband electrodes after plasma treatment. The home-made Ag/AgCl reference electrode (REF, w = 500 m; made by immersing Ti/Pt/Ag microband in 5 mM FeCl 3 for 30 s) was located

Figure B- 6 :

 6 Figure B-6: Numerical simulation of

(

  ) and time to reach the steady-state regime ( ) were respectively: * first results showed a good agreement between predictions and experimental results as observed in Figure B-7. The average steady-state current (more than 10 devices were investigated) was equal to the theoretical value within 3% error. And the quite fast establishment of steady state (plateau feature of voltammogram in Figure B-7A as well as the immediately reached limiting current during amperometrical recording in Figure B-7B) was also verified in our microfluidic device.

Figure B- 7 :

 7 Figure B-7: Electrochemical measurements of 0.5 mM FcMeOH (dissolved in 10 mM PBS) flowing solution at Pt microband electrode. (A) Voltammogram at scan rate of 10 mV s -1 . (B) Chronoamperometry curve at 0.4 V/REF; potential imposed at t = 0. The inset graph (within blue pane) demonstrates the comparison between experimental data (black crosses, after subtracting PBS background current) and theoretical simulation (red line) during the establishment of steady state in amperometry.

  integrated into microfluidic device to establish a new generation of high-performance electrochemical device. Platinization and evaluation of Pt/Pt-black microband electrodes are achieved. The optimal conditions are investigated as a function of thickness, morphology and electrochemical responses. Pt-black plating process Pt-black was platinized upon Pt(IV) reduction from hydrogen hexachloroplatinate(IV) solution (H 2 PtCl 6 ). Lead(II) acetate trihydrate was also involved in this solution as an impurity to initiate and control the Pt-black growth during electrodeposition. This composition should result in highly porous surface of the deposits [221]. Electrochemical fabrication and characterization of the Pt deposits were carried out in static open solutions (i.e., without microchannel on top of electrodes) at room temperature. In order to determine suitable platinizing conditions, a cyclic voltammetry of deposition solution was performed beforehand at bare Pt microelectrode (Figure B-8A).A gradually-increased current density from +0.2 to -0.6 V vs. Ag/AgCl was ascribed to Pt(IV) reduced into Pt(0); while a sharp increase observed at more negative potentials resulted from the secondary reaction of hydrogen formation. Therefore, Pt-black platinization was performed within the former zone. In a first approach, deposits fabricated by means of constant potential and constant current were both investigated (Figure B-8B). We observed that constant-current mode gave dense Pt-black deposits without serious cracks or defects as compared to the operations under constant-potential mode.

Figure B- 8 :

 8 Figure B-8: Platinization conditions and methods. (A) Cyclic voltammogram in 1% H 2 PtCl 6 at 5 mV s -1 on bare Pt microband electrode (solution preparation see Appendix III.I). (B) Photo of Pt/Pt-black microband electrodes after plating by constant current (-9 mA cm -2 ) or constant potential (-0.25 V/REF).

Figure B- 9 :

 9 Figure B-9: Thickness profiles of Pt-black coated electrodes as a function of applied current density |J| with charge density |Q| fixed at 200 mC cm -2 . |J| = 0 mA cm -2 corresponds to bare Pt electrode (Ti/Pt: 8/25 nm).

Figure B- 9 ,

 9 Figure B-9, B-10A. As an example, for a same charge density |Q| = 200 mC cm -2 , the thickness increased with |J| till |J| = 15 mA cm -2 and then dropped in magnitude (Figure B-10A). This threshold value of J corresponded almost to the limiting current density observed in cyclic voltammetry upon Pt(IV) reduction (Figure B-8A). For higher |J|, protons reduction took place leading locally to the formation of hydrogen. This process probably altered the deposition of Pt-black resulting in thinner deposits. At lower |J|, plating was more efficient as the average thicknesses of deposits remained proportional either to |J| (Figure B-10A) or |Q| (Figure B-10B).

Figure B- 10

 10 Figure B-10: (A) Average thickness of Pt-black deposits as a function of the applied current density. (B) Average thickness of Pt-black deposits as a function of the charge density.

Figure B- 11 :

 11 Figure B-11: Anodic currents at Pt/Pt-black electrodes in 0.1 mM H 2 O 2 (prepared in 10 mM PBS) as a function of (A) the current density, and (B) the charge density In both cases, the symbols correspond to background currents in PBS (■), currents in 0.1 mM H 2 O 2 diluted in PBS (•), and PBS background-subtracted faradaic currents (♦), fitted lines showing current responses trends. E = 0.45 V/REF and t = 140 s after amperometric recording.For plating conditions corresponded to fixed |Q| and increasing |J|, the faradaic currents (Figure B-11A) displayed almost the same variation as thickness observed in Figure B-10A. Indeed, the highest faradaic currents were achieved for electrodes plated with J = -8 mA cm -2 . The correlation between faradaic currents and thickness confirmed that a large number of active sites improving the catalytic activity of Pt microelectrodes were formed with thicker deposits. In addition, faradaic current increased significantly with |Q| up to 240 mC cm -2 (Figure B-11B). However, beyond this value, a limiting behavior was progressively reached. According to Figure B-10B, this situation corresponded to deposits thicker than 300 nm. This intrinsic property of Pt/Pt-black electrodes can be associated to the roughness of Pt-black deposits. Indeed, beyond a given Q, the apparent active surface area available for diffusing species increases much less than the specific surface area that includes the formation and the development of hindered pores [222]. Accordingly, the faradaic current remained almost constant whereas the background current still increased with |Q| (Figure B-11B).

  1 M sulfuric acid solution (H 2 SO 4 ), using hydrogen adsorption/desorption process (Figure B-12A) [223]. The background-subtracted currents were integrated during the hydrogen adsorption domain from -0.35 to +0.1 V vs. Ag/AgCl. Assuming that a monolayer of hydrogen corresponded to a hydrogen adsorption of 210 C cm -2 [81], a roughness factor of 36.8 was evaluated for this deposit. In comparison, a roughness factor of only 1.57 was estimated for bare Pt electrode.

Figure B- 12 :

 12 Figure B-12: Characterization of optimized Pt/Pt-black electrode. (A) Cyclic voltammograms recorded at 100 mV s -1 in 0.1 M H 2 SO 4 solution for bare Pt electrode (dashed curve) and Pt/Pt-black electrode with a roughness factor RF = 36.8 (solid curve). (B) SEM images of a bare Pt electrode surface and Pt/Pt-black electrode surface. J = -8 mA cm -2 and Q = -240 mC cm -2 were applied for Pt-black plating.

Figure B- 13

 13 Figure B-13: (A) Schematic view of integrated microfluidic device. Pt-black and bare Pt electrodes were embedded in the same channel for future comparison. (B, C) Electrochemical measurements of 0.5 mM FcMeOH at Pt-black microband electrode inside the microdevice. Voltammogram at scan rate of 10 mV s -1 ; chronoamperometry curve at potential of 0.4 V/REF imposed at t = 0. (D) Steady-state currents on bare Pt and Pt-black microbands obtained under similar convection regime. 5 devices were taken into parallel comparison here.

Figure

  Figure B-14A shows some steady-state voltammograms obtained under continuous flow of 0.1 mM H 2 O 2 and 0.1 mM NO - 2 solutions (prepared in PBS, pH = 7.4). Oxidation waves of H 2 O 2 and NO - 2 started respectively at 0.2 and 0.65 V/REF. In comparison to bare Pt electrodes (Figure B-14B), the current was magnified about 3 times in case of H 2 O 2 and 6 times for NO - 2 .

Figure B- 14 :

 14 Figure B-14: Current responses on microchannel electrodes. (A, B) steady-state voltammograms at 10 mV s -1 in a continuous flow of 0.1 mM H 2 O 2 (blue curve) and 0.1 mM NO - 2 (red curve) at (A) Pt/Pt-black and (B) bare Pt electrodes, with PBS background currents (dashed curve). (C, D) Current responses for 5 L injections of 0.1 mM H 2 O 2 (blue curve) and 0.1 mM NO - 2 (red curve) by using sample loop. (C) Chronoamperometric currents recorded at different potentials at Pt-black electrodes, E = 0.45 V (squares), 0.85 V (circles) and 1.0 V/REF (diamonds) during separate injections. (D) Limiting current for H 2 O 2 (•) or NO - 2 (■) detection at bare Pt electrode as a function of potential in chronoamperometry.

2 solutions

 2 and monitoring the amperometric currents as a function of the detection potential at Pt/Pt-black microband (Figure B-14C) or at bare Pt microband (Figure B-14D). In addition, the steepness of the waves in Figure B-14A, -14B suggested a faster rate of electron transfer with Pt/Pt-black electrodes than that with bare Pt electrodes (especially in the case of H 2 O 2 where plateau potential was 0.45 V/REF on Pt-black electrodes versus 0.6 V/REF on bare Pt counterparts). This evidenced that at bare Pt surface H 2 O 2 and NO - 2 oxidations are controlled by kinetic, diffusion and competitive poisoning (more explanations in the following mechanism investigation). Responses of Pt electrodes strongly depend on their surface states and therefore surface activation is usually required [227,228]. Electrodes activity, reproducibility and stability Since electrodes may be passivated during experiments, we applied an activation procedure that consisted of performing systematically a series of alternating potential pulses (+0.2 V/REF, 1 s and -0.5 V/REF, 1 s; 30 cycles) in buffer solution before measurements. The electrochemical responses after activation are compared in Figure B-15 for both Pt/Pt-black and bare Pt electrodes in flowing solutions of H 2 O 2 and NO - 2 . At bare Pt electrodes, activation resulted in a drastic increase of the faradaic currents (Figure B-15B) in comparison to electrodes without any treatment. The currents were amplified by 4 times, either for the oxidation of H 2 O 2 or NO - 2 .No shift of waves in potential indicating higher electron transfer rates or hypothetic catalytic effects was observed.The same trend was noticed in case of Pt/Pt-black electrodes but led to a moderate increase of currents after activation showing great intrinsic activity of Pt-black deposits. Current at Pt/Pt-black electrodes still remained higher than at bare Pt electrodes, either before or after activation.

Figure B- 15 :

 15 Figure B-15: Steady-state voltammograms before (dotted curve) and after activation (solid curve) shown with background currents (dashed curve), with continuous flow of 0.1 mM H 2 O 2 and 0.1 mM NO - 2 at (A) Pt-black or (B) bare Pt electrodes. Scan rate is 10 mV s -1 .In all cases, the shapes of voltammograms were kept displaying plateaus at Pt-black electrodes and peaks at bare Pt electrodes.

Figure B- 16 :

 16 Figure B-16: Current responses of 0.1 mM H 2 O 2 and 0.1 mM NO - 2 at a set of (A) Pt-black and (B) bare Pt electrodes. Each solid curve refers to voltammogram after electrochemical activation, either for Pt-black or bare Pt. Dashed curves show background currents in PBS; scan rate is 10 mV s -1 .

Figure B- 17

 17 Figure B-17: (A) Current responses of 5 L microinjections of 0.1 mM H 2 O 2 (E = 0.45 V/REF, blue curve) and 0.1 mM NO - 2 (E = 0.85 V/REF, red curve) at Pt-black electrode. In each case, the currents are shown for the first (solid curve) and fifth injections (dashed curve). (B) Variation of the current responses after repetitive 5 L injections of 0.1 mM H 2 O 2 (E = 0.60 V/REF) at bare Pt electrode, from the first (top) to the fourteenth (bottom) injections.

  Hence on bare Pt electrode, the decrease of current in case of H 2 O 2 can be explained by a decrease density of surface binding sites; whereas for NO - 2 it can be attributed to reaction inhibition associated to lower kinetics on oxide layer. Conversely, on Pt/Pt-black electrodes, 0.1 mM H 2 O 2 and 0.1 mM NO - 2 oxidations seem to be controlled by mass transport as the oxidation waves displayed current plateaus. High density of activated Pt sites possibly prevents inhibition effect and facilitates electron transfer.

Figure B- 18 :

 18 Figure B-18: Comparison between theoretical and experimental limiting currents as a function of the flow rate. (A) Detection of 0.1 mM H 2 O 2 at Pt-black (E = 0.45 V/REF) and bare Pt electrodes (E = 0.6 V/REF). (B) Detection of 0.1 mM NO - 2 at Pt-black (E = 0.85 V/REF) and Pt electrodes (E = 0.9 V/REF). In (A, B), experimental currents at Pt-black (•) and bare Pt electrodes (○) are comparing with theoretical currents (solid curve for Pt-black with apparent active surface factor of 1.3, dashed curve for bare Pt) simulated with 1.5 10 -5 cm 2 s -1 .

  Calibration curves were established by injecting H 2 O 2 and NO - 2 samples respectively over a wide range of concentrations (Figure B-19A, -19B), and current responses were recorded both on Pt/Pt-black and bare Pt electrodes. Data displayed linear relationships below the millimolar range with almost five decades linearity (Figure B-19C to F) when background currents were subtracted (average values before and after injection). The decrease in current observed above 1 mM was attributed to the saturation of oxygen and hydrogen peroxide on Pt sites [236,237].

Figure B- 19 :

 19 Figure B-19: Calibration curves obtained at Pt-black and bare Pt electrodes. (A, B) Examples of 5 L sample injections of various concentrations detected by Pt-black electrode, from top (0.2 mM) to bottom (1 M). (C, D) Calibration curves for H 2 O 2 detection, E = 0.45 V/REF on Pt/Pt-black electrodes (•), or E = 0.6 V/REF on bare Pt electrodes (■). (E, F) Calibration curves for NO - 2 detection, E = 0.85 V/REF on Pt/Pt-black electrodes (•), or E = 0.9 V/REF on bare Pt electrodes (■). (D) and (F) are selected data from (C) and (E) respectively, showing current responses at very low concentrations. The slopes of calibration curves are respectively 2.41 10 -3 A -1 M -1 for H 2 O 2 and 2.22 10 -3 A -1 M -1 for NO - 2 .

28 )

 28 This reaction proceeds via the formation of peroxynitric acid as intermediate during the following sequence[241]:(B.29)However, in most cases of interest here, the overall decay of ONOO -is first order and decreases upon increasing pH[242]. At physiological pH, the decomposition is more complicated and the half-life time is estimated about 1 s. This makes the ONOO -detection particularly challenging for the analysis of its content in biological samples. Its electrochemical oxidation is a one-electron reaction, whatever the pH[109]:(B.30)ONOO -is sufficiently stable in alkaline conditions (cis-conformation where the negative charge is localized over the entire molecule) with an extended life time (e.g., 5 hours in 0.3 M NaOH at 25°C)[240,241,243]. We then performed electrochemical experiments at pH 11.1 for practical reasons. Note that data obtained at this pH will be also valid for lower pH since the electrochemical reaction (B.30) and variation of diffusion coefficient are expected to be pH independent. Higher pH was also avoided to prevent degradation of Ptblack deposits.Current responses at Pt/Pt-black electrodes Measurements were realized using bare Pt and Pt/Pt-black microband electrodes fabricated according to the procedure described before. Figure B-20 shows voltammograms obtained in case of continuous flowing solutions of 0.1 mM ONOO -(pH = 11.1) at both electrodes.

Figure B- 20 :

 20 Figure B-20: Voltammograms in continuous flowing solutions of 0.1 mM ONOO -at (A) Pt-black and (B) bare Pt electrodes in pH 11.1 PBS. Background current responses in dashed curves; scan rate is 10 mV s -1 .

  2 V/REF. At Ptblack electrodes a steady-state mass transport regime was reached above 0.45 V/REF as evidenced by a limiting current (or current plateau) at high potentials. In contrast, a peakshaped voltammogram was observed under the same conditions at bare Pt electrodes of the same surface areas with current intensities two times lower. Similarly as the results from H 2 O 2 and NO - 2 , oxidation of ONOO -on bare Pt was not fully controlled by convective mass transport. It was probably altered by a more complex pathway involving other limiting steps due in part to some competitive poisoning of Pt surface. Activation of electrodes prior to detection led to a noticeable increase of current at bare Pt electrodes (Figure B-21B). In this case, a flow-removal of residues adsorbed on Pt surface as well as a selective activation of Pt sites led to an enhancement of the electrochemical oxidation. However, intensities reached after activation still remained lower than those recorded at Pt-black electrodes (Figure B-21A). Note also that the electrode stability was not satisfactory since current responses decreased with time from one to the other (Figure B-21D), demonstrating further that surface poisoning was persistent. On the contrary, currents recorded at Pt-black electrodes were more stable and no significant change was observed of current level before and after activation (Figure B-21A). Such electrode treatment led to more reproducible results with long-term performances as it was confirmed in the case of repetitive injections of ONOO -(Figure B-21C). From an electroanalytical point of view, ONOO -detection was by far more efficient on optimized Ptblack electrodes than on bare Pt electrodes.

Figure B- 21

 21 Figure B-21: (A, B) Current responses of 5 L 0.1 mM ONOO -microinjections before (dashed curve) and after activation (solid curve) at (A) Pt-black and (B) bare Pt electrodes. (C, D) From top to bottom, current responses of repetitive microinjections of 0.1 mM ONOO -at (C) Pt-black and (D) bare Pt electrodes. In all cases, pH = 11.1, E = 0.45 V/REF and t refers to time after solution preparation.

Figure B- 22 :

 22 Figure B-22: ONOO -decomposition investigation at different pHs. (A) Repetitive UV-Vis spectra of 0.1 mM ONOO -solution at pH 8.4, starts from 20 s after solution preparation, with 51 s intervals between each curve. Absorbance decreases with time. (B) Variations of UV-Vis peak intensities at several pHs of 0.1 mM ONOO - solutions. λ= 302 nm and t 0 = 40 s. (C) Current intensities monitored at Pt-black electrodes in 0.1 mM ONOO - continuous flowing solutions at several pHs. E = 0.45 V/REF and t 0 = 130 s. (D) Comparison between kinetic constants evaluated from electrochemical detection (k EC ) and UV-Vis spectra analysis (k UV ) at times lower than 200 s after solution preparation. In (B to D), pH = 11.1 (○), 10.8 (▲), 10.2 (•), 9.4 (□), 8.9 (Δ) and 8.4 (■). t 0 refers the time duration between solution preparation and beginning of experiments, is recorded for kinetic studies.

Figure B- 23

 23 Figure B-23: (A) Current responses at Pt/Pt-black electrodes of ONOO -microinjections (5 L) with various concentrations. From top to bottom: 4, 3, 2, 1, 0.5 and 0.1 mM, 50, 10, 5, 1, 0.5, and 0.1 M. (B) Current responses of 50 nM ONOO -microinjection. (C to D) Calibration curves of ONOO -detection at Pt-black electrodes. Currents monitored at 300 s after solution preparation and concentrations evaluated with decay rate k = 1.2 10 -4 s -1 . Linear curve fit with slope equal to 1.04 10 -3 A M -1 . In (A to D), pH = 11.1 and E = 0.45 V/REF. t refers to time elapsed after solution preparation.

  4 [250]. However, NO • concentration results not only from the fast DEA-NONOate decomposition (Equation (B.31)) but also from a competition reaction between NO • of NO • release is about 75% in Equation (B.31), 1.5 mole of NO • is generated per mole of DEA-NONOate [257]. Therefore, the kinetic profile of NO • release follows the balance between V 1 and V 2 : (B.35) where [Et 2 N-[N(O)NO] -] 0 is the initial concentration of DEA-NONOate.

Figure B -

 B Figure B-24A shows the successive voltammograms obtained under these conditions at Pt/Pt-black electrode from 270 to 770 s after solution preparation. However, extracting the electrochemical oxidation current for NO • required a correction from background current. So, voltammograms recorded after complete NO • decomposition were subtracted from the initial responses (Figure B-24B). This was a necessary step since NO • reaction with oxygen (Equation (B.33)) produces NO - 2 that accumulate and started to oxidize at slightly higher potentials [216]. It is also known that NO • donor like DEA-NONOate generates potential interfering species issued from own NO • reactivity or other decomposition products that might obstruct direct identification of NO • signals [249].

Figure B- 24

 24 Figure B-24: (A) Successive voltammograms in a continuous DEA-NONOate flowing solution at Pt-black electrode, from 270 s (top) to 770 s (bottom) after solution preparation. (B) Background-corrected voltammograms at Pt-black (solid curve) and bare Pt electrodes (dashed curve), with initial responses of 270 s after solution preparation. (C) Background-corrected voltammograms at Pt-black electrode, with initial responses from 230 s (top) to 730 s (bottom) after solution preparation. In (A, B) 0.5 mM DEA-NONOate solution, pH = 7.4. In (C) 0.1 mM DEA-NONOate solution, pH = 7.4. Scan rate is 10 mV s -1 .

A

  good agreement was observed between experimental and calculated currents for all initial DEA-NONOate concentrations only for k 2 [O 2 ] = 5.5 10 2 M -1 s -1 (Figure B-25). Since O 2 solubility at room temperature was about 0.25 mM, this gave k 2 = (2.2 0.4) 10 6 M -2 s -1 .

Figure B- 25

 25 Figure B-25: (A) UV-Vis spectra of 0.1 mM DEA-NONOate, from 120 s (top) with 300 s intervals between each solid curve, until 9000 s (dashed curve) after solution preparation. Absorbance decreases with time. (B) Analysis of UV-Vis peak intensities for three series of measurements in 0.1 mM DEA-NONOate solutions at pH = 7.4. λ = 250 nm, t 0 = 40 s refers to the time to start measurements after solution preparation. Linear curve fitted with slope equal to k 1 = 7.8 10 -4 s -1 . (C) Theoretical (solid curves) and experimental (symbols) chronoamperometric currents at Pt-black electrodes for various concentrations of DEA-NONOate flowing solutions. From top to bottom: 1.5 (•), 1 (○), 0.5 (■), 0.2 (□), 0.1 (▲) and 0.05 mM (Δ). Curves fit with k 1 = 7.8 10 -4 s -1 , k 2 [O 2 ] = 5.5 10 2 M -1 s -1 and i/[NO • ] = 1.13 10 -3 A M -1 .

Figure B- 26

 26 Figure B-26: (A) Calibration curve of NO • detection at Pt-black electrodes established from DEA-NONOate flowing solutions ranging from 1500 to 0.1 M, at pH 7.4. Corrected currents monitored at 850 and 1200 s after solution preparation. Linear curve with slope equal to 1.13 10 -3 A M -1 . E = 0.62 V/REF. (B) is one magnified zone of (A) that refers particularly to the detection at low concentrations.

  detection of samples mixture Mixture of two stable species hydrogen peroxide and nitrite Current responses after several injections of H 2 O 2 and NO - 2 mixture solutions (pH = 7.4) are reported in Figure B-27. Since current plateaus were observed at Pt/Pt-black electrodes, additivity between currents at the two detection potentials should apply.

Figure

  Figure B-27A, -27B demonstrate that currents monitored of mixtures at the potential of 0.85 V/REF well corresponded to the sum of the individual current responses of H 2 O 2 (E = 0.45 V/REF) and NO - 2 (E = 0.85 V/REF) from separated injections. This was confirmed whatever the concentration ratio between H 2 O 2 and NO - 2 . Reciprocally, no interference of the NO - 2 was noticed on H 2 O 2 detection within the accuracy of measurements (Figure B-27C).

Figure B- 27 :

 27 Figure B-27: Current responses monitored for 5 L separate injections of H 2 O 2 or NO - 2 solution and for their mixtures. (A, B) Experimental currents at Pt-black electrodes (solid curve) and corresponding sum of individual currents (dashed curve). H 2 O 2 detection (E = 0.45 V/REF), NO - 2 detection (E = 0.85V/REF), mixture detection (E = 0.85 V/REF). (C) H 2 O 2 detection at E = 0.45 V/REF in presence or absence of NO - 2 at Pt-black electrodes. (D) The same tests as (A) but at bare Pt electrodes, with H 2 O 2 detection (E = 0.6 V/REF), NO - 2 detection (E = 0.9 V/REF), and mixture detection (E = 0.9 V/REF).

  identical conditions. They are reported and compared in Figure B-28A. ONOO - profile was previously recorded at pH 11.1 owing to its chemical stability. It was checked that its electrochemical oxidation (Equation (B.30)) was pH independent for conditions approaching physiological ones (data not shown).

Figure B- 28

 28 Figure B-28: (A) Normalized steady-state voltammograms obtained at Pt-black electrodes from separate flowing solutions of H 2 O 2 , ONOO -, NO • and NO - 2 . pH = 7.4 for all the species except for ONOO -(pH = 11.1). Dashed lines define the potentials in amperometry offering the best sensitivity and selectivity for the detection of each species. From left to right: E = 0.30, 0.45, 0.62, 0.85 V/REF. (B) Current responses of 0.1 mM H 2 O 2 microinjections at pH = 7.4. (C) Current responses of 0.1 mM ONOO -microinjections at pH = 11.1. In (B, C), E = 0.3 V/REF (solid curve) and E = 0.45 V/REF (dashed curve).

  Figure B-28A. Note that 0.45 V/REF were potentials selected previously both for H 2 O 2 and ONOO - detections. In order to distinguish these two species, relative influences of H 2 O 2 and ONOO - at 0.3 and 0.45 V/REF were then analyzed from the voltammetric profiles as well as from current responses obtained from a series of microinjections performed at these potentials (Figure B-28B, -28C). Owing to these results, one had: the global current measured at each potential, correspond to the individual limiting currents at plateau potential (E = 0.45 V/REF). These relations were also tested and validated experimentally by comparing current responses monitored with separate H 2 O 2 and ONOO -solutions and mixtures of identical concentrations (Figure B-29A, -29B). These experiments were conducted at pH 8.4 (pH slightly higher than physiological conditions) in order to detect enough amount of ONOO - (see decomposition kinetics in Figure B-22D). This pH value offered a good compromise for testing the performance of the electrochemical detections with synthetic mixtures since it deviates not too much from physiological condition and provides the necessary time delay between the solution preparation and measurements. These figures illustrate the perfect agreement obtained between currents in case of microinjections. The sum of individual currents matched the current measured for the corresponding mixture at each potential. The same evaluation was extended to the two other species NO • and NO - 2 at 0.62 and 0.85 V/REF. On the basis of the voltammetric profiles reported in Figure B-28A, one obtained within the accuracy of the measurements: (B.39) (B.40)These relations were also confirmed by series of microinjections performed at these two potentials (FigureB-29C, -29D). Finally, the good agreement and additivity observed between data demonstrated that it was possible to evaluate the contributions of all the four species and therefore to assess the composition of unknown mixtures of H 2 O 2 , ONOO -, NO • and NO - 2 . Indeed, provided that the mass transport regime in microchannel is well controlled and predicted[214,260,261], the determination of mixture composition fromEquation (B.37) to (B.40) is straightforward. These results clearly suggested that no side reaction occurred during simultaneous oxidations of the four species. It gives the opportunity to detect, characterize and quantify small amounts of ROS/RNS cocktail released by populations of living cells. Note that in such case, physiological pH should lead to correct results whenever ROS/RNS transport between the cells and the detecting electrodes is fast enough.

Figure B- 29 :

 29 Figure B-29: Current responses at Pt/Pt-black electrodes (solid curve) as a function of the detection potential with microinjections of 0.1 mM separate solutions and mixtures of H 2 O 2 , ONOO -, DEA-NONOate and NO - 2 at pH = 8.4. Dashed curve refers sum of individual current responses obtained from separate solutions.

Figure C- 1 :

 1 Figure C-1: Comparison of oxidative bursts detected after physical stress on a murine T lymphocyte or a murine macrophage Raw 264.7. Curves are the means of measurements (50 lymphocytes and 80 macrophages) detected at platinized carbon-fiber microelectrodes by amperometry at 0.65 V vs. SSCE. The black arrow on the x-axis represents the time when cells are activated [265].

(

  Figure C-2A), controlled by micromanipulator under microscope. After penetrating, capillary is retracted immediately and the cellular responses are directly monitored by amperometry (Figure C-2B).

Figure C- 2 :

 2 Figure C-2: (A) Schematic representation of mechanical puncturing across cell membrane by a microcapillary. (B) Typical amperometric responses after this physical stimulation, black arrow indicates the time when microcapillary penetrates cell membrane. Detection engaged at constant potential of 0.85 V vs. SSCE with the whole event duration around 40 s [118].

Figure C- 3 :

 3 Figure C-3: Illustration of biochemical stimulation by immersing cells in biochemical agents.

  The typical ensuing amperometric response of a single immunostimulated Raw 264.7 macrophage (Figure C-4) presented a main broad (lasted c.a. 1 h) but weak peak (current intensity lower than 1 picoampere), featuring a continuous release of oxidative species; while several concomitant sharp spikes (insets in Figure C-4) were considered due to the cellular events of fluxes emission related with endosomes or exocytosis of phagosomes [220,272].Higher production of NO • , together with the derived nitrating candidates ONOO -and NO - 2 mainly constituted bursts cocktail whereas no significant H 2 O 2 was measured.

Figure C- 4 :

 4 Figure C-4: Typical amperometric responses from a single IFN-𝛾/LPS-stimulated macrophage, measured at 0.45 V vs. SSCE after 19.5 hours stimulation. The black triangle indicates the time at which microelectrode is placed just above the cell. Insets show representative zooms of two amperometric spikes [220]. Additional production of H 2 O 2 can be expected when the pre-immunoactivated macrophages are monitored in the presence of phorbol ester: phorbol 12-myristate 13-acetate (PMA) [133], since it is known to activate phagocytic NADPH oxidase. Results showed the endogenous NO • production rate remained unchanged following PMA addition, while that of O •- 2 was doubled. Except for the mentioned biochemical agents, thrombin platelet-derived growth factor

  NO synthases) are provoked similarly as the situation under physical modification of cellmembrane polarity. On the other hand, just like the case of immune-activator, calcium ionophore A23187 is freely delivered to the buffer solution and then a group of cells are activated instead of one-by-one stimulation. The current response detected from a single macrophage over A23187 stimulation is shown in Figure C-5. An immediate release of electroactive species was observed while the whole process lasted more than ten minutes with a moderate current (several picoamperes). Thus from an experimental point of view, working with calcium agonists such as A23187 corresponds to a compromise between the sudden mechanical depolarization and immune activation, in terms of duration, signal intensity and biological relevance. This kind of activator is thus applied in the following experiments to explore oxidative stress either at single-cell or cells population level.

Figure C- 5 :

 5 Figure C-5: Responses of a single macrophage after the microinjection of calcium ionophore. Detection made by amperometry at 0.85 V vs. SSCE at nearby synaptic microelectrode. Black arrow at x-axis indicates the time when A23187 stimulation starts [200].

  As mentioned in the introduction part, our group has explored extensively the oxidative stress at single-cell level by using the synaptic microelectrode configuration. This setup founds its excellent sensitivity and efficiency through minimizing the distance between microelectrode surface and that of the emitting cell (c.a. 1 m). The adequate local concentration of ROS/RNS (micro-to millimolar) ensures reliable electrochemical responses from an analytical point of view, while the fast response of the electrode facilitates high temporal resolution. As a consequence, the key ROS/RNS (H 2 O 2 , ONOO -, NO • and NO - 2 ) generated by single cells have been kinetically and quantitatively interpreted under this configuration.

  illustrated in Figure C-6, this device comprised four uncovered chambers (d = 0.6 cm). Each chamber independently comprised three microband electrodes (i.e., one Pt/Pt-black WE, w = 197 m; one Ag/AgCl REF, w = 150 m; and one Pt CE, w = 150 m) at the exposed glass surface. The working electrodes were platinized by black platinum (J = -8 mA cm -2 ; Q = -240 mC cm -2 ) to increase the electrode sensitivity, stability and selectivity towards ROS/RNS; and reference electrodes were made by oxidizing Ag microband to Ag/AgCl in 5 mM FeCl 3 solution to support potential applied in each chamber. The fabrication details can be found in Appendix III.2 of "Multi-sensor for ex vivo basal detection".

Figure C- 6 :

 6 Figure C-6: Schematic illustration of 4-chamber contained PDMS-glass microdevice (top figure); and magnified views of microband CE, WE and REF within each chamber, before (bottom left figure) or during cells population basal detection (bottom right figure).

(

  Figure C-7A). The number of adherent cells at working electrode surface was estimated from the average density (i.e., (1.2 0.2) 10 5 cells cm -2 ) derived from at least 10 independent loading manipulations (one example is shown in Figure C-7B). Accordingly it gave an average collection of 1200 cells detected by each microband WE (w = 197 m, l = 5 mm). The following amperometric signal was thus considered and analyzed as global responses by this cells population.

Figure

  Figure C-7: (A) Macrophages immobilized at glass substrate after 18 hours culture. (B) One example of cells density estimation made by counting the number of vital cells within black pane (100 m 100 m). Scale bar is 100 m in (A), and 50 m in (B).

  observed from an activated macrophage. As compared to oxidative bursts initiated after direct physical stress (Figure C-2B), the current responses with A23187 also displayed an immediate increase after stimulation, indicating a sudden activation of enzymatic pools; whereas the maximum current intensity (a few picoamperes) reached about 5 minutes after stimulation, and the entire release lasted around 10 minutes, demonstrating a much gentler process but longer duration of ROS/RNS production.

Figure C- 8 :

 8 Figure C-8: Typical amperometric responses from (A) a single macrophage or (B) a group of 1200 macrophages over 10 M A23187 stimulation. In each case, significant release of electroactive species was observed (red curve) as comparison to the control experiments performed at the same condition but without A23187 stimulation (grey curve). The particular responses of ONOO -and H 2 O 2 from single macrophage were measured by platinized carbon-fiber microelectrode at 0.45 V vs. SSCE (according to Appendix III.2); while those resulted from cells population were detected by basal microband electrode at 0.45 V vs. Ag/AgCl (according to in vitro study in Part B). Black arrows at x-axis indicate the time when A23187 is injected to initiate oxidative stress.

  Figure C-9B presents oxidative bursts released from four individual batches of Raw 264.7 macrophages. Very analogical signals were obtained, featured in common not only the shape (fast increase of currents until reaching summit at 3 to 4 minutes and then slowly decrease to baseline level around 10 minutes after stimulation) but also the highly reproducible current intensity (c.a. 22 nA at peak point). On the other side, in the cases of single-cell release, despite the conserved overall trend, differences were addressed strongly on signal shape and slightly on current intensity (Figure C-9A), indicating quite variable behaviors among individual cells.

Figure C- 9 :

 9 Figure C-9: (A) Variable oxidative release from individual single cells; amperometric responses recorded at 0.85 V vs. SSCE. (B) Variable oxidative release from different batches of c.a. 1200 cells; amperometric responses recorded at 0.85 V vs. Ag/AgCl.

Figure C- 10 :

 10 Figure C-10: Current responses over successive 10 M A23187 stimulation detected from (A) isolated single cells by synaptic microelectrode and from (C) cells population by basal microband electrode. Integrated charge amounts per cell with mean value and error bars are individually illustrated in (B) for single cells (n 5), and (D) for cells populations (n 3). Between sequential stimulations, 10 minutes intervals in culture medium were conserved to rest and recover the activated cells. The isolated single cells were detected at 0.65 V vs. SSCE while cells populations were measured at 0.62 V vs. Ag/AgCl. Under these conditions, oxidative compounds of H 2 O 2 , ONOO -and NO • were detected in both sets of experiments.

Figure C- 11 :

 11 Figure C-11: Microscopic photos of Raw 264.7 macrophages cultured (A) in a reused device with thoroughly clean substrate, and (B) in a reused device with biological residues not thoroughly removed after former experiment. In each case, the amperometric responses of oxidative stress from the reloaded cells populations were detected at 0.62 V vs. Ag/AgCl.

  4). Representative amperograms derived from the 4-chamber measurements are shown in Figure C-12. The response amplitude is clearly increasing with potential, demonstrating more electroactive species are detected at higher potentials; though the release kinetics (current-time course) is similar in each condition.

Figure C- 12 :

 12 Figure C-12: Simultaneous amperometric responses from cells populations (c.a. 1200 cells) over 10 M A23187 stimulation. Four curves were respectively recorded at 0.30, 0.45, 0.62 and 0.85 V vs. Ag/AgCl. Black arrow at x-axis indicates the time when A23187 is injected to initiate oxidative stress.

  individual species fluxes during entire oxidative stress was observed (Figure C-13B), implying a simultaneous and constant release fraction of all the involved components. Despite less collection of short-lived species (in particular for ONOO -) was detected as compared to single-cell detection under synaptic configuration (Figure C-13A); the basal detection configuration still exhibited the high reliability and reproducibility.

Figure C- 13 :

 13 Figure C-13: The variation of fluxes ratio of the four oxidative species with time. (A) Species fluxes from single cells detected under synaptic configuration (20 -30 experiments for each species). (B) Species fluxes from cells population detected under basal configuration (5 simultaneous experiments overall).

  subtracted from baseline). Indeed, the linear combination of Equations (C.1) to (C.4) can also apply to the charges detected at each potential. According to the basal detection (pink columns in Figure C-14), A23187 activated Raw 264.7 macrophages secreted the also compared with data obtained from single-cell measurements (the same cell line of Raw 264.7, blue columns in Figure C-14). The production of the two chemically stable species H 2 O 2 and NO - 2 was consistent whereas that of NO • and ONOO -was slightly lower, but still close to the statistical errors. This difference might result from possible interactions between cells due to their close distribution, or from the basal configuration which may lead to lower collection efficiency of apex releases.

Figure C- 14 :

 14 Figure C-14: Comparison of average release of H 2 O 2 , ONOO -, NO • and NO - 2 per cell from single-cell detection (blue columns) and from cells population basal detection (pink columns) over 10 M A23187. Data for singlecell release was obtained after performing 20 -30 experiments at each potential (n > 100 experiments overall); while only 5 measurements were conducted for cells population, and in each measurement, four interested potentials were simultaneously applied.

  time and consequently improve the detection efficiency. As described in Figure C-15, this device comprised upstream one microchamber (l = 1 cm, w = 0.5 cm, h = 50 m) to immobilize living cells, and four downstream microchannels (l = 0.5 cm, w = 200 m, h = 20 m) where electrochemical measurements were performed in parallel.

Figure C- 15 :

 15 Figure C-15: Schematic illustration of 4-channel integrated PDMS-glass microdevice for downstream detection of oxidative bursts from cells population (top figure). Magnified views describe micropillars barrier that separates cell culture and detection (bottom left figure), and demonstration of one sensor group consisted of microband REF, WE and CE sequentially located beneath each downstream detection channel (bottom right figure).

Figure C- 16 :

 16 Figure C-16: Detection procedures in non-stop or 10-min stop mode. (A) Before stimulation, microdevice is fulfilled with Locke's buffer. (B) In non-stop mode, stimulus (10 M A23187) is delivered into microchip at constant flow rate, and ROS/RNS emission from immobilized cells is continuously pumping to downstream sensors. (C) In 10-min stop mode, agent flow is stopped after injecting stimulus into microchamber part, cells are activated in static solution for c.a. 10 min, and (D) then ROS/RNS-accumulated sample solution is pumped to downstream sensors at constant flow rate.

Figure C- 17 :

 17 Figure C-17: Optical images demonstrate cell attachment on a glass substrate (A) with or (B) without fibronectin coating. Scale bar is 50 m in each image.

  of perfusion culture, macrophages displayed good morphology and brightness (Figure C-18A) which indicated satisfying viability; and accordingly the good biological behaviors in following experiments could be expected. On the contrary, without continuous replacement of culture medium, adherent cells would suffer from fast nutrients depletion and local accumulation of toxic metabolites, resulting in ineffective growing, rounding up and even apoptosis (Figure C-18B).

Figure C- 18 :

 18 Figure C-18: Culture of macrophages for 24 h (A) with or (B) without continuous perfusion of growth medium.Scale bar is 50 m in each image.

Figure C- 19 :

 19 Figure C-19: Optical images illustrate long-term culture of Raw 264.7 macrophages inside microchamber for 4,

  with continuous medium perfusion. Scale bar is 50 m for each image. Cells distribution and density Electrochemical study of oxidative stress released by macrophages population was performed after 12 to 24 h continuous culture. According to Figure C-19 and Figure C-20, during this time period, cells population displays adequately homogeneous distribution and suitable density to not only support sufficient ROS/RNS production but also allow estimation of the number of objective macrophages. Before 12 h (e.g., image of 4 h culture in Figure C-19), cells distribution is not homogeneous enough to offer an accurate estimation of the overall number. Furthermore, the sparse cells density might lead to a low concentration of oxidative species and thus an undistinguished signal from the analytical point of view. On the other side, when culturing too long time (e.g., images of 48 -96 h culture in Figure C-19), cells are tending to aggregate, and thus prevent precise calculation of emitting cells responsible for detected responses. The number of macrophages was estimated by taking into account the chamber dimension and average cells density derived from at least 20 parallel experiments of seeding and culturing Raw 264.7 cells. Figure C-20 shows three individual examples from different cell batches after 12 to 24 h culture. Macrophages of good shape and brightness within marked zone (Figure C-20B, -20C and -20D) were counted. After calculation, an average density of (0.7±0.2)×10 5 cells cm -2 was obtained, and correspondingly c.a. 3.5×10 4 cellswere expected within one microchamber to be responsible for ROS/RNS generation over A23187 stimulation. A primary quantitative assessment of oxidative release from a large collection of cells is achieved on this mathematic basis of cell density estimations.

Figure C- 20 :

 20 Figure C-20: Optical images of Raw 264.7 macrophages under perfusion culture for 12 to 24 h inside enveloped microchamber. (A) Image shows the uniform coverage of cells at the substrate surface. (B to D) Illustrations of cells density after the same seeding and culturing process for three individual cell batches; the calculation of density was made by counting the number of vital cells within red pane (150 m 150 m). Scale bar is 200 m in (A), and 50 m in the other three images.

Figure C- 21 :

 21 Figure C-21: Cell culture inside microchamber (A) with or (B) without micropillars array. Cells were effectively confined within chamber part when micropillars were involved. (C) Aggregation of cells at the entry of detection part when no pillars barrier was applied. Scale bar is 200 m in each of (A) and (B), and is 100 m in (C).

  Cells detachment was achieved by continuously rinsing microchamber with 0.05% trypsin-EDTA (ethylenediaminetetraacetic acid) solution. As shown in Figure C-22A, after c.a. 5

Figure C- 22 :

 22 Figure C-22: Optical images of RAW 264.7 macrophages culture in a reused microdevice after detaching cells by rinsing microchamber with (A) 0.05% trypsin-EDTA, or (B) 70% ethanol. Before seeding the new collection of cells, the reused chip was sterilized by UV light and modified again with fibronectin to promote cells adhesion. Scar bar is 50 m in each graph.

  1 mM H 2 O 2 solution beforehand to check the parallelism of Pt/Pt-black sensors independently localized under each microchannel. The overall flow rate of sample solution was set at 8 L min -1 , corresponded to 2 L min -1 in each channel. Therefore, electrochemical responses were assumed to follow the same convective mass transport as reported in Part B. The simultaneous voltammograms obtained from four respective WEs are shown in Figure C-23, demonstrating fairly high reproducibility. We thus supposed that in this multi-sensor device, sample solution from upstream chamber was equally branched into each detection channel; stable potentials were supported by Ag/AgCl REFs at the entry of each channel; and the individual Pt/Pt-black WEs responded to electroactive analyte in a simultaneous and highly comparable manner. Therefore, oxidative bursts released from an upstream cells population are able to be decomposed in their particular contents during only one parallel measurement.

Figure C- 23 :

 23 Figure C-23: Simultaneous voltammograms of 0.1 mM H 2 O 2 obtained from four respective Pt/Pt-black microband electrodes integrated individually to each downstream microchannel. Scan rate = 10 mV s -1 ; flow rate = 2L min -1 in each channel.

Figure C- 24 :

 24 Figure C-24: Voltammograms of 0.1 mM H 2 O 2 at Pt/Pt-black microchannel sensor before (red curve) or after fibronectin treatment (dashed curve), and at the same degraded sensor after surface activation by potential pulses (green curve). Scan rate = 10 mV s -1 ; flow rate = 2L min -1 in each channel.

4 .

 4 The representative 4-channel amperometric responses are shown in Figure C-25. Signals featured similar shapes as the synaptic and basal detections, indicating as well the kinetic monitoring under this non-stop flowing mode. A fast increase of current represented an immediately release of ROS/RNS cocktail after stimulation, evidencing also the rapid activation of cells enzymatic systems by interacting calcium channels. After c.a. 10 minutes of continuous stimulation, the current responses became gradually undistinguishable from background level.

Figure C- 25 :

 25 Figure C-25: Simultaneous amperometric responses from upstream cells population (c.a. 3.5×10 4 cells) over 10 M A23187 stimulation. Four curves were respectively recorded at 0.30, 0.45, 0.62 and 0.85 V vs. Ag/AgCl. Black arrow at x-axis indicates the time when A23187 solution is pumped across the microchamber and ROS/RNS sample reaches immediately to the downstream sensors. Flow rate = 2 L min -1 in each channel.

  Moreover, stable release kinetics of individual species was observed during the entire process (Figure C-26B), again justified the constant and tandem composition of oxidative bursts and the reliability/reproducibility of the present microdevice. As shown in Figure C-26A, H 2 O 2 and NO - 2 remained consistent with the isolated single-cell production, demonstrating effective collection of chemically stable components in this configuration. Particularly for NO - 2 , the slightly higher quantity might be partially explained by the spontaneous decomposition of ONOO -and reaction of NO • with O 2 (0.25 mM in aerobic solution) during the adequate time delay. Results that delineated oxidative bursts released on average by c.a. 3.5×10 4 cells were obtained during one single measurement. Error bars in Figure C-26 (marked on the pink columns) described indeed the variations between five different batches of cells. For each measurement, simultaneous detections at four selected potentials were conducted in highly automated manner; and the detected compounds were generated from the common cells population (not like in basal detection where species detected at each sensor were produced by respective group of cells), further promoting the parallelism of detection.

Figure

  Figure C-26: (A) Comparison of average release of H 2 O 2 , ONOO -, NO • and NO - 2 per cell from single-cell detection (blue columns) and from cells population downstream detection (pink columns) over 10 M A23187. Data for single-cell release was obtained after performing 20 to 30 experiments at each potential (n 100 experiments overall); while only 5 measurements were conducted for c.a. 3.5 10 4 cells population, and in each measurement, four interested potentials were simultaneously applied. (B) The kinetic fluxes ratio of the four oxidative species released by cells population, detected under downstream configuration (5 simultaneous experiments overall).

Figure C- 27 :

 27 Figure C-27: Successive oxidative releases over 10 M A23187 from the same population of c.a. 3.5 10 4 Raw 264.7 macrophages immobilized at upstream microchamber. Amperometric responses were recorded at 0.30, 0.45, 0.62 or 0.85 V vs. Ag/AgCl in each detection channel. Between sequential stimulations, 10 minutes intervals were conserved to rest the activated cells.

A

  typical experimental result is shown in Figure C-28A. Much higher faradic currents as compared to non-stop detection were evidenced; however, during a quite short passage time. This phenomenon indicated highly concentrated electroactive species were generated by cells population, and mainly confined to the small chamber. However, the difference from non-stop flowing detection is the dramatic decrease of signals observed for successive restimulation (Figure C-28B). An influence of normal cellular metabolism by accumulated local concentration of ROS/RNS within the microenvironment seemed likely to trigger the slacking down responses.

Figure C- 28 :

 28 Figure C-28: Simultaneous amperometric responses detected at four independent downstream Pt/Pt-black microband electrodes, representing accumulated ROS/RNS released by a large population of c.a. 3.5 10 4 cells inside microchamber after 10-min stimulation with static solution of 10 M A23187. Representative responses are demonstrated in (A) for the first stimulation, and (B) for the second stimulation. Electrodes respectively worked at 0.30, 0.45, 0.62 and 0.85 V vs. Ag/AgCl. The black arrows at x-axis indicate the time to start pumping sample solution pass through the downstream working electrodes. Flow rate = 8 L min -1 in the overall device.

Figure C- 29 :

 29 Figure C-29: Average release of H 2 O 2 , ONOO -, NO • and NO - 2 per cell during oxidative bursts detected by downstream microelectrodes (pink columns) after 10-min static stimulation by 10 M A23187. Data for singlecell release (blue columns) was obtained after performing 20 to 30 experiments at each potential (n > 100 experiments overall); while only 5 measurements were conducted for c.a. 3.5×10 4 cells population, and in each measurement, four interested potentials were simultaneously applied.

3 .

 3 5×10 4 cells) were easily characterized at different time period after stimulation. Dynamic study of ROS/RNS was achieved under non-stop flow mode (1 s transport delay from the end of chamber to detecting sensors). Stable and simultaneous fluxes of individual species were observed, demonstrating the coupling activity of two enzymatic systems. And highlyreproducible responses over successive stimulations (10 M A23187) indicated no perturbation of cells normal metabolism in this flowing configuration. Measurements in 10min stop mode displayed quite low contents of ONOO -and NO • , but much higher contents of the other two stable components especially for NO - 2 . This might give a hint about decomposition of those unstable species and their partially conversion into the stable end products during this time delay. In addition, the drastic decrease of signal after re-stimulation possibly reflected negative influence of normal cellular metabolism in the presence of locally accumulated ROS/RNS. Under flowing conditions, the entire bioanalytical experiments were manipulated automatically. The current responses were enhanced by convective mass transport and accordingly the quantification of species was achieved after converting the detected current into species concentration. This conversion was based on previously established calibration curves of individual components under the same convective mass transport control. The reliability was further guaranteed after activating redox probes (electrochemical cleaning through alternative potential pulses) prior to the measurements.

  Figure C-30: Comparison of oxidative bursts released on average per cell, from (A) isolated single cells detected by synaptic microfiber electrodes over different stimuli (20 to 30 experiments in each column); or (B) under the same A23187 stimulation, but with different configurations, including synaptic detection of single-cell products (20 to 30 experiments in each column) and basal or downstream detection of cells population generation (5 experiments in each column, and one experiment simultaneously gave information about four respective species).

  All the single-cell releases in Figure C-30A were evaluated under the same "artificial synapse" configuration. The comparable production of oxidative compounds over stimulation of membrane depolarization (green columns) and calcium ionophore A23187 (blue columns), together with the immediate response after stimulation (Figure C-2B, Figure C-8A), indicated constitutive enzymatic activities. While the absence of H 2 O 2 production (yellow columns), longer pre-activation process and much more durative but weaker release (Figure C-4) over exposition of immune factors IFN-γ/LPS demonstrated a quite different stimulation pathway through inducible enzymatic pools. In our series of experiments (over A23187 stimulation), all the working electrodes were platinized by Pt-black to guarantee high analytical performances; thus the respective results (Figure C-30B) reflected more the different features stemmed from each experimental configuration.

  most cases, people are interested in one half-reaction which happens around a working or indicator electrode; and in order to better focus on this study, a reference electrode with essentially constant composition is introduced to standardize the other half. Rather than the primary reference of standard hydrogen electrode (SHE), others namely saturated calomel electrode (SCE, potential of 0.241 V vs. SHE), sodium saturated calomel electrode (SSCE, potential of 0.236 V vs. SHE) and silver-silver chloride electrode (Ag/AgCl, potential of 0.197 V vs. SHE) are more convenient from an experimental standpoint (reference electrodes potentials in aqueous solutions at 25°C). Accordingly, with incorporation of a reference electrode, any potential change of the cell should be ascribed to the working electrode. When the potential is driven more negative, electrons energy on working electrode keeps raising, until high enough to transfer electrons into vacant molecule orbital of target species and generate a reduction current from electrode to solution (Figure Appendix-1A). On the contrary, if a more positive potential is imposed, electrons in occupied orbital find more favorable energy on electrode and accordingly lead to an oxidation current (Figure Appendix-1B).

Figure Appendix- 1 :

 1 Figure Appendix-1: Illustration of (A) reduction and (B) oxidation processes of a target species at working electrode.

Figure Appendix- 2 :

 2 Figure Appendix-2: Illustrations of nonfaradaic and faradaic processes. (A) Proposed model of electrical double layer region: with inner Helmholtz plane (IHP) identified as electrical centers of specifically adsorbed ions; outer Helmholtz plane (OHP) defined as centers of nearest nonspecifically adsorbed solvated ions; and diffuse layer where these nonspecifically adsorbed ions are distributed due to thermal agitation. (B) Constitution of a general electrode reaction process, the reaction rate is related with multiple steps.

Figure Appendix- 3 :

 3 Figure Appendix-3: (A) Concentration profile (solid lines) and approximation of diffusion layer δ as well as linear concentration gradient (dashed lines) when electrode is applied at different potentials: (1) c (x=0) is about 0.5c*; (2) c (x=0) ≈ 0. (B) Profile of diffusion layer growing with time until reaching steady state. (C) Mass transfer current decays with or without convection. [287]

  to correlate specific properties of species with digital signals. Despite the difference in instrumentation, all those techniques share several common features. According to which variables are under control, detection techniques can be generally classified as voltammetry (current is recorded while controlling potential), coulometry (transferred charge is measured under control of current or potential), and potentiometry (electrode potential is investigated under a condition of zero current)[290]. Most electrochemical measurements are conducted in an electrochemical cell consisting of three electrodes: a working electrode assigned for any change in overall cell potential; a reference electrode that provides a constant potential against which we measure the working electrode's potential; and a counter electrode that completes electronic circuit by reacting with the solvent or some other component of the solution matrix.Through manipulating potential or current with modern instruments, automated and flexible means to explore target species can be realized. Some primary methods (also applied in the present work) are introduced here to form a general view.VoltammetryIn voltammetry, a time-dependent potential is applied to the working electrode, and resulting current is plotted versus potential to establish a voltammogram. This voltammogram, as an electrochemical equivalent of a spectrum in spectroscopy, provides qualitative and quantitative information. Voltammetry is often the first experiment performed in an electrochemical study. The shape of a voltammogram is determined by several factors; besides the species intrinsic redox properties, how we measure the current and whether convection is included during mass transport are the most important ones. Two typical measurements are: "linear-sweep voltammetry (LSV)" where the potential is linearly scanned in either negative or positive direction (Figure Appendix-4A); and "cyclic voltammetry (CV)" which is conducted towards both directions by switching at a predetermined potential (Figure Appendix-5A) [291]. Single or multiple cycles can be operated depending on the requirements. Since the faradaic current is balanced on Fick's law and Nernst equation (in case of rapid electron transfer process), for a voltammogram, peak or plateau shape is commonly observed with respect to scan rate and diffusion process. In a static solution, peak current (Figure Appendix-4B) is frequently seen because diffusion layer keeps increasing during longer time. While under convection, current is more likely to reach a limiting value (Figure Appendix-4C) due to the fast establishment of steady state. Moreover, the standard-state potential of target reaction could be extracted where current is half of the limiting value; as this half-wave potential (E 1/2 ) is not affected by concentrations, only related with thermodynamic property.

Figure Appendix- 4 :

 4 Figure Appendix-4: Illustrations of linear-sweep voltammetry. (A) Linear potential-excitation signal. (B) Resulting voltammogram in peak shape. (C) Resulting voltammogram in plateau shape with E 1/2 referring potential at half limiting current. Dashed line here shows residual current.

Figure Appendix- 7 :

 7 Figure Appendix-7: Illustrations for chronopotentiometry. (A) Constant current excitation signal. (B) Potential responses to applied current, showing transition process before secondary reactions. (C) Overall charge during this electrolysis process.

[

  302]. Each type of microelectrode possesses peculiar features in mass transport while experiencing several essential rules in common [303]. Here some theoretical treatments of typical microelectrodes are introduced. Several typical shapes of microelectrodes  Spherical or hemispherical microelectrode For an electrode of spherical shape, rather than the linear diffusion perpendicular to planar surface, a symmetrical spherical diffusion field (Figure Appendix-8) must be considered in solving Fick's laws [304]. The resulting diffusion current is written as:

Figure Appendix- 8 :

 8 Figure Appendix-8: Simulated concentration profile at a spherical microelectrode [304].

Figure Appendix- 8 :

 8 Figure Appendix-8: Simulated concentration

  Rather than an integral spherical microelectrode, hemispherical electrodes [305] made from electrodeposition of various metal materials on the surface of microdisk are more popular in practical use.  Disk microelectrode Microdisk electrodes are quite widely used in many applications [306,307]; however, more complex in theoretical view about diffusion behaviors. Asymmetrical growth towards two dimensions (radial and normal) leads to nonuniform distribution of current density at electrode surface (Figure Appendix-9), with largest value at the edge since it provides shortest travelling route for species from peripheral solution [308].The current-time relationship has been presented as simple linear combination of planar and convergent terms, similarly as the result of spherical system:

Figure

  Figure Appendix-9: Simulated concentration profile at a disk microelectrode [308].

  )where r 0 is radius of cylindrical electrode. Here in the relationship contains a dimensionless parameter , meaning that current still depends on time instead of a purely steady state. This is because cylindrical microelectrode usually has the length considerably excessing micrometers range. Even so, time appears only as an inverse logarithmic function, and current indeed decays rather slowly during the long time. This case is usually called quasi-steady state. Band microelectrodeAs analogy of the relationship between disk and hemisphere electrode, band electrode is a two-dimensional diffusion system behaving much like cylindrical case. Thus, according to the timescale of experiments, mass transport at microband electrode shifts from linear to radial diffusion, until approaches the limiting form: * (Appendix.18)

Figure Appendix- 10 :

 10 Figure Appendix-10: Simulated concentration profile at a band microelectrode with absence or presence of convection [309].

Figure Appendix- 12 :

 12 Figure Appendix-12: PDMS backbones.

  technologies are presented according to their functions (Figure Appendix-13), and specific details of those closely related to our work are introduced afterwards.

Figure Appendix- 13 :

 13 Figure Appendix-13: Process diagram of microfabrication technologies.

Figure Appendix- 14 :

 14 Figure Appendix-14: Schematic diagram of photolithography on positive (exposure part more soluble) or negative (exposure part less soluble) photoresist.

  Soft lithographySoft lithography[349] is a cost-effective and easily manipulated technology for pattern replication and rapid prototyping. It can be realized on many elastomeric materials such as PDMS to generate the flexile slide with excellent optical transparency, gas permeability, and biocompatibility. Additionally, the ease of fabrication, needlessness of clean room environment, and friendly integration, further expand its applications towards biomedical and clinical areas. However, most of current soft lithography processes still rely on modern photolithography at first to form the reusable master. And after that, thousands of "elastomeric replica" [350] could be easily produced by repeatedly casting mixture of prepolymer and curing agent on to the master, and then peeling off after solidification (scheme shown in Figure.

Figure Appendix- 15 :

 15 Figure Appendix-15: Scheme of soft lithography for generating PDMS replica.

Figure Appendix- 16 :

 16 Figure Appendix-16: Schematic diagrams of (A) micro-contact printing to transfer biomaterial pattern, and (B) micromolding techniques with PDMS replica as a master.

Figure Appendix- 17 :

 17 Figure Appendix-17: Schematic diagram of pattern transfer through lift-off technology.

  -black coated carbon-fiber microelectrode  Carbon-fiber microelectrode Individual carbon fibers (d = 10 m; Thornel P-55S, Cytec) were aspirated into glass capillary tubing (O.D. = 1.2 mm, I.D. = 0.7 mm; GC-120F-10, Clark Electromedical Instruments). The capillary was pulled with a vertical micropuller (PB-7; Narishige), thinning at the center and eventually yielding two identical microelectrodes. Each microelectrode was back-filled with a drop of mercury, and an electrical contact was made by inserting a nichrome wire (Demand Products) from the open part of the capillary (Figure Appendix-18).To minimize noise, the protruding carbon fiber was insulated by electrochemical deposition of poly(oxyphenylene) according to the literature procedure[352]. This deposition was carried out for 3 minutes in a solution of allylamine (0.4 M), 2-allylphenol (0.23 M), and 2-butoxyethanol (0.23 M) in 1:1 (v/v) water/methanol. A potential of +4.0 V was applied between microelectrode and a platinum wire counter electrode. Subsequently the microelectrode was washed in distilled water and the polymer was cured for 3 h at 150°C in order to reticulate and form an insulating shielding (1 m thickness) on the carbon-fiber surface (see inset of Figure. All the chemicals described here were purchased from Sigma-Aldrich.

Figure Appendix- 18 :

 18 Figure Structure illustration of carbon-fiber microelectrode, with the inset scheme demonstrating polymer insulated carbon tip.

Figure Appendix- 19 :

 19 Figure Appendix-19: Platinization of carbon-fiber tip surface via electrodeposition. The middle graph shows evolution of the amperometric current following the reduction (E = -60 mV vs. SSCE) of Pt-black on microelectrode carbon surface. The deposition starts from the black arrow point and is pursued until reaching deposit charge of 30 C. Optical images describe one fiber tip before (left) and after (right) platinization. Scar bars are 10 m [11].

Figure Appendix- 21 :

 21 Figure Appendix-21: Design illustration of microelectrodes pattern for in vitro ROS/RNS detection. Mask 1 is designed for WEs and CE (Ti/Pt) while mask 2 is used for REF (Ti/Pt/Ag).

Figure

  Figure Appendix-22: (A) Photo of PDMS-glass assembly for ROS/RNS in vitro detection. (B) Magnified optical image shows the perpendicular position of microband electrodes vs. microchannel (top figure); and the ones respectively demonstrate surface of Ag/AgCl REF, Pt/Pt-black WE and Pt CE (bottom figures; scar bar is 1 m in each one).

Figure Appendix- 24 :

 24 Figure Appendix-24: Photo of PDMS-glass assembly for cells basal detection. The device includes four parallel uncovered chambers which respectively confines three microband electrodes (one WE, one REF, and one CE in inset image) at the glass substrate.

Figure Appendix- 25 :

 25 Figure Appendix-25: Design illustration of multi-layer structure for cells population downstream detection. One upstream microchamer and four downstream microchannels are incorporated. Insets represent, from left to right, the local images of support pillars, barrier pillars, and chamber-to-channels interface.

Figure Appendix- 26 :

 26 Figure Appendix-26: The vertical section profiles of (A) the microchamber mold made by SU-8 3050 photoresist (h = 50 m), (B) the joint interface between chamber and channels part, and (C) the microchannels mold made by SU-8 2015 photoresist (h = 20 m).

  ). However, the design is totally different and is shown in Figure 

Figure Appendix- 27 :

 27 Figure Appendix-27: Design illustration of microelectrodes pattern for cells population downstream detection. Mask 1 is designed for WEs and CEs (Ti/Pt) while mask 2 is used for REFs (Ti/Pt/Ag).

Figure

  Figure Appendix-28: (A) Schematic illustration of integrated microdevice, showing the position of microband electrodes beneath microchannels. (B) Photo image of a substantial device for downstream cells detection; the inset is a magnified image showing the perpendicular location between WEs and corresponding microchannel. A substantial assembly of microdevice is presented in Figure Appendix-28B. During electrochemical studies, solution was equally branched to these microchannels, and four aligned microchannel WEs (e.g., WE 1, WE 2, WE 3 and WE 4) simultaneously and independently worked at one constant potential. The design of two adjacent WEs (e.g., WE 1 and WE 1') in each channel was for utilization purpose and indeed only one WE per channel was connected during detection.

Figure

  Figure Appendix-29: (A) Routine cells culture and passage in sterile flask. (B) Growth of Raw 264.7 macrophages in DEME-based medium after passage into a new flask.

Cells preparation for experiments  5 L

 experiments5 Cells preparation: for single-cell analysis Confluent Raw 264.7 macrophages in a 75 cm 2 flask were harvested and homogenized in 10 mL fresh medium (c.a. 10 6 cells mL -1 ). Two droplets (from disposable serological pipets; VWR) of this cell suspension were added to each petri dish (d = 3.5 cm, Nunclon; filled with 3 mL medium, see Figure Appendix-30A) and followed by a 12 to 24 h culture inside incubator before electrochemical studies. Such a delay was necessary for the cells to adhere and recover at the dish surface. This very much diluted re-suspension led to isolated cells in quite sparse distribution, correspondingly facilitating accurate measurements of single-cell release without significant interference from neighboring cells. Cells preparation: for cells population basal analysisConfluent Raw 264.7 macrophages were harvested from a 75 cm 2 flask, centrifugated at 1000 rpm for 5 min, and then homogenized in 2 mL fresh medium (c.a. 10 7 cells mL -1 ). 1.cell suspension was aspirated by a micropipette, and loaded into each uncovered PDMSglass chamber (d = 6 mm; four chambers in one device) which was previously filled with 150 L warm medium (FigureAppendix-30B). The prepared microdevice was then placed inside CO 2 incubator for 12 -24 h before electrochemical measurements.III.4. Analytical measurementsIn vitroROS/RNS electrochemical detection All in vitro electrochemical experiments inside microchannels were performed versus the Ag/AgCl REF at room temperature using a potentiostat (Autolab PGSTAT 30; Eco Chemie) controlled by GPES 4.9 software as shown in Figure Appendix-31. The flow was pressure-driven by syringe pump (Pump 11 Elite; Harvard Apparatus) at a constant average flow rate of 2 L min -1 , corresponding to a laminar flow regime in respect to the channel geometry. One exception was addressed in Part B-3.1.2, where a series of flow rate (0.1 to 5 L min -1 ) was applied to explore analytes oxidation mechanisms.

Figure Appendix- 31 :

 31 Figure Appendix-31: Experimental setup for ROS/RNS in vitro detection. (A) Electrochemical measurements were performed inside a Faraday cage, controlled by Autolab potentiostat. (B) Illustration of sample microinjection via a 5 L loop during measurements.

Figure

  Figure Appendix-32: (A) Experiments performed at the platform of inverted microscope inside a Faraday cage. (B) Two-electrode configuration during single-cell monitoring. Position of working electrode was controlled by micromanipulater. (C) Optical images of isolated macrophages attached to petri dish (top image), and microelectrode placed above the target cell during measurement (bottom image).

1. 5

 5 L A23187 stimulus (1 mM) was injected cautiously into each chamber (final concentration of 10 M) and the real-time release of ROS/RNS from cells populations (c.a. 1200 macrophages above each working electrode) was detected simultaneously at 0.30, 0.45, 0.62, and 0.85 V vs. Ag/AgCl. These optimal potential values were chosen based on the in vitro voltammetric studies of the oxidation of independent solutions of H 2 O 2 , ONOO -, NO •

Figure Appendix- 34 :

 34 Figure Appendix-34: Experimental setup for cells population downstream detection. The microchip was placed on the platform of inverted microscope inside a Faraday cafe and was connected with multi-channel biopotentiostat which simultaneously supplied four individual outputting potentials. Flowing solution was controlled by syringe pump and the stimulus was delivered through a sample loop.

Figure Appendix- 35 :

 35 Figure Appendix-35: Lamba 45 UV-Vis system.

Figure

  Figure The Bruker Dektak XT profilometer.

Figure Appendix- 37 :

 37 Figure Appendix-37: Hitachi S-800 SEM.

  

  

  

  

  

  

  

  

Table Résumé -

 Résumé 1: Performances analytiques de la détection des quatre espèces ROS/RNS sur électrodes microbandes de Pt/noir-Pt (w = 197 m) à l'intérieur de microcanaux (L = 200 m, h = 20 m) sous transport de masse contrôlé par la convection (vitesse d'écoulement = 2 L min -1 ).

		Potentiel d'oxydation (V vs. Ag/AgCl)	Sensibilité (A M -1 cm -2 )	LOD (nM)	Linéarité
	H 2 O 2 ONOO -	0.45	0.3 (85%) 0.3 (43%)	6.02 2.64	7 40	10 nM -2.5 mM 50 nM -5.0 mM
	NO •		0.62	2.87	30	50 nM -22 M
	NO -2		0.85	5.54	12	20 nM -3.0 mM
	Sur la base de ces résultats nous avons:			
						(Resume.1)
						(Resume.2)
						(Resume.3)
						(Resume.4)

Ceci démontre la possibilité d'évaluer les contributions des quatre espèces et par conséquent de détecter, caractériser et quantifier un mélange d'espèces ROS/RNS provenant de cellules vivantes.

  enzymes permettant de générer des espèces ROS/RNS. Ils ont été choisis dans notre laboratoire pour effectuer des études antérieures sur cellules uniques. Pour faciliter les comparaisons, ils ont été utilisés dans nos expériences.

	Dans cette étude, les macrophages ont été stimulés par du calcium ionophore A23187
	parce que cet activateur permet d'effectuer de réelles stimulations de façon reproductible, en
	contournant les manipulations répétitives (dans le cas de pénétration mécanique) ou le long
	processus de transcription et reconnaissance (dans le cas d'immunostimulation).

Les macrophages de type Murine Raw 264.7 constituent des modèles de laboratoires idéaux pour étudier le stress oxydant de cellules parce qu'ils sont robustes et présentent des quantités abondantes d'

  • , O •- 2 , ONOO -or H 2 O 2 plus peroxidase) can similarly initiate oxidation step and offer luminescence signals (Figure A-10). At the same time, luminol radicals can reduce O 2 into O •- 2 , acting both the source and detector of O •- 2 and thus inevitably leading to artifactual results.

Table A - 1 :

 A1 Constitutions and performances of several O •- 2 electrochemical sensors.

  Some constructions and characteristics of H 2 O 2 sensors are listed in Table A-2.

Table A - 2 :

 A2 Constitutions and performances of H 2 O 2 electrochemical sensors.

Table A -

 A 3: Constitutions and performances of NO • electrochemical sensors.

Table A -

 A 4 recapitulates significant examples reported in the literature.

Table A - 4 :

 A4 Constitutions and performances of ONOO -electrochemical sensors.

  technologies and laminar flow, offers a way to manipulate and detect living cells in an automated and high-throughput manner. Thin-layer microelectrodes can be easily patterned onto microfluidic substrate and enhanced faradaic currents can be expected under the convective mass transport formed by flowing solution. Therefore,

	microelectrodes-integrated microdevices should offer excellent and flexible platforms to
	perform high-performance detection of electroactive ROS/RNS from living cells during
	cellular activities.
	PDMS-glass hybrid microchips are well adapted to bioanalytical experiments due to
	the optical transparency, biocompatibility, and stable chemical/mechanical properties of

exploring the in-depth origins of oxidative stress, electrochemistry, with ongoing refinements in instrumentation and methodology, gains enormous popularity to decipher the bursts contents from living cells. Surface modification of microelectrode such as Pt-black deposit promotes the detection sensitivity and selectivity of several key oxidative compounds (i.e., H 2 O 2 , ONOO -, NO • , and NO - 2 ). Besides, microfluidic device, with the unique benefits of advanced microfabrication assemblies. PDMS upper layers contain microstructures while microband electrodes are usually patterned on glass substrate. Very elaborated devices can be envisaged to achieve cell culture, stimulation, and simultaneous detection of multiple ROS/RNS under different experimental configurations.

In this context, coupling of microfluidics with electrochemical detections is thus very promising. Ensuing results should allow a fine and rapid understanding of cells behaviors, for quantitative and kinetic investigations.

ROS/RNS in vitro detection at Pt/Pt-black microband electrode 2.1. In vitro detection of two stable candidates: H 2 O 2 and NO - 2

  3 was obtained referring to the apparent active surface area of Pt-black deposit; whereas a much higher value of 36.8 was estimated for the Pt/Pt-black electrodes-integrated microchip is expected to provide a viable biosensor for the detection of oxidative species with high analytical performances and long-term reliability.

specific surface area of porous structure. Much enhanced activity towards H 2 O 2 as representative oxidative compound was observed at this Pt-black deposit since a large number of active sites at nanometric scale were generated to prevent electrode passivation. As a result, 2.

2.1.2. Oxidation mechanisms of H 2 O 2 and NO - 2

  

	Oxidation mechanisms at platinum surface
	The mechanisms involved in H 2 O 2 and NO -2 oxidations on Pt electrodes have been
	extensively investigated [228,230-235]. Even both mechanisms differ greatly, their
	voltammograms were similar in shape. As previously noted for H 2 O 2 , a drop of current was
	also observed for NO -2 at high overpotentials leading to peak-shape waves (Figure B-15B).
	In case of H 2 O 2 , the mechanism involves oxidation through electrochemically
	generated Pt(OH) 2 surface sites [229-233]:
	(B.23)
	(B.24)

  DEA-NONOate is 16 min at 22 °C in aerobic phosphate buffer at physiological pH [250]. To ensure that the time-course and concentration level of produced NO • were enough to complete

	adequate detections, we first performed measurements not later than 20 min (i.e., 1200 s) after
	the solution preparation.
	Current responses of NO • at Pt/Pt-black electrodes
	Electrochemical oxidation of NO • is a one-electron process according to:
	(B.36)

Table B - 1 :

 B1 Analytical characteristics of four key ROS/RNS on Pt/Pt-black microband electrodes (w = 197 m) inside microchannel (L = 200 m, h = 20 m) under convective mass transport control (flow rate = 2 L min -1 ).

		Oxidation potential (V vs. Ag/AgCl)	Sensitivity (A M -1 cm -2 )	LOD (nM)	Linear range
	H 2 O 2 ONOO -	0.45	0.3 (85%) 0.3 (43%)	6.02 2.64	7 40	10 nM -2.5 mM 50 nM -5.0 mM
	NO •		0.62	2.87	30	50 nM -22 M (limited by donor)
	NO -2		0.85	5.54	12	20 nM -3.0 mM

  • and NO - 2 of Raw 264.7 macrophages over different situations are listed in following Table C-1 and compared in Figure C-30.

Table C -

 C 1: Reactive oxygen and nitrogen species released, on average, per Raw 264.7 macrophage over different stimulations and different experimental configurations.

  Timescale of each phase varies considerably with electrode size; and more precisely, the smaller the electrode, the shorter time it needs to reach steady state. During steady state, concentration profile near surface becomes independent of time, and is only linear with radical distance from electrode center (r).

	When it comes to a microspherical electrode, this steady state is attained fairly fast
	since diffusion layer only needs to grow several micrometers. Therefore, most relevant
	researches are based on steady-state current:
	*
	(Appendix.14)
	where A for spherical electrode is calculated by 4πr 2 0 ; and for hemispherical electrode is half
	of this value.

Table Appendix -

 Appendix 

	Spin speed (rpm)		1000	2000	3000	4000
		2005	8	6	5	4.5
	Thickness (m) of series photoresists	2010 2015	20.5 38	13 21	10.5 16	9.5 13
	 Soft bake: After spin coating, the resist film needs a soft baking to evaporate solvent
	and condense itself. It is usually performed on a level hot plate, initiated from a lower
	temperature to a higher one (e.g., from 65°C to 95°C) [342], allowing for better coating
	fidelity, reduced edge bead and better resist-to-substrate adhesion.		
	 UV exposure: Exposure is routinely performed under proper wavelength, such as i-line
	at 365 nm [347] is optimized as radiation source for SU-8 resist. The lamp power (mW cm -2 )
	and delivered energy (mJ cm -2 ) strongly affect pattern transfer. Here is a reference table
	(Table Appendix-2) showing appropriate exposure conditions for different resists to acquire a
	good image without deformation, loss of sharpness or corners.			

1: Spin speed vs. thickness for SU-8 2000 photoresists [346].

  Aligning is frequently performed during exposure process. With the help of alignment targets (e.g., rectangles or cross marks), it is possible to generate well-defined multi-layer structures.

	According to different requirements, manipulations under contact, proximity or projection
	mode [348] are available.					
	 Post exposure bake: Following exposure, the exposed area of SU-8 film is selectively
	cross linked via post expose bake. Two-step baking is also preferred here to minimize stress,
	wafer bowing and resist cracking. Baking temperature and time should be modulated
	corresponding to specific resist and thickness.				
	 Development: Common solvent-based developers like ethyl lactate can dissolve not-
	polymerized portions, sometimes with help of strong agitation. After development, the
	substrate should be rinsed briefly with isopropyl alcohol, and then dried with air stream for
	future use.					
	Table Appendix-2: Exposure energy vs. thickness for SU-8 2000 photoresists [346].	
	Thickness (m)	0.5 -2	3 -5	6 -15	16 -25	26 -40
	Exposure energy (mJ cm -2 ) 60 -80 90 -105 110 -140 140 -150 150 -160

Table Appendix -

 Appendix 5: Photolithographic parameters of SU-8 3050 photoresist to generate 50 m microchamber; and those of SU-8 2015 to produce 20 m microchannels.

	Silicon wafer		d = 4 inch
		Chamber part	Channel part
	Photoresist	SU-8 3050 (4 mL)	SU-8 2015 (4 mL)
	Spin-coating	500 rpm, 10 s;	500 rpm, 10 s;
		3200 rpm, 30 s	2000 rpm, 30 s
	Bake	65°C, 1 min;	65°C, 1 min;
		95°C, 27 min	95°C, 15 min
	UV-exposure	15 s (13.4 mW cm -2 )	9 s (13.4 mW cm -2 )
	Bake	65°C, 1 min;	65°C, 1 min;
		95°C, 3 min	95°C, 3 min
	Develop	SU-8 developer, 3 -4 min SU-8 developer, 1 -2 min
	Rinse	Isopropanol, water	Isopropanol, water

).
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Microband electrodes were placed either directly beneath a population of cells, or downstream the cells. The basally-localized electrodes provided high temporal resolution while the downstream probes led to non-disturbing and tunable investigations at different event stages.

Despite the slightly lower collection efficiency of short-lived species (ONOO -and NO • ) achieved in both configurations, the stable release kinetics and the comparable quantity of detected species to synaptic configuration which justified the reliability of the present investigation. Highly reproducible and statistically relevant results were obtained within only few experiments.

Therefore, by integrating Pt/Pt-black microband electrodes into microfluidic devices, effective analysis towards cells populations is feasible. Kinetic and quantitative results can be achieved leading to high-throughput and high-parallel detections, in particular for chemically stable species.

When ability to detect cell releases in real-time and accuracy to interpret cellular events are required, "artificial synapse" configuration is the best choice. However, when analytical performances are considered in the context of efficient data collections, the microfluidic configurations become more attractive and competitive. A rapid and deep understanding of cells average behaviors can be provided for instance for drug screening.

Preliminary ex vivo measurements were achieved within the present microdevices but these latter can still be optimized. On the one hand, decreasing further the distance between emitting cells and sensing electrodes, by adjusting device geometry or/and flow velocity, should lead to a better temporal resolution. On the other hand, incorporating electrodes on top of cells chamber could also mimic the synaptic configuration with higher collection efficiency and no disturbance of cells activities. Another possible improvement is microfluidic structures integrating traps of single cells, with ultramicroelectrodes array addressed close to each unit.

The chemical nature and kinetic process of cells releases could be tackled over any selected and precise number of cells.

Thus, we believe that based on the high analytical performances of Pt-black thin-layer microelectrodes, sophisticated multi-sensor microfluidic devices can be developed. This prerequisite study paves the way to a very broad field of bioanalytical applications with flexible, label-free, low-cost, automated and high-throughput monitoring of cells behaviors.

Appendix

Appendix

Appendix I. Electrochemical principles and microelectrodes

I.1. Electrochemical principles

Electrochemistry is a study of electrons' exchange in an oxidation-reduction process.

As compared to normal redox reactions where the electron transfer is directly proceeding between molecules, electrochemistry deals with reactions which take place at interface between electrode and electrolyte. This separation facilitates understanding of the electron transfer mechanism and helps to unravel the essence of whole chemical process. Through the detected potential, charge, or current, electrochemical analysis gives various kinetic and thermodynamic information [287] for analytical purpose.

Electrochemical cell

A basic electrochemical system contains electrolyte and two conductive electrodes namely anode and cathode. At the anode, oxidation occurs and the species loss electrons towards electrode; whereas on cathode, equivalent electrons are transferred from electrode to another species leading to the following reactions:

 Anode reaction:

 Cathode reaction:

For each species, the electrode potential is determined by intrinsic properties as well as the surrounding compositions, leading to an inner driving force of this half-reaction. Under nonstandard condition, this potential could be described in terms of Nernst equation:

At a normal planar electrode inside static solution, cyclic voltammetry is conducted under assumption of semi-infinite diffusion, and respective oxidation/reduction peak could be characterized by potential and current (Figure Appendix-5B). The peak current at 25°C is given by Randles-Sevcik equation:

where i p is maximum current at peak; v is potential scan rate; c is the concentration of electroactive species at the electrode. This proportional relation between peak current and square root of scan rate is a crucial indication of a diffusion-controlled process under fast electron transfer. Furthermore, the diffusion coefficient of species can be estimated from intercept of lni p vs. v plot, and that is also a meaningful application. For a well-behaved reversible system, the anodic and cathodic peaks exhibit equal currents:

(Appendix.10)

Potentials of two peaks are stable under different scan rate, and the theoretical overpotential leads to a hysteresis between E pa and E pc :

In practical experiments, this difference could be slightly larger (70 to 100 mV for single electron transfer system). However, if the voltammogram has much larger potential separation or nonsymmetrical shape, electrode reaction is more likely irreversible. Such reversible peaks also provide thermodynamic information in terms of half-wave potential E 1/2 (midway between these two peak potentials):

(Appendix.12)

Voltammogram shows distinct advantages in exploring single or multi redox processes inside a common system. Diverse useful information could be obtained in a short time, including concentration, diffusion coefficient, reaction thermodynamics, adsorption processes, The very small scale of microelectrode is the key to its special experimental utility, but it is as well a difficulty when thinking about the low current (usually in the range of nano-, pico-, or even femtoampere). To effectively magnify signal without losing characters of microelectrode, array forms are recently introduced in many researches [316][317][318]. 

Appendix II. Microfluidic materials and microfabrication

The fundamental driving force underlying avant-garde microfluidics is the balanced improvements in materials and fabrication to satisfy the requirements of different assays.

Some key microfluidic materials and microfabrication technologies are given in the following context.

II.1. Materials

Materials of microfluidic devices constantly play a primary role, not only due to large surface-to-volume ratios but also to the amplified effects coming from nature of materials.

The development originated from glass and silicon, gradually shifted towards polymer substrates like PDMS, and hitherto a variety of interesting candidates have emerged, including hydrogels and paper-based materials [320].

There are several basic points that should be taken into account when choosing an appropriate material:

 Chemical and biological compatibility with working substances.

 Excellent electrical insulation, thermal conductivity and optical property.

 Accessibility of surface modifications to meet peculiar needs, such as for electrophoresis and protein immobilization.

 Convenient fabrication procedure, portability and rational expense.

Inorganic materials

Glass, quartz and silicon are the first generation materials used in microfluidic devices, exhibiting stable electroosmotic mobility, thermostability and solvent compatibility which spread their applications on electrophoresis, on-chip reactions, droplet formation and in-situ  Calcium ionophore A23187

The 1 mM calcium ionophore A23187 (Sigma-Aldrich) was prepared with Bioultra ethanol (Sigma-Aldrich), stored in sterile safe-lock tubes (1.5 mL; Eppendorf) at -20°C.

During electrochemical studies, this solution was diluted to 10 M concentration in Locke's buffer to initiate cellular oxidative stress.

 Optimal potentials and quantitative basis of the four key ROS/RNS

The optimal detecting potentials of four key ROS/RNS (i.e., H 2 O 2 , ONOO -, NO • and NO - 2 ) on this platinized carbon-fiber microelectrode were previously determined by a series of in vitro and ex vivo studies [11,[117][118][119]133,220,353]. Values corresponded to 0.30, 0.45, 0.65, and 0.85 V vs. SSCE were applied to perform the following single-cell oxidative stress detection. The responses of each component were also interpreted as linear combinations of the detected currents, serving the quantification basis:

Slight differences (both in potential and mathematic relation) were observed as compared to the situation for platinized microband electrodes, which might result from the variations of Pt-black deposits (geometry, morphology, and quantity) on different substrates (i.e., carbon-disk vs. thin-layer platinum microband).

Pt/Pt-black microband electrodes-integrated devices

The series of PDMS-glass microdevices used in this work were established for different experimental purposes. In general, the PDMS upper layer comprised microstructures while the glass substrate was patterned with microband electrodes. After bonding these two layers together, an integrated and portable electrochemical sensor was obtained. Although possessing similar fabrication procedures, each sensor featured particular design and parameters. The details are discussed in the following context. Materials and fabrication procedures were exactly the same as mentioned in Table

Appendix-4. After obtaining the electrodes-patterned substrate, electrical connection was made, WEs were platinized with Pt-black, and REFs were converted to Ag/AgCl to support potentials throughout the electrochemical measurements.

 Device assembly

Here for the basal detection, no pressure-driven flow was involved. Therefore, PDMS slide was simply pressed against the glass surface to form a reversible assembly, allowing convenient cleaning and reuse of device.

 Cells preparation: for cells population downstream analysis Confluent Raw 264.7 macrophages were harvested and homogenized as the same process in basal analysis. However, before seeding, this microdevice (composed of culture chamber and detection channels) was treated with 50 g mL -1 fibronectin for 20 min to promote fast and firm cells attachment. Then the cell suspension was extracted by a sterile luer-lok tip syringe (1 mL; BD) and immediately driven into the enveloped device by external syringe pump . The connection between syringe and microchip was supported via Teflon tube (1.58 mm OD 0.8 mm ID; Supelco). Each time during disconnecting or/and connecting, fresh medium was dripped to the connection part in order to prevent gas entry.

A gentle loading rate (2 mL min -1 ) was applied in consideration of cells integrity.

After pumping for 1.5 min, the microdevice was disconnected and placed inside incubator for c.a. 1 h. Cells were rested under zero flow condition during this period, and subsequently fresh medium was continuously pumped (4.0 L min -1 ) to maintain constant nutrition replenishment and wastes removal. Electrochemical studies were performed after 12 to 24 h perfusion culture, when immobilized cells reached suitable density and viability. Note that all the cells preparation processes were carried out under a biological safety cabinet (Delta 4; Euroflux), with all the instruments inside wiped by 70% ethanol beforehand.

The commercial culture vessels were sterile and the home-made PDMS-glass microdevices were UV-sterilized for 20 min before cells introduction. ADInstruments) and its software interface (Chart version 4.2; ADInstruments). The decrease of the baseline current over the course of the measurement was fitted and subtracted by using the self-written exponential fit software (Gmef). Four selected potentials (0.30, 0.45, 0.65, and 0.85 V vs. SSCE [11,[117][118][119]133,220,353]) were investigated, with at least 20 to 30

individual detections performed at each condition for statistical analysis.

Cells population basal detection

Prior to experiments, the medium was aspirated from each uncovered chamber which References