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RÉSUMÉ 

Les capteurs d'oxyde nitrique (NO) à base de papier sont des dispositifs combinant les avantages 

des capteurs en papier aux méthodes électrochimiques pour la détection et la quantification du NO 

en temps réel. Le NO est un médiateur biologique d'importance en raison de son rôle dans diverses 

maladies, dont le cancer. Dans cet article, des capteurs en papier recouverts de Nafion et d'eugénol 

électropolymérisé sont utilisés pour détecter et mesurer le NO. La sensibilité, la limite de détection 

et le taux de production et de dégradation du NO sont calculés pour déterminer l'utilité de ces 

capteurs dans les environnements biologiques. En outre, la sélectivité de ces capteurs vis-à-vis du 

NO par rapport à d'autres composés biologiques est également mesurée en comparant la réponse 

des capteurs en présence d'autres molécules. La sensibilité médiane des capteurs en papier était de 

488,3 (366,8-776,9) µAM-1mm-2 et les capteurs avaient une limite de détection médiane de 1,7 

(1,4-2,3) µM. Des données préliminaires de mesure en culture cellulaire ont été obtenues, 

confirmant la possibilité d’utiliser ces capteurs pour des analyses biologiques quantitatives. Les 

capteurs sont sensibles et sélectifs, ce qui en fait une option intéressante pour la recherche 

biomédicale et la détection. Les recherches futures devraient examiner comment améliorer la limite 

de détection et la sélectivité des capteurs. 
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ABSTRACT 

Nitric oxide (NO) is a mediator molecule of biological significance because of its role in various 

maladies including cancer. Paper-based NO sensors are devices that utilize the benefits of paper 

sensors and electrochemical methods for the detection and quantification of NO in real-time. In 

this paper, Nafion coated and electropolymerized eugenol paper sensors are utilized to determine 

the relationship between NO concentration and current. The sensitivity, limit of detection (LOD), 

and the rate of production and degradation of NO is calculated to determine the utility of these 

sensors in biological environments. As well, the selectivity of these sensors to NO compared to 

other biological compounds is also measured by calculating the comparative response of the 

sensors in the presence of other molecules. The median sensitivity of the paper sensors was 488.3 

(366.8-776.9) A*M-1mm-2 and the sensors had a median LOD of 1.7 (1.4-2.3) µM. The sensors are 

also highly selective to NO with the sensors capturing a relatively much lower response from other 

biological molecules that could potentially interfere with the signal. Preliminary data were acquired 

in cell culture, showing the possibility for using these sensors for quantitative biological analysis. 

The sensors are sensitive and selective which makes them an attractive option for biomedical 

research and detection. Future research should examine how to lower the LOD further and improve 

the selectivity of the sensors.   
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CHAPTER 1 INTRODUCTION 

1.1 Context and Objectives of Study  

Cancer is one of the major causes of death worldwide. It is the leading or second leading cause of 

death in over 100 countries in individuals under the age of 70[1]. In 2020, there were nearly 20 

million new cases of cancer and approximately 10 million deaths worldwide. The burden of cancer 

on global public health is expected to rise with projections of over 28 million new cases in 2040. 

This projected rise of 47% in the annual number of cancer cases is a consequence of aging and 

growing populations worldwide and could potentially be intensified by an increase in other cancer 

risk factors[1]. 

It is therefore of critical importance to study further the chemical and biological makeup of cancer 

as well as develop and ameliorate methods of cancer detection and treatment. There are currently 

a variety of methods available for cancer detection. These diagnostic techniques include a physical 

examination of the patient as well as test conducted upon the blood or urine of a patient. Detection 

methods also include medical imaging techniques such as positron emission tomography (PET), 

X-ray computed tomography (CT), magnetic resonance imaging (MRI), and magnetic resonance 

spectroscopy (MRS). Furthermore, there are also molecular diagnostic methods ranging from 

liquid biopsy to flow cytometry[2]. Early detection can be a matter of critical importance as it has 

been demonstrated to improve the prognosis of the disease because of the higher efficacy of 

treatment at early stages. One of the consequences to many forms of cancer treatment are the 

adverse effects on non-cancerous tissues and cells or the rest of the body [3].  

This underlines the significance of differentiation between cancerous and non-cancerous or healthy 

cells and tissues. One difference between healthy and cancerous cells is that cancerous cells are 

associated with nitric oxide (NO) secretion at significantly higher rates than healthy cells [4]. 

Therefore, the detection and quantification of the concentration of NO secretion in cell culture can 

provide insight into the presence of cancer as well as efficacy of various treatment methods. 

This study addresses the use of paper sensors for the detection of NO utilizing electrochemical 

methods in endothelial cell culture. The methodology for the fabrication of NO sensors is adapted 

from the study titled Detection of Nitric Oxide Release from Single Neurons in the Pond Snail, 
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Lymnaea Stagnalis by Patel et al in 2006 [5]. The study by Patel et al utilized carbon fiber 

microelectrodes and this study will focus on the benefits of using paper electrodes as NO sensors. 

The objective of this study is to fabricate NO sensors on paper and characterize their properties 

such as sensitivity, selectivity, and detection limit.  This will be done using electrochemical 

techniques and the relationship between current and NO concentration will be determined. Finally, 

this study will also utilize the sensors in endothelial cell culture.  

1.2 Thesis Outline    

The outline of this study is as follows. There are eight chapters followed by references and 

appendices. Chapter One is an introduction providing the necessary context for this study and the 

objectives it seeks to fulfill. Chapter Two is a literature review analyzing the current field of study 

regarding nitric oxide (NO), electrochemical detection methods, paper sensors, and cell culture. 

Chapter Three further expands on the specific objectives of this research and the solutions it 

proposes to achieve these objectives. Chapter Four outlines the methodology employed by this 

study to achieve the objectives. Chapter Five and Chapter Six are two scientific articles produced 

from the research conducted in this study. Chapter Seven discusses the general results and 

implications of this study. Chapter Eight is composed of conclusions that can be drawn from the 

research conducted for this study and recommendations for future studies.  
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CHAPTER 2 LITERATURE REVIEW 

This chapter will examine the existing literature regarding the main foci of this research. It will 

examine nitric oxide (NO) from a molecular, historical, and physiological perspective. It will 

examine various methods to detect NO, specifically electrochemical methods, and detail their 

advantages and drawbacks. Subsequently, this review will analyze the historical development of 

paper sensors as well as their various forms and uses. Finally, this review will examine the use of 

paper sensors in endothelial cell culture and the difficulties associated with the detection of NO in 

in vitro cell culture. 

2.1 Nitric Oxide  

2.1.1 History, Synthesis, and Molecular Overview  

Nitric oxide (NO) is a ubiquitous biological molecule released by a variety of cells and performs a 

wide range of functions. NO was first discovered in the late eighteenth century by British chemist 

Joseph Priestley. It is a colorless toxic gas, and it is one of the most extensively studied molecules. 

Professor Salvador Moncada discovered the secretion of NO by endothelial cells [6]. The Nobel 

Prize in Physiology or Medicine was awarded to Ferid Murad, Robert F. Furchgott, and Louis J. 

Ignarro for the discovery of the role of NO as a signaling molecule in the cardiovascular system in 

1998 [7]. The function of NO as an endothelium derived relaxing factor (EDRF) was reported in a 

1987 paper by Ignarro et al [8]. According to Levin et al. in 2012, it is best known for its role in 

the vasculature [9]. 

The synthesis of NO is a product of several reduction-oxidation (redox) reactions with L-arginine, 

nicotinamide-adenine dinucleotide phosphate oxidase (NADPH), molecular oxygen, and NO 

synthases (NOS) enzymes. In this reaction, NO is formed via a reaction with L-arginine and 

NADPH in the presence of O2 which degrades L-arginine to L-citrulline. NO is produced by 

different NOS in various tissues. 

𝑳 − 𝑨𝒓𝒈𝒊𝒏𝒊𝒏𝒆 + 𝑵𝑨𝑫𝑷𝑯 + 𝑶𝟐   ⟶
𝒆𝑵𝑶𝑺
𝒊𝑵𝑶𝑺
𝒏𝑵𝑶𝑺

⟶ 𝑳 − 𝑪𝒊𝒕𝒓𝒖𝒍𝒍𝒊𝒏𝒆 + 𝑯𝟐𝑶 + 𝑵𝑨𝑫𝑷 + 𝑵𝑶 

Figure 2-1: Chemical equation for the formation of NO via the degradation of L-arginine to L-

citrulline in the presence of NOS enzymes.  
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There are three main types of NOS enzymes specifically, neuronal-NOS-1 (nNOS), inducible 

NOS-2 (iNOS), endothelial NOS-3 (eNOS). There are also some authors who refer to a fourth NOS 

enzymes called mitochondrial NOS (mtNOS). The NOS enzymes are produced by different tissues 

and bodily systems with nNOS being produced by neuronal and skeletal muscle tissue whereas the 

endothelium is where eNOS is primarily expressed. However, unlike the other NOS enzymes 

(nNOS and eNOS), iNOS is regulated at the level of gene transcription and is inducible in response 

to biological condition such as inflammation [9], [10], [11]. 

NO has a simple structure and a low molecular weight (MW) of 30.01 grams per mole, a density 

of 1.34 grams per litre, and a low solubility in water of 1.9 mM. NO is a free radical with an 

unpaired electron and therefore it is a very reactive molecule with a short half-life of 3-5 seconds 

in vivo, and it can only travel a limited distance before the molecule is oxidized [12]. These 

characteristics limit the bioavailability of NO temporally and spatially and increase the difficulty 

of detecting the molecule and quantifying its concentration [9]. 

2.1.2 Functions of NO  

As stated above, there are various functions carried out by NO. It plays key roles in different bodily 

systems including the immune and nervous systems. NO that is derived from mtNOS has enormous 

impacts on the life and the death of cells. It ‘effectively controls mitochondrial respiration, oxygen 

(O2) consumption, transmembrane proton gradient and potential and adenosine triphosphate (ATP) 

synthesis’[9]. There are both acute and chronic impacts of NO on mitochondrial respiration. 

Inflammatory iNOS induction produces elevated NO levels which contest with O2 causing a form 

of hypoxia referred to as “nitroxia” which produces reactive oxygen and nitrogen species 

(ROS/RNS). NO or RNS can permanently inhibit mitochondrial electron transport chain (ETC) 

complexes which undermines adenosine triphosphate (ATP) production which has cytotoxic 

effects. Therefore, acutely NO causes the reduction of mitochondrial oxidative metabolism. 

However, chronically it increases oxidative metabolism on a cellular level[13]. This is because it 

controls the content of the mitochondria and the energy balance of the body in response to the 

environment or internal bodily conditions and therefore functions as a “trigger” for the process of 

mitochondrial genesis. The seeming contradiction between nitric oxide causing a rise in oxidative 

metabolism on a cellular level while simultaneously decreasing the oxidative metabolism within 
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an individual mitochondrion in a cell is explained by the increase in mitochondrial efficiency[14]. 

Mitochondrial ETC produces adequate ATP and decreases consumption of oxygen. 

NO plays a role in both cell protection and cell death. This is because it can instigate ‘adaptive cell 

survival signaling’ as it impacts mitochondrial defense mechanism which provides protection for 

the cells[15]. However, it also plays a role in cellular death as high NO concentration are cytotoxic. 

It can cause tyrosine nitration of cell elements, specifically of parts of the mitochondria and 

therefore play a central role in apoptosis. Extremely high amounts of NO can also result in 

mitochondrial failure through inhibiting the necessary respiration for cell survival[16]. This would 

prevent apoptosis and lead to necrosis because of an inability of the cells to acquire the energy 

essential for their survival. 

There are three pathways by which NO carries out its role as a signaling molecule[17], [18]. The 

first mechanism involves activating guanylate cyclase (GC). The second mechanism involves the 

formation of S-nitroso thiol. The third mechanism involves the activation of mitogen protein 

kinases which is activated by the formation of peroxynitrite, a product of a reaction between NO 

and oxygen gas.   

Furthermore, NO carries out a variety of functions in the central nervous system (CNS) and the 

peripheral nervous system (PNS). These functions range from modulating synaptic plasticity and 

the sleep-wake cycle to maintaining fluid balances and reproductive processes [19]. NO also has 

an impact on brain development, memory formation, and behaviour. The inhibition of NO produces 

amnesia which can be overcome through the injection of L-arginine [20]. NO inhibition also 

impairs spatial learning and olfactory memory [21]. Physiological amounts of NO are 

neuroprotective, however if NO is produced in excess it can cause cell damage and 

neurodegenerative diseases [22], [23]. 

As well, in the immune system NO plays many roles regarding infectious diseases, autoimmune 

processes, and chronic degenerative diseases. NO in the immune system is released by 

macrophages, among other cells, in response to cytokines and microbial compounds with anti-

tumour and antimicrobial impacts [24]. In infectious diseases, NO can play a role in combatting 

the disease as it does in regards to malaria [25]. It can also exacerbate the illness, as is the case with 

HIV, likely because of the inhibition of T cell proliferation [26]. 
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2.1.3 Function of NO in the Vasculature  

As previously mentioned, one of the most famous aspects of NO is the significance of the molecule 

in the vasculature. Palmer et al first reported the release of NO by the vascular endothelium in 1987 

[27]. In 1988, they discovered that NO was produced from L-arginine through the chemical 

reaction depicted in Figure 2-1[28]. NO controls blood flow and NO plays a significant role in the 

repair of the vasculature and angiogenesis[29]. The depletion of NO is correlated with a significant 

increase in blood pressure. It also regulates the oxygen consumption of the vessel wall. As a result, 

a decline in the availability of NO leads to blood circulation having a heightened sensitivity to 

available oxygen [30].  

Endothelial cells generate vascular NO from eNOS. The endothelium is subjected to stress from 

external circumstances as well as chemical conditions and blood flow. One of the roles of NO is to 

protect the “functional ability” of endothelial progenitor cells (EPCs) to allow these cells to partake 

in the process of repairing the vasculature as well as angiogenesis [9]. Endothelial cells generate 

NO in response to hemodynamic stimuli and as a response to shear stress [31]. The NO can diffuse 

to smooth muscle cells where is activates soluble GC producing 3,5- cyclic guanosine 

monophosphate (cGMP) [32]. The activation of soluble GC invokes the first NO signaling 

mechanism discussed in the previous subsection and the production of cGMP is shown to mediate 

relaxation of smooth muscle cells. NO thus plays a role as a vasodilator. This has been 

demonstrated by the fact that NO inhibition using analogues of arginine in in vitro and in vivo 

prevents endothelium dependent relaxation of human vessels [33]. The most significant impact of 

NO inhibition on vasodilation is on vascular resistance. The resistance to blood flow almost 

doubles with the inhibition of NO and systemic NO inhibition elevates blood pressure [34]. In 

addition, hypertension has also been observed in mice in which lack the gene for eNOS illustrating 

the role of NO in mediating basal vasodilation [35]. 

NO also inhibits activation and expression of adhesion molecules in the vasculature. This prevents 

platelet aggregation and platelet adhesion to the endothelial surface contributing to its anti-

inflammatory properties on the vessel wall [36]. NO also inhibits smooth muscle cell replication 

and migration [37], [38]. Furthermore, endothelial NO limits intimal hyperplasia after balloon 

injury [39]. 
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Figure 2-2: NO in the Endothelium. Reproduced with permission[32].  

2.1.4 Bioavailability of NO in the Vasculature  

There are various factors that could cause a reduction of the bioactivity and bioavailability of NO. 

The factors that impact the bioavailability of NO include decreased eNOS expression and activity, 

low levels of physical activity, and cell senescence[40]. Decreased eNOS expression may occur 

due to advanced coronary heart disease (CHD) which has a deleterious effect on NO production. 

The production of NO can also be lowered due to arginases because of the hydrolysis of L-

Arginine. Low levels of physical activity would cause a reduction in eNOS expression because of 

the lower levels of blood flow and therefore NO production. Furthermore, low activity levels are 

associated low amount of shear stress. This has an adverse impact on NO production because fluid 

shear stress is one of the major factors in the production of NO. This is because NO production 

will allow the blood vessels to maintain homeostasis by returning the shear stress levels towards 

normal. Older cells also reduce NO levels because these cells are insulin resistant, and insulin 

promotes the production of NO under normal conditions[41].  

There are a variety of physiological impacts of the low bioavailability of NO. The health impacts 

include abnormal vascular function, abnormal muscle metabolism, and insulin resistance. The 
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reduction of bioavailable NO results in the restriction of blood vessel (vasoconstriction) and 

inflammation[42]. Vasoconstriction will occur because a decline of NO bioavailability lead to a 

loss of vasodilators which serve to expand the blood vessels. Furthermore, prolonged chronically 

low levels of NO will lead to the thickening of the medial vessel wall and the stiffness of the vessel 

which is known as atherosclerosis[43]. Another impact of low levels of NO would be impaired 

muscle metabolism. This is because a decline in NO production would reduce the size of the 

mitochondria which would limit ATP production and oxygen consumption. As well, insulin 

resistance, which was previously mentioned as a potential cause of a decline in NO production, is 

also a consequence of low levels of NO which are correlated with the development of insulin 

resistance. This has been demonstrated in mice with mice that are deficient in eNOS suffering from 

insulin resistance.  

2.2 Detection of NO  

There are various methods of NO detection including colorimetric assays and fluorescent markers 

as well as chemiluminescence, electrochemistry, gas chromatography, and electron paramagnetic 

resonance (EPR) [12]. There are a variety of challenges in the detection of NO and improving the 

sensitivity and selectivity while lowering the limit of detection (LOD) remains challenging. The 

detection of NO in vivo is a difficult task because of the short half-life of 3-5 seconds in biological 

tissues as well as the fact that as a radical molecule it can freely react with other molecules [12], 

[44]. This is because of its radical nature which leads it to be quickly oxidized. As a result, direct 

measurements of NO in vivo are difficult to acquire and often NO is measured indirectly by 

studying its products such as nitrite and nitrate. Furthermore, recent research has suggested that the 

in vivo concentration range of NO is approximately 0.1-5 nM which is significantly lower than 

earlier studies has suggested [45]. However, the half-life in aqueous solutions is much longer (~500 

seconds), which makes the in vitro detection of NO less challenging.  

2.2.1 Colorimetry 

The use of colorimetry for the detection of NO relies on the quantification of the colour change. 

The change in colour is the consequence of the two-step Griess reaction between nitrite and 

sulfanilic acid which produces a red-violet coloured dye which has a absorption peak of 

approximately 540 nm[46]. The reaction was first studied by the German chemist Johann Peter 

Griess in the late nineteenth century. The Griess assay is method for the indirect measurement of 
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NO through the measurement of nitrite. Colorimetry is a rapid and low-cost method that allows for 

the detection of NO. Furthermore, modifications to Griess assay can improve the resolution and 

efficiency of the technique [47]. However, it is an indirect method with low sensitivity and does 

not allow for localized measurements[48]. 

2.2.2 Fluorescence  

Fluorescent markers are another method for NO detection with 2,3-diaminonaphthalene (DAN) 

and diaminofluoresceins (DAF) working as two common fluorescent agents [12]. DAN is a 

fluorescent agent that reacts quickly with N2O3 which is a product of a two-step reaction between 

two molecules of NO and oxygen [49]. The reaction between DAN and N2O3 produces 2,3-

naphthotriazol (NAT) which is highly fluorescent with an excitation wavelength of 375 nm and an 

emission wavelength of 415 nm. The intensity of the fluorescence is proportional to the 

concentration of NO. Furthermore, NO as well as nitrite and nitrate do not directly react with DAN 

and therefore, the NO detection process will not interfere with the biological functions of the 

molecule. In addition, DAN has a limit of detection (LOD) of 10 nmol/L. However, there are 

problems associated with the use of DAN assays for NO detection, specifically its cytotoxicity and 

poor solubility in neutral buffer solutions. As well, the excitation wavelength for the fluorescent 

product is in the UV range (375nm) and UV light is damaging to cells. The requirement of UV 

light for excitation can also cause autofluorescence in a cellular sample. This interferes with the 

detection of NO by the fluorescent agent. 

DAFs are another type of fluorescent agent used for the detection of NO. The fluorescent product 

emerges from the reactivity of amine groups with NO in the presence of O2 [50]. The exact reaction 

mechanism is unknown; however, it is understood that DAF does not react with NO directly or 

with nitrate or nitrite. This allows for measurements which do not interfere with physiological 

functions of NO. Furthermore, DAFs have an excitation wavelength of 495 nm which is in the 

visible range. This makes them a favourable option for NO detection in cells because visible light 

is less harmful to cells than UV light and they are free from interference from autofluorescence 

[49]. In addition, the fluorescent product is not formed in the absence of NO under physiological 

conditions. However, it has been demonstrated that DAF reacts with azanone [51]. Therefore, there 

is potential for interference by azanone which could lead to false detection of NO. Additionally, 
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since DAF does not react with NO directly but rather with an oxidized product of NO, the oxidation 

rate of NO imposes a limit on the speed of NO detection. 

2.2.3 Other NO Detection Methods 

Colorimetric and fluorescence techniques are the most popular for the detection of NO. However, 

there are a variety of other methods that exists for NO analysis. Chemiluminescence, the emission 

of light from a chemical reaction, can also be employed for the detection of NO. The reaction of 

NO with ozone (O3) produces nitrogen dioxide (NO2). The nitrogen dioxide produced is in an 

excited state, and it emits a photon when it returns to its lower energy state. Another potential 

method for chemiluminescence is the reaction of NO with hydrogen peroxide (H2O2) which 

produces peroxy-nitrite (ONOO-), which is highly oxidative and reacts with chemiluminescence 

agents such as luminol[52]. A photomultiplier is used to convert the emitted photon into an 

electrical signal. The electrical signal is proportional to the NO concentration. Chemiluminescence 

is highly sensitive, can provide real-time measurements, and has been effective in measuring NO 

in endothelial cells. However, it cannot be used for in vivo measurements. Furthermore, the reaction 

mechanism utilizing ozone can cause problems because it is difficult to provide a repeatable and 

stable gas stream. 

Gas chromatography is another indirect method for NO detection. Gas chromatography is based 

on the separation of compounds based on their physical and chemical properties in the presence of 

gas flow [53]. This method is used for the indirect detection of NO because of the reactivity and 

short half-life of NO. Therefore, the products of NO, nitrite and nitrate are measured instead. The 

combination of gas chromatography and mass spectrometry allows for the simultaneous detection 

of both products [54].  

EPR or ESR (electron spin resonance) is also used for NO detection [12]. EPR is a method for the 

characterization of free radicals which are challenging to detect and measure because of their 

reactivity and short half-life. EPR transforms reactive free radicals into stable radicals through a 

reaction with a specific compound referred to as a ‘spin trap reagent.’ A commonly used spin trap 

reagent is iron (Fe) complex with dithiocarbamate derivates. EPR is an effective method for NO 

with many benefits, specifically its ability to provide critical information about free radicals in 

complex environments. However, it remains an expensive and time-consuming method.  
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2.3 Detection of NO with Electrochemical Tools 

Electrochemical methods are interesting for the detection of NO. They can be utilized to provide 

both in vivo and in vitro measurements. As well, they provide direct, real-time measurements with 

high sensitivity and selectivity. The principle utilized for the detection of NO with electrochemistry 

is the measurement of the current rise by the oxidation of NO on the electrode surface. The 

electrochemical set-up is typically a two-electrode or three-electrode system composed of a 

working electrode (WE) which is used for the detection of NO, a reference electrode (RE) which 

provides a base potential, and counter electrode (CE) to complete the circuit. These electrodes are 

immersed in solution containing NO and a positive potential is applied which results in the 

oxidation of NO in an electrochemical redox reaction. The NO oxidized is directly proportional to 

the flow of current through the WE. However, the type of electrode utilized is a matter of great 

significance for the detection of NO with electrochemistry [12]. 

There were various types of electrodes that can be used for the detection of NO. Early electrodes 

that were used for NO detection include platinum and platinum alloys [55], [56]. The first 

electrodes for the electrochemical detection of NO in vivo appeared in 1990 a paper by Shibuki in 

which a platinum wire was placed in a glass micropipette filled with sodium chloride and 

hydrochloric acid. The end of the micropipette was sealed with a membrane that was permeable to 

NO [57]. In 1994 a study by Bedioui et al. employed gold electrodes for the NO detection in 

solution [58]. 

As the electrochemical detection of NO occurs on the surface of the electrode, the physical and 

chemical properties of the electrode surface is critical, particularly for the detection of analytes 

such as NO which are present in very low concentrations [59]. The modification of the electrode 

surface can increase the speed of the electrochemical reaction, increase the conductivity of the 

electrodes, and alter the permeability of the electrode membrane [55]. These modifications to the 

electrode surface can improve response time, sensitivity, and the selectivity of the sensors to NO. 

The development of surface modified carbon fiber microelectrodes by Malinski and Taha in 1992 

is a significant step forward for electrochemical NO detection [60]. Malinski and Taha conducted 

cell measurements in situ with a LOD of 10 nM and demonstrated a linear response up to 300 µM. 

In this study, the microsensors were coated with Nafion to prevent any interference because Nafion 

is highly permeable to NO but impermeable to anions such as nitrite and nitrate. This development 
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was considered an important achievement because the “size, detection limit, linear range, response 

time, selectivity and applicability to in situ measurements cannot be found in any other method for 

measuring NO” at the time of publication [60]. 

2.3.1 Hydrogels and Xerogels  

Hydrogels are polymer chains that are infused with water because of their hydrophilic structure 

[61]. Hydrogels can be formed from natural, synthetic, or a combination of natural and synthetic 

polymers [62]. Hydrogels can absorb large amount of water in their interstices and maintain their 

structure because of crosslinking bonds. The properties of hydrogels such flexibility and adhesion 

and as well as biocompatibility and biodegradability make them attractive options for wound 

dressing [63]. NO has been demonstrated to play a role in healing wounds and injuries because of 

the role it plays in vascular homeostasis, cell growth and proliferation, antimicrobial action, and 

immune response [64], [65]. The antimicrobial effects of NO arise from its instability as a free 

radical which quickly forms reactive species, such as peroxy-nitrite, which can damage the cell 

membrane and can cause damage to DNA from which bacteria cannot defend themselves and 

therefore the bacteria are destroyed [66]. The short half-life and reactivity of NO mean that NO is 

usually provided to tissues via an ‘NO donor’ which is a molecule that releases NO. As a result, 

the creation of NO hydrogels to store and deliver NO to the site of injury, combining the wound 

healing and wound dressing functions of NO and hydrogels respectively, is an attractive idea. 

There are different types of hydrogels that have demonstrated the ability to store, release and 

deliver NO including composite, polyvinyl alcohol (PVA) based, thermos-responsive, injectable, 

in situ, supramolecular, and hydrogel forming microneedles. As stated above, these hydrogels can 

be composed of natural or synthetic polymers, however synthetic polymers are less suited than 

natural polymers to adhesion and cell proliferation [67]. In 2023, the Meyerhoff group created an 

injectable hydrogel composed of the natural polymer alginate that can facilitate the controllable 

release of NO [68]. S-nitroso-N-acetyl-penicillamine (SNAP) functioned as an NO donor in the 

injectable hydrogel and the antibacterial activity of the hydrogel was correlated with the SNAP 

degradation over 24 hours.  

Xerogels are fabricated through the evaporation of the liquid present in the pores of hydrogels at 

ambient temperatures [69]. Biosensors produced using xerogels have been demonstrated to be swift 

and highly sensitive detection of studied molecules. A fluorinated xerogel layer on carbon fiber 
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microelectrodes has been used in vivo in the brains of adult rats for the detection of NO [70]. 

Carbon fiber microelectrodes coated with a fluorinated xerogel layer had greater selectivity than 

comparable electrodes coated with a Nafion layer. This is because electrodes coated with Nafion 

demonstrate high sensitivity to dopamine and serotonin as Nafion is a negatively charged molecule. 

However, the electrodes coated with Nafion had a slightly higher sensitivity although the sensitivity 

results were comparable. 

2.3.2 Eugenol  

Eugenol (EUG) is a pale yellow, naturally occurring compound with a MW of 164.2 grams per 

mole. It has a chemical formula of C10H12O2. There are various sources for eugenol including 

nutmeg, cinnamon, and a variety of plants [71]. EUG is also the major component of the oil 

extracted from cloves, a spice native to a chain of islands part of Indonesia [72]. Steam distillation 

is the most common method of EUG extraction, following the extraction of oil from plants. There 

are a variety of health benefits of eugenol consumption including anti-tumour, antioxidant, 

antidiabetic, and anti-inflammatory effects as well as neuroprotective and anti-microbial 

properties[73].  

 

Figure 2-3: Structure of eugenol. 

EUG is declared by the World Health Organization (WHO) to be generally recognized as safe 

(GRAS) and is biocompatible[71], [74]. Therefore, it can be used as a coating on NO sensors in 

biological mediums. The benefit of EUG is that it improves the selectivity of the sensors to NO 

[75]. This is because although other coatings to improve the selectivity of NO, such as Nafion, 

protect the sensors from detection interference by anionic compounds such as nitrite, they do not 

protect the sensors from interference from cationic molecules such as dopamine. However, 
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although higher concentrations of EUG result in sensors with improved selectivity to NO, they also 

reduce the sensitivity of the sensors to NO [74]. NO biosensors coated with EUG have 

demonstrated high sensitivity, selectivity, and a low LOD [74], [76]. 

2.4 Paper biosensors  

There are several benefits of paper sensors for biomedical research and detection. Paper is an 

inexpensive and ubiquitous material that is portable, disposable, and easy to use [77]. Whatman 

filtration paper is often used for production of paper sensors because of its low cost, commercial 

availability, and wicking properties [65]. Paper sensors are key to acquiring information rapidly 

and conducting real time monitoring, particularly in low income countries [79]. Furthermore, paper 

is biocompatible and the porosity of paper can be manipulated for the production of paper-based 

microfluidic channels [80]. The Whitesides group at Harvard University investigated patterned 

paper that is technically simple, low-cost, and portable for bioassays [81]. The Whitesides group 

also studied the printing of polydimethylsiloxane (PDMS) onto paper [82]. The printing of 

hydrophobic materials such as PDMS onto paper creates an impermeable barrier for aqueous 

substances which allows for the clear definition of microfluidic channels. Paper sensors can be 

used for a variety of detection methods. However, most of the research on paper sensors rely on 

colorimetric techniques for detection [83], [84]. However, colorimetric techniques are limited in 

scope because of their low sensitivity, high LOD, and short linear ranges.   

2.4.1 Electrochemical sensors on paper  

Electrochemical sensors on paper make an attractive alternative to colorimetric sensors because 

they can be conducted rapidly and achieve high sensitivity and selectivity [85]. In 2009, the Henry 

group produced the first demonstration of electrochemical detection using paper-based 

microfluidics [86]. The paper electrodes were characterized using cyclic voltammetry (CV) and 

were tested using glucose, lactate, and uric acid. Electrochemical paper analytical devices (ePADs) 

have been used for the detection of metals in aerosol samples [87]. These ePADs, referred to as 

Janus ePADs, were used to simultaneously detect multiple metals including cadmium, lead, copper, 

iron, and nickel. Janus ePADs were also used to simultaneously detect two different 

neurotransmitters, serotonin and norepinephrine [88]. 
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The Whitesides group combined ePADs with glucometers to rapidly analyze and quantify the 

glucose, cholesterol, lactate in blood and urine [89]. Paper-based microfluidic devices were also 

used to detect glucose, lactate, and uric acid in an artificial urine solution [90]. This was achieved 

with an LOD of 0.35, 1.76, and 0.52 mM for glucose, lactate, and uric acid respectively. A later 

study employed paper-based microfluidics devices coated with zinc oxide nanowires (ZnO NWs) 

to improve the sensitivity and lower the LOD to a range of 59.5-94.7 µM depending on the radii 

of the sensors [91]. 

Electrochemical sensors on paper have also been utilized in cell culture as well. Paper-based 

electrochemical sensors have been used for the detection of cancer cells with high sensitivity [92]. 

As well, a paper working electrode with platinum nanospheres grown upon it was successfully used 

for the real-time determination of hydrogen peroxide flux in situ[93].  

2.5 Cell Culture  

The use of the paper sensors in in vitro cell culture is necessary for the determination of the utility 

of the sensors in biological situations. Three-dimensional (3D) cell culture platforms are desirable 

to mimic living tissues  [94]. This is particularly important for the study of cell adhesion and tumour 

biology [95]. 3D cell cultures on paper provide an ideal platform to model tissue and organ 

processes, such as angiogenesis [96]. Paper is an effective substrate for the culture of breast cancer 

that mimics the behaviour of the solid tumours. Furthermore, paper platforms provide an excellent 

control over the composition of the extracellular matrix (ECM) [97]. 

Endothelial cells (ECs) are ideal to study the role of NO in the angiogenic processes. Human 

umbilical vein-derived endothelial cells (HUVECs) were first isolated in 1973 [98]. The studies 

found that it was possible to culture HUVECs for up to five months and the cells could be identified 

by their immunological and morphological properties. EA hy926 is a continuous and permanent 

cell line produced by the synthesis of HUVECs with the A549 cell line [99], [100]. Weibel-Palade 

bodies (WPBs) are soft rod-shaped structure found in humans and rats [101]. WPBs are exclusively 

found in ECs and are an identifying feature of the EA hy926 cell line as they have not been 

discovered in any other cell line [102], [103]. A study by Bauer et al. in 1992 predicted that this 

cell line could prove to be a useful for modeling angiogenesis [104]. This was because of the plating 

of these cells onto Matrigel results in the cells forming capillary-like tubes, a process resembling 

angiogenesis in vitro.  
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2.5.1 Vascular Endothelial Growth Factor  

The development of the vasculature is a process composed of vasculogenesis and angiogenesis 

which refers to the creation of the initial blood vessels and the growing of new blood vessels from 

the pre-existing vessels, respectively. The survival of all cells is dependent on their ability to access 

oxygen and nutrients. The diffusion limit of oxygen is approximately 100-200 µm[105]. Therefore, 

for organisms to develop beyond this size, the cells must develop new blood vessels through 

angiogenesis. Vascular endothelial growth factor (VEGF) is a growth factor promoting the 

angiogenic process [106]. VEGF is the most significant regulator of blood vessel formation or 

angiogenesis. It is expressed in endothelial and non-endothelial cells alike [107]. VEGF plays an 

important role in central nervous system (CNS), cardiovascular system, and the bone. VEGF has 

also been demonstrated to increase the concentration of NO[108]. VEGF was first discovered in 

1983 from a study involving tumour cells. VEGF is also referred to as VEGF-A because it is the 

founding member of the VEGF family. Members of the VEGF family have been discovered in all 

vertebrate species.   

However, VEGF is also highly expressed in cancerous tissues. Anti-VEGF therapy has been 

utilized as cancer treatment to inhibit the growth and metastasis of tumours because it can prevent 

the angiogenic processes which are necessary for the growth of the size of the tumour [109]. 

2.5.2 Angiogenesis in Cancer  

The angiogenic processes play a vital role in the growth and metastasis of cancerous tumours [110]. 

Cancer cells develop at a rapid pace compared to non-cancerous cells which results in higher 

secretion levels of pro-angiogenic factors and molecules such as VEGF and NO to sustain the rapid 

development of cancer cells. This leads to pathological angiogenesis in which impairs the necessary 

stages of vascular development. The resultant tumour vasculature is highly abnormal with fragile 

blood vessels that produce loops, dead-ends, and have insufficient diameters [111]. This presents 

severe obstacles in cancer treatment as it prevents the flow of anti-cancer medication to the interior 

of the tumour because of leakage from the vessels [112]. Furthermore, the blood vessels that are 

produced are sometimes composed of a composite of ECs and cancer cells which facilitates the 

metastasis of the tumour to other tissues and organs [113]. 
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Figure 2-4: Summary of the pro- and antiangiogenic activities of NO in relation to its 

concentration and capacity to produce an ROS/RNS burst. Reproduced with permission[114].  
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CHAPTER 3 OBJECTIVES  

The focus of this chapter is specifying the objectives of this study and outlining the solutions that 

were developed to achieve the desired objectives. 

3.1 Objectives 

The principal objective of this study was to fabricate paper sensors that could determine the 

concentration of NO in endothelial cell culture utilizing electrochemical tools.  

The sub-objectives of this study were the following.  

1. Fabricate paper sensors and characterize them using electrochemistry.  

2. Determine the relationship between NO concentration and measured current.  

3. Analyze the sensitivity, limit of detection (LOD), and selectivity of the paper sensors to NO 

4. Utilize the paper sensors in biological environments, specifically endothelial cell culture, 

in the presence VEGF. 

3.2 Solutions 

This project is focused on using paper-based sensors for detecting NO using electrochemical 

methods. The main hypothesis of this study is that coating the carbon nanotube (CNT)-based paper 

sensors with eugenol will improve the sensitivity of the paper electrodes to the presence of NO and 

that the coating of Nafion will increase the selectivity of the sensors to NO opposed to other 

common biological molecules. 
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CHAPTER 4 METHODOLOGY  

4.1 Chemicals and solutions 

The chemicals that were utilized in this study were purchased from Millipore-Sigma (Canada) 

unless specified otherwise. The chemicals that were utilized include carbon nanotubes (CNT), 

Nafion, EUG, phosphate buffer solution (PBS), and DEANONO-ate, a NO-donor. The CNT ink 

was used as received and at the concentration provided by Millipore-Sigma and the PBS solution 

was prepared using the methodology specified on the package. Nafion was diluted to a 

concentration of 5% v/v in ethanol and the eugenol was prepared at a concentration of 0.1 mM in 

0.1 M NaOH. 

4.2 NO Sensor Fabrication 

There were six main steps involved in the fabrication of the paper sensors. The first step was to 

acquire Whatman filter paper and laser cut the paper into long and narrow strips with the 

dimensions in the 10 mm in length and 2 mm in width using the Rayjet 50 30-Watt CO2 laser cutter 

in the BASyL Lab. The parameters were optimized to cut into the paper with no discernible burn 

or smoke marks with a power of 3 Watts, a speed of 7.5cm/s, and a frequency of 2000Hz. The 

second step was to dip coat the laser cut paper strips with CNT. This was done by submerging the 

paper in CNT ink three times and drying the paper on a glass wafer in between each dip coating. 

Afterwards, the paper was placed in the oven for five minutes at 100 ºC. The third step is to insulate 

the working part of the electrode from the part that will be connected to the electrochemical system 

and the potentiostat. This task was completed by cutting long strips of parafilm and placing them 

across the middle section of both sides of the electrodes. The electrodes were then placed in the 

oven at 100 ºC until the parafilm had melted onto the paper electrodes. The fourth step was to coat 

the working part with Nafion utilizing the same method that was employed to coat the paper with 

CNT ink. The strips were dip coated with Nafion three times and left to air dry on a glass wafer in 

between each coating. Subsequently, the paper electrodes were placed in the oven for four minutes 

at 90 ºC to bake the Nafion layers. The fifth step was to cut the working part of the paper electrodes 

to the desired length. The desired length was approximately 2-3 mm. The electrodes were placed 

under a ruler and 2-3 mm from the bottom edge of the parafilm was measured and the paper 

electrodes were cut from that point with a scalpel knife. The final step in this process was to coat 

the working part of the electrode with EUG. This task was completed using electrochemical 



20 

 

 

techniques that will be discussed further in the subsequent section. The paper electrode was 

connected to the CHI 1040 potentiostat along with a reference electrode (RE) and a counter 

electrode (CE) and was placed in a small beaker containing 10 mL of 0.1M NaOH containing 

0.1mM eugenol. Subsequently, cyclic voltammetry (CV) was run on the potentiostat for 25 cycles 

at 100 mV/s with a potential range of 0-1.25V.    

 

Figure 4-1: A- NO sensor fabrication process starting with 1. Whatman filter paper 2. paper 

coated with CNT ink 3. parafilm coated onto the middle section of the sensor 4. active part cut to 

2mm and coated with nafion and eugenol and B- fabricated NO sensors. 

4.3 Electrochemical Methods  

The sensors were used to detect and quantify the concentration of NO in a solution using 

amperometry and differential pulse voltammetry (DPV) in a three-electrode system. The sensors 

are first placed in a blank solution containing 10 mL of PBS and the current is measured. 

Afterwards, the electrodes are placed in solution containing 10 mL of PBS and 100, 200, and 300 

µL of DEANONO-ate which is a NO progenitor.  
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Figure 4-2: NO sensor connected to potentiostat with crocodile clips as part of a three-electrode 

system. 

4.3.1 Three Electrode System 

The electrodes were connected to a potentiostat, which is a device that controls the potential and 

measures the current, using crocodile clips. The electrodes were analyzed as part of a three-

electrode system. The three-electrode system is composed a working electrode (WE), a reference 

electrode (RE), and a counter electrode (CE). The WE are the electrodes whose behaviour is being 

studied and, in this study, the paper sensors function as the WE. The RE is the electrode that 

provides a fixed base potential. The CE completes the circuit by providing a conductive path for 

the electrons flowing through the reaction [115]. In this system, the RE is a silver|silver chloride 

(Ag|AgCl in 3M NaCl) electrode and the CE is a platinum wire electrode. 
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Figure 4-3: Electrical circuit schematic of potentiostat connected to a three-electrode system. 

4.3.2 CV, DPV, and Amperometry  

The primary methods of electrochemical analyses employed in this study to characterize the paper 

sensors are differential pulse voltammetry (DPV) and amperometry as well as cyclic voltammetry 

(CV) in the fabrication process. Voltammetry is an electrochemical process in which the potential 

varies, and the current is measured. CV linearly increases and decreases the potential repeatedly. 

This produces a cyclic voltammogram, CV. On the other hand, DPV is a slower electrochemical 

technique in which “small amplitude, short pulses are superimposed on a linear ramp” [116]. The 

parameters utilized for the DPV were 2 cycles with 0 - 1.0V for the potential with a scan rate of 

100 mV/s. 

Amperometry is another electrochemical technique in which the potential is fixed, and the current 

is measured over time. It illustrates the rise and degradation of the current within a given time 

frame. In this study, amperometry was utilized because NO oxidizes when exposed to oxygen and 

therefore the measured current could decline as the molecule was oxidized. Amperometry was used 

to determine whether three trials of DPV scans could be conducted, taking approximately seven 

minutes, without the NO being oxidized. The parameters utilized were the following. The potential 

was fixed to 0.9V and the time frame was 1800 s with the first five minutes (300 s) allowing the 

current to stabilize.   
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Figure 4-4: Diagram presenting the potential input waveform of DPV.  

4.4 Cell Culture  

After the NO sensors were characterized in chemical solutions, the sensors were utilized in 

endothelial cell culture to determine the efficacy of the sensors in biological environments. EA 

hy926 cells (purchased from ATCC) were harvested with a cell scraper. The cells in the cell culture 

were aspirated several times to break down cell agglomerates. The cell suspension was 

centrifugated at 1000 RPM for 5 mins. The pellet was resuspended in cold (4°C) extracellular 

matrix (ECM) gel from Engelbreth-Holm-Swarm murine sarcoma to reach a cell concentration 5 

107 cells/ml. 2 μl of this cell suspension, containing 100,000 cells, was drop cast on the sensing 

part of the paper device and allowed to set on the incubator for 5 mins. 

The three-electrode system was set-up in the same manner as it was done in the chemical solution 

The electrode with cells placed upon it was attached to the WE connection and place it in 8 mL of 

PBS. Afterwards, the amperometry was started with the same conditions as before for 1800s. 2 mL 

of VEGF was added to the solution after ~five minutes (300s, which was used to allow the current 

to stabilize) to reach a final concentration of VEGF of 100 ng.ml-1. The amperometry was run for 

the remaining 1500s.  
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4.5 SEM and XPS  

The fabricated paper sensors were analyzed under the scanning electron microscope (SEM) The 

SEM utilized was the Quattro ESEM in the CM2 service in Polytechnique Montreal. The paper 

sensors were examined at each stage of sensor fabrication. The images were taken of blank 

Whatman filter paper, paper coated with CNT ink, paper coated with CNT and Nafion, and lastly 

finished electrodes with CNT ink, Nafion, and electropolymerized eugenol.   

The sensors were also analyzed using X-ray photoelectron spectroscopy (XPS). XPS is a high 

vacuum surface analytical tool is based on the photoelectric effect in which electrons are emitted 

from surfaces irradiated by light. It is a method that is used for surface chemical characterization 

that provides information about the surface chemistry, elemental composition, and bonding 

structure of a material [117]. The XPS that was utilized was the VG ESCALAB 250Xi in 

Polytechnique Montreal and were analyzed at the same four stages as the SEM. The paper sensors 

were attached to insulating substrates and the spectra were analyzed using Avantage v6.5 with all 

high-resolution peaks fitted using symmetrical Lorentzian/Gaussian peak functions[118]. 

4.6 Data Analysis  

The data acquired using the CHI 1040 potentiostat (CHInstruments, Texas, USA) was analyzed 

using MATLAB R2022a and the data values are reported as the mean ± the standard deviation, or 

as the median value. The sensitivity of the electrodes is defined as the slope of the linear fit of the 

current and NO concentration calibration curve. The limit of detection (LOD) was defined as the 

detected current in the blank solution plus three times the standard error and then divided by the 

sensitivity. The sensitivity and LOD values for the electrodes studied in this research is presented 

in Appendix A. The concentration of NO present in a sample following an injection of DEANONO-

ate was calculated using an ordinary differential equation provided in study conducted by Griveau 

et al. in 2007 at the University of Paris [119]. The calculations and the values for the maximum 

NO concentration from the injection of the concentration of DEANONO-ate that was conducted in 

this study is available in Appendix B. 
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CHAPTER 5 ARTICLE 1: PAPER SENSORS FOR THE 

MEASUREMENT OF NITRIC OXIDE RELEASE FROM 

ENDOTHELIAL CELLS 

5.1 Presentation of Article 1  

This chapter will present the article titled “Paper sensors for the measurement of nitric oxide release 

from endothelial cells.” This article was submitted on May 10th, 2024, to Sensors and Diagnostics, 

a scientific journal published by the Royal Society of Chemistry. This journal is focused upon 

sensors, sensing devices, and systems.  
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5.2  Paper Sensors for the Measurement of Nitric Oxide Release from 

Endothelial Cells 

Syed Hassan Ali1 and Raphaël Trouillon1,2,3,* 

1Department of Electrical Engineering, Polytechnique Montréal, Montréal, QC, Canada 

2TransMedTech Institute, Montréal, QC, Canada 
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Abstract: Nitric oxide (NO) is a ubiquitous and important biological mediator. However, its 

detection and chemical analysis are challenging due to its short lifetime in biological conditions. 

Paper-based nitric oxide (NO) sensors combining the ease of fabrication and affordability of paper 

to the quantitative capabilities of electrochemical methods are presented for the detection and 

quantification of NO in cultured cells. Nafion-coated and eugenol-functionalized paper were built 

and characterized using a NO-donor. The electrochemical interferences from nitrite, a common 

interferent for NO sensing, were successfully screened out. Finally, preliminary data were obtained 

from 100,000 endothelial cells cultured directly, in an extracellular matrix, on the paper device. In 

response to vascular endothelial growth factor exposure, NO secretion was detected and quantified. 

Keywords: nitric oxide, paper devices, electrochemical sensors, vascular endothelial growth 

factor, endothelial cells 

5.3 Introduction  

Nitric oxide (NO) is a ubiquitous biological mediator, a compound released by endothelial, 

neuronal, immune, and other cells to allow them to communicate with one another.[1–5] It is a key 

component of efficient immune response,[3,6] and a critical agent in the regulation of blood pressure 

and angiogenesis, the growth of new blood vessels.[7,8,8] However, extremely high rates of a NO 

synthesis is associated with adverse health conditions including cancer.[2,9] Tumors are typically 

highly angiogenic structures, containing high levels of growth factors.[10,11] One of these families 

of molecules, vascular endothelial growth factors (VEGF), activates endothelial cells into an 

angiogenic state and stimulates the secretion of NO.[7] VEGF is thus a clinical target, and anti-
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VEGF therapies are being used clinically.[12] Therefore, the quantification of NO release may be 

useful in the diagnosis of cancer as well as determining the efficacy of different cancer treatments.  

Unfortunately, the quantification of NO is challenging, especially in a biological context, owing to 

its short lifetime in physiological conditions as it is quickly oxidized to nitrites.[13] This rapid 

scavenging has complicated the accurate measurement of NO levels and thus impeded its precise 

study. Amongst the most common methods for NO detection and quantitation, the Griess test is a 

colorimetric assay.[14] This method oxidizes NO to nitrites and measure the nitrite levels. This two-

step strategy limits the selectivity of the assay, as endogenous nitrites are included in the readout, 

and are not compatible with fast, in situ analyses. Similarly, diaminofluoresceins are fluorescent 

compounds for NO detection.[15] They are suitable for fast microscopic assays, but are also prone 

to limited selectivity.[16] 

Electrochemical methods are attractive solutions for biosensors owing to their adaptability to a 

wide range of samples and measurement scenarios, sensitivity, low cost and rapid response time.[17–

19] As NO is electroactive, it can be readily oxidized on a wide range of substrates and several NO 

electrochemical sensors have been proposed. Malinski’s work highlighted the usefulness of 

porphyrinic compounds,[20,21] and eugenol-based electrodes have been proposed for the 

measurement of NO released by neurons.[22] There have been significant improvements in the past 

decade in the detection of NO with significant improvements in the selectivity, sensitivity, 

sensocompatibility, and cytocompatibility. [17] Limits of detection (LoD) of few nM have been 

reported with modified carbon microelectrodes.[22] However, most of these techniques are 

specialist solutions that limit the dissemination of the technology. 

Paper-based biochips have attracted significant interest over the last decade.[23–27] Paper is here 

used as a substrate for handling liquid passively, taking advantage of the capillary action of porous 

paper, but also for adding sensors, electronic or mechanical components. The wicking action of 

paper is particularly useful as it allows for pumpless microfluidics. Paper is easy to handle, cut and 

functionalize and is highly amenable to a wide range of bioassays.[23,28,29] The integration of 

electrochemical sensors has been demonstrated on several types of paper substrate.[30–34] These 

electrodes are usually made from conductive inks or polymers (e.g. PEDOT-PSS solutions, carbon 

nanotubes (CNT) or graphite suspension, etc.) deposited or printed directly on the paper.[35,36]  
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However, there are several limitations to paper-based electroanalytical devices.[37] The opacity of 

paper hinders the use of microscopy. Fluorescence microscopy or openings in the paper can help 

circumvent this issue.[38] The size of the features deposited on the paper is limited by the 

characteristics of the paper surface, i.e. the size of the pores (in the 10 to 100 μm range, depending 

on the paper). This sets a limit to miniaturization of features on paper substrates, even though 

specialized papers for printed electronics are available. The random nature of paper, especially the 

filter paper used here, can also impact the reproducibility of the devices. Finally, as the conductive 

structures are often printed and/ or deposited as a thin layer on the cellulose substrate, these thin-

film electrodes can typically show a lower conductivity than traditional ones. It has been found that 

maintaining small electrode dimensions can help limit the drop in potential in the device.[32] 

Electrode designs with low aspect ratios are better that ones with large aspect ratios, probably as it 

improves conductivity, but keeping overall all the dimensions as small as reasonably possible 

(typically 1 to 2 mm)  led to the best electrode response, possibly by lowering the electrode 

capacitance.[32] The smallest electrode dimension is set by the typical pore size (the device must be 

significantly larger than this distance to overcome the paper surface randomness) and the 

specifications of the laser beam. It also reduces the amount of reactant needed to functionalize the 

device. Taking these limitations into account, paper can nevertheless be used to build efficient 

sensors benefiting from ease of use and fabrication, as well as passive fluid handling via capillary 

action. 

Importantly, cell culture on paper substrates has been well described.[39] Here, cells are suspended 

in gel of extracellular matrix (ECM) and the solution is then spotted on paper. As the gel solidifies, 

an ECM matrix containing cells is maintained in the pores of the paper (typically a filter or 

chromatography paper), which here acts as a scaffold providing mechanical strength to the fragile 

gel. The resulting construct is a 3D cell structure that can be used for studying the cellular response 

to hypoxia, or testing drugs.[40,41] It has been reported which electrochemical sensors that these 

samples can be easily integrated into microfluidic chips and describe well the neurochemical 

response of the cells to stimulation,[42] or the ability of muscle cells to capture glucose when 

exposed to insulin.[43] The possibility to combine electrodes on paper to cell culture in the same 

paper device has recently been reported, and used to test different neurosecretion altering drugs.[38] 

In this study, paper-based sensors are fabricated and tested in varying concentrations of NO. The 

devices were also characterized with scanning electron microscopy (SEM) and X-ray photoelectron 
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spectroscopy (XPS). The final devices were calibrated and tested against common interferences. 

Finally, preliminary results showing the possibility of seeding endothelial cells onto the paper 

devices and observing their secretion of nitric oxide in response to VEGF exposure are reported. 

5.4 Methodology  

5.4.1 Chemicals and solutions 

Unless stated otherwise, all the reactants were purchased from Millipore-Sigma (Canada). 

Deionized water was used throughout the experiments (resistivity 18 MΩ cm). The CNT ink is a 

commercial aqueous suspension of single walled CNT (0.2 mg/ml, ref. 791490). The solution is 

supplemented with sodium dodecyl sulfate (SDS) to prevent aggregation of the nanotubes. 

5.4.2 Electrochemical setup 

All the electrochemical measurements were run with a CHI 1040C potentiostat (CHinstruments, 

TX, USA). A 3-electrode setup was used, with a Pt counter electrode and an Ag|AgCl (3M NaCl) 

reference electrode. All the electrode potentials are reported vs. Ag|AgCl (3M NaCl). In some 

experiments, 3-mm glassy carbon (GC) electrodes were used after polishing them with 0.03μm 

alumina slurry. 

 

 

Figure 5: Fabrication of the NO sensors. A- Schematics showing the preparation protocol:  1. 

Cutting paper pieces, 2. coating in CNT ink, 3. blocking part of the paper with paraffin, 4. 
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depositing Nafion and 5. electropolymerizing eugenol. B- Photograph of the final device, showing 

the different parts of the paper electrode (the scale bar shows 1 cm) 

5.4.3 Paper electrode fabrication 

Whatman filter paper was laser cut using a Trotec laser cutter to create paper electrodes (Figure 

5A). The paper electrodes were coated with the CNT ink.[31] The electrodes were dip coated in 

CNT three times and air dried after each coat by placing the paper electrodes on a glass slide. The 

electrodes were then placed in the oven for five minutes at 90°C. 3-4 mm-wide strips of parafilm 

were melted onto the paper electrodes by placing them on the paper, and then placing the paper 

electrodes into the oven at 100°C until the parafilm has melted. This section of melted paraffin is 

used to limit the active site of the electrode,[44,45] and prevent the capillary wicking of the test 

solution along the length of the paper electrode, as it could interfere with the connection to the 

potentiostat (see Figure 5A). The active part of the electrode was cut to a length of 2 mm to 

complete the paper device (Figure 5B). 

 

 

Figure 6: A- Chemical structure of eugenol. B- Typical CVs recorded during the 

electrodeposition of 0.1 mM eugenol in 0.1M NaOH (25 cycles, SR=100 mV s-1). The arrow 

indicates the order of the scans. 

5.4.4 NO Sensor functionalization 

The NO sensing functionalization was adapted from a published report.[22] The paper electrodes 

were coated with Nafion by dipping them three times in 5% v/v Nafion in ethanol solution and air 

drying after each coating. Afterwards, the electrodes were placed in the oven at 90°C for four 

minutes. The electrodes were placed in 0.1mM eugenol (see structure in Figure 6A) in 0.1M NaOH. 
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Cyclic voltammograms (CV) were run for 25 cycles at a scan rate SR=100 mV s-1 between 0 V and 

1.25 V (Figure 6B).  

5.4.5 SEM and XPS analyses 

SEM images of the different samples were acquired with a Quattro ESEM microscope. The sensors 

were also analyzed using x-ray photoelectron spectroscopy (XPS). A VG ESCALAB 250Xi was 

used to acquire XPS spectra. The paper sensors were attached to insulating substrates and the 

spectra were analyzed using Avantage v6.5 with all high-resolution peaks fitted using symmetrical 

Lorentzian/Gaussian peak functions.  

For both SEM and XPS, the paper sensors were examined at each stage of sensor fabrication: blank 

Whatman filter paper, paper coated with CNT ink, paper coated with CNT and Nafion, and lastly 

finished electrodes with CNT ink, Nafion, and electropolymerized eugenol. 

5.4.6 NO electrochemistry 

All the NO electrochemistry was performed in aerated PBS at room temperature. For the initial 

characterization of the system three repeats of differential pulse voltammetry (DPV) were run 

between 0 V and 1 V in PBS. Diethylamine NONOate (DEA-NONOate), a NO donor, was used 

as a NO source. Once exposed to a neutral pH, DEA-NONOate spontaneously releases NO 

molecules in a time- dependent manner.[46] A 10 mM-stock solution of DEA-NONOate was 

prepared in 0.01 M NaOH.[46] Different aliquots of this stock were pipetted into 10 mL of PBS to 

reach 100 µM, 200 µM or 300 µM final concentrations of DEA-NONOate. Three DPV were then 

run again with the same conditions to calibrate the sensor.The rate of the production and 

degradation of NO from DEA-NONOate was also analyzed with amperometry at 0.9V with a 

runtime of 1800 s. The first 300 s were used to allow the system to stabilize in PBS. Afterwards 

the DEA-NONOate was injected into the PBS ([DEA-NONOate]= 100 µM, 200 µM or, 300µM) 

and the current was measured for 1500 s. The baseline due to sensor stabilization was subtracted 

to isolate the contribution of the Faradic NO current. 

5.4.7 Simulation of NO release 

In addition to the experimental measurements, the kinetics of NO release from DEA-NONOate 

were computed using MATLAB. The concentration profile of NO release was calculated using the 
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differential equation provided by Griveau et al for the kinetics of NO release from DEA-NONOate: 

[46] 

𝑑[𝑁𝑂]

𝑑𝑡
+ 𝑘2

′ [𝑁𝑂]2 = 𝑘′𝑒−𝑘1𝑡 

where 𝑘2
′ = 4𝑘2[𝑂2], 𝑘2 = 2 × 106𝑀−2𝑠−1, [𝑂2] = 1.3 × 10−3𝑎𝑡𝑚−1, 𝑘′ =

𝑣𝑁𝑂𝑘1[𝑁𝑂𝑁𝑂𝑎𝑡𝑒]0, 𝑣𝑁𝑂 = 1.5, and 𝑘1 = 28.5 × 10−4𝑠−1. 

5.4.8 Cell culture and measurements 

The immortalized endothelial cell line EA.hy926 (from ATCC) was used as a vascular model. The 

cells were grown sub-confluently in DMEM supplemented with 10% fetal calf serum in a humid 

incubator, 5% CO2, 37°C. The medium was changed every other day, and the cells were passaged 

weekly, up to 10 passages. 

To measure NO release in endothelial cells, 100,000 cells in 2 μl ECM gel from Engelbreth-Holm-

Swarm murine sarcoma were deposited on the sensing part of a paper NO sensor. The ECM was 

allowed to set for 5 mins in the incubator, and the sensing extremity of the chip was then placed in 

warm medium for ~1 hr, in the humid incubator. 

To run the experiment, the device was placed in warm (37°C) PBS, an amperometric measurement 

was initiated at 0.9 V. After baseline stabilization (~100 s), VEGF was added to a final 

concentration of 20 ng ml-1.  

5.4.9 Fluorescence microscopy 

After allowing the ECM gel to set, the cells on the paper electrodes were fixed in 3.7% methanol-

free formaldehyde solution in PBS for 15 minutes at room temperature. Next, the cell membranes 

were permeabilized in 0.1% Triton™ X-100 in PBS for 15 minutes, and the PBE were next 

incubated during 40 min with Alexa Fluor™ 488 Phalloidin (ThermoFisher). Between each step, 

the samples were washed twice in prewarmed (37°C) PBS. 

After staining, the cells were imaged with a Nikon Eclipse TiE inverted C2 epifluorescence 

microscope fitted with a 20X objective, and z-stacks were acquired. ImageJ was used to process 

the micrographs. To better observe the paper geometry, differential interference contrast (DIC) was 

used to image the general topology of the sample. The DIC image was inverted and is here reported 
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in blue to highlight the position of the paper fiber. The contrast of the images was modified to 

better show the position of the cells in the paper fibers. 

5.4.10  Data Analysis 

The sensitivity of the electrodes is defined as the coefficient of the NO concentration in the linear 

fit. The LoD of the sensor was calculated as the concentration associated to thrice the standard 

deviation of the blank current. In the case of the NO amperometric measurement, the data was 

smoothed with a Savitsky-Golay filter, and the baseline was subtracted after a linear fit. Unless 

specified otherwise, the data is presented as mean ± SD for N measurements. Where applicable, 

datasets were compared using a two-tailed Student’s t-test. 

 

Figure 7: Typical SEM images for different paper preparations A- paper/ CNT, B- paper/ CNT/ 

Nafion and C- paper/ CNT/ Nafion/ eugenol. (the scale bars are 100 μm). The arrows highlight the 

presence of large pores on all the micrographs. 
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5.5 Results & Discussion  

5.5.1 SEM imaging 

Typical SEM images of the different samples are shown in Figure 7: the paper/ CNT, paper/ CNT/ 

Nafion and paper/ CNT/ Nafion/ eugenol assemblies. In all cases, the larger paper (cellulose) fibers 

can be observed, with a coating of CNT covering the cellulose and, in some cases, filling the pores. 

The addition of Nafion or eugenol does not lead to significant changes in surface texture or 

structure. Importantly, in all the samples observed, the paper devices retained a high level of 

porosity (as indicated by the arrows in Figure 7). This is critical for cell culture as the cells are 

maintained in the bulk of the paper, between the cellulose fibers. 

5.5.2 XPS analysis 

The XPS data for different electrode preparations is shown in Figure 8. As the CNT ink is deposited 

on the pristine paper, Na 1s (1071.2 eV) and S 2p (169.0 eV) peaks are observed. This is attributed 

to the presence of SDS in the CNT ink. The electrode is then encapsulated in Nafion, a 

fluorosulfonic acid, as revealed by the presence of an F 1s peak (688.8 eV). Finally, after eugenol 

deposition, the relative height of the F 1s peak vs the O 1s peak is greatly reduced. The Si 2p (102.4 

eV) and Si 2s (174.5 eV) peaks are likely contamination due to silicon leaking from the glassware 

containing the alkaline eugenol solution (in 0.1 M NaOH). This analysis confirms the successive 

deposition of the different layers of the NO paper sensor. 
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Figure 8: XPS traces obtained for i. pristine paper, ii. paper with CNT, iii. paper/ CNT/ Nafion 

and iv. paper/ CNT/ Nafion/ eugenol. 

5.5.3 Kinetics of NO release from DEA-NONOate 

DEA-NONOate was used as en easily accessible, source of NO. Each molecule theoretically 

releases 2 molecules of NO once at physiological pH, but previous studies highlighted that this 

release is incomplete and not instantaneous, as highlighted in Figure 9A-C. To better understand 

these dynamics, the maximum [NO] released from different starting concentrations of 

DEANONO-ate was computed (Figure 9D).[46] As previously reported, the relationship between 

[DEANONO-ate] and the maximum [NO] non-linear. Table 1 presents the maximum concentration 

[NO]max and the instant when that maximum is reached tmax computed from these simulations for 

the 3 concentrations used in the experiments. 

Table 1: Parameters obtained from the ODE computation for the release of NO from DEA-

NONOate as described in [46]. 

[DEA-NONOate]/ μM 100 200 300 

[NO]max/ μM 13.6 18.7 24.5 

tmax/ s 89.8 57.5 41.6 
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To confirm these results experimentally, the amperometric response of the paper sensors in the 

presence of varying [DEANONO-ate] was obtained. The amperometric current (Figure 9E), 

recorded at 0.9 V, increases rapidly thus confirming the sensitivity of the paper devices towards 

NO. Figure 9E presents the amperometric data recorded for 100 μM of DEANONO-ate and the 

corresponding simulation. In both cases, a sharp rise in current or [NO] is observed, followed by a 

slow decrease. However, these kinetics are much faster in computation in comparison to the 

experimental data. This could be evidence of complex, hindered mass transport of the DEANONO-

ate in the pores of the paper and the Nafion layer leading to diffusive dispersion of the peak. 

To investigate this possibility, the ODE solution for 100 uM DEA-NONOate was convoluted with 

a Gaussian function to simulate a hindered diffusion pathway. The width of the Gaussian was 

adjusted so that the maxima of the diffusively hindered ODE and the experimental amperometric 

trace match. The fit was optimal for a 340-s Gaussian width, which likely arises from tortuous 

diffusion in the paper matrix. This diffusion time tdiff which can be associated to a diffusion distance 

𝑥𝑑𝑖𝑓𝑓 = √2𝐷𝑡𝑑𝑖𝑓𝑓 where D is the diffusion coefficient, for unidimensional diffusion. DEA-

NONOate, whose structure is C4H10N3NaO2, has a molecular weight of 209.6 Da. Assuming a 

diffusion coefficient of 10-10 m2s-1 for DEA-NONOate, tdiff = 340 s is associated to xdiff = 261 μm. 

As the Whatman 114 paper is 190 μm-thick, this analysis hints that the peak broadening observed 

in Figure 9E can be associated with slower diffusion of the NO-donor in the bulk of the porous 

paper coated with the Nafion film. Slower diffusion due to higher tortuosity in partially blocked 

media has been well described.[47,48] 

To investigate the impact of the porous structure of paper on the detection kinetics, a GC electrode 

was used to prepare a NO sensor, using the same protocol. This results in a flat sensing surface, 

with properties similar to the paper device. In this case, the current increase following DEA-

NONOate addition is faster, as it reaches its maximum earlier, and decays more rapidly, than for 

the paper device (Figure 9F). However, the observed current for GC is still slower than the profile 

predicted by the ODE. This indicates that i- the structure of the paper and ii- the Nafion layer both 

decrease NO detection kinetics, probably because of diffusional hindrances. 

Despite these slower kinetics, DEA-NONOate provides an easy source of NO, as demonstrated by 

amperometry. Importantly, it was found that [NO], thanks to the peak broadening, was relatively 
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stable over the course of the voltametric tests described below (>600 s) and is therefore suitable 

for the calibration of the paper NO sensors. 

 

Figure 9: Results of the ODE describing the [NO] released by DEA-NONOate for starting 

concentrations of A- 100 μM, B- 200 μM and C- 300 μM of DEA-NONOate. D- Peak NO 

concentration [NO]max for different [DEANONO-ate], as computed from the ODE described in 
[46]. E- Comparison of the ODE for [DEA-NONOate]= 100 μM and the typical corresponding 

amperometric trace (at 0.9 V) recorded with a paper sensor after the addition of 100 μM  DEA-

NONOate to PBS over ~1500 s. F- Comparison of the amperometric data (at 0.9 V) recorded 

with a paper sensor after the addition of 100 μM  DEA-NONOate to PBS over ~1500 s and 

obtained with a GC and a paper electrode, both prepared as NO sensors following the reported 

protocol. For the GC data, an injection artifact is observed in the first ~100 s, and was not 

considered in the analysis. 
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5.5.4 Voltametric characterization 

The sensors were also characterized with DPV to better understand their detection mechanisms. As 

a reference, the NO-sensing layers (Nafion, then eugenol) were deposited on GC electrodes (Figure 

10A). For this preparation, and as reported by others, a clear peak appears at ~0.7 V for NO, and 

its magnitude increases with [NO]. This confirms the NO sensing capabilities of eugenol on carbon 

electrodes. 

If GC is replaced by a paper device coated with CNT, a very slight peak can still be observed in 

the same region but is very hard to resolve and cannot be used for analysis (Figure 10B). This is 

expected to be due to the higher electrode resistance of the paper devices, in comparison to the 

traditional GC, leading to peak broadening, as observed with other paper electrodes[31,32,38] or very 

thin layer electrodes. However, a consequence of this peak broadening is that the overall DPV trace 

appears to be shifted towards higher currents as [DEANONO-ate], and therefore [NO], increases. 

The current recorded at the higher potential limit of the DPV, here at 1 V, was found to be a reliable 

marker of [NO]. Calibration curves were therefore constructed for each paper device from the DPV 

current recorded at 1 V. A similar potential (0.9 V) was used for the amperometric measurement 

to overcome the electrode resistivity.[32] An example of such calibration curve is presented in 

Figure 10C. 

The same calibration procedure was repeated for n=11 electrodes and the calibration curves were 

obtained. Overall, these 11 calibration curves displayed a linear behavior, making it possible to 

interpolate the electrode response between 0 and 13.8 μM. These datasets were pooled to extract 

the general analytical behavior of the paper NO sensors. This approach was chosen as paper devices 

are fragile. It is thus necessary to limit the number of calibration measurements for a single device. 

This also allows for overcoming the sensor-to-sensor variability due to the random nature of paper. 

Overall, a general calibration curve is built for this sensor fabrication protocol, allowing for then 

using new sensors without calibration before the cell measurements. The sensitivity and the LoD 

associated to each paper electrode were computed. The median, 1st and 3rd quartiles for this non-

parametric set of results are presented in Table 2.  

Table 2: Experimental results for the sensitivity and LoD of paper electrodes. The data presented 

here are for n= 11 electrodes calibrated independently. 
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 Median Quartile 1 Quartile3 

Sensitivity/ μA.M-1.mm-2 488.3 366.8 776.9 

LoD/ μM 1.7 1.4 2.3 

 

Figure 10: Typical DPV recorded in PBS, control of supplemented with 100, 200, and 300 µM of 

DEA-NONOate for A- glassy carbon and B- a typical paper NO sensor. C- DPV calibration 

curve for the data recorded from the typical NO sensor presented in B-. 

5.5.5 Interferences 

The signal recorded from DPV in 13.8 uM solutions of potential interferents were collected and 

compared to those obtained for 100 μM DEANONO-ate, corresponding to 13.8 μM NO, as 

presented in Table 3. 

A critical requirement for NO sensing is high selectivity, especially in presence of other nitrogen-

based compounds. Nitrite NO2
- is an electroactive product of NO oxidation and should be 
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considered as the primary potential interferent. Here, a 2.7% level of interference is expected, 

hinting good screening from the Nafion layer. Nafion is a negatively charged polymer, and 

efficiently blocks anions such as NO2
-. Similarly, nitrate, hydrogen peroxide or ascorbic acid, an 

important biological antioxidant, did not lead to significant interferences. 

However, neurotransmitters were found to produce higher interferences. The molecules are 

typically found in the brain where they mediate neuronal communication and can be readily 

oxidized on carbon electrodes. Dopamine and serotonin, two important neurotransmitters, were 

associated with 60.0% and 13.3% levels of interference, respectively. However, neurotransmitters 

are more likely to be found in neuronal samples, and in specific parts of the brain associated with 

their release. This tissular and spatial selectivity ensures that they are unlikely to interfere with NO 

measurements in vascular models. Overall, the interference results agree with previous reports.[22] 

Table 3: Relative response recorded from DPV run with the paper NO sensors in presence of 

potential interferent molecules vs. the signal obtained for 13.8 μM of NO. 

Compound % response 

Nitrite 2.7 

Nitrate 2.4 

Hydrogen peroxide 14.0 

Ascorbic acid 6.7 

Dopamine 60.0 

Serotonin 13.3 

 

5.5.6 VEGF-stimulated NO release 

For the cell measurement assay, 100,000 EA.hy926 cells were cultured directly in the pores of the 

paper in ECM. These immortalized hybrid endothelial cells were reported to secrete NO in 

response to VEGF.[49] The volume of the (cells+ECM gel) is 2 μl. SEM images were obtained for 
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the paper electrodes combined with ECM and cells (Figure 11A, B). The micrographs reveal that 

the fibrous structure of paper can still be observed, but the well-defined pores seen in Figure 7 are 

now filled with gel. The ECM gel here appears as a smooth coating featuring several cracks and 

fractures (indicated by arrows in Figure 11A,B). These are likely due to the gel drying and 

shrinking in the high vacuum environment of the SEM. The cells themselves are not visible in these 

images, as they are embedded in the gel. Overall, the SEM investigation shows a high integration 

of the gel in the paper, as the ECM adheres well to the cellulose fibers and fills the pores of the 

device. The porous nature of the paper is thus critical to produce a 3D cellular construct, maintained 

in the cellulose fiber lattice of the paper. This confirms that the cell-on-paper approach allows for 

full integration of the biological component in the paper matrix. The absence of gaps or spaces 

between the gel and the paper hints at fast diffusion of molecules secreted from the cells to the 

sensor. 

To directly observe the cells maintained in the gel, epifluorescence imaging was performed (Figure 

11C). The phalloidin stain marks the actin cytoskeleton, thus revealing the general shape of the 

cell. This image confirms that the endothelial cells are in the bulk of the paper (not only on the 

surface), between the fibers, in small clusters or as individual cells This furthers stresses the 

importance of the porous structure allowing for cells to be cultured in a 3D matrix, surrounded by 

electrochemical sensors deposited on the cellulose fibers. 
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Figure 11: Microscopy of the paper devices prepared with EA.hy926 in ECM gel. A, B- SEM 

images of the cell and gel-loaded paper chip (the scale bars show A- 50 μm and B- 10 μm). On 

both panels, the white arrows highlight the presence of fissures, that are an indication of the 

presence of the ECM gel coating the paper fibers. In B-, two cellulose fibers (paper) are 

highlighted in blue (false colors), underlining how the gel fills the pores and coats the paper 

fibers. C- Fluorescence micrograph of EA.hy926 maintained on paper. The actin cytoskeleton 
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appears in green (phalloidin staining) and the topology, mostly the paper fibers, appear in blue 

(inverted DIC). The scale bar shows 100 μm, the stack is 50 μm-thick  

Figure 12A and B present averaged amperometric measurement (at 0.9 V, n=3 for each case) for 

paper devices without and with 100,000 EA.hy926 in ECM gel, following stimulation with 20 

ng.ml-1 VEGF at t=0 s. In the absence of cells, the signal does not change and stay below the noise 

level, defined as thrice the SD of the noise over the baseline. However, in the presence of 100,000 

cells, an increase above this threshold (Figure 12A and C, p<0.001) in current is recorded above 

the noise level of the device 13.8 ± 5.0 s after the addition of VEGF. The reported delayed release 

of NO after VEGF stimulation agrees with previously published reports.[8,20,50] 

The current increase in the presence of EA.hy926 was thus attributed to the activity of cells only, 

and more specifically to VEGF-stimulated NO release. The increase in amperometric current of 

0.55 μA indicates that [NO]= 3.75 μM after exposure to VEGF, using the DEANONO-ate 

amperometric calibration. This high concentration is expected from the densely seeded EA.hy926 

cells. Assuming that NO is stable for 10 s in oxygenated buffers, and considering there are 100,000 

cells in a 2-μl sample, this corresponds to a NO production rate for a single cell of 4.5 106 molecules 

s-1. 

 

Figure 12: NO analysis in cultured cells on the paper chip. Average amperometric traces for A- 

no and B- 100,000 EA.hy926 cells maintained on the chips, stimulated at t=0 s with 20 ng.ml-1 

VEGF, in PBS (for each case, n= 3 chips, mean±SD). C- Averages of the amperometric data 

(shown in A and B) recorded from 30 to 100 s for 0 and 100,000 cells maintained in the paper 

device, flowing VEGF stimulation (mean± SEM, n=3 for each case, Student’s t-test ***: 

p<0.001) 

5.5.7 Bioanalytical significance 

For single endothelial or endocardial cells, [NO] following chemical or mechanical stimulation has 

been reported to be in the 100 nM to 1 μM range depending on the distance between the cell and 

the electrode, and the type of cell.[20,21,51] The instantaneous concentration of NO at the surface of 
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single endothelial cells was measured as ~ 1 μM for a sensed volume of 10-10 l,[51] which 

corresponds to a rate of release of NO of 6 106 molecules s-1 per cell, in agreement with our data. 

The discrepancies can be largely attributed to the difficulties in measuring the sensed volume, but 

this preliminary data nevertheless supports the use of paper NO sensor for the study of endothelial 

NO release. 

Endothelial cells are typically used in vitro to grow artificial vasculature,[52] owing to their 

capability to form microvessels in response to angiogenic factors, like VEGF. This is not the case 

in the present assay, as the cells are tested a few hours after seeding. The fluorescence imaging 

clearly shows that the EA.hy926 are maintained as individual cells or in small clusters, not in large 

tubules. The assay is nevertheless significant as it provides quantitative information on the early 

steps of angiogenesis. Indeed, a preliminary angiogenic event is the release of NO which promotes 

endothelial cell motility and proliferation, and measuring this response of significance to highlight 

the angiogenic role of compounds and growth factors, even in individual cells or monolayers.[53–

55] The VEGF concentration used here is also in agreement with the ones used for in vitro or in vivo 

assays.[7,53,56–58] 

Finally, the cells are kept in a 3D matrix thanks to the capillary properties of paper, which increases 

the biomimicry of the assay. The use of porous paper as a device substrate allows for rapidly and 

easily building a 3D cell construct and to sense NO release in a 2 μl sample, thus providing easy 

access to quantitative measurements in an artificial tissue.[38] 

5.6 Conclusion  

NO paper-based sensors were fabricated and tested. Their selectivity against nitrite was tested, 

confirming their suitability for NO sensing. In comparison to carbon electrodes, the use of paper 

decreases the analytical properties of the sensor but provides an easy-to-use platform. Furthermore, 

the sensor characteristics were found to be suitable for multicellular applications. Importantly, their 

applicability to cell measurements was investigated, and time dynamics of NO release following 

VEGF exposure were successfully resolved. This supports the validity of using paper devices for 

investigating NO biology in 3D cell models. 

5.7 Data availability 

The data supporting this article have been included in the tables and figures. 
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CHAPTER 6 DISCUSSION 

The goal of this study was to fabricate paper sensors that could be used for the detection and 

quantification of NO. Secondary objectives of this study were to characterize paper sensors with 

electrochemistry as well as to determine the relations between current and NO concentration. 

Secondary objectives also included optimizing the sensitivity, LOD, and selectivity as well as 

determining the concentration of NO in cell culture after the injection of VEGF. 

6.1 Relevance of the Study  

NO is a biological molecule that performs a variety of roles in the human body. It carries out 

important functions in central nervous system (CNS), immune system, and the endothelial system. 

NO plays a central role in the vasculature. The release of NO is stimulated by pro-angiogenic 

growth factors such as VEGF. Angiogenesis refers to the development of new blood vessels that 

compose the vasculature. This is an essential process for all living things to grow beyond a 

minuscule size because the vasculature provides oxygen and nutrients necessary to sustain cell life. 

However, pathological angiogenesis, which involves the secretion of high concentrations of pro-

angiogenic factors, is associated with cancer. As a result, the detection of NO can help indicate the 

presence of cancerous tumours. The early detection of cancer can be a matter of critical importance 

because of the greater efficacy of treatment methods in the beginning stages of the disease. The 

detection of NO is a challenging task because it is a radical molecule. Therefore, it is highly reactive 

with a short half-life and limited bioavailability. Many existing methods for NO detection are 

expensive, impractical, or lack the desired sensitivity, selectivity, and LOD for NO detection in 

humans. Electrochemical methods are the optimal tools for the detection of NO because of the easy 

ability of NO to be reduced and oxidized.  

In this study, paper was utilized as a substrate for the detection of NO. Paper is an ideal material 

for a biomedical sensor because it is ubiquitous, inexpensive, and easy to use. Furthermore, paper 

sensors are biological and can be used to construct microfluidic channels. In addition, the surface 

of paper can be easily modified with simple techniques to improve the sensitivity, selectivity, and 

LOD of the paper-based sensor. The sensors produced in this study have a high sensitivity and a 

low LOD. They are also highly selective against molecules such as serotonin, ascorbic acid, and 

nitrite that could potentially interfere with the signal acquired from the NO.  
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Alternative methods of NO detection including fluorescence and colorimetric techniques such as 

the Greiss assay are limited in their sensitivity and selectivity as well as their ability to provide 

localized measurements in vivo or in vitro. This makes electrochemical methods crucial for 

detection and quantification of NO. The type of electrochemical sensor utilized for the detection 

of NO is also a critical matter because the current develops on the surface of the sensor.  

The current state of the art NO electrochemical sensors are carbon fiber microelectrodes that have 

a detection limit on the nanomolar scale and can therefore detect physiologically relevant 

concentrations of NO in vivo. The paper sensors fabricated in this study can not perform this task 

as their detection limit is on the micromolar level. However, carbon fiber microelectrodes are more 

expensive to produce and more difficult to use as they are extremely fragile and break easily. 

Therefore, the low cost and ease of use of paper sensors mean that they remain desirable options 

for biomedical research and detection of NO in vitro.  Furthermore, the research on paper sensors 

remains in its preliminary stages with the opportunity to improve the detection limit in future 

research that will be discussed in the subsequent chapter.     

6.2 Applicability to Cell Measurements in Culture  

One of the many advantages of paper-based sensors is that paper is biocompatible and therefore 

can be used in biological environments. The early results of this study demonstrate great promise 

in utilizing paper-based sensors for NO detection in vitro. The preliminary results show an increase 

in current measured by the sensors after the injection of VEGF using amperometry or DPV. This 

suggests that the paper sensors can be effective in the detection of NO in biological samples. 

However, further research is required to optimize the application of these sensors for both the in 

vitro and in vivo detection of NO.  
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CHAPTER 7 CONCLUSION AND RECOMMENDATIONS 

The conclusion of this study is that NO sensors were fabricated from paper sensors that have been 

demonstrated to possess high sensitivity and selectivity and a relatively low LOD. They can also 

be utilized in biological environments and were successfully employed in vitro in cell culture to 

detect the change in concentration of NO before and after the injection of VEGF. While the LOD 

of the paper sensors fabricated in this study is not sufficiently low for the in vivo detection of NO 

in humans, the paper sensors have shown the ability to detect a rise of NO concentrations following 

the injection of VEGF, a growth factor that stimulates the release of NO.  

7.1 Future Studies   

Future research should focus on improving the sensitivity and LOD of the paper sensors. At the 

current moment, the LOD of paper sensors is on the micromolar scale and is insufficient for the 

detection of NO in vivo which exists at the nanomolar level (0.1-5nM). The sensitivity and LOD 

of the paper sensors can be improved through the deposition of additional layers of CNT ink to 

improve the conductivity of the sensors or through the deposition of a more highly conductive ink. 

As well, the sensitivity and the LOD can also be improved by reducing the size of the working part 

of the electrode which will likely produce a sharper current response. 

The utilization of the sensors in the presence of tumour cells should also be explored in future 

studies. Tumour cells lead to higher NO concentration because of the pathological angiogenesis of 

cancerous cells, as mediated by angiogenic growth factors. The paper sensors could be used in the 

presence of tumour cells to compare the results between healthy and cancerous cells. This should 

then be repeated in the presence of various drugs inhibiting cancer angiogenesis which could 

potentially indicate the efficacy of these medications. This is because if the NO concentration in 

tumorous cell culture in the presence of medication decreases to the low levels in physiologically 

healthy levels, this suggests that the anti-tumour drugs are effective. This is one of many potential 

applications of the fabricated NO paper sensors in biomedical research. There are a variety of 

challenges that this research could face, specifically the potential interference from other biological 

molecules as well as the sensitivity of the sensors to the concentration of NO in medically relevant 

samples. It provides an opportunity to quantitatively benchmark different drugs and treatment 

strategies in clinical oncology or pharmacological research.  
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APPENDIX A  SENSITIVITY AND LIMIT OF DETECTION 

Table A.1 Electrode Sensitivities 

Electrode Number  Sensitivity/A.M-1m-2 

1 373.1875 

2 360.4285714 

3 752.8571429 

4 488.3125 

5 972.8571429 

6 394.3571429 

7 800.9166667 

8 865 

9 498.5 

10 278 

11 75.875 

Median 488.3125 

Quartile 1 366.8080357 

Quartile 3 776.8869048 
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Figure A-1: Historgram of Electrode Sensitivities 

Table A.2: Electrode Limits of Detection 

Electrode LOD/uM 

1 1.76 

2 1.53 

3 1.27 

4 2.88 

5 4.52 

6 2.39 

7 3.77 

8 3.40 

9 2.77 
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10 0.726 

11 1.10 

Median 2.39 

Quartile 1 1.40 

Quartile 3 3.14 

 

 

Figure A-2: Histogram of Electrode Limits of Detection 
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APPENDIX B  CALCULATED NITRIC OXIDE RELEASE 

The ODE defining the release of NO from an injection of NONOate solution as a function of 

time[119].   

𝑑[𝑁𝑂]

𝑑𝑡
+ 𝑘2

′ [𝑁𝑂]2 = 𝑘′𝑒−𝑘1𝑡 

𝑘2
′ = 4𝑘2[𝑂2] 

𝑘2 = 2 × 106𝑀−2𝑠−1 

 [𝑂2] = 1.3 × 10−3𝑎𝑡𝑚−1 

𝑘′ = 𝑣𝑁𝑂𝑘1[𝑁𝑂𝑁𝑂𝑎𝑡𝑒]0 

𝑣𝑁𝑂 = 1.5 

𝑘1 = 28.5 × 10−4𝑠−1 

[𝑁𝑂𝑁𝑂𝑎𝑡𝑒]0 = 100 × 10−6𝑀 

[𝑁𝑂𝑁𝑂𝑎𝑡𝑒]0 = 200 × 10−6𝑀 

[𝑁𝑂𝑁𝑂𝑎𝑡𝑒]0 = 300 × 10−6𝑀 

For 100uM of DEANONO-ate: 

𝑑[𝑁𝑂]

𝑑𝑡
+ 2.08 × 103[𝑁𝑂]2 = 4.275 × 10−7𝑒−28.5×10−4𝑡 

For 200uM of DEANONO-ate: 

𝑑[𝑁𝑂]

𝑑𝑡
+ 2.08 × 103[𝑁𝑂]2 = 8.55 × 10−7𝑒−28.5×10−4𝑡 

For 300uM of DEANONO-ate: 

𝑑[𝑁𝑂]

𝑑𝑡
+ 2.08 × 103[𝑁𝑂]2 = 1.282 × 10−6𝑒−28.5×10−4𝑡 
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Figure B-3: ODE Solution for Nitric Oxide Release for 100uM DEANONO-ate Injection. 

 

Figure B-4: ODE Solution for Nitric Oxide Release for 200uM DEANONO-ate Injection. 
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Figure B-5: ODE Solution for Nitric Oxide Release for 300uM DEANONO-ate Injection. 

Table B-1: Time Required to Achieve Maximum Nitric Oxide Concentration and Value of the 

Concentration. 

[DEA-NONOate]0 (µM) Tmax (min) Max [NO] (µM) 

100 1.4974 13.576 

200 0.9590 18.666 

300 0.6938 23.461 

 

 




