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Abstract 
 

[3 linhas de intervalo] 

 

The presence of high urea levels in the human saliva has been reported has a possible bi-

omarker for the detection of some diseases. Its hydrolysis process catalysed by urease enzyme 

in the oral cavity promotes the possibility of detecting its levels through the concentration of 

ammonium (NH4
+), one of the products of this process. NH4

+ can be converted in its volatile 

molecular form ammonia (NH3), depending only on the sample pH value.  

 In this dissertation, a prototype of a NH3 molecules sensor was developed that allows 

estimating the NH4
+ concentration present in a sample of saliva, enabling the correlation of its 

value with saliva urea levels. This prototype is constituted by a multiwalled carbon nanotube 

(MWCNTs) based sensor film together with a flow-injection system, a gas diffusion unit (GDU) 

and an electronic impedance measurement circuit (IMC). Two type of MWCNTs-based sensor 

films were developed, a chemiresistive film and a capacitive film. It was observed that the 

chemire-sistive sensor film is a better choice at this point of the project because the capacitive 

film’s response does not present a clear relation with NH4
+ concentration. Also, the chemire-

sistive film could detect NH4
+ concentrations as low as 1 mg/l. It was also seen that a continuum 

flux of the sample allowed by the flow system used is a determinant condition for the prototype 

good performance.  

 The measurement of the relative variation of the sensor film’s resistance and data re-

cording are made with an impedance measurement circuit based on the AD5933 integrated 

circuit and an additional analogue circuit that allows enlarging its measurement range. The 

results achieved for the conceived prototype using synthetic saliva standard samples were en-

couraging for applying it in real human saliva samples.   
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Resumo 
 

[3 linhas de intervalo] 

 

 A presença de elevados níveis de ureia salivar tem sido reportada como um possível bio-

marcador para a deteção de algumas patologias. O processo de hidrólise deste composto feito 

pela enzima urease na cavidade oral promove a possibilidade de detetar os níveis de ureia 

salivar através da concentração de amónio (NH4
+), um dos produtos desta reação. Dependendo 

do valor de pH da amostra, o NH4
+ pode ser convertido na sua forma de molécula volátil amo-

níaco (NH3).  

 Nesta dissertação, foi desenvolvido um protótipo de um sensor de moléculas de NH3 que 

permite estimar a concentração de NH4
+ existente em amostras de saliva, possibilitando a sua 

correlação com os níveis de ureia presentes. Este protótipo é constituído por um filme sensor 

baseado em nanotubos de carbono de parede múltipla (MWCNTs) em conjunto com um sistema 

de injeção de fluxo, uma unidade de difusão de gás (GDU) e um circuito de medição de impe-

dância (IMC). Dois tipos de filmes sensores de MWCNTs foram desenvolvidos, um filme quimior-

resistivo e um filme capacitivo. Nesta fase do projeto, foi observado que o filme quimiorresis-

tivo apresenta uma melhor opção uma vez que não foi verificado uma clara relação entre a 

resposta do filme capacitivo e a concentração de NH4
+. Para além disso, a resolução de deteção 

do filme quimiorresistivo foi de 1 mg/l de NH4
+. Foi também demonstrado que o fluxo continuo 

da amostra, permitido devido ao sistema de fluxo utilizado, é determinante para o bom funci-

onamento do protótipo.  

 A medição da variação relativa da resistência do filme sensor e a gravação dos dados é feita 

por um sistema eletrónico de medição de impedância baseado no circuito integrado AD5933 e 

num circuito analógico adicional que permite aumentar a sua gama de medição. Os resultados 

obtidos para o protótipo desenvolvido com amostras padrão de saliva sintética foram encora-

jadores para a sua aplicação em amostras de saliva real humana. 
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Chapter 1 
 

 

Introduction 
 

 

1.1 - Background 
 

 

 Health is considered a basic and essential right in the lives of populations, as well as a 

fundamental component in modern societies and a prime factor for a better quality of life. The 

diagnostics field is immediately associated to this idea since it assists health professionals in 

the identification of a pathology in a patient. In the literature, there are many parameters 

related to the diagnostics process, which are critical for its outcome, since an incorrect assess-

ment of a disease can lead to a denial of an effective and timely therapy or even the admin-

istration of the wrong medicine [1,2]. Thus, it is understandable the high influence of diagnos-

tics in the healthcare improvement and on the quality of life given to the patients.  

 Saliva is a body fluid formed essentially from three salivary glands (parotid, submandibular 

and sublingual glands) and small accessory glands, playing a key role in maintaining the oral 

homeostasis [3,4]. This fluid acts in the digestion of food, due to the presence of some enzymes 

in its composition, helps in the formation of food bolus and protects the oral mucosa against 

mechanical damage and pathogenic microorganisms. Although its composition is essentially wa-

ter, saliva also contains inorganic compounds, of which some ions (Na+, K+, Cl- and HCO3
-) and 

proteins/polypeptides whose concentrations are shown in Table 1.1. In its constitution there 

are also non-protein organic compounds, like uric acid, which is one of the most important 

antioxidant components present in saliva, and hormones (e.g. steroids) [4]. 

 Urea is an organic compound of chemical formula (NH2)2CO, whose concentration in plasma 

may be an indicative of certain pathologies. In a healthy subject, the concentration of this 

compound in plasma is around 2-7 mmol/l (Table 1.1), however this value can change in the 

presence of some diseases. Chronic kidney disease is associated with the accumulation of me-

tabolism products in the blood that would be filtered by the kidney. The increased presence of 

these products, denominated uremic compounds, can change the normal functioning of the 

organism. Uremic compounds include, among others: creatinine, a substance measured to as-

sess the toxic effects associated to renal insufficiency; uric acid, present in urine in small 

amounts; and urea [5,6].  In [7], urea is described as a small molecule that diffuses from the 

blood into the saliva through the salivary glands and is distributed homogeneously in the body  
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Table 1.1 — Electrolyte concentration and total concentration of proteins in non-stimulated saliva and 
plasma (adapted from [3]). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

fluids. Taking this mechanism into account, some studies were made to investigate the possi-

bility of salivary urea levels reflect the levels of urea in blood. In [8], saliva urea nitrogen (SUN) 

was evaluated as means for diagnosing renal diseases. In this study, it was found a positive 

correlation between blood urea nitrogen (BUN) and SUN through time, and it was concluded 

that the salivary urea levels reflect the levels of urea in blood. This result was also obtained in 

other investigation [7]. There are more pathologies that can be detected trough the levels of 

this compound in saliva which will be presented in the next chapter in more detail. 

 Once a strong correlation of the levels of urea present in the two fluids has been proved, 

the next step imposed is how to detect it. In previous studies, the saliva urea levels were 

determined through its hydrolysis [8]. This method consists in the utilization of two enzymes, 

urease and glutamate dehydrogenase, that hydrolyze urea into ammonium (NH4
+) and carbon 

dioxide (CO2). In [9], a process was developed for detecting urea and ammonium ion based in 

an amperometric determination of NAD(P)H and in the use of the two enzymes previously men-

tioned. In this investigation, a linear relationship between the current and the analyte concen-

tration was observed. Two platinum electrodes were developed, one for ammonium detection 

and the other for urea detection, both covered by a polymeric membrane where the enzymes 

were immobilized. However, it was mentioned that, comparing with carbon electrodes, the 

sensitivity of the platinum electrodes was lower. Subsequently, this procedure was also applied 

to several saliva samples, and comparing the obtained results with the spectrophotometric 

reference results, a good correlation was obtained. In other investigations, the urea hydrolysis 

principle was also applied with the main of accomplish a correlation between the saliva urea 

levels and the presence of caries in children [10]. 

 

 

 

 Plasma Non-stimulated Saliva 

Na+(mmol/l) 145 5 

K+(mmol/l) 4 22 

Ca2+(mmol/l) 2.2 1-4 

Cl-(mmol/l) 120 15 

HCO3
-(mmol/l) 25 5 

Phosphate (mmol/l) 1.2 6 

Mg2+(mmol/l) 1.2 0.2 

SCN-(mmol/l) <0.2 2.5 

NH3(mmol/l) 0.05 6 

(NH2)2CO(mmol/l) 2-7 3.3 

Proteins (g/l) 70 3 
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1.2 – Motivation and Main Objectives 
 

The use of blood for diagnostic purposed is an invasive process, which is often accompanied 

by stress and anguish of the patients [5]. Besides, specialized professionals are needed to col-

lect the samples of this fluid, who may be exposed to non-negligible risks of contamination. In 

this sense, the availability of a diagnostics tool that can overcome these disadvantages, with 

minimal risk and with the capacity of providing accurate and reliable results would be important 

for both health professionals and patients. 

Over time, saliva has seen an increased interest from the scientific community as a means 

for the diagnosis of some pathologies, since its analysis presents several advantages when com-

pared to conventional blood tests. Saliva is a fluid whose collection does not need needles 

neither specialized people, which makes it a simple and safer method to obtain several samples. 

Additionally, it requires less manipulation in diagnostics procedures [11–13]. 

Besides the limitations already associated to blood tests, there are other pathologies whose 

detection requires the utilization of expensive equipment, complex processes and promote the 

discomfort of the patients (e.g. endoscopy). The main goal of this dissertation is to develop a 

device capable of detecting the presence of urea in human saliva in values that can be corre-

lated with the presence of pathological conditions. Furthermore, the objective is to make it 

user friendly, portable and prone to be automated in order to allow the development of point-

of-care units easy to implement in clinical environments and in places with minimal medical 

conditions (e.g. developing countries.). 

As it was already mentioned, one of the products originated by the urea hydrolysis process 

is the ammonium ion (NH4
+), which is present in the saliva due to the presence of bacterial 

originated urease enzyme. The pH is a factor that influences the acid-base balance of a solution, 

and, depending on its value, NH4
+ can be present in its volatile molecular form, ammonia (NH3). 

Assuming this principle, it is intended to develop a device sensible to NH3 molecules to estimate 

the concentration of NH4
+ in a sample of saliva. Therefore, knowing the concentration value of 

this compound will make it possible to correlate it with saliva urea values, becoming then easy 

and simple to promote the diagnosis of certain pathologies. The sensor prototype developed in 

the present work is constituted by a multiwalled carbon nanotubes (MWCNTs) based film, to-

gether with a flow-injection system, a gas diffusion unit (GDU) and an electronic impedance 

measurement circuit. 

 

1.3 – Structure of the Dissertation 
 

This dissertation is organized in six chapters, being the present one the first where the 

background and motivation for this project are presented together with the description of the 

main goals. 

 Chapter 2 reviews the main pathologies that can be detected by analysis of saliva urea 

levels. A brief explanation of each pathology is presented, and the need of alternative diagnos-

tic procedures is reinforced. It is also detailed the reason why saliva urea levels can be related 

to the presence of each disease.  

 Chapter 3 presents the methods that can be employed to detect ammonia. It starts with 

the description of some conventional methods, and then more advanced approaches based on 

different ammonia sensor technologies are presented. Also, flow-based methodologies are de-

scribed. In this chapter, the advantages and the disadvantages of each method are reviewed, 
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ending with the comparison among them and with the reasons behind the adoption of the 

method used in this project.  

 The operation principle of the developed sensor prototype is presented in Chapter 4. 

The development details of all components built for the conceived prototype are presented as 

well as the description of the solutions and reagents prepared for testing its operation.  

 Chapter 5 presents and discusses the results obtained from the experimental trials car-

ried out with the developed prototype. It starts with the characterization of the developed 

sensor films and ends with the evaluation of the prototype performance using synthetic saliva 

standard samples. 

 Each one of the mentioned chapters ends with a conclusion which summarizes the main 

aspects to be retained in each one to allow a better reading and understanding of this disser-

tation. Nevertheless, the final conclusions are presented in Chapter 6. A vision of future re-

search is also presented aiming at designing an optimized device. 
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Chapter 2 

 

 

Saliva Urea Levels as Pathology Bi-
omarker 
 

[3 linhas de intervalo] 

 

 Saliva urea levels appear to correlate with blood urea levels [5], suggesting that saliva 

urea levels can be a valuable biomarker of blood urea levels.  

Many investigations were performed to evaluate the possibility of using salivary urea as a 

biomarker for some diseases, like renal insufficiency or even the incidence level of dental caries 

in the oral cavity [3,11,13]. This chapter describes the main pathologies that may be detectable 

after the evaluation of saliva urea levels. The concentration values of this molecular compound 

and their correlation with the specific pathological conditions are presented, considering the 

results published in papers that address this approach.  

 Table 2.1 lists several pathologies for which information was obtained in this domain. 

The case of stomach cancer is not included because it is not a cause, but a consequence asso-

ciated with the presence of NH3 levels, the product of a process which involves the bacterium 

Helicobacter pylori. Some examples of the obtained values for saliva urea concentration taken 

healthy subjects as control and as result of the pathological condition are presented. 

 

2.1 – Renal Insufficiency 
 

 Renal insufficiency is a medical condition that evidences a deficiency in the renal filtration 

process of the metabolites present in the blood. There are two types of renal insufficiency: 

chronic kidney disease and acute kidney injury. 

 In advance stages of the disease, patients are expose to renal replacement therapies, 

namely hemodialysis, peritoneal dialysis or renal transplantation. The diagnosis method of this 

pathology includes the analysis of uremic blood compounds. Considering the disadvantages of 

blood tests mentioned in the previous chapter, it becomes necessary to search for alternative 

or complementary methods [5]. 
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Table 2.1 — Pathologies related with levels of urea concentration in saliva. These values are presented 
in the mean ± standard deviation form, such as presented in the original publications, except for the first 
case that is in the form of the median value with interquartile range. All the values were converted into 
mg/l. 

 

 

2.1.1 – Chronic kidney disease   
 

 The number of patients with chronic kidney disease (CKD) is increasing. This pathology con-

sists in the failure of the renal function over time, being associated with accumulation of met-

abolic products that are no longer filtered by the kidneys, named uremic toxins. Elevation of 

the blood levels of these compounds are biomarkers of CKD. The most common uremic toxins 

used as CKD biomarkers are creatinine and urea [5].  

 The composition of saliva in patients with CKD may be affected by the conditions of the 

disease, in a way that the changes in creatinine and urea levels, usually assessed in blood 

samples, may also be identified in saliva. The study presented in [5] was developed with the 

main of analyzing the urea and creatinine content in patients with CKD in an advanced stage. 

Samples of non-stimulated saliva were collected from participants with and without the disease. 

These samples were collected during the day (between 9h00 am and 4h00 pm), with the con-

dition that the patients remained without eating for at least two hours prior to collection. In 

addition to the positive correlation obtained for the levels of urea both in blood and saliva, the 

investigators could also observe that patients with CKD had higher levels of salivary urea in 

comparison to the healthy ones (Table 2.1). These results are supported by the fact that an 

Pathologies 
Salivary urea concentra-

tion used as control 
Salivary urea concentration 

related to the pathology 
Reference 

Chronic Kidney Dis-
ease   

205.0 (80.0) mg/l 920.0 (1390.0) mg/l [5] 

Acute Kidney Injury 
stage 1 

111±48 mg/l 

282±245 mg/l 

[8] 

Acute Kidney Injury 
stage 2 

340±266 mg/l 

Acute Kidney Injury 
stage 3 

530±326 mg/l 

Chronic Kidney Dis-
ease   

375±284 mg/l 

Diabetes Type II 197±14 mg/l 290.5±38.1 mg/l [14] 

Dental Caries 439.64±62.09 mg/l 279.28±34.83 mg/l [10] 

Halitosis 26.0±18.4 mg/l 37±18.9 mg/l [15] 
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increase of the concentration of this compound in blood creates a concentration gradient that 

facilitates the increase of urea diffusion from blood to the oral fluid.    

 It is important to highlight that in patients with CKD, a breath with a more ammoniacal 

smell (uremic factor) is noticeable. This is exactly caused by the reported excess of salivary 

urea which subsequently is transformed into ammonia [5]. 

 

2.1.2 – Acute kidney injury 

 

 Acute kidney injury (AKI) can be caused by a reduction of blood flow to the kidneys, a 

blockage of the urine flow or even a damage caused by infections. With proper medication, this 

condition may be reversible. However, if not timely diagnosed, it can cause high morbidity and 

mortality [8]. 

 In the work published by  Evans et al. [8], a clear correlation between saliva urea nitrogen 

(SUN) and blood urea nitrogen (BUN) was reported, motivating the development of a diagnostic 

method capable of detecting renal insufficiency, including AKI and CKD, by means of observa-

tion of the saliva urea levels. The simplicity of the procedure would make it prone to be used 

in developing countries to address the lack of resources and health professionals in these places. 

In this study, saliva samples were collected on day 0 for the measurements of SUN levels, on 

day 1 (after 24 hours), and then each 48h for SUN and BUN measurements, for a period of 7 

days. The researchers considered that the results obtained at day 0 were the most important 

ones, and therefore were the only ones considered in this work. SUN collection was made using 

a plastic cup, with the imposed condition of the patients having not eaten at least 15 minutes 

prior to the collection of unstimulated saliva. They reported that the levels of SUN in patients 

with AKI were higher when compared with those of healthy subjects. It was also verified that 

the more advanced the disease stage the higher the SUN level (Table 2.1). In this study, higher 

values of SUN were also observed in patients with CKD when compared with those of healthy 

subjects. However, for lower levels of BUN, it was noticed that the efficacy of SUN as a diag-

nostic mean showed a lower level of accuracy. Nevertheless, salivary urea can still be consid-

ered as a good biomarker for diseases related to renal insufficiency, since, as previously men-

tioned, this type of pathologies is always associated to high concentrations of urea in blood-

stream. 

 

2.2 – Diabetes Type II 
 
 Diabetes mellitus is an endocrine disease associated to the insufficient production of insulin. 

It can be divided in two types: type I and type II.  

 Diabetes type II is the most common metabolic disease, which usually affects the population 

over the age of 40 years. It is a pathology in which a cellular dysfunction related to the insulin 

resistance of the peripheral tissues occurs, provoking disturbances in glucose metabolism that 

will affect the normal assimilation process [14,16]. 

 Biochemical changes in patients’ saliva with diabetes type II have been the subject of many 

investigations. In [16], Carda et al. developed a study with the goal of comparing the unstimu-

lated saliva biochemical composition of patients with and without the disease. The increased 

levels of saliva urea concentration were one of the changes observed in patients with diabetes 

type II. This result was also reported in [14], where the levels of sodium, potassium, calcium, 

phosphorus and urea in patients with the disease were measured (Table 2.1). 
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 This biochemical deficiency detected in the saliva of patients with diabetes type II can be 

related to changes previously observed in parotid glands. Data reported in the literature point 

to the fact that the permeability of acinar cells of the parotid gland is increased in patients 

with this disease. Consequently, this issue increases the ultrafiltration process of blood com-

ponents to saliva, including urea. Thus, it is believed that this is the main reason for the high 

levels of salivary urea associated to this pathology, making this compound a good biomarker for 

its diagnosis [17].   

 

2.3 – Dental Caries 
 

 One of the conditions that most affects oral health is the presence of dental caries, being 

“the most widespread noncommunicable disease” according to the World Health Organization 

[18]. A dental caries can be characterized as a chronic disease that particularly affects children, 

reaching values of 60-90% prevalence worldwide. If this pathology is not treated, it can have 

consequences related to chronic oral infection, dentition pain and even malnutrition [19]. 

 Usually, the detection of this pathology occurs only in advanced stages of caries, with the 

manifestation of pain. In this sense, the early detection of caries or the detection of caries risk 

profile would be favorable, since procedures could be taken to prevent the pathology and avoid 

the discomfort and pain caused by it, as well reduce significantly associated cost. 

 Saliva plays an important role in oral health. Investigations on its biochemical components 

have been performed aiming at finding some correlation with caries incidence. The work pre-

sented in [10] had as purpose the determination of saliva urea values in adolescents with dif-

ferent indexes of dental caries. The saliva samples were collected in three distinct periods of 

the day: 5, 30 and 60 minutes after the daily meal, having as baseline values the samples 

collected in the morning, before the intake of any kind of food and implementation of oral 

hygiene. Focusing on the baseline values, since these are the most significant ones and reflect 

the same behaviour of salivary levels in the other three periods, it was verified that in adoles-

cents with a lower cariogenic index, saliva urea values were higher when compared to those 

which have a higher incidence of pathology (Table 2.1).   

 One of the most significant properties of saliva in the incidence of dental caries is its buffer 

capacity. Urea plays an important role in this field, since it affects directly the neutralization 

of acids in the oral cavity, maintaining the acid-base balance of saliva, and consequently, the 

pH value in a certain level. In this way, it is clear the relationship between the saliva urea 

concentration and the incidence of caries. 

 In order to prevent and plan appropriate and preventive measures for the disease, saliva 

urea levels can be defined as a parameter for determining dental caries risk. 

 It is also important to highlight the low dental caries activities reported in patients with 

CKD. The incidence state of caries in children undergoing hemodialysis is investigated in [20]. 

It was observed that patients undergoing hemodialysis had both a lower incidence of dental 

caries and a higher concentration of salivary urea. High pH values, common in patients with 

CKD and consequently high values of urea, were reported as the possible cause of dental pro-

tection against the incidence of dental caries. 
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2.4 – Halitosis 
 

 Halitosis, or bad breath, affects 30% of the population. This condition can origin some social 

problems. It is caused by the microbial putrefaction that takes place in the oral cavity, resulting 

in the presence of volatile sulfuric compounds (VSCs) [21]. 

 Normally, the methods used for halitosis diagnostic involve organoleptic tests, sulfide mon-

itoring and gas chromatography, each of which presents some limitations [15]. This motivates 

the need for a method capable of combining simplicity and precision to detect this condition. 

The hypothesis that ammonia produced by oral bacterial microbiota reflects the level of hali-

tosis has been a target in different researches. The results published in [21] suggest that the 

determination of ammonia produced from urea in the oral cavity can be useful to assess hali-

tosis levels. 

 The study reported by Khozeimeh et al. [15] compares the concentrations of urea and uric 

acid in patients with and without halitosis. For that purpose, samples of unstimulated saliva 

were collected, after patients rinsed their mouths with water. From the obtained results, it 

could be observed that in patients with the disease, the saliva urea concentration levels were 

higher than those find in people without halitosis (Table 2.1), and that this compound is an 

important factor in the disease etiology. It was also concluded that the etiological perception 

of halitosis may be useful for the correct diagnosis of other adjacent diseases, such as chronic 

kidney disease, which is also associated with a higher concentration of salivary urea and a 

breath with an ammoniacal smell as already reported. 

 

2.5 – Stomach Cancer 
 
 Stomach cancer is one of the most common causes of cancer death in the world. In Europe, 

the 5-year survival is below 5%. The main methods used in the detection of this type of cancer 

involve endoscopy with biopsy and histopathological evaluation, techniques that provide a high 

level of precision in its diagnosis. However, some of these methods present disadvantages, 

namely the fact of being invasive making them unsuitable for rapid detection, and the need for 

specialized professionals to perform them. In addition, in the case of endoscopy, individuals 

whose results are shown to be normal/mild are not adequately analyzed by professionals, who 

in this case fail to perform biopsies, making the disease impossible to detect [22,23] . 

 Moreover, stomach cancer is a disease closely associated with the presence of bacteria 

Helicobacter pylori in the stomach walls. Therefore, early H.pylori infection detection will 

reduce the likelihood for the patient to develop cancer [22]. 

 In the sense of neutralizing the acidic environment of the stomach, the H.pylori secretes 

urease enzyme which converts urea in carbon dioxide (CO2) and ammonia (NH3). One of the 

alternative methods purposed for the disease diagnosis is the detection of NH3 in gastric juice 

as a potential biomarker of the bacterial presence. The use of an infrared spectroscopy detec-

tion process is advanced in [23], where the detection of NH3 is made through its fingerprints 

absorption bands in the infrared spectrum. Nevertheless, in addition to the complexity of the 

method, considering the practicality factor required for the implementation of the process in 

clinical settings, the collection of gastric juice is not an easy or simple procedure. 

 NH3 and CO2 are both volatile compounds founded in expired air that are related to stomach 

cancer. These compounds exhaled from the oral cavity are also present in saliva, becoming 

potentials biomarkers for the diagnosis of this type of cancer [22]. The NH3 concentration in 
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gastric juice of healthy subjects is around 50 mg/l, while those affected by the disease have 

an NH3 value that is around 200 mg/l. Since the concentrations of this molecule in expired air 

are only in the range of 0.002 mg/l-2 mg/l, this alternative becomes less reliable. In this way, 

saliva analysis has been proposed as an alternative method for the early detection of stomach 

cancer, since NH3 saliva concentrations are only slightly lower than those relative to gastric 

juice, varying in a range of only 20 mg/l. Thus, the development of a method capable of de-

tecting high levels of NH3 in saliva may be a good alternative for the diagnosis of this pathology. 

 

2.6 – Conclusion 

 

 Saliva analysis can be a good alternative to the means usually employed for the diagnosis 

of several pathologies, since saliva presents a significant change of its biochemical components 

in these situations. The salivary biomarker focused on this project is the concentration of urea, 

which normally presents higher levels in patients who develop one of the previously presented 

pathologies, except for the higher incidence of caries that is related to low levels of salivary 

urea. 

 It was demonstrated by Cardoso et al. [24] that the concentration of salivary urea was 

comparable in the morning and afternoon periods, suggesting that this compound does not have 

a significant change during the day and its concentration is independent of the saliva volume. 

However, although the correlation between the saliva urea levels and the presence of pre-

sented pathologies is obtained in many researches, it is observed a variation between the values 

in each study, as well as the values taken as control. This issue is also exposed in the literature 

[5]. The fact of not existing a standard method for the analysis and collection of saliva could 

be one of the reasons for the differences between the values. 

 In the various researches mentioned throughout the chapter, it is possible to notice that 

both sample collection times and established conditions vary, reason that may influence the 

levels obtained for urea in the oral fluid. It was reported in one of the studies that the time 

interval between meal and salivary sample collection, although not altering the correlation 

between urea levels and the occurrence of the disease, it may influence urea concentration 

values [5]. There are other limitations in the accuracy of salivary tests which may be related 

to salivary flow rate and composition in terms of the circadian rhythms of the salivary glands, 

the varying degrees of hydration of the patient and the potential interference of the oral mi-

crobiota with the degradation of urea, as well as age which also affects the levels of urea in 

saliva [10]. 

 There is another issue associated to the type of saliva collected. In general, the reported 

investigations use unstimulated saliva, but there are other studies where stimulated saliva is 

used [20]. These two types of saliva present some differences in their constitution, beyond that 

the second type mentioned still differs in its characteristics (volume, viscosity, protein concen-

tration, mucines concentration) depending on the nervous stimulus. This can influence salivary 

urea concentration which may vary according to the stimulation of salivary glands [3,8]. 

 These variations of the oral fluid constitute the disadvantage of using saliva as a mean of 

diagnosis. Currently, salivary tests may not yet replace the conventional methods in all diag-

nostic applications. However, with the growing interest of the scientific community around this 

theme, it is believed that analysis of saliva may become a good alternative for the detection 

of diseases where early diagnosis is critical [25]. 
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Chapter 3 

 

 

Ammonia Detection Methods 
 

[3 linhas de intervalo] 

 

 The methods for salivary urea detection are usually based in its hydrolysis process, cata-

lyzed by the urease enzyme which is present in the oral cavity. From this process, carbon diox-

ide (CO2), ammonium ions (NH4
+) and hydroxide ions are obtained (equation 3.1). Posteriorly, 

NH4
+ reacts with acid α-oxoglutarate and NADH (reduced form of nicotinamide adenine dinu-

cleotide (NAD)) due to the catalytic effect of glutamate dehydrogenase (GLDH) originating glu-

tamic acid and NAD (equation 3.2). The presence of ammonium released from urea is propor-

tional to the fall of absorption resulting from the oxidation of the reduced NAD [10,17]. 

 

𝐶𝑂(𝑁𝐻2)2 + 3𝐻2𝑂
𝑢𝑟𝑒𝑎𝑠𝑒
→     𝐶𝑂2 + 2𝑁𝐻4

+ + 2𝑂𝐻−, 

  

2 𝑎𝑐𝑖𝑑 𝛼 − 𝑜𝑥𝑜𝑔𝑙𝑢𝑡𝑎𝑟𝑎𝑡𝑒 + 2𝑁𝐻4
+ + 2𝑁𝐴𝐷𝐻 + 𝐻+

𝐺𝐿𝐷𝐻
→     2  𝑔𝑙𝑢𝑡𝑎𝑚𝑖𝑐 𝑎𝑐𝑖𝑑 + 

2𝑁𝐴𝐷+ + 𝐻2𝑂, 

 

𝑁𝐻4
+ + 𝐻2𝑂 ↔  𝑁𝐻3 + 𝐻3𝑂

+. 

  

 The most widely used method for detecting salivary urea through the reactions (3.1) and 

(3.2) is spectrophotometry, which will be reviewed in this chapter. However, the ammonium 

released in the urea hydrolysis process can easily be converted into its ammonia volatile mole-

cule form, depending only on the pH value of the sample, factor that influences the acid-base 

balance (equation 3.3). Thus, saliva urea concentration values can also be detected by methods 

capable of determining the concentrations of ammonia present. In this chapter, the various 

techniques used for detecting this gas, including more conventional procedures such as spec-

troscopy and gas chromatography, will be reviewed. Also, flow-based methodologies are used 

for ammonia detection and reported here.  

 The manufacture of NH3 sensitive devices, as are the cases of the electronic nose and field 

effect transistors, will also be approached. One of the important factors in this type of systems 

is the material chosen for the sensor matrix. Carbon nanotubes have been capturing the atten-

tion of the scientific community in cases where their implementation in electronic systems 

promotes the detection of ammonia. For this reason, the many mechanisms of detecting this 

gas using these nanostructures will be reported in this chapter, too. 

(3.3) 
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3.1 – Spectroscopy  
  
 The main optical method used for the detection of urea and NH3 in saliva described in the 

literature is spectroscopy. Colorimetric methods can be associated to this technique, being 

referred to as spectrophotometry, which will also be described. 

 Spectroscopic analysis is based on the interaction between matter and electromagnetic 

radiation, being widely used as a method for gas detection. The light spectrum which crosses 

the air and reaches the detector is influenced by the gas composition. In the literature, the 

possibility of NH3 being distinguished from a gas mixture through its absorption spectrum is 

reported [26]. 

 In [22], it was developed a microfluidic optoelectronic platform with the goal of detecting 

NH3 and CO2 saliva concentrations, as a way of identifying possible situations of infection by 

H.pylori bacteria. The developed device is based on a microfluidic platform and a sensor system 

that included organic pH-sensitive dyes in the form of microspheres with the ability to detect 

CO2 and NH3. This platform included also an optoelectronic part that consisted in a LED as light 

source. Light is transmitted through the sensor and guided by an optical fiber until a portable 

spectrometer which is responsible for recording the transmittance values in visible region (Fig-

ure 3.1). Afterwards, diluted saliva samples were used for the preparation of solutions with 

higher levels of NH3 and CO2 to understand if the developed system could be sensible to these 

compounds. Indeed, the achieved results were good in a way that the difference in the re-

sponses of collected saliva from healthy subjects and those with higher levels of NH3 and CO2 

were notorious. In addition, the developed sensor showed sensitivity to different concentra-

tions of the two gases at ppm level. Both factors were essential to potentiate their platform 

for the diagnostic of stomach cancer.  

 For the detection of this type of cancer, in another investigation, it was developed an in-

frared spectroscopy method with the goal of detecting NH3 in gastric juice, which was based 

on the typical absorption bands of the infrared spectrum of this gas [23]. 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 – Experimental setup developed in [22]. Ion pair-doped beads contained Cresol Red-quaternary 
ammonium ion paired sensible to dissolved CO2, and Zinc tetraphenylporphyrin (Zn(TPP)) doped beads are 
used to detect NH3. 
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 Although the high sensitivity and selectivity that spectroscopy analysis presents for NH3 

detection, there are some disadvantages associated to this method. The sensitivity of the ab-

sorption spectroscopy is determined, in part, by the quantity of gas between the light source 

and the detector. A correct analysis depends on the measuring system which normally has large 

dimensions, making its miniaturization a difficult process. For this purpose, the lower detection 

limit does not support very small concentrations, making it unviable for applications such as 

breathing analyzers. Moreover, the necessary equipment is expensive, a problem that has been 

tried to be overcome with the use of laser diodes. However, this solution resulted in a decrease 

of the sensitivity [26,27]. 

 Spectroscopic analysis is usually combined with colorimetric methods where a specific re-

action causes the coloring of an analyte. This combination is usually referred as spectrophoto-

metric analysis.  

 The best-known example of a colorimetric method is the pH paper which colors a solution 

according to its pH value [27]. In a study comparing saliva urea levels between patients with 

some type of renal impairment and healthy individuals, the detection of this compound was 

performed using a pH-indicating substance. This substance changes the color of a test pad due 

to the presence of OH- ions resulting from urea hydrolysis. The determination of urea concen-

tration is made by finding the best approximation of this color to those of six standard test pads 

[8]. 

 Another colorimetric reaction used in the literature for the quantification of the saliva urea 

levels involves the utilization of the diacetyl monoxime reagent. This reagent produces labile 

diacetyl in the presence of hydrolyzed acid, colouring the solution into yellow. In the research 

made by Shirzaiy et al. [14], this reagent was used to estimate the concentration of urea in 

patients with diabetes type II, together with the atomic absorbance spectrophotometry tech-

nique. This reagent was as well used in another investigation to determine the concentration 

of salivary urea in patients with halitosis [15]. 

 Although this technique has a high sensitivity, to perform a spectrophotometric analysis it 

is necessary to use equipment capable of measuring and comparing the amount of light ab-

sorbed, transmitted or reflected by a given sample. A spectrophotometer is used in many in-

vestigations to determine the levels of salivary urea [15,20]. Nevertheless, this type of equip-

ment is generally expensive making it difficult to implement in underdeveloped countries, 

where generally the need for simpler procedures is greater because of the lack of conditions. 

Besides that, colorimetric reactions which are associated to this technique also require the 

consumption of reagents and are dependent on the speed of their reaction with the analyte, 

influencing the cost and speed of the process of salivary urea detection. 

 

3.1.1 – Flow-based methodologies 
 

 Flow-based methodologies can be associated to spectrophotometric analysis. It was re-

ported that these methodologies are usually used to detected low concentrations of ammonia 

in estuarine and marine waters [28]. The most commonly used flow systems include flow-injec-

tion analysis (FIA) and sequential injection analysis (SIA). Another approach is the segmented 

flow analysis (SFA) but this technique is already considered as an outdated technique [29]. 

 SFA is characterized by a “continuous, flowing stream segmented by air bubbles” with prob-

lems related to the expensive cost and air-bubble segmentation which involve slower start-up 

times and higher reagent use [28,29].  
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 FIA is described in [28] as a “non-segmented stream, where the sample is inserted in a 

carrier/reagent stream through an injection valve, in a reproducible fashion and with controlled 

dispersion”. Compared to SFA, this is a more attractive technique since its operation is simpler 

and the cost is lower. The portability is also possible when using this methodology. However, 

there are some issues related to it, namely when using peristaltic pumps. The tubes used with 

these pumps imply the recalibration of the system every time they are changed due to tube 

squashing. They are also vulnerable to aggressive reagents which can damage the tubes [28,29].  

 In SIA, the sample and reagent plugs are sequentially aspirated through a selection valve 

toward a holding coil. Then, the plugs are directed to the detector by flow reversal. The main 

advantages associated to sequential injection analysis are the versatility, the reagent saving, 

easy automatization due to the possibility of computer control and robustness. The main dis-

advantage of this technique is the analysis frequency. SIA aspirates sample and reagents one 

after the other which introduces a considerable decrease of sampling rate when compared to 

FIA and a more difficult mixture of the sample and reagents [28,29]. 

 Usually, there are analytical methods that are employed together with these flow-based 

methodologies. One of these methods involves the gas-diffusion method that has been reported 

for the determination of ammonia [28,30], and so it will be described next. 

 

3.1.1.1 – Gas diffusion method 

 

 One of the processes also used to cause gas separation is the application of a gas diffusion 

unit (GDU). In the literature, this method is associated to the spectrophotometric technique, 

and it was reported in the separation of chloride and ammonia [31]. 

 GDU is usually employed in flow systems, where it improves the selectivity by separating 

the analyte from the interferences. In [30], it was developed a sequential injection system 

which include a GDU to determine ammonium concentrations in coastal and transition waters 

(Figure 3.2). The system involves the conversion of the NH4
+ into NH3 through the addition of 

sodium hydroxide (NaOH) in the samples at the GDU donor channel. Subsequently, the NH3 

diffuses through a hydrophobic membrane into its acceptor channel. In this channel, a blue 

bromothymol solution (acid-base indicator) is injected, which change its color in the presence 

of the gas. This system encompasses spectrophotometry as a detection method to measure the 

change in indicator’s absorbance and consequently determine the concentration of NH4
+. In this 

study, the lower detection limit obtained was 0.027 mg/l. 

 

Figure 3.2 – System developed in [30]. PP1 and PP2 represent peristaltic pumps. 
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 Since spectrophotometric analysis is used in this method, its already mentioned disad-

vantages are also associated to it. However, in the study mentioned above, it was accomplished 

a null consumption of the colorimetric reagent per determination due to its recirculation in-

corporated in the system. 

 The disadvantage of using a GDU can be related to interferences which may impair the 

correct operation of the system. In the reported study, since the detection of NH3 includes the 

NaOH addition into the samples, the formation of insoluble calcium (Ca2+) and magnesium (Mg2+) 

hydroxides may occur. These interferences can block the flow channels, and even the GDU 

membrane pores, compromising the accuracy, sensitivity and transfer rate. However, the for-

mation of these precipitates can be reduced by the addition of a chelating agent (e.g. citrate) 

to the NaOH stream. Although in small amounts, saliva also contains Ca2+ and Mg2+, and thus, if 

this method is used in the detection of salivary urea or NH3, it may be necessary to consider 

this fact [4]. 

 

3.2 – Gas Chromatography 
 
 Gas chromatography (GC) is an important tool in the detection of gaseous compounds. It is 

a technique widely used in areas such as environmental analysis and for diagnostic purposes 

through analysis of expired air [32]. 

 A conventional GC system comprises five principal components: i) the carrier gas, also 

known as mobile phase, is a highly pure gas (e.g. hydrogen or helium) which transports the gas 

sample through the column; ii) sample injector that introduces a finite and precise volume of 

sample in the carrier gas which continuously flow through the column; iii) the column that is 

coated with the stationary phase which interacts chemically with the injected gas sample, and 

where physical separation of the sample individual constituents takes place; iv) the detector, 

localized ate the column exit; and v) the data processing system [32]. 

 Kolesar et al. [32] developed a miniaturized gas chromatography system with a structure 

based on the components described above (Figure 3.3) for detecting nitrogen dioxide (NO2) and 

ammonia (NH3). Helium gas was used as gas carrier and the sample injection system involved 

the incorporation of a commercial injection valve. The column was considered the most critical 

component of the system and it was configured as two interconnected spirals. The detector 

was constituted by a primary detector which consisted in a chemical resistance based on copper 

phthalocyanite (CuPc) that is sensible to the gas of interest, and by a secondary detector con-

stituted by a thermal conductivity detector. Regarding the system response in the presence of 

NH3, they found that it only operated correctly at concentrations greater than 3 mg/l and that 

the maximum duration of each measuring cycle was 85 minutes. 

 Despite the good sensitivity associated with this technique, GC-based systems are usually 

quite bulky and fragile, making them unsuitable for operating in non-laboratory environments. 

The cost and time required to carry out the process are also disadvantages of this method [32]. 

 

 



 

 
      

 

16 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 – Block diagram of the GC system developed in [32]. 
 

3.2.1 – Gas chromatography-mass spectrometry 

 

 There are other techniques that can be used together with gas chromatography for the 

detection of volatile samples. Compound detection based on gas chromatography-mass spec-

trometry (GC-MS) is done according to the mass/charge of atoms or ionized molecules ratio to 

analyze the desired compounds [33]. In [34], it was developed a method for the quantification 

of NH3 levels in explosive compounds, based on GC-MS technique. In that investigation, they 

used a derivatized solid phase microextraction fiber (SPME). This type of fiber is derived from 

akylchlo-reformate which directly converts the samples of gaseous or dissolved NH3 in solution 

into a high molecular weight product, increasing gas separation and detectability. However, 

the system showed a high sensitivity to moisture, which introduced oscillations in the system 

response when exposed to ammonia. 

 This type of technique requires very complex and time-consuming sample preparation 

methods. The high cost and the need of expert knowledge for the data interpretation are some 

of the factors that make GC-MS a limited method for applications in the clinical diagnosis field 

[33]. 

 

3.3 – Electronic Nose 
 

 The electronic nose (e-nose) is a device capable of measuring and characterizing volatile 

aromas from many sources for multiple applications. This type of system aims to mimic the 

olfactory system of mammals and it is used in several scenarios in diagnostic field (e.g. in the 

analysis of expired air) [35]. 

 Systems based on electronic nose are constituted by three fundamental parts, including the 

sensor matrix, the signal transducer and a pattern recognition mechanism (Figure 3.4). The 

sensors selected to form the sensor matrix are responsible for detecting the odor. Posteriorly, 

the chemical signal is transformed by the transducer in a detectable electrical signal. The pat-

tern recognition mechanism uses principal component analysis algorithms or artificial neural-

network. 

 When compared with the traditional gas analysis methods, as GC-MS and infrared spectros-

copy, the e-nose has a simpler structure gathering the advantage of having a smaller size and 

a lower cost. Moreover, it is much faster and adequate for non-expert users becoming suitable 
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Figure 3.4 – Basic block diagram of the electronic nose system (adapted from [36]). 

 

for daily applications. However, commercial e-noses do not have these characteristics. Indeed, 

the devices that exist in the market have a very large size and can only be used in a laboratory 

environment [36]. 

 There are many types of e-nose sensors available in the market, including conductive sen-

sors (metal oxide semiconductors (MOX) and conductive polymers (CP)), piezoelectric sensors, 

field effect transistor sensors, optical sensors and spectroscopy-based sensors. Due to the prob-

lems associated to this technology already reported, a hypothesis of developing a e-nose capa-

ble of overcome these disadvantages has been investigated by using integrated circuit technol-

ogy to reduce size and energy consumption. In this field, the more used sensors are the con-

ductive sensors due to their electric properties and simple interface circuit [35]. 

 Table 3.1 shows the main advantages and disadvantages presented by the MOX and CP sen-

sors, with respect to their behavioural characteristics in electrical and thermal terms which 

will be explored next. 

 
Table 3.1 — Summary of advantages and disadvantages of MOX and CP sensors (modified from [36]) 

 
 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 
3.3.1 – Metal oxide semiconductor sensors 

 

 Metal oxide semiconductor (MOX) sensors are usually constituted by three layers, including 

a silicon semiconductor, a silicon oxide insulator and a catalytic metal [35]. The interaction 

between the gas and the metal causes changes in its characteristics. In [37], it was developed 

Sensor Type Advantages Disadvantages 

Metal-Oxide Semicon-
ductor (MOX) 

Very high sensitivity 
 

Rapid response and recov-
ery time  

High temperature opera-
tion 

 
High power consumption  

 
Poor precision 

Conductive Polymer 
(CP) 

Ambient temperature oper-
ation 

 
Sensitive to many gases 

 
Short response time 

 
Low cost 

Sensitive to humidity and 
temperature 

 
Sensors can overload by 

certain analytes 
 

Limited lifetime 
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a prototype capable of being integrated in a e-nose system, with the goal of detecting NH3 in 

expired air for clinical diagnostic applications. In this prototype, a MOX sensor of tin dioxide 

was used. The sensor operating principle is based on the decrease of its resistance due to the 

interaction of the NH3 with tin dioxide, resulting in a change on the device conductivity.  

 This type of sensors has a high sensitivity and a rapid response time regarding the gas de-

tection, however they only work properly with high temperatures. This feature demands the 

use of heating machines and a high energy consumption (Table 3.1).  

 MOX sensors can be integrated in a unique microchip sensor for e-nosed based systems, and 

the size and consumption energy conditions can be improved. Nevertheless, the energy con-

sumption is still a limitative factor. However, although a large number of MOX sensors are 

required in the e-nose systems, they remain the most favorable choice for this type of inte-

grated and miniature systems [36]. 
 

3.3.2 – Conductive polymer-based sensors 

 

 Conductive polymer-based sensors (CP) usually consist of a substrate (e.g. silicon), two 

interdigitated electrodes and an organic polymer as sensor material. The most used polymers 

are polyaniline (PANI), polypyrrole (PPy) and polythiophene (PT) [35]. 

 This type of sensors is also frequently used in gas detection (e.g. NH3). Their performance 

is based on the interaction of the gas with the polymer. This mechanism can reflect changes in 

the polymer conductivity due to the electrons transferred for or from the analyte. Seesaard et 

al. [38] manufactured an amine sensor embroidered on a substrate based on polymers/carbon 

nanotubes and applied it as an e-nose system. In this work, four types of polymers were used, 

including polyvinyl chloride (PVC), cumene terminated polystyrene-co-maleic anhydride (cu-

mene-PSMA), poly (styrenecomaleic acid) partial isobutyl/methyl mixed ester (PSE) and poly-

vinylpyrrolidon (PVP). The sensors were tested for four types of gas, one of them the ammonium 

hydroxide (NH4OH) with concentrations of 50, 200, 500 and 1000 mg/l. It was found that the 

different polymers exhibited notable variations in their resistance values in a way that the 

percentage of the change in their resistance increased as the gas concentration increased. It 

was also verified that the most sensible polymer to NH4OH was the PSE. 

 Indeed, this type of polymeric materials presents a good performance at room temperature 

and a high energy consumption is not required. In addition, they are easily manufactured and 

can display different sensitivity and selectivity. The major disadvantage of CP-based sensors is 

their sensitivity to humidity, which can jeopardize their proper operation (Table 3.1). 

 

3.4 – Organic Field Effect Transistors 
 
 Field effect transistors have as basic principle the modulation of electric current intensity 

that flows between source and drain electrodes through an electric field applied to a third 

electrode called gate [39]. 

 There are several types of field effect transistors, however organic field effect transistors 

(OFETs) are the most promising as gas sensing elements in areas such as health monitoring. 

They are low cost and portable devices that can detect multiple analytes through an organic 

semiconductor. They also have fast response times and can be integrated into complex circuits 

with embedded signal processing, e.g. electron-nose [40,41]. 



   
 

                                                                                                                            

 

19 

(3.4) 

 Usually, OFETs have the structure shown in Figure 3.5. This type of devices operates in an 

accumulation regime. This means that when a voltage is applied between the gate (VG) and 

source, the electric field induces majority carriers in the organic semiconductor (more precisely 

in the semiconductor/dielectric interface) forming a conduction channel. The voltage applied 

between the source and drain (VDS) is responsible for draining these charge carriers from the 

conducting channel. 

 OFETs have gained considerable visibility as ammonia sensing elements. In the investigation 

lead by Werkmeister et al. [42], they explored the use of OFETs for urea detection. The oper-

ation principle of the developed device is based on urea hydrolysis process. They manage to 

detect concentrations of NH3 in the range of 45.01-450.45 mg/l. The detection process involves 

a functionalized parylene-C membrane with urease enzyme used as a semipermeable upper 

gate dielectric, where the NH3 diffusion to the organic semiconductor layer (dinaphtho[2,3-

b:2’,3’-f]thieno[3,2-b]thiophene (DNTT)) occurred. The charge carrier concentration in the 

transistor channel is manipulated by capacitive coupling, resulting in a current change through 

the device. In this study, it was verified a quick current decrease with increasing NH3 concen-

trations. 

 There are two operation states for OFETs: linear state and saturation state. The linear 

region occurs when VDS<(VG-VT), being VT the threshold voltage (minimum voltage that must be 

applied so that there will be accumulation of charge carriers in the channel). Saturation region 

occurs when VDS>VG-VT, with no more drainage of charge carriers than those being injected. 

The current between the source and drain IDS, in this second case is given by equation (3.4), 

and usually it is the one being measured [42]. W and LO correspond to the channel width and 

length, respectively, while C represents the capacitance of the dielectric and μ the mobility of 

the majority carriers in the conductor channel formed in the semiconductor. 

 

𝐼𝐷𝑆 =
𝑊

2𝐿𝑂
× 𝐶 × µ × (𝑉𝐺 − 𝑉𝑇)

2. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 – Basic organic field-effect transistor structure. VDS is the voltage applied between the drain 
and source electrodes, and VG is meant as the voltage applied at the gate electrode. 
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 According to [42], these parameters could change depending on the analyte concerned. VT 

may change due to changes in electrostatic field (e.g. different pH values or charged molecules 

absorption); capacity C may also change thanks to the analyte binding. The alterations of µ can 

occur, for example, due to the interface morphologic effects. This way, for characterizing an 

OFET is necessary to consider its characteristic curves, the mobility of the charge carriers, the 

ON/OFF ratio (ratio between the two output signals, one with the device ON and the other in 

the OFF state), and the threshold voltage.    

 In [41], it was developed a NH3 sensor based in an OFET, with a semiconductor layer of 

pentacene and polymethyl methacrylate (PMMA) as dielectric. The device characterization was 

done through the study of changes in threshold voltage, saturation current and charge carriers’ 

mobility according to different concentrations of NH3. The structure of the developed OFET is 

presented in Figure 3.6. The researchers detected that the device exhibited a behaviour char-

acteristic of p-type transistors. They observed a decrease of IDS current with the increase of 

NH3 concentration, which was confirmed by the results obtained for the device’s current in the 

OFF state. In relation to the threshold voltage, they verified that it decreases (becoming more 

negative) when the NH3 concentration increased. They attributed this phenomenon to the in-

teraction of the gas molecules (dipole molecules) adsorbed in the pentacene film, since these 

act as "traps" for the charge carriers which moving at the interface between the organic film 

and the dielectric. In this study, it was also identified that the charge carriers’ mobility de-

creased with increasing concentration of the analyte, causing a decrease in the transistor’s 

conductivity. However, pentacene-based OFETs present a disadvantage characterized by their 

sensitivity to water vapor that can drastically decrease the good performance of the device, 

undermining their sensing characteristics. 

 Another disadvantage which may also affect the use of OFETs as a gas sensor mechanism is 

related to the high voltage required for their stable operation [43]. To overcome this problem, 

in [44], Inaba et al. developed a low-voltage graphene field-effect transistor (GFET) electro-

chemically gated by an ionic liquid (IL). IL consisted in organic salts molten at room tempera-

ture. In the proposed sensor, the IL and the graphene act as a mean for gas adsorption and 

sensor material, respectively. The truth is that, due to the double layer formed at the gra-

phene/IL interface, the developed IL-GFET (ILGFET) could be activated by a voltage approxi-

mately 100 times lower. When ILGFETs are used as gas sensors, the gas molecules can diffuse  

through the IL to reach the graphene/IL interface, modifying the electrical properties of the 

device (Figure 3.7). In this research, they used ammonia concentrations in the range of 9-2400 

mg/l, applying a constant VDS of 10 mV and a variable VG. Under these conditions, they observed 

a decrease in the IDS current as the NH3 concentration increased. 

  

 

  
 
 
 
 
 
 
 
 
Figure 3.6 – Organic field-effect transistor structure developed in [41]. They used idium tin oxide (ITO) 
as subtract as well as gate electrode. PMMA was spin coated on the ITO, and subsequently gold (Au) source 
and drain electrodes were thermally evaporated on the dielectric. 
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 In OFETs, it is usually the interaction of the analyte with the organic semiconductor layer 

that causes the change of the electrical properties of the device. However, in [40], it was 

approached the idea of a sensitive gate dielectric to NH3 concentrations. The researchers pre-

sented a new concept of OFET which was based on the application of an organic ion-conducting 

dielectric material chemically adapted for changing its electronic properties after the contact 

with the analyte. This interaction will generate an electrically detectable response. The die-

lectric also strongly affects the operation of the device in a FET. The application of this ion-

conducting component can be a solution for solving problems related to the high operating 

voltages needed for OFETs operation by generating large charge carrier densities in the chan-

nel’s device through ions moving to the interface or even into the semiconductor. Furthermore, 

a further advantage of having an active-sensitive gate dielectric involves the annulation of the 

oxygen and/or humidity effect on the organic semiconductor, which is often detrimental to the 

OFET’s performance. In the mentioned research, this annulation was achieved by using a struc-

ture in which the dielectric is deposited over the organic semiconductor layer. The dielectric 

sensor was constituted by ring-opening metathesis polymerized (ROMP) materials, and it was 

directly in contact with NH3 through an aluminum electrode. When exposed to an alkaline an-

alyte as NH3, the -OH polymer groups (organic dielectric constituents) are deprotonated, thus 

creating the mechanism responsible for the sensor response which involves mobile NH4
+ ions 

and counterions.  

 In [45], Huang et al. also focused on the role of the dielectric in the operation of OFETS, 

since an improvement in the semiconductor/dielectric interface may benefit the device per-

formance. The goal of their investigation was to compare various types of polymeric materials 

in pentacene-based OFETs to see with which one the device achieves the best performance. 

Among them, they studied the polystyrene (PS), poly(vinyl alcohol) (PVA), poly(methyl meth-

acrylate) (PMMA) and poly (4-vinylphenol) (PVP). The one which presented the best results was  

the PS, since its use allowed a detection limit below 1 mg/l of NH3 and presented good recovery 

properties. In this study, the researchers also verified that the molecule structure of the die-

lectrics has a more important role than morphology in their sensor properties, since the larger 

 the grain the more grain boundaries will exist, a factor that may reduce the electrical charac-

teristics, especially the mobility in OFETs.  
 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.7 – Operation principal of IL-gate GFET (ILGFET) proposed in [44]. D, S and G represent drain, 
source and gate electrodes, respectively. 
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3.5 – Carbon Nanotubes as Ammonia Sensor Material 
 
 To produce devices capable of detecting ammonia, it is necessary to have a component 

where its interaction with the gaseous molecules causes some change in its properties capable 

of being measured. In OFETs, it was verified that pentacene or graphene semiconductor layers 

exhibited electronic changes according to their exposure to the concerned analyte. In fact, it 

is their interaction with the gas molecules that will trigger the system’s response. Therefore, 

it is understandable that the choice of this material is the key point to build a system that 

works correctly. 

 Conductive polymers have also gained a huge visibility as NH3 sensor materials [46]. Poly-

aniline (PANNI) is a polymeric material that presents a high or low electric conductivity in a 

reversible way by alternating its exposure to acidic or basic solutions, respectively. In [47], the 

researchers studied the performance of ultrathin polyaniline films for controlling their exposure 

to NH3 in a range of 0-20 mg/l, based on impedance spectroscopy technique. Here, it was 

verified that ammonia has an effect of increasing the electrical resistivity of PANI films at low 

frequencies. However, some disadvantages related to this kind of material as sensor film were 

also reported, namely its low electrical stability and its high response time. 

 Another type of materials with increasing interest by researchers in the creation of gas 

sensor devices is the field of nanotechnology. The utilization of nanomaterials is becoming 

interesting due to their size which offers many advantages, like surface/volume ratio. Increas-

ing the surface area of nanomaterials provides highly active interfaces, thereby increasing sen-

sitivity and decreasing response and recovery times. In addition, its use in gas sensors allows 

the development of low cost detection systems, portable and easy to use devices [33]. 

 Carbon nanotubes (CNTs) are among the most widely used nanomaterials for the detection 

of NH3. The structure of these nanocomposites provides them with unique chemical, physical 

and electrical properties. Due to its C-C binding, CNTs are the strongest and most rigid fibers 

currently known, in addition to the great thermal stability that they exhibit both in vacuum 

and in air. The dielectric properties of these nanotubes revealed that these are highly aniso-

tropic structures. This feature together with the ballistic transport through the tube axis allow 

them to transport high currents with a minimum effect of heating. In this sense, the utilization 

of these nanomaterials as sensor material becomes ideal for compact, portable and low-power 

detection devices [48–50]. 

 There are two types of CNTs, single-walled CNTs (SWCNTs) and multi-walled CNTs (MWCNTs) 

(Figure 3.8). The first ones can be considered as a layer of a graphite rolled into a cylinder with 

a diameter of several nanometers and length in the order of 1-100 micrometers (Figure 3.8 (a)).  

SWCNTs can be metallic or semiconductors, depending the direction in which the graphite sheet 

is rolled up to form the cylinder. This direction can be characterized by the vector (n,m), being 

n and m integers. This vector defines the structure of the nanotube (Figure 3.9). If n=m, the 

configuration of the nanotube will be armchair. If n=0 or m=0, it will adopt a zig-zag configu-

ration. Other values for n and m conceive a chiral configuration to the nanotube. All the arm-

chairs and the ones in which n-m=3k (being k a non-zero integer) are metallic [50,51].  With 

respect to MWCNTs, these consist in multi layers of graphite rolled together in form of a tube, 

sharing the same central axis (Figure 3.8 (b)). Both SWCNTs and MWCNTs have already been 

used in the NH3 detection [52,53]. 
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Figure 3.8 – Scheme of an (a) individual SWCNT and (b) MWCNT (adapted from [49]). 

 

 CNTS can be encompassed in several types of sensors, each with its respective detection 

mechanism [48,54]. However, in this work, it will be reported the most commonly used sensor 

types, which include chemiresistive, capacitive and field effect transistors based on CNTs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.9 – A one atom thick layer of graphite demonstrating the vector that defines the direction in 
which the sheet is rolled up (adapted from [51]). 

 

3.5.1 – Chemiresistive sensors 

 

 Since sensors whose operating principle relies on the resistance’s change are easy to build, 

test and calibrate, they are those whose architecture is most used in the implementation of 

gas sensors based on CNTs [48]. 

 In chemiresistive sensors, CNTs are used as a conductor channel. This type of nanostructures 

is almost entirely composed by surface atoms. In this way, a small alteration in the chemical 

environment that surrounds the CNTs results in a change of the conductivity capable of being 

measured.  

 Analyte adsorption in CNTs surface can change its conductivity based on three factors (Fig-

ure 3.10): i) modulation of Schottky barrier in electrode-CNT junctions (Figure 3.10 (a)), ii) 

charge transfer between CNTs and the analytes (Figure 3.10 (b)), and iii) the distance increasing 

in the intertube junction (Figure 3.10 (c)). Relative to the first factor, if an analyte is adsorbed  

(a) (b) 
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Figure 3.10 – The three factors responsible for the change in the conductivity of the CNTs: (a) CNT elec-
trode junction, (b) charge transfer between the CNTs and the analyte, and (c) intertubes junction. The 
plates represent the electrodes, whereas the CNTs and the analyte are represented by the network struc-
tures and spheres, respectively (adapted from [49]). 

 

in the CNT-metal interface, the conductivity may change due to the change in the Schottky 

barrier. On the other hand, CNTs are type-p semiconductors at ambient conditions. This means 

that the electrons donated to the CNTs valence band due to the adsorption of the analyte cause 

a decrease in their conductivity. Finally, since an individual CNT is not long enough to form 

conductive channels, these are formed through the connection between several CNTs. If the 

analytes are adsorbed at the intertube junctions, the conductivity of the nanostructures can 

also be altered by the perturbation of these junctions [49]. 

 This type of sensors is very used in NH3 detection. In [52], Author et al. developed a NH3 

CNT-based sensor on cotton textile. The sensor described in the investigation consists in a 

SWCNTs network as resistive element which changes its resistance value when exposed to the 

gas molecules considering the concentration range of 10-100 mg/l. Here two types of sensor 

were fabricated. The first has a structure of gold electrode/CNT-based sensor/gold electrode, 

and the second one had a structure all based in CNTs, composed by conductor/sensor/conduc-

tor. In both types, it was verified that exposing the sensor to the NH3 molecules caused an 

increase in its resistance. However, it is important to notice that in the sensor with the gold 

electrode/CNT-based sensor/gold electrode structure there are different physical and chemical 

properties between CNTs and gold. Therefore, the contact cross-points between these two 

compounds can result in a Schottky contact, which degrades the sensor performance. 

 CNTs, depending on the analyte concerned, may show a weak response and low selectivity 

to the gas molecules due to the weak interaction between the two. Thus, the process of func-

tionalization of CNTs arises to overcome this difficulty. The functionalization of these nano-

materials can be done by using organic polymers or metal nanoparticles. In [53], a chemiresis-

tive MWCNTs-based sensor for gas detection (including the NH3) was fabricated. In this study, 

the nanotubes network was functionalized with platinum (Pt) and palladium (Pd) particles. The 

fabricated sensor was developed on an alumina substrate where two chromium (Cr) and gold 

(Au) metal strips were vacuum evaporated in the MWCNTs films for making the electrical con-

tacts (Figure 3.11). The electrical resistance of MWCNTs increased when they were exposed to 

NH3 molecules. 

 As it was previously mentioned, chemiresistive sensors are easy to implement. However, 

many improvements are still needed in the sensitivity, selectivity and anti-interference capa-

bility of these CNTs-based sensors.  

(a) 

(b) 

(c) 
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Figure 3.11 – Schematic of a chemiresistive CNTs-based sensor, functionalized with Pt and Pd particles, 
developed in [53].  

 

 

3.5.2 – Capacitive sensors 

 

 In this type of sensors, its operation principle is based in capacity change of the CNTs when 

they are exposed to the gas of interest. 

 In [55], the researchers presented the performance of composite materials based on 

MWCNTs and titanium dioxide (TiO2) tested as resistive and capacitive sensors for the detection 

of ammonia. Here, they verified that the variations in capacity were much higher than the 

changes in resistance. In that study, the CNTs network was functionalized with many concen-

trations of nitric acid (HNO3). The structure of the capacitive sensor developed is presented in 

Figure 3.12 (a) and is based on an indium tin oxide (ITO) substrate, with a layer system of 

TiO2/CNT/TiO2 and a contact made of silver. The equivalent circuit of this structure is pre-

sented on Figure 3.12 (b), where R0 represents the resistance due to the external connectors, 

RtCt represents the grain boundaries of TiO2 (in air only) at high frequencies, and R2C2 repre-

sents the carbon nanotubes for low frequencies. The variation of the capacity was studied by  

 

 

 

 

 

 

 

 
Figure 3.12 – (a) Schematic of the capacitive sensor based on carbon nanotubes and titanium dioxide, 
and (b) equivalent circuit, developed in [55]. 

 

the electrochemical impedance spectroscopy technique. The sensor whose exhibited a better 

response was the one functionalized with a HNO3 concentration of 2.5 M. The obtained results 

showed that, during ammonia exposure, what dominates is the process at low frequencies. In 

this sense, an increase of R2 and C2 was obtained when the sensor was exposed to the gas. 

 In another investigation reported on the literature [56], a capacitor based on SWCNTs was 

developed on a silicon substrate (Si) highly doped in two plates. When an excitation voltage is 

(a) (b) 
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applied between the plates, an electric field is created at the end of nanotubes. This results in 

polarization of the adsorbed molecules and in the increase of the capacity value. Based on this 

principle, this sensor showed a high sensitivity to a variety of gases. 

 Although capacitive sensors are more stable than resistive sensors, their main disadvantage 

lies in their longer response time. 

  

3.5.3 – Field effect transistors 

 

 Usually, SWCNTs are used for developing CNTs-based field effect transistors (CNTFETs) [57]. 

 If two metal contacts are connected to each end of an individual SWCNT (s-SWCNT), the 

metal/s-SWCNT/metal device exhibits characteristics of a transistor. This way, the response 

based on the CNTs resistance change to gas adsorption may be detected by a field effect tran-

sistor [48]. 

 NH3 is an example of gas that can be detected through this type of sensor. In [58], a tran-

sistor with a s-SWCNT semiconductor for nitrogen dioxide (NO2) and ammonia detection was 

developed. It was used a silicon/silicon dioxide substrate with a polysilicon layer as the tran-

sistor gate. When exposed to NH3, it was verified that the current-voltage characteristic curve 

(I-V) has been displaced by -4V. In addition, it was also observed a decrease of the device’s 

conductivity, explained by the depletion of holes in the semiconductor resulting from the fact 

that NH3 is a reducing agent. The investigators also verified that, when the device was exposed 

to 1% of the concerned gas, its response time was 1-2 min, a value that increased as the con-

centration decreased.  

 CNTFETs are compact devices, effective at room temperature and with a low manufacturing 

cost. They are detection systems that require a low power consumption, exhibiting a fast re-

sponse time coupled with a low recovery time. However, its operation process can be affected 

by the humidity of atmospheric air, due to the interaction between water molecules and CNTs. 

To this disadvantage, it is added the problem of sensor stability during over long periods of 

time and the low selectivity when compared to other gas detection technologies [57]. 

 

3.6 – Conclusion 

 

 In table 3.2, a comparison between the various methods enunciated here for NH3 detection 

is presented. As it is possible to be verified, the most conventional ones (optical methods and 

gas chromatography) usually have a higher sensitivity. However, they are associated to very 

large equipment, which makes them very difficult to use in environments other than laborato-

ries.  Another common aspect of these methods is the cost, which due to their operation con-

ditions, is very high. In this way, alternatives to these techniques have been idealized. Most of 

them are based in platforms capable of being sensitive to the concerned gas.  

 The electronic nose has been one of the researchers’ approaches, since it can be adapted 

for a wide range of areas, such as in the field of pathology diagnosis through the analysis of 

expired air [35]. In fact, it is a system with a simple structure, easy to use and it can include 

many types of sensors. However, this type of product requires a high-power consumption and, 

commercially, it remains expensive. Nevertheless, it is still a promising choice as a gas detec-

tion system, since these disadvantages can be overcome by choosing the right sensor array 

together with the incorporation of integrated circuit technology. 
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 Organic field effect transistors can also be a good choice for NH3 detection systems. They 

have a good sensitivity when exposed to the gas molecules, and its manufacturing is not expen-

sive, becoming possible to use them in many electronic systems. However, depending on the  

 

Table 3.2 — Summary of advantages and disadvantages of various NH3 detection methods. 

  

organic semiconductor material, their operation may be affected by the humidity of the envi-

ronment and may require a high energy consumption.  

 The chosen material for detecting the concerned gas is an important factor for the good 

performance of the device. In this area, carbon nanotubes have been widely explored for NH3 

detection systems. The most used types of CNTs-based sensors are the chemiresistive, the ca-

pacitive and FETs, each one with their own advantages and disadvantages.  While chemiresis-

tive sensors are easier to implement and have a lower response time than capacitive sensors, 

they exhibit lower stability. In turn, the capacitive sensors have a higher response time. For 

FETs based on carbon nanotubes, they are compact devices that require low power consumption. 

However, this last type of sensor can be affected by the humidity of the atmosphere and, when 

compared to other technologies (e.g. conventional methods of gas detection), it presents a low 

selectivity. 

 It can be understood that there are many techniques for NH3 detection. However, the aim 

of the present work is the development of a portable and easy-to-use device adapted to the 

analysis of saliva urea concentration that gathers the characteristics of easy automatization 

and possible to be operated by anyone. Conventional methods present some gaps concerning 

Method Advantages Disadvantages 

Optical Methods 
High sensitivity 
High selectivity 

Good precision in the results 

Large and expensive equipment 
It does not support very low detection lim-

its 
Reagent consumption when associated with 

colorimetric assays 

Gas Chromatography Very high sensitivity 
Large and expensive equipment 

Time-consuming process 
Trained personnel for result interpretation 

Electronic Nose 

Simple structure 
Cheap and fast sampling 

technique 
Suitable for non-expert users 

High power consumption 
Commercially expensive 

Organic Field Effect 
Transistors 

Applicable structure for elec-
tronic devices 

Good sensitivity 
Low production costs 

High power consumption 
Sensitive to humidity 

CNTs-Based Chemiresis-
tive Sensors 

Easy to build, test and cali-
brate 

Rapid response time 
Low selectivity 

CNTs-Based Capacitive 
Sensors 

High stability High response time 

Transistors based on 
CNTs 

Compact devices 
Low power consumption 
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these impositions. Another goal of this project is also the construction of a device that needs a 

low energy consumption, so that it can be easily implemented. In this sense, neither electronic 

nose neither OFETs are good alternatives which obey to this characteristic. 

 Carbon nanotubes are entirely composed by superficial atoms where the adsorbed gas mol-

ecules can change their electrical properties at room temperature. Also, the ballistic electronic 

transport through the axis of the tube gives them an excellent transmission of the electrical 

signal for the external contact. Another important feature of these structures that makes them 

a good option is their long-term performance since the sensors based on CNTs presents a good 

stability due to their chemically robust graphitic surface [51]. To conclude, in this project, 

attending to the available resources and their characteristics, the NH3 detection process being 

considered is based on the use of CNTs as sensing material. It will be also implemented a gas-

diffusion unit together with FIA for developing a prototype sensor capable of detecting the NH3 

concentration in saliva samples. The system that was implemented is presented in the next 

chapter. 
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Chapter 4 

 

 

Development of the Sensor Prototype and 
Impedance Measurement Circuit 
 

[3 linhas de intervalo] 

 

 As it was previously mentioned, the main objective of this dissertation is the develop-

ment of a device capable of detecting pathologies after the analysis of the concentration of 

urea in saliva. This salivary compound can be detected by its hydrolysis product, ammonium 

which could be transformed into ammonia. Among the various methods for the detection of this 

gas, the one used in this project is based on carbon nanotubes for reasons already mentioned 

in the previous chapter. 

 The device purposed here combines a flow-injection technique together with a gas dif-

fusion unit (GDU) and a CNTs-based sensor film to detect the ammonia present in saliva. The 

operation principle of the purposed system is presented in this chapter. The NH3 detection 

method being employed is based on a previous work [30]. However, some changes were made 

to introduce carbon nanotubes as the sensing material. These changes will also be mentioned 

as well as the development process of the CNT-based sensor film. 

 In order to achieve a system capable of being portable, automatic and easy to use, an 

electronic circuit based on the AD5933 integrated circuit (IC) was also developed. The operation 

of this IC and the roll of the additional analogue circuit needed to implement the impedance 

measurement circuit will be explained. The calibration of the circuit and results obtained 

within the measurement of different known resistors and RC circuits are presented as well. 

  The preparation of reagents, solutions and saliva samples will also be described. In the 

end, the final apparatus and procedure will be presented. 

 

4.1 – General Prototype Operation 
 
 The developed prototype relies on four fundamental aspects: i) the process of converting 

salivary urea into NH3 by its hydrolysis in the oral cavity, ii) the separation of NH3 from the oral 

fluid, iii) the gas detection process, and iv) the estimation of NH4
+ concentration with an elec-

tronic circuit. The system was built based on a previously developed gas diffusion system for 

the determination of ammonium [30].  
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 The basic block diagram of the prototype is shown in Figure 4.1. The initial idea involves 

the injection of a saliva sample in the donor channel of the GDU. NH3 separation from the oral 

fluid occurs due to the incorporation of a hydrophobic membrane in the GDU, which allows its 

diffusion.  In this project, the gas detection process involves the use of a CNT-based sensor film, 

since the interaction between the gas and these nanomaterials causes a change in CNTs’ elec-

trical properties (resistance and capacitance) capable of being measured.  In turn, this sensor 

film could be connected to an electronic circuit capable of measuring the variation of its im-

pedance, and through the connection with a microcontroller, these values may be recorded 

and shown on the PC. After the correlation between the obtained impedance variation and NH4
* 

concentration present in the saliva sample, it is possible to estimate the concentration of the 

salivary urea. 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.1 - Basic block diagram of the implemented prototype in the present work. 

 

 

4.2 – Adaptations made in GDU 
 
 In the previously developed system [30], the NH3 detection is based on the spectrophoto-

metric technique. Thus, the GDU comprises two symmetric pieces, as shown in Figure 4.2, of 

which one incorporates the donor channel where the sample flows, and the other, the acceptor 

channel, where the colorimetric assay changes its colour due to the NH3 concentration diffused 

from the hydrophobic membrane. 

 

Figure 4.2 – (a) Lateral view of the GDU developed in [30], in which the channels have 2mm of inner 
diameter and 1mm of depth. (b) Channels’ top view whose length is shown as a = 0.5 cm and b = 1 cm. 
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 In the present work, only the donor channel is used because the detection method does not 

include the colorimetric reaction used in the previous work. Instead, an additional piece was 

developed to place the sensor film in the GDU and to create a gap, which allows the gas accu-

mulation, and posteriorly, the interaction of its molecules with the film. This additional piece 

is made of Perspex® acrylic, a non-toxic pure material with a long service life [59]. It has a 

center cavity with the same dimensions of the CNTs-based film. Since the length of the film 

will be a variable in the study of the variation of the sensor resistance, three additional pieces 

with different cavity dimensions were developed (Figure 4.3). Each piece also has two holes of 

1.8 mm diameter in both extremities where two needles are inserted in order to gain access to 

the cavity for cleaning purposes. To keep the sensor film in a closed environment and to prevent 

the gas from escaping, a cover was developed. The assemble of the GDU with the sensor film, 

the additional piece and the cover is shown in Figure 4.4. 

 

 

 

 

 

 

 

 

Figure 4.3 – Top view of the additional piece for the GDU with the correspondent dimensions, where c = 
10 mm and d varies depending on the length of the sensor films, being able to adopt values of 40 mm, 20 
mm or 10 mm. All the three pieces have a thickness of 3.5 mm. 

 

 

 

Figure 4.4 – Assemble of the GDU with the adaptations made: I – the donor channel where the sample will 
pass (top view); II – the hydrophobic membrane which will allow the gas diffusion (top view); III – the 
additional piece made for create a gas accumulation (top view); IV – the sensor film with the surface 
covered by nanotubes turned to the side where the gas is accumulated (top view); V – the cover developed 
for keeping the system isolated and the two needles incorporated into the additional piece for cleaning 
purposes (top view); VI – side view of the completed system.  
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4.3 – Development of MWCNTs-based Sensor Films 
 

 Chemiresistive sensor films are the simplest configuration for a CNTs-based sensor, being 

easy to calibrate and test. These reasons have made this type of gas sensor based on CNT the 

first option to be considered for the detection of the targeted gas molecules. In the literature, 

this is the most used type of sensor. However, capacitive sensors have been also developed to 

detect NH3 molecules since it was reported that the capacitance of the CNTs can change with 

their exposure to certain gases [55]. To understand which one of the CNTs electrical properties 

presents a higher variation when exposed to the gas, a capacitive sensor film was also devel-

oped in this project. 

 

4.3.1 – Chemiresistive sensor film 

 

 The configuration of the developed chemiresistive sensor film involves a substrate, a carbon 

nanotube ink and two electrical contacts in both extremities allowing the measurement of its 

resistance value (Figure 4.5). To better understand if the film’s length influences its response, 

three sensor films with different lengths were developed (Figure 4.6). 

 Initially, three different options were thought for the substrate which include acetate paper, 

cellulose paper and photographic paper. Acetate paper was the first option to be considered 

due to, not only the ease with which it can be acquired, but also because it is suitable for 

printing. However, when in contact with the CNT ink, it proved to be a bad option since, con-

trary to the expectations, it did not permit a good adhesion of the CNTs based ink. Besides that, 

it was verified that these nanostructures did not have a uniform distribution on this material. 

 Cellulose is a simple chain polymer with multiple hydroxyl groups (OH-), that can form 

strong hydrogen bounds with the carboxyl and hydroxyl end groups of the CNTs, thereby con-

ferring good adhesion of these nanostructures to cellulose substrates [52]. In this way, the 

hypothesis of cellulose paper was thought based on the good adhesion that CNTs can establish 

with this material, besides that it can be easily acquired. However, the cellulose paper used in 

this work showed some obstacles when used as substrate, since it had a very fibrous structure. 

Although cellulose could prove to be a good option, a larger amount of carbon nanotube ink 

would be needed. 

 The idea of using photographic paper as substrate was based on [60], where this type of 

material was utilized for the development of organic electrochemical transistors. Indeed, it 

was verified that this paper is the best option as substrate, since it promoted a good adhesion 

and a good homogeneous deposition of CNTs. 

 

 

 

 

 

 

 

 

 

Figure 4.5 – Top view of the configuration of the developed MWCNTs-based chemiresistive sensor film. 5 
mm were added to each end of the films to make the electrical contacts. 
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Figure 4.6 – Format of sensor films developed with their respective dimensions. 

 

 Usually, the researches which involve the development of a gas sensor based on carbon 

nanotubes use SWCNTs as sensing material. Nevertheless, MWCNTs can be produced in large 

scale and the production cost is much lower [50,57]. Here, the type of CNTs used are multi-

walled carbon nanotubes commercially available from NANOCYL® (NC3100TM series). These 

nanostructures were grown by catalytic chemical vapour deposition method (CCVD) and are 

characterized by their high electrical conductivity and high level of purity (95%). The average 

length of these MWCNTs is around 1.5 µm.  

 To achieve a good adhesion between the MWCNTs and photographic paper, an ink containing 

the nanostructures was prepared. Its optimized composition consists in 0.220 g of MWCNTs in a 

64 µL of nafion perfluorinated resign dispersion (Aldrich) mixed with a solution of water/etha-

nol (4/1, V/V) for 30 minutes in an ultra-sonic bath, to form a homogeneous ink. The method 

of deposition of the ink in the substrate comprised three steps. First, the sensor film was sub-

merged in the ink to wet the surface, predisposing it for a homogeneous deposition of the ink. 

Then, drops of ink were placed with a Pasteur pipette in the film and spread equally across the 

surface until it was totally covered. In the final step, the films underwent a drying process in 

the air, with subsequent exposure to a hot air jet in which the immobilized samples went 

through periods of mechanical agitation. The amount of carbon nanotubes deposited in the film 

extension was determined by weighing the samples before and after the deposition of the ink 

(Table 4.1). 

 The electrical contacts were made in the extremities of the film after it was dry. They are  

made of two thin copper wires connected to the nanotubes with a conductive silver ink. In 
 

Table 4.1 – Quantity of MWCNTs deposited in each film. 

 

 

 

 

 

 

Length (mm) MWCNTs mass (mg) 

40 17.6 

20 13.3 

10 11.1 

20 mm 

10 mm 

40 mm 

10 mm 

10 mm 

10 mm 
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order to prevent the gas from interfering with the electrical contacts, these were covered with 

insulating tape (Figure 4.5). 

 

4.3.2 – Capacitive sensor film 

 

 The configuration of the capacitive sensor film developed in this work is shown in Figure 

4.7. The deposition method of the MWCNTs on the photographic paper was the same used in 

the development of the chemiresistive sensor films. The film has 20 mm of length and 10 mm 

of width. The quantity of MWCNTs deposited is 13.6 mg. 

 After the nanotubes were deposited, the opposite side of the substrate was covered with 

conductive silver ink. This configuration is similar to a capacitor, where the carbon nanotubes 

and the silver ink behave like the two parallel plates of a capacitor and the photographic paper 

behaves like its dielectric. The electrical contacts were also made in the same way as those 

made in the previous sensor film. However, in this configuration they are in the same extremity 

of the film to measure the change of the capacitance of MWCNTs when they are exposed to NH3 

gas molecules. 

 

 

 

 

 

 

 

 

 
 

Figure 4.7 – Lateral view of the configuration of the developed MWCNTs-based capacitive sensor film. 

 
 
4.4 – Impedance Measurement Circuit 

 

 An impedance measurement circuit (IMC) was used to measure the change in the electrical 

characteristics of the MWCNT-based sensor films in response to the NH3 molecules diffused 

through the hydrophobic membrane. This circuit is connected to an ArduinoUno platform, which 

supplies it with a voltage of 5 V, and that in turn is connected to a computer enabling the 

recording of the data. 

 This IMC is based on the AD5933 IC from Analog Devices and an analogue additional circuit 

[61], capable of compensating some of the limitations associated to the IC.  The AD5933 is 

described as a high precision instrument that can measures unknown impedances [62]. This IC 

can communicate with the microcontroller through an I2C interface. 

 An impedance value is conventionally represented by a complex number in which its real 

component corresponds to resistance (R) and its imaginary component corresponds to reactance 

(XC or XL) (Figure 4.8) [63]. 
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Figure 4.8 - Real component (R) and imaginary component (Xc) of the vector impedance Z. θ corresponds 
to the phase angle (adapted from [63]). 

 

4.4.1 – Impedance measurement with the AD5933 

 
 The operation of the AD5933 IC can be divided in two principal stages: transmission and 

reception stages. The functional block diagram of this IC is shown in Figure 4.9. 

 The transmission stage is composed by a 27-bit phase accumulator DDS core, a digital-to-

analogue converter (DAC) and an amplifier with a programmable gain (PGA1) (Figure 4.9). The 

clock defined for the DDS can be determined by an external reference or by the internal oscil-

lator of the AD5933 as defined for this work. The DDS generates an excitation voltage (Vout) 

amplified by the PGA1, which will be applied on the unknown impedance (Z(ω)). The AD5933 

can generate four different values of Vout, each one with a corresponding DC bias. Despite these 

values are defined for a power supply of 3,3 V, it is possible their conversion to a 5 V supply 

[62]. 

 The AD5933 IC allows performing a frequency sweep in the 1 kHz to 100 kHz range, in which  
 

Figure 4.9 - Functional block diagram of the AD5933. Z(ω) corresponds to the unknown impedance and 
Rout is the output resistance whose value varies according to the Vout signal (adapated from [62]). 
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the user can choose the initial frequency, the increment and the number of increments. 

 The current signal that passes in Z(ω), in response to the applied Vout, is captured by the 

AD5933 at the reception stage. This stage is composed by a current-to-voltage converter (CVC), 

an amplifier with a programmable gain (PGA2), a low-pass filter and a 12-bit analogue-to-digital 

converter (ADC). The digital captured values are processed with a discrete Fourier transform 

(DFT) that allows the AD5933 to provide the real (RZ) and imaginary (IZ) parts of the measured 

impedance as a function of frequency (Figure 4.9). With these values, the IC calculates de 

magnitude of the Z(ω) (equation 4.1). 

 
|𝒁(𝛚)| = √(𝑹𝒁)

𝟐 + (𝑰𝒁)
𝟐. 

 
 The calibration process of the AD5933 is a critical step to ensure its proper operation. The 

feedback resistance (RFB) represented in Figure 4.9 is the reference resistance for the imped-

ance range intended to be measured and can be selected by the user. According to [62], this 

process involves the use of a known resistance (Zcal) in the place of the Z(ω) with the same 

value of RFB. In the calibration process, a gain factor is calculated (equation 4.2). After this, 

the unknown impedance can be calculated using equation (4.3). 

 

𝑮𝒂𝒊𝒏 𝑭𝒂𝒄𝒕𝒐𝒓 =
(
𝟏
𝒁𝒄𝒂𝒍

)

|𝒁𝒄𝒂𝒍|
. 

 

𝒁(𝝎) =
𝟏

𝑮𝒂𝒊𝒏 𝒇𝒂𝒄𝒕𝒐𝒓 × |𝒁(𝝎)|
. 

 
 It is important to mention that the RFB used in the calibration process is maintained during 

the impedance measurement process. The value of this resistance and the one defined for the 

PGA2 will determine the achieved measurement accuracy. 

 
4.4.2 – Additional analogue circuit 

 

 The AD5933 IC can measure the value of an unknown impedance in the 1 kΩ-10 MΩ range. 

The limitation of these values is due to the effect of Rout in the transmission stage (Figure 4.9). 

Carbon nanotubes do not present a specific impedance range. Therefore, to enable the appli-

cation of this circuit in a wider range of values, an analogue circuit is needed to create an 

appropriate interface between the IC and the impedance to be measured [62]. The analogue 

circuit developed for this purpose is based on the work published in [61]. This additional circuit 

allows the measurement of impedance values in the of 10 Ω-10 MΩ range. The schematic of this 

circuit is presented in Appendix A-Figure A.1. It is based on peak detectors (IC1 and IC3 for 

positive peaks and IC2 and IC4 for negative peaks) followed by a voltage divider to detect the 

mean value of the AD5933 output signal, which corresponds to the DC bias. The amplitude of 

the signal at the IC5 output is 10 times decreased and its DC bias level is shifted to AVCC/2 in 

the IC6 stage. As a result, Vout will have the same DC bias as the CVC in the AD5933 reception 

stage. IC7 is used as an impedance buffer ensuring that the signal applied to the impedance 

(4.1) 

(4.2) 

(4.3) 
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under test (IUT) is as low as the signal at the output of IC5. In Figure A.1, the IUT is represented 

by a connector (JPG1). 

 The current signal generated in the IUT in response to Vout will pass through an external 

current-to-voltage converter (CVCext) composed by an amplifier and a connector (JPG2) which 

represents the RFB. This feature allows to change the RFB according to the impedance range of 

interest. The internal CVC of the AD5933 is not used and its value was fixed at 4.7. 

 

4.4.3 - Operation of the Impedance Measurement Circuit with Resistors 

 

 To ensure that the impedance measurement circuit can be used to measure the changes in 

the resistance value of the chemiresistive MWCNT-based sensor film, its operation was verified 

with different known resistor values. 

 For these tests, a AC Vout of 3 Vpp with a DC bias of 2.24 Vpp was chosen, and the values of 

PGA1 and PGA2 were stablished with a unit gain to ensure that ADC of the receiving stage not 

saturates. The measurements were made in the 10-100 kHz frequency range. 

 A resistor of 100 Ω was used to verify if the developed system can measure impedances 

lower than 1 kΩ. The calibration of the system was made with a 100 Ω resistor as well. The 

results are presented in Figure 4.10. As it can be observed, the values measured by the IMC are 

in agreement with the expected resistor value, with an average error of 0.025%. This proved 

that the additional analogue circuit can really enlarge the AD5933 IC lower limit of the imped-

ance range that the IC can measure. 

 The main goal of this impedance measurement circuit is to detect the variations of the 

resistance value of MWCNTs-based sensor film when exposed to NH3 gas molecules. To under-

stand if the IMC can detect small changes, the resistance of a 100 Ω resistor in series with a 1 

Ω resistor was measured with a calibration of a 100 Ω resistor. Figure 4.11 shows that the IMC 

can correctly detect resistance variations as low as 1 Ω with an average error of 0.1%, making 

it suitable for using in low resistance change measurements. 

 For a better understanding of the influence that the calibration process has in the perfor-

mance of the IMC, the impedance of a 30 kΩ resistor was measured with a calibration of a  

 

Figure 4.10 – Impedance as a function of frequency for a resistor of 100 Ω with a RFB=100 Ω. 
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Figure 4.11 – Impedance as a function of frequency for an equivalent resistance of 101 Ω with a RFB=100 
Ω. 

 

30 kΩ and 1 kΩ resistors. The results present in Figure 4.12 show that for measuring an imped-

ance of 30 kΩ, it is better to calibrate the system with a RFB of the same value (average error 

= 0.5%). In fact, when measuring an impedance of 30 kΩ with a calibration of 1 kΩ, the value 

of the measured impedance starts to diverge from the expected resistor value (average error = 

1.9%). This means that the value of RFB plays an important role on the good performance of the 

impedance measurement circuit. If the value of RFB is too far from the unknown impedance, 

the error will increase, and this can lead to an erroneous judgement.  

 In Figure 4.13, a calibration of 1 kΩ was made for the measurement of a 100 kΩ resistor. 

Figure 4.12 – Impedance as a function of frequency for a 30 kΩ resistor with different values of RFB. Red 
circles represent the values obtained for a RFB=30 kΩ and green triangles represent the values obtained 
for a RFB=1 kΩ. 
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Figure 4.13 – Impedance as a function of frequency for 100 kΩ resistor with a RFB=1kΩ. 

 

The obtained average error obtained is 6.3%. In [64], Seoane et al. developed a system based 

on AD5933 for a biomedical application context. As expected, the results obtained from that 

research indicate that an appropriate operation of the system is achieved when the value of 

the measuring impedance is close to the value of RFB. 

 In this work, the maximum impedance value that the IMC could read is stablished by the 

relation given by equation (4.4): 

 

|𝒁𝒎𝒂𝒙| =
𝑽𝒐𝒖𝒕 × 𝑹𝑭𝑩
𝑽𝑪𝑽𝑪𝒆𝒙𝒕_𝒎𝒊𝒏

, 

where Vout is 0.3 V (due to a 10 times decrease of the signal in IC5 stage), VCVCext_min corresponds 

to the minimum amplitude value that the signal should take at the output of the CVCext. In [61], 

it was experimentally verified that the amplitude of the signal at the input of the ADC, in the 

reception stage of AD593, should be greater than 15 mV because of its limited dynamics. Thus, 

the signal at the output of the CVCext should have an amplitude greater than 3 mV due to its 

amplification gain of 4,7 and the PGA2 unit gain programed. 

 Similarly, the minimum impedance value that the system could read can be calculated with 

equation (4.5): 

 

|𝑍𝑚𝑖𝑛| =
𝑉𝑜𝑢𝑡 × 𝑅𝐹𝐵
𝑉𝐶𝑉𝐶𝑒𝑥𝑡_𝑚𝑎𝑥

, 

where VCVCext_max corresponds to the maximum amplitude value that the signal should take at 

the output of the CVCext (same value that Vout). This means that the system cannot read imped-

ances with values lower than the value stablished for RFB. Figure 4.14 was obtained for the 

measurement of a 1 kΩ resistor with a calibration resistance of 10 kΩ. Indeed, it is shown that 

the measured values do not correspond to the real value. It was also verified that if the impe- 
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Figure 4.14 – Impedance as a function of frequency for 1 kΩ resistor with a RFB=10kΩ. 

 

dance under measurement is lower that the RFB value, the signal at the output of the CVCext 

multiplied by the 4.7 gain, fixed at the internal CVC of the AD5933, will exceed half of the 

supply voltage. This will cause the saturation of the ADC compromising the performance of the 

overall system. 

 
4.4.4 - Operation of the Impedance Measurement Circuit with RC Circuits 

 

 To ensure that the impedance measurement circuit can be used to measure the changes in 

the capacitance value of the capacitive MWCNT-based sensor film, its operation was verified 

with different known RC circuits. 

 Figure 4.15 shows the response of the IMC to the measurement of an impedance formed by  

Figure 4.15 – Impedance as a function of frequency for a RC series combination. Values measured after a 
one-time calibration with a resistor of RFB=100 Ω and with two different calibrations with resistors of RFB=1 
kΩ and RFB=100 Ω. 
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the series combination of a 300 Ω resistor and a 3.3 nF capacitor. First, the measurements were 

taken with a calibration resistor of 100 Ω for all the frequencies in the 10 kHz-100 kHz range. 

As it can be seen, the measured values are close to the expected ones, with an average error 

of 4.4%. Nevertheless, the obtained error is higher compared to the results obtained in re-

sistance measurements. In order to decrease this error and considering the important role that 

the RFB value has in the system performance, the impedance measurements were made with 

two different calibrations: a resistor of 1 kΩ for frequencies between 10 kHz and 50 kHz, and 

a resistor of 100 Ω for frequencies between 60 kHz and 100 kHz. Indeed, this leads to a lower 

average error of 3.8%. 

 The same was made for a RC parallel circuit formed by a 330 kΩ resistor and a 10 nF capac-

itor. Figure 4.16 shows the impedance values obtained for this configuration. Likewise, first a 

calibration of 100 Ω resistor was made and an average error of 10% was obtained. Then, the 

values were measured with a two-time calibration: a resistor of 1 kΩ for the frequency of 10 

kHz and 100 Ω for the others. This process reduced the average error to 8.9%. 

 This two-time calibration process may be a better alternative for this type of circuits. It is 

true that the reduction of the errors percentage may not seem very high, but this is because 

the impedance of each circuit does not vary in a wide range. When considering IUTs that have 

a wider range of frequency dependent impedance values, this two-time calibration process can 

lead to a more reliable reading. Again, the closeness of the RFB value and the IUT proved to be 

an important aspect for the good performance of the impedance measuring circuit. 

 

Figure 4.16 – Impedance as a function of frequency for a RC parallel combination. Values measured after 
a one-time calibration with a resistor of RFB=100 Ω and with two different calibrations with resistors of 
RFB=1 kΩ and RFB=100 Ω. 
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4.5 - Final Apparatus and Experimental Procedure 
 

The final aspect of the experimental set-up is shown in Figure 4.17. It includes a pump from 

Ismatec® which aspirate the sample and the NaOH solution to a confluence with a caudal of  

3.25 ml/min and 2.8 ml/min, respectively. At the confluence, the two solutions are mixed for 

converting the dissolved NH4
+ into gaseous NH3 allowing the diffusion of the gas through a Mili-

pore Durapore® membrane filter (ref.HVHP09050). After passing in the donor channel of the 

GDU, the mixing ends at a waste container. The impedance measurement circuit is directly 

connected to the contacts of the sensor film and the data recording is made on the PC while 

the mixing is passing in the GDU’s donor channel. To clean the sensor film after each measure-

ment, the GDU is also connected to a dry nitrogen (N2) conduct through the cleaning system 

already mentioned in the subsection 4.2.  

 The characterization of the prototype performance involves the characterization of the 

MWCNT-based sensor films together with a better understanding of the flow system. For this 

purpose, the prototype was first tested with standard solutions of NH4
+. Then, standard solu-

tions of synthetic saliva with known NH4
+ concentrations were prepared to evaluate the urea 

detecting system in conditions closer to those of the foreseen final application. The preparation 

of all used reagents and solutions used is described next. 

 

 
 

 
 
 

 
 
 

 

 

 
 
 
 
 
 
 

 

 

 

Figure 4.17 – Final apparatus of the experimental set-up. 
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4.5.1 - Reagents and Solutions 
 

 The reagents and solutions used for testing the sensor prototype were sodium hydroxide 

reagent and ammonium solutions with different concentrations. The working solution of NaOH 

(0.025 M) was prepared weekly by appropriate dilution of the stock solution (0.1 M) in a volume 

of 100 ml. 

 Ammonium stock standard solution with a concentration of 500 mg NH4
+ per l was prepared 

by dissolving 148,58 mg of ammonium chloride in 1000 ml of deionized water and stored in the 

refrigerator. A second stock solution of 50 mg NH4
+ per l was prepared from the previous stand-

ard in a volume of 50 ml of deionized water. The working standards were prepared weakly by 

appropriate dilution, involving two different ranges: 0.1-0.5 mg NH4
+ per l and 1-5 mg NH4

+ per 

l. 

 

4.5.2 - Synthetic Saliva 
 

 A volume of 200 ml of synthetic saliva was prepared [65]. This preparation involved 448,3 

mg of potassium chloride (KCl), 108,872 mg of monopotassium chloride (KH2PO4), 953,24 mg of 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 540 mg of mucine. All the com-

ponents were first dissolved in deionized water. After this, they were all mixed in the same 

goblin and deionized water was added to achieve the final volume. 

 Standard solutions of NH4
+ were prepared following the procedure stated previously. How-

ever, instead of deionized water, the working standards were dissolved in synthetic saliva. 

 

4.6 – Conclusions 
 
 This chapter describes a method and a system capable of detecting the NH4

+ concentration 

present in saliva samples, that comprises a flow-injection system together with a gas diffusion 

unit, a MWCNTs-based sensor film and an impedance measuring system. It can convert the NH4
+ 

present in saliva (product of urea hydrolysis) into NH3, separate it from the oral fluid, detect 

its concentration and record the data. It also presents the possibility of being portable having 

only the limitation of the cleaning system. As explained, dry nitrogen is injected in the GDU 

through a needle placed in the extremity of the developed additional piece. However, this 

cleaning gas is provided by a conduct in the laboratory. To make the system completely porta-

ble, this feature should be replaced by a nitrogen gas bottle, for example.  

 MWCNTs-based chemiresistive and capacitive sensor films were developed. Their connec-

tion with the impedance measurement circuit gives the advantage of making the application of 

the device even simpler for the users since the results can be shown and recorded on the PC. 

As it was demonstrated, the calibration of the circuit is crucial for the good performance of the 

device. This leads to the need of making a careful choice of the RFB value to make a proper 

calibration and, consequently, a good analysis of the results. 

 To study the performance of the device and to evaluate if it is suitable for saliva measure-

ments, synthetic saliva standards with different concentrations of NH4
+ were prepared. Next 

chapter presents the results obtained with the developed sensor prototype. 
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Chapter 5 

 

 

Performance of the Sensor Prototype and 
Discussion 
 

[3 linhas de intervalo] 

 

 This chapter presents the results obtained with the developed sensor prototype. Since the 

detection method is based on MWCNTs-based sensor films, their characterization was made in 

first place. After the characterization of the films, it was tested if variations of their electrical 

characteristics (resistance and capacitance) could be detected by the IMC, in standard samples 

with different concentrations of NH4
+. A comparison between the NH3 detection method devel-

oped here and that described in [30] is also made in this chapter. Finally, it is presented the 

performance of the overall prototype making use of standard samples of synthetic saliva that 

mimic its targeted final application. 

 

5.1 - Characterization of the Multiwalled Carbon Nanotubes-
based Films 
 
5.1.1 - Chemiresistive sensor film 

 
5.1.1.1 - Measurement of the initial resistance 

 
 In the development of the chemiresistive sensor film, the length was considered a variable 

to understand if its value could influence the resistance of the film. Thus, three sensor films 

with different lengths were fabricated, as already mentioned in the previous chapter (subsec-

tion 4.3). For an easier understanding and writing, the three sensor films are named according 

to their lengths: 4L-film (length = 40 mm), 2L-film (length = 20 mm) and 1L-film (length = 10 

mm). 

 The initial resistance of each film was measured with a Protek 506 digital multimeter and 

the results are in Table 5.1. When comparing the 4L-film and the 2L-film, it is verified that  
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Table 5.1 — Initial resistance values of the three chemiresistive sensor films. 

 

 

 

 

 

 

 

 

 

there is a decrease of the resistance with the length decrease. Resistance (R) is an electric 

parameter that can be defined by equation (5.1) [52]: 

 

𝑹 = 𝝆 × (
𝑳

𝑨
), 

 
where ⍴ is the material resistivity, L the length and A the area of the structure. Since the 

resistance is directly proportional to the length, the obtained result is explained. In [66], the 

behaviour of individualized SWCNTs with SWCNTs arrays is compared for the development of 

FETs, in which the channel length was a variable. In that study, it was also verified that the 

conductivity of the device with individualized SWCNTs increased inversely with the channel 

length. 

 However, when analyzing the initial resistance of the 1L-film, the obtained value does not 

follow the same reasoning. Indeed, the resistance of this sensor film is higher than the other 

two. The reason for this may be associated to the quantity of MWCNTs deposited in the 1L-film. 

This sensor film has a smaller area, and so the quantity of MWCNTs that covers the surface of 

the film is lower. A smaller quantity of the nanostructures can be the motive for the obtained 

result. Since carbon nanotubes are structures that allow the conduction of electric current, the 

fact of existing in small quantities can influence the conductivity of the sensor film, and con-

sequently its resistance. Equation (5.1) also demonstrates the inverse proportionality between 

resistance and the area of the structure. These two facts may lead to the conclusion that there 

is a trade-off between the length and the quantity of MWCNTs in determining the resistance 

value of the sensor films in which the MWCNTs mass may be the governing parameter. 

 

5.1.1.2 - Relative variation of resistance, response and recovery times 

 

 The first tests were carried out using the 4L-film. These were done according to the proce-

dure described in the previous chapter. The sample of NH4
+ and a NaOH solution are aspirated 

and mixed at a confluence. This promotes the conversion of NH4
+ into NH3. After, the standard 

follows to the GDU’s donor channel where the NH3 gas molecules diffused through the hydro-

phobic membrane into the gap created by the additional piece and where the sensor film is 

placed. To characterize the response of the sensor film to the target gas, a Protek 506 digital 

multimeter was connected to the electrical contacts of the film. After each measurement, the 

sensor film went to a cleaning process. 

Length (mm) MWCNTs mass (mg) Resistance (Ω) 

40 17.6 506 

20 13.3 236 

10 11.1 817 

(5.1) 
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 The first range of ammonium concentrations considered to see if the sensor film responds 

to the target gas was 1-5mg/l. The resistance values for each concentration were taken in the 

moment when the sensor film resistance stabilized under a continuum flux of the sample 

through the donor channel, at room temperature. In this work, the relative variation of the 

film’s resistance (VR) was calculated with equation (5.2): 

 

𝑽𝑹(%) =
𝑹𝑵𝑯𝟑 − 𝑹𝑪𝑵𝑻

𝑹𝑪𝑵𝑻
× 𝟏𝟎𝟎, 

 

where 𝑹𝑵𝑯𝟑  corresponds to the film resistance in the presence of ammonia and 𝑹𝑪𝑵𝑻 is the 

initial resistance of the MWCNT sensor film. 

 This procedure was repeated three times, in three different days, to prove the sensor re-

peatability. Figure 5.1 shows the relative variation of the film’s resistance plotted as a function 

of NH4
+ concentration. The respective fitting curves are presented in table 5.2. 

 When analyzing Figure 5.1, it is observed that the VR increases with the NH4
+ concentration 

in all the three measurements. This relation demonstrates the increase of the resistance value 

with the increase of NH3 concentration, and is in agreement with the results presented else-

where [65–67]. The NH3 molecule presents a lone electron pair which can be donated to other 

species (NH3 behaves like an electron donor). When the film sensor is exposed to the gas mol-

ecules, NH3 donates these electrons to the valence band of MWCNTs increasing the resistance 

of the sensor film. This result also demonstrates that the film presents a p-type semiconductor 

behaviour which is also in agreement with the literature [50,52,66,67]. With the decrease of 

holes concentration (positive charge carriers), due to the electrons donated to the carbon nano-

tubes, the resistance of sensor film increases.    

 The best linear fit was obtained for the second measurement (Table 5.2), where the R2 

value is closer to 1. The three measurements were made in three different days, which implies 

the reassemble of the GDU including the placement of the membrane, the additional piece, 

the sensor film and the cover. This assemble process could influence the performance of the 

prototype since a wrong placement of the sensor film on the additional piece could lead to a  

Figure 5.1 – Relative variation of the 4L-film’s resistance as a function of various NH4+ concentrations (1-
5 mg/l) at room temperature. The dashed lines correspond to the linear fitting curves of each measure-
ment. 
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Table 5.2 – Linear fitting curves for the three measurements made with the 4L-film for an ammonium 
concentration range of 1-5 mg/l. 

 

no exposure of the total area covered by MWCNTs. This reduces the number of MWCNTs active                                    

sites for interacting with NH3 molecules influencing the relative variation of the film’s re-

sistance in the first and third measurements.  

 To be certain that the obtained response is due to the interaction between NH3 molecules 

and the MWCNTs, deionized water was passed through the donor channel and no resistance 

variation was obtained. 

 When the MWCNTs-based sensor film is exposed to NH3 molecules, the VR is in the range of 

0.2%-2.6% which can be considered a small variation range. Nevertheless, the concentration 

range considered in this work is lower than the NH3 concentration values considered in some of 

the reviewed literature presented in chapter 3 for sensing mechanisms (including electronic 

nose and FETs). Even so, for a future optimization, the functionalization of the MWCNTs could 

be a solution to increase the relative variation of the sensor film’s resistance. 

 In the first measurement (blue circles in Figure 5.1), the response time of the film was 

measured for each concentration, given by the time elapsed between starting the exposure to 

the flux and the instant when the resistance value starts to become constant (Table 5.3). These 

times were also considered for the second and third measurements (orange and red circles in 

Figure 5.1, respectively). To clean the film after each measurement, NaOH was passed through 

the donor channel to ensure that there was no more NH3 diffusing. Also, a flux of dry  

nitrogen (N2) with a pressure of 0.2 bar was turned on to allow the desorption of the NH3 mol-

ecules from the nanotubes. N2 was used as the cleaning gas because it is inert and does not 

reacts with carbon nanotubes [68]. The recovery time was taken at the instant when the sensor 

film reached its initial resistance for the three measurements (Table 5.4). 

 From Table 5.3, it can be observed that the response time increases with increasing gas 

concentration. In [67], it was reported that with an increase of gas concentration, the interac-

tion between CNTs and NH3 molecules increase as well. This may lead to the adsorption of some 

molecules on the CNTs wall, while “other molecules must diffuse into the CNT film to find 

available sites”. This process may be responsible for the increase of the response time with 

increasing gas concentration.  The maximum response time obtained was 1680 s (28 min), which 

can be considered a high time when compared to the systems reported in the literature. How-

ever, in many investigations, a specific time cycle for measuring the CNTs-based sensor re-

sponse to the NH3 molecules is defined. In [70], three 10 min cycles are used for evaluating the 

gas sensing mechanism of a vertically aligned MWCNTs-based sensor. Ma [50] also uses periods 

of 10 min to characterize the response of a resistive MWCNTs-based sensor when exposed to a 

100 mg/l of NH3. 

 
 

Measurement Equation curve R2 value 

1 y = 0.3061x + 0.3061 0.963 

2 y = 0.6034x – 0.4576 0.9939 

3 y = 0.5823x – 0.2442 0.9828 



   
 

                                                                                                                            

 

49 

Table 5.3 — Response time of the 4L-film for the ammonium concentration range of 1-5 mg/l. 

 

 

 

  

 

 

 

 

 

 

 

Similarly, it can be observed in Table 5.4 that the recovery time also increases with the 

NH4
+ concentration in each measurement. It is the kinetic energy of the N2 that removes the 

NH3 molecules adsorbed in the carbon nanotubes. It is reported in [48] that the adsorption 

energy of NH3 within a SWCNT is very low (<0.2 eV) allowing that the cleaning of the developed 

prototype could be made based on this information. However, for higher NH3 concentrations, 

the recovery time is high having a maximum value of 1200 s (20 min). In [71], it is also verified 

a slow recovery time of the developed resistive MWCNTs-based film sensor when exposed to 

NH3. The researchers attribute this result to the “excellent adsorption capacitance on the sur-

face of MWCNT” contributing to the slower release of the gas. To overcome this issue, they 

recommend to increase the temperature as a process for improving the desorption of the NH3 

molecules from MWCNTs surface. 

 It is important to highlight that the recovery time presented is the time when the initial 

resistance of the sensor film was achieved. However, it was noticed that stopping the flux of 

N2, the resistance continued to increase. This means that the kinetic energy of N2 is sufficient 

for causing the desorption of the NH3 molecules from the MWCNTs but is not enough to push 

them out of the GDU. It is needed more time for the overall system to stabilized in the initial 

resistance value. 

 
Table 5.4 — Recovery time of the 4L-film for the ammonium concentration range of 1-5 mg/l. 

 

 

 

 

Ammonium concentration 
(mg/l) 

Response time (s) 

1 240 

2 600 

3 960 

4 1320 

5 1680 

Ammonium Concentration 
(mg/l) 

Recovery Time (s) 

1st Measurement 2nd Measurement 3rd Measurement 

1 35 23 10 

2 58 60 35 

3 170 120 200 

4 200 240 371 

5 600 1140 1200 
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5.1.1.3 - Comparison with the Flow Analysis Spectrophotometric Technique   

 

 The measurement process developed here is based on the work made by Segundo et al. [30]. 

In that research, the detection of a NH3 concentration in the range of 0.1-5.0 mg/l was achieved 

using a spectrophotometric analysis detection method. To compare the system developed here 

with that one, the relative variation of the 4l-film’s resistance to a NH4
+ concentration in the 

same range of 0.1-0.5 mg/l was also measured. These experiments were carried out under the 

same conditions adopted in the previous measurements where the film’s VR was obtained. How-

ever, since the sample volume used in the first tests was too high, it was decided to measure 

the sensor response in a restrict time of 13 min, the time needed to consume 50 ml of an 

ammonium sample. This condition is based on the time cycles issue considered in other reports 

already mentioned. 

 Figure 5.2 shows the results obtained for the relative variation of the 4l-film’s resistance 

as a function of NH4
+ concentration. It can be noticed that the resistance variation is not con-

sistent with the concentration. 

 The first measurement (yellow circles in Figure 5.2) was made after the third measurement 

made with a NH4
+ concentration in the 1-5 mg/l range (red circles in Figure 5.1). As it can be 

seen from Figure 5.2, the VR in the first measurement is the same for NH4+ concentrations of 

0.1-0.4 mg/l, differing only for a concentration of 0.5 mg/l. In addition, comparing with the 

second and third measurements in Figure 5.2, the VR in the first measurement is higher. This 

issue can be due to an incomplete cleaning of the system in the previous measurement leaving 

behind some NH3 molecules that influenced the first measurement presented in Figure 5.2. 

 The second and third measurements shown in Figure 5.2 were done in different days. It is  

observed that the sensor film responds, but there is not a clear relation between the NH4
+ 

concentration and the relative variation of the resistance. 

 The concentrations reported for NH3 in a healthy individual are in the range of 18.73-206.08 

mg/l [70,71]. As concluded in chapter 2, the presence of a pathology is usually associated with 

high values of urea, and consequently, higher values of the complex NH4
+/NH3. Since the de-

veloped sensor film can detect NH4
+ concentrations as low as 1mg/l, its final application is not 

compromised. 

 

Figure 5.2 – Relative variation of the 4L-film’s resistance as a function of various NH4
+ concentrations 

(0.1-0.5 mg/l) at room temperature. 
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5.1.1.4 – Influence of the sensor film’s length on the relative variation of its resistance 

 

 To see if the length of the sensor film influences its performance when interacting with NH3, 

two more MWCNTs-based sensor films with different lengths were developed: one with 20 mm 

of length (2L-film) and other with 10 mm of length (1L-film). These trials were done in the 

same conditions as the previous measurements made to evaluate the relative variation of the 

4L-film’s resistance in a continuum flux. Once the repeatability of the 4L-film to detect NH4
+ 

concentration in the of 1-5mg/l range was proved, only one measurement was performed with 

these two sensor films. However, their response was recorded for a restrict time of 13 min 

considering the reason stated in the previous experimental tests. 

 Because the relative variation of the 4L-film’s resistance was recorded with different re-

sponse times, to evaluate the influence of the film’s length on its performance, the comparison 

of the response of the three films was plotted as a function of the NH4
+ mass (Figure 5.3). This 

is possible because the tube caudal where the sample is transported is known (3.25 ml/min). 

 As it is shown, the VR of the three sensor films increases with increasing mass of NH4
+. This 

is explained by the same interaction between NH3 molecules and MWCNTs already detailed. In 

subsection 5.1.1.1, it was observed that the length influences the absolute value of the re-

sistance. However, when comparing the relative variation of the resistance in the three sensors, 

their behaviour is the same. 2L-film seems to achieve a higher response than the other two 

films. Since all the measurements were done in different days, the same issue of the system 

assemble remains. 

 The recovery times for 2L-film and 1L-film are presented in Table 5.5. The cleaning of both 

films was performed in the same way as described for the 4L-film. In both 2L-film and 1L-film, 

the recovery time increases with the mass of NH4
+ converted into NH3 and diffused through the 

hydrophobic membrane. This relation is the same as the one observed for the 4L-film recovery 

time. 

 

Figure 5.3 – Relative variation of the resistance of the three sensors of different lengths as a function of 

the mass of NH4
+ diffused. 
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Table 5.5 — Recovery time of the 2L-film and 1L-film for the ammonium concentration range of 1-5 mg/l. 

 

 

 

 

 

 

 

 

 

 

 

5.1.1.5 - Performance of the sensor film within a static flux 

 

 The volume of the samples used in the previous trials was 50 ml. However, when thinking 

about collecting saliva, this could be a large volume. The time the mix of the sample with NaOH 

takes to reach the waste recipient is 36 s. To decrease the sample volume used, it was thought 

to test the system with a static flux, passing the sample only during the 36 s and waiting until 

the resistance becomes constant. The cleaning process after each measurement was made in 

the same way as in the previous trials. 

 The response of the 4L-film to a NH4
+ concentration range of 1-5 mg/l for a static flux is 

shown in Figure 5.4. Now, three sequential measurements were made with the same concen-

tration and the results obtained reflect the average value of the relative variation of the film´s 

resistance for each concentration. It is observed that the sensor film can respond but it cannot 

distinguish different concentrations. For NH4
+ concentrations of 1-3 mg/l, the VR is always the 

same, increasing when NH4
+ concentrations of 4 and 5 mg/l are used.  

After these measurements, a sample of NH4
+ with a concentration of 2 mg/l concentration was 

passed in the donor channel in a continuum flux for 13 min, implying the use of a 50 ml NH4
+ 

sample. The concentration used corresponds to 84.5 µg of NH4
+ converted into NH3 and diffused 

through the membrane. The response of the sensor film was 0.94 % for this mass of ammonium, 
 
 

Figure 5.4 – Measured response of the 4L-film to various NH4
+ concentrations (1-5 mg/l) at room temper-

ature, in a static flux. The relative variation of film’s resistance was plotted as a function of NH4
+ con-

centration. 
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which is in agreement with the results obtained for the measurements of the VR presented in 

Figure 5.3. This means that a better performance of the system is reached with a continuum 

flux. 

 It is believed that the explanation for this can be due to the concentration gradient created 

between the two sides of the hydrophobic membrane: the donor channel and the gap created 

by the additional piece for the gas accumulation and interaction with MWCNTs. When the sam-

ple flux is continuum, a concentration gradient is created between the two sides of the mem-

brane allowing the continuum NH3 diffusion from the sample passing in the donor channel to 

the gap. Stopping this sample’s flux, an equilibrium between the concentrations of the both 

sides of the membrane will be achieved earlier and the NH3 diffusion will stop, decreasing the 

system response. 

 It was also tried to reduce the sample volume to 25 ml passing in a continuum flux, but the 

sensor film response was also lower when compared with that observed with 50 ml sample. 

 

5.1.2 – Capacitive sensor film 

 
5.1.2.1 - Initial capacitance measurement 
 

 In the literature, it was reported that the capacitance of CNTs based sensors could also 

change when these nanostructures are exposed to NH3 molecules [50,55,72]. A capacitive sen-

sor film was also developed to investigate whether a CNTs based capacitive sensor presents 

better detection capabilities. 

 The capacitance measurements were done using an impedance meter IX 3131 from Metrix. 

The capacitive sensor film presented an initial capacitance of 0.26 nF at a frequency of 1 kHz. 

The instrumentation used for the capacitance measurements only allows two frequencies: 120 

Hz and 1 kHz. At a 120 Hz frequency, the capacitance value of the sensor film could not be 

read. This is because the initial capacitance presented by the sensor at 1 kHz is a low value and 

for these type of capacitors, higher frequencies are suggested [75]. 

 

5.1.2.2 - Relative variation of capacitance and recovery time 

 

 In the experiments relative to the chemiresistive sensor film, it was demonstrated that the 

system could operates with a NH4
+ concentration in the 1-5mg/l range, having a good perfor-

mance with measurement times of 13 min for each concentration in a sample continuum flux. 

Due to these reasons, the capacitive sensor film response was studied in the same NH4
+ concen-

tration range and the measurements were performed under the same conditions. The cleaning 

process of the film was made in the same way as for the chemiresistive sensor film, passing 

NaOH in the donor channel after each measurement and then, N2 with a pressure of 0.2 bar for 

the molecules desorption. 

 The relative variation of the film’s capacitance (VC) was calculated using equation (5.3): 

 

𝑉𝐶(%) =
𝐶𝑁𝐻3 − 𝐶𝐶𝑁𝑇

𝐶𝐶𝑁𝑇
× 100, 

where 𝐶𝑁𝐻3 corresponds to the sensor film capacitance in the presence of ammonia and 𝐶𝐶𝑁𝑇 

is relative to its initial capacitance. 

(5.3) 
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 Figure 5.5 shows the relative variation of the film’s capacitance plotted as a function of 

the NH4
+ concentration for a frequency of 1 kHz. The results for each concentration are the 

average value of three consecutive measurements made for each one. All measurements were 

made in the same day. 

 Observing the obtained results, it can be verified that the capacitive sensor film has a higher 

capacitance variation when compared with the response obtained for chemiresistive sensor film. 

Indeed, the capacitive film shows a maximum variation of its capacitance value of 13.8% (at a 

NH4
+ concentration of 5 mg/l), while the chemiresistive sensor film only can reach a maximum 

variation of 2.56% in its resistance (Figure 5.3). Sanchéz et al. [55] also verified that the ca-

pacitance variation in the ammonia sensor based on SWCNTs developed by them was higher 

than the resistance variation. 

 To ensure that the capacitance variation obtained for the developed sensor film is due to 

the interaction of NH3 molecules with MWCNTs, deionized water was passed through the donor 

channel and no capacitance change was observed. 

 Although the film’s VC is high when expose to NH3 molecules, it seems that there is no 

specific relation with the NH4
+ concentration. With 1 and 2 mg/l of NH4

+, the film response 

seems to be the same. Also, there is an increase followed by a decrease when the NH4
+ concen-

tration of 3 mg/l changes to 4 mg/l. The value of R2 shows that there is no perfect linear fit 

between the linear fitting curve and the relation obtained for the capacitance values as a func-

tion of the NH4
+ concentration. Because of this, nothing can be concluded form the behavior of 

the capacitive sensor film developed in this work. In the literature, it is reported that the 

capacitance of sensors made with carbon nanotubes increases with their exposure to NH3. The 

authors of [74] developed a vertically aligned carbon nanotubes-based ammonia and formic 

acid sensor. In this research, they detect the gradual increase of the capacitance when NH3 

reacts with CNTs, obtaining a response of 2% for 1 mg/l of NH3 and 10% when using a NH3 

concentration of 15 mg/l. Also, in [50,74], the same behavior of CNTs capacitance was observed 

when interacting with NH3 gaseous molecules. 

The recovery time was also measured for each concentration. The values presented in Table 

5.6 are the average values of the three times taken for each three measurements of the same  

Figure 5.5 – Relative variation of the film’s capacitance to various NH4
+ concentrations (1-5 mg/l) at room 

temperature for a frequency of 1 kHz. The linear fitting curve is also presented as well as the R2 value. 
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concentration. As it can be observed, there is also no specific relation between the recovery 

time with the NH4
+ concentration. Between 1-3 mg/l of NH4

+, the time increases followed by a 

decrease when using a sample with 4 mg/l of NH4
+. With 5 mg/l, it is observed an increasing of 

the recovery time, again. These observations reinforce the inexistence of final conclusions that 

can be taken with these measurements, pointing to the need of further studies with the capac-

itive sensor film. 

 
Table 5.6 — Recovery time of the capacitive sensor film with ammonium concentration in the range of 1-
5 mg/l. 

 

 

 

 

 

 

 

 

 

 

 

5.2 - Measurements with the Impedance Measurement Circuit 
 
5.2.1 - Chemiresisive sensor film 

 

 To evaluate the performance of the overall prototype in the detection of NH3, in this point 

of the project, experimental trials were performed with the developed impedance measure-

ment circuit.   

 The sensor prototype was first tested with the 4L-film. However, after the measurements 

it was detected that the hydrophobic membrane was damaged. This lets the fluid pass to the 

gap and wet the film. Since CNTs are also sensible to water molecules in a way that their 

resistance increases in the presence of water [75,76], this sensor film could not be reused. This 

empathizes again the importance of a correct assemble of the GDU.  

 As demonstrated previously, the sensor films’ length does not interfere in the relative var-

iation of the resistance. Thus, the 2L-film was used for the trials. 

 The experiment was done with the same time cycle and flux conditions for each measure-

ment: periods of 13 min for each one and a continuum flux of NH4
+ samples (50 ml). The cleaning 

process was the same as in the previous tests.  

 To evaluate if the IMC gives a reliable reading of the sensor film response, firstly the meas-

urements were taken with the Protek 506 digital multimeter, as in the previous tests, and then 

with the IMC. The results are shown in Figure 5.6. The calibration of the system was made with 

an RFB value of 100 Ω. Since the IMC measurement process includes a frequency sweep, as 

explained in chapter 4, the values presented for each concentration are the average value 

obtained for a frequency sweep of 10-100 kHz. The frequency range is not relevant, because 

resistance does not vary with frequency, nevertheless this averaging allows reducing the meas-

urement noise. 

Ammonium concentration 
(mg/l) 

Recovery time (s) 

1 240 

2 720 

3 900 

4 840 

5 1020 
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Figure 5.6 – Comparison of 2L-film response using a digital multimeter and the developed IMC. 

 

 As it can be observed, the response obtained with the IMC is similar to the one obtained 

with the multimeter. It is observed an increase of the resistance with the NH4
+ concentration 

in both measurements. However, comparing these results with the ones obtained in the Figure 

5.3, one can notice a decrease of the relative variation of film’s resistance. Here, the maximum 

response of the sensor film only reaches 0.8% for a concentration of 5 mg/l while in the previous 

measurements it reached 2.5% for the same concentration. After these trials, when the GDU 

was disassemble it was verified that some of the nanotubes fallout from the sensor film (Figure 

5.7). This implies a decrease of the number active sites available for the adsorption of NH3 

molecules and, consequently a decrease of the VR [69]. It is believed that this problem could 

be related to two issues:  the adhesion of the MWCNTs at the substrate that may imply a better 

optimization of the ink used in the development of the sensor film, or the pressure of N2 flux 

in the cleaning process that may be to strong and causes the desegregation of the nanostruc-

tures from the substrate. Further studies are needed to better understand this question and 

optimize this feature. 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 – Carbon nanotubes deposited in the membrane (red circles) after the disassemble of the GDU. 
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5.2.2 – Capacitive sensor film 

 

 Although the results obtained for the capacitive sensor film in subsection 5.1.2.2 were not 

conclusive, it was tried to measure the impedance variation of the film using also the IMC. 

 Having as reference value the initial capacitance of the film measured with the impedance 

meter (C) and knowing its resistance (R=1.435 kΩ), it is possible to calculate the initial imped-

ance (Z) of the sensor film at frequency (f) of 1 kHz. Using equations (5.4) and (5.5), the value 

of the calculated impedance is around 612 kΩ. 

 

𝑋𝐶 = 
1

2𝜋𝑓𝐶
, 

𝑍 = √(𝑋𝐶)
2 + (𝑅)2. 

  

 Knowing the initial impedance value, the system was calibrated with a RFB value of 30 kΩ 

at a frequency of 1 kHz. However, the obtained impedance was 868.68 kΩ, a very different 

value compared with the one calculated from equation 5.5. In [79], it was reported that for 

frequencies lower than 5 kHz, there is a problem with the sampling time of the ADC in the 

reception stage of AD5933 leading to wrong measurements. This was verified when a resistor 

of 560 kΩ was measured with the IMC at a 1 kHz-10 KHz frequency range, with a calibration 

resistor of 30 kΩ (Figure 5.8). Indeed, considering the values obtained for a frequency range of 

1 kHz-4 kHz, the average error is 36 %, while for a frequency range of 5 kHz-10 kHz the average 

error is around 3 %. This compromises the impedance measurements using samples with differ-

ent NH4
+ concentrations at a 1 kHz frequency.   

 Once more, further studies are needed for a better understanding of the capacitive sensor 

film response when exposed to NH3 molecules. These could include the measurements of ca-

pacitance and impedance ate different frequencies to obtain a conclusive relation between the 

film’s response and the concentration of NH4
+. 

 

Figure 5.8 - Impedance as a function of frequency for a resistance of 560 kΩ with a RFB=33 kΩ. 
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5.3 - Sensor Prototype Operation with Synthetic Saliva 
 
 Because no conclusion could be taken from the behaviour of the capacitive sensor film, the 

operation of the developed protype with synthetic saliva was studied only using the chemire-

sistive sensor film.  

 The film used for this purpose was the 2L-film, because also the 1L-film was wet due to the 

same reasons reported before for the 4L-film. These measurements were performed in the 

same day with the same conditions of the trials presented in subsection 5.2.1. The results 

obtained for the prototype operation with synthetic saliva are presented in Figure 5.9. 

 The results presented show that the sensor prototype follows the same behavior when con-

sidering synthetic saliva samples and deionized water samples, both with different concentra-

tions of ammonium. Indeed, when using synthetic saliva, the variation of the resistance in-

creases with NH4
+ concentration. This is explained by the interaction between the NH3 gas mol-

ecules (formed when NaOH is mixing with the sample) and the MWCNTs, as already reported  

in subsection 5.1.1.2. However, when compared with the values obtained previously for deion-

ized water samples (light blue lozenges in Figure 5.9), the response of the prototype is higher 

with synthetic saliva. Between these two measurements, the GDU was disassembled and this 

may explain the obtained result. It was observed before that the placement of the sensor film 

influences the active sites of MWCNTS exposed to the gaseous molecules. In the synthetic saliva 

sample measurements, the sensor film could have been better placed leading to better results. 

The decreased of the relative variation of resistance when compare with the first results pre-

sented in Figure 5.3 was already explained in the subsection 5.2.1. 

   

Figure 5.9 – Comparison of 2L-film response using deionized water and synthetic saliva standard samples, 
both with different NH4

+ concentrations (1-5 mg/l). The linear fitting curve for the measurements of the 
synthetic saliva standards (light green dash line) is represented as well. 
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The obtained fitting curve of the prototype response to synthetic saliva standards is also 

shown on Figure 5.9. However, the issue reported previously about the fallout of the nanotubes 

from the film’s substrate prevent the use of this curve in further studies to estimate the con-

centration of NH4
+ in a real human saliva sample. A new sensor film should be used for this 

measurement for obtaining a better curve in order to correctly estimate the NH4
+ concentration. 

It was also mentioned the issue of the sample volume when considering saliva. The proto-

type presents a good performance with samples of 50 ml. The amount of saliva that can be 

collected is lower than this value. The higher volume of collected saliva read in the literature 

was 3 ml [5]. Nevertheless, this is not an obstacle for the developed prototype if the saliva 

dilution is considered. In fact, this dilution will be advantageous for the device performance 

because the interferents present in saliva will also be diluted (e.g. proteins) having a lower 

significance in the results. The average ammonia concentration for a healthy subject is around 

18.73-206.08 mg/l, much higher values than 1-5 mg/l. But, with the proper saliva dilution, the 

estimation of the concentration of NH3/NH4
+ can be done with curves obtained in this work 

because the concentration of the complex NH3/NH4
+ will also be diluted. 

 Besides NH4
+, CO2 is also a product from urea hydrolysis (equation 3.1). It was reported that 

carbon nanotubes are sensible to CO2 which is also an electron donor [50,70,78]. However, this 

does not represent a problem for the developed prototype since the mixture of the sample with 

NaOH converts the gaseous CO2 into aqueous sodium bicarbonate (NaHCO3) (equation 5.6): 

 

𝐶𝑂2(𝑔) + 𝑁𝑎𝑂𝐻(𝑎𝑞) → 𝑁𝑎𝐻𝐶𝑂3(𝑎𝑞) 

  

 Saliva has also in its constitution some volatile organic compounds (VOCs), but these are 

present at low levels in human saliva and so, when thinking in the final application of this 

prototype, the influence of these compounds in the sensor behavior can be discarded [81]. 

 

5.4 – Conclusions  
 

 The performance of the prototype developed in this work was described in this chapter. 

The first feature studied was the behaviour of the developed MWCNTs-based sensor films in the 

presence of NH3 molecules.  

 For the chemiressitive sensor film, it was firstly concluded that, the absolute value of the 

film’s resistance can be influenced by the mass of the MWCNTs deposited in the films surface 

and its length. Regarding the film response to different concentrations of NH4
+, it was seen that 

the relative variation of sensor film’s resistance increases with the NH4
+ concentration. This 

relation is influenced by the electrons donated by NH3 to the valence band of MWCNTs. This 

increase of the MWCNTs resistance when exposed to NH3 molecules also leads to the conclusion 

that the chemiresistive sensor film presents a p-type semiconductor behaviour. In addition, the 

increase of the recovery time of the sensor film with the increase of NH4
+ concentration was 

attributed to the good adsorption capacitance on the MWCNTs’ surface. Compared with the 

spectrophotometric technique, the method developed here does not present a low detection 

limit as the one reported for that technique. However, the final application of the developed 

prototype is not compromised since the achieved resolution of 1 mg/l is a lower value than the 

NH3 concentrations considered for healthy subjects. It was also observed, that the system per-

formed correctly considering a sample volume of 50 ml with time-cycles of 13 min for each 

measurement. With lower sample volumes, an equilibrium of the concentrations in both side 

(5.6) 
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of the membrane is verified leading to stopping the NH3 diffusion. For chemiresistive sensor 

films it was also concluded that the film’s length does not influence the relative response of 

the system when exposed to different concentrations of NH4
+. What actually can compromise 

the relative variation of the film’s resistance is the GDU assemble since an incorrect placement 

of the sensor film in the additional piece may reduce the available sites of MWCNTs exposed to 

NH3 molecules affecting the performance of the prototype. A bad assemble of the GDU also 

includes the damage of the hydrophobic membrane as well as its incorrect placement in the 

donor channel. This may lead to the passage of fluid to the gap formed by the additional piece 

where the sensor film is placed. Wetting the film makes it not reusable since water can influ-

ence its response. Thus, it is very important to ensure the correct GDU assembling and the good 

condition of the membrane to guarantee the reliability of the results and the good performance 

of the prototype. 

 A capacitive sensor was also developed to understand which one of the electrical charac-

teristics, resistance and capacitance, present a higher variation when exposed to the target 

gas. Although the capacitive sensor presents a maximum response of 13.8 %, nothing could be 

concluded because there was a no clear relation between the capacitive variation and NH4
+ 

concentration. It was also tried to measure the impedance of the sensor film, but the problem 

detected in the AD5933 IC at a frequency of 1 kHz limited the measurements. Further studies 

are needed to understand the capacitance and impedance variation of the MWCNTs when they 

interact with NH3 molecules.  

 When using the impedance measurement circuit as the measurement instrument, it was 

seen that the result was similar with that obtained with a standard instrumentation. However, 

the response of the sensor film was lower in both cases when compared with the first obtained 

results. This was associated to the fall out of the carbon nanotubes from the sensor film surface, 

which indicates that maybe the ink composition should be optimized or the pressure of the N2 

sensor cleaning flux is so strong that promotes this problem. This observation leads to the con-

clusion that the chemiresistive sensor film may have a limited life time and, for future appli-

cations, it should be replaced after a defined number of measurements. 

 The results obtained for the prototype when using the chemiresistive sensor film and syn-

thetic saliva samples were encouraging since it presented the same relation between the 

MWCNTs resistance variation and NH4
+ concentration. However, new measurements should be 

made with a new film to obtain a better fitting curve for the future estimation of the NH4
+ 

concentration present in a real human saliva sample.  

The fact of using sample volumes of 50 ml leads to the need of diluting saliva samples, what 

is an advantage for reducing the interferents influence in the system and to fit the results in 

the curves obtained for the estimation of NH4
+ concentration as a function of the sensor re-

sponse. Also, it was demonstrated that the CO2 produced from urea hydrolysis is not a problem 

for the developed prototype since it is transformed in NaHCO3 due to the mixing of the sample 

with NaOH that happens before the sample enters in the donor channel. 

 In conclusion, the prototype developed here provides a good approach for NH3 detection. 

It is sensitive to low concentrations of NH4
+ (1 mg/l) and simple to use. The incorporation of 

the IMC allows for a simple and portable data recording and analysis procedure. As it was ob-

served, at this point of the project the chemiresistive sensor film presents a better choice 

because it promotes a better understanding of the results considering the estimation of NH4
+ 

concentration as a function of the resistance variation and a good operation of the IMC. There 

are some features that need to be optimized, but it is believed that the development of this 
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prototype is a good starting point for constructing a completely automatic and reliable diag-

nostics method for detecting pathologies after the analysis of saliva.  
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Chapter 6 

 

 

Conclusions and Future Work 
 

[3 linhas de intervalo] 

 

6.1 – Conclusions 
 
 Because of the many disadvantages associated to the diagnostics means usually employed 

for detecting pathologies, the analysis of human saliva has arisen as an alternative diagnostics 

methodology. This is due to the presence of biomarkers in the constitution of this oral fluid. 

One of these biomarkers is urea, whose increased concentration in saliva was verified to be 

correlated with some pathologies. That is not the case with dental caries which are associated 

with a low concentration of this compound.  

 The fact that a standard method for saliva analysis and collection does not still exist, allied 

to the fact that the constitution of human saliva depend from patient to patient, are the main 

reasons why salivary tests are not yet able to replace the traditional diagnostics methods. Nev-

ertheless, it is believed that, in situations where early diagnostics is a critical factor, saliva 

analysis could become a great alternative. Even when the diagnosis is not conclusive, saliva 

analysis could help in the correct analysis of the disease.  

 A NH3 sensor prototype capable of being used for saliva analysis was developed in this dis-

sertation work. It is based on the urea hydrolysis process. Salivary urea is hydrolyzed in C02 and 

NH4
+, which, depending on the pH level, can be converted in its volatile molecular form NH3. 

The developed sensing system comprises carbon nanotubes used as the sensing material for NH3 

molecules together with a flow system, a GDU and an impedance measuring circuit connected 

to a portable computer.  The flow system promotes the mixing of the NH4
+ sample with a solu-

tion of NaOH, responsible for converting NH4
+ into NH3, and the continuum flux through the 

donor channel which was verified to be a determinant factor for the good operation of the 

prototype. The adaptations made in GDU allowed the incorporation of the MWCNTs-based sen-

sor film. 

 Two types of MWCNTs-based films were developed: a chemiresistive sensor film and a ca-

pacitive sensor film. At the current time of the project, the chemiresistive film appears to be 

a better choice than the capacitive film. Although the response of the capacitive film was 

higher than the obtained for the chemiresistive, no conclusions could be drawn regarding the 

relation between the capacity variation and the NH4
+ concentration. With the chemiresistive 
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films, it was possible to observe the increase of resistance with increasing target analytes, a 

result that is in agreement with other found in the literature. In addition, when using IMC and 

synthetic saliva samples, the results obtained with the chemiresistive sensor film were in agree-

ment with those taken with a digital multimeter, encouraging the possibility of a good perfor-

mance of the protype with real human saliva samples. Also, it was demonstrated that the sensor 

films’ length does not influence the relative variation of the films’ resistance allowing the use 

of smaller films, what will be an advantage for making cheaper devices. The major issues re-

lated to this work are the GDU assemble, membrane condition and limited lifetime of the film.   

 It is concluded that the prototype developed here is an encouraging starting point for the 

construction of an automatized and reliable diagnostics device based on the analysis of saliva. 

The fact that all prototype components can be assemble in a single structure gives it the pos-

sibility of making it portable. This enables the utilization of this method in other environments 

rather than only in the laboratory, favouring the use of this process as a point-of-care in places 

where the conditions required by the usual diagnostic methods are not provided (e.g. develop-

ing countries). It is true that further studies are needed to optimize the developed prototype 

and to better understand some questions related to the overall process, but it constitutes a 

step forward in the chance of using saliva analysis as an alternative diagnostic procedure. 

 

6.2 – Suggestions for Future Work 
 
 One of the adaptations made in GDU was the incorporation of an additional piece which has 

a thickness of 3.5 mm. The gap created by this piece allows the accumulation of the gas. How-

ever, it remains the doubt that if the piece was thinner there would be a better interaction of 

the target gas with the carbon nanotubes. Thus, it would be important to study if this parameter 

has some influence in the interaction of the diffused NH3 molecules with carbon nanotubes by 

developing other additional pieces with different thicknesses. 

 The idea behind the protype operation is the diffusion of NH3 which is formed due to the 

mixing of the NH4
+ sample and NaOH solution. However, it is not known the exact quantity of 

NH3 that is diffused through the hydrophobic membrane. Further studies are needed to better 

understand the NH3 diffusion rate allowed by flow system because it could influence the sensor 

film response. 

 It was observed that the chemiresistive sensor film reached to a maximum response of 

2.56 % for the NH4
+ concentration of 5 mg/l. It should be investigated if the functionalization 

of MWCNTs could improve its response. Other issue related to the performance of the prototype 

is its high recovery time. Studies made with increased sensor cleaning temperatures should be 

made to evaluate if this parameter could be reduced. In addition, it was also mentioned that 

to completely clean the system, it takes more time than the one reported in subsection 5.1.1.2. 

To overcome this problem, an optimization of the cleaning system is needed. This optimization 

can be based on developing a mechanism that can pull out the target gas at the moment that 

N2 is passing through the sensor. 

 Further research is also needed to better evaluate the capacitive sensor film response, 

making measurements at different frequencies. The measurements taken with the IMC to meas-

ure the impedance variation of the capacitive sensor were compromised by the IMC operation 

at a frequency of 1 kHz. The AD5933 IC allows measuring also the impedance phase. However, 

this is a very complex process because of the additional calculation that should be done. Besides, 

the additional analogue circuit also affects the phase value of the impedance. A study of the 
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frequency response of the additional analogue circuit it will also be important to better under-

stand the average errors associated to each measurement. 

 Besides CNTs-based chemiresistive and capacitive sensors, FETs are another sensor config-

uration that can be used when carbon nanotubes are considered as sensing material. One of 

the possible future investigations should be the development of this type of sensor and the 

study of its response in the developed prototype. 

 Another interesting feature to develop in future investigations includes an interface that 

allows an immediate perception of the NH4
+ values present in the analyzed sample and that 

could automatically give the condition of the patient based on the NH4
+ obtained values. This 

would make the diagnostics system even more automatized and simple for users. 

 Finally, the prototype response should be studied using real human saliva samples taken 

from healthy and unhealthy subjects. 
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[3 linhas de intervalo] 
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Figure A.1 - Additional analogue circuit connected to AD5933 IC (scheme design on Eagle). 
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