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Des d'aquests mots molt tendrament et penso 
mentre la tarda suaument declina. 

Tots els colors proclamen vida nova 
i jo la visc, i en tu se'm representa 

sorprenentment vibrant i harmoniosa. 
………………………………………………… 
Lletra a Dolors. Miquel Martí i Pol (1984)
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SUMMARY 
 

The main objective of this thesis is the exploration of new frontiers in the area of!
chemical sensors. First, through the development of novel approaches to build 
wearable chemical sensing devices. Second, through the generation of new sensing 
approaches to determine electrolytes in liquid samples. Potentiometry -as well as 
optical detection techniques- will be used with this purpose. 

Since potentiometry was firstly used at the beginning of 1900, with classical ion-
selective electrodes (ISEs), this technique has constantly been evolving. More recently, 
a revolution of this technique, which started with the miniaturization of the ISEs and 
the solid-state technology, was used to address the real need of sensors for monitoring 
our health status, which has merged in a new trend to develop wearable sensors. 
Then, the starting point of this thesis has been the development of potentiometric 
sensors embedded in wearable platforms, which will be finally used for monitoring 
electrolytes in biological fluids. These wearable sensors have been manufactured using 
different techniques and methods. At the beginning of the thesis, a novel approach for 
transforming cotton yarns in ISEs was developed. While solid-state working 
electrodes have been widely studied, it was early recognized that the whole 
potentiometric cell required the use of a new type of reference electrode. This thesis 
has also been focused on addressing the need for a solid-state reference electrode and 
the development of one using a new polymer. Thus, this advance in solid-state 
technology has allowed the development of fully wearable chemical sensors.  

Also, this thesis has been focused on the improvement of the ion-selective 
polymeric membrane sensitive to one specific analyte. In the last decade, there has 
been a considerable advance and research of new receptors for clinically relevant 
molecules present in our body. For example, the introduction of a new artificial 
receptor (calix[4]pyrrole) for creatinine has been a significant milestone in this thesis. 
Creatinine is the second most important molecule routinely analyzed after glucose, 
thus likely to open a path to the market beyond this thesis.  

Finally, to extent the field of applications, research was extended beyond 
potentiometry to optical techniques. Recent works to sense cations in solution have 
consisted on using functionalized polystyrene beads, which are chemically modified 
with sensing elements, leading a colorful suspension that changes the color by gradual 
additions of specific electrolytes. The real challenge, overcome in this thesis, has been 
to selectively sense anions, especially the ones that currently are hard to measure with 
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potentiometry. At the end of the thesis, an extremely sensitive and highly selective 
approach to monitor sulphate in biological fluids is presented. 

This thesis, then, has been structured in different chapters: 

• Chapter 1 provides a short overview of the personal vision of the wearable 
revolution. Classification and the most relevant works in the field are 
detailed. Finally, motivation and the objectives of the thesis are described in 
the final part of the chapter. 

• Chapter 2 corresponds to all the scientific foundations of potentiometry, 
since most of the work performed will be based on this detection approach. 
Description of the components of a potentiometric cell, the parts of the 
electrodes, the sensing membrane and the detection system as well as 
analytical parameters of ISEs are included. Furthermore, an introduction to 
miniaturized ISEs with the use of conducting inks and fabrication techniques 
are detailed. 

• Chapter 3 includes all the experimental details used throughout the thesis. 
Reagents, characterization techniques and procedures are described. The 
principles of Electrochemical Impedance Spectroscopy (EIS) have also been 
introduced in the chapter. 

• Chapter 4 describes the development and full characterization of a new solid-
state reference electrode based on the use of a hydrophilic polymer (polyvinyl 
butyral) together with some preliminary approach to the working 
mechanism. 

• Chapter 5, 6 and 7 describe the development of wearable potentiometric 
sensors in different platforms, such as cotton yarns (chapter 5), screen-
printed tattoos (chapter 6) and bandages (chapter 7). 

• Chapter 8 contains the analytical characterization of a novel creatinine 
potentiometric sensor using a new artificial receptor and demonstrates the 
viability to sense creatinine in real samples. 

• Chapter 9 details the development of an optical sensor based on modified 
polystyrene microspheres for the detection of sulphate. It has been also 
demonstrated the capability to measure sulphate in real urine samples. 

• Chapter 10 points out the conclusions withdrawn from this thesis. 
Furthermore, the future prospects after the thesis are suggested.  

At the end of this thesis, several appendices have been included to add relevant 
scientific data on support of this doctoral thesis.  
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RESUM 
 

L’objectiu principal d’aquesta tesi és l’exploració de noves fronteres en l’àrea de 
sensors químics. Primerament, a través del desenvolupament de nous dispositius 
químics portables, seguit per la generació de nous enfocs per poder determinar 
electròlits en mostres líquides. La potenciometria, així com també la detecció òptica, 
seran les tècniques que s’utilitzaran al llarg d’aquesta tesi amb aquest propòsit. 

Des que la potenciometria va ser primerament utilitzada a inicis del 1900, amb els 
elèctrodes d’ió selectiu (EIS), aquesta tècnica ha estat constantment progressant. Més 
recentment, aquesta tècnica ha tingut una revolució destacada, lligada a la 
miniaturització d’aquests EIS i la tecnologia d’estat sòlid, i que s’ha utilitzat per a la 
necessitat real de tenir sensors per monitoritzar el nostre estat de salut, el qual va 
donar lloc a una nova tendència associada al desenvolupament de sensors portables. 
Per tant, aquesta tesi, ha estat el punt d’inici del desenvolupament de sensors 
potenciomètrics incorporats en plataformes portables, acabant sent utilitzats per 
mesurar electròlits en fluids biològics. Aquests sensors portables s’han manufacturat 
utilitzant tècniques molt diverses, així com també diferents mètodes. Al principi 
d’aquesta tesi es desenvolupen unes fibres de cotó convencional en EIS. Mentre que 
els elèctrodes de treball d’estat sòlid han estat molt àmpliament utilitzats, encara es 
necessitava un altre tipus d’elèctrode de referència per a tenir una cel·la 
potenciomètrica completa. Per tant, aquesta tesi també ha estat focalitzada en aquesta 
necessitat de desenvolupar un elèctrode de referència d’estat sòlid utilitzant un nou 
polímer. Aquest avenç en la tecnologia ha permès el desenvolupament de sensors 
químics portables.  

A més a més, en aquesta tesi s’ha intentat millorar una membrana polimèrica d’ió 
selectiu. En l’última dècada, hi ha hagut un considerable avenç en la recerca de nous 
receptors per molècules clínicament rellevants en el nostre cos. Per exemple, la 
introducció d’un nou receptor artificial (calix[4]pyrrole) per creatinina en una 
membrana polimèrica ha estat una de les fites més importants d’aquesta tesi. La 
creatinina com a tal és la segona molècula rutinàriament més analitzada després de la 
glucosa, i per tant ens pot donar una oportunitat d’anar al mercat amb aquest sensor 
després d’aquesta tesi. 

Finalment, per tal d’ampliar el camp d’aplicacions, la potenciometria com a tècnica 
utilitzada en aquesta tesi es va canviar a la detecció òptica. Treballs recents pel sensat 
de cations en solució consisteixen en utilitzar macromolècules funcionalitzades de 
poliestirè, químicament modificades, donant una suspensió que canvia el color amb 
addicions graduals d’electròlits específics. El repte principal, superat en aquesta tesi, 
ha estat el sensat d’anions selectivament, en especial els anions més difícils de mesurar 
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en potenciometria. Al final d’aquesta tesi es presenta un mètode extremadament 
sensitiu i selectiu per mesurar l’anió sulfat en fluids biològics. 

Aquesta tesi, llavors, s’ha estructurat en diferents capítols: 
• El Capítol 1 proporciona una visió general de la revolució dels dispositius 

portables. Aquest capítol inclou també la classificació i els treballs més 
rellevants en aquest camp. Finalment, la motivació i els objectius de la tesi 
també es descriuen en la part final del capítol. 

• El Capítol 2 correspon a tots els fonaments científics de la 
potenciometria, ja que gairebé tot el treball realitzat en aquesta tesi 
s’utilitza aquesta tècnica. S’hi descriuen també els elements d’una cel·la 
potenciomètrica, les parts dels elèctrodes, les membranes polimèriques i el 
sistema de detecció, així com també tots els paràmetres analítics dels EIS. 
A més a més, també s’inclou una petita introducció als EIS miniaturitzats 
amb l’ús de tintes conductores i les diferents tècniques de fabricació. 

• El Capítol 3 inclou tots els detalls experimentals utilitzats durant la tesi. 
Es descriuen tots els reactius, tècniques de caracterització i procediments 
utilitzats en aquest període. També s’inclouen els principis de 
l’espectroscòpia d’impedància electroquímica (EIE) en aquest capítol. 

• En el Capítol 4 es descriu el desenvolupament i caracterització d’un nou 
elèctrode de referència d’estat sòlid utilitzant un polímer hidrofílic 
(polyvinyl butyral), amb els suports preliminars a l’hipotètic mecanisme 
d’aquest elèctrode. 

• Als Capítols 5, 6 i 7 es descriu el desenvolupament de sensors 
potenciomètrics portables en diferents plataformes, com ara fibres de cotó 
(Capítol 5), tatuatges (Capítol 6) i tiretes (Capítol 7).  

• El Capítol 8 conté la caracterització analítica d’un sensor potenciomètric 
per creatinina, utilitzant un receptor artificial. En aquest capítol es 
demostra la viabilitat del sensat de creatinina en mostres reals. 

• El Capítol 9 descriu el desenvolupament d’un sensor òptic basat en 
microesferes de poliestirè per la detecció de l’anió sulfat. En aquest capítol 
s’ha demostrat la capacitat de poder mesurar sulfat en mostres reals, com 
ara la orina.  

• Finalment, al Capítol 10 s’assenyalen les conclusions extretes d’aquesta 
tesi, juntament amb les perspectives de futur després de la tesi. 

Al final de la tesi s’han inclòs una sèrie d’apèndixs per tal d’afegir dades 
científicament rellevants que donen suport aquesta tesi doctoral.  
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1.1 THE WEARABLE REVOLUTION: A GROWING 
CHALLENGE 

The technological revolution of the last decades has created a world empowered by 
electronic devices that have improved our wellbeing, making our lives safer and more 
comfortable. While most of these devices have traditionally been made with boxy and 
rigid circuit boards, the recent breakthroughs in nanotechnology and electronics are 
allowing a next generation of flexible electronics, with the ability to curve, bend and 
twist. This ergonomic versatility will allow these devices to be embedded in garments 
to! adapt to our routines, track our activities, monitor our health, and enhance our 
senses. Above all, a seamless connectivity will be achieved, since these devices could 
not only be worn but even implanted. Due to the progress on the integration of 
systems into objects of everyday use, or even into our own bodies, the market for 
these devices is estimated to grow from $14 billion in 2015 to more than $70 billion 
within the next 10 years1. Furthermore, as electronic systems become wirelessly 
interconnected through the cloud, these wireless sensor networks (WSN) are 
increasingly attracting an interest in many applications, creating truly wireless body 
sensing networks (WBSN)2. In summary, a world with electronic components 
incorporated into garments, tools and other objects, connected to the cloud –the 
Internet of things- is quickly emerging.   

The terms “wearable technology”, “wearable devices” or just “wearables” refer to 
electronic technologies or whole computing devices that are incorporated into items 
such as clothing and accessories, which can be comfortably worn or applied onto the 
body. The implications and uses of wearable technology are far reaching and can 
influence the fields of healthcare and medicine, fitness, aging, disabilities, among 
many others. The goal is to incorporate functional, portable electronics and 
computers into our daily lives, which will unobtrusively monitor people and send 
biofeedback information to a hub station in real time. This information could help to 
better take care of the elderly, the remote monitoring of patients, have real-time access 
to the condition of soldiers in a battlefield or firemen on duty, etc. In essence, sensors 
embedded into textiles to generate both physical and chemical information could be 
an invaluable tool with massive social implications3. 

The market for these devices is 
estimated to grow from $14 billion in 
2015 to more than $70 billion within 

the next 10 years 
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1.1.1 State of the art 

The explosive growth of wearable technology during the last decade is seen by the 
increase in the number of electronic devices and sensors that are portable, 
miniaturized, cost-effective and, most remarkably, that can be embedded into our 
daily garments.  

 
Figure 1.1. Expected wearable technology for the near future in different fields. 

This revolution, empowered by the modern generation of smartphones, has been 
born because of the merge between computer capabilities and instant 
communication, connecting people to the whole world and therefore allowing us 
capturing memories through photographs and videos and organizing our daily life, 
among many other roles. The high degree of acceptance of these wearable devices 
across different generations clearly shows that this technology is fully merged with 
our lives and that will be exponentially increasing during the next decades. 

The introduction of wearable sensors as personalized tracking devices has turned 
them into our personalized monitors. However, these personalized health, wellness-
sport-fitness, rehabilitation and communication (among others), devices are just the 
beginning, and!the age of wearables is yet to come. This wave of technology, facilitated 
by the development of body-worn devices through miniaturization, generation of 
smart textiles and flexible electronics (together with the improvements in battery 
technology) has paved the way to the generation of a massive amount of data to be 
studied. This large amount of data needs careful interpretation, since the results are 
not always fully understood. However, when properly processed, analyzed and 
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integrated, significant value can be created (see Figure 1.2). For example, it is 
estimated that the efficient and qualitative treatment of this data in the US healthcare 
system can generate a potential value of approximately $300 billion every year4. 

 
Figure 1.2. Data-information-knowledge-value pyramid. 

1.1.2 Applications 

1.1.2.1 Healthcare 

Currently, healthcare is based on a centralized model using a doctor, hospital, etc. 
While this model was appropriate many years ago, it is hardly scalable in the near 
future, especially as the world’s population is increasing and ageing and the needs for 
healthcare grow. Telehealth, telemonitoring, and mHealth (mobile health) sensors are 
increasingly being seen as the solution to these problems, since the applications allow 
remote monitoring and management of patients. As a first approach, sensors are used 
in hospitals and primary healthcare centers, where their use is focused essentially on 
medical screening and diagnostics, such as point-of-care (POC) blood chemistry 
testing, electrolyte-level measurements and gas-blood-concentrations. The main areas 
where wearable sensors are useful in clinical healthcare are: 

• Screening and diagnostics: biochemical and optical sensors used for POC 
monitoring and diagnostics to identify bacterial infections, drugs, hormones 
and protein levels in biological samples. 

• Physiological: measure of key physiological indicators of health, such as 
dissolved oxygen level, glucose, etc.  

A more challenging and urgent approach requires a change in the model that is 
used to deliver healthcare. This task that will be based, in the near future, on the use of 
home-based technology, an approach that aims to reduce the pressure in the hospitals 
and other centralized units, shifting the model to a preventive and personalized 
healthcare approach for each individual5. 
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1.1.2.2 Wellness  

Wellness is a dynamic estate that constantly changes depending on many factors, 
such as diet or physical activity6. The recent technological developments are having a 
positive effect on individuals by helping them to improve their physical wellness. 
Integrated sensors into smartphones are already enabling to monitor physical activity, 
performance levels and even calorie burn/consumption through applications and web 
portals. All in all, this approach to monitoring wellness using sensor technology will 
play an increasingly positive role in the maintenance of the wellbeing. 

Sensors for wellness can include monitoring the levels of dehydration during sport 
activities, sleep quality as well as personal safety at home –for example, detection of 
dangerous gases-. Real-time sweat analysis could provide valuable information on 
dehydration levels. Also, changes in sweat composition can provide information on 
the amount of biomolecules and electrolytes that need to be replenished. Tracking 
progress in sport sciences is of utmost importance, especially for the improvement in 
the athlete’s performance. Also, aspects such as prevention of obesity, injuries or any 
other medical conditions, which encompass fitness and control of activity levels, will 
be a crucial area to monitor.  

1.1.3 Wearable devices 

The market of wearables is gradually increasing. Some of these devices are already 
in the market or still in the lab but ready to be released in the upcoming years. 
Wearable devices could allow monitoring non-invasively physiological levels from 
different corporal fluids of the human body. What is more important, they can help to 
analyze data and find correlations that could be applied for both healthcare and sport 
sciences research. Examples of wearable devices are watches, glasses, contact lenses, e-
textiles and smart fabrics. Current devices can be classified in two groups: invasive 
wearable devices, which require for example break the skin barrier (not discussed 
throughout this thesis) and non-invasive wearable devices, which are able to measure 
physical and chemical information without breaking the skin barrier or being 
introduced into the body. The following sections will be focused on the recent trends 
of non-invasive wearable sensors (physical and chemical).  

Wearable devices can help to analyze 
data and find correlations that could 

be applied for both healthcare and 
sport sciences research 
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1.1.3.1 Non-invasive wearable devices for physical parameters 

Wearable devices are so far designed to monitor almost exclusively physical 
parameters  (e.g. position, speed, temperature, vital signs) for different purposes, such 
as sport performance and racecar drivers4. 

Different types of current commercial wearable devices are shown in Figure 1.3. 
These sensors are very simple in terms of sensing attributes, since they only measure 
vital signs and movement while exercising. Interestingly, despite of all these attractive 
features, the launch of Google Glasses in 2014 did not captivate the market as it was 
expected. However, this is just an observation, since the trend for the next years, for 
example, is markedly pointing towards the development of smart watches that are 
continuously connected to the world. In any case, while these wearable devices have 
been conceived to become a “must-have” accessory, they actually still present some 
significant challenges that must be overcome, such as the understanding of the user’s 
needs, convenience, differentiation to existing products and costs. 

 
Figure 1.3. Classification of wearable devices. 

For this reason, an exponential wave of wearable devices has hit the market from 
different commercial brands. None of them, however, offer any way to obtain 
chemical information from body fluids such as sweat, blood, urine or saliva. This is 
because chemical sensors exhibit a more complex operation mode since they are 
required to interact with a sample with a recognition element in order to turn the 
chemical response into the analytical signal7. This challenge has been described by 
Diamond et al. as the “chemical sensor paradox”, because of processes such as leaching 
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of the ionophore (receptor), the electrode fouling due to unspecific adsorptions and 
decompositions have a significant influence in the output signal and therefore on the 
overall performance of the device8, chemical sensors cannot work autonomously like 
physical devices. Chemical sensors must be frequently re-calibrated and analytical 
instruments require a minimum maintenance, making hard to develop autonomous 
analytical devices. These devices are usually incorporated with liquid handling for 
sampling, reagents and waste, along with pumps and valves that turn them into more 
expensive and complex systems. Other issues to obtain wearable chemical sensors are 
related to miniaturization and system integration. This is a space where nanoscience 
plays a crucial role in the generation of robust systems that can generate an accurate 
and reproducible analytical signal.  

1.1.3.2 Non-invasive wearable chemical sensors 

Several wearable chemical and biochemical sensors have been developed during 
the last decade for the analysis of different biological fluids. These wearable sensors 
were designed to be in contact with biological fluids that are accessible and do not 
show high degree of interferences. Some of these matrices are -among others- tears, 
urine, saliva and sweat. The analysis of specific electrolytes in these fluids is of 
considerable importance for the determination of both, health status and wellness. 
Tears and urine are complicated matrices because of the presence of many lipophilic 
components that can interfere with the target measurements, whereas both saliva and 
sweat are very accessible fluids with a reduced level of lipophilic interfering 
components9,10. These last are also very important as they contain a wealth of 
information about people’s health and can be monitored in a non-invasive way. 

The performance of the many wearable chemical sensors that have been reported 
until now has been far from optimum. Therefore, this field is still growing and 
maturing with new devices that are expected to explode in the market for the next 
upcoming years.  

For this reason, this topic has become trend as it can be seen from the appearance 
of new publications of wearable chemical sensors using different detection techniques. 
In this part of the thesis only electrochemical and optical sensors will be further 

Nanoscience plays a crucial role in the 
generation of robust systems that can 

generate an accurate and reproducible 
analytical signal 
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commented and discussed, since they are the most commonly used approaches and 
will be used during this thesis.  

On the one hand, wearable electrochemical sensors have been deeply studied and 
many works have been published during the last 10 years. A high number of 
publications are related to chemical devices that measure glucose in tears (contact 
lenses)11,12 and sweat13. Significant pioneer efforts of Wang and co-workers should be 
mentioned since they collaborated in the development of the Glucowatch G2 
Biographer (see Figure 1.4) by Cygnus Inc. back in 2002. Worn on the wrist like a 
watch, this device was aimed to monitor non-invasively glucose every 10 minutes. 
Unfortunately, the device presented several practical drawbacks such as the 
requirement of a three-hour warm up period and needed to be recalibrated with a 
finger stick measurement. As a result, frequent false alarms due to erroneously 
measured high sugar levels were common and the product had to be withdrawn from 
the market. 

 
Figure 1.4. Glucowatch G2 Biographer developed in 2002 by Cygnus Inc. 

Wang’s group continued the pioneer work in wearable devices.  Thus, a decade 
after, they extended their research to the development of tattoos with screen-printing 
technology, reporting a non-invasive glucose tattoo sensor. This new tattoo sensor 
only needs a very mild electric voltage applied on the skin to extract the fluid to obtain 
glucose readings13. Other wearable chemical sensors have been focused on the 
determination of lactate in tears14, saliva15 and, very important for athletes, in sweat16. 
A variety of other chemical parameters have also been monitored, such as fluoride17 
and pH18 in saliva, and alternatively the detection of chloride in sweat –for the early 
evaluation of cystic fibrosis-, as well as calcium, potassium and sodium for the 
detection of an electrolyte imbalance19.  
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On the other hand, considerable efforts have been focused on the development of 
wearable optical sensors. Many of them have similar target, since glucose and lactate 
also encompasses most of the works. Glucose has been optically detected in tears20 and 
in saliva21, whereas lactate has been optically sensed in saliva22. Optical detection of 
other electrolytes such as pH, Na+ and K+ 23 in sweat has also been reported. 

According to the literature, there does not seem to be a significant interest on 
monitoring species in urine using wearable sensors. Some of the most important 
works are the incorporation of them into diapers for infants, an area that can be very 
important for their health24 , as well as for the detection of urinary incontinence25. 

Following this line of work, our group has been actively studying the development 
of potentiometric wearable chemical sensors using cotton yarns modified with single-
walled carbon nanotubes, which is going to be an important part of this thesis. 

1.1.4 The global vision of “Wearables” 

The dream of “Information everywhere, every time” is starting to become a reality. 
The ability to monitor both physical and chemical parameters of the human body can 
be a powerful tool in a plethora of different fields6. Among them, improving the 
athletes performance by controlling many parameters from their bodies in real-time, 
without the need to use bulky devices that are nowadays used to monitor their 
performance and power while training. Additionally, it is well known that the 
healthcare system worldwide is under a huge pressure to deliver benefits with less and 
less resources. 

 
Figure 1.5. Smart health scenario with body-worn sensors. 
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A good solution to this dilemma is implementing telemedicine approaches for a 
personalized healthcare. The use of sensors embedded in clothes themselves can help 
to reduce further risks in the hospitalization of a patient. The patient is continuously 
monitored while resting at home and in case of risk, a request is sent to come to the 
hospital.  

There is significant application of wearable sensors in healthcare and wellness as 
technology and innovative solutions are growing together. Coupled to this, advances 
in mobile and cloud computing will allow reducing costs and the interconnection 
between user and device. This is, in fact, an evident growing market for the next years, 
especially with the recent release of a new Health application and ResearchKit by 
Apple (see Figure 1.6). The Company aims at collecting data from their devices’ users 
in order to further contribute with the advance in the medical research. Prestigious 
medical centres from the US are using this platform for a deep study in some of the 
most serious illness in the world.  

 
Figure 1.6. Health application from Apple Company in an iPhone 6 released in September 2014 and 
some of the serious illness Apple is collecting data for medical research. 

At the beginning of our research, in September 2010, many devices with wearable 
chemical sensors had already appeared in the market, such as intelligent patches from 
Sano Intelligence, the Diabetes Care from Abbott Co., the Guardian REAL-Time 
CGM System from MEDTRONIC and the SEVEN PLUS from Dextrom Co., all of 
them focused on making a huge impact on wearable health. Those devices still 
required sampling along with an expensive instrumentation, making them 
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unaffordable worldwide. Diamond et al. have pioneered several approaches on this 
field in the last decade. Their works began with the development of a wearable patch 
with optical detection to monitor sports performance26 and ion-selective electrodes 
for sodium27. All these efforts were not enough when considering further 
developments, since these wearable sensors were still too bulky and not comfortable 
to wear for the subjects. Wang and coworkers have been able to improve all these 
platforms to become a real “wearable” sensor. They have also pioneered studies on 
this field through the development of portable and wearable electrochemical sensors28. 
Their works started by using screen-printed electrodes on a wetsuit to monitor 
marine pollution29 as well as on undergarments for environmental and toxic 
security30. Following this line, their expertise with this technique led them to develop 
new screen-printed tattoo sensors for the amperometric detection of glucose13 and 
lactate31. Other potentiometric tattoo-based sensors were also developed, such as pH32, 
sodium33 and ammonium34 along with a new wireless Bluetooth potentiometer-
transceiver device, which started to be the beginning of the real “wearable/wireless 
sensors”. From Wang’s group, Joshua Windmiller and coworkers have set up a new 
company –Electrozyme- in 2012 whose aim is to develop new wearable chemical 
sensors for different targets such as glucose, lactate, sodium, potassium, ammonium, 
(among others) in sweat. The product is expected to be released to the market by 
2015. 

 
Figure 1.7. The new company, Electrozyme, about to release a new wearable chemical sensor product 
to the market (by 2015). 

Bearing all those works in mind, there is a clear opportunity in the development of 
wearable potentiometric sensors. Even though potentiometric analysis requires a 
previous calibration, standards and it is stability-dependent, this analytical technique 
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is very simple and cost-effective. The instrumentation is also simple, and 
miniaturization of potentiometers has already been developed and available in the 
market.  

New potentiometric sensors in cotton yarns were introduced by our group in the 
electrochemical field. That fact opened a way to manufacture wearable sensors much 
cheaper and cost-effective. As shown throughout this thesis, new wearable 
potentiometric sensors for different targets have been developed during the doctorate 
period, along with intellectual property rights for a creatinine sensor that is extremely 
important in the field of healthcare. Furthermore, an exploration process with optical 
techniques for a future application as a wearable sensor to detect sulfate in urine has 
been carried out during this period.  

 
Figure 1.8. Application-knowledge scheme developed during this doctorate period. 

!
!
!
!
!
!
!
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1.2 OBJECTIVES 
The main objective of this doctoral thesis is the development of new wearable 

potentiometric and optical sensors for different electrolytes and (bio)molecules of  
relevance in the monitoring of physiological parameters and healthcare. 

This general objective can be then divided into specific objectives: 

1. Evaluate the development and characterization of a new solid-state 
reference electrode for a complete solid-state potentiometric cell.  

2. Explore new substrates and printing techniques for the development of 
wearable potentiometric sensors. 

3. Explore and apply the interactions involved in a new synthetic receptor for 
creatinine in order to use it to build a novel ion-selective electrode for the 
direct analysis of biological fluids. 

4. Explore the use of polystyrene (PS) beads as a new optical sensor for the 
detection of anions, essentially sulphate in urine.  

The main added value of this thesis is the introduction of new potentiometric 
sensors in different wearable substrates, which can be used for personalized health as 
well as monitor chemical composition of different biological fluids in chronic diseases 
and sport performance. In addition, new polystyrene optical sensors have been also 
used for future wearable optical sensors to detect different electrolytes also important 
in biological fluids. As these sensors are in process to be implemented in real 
scenarios, there is a clear opportunity to reach the market with novel applications.  
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2.1 SENSORS 
Sensors are devices generally used to detect or measure chemical and biological 

substances, such as proteins, lipids, single ions, etc. In some cases, even bacteria can 
be detected. Physical properties, such as light intensity, sound or radiation, among 
many others, are also monitored using sensors. The sensor has an interface in contact 
with the media where an event is registered and turned into a signal. This signal is 
processed through a transducer, an element that translates the signal from the 
physical, chemical or biological domain into either an electrical or optical domain (see 
Figure 2.1). Eventually, electronic instruments require translating all signals into 
electrical signals. 

 
Figure 2.1. Detailed scheme of the sensing process. 
 

2.2 CHEMICAL SENSORS 
A chemical sensor is a device that contains a molecular recognition element 

capable of producing a signal for a particular target within a mixture of molecules1. 
During the last decades, there has been a renewed interest in these kinds of sensors 

SUMMARY 
This chapter is intended to give a general overview of the basic principles and 
foundations of the techniques used in this thesis. Definitions of the most common 
terms appearing throughout this work are also included. The fundamentals of a 
chemical sensor as well as the use of potentiometry as a simple analytical technique 
are included. Analytical parameters have also been defined and discussed in detail in 
ion-selective electrodes section. 
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due to the urgent need of more, faster and better analytical information. Chemical 
sensors usually are composed by two main elements: a chemical (molecular) 
recognition and a physico-chemical transducer. The main purpose of the recognition 
system is to provide a sensor with a high specificity (selectivity) towards the target 
analyte2. Chemical sensors can be classified according to the working principle of the 
transducer: Optical, electrochemical, electrical, mass-sensitive, among others. In this 
thesis, two main types of chemical sensors will be explained in detail: electrochemical 
(potentiometric sensors) and optical (absorption-based sensors). 

2.3 POTENTIOMETRY 
Potentiometry is an electrochemical technique where the measurement of 

electrical potential is carried out under almost zero-current (nowadays usually few 
femtoamps, depending on the instrument) conditions in a closed circuit. This 
technique involves the determination of the difference of electrical potential between 
a reference electrode (RE), and a working electrode (WE)3. This difference is 
measured with a high-impedance amplifier voltmeter (potentiometer).  Figure 2.2 
displays a general scheme of the potentiometric system with both RE and WE, 
connected to a potentiometer, which records the change of potential between those 
electrodes. 

 
Figure 2.2. General scheme of a potentiometric cell with both RE and WE connected to a 
potentiometer. 
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2.4 REFERENCE ELECTRODE 
The RE is a device whose response is insensitive to the change of composition of a 

solution, i.e., it offers a constant potential upon changes of concentration in a test 
sample. There are many versions of RE, most of them based on a redox system with a 
high concentration of a salt that allows controlling the potential when current is 
flowing through the system. The most commonly used in potentiometry is the redox 
system based on Ag/AgCl/KCl4. The equilibrium in this redox system is expressed in 
equation 2.1 where solid silver chloride (AgCl) is in contact with a silver wire. The 
equilibrium can be displaced to form metallic silver (Ag) and chloride anion (Cl-). 

AgCl s  + e-⇋ Ag0 + Cl-!
(2.1) 

From the Nernst equation (explained in section 2.5.2) of this equilibrium (see 
equation 2.2), in order to maintain a constant potential of this system it is used as 
internal reference electrolyte a high concentration of Cl- to make it insensitive upon 
changes of concentration.  

EAgCl/Ag=EAgCl/Ag!0 -
RT
F log aCl-  

(2.2) 

where EAgCl/Ag0  includes the constant of solubility of AgCl (Kps). 

The position of the RE and the separation of the compartments is of utmost 
importance and crucial to obtain a reliable control of the potential. In order to 
prevent mixing electrolytes in the RE a diaphragm is used. This diaphragm is 
commonly based on a porous material (sintered material or glass) or a wetted stopper, 
depending especially on the nature of the solutions used: for example, strongly 
alkaline solution might dissolve glass diaphragms3. An arrangement of a bridge 
electrolyte is also used to avoid mixing of electrolytes, separated from the internal 
reference solution with the Ag/AgCl wire by another diaphragm (see Figure 2.3). The 
working principle of this RE is based on a positive hydrostatic pressure, through 
which there is a uni-directional flow in order to keep a high and constant 
concentration of electrolyte at the solution interface. These conventional electrodes 
are not suitable for applications where sensors are requested to withstand high 
pressures or temperatures. They possess many drawbacks in the use, such as keeping 
them in vertical position when measuring as well as a frequent maintenance of the 
inner solutions, since plugged diaphragms can affect the response of the RE. 
Miniaturization and simplicity of these sensors have also been studied in detail. In the 
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following section the description of many approaches to those kinds of systems is 
included, as well as the drawbacks they exhibited.  

 

 
Figure 2.3. Diagram of a conventional potentiometric reference electrode. 

2.4.1 Solid-state reference electrode (SSRE) 

Potentiometric reference electrodes have shown to perform better with an internal 
solution due to the need of having an extremely high electrolyte concentration to 
maintain the potential constant, as discussed previously in section 2.4. The 
elimination of this solution has been a dream for decades, since it would allow a 
reduction of these systems into much simpler and compact devices. This work, which 
is still in progress, has been described in detail elsewhere5. All in all, solid-contact 
designs are eagerly sought in order to obtain mechanically robust, reliable and cost-
effective miniaturized REs6. In this thesis, a new polyvinyl butyral (PVB) solid-state 
reference membrane containing the redox system Ag/AgCl/NaCl has been developed 
and further characterized in Chapter 4, as well as examples of previous works in solid-
state reference electrodes. The experimental evidence suggests that PVB polymer is a 
hydrophilic polymer that creates a diffusion-controlled event between the membrane 
and the sample. Further works have allowed us implementing this reference 
membrane in wearable substrates such as cotton yarns, bandages and tattoos.  
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2.5 ION-SELECTIVE ELECTRODE 
Ion-selective electrodes (ISEs) are a type of potentiometric sensors that produces 

an electrical potential upon changes of the activity of an ion in solution in presence of 
other ions, depending on a membrane that is selective to a target electrolyte. This 
potential generated is measured against the reference electrode, and it is proportional 
to the logarithmic activity of the primary ion according to Nernst equation, as it will 
be explained below (section 2.5.2). This “preference” for the primary analyte is given 
by the selectivity coefficients (detailed in section 2.5.3). The heart of an ISE is the ion-
selective membrane, which contains sites that interact with the ions present in the 
solution. The membrane is commonly based on glass, single crystal or a plasticized 
polymer. The backside of the membrane is in contact with a liquid or a solid-state 
ion-to-electron transducer. In the following sections, the compounds present in a 
polymeric membrane will be detailed, the working principles of the technique as well 
as potentiometric solid-state technology and miniaturization of such kinds of 
electrodes.  

2.5.1 Ion-selective membrane 

This part is essential in ISEs since contains all the sensing elements needed for the 
recognition of the target substance. To date, several types of membrane have been 
developed such as glass membranes7, liquid membranes and polymeric membranes8. 
In this thesis, polymeric membranes for different targets will be further discussed. 
These membranes are composed by a carrier (ionophore), ion-exchanger (lipophilic 
salts) and a polymeric matrix dissolved with a plasticizer. 

Ionophore 

The receptor, or so-called ionophore, plays a crucial role in the development of 
ISEs, since its role is to selectively bind with the primary ion against other interfering 
agents. The formation of non-covalent, ion-dipole, dipole-dipole and hydrogen bonds 
interactions between the receptor and the target is the basis for the sensor to work 
properly9. Ionophores are tailored to each analyte (in terms of charge, shape and size), 
along with the ability to form supramolecular (host-guest)10 assemblies.  

Lipophilic salts 

This salt is typically composed by a large organic molecule, which can be either 
negatively or positively charged and by a small cation/anion that acts as the 
counterion. The role of this salt is to facilitate the entrapment of the target analyte 
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from the ionophore in case it is a neutral macromolecule. The inclusion of this 
lipophilic ionic salt helps to maintain the permselectivity of the membrane where 
each small ion is complemented by a large organic lipophilic ion. The ion exchanger 
avoids co-extraction of ions with different charges from the sample into the 
membrane phase in order to accomplish the theoretical Nernstian behaviour 
(discussed below in section 2.5.2) from an ion-selective electrode. The presence of the 
ion exchanger is required to obtain a membrane that exchanges ions with the same 
charge sign (called permselectivity or Donnan exclusion). 

Plasticizers and polymeric matrix 

The role of the plasticizers is to make membranes softer, flexible and therefore 
more resilient to mechanical stress such as poking, bending or stretching. Also, these 
compounds help to reduce the glass transition temperature (Tg) and increase the 
polarity of the membrane. The advantage of using plasticizers is mostly to enhance 
the flexibility by facilitating the movement of the polymer macromolecules and thus 
influencing the partitioning of ions. Therefore, the plasticizer must be miscible with 
the polymer to obtain homogeneous dispersions. Typical mixtures of plasticizers and 
polymers in molar ratio are comprised from 1:1 to 4:1, respectively. 

In order to provide mechanical stability to the membrane, a polymeric inert 
material is used. Usually, a very high molecular weight vinyl chloride homopolymer 
such as polyvinyl chloride is employed. This homopolymer may contain functional 
groups with several heteroatoms, such as oxygen or nitrogen, as far as they do not 
interact chemically with any other component of the membrane or the sample of 
interest. The polymers are inert and insoluble in water, which leads to the distribution 
of ions in two different phases –the lipophilic membrane and aqueous media-.  

 

 
Figure 2.4. Examples of components of a polymeric ion-selective membrane. Valinomycin and 
nonactin are typical receptors for K+ and NH4, respectively. KTFPB: potassium tetrakis 3 5-
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bis(trifluoromethyl)phenyl borate; KTClPB: potassium tetrakis(4-chlorophenyl)borate are typical 
ion-exchangers used in ion-selective membranes; o-NPOE: o-nitrophenyloctyl ether; PVC: polyvinyl 
chloride; DMS: dimethyl sebacate are the most common matrices used in ion-selective membranes.  

2.5.2 Working principles 

The electromotive force (EMF) measured between the RE and the ISE is related 
with the contribution of a phase-boundary potential (EPB) and a constant diffusion 
potential (ED), along with a constant potential related to internal interfaces (equation 
2.3).  

EMF=EMFPB+EMFD+constant 

(2.3) 

Different theoretical approaches to explain the formation of the interfacial 
potential at the ion-selective membrane/sample have been described during the last 
decade11. Herein this thesis, the generally accepted phase-boundary potential (EPB) 
model is assumed12. Briefly, this model is based on the following assumptions: 

a) The phase-boundary potential governs the membrane response (i.e. EM = 
EPB). The diffusion potential is therefore neglected. 

b) The organic phase (ion-selective membrane) is in chemical equilibrium with 
the aqueous phase (sample). 

The phase boundary potential can be expressed as equation (2.4):  

EPB=
RT
zIF

lnkI+
RT
zIF

ln
aI(aq)
aI(org)

 

(2.4) 

where aI (aq) and aI (org) are the activities of the uncomplexed primary ion in the 
aqueous phase and organic phase, respectively. kI is related to relative free energies of 
solvation in both sample and membrane phases. R, T and F refer to universal gas 
constant (8.31 J·K-1 mol-1), absolute temperature (in K) and Faraday constant (96485 
C · mol-1), respectively. For membranes containing ion exchanger and ionophores, it 
is expected that the concentration of the primary ion in the organic phase is constant 
and independent of its activity in the aqueous phase, leading to simplify the equation 
to equation (2.5): 

EPB=EPB0 +
RT
zIF

lnaI 

(2.5) 

where in EPB
0 it is included the contribution of the activity of the target in the 
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organic phase as well as the contribution of kI. Under standard conditions (25OC) and 
converting from natural logarithm into common logarithm of base 10, the equation 
can be written as equation (2.6): 

EPB=EPB0 +
59.16
zI

logaI 

(2.6) 

Furthermore, there is charge separation in the phase-boundary due to the partition 
of cations and anions between both phases, since solvation energies of anions and 
cations are different in the two phases (organic and aqueous). Therefore, depending 
on the ionic sites present in the membrane, either cations or anions have a greater 
tendency to pass into the membrane phase. An illustration of this charge separation 
and the mechanism involved in the generation of the Nernst potential is exhibited in 
Figure 2.5.  

 
Figure 2.5. Phase-boundary mechanism of an ion-selective electrode. a) The membrane is not in 
contact with a solution and only membrane components are present. b) First contact with an 
aqueous solution with the primary analyte and a counterion. The charge separation between cations 
and anions in the interface membrane/solution is generated by the difference in the free hydration 
energies.  

Finally, activities instead of concentrations are used in order to take into account 
the contribution of all the species in solution. Activity determines the effective 
concentration or thermodynamic of species as well as the real chemical potential, 
since molecules in solution can interact each other (either attracted or repelled) and 
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thus the activity of an ion is highly influenced by its surroundings.  The activity can be 
calculated with the concentration and an activity coefficient (!) (see equation 2.7). 
This coefficient is 1 for ideal behavior.  

aI = γI·cI 

(2.7) 

Debye and Hückel introduced a new equation to calculate activity coefficient in 
dilute solutions, where they introduced the term of ionic strength in a solution. 
Activity is calculated throughout this thesis with Debye-Hückel formalism (see 
equation 2.8). 

ln γi =!-AzI2 I 

(2.8) 

where A is a constant that depends on the temperature, zi is the charge and I is the 
ionic strength. The ionic strength is used to express the effect of the charge of the ions 
in solution, and can be calculated using equation 2.9. 

I=0.5 cizi2 

(2.9) 

where ci is the concentration and zi is the charge of the analytes in solution. 

2.5.3 Analytical parameters 

Sensitivity 

The sensitivity of an ion-selective electrode is obtained from the slope of the 
calibration curve. This curve is related to the instrumental signal and the logarithmic 
activity of the target analyte, leading to a well-established, ideal Nernst sensitivity, 
defined by RT/nF (59.2/zI [mV·dec-1], at 250C, taking into account that the conversion 
from natural logarithm to 10 base logarithm includes a factor of 2.3). In practical 
terms, sensitivity calculations provide information about the proper functioning of 
the electrodes. However, in the literature, sub and super Nernstian sensitivities can be 
found. The phenomenon that originates this response is complex and still under 
study, and will not be discussed since it is beyond the scope of this work. 

Selectivity 

From an analytical standpoint, the selectivity calculation is of crucial importance 
in order to determine whether a measurement in a complex matrix will be accurate. 
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This is especially important in clinical applications as EMF deviations are sometimes 
not allowed larger than 0.1 mV for specific targets13. This calculation is derived from 
the Nicolskii-Eisenman formalism (equation 2.10) 

E=E0+
RT
zIF

ln (aI+KIJ
POTaJ

zI zJ) 

(2.10) 

where KIJ
POT is the Nicolskii coefficient. This dimensionless coefficient describes 

the number of times that the activity of the interfering target J (modulated by the 
exponent zI/zJ) can yield the same EMF value as the activity of the primary target I. 

The Nicolskii coefficient can be determined with the so-called Separate Solution 
method (SSM), in which two solutions of the target analyte and the interfering ion are 
compared. The SSM can be expressed as equation (2.11): 

KIJ
POT=e

(EJ0-EI0)
RT zIF  

(2.11) 

where EI
0 and EJ

0 are the EMF values obtained for the primary and the interfering 
ions, respectively, at 1M activities. This coefficient can be calculated as long as both 
primary and interfering analytes exhibit Nernstian sensitivities. The most frequent 
error of this method arises from coefficients calculated with weakly interfering ions, 
and the EJ

0 is extrapolated to log aJ=0, thus expressed as a maximum selectivity 
coefficient.  

Alternatively, there is another method to calculate Nicolskii coefficient called 
Fixed Interference method (FIM), which consists in adding amounts of primary ion 
in a constant concentration of the interfering solution. Equation (2.12) shows how to 
calculate the coefficient with this method. 

KIJ
POT=

aI(DL)

aJ(BG)
zI zJ

 

(2.12) 

where the detection limit of the primary analyte (aI (DL))is evaluated in the 
background interfering solution (aJ(BG)). The method is preferably used since it 
exhibits similarities with the practical applications of the sensors. 

Other methods have been also used to determine the Nicolskii coefficient, 
however in this thesis have only been used SSM and FIM, and thus will not be 
discussed further in detail14. 
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Limit of detection 

The ion-selective electrodes exhibit both an upper and lower limits of detection 
(LOD) where the potentiometric response starts to deviate from the ideal Nernstian 
sensitivity. According to IUPAC definition, these limits are defined by the cross-
section of the two extrapolated linear segments of the calibration curve15. 

The lower limit of detection (LLOD) is reached in the absence of interferences, and 
it is defined as the 50% of primary ions replaced by interfering ions in the organic 
phase16. In this case, interfering ions will compete with the primary ions and the 
detection limit will depend on the Nicolskii coefficient and the free interfering ions, 
expressed as equation 2.13: 

aI(DL)=KIJ
POTaJ

zI zJ  

(2.13) 

At very high concentrations, an upper limit of detection (ULOD) can appear and 
is usually direct consequence of co-extraction of primary cations and interfering 
anions from the sample to the ion-selective membrane, leading to a loss of perm-
selectivity.  

Stability 

Like in any instrumental technique, the signal arising from potentiometric ion-
selective electrodes are also evaluated along short, medium and long time periods. 
The stability can be defined as the EMF fluctuations as a function of time for a 
potentiometric cell under constant conditions. This stability fully depends on 
electronic, environmental and chemical events. The transducer also plays a crucial 
role in the variation of EMF, since it avoids any formation of capacitive layers in-
between membrane and conducting material (detailed in section 2.5.4.1). This term is 
usually expressed as µV · h-1 or mV · h-1 units. The typical values for potentiometric 
ion-selective electrodes span a range from few 50 µV·h-1 to 0.5 mV·h-1.17,18 

Measuring range 

This range can be defined as the activity range where the ion-selective sensor is in-
between the upper and lower limit of detection, and corresponds to the range where 
the sensor responds with Nernstian sensitivity.  

Response time 

The time of response of an ion-selective electrode is defined as the length of time 
at which the RE and ISE are brought in contact in a solution (or at which the activity 
of the sample solution is changed) and the time that the EMF in the potential cell 
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becomes stable (for convention in this work, when it reached 90% of the final value). 
Three possible processes govern the time of response: the interfacial ion exchange and 
the diffusion of the both aqueous and membrane parts of the phase boundary19. 

 
 
Figure 2.6. Analytical parameters of the ion-selective electrodes (ISE). a) Time trace of an ISE of a 
monovalent cation upon additions of a target. Inset shows the time of response when changing the 
activity. b) Calibration plot of an ISE for a monovalent cation, with the extrapolation of regression 
lines to help to calculate both lower and upper limit of detection (LOD). 

2.5.4 Solid-contact ion-selective electrodes 

Conventional ISEs containing inner solutions on the backside of the membrane 
exhibit robustness, excellent potential stability, long lifetime and are hardly 
susceptible to electrical noise. However, manufacturing these kinds of electrodes is 
cumbersome and costly, as well as the drawbacks of keeping them only in vertical 
position, pressure constraints and requires a minimum maintenance of the inner 
liquids20. 

Solid-contact ion-selective electrodes (SC-ISEs) are relatively simple and cost-
effective for practical applications. They open the possibility of miniaturization 
compatible with lab-on-a-chip devices, since the performance of both ISEs and SC-
ISEs is fully comparable (see Figure 2.7). 

Initially, the early attempts to fabricate SC-ISEs using a “coated-wire” design21, was 
not reliable, as the stability of the signal was a considerable drawback. This fact was 
due to the formation of water layer in-between membrane and conductor. The 
solution to this problem only appeared when a transducing layer was developed.  
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2.5.4.1 Solid Transducers 

Due to the poor potentiometric performance of the first coated-wire electrode 
(CWE), in part by chemical instabilities and the formation of water layers in-between 
the ion-selective membrane (ISM) and the electronic conductor (metallic conductor), 
the use of transducers have played a crucial role in the development of both robust 
and stable solid-state potentiometric electrodes.  

 
Figure 2.7. Comparison between an ion-selective electrode containing internal solutions and a solid-
contact ion-selective electrode.  

Electroactive materials that exhibit mixed electronic and ionic conductivities 
possess the ability to act as ion-to-electron transducers between the electronic 
conductor and the ISM. Some examples of ion-to-electron transducers are detailed 
below. Conducting polymers played an important role as a transducer as they are 
electronically conducting materials, which ensures a proper electronic contact. The 
mechanism involved in the SC-ISE is similar to the reference electrode, although in 
this case the redox process takes place on the doped-conducting polymer11. 
Nevertheless, these transducers exhibited several drawbacks such as light sensitive, 
redox secondary reaction, pH sensitive, gas sensitive (CO2, O2) and the presence of 
water layers.  

For that reason, new nanostructured materials were used for the first time as solid 
transducers. These materials exhibit a high surface-to-volume ratio, high charge 
transfer and high electrical capacitance. A vast array of nanostructured materials have 
been used as solid transducers, such as three-dimensionally ordered macroporous 
carbon (3DOM)22, fullerenes23, graphene24, carbon black 25, and fully exploited in our 
group, the discovery of single-walled carbon nanotubes (SWCNT) and multi-walled 
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carbon nanotubes (MWCNT)26,27. Crespo et al. attributed the SWCNT transduction 
mechanism based on a capacitive behavior of SWCNT due to their high charge 
transfer and electrical capacity28 (see Figure 2.8).  

 
Figure 2.8. Ion-to-electron transduction process involved in a solid-state ion-selective electrode. K+ 
ISM: potassium ion-selective membrane; R-= TClPB-: tetrakis(4-chlorophenyl) borate; L = ligand (for 
example valinomycin). 

2.5.5 Miniaturized Ion-selective electrodes 

The process of converting from ISE to solid-state ISE already implies a 
miniaturization and simplification of the system29. However, these kinds of electrodes 
can be reduced at the microscale30 or even at the nanoscale31. New technologies 
enabling mass production of these sensors can be utilized for many applications, such 
as biology and medicine32.  

2.5.5.1 Conductive inks with nanomaterials 

During the last decade there has been a tremendous interest in printed electronics 
–the application of printing technologies for the fabrication of electronic circuits and 
devices-. This is especially important for mass production of flexible substrates 
(bendable plastic or paper). Since the market of printed electronics is estimated to 
exceed $300 billion over the next 20 years33, it requires manufacturing techniques that 
are faster, cheaper and eco-friendly compared to traditional production methods.  
The main fabrication techniques used for sensor fabrication are34: 

Ink-jet printing 

Ink-jet printing is increasingly becoming one of the most promising techniques 
capable of manufacturing disposable devices. In terms of patterning, this technique is 
versatile for prototyping. The main advantage is that very little amounts of ink can be 
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used (picolitres) in a rapid procedure. Moreover, high pattern precision and 
resolution with a great reproducibility are other features considered for the 
manufacturing sensors at mass scale. 

Screen-printing 

This technique has widely been used in the manufacture of disposable biosensors. 
It consists on a liquid paste forced through a mesh-screen mask by a rubber squeegee, 
in order to form the pattern on the substrate. In the screen there is the negative of the 
image, and the mesh on the screen possesses a defined thickness where ink passes 
through when the squeegee is applied. 

 
Figure 2.9. Illustration of a screen-printing process: 1) Mesh stapled on a wooden or metal frame; 2) 
Stencil design cut; 3) Stencil placed under frame but above paper; 4) Line of ink at one end of screen; 
5) The squeegee draws ink across screen by pressing firmly; 6) Drying ink.  

One type of nanomaterial used as conductive ink is metal nanoparticles (NPs), 
which enable large-scale production since they meet the requirements for inkjet 
printing35. These suspensions must have a high colloidal stability, as metal NPs tend 
to aggregate. This fact can be solved by adding surfactants that avoid these 
aggregation events, although the main disadvantage of this approach is that the 
nanoparticles are susceptible to be oxidized and they need a pre-treatment with a 
non-oxidizable conducting material. 

Another family of conductive inks is based on the use of carbon nanomaterials, an 
approach that can provide a good alternative to metal NPs due to their advantageous 
electrical, optical and mechanical properties33,36. The intrinsic electrical conductivity, 
mechanical and chemical stability and flexibility of carbon nanotubes (CNTs) make 
them unique materials for producing inks. Inkjet printing of CNTs for the fabrication 
of various devices has demonstrated their potential for low-cost production37. 
Suspensions of CNTs have widely been used for turning conventional low-cost 
substrates into conductive materials with further modifications for the fabrication of 
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sensors38.  

The most important step in the development of widely available miniaturized SS-
ISEs is the incorporation of them into low-cost, simple and cost-effective platforms. It 
is important to stress the dual role that the nanomaterials that form the inks play. 

On the one side, these nanomaterials can act as ion-to-electron transducers, as it 
has been already reported elsewhere26. On the other side, they are very efficient 
electrical conductors, which help to carry the potentiometric signal to the measuring 
instrument. Furthermore, these conducting materials are prepared for the deposition 
of an ion-selective membrane, providing a way to manufacture potentiometric 
electrodes on low-cost substrates. For example, in this thesis, development of cotton 
yarn potentiometric sensors for cations such as K+, H+ and NH4

+ have been 
introduced with the use of CNTs suspensions to first convert cotton yarns into 
conductive textiles, and then modify them with an ion-selective membrane. 

 
Figure 2.10. Schematic representation of surfactant dispersed on carbon nanotubes (CNTs). a) A 
CNT is encapsulated in a cylindrical surfactant micelle. The hydrophilic and hydrophobic moieties of 
the surfactants are shown as circles and wiggles, respectively. b) Random absorption of surfactant 
molecules on a CNT and c) hemimicelles of surfactant molecules adsorbed on a CNT.  

In the recent years, a wave of work using potentiometric techniques have been 
published with different substrates, such as paper39, plastics40, rubbers41, as well as 
some works with tattoos that are described in more detail in Chapter 5.  

 

2.6 THE LIMITATIONS OF THE POTENTIOMETRIC 
TECHNIQUE 

Potentiometry has become one of the most evolved electrochemical approaches 
since has silently undergone a revolution during the last decades, especially because of 
the elimination of inner solutions, allowing the miniaturization and the improvement 
of the robustness and stability of the sensors through the introduction of new 
transducers. However, there are several limitations still to be overcome. Matrix effects 
and the generation of spurious potentials are among them. Also, even though limits 
of detection (LODs) have widely been improved by several orders42 of magnitude, the 
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required levels (submicromolar concentrations) expected for the detection of 
significant biomolecules present in real matrices (dictated mostly by non-equilibrium 
diffusion processes across the sensing membrane43,44) cannot be easily reached. The 
difficulty to reach submicromolar concentrations has been attributed to sample 
contamination by the membrane45, due to leaching of a small fraction of ions from the 
sensing membrane as well as diffusion from inner solutions in conventional ISEs. 
Amperometric techniques –based on the measurement of electrical current-, for 
example, have widely been employed to reach very low LODs for relevant targets46.  

The use of polymeric membranes has also a direct effect on the selectivity of these 
sensors. The selectivity is mostly governed by the partition coefficients of the ions, 
thus closely related to solvation energies reported by Franz Hofmeister, who classified 
ions in accordance to their effect in the solubilization of proteins. The Hofmeister 
series, first mentioned in 188847, classifies the influence of ions on the physical 
behaviour of a wide variety of aqueous processes from colloidal assembly to protein 
folding (see Figure 2.11).  

The sequence shows that ion-selective membranes based on ion-exchange 
processes can only be successfully applied for the determination of lipophilic ions in 
solution. This series is especially observed for anions, which are prone to possess 
higher dehydration energies.  

 
Figure 2.11. Hofmeister series based on the lipophilicity and hydrophilicity of many ions.  

 
 
 

UNIVERSITAT ROVIRA I VIRGILI 
ADDRESSING EMERGING PARADIGMS IN CHEMICAL ANALYSIS: NEW PLATFORMS FOR WEARABLE AND DECENTRALIZED SENSORS 
Tomàs de Aquino Guinovart Pavón 
 



GENERAL BACKGROUND AND  
SOME FUNDAMENTAL ASPECTS OF POTENTIOMETRY 

Doctoral thesis. 
Addressing emerging paradigms in chemical analysis: new platforms for wearable and decentralized sensors!!

44 

 
CH

AP
TE

R 
2 

 

2.7 REFERENCES 
1. Hulanicki, A., Glab, S. & Ingman, F. Chemical sensors: definitions and 

classification. Pure App. Chem. 63, 1247–1250 (1991). 

2. Thévenot, D. R., Toth, K., Durst, R. A. & Wilson, G. S. Electrochemical 
biosensors: Recommended definitions and classification. Biosens. Bioelectron. 
16, 121–131 (2001). 

3. Janata, J. Principles of Chemical Sensors. 1–36 (Plenum Press, 1989). 

4. Evans, A. Potentiometry and Ion-selective Electrodes. (Wiley-India, 1989). 

5. Michalska, A. All-Solid-State Ion Selective and All-Solid-State Reference 
Electrodes. Electroanalysis 24, 1253–1265 (2012). 

6. Guth, U., Gerlach, F., Decker, M., Oelßner, W. & Vonau, W. Solid-state 
reference electrodes for potentiometric sensors. J. Solid State Electrochem. 13, 
27–39 (2009). 

7. Eisenman, G., Rudin, D. O. & Casby, J. U. Glass electrode for measuring 
sodium ion. Science (80-. ). 126, 831 – 834 (1957). 

8. Morf, W. The principles of ion-selective electrodes and of membrane transport. 
(Elsevier, 1981). 

9. Banica, F.-G. in Chemical Sensors and Biosensors: Fundamentals and 
Applications 165 – 216 (Wiley, 2012). 

10. Bakker, E., Bühlmann, P. & Pretsch, E. Carrier-Based Ion-Selective Electrodes 
and Bulk Optodes. 1. General Characteristics. Chem. Rev. 97, 3083–3132 
(1997). 

11. Bobacka, J., Ivaska, A. & Lewenstam, A. Potentiometric ion sensors. Chem. 
Rev. 108, 329–351 (2008). 

12. Bakker, E., Bühlmann, P. & Pretsch, E. The phase-boundary potential model. 
Talanta 63, 3–20 (2004). 

13. Oesch, U., Ammann, D. & Simon, W. Ion-selective membrane electrodes for 
clinical use. Clin. Chem. 32, 1448–1459 (1986). 

14. Umezawa, Y., Bühlmann, P., Umezawa, K., Tohda, K. & Amemiya, S. 
Potentiometric Selectivity Coefficients of Ion-Selective Electrodes. Part I. 
Inorganic Cations. Pure App. Chem. 72, 1851–2082 (2000). 

15. Irving, H. M. N. H. & Zettler, H. Recommendations for Nomenclature of Ion-

UNIVERSITAT ROVIRA I VIRGILI 
ADDRESSING EMERGING PARADIGMS IN CHEMICAL ANALYSIS: NEW PLATFORMS FOR WEARABLE AND DECENTRALIZED SENSORS 
Tomàs de Aquino Guinovart Pavón 
 



GENERAL BACKGROUND AND  
SOME FUNDAMENTAL ASPECTS OF POTENTIOMETRY 

Doctoral thesis. 
Addressing emerging paradigms in chemical analysis: new platforms for wearable and decentralized sensors!!

45 

 
CH

AP
TE

R 
2 

 

Selective Electrodes. Pure App. Chem. 48, 127–132 (1976). 

16. Nagele, M., Bakker, E. & Pretsch, E. General description of the simultaneous 
response of potentiometric ionophore-based sensors to ions of different 
charge. Anal. Chem. 71, 1041–1048 (1999). 

17. Fibbioli, M., Morf, W. E., Badertscher, M., De Rooij, N. F. & Pretsch, E. 
Potential drifts of solid-contacted ion-selective electrodes due to zero-current 
ion fluxes through the sensor membrane. Electroanalysis 12, 1286–1292 
(2000). 

18. Grygolowicz-Pawlak, E., Crespo, G. A., Ghahraman Afshar, M., Mistlberger, 
G. & Bakker, E. Potentiometric sensors with ion-exchange donnan exclusion 
membranes. Anal. Chem. 85, 6208–6212 (2013). 

19. Lindner, E. et al. Responses of site-controlled, plasticized membrane 
electrodes. Anal. Chem. 60, 295–301 (1988). 

20. Lindner, E. & Gyurcsányi, R. E. Quality control criteria for solid-contact, 
solvent polymeric membrane ion-selective electrodes. J. Solid State 
Electrochem. 13, 51–68 (2009). 

21. Cattrall, R. W. Coated wire ion-selective electrodes. Anal. Chem. 43, 856–857 
(1971). 

22. Lai, C. Z., Fierke, M. A., Stein, A. & Bühlmann, P. Ion-selective electrodes with 
three-dimensionally ordered macroporous carbon as the solid contact. Anal. 
Chem. 79, 4621–4626 (2007). 

23. Fouskaki, M. & Chaniotakis, N. Fullerene-based electrochemical buffer layer 
for ion-selective electrodes. Analyst 133, 1072–1075 (2008). 

24. Ping, J., Wang, Y., Wu, J. & Ying, Y. Development of an all-solid-state 
potassium ion-selective electrode using grapheme as the solid-contact 
transducer. Electrochem. commun. 13, 1529–1532 (2011). 

25. Paczosa-Bator, B. All-solid-state selective electrodes using carbon black. 
Talanta 93, 424–427 (2012). 

26. Crespo, G. A., Macho, S., Bobacka, J. & Rius, F. X. Transduction Mechanism 
of Carbon Nanotubes in Solid-Contact Ion-Selective Electrodes. Anal. Chem. 
81, 676–681 (2009). 

27. Parra, E. J., Crespo, G. A., Riu, J., Ruiz, A. & Rius, F. X. Ion-selective electrodes 
using multi-walled carbon nanotubes as ion-to-electron transducers for the 

UNIVERSITAT ROVIRA I VIRGILI 
ADDRESSING EMERGING PARADIGMS IN CHEMICAL ANALYSIS: NEW PLATFORMS FOR WEARABLE AND DECENTRALIZED SENSORS 
Tomàs de Aquino Guinovart Pavón 
 



GENERAL BACKGROUND AND  
SOME FUNDAMENTAL ASPECTS OF POTENTIOMETRY 

Doctoral thesis. 
Addressing emerging paradigms in chemical analysis: new platforms for wearable and decentralized sensors!!

46 

 
CH

AP
TE

R 
2 

 

detection of perchlorate. Analyst 134, 1905–1910 (2009). 

28. Crespo, G. A., Macho, S. & Rius, F. X. Ion-selective electrodes using carbon 
nanotubes as ion-to-electron transducers. Anal. Chem. 80, 1316–1322 (2008). 

29. Bakker, E. & Pretsch, E. Modern potentiometry. Angew. Chem. Int. Ed. 46, 
5660–5668 (2007). 

30. Young, C. C. Evolution of Blood Chemistry Analyzers Based on Ion Selective 
Electrodes. J. Chem. Educ. 74, 177 – 182 (1997). 

31. Shim, J. H. et al. Glass nanopore-based ion-selective electrodes. Anal. Chem. 
79, 3568–3574 (2007). 

32. Lindner, E. & Buck, R. P. Microfabricated potentiometric electrodes and their 
in vivo applications. Anal. Chem. 72, 336A–345A (2000). 

33. Singh, M., Haverinen, H. M., Dhagat, P. & Jabbour, G. E. Inkjet printing-
process and its applications. Adv. Mater. 22, 673–685 (2010). 

34. González-Macia, L., Morrin, A., Smyth, M. R. & Killard, A. J. Advanced 
printing and deposition methodologies for the fabrication of biosensors and 
biodevices. Analyst 135, 845–867 (2010). 

35. Kamyshny, A. & Magdassi, S. Nanoscience: Colloidal and Interfacial Aspects. 
747 – 778 (CRC Press , Boca Raton- London-New York, 2010). 

36. Azoubel, S., Shemesh, S. & Magdassi, S. Flexible electroluminescent device 
with inkjet-printed carbon nanotube electrodes Suzanna Azoubel, Shay 
Shemesh and Shlomo Magdassi 2012 Nanotechnology 23 344003. 
Nanotechnology 23, 344003 (2012). 

37. Park, S., Vosguerichian, M. & Bao, Z. A review of fabrication and applications 
of carbon nanotube film-based flexible electronics. Nanoscale 5, 1727–52 
(2013). 

38. Shim, B. S., Chen, W., Doty, C., Xu, C. & Kotov, N. A. Smart electronic yarns 
and wearable fabrics for human biomonitoring made by carbon nanotube 
coating with polyelectrolytes. Nano Lett. 8, 4151–4157 (2008). 

39. Novell, M., Parrilla, M., Crespo, G. A., Rius, F. X. & Andrade, F. J. Paper-based 
ion-selective potentiometric sensors. Anal .Chem. 84, 4695–4702 (2012). 

40. Rius-Ruiz, F. X. et al. Potentiometric strip cell based on carbon nanotubes as 
transducer layer: Toward low-cost decentralized measurements. Anal. Chem. 

UNIVERSITAT ROVIRA I VIRGILI 
ADDRESSING EMERGING PARADIGMS IN CHEMICAL ANALYSIS: NEW PLATFORMS FOR WEARABLE AND DECENTRALIZED SENSORS 
Tomàs de Aquino Guinovart Pavón 
 



GENERAL BACKGROUND AND  
SOME FUNDAMENTAL ASPECTS OF POTENTIOMETRY 

Doctoral thesis. 
Addressing emerging paradigms in chemical analysis: new platforms for wearable and decentralized sensors!!

47 

 
CH

AP
TE

R 
2 

 

83, 8810–8815 (2011). 

41. Cuartero, M. et al. Rubber-based substrates modified with carbon nanotubes 
inks to build flexible electrochemical sensors. Anal. Chim. Acta 827, 95–102 
(2014). 

42. Morf, W. E., Seiler, K., Rusterholz, B. & Simon, W. Design of a Calcium-
Selective Optode Membrane Based on Neutral Ionophores. Anal. Chem. 62, 
738–742 (1990). 

43. Mathison, S. & Bakker, E. Effect of Transmembrane Electrolyte Diffusion on 
the Detection Limit of Carrier-Based Potentiometric Ion Sensors. Anal. Chem. 
70, 303–309 (1998). 

44. Sokalski, T., Ceresa, A., Zwickl, T. & Pretsch, E. Large improvement of the 
lower detection limit of Ion-Selective polymer membrane electrodes. J. Am. 
Chem. Soc. 119, 11347–11348 (1997). 

45. Ceresa, A., Radu, A., Peper, S., Bakker, E. & Pretsch, E. Rational design of 
potentiometric trace level ion sensors. A Ag-selective electrode with a 100 ppt 
detection limit. Anal. Chem. 74, 4027–4036 (2002). 

46. Wang, J. in Analytical Electrochemistry 3, 60 – 99 (John Wiley & Sons, 2000). 

47. Bakker, E., Pretsch, E. & Bühlmann, P. Selectivity of potentiometric ion 
sensors. Anal. Chem. 72, 1127–1133 (2000).  

UNIVERSITAT ROVIRA I VIRGILI 
ADDRESSING EMERGING PARADIGMS IN CHEMICAL ANALYSIS: NEW PLATFORMS FOR WEARABLE AND DECENTRALIZED SENSORS 
Tomàs de Aquino Guinovart Pavón 
 



 

!

UNIVERSITAT ROVIRA I VIRGILI 
ADDRESSING EMERGING PARADIGMS IN CHEMICAL ANALYSIS: NEW PLATFORMS FOR WEARABLE AND DECENTRALIZED SENSORS 
Tomàs de Aquino Guinovart Pavón 
 



  

!

3 EXPERIMENTAL SECTION 

UNIVERSITAT ROVIRA I VIRGILI 
ADDRESSING EMERGING PARADIGMS IN CHEMICAL ANALYSIS: NEW PLATFORMS FOR WEARABLE AND DECENTRALIZED SENSORS 
Tomàs de Aquino Guinovart Pavón 
 



!

!

UNIVERSITAT ROVIRA I VIRGILI 
ADDRESSING EMERGING PARADIGMS IN CHEMICAL ANALYSIS: NEW PLATFORMS FOR WEARABLE AND DECENTRALIZED SENSORS 
Tomàs de Aquino Guinovart Pavón 
 



  EXPERIMENTAL SECTION  

Doctoral thesis. 
Addressing emerging paradigms in chemical analysis: new platforms for wearable and decentralized sensors!!

51 

 
 

CH
AP

TE
R 

3 
 

 

3.1 REAGENTS 
Carbon nanotubes 

Single walled carbon nanotubes (SWCNTs) of 95% purity with an outer diameter 
of 1 – 2 nm and 5 – 30 µm of length were purchased from Timesnano (Chengdu 
Organic Chemicals Co., Chengdu, SiChuan, China). 

Commercial conductive inks 

Ag/AgCl ink (E2414) and the insulating ink (E6165) were obtained from Ercon 
Inc. (Wareham, MA). Carbon ink (Acheson, E449B) was purchased from Henkel 
Corp. (USA). Finally, a transparent dielectric ink (5036) was purchased from DuPont 
Inc. (Wilmington, DE). 

Membrane components 

Ionophores 

Valinomycin (potassium ionophore I), Nonactin (ammonium ionophore) 
and Tridodecylamine (hydrogen ionophore) were all purchased from Sigma-
Aldrich.  

Calix[4]pyrrole for creatinine sensor was provided from Ballester’s group.  

Ion-exchangers 

Potassium tetrakis(4-chlorophenyl)borate (KTClPB) with >98% purity and 
potassium tetrakis[3,5-bis-(trifluoromethyl)phenyl]borate (KTFPB) were all 
purchased from Sigma-Aldrich (Spain). 

 

SUMMARY 
This chapter contains some of the most common experimental information, 
procedures and instrumental details that are used in most of this doctoral thesis. 
First, a list of reagents used for all the experiments is provided. Second, 
characterization techniques employed along the thesis: mechanical, microscopic, 
electrochemical, and optical characterization. Finally some procedures are detailed: 
the preparation of conductive inks, the preparation of both ion-selective membrane 
and reference membrane and manufacturing of solid-contact potentiometric 
electrodes.  
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Polymeric matrices and plasticizers 

bis(2-ethylhexyl)sebacate (DOS) with >97% purity, poly(vinyl chloride) 
(PVC) of high molecular weight and 2-nitrophenyl-octyl ether (o-NPOE) with 
>99% purity were purchased from Sigma Aldrich (Spain). 

Polyvinyl butyral (PVB) B-98 was purchased from Quimidroga S.A. 
(Barcelona, Spain). 

Optode components 

Latex beads (polystyrene, 0.8 μm mean particle size, without azide), 1,3-[Bis(3-
phenylthioureidomethyl)]benzene (sulfate ionophore I, Selectophore), 
tridodecylmethylammonium chloride (TDMACl, Selectophore) were all purchased 
from Sigma Aldrich. The chromoionophore fluorescein octadecyl ether was 
synthesized according to a previous report1.  
Other reagents 

A list of other reagents used during this doctoral thesis is shown in Table 3.1. 
Table 3.1. Other reagents used in the doctoral thesis (AG refers to analytical grade). 

Reagent Formula Purity(%) Company Chapter 

Acetic acid CH3COOH 96 
Riedel-de Haën 

(Germany) 
8, 9 

Ammonium 

chloride 
NH4Cl AG Sigma-Aldrich (Spain) 5, 6, 8 

Aniline 

(hydrochloric acid) 
C6H5NH2 · HCl - Sigma-Aldrich (US) 7 

Boric acid H3BO3 99.5 Sigma-Aldrich (Spain) 4, 5 

Calcium chloride CaCl2 AG Sigma-Aldrich (Spain) 4, 8 

Carbon fibers (8 

mm Ø, 6.4 cm 

length) 

C 93 
Alfa Caesar (Ward Hill, 

MA) 
6, 7 

Ciba IRGACURE 

2959 

(photoinitiator) 

 

- - 
BASF Vandalia 

(Greenville, OH) 
7 
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Reagent Formula Purity(%) Company Chapter 

Citric acid C6H8O7 95 
Fisher Chemical (Fair 

Lawn, NJ) 
4, 5, 7 

Creatinine 

(anhydrous) 

 

C4H7N3O >98 Sigma-Aldrich (Spain) 8 

Human serum 

from human male 

AB  

- - Sigma-Aldrich (US) 7 

Lithium chloride LiCl AG Sigma-Aldrich (Spain) 5 

Lithium acetate CH3COOLi AG Sigma-Aldrich (Spain) 4, 5, 8 

Magnesium 

acetate 

tetrahydrate 

(CH3COO)2Mg·4H2O 99 Sigma-Aldrich (Spain) 8 

Magnesium 

chloride 
MgCl2 AG Sigma-Aldrich (Spain) 5 

Methanol 

(anhydrous) 
CH3OH AG 

Fluka Biochemica 

(Milwaukee, WI) 
4, 5, 6, 7 

Picric acid 

(moistened with 

water) 

C6H3N3O7 >98 Sigma-Aldrich (Spain) 8 

Poly(ethylene 

glycol) (PEG) 

(20.000 Ultra) 

- AG 
Fluka Biochemica 

(Milwaukee, WI) 
7 

Potassium chloride KCl AG Sigma-Aldrich (Spain) 4, 5, 6, 8 

Potassium 

ferricyanide (III) 
K3[Fe(CN)6] 99.99 Sigma-Aldrich (Spain) 4 

Potassium 

ferrocyanide (II) 

hydrate 

 

K4[Fe(CN)6] · 3H2O 
99.99 

(metals) 
Sigma-Aldrich (Spain) 4 
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Reagent Formula Purity(%) Company Chapter 

Silver nitrate AgNO3 99.5 
Riedel-de Haën 

(Germany) 
4, 5 

Sodium acetate 

(anhydrous) 
CH3COONa  Sigma-Aldrich (Spain) 9 

Sodium bromide NaBr AG Sigma-Aldrich (Spain) 9 

Sodium chloride NaCl AG Sigma-Aldrich (Spain) 4, 5, 8, 9 

Sodium 

dodecylbenzene 

sulfonate (SDBS) 

C18H29NaO3S 95 Sigma-Aldrich (Spain) 5 

Sodium hydroxide NaOH - Sigma-Aldrich (Spain) 4, 5, 9 

Sodium lactate NaC3H5O3 99 Sigma-Aldrich (Spain) 9 

Sodium nitrate NaNO3 99 Sigma-Aldrich (Spain) 4, 9 

Sodium phosphate 

dibasic 
Na2HPO4, 99 Sigma-Aldrich (Spain) 4, 5, 7 

Sodium phosphate 

monobasic 
NaH2PO4 99 Sigma-Aldrich (Spain) 4, 5, 7 

Sodium salicylate C7H5NaO3 AG Sigma-Aldrich (Spain) 9 

Sodium sulfate Na2SO4 AG Sigma-Aldrich (Spain) 9 

Sodium 

tetraborate 
Na2B4O7 99 Sigma-Aldrich (Spain) 4, 5 

Sodium 

thiocyanate 
NaSCN 99 Sigma-Aldrich (Spain) 9 

Tetrahydrofuran 

(anhydrous) 
THF 99.9 Sigma-Aldrich (Spain) 

5, 6, 7, 

8, 9 

 

All the solutions were prepared with doubly distilled deionized water (18.1 
MΩ·cm-1) produced by a Milli-Q water system (Millipore Corporation, Bedford, MA).  

Both urine and plasma samples were provided from a local hospital in Tarragona 
(Hospital de Sant Pau i Santa Tecla).  
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3.2 CHARACTERIZATION TECHNIQUES 

3.2.1 Mechanical characterization 

The response of the wearable potentiometric electrodes was characterized by 
carrying out several mechanical stress tests. This is of utmost importance in the use of 
wearable devices, as they must possess the ability to work under rough conditions. 
This is particularly true for sensors worn onto the skin that can be deformed during 
their use.  

Both the stretching and bending tests of wearable potentiometric substrates were 
carried out by using a mechanical testing instrument (INSTRON - 5982 dual column 
floor model – Norwood, MA) in combination with Instron Bluehill software.  

Stretching was carried out by anchoring between two forceps the sensors and 
move away up to 5 mm, at speed of 1mm·sec-1. This process was repeated up to 40 
times, calibrating the sensor after every 10 stretching cycles (see Figure 3.1). 

In the bending test, the sensors were also anchored between the two forceps, but in 
this case the sensors were twisted back and forth at angles close to 1800. This step was 
repeated up to 100 times, calibrating the sensors after each 10 bending cycles (see 
Figure 3.1). 

 
Figure 3.1. Illustration of stretching and bending tests. The sensor is placed between two forceps and 
one of the forceps is either moved away (stretching) or twisted back and forth (bending).  
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3.2.2 Microscopic characterization 

3.2.2.1 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscope (SEM, JSM 6400 Jeol) at beam voltage of 20kV and 
with a JEOL SemAfore digital image acquisition software was used to characterize the 
bundle of SWCNT on the cotton yarn as well as both the reference and the working 
electrode cotton yarns.  

Environmental Scanning Electron Microscope (ESEM, Quanta Model 600, 
Eindhoven, Netherlands) at high vacuum (20kV) with an Everhart-Thornley detector 
(Hillsboro) was used to determine the membrane thickness of the PVB-based 
reference membrane. Elemental analysis was also carried out with a X-Ray Energy 
dispersive spectrometer (EDS) incorporated in ESEM instrument (50 nm for 1 keV 
penetration depth).  

3.2.2.2 Atomic Force Microscopy (AFM) 

Surface of the reference membranes were characterized by an Atomic Force 
Microscope (AFM, Agilent model 6000ILM). The microscope was in contact mode 
for detecting interatomic forces between tip and sample surface (0.1 – 1000 nN) at 
atmospheric pressure.  

AFM images clearly showed the formation of nanopores on the surface of the 
membrane after being in contact with solution. This fact helped to hypothesize about 
the mechanism occurring between membrane and aqueous phase.   

3.2.3 Electrochemical measurements and characterization 

3.2.3.1 Potentiometry 

Electromotive force (EMF) was measured at room temperature using a 16-channel 
Lawson Laboratories, Inc. (Malvern, USA) high impedance (1015Ω) potentiometer 
and an AUTOLAB Type III model m3AUT70676 Potentiostat– Eco Chemie B.V. 
(Utrecht, The Netherlands) with a control software (0.01s integration time, NOVA v 
1.8, The Netherlands). Unless stated, a double-junction Ag/AgCl/KCl (3M) reference 
electrode (type 6.0729.100, Metrohm, AG, Herisau, Switzerland) containing 1M 
lithium acetate as ionic salt bridge was used for all the measurements. Potential values 
were corrected for the salt bridge liquid-junction potential, as well as taking into 
account the diffusion potential. Ionic activities for all the species involved in the 
measurements were calculated according to Debye-Hückel formalism (see section 
2.5.2 in Chapter 2).   
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All the principles of this technique have been widely detailed in Chapter 2, along 
with the elements needed (reference and working electrodes and a potentiometer) for 
the detection of species. 

3.2.3.2 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical measurements were performed in a three-electrode configuration 
cell. The working electrode, the auxiliary electrode (a glassy carbon rod) and the 
reference electrode (Ag/AgCl (3M) single junction electrode Model 6.0733.100, 
Metrohm) were together used in a cell in the same configuration for all the 
experiments. Impedance measurements were recorded using a potentiostat 
(AUTOLAB, Eco Chemie, B. V., Utrech, Netherlands) in a concentrated electrolyte 
solution (10 mM) of the primary analyte. Impedance spectra were always recorded 
within the frequency range of 100 kHz to 10 mHz by using a sinusoidal excitation 
signal, along with an amplitude of 10 mV. 

THE PRINCIPLES 

EIS is a technique to investigate electrical and electrochemical properties of 
different materials and interfaces. EIS possesses a close correlation that exists between 
the behavior of a real system and an idealized model circuit with discrete electrical 
components2. EIS is in fact a very sensitive and valuable technique to analyze 
materials with high ionic conduction3. 

This technique is based on the measurement of impedance by a multiple frequency 
impedance analyzer (impedance-meter) that is able to scan each sample at different 
frequencies. The concept of impedance is not new, and it is measured by applying a 
small alternating current of known frequency and amplitude to a system under study. 
In many materials impedance varies as the frequency of the applied voltage changes, 
due to its physical structure, chemical processes involved or the combination of both4.  

Impedance is the quotient of the voltage-time function V(t) and the resulting 
current-time function i(t): 

Z=
V(t)
i (t) =

V0 sin (ωt)
i0 sin (ωt+ θ) 

(3.1) 

where V0 and i0 are the maximum voltage and current signals, respectively, ω=2πf 
is the angular frequency, and θ is the phase difference between voltage and current.  
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In Cartesian coordinates, impedance becomes a complex number, composed by 
two components:  

Z ω =Zr ω +jZi(ω) 

(3.2) 

where  

Zr ω = Z  cos(θ) 

(3.3) 

is the real component and  

Zi ω = Z  sin(θ) 

(3.4) 

is the imaginary component, and finally 

θ= tan-1
Zi
Zr

 

(3.5) 

is the impedance phase angle. Phase angle is a linear method for the measurement of 
the relationship between real and imaginary components in series or parallel circuits. 
Typical ranges are from 0 to 900, where 00 represents a resistive circuit, 900 the circuit 
is capacitive and finally 450 mean that the circuit has an equal amount of resistance 
and capacitance. 

EQUIVALENT CIRCUITS 

Impedance models can be represented according to the electrochemical 
phenomena, expressed by different combinations of electrical elements. Table 3.2 
shows the most important circuit elements that influence in the total impedance of 
polymeric membranes. Other electric elements will not be described in this section.  

Table 3.2. Elements of an electrochemical circuit. 

Element Name Parameters Units 
R Resistance R Ω 
C Capacitance C F = Ω-1s 
W Warburg element  ! Ω s-1/2 
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1. RC in series 

The equivalent circuit showed in Figure 3.2 is the simplest model for an ideal 
polarizable electrode, assuming that neither charge transfer on the electrode 
surface nor diffusion are present.  

 
Figure 3.2. Impedance plot of a resistor and a capacitor in series (R = 100 Ω, C = 0.1F) over the 
frequency range of 1 MHz to 1mHz.  

2. RC in parallel 

Figure 3.3 shows the equivalent circuit and the impedance plot for a resistor 
and a capacitor connected in parallel. 

 
Figure 3.3. Impedance plot of a resistor and a capacitor in parallel (R = 100 Ω, C = 0.001F) over the 
frequency range of 1 MHz to 1mHz. 
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3. Resistance and Warburg impedance 

The presence of diffusion in the circuit can create what is called Warburg 
impedance. The Warburg diffusion (W) is nearly always associated with a charge-
transfer resistance and considered a constant phase element (CPE). This CPE is 
related with a bilayer behavior, always expressed as –(90·n)O, where n=1 describes 
an ideal capacitor and n=0 describes a pure resistor. At high frequencies the 
Warburg impedance is small because the diffusing analytes do not move very far. 
On the other hand, at low frequencies the analytes diffuse much further, thereby 
providing an increase in the Warburg impedance. Figure 3.4 exhibits the influence 
of a Warburg element in series with a resistor.  

 
Figure 3.4. Impedance plot of a resistor with a Warburg element in series (R = 100 Ω, ! = 5 Ω s1/2) 
over the frequency range of 1 MHz to 1mHz. 

4. Randle circuits 

When a resistor is added in series with the parallel RC circuit, the overall circuit 
becomes what is called a Randle cell, which usually this resistor is an active 
electrolyte. This model (Figure 3.5a) represents a polarizable electrode based on 
assumptions that diffusion does not exist.  

However, when modeling a circuit in which is taken into account the 
combination of kinetic and diffusion processes with infinite thickness (known as 
Warburg impedance), the impedance spectrum is very similar to a typical ion-
selective electrode submerged into a concentrated electrolyte solution (see Figure 
3.5b).  
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Figure 3.5. a) Regular randle cell (R1= 50 Ω, R2=100 Ω, C= 0.001F) and a modified randle cell 
including Warburg element (Rel = 100 Ω, Rct = 200 Ω, Cdl = 0.0001F, != 5 Ω s-1/2) over the frequency 
range of 1MHz to 1mHz. 

3.2.4 Optical characterization techniques 

3.2.4.1 Fourier-Transform Infrared (FT-IR) spectroscopy 

FT-IR spectrophotometer from JASCO Analítica (Madrid, Spain) with a single 
reflection diamond (ATR Specac Golden Gate) provided structural data about the 
polymer used in the reference membrane before and after conditioning steps. The 
scan range was between 600 and 4000 cm-1. The reference membranes can be placed 
under the single reflection diamond without any previous treatment to obtain the 
structural information of the membranes.  
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All the principles and instrumentation required for this technique are widely 
explained elsewhere5.  

3.2.4.2 Ultraviolet-Visible (UV-Vis) spectroscopy 

Absorbance measurements were carried out in an 8453 UV-Vis 
spectrophotometer from Agilent Technologies (Barcelona, Spain) with an OS High 
Precision Cell optical glass cuvette of 10 mm light path (Hellma Analytics, Germany). 
The UV-Vis spectroscopy provided information about the polystyrene microsphere 
beads with the indicator (chromoionophore) attached on the surface together with 
other sensing elements.  

All the principles of this technique can be found elsewhere6 and also in Chapter 9 
of this thesis with the use of an optical sensor developed for sulphate anions.  

 

3.3 PROCEDURES 
3.3.1 Preparation of SWCNT inks 

The preparation of the SWCNT ink was made by following procedures that have 
already been described elsewhere7. Briefly, 3 mg of SWCNTs/ml of aqueous solution 
were added to a 10 mg of sodium dodecylbenzenesulfonate (SDBS)/ml of aqueous 
solution. Dispersion of SWCNT was successfully obtained by using a tip sonicator 
(Ultrasonic processor UP200S, Hielscher Ultrasonics Gmbh, Teltow, Germany) for 
two hours (100 W, 24 kHz, 60% amplitude and cycles of 0.5 sec). In order to avoid 
overheating and undesirable secondary reactions, the ink is maintained at 4 oC with a 
cold bath. 

3.3.2 Ion-selective membranes preparation 

The potentiometric polymeric membranes were prepared following the next 
conditions:  

1. Ionophore: between 15 -30 mmol/kg (membrane) depending on the 
stoichiometric ratio between the ionophore and the primary analyte.  

2. Lipophilic anion or cation: 20 – 40% mol ratio of ionophore. 
3. Polymeric matrix and plasticizer: 1:2 wt. ratio, respectively. 

Normally, these membranes are prepared for a final weight ranging between 100 to 
200 mg. Finally, the components were dissolved in THF and the mixture is vigorously 
shaken in an ultrasonic bath for 30 minutes. This cocktail can be maintained stable in 
the fridge at 40C for 1 month. 
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3.3.3 Solid-contact potentiometric electrodes 

Solid-contact potentiometric electrodes have been constructed using polished 
glassy carbon (GC) rods (Sigradur®G, length 50 mm and diameter of 3 mm) inserted 
into a Teflon body (40 mm length and external diameter of 6 mm, Amidata S.A.), 
allowing to directly connecting one distal end of the GC with a clamp to the 
potentiometer. The other end of the GC was polished with an abrasive paper 
(Carbimet 600/P1200, Buehler, USA) and afterwards with alumina of different grain-
size (1 and 0.03 mm, Buehler, USA) before careful washing and further modification. 

The next step consisted on drop-casting either the ion-selective membrane (ISM) 
or the reference membrane (RM). The amount of both membranes was 50 µl of the 
THF cocktail (ISM) and methanol cocktail (RM), previously prepared, onto the glassy 
carbon.  

3.3.3.1 Solid-contact ion-selective electrode 

The ion-selective membrane is finally dried in an atmosphere containing THF for 
at least 1 hour, avoiding undesired formation of bubbles inside the membrane. The 
ion-selective electrodes are conditioned with a concentrated target solution (1 – 100 
mM) for 12 hours and with a diluted solution (0.01 – 0.1 mM) for 15 minutes before 
starting the measurements.  

 
Figure 3.6. Construction of solid-contact ion-selective electrodes. a) A glassy carbon is inserted into a 
Teflon body. b) Drop-casting method of polymeric membranes onto the glassy carbon with the PTFE  
body and c) the membrane is let to dry on top of the electrode. 
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3.3.3.2 Solid-contact reference electrode 

The reference membrane is prepared by taking an aliquot while the cocktail is 
under sonication in order to obtain more reproducible thicknesses (200 µm). This 
volume is drop-cast onto the GC and let dry for at least 1h under dark conditions. The 
reference electrode can be stored dried and at ambient light conditions once dried. 
Before starting the measurements, the electrode must be conditioned for 12h in KCl 
3M. More details will be described in Chapter 4. 
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SUMMARY 
Current reference electrodes are bulky and extremely hard to manipulate. The 
maintenance of these sensors is also extremely tedious. The type of challenges faced 
on this thesis, however, makes imperative the miniaturization and simplification of 
the reference electrodes, turning them into simpler and easier handle devices. This 
chapter presents a new solid-state reference electrode using a polymeric membrane 
of polyvinyl butyral (PVB) with Ag/AgCl and NaCl to be used in decentralized 
chemical measurements. The steps for the manufacturing, electrochemical and 
optical characterization and optimization of the analytical performance of the 
electrode over a wide range of concentrations for several chemical species are 
presented. Also, the influence of redox potential, light and pH, together with factors 
affecting the long-term stability are evaluated. The response of this novel electrode is 
compared to a conventional double-junction reference electrode. Aspects related to 
the working mechanisms are also included. Studies using Atomic Force Microscopy 
(AFM) and electrochemical impedance spectroscopy (EIS) suggest the formation of 
nanopores at the interface with the solution as an important part of the working 
principle of the electrode. Future applications of this electrode as a disposable device 
for decentralized measurements are discussed.  
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4.1 INTRODUCTION 
Because of the crucial role that the reference electrode (RE) plays in any 

electroanalytical technique, its performance is subject to very stringent conditions, 
which include the insensitivity to changes in ionic concentration, stability and 
reproducibility1 of the response. Since the Ag/AgCl RE fulfills these requirements, it 
has become almost a universal approach. The working principle of this RE is based on 
a liquid reservoir with a positive hydrostatic pressure, which provides a uni-
directional flow of an inner solution through a liquid junction in order to keep a high 
and constant concentration of electrolyte at the solution interface, as it was described 
in Chapter 2. While extremely effective to provide a stable potential, this arrangement 
is not free from practical limitations in terms of electrode miniaturization, position, 
maintenance, form factors, etc. In summary, the traditional Ag/AgCl RE is a powerful 
but delicate device that requires a careful control of the working conditions. This is a 
serious limitation in an increasingly growing number of situations where chemical 
measurements need to conduct outside an analytical lab. This is the case, for example, 
of mobile health devices for point-of-care or telehealth. For this thesis, focused on the 
development of wearable and embedded electrochemical sensors, the lack of suitable 
RE is a serious roadblock. 

Finding suitable solutions requires a trade-off between performance and practical 
parameters. For example, the long-term stability of the RE, very important in the lab-
based approach, becomes less relevant when developing disposable sensors. In this 
case, a good short or medium-term performance is tolerable, providing that the cost is 
minimized. Similarly, versatile and adaptable approaches become paramount when 
building wearable and embedded sensors. For that reason, several approaches to 
minimize the hurdles of the inner solution, such as the use of solid polymers2, solid 
KCl melt with a ceramic diaphragm3,  micro-fabricated liquid junctions4, agarose gels 
containing KCl5 and different types of heterogeneous membranes separating a KCl 
reservoir6 reported during the last years do not fully manage to solve simultaneously 
the problems of performance, versatility and cost required. 

These limitations have become evident in the development of compact and cost-
effective potentiometric tools for decentralized chemical monitoring.  Potentiometry, 
traditionally unbeatable in terms of robustness, simplicity, cost, and power 
consumption, has been further improved through the incorporation of solid-state 
technology7–9 and more recently nanotechnology. Miniaturization of the sensors10,11 
and versatile screen-printed12 and even paper-based13 potentiometric sensors are now 
possible. The mass-production of chemical sensors, a traditional barrier for building 
chemical sensing networks14, is now becoming possible. Evidently, none of these 
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advantages can be fully exploited without a suitable reference system that can match 
similar benefits. For this reason, during the last years, significant efforts have been 
devoted to the development of solid-state technology for building miniaturized and 
cost-effective RE for potentiometric cells in decentralized settings.  

Solid-state pseudo-reference electrodes using metal alloys and composite 
materials15, reference systems using aromatic polyurethane-based membranes16, 
nanoporous platinum electrode in combination with a layer-by-layer polyelectrolyte 
junction17 and the use of solid-state junctions based on carbon-fiber nanocomposite 
membranes by incorporating poly(methyl methacrylate) and carbon graphene 
stacked nanofibers18 have been proposed. In general, the most promising approaches 
reported up to date make use the Ag/AgCl couple combined with some type of 
membrane that creates a high and constant chloride concentration. A solid-state RE 
using a vinyl ester resin doped with KCl19 and the use of a layer-by-layer polymer 
coating have been reported20. Maminska et al.21 used a combination of a PVC 
membrane and an ionic liquid and Tymecki et al.22 used a screen-printed insulator 
paste. These approaches show good performance, although they are not free from 
potential interferences caused either by lipophilic species or, in some case, by Ag+ ions 
in solution. A planar RE using a PVC membrane containing dispersed Ag, AgCl and 
KCl and using a layer of a conducting polymer has been also reported6. Other 
polymers such as polyacrylate microspheres and polypyrrole microcapsules were also 
used to improve the stability of potential6, 23. Despite of their benefits, issues such as 
light sensitivity and potential stability problems due to the formation of a water layer 
could not be fully addressed. Rius-Ruiz et al. took advantage of the use of single-wall 
carbon nanotubes as potentiometric transducers 24,25 in order to incorporate them into 
reference system and using polyacrylate membrane to encapsulate the Ag/AgCl/Cl- 
system26,27. The planar RE electrodes developed with this approach show good 
stability, response time and light and redox insensitivity. The main drawbacks of this 
approach are the need for extensive conditioning of the membrane –which can be 
partly due to the use of acrylate membranes- and the irreproducibility of the 
deposition process. Very recently a new analytical-quality all-solid-state reference 
membrane was developed by using polyvinyl acetate with KCl, leading to develop a 
reference electrode with reduced salt leakage28. All these works reflect the strong 
interest and growing need to search for alternative solutions. 

Solid polymer electrolytes (SPEl) using polyvinyl butyral (PVB) polymeric 
membranes have become an attractive topic of research in the field of energy 
generation and storage29,30. PVB is a low-cost and rugged polymeric material with a 
wide range of industrial applications. Microporous structures of PVB are useful in 
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ultrafiltration membranes31, whose morphology can be controlled to yield from 
nanofibers32 (with pores ranging from 50 to 200 nm) to honeycomb structures33. PVB 
is soluble in polar solvents, which favors the incorporation of polar substances and 
ionic salts that increase the ionic conductivity of the polymer34. Last, but not least, the 
higher polarity of PVB (when compared to, for example, PVC) makes it less prone to 
fouling caused by non-polar substances35.  

PVB has been used during the last decade for the development of 
immunosensors36–40, but its use for potentiometric solid-state sensors has not been yet 
explored. In this work, a solid-state RE using a PVB membrane is presented. A PVB 
solution in methanol where Ag, AgCl and NaCl are dispersed is used as a membrane 
cocktail that is drop-casted on a glassy carbon substrate. This electrode shows a stable 
potential and insensitivity to some common ions over a wide range of concentrations. 
Very good short and medium-term stability is obtained, which is ideal for disposable 
sensors. The experimental evidence suggests that the mechanism is linked to the 
formation of nanopores on the surface of the PVB membrane, which control the flow 
of NaCl. Practical considerations regarding future applications of this electrode are 
discussed. 

 

4.2 EXPERIMENTAL 

4.2.1 Preparation of the solid-state membrane 

The reference membrane consisted on firstly prepare a 10% wt. stock solution of 
polyvinyl butyral (PVB) by dissolving 395.5 mg of PVB in 5 ml of methanol. This 
solution was vigorously shaken in an ultrasonic bath (Fisherbrand FB11205, 37 Hz, 
100% power) for 30 minutes to obtain a homogeneous solution. This stock solution 
can be stored at 40C to prevent the evaporation of the solvent. In order to prepare the 
entire cocktail, 1:1 mass ratio of NaCl and AgNO3 were added to 1 ml of stock 
solution. Then, the mixture is vigorously shaken for 30 minutes until a white colloidal 
suspension of AgCl is formed since, as it has been previously demonstrated, solubility 
in methanol is rather low. The amount of NaCl is in excess to facilitate the formation 
of AgCl as much as possible as the solubility of AgCl in methanol is also pretty low, 
therefore the final cocktail is a white colloid suspension with NaCl crystals on the 
bottom of the vial.  

Afterwards, this white colloid is exposed to a light source (120V, 15W, light bulb) 
for 10 minutes to produce a partial reduction of the AgCl in solution into metallic Ag, 
which is evidenced by a change of the suspension color (from white to light purple). 
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After 10 min of being exposed to the light, the cocktail is kept under dark conditions 
to avoid further reduction (with aluminum foil). Then, 50 µl of the suspension are 
deposited onto a glassy carbon (GC) substrate. More reproducible thicknesses are 
obtained (approximately 200 µm, see Figure 4.1) when the suspension is maintained 
under sonication while pipetting. Finally, the membrane is dried under dark 
conditions for at least 1 hour. The electrode can be stored dried and at ambient light 
conditions once is dried. Before use, the electrode must be conditioned for 12 h in 
KCl 3 M. 

 
Figure 4.1. ESEM image of the side view of a PVB-based reference membrane. The membrane was 
gently peeled off from a glassy carbon and subjected from one side to calculate the thickness.  

!

4.3 RESULTS AND DISCUSSION 
Potentiometric measurements were performed in order to characterize these types 

of membranes in order to be used as reference electrodes. To stabilize the response, a 
preliminary conditioning step was applied. The electrodes were immersed in 3M KCl 
and the potentiometric response (against a conventional Ag/AgCl RE) was monitored 
as a function of time. Initially, a marked drift and very noisy pattern is obtained. After 
a few hours, the signal stabilizes and the noise is significantly reduced, while a small 
and decreasing drift is observed. Finally, the signal becomes smooth and noise levels 
are significantly reduced. These patterns correspond to physical and chemical changes 
undergone by the membrane during stabilization, as it will be discussed below. Stable 
potential readings, with drift levels below 0.2 mV, are achieved after approximately 10 
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to 12 hours of stabilization. Remarkably, this step needs to be carried out only the first 
time the electrode is used. Afterwards, the electrode can be dried and stored. To be re-
used, a short pre-conditioning step of 10–30 min immersing the electrode into the 
conditioning solution (as it is common practice with most solid-state ISE) is enough 
to record once again stable readings. 

The effect of conditioning time on the sensitivity of the electrode when responding 
to changes in salt concentration was also evaluated. In this case, sets of 3 electrodes 
undergoing different conditioning times were subject to changes in ion activity. KCl 
was chosen for this experiment. Although the range of variation of the salt 
concentration was the same used in the previous experiments (10-7 to 10-1 M) slopes 
were calculated using only the highest concentrations, since the changes within the 
lower range (10-7 to 10-4 M) are quite low (few µV) that tend to smooth out the 
changes observed. Table 4.1 summarizes the results of these experiments, which can 
be considered the most stringent conditions. Clearly, conditioning has an influence 
on the insensitivity of the electrode to changes in electrolyte concentration. Optimum 
values are obtained with 12h of conditioning, where the slope is reduced to 0.2 
mV·(log aKCl)-1. Longer conditioning time does not yield significant improvements on 
this point. All in all, the lack of response of this membrane to changes in salt 
concentrations is an extremely important feature, key to build a RE.  

Table 4.1. Optimization of conditioning time. Calculated sensitivities after additions of KCl salt with 
their respective standard deviations are shown here (N=3). 

Conditioning time (h) 
in 3M KCl 

Sensitivities 
(mV/log aKCl) 

0 -2.7 ± 0.9 
6 -1.6 ± 0.4 

12 0.2 ± 1.0 
24 -0.5 ± 0.9 
30 -0.3 ± 0.7 

 

Once the electrodes have been conditioned, the influence of different salts on their 
potentiometric response was evaluated.  Figure 4.2a shows the potentiometric time 
trace signals (EMF vs. time, measured against a commercial RE) for four of the several 
electrolytes added to the aqueous phase (NaNO3, CaCl2, NaCl and KCl) over a wide 
range of activities (10-7 to 10-1 M).  For clarity purposes, plots have been offset a few 
mV. Figure 4.2b displays the EMF vs. logarithmic concentration for different salts. 
Interestingly, for electrolytes such as NaNO3, CaCl2 and NaCl the potential change is 
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negligible in the whole range. For KCl a small variation of about 3 mV is observed at 
the highest concentrations (from 10-2 to 10-1 M).  It should be stressed that the 
presence of salts does not affect the stability of the readings. Medium-term stability –
measured over 14h of continuous readings for 3 different electrodes- yielded values of 
90 ± 33 µV · h-1 in 10-2 M KCl. Several other salts, such as LiCl, NH4Cl, MgCl2, 
Na2SO4, NaHCO3, sodium pyruvate and sodium acetate as well as organic substances 
such as glucose, urea and albumin were tested over similar concentration range. Only 
when 0.1 M solutions were added two salts (NaHCO3 and Na2SO4) showed a negative 
signal of less than 2 mV. Otherwise, there was no significant change in the potential. 

 

Figure 4.2. a) Potentiometric time trace and b) EMF dependence on the logarithm of the 
concentration of the PVB-reference electrode for some representative analytes: NaCl, CaCl2, NaNO3 
and KCl. It is important to note that the values in the y-axis have been offset in order to avoid 
overlapping and show the response for all the species.  
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Some additional key features of a robust RE are the insensitivity to changes in pH, 
light and redox potential of the solution41. The sensitivity to changes in pH was 
assessed by immersing the electrode into a universal buffer solution and subsequent 
additions of small aliquots of either HCl or NaOH.  The changes in pH were 
monitored using a conventional pH-meter over a range of almost 10 units (from 12.5 
to 2). The results can be seen in Figure 4.3. The potentiometric signal showed a 
change of 0.18 mV·pH-1 within the range of pH 4 to 10. At both, a higher and lower 
pH value, a more marked change is observed. This effect might be a consequence of 
either protonation or deprotonation of the polymer, since hydroxyl residues are 
usually present in a variable amount, usually around 18-20 wt.%. In any case, from an 
analytical perspective, the window of pH over which the electrode shows stable 
response is acceptable for many types of applications.  

 
Figure 4.3. pH response of the PVB-based reference membrane by using a universal pH buffer. 

The effect of the light was evaluated by sequentially exposing the electrodes to 
either ambient light -an artificial lamp- or dark conditions (placing the cell into a dark 
box). Previous studies have suggested that light might affect the Ag/AgCl clusters42. 
However, as shown in Figure 4.4, this effect is not present at an appreciable extent in 
this membrane configuration. Other practical aspects, such as removing the electrode 
from solution and placing it back shows that the potential stabilizes quickly and 
returns to the original value. 
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Figure 4.4. Sensitivity to light of the PVB-based reference membrane. 

Redox sensitivity studies were also performed. In this case, electrodes were subject 
to three different ratios (0.1, 1 and 10) of a Fe(CN)6

-3/ Fe(CN)6
-4 at a total 

concentration of 0.1 mM. As shown in Figure 4.5, the electrodes did not present 
considerable redox sensitivity. The total variation in potential recorded was about 2 
mV, which can be considered acceptable. In theory, an electrode with good redox 
sensitivity should have Nernstian redox sensitivity (i.e., 59.2 mV/z –where z is the 
number of charges of the redox species) per concentration decade. This is shown for 
comparative purposes in the red line of Figure 4.5.  

 
Figure 4.5. Redox sensitivity of 0.1mM Fe(CN)63-/ Fe(CN)64- at different ratios (0.1, 1 and 10). 
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All these data demonstrate that the electrode developed in this work shows 
potential to be used as a reference electrode for potentiometric measurements. The 
underlying mechanism that explains the outstanding stability and lack of sensitivity to 
changes in the solution composition is not yet fully understood. For that reason, 
additional experiments were carried out in order to gain further insights into the 
working mechanism of this novel RE. A preliminary hypothesis regarding the 
operating principle is depicted in Figure 4.6, which schematically illustrates the 
reference membrane composed of a hydrophilic polymer (PVB) doped with AgCl-Ag 
clusters in presence of a highly concentrated electrolyte media of NaCl. To avoid any 
unspecific electrochemical process, AgCl-Ag clusters should be covering the total 
surface of the glassy carbon (GC). Thus, in the absence of any secondary side-
reactions, the Ag/AgCl couple at the glassy carbon interface should govern the ion-to-
electron transduction process.  In analogy to traditional Ag/AgCl wires, an excess of 
chloride at the vicinity of the interface with the GC provides a constant phase 
boundary potential over time.  Thus, assuming that the concentration of chloride 
inside the PVB membrane reaches the steady state by conditioning or equilibration, 
the phase boundary at the backside of the membrane remains constant during the 
experiment.  

 
Figure 4.6. Schematic illustration of the proposed working mechanism of the PVB-based reference 
membrane. I+ and X- represent generic cations and anions in solution. 

Evidently, the conventional way to keep the chloride concentration constant is by 
adding background electrolyte solution. However, as it was mentioned above, this 
strategy is not adequate in many experimentally stringent conditions. Therefore, 
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alternative approaches to keep a high Cl- concentration at the inner interface –such as 
the use of lipophilic salts or hydrophilic polymers- are needed. 

From this point of view, the role of the PVB is to maintain a constant 
concentration of Cl- (during certain time) as well as acting as a bridge between the 
electrolyte inside the membrane and the sample solution. During the conditioning 
step, changes at the membrane-solution interface should facilitate this process, 
allowing the stable electrical connection between the solution and the membrane, 
which acts as an ion-reservoir. Once both parts are bridged, an outward flow of NaCl 
(predominantly through diffusional processes, since the activity in the membrane is 
significantly higher) must occur. Evidently, if the sample is in contact with the 
membrane for much longer periods of times (more than 20h) the reservoir of ions will 
be depleted and the electrode will not work anymore. 

Several experiments were performed in order to gain insights into the mechanism 
of the hydrophilic membrane. Preliminary measurements using FT-IR were carried 
out in order to evaluate whether some structural changes occur in the polymer. 
Experiments were performed for membranes with different added components. IR 
band assignation is detailed in Appendix 3. Spectra of membranes containing only 
PVB and PVB with other components were compared before and after conditioning 
with a 3M KCl solution for 24 h (See Figure 4.7a-c). The results show slight changes 
in the intensity of the bands in the region of O-H and a very weak band that appears 
in the carboxylate region (around 1600 cm-1).  All these bands are relatively weak and 
might be due to a partially wet interface. Many polymers –such as the polyacrylates- 
tend to incorporate water and swell. From the infrared spectra it is evident that the 
PVB alone and the PVB with salts do not change significantly in presence of 
electrolyte solutions. Untreated (i.e., non-conditioned) membranes containing all the 
components (PVB + NaCl + AgNO3) have a spectrum similar to the pure PVB. 
Nevertheless, after the conditioning step, significant changes are observed. First, the 
intensity of a band at 3500 cm-1 (OH-) increases approximately 15 times, and a strong 
a band at 1600 cm-1 (assigned to carboxylate, O-C=O) appears (see Figure 4.7d). It is 
important to emphasize that the expected carbonyl band at 1700 cm-1 is not clearly 
appreciated here (in both experiments) since the polymer contains only a 2.5% of 
unreacted polyvinyl acetate. However, the appearance of a strong band after 
conditioning (1600 cm-1), assigned to an ester carbonyl band might be due to 
remaining residues present in the polymer of polyvinyl acetate43. In summary, 
infrared data suggest that PVB alone does not suffer any changes in presence of 
aqueous solutions, but it does undergo changes when electrolytes are included in the 
membrane composition, which are likely related to water uptake into the polymer.  
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Figure 4.7. FT-IR spectra from a) Polyvinyl butyral (PVB) membrane, b) PVB with NaCl membrane, 
c) PVB with AgNO3 membrane and d) solid-state reference membrane before and after conditioning 
with 3M KCl. 

As it was mentioned above, it is well known that some hydrophilic polymers -such 
as polymethacrylates- swell upon uptaking of water. In the case of PVB, however, this 
phenomenon is not yet well known or characterized. To gain more knowledge into 
the underlying changes that affect the sensing mechanism, measurements using both, 
atomic force microscope (AFM) topography and electrochemical impedance 
spectroscopy (EIS) were performed and correlated. AFM is a well-known tool that 
enables to obtain a topographic scan of the membrane surface with a resolution that 
can reach a few nm. Moreover, the scan can be also accomplished in wet conditions, 
mimicking the real operation conditions of the membrane. On the other hand, EIS 
technique allows uncoupling the various processes that occur inside the membrane 
and at the membrane/solution interface when the system is mildly perturbed. In EIS 
measurements, an alternating potential centered on the open-circuital potential is 
applied. At higher frequencies bulk properties are chiefly observed, while at low 
frequencies the membrane is perhaps polarized by diffusional ion-transfer from the 
solution to the membrane. 
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Figure 4.8a,c displays the AFM image of PVB membrane without any additional 
components. In agreement with the results obtained with the infrared data, the PVB 
membrane surface does not show any significant change neither before (Figure 4.8a) 
nor after the conditioning (Figure 4.8c). Therefore, it could be concluded that, 
without hydrophilic salts, the membrane acts as a barrier for the ions and water of the 
aqueous solution. The corresponding EIS spectra (Figure 4.8b,d) confirm this 
observation. Membranes made with pure PVB show (before and after conditioning) 
an impedance value that can be estimated in the order of few GΩ. As a matter of fact, 
at such high impedance the spectra becomes noisy and the only conclusion is that the 
electrical resistance of the membrane is extremely high. 

 
Figure 4.8. AFM images and EIS analysis from a membrane made only with PVB polymer before (a, 
b) and after (c, d) conditioning in DI water.  

An interesting result is obtained when membranes containing NaCl and AgNO3 

(whole reference membrane) are studied. Prior to conditioning, AFM images of the 
membranes do not show any particular pattern. However, after conditioning, 
nanopores of approximately 100 nm of diameter can be seen across the whole surface. 
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Some regions of the membrane show a high density of these pores (approximately 10 
pores/μm2). This contrast can be clearly seen in Figure 4.9a,c. The EIS analysis of 
these membranes also shows interesting results. Prior to conditioning, a semi-circular 
shaped pattern, with an impedance that can be calculated in approximately 40 MΩ 
(Figure 4.9b) is obtained.  Clearly, by comparing results, it can be concluded that, as 
expected even without conditioning, the presence of ions into the membrane 
decreases the impedance several orders of magnitude. On the other hand, after the 
conditioning step, the EIS spectra show the typical semi-circular pattern, with 
impedance in the order of 400 kΩ, suggesting that ion-diffusion processes occur at the 
membrane/aqueous interface boundary. If the membrane is left overnight, an 
additional reduction of the impedance can be obtained (Figure 4.9d). 

 
Figure 4.9. AFM images and EIS analysis from the new PVB-based solid-state reference membrane 
before (a, b) and after (c, d) conditioning in DI water. 

All these experimental evidences show that the PVB polymeric matrix can uptake 
water when ionic salts have been added to the membrane cocktail. During the 
conditioning step, the nanochannels formed on the surface of the membrane facilitate 
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and help to control the exchange of substances between the membrane and the 
solution, generating an electrical connection between both. This is evidenced in the 
infrared spectrum and in the drop of the impedance after the membrane has been 
conditioned. In summary, a “sponge-like” structure at the nanoscale level is generated 
when membranes containing salts remain in contact with the conditioning solution. 
The depth of these channels could not be calculated. However, considering the values 
of impedance obtained, it could be assumed that part of the membrane preserves its 
integrity. 

Interestingly, an additional experiment was performed removing a reference 
membrane from the glassy carbon support. This membrane was analyzed with the 
ESEM X-Ray detector, showing that the AgCl-Ag clusters are mostly located on the 
bottom surface of the membrane (at interface between glassy carbon and membrane), 
while almost no Ag/AgCl clusters where found on the top of the membrane (see 
Figure 4.10).  

 
Figure 4.10. X-Ray elemental analysis from a detector coupled to an ESEM microscope of the PVB-
based reference membrane on the surface (black) and twisted 180o (red). 

Since the drop-cast membrane was dried in a vertical position, it is reasonable to 
think that the Ag/AgCl suspension will settle to the bottom of the electrode during the 
drying process. It will also support the initially proposed hypothesis that the glassy-
carbon/membrane potential is controlled by the Ag/AgCl pair.  

Having provided evidence that supports the working mechanisms, from an 
analytical point of view, the litmus test of this electrode is whether its performance 
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can be compared to conventional electrodes. To test this point, a potentiometric cell 
using a conventional solid-contact reference electrode for ammonium was used. 
Figure 4.11 shows the results obtained when using the reference electrode presented 
in this work and a commercial reference electrode. Both curves show the same 
expected Nernstian behavior, and the difference between the slopes obtained is not 
statistically significant. The only difference between both systems is a 200 mV offset.  

 
Figure 4.11. Comparison of the potentiometric response of the PVB-based reference membrane (△) 
with a conventional double-junction reference electrode (◯) against a regular ammonium-selective 
electrode. 

The RE can be removed from the solution, rinsed and stored dry. After a few days 
without conditioning, some dried salt appears on the surface of the membrane. Once 
the electrode is turned back into a solution, the potentiometric signal becomes stable 
after about five minutes at 0.01M KCl due to the dissolution of the salts present on the 
membrane. Pre-conditioning steps at 3M KCl reduced considerably the time to obtain 
stable potential readings (less than 10 min). This suggests that, in principle, the 
proposed RE can be stored under dry conditions, an additional advantage when 
compared to conventional systems.  

The lifetime of the developed RE was characterized during a period of 4 months 
(see Table 4.2). The reference membrane was maintained under normal (ambient) 
dry conditions without wet conditioning. It was observed that if a period of time 
longer than three months passes without use, a conditioning of 12h is required to 
stabilize the electrode. In any case, during 12 weeks the potential did not show any 
significant drift. However, from 12 to 16 weeks, an increasing drift in the potential is 
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obtained. Thus, this electrode shows a shelf life of at least 3 months. Evidently, more 
studies need to be performed in order to understand the factors that affect this 
stability.  

Table 4.2. Reference membrane lifetime study (N=3). 

Time  

(weeks) 

Sensitivities  

(mV/log aK) 

0.14 0.8 ± 0.3 
2 1.6 ± 0.1 

10 0.2 ± 1.2 
12 0.2 ± 0.6 
16 4.0 ± 0.8 

 

Finally, as a proof of principle, reference membranes were deposited on substrates 
with potential to build wearable devices, such as fabrics (see Chapter 5). A layer of a 
conductive material (either conductive ink or carbon nanotubes ink, described 
previously44) was used to build a conductive substrate, where the reference membrane 
was drop-casted. Interestingly, these reference electrodes show similar performance to 
the glassy carbon RE reported in this work. This has led to the successful development 
of wearable potentiometric devices where the PVB membrane described in this work 
acts as a reference element. Some of these applications, such as a potentiometric 
sensing tattoo45,46 and a pH-sensing bandage47, have been very recently published and 
fully detailed in this thesis (Chapters 6 and 7). In each application, the E0 of the RE is 
different, because of the different substrates where they are applied. In the 
potentiometric sensing tattoos, for example, E0 is 489 mV, while in the pH-sensing 
bandage recently developed this value is 310 mV. However, independently of the E0, 
potentials remain stable and not affected by the concentration of electrolytes. 

This work solved a problem in developing stable solid-state reference electrodes, 
however other similar works have been published in the last months with the use of 
other approaches. Bühlmann and coworkers have developed a new solid-state 
reference electrode based on the use of colloid imprinted mesoporous carbon and 
using a polymeric membrane based on ionic liquids, finally applied on disposable 
substrates (paper)48. Other approaches include the use of pseudoreferences inkjet-
printed on PET and paper substrates49 as well as analytical-quality references based on 
polyvinyl alcohol membranes with KCl, manufactured by using inkjet moulding50. 
None of these systems have developed a complete stable potentiometric cell and show 
some drawbacks such as the whole manufacturing process and the conditioning time.  
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4.4 CONCLUSIONS 
In summary, this work has presented a new approach to build a reference 

electrode using a hydrophilic membrane. The analytical performance of this electrode 
shows an outstanding stability to changes in solution concentration, light, pH and 
redox potential. Furthermore, the approach is easy to build and uses relatively low-
cost materials. Therefore, this approach shows promise for future applications 
involving decentralized (out-of-the-lab) measurements.  

There are still many factors to address. From a practical point of view, it will be 
interesting to evaluate the use of alternative salts for the construction of the electrode. 
Also, factors affecting the long-term stability and the conditioning step, which should 
ideally be reduced. From a theoretical point of view, further understanding of the 
working mechanisms of this membrane may help to further improve its performance. 
In any case, the simplicity in the construction and the low cost of the electrode opens 
new and interesting avenues. Miniaturization and generation of disposable devices 
that can be used in telehealth, point of care or wearable devices are some of the many 
different areas where this electrode can become a very attractive solution.  

This work is essential for the next chapters, as the reference membrane fully 
characterized in this chapter will be used to develop new wearable sensors in different 
substrates such as cotton yarns (Chapter 5), tattoos (Chapter 6) and bandages 
(Chapter 7). 

 

4.5 REFERENCES 
1. Janata, J. Principles of Chemical Sensors. 1–36 (1989). 

2. Guth, U., Gerlach, F., Decker, M., Oelßner, W. & Vonau, W. Solid-state 
reference electrodes for potentiometric sensors. J. Solid State Electrochem. 13, 
27–39 (2009). 

3. Vonau, W., Oelßner, W., Guth, U. & Henze, J. An all-solid-state reference 
electrode. Sens. Actuat. B 144, 368–373 (2010). 

4. Suzuki, H., Shiroishi, H., Sasaki, S. & Karube, I. Microfabricated Liquid 
Junction Ag/AgCl Reference Electrode and Its Application to a One-Chip 
Potentiometric Sensor. Anal. Chem. 71, 5069 – 5075 (1999). 

5. Liao, W. Y. & Chou, T. C. Fabrication of a Planar-Form Screen-Printed Solid 
Electrolyte Modified Ag/AgCl Reference Electrode for Application in a 
Potentiometric Biosensor. Anal. Chem. 78, 4219 – 4223 (2006). 

UNIVERSITAT ROVIRA I VIRGILI 
ADDRESSING EMERGING PARADIGMS IN CHEMICAL ANALYSIS: NEW PLATFORMS FOR WEARABLE AND DECENTRALIZED SENSORS 
Tomàs de Aquino Guinovart Pavón 
 



NOVEL SOLID-STATE REFERENCE ELECTRODE 

!

Doctoral thesis. 
Addressing emerging paradigms in chemical analysis: new platforms for wearable and decentralized sensors!!

86 

 
 

 
CH

AP
TE

R 
4 

 

6. Kisiel, A. et al. Polyacrylate microspheres composite for all-solid-state 
reference electrodes. Analyst 135, 2420–2425 (2010). 

7. Cadogan, A., Gao, Z. Q., Lewenstam, A., Ivaska, A. & Diamond, D. All-solid-
state sodium-selective Electrode based on a calixarene ionophore in a 
poly(vinyl chloride) membrane with a polypyrrole solid Contact. Anal. Chem. 
64, 2496 – 2501 (1992). 

8. Sutter, J., Lindner, E., Gyurcsanyi, R. E. & Pretsch, E. A polypyrrole-based 
solid-contact Pb2+-selective PVC-membrane electrode with a nanomolar 
detection limit. Anal. Bioanal. Chem. 380, 7 – 14 (2004). 

9. Sutter, J., Radu, A., Peper, S., Bakker, E. & Pretsch, E. Solid-contact polymeric 
membrane electrodes with detection limits in the subnanomolar range. Anal. 
Chim. Acta 523, 53 – 59 (2004). 

10. Michalska, A., Hulanicki, A. & Lewenstam, A. All-Solid-State Potentiometric 
Sensors for Potassium and Sodium Based on Poly(pyrrole) Solid Contact. 
Microchem. J. 57, 59 – 64 (1997). 

11. Zhu, J. W., Qin, Y. & Zhang, Y. H. Preparation of all solid-state potentiometric 
ion sensors with polymer-CNT composites. Electrochem. Commun. 11, 1684 – 
1687 (2009). 

12. Rius-Ruiz, F. X., Bejarano-Nosas, D., Blondeau, P., Riu, J. & Rius, F. X. 
Disposable planar reference electrode based on carbon nanotubes and 
polyacrylate membrane. Anal. Chem. 83, 5783–5788 (2011). 

13. Novell, M., Parrilla, M., Crespo, G. A., Rius, F. X. & Andrade, F. J. Paper-based 
ion-selective potentiometric sensors. Anal. Chem. 84, 4695 – 4702 (2012). 

14. Byme, R. & Diamond, D. Chemo/Bio-Sensor Networks. Nat. Mater. 5, 421 – 
424 (2006). 

15. Valdés-Ramírez, G., Álvarez-Romero, G. a., Galán-Vidal, C. A., Hernández-
Rodríguez, P. R. & Ramírez-Silva, M. T. Composites: A novel alternative to 
construct solid state Ag/AgCl reference electrodes. Sens. Actuat. B 110, 264–
270 (2005). 

16. Yoon, H. J. et al. Solid-state ion sensors with a liquid junction-free polymer 
membrane-based reference electrode for blood analysis. Sens. Actuat. B 64, 8–
14 (2000). 

UNIVERSITAT ROVIRA I VIRGILI 
ADDRESSING EMERGING PARADIGMS IN CHEMICAL ANALYSIS: NEW PLATFORMS FOR WEARABLE AND DECENTRALIZED SENSORS 
Tomàs de Aquino Guinovart Pavón 
 



NOVEL SOLID-STATE REFERENCE ELECTRODE 

!

Doctoral thesis. 
Addressing emerging paradigms in chemical analysis: new platforms for wearable and decentralized sensors!!

87 

 
 

 
CH

AP
TE

R 
4 

 

17. Noh, J., Park, S., Boo, H., Kim, H. C. & Chung, T. D. Nanoporous platinum 
solid-state reference electrode with layer-by-layer polyelectrolyte junction for 
pH sensing chip. Lab Chip 11, 664–671 (2011). 

18. O’Neil, G. D., Buiculescu, R., Kounaves, S. P. & Chaniotakis, N. A. Carbon-
Nanofiber-Based Nanocomposite Membrane as a Highly Stable Solid-State 
Junction for Reference Electrodes. Anal. Chem. 83, 5749 – 5753 (2011). 

19. Rehm, D., Mcenroe, E. & Diamond, D. An All Solid-state Reference Electrode 
Based on a Potassium Chloride Doped Vinyl Ester Resin. Anal. Proc. 32, 319–
322 (1995). 

20. Kwon, N.-H., Lee, K.-S., Won, M.-S. & Shim, Y.-B. An all-solid-state reference 
electrode based on the layer-by-layer polymer coating. Analyst 132, 906–912 
(2007). 

21. Mamińska, R., Dybko, A. & Wróblewski, W. All-solid-state miniaturised 
planar reference electrodes based on ionic liquids. Sens. Actuat. B 115, 552–
557 (2006). 

22. Tymecki, L., Zwierkowska, Z. & Koncki, R. Screen-printed reference 
electrodes for potentiometric measurements. Anal. Chim. Acta 526, 3 – 11 
(2004). 

23. Kisiel, A., Michalska, A., Maksymiuk, K. & Hall, E. A. H. All-Solid-State 
Reference Electrodes with Poly(n-butyl acrylate) Based Membranes. 
Electroanalysis 20, 318–323 (2008). 

24. Crespo, G. A., Macho, S. & Rius, F. X. Ion-Selective Electrodes Using Carbon 
Nanotubes as Ion-to-Electron Transducers. Anal. Chem. 80, 1316 – 1322 
(2008). 

25. Crespo, G. A., Macho, S., Bobacka, J. & Rius, F. X. Transduction Mechanism 
of Carbon Nanotubes in Solid-Contact Ion-Selective Electrodes. Anal. Chem. 
81, 676 – 681 (2009). 

26. Rius-Ruiz, F. X., Bejarano-Nosas, D., Blondeau, P., Riu, J. & Rius, F. X. 
Potentiometric Strip Cell Based on Carbon Nanotubes as Transducer Layer: 
Toward Low-Cost Decentralized Measurements. Anal. Chem. 83, 5783 – 5788 
(2011). 

27. Rius-Ruiz, F. X., Kisiel, A., Michalska, A. & Maksymiuk, K. Solid-state 
reference electrodes based on carbon nanotubes and polyacrylate membranes. 
Anal. Bioanal. Chem. 399, 3613 – 3622 (2011). 

UNIVERSITAT ROVIRA I VIRGILI 
ADDRESSING EMERGING PARADIGMS IN CHEMICAL ANALYSIS: NEW PLATFORMS FOR WEARABLE AND DECENTRALIZED SENSORS 
Tomàs de Aquino Guinovart Pavón 
 



NOVEL SOLID-STATE REFERENCE ELECTRODE 

!

Doctoral thesis. 
Addressing emerging paradigms in chemical analysis: new platforms for wearable and decentralized sensors!!

88 

 
 

 
CH

AP
TE

R 
4 

 

28. Mousavi, Z., Granholm, K., Sokalski, T. & Lewenstam, A. An analytical quality 
solid-state composite reference electrode. Analyst 138, 5216 – 5220 (2013). 

29. Gopal, S., Ramchandran, R. & Agnihotry, R. S. A. Polyvinyl butyral based solid 
polymeric electrolytes: Preliminary studies. Sol. Energ. Mat. Sol. C. 45, 17–25 
(1997). 

30. Gopal, S., Agnihotry, S. A. & Gupta, V. D. Ionic conductivity in poly(vinyl 
butyral) based polymeric electrolytes: Effect of solvents and salts. Sol. Energ. 
Mat. Sol. C. 44, 237–250 (1996). 

31. Shen, F., Lu, X., Bian, X. & Shi, L. Preparation and hydrophilicity study of 
poly(vinyl butyral)-based ultrafiltration membranes. J. Mem. Sci. 265, 74–84 
(2005). 

32. Lubasova, D. & Martinova, L. Controlled Morphology of Porous Polyvinyl 
Butyral Nanofibers. J. Nanomater. 1, 1–6 (2011). 

33. Zhang, R., Wang, J., Wang, M. & He, Y. Fabrication of Honeycomb Polyvinyl 
Butyral Film Under Humidity Provided by Super Saturated Salt Solutions. J. 
Appl. Polym. Sci. 124, 495–500 (2012). 

34. Saito, Y. et al. Evaluation of Interactive Effects on the Ionic Conduction 
Properties of Polymer Gel Electrolytes. J. Phys. Chem. B 116, 10089 – 10097 
(2012). 

35. Ghosh, A. K., Ramachandhran, V., Hanra, M. S. & Misra, B. M. Studies on 
fouling and gel polarisation aspects of poly vinyl butyral blended cellulose 
acetate ultrafiltration membrane by resistance model approach. Indian J. 
Chem. Technol. 7, 55 – 60 (2000). 

36. Tang, D. P. et al. A novel immunosensor based on immobilization of hepatitis 
B surface antibody on platinum electrode modified colloidal gold and 
polyvinyl butyral as matrices via electrochemical impedance spectroscopy. 
Bioelectrochemistry 65, 15 – 22 (2004). 

37. Tang, D. et al. Novel potentiometry immunoassay with amplified sensitivity 
for diphtheria antigen based on Nafion, colloidal Ag and polyvinyl butyral as 
matrixes. Biochem. Biophys. Methods 61, 299 – 311 (2004). 

38. Tang, D. P. & Ren, J. J. Direct and Rapid Detection of Diphtherotoxin via 
Potentiometric Immunosensor Based on Nanoparticles Mixture and Polyvinyl 
Butyral as Matrixes. Electroanalysis 17, 2208 – 2216 (2005). 

UNIVERSITAT ROVIRA I VIRGILI 
ADDRESSING EMERGING PARADIGMS IN CHEMICAL ANALYSIS: NEW PLATFORMS FOR WEARABLE AND DECENTRALIZED SENSORS 
Tomàs de Aquino Guinovart Pavón 
 



NOVEL SOLID-STATE REFERENCE ELECTRODE 

!

Doctoral thesis. 
Addressing emerging paradigms in chemical analysis: new platforms for wearable and decentralized sensors!!

89 

 
 

 
CH

AP
TE

R 
4 

 

39. Tang, D. P. et al. Potentiometric Immunosensor Based on Immobilization of 
Hepatitis B Surface Antibody on Platinum Electrode Modified Silver Colloids 
and Polyvinyl Butyral as Matrixes. Electroanalysis 17, 155 – 161 (2005). 

40. Yuan, R. et al. Electrochemical characteristics of a platinum electrode modified 
with a matrix of polyvinyl butyral and colloidal Ag containing immobilized 
horseradish peroxidase. Anal. Bioanal. Chem. 381, 762–768 (2005). 

41. Michalska, A. All-Solid-State Ion Selective and All-Solid-State Reference 
Electrodes. Electroanalysis 24, 1253 – 1265 (2012). 

42. Glaus, S., Calzaferri, G. & Hoffmann, R. Electronic properties of the silver-
silver chloride cluster interface. Chemistry (Easton). 8, 1785–1794 (2002). 

43. Nishikida, K. & Coates, J. Handbook of Plastics Analysis. 186 – 316 (2003). 

44. Guinovart, T., Parrilla, M., Crespo, G. A., Rius, F. X. & Andrade, F. J. 
Potentiometric sensors using cotton yarns, carbon nanotubes and polymeric 
membranes. Analyst 138, 5208–5215 (2013). 

45. Guinovart, T., Bandodkar, A. J., Windmiller, J. R., Andrade, F. J. & Wang, J. A 
potentiometric tattoo sensor for monitoring ammonium in sweat. Analyst 138, 
7031–7038 (2013). 

46. Bandodkar, A. J. et al. Epidermal tattoo potentiometric sodium sensors with 
wireless signal transduction for continuous non-invasive sweat monitoring. 
Biosens. Bioelectron. 54, 603–609 (2014). 

47. Guinovart, T., Valdés-Ramírez, G., Windmiller, J. R., Andrade, F. J. & Wang, J. 
Bandage-Based Wearable Potentiometric Sensor for Monitoring Wound pH. 
Electroanalysis 26, 1345–1353 (2014). 

48. Hu, J. et al. All-Solid-State Reference Electrodes Based on Colloid-Imprinted 
Mesoporous Carbon and Their Application in Disposable Paper-based 
Potentiometric Sensing Devices. Anal. Chem. 87, 2981 – 2987 (2015). 

49. Thiago, E., Miserere, S., Tatsuo, L. & Merkoçi, A. Simple On-Plastic/Paper 
Inkjet-Printed Solid-State Ag/AgCl Pseudoreference Electrode. Anal. Chem. 
86, 10531 – 10534 (2014). 

50. Granholm, K., Mousavi, Z., Sokalski, T. & Lewenstam, A. Analytical quality 
solid-state composite reference electrode manufactured by injection moulding. 
J. Solid State Electrochem. 18, 607–612 (2014).  

UNIVERSITAT ROVIRA I VIRGILI 
ADDRESSING EMERGING PARADIGMS IN CHEMICAL ANALYSIS: NEW PLATFORMS FOR WEARABLE AND DECENTRALIZED SENSORS 
Tomàs de Aquino Guinovart Pavón 
 



!

!!

 

 

UNIVERSITAT ROVIRA I VIRGILI 
ADDRESSING EMERGING PARADIGMS IN CHEMICAL ANALYSIS: NEW PLATFORMS FOR WEARABLE AND DECENTRALIZED SENSORS 
Tomàs de Aquino Guinovart Pavón 
 



 

!!

 

5 Turning Cotton Yarns into 
chemical sensors 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
ADDRESSING EMERGING PARADIGMS IN CHEMICAL ANALYSIS: NEW PLATFORMS FOR WEARABLE AND DECENTRALIZED SENSORS 
Tomàs de Aquino Guinovart Pavón 
 



!

!

UNIVERSITAT ROVIRA I VIRGILI 
ADDRESSING EMERGING PARADIGMS IN CHEMICAL ANALYSIS: NEW PLATFORMS FOR WEARABLE AND DECENTRALIZED SENSORS 
Tomàs de Aquino Guinovart Pavón 
 



 TURNING COTTON YARNS INTO CHEMICAL SENSORS 

Doctoral thesis. 
Addressing emerging paradigms in chemical analysis: new platforms for wearable and decentralized sensors!!

93 

CH
AP

TE
R 

5 
 

 
 

 
 

 
 

 
 
 
 
 

SUMMARY 
This chapter presents a simple and generalized approach to build electrochemical 
sensors for wearable devices. First, the work focused on the process to turn 
commercial cotton yarns into electrical conductors through a simple dyeing step 
using a carbon nanotube (CNT)-based ink. Second, these cotton yarns are partially 
coated with polymeric membranes to build both, a reference and ion-selective 
electrodes. Finally, through the immobilization of these cotton yarn sensors into a 
bandage, it is shown that this approach could be easily implemented as a wearable 
chemical sensing device. Factors affecting the performance of the sensors and future 
potential applications will be also discussed. 
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5.1 INTRODUCTION 
At the beginning of this thesis it was mentioned that we are in the midst of a 

revolution of wearable devices. This term is rather undefined, since “wearable” could 
virtually be anything that can be somehow attached to the body (garments, glasses, 
jewelry, accessories, etc.). Evidently, when dealing with wearables, textiles play a key 
role as one of the most important raw materials for garments. Indeed, textiles often 
work as a “second skin”, retaining substances from normal physiological processes 
(excretions, secretions), abnormal situations (bleeding, suppuration, etc.) or external 
factors (spillages, environmental pollution, etc.). From this point of view, the 
garments store chemical records of our life that contain information related to our 
health status, activity, accidents or injuries, environmental conditions, etc. It is not 
surprising, then, that embedding sensors into garments to build wireless body sensing 
networks (WBSN) seamlessly integrated into daily routines is becoming a major area 
of research1. 

WBSN may allow remotely monitoring of patients –a crucial need in telemedicine- 
checking the vital signs of military personnel in field or following in real-time physical 
conditions of athletes, among many other applications. It has been shown, for 
example, that sweat composition is an indicator of an athlete physical state2. The 
levels of chloride in sweat are the gold standard to detect cystic fibrosis3. Also, several 
works have suggested a strong relationship between the pH of a wound and the 
process of healing4. In this and many other examples, those sensors embedded into 
textiles to generate chemical information could be an invaluable tool. Conceptually, 
the idea of garments with enhanced functionality has been around for decades but 
there were many technological barriers limiting their actual implementation. 
However, with the recent progress in flexible electronics, many of those obstacles have 
been overcome5–7. Today, wearable electronic devices able to process and wirelessly 
transmit data are becoming more and more common and are quickly reaching the 
mass market8. The growth and consolidation of these platforms is increasingly 
demanding the incorporation of sensors, the ultimate link between the physical world 
and the global network of information.  

Wearable devices for healthcare applications are quickly gaining terrain9. A smart 
shirt that can monitor vital signs10 (heart rate, body temperature, etc.) has been 
recently proposed. Patches to monitor blood pressure and several physiological 
parameters have been also developed11. A plethora of composite materials with 
sensing capabilities6,12 aimed at monitoring body position, stretching and movements 
promise a revolution in areas such as sports medicine, rehabilitation, ergonomics, etc.  
Unlike this proliferation of approaches to sense “physical” parameters, significantly 
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less progress has been achieved in the area of wearable chemical sensors13,14. Diamond 
et al. have partially described the inherently higher degree of complexity involved in 
the construction and operation of wearable chemical sensors as the “chemical sensor 
paradox”13, as already described in Chapter 1 of this thesis. As a matter of fact, the 
problem of building wearable devices to generate chemical information involves 
aspects related to the analytical performance as well as more practical issues such as 
usability and cost. In the first case, baseline drifts and changes in both sensitivity and 
specificity of the sensors have to be considered. Bearing in mind that wearable devices 
are subject to mechanical stress and, due to the need to adapt to the end user´s needs, 
they must be designed paying particular attention to the portability, safety and 
simplicity of operation. Last, but not least, a truly vast network of sensors requires 
technologies that can be developed at the mass-market level. All in all, the need to 
combine performance, portability, safety, simplicity and cost turns the task of making 
wearable chemical sensors into an extremely intricate problem. However, as the need 
to incorporate sensors into garments is growing steadily, the involvement of the 
analytical discipline will be essential to explore and develop suitable solutions. 

Diamond et al. developed several pioneering approaches on this field during the 
last decade. Conceptually, they explored the notion of chemo-biosensing networks 
and body sensing networks1,13–15 and performed an extensive review on nanomaterials 
for smart textile applications16. They also developed a wearable patch with optical 
detection to monitor sports performance14, and incorporated ion-selective electrodes 
(ISE) into a waistband to monitor sodium levels in sweat17.  Interestingly, this 
potentiometric approach yielded extremely good results in terms of sensor 
performance and adaptability.   

Wang et al. have also pioneered this field through the development of portable and 
wearable electrochemical sensors18. Screen-printed electrodes on a wetsuit to monitor 
marine pollution19 and on underwear to monitor chemicals on the skin20 were 
incorporated. More recently, a novel approach where sensors are incorporated into a 
screen-printed temporary tattoo has been reported. A deeper discussion on this topic 
will follow in the next chapter. A few reviews summarizing the progress on wearable 
chemical sensing have been already published21–23. In summary, all these 
developments show that the combination of bendable electronics and nanotechnology 
is creating promising platforms for wearable chemical sensors. Also, it demonstrates 
the many advantages of electrochemical sensing in terms of performance and 
simplicity of implementation.   

The use of conventional (commodity) materials as a substrate to build the sensors 
is a way to tackle several problems, such as sensor integration into daily routines, 
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safety and cost, simultaneously. Several works have been devoted to the chemical 
modification of cotton to be used as substrate for sensors. Very recently, a transistor 
build on a cotton fiber to detect saline concentration was reported24. Also, a powerful 
and simple way to turn cotton yarns into a suitable substrate to build chemical sensors 
using carbon nanotubes (CNT) has been explored during the last few years. CNTs are 
well known for their outstanding electrical and chemical properties, which have been 
extensively explored for building electrochemical sensors25. Some years ago, our 
group has demonstrated the use of CNTs as very effective ion-to-electron transducers 
of potentiometric sensors26. The advantages of these CNT potentiometric sensors 
have been demonstrated for sensing ions27–29, organic molecules30 and even living 
bacteria31. Although CNTs are not soluble in water, they can be dispersed in aqueous 
solutions using a suitable surfactant to form a kind of “inks”32–34 that can be applied 
on flexible substrates to build electronic components. In particular, when CNT inks 
are applied to paper substrates, the strong interaction between the cellulose fibers and 
the CNT leads to a very stable and highly conductive flexible material35. The use of 
these conductive papers to build different types of flexible electronic components has 
been demonstrated36. The method is simple, effective and scalable. Furthermore, CNT 
conductive papers can be used to build electrochemical sensors, as it has been 
demonstrated for the amperometric detection of toxins37. Also, in our group, the 
development of an ion-selective potentiometric sensor using CNT conductive papers 
has been reported38.  CNT-conductive cotton yarns have been also developed39,40 and 
their use as chemical sensors has been first reported by Kotov et al.39 These authors 
demonstrated that –as with papers- cotton yarns dyed with CNT-ink become highly 
conductive and can be used as a substrate to build sensors. By immobilizing 
antibodies, they reported the development of a chemo-resistive immunosensor. No 
further works on this area, however, have been reported. 

As it was already mentioned, among the many electrochemical methods, 
potentiometry shows several attractive features to build wearable devices17. Solid-
contact reference and ion-selective potentiometric sensors show an outstanding 
combination of performance41, simplicity of construction and operation, and low-
power consumption. Thus, in this work, we demonstrate that both reference and ion-
selective electrodes can be build using cotton yarns as substrate. These yarn electrodes 
show an analytical performance that is similar to lab-made electrodes. Also, the 
possibility of integrating a potentiometric cell into a bandage is presented. The results 
of this work open new and interesting avenues to build fully embedded wearable 
chemical sensing devices.   
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5.2 EXPERIMENTAL 
5.2.1 Preparation of membranes 

The reference membrane contained 78.1 mg of PVB, 50 mg of NaCl and 50 of 
AgNO3 in 1 ml of methanol. A detailed procedure for preparing the membrane has 
already been described in Chapter 3.  

The preparation of the ion-selective membranes is detailed in Table 5.1. The 
ionophore used for potassium membrane was valinomycin, for ammonium nonactin 
and for pH tridodecylamine. All the ion-selective membranes were prepared by 
dissolving 100 mg of the mixture into 1 ml of THF. In the experimental section 
(Chapter 3) it is described the whole procedure for preparing those membranes.  

Table 5.1. Composition of different ion-selective membranes used throughout this chapter. 

 Ion-selective membrane 
Membrane component K+ NH4

+ pH 
Ionophore (mg) 2 1 1 
KTClPB (mg) 0.5 - 0.5 

PVC (mg) 32.8 32.2 33.0 
DOS (mg) 64.7 66.8 65.5 

 

5.2.2 Making conductive cotton yarns 

The preparation of the conductive cotton yarns requires the preparation of a 
single-walled carbon nanotube-based conductive ink to impregnate on the cotton 
yarns, already detailed in the experimental section (Chapter 3) and elsewhere35. 

The conductive cotton yarns were obtained using commercially available white 
cotton thread (bought in a local shop), which were firstly washed with hot water and 
soap to eliminate resins and other compounds present in these substrates. Finally, the 
cotton is rinsed with distilled water and dried. In order to turn cotton into conductive 
yarns, successive dyeing steps are required to reach a value close to 500 Ω, sufficient 
for the purpose of this work. Firstly, the yarn is immersed into the CNT-ink for a few 
seconds. The cotton is let dry in an oven (at 60oC) for 15 minutes and afterwards 
rinsed thoroughly with abundant distilled water to eliminate the excess of surfactant 
(SDBS). Interestingly, during the rinsing process there is no visual evidence of CNT 
loss, which remain strongly adsorbed on the yarn. After rinsing, the yarns are put 
back to the oven at 600C for 15 minutes and the electrical resistance is then measured 
(see Figure 5.1). These steps are repeated until the desirable value of resistance is 
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obtained. It must be mentioned that these conductive cotton yarns can be obtained 
with different inks containing other surfactants such as polystyrene sulphonate 
(PSS)39, polyacrylate dispersions42 or even conducting polymers43. These inks would 
only need to optimize the amounts of each compound, since the surfactant has to 
allow the CNT to be properly adsorbed on the cellulose fibers.  

 
Figure 5.1. Process of dyeing cotton yarns to turn them into conductive with a SWCNT-based ink. 
The process consists of 1) taking a cotton yarn (already cleaned to remove resins), then 2) submerge 
it into a carbon nanotube-based ink, dry it at 60OC, rinsing it with distilled water and finally let it dry 
again to obtain the 3) conductive CNT-cotton yarn.  

5.2.3 SWCNT Cotton yarn potentiometric electrodes 

Once the cotton yarns have been turned into conductive, a portion that will not be 
covered by either the ion-selective membrane (ISM) or the reference membrane (RM) 
needs to be protected to avoid direct contact of CNT with solution. As a first 
approach, a pipette tip was used in order to leave exposed only a part of the cotton 
yarn while the rest can be protected and can be accessed through the back-end of the 
tip. The fraction of approximately 5 mm is fully dipped for a few seconds into either 
the ISM or the RM, and then removed and allowed to dry for a few minutes. The 
number of times of dip coating was optimized until an optimum Nernstian response 
for the working electrode. For the reference electrode, optimum number of dips was 
considered until reaching stable potential values as well as sensitivities lower than 2 
mV/log ai for some common electrolytes -such as K+ and Na+-. The final prototype of 
the cotton yarn electrode has the sensing end, and a back-end that can be connected 
to the measuring instrument (see Figure 5.2).   
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Figure 5.2. a) Construction of a sensing cotton yarn with a pipette tip. b) Dip coating of the CNT-
based cotton yarns to obtain potentiometric sensors. 

 

5.3 RESULTS AND DISCUSSION 
Figure 5.3a shows the change in electrical resistance as a function of the number 

of dyeing cycles of the cotton yarn with the CNT ink. The resistance of the cotton 
yarn is initially extremely high, and it sharply falls with the first dyeing cycles.  

This drop is associated with the absorption of the CNT onto the cellulose fibers. As 
it has been suggested, CNTs wrap around the cellulose fibers through strong supra-
molecular interactions (see Figure 5.4)35,40.   

Evidently, as the layer of nanotubes becomes denser, the change in the resistance 
levels off and it finally reaches a plateau. With 5 dyeing cycles, a resistance of 
approximately 500 Ω (for 1 cm length) is reached, which is considered good enough 
for the purpose of this work in terms of performance and reagents consumption. A 
higher numbers of dyeing cycles do not affect the analytical performance of the 
sensor, but it would increase both, the manufacturing time and the cost of process. 
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Figure 5.3. a) Resistance change after each dyeing step of the cotton yarn into a CNT ink. b) Scanning 
electron microscope images of the cotton yarn (left) and the conductive CNT-cotton yarn (right). 

Figure 5.3b shows scanning electron microscope (SEM) images of the yarns before 
and after the dyeing process. The clean bare fiber of the cotton yarns contrasts with 
the dense network of CNT absorbed on the surface of the yarn. This is a very 
attractive feature of these systems: due to the mechanical flexibility of the CNT, and 
their strong absorption onto the cellulose fibers, a 3-D conductive network wrapped 
around each cellulose fiber is formed (see Figure 5.4). It should be stressed that the 
conductive yarns remain soft and flexible, just like conventional cotton yarns. No 
significant change on the electrical resistance is observed upon bending or twisting of 
the yarn. Furthermore, yarns can be washed with water and dried, without 
significantly changing this electrical behavior. All these characteristics make these 
conductive yarns an ideal substrate for wearable sensors. 
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Figure 5.4. General scheme of the carbon nanotubes wrapping around cotton yarn cellulose fibers. 

It is important to stress the dual role played by the CNT, which are key to the 
performance of the sensors. From one side, CNT act as very good ion-to-electron 
transducers of the potentiometric signal44, and their performance on this respect has 
been recently assessed45. From the other, they act as very efficient electrical 
conductors, thus helping to carry the potentiometric signal to the measuring 
instrument. In this case, the ability of the nanotubes to create a conductive network 
that is insensitive to mechanical stress –such as bending or twisting- while preserving 
many of the original properties of the cotton (softness, texture) is remarkable. Cui et 
al.35 demonstrated that the performance of conductive papers using CNT is superior 
to that obtained using, for example, metalized papers. Indeed, metalized surfaces form 
a two-dimensional conductive path that is prone to cracking during bending, thus 
affecting the electrical properties. On the other hand, as CNT form a three-
dimensional network around the cellulose fibers, these effects are not observed. 
Recent studies in line with this statement have widely demonstrated that CNT can be 
used as strain sensors for health monitoring35,39,46 and as batteries with composites of 
CNT47.  

5.3.1 Reference cotton yarn electrode 

In order to obtain a full wearable potentiometric cell, one of the main parts of 
potentiometric technique is to obtain a reference potential upon additions of 
electrolytes, i.e. maintaining an almost constant potential with a reference electrode. 
To do this, a polyvinyl butyral (PVB)-based reference membrane developed in this 
thesis (detailed in Chapter 4) has been used.  
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Firstly, the dip-coating optimization process of the reference membrane was 
carried out by dipping the conductive cotton yarn into the reference membrane 
cocktail, followed by a potentiometric analysis with additions of KCl. Figure 5.5 
shows that after about 9-10 dips, the sensitivity over KCl of the sensor is 
approximately 1 mV/log aK, thus sufficiently low for our purposes. The membrane is 
dipped until reaches the plastic of pipette tip (see Figure 5.2b), in order to prevent 
any direct contact of the solution with the CNT on the cotton yarn. 

 
Figure 5.5. Sensitivity obtained upon additions of KCl for cotton yarns with different number of dips 
into the reference cocktail. 

Analytical characterization 

After being optimized the formation of a reference layer, the next step was the 
performance characterization of these cotton yarns in order to evaluate the 
potentiometric response upon addition of a series of electrolytes: NaCl, NaNO3, CaCl2 
and KCl. It has to be noted that a conventional reference electrode was used in all the 
experiments to characterize the reference cotton yarn. Figure 5.6 displays the 
calibration curves (EMF vs. logarithmic activity) for these salts. For clarity purposes, 
the plots have been offset a few mV to show clearly different responses. All the 
sensitivities obtained for all the salts are below 1 mV/log ai. Interestingly, the solutions 
were constantly stirred without affecting the potentiometric reading of the cotton 
yarn. These reference cotton yarns thus provided very robust and reproducible EMF 
measurements. 
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Figure 5.6. Calibration curves of the textile reference electrodes upon additions of different 
electrolytes: KCl, NaCl, CaCl2 and NaNO3. 

Electrochemical Impedance Spectroscopy characterization 

The electrochemical impedance spectroscopy (EIS) also exhibited very similar 
results to the reported membrane (aprox. 20 kΩ)48, also shown in Chapter 4, giving an 
impedance value within the range of kΩ (45 kΩ) (see Figure 5.7). This increase in the 
impedance value can be attributed to the number of dipping layers, possibly 
attributed to a thicker membrane than the used for solid-contact electrodes. 
Additionally, short-term (120 minutes) stability was also carried out in 10 mM KCl 
with stability of 138 ± 46 µV. Medium and long-term stability were not carried out in 
this study, as the main purpose of these wearable sensors is to monitor the levels of 
electrolytes while sweating or one-time measurements of body fluids such as urine or 
tears. Also, minimization of costs and perhaps, development of disposable sensors 
does not require an extremely stable electrode.  

The incorporation of CNT on cotton yarns acts as both transducer and conducting 
material. Nevertheless, after removing all the SDBS coming from the conducting ink 
the cotton yarns still have the ability to absorb (much slower) water. This fact and the 
formation of nanopores on the membranes after conditioning the membrane makes 
difficult to develop a complete long-term stable reference electrode.  
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Figure 5.7. Electrochemical impedance spectroscopy of a cotton yarn reference electrode after being 
conditioned 12h at 3M KCl. 

5.3.2 Ion-selective cotton yarn electrode 

The other part required in potentiometric analysis is the working electrode. The 
process of manufacturing and optimization is the same that for the reference 
electrode, but changing the reference membrane by the ion-selective membrane 
(Figure 5.2b). After dip-coating the cotton yarn into the ion-selective membrane 
cocktail, a smooth membrane that covers the whole exposed tip is obtained. 
Experimentally, it is found that 4 to 5 dip-coating cycles are needed to obtain 
optimum performance (see Figure 5.8a).  A cut view of SEM images of this 
membrane can be seen in Figure 5.8b. Using these images, an estimated thickness of 
the membrane of approximately 100 µm is found. It should be noted that, as 
previously detailed with the reference electrode, the membrane reaches the plastic of 
pipette tip, preventing any direct contact of the solution with the CNT-cotton yarn. 
The three types of sensors that were built –for pH, ammonium and potassium- were 
fabricated in the same way.  

Analytical characterization 

In order to evaluate and optimize the performance of the ion-selective cotton yarn 
electrode (ISCYE), a potentiometric cell using a conventional reference electrode and 
the yarns as working electrodes was set up. Under optimized conditions, the slopes 
obtained for the different ions are close the “ideal” Nernstian value of 59.2 mV/decade 
at 25oC (see Table 5.2).  
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Figure 5.8. a) Sensitivities obtained for different number of dips into the ion-selective membrane of 
the conductive cotton yarn. b) SEM images of a cut view of the ion-selective membrane surrounding 
the cotton yarn. The thickness of the membrane is approximately 100 µm. 

Table 5.2. Analytical parameters for the cotton sensing yarns with different ion-selective membranes. 

Cotton yarn ISE Sensitivity 
(mV / log ai) 

Intercept 
(mV) 

Linear range 
(M) 

K+ 54.9 ± 1.6 399 ± 5 10-5 – 10-2 

NH4
+ 53.9 ± 0.7 305 ± 3 10-6 – 10-2 

pH -55.7 ± 1.2 457 ± 3 3 – 11 (pH) 
 

Changes of the EMF as a function of the time and the activity of the target ion are 
shown in Figures 5.8-5.10. These changes show the typical linear dependence of the 
potential with the logarithm of the activity of the target species over several orders of 
magnitude. This indicates that the two processes involved in the generation of the 
signal, namely: phase boundary potential (aqueous interface/membrane) and 
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transduction (membrane /SWCNT-conductive cotton yarn) work as in conventional 
ion-selective electrodes. For K+ and NH4

+ linearity covers 3 to 4 orders of magnitude, 
respectively (Figure 5.9 and 5.10, respectively). The pH sensor is linear within an 
interval of pH between 3 to 11 (see Figure 5.11). Interestingly, physiologically 
relevant parameters in body fluids fall well within these ranges49. 

 
Figure 5.9. a) Time traces following the addition of the target species and b) the corresponding 
calibration curves for a K+ sensing yarn.  

 
Figure 5.10. a) Time traces following the addition of the target species and b) the corresponding 
calibration curves for a NH4+ sensing yarn. 
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Figure 5.11. a) Time traces following the addition of the target species and b) the corresponding 
calibration curves for a pH sensing yarn. 

Another remarkable aspect of these sensors is the stability of the signals. Short-
term stability of the sensors was evaluated for different concentrations of the target 
ions. In all cases, signal drift was found to be below 250 μV·h-1. This very good value 
of stability of the sensors can be ascribed to the use of CNT, whose large capacitance 
stabilizes the response of the sensor44,45. Furthermore, medium-term stability was also 
evaluated by using sensors, air-dried, stored and re-used once a week during two 
months. The results show that slopes present less than 5% RSD. In the case of the 
intercepts, 3% RSD has been found. It is also important to remark that small 
movements or displacements of the yarn due to the stirring of the solution did not 
significantly affect the measured EMF. It seems apparent that the mechanical 
properties of the membrane as well as the insensitivity of the electrical resistance of 
the yarn to bending or stretching are key to this stability. The response time of the 
whole system is acceptable. In general, it takes less than 60 seconds to reach a steady 
state signal after the concentration has been changed one order of magnitude. 

Selectivity is another essential parameter that characterizes these sensors. 
Selectivity coefficients were calculated using the fixed interference method (FIM)50 for 
each sensor for a series of ions. The results in all cases show that the selectivity values 
are similar to those already reported for similar sensors (see Table 5.3).  

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
ADDRESSING EMERGING PARADIGMS IN CHEMICAL ANALYSIS: NEW PLATFORMS FOR WEARABLE AND DECENTRALIZED SENSORS 
Tomàs de Aquino Guinovart Pavón 
 



 TURNING COTTON YARNS INTO CHEMICAL SENSORS 

Doctoral thesis. 
Addressing emerging paradigms in chemical analysis: new platforms for wearable and decentralized sensors!!

109 

 
 

 
 

CH
AP

TE
R 

5 
 

Table 5.3. Selectivity coefficients obtained for the potentiometric ion-selective cotton yarns, 
compared to the literature values obtained with the same method (fixed interference method). 

 K+ membrane NH4
+ membrane 

 Log KK, I
POT Literature51 Log KNH4, I

POT Literature51 
Li+ -4.4 -4.3 -3.7 nd 
Na+ -3.6 -4.2 -2.4 -2.3 
Ca2+ -4.6 nd -4.1 nd 
K+ - - -0.9 -0.7 

NH4
+ -1.8 nd - - 

 

Limits of detection (LOD) found for these yarn sensors were 10 µM for K+ and 1 
µM for NH4

+, very similar to the values found for the lab-made sensors51. The LOD 
for this type of sensors -dictated by the ion fluxes from the membrane to the aqueous 
phase- strongly depends on the integrity of the membrane. If either the ion exchange 
properties of the membrane are deteriorated or the organic receptor is leaching out 
from the membrane to the aqueous phase, the LOD will increase. In our case, the 
LODs remain unchanged for up to one month. As a first approach, this could be 
taken as an approximate value of the lifetime of the sensor under continuous use (see 
Table 5.4).  This lifetime, of course, will depend on the frequency of use. It is true that 
much lower LODs have been reported for these types of ion-selective electrodes52. 
However, this is usually achieved through more rigorous procedures that include the 
sensor pre-conditioning and careful operation. This was considered unpractical, 
taking into account the scope of this work. To make a fair comparison, solid-state 
ion-selective electrodes using a conventional substrate (glassy carbon) were built in 
the lab and conditioned following a similar procedure used for building the sensing 
yarns. No significant differences in the analytical performance parameters between 
the yarns and the conventional electrodes were found. 

Table 5.4. Lifetime of the cotton yarn ion-selective electrodes for a month. 

 Sensitivities (mV/log ai) 
Cotton yarn 

ISE 1st day 15 days 22 days 30 days 

K+ 56.5 ± 0.9 58.4 ± 1.0 55.0 ± 0.7 57.7 ± 0.7 
NH4

+ 59.5 ± 0.6 58.9 ± 0.7 55.7 ± 0.4 56.1 ± 0.6 
pH -55.7 ± 1.2 -56.8 ± 1.0 -53.1 ± 0.9 -51.1 ± 1.4 
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Electrochemical Impedance Spectroscopy characterization 

In order to further characterize these sensors, electrochemical impedance 
spectroscopy was used. The impedance spectra obtained for the yarns sensors are also 
very similar to those obtained for conventional solid-state ion-selective electrodes. 
From these spectra, the resistance of the membrane can be estimated, yielding values 
that are close to 1.5 MΩ for K+ and 0.4 MΩ for both, NH4

+ and pH membrane (see 
Figure 5.12). These values fall within the expected range of values reported for similar 
membranes on conventional substrates26,28,53, depending on the number of layers for 
each membrane. All in all, the CNT-cotton yarn sensors show an overall performance 
very similar to solid-state ion-selective potentiometric electrodes. 

 
Figure 5.12. Electrochemical impedance spectroscopy of cotton yarns for different membranes: a) K+, 
b) NH4+ and c) pH. 

Another point under investigation was the reproducibility of the construction of 
the sensors. One of the key advantages of potentiometry as an approach for 
decentralized measurements is that the sensitivity is a known and constant value 
given by Nernst equation. This is a factor that can help to minimize the need for 
complex calibration procedures, as previously shown by Rius et al. using disposable, 
screen-printed CNT potentiometric sensors54. In the case of the yarn sensors, the 
results for three different sensors (for the same ion) show a very good reproducibility 
for the slope (less than 2% RSD) and the intercept (less than 1%). Considering that 
these sensors have been built manually, it could be expected that better 
manufacturing approaches could help to further improve these values. 
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5.3.3 Full wearable potentiometric cell 

It is still premature to visualize how these sensors will be used in “real-life” 
situations, since the sensors are only tools, and designing the interface with the end 
users would require joint efforts from many different fields. Furthermore, many 
analytical challenges must still be tackled13. However, the development and 
exploration of the tools –advantages and limitations- is an important first step. In this 
case, the simplicity of the potentiometric measurement is combined with the low cost 
of the sensors, which can be exploited to build disposable devices. Envisaging the 
potential of these types of applications, a chemical sensing bandage was built. To do 
this, the yarn sensors were built replacing the pipette tip by a heat-shrink tube 
(commonly used in electronics), which provides good electrical insulation and 
facilitates the adaptation to real systems. The bandage was adhered to the garments of 
a real size human model (Figure 5.13a) and the electrodes were connected to a 
potentiometer. The electrodes were placed on the non-adhesive part of the bandage, 
separated by a gap of a few millimeters, and a thin layer of cellulose acetate that 
cushioned the yarn electrodes and help to both absorb and retain liquid (Figure 
5.13b) was placed on top of them. This bed of cellulose does not only retain liquid 
efficiently, but it also avoids any direct contact of the sensors with surfaces (i.e, skin). 
Evidently, this is just an approximation. This work has been focused on the 
development and characterization of the sensor yarn as analytical tool. The problems 
associated to sampling sweat in skin are complex, and future wearable potentiometric 
cell designs will have to deal with this issue. It will be extremely important to 
minimize the cross-contamination of the sample in this region, for example, by a 
regular washing. Solutions mimicking sweat with increasing ion concentration were 
added. Figure 5.13c shows the response of the bandage sensors for increasing 
concentrations of NH4

+ ions. For all the ions tested a Nernstian response was 
obtained. These results suggest that embedding the sensors onto textiles is not 
significantly affecting their performance. 

 

5.4 CONCLUSIONS 
To summarize, the results presented here demonstrate the potential of the CNT-

cotton yarn/ion-selective membrane system to become a powerful platform for the 
development of electrochemical sensing textiles. Potentiometry has been used due to 
its many attractive features, but it is evident that the sensing yarns can be used with 
other electrochemical approaches. 
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Figure 5.13. a) Mannequin with the cotton yarn sensors placed upon a T-shirt. b) Cotton yarn 
electrodes in-between a cellulose bed in a bandage. c) Potentiometric time trace upon changes of 
NH4+ in the bandage. 

One of the most attractive features of this approach is the overall simplicity 
involved in both, the manufacturing and operation of the sensor. Furthermore, since 
a commodity such as cotton is used as a substrate and the CNT and membrane are 
used in a very low amount, mass production of disposable wearable sensors should be 
possible.  

There are still many challenges ahead linked to this work. From the technological 
point of view, integration of the sensors and the connection with embedded wearable 
data reading and wireless transmission devices are important. In this case, 
preliminary work using miniaturized radiofrequency identification (RFID) 
electrochemical platforms have been performed in our labs. Miniaturization of the 
sensors, other substrates and extension to more complex systems –from organic 
compounds to biomolecules- have also been explored for a further incorporation in 
wearable substrates. One key advantage of the solid-state technology is the lack of 
influence of the relative position of the sensor on the analytical response. Future work 
will contemplate the development of solid-state technology for reference system, a 
cornerstone to build a fully integrated wearable potentiometric cell. In summary, 
although there are still many factors to improve, this work opens a new and 
interesting avenue for the generation of chemical sensing networks, that could be 
applied in the future in a plethora of different areas.  
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SUMMARY 
In this chapter, the development and analytical characterization of a novel 
potentiometric cell in a temporary-transfer tattoo platform for monitoring 
ammonium levels in sweat is presented. The fabrication of this skin-worn sensor, 
which is based on a screen-printed design, incorporates all-solid-state potentiometric 
sensor technology for both the working and reference electrodes, in connection to 
ammonium-selective polymeric membrane based on the nonactin ionophore. The 
resulting tattooed potentiometric sensor exhibits an analytical performance well 
within the physiological levels of ammonium in sweat. Testing under stringent 
mechanical stress expected on the epidermis shows that the analytical performance is 
not affected by factors such as stretching or bending. Since the levels of ammonium 
are related to the breakdown of proteins, the new wearable potentiometric tattoo 
sensor offers considerable promise for monitoring sport performance or detecting 
metabolic disorders in healthcare. Such combination of the epidermal integration, 
screen-printed technology and potentiometric sensing represents an attractive path 
towards non-invasive monitoring of a variety of electrolytes in human perspiration.  
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6.1 INTRODUCTION 
As it was mentioned before, making wearable devices is a way to simplify the 

interface between the sensors and the human body, reducing the complexity of 
operation and minimizing the interferences to people’s routine. This should facilitate 
the adoption of the technology. For this reason, a wave of sensors in the form of 
wearable, implantable, swallowable –among others- is now being developed. Among 
those many ways, the emergence of sensing tattoos explores the limits between 
invasive and non-invasive devices. In this chapter, this approach will be explored in 
the context of a relevant application, the determination of ammonium in sweat.  

Ammonium is present in blood mostly as a result of the breakdown of proteins1. 
For this reason, the determination of the levels of this cation in plasma provides 
extremely relevant physiological information related to the metabolic state of the 
individual, dietary conditions, or even liver malfunctions. During exercise, for 
example, ammonium concentration varies when changing from aerobic to anaerobic 
state2,3. Also, it has been shown that diets with low levels of carbohydrates may lead to 
temporary increased levels of ammonia in plasma, which is sometimes evidenced as 
an ammonia smell in sweat. Last, but not least, since the liver converts ammonia to 
urea prior to its excretion, high ammonia levels can be used as markers of hepatic 
disorders, such as hepatitis or cirrhosis4. All in all, monitoring the levels of 
ammonium may provide a wealth of information, which ranges from the 
improvement of the sport performance and monitoring metabolic state to the 
screening of the health status of individuals. Unfortunately, monitoring ammonium 
in plasma requires the collection of blood samples, which is a serious limitation 
during exercise or military activities.  

Interestingly, ammonium is excreted through sweat by non-ionic diffusion from 
plasma5, and many studies have shown that the ammonium levels in sweat can be 
directly correlated with its concentration in plasma. Czarnowski et al. examined the 
relationship between ammonia and urea levels in plasma and ammonium 
concentration in sweat. Their studies suggest that ammonia in plasma is the main 
source of ammonium in sweat6. Subsequent studies of ammonium secretion via sweat 
have been carried out through physical exercise such as running, where sweat was 
collected with gauze pads. The measurements in the collected sweat of the total 
amount of nitrogen excreted (urea, ammonium and amino acid loss) concluded that 
the difference of nitrogen loss by comparing both methods is relatively small7. Other 
tests performed under submaximal cycling exercise (and comparing the results of 
ammonium with both, urea and lactic acid) suggested that ammonium is secreted 
through sweat during short-term exercise on the onset of sweating8. Yuan et al. 
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studied the effect of one-year non-specific program on the ammonia threshold, which 
was uniquely correlated to endurance time9. Also, studies performed with rugby 
players, where the ammonium levels in sweat were monitored before, during and after 
the game, showed a significant increase while playing the match. This was also 
correlated with the concentration of ammonia in blood, which showed an increment 
almost three times higher10. Last, but not least, studies of the ammonium levels in 
sweat were also performed with a low-carbohydrate (LC) and normal diet, in both 
cases combined with non-exhausting exercise. The clear increase of ammonium in LC 
diet confirms the hypothesis of ammonia in plasma as the main source of ammonium 
in sweat11. In summary, the secretion of ammonium in sweat can be used as an 
indicator of the metabolic breakdown of proteins, providing extremely relevant 
information in many different situations such as the change from aerobic to anaerobic 
exercise (i.e., the point where carbohydrates sources has been depleted and the 
metabolism starts to break down proteins from the body due to mainly by high-
intensity exercise)8 when monitoring sport performance. 

From an analytical point of view, one of the major barriers to monitoring the 
concentration of ions in sweat lies in the sampling step. It has already been mentioned 
that the traditional approach –involving gauze pads to collect sweat- is tedious, time 
consuming, and subject to errors, since factors affecting the evaporation, 
contamination of the sample, etc., must be strictly controlled. For this reason, 
wearable devices that can directly monitor the sweat composition have emerged as a 
more attractive option. Diamond et al. developed optical and potentiometric sensors 
to monitor pH and sodium levels in sweat. Their results clearly demonstrated the 
value of monitoring electrolytes in sweat, although the devices presented were not 
fully portable12. Curto et al. developed a micro-fluidic wearable device based on 
colorimetric imaging for continuous pH monitoring with the use of a smart-phone13. 
Coyle et al. utilized a textile-platform to monitor pH, sodium, sweat rate and 
conductivity, although the same issues of portability were not discussed14. Wang et al. 
developed different approaches for flexible screen-printed electrodes in wearable 
devices15,16. Finally, in Chapter 5 of this thesis has been already described a method to 
turn conventional cotton yarns into ion-selective electrodes using carbon nanotubes 
and polymeric membranes17. These approaches provide interesting paths to build 
fully wearable sensors incorporated into garments that will eliminate the troublesome 
sampling step. 

From lab-based to portable devices, and from portable to fully embedded sensors, 
there is a clear trend towards the incorporation of devices into objects to generate 
chemical information. This trend responds to the growing needs to generate 
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analytical systems that are not only robust, but that also adapt to the end-user’s needs, 
eliminating any complicated steps and disruptions to the routines. For this reason, an 
approach that is gaining considerable momentum in this field is the epidermal 
integration of the sensors through temporary tattoos. Rogers et al. reported the 
development of an electronic epidermal platform to monitor several physiological 
parameters, including temperature, heart rate and brain activity18. Wang‘s team 
developed tattooed screen-printed electrochemical sensors to monitor several 
environmental and physiological parameters. These “epidermally integrated” 
amperometric platforms were used to detect molecules such as TNT19, lactate20 and 
more recently a tattooed potentiometric platform to monitor epidermal pH21. 

 The present work demonstrates the development and characterization of a 
tattooed potentiometric cell to monitor ammonium in sweat. A screen-printed 
temporary-transferred tattoo paper is prepared using an ammonium-selective 
polymeric membrane (based on the nonactin ionophore) and a solid-state reference 
electrode. Thus, the work combines the previously reported advantages of the 
tattooed electrochemical sensors19, with the unique features of solid-state 
potentiometric sensors, such as extremely low-power consumption, simplicity of 
operation and wide linear dynamic ranges (among many others).  

Additionally, this work illustrates the use of the solid-state reference membrane 
developed in Chapter 4 in a wearable device without the need to incorporate redox 
species (Ag0/Ag+) in the cocktail. The combination of this polymer with saturated 
NaCl forms nanopores on the surface that allow to the generation of a stable phase-
boundary interface between membrane and solution22. The resulting tattoo sensor 
shows good stability and Nernstian response over 3 orders of magnitude (10-4 to 10-1 
M). Both the construction and operation of the sensor are described, and factors 
affecting the analytical performance are discussed. Such combination of the epidermal 
integration, screen-printed technology and potentiometric sensing shows an 
attractive path towards the full integration of chemical sensors in several areas, such 
as telehealth or the improvement of sport performance. 

 

6.2 EXPERIMENTAL 

6.2.1 Membranes preparation 

Solid-state reference membranes were made using a 10 wt. % polyvinyl butyral 
(PVB) in methanol solution containing saturated NaCl. The cocktail was made by 
dissolving 78.1 mg of PVB and 50 mg NaCl in 1 ml of methanol. The composition of 
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this membrane is similar to the described in Chapter 4, although in this case AgNO3 
was not added since a layer of Ag/AgCl is screen-printed before the deposition of the 
membrane.  

The ammonium-selective membrane contained 0.2 mg of nonactin, 69.0 mg of o-
NPOE and finally 30.8 mg of PVC. The membrane was prepared by dissolving 100 mg 
of all the mixture in 1 ml of THF.  

6.2.2 Potentiometric screen-printed tattoos 

The construction of the screen-printed tattoo platform is well described in the 
literature20,23,24. In short, stencil patterns were designed in AutoCAD (Autodesk, San 
Rafael, CA) and outsourced for fabrication on 75 µm thick stainless steel stencils 
(Metal Etch Services, San Marcos, CA). A separate stencil pattern was developed for 
each layer (Ag/AgCl, carbon and insulator). An MPM-SPM semiautomatic screen-
printer (Speedline Technologies, Franklin, MA) was utilized for the printing process 
of the substrates. 

In order to increase the tensile strength of the printed electrodes, 0.04% chopped 
carbon fibers (CFs) (0.5 mm length) were dispersed into the inks and homogenized 
thoroughly24. 

A4-sized sheet of temporary transfer tattoo paper (Papilio, HPS, LLC, Rhome, TX) 
was used as a substrate.  

The construction of the tattoo consisted on several steps. First, a transparent 
insulator layer is printed on a tattoo paper sheet to facilitate the release in the last step. 
Thereafter, Ag/AgCl, carbon and insulator layers are printed above, letting them cure 
for 15 minutes at 90oC between each layer. At the end of the process, tattoos were cut 
into individual tattoos for a single use (Figure 6.1a).  

To turn screen-printed sensors into potentiometric electrodes needed to 
incorporate both the RM and ISM. To do so, a total of 5 µl of the RM were deposited 
onto the Ag/AgCl layer and let it dry overnight. While the reference is being dried, the 
ISM can be deposited onto the carbon layer. The total amount of ISM was 15 µl, 
applied in steps of 5 µl each (see Figure 6.1b). All the experiments with screen-
printed tattoos were carried out without any previous conditioning of the 
membranes.  
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Figure 6.1. Layer-by-layer fabrication of the potentiometric tattoo sensor. a) The process starts by 
adding a release layer in a tattoo paper sheet. Ag/AgCl, Carbon and insulator layers are screen-
printed onto the release layer to get the flower tattoo. b) Both reference and ion selective membranes 
are deposited onto the electrodes area. 

 

6.3 RESULTS AND DISCUSSION 

6.3.1 Characterization of the sensor 

The performance of the new ammonium potentiometric tattoo sensor was 
evaluated by recording the electromotive force (EMF) upon changes of activity of the 
analyte by using standard solutions of varied concentrations. It must be mentioned 
that both reference and working electrodes were not conditioned before starting the 
calibrations, although it is very well known that the first contact of solution with the 
reference membrane and the ion-selective membrane is very important25 for the 
performance of these types of sensors, leading to need an stabilization time before 
starting measurements. Previous studies have shown that an all-solid-state reference 
electrode can be developed using a PVB polymer in combination with a cocktail of 
salts (NaCl and AgNO3)22. An improvement to this approach has been introduced in 
this work by taking advantage of the screen-printed layer of Ag/AgCl that forms part 
of the tattoo. Thus, a layer of the reference cocktail composed only by the PVB 
polymer and saturated NaCl is drop-casted on the reference petal (see methods for 
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the composition of the membrane). The results of this work demonstrate that this 
platform can be also used as a reference electrode.  

Calibrations of the tattoo-sensors were performed by recording the EMF versus 
the time and changing the activity of ammonium (Figure 6.2) by adding drops of 
solution on top of both electrodes. The results show that the tattoo-sensor offers a 
relatively fast change of EMF upon changing the activity, reaching the steady-state 
response in about 5s.   

Such response time seems appropriate for monitoring physiological parameters, 
since the change of ammonium concentration during sweating is progressively 
increasing whenever the body starts burning proteins instead of carbohydrates (due to 
the depletion of sugars when changing from aerobic to anaerobic state2,3). This tattoo 
sensor shows a linear range from 10-4M to 0.1M with a Nernstian slope of 59.2 ± 0.3 
mV/log aNH4 (5.21% RSD, n = 5) (see inset in Figure 6.2). This range covers the typical 
ammonium levels in sweat6. The calculated limit of detection is 10-4.9M, which is 
comparable to the values reported by previous studies using a similar ion-selective 
membrane26.  

Selectivity is another important parameter to evaluate, since sweat is usually rich in 
other ions, such as K+, which is known to be interference for the ISE determination of 
ammonium27. Selectivity values were calculated by separate solution method (SSM) 
for the two most abundant cations in sweat, namely Na+ and K+. The results can be 
seen in Table 6.1. 

 
Figure 6.2. Potentiometric time trace upon changes of ammonium concentrations. Inset: EMF 
dependence vs. log (aNH4+) for nonactin-based membranes. 
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Table 6.1. Selectivity values obtained experimentally and in literature for the nonactin-based 
polymeric membrane. 

Analyte Log KNH4Y* Log KNH4Y23 

K+ -1.8 -1.6 
Na+ -2.9 -2.6 

*Results obtained in this work. 

 

The data show that the performance of the tattoo-ISE is very close to conventional 
electrodes. Typical values of K+ in sweat fall within the 0.2 to 6 mM range and for Na+ 
from 10 to 40 mM28, requiring values of -1.8 and -2.6, respectively. Considering NH4

+ 

levels in the 0.1 to 1 mM6 range, these constants suggest that the problems of 
interferences should not be a serious issue. 

The repeatability of the response of a single sensor was evaluated by performing 
several calibration plots. The results for 5 repetitions yielded an average slope value of 
58.7 ± 0.8 mV/log aNH4 (1.4% RSD) and an intercept of 317 ± 3 mV (0.9% RSD). 
Additionally, several experiments were conducted in order to evaluate the 
reproducibility of the response for different tattoo-sensors. In this case, the response 
of 5 different tattoos was evaluated yielding a slope value of 57.5 ± 1.4 mV/log aNH4 
(2.38% RSD) and an intercept of 489 ± 35 mV (7.14% RSD).  

From both analytical and practical perspectives, these values evidence some of the 
most attractive features as well as some limitations of the proposed approach in real 
scenarios. First, one of the most interesting features of potentiometry is the inherently 
constant value of the sensitivity (i.e., the Nernstian response). This is an interesting 
feature for decentralized measurements (i.e., determinations performed at large scale 
outside the lab), since having a method with a known sensitivity that is virtually 
independent of the operational parameters reduces the complexity of operation and 
the uncertainty of the results. Corrections in temperature factor should be considered 
in the future when developing real applications. It should be stressed, however, that a 
change from lab temperature (25 0C) to body temperature (approximately 37 0C) 
should give according to Nernst equation a variation of about 4% in the slope, which 
is close to the experimental error previously described.  

Another important factor is the variability of the intercept, which is a common 
problem in wearable potentiometric devices that needs to be overcome by calibration. 
Rius-Ruiz et al. demonstrated that a single point calibration was enough in these cases 
to provide reliable results29. Whether this calibration can be performed at the final 
stage of the manufacturing process and can be reliably used later depends on the shelf 
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stability of the sensors and other type of assessments that go beyond the scope of this 
work. Note that the reproducibility of the intercept reported above was calculated for 
different tattoos made within the same production batch. Larger values are obtained 
when comparing different batches. 

Because of the progressive increase of ammonium when sweating, it is important 
to test the changes on the response of the electrode when ammonium activity 
fluctuates, in order evaluate hysteresis effects (carry-over test) when ammonium 
fluctuations are taking place. To study this effect, tattoo sensors were subjected to 
successive changes in the ammonium concentrations without any conditioning or 
rinsing the devices between changes of the solutions. Figure 6.3a shows the results of 
this carry-over test to ISE sensors by using solutions of alternating ammonium 
concentrations. Additionally, a similar test was performed using a conventional filter 
papers soaked with solutions of different concentrations, in an attempt to mimic the 
skin and the fluctuations of ammonium in sweat (Figure 6.3b). This carry-over test 
was repeated several times until a more reproducible and stable EMF pattern was 
obtained due to, in part, the use of non-conditioned membranes. This phenomenon 
may be, in part, due to the reference electrode, which also needs to be stabilized in 
contact with a solution, as reported earlier22. This carry-over test demonstrates the 
viability of using these sensors when rapidly fluctuating ammonium levels take place. 
Also, the reproducible pattern obtained with the soaked filter paper suggests a 
potential way to pre-calibrate or validate the sensor response in a simple way in future 
practical applications. It should be noted that when the electrodes are in contact with 
the soaked paper, a slightly slower response time for the system is obtained, especially 
at higher concentrations (see Figure 6.3b). For that reason there is an apparent drift 
at higher concentrations, which disappears once the signal has reached the steady 
state. 

A key feature of wearable devices is the ability to work under rough conditions, 
particularly under mechanical stress, without significantly affecting the response. This 
is particularly true for sensors worn on the skin, which can be deformed during their 
use. Stretching and bending tests of sensing tattoos applied to a GORE-TEX textile 
that mimics the skin have been reported in previous studies20. This test is particularly 
relevant in real applications, such as monitoring sport performance of athletes during 
exercise, when extreme and repeated movements of the muscles are common. In 
order to test the stretching effect, the textile containing the tattoo was anchored 
between two forceps that move away up to 5 mm, at speed of 1 mm/s (Figure 6.4a). 
This process was repeated up to 40 times, calibrating the sensor after every 10 
stretching cycles from 10-5 to 0.01M (see Figure 6.4b).  
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Figure 6.3. Carry-over test with 10-4, 10-3 and 10-2 M (3, 2 and 1, respectively) solutions with the 
potentiometric tattoo sensor. a) Test with the sample solution in contact with the electrodes, b) Test 
with a filter paper soaked at different concentrations and placed on top of sensor. 

 
Figure 6.4. Effect of mechanical stretch of the tattoo potentiometric sensor. a) Tattoo applied on 
GORE-TEX and being stretched. b) Right: Calibration curves from 10-5 to 10-2 M at each 10 stretches.  

The results show a final sensitivity of 60.1 ± 1.4 mV/log (2.3% RSD) and an 
intercept of 411 ± 4 mV (6.9% RSD). It has to be noted that in this case it was not 
possible to stretch more times since the tattoo presents a more delicate part in the 
reference electrode which is damaged after 40 times, leading to a non-Nernstian 
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response. Future efforts, focusing on the design, materials and manufacturing process, 
may help to improve durability of the sensors under these stringent mechanical 
deformations. 

In a different experiment, the bending was tested anchoring once again the GORE-
TEX textile between the two forceps, but in this case twisting back and forth the 
textile at angles close to 180o (Figure 6.5a). This test was repeated up to 100 times, and 
calibration of the sensor was performed after 10 bending cycles (see Figure 6.5b). In 
this case, the sensitivity obtained was 59.2 ± 1.5 mV/log (2.6% RSD) and an intercept 
of 408 ± 12 mV (3.0% RSD). Therefore, in this case it is clear that the tattoo is not 
affected by any bending process after 100 times. The baseline shifting in both figures 
(Figures 6.4b and 6.5b) is due to the conditioning processes (as in the case of carry-
over test). The baseline is always more reproducible after calibrating the sensor many 
times (except in the case of stretching, where the sensor was broken). All these results 
provide useful information when developing procedures for the use of these devices 
in real scenarios, since the locations in the body where to monitor sweat will be 
differently affected by the movement of the muscles. Tests where measurements were 
performed during the stretching/bending were not performed in this work. Future 
work including these types of measurements could be interesting to evaluate their 
effect on real-time monitoring. 

 
Figure 6.5. Effect of mechanical bend of the tattoo potentiometric sensor. a) Tattoo applied on 
GORE-TEX and being bended. b) Calibration curves from 10-5 to 10-2M at each 30 bends. 

6.3.2 On-body testing 

Once the sensor is completely characterized and its performance has been shown 
to be well within the sweat physiological range, preliminary experiments were 
performed testing the sensor directly on the skin. In this work the tattoo sensor was 
only placed on the shoulder (in order to avoid sharp movements, see Figure 6.6a) of 
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several volunteers doing physical activity at different levels. Once placed directly on 
the skin, the sensor shows some practical problems, particularly regarding the contact 
between the electrodes. In order to solve those issues, small changes to adapt the 
sensor were performed. First, two strips made of Kapton® (an electrically insulating 
polyimide film widely used in flexible electronics) were placed on both sides of the 
tattoo. This creates a “path” where sweat is able to flow through keeping the electrical 
contact between both electrodes through the solution. Additionally, a filter paper at 
the end of the path is used as a ‘sink’ to retain sweat while facilitating the flow (see 
Figure 6.6b). This design of the electrochemical cell provides a path where sweat can 
flow through, to ensure a proper sensor operation, even when volunteers have higher 
sweat rate. 

 
Figure 6.6. On-body screen-printed ammonium potentiometric tattoo sensor. a) Sensing tattoo 
placed on the shoulder. b) Final design of the tattoo in order to facilitate a path where sweat can flow. 
Left: Scheme of the fabrication of the path: A is the filter paper; B is Kapton and C connections. 
Right:  Overview of the tattoo placed on the skin: A is the filter paper, B is the Kapton (transparent) 
and C is the connections (with PET carbon). 

The sensor is calibrated at least 3 times before the modification with the path and 
place onto the skin. In order to place the tattoo on the skin, wires in contact with 
carbon ink screen-printed onto polyethylene terephthalate (PET), cured at 90oC for 
15 min, only in one side are used. These carbon connections were attached to the 
tattoo with silver conductive epoxy and covered with an insulating commercial ink to 
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avoid the contact of sweat with the connections. To ensure a proper attachment of the 
tattoo, an extra adhesive tape is placed on the skin. This allows both electrodes to be 
in good electrical contact with the tattoo without interfering with the measurements.  

In the experiment, a stationary cycling routine of 30-min exercise, with 3 min of 
cooling down and 3 min more of a complete stop were used. Each volunteer ingested 
mineral water during the exercise and either increase the load while cycling or 
sprinting every 5 min to force the body to come into an anaerobic state. 

The results of these experiments are displayed in Figure 6.7. First, a noisy signal 
due to the movements and the effect of having the sensors dried is observed. This 
noise is reduced as the sweat starts closing the electrical contact between the 
electrodes. 

Once the volunteer starts sweating, the noise level is reduced down to levels of less 
than 0.5 mV (standard deviation of the baseline). In all the tested volunteers, the 
values obtained fall within the range of 0.1 to 1 mM NH4

+, which is close to the 
expected normal range6. When the subject starts sweating, an increase of the levels of 
ammonium can be seen when the subject is increasing the load without any sprint 
(Figure 6.7a) and an increase of the signal while exercising due to increasing the 
speed every 5 min (Figure 6.7b). This correlates with the switch from aerobic to 
anaerobic states. Future efforts will test the sensor at longer sprints, different speeds 
and different diets.  

For on-body tests, larger version of the tattoo was used in order to avoid the 
damage of the sensor while exercising as it was observed previously in the stretching 
test and even in the initial trials of on-body tests since a sharp drop of potential was 
observed while the volunteer was exercising on the cycle. 

 

6.4 CONCLUSIONS 
This chapter has explored the development of a new solid-state tattoo 

potentiometric cell to monitor ammonium (NH4
+) in sweat in real-time by combining 

screen-printed technology on a temporary transfer tattoo. This cell design introduces 
improvements to a polyvinyl-butyral (PVB) solid-state reference membrane that is 
used for the first time on a wearable device. The performance of this new sensor is 
comparable to conventional potentiometric electrodes, and it allows NH4

+ sensing in 
sweat at physiological levels. This cell design does not show hysteresis effects and it 
presents extremely good resistance to mechanical stress.  
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Figure 6.7. On-body ammonium real-time data obtained from a human volunteer. The stable section 
corresponds to the onset of sweat of the volunteer. a) Subject only increasing the load. b) Subject 
sprinting every 5 minutes. 

Preliminary results suggest that this ISE-tattoo can sense the change from aerobic 
to anaerobic state of subjects performing intensive exercise. While further tests are 
needed to fully exploit and validate the new epidermal ammonium sensor, the device 
opens new avenues in monitoring sports performance, healthcare, etc. Such coupling 
of the epidermal integration, screen-printed technology and potentiometric sensing 
represents an attractive path towards non-invasive monitoring of a variety of sweat 
electrolytes.  

Therefore, the field of wearable chemical sensing is gradually increasing with the 
introduction of new potentiometric devices, as previously demonstrated in Chapter 5 
with potentiometric cotton yarns and in this chapter with screen-printed tattoos. Both 
of these works have principally been focused on monitoring electrolytes on sweat and, 
thus, the next challenge would have to be focused on the development of sensors for 
healthcare to monitor electrolytes clinically relevant in other biological fluids.  
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SUMMARY 
The idea of developing wearable chemical sensors is to address existing, latent and 
future social needs. In this chapter we explore a latent need through the development 
of a novel wearable electrochemical sensor for monitoring pH of wounds. The device 
is based on the judicious incorporation of a screen-printed pH potentiometric sensor 
into bandages. The fabrication of this sensor, which uses an electropolymerized 
polyaniline (PANi) conducting polymer for pH sensing, combines the screen-printing 
fabrication methodology with all-solid-state potentiometry for implementation of 
both the reference and working electrodes. The pH bandage sensor is analyzed over a 
physiologically relevant pH range, along with a discussion in the selectivity in 
presence of physiological levels of most common ions and carry-over effect. Resiliency 
against mechanical stress is also discussed throughout this chapter. Finally, an in 
vitro performance of the device was successfully evaluated using buffer solutions 
emulating the composition of a wound. These novel pH-sensitive bandages facilitate 
new avenues towards the realization of telemedicine. 
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7.1 INTRODUCTION 
Following the line of this part of the thesis, after being embedded chemical sensors 

on cotton yarns as well as on screen-printed tattoos, another substrate ideal to 
incorporate chemical sensors is on bandages. Due to the urgent need in reducing 
costs in the healthcare system and make it affordable worldwide, there is a gradual 
increase in the development of suitable wearable and disposable sensors1,2. In this 
chapter, a contribution to simplify the current healthcare system is intended with the 
development of a pH sensitive bandage for monitoring wound healing.  

Wounds present a unique set of healthcare concerns that place a significant 
burden on the patient, and entails significant costs for the healthcare provider, 
especially when such wounds become chronic and fail to heal properly. Diabetic foot 
ulcers (DFU), which is a dramatic failure of wound healing, has long been a major 
concern in light of the increasing prevalence of diabetes3. What is more, estimations 
in the number of patients suffering from DFU by 2030 have set an increase up to half 
a billion worldwide4. Therefore, there is a clear demand for a low-cost system in order 
to aid clinical decision-making of chronic wounds, heavily reliant on a vast array of 
variables. The challenge is consequently the design of smart materials with sensing 
capabilities to the healing process, such as adhesive bandages widely used for 
protecting wounds from debris and adhesion and ensuring a moist, unperturbed 
environment in order to be conducive to rapid healing processes5,6.  

Wound monitoring can be followed-up by examining both physical and chemical 
markers. Microbial growth is a major source of concern that has motivated the 
development of approaches - such as fluorescent dyes7, anodized porous silicon8, 
temperature9 and pH10 - to monitor the activity of bacteria during the healing process. 
Monitoring the pH of a wound has been the focus of several recent studies11,12, since 
pH shifts at the wound site can provide useful information regarding wound 
evolution. While the pH of healthy skin is slightly acidic (approx. 5-5.5), an infected 
wound shows neutral or slightly basic (7-8.5) pH due to the presence of different 
types of enzymes and bacteria11. Interestingly, while evidence strongly suggests a 
correlation between pH and wound healing, the underlying relationship is still 
unclear. It is believed that different pH values may benefit healing at different stages10, 
but the lack of suitable tools that can provide information at large scales is still a 
major limitation to unveil this relationship. 

Considerable developments in the recent years have been carried out largely in 
response to the limitations of the traditional glass potentiometric systems13,14. Several 
platforms have been proposed in recent years for sensing pH in wounds15–19. 
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Puchberger-Enengl et al. developed a miniaturized optical reflectance sensor to 
monitor pH of wounds by immobilizing dyes on a organically modified silicate15. 
Also, a disposable screen-printed pH voltammetric sensor for point-of-care (POC) 
applications, based on pH-dependent changes of the cyclic voltammetric response of 
uric acid present in the wound fluid, has been recently reported16. The development of 
textile-based sensing devices capable of pH monitoring represents a major progress 
within this field. A pH-indicator dye coupled to Raman spectroscopy17 and pH-
responsive hydrogel in a multi-layer coated fiber using impedance spectroscopy18 
have been reported. Diamond et al. developed a wearable patch to monitor pH using 
spectroscopic techniques19. 

Evidently, to be usable in real-life scenarios, wearable sensing platforms need to 
combine suitable analytical performance with practical aspects such as simplicity of 
operation, low-cost and compact size. As it was discussed before, owing to various 
attractive properties, electrochemical techniques are ideally suited for building 
wearable sensing platforms. As already mentioned before, both Diamond et al. and 
Wang et al. have pioneered the development of electrochemical wearable sensors on 
patchs20, bandages21, underwear22, wetsuit23 and more recently in tattoos24. In this 
thesis, for example, in Chapters 5 and 6 have been described the development of 
potentiometric cotton yarns and screen-printed tattoos, respectively. Besides, a 
chemi-resistor immunosensor using carbon nanotubes-based cotton yarns with 
immobilized antibodies was aimed by Kotov et al.25 Tarabella et al. have recently 
developed a cotton fiber functionalized with poly(3,4-ethylenedioxythiophene) doped 
with poly(styrene sulphonate) (PEDOT:PSS) as an electrochemical transistor to sense 
the saline concentration of human sweat26. A recent comprehensive review on 
wearable electrochemical sensors27 indicates that there has been an increasing number 
of studies dealing with this rapidly emerging topic. However, flexible electrochemical 
pH sensors incorporated into medical textiles have not been yet reported.  

This work describes the development and analytical characterization of a novel 
wearable potentiometric pH cell embedded into an adhesive bandage for real-time 
monitoring pH changes in a wound. A set of screen-printed silver electrodes on a 
commercial adhesive bandage has been modified to act as a potentiometric cell. The 
reference electrode is partially constructed from polyvinyl butyral polymer (PVB)28 
and the working electrode consists of electropolymerized polyaniline (PANi), a 
material whose ability to monitor pH based on the transition between emeraldine salt 
(ES) to emeraldine base (EB) has previously been demonstrated29–31. Thus, combining 
the advantages of screen-printing technology and solid-state potentiometry, a simple, 
robust, nearly free maintenance and low-cost bandage-based wearable pH sensor has 
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been obtained. The sensor exhibits Nernstian sensitivity over the 4.35-8.00 pH range, 
well within the physiological range of interest.  

7.2 EXPERIMENTAL 

7.2.1 Preparation of solutions 

Solid-state reference membranes were made using a 10 wt. % polyvinyl butyral 
(PVB) in methanol solution containing saturated NaCl, as described in Chapter 6. The 
cocktail was made by dissolving 78.1 mg of PVB and 50 mg NaCl in 1ml of methanol. 
McIlvayne’s buffers were prepared by mixing various amounts of 0.2M Na2HPO4 with 
0.1M citric acid as reported earlier32. Simulated wound samples were prepared by 
mixing human serum samples with McIlvayne’s buffers in a 1:1 ratio to finally obtain 
human serum at different pH. Poly(ethylene glycol) (PEG) hydrogel was obtained via 
UV curing (365 nm) PEG (20% wt.), Ciba IRGACURE 2959 photoinitiator (2% wt.) 
and SW pH 7.7 buffer (78% wt.). 

7.2.2 Electropolymerization of aniline 

The electropolymerization of aniline has been already reported elsewhere33. In 
short, it consisted on a three-electrode cell using a Ag/AgCl (1M KCl) reference 
electrode and an external Pt wire as counter electrode, along with the working 
electrode where polyaniline is polymerized. The process starts by an electrochemical 
cleaning step with 10 cyclic voltammetric (CV) scans in 0.5M HCl (40 µl). The 
potential window was from -0.3V to 1.1V vs. Ag/AgCl at a scan rate of 0.1 V·sec-1. The 
next step was to electropolymerize aniline with a solution of 0.1M aniline in 1M HCl 
by cyclic voltammetry from -0.2V to 1.0V vs. Ag/AgCl at 0.1 V·sec-1. 40 µl of aniline 
solution were deposited onto the working electrode area and 12 CV cycles were first 
performed with the aniline solution, and finally the solution was replaced to another 
new aliquot of the same solution (40 µl), followed by 12 CV more cycles. Therefore, a 
total of 24 CV cycles were necessary to modify the electrode area from the bandage 
working electrode surface.  

7.2.3 Potentiometric screen-printed bandages 

Stencil patterns were designed in AutoCAD (Autodesk, San Rafael, CA) and 
outsourced for fabrication on 75 µm thick stainless steel stencils (Metal Etch Services, 
San Marcos, CA). A separate stencil pattern was developed for each layer (Ag/AgCl, 
carbon and insulator). An MPM-SPM semiautomatic screen-printer (Speedline 
Technologies, Franklin, MA) was utilized for the printing process of the substrates. 

In order to increase the tensile strength of the printed electrodes, 0.04% chopped 
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carbon fibers (CFs) (0.5 mm length) were dispersed into the inks and homogenized 
thoroughly34. 

Commercial adhesive bandages (8 x 2 x 0.2 cm) were purchased from a local 
pharmacy. The bandages can be used without further modification to serve as a base 
substrate for screen-printing. The process consisted on firstly printing a transparent 
dielectric insulator onto the cellulose pad to cover the area where the electrodes would 
be screen-printed. Afterwards, conductive traces that defined the electrode underlayer 
were made with Ag/AgCl conductive ink. Thereafter, carbon and insulator ink were 
screen-printed to define the working electrode and to shield the conductive tracks in 
order to only expose electroactive areas and the contact pads with the measuring 
instrument (see Figure 7.1).  

 
Figure 7.1. Fabrication process to create the pH-sensitive bandage. a-d) UV-insulating layer is 
printed, followed by a Ag/AgCl and a carbon layer, and finally an insulating layer with skin-like 
color. e) Images displaying the printed potentiometric sensor on an adhesive bandage. 
Electropoymerization of PANi onto the printed carbon working electrode (circle) and deposition of 
PVB-based reference membrane. 

The procedure is similar to tattoo-based potentiometric electrodes, although in 
this case, firstly, the trace for the reference electrode was covered with an adhesive 
tape to electropolymerize polyaniline (PANi) (detailed in section 7.2.2) on the 
working electrode area. After air-drying of PANi, the adhesive tape of the reference 
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trace was gently peeled off and 2.5 µl of reference membrane were drop-casted onto 
the reference area, and finally allowed to dry overnight (Figure 7.1e). 

 

7.3 RESULTS AND DISCUSSION 

7.3.1 Characterization of the sensor 

The new pH bandage sensor was evaluated employing standard McIlvaine’s 
buffers. Unlike previous wearable pH sensors that have been reported in the 
literature35, the sensors in this work were never pre-conditioned. This simplifies the 
fabrication protocol, which is usually an issue for the use of potentiometric sensors 
outside the lab. It is well-known, furthermore, that the initial contact between the 
sensors and the solution is a crucial step36. In this work, the stabilization time for this 
initial contact was less than a minute.  

The performance of the pH-sensitive bandage was evaluated by recording the EMF 
for solutions with varying pH levels employing McIlvaine’s buffers (whose pH value 
was previously measured using a pH meter). To calibrate the sensor, 100 µL of the test 
solution was cast on the surface of the electrodes (covering the whole area) and the 
EMF was recorded until a stable measurement was obtained. Thereafter, the solution 
was removed and any residue was gently cleared from the surface; the next solution 
was subsequently added. Figure 7.2 displays a time trace and a calibration plot 
obtained by monitoring the EMF reading from the bandage sensor. The pH was 
varied over a wide range, although it is worth noting that this work is concerned with 
physiologically relevant values for wound monitoring where pH values lie between 5.5 
to 811. The sensor exhibits a Nernstian response of 58.0 ± 0.3 mV·pH-1 (see inset 
Figure 7.2) in the presence of pH values in the 4.35 to 8 range (N=5). After adjusting 
the pH, the sensor yields a stable signal in less than 20 seconds. This time scale is fast 
enough to monitor progressive changes of pH for wound healing, since these 
processes usually take days to weeks37. 

The use of PANi to monitor pH has already been reported38 and, in combination 
with other materials, it has been shown that the pH range can be modified leading to a 
very wide dynamic pH operational range30. Previous studies have demonstrated the 
lack of interference from organic molecules, proteins and even enzymes39,40. For the 
present application, it is important to evaluate the integrated device in the presence of 
interference from ions present in wounds (Na+, K+, etc) as well as from processes such 
as anion-exchange with the Cl- doped anions introduced during the 
electropolymerization process. The selectivity was calculated using the Separate 
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Solution Method (SSM) for different cations and anions. The results are shown in 
Table 7.1. 

 
Figure 7.2. Potentiometric time trace of a pH bandage sensor from pH 8.51 to 2.69. Inset: EMF 
dependence vs. pH units for the PANI conducting polymer ISE. 

Table 7.1. Selectivity values calculated by the SSM method for the PANi conducting polymer. 

Ions (Y) Log KHY (n=3) 
Na+ -7.6 ± 0.5 
K+ -7.2 ± 0.7 
Cl- -9.4 ± 0.6 

SO4
2- -9.0 ± 0.5 

Typical values of Na+ in serum and body fluids are on the order of 100 mM, while 
K+ ionic concentration is typically in the vicinity of 5 mM41. Therefore, from the 
selectivity values presented in Table 7.1, none of these ions are expected to seriously 
interfere in the accurate evaluation of pH level. Regarding the anions, it has been 
reported that SO4

2- is practically the only anion able to partake in ion exchange with 
Cl- in these types of membranes39. Therefore, evaluating other anions was considered 
unnecessary.  

Since a crucial feature of this sensor must be the ability to monitor fluctuations in 
pH, additional experiments were executed in order to evaluate the dynamic behavior 
of the sensing bandage, particularly regarding hysteresis effects. To do this, the sensor 
was evaluated by adding solutions of different pH values, sequentially, with no 
cleaning or other treatment in the interim. The results of these experiments are 
provided in Figure 7.3a. The pH-sensitive bandage displays a nearly instantaneous 
response to changes in pH, proving a fast and reversible transition between 
emeraldine salt (ES) to emeraldine base (EB). Also, a very little cross-contamination 
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between measurements is observed, which is reflected in the low variance for different 
cycles. Typically, 5 measurements of the same pH value across these cycles yielded a 
1.9% RSD, with no particular trend. It should be pointed out that these experiments 
were performed within a more clinically relevant pH range.  

 
Figure 7.3. a) Carry-over evaluation of the pH-sensitive bandage sensor over the 7.47 to 5.36 pH 
range. b) Repeatability of a pH sensor within the pH 7.47 to 2.69 range. 

    Repeatability as well as reproducibility of the new pH bandage sensors are also 
very important parameters. The repeatability was tested by performing several 
calibrations using the same sensor (see Figure 7.3b). The results of 5 consecutive 
repetitions yield a sensitivity value of -56.0 ± 0.4 mV/pH (0.72% RSD) and an 
intercept of 299 ± 7 mV, with no particular trend in any of these values. On a separate 
experiment, 5 different pH-sensitive bandages were calibrated 3 times each in order to 
ascertain reproducibility. The results obtained in this experiments were a -55.4 ± 0.4 
mV/pH (0.66% RSD) slope and a 310 ± 19 mV intercept. Clearly, no significant 
statistical difference between slopes was found. The intercept always exhibits a higher 
degree of uncertainty, since, as clearly reflected by the data, the manufacturing 
process had a major effect on its value. The electropolymerization processes help to 
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reduce the uncertainty, however there still remains a limitation introduced by the 
reference membrane. Indeed, the reference membrane is always drop-cast, and for 
that reason this source of variability cannot be controlled. In any case, the results 
obtained indicate that with some further optimization of the manufacturing process 
(and additional studies on shelf life), these bandage-based sensors could, at some 
point, become calibration-free (i.e., factory calibration of a batch would be sufficient). 
This would serve as a noteworthy advantage for decentralized measurements. 

Another practical factor that must be assessed when dealing with wearable sensors 
is the ability to withstand harsh environmental conditions, particularly mechanical 
stress. For this work, it is assumed that most of this stress originates from bending the 
device, since twisting or sharp movements are not expected at a wound site. The 
impact due to bending on the analytical performance of the device was evaluated by 
flexing the sensor and then releasing the device to return to its unperturbed state for 
100 iterations in total (cycles were distributed in increments of 10 flexions, see Figure 
7.4a). Subsequent to each cycle, the sensor was calibrated over the pH range from 4.18 
to 7.99. Figure 7.4b shows the potential time traces obtained after each 20 bends to 
simplify and clarify the plot. The results display an average slope of -58.5 ± 0.7 
mV/pH (1.2% RSD) and an average intercept of 366 ± 6 mV (1.63% RSD). This data 
shows that bending the sensor has minimal impact upon its performance since the 
variability obtained is essentially the same as that obtained among different 
calibrations. This data further supports the robustness of this bandage platform to 
function as a robust and resilient pH sensor for wounds. 

 
Figure 7.4. Mechanical bending test of a pH bandage sensor. a) Image showing the actual bending of 
the sensor. b) Calibration curves from 7.99 to 4.18, each trace taken after 20 bends. 
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Additional studies were performed in order to characterize the performance of 
these bandage sensors when adapting them to practical scenarios. Sterilization is a 
common practice when objects are intended to be used in the clinical setting. 
Therefore, to evaluate the effect of a typical sterilization procedure, a set of three pH-
sensing bandages were prepared and subsequently autoclaved (120oC for 15 min). 
Table 7.2 and Figure 7.5 shows the sensitivity and intercept values before and after 
autoclaving and the potential traces obtained before and after autoclaving, 
respectively. Statistical calculations correspond to standard deviation of 3 consecutive 
calibrations. 

Table 7.2. Slope and intercept before and after autoclaving sensors. 

 Sensitivities (mV/pH) Intercept (mV) 
Sensor Before  After  Before After 

#1 -54.2 ± 0.1 -51.7 ± 1.2 263 ± 8 302 ± 12 
#2 -56.6 ± 0.1  -53.6 ± 1.0  246 ± 11 298 ± 16 
#3 -56.3 ± 0.2 -52.3 ± 0.6  227 ± 12 253 ± 22 

 

 
Figure 7.5. Potential time trace of a pH bandage before autoclaving and after autoclaving the sensor. 

The results show that the performance of the sensors is only slightly affected by 
exposure to the autoclave. The decrease in sensitivity and intercept could be ascribed 
to a morphological change in the structure of polyaniline (PANi). Larger changes are 
observed in the intercept. It should be noted that the glass transition temperature of 
PVB (near 80oC) is lower than the autoclave temperature. Therefore, some 
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morphological changes in the reference membrane might also have occurred and 
could affect the baseline level. In any case, it should be taken into account that the 
deviations are not extreme. Moreover, since the variation among this experiment 
exhibits reproducibility, a calibration of a batch should be sufficient. Also, it should be 
noted that mass production of these sensors could be produced under clean 
conditions (to avoid further sterilization). 

Another relevant factor for consideration pertains to the lifetime of the sensors. 
The analytical performance was investigated during 35 consecutive days with the 
sensor stored at ambient temperature (22oC) under dark conditions, and the results 
obtained are shown in Table 7.3 and Figure 7.6. The data suggests that a slight 
increase in the sensitivity (slope) of the sensor should be expected as a function of 
time. During the period under study, an approximately 4% increase in the slope was 
observed. This change might be due to the lack of previous conditioning steps. Thus, 
the results might indicate a further stabilization of the PANi membrane. However, it 
should also be considered that reproducibility among sensors might be of greater 
relevance than long-term stability, taking into account that bandages are normally 
replaced periodically to avoid infection.  

Table 7.3. Lifetime of the pH bandages. 

Time 
(days) 

Sensitivities 
(mV/pH) 

1 -56.8 ± 0.3 
15 -57.5 ± 0.1 
25 -58.7 ± 0.1 
35 -58.9 ± 0.5 

 
Figure 7.6. Lifetime of a pH bandage sensor. 
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7.3.2 Emulating wound monitoring 

Once the ability of the pH-sensitive bandages to detect pH fluctuations was 
corroborated, the following step aimed at evaluating the device under more stringent 
conditions emulating “real-life” scenarios. Human serum (HS) was first used due to 
its similarity with chemical environment in the vicinity of a wound42. Since the pH of 
HS is fixed around 7.4, the pH of the samples required proper adjustment. This was 
achieved by diluting the serum with McIlvayne’s buffers (1:1 ratio) to achieve HS 
samples at varying pH levels. After the pH of the conditioned HS samples was 
measured with a conventional pH meter, they were employed to evaluate the 
sensitivity and hysteresis exhibited by the pH-sensitive bandage sensors. A calibration 
plot was obtained by adding aliquots of the HS standards onto both electrodes on the 
pH-sensitive bandage; the electromotive force (EMF) was recorded with respect to 
time (see Figure 7.7a). The sensor exhibited a Nernstian behavior with a sensitivity -
57.9 ± 0.6 mV/pH (N=5) (see inset in Figure 7.7a). A wide pH range was evaluated to 
assess the proper operation of the sensors, as was the selectivity with respect to species 
present in HS and the stability of the device. Once again, the sensor was assessed for 
hysteresis by varying pH over three values. This study clearly demonstrated 
substantial similarity to the previous experiment employing only McIlvayne’s buffers 
(see Figure 7.7b).  

It should be noted that longer stabilization duration was observed during the first 
cycle. This was mainly due to the use of sensors that were not previously conditioned 
with HS standards, which is a complex matrix with numerous organic and biological 
compounds. Fortunately, the results substantiate that matrix composition does not 
seriously affect the performance of the sensors. The data exhibits a variance for all 
carry-over cycles (2.6% RSD) that is in correspondence with the results obtained with 
the buffers alone. This demonstrates the ability of the pH-sensitive bandages to 
monitor fluctuations of pH with respect to time directly in human serum.  

To further assess the ability of the sensor to dynamically monitor pH changes in 
wounds, a poly(ethylene glycol) (PEG) hydrogel - cured on top of both electrodes - 
was used to emulate a healing segment of tissue. The PEG hydrogel, initially prepared 
with HS and pH 7.7 buffer (ratio 1:1), formed a film that covered the entire electrode 
area. In order to adjust the pH of the hydrogel, a solution of HS at pH 4.5 (ratio 1:1) 
was added in successive aliquots. This maintained hydration at the surface of the 
hydrogel while facilitating diffusional transport through the substance. It should be 
stressed that, in the pH range under consideration, PEG is structurally and chemically 
insensitive to pH fluctuations43. A typical pH-time trace is displayed in Figure 7.8. 
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Figure 7.7. A: Calibration curve from pH 7.93 to 4.07 of a pH bandage sensor by employing 
simulated wound samples with different pH values. B: Carry-over test with simulated wound samples 
within the physiological range of pH values: 7.93 to 5.15. 

 

Figure 7.8. Real-time recording of pH changes over a 100-minute interval using a PEG hydrogel 
simulating the composition of a wound. 
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First, a sharp decrease in the pH is observed, which corresponds to the diffusional 
arrival of the new solution to the electrode surface. After 40 minutes, the pH settles at 
a value similar to the pH level of the solution that has been added. Evidently, the final 
pH of the added solution can be achieved once the hydrogel and the cell are rinsed 
completely. The corresponding EMF profile is shown in the inset of Figure 7.8. This 
study demonstrates that the new pH-sensitive bandage is able to detect pH 
fluctuations at a wound site at relatively long time intervals (up to 100 minutes), 
although wound healing process usually requires days to a few weeks to ensue37. This 
will require a good prolonged contact or proper replacement of the bandage sensor. 
Further studies must be performed to assess the behavior of the sensor at such longer 
temporal durations.  

 

7.4 CONCLUSIONS 
A new solid-state potentiometric cell incorporated into a bandage intended to 

monitor the pH level within wounds has been developed and characterized as a proof 
of principle. This pH-sensitive bandage offers a new and attractive way to monitor 
wound healing status by combining flexible screen-printed electrodes with recent 
developments in solid-state potentiometry. The bandage-based cell displays attractive 
analytical figures of merit in terms of sensitivity, linearity, selectivity and stability. 
Practical aspects, such as wide dynamic response, lack of hysteresis effect and 
resistance to mechanical stress are also of note. Evidently, the performance with other 
pH sensing membranes, as well as the use of alternative reference systems should be 
also explored. Although further work is still required to fully validate the sensors 
under practical scenarios and to address the intercept variability, this pH-sensitive 
bandage helps to materialize new avenues to embedding sensors in a simple, low-cost 
and robust fashion for the electrochemical assessment of wound healing. 
Additionally, the ion-selective electrode bandage concept will enable this platform to 
expand its capabilities to other electrolytes such as potassium, sodium or ammonium. 
The incorporation of low-energy, local area network wireless monitoring devices – 
such as radiofrequency identification (RFID) or Bluetooth® - will be an ideal route to 
fully exploit the advantages of this new wearable device. 

To sum up this part of the thesis, wearable chemical devices for the monitoring of 
sweat and wounds have been developed and widely characterized, leading to 
demonstrate the viability to implement them in a plethora of fields. The use of these 
sensors could facilitate the path towards chemical monitoring in the decision-making 
for sports and medical diagnostics. This thesis has largely then contributed to the 
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future of the wearable technology by applying the use of both nanotechnology and 
potentiometry.  
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SUMMARY 
This chapter takes a step back in the applications, and faces a different side of the 
challenge of developing chemical sensors: the synthesis of a new molecule receptor 
(ionophore), the generation of the sensor and the optimization of the analytical 
determination in real samples. Creatinine was chosen as the target molecule, since it 
is a highly relevant biochemical analyte. Since creatinine is among the most basic 
indicators of the health status of a person, monitoring its levels in biological fluids is 
an extremely common practice in healthcare worldwide. Current methods for its 
determination, however, present significant drawbacks when aiming to combine 
accuracy, simplicity and affordability. The work described in this chapter begins with 
the introduction of a new molecule (calix[4]pyrrole). First, it is shown that this 
molecule displays an enhanced and selective affinity for creatininium ions. This 
molecule is thus incorporated into a suitable polymeric membrane, acting as a 
receptor to build a highly sensitive and selective potentiometric sensor. In this chapter 
the description of a new ion-selective electrode for the direct potentiometric 
determination of creatinine in biological fluids in an accurate, fast, simple and cost-
effective way is presented. First of all, studies regarding supramolecular interaction 
are detailed. Secondly, the analytical performance of different receptors for creatinine 
is discussed, followed by a real sample determination of creatinine. Because of its 
multiple advantages, the potential of this approach to be used in growing areas -such 
as telemedicine and point of care- may have a significant impact on global 
healthcare.  
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8.1 INTRODUCTION 
Most of the work presented in previous chapters involved the development of 

wearable devices using selective membranes already known. Whether it was the 
development of sensing textiles or tattoos, the ionophores used were commercially 
available. There are many situations, however, where the existing ionophores are not 
good enough either in terms of sensitivity (limits of detection) or selectivity (and 
sometimes even both terms). In these situations, the analytical challenge is to find 
alternative approaches to improve the determination through modifications in the 
membrane composition. Although many different parameters can be tuned, the 
ionophore is a key component that plays a crucial role in the analytical performance 
of the ion-selective electrode (ISE). For this reason, in this part of the work, an 
extremely relevant determination that still presents a big problem in clinical analysis 
is considered.  

The work will be devoted to the determination of creatinine in biological fluids. 
The levels of creatinine in blood and urine are among the most fundamental 
physiological parameters used to evaluate the health status of a person1. Creatinine is 
constantly generated by the body as a metabolic byproduct, and since its 
accumulation is toxic for the cells it must be continuously removed by the 
bloodstream and excreted through filtration by the kidneys and excreted through 
urine. Creatinine levels are used to calculate the glomerular filtration rate (GFR), a 
magnitude used to assess the performance of the kidneys. Impairments of the kidney 
function are reflected by high blood creatinine levels, a situation that can become life-
threatening. For example, in chronic kidney failures, creatinine levels must be 
carefully and frequently checked, since they are used to determine when the 
haemodialysis treatment must be performed.  

Creatinine clearance is also required before many medical treatments, such as 
chemotherapy2,3. Additionally, in urine analysis, creatinine is used as normalization 
factor to minimize the variability due to volume dilution4,5. The literature deals with 
many more examples where the determination of creatinine in biological fluids and 
clinical samples is important. For this reason, the diagnostic and monitoring of a 
plethora of medical conditions –acute or chronic kidney failures, the onset and 
evolution of many diseases, infections, etc.– as well as the prescription of many drugs 
and medical treatments requires the evaluation of the levels of this molecule.2,3 All in 
all, the creatinine levels give support to a plethora of very relevant medical decisions 
worldwide. 
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Contrasting with this massive relevance, the methods used for the determination 
of this molecule still show significant drawbacks. Nowadays, one of the most widely 
used approaches is based on Jaffé’s method, which was developed more than 100 years 
ago which consists on a specific reaction under strong basic conditions between 
creatinine and picric acid that yields a coloured compound that can be measured 
colorimetrically at 505 nm6 (see Figure 8.1). The method is complex, tedious and 
shows several interferences, such as positive biased results with acetone, cefazolin, 
cefoxitin, ceftiofur and glucose and negatively biased values for acetoacetic acid, 
bilirubin and other lipids.  

 
Figure 8.1. Colorimetric Jaffé’s reaction based on the interaction between creatinine and picric acid 
at very strong basic conditions, leading a yellow-orange compound (creatinine picrate).  

Alternative enzyme-based essays with either colorimetric or electrochemical 
detection, which have become more common during the last decades, have overcome 
many issues but still show many analytical and practical problems7. Highly accurate 
results can be obtained using isotope dilution gas-chromatography (ID-GC-MS), but 
this approach cannot be applied in a large-scale routine lab, as it is expensive, requires 
complex instrumentation and suitable degree of expertise for the operation8,9. As a 
result, recent studies of creatinine values obtained in different labs have shown 
significant discrepancies.  

ISEs are a very attractive alternative, since they are already widely used in the 
routine clinical lab and are among the simplest and most robust approaches to 
monitor ion concentrations in body fluids10. Furthermore, the combination of the 
solid-state technology11 with the recent development of ultra-low cost paper-based 
devices,12 are opening new horizons for decentralized healthcare tools13. One of the 
main challenges for the successful development of ISEs, though, is the availability of 
“ionophores”, i.e., synthetic receptors whose ability to selectively bind the target 
molecule gives specificity to the determination. Because of the lack of suitable 
ionophores, past attempts to determine creatinine in real samples10 did not succeed. 
Bühlmann and co-workers introduced an ionophore-free ion-selective electrode by 
incorporating chloroparaffin as plasticizer for the direct determination of creatinine. 
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This sensor shows good performance in synthetic samples. However, when dealing 
with the determination of creatinine in real samples, they observed a serious fouling 
coming from electrically neutral lipids that affected the measurements4 and hindered 
the applications. To reduce this biofouling, a polymeric membrane with fluorinated 
compounds was proposed14. However, the selectivity obtained using these approaches 
is not enough for the determination of creatinine in real samples. 

Some of those approaches previously mentioned were used as an initial step to 
obtain a potentiometric sensor for creatinine, which are also described throughout 
this chapter. However, all those approaches did not succeed in the final determination 
of creatinine in real samples. Poor selectivity and high limits of detection did not 
allow a dilution of the samples that minimizes these drawbacks.   

This problem is overcome in this work, where a novel sensor for the simple and 
accurate determination of creatinine in body fluids is presented. A newly designed 
molecule that shows strong and selective affinity for creatinine is used as ionophore in 
an ion-selective potentiometric sensor. With Nernstian response, low limits of 
detection and the ability to determine creatinine in presence of high concentrations of 
other ions, the performance of this sensor is superior to any of the previously reported 
creatinine potentiometric sensors. The accurate analysis of real samples shows that 
this is a simple and powerful approach with potential to become an ultra-low cost 
healthcare tool.  

 

8.2 BACKGROUND 
The story of the development of the new potentiometric sensor for creatinine for 

this thesis started back in 2012, at the beginning of the PhD work. The aim of the 
work was to develop a sensor for a real need in wearable sensors for health 
monitoring, and it became obvious that creatinine was a good candidate, since it is the 
second most important biomolecule determined in the world (after glucose). Previous 
steps before having a reliable sensor have been valuable for learning the role and the 
nature of a polymeric ion-selective membrane by incorporating components of 
different lipophilicity. Those components tuned the membrane and changed the 
selectivity towards interfering ions such as K+ and NH4

+. Therefore, previous studies 
for the generation of a potentiometric sensor for creatinine were focused on already 
reported receptors, the synthesis of molecularly imprinted polymers (MIPs) and the 
change of the nature of the membrane by using another plasticizer. 
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Figure 8.2. Timeline of the creatinine potentiometric sensor research conducted during this thesis. 

 

Use of reported creatinine receptors 

The first approach to develop a creatinine sensor started with the use of polymeric 
membranes already reported with a selective receptor. On one hand, a dibenzo-30-
crown-10 receptor was used with a remarkable change in the selectivity towards many 
cations15. On the other hand, a creatinine tungstophosphoric complex as receptor was 
also reported in a polymeric membrane16, which was reported to have extraordinary 
coefficients of selectivity for many cations. Unfortunately, all those findings were hard 
to reproduce and were not reflected by our experiments, which were yielding very 
poor results in terms of selectivity towards common interferences (see Table 8.1). 
Therefore, these receptors had to be quickly discarded to try alternative approaches.  

Table 8.1. Selectivity coefficient values comparison between the reported vs. the obtained results. 

 Selectivity coefficient (log KPOT
I, J) 

Electrolyte Elmosallamy 1 Obtained Hassan et al. 2 Obtained 
K+ -1.8 -1.0 -4.3 -0.8 

NH4
+ -2.5 -1.1 -4.1 -1.2 

Na+ -2.8 -2.2 -4.2 -2.6 

 

Use of molecularly imprinted polymers (MIPs) for creatinine 

Another approach used during the doctorate was the synthesis of molecularly 
imprinted polymers (MIPs) to be incorporated in our polymeric membranes as 
creatinine receptors. The strategy was the same that used by Liang et al., who 
synthesized MIPs for chlorpyrifos (CPF) using a functional monomer methacrylic 
acid (MMA) and two different cross-linkers trymethylolpropane trimethacrylate 
(TRIM) and divinylbenzene (DVB)17. Unfortunately, this strategy was also tested but 
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did not seem to work properly for potentiometric sensors. In fact, the incorporation 
of MIPs into the membrane did not reveal any change in selectivity when compared 
to a receptor-less membrane. 

 
Figure 8.3. General scheme of the synthesis of molecularly imprinted polymers (MIPs). 

 

Chloroparaffin as plasticizer 

Bühlmann and co-workers reported a receptor-less membrane containing another 
plasticizer, which avoided the interference for K+ 18. The system was further optimized 
using 1 mM of pH 3.7 buffer HAc/MgAc, giving a clear improvement in the limit of 
detection (5 µM), with a selectivity coefficient for K+ of -2.5. The major drawback of 
using these membranes with chloroparaffin is the affinity to lipophilic components 
from real samples, making them unviable to be used for real matrix creatinine 
prediction. As Table 8.2 shows, the potentiometric values obtained of creatinine in 
urine does not correlate with the ones obtained by the standard method (Jaffé’s 
method).  

Table 8.2. Values of creatinine obtained with Jaffé’s method compared with the potentiometric 
method for polymeric membranes with chloroparaffin, as reported by Buhlmann et al. 

Subject Jaffé method (mM) Potentiometric method (mM) 
1 1.10 310 
2 1.50 50 
3 1.05 60 
4 1.25 80 
5 1.41 250 
6 1.18 170 

 

In summary, all the previous approaches did not provide a way to measure 
creatinine in real samples due to the strong interference from lipophilic components. 
This confirmed the real need to incorporate a selective receptor for creatinine into the 
membrane. The following sections of this chapter will describe a new selective 
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potentiometric sensor for creatinine able to be used in real samples such as urine and 
plasma.   

 

8.3 EXPERIMENTAL 

8.3.1 Preparation of the potentiometric electrodes 

The ionophores used for the detection of creatinine are calix[4]pyrrole cavities 
with 4 NH groups to engage strong hydrogen bonds, along with a phosphonate group, 
located on one arm of the calix[4]pyrrole backbone, to provide an additional 
hydrogen bond.  

To evaluate the effect of the ionophore on the sensor performance, different 
systems using identical membrane composition (ion-exchanger, plasticizer, etc.) but 
different ionophores were built and tested (see Figure 8.4 and Appendix 4). 
Throughout this chapter, only the ionophores with the most significant differences in 
molecular structures will be shown. All the results obtained for the rest of the 
ionophores are in Appendix 4.  

 
Figure 8.4. Molecules used as receptors of creatinine in this work. 

Different membranes were prepared in this work (see Table 8.3). All these 
membrane cocktails have been prepared using a 30% mol ratio of KTFPB and 
ionophore, as well as a 1:2 wt. ratio of polymer and plasticizer, respectively (as already 
described in experimental section, Chapter 3). The numbers in the table correspond 
to the ionophore used in each membrane, as shown in Figure 8.4).  
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Table 8.3. Amounts of each compound in the different polymeric membranes in 1 ml of THF 
prepared in this work. 

 BLANK 1  2 3 4 
Receptor (mg) - 2.7 3.2 3.6 3.2 
KTFPB (mg) 1.0 1.0 1.0 1.0 1.0 

PVC (mg) 33.0 32.3 31.9 31.3 32.0 
o-NPOE (mg) 66.0 64.0 63.9 64.1 63.8 

Then, 50 µL of these cocktails (1 ml THF) were deposited onto a glassy carbon 
substrate and let dry for a minimum of 2 hours before starting potentiometric 
measurements. The remaining cocktail can be stored at 4oC for more than a month.  

The sensor response is generated by the creatininium cations (here called for 
simplicity “creatinine ions”). Since the pKa of creatinine is 4.84, at pH below 3.8 more 
than 90% of the molecule is charged. Preliminary results have shown that optimum 
response is obtained at pH 3.718, which in this work is achieved working always on a 
10 mM Acetic Acid/Mg2Acetate buffer media. The electrodes are conditioned for at 
least 1 hour in 10 mM creatinine/10 mM buffer before starting the measurements. 

8.3.2 Determination in real samples 

Considering the concentration of creatinine in body fluids, urine samples were 
diluted 1:100 and plasma samples 1:10. These samples are diluted in 50 mM 
HAc/MgAc at pH 3.7 in order to ensure the creatinine to be positively charged in each 
sample. The EMF is recorded until stable potential readings are obtained and 
afterwards, the electrodes are cleaned with abundant double distilled water. The 
potentiometric prediction is compared with the colorimetric method to compare the 
reliability of the sensors.  

 

8.4 RESULTS AND DISCUSSION 

8.4.1 Sensor characterization with new receptors for creatinine 

8.4.1.1 Analytical performance 

For all these sensors prepared (1–4), optimization and preliminary calibration 
curves (Table 8.4) and selectivity coefficients (Table 8.5) were calculated in order to 
determine the best receptor for creatinine. Thereafter, a further characterization and 
prediction in a real sample was performed, to assess that the best analytical 
performance matched with the application on real systems. 
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Table 8.4. Analytical parameters obtained for each potentiometric electrode with different receptors 
for creatinine. 

 Blank 1 2 3 4 

Sensitivity (mV·log aCreat) 60.2 ± 0.8 60.4 ± 0.2 54.2 ± 0.6 59.7 ± 0.6 57.3 ± 1.2 
Limit of detection (M) 10-5.2 10-5.4 10-6.2 10-5.9 10-5.9 

Linear range (M) 10-5 – 10-2 10-5 – 10-2 10-6 – 10-2 10-5 – 10-2 10-5 – 10-2 
 

Table 8.5. Selectivity coefficients obtained for each potentiometric electrode with different receptors 
for creatinine. 

 Blank 1 2 3 4 Required 
Citric Acid -2.9 ± 0.1 -3.1 ± 0.1 -4.6 ± 0.2 -3.6 ± 0.1 -3.8 ± 0.1 0.54 

NaHCO3 -2.6 ± 0.1 -3.0 ± 0.1 -4.0 ± 0.1 -3.5 ± 0.1 -3.9 ± 0.1 -0.55 
Urea -2.6 ± 0.1 -2.9 ± 0.1 -4.3 ± 0.1 -3.4 ± 0.1 -3.7 ± 0.1 -1.30 
Ca2+ -3.4 ± 0.1 -3.4 ± 0.1 -4.8 ± 0.1 -3.9 ± 0.1 -4.3 ± 0.1 0.52 
Na+ -2.6 ± 0.1 -2.6 ± 0.1 -3.7 ± 0.1 -3.2 ± 0.1 -3.1 ± 0.1 -3.4 

NH4
+ -1.5 ± 0.1 -2.6 ± 0.1 -2.3 ± 0.1 -2.2 ± 0.1 -2.1 ± 0.1 -0.55 

K+ -1.2 ± 0.1 -1.4 ± 0.1 -2.5 ± 0.1 -2.0 ± 0.1 -2.1 ± 0.1 -1.9 
Creatine -2.4 ± 0.1 -2.6 ± 0.1 -3.5 ± 0.1 -2.8 ± 0.1 -3.1 ± 0.1 - 

 

A first rough selection based on the analytical figures of merit shows that 
electrodes 3 and 4 have a poorer performance and, therefore, they are discarded. The 
following studies are performed with sensors 1 and 2.! For the sake of clarity and 
comparison in all the experiments, three types of electrodes without receptor (blank) 
and with receptors 1 and 2 (sensors 1 and 2, respectively) were chosen and will be 
compared in the characterization of the potentiometric electrode.  

In Figure 8.5 the changes of the electrical potential obtained for the different 
sensors upon the addition of increasing concentrations of creatinine are shown. The 
results for the blank sensor show that at high concentrations (above 10-4M) the 
creatinine ions bind to the membrane giving an almost Nernstian response. This 
should be caused by the unspecific response mostly due to the lipophilicity of this 
molecule. At lower concentrations, however, the blank sensor shows a very limited 
response. The effect of the addition of an ionophore is evidenced in sensors 1 and 2, 
where a Nernstian response is obtained at significantly lower concentrations. For 
sensor 1, a slope of 60.4 ± 0.2 mV/log aCreatinine for a linear range that spans between 10 
µM and 10 mM yields a limit of detection of 4.4 ± 0.6 µM. For Sensor 2, a slightly 
lower slope (but still considered Nernstian) of 54.1 ± 0.6 mV/log aCreatinine for a linear 
range that spans from 1 µM to 10 mM gives a limit of detection of 0.6 ± 0.2 µM, i.e., 

UNIVERSITAT ROVIRA I VIRGILI 
ADDRESSING EMERGING PARADIGMS IN CHEMICAL ANALYSIS: NEW PLATFORMS FOR WEARABLE AND DECENTRALIZED SENSORS 
Tomàs de Aquino Guinovart Pavón 
 



 SOLVING THE PROBLEM OF CREATININE SENSING IN REAL SAMPLES 

Doctoral thesis. 
Addressing emerging paradigms in chemical analysis: new platforms for wearable and decentralized sensors!!

173 

 
 

 
 

 
 

 
CH

AP
TE

R 
8 

 

one order of magnitude lower than for sensor 1. These results show that the higher 
affinity of the ionophore 2 for creatinine yields the improved response. Noteworthy, 
for all these sensors, the time of response is similar (see inset Figure 8.5). Taking into 
account that the normal levels of creatinine range from 3 to 25 mM for urine and 
from 0.06 to 0.42 mM for blood5–7, it is evident that any of the sensors (1 or 2) should 
be in principle adequate for analysis of real samples. Nevertheless, it is the specificity 
of the measurement, which can be evaluated through the selectivity coefficients of the 
sensors, the real challenge.  

 
Figure 8.5. Potential trace for creatinine selective sensors without ionophore (blank, blue), with 
ionophore 1 (sensor 1, green) and with ionophore 2 (sensor 2, red). The initial potentials have been 
normalized for clarity puposes. 

8.4.1.2 Electrochemical Impedance spectroscopy 

The sensors were further characterized by using electrochemical impedance 
spectroscopy (EIS). Figure 8.6 shows the impedance plot for a glassy carbon with 
different ion-selective membranes on top (GC/ISM) without ionophore (blank), with 
ionophore 1 (sensor 1) and finally with ionophore 2 (sensor 2). As it can be observed 
in this spectrum, at higher frequencies the signal is mainly dominated by the 
resistance related to the bulk resistance of the ion-selective membrane (Rbulk) in 
parallel with the geometric capacitance (Cbulk). On the other hand, at low frequencies 
the signal exhibits an almost 900 line related to the diffusion of the membrane, known 
as Warburg impedance. Therefore, EIS spectrum shows no significant difference 
among the ion-selective electrodes, with values of impedance close to 0.5 MΩ20,21. This 
is a clear advantage in the development of decentralized and wearable platforms due 
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to the simplicity of manufacturing of miniaturized low-input impedance 
potentiometers, such as RFID22 or Bluetooth23.  

 
Figure 8.6. Electrochemical impedance spectroscopy (EIS) of creatinine sensor without ionophore 
(blank), with ionophore 1 (sensor 1) and with ionophore 2 (sensor 2). 

8.4.1.3 Selectivity 

Despite of their multiple advantages, one of the main challenges of using ISEs in 
body fluids is the stringent level of selectivity required. This is one of the main reasons 
why many devices previously reported for the detection of creatinine have not found 
real practical applications14. Some of the most severe interferences for ISE arise from 
the high levels of K+ and Na+. K+ is a well-known interference when dealing with 
synthetic receptors for ammonium-groups24 and it is normally ten to a hundred times 
more concentrated than creatinine. Na+ is the most abundant cation in blood (140 
mM), so even with low affinities it can become a serious interference. This represents 
the main challenge of the detection of small organic molecules by ion-selective 
electrodes -to selectively discard smaller ions over the bigger organic molecules is 
commonly the barrier that hampers real applications25,26. Therefore, selectivity studies 
to assess the interferences of these two cations were performed for the three sensors 
(already shown in Table 8.5) as well as they were represented in conventional 
logarithmic units in Figure 8.7a. Considering the normal ranges of ion compositions 
of body fluids27, it is possible to estimate the most stringent “required selectivity 
coefficient”, i.e., the threshold value above which the determination of creatinine 
could not be accurately performed. These estimations show that Log KCrea for K+ and 
Na+ should not be greater than -1.9 and -3.4, respectively (Figure 8.7a and Table 8.5).  
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The blank sensor shows that in the absence of ionophore the selectivity follows a 
pattern according to the partition coefficients between the aqueous and the organic 
phases, i.e., is controlled by the lipophilicity, which means that the organic molecule 
(creatinine) is preferred over potassium first and sodium second. This agrees well 
with the hydration energies of each ion, as predicted by the Hofmeister series (see 
Chapter 2, section 2.6). In short, the blank sensor is far from threshold set by required 
selectivity coefficients since it lacks by about one order of magnitude the selectivity 
required against each interference. The introduction of ionophore 1 improves the 
selectivity coefficients (-2.6 ± 0.1 for Na+ and -1.5 ± 0.1 for K+) when compared to the 
blank sensor. However, it is still below the thresholds set for real samples. It is only 
with the ionophore 2 (sensor 2) that the values of selectivity required are achieved. 
Figure 8.7b shows that sensor 2 displays an enhanced potentiometric response for 
creatinine when compared to K+ and Na+ and, as it could be expected, K+ is still more 
interfering than Na+. Sensor 2 affords selectivity coefficients down to -3.7 ± 0.1 for 
Na+ and -2.5 ± 0.1 for K+. The selectivity was thus improved by more than one order 
of magnitude compared to the blank sensor for each cation. Noteworthy, the 
selectivity coefficients of sensor 2 exceed by half order of magnitude the threshold 
value of the required selectivity coefficients.  

 
Figure 8.7. a) Selectivity potentiometric coefficients obtained for potassium and sodium in three 
creatinine sensors: blank (no ionophore), sensor 1 (ionophore 1) and sensor 2 (ionophore 2). b) 
Electrical potential time trace of sensor 2 for creatinine, K+ and Na+.  

All in all, these analytical parameters confirm the superior performance of sensor 2 
in terms of both sensitivity and selectivity. These results stress the importance of the 
enhanced interaction provided by the phosphonate group from ionophore 2 over 
ionophore 1. To evaluate whether these improvements can be transferred to practical 
applications, the determination of creatinine in real sample using sensor 2 was 
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undertaken. Furthermore, Table 8.5 shows the selectivity coefficient values obtained 
for many electrolytes present in real samples.  

8.4.1.4 X-Ray analysis 

As already shown in the previous sections, the receptor for creatinine with the best 
analytical performance has been ionophore 2. This ionophore was expected to be a 
good receptor for creatinine, as shown in Figure 8.8. The interactions occurring 
between this ionophore and creatinine have been studied in organic solution (ethanol 
or methanol). The molecule is fully entrapped into the cavity in the form of the amino 
tautomer. On one hand, in the calix[4]pyrrole cavity, the 4 NH engages 4 hydrogen 
bonds with the carbonyl group of the creatinine. On the other hand, the phosphonate 
group, located on one arm of the calix[4]pyrrole backbone, provides an additional 
hydrogen with the amine group of the creatinine. As a result, the creatinine is 
encapsulated inside the cavity of the ionophore with 5 strong hydrogen bonds. 

!
Figure 8.8. X-Ray crystal structure of the calix[4]pyrrole with creatinine inside the cavity. 

8.4.2 Determination of creatinine in real samples 

The use of ISEs for the analysis of real samples –in particular biological fluids- 
present two major challenges: first, the interference produced by the ions present in 
the sample; second, biofouling, i.e., the unspecific response caused by the attachment 
of lipophilic components onto the surface of the polymeric membrane.4 In this work, 
the problem of selectivity was solved by the use of the ionophore 2. In the case of 
biofouling, its effects can be minimized by dilution, taking advantage of the low limits 
of detection of the method when compared to the normal physiological levels. Indeed, 
the problems with creatinine are always by excess and not by defect of this substance. 
Therefore, prior to analysis, urine and plasma samples were diluted 1:100 and 1:10 
respectively. Samples were selected from both healthy people and patient with renal 
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dysfunction to ensure the viability of the sensor within a broad range of 
concentration.  

After proper calibration of sensor 2, samples were diluted in the buffer solution 
and analyzed. All the measurements were compared with the standard reference 
method –Jaffé’s method6- still routinely utilized in the hospitals. The results obtained 
are shown in Figure 8.9 where the values obtained with the colorimetric method are 
directly compared with the values obtained with our potentiometric creatinine sensor 
2, yielding an excellent linear correlation with sensitivity close to 1 and intercept close 
to 0. These results show no significant bias of the reported method when compared 
with certified, already used approaches. 

 
Figure 8.9. Potentiometric and colorimetric creatinine levels obtained for different samples: plasma 
and urine. Inset shows the linear regression for plasma samples. 

 

8.5 CONCLUSIONS 
This work presents for the first time a sensor for the selective potentiometric 

detection of creatinine in body fluids. The sensing membrane is based on a newly 
synthesized calix[4]pyrrole molecule (ionophore 2) that engages multiple hydrogen 
bonds with the creatinine. The use of these strong and selective supramolecular 
interactions for building a potentiometric sensor with outstanding sensitivity and 
selectivity is demonstrated. This sensor solves the demanding detection of creatinine 
in both urine and blood, which is still routinely performed by the Jaffé method in 
many hospitals worldwide. To the best of our knowledge, this is the first report on 
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such a simple and effective creatinine sensor. Since in almost any blood and urine 
analysis performed nowadays the determination of creatinine plays a very important 
role, this sensor may have a significant impact in current and future healthcare 
development. This fact opens a way to reduce the costs of everyday creatinine 
determination as well as point-of-care systems, whose features can facilitate the 
application of the future telemedicine/telecare.  

Therefore, this thesis has not been only focused on developing wearable chemical 
sensors, but it has also attempted to solve analytical problems in current 
potentiometric sensors, as in this case for a creatinine potentiometric sensor. The 
incorporation of a new receptor has provided a sensor capable to measure creatinine 
in real samples, thus, turned it into a more selective ion-selective electrode for this 
molecule. 
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SUMMARY 
This chapter explores an alternative approach for the determination of ions in 
aqueous systems. Instead of the electrochemical methods, this section introduces the 
use of novel membrane-free chemically modified polystyrene microspheres for the 
optical detection of sulphate in aqueous media. The working principle of this sensor 
is discussed in detail, based on the surface mass-extraction equilibrium of the target 
species that allows overcoming the strong hydration energy penalty, a typical 
problem for the detection of divalent anions. This optical sensor exhibits both 
enhanced sensitivity and selectivity, which allows the accurate detection of sulphate 
in biological samples. To illustrate these features, the determination of sulphate in 
urine is presented. 
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9.1 THE WORKING PRINCIPLES OF OPTICAL SYSTEMS  
Optical chemical sensors use optical transduction approaches to yield information 

about the analyte. All molecules show absorption in the ultraviolet or visible range, 
which depending on the structure and groups present, will produce different types of 
absorption bands. The most widely used techniques with chemical sensors are optical 
absorption and luminescence. Direct UV-Visible (UV-Vis) absorption has widely 
been used in environmental applications to monitor pollutants such as heavy metals, 
hydrocarbons and volatile organic compounds1 in air and water. UV-Vis 
spectroscopy (from 200 nm to 800 nm) corresponds to outer electronic excitations. 
There are three types of electronic excitations considered: transitions involving π, σ 
and n electrons, transitions involving charge-transfer electrons and transitions 
involving d and f electrons2. Quantitative analytical information can be usually 
obtained through the Lambert-Beer law, which establishes the linear relationship 
between absorbance and concentration (see equation 9.1): 

A=ελ·b·c 

(9.1) 

where A is the measured absorbance, ελ is the wavelength-dependent molar 
absorptivity coefficient in M-1 cm-1, b is the optical path length (in cm) and c is the 
analyte concentration (in M).  

The instrumentation used for the measurements is a light source composed 
usually of either hydrogen or deuterium lamp for UV measurements and a tungsten 
lamp for visible measurements. The wavelengths can be selected with a dispersing 
element, such as a prism or grating monochromator. Quantitative measurements can 
be carried out from a spectrum or at a single wavelength3. Technology of 
spectroscopic instruments has made massive progress during the last decade, and new 
multiwavelength devices have become more popular. In this work, for example, the 
light beam passes through a shutter, the sample and finally a spectrograph, where 
light is dispersed towards a diode array by holographic grating. This allows 
simultaneous access to all wavelength information.  
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Figure 9.1. General scheme of the optical system used in this work. 

9.1.1 Examples 

Among the variety of organic indicators (Ind) used up to now, only a few are 
useful and applied for sensor technology. An important characteristic of a pH 
indicator is the pKa value, which corresponds to equation 9.2: 

pKa=-log
Ind- [H+]
[HInd]  

(9.2) 

In general, pH indicators have widely been used as reversible pH sensors 
immobilized on matrices4 as well as pH sensors based on energy transfer5. Other 
classes of indicators include redox systems, such as those used for sensing hydrogen 
peroxide6 and metal chelators indicators, which form colored complexes with metal 
ions. Many studies have been carried out with this last class of indicators, such as the 
determination of Cu (II)7 and Ca (II)8 using optode membranes. Calcium membranes, 
for example, exhibit a dynamic response from 10 µM to 10 mM at pH 9 at 550 nm.  

9.1.2 New directions in optical sensing 

Optical chemical sensors are an interdisciplinary field that opens a variety of new 
directions in the sensor development. These types of sensors are very sensitive and 
often simple to use. The issue of chemical selectivity, though, is still a challenge to 
address. There are several on-going directions in that line: one is the synthesis of new 
receptors with enhanced selectivity to one target, another is research on the 
mechanisms occurring in those systems and finally the miniaturization of integrated 
optical system. This process of miniaturization can offer many advantages, such as the 
possibility of producing low-cost sensors at massive scale.  

In this thesis, a new optical sensor for sulphate in urine has been developed and 
the mechanism studied in depth. The system is based on a new approach using 
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surface-modified polystyrene (PS) beads –already reported for the detection of K+ in 
aqueous media9-. The sensing approach for K+ is based on an extraction process –as 
opposed to the conventional phase equilibrium required in potentiometry-, which 
allows the minimization of interferences from lipophilic components in biological 
fluids. Briefly, a THF solution with all the sensing components (ionophore, ion-
exchanger and chromoionophore) is mixed with a dispersion of PS in water. Then, all 
the THF is blown with N2, giving a PS beads with the sensing elements adsorbed on 
the surface. These beads are then mixed with a Tris-HCl 10 mM pH 7.4, showing a 
strong blue dispersion with a peak at 663 nm by the presence of the protonated form 
of the chromoionophore. Subsequently, additions of K+ produced a change in 
absorbance of almost a unit from 10 to 50 µM. This significant change in absorbance 
is due to the pH of the buffer is close to the pKa of the chromoionophore, displacing 
the equilibrium to form the deprotonated molecule (purple), producing an increase of 
a peak at 540 nm. The proposed mechanism is shown in equation 9.3, where (PS) 
relates to compounds on the surface of polystyrene beads, (aq) relates to compounds 
in the aqueous phase, Ind to the chromoionophore I, L to the ligand (valinomycin) 
and R- the cation exchanger (NaTFPB).  

IndH+ PS +L PS +R- PS + K+ aq ⇌Ind PS +L K+ PS +R- PS + H+(aq) 

(9.3) 

 
Figure 9.2. Optical polystyrene-based sensors for the determination of K+ in solution. Additions of 
K+ into the polystyrene dispersion provides a change in absorbance due to the displacement of the 
equilibrium from the protonated (blue) to the deprotonated (purple) chromoionophore.  

! !
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9.2 INTRODUCTION 
The recent introduction of polystyrene beads as new optical sensors in aqueous 

solution (as detailed previously in section 9.1.2) has attracted the attention to explore 
new challenges. These are related to the use of these beads as a platform for anion 
sensing instead of cations, since the sensitive and selective determination of inorganic 
anions is currently cumbersome largely due to the strong hydration energy of these 
highly hydrophilic species10. Taking advantage that the system is based on surface 
extraction as well as charge dependence, the determination of sulphate was chosen as 
a target to start the exploration, since it is an anion that plays an important role in 
biological systems and environmental pollution -among many other areas-. 
Physiological levels of sulphate are mostly due to the metabolism of certain proteins. 
In humans, inorganic sulphate generally originates from the catabolic biodegradation 
of the sulphur-containing amino acids (methionine and cysteine), although several 
organic and inorganic compounds present in food and beverages11 are also a relevant 
source. Thus, monitoring sulphate levels in body fluids can be used as a marker for 
protein intake studies. Also, the determination of sulphate is used as diagnostic tool 
since abnormal levels of this anion in urine are indicators of renal failures or 
cardiovascular diseases12. Sulphate also plays an important role in the organoleptic 
properties of water and beverages and -in environmental monitoring- inorganic 
sulphate levels in soils and water are particularly relevant in problems such as the 
nuclear waste remediation. 

Despite of this widespread interest, methods for the effective determination of 
sulphate in real samples are still very limited. Classical methods such as turbidimetry13 
or colorimetric strips14 are still employed for environmental and clinical samples. 
Both techniques, however, exhibit significant issues regarding sensitivity, precision 
and matrix interferences. The use of separation techniques such as ion 
chromatography or capillary electrophoresis help to overcome many analytical issues 
but at the expense of a more tedious sample handling, cost and simplicity15–17. In 
environmental monitoring, spectrophotometric techniques using barium chromate, 
microbial-based methods18 and colorimetric sensing with positively charged gold 
nanoparticles19 or indicator displacement agents20 represent more sensitive 
approaches for analysis of real samples, although they are often complex and time-
consuming. 

Other further works based on the use of polymeric membranes such as ion-
selective electrodes (ISEs) and optrodes have been used for decades as a powerful tool 
for research and diagnostics21. These devices, which make use of a polymeric 
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membrane as a support for immobilizing the selective ionophore, the ion-exchanger 
and in the case of optodes also the chromoionophore, show many advantages in terms 
of simplicity, speed and robustness. Selectivity, however, is still a major issue, 
particularly in the case of anions, due to their significantly higher hydration energy 
when compared to cations22. As a result, membrane-based anion sensors typically 
display a selectivity pattern that closely follows the partition coefficients between the 
aqueous and the organic phases, commonly known as the Hofmeister series (detailed 
in Chapter 2). Therefore, despite of the development of selective ionophores23–25, the 
determination of highly hydrophilic divalent anions in complex matrices remains as a 
challenge. This is the case of the determination of sulphate in urine where both 
specific interferences due to other anions as well as matrix effects might be present. 

Gyurcsányi et al. introduced membrane-free potentiometric sensors based on gold 
nanopores which exhibited considerable improvement in terms of selectivity26. Very 
recently, Bakker and co-workers elegantly introduced a new approach of a 
membrane-free optical sensor based on the use of surface functionalized polystyrene 
nano and microspheres for the detection of cations9,27,28. In these systems, the same 
components used in traditional optrodes are immobilized on the hydrophobic surface 
of the beads, thus avoiding the need of a polymeric matrix support such as polyvinyl 
chloride (PVC). Therefore, the response obtained does not follow the phase partition 
equilibrium typically found in this type of sensors, but rather a mass-extraction 
equilibrium established between the surface of the beads and the aqueous media. As a 
consequence, by proper selection of the working conditions, the system may work in 
an “exhaustive” mode within a narrow range of concentrations, yielding a substantial 
increase in sensitivity. Based on these results, which suggest that hydration energy 
should have a much lower effect on the response of the sensor, we anticipated that 
such principle could be of significant benefit for sensing anions. In this work, it is 
presented for the first time the detection of the highly hydrophilic divalent sulphate 
anion using polystyrene microspheres-based optrodes, which displays a dramatic 
enhancement of both, sensitivity and selectivity. The simple and accurate 
determination of sulphate in urine samples is presented to illustrate these features. 
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9.3 EXPERIMENTAL 

9.3.1 Development of optical sensors 

THF cocktail 

Stock solutions at a concentration of 10 mM were prepared for the 
chromoionophore (indicator, already detailed in Chapter 3 and synthesis described 
elsewhere29), the ionophore and the anion exchanger (see Figure 9.3). Specific 
aliquots were taken and mixed all together to obtain a 1 ml THF cocktail with 10 
times the final concentration expected of each sensing compound. The concentrations 
are different for the detection of either cations or anions.  

 
Figure 9.3. Molecular structures of the a) fluorescein octadecyl ether (chromoionophore), b) bis-
thiourea (sulphate ionophore) and c) tridodecylmethylammonium chloride (TDMACl, anion 
exchanger). 

Sensing polystyrene beads 

10 µl of latex beads (polystyrene) were diluted to 40 ml of distilled water. 0.5 ml of 
the THF cocktail were pipetted and mixed with 4.5 ml of the diluted polystyrene 
beads suspension on a vortex with a spinning speed of 1200 rpm. The final suspension 
is finally blown with compressed N2 for 20 min to remove THF (see Figure 9.4a,b).  

9.3.2 System and measurements 

Polystyrene (PS) beads prepared previously in distilled water were mixed with a 30 
mM acetic acid/magnesium acetate (HAc/Mg(Ac)2) buffer in a ratio of 2:1 of PS and 
buffer respectively, thus a final concentration of 10 mM of buffer was obtained. 
Calibration curves were recorded by suitable additions of sulphate stock solutions. 
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Figure 9.4. Experimental procedure for the generation of optical sulphate sensor beads. a) The THF 
cocktail is added to a polystyrene beads suspension in water; b) the suspension turns into a bright 
yellow and THF is blown with N2; c) the final cuvette system is prepared with a 2:1 ratio of 
polystyrene beads yellow suspension with acetic acid/Mg(Ac)2 buffer at pH 4, respectively.  

!

9.4 RESULTS AND DISCUSSION 
When the PS beads are mixed with the THF cocktail, a bright yellow color is 

immediately obtained, which accounts for the presence of the carboxylate form of the 
chromoionophore (Figure 9.4)30. This preferred form of the chromoionophore is in 
good agreement with a previous report based on cationic micelles where the 
carboxylate form was detected in presence of a lipophilic cationic surfactant 
cetyltrimethylammonium bromide (CTAB). Within this positively charged chemical 
surrounding, the pKa of the fluorescein carboxyl moiety is 3.731.  

First, a system labeled “blank sensor” containing all the components of the sensor 
with the exception of the ionophore was prepared. This system should display mostly 
unspecific anion-exchange properties. Second, the actual “sulphate sensor” which also 
incorporates the sulphate ionophore (see mechanism in Figure 9.5), was prepared in 
order to assess the influence of the charge and hydration energy of the anion together 
with the selectivity of the ionophore on the response (Table 9.1). 
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Figure 9.5. a) General mechanism of the sulphate sensor: the chromoionophore, the anion-exchanger 
and the sulphate ionophore are immobilized on the polystyrene beads. The carboxylate form of the 
chromoionophore, characteristic of the bright yellow color, and the lactone form, colorless, are 
represented. b) Molecular structures of the sulphate ionophore and the anion-exchanger. For the 
sake of the simplicity, only one molecule of chromoionophore is represented (the whole species are 
presented in equation 9.5). 

!
Table 9.1. Analytical parameters compared for the blank sensor and the sulphate sensor. 

 Sensitivity 
(Abs/μM) 

Linear Range 
(μM) 

LOD 
(μM) Abs SO4

2- / Abs Cl-* 

Blank sensor 0.001 2 - 20 1.2 3.01 
Sulphate sensor 0.025 1 - 40 0.06 4.29 

*Values compared at 20 μM 

 

At this point, the pH was also optimized for the sulphate sensor to obtain the 
highest sensitivity upon changes of sulphate concentration. Figure 9.6 shows the 
sensitivity at different pH using a 10 mM (HAc/MgAc2) buffer of different pH. Also, 
this figure shows the change in the A0.  
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Figure 9.6. Sensitivities (Abs/µM) and initial absorbances (A0/Abs) obtained for the sulphate sensor 
with 10 mM HAc/Mg(Ac)2 buffers at different pH. 

This change in sensitivity and A0 at different pH can be attributed to the different 
equilibriums between both charged and neutral molecules. At pH 4.0, the system 
exhibits a clear peak of sensitivity whereas the A0 is gradually increasing. On one 
hand, this might be explained by the proximity to the pKa value (3.7) where the 
displacement of the equilibrium of species is clearly favored. One the other hand, the 
gradual increase in the A0 is clearly attributed by the displacement of the equilibrium 
towards the formation of the negatively charged molecule.  

9.4.1 Characterization of the sensors 

Once the pH was optimized (HAc/MgAc buffer at pH 4.0), the next step was to 
characterize the blank sensor (without ionophore) by successive additions of sulphate. 
These additions displayed a drop of the absorbance in the visible range noticeable as 
the fading of the yellow color of the dispersion, which is measured as a decrease of 
intensity of the band with maximum absorbance at 459 nm (Figure 9.7a). This is an 
interesting observation, since the lack of a selective ionophore in the blank sensor 
suggests that the coulombic interactions between the divalent sulphate and the anion-
exchanger allow displacing the equilibrium present at the surface of the microspheres. 
Analogously to what was reported by Bakker et al.9, to hold the electroneutrality in the 
system, the extraction of SO4

2- on the surface of the microsphere is followed by the 
transfer of two H+ to two molecules of the chromoionophore, which forms the neutral 
lactone. Under these conditions, the chemical surrounding of the chromoionophore 
should be then comparable to the negatively charged micelles such as the sodium 
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dodecyl sulfate (SDS) where the lactone form is almost colorless30. This proposed 
mechanism for the blank sensor can be expressed by the equation 9.4, where (PS) 
stands for polystyrene surface microspheres and (aq) for the aqueous media: 

2 R+ PS +2!Ind- PS +SO4
2- aq +2H+!(aq)⇌ 

⇌(R+)2 SO4
2- PS +2 IndH PS  

(9.4) 

The loading of the optrode components in the blank sensor was first optimized to 
balance the maximum sensitivity and the best selectivity against chloride (one of the 
most abundant anions in biological fluids) and thiocyanate (a highly lipophilic anion, 
usually considered a typical interference) (Table 9.2). Figure 9.7a shows the response 
of the optimized blank sensor upon additions of sulphate up to 70 μM. Figure 9.7b 
displays the corresponding calibration curves for sulphate and for some selected 
anions present in biological fluids. These results show a selectivity pattern that clearly 
deviates from the expected trend predicted by the Hofmeister series. Even in the 
absence of any selective ionophore,32 the response to sulphate competes with that of 
some strongly lipophilic anions such as salicylate or thiocyanate, suggesting that 
coulombic interactions play an important role here. This behavior is well illustrated 
by equation 9.3 where a single sulphate displaces two chromoionophore molecules. 

 
Table 9.2. Values of concentration of each compound in the THF cocktail to find the most selective 
composition. 

Chromoionophore  
(mM) 

TDMACl 
(mM) 

Sulfate 
ionophore (mM) 

Abs SO4
2- / 

Abs Cl- 
Abs SO4

2-  / 
Abs SCN- 

2.0 1.6 - 5.15 1.15 
1.6 2.0 - 5.02 1.52 
3.0 2.7 - 3.01 2.04 
2.7 3.0 - 3.56 1.78 
4.0 3.6 - 2.94 1.73 
3.6 4.0 - 3.72 1.75 
3.0 2.7 3 4.29 2.48 
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Figure 9.7. a) Spectra of the blank sensor in 10 mM HAc/MgAc at pH 4 upon additions of Na2SO4. b) 
Calibration curves with the difference in absorbance at 459 nm (A0- Abs) for SO42- and other anions. 

Thereafter, the sulphate sensor was tested. Bis-thiourea was used as ionophore (as 
reported by Bühlmann et al.) since it engages strong hydrogen bonds with sulphate in 
polar solvents33. With the use of this selective ionophore, the sensitivity and selectivity 
can be significantly enhanced, as shown in Table 9.1. 

Figure 9.8a shows the response of the sulphate sensor upon addition of the 
divalent anion with the corresponding calibration curve. Similarly to the blank sensor, 
response to typical interferences and major anions present in biological fluids at this 
pH is presented in Figure 9.8b. The incorporation of the ionophore significantly 
improves the detection of sulphate in terms of sensitivity, selectivity and linear range 
(see Table 9.1 and Table 9.2).  
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Figure 9.8. a) Spectra of the sulphate sensor in 10 mM HAc/MgAc at pH 4 upon additions of Na2SO4. 
b) Calibration curves with the difference in absorbance at 459 nm (A0- Abs) for SO42- and other 
anions. 

It is worth noticing that upon the incorporation of the ionophore, a drastic 
enhancement of the initial absorbance (A0) of the system is observed. For the blank 
sensor A0 is 0.75, while for the sulfate sensor is 2.01 (compare Figures 9.7a and 9.8a).  
This change could be attributed to an acid-base displacement produced by the 
ionophore20 or to an increase of the molar absorptivity of the chromoionophore 
under these conditions. However, a deeper study of the nature of this change is out of 
the scope.  

The calibration plot for SO4
2- covers a very narrow linear range of detection from 1 

to 40 μM with almost 1 absorbance unit difference. The sulphate sensor exhibits a 
very high sensitivity and concentrations as low as 60 nM can be detected by this 
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system, which is far below the required detection limit for both health and 
environmental issues. Although the response to other anions is also increased, no 
significant interference was detected within the linear range (Figure 9.8b, Table 9.1). 
Following the same reasoning, the mechanism of this sulphate sensor could be 
expressed as follows in equation 9.5 (and also detailed in Figure 9.5): 

2 R+ PS +2!Ind- PS +L! PS +SO4
2- aq +2H+!(aq)⇌ 

⇌2 R+ PS + L SO4
2- PS +2 IndH PS  

(9.5) 

Interestingly, the sulphate sensor reported here illustrates an anti-Hofmeister 
behaviour. This result is particularly relevant since traditional membrane-based ion-
selective electrodes and optrodes-based using same components fail to afford suitable 
selectivity for complex matrices. For instance, lipophilic thiocyanate and nitrate 
produced strong interference in latter systems, while chloride yields similar response 
that for sulphate. 

The dilemma of these membrane-based systems is that the partition between the 
organic and the aqueous phase leads to a selectivity that is largely dictated by the 
enthalpy of hydration of the anions. The absence of polymeric matrix, however, 
dramatically shifts the selectivity pattern, favoring the detection of highly hydrophilic 
divalent anions, such as sulphate. This fact has been confirmed in Figure 9.9, where a 
minimum amount of 15 times of Cl- is needed to start having a serious interference 
from this anion. In addition, sulphate is one of the few divalent inorganic anions 
present at this pH.  

 
Figure 9.9. a) Spectra of the sulphate sensor in 10 mM HAc/MgAc at pH 4 upon an initial addition of 
SO42- and succesive additions of Cl-. b) Calibration curve with the values in absorbance at 459 nm for 
a blank without SO42-, with an addition of SO42- and the succesive additions of Cl-. 

UNIVERSITAT ROVIRA I VIRGILI 
ADDRESSING EMERGING PARADIGMS IN CHEMICAL ANALYSIS: NEW PLATFORMS FOR WEARABLE AND DECENTRALIZED SENSORS 
Tomàs de Aquino Guinovart Pavón 
 



OVERCOMING THE BARRIER FOR ANION SENSING:  
A NOVEL OPTRODE FOR SULPHATE 

!

Doctoral thesis. 
Addressing emerging paradigms in chemical analysis: new platforms for wearable and decentralized sensors!!

198 

 
 

 
 

 
 

 
 

CH
AP

TE
R 

9 
 

9.4.2 Validation: Measurement of sulphate in real samples  

The sensitivity and selectivity of the sulphate sensor encouraged testing the ability 
of the sensor to measure sulphate in complex real samples, such as urine, since as 
previously mentioned, monitoring this ion in clinical routine analysis is very difficult. 
In this work, determination of sulphate in five urine samples was performed. First, 
due to the physiological range of sulphate in urine (4-30 mM11), samples had to be 
diluted to fit within the linear range of the technique. This is not a problem because of 
the low limits of detection achieved. Also, this dilution minimizes unspecific matrix 
effects. Direct measurement of the diluted samples was performed. All the values 
found felt within the expected physiological range15. Thereafter, a standard addition 
approach was followed by spiking the diluted samples with increasing amounts of 
sulphate. The slopes obtained by the standard addition approach did not significantly 
differed from the slope of the original calibration plot, evidencing that there is no 
significant matrix effects. Similarly, the estimated recovery of the added standards was 
always close to 100% (Table 9.3 and in Appendix 5). Finally, the differences between 
the standard addition and the direct calibration were less than 2%. Thus, the direct 
calibration should be enough.  

Table 9.3. Detection of SO42- in real urine sample. 

Sample 1 8.4 ± 0.3 mM 
Added (μM) Predicted (μM) Recovery (%) 

3.9 4.0 ± 0.2 97 ± 4 
4.8 4.9 ± 0.1 99 ± 3 
5.8 5.8 ± 0.1 100 ± 3 
6.8 6.8 ± 0.2 100 ± 4 
7.6 7.8 ± 0.5 102 ± 7 

 

9.5 CONCLUSIONS 
In conclusion, an optical method to detect sulphate with modified polystyrene 

microspheres is detailed in this chapter. The working principle is based on mass-
extraction equilibrium on the surface of the sphere, rather than on phase equilibrium. 
The modified spheres form a very stable suspension over time that displays a high 
sensitivity due to the bivalency of SO4

2- within a narrow concentration range. Due to 
the enhanced selectivity achieved, no significant interference from lipophilic anions 
was found. The enhanced sensitivity and selectivity allowed for the direct detection of 
sulphate in real urine samples with excellent recovery. The sensor developed here 
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suggests a change of paradigm in the field of anion sensing where the Hofmeister 
behavior has been a strong limitation over the last decades in membrane-based 
sensors. Further work on sensing of other biologically relevant anions is currently 
underway in our laboratory. 
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10.1 CONCLUSIONS 
This thesis has paved a new route in the development of wearable and 

decentralized sensors for monitoring electrolytes in our daily activities and for 
controlling our health status.  The main conclusion of this thesis is that through the 
combination with nanotechnology, a vast array of substrates can be used to build new 
wearable potentiometric sensors. Also, relevant sensors for detecting biomolecules of 
significant importance in healthcare have been developed and widely characterized.  

Evidently, in order to develop wearable potentiometric sensors, a complete solid-
state potentiometric cell is required. For this reason, initial efforts were firstly focused 
on the manufacturing of a new solid-state reference electrode (Chapter 4). 
Electrochemical characterization of a new reference membrane based on polyvinyl 
butyral (PVB) polymer has clearly been demonstrated. Through different 
applications, the viability of this membrane to be used as reference electrode as well as 
being part of a whole potentiometric cell was shown. Indeed, solid-state reference 
electrodes in the past were not stable and reproducible; this new PVB reference 
electrode has opened a new path towards the development of whole wearable 
potentiometric cells. 

In order to address the needs of production at a truly mass market level, the use of 
nanomaterial-based conductive inks has allowed developing conductive substrates 
using both dip-coating and screen-printing techniques, both fast and cheap. These 
substrates are then ready to be converted into potentiometric sensors. 
Electrochemical and analytical characterizations of these wearable potentiometric 
sensors have demonstrated their usefulness for detecting electrolytes in biological 
fluids. However, these sensors still require better deposition methods to make them 
suitable. Ideally, more reproducible initial potentials will be required. As already 
mentioned in this thesis, the main problem of potentiometric sensors is that they 
require a minimum frequent calibration, giving a clear drawback during their daily 
use.  

Significant efforts have been devoted to the use of other molecules in a polymeric 
membrane to be used as new receptors, and this thesis has also covered this issue. The 
introduction of a new synthetic calix-pyrrole receptor into a polymeric membrane for 
sensing creatinine exhibited an extremely low limit of detection and a noticeable 
improvement in terms of selectivity against other common interferences present in 
real samples. This new creatinine sensor offers a remarkable advance in the 
generation of more accurate creatinine values, unlike current methods used nowadays 
in the clinical labs.  
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Last but not least, another part also included and deeply studied in this thesis is the 
use of a membrane-free optical sensor based on surface modification of polystyrene 
beads, which has proved to be a new way to sense hydrophilic anions avoiding 
lipophilic interferences typically produced by the lipophilic nature of membranes. 
The system is based on a mass-extraction process, exhibiting more sensitivity upon 
additions of high valence electrolytes. The main advantage of this optical sensor is the 
gain in accuracy in the real sample prediction, as the sensitivity is extremely high at a 
very narrow linear range (of few µM concentrations).  

All the content detailed in this thesis can be broadly represented in the innovation 
funnel –a plot that represents the technology-to-market path-, in Figure 10.1. This 
simple form helps to provide a graphic structure about the generation and screening 
of alternative development options, and the combination of these into a product 
concept. The starting point of this funnel deals with the expansion of the knowledge 
base and access to information in order to obtain new ideas and technologies, 
followed by a screening of ideas and resources to find opportunities. Therefore, the 
final goal is not just to apply limited resources with the highest expected payoff, but 
also to create a portfolio of projects that will meet the business objectives as well as 
enhancing the strategy to carry out future projects.  

 
Figure 10.1. Innovation funnel with all the projects carried out in this thesis. 

This thesis have then been a significant advance in the chemical sensing with the 
current revolution of the “wearables” as well as a contribution in the development of 
novel sensors for monitoring health status. However, not all the works carried out 
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during this doctoral thesis have been included due to, principally, lack of time to a 
complete study. On one hand, exploratory studies in the development of wearable 
sensors were carried out in developing potentiometric sensors using carbon fibers as 
substrate, having a clear advantage against other substrates, as the substrate is already 
conductive. Preliminary results concluded the viability to obtain potentiometric 
carbon fiber sensors with very low ion-selective membrane impedance. That fact 
could help in the development of low-input miniaturized potentiometers. On the 
other hand, other works were focused in the development of ion-selective 
impedimetric sensors, with the ability to avoid the use of a reference electrode in the 
system. These types of sensors provided a change in conductivity, although they 
lacked in both reproducibility and linear range. Finally a new chemiresistor sensitive 
to water is currently in development in our laboratories. This new sensor could be 
relevant in the monitoring of dehydration levels for both health and sport 
performance.  
 

10.2 FUTURE PROSPECTS 
This thesis have widely shown the change in the paradigm of lab sensors, since 

development of new wearable sensors are creating fully decentralized sensors that 
could transform our daily lives. In conjunction to this, the biochemical sensors 
studied in this thesis could supply a source of continuously monitoring our health 
and fitness status. This implementation of wearable chemical sensors in human lives 
still lacks another fundamental part in any electrochemical sensor: the 
instrumentation. Miniaturized high-input potentiometers have already widely been 
developed elsewhere1–6 and in our group7. Both chemical sensors and analytical 
instrumentation will meet the requirements for having decentralized potentiometric 
sensors monitoring relevant electrolytes.  

There are many challenges beyond this thesis to put efforts on. Firstly, an 
exploratory path towards other substrates feasible to be modified and used as 
wearable sensors. Secondly, several other biomolecules to be monitored are extremely 
relevant in our body, thus becoming relevant to study the use of synthetic receptors or 
other techniques. Thirdly, development of prototypes for real-time and decentralized 
detection of creatinine must be a milestone after this thesis to reach the market with a 
device to improve and reduce the price of the current methods. Last but not least, 
optical sensing with polystyrene beads have opened a new wave of sensors that avoid 
interference from lipophilic compounds, commonly coming from the use of 
polymeric membranes8 . The fact that the mechanism is based on mass extraction and 
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charge dependent, further work must be focused on the detection of phosphate 
anions, very important for environmental issues, as well as proteins and other similar 
biomolecules since they are surrounded by many charges.  
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APPENDIX 1. Glossary 
GLOSSARY 
 
Abbreviation Definition 

3DOM Three-dimensionally ordered macroporous 

A0 Initial absorbance  

aBG Activity of the background 

AFM Atomic force microscopy 

ai Activity of an ion i 

ai (aq) Activity of ion i in aqueous phase 

ai (org) Activity of ion i in organic phase 

aq Aqueous phase 

C Capacitive element in Ω s-1/2 units 

c Concentration 

CFs Carbon fibers 

CNT Carbon nanotubes 

CPE Constant phase element 

CTAB Cetyltrimethylammonium bromide 

CV Cyclic voltammetry 

CWE Coated wire electrode 

DFU Diabetic foot ulcers 

DMS Dimethyl sebacate 

DOS Bis(2-ethylhexyl sebacate) 

DVB Divinyl benzene 

EB Emeraldine base 

ED Difussional potential inside the membrane 

Ei
0 Standard potential of ion i 

EIS Electrochemical Impedance Spectroscopy 

Ej
0 Standard potential of ion j 
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Abbreviation Definition 

EM Membrane potential 

EMF Electromotive force 

EPB Phase boundary potential  

ES Emeraldine salt 

ESEM Environmental scanning electron microscopy 

F Faraday constant (96486 C mol-1) 

fA Femtoampere (10-12 Amperes) 

FIM Fixed interference method 

FT-IR Fourier-Transform Infrared spectroscopy 

GC Glassy carbon 

GFR Glomerular filtration rate 

GΩ GigaOhms (109 Ohms) 

HAc Acetic acid 

HS Human serum 

Hz Frequency unit (Hertz) 

i Primary ion 

I Current in Amperes (A) 

I Ionic strength 

ID-GC-MS Isotope dilution gas-chromatography mass spectrometry 

Ind Indicator 

ISCYE Ion-selective cotton yarn electrode 

ISE Ion-selective electrode 

ISM Ion-selective membrane 

j Interference ion 

K Kelvin 

ki Relative free energies of solvation in both sample and membrane 

phase 

KIJ
POT Potentiometric selectivity coefficient of ion i and j 
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Abbreviation Definition 

KTClPB Potassium tetrakis [p-chlorophenyl]borate 

KTFPB Potassium tetrakis [3,5-bis(trifluoromethyl)phenyl]borate 

L Ligand or ionophore 

LC Low carbohydrate 

LiAc Lithium acetate 

LLOD Lower limit of detection 

M Unit of concentration (molar) 

MIPs Molecularly imprinted polymers 

MMA Monomer methacrylic acid 

MWCNT Multi-walled carbon nanotube 

N Number of replicates 

nN Nanonewtons (10-8 Newtons) 

Ø Diameter 

o-NPOE O-nitrophenyl octyl ether 
oC Celsius degrees 

org Organic phase 

PANi Polyaniline 

PB Phase boundary 

PEDOT Poly(3,4-ethylenedioxythiophene) 

PEG Polyethylene glycol 

PET Polyethylene terephthalate 

POC Point of care 

PS Polystyrene 

PSS Polystyrene sulphonate 

Pt Platinum wire 

PVB Polyvinyl butyral 

PVC Polyvinyl chloride 

R Molar gas constant (8.314 J K-1 mol-1) 
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Abbreviation Definition 

R Resistive element in Ω units 

R- Cation exchanger 

R+ Anion exchanger 

Rct Charge-transfer resistance 

RE Reference electrode 

Rel Electrolyte resistance 

RFID Radiofrequency identification 

RM Reference membrane 

RSD Relative standard deviation 

SDBS Sodium dodecylbenzene sulphonate 

SEM Scanning electron microscopy 

SPE Screen-printed electrode 

SPEl Solid polymer electrolytes 

SSISE Solid-state ion-selective electrode 

SSM Separate solution method 

SSRE Solid-state reference electrode 

SW Simulated wound 

SWCNT Single-walled carbon nanotube 

T Absolute temperature (Kelvin, K) 

t Time  

TDMACl Tridodecylmethylammonium chloride 

TEM Transmission electron microscopy 

Tg Glass transition temperature 

THF Tetrahydrofuran 

TRIM Trimethylolpropane trimethacrylate 

ULOD Upper limit of detection 

URV Universitat Rovira i Virgili 

UV-Vis Ultraviolet-Visible spectroscopy 
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Abbreviation Definition 

V Voltage unit (Volt) 

W Warburg diffusion 

WBSN Wireless body sensor networks 

WE Working electrode 

WSN Wireless sensor networks 

Z Impedance  

zi  Charge of an ion i 

Zi Imaginary impedance 

Zr Real impedance 

γ Activity coefficient 

θ Phase difference between voltage and current 

σ Warburg element in Ω s-1/2 units 

Ω Resistance unit (Ohm) 

ω Angular frequency 
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APPENDIX 2. List of Tables and Figures 
LIST OF TABLES 
 
Table 3.1. Other reagents utilized in the doctoral thesis (AG refers to analytical grade).!
Table 3.2. Elements of an electrochemical circuit.!
Table 4.1. Optimization of conditioning time. Calculated slopes after additions of KCl salt 

with their respective standard deviations are shown here (N=3).!
Table 4.2. Reference membrane lifetime study (N=3).!
Table 5.1. Composition of different ion-selective membranes used throughout this chapter.!
Table 5.2. Analytical parameters for the cotton sensing yarns with different ion-selective 

membranes.!
Table 5.3. Selectivity coefficients obtained for the potentiometric ion-selective cotton yarns, 

compared to the literature values obtained with the same method (fixed interference 
method).!

Table 5.4. Lifetime of the cotton yarn ion-selective electrodes for a month.!
Table 6.1. Selectivity values obtained experimentally and in literature for the nonactin-based 

polymeric membrane.!
Table 7.1. Selectivity values calculated by the SSM method for the PANi conducting polymer.!
Table 7.2. Slope and intercept before and after autoclaving sensors.!
Table 7.3. Lifetime of the pH bandages.!
Table 8.1. Selectivity coefficient values comparison between the reported vs. the obtained 

results.!
Table 8.2. Values of creatinine obtained with Jaffé’s method compared with the 

potentiometric method for polymeric membranes with chloroparaffin, as reported by 
Buhlmann et al.!

Table 8.3. Amounts of each compound in the different polymeric membranes in 1 ml of THF 
prepared in this work.!

Table 8.4. Analytical parameters obtained for each potentiometric electrode with different 
receptors for creatinine.!

Table 8.5. Selectivity coefficients obtained for each potentiometric electrode with different 
receptors for creatinine.!

Table 9.1. Analytical parameters compared for the blank sensor and the sulphate sensor.!
Table 9.2. Values of concentration of each compound in the THF cocktail to find the most 

selective composition.!
Table 9.3. Detection of SO4

2- in real urine sample.!
!
!
!
!
!
!
!
!
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!
Figure 1.1. Expected wearable technology for the near future in different fields. 
Figure 1.2. Data-information-knowledge-value pyramid. 
Figure 1.3. Classification of wearable devices. 
Figure 1.4. Glucowatch G2 Biographer developed in 2002 by Cygnus Inc. 
Figure 1.5. Smart health scenario with body-worn sensors. 
Figure 1.6. Health application from Apple Company in an iPhone 6 released in September 

2014 and some of the serious illness Apple is collecting data for medical research. 
Figure 1.7. The new company, Electrozyme, about to release a new wearable chemical sensor 

product to the market (mid 2015). 
Figure 1.8. Application-knowledge scheme developed during this doctorate period. 
Figure 2.1. Detailed scheme of the sensing process. 
Figure 2.2. General scheme of a potentiometric cell with both RE and WE connected to a 

potentiometer. 
Figure 2.3. Diagram of a conventional potentiometric reference electrode. 
Figure 2.4. Examples of components of a polymeric ion-selective membrane. Valinomycin 

and nonactin are receptors for K+ and NH4, respectively. KTFPB: potassium tetrakis 3 5-
bis(trifluoromethyl)phenyl borate; KTClPB: potassium tetrakis(4-chlorophenyl)borate 
are typical ion-exchangers used in ion-selective membranes; o-NPOE: o-
nitrophenyloctyl ether; PVC: polyvinyl chloride; DMS: dimethyl sebacate are the most 
common matrices used in ion-selective membranes. 

Figure 2.5. Phase boundary mechanism of ion-selective electrode. a) The membrane is not in 
contact with a solution and only membrane components are present. b) First contact 
with an aqueous solution with the primary analyte and a counterion. The charge 
separation between cations and anions in the interface membrane/solution is generated 
by the difference in the free hydration energies. 

Figure 2.6. Analytical parameters of the ion-selective electrodes. a) Time trace of an ISE of a 
monovalent cation upon additions of a target. Inset shows the time of response when 
changing the activity. b) Calibration plot of an ISE for a monovalent cation, with the 
extrapolation of regression lines to help to calculate both lower and upper limit of 
detection (LOD). 

Figure 2.7. Comparison between an ion-selective electrode containing internal solutions and a 
solid-contact ion-selective electrode. 

Figure 2.8. Ion-to-electron transduction process involved in a solid-state ion-selective 
electrode. K+ ISM: potassium ion-selective membrane; R-= TClPB-: tetrakis(4-
chlorophenyl) borate; L = ligand (for example valinomycin). 

Figure 2.9. Illustration of a screen-printing process: 1) Mesh stapled on a wooden or metal 
frame; 2) Stencil design cut; 3) Stencil placed under frame but above paper; 4) Line of 
ink at one end of screen; 5) The squeegee draws ink across screen by pressing firmly; 6) 
Drying ink. 

Figure 2.10. Schematic representation of surfactant dispersed on carbon nanotubes (CNTs). a) 
A CNT is  encapsulated in a cylindrical surfactant micelle. The hydrophilic and 
hydrophobic moieties of the surfactants are shown as circles and wiggles, respectively. b) 
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Random absorption of surfactant molecules on a CNT and c) hemimicelles of surfactant 
molecules adsorbed on a CNT. 

Figure 2.11. Hofmeister series based on the lipophilicity and hydrophilicity of many ions. 
Figure 3.1. Illustration of stretching and bending sensors. The sensor is placed between two 

forceps and one of the forceps is either moved away (stretching) or twisted back and 
forth (bending). 

Figure 3.2. Impedance plot of a resistor and a capacitor in series (R = 100 Ω, C = 0.1F) over 
the frequency range of 1 MHz to 1mHz. 

Figure 3.3. Impedance plot of a resistor and a capacitor in parallel (R = 100 Ω, C = 0.001F) 
over the frequency range of 1 MHz to 1mHz. 

Figure 3.4. Impedance plot of a resistor with a Warburg element in series (R = 100 Ω, σ = 5 Ω 
s-1/2) over the frequency range of 1 MHz to 1mHz. 

Figure 3.5. a) Regular randle cell (R1= 50 Ω, R2=100 Ω, C= 0.001F) and a modified randle cell 
including Warburg element (Rel = 100 Ω, Rct = 200 Ω, Cdl = 0.0001F, σ= 5 Ω s-1/2) over 
the frequency range of 1MHz to 1mHz. 

Figure 3.6. Construction of solid-contact ion-selective electrodes. a) A glassy carbon is 
inserted into a Teflon body. b) Drop-casting method of polymeric membranes onto the 
glassy carbon with the PTFE  body and c) the membrane is let to dry on top of the 
electrode. 

Figure 4.1. ESEM image of the side view of a PVB-based reference membrane. The membrane 
was gently peeled off from a glassy carbon and subjected from one side to calculate the 
thickness. 

Figure 4.2. a) Potentiometric time trace and b) EMF dependence on the logarithm of the 
concentration of the PVB-reference electrode for some representative analytes: NaCl, 
CaCl2, NaNO3 and KCl. It is important to note that the values in the y-axis have been 
offset in order to avoid overlapping and show the response for all the species. 

Figure 4.3. pH response of the PVB-based reference membrane by using a universal pH 
buffer. 

Figure 4.4. Sensitivity to light of the PVB-based reference membrane. 
Figure 4.5. Redox sensitivity of 0.1mM Fe(CN)6

3-/ Fe(CN)6
4- at different ratios (0.1, 1 and 10). 

Figure 4.6. Schematic illustration of the proposed working mechanism of the PVB-based 
reference membrane. I+ and X- represent generic cations and anions in solution. 

Figure 4.7. FT-IR spectra from a) Polyvinyl butyral (PVB) membrane, b) PVB with NaCl 
membrane, c) PVB with AgNO3 membrane and d) solid-state reference membrane 
before and after conditioning with 3M KCl. 

Figure 4.8. AFM images and EIS analysis from a membrane made only with PVB polymer 
before (a, b) and after (c, d) conditioning in DI water. 

Figure 4.9. AFM images and EIS analysis from the new PVB-based solid-state reference 
membrane before (a, b) and after (c, d) conditioning in DI water. 

Figure 4.10. X-Ray elemental analysis from a detector coupled to an ESEM microscope of the 
PVB-based reference membrane on the surface (black) and twisted 180o (red). 

Figure 4.11. Comparison of the potentiometric response of the PVB-based reference 
membrane (△) with a conventional double-junction reference electrode (◯) against a 
regular ammonium-selective electrode. 

Figure 5.1. Process of dyeing cotton yarns to turn them into conductive with a SWCNT-based 
ink. The process consists of 1) taking a cotton yarn (already cleaned to remove resins), 
then 2) submerge it into a carbon nanotube-based ink, dry it at 60OC, rinsing it with 
distilled water and finally let it dry again to obtain the 3) conductive CNT-cotton yarn. 
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Figure 5.2. a) Construction of a sensing cotton yarn with a pipette tip. b) Dip coating of the 
CNT-based cotton yarns to obtain potentiometric sensors. 

Figure 5.3. a) Resistance change after each dyeing step of the cotton yarn into a CNT ink. b) 
Scanning electron microscope images of the cotton yarn (left) and the conductive CNT-
cotton yarn (right). 

Figure 5.4. General scheme of the carbon nanotubes wrapping around cotton yarn cellulose 
fibers. 

Figure 5.5. Sensitivity obtained upon additions of KCl for cotton yarns with different number 
of dips into the reference cocktail. 

Figure 5.6. Calibration curves of the textile reference electrodes upon additions of different 
electrolytes: KCl, NaCl, CaCl2 and NaNO3. 

Figure 5.7. Electrochemical impedance spectroscopy of a cotton yarn reference electrode after 
being conditioned 12h at 3M KCl. 

Figure 5.8. a) Sensitivities obtained for different number of dips into the ion-selective 
membrane of the conductive cotton yarn. b) SEM images of a cut view of the ion-
selective membrane surrounding the cotton yarn. The thickness of the membrane is 
approximately 100 µm. 

Figure 5.9. a) Time traces following the addition of the target species and b) the 
corresponding calibration curves for a K+ sensing yarn. 

Figure 5.10. a) Time traces following the addition of the target species and b) the 
corresponding calibration curves for a NH4

+ sensing yarn. 
Figure 5.11. a) Time traces following the addition of the target species and b) the 

corresponding calibration curves for a pH sensing yarn. 
Figure 5.12. Electrochemical impedance spectroscopy of cotton yarns for different 

membranes: a) K+, b) NH4
+ and c) pH. 

Figure 5.13. a) Mannequin with the cotton yarn sensors placed upon a T-shirt. b) Cotton yarn 
electrodes in-between a cellulose bed in a bandage. c) Potentiometric time trace upon 
changes of NH4+ in the bandage. 

Figure 6.1. Layer-by-layer fabrication of the potentiometric tattoo sensor. a) The process starts 
by adding a release layer in a tattoo paper sheet. Ag/AgCl, Carbon and insulator layers 
are screen-printed onto the release layer to get the flower tattoo. b) Both reference and 
ion selective membranes are deposited onto the electrodes area. 

Figure 6.2. Potentiometric time trace upon changes of ammonium concentrations. Inset: EMF 
dependence vs. log (aNH4

+) for nonactin-based membranes. 
Figure 6.3. Carry-over test with 10-4, 10-3 and 10-2 M (3, 2 and 1, respectively) solutions with 

the potentiometric tattoo sensor. a) Test with the sample solution in contact with the 
electrodes, b) Test with a filter paper soaked at different concentrations and placed on 
top of sensor. 

Figure 6.4. Effect of mechanical stretch of the tattoo potentiometric sensor. a) Tattoo applied 
on GORE-TEX and being stretched. b) Right: Calibration curves from 10-5 to 10-2 M at 
each 10 stretches. 

Figure 6.5. Effect of mechanical bend of the tattoo potentiometric sensor. a) Tattoo applied on 
GORE-TEX and being bended. b) Calibration curves from 10-5 to 10-2M at each 30 
bends. 

Figure 6.6. On-body screen-printed ammonium potentiometric tattoo sensor. a) Sensing 
tattoo placed on the shoulder. b) Final design of the tattoo in order to facilitate a path 
where sweat can flow. Left: Scheme of the fabrication of the path: A is the filter paper; B 
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is Kapton and C connections. Right:  Overview of the tattoo placed on the skin: A is the 
filter paper, B is the Kapton (transparent) and C is the connections (with PET carbon). 

Figure 6.7. On-body ammonium real-time data obtained from a human volunteer. The stable 
section corresponds to the onset of sweat of the volunteer. a) Subject only increasing the 
load. b) Subject sprinting every 5 minutes. 

Figure 7.1. Fabrication process to create the pH-sensitive bandage. a-d) UV-insulating layer is 
printed, followed by a Ag/AgCl and a carbon layer, and finally an insulating layer with 
skin-like color. e) Images displaying the printed potentiometric sensor on an adhesive 
bandage. Electropoymerization of PANi onto the printed carbon working electrode 
(circle) and deposition of PVB-based reference membrane. 

Figure 7.2. Potentiometric time trace of a pH bandage sensor from pH 8.51 to 2.69. Inset: 
EMF dependence vs. pH units for the PANI conducting polymer ISE. 

Figure 7.3. a) Carry-over evaluation of the pH-sensitive bandage sensor over the 7.47 to 5.36 
pH range. b) Repeatability of a pH sensor within the pH 7.47 to 2.69 range. 

Figure 7.4. Mechanical bending test of a pH bandage sensor. a) Image showing the actual 
bending of the sensor. b) Calibration curves from 7.99 to 4.18, each trace taken after 20 
bends. 

Figure 7.5. Potential time trace of a pH bandage before autoclaving and after autoclaving the 
sensor. 

Figure 7.6. Lifetime of a pH bandage sensor. 
Figure 7.7. A: Calibration curve from pH 7.93 to 4.07 of a pH bandage sensor by employing 

simulated wound samples with different pH values. B: Carry-over test with simulated 
wound samples within the physiological range of pH values: 7.93 to 5.15. 

Figure 7.8. Real-time recording of pH changes over a 100-minute interval using a PEG 
hydrogel simulating the composition of a wound. 

Figure 8.1. Colorimetric Jaffé’s reaction based on the interaction between creatinine and picric 
acid at very strong basic conditions, leading a yellow-orange compound (creatinine 
picrate). 

Figure 8.2. Timeline of the creatinine potentiometric sensor research conducted during this 
thesis. 

Figure 8.3. General scheme of the synthesis of molecularly imprinted polymers (MIPs). 
Figure 8.4. Molecules used as receptors of creatinine in this work. 
Figure 8.5. Potential trace for creatinine selective sensors without ionophore (blank, blue), 

with ionophore 1 (sensor 1, green) and with ionophore 2 (sensor 2, red). The initial 
potentials have been normalized for clarity puposes. 

Figure 8.6. Electrochemical impedance spectroscopy (EIS) of creatinine sensor without 
ionophore (blank), with ionophore 1 (sensor 1) and with ionophore 2 (sensor 2). 

Figure 8.7. a) Selectivity potentiometric coefficients obtained for potassium and sodium in 
three creatinine sensors: blank (no ionophore), sensor 1 (ionophore 1) and sensor 2 
(ionophore 2). b) Electrical potential time trace of sensor 2 for creatinine, K+ and Na+. 

Figure 8.8. X-Ray crystal structure of the calix[4]pyrrole with creatinine inside the cavity. 
Figure 8.9. Potentiometric and colorimetric creatinine levels obtained for different samples: 

plasma and urine. Inset shows the linear regression for plasma samples. 
Figure 9.1. General scheme of the optical system used in this work. 
Figure 9.2. Optical polystyrene-based sensors for the determination of K+ in solution. 

Additions of K+ into the polystyrene dispersion provides a change in absorbance due to 
the displacement of the equilibrium from the protonated (blue) to the deprotonated 
(purple) chromoionophore. 
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Figure 9.3. Molecular structures of the a) fluorescein octadecyl ether (chromoionophore), b) 
bis-thiourea (sulphate ionophore) and c) tridodecylmethylammonium chloride 
(TDMACl, anion exchanger). 

Figure 9.4. Experimental procedure for the generation of optical sulphate sensor beads. a) The 
THF cocktail is added to a polystyrene beads suspension in water; b) the suspension 
turns into a bright yellow and THF is blown with N2; c) the final cuvette system is 
prepared with a 2:1 ratio of polystyrene beads yellow suspension with acetic 
acid/Mg(Ac)2 buffer at pH 4, respectively. 

Figure 9.5. a) General mechanism of the sulphate sensor: the chromoionophore, the anion-
exchanger and the sulphate ionophore are immobilized on the polystyrene beads. The 
carboxylate form of the chromoionophore, characteristic of the bright yellow color, and 
the lactone form, colorless, are represented. b) Molecular structures of the sulphate 
ionophore and the anion-exchanger. For the sake of the simplicity, only one molecule of 
chromoionophore is represented (the whole species are presented in equation 9.5). 

Figure 9.6. Sensitivities (Abs/µM) and initial absorbances (A0/Abs) obtained for the sulphate 
sensor with 10 mM HAc/Mg(Ac)2 buffers at different pH. 

Figure 9.7. a) Spectra of the blank sensor in 10 mM HAc/MgAc at pH 4 upon additions of 
Na2SO4. b) Calibration curves with the difference in absorbance at 459 nm (A0- Abs) for 
SO4

2- and other anions. 
Figure 9.8. a) Spectra of the sulphate sensor in 10 mM HAc/MgAc at pH 4 upon additions of 

Na2SO4. b) Calibration curves with the difference in absorbance at 459 nm (A0- Abs) for 
SO4

2- and other anions. 
Figure 9.9. a) Spectra of the sulphate sensor in 10 mM HAc/MgAc at pH 4 upon an initial 

addition of SO4
2- and succesive additions of Cl-. b) Calibration curve with the values in 

absorbance at 459 nm for a blank without SO4
2-, with an addition of SO4

2- and the 
succesive additions of Cl-. 

Figure 10.1. Innovation funnel with all the projects carried out in this thesis. 
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APPENDIX 3.  
COMPLEMENTARY INFORMATION OF CHAPTER 4 
 
Figure A3.1. FT-IR spectrum of Poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) (Mw 70,000-
100,000, powder) from literature1. 
 

 
 

The spectrum of PVB before conditioning displays very similar pattern bands to 
the found in literature1. Specifically, the alcohol-stretching band (O-H) appears at 
3500 cm-1, the aliphatic chain (C-H) at 2900 cm-1, the C-O-H bending at 1400 cm-1, 
the aliphatic deformation (CH3) at 1260 cm-1, the stretching of a secondary alcohol 
(C-O) at 1100 cm-1 and the stretching of the monosubstituted alkene (vinyl bond) at 
990 cm-1. 

 
 
 
 
 
 
 
 
 
 
 
1. Sigma-Aldrich ®. FT-IR spectra. “Safety and Documents”. 

http://www.sigmaaldrich.com/spectra/ftir/FTIR002088.pdf. Accessed: 07/03/2013 
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APPENDIX 4.  
COMPLEMENTARY INFORMATION OF CHAPTER 8 

All the family of ionophores, used in different creatinine polymeric membranes, 
are detailed in this appendix. As Figure A4.1 shows, the ionophores used for 
entrapping creatinine can be modified to provide a better selectivity towards the 
molecule. The most important ionophores are based on calix[4]pyrroles without arm 
(1), with a phosphonate group in one arm (2), with a phosphonate group and with 
OH groups in the other part (3), with two phosphonate groups (4-6) and with two 
thiophosphonate groups (7-9). Obviously, as a further study other ionophores are still 
required to be used a potentiometric sensor for creatinine to obtain a full 
characterization. These ionophores tried so far might help to predict their possible 
behaviour in the polymeric membrane.  

 

Figure A4.1. Family of ionophores used in the whole characterization of a creatinine potentiometric 
sensor. 
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Table A4.1. Amounts of compounds of each ion-selective creatinine membrane with different 
ionophores. 

 Blank 1 2 3 4-6 7-9 
Ionophore (mg) - 3.6 3.2 3.2 3.6 3.7 

KTFPB (mg) 1.0 1.0 1.0 1.0 1.0 1.0 
PVC (mg) 33.0 31.4 31.9 32.0 31.3 31.7 

o-NPOE (mg) 66.0 64.0 63.9 63.8 64.1 63.6 
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!! Table A4.2. Analytical param
eters and selectivity coefficients obtained for different creatinine selective m

em
branes with different receptors. 

 
Blank 

1 
2 

3 
4 

5 
6 

7 
8 

9 
Required 

Sensitivity 

(m
V/log a

Creat ) 
60.2 ± 0.8 

60.4 ± 0.2 
54.2 ± 0.6 

57.3 ± 1.2 
59.7 ± 0.6 

56.8 ± 0.5 
58.8 ± 1.0 

61.3 ± 0.6 
60.1 ± 0.3 

58.1 ± 0.4 
 

Lim
it of 

detection (M
) 

10
-5.2 

10
-5.4 

10
-6.2 

10
-5.9 

10
-5.9 

10
-5.8 

10
-5.5 

10
-5.8 

10
-6.0 

10
-5.7 

 

Linear range 

(M
) 

10
-5–10

-2 
10

-5–10
-2 

10
-6–10

-2 
10

-5–10
-2 

10
-5–10

-2 
10

-5–10
-2 

10
-5–10

-2 
10

-5–10
-2 

10
-5–10

-2 
10

-5–10
-2 

 

J (Interferent) 
Log K

PO
TCrea, J  

Citric Acid 
-2.9 ± 0.1 

-3.1 ± 0.1 
-4.6 ± 0.2 

-3.8 ± 0.1 
-3.6 ± 0.1 

-2.8 ± 0.1 
-3.7 ± 0.1 

-3.4 ± 0.1 
-5.0 ± 0.1 

-3.9 ± 0.1 
0.54 

N
aH

CO
3  

-2.6 ± 0.1 
-3.0 ± 0.1 

-4.0 ± 0.1 
-3.9 ± 0.1 

-3.5 ± 0.1 
-3.1 ± 0.1 

-3.2 ± 0.1 
-2.6 ± 0.1 

-3.9 ± 0.1 
-3.6 ± 0.1 

-0.55 

U
rea 

-2.6 ± 0.1 
-2.9 ± 0.1 

-4.3 ± 0.1 
-3.7 ± 0.1 

-3.4 ± 0.1 
-3.6 ± 0.1 

-3.7 ± 0.1 
-3.8 ± 0.1 

-4.9 ± 0.1 
-4.8 ± 0.1 

-1.30 

Ca
2+ 

-3.4 ± 0.1 
-3.4 ± 0.1 

-4.8 ± 0.1 
-4.3 ± 0.1 

-3.9 ± 0.1 
-4.0 ± 0.1 

-3.7 ± 0.1 
-3.4 ± 0.1 

-4.3 ± 0.1 
-3.9 ± 0.1 

0.52 

N
a

+ 
-2.6 ± 0.1 

-2.6 ± 0.1 
-3.7 ± 0.1 

-3.1 ± 0.1 
-3.2 ± 0.1 

-2.6 ± 0.1 
-2.9 ± 0.1 

-2.7 ± 0.1 
-3.2 ± 0.1 

-3.0 ± 0.1 
-3.4 

N
H

4 + 
-1.5 ± 0.1 

-2.6 ± 0.1 
-2.3 ± 0.1 

-2.1 ± 0.1 
-2.2 ± 0.1 

-2.1 ± 0.1 
-1.6 ± 0.1 

-1.5 ± 0.1 
-1.6 ± 0.1 

-1.7 ± 0.1 
-0.55 

K
+ 

-1.2 ± 0.1 
-1.4 ± 0.1 

-2.5 ± 0.1 
-2.1 ± 0.1 

-2.0 ± 0.1 
-2.3 ± 0.1 

-2.0 ± 0.1 
-1.3 ± 0.1 

-1.4 ± 0.1 
-1.6 ± 0.1 

-1.9 

Creatine 
-2.4 ± 0.1 

-2.6 ± 0.1 
-3.5 ± 0.1 

-3.1 ± 0.1 
-2.8 ± 0.1 

-2.4 ± 0.1 
-2.9 ± 0.1 

-2.7 ± 0.1 
-3.2 ± 0.1 

-3.5 ± 0.1 
- 
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APPENDIX 5.  
COMPLEMENTARY INFORMATION OF CHAPTER 9 

 
In table A5.1 it is shown all the values of sulphate prediction in real urine samples 

obtained from a local hospital (Sant Pau i Santa Tecla), along with the added and the 
predicted amount of sulphate (μM), and finally the recovery obtained for all the 
predictions.  
 
Table A5.1. Detection of SO42- in real urine samples. 

Biological range 4.1 – 29.1 mM1  

Sample 1 8.4 ± 0.3 mM  

Added (μM) Predicted (μM) Recovery (%) 

3.9 4.0 ± 0.2 97 ± 4 
4.8 4.9 ± 0.1 99 ± 3 
5.8 5.8 ± 0.1 100 ± 3 
6.8 6.8 ± 0.2 100 ± 4 
7.6 7.8 ± 0.5 102 ± 7 

Sample 2 9.5 ± 0.6 mM  

Added (μM) Predicted (μM) Recovery (%) 

5.7 5.7 ± 0.1 98 ± 3 
6.7 6.6 ± 0.1 100 ± 2 
7.6 7.5 ± 0.3 101 ± 5 
8.6 8.4 ± 0.2 103 ± 3 
9.5 9.1 ± 0.3 105 ± 6 

Sample 3 20.0 ± 0.1 mM  

Added (μM) Predicted (μM) Recovery (%) 

11.0 10.8 ± 0.3 101 ± 4 
11.9 11.7 ± 0.4 102 ± 6 
12.8 12.6 ± 0.2 102 ± 3 
13.9 13.5 ± 0.2 103 ± 4 
14.9 14.5 ± 0.5 102 ± 8 
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Sample 4 11.9 ± 0.2 mM  
Added (μM) Predicted (μM) Recovery (%) 

6.9 6.9 ± 0.1 99 ± 2 
7.9 7.9 ± 0.1 100 ± 3 

8.9 8.7 ± 0.3 102 ± 5 

9.8 9.5 ± 0.2 104 ± 3 
10.8 10.4 ± 0.3 105 ± 4 

Sample 5 8.2 ± 0.6 mM  
Added (μM) Predicted (μM) Recovery (%) 

4.3 4.4 ± 0.3 99 ± 5 
5.3 5.4 ± 0.2 98 ± 3 
6.3 6.2 ± 0.1 101 ± 2 
7.3 7.0 ± 0.5 104 ± 6 
8.3 7.9 ± 0.2 105 ± 4 

Data shown are average of 3 measurements (n = 3) 

 
1Appel, L. J. In Dietary reference intakes for water, sodium, potassium, chloride and sulfate. The National 
Academies Press, 2005; pp. 424 – 448. 
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APPENDIX 6. Further details 
SHORT CV 
!

1988 Born on May 4th in Reus, CATALUNYA (SPAIN) 

1991 - 2004 Primary and Secondary school education – Escola Maria Rosa Molas, Reus 

2004 - 2006 Baccalaureate education – Institut d’Horticultura i Jardineria, Reus 

2006 - 2010 Chemistry degree at Facultat de Química of Rovira i Virgili University 
(URV) 

2010 - 2011 Nanoscience and Nanotechnology MSc. Degree at Escola Tècnica Superior 
d’Enginyeria Química (URV) 

2011 - 2015 PhD studies in F. Xavier Rius’ group (URV) on nanostructured chemical 
sensors 
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