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Abstract 
High-performance analytical platforms have gained significant research interests recently and 

proved themselves as powerful tools for enabling low-cost, portable, and reliable analysis for a 

variety of practical applications. This thesis aims to develop novel portable analytical platforms 

for two important types of applications including disease diagnostics and environmental 

monitoring. 

In one branch of this research, new types of cellulose-based microfluidic biosensors are 

developed for quantifying physiologically relevant biomarkers in human fluids, with target 

applications of point-of-care diagnosis and physiological condition monitoring. Specifically, an 

electrochemical microfluidic paper-based immunosensor array (E-µPIA) is proposed, featuring 

ultralow cost, high portability, high throughput, excellent user friendliness. To interface with the 

E-µPIA, a customized, handheld electrochemical reader (potentiostat) is designed for 

multiplexed readout of electrochemical signals from the E-µPIA with high resolution. Based on 

this platform, multiplexed detection of three metabolites (glucose, lactate, and uric acid) in urine 

samples is first demonstrated with comparable performance to existing standard tests. Then, the 

E-µPIA biosensing platform was further optimized for diagnosis of human immunodeficiency 

virus (HIV) and hepatitis C virus (HCV) co-infections in serum samples. Indirect ELISA of 

HIV/HCV antibodies is realized on the E-µPIA with LODs of 300 pg/ml and 750 pg/ml, 

respectively, both lower than that of standard HIV/HCV tests. Targeting wearable biosensing for 

physiological condition monitoring, a wearable microfluidic thread-based zinc-oxide-nanowire 

(ZnO-NW) biosensor is developed for continuous monitoring of lactate and sodium 

concentrations in sweat during perspiration. Based on this platform, multiplexed detection of 

lactate and sodium in human sweat is demonstrated with dynamic ranges of 0-25 mM and 0.1-

100 mM, and LODs of 3.61 mM and 0.16 mM, respectively, both covering the clinical sweat 

levels. Accurate measurements on real sweat samples from a healthy donor are conducted, and 

the results (13.16 ± 0.83 mM for lactate and 92.9 ± 5mM for sodium) are in good agreement with 

standard test results.   

Along the other branch of this research, novel portable chemical analyzers are developed for 

rapid, on-site detection of pollutants (metal ions and total nitrogen) in water. Heavy metal ions 

released into various water systems have severe impact on the environment, and excess exposure 
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to toxic metal ions through drinking water pose high risks to human health and cause life-

threatening diseases. To meet the urgent needs of on-site heavy metal ion detection, a portable 

analytical platform is developed for rapid and sensitive detection of aluminum (Al3+) and lead 

(Pb2+) ions in water. This platform involves a handheld colorimetric reader implementing gold 

nanoparticle based colorimetric assays for quantifying the concentrations of Al3+ and Pb2+. The 

LODs of 30 ppb for Pb2+ and 89 ppb for Al3+ are achieved, with comparable performance to that 

of a bench-top analytical spectrometer. Another important type of pollutant we target here is total 

nitrogen (TN), a nutrient pollutant in water that is primarily released from our sewage systems. 

The excess amount of TN present in water leads to algae bloom with a notable negative impact 

on the environment, the economy, and the human health. To face this situation, regular 

monitoring of TN levels in our water systems is required, for which portable TN analyzers 

represent an attractive solution. To this end, a novel analytical system is developed comprising a 

portable ultraviolet C reaction chamber (for digesting organic nitrogen) and a colorimetric reader 

(for final detection of total nitrite). With this system, rapid digestion and colorimetric 

determination of total nitrogen are achieved in 36 minutes, with a LOD of 1.20 mg/l, which is 

much lower than the required LOD of WHO standard (10 mg/l).  

The portable platforms developed in this research hold significant potential for on-site 

analysis of disease markers and environmental pollutants, which will enable effective 

identification and control of pathological, physiological, and environmental threats to human 

health and our environment.  
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Résumé 
L’intérêt scientifique porté aux plateformes analytiques hautes performances s’est accru 

considérablement ces dernières années. Cet outil puissant permet une analyse fiable, mobile et 

peu coûteuse pour une variété d'applications pratiques. L’objectif de cette thèse est de développer 

des nouvelles plateformes analytiques portables pour deux applications majeures à savoir le 

diagnostic des maladies et la surveillance de l'environnement. 

Dans la première partie de cette recherche, de nouveaux types de bio-détecteurs 

microfluidiques à base de cellulose sont développés afin de quantifier les biomarqueurs 

pertinents dans les fluides humains, le but étant d’améliorer le diagnostic au point d’intervention 

et la surveillance de l'état physiologique du patient. Plus précisément, on propose un réseau 

électrochimique microfluidique d'immuno-sensibilité (E-μPIA) qui présente un coût très bas, une 

portabilité élevée, un débit élevé, le tout avec une grande facilité d’utilisation. 

Pour interagir avec l'E-μPIA, un lecteur électrochimique portatif (potentiostat) personnalisé 

est conçu pour une lecture simultanée et haute résolution des signaux électrochimiques de l'E-

μPIA. Cette plateforme est d’abord appliquée à la détection simultanée de trois métabolites 

(glucose, lactate et acide urique) dans des échantillons d'urine et les résultats sont comparés aux 

méthodes standard de détection existantes. Ensuite, la plateforme de bio-détection E-μPIA a été 

adaptée au diagnostic de la co-infection du Virus de l'Immunodéficience Humaine (VIH) et du 

Virus de l'Hépatite C (VHC) dans des échantillons de sérum. L'ELISA indirecte des anticorps 

anti-VIH/HCV est réalisée sur l'E-μPIA avec des LOD de 300 pg/mL et 750 pg/mL 

respectivement, doses inférieures à celles des tests standard de HIV/VHC.  

Ciblant la bio-sensibilité portable pour la surveillance de l'état physiologique, un biocapteur 

microfluidique à base de nanofil (ZnO-NW) est développé pour la surveillance continue des 

concentrations de lactate et de sodium dans la sueur pendant la transpiration. Sur la base de cette 

plateforme, la détection simultanée de lactate et de sodium dans la sueur humaine est démontrée 

avec des plages dynamiques de 0 à 25 mM et de 0,1 à 100 mM, et des LOD de 3,61 mM et 0,16 

mM respectivement, tous deux couvrant les niveaux de sueur cliniques. Des mesures précises de 

la sueur ont été effectuées à partir d'un donneur sain, et les résultats (13,16 ± 0,83 mM pour le 

lactate et 92,9 ± 5 mM pour le sodium) étaient en accord avec les résultats des tests standard.  
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Dans l'autre branche de cette recherche, de nouveaux analyseurs portables chimiques sont 

développés pour la détection rapide in situ de polluants dans l'eau (ions métalliques et azote). Les 

ions de métaux lourds libérés dans divers systèmes d'eau ont un impact important sur 

l'environnement et l'exposition excessive à des ions métalliques via l’absorption d'eau pose des 

risques élevés pour la santé humaine et peut causer des maladies mortelles. Pour répondre aux 

besoins urgents de détection d'ions de métaux lourds sur site, une plateforme analytique portable 

est développée pour la détection rapide et précise des ions aluminium (Al3+) et plomb (Pb2+) dans 

l'eau. Cette plateforme dispose d’un lecteur colorimétrique portatif dont l’analyse se base sur des 

nanoparticules d'or pour quantifier les concentrations d'Al3+ et de Pb2+. Les LOD de 30 ppb pour 

Pb2+ et de 89 ppb pour Al3+ sont atteints, avec des performances comparables à celles d'un 

spectromètre analytique de banc. Un autre type important de polluants que nous ciblons ici est 

l'azote total (TN), un polluant nutritif dans l'eau qui est principalement libérée par les égouts. 

L'excès de TN présent dans l'eau conduit à la floraison d’algues avec un impact négatif 

considérable sur l'environnement, l'économie et la santé humaine. Pour faire face à cette 

situation, une surveillance régulière des niveaux de TN dans nos réseaux d'eau est nécessaire et 

pour laquelle les analyseurs TN portables représentent une solution attrayante. À cet effet, on 

développe un nouveau système analytique comprenant une chambre de réaction ultraviolette C 

portative (pour « digérer » l'azote organique) et un lecteur colorimétrique (pour la détection 

finale du nitrate total). Grâce à ce système, la détermination colorimétrique de l'azote total est 

obtenue en 36 minutes, avec une LOD de 1,20 mg/L, ce qui est bien plus faible que la LOD 

requise par la norme de l’OMS (10 mg/L). 

Les plateformes portables développées dans le cadre de cette recherche offrent un potentiel 

important d'analyse in situ des marqueurs de la maladie et des polluants environnementaux, ce 

qui permettra d'identifier et de contrôler efficacement les menaces pathologiques, physiologiques 

et environnementales pour la santé humaine et pour notre environnement. 
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 Chapter 1: Introduction 1
Recently, growing expectations have been shifted towards more accessible and responsive 

ways for delivering services in early detection of disease, health status supervision, food safety 

inspection, and environmental monitoring [1-3]. The monitoring of multiple vital variables 

requires specialized measurement instruments, but they are usually unavailable to be employed 

for in-situ purposes due to their expensive costs, bulky sizes, and operation complexity. High-

performance portable analytical platforms involving miniature microfluidic devices have enabled 

more thorough assessment of a person’s health status or environmental quality in compatibility 

with the point of test, low cost and high accessibility. 

The commercialization of portable analytical platforms has already appeared for controlling 

of some specific issues, such as diabetes [4, 5], water turbidity [6], blood pressure [7] and pulse 

rate[8]. However, these products are hindered by their relative high price, limited numbers of 

targets, and inability to detect molecular biomarkers. Rapid advancement has been observed in 

various aspects of the development of portable analytical platforms. The evolution of 

miniaturized sensing techniques in the field of microfluidics, integrated with portable detection 

instruments, promotes the development of point-of-care disease diagnostics, telemedicine and in-

situ environmental monitoring. With these advancements, researchers established pioneer work 

in miniaturized sensing assays such as nano-sensor [9, 10], single cell biosensor [11], portable 

enzyme-linked immunoassays [12]; and analyzers such as cellphone-aided microscopes [13], 

photodiode-based optical detectors (for colorimetric assays) [14], and microcontroller-based 

handheld potentiostats (for electrochemical assays) [15]. 

Physiological biomarker diagnosis and in-situ water quality monitoring require accurate, 

instant, and regular monitoring at affordable costs in both home usage and industrial/medical 

surveillance. Smaller, faster, and cheaper analytical devices and platforms are highly desired for 

replacing time-consuming laboratory analyses, which will facilitate convenient and affordable 

inspections for increased patient survival rates and healthier life style. Timely biomarker 

detection is crucial for early disease diagnosis and physiological monitoring. High-performance 

analyzers are urgently needed for measuring biomarkers present at ultra-low levels for early 

stages of diseases. As another important issue, water quality monitoring plays a key role in 

environmental examination during everyday life. Toxic metal ions and organic compounds 
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released into the water systems contaminate the sources of rivers and lakes, and lead to a high 

risk to both human health and economics. In-situ monitoring of these two main pollutants are 

highly demanded to indicate water’s suitability for drinking, farming, and ecosystem balance. 

This thesis aims to provide effective engineering tools as solutions to the biochemical 

problems required for in-situ disease diagnostics and environmental monitoring. The common 

contribution remains in the design and instrumentation methodologies of those portable 

analytical systems for different types of (bio)analysis. In this research, we target at these two 

directions in measurements of physiological biomarkers and water quality factors by designing 

high-performance portable analytical platforms. Aiming at early-disease diagnosis, we first 

develop an electrochemical microfluidic paper-based immunosensor array (E-µPIA) and a 

customized handheld electrochemical reader. This platform enables multiplexed detection of 

metabolic and protein biomarkers with satisfactory results. Next, we design a non-invasave 

thread-based zinc-oxide-nanowire (ZnO-NW) biosensor and a wireless smart headband as a 

wearable platform for physiological condition monitoring. We conduct multiplexed detection of 

lactate and sodium in real sweat during human perspiration, which are vital signs revealing over-

exercising. On the front of environmental monitoring, we aim at water quality monitoring in the 

specific area of heavy metal ion and nutrient pollutant measurements. We develop a portable 

chemical analyzer for rapid on-site detection of aluminum and lead. Targeting total nitrogen 

detection, we develop an analytical system comprising an organic nitrogen digestion chamber 

and a colorimetric reader, and achieve rapid determination of total nitrogen. 

 Thesis objectives 1.1

The overall objective of this thesis is to develop portable analytical platforms to meet the 

requirements for on-site measurements of disease biomarkers and environmental pollutants. The 

platforms are designed to maintain superior sensing performance that is able to satisfy the criteria 

of ASSURED guideline of the World Health Organization (WHO): Affordable, Sensitive, 

Specific, User-friendly, Rapid and robust, Equipment free, and Deliverable to end-users [1, 16, 

17]. The specific objectives of this thesis are: 

1. To develop an electrochemical paper-based microfluidic biosensor array (E-µPIA) and a 

handheld multiplexing potentiostat for the detection of metabolites (glucose, lactate and uric 

acid) in urine samples. 
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2. To further optimize the E-µPIA biosensing platform for diagnosis of human 

immunodeficiency virus (HIV) and hepatitis C virus (HCV) co-infection in serum samples. 

3. To design a wearable thread-based ZnO-NW nanobiosensor and its corresponding smart 

headband with signal readout electronics, for the real-time non-invasive monitoring of lactate 

and sodium concentrations in sweat. 

4. To develop gold nanoparticle (AuNP) based colorimetric assays and a handheld colorimetric 

reader for on-site detection of lead and aluminum in water. 

5. To develop a fast, reliable and accurate assay protocol, and a portable analytical platform for 

digestion and detection of total nitrogen in water.  

 Thesis organization 1.2

This is a manuscript-based thesis composed of eight chapters. The current chapter (Chapter 

1) of this thesis briefly introduces the general concepts and challenges in the field of portable 

analytical platform, followed by the objectives and the structure of this thesis. 

Chapter 2 presents a more detailed review of the research on developing portable analytical 

platforms. Requirements in the practical applications are summarized, and the design 

considerations to meet the requirements are discussed. The major working principles of current 

portable platforms regarding sensing mechanism and detection principles are introduced. Their 

design innovations for high performance and capabilities in practical uses are highlighted, 

covering the applications of disease diagnostics, physiological monitoring, food safety inspection, 

and environmental monitoring. In the end, a broadened view is proposed on the future trend of 

portable analytical platforms in point-of-test applications. In particular, chapter 2 points out two 

important applications to direct the future development of portable analytical platforms: (i) 

disease diagnostics at point of care and wearable non-invasive physiological monitoring; and (ii) 

in-situ water environmental monitoring. The two directions set the courses of the following 

chapters, as Chapters 3, 4 and 5 focus on physiological biomarker diagnosis using a paper-based 

electrochemical platform and a thread-based wearable sensing platform, and Chapter 5 and 6 

introduce optical analytical platforms for detection of water pollutants including heavy metal 

ions and total nitrogen. 

Chapter 3 introduces an electrochemical microfluidic paper-based immunosensor array (E-µPIA), 

featuring ultralow cost, high portability, high throughput, and excellent user friendliness. To interface 
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with the E-µPIA, a customized, handheld electrochemical reader (potentiostat) is designed for 

multiplexed readout of electrochemical signals from the E-µPIA with high resolution. Different from 

existing paper-based electrochemical devices, this device includes an array of eight electrochemical 

sensors and utilizes a handheld custom-made electrochemical reader (potentiostat) for signal readout. 

The biosensor array can detect multiple analytes in a sample solution and produce measurements for 

each analyte from a single run. Using the device, we demonstrate simultaneous detection of glucose, 

lactate, and uric acid in urine, with analytical performance comparable to that of the existing 

commercial and paper-based platforms. The paper-based biosensor array and its electrochemical 

reader enable the acquisition of high-density, statistically meaningful diagnostic information at the 

point of care in a rapid and cost-efficient way. 

Chapter 4 further optimizes the E-µPIA and the potentiostat (presented in Chapter 3) as the first 

paper-based electrochemical immunosensing platform with multiplexing and telemedicine capabilities 

for diagnosing HIV/HCV co-infection. The optimized platform is capable of performing enzyme-

linked immunosorbent assays (ELISAs) simultaneously on eight samples within 20 minutes. The 

multiplexing feature of the platform allows it to produce multiple measurement data for HIV and 

HCV markers from a single run, and its wireless communication module can transmit the results to a 

remote site for telemedicine. The unique integration of paper-based microfluidics and mobile 

instrumentation renders our platform portable, low-cost, user-friendly, and high-throughput. Indirect 

ELISAs of HIV/HCV antibodies are realized on the E-µPIA with limits of detection (LODs) of 300 

pg/ml and 750 pg/ml, respectively, both lower than those of standard HIV/HCV ELISAs.  

Chapter 5 introduces a non-invasive wearable biosensing platform for monitoring physiological 

variables. A thread-based ZnO-NW biosensor is developed for continuous monitoring of lactate and 

sodium concentrations in sweat during perspiration. Based on this platform, multiplexed detections of 

lactate and sodium in human sweat are demonstrated with dynamic ranges of 0-25 mM and 0.1-100 

mM, and LODs of 3.61 mM and 0.16 mM, respectively, both covering the clinical measurement 

ranges with satisfactory performance. Using the biosensor, the testing of real sweat samples from a 

healthy donor is demonstrated with results in good agreement with standard assays. 

Chapter 6 reports a portable analytical system for colorimetric detection of lead (Pb2+) and 

aluminum (Al3+) ions in water based on gold nanoparticle probes and lab-on-a-chip instrumentation. 

The colorimetric detection of metal ions is conducted via single-step assays with low LODs and high 

selectivity. A custom-made micro-well plate and a handheld colorimetric reader are designed for 
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implementing the assays and quantifying the signal readout. The calibration experiments demonstrate 

that this portable system provides LODs of 30 ppb for Pb2+ and 89 ppb for Al3+, both comparable to 

bench-top analytical spectrometers. It promises an effective platform for metal ion analysis in a more 

economical and convenient way, particularly for use in water quality monitoring in field and resource-

poor settings. 

Chapter 7 introduces a novel analytical system comprising a portable ultraviolet C reaction 

chamber for digesting organic nitrogen and a colorimetric reader for final detection of total 

nitrite. With this system, rapid digestion and colorimetric determination of total nitrogen are 

achieved in 36 minutes, with a LOD of 1.20 mg/l, which is much lower than the required LOD of 

the World Health Organization standard (10 mg/l). Compared with existing laboratory 

instruments, the system requires much shorter incubation time and enables the digestion and 

measurement of TN in a portable and low-cost manner.  

Finally, Chapter 8 highlights accomplishments and contributions of this research. At the end, an 

outlook into the future work is provided.    

 References 1.3

[1] A. W. Martinez, S. T. Phillips, G. M. Whitesides, and E. Carrilho, "Diagnostics for the 
developing world: microfluidic paper-based analytical devices," ed: ACS Publications, 
2009. 

[2] M. Urdea et al., "Requirements for high impact diagnostics in the developing world," 
Nature, vol. 444, pp. 73-79, 2006. 

[3] C. D. Chin, V. Linder, and S. K. Sia, "Commercialization of microfluidic point-of-care 
diagnostic devices," Lab on a Chip, vol. 12, no. 12, pp. 2118-2134, 2012. 

[4] R. J. Smith, T. A. Stamp, D. D. Bouricius, and E. Lancaster, "Blood glucose meter," ed: 
Google Patents, 2009. 

[5] iHealth, "Glucose Meter, Blood Glucose Meters - iHealth," 2017. 
[6] HACH, "High Performance Turbidity Meters – Hach," 2017. 
[7] Omron, "Omron BP786CAN 10 Series Upper Arm Blood Pressure Monitor Plus 

Bluetooth Smart." 
[8] Zacurate, "Finger Heart Rate and Blood HbO2 Meter with silicon cover, batteries and 

lanyard (Blue)," 2017. 
[9] P. Rai, S. Oh, P. Shyamkumar, M. Ramasamy, R. E. Harbaugh, and V. K. Varadan, 

"Nano-bio-textile sensors with mobile wireless platform for wearable health monitoring 
of neurological and cardiovascular disorders," Journal of The Electrochemical Society, 
vol. 161, no. 2, pp. B3116-B3150, 2014. 

[10] C. Parolo and A. Merkoçi, "Paper-based nanobiosensors for diagnostics," Chemical 
Society Reviews, vol. 42, no. 2, pp. 450-457, 2013. 



6 

 

[11] M. Roy, D. Seo, C.-H. Oh, M.-H. Nam, Y. J. Kim, and S. Seo, "Low-cost telemedicine 
device performing cell and particle size measurement based on lens-free shadow imaging 
technology," Biosensors and Bioelectronics, 2014. 

[12] C. M. McGeough and S. O'Driscoll, "Camera phone-based quantitative analysis of C-
reactive protein ELISA," Biomedical Circuits and Systems, IEEE Transactions on, vol. 7, 
no. 5, pp. 655-659, 2013. 

[13] A. Skandarajah, C. D. Reber, N. A. Switz, and D. A. Fletcher, "Quantitative Imaging 
with a Mobile Phone Microscope," PloS one, vol. 9, no. 5, p. e96906, 2014. 

[14] C. Zhao, G. Zhong, D.-E. Kim, J. Liu, and X. Liu, "A portable lab-on-a-chip system for 
gold-nanoparticle-based colorimetric detection of metal ions in water," Biomicrofluidics, 
vol. 8, no. 5, p. 052107, 2014. 

[15] A. Nemiroski et al., "Universal mobile electrochemical detector designed for use in 
resource-limited applications," Proceedings of the National Academy of Sciences, vol. 
111, no. 33, pp. 11984-11989, 2014. 

[16] D. Mabey, R. W. Peeling, A. Ustianowski, and M. D. Perkins, "Tropical infectious 
diseases: diagnostics for the developing world," Nature Reviews Microbiology, vol. 2, no. 
3, pp. 231-240, 2004. 

[17] R. Peeling and D. Mabey, "Point‐of‐care tests for diagnosing infections in the 
developing world," Clinical microbiology and infection, vol. 16, no. 8, pp. 1062-1069, 
2010. 

 



7 

 

 

 

 

 

 

 

 

 

Chapter 2 
 

Portable Analytical Platforms for 

Disease Diagnostics and 

Environmental Monitoring: A 

Review 
 

 

 

 

 

 

 



8 

 

 Chapter 2: Portable Analytical Platforms for Disease Diagnostics 2

and Environmental Monitoring: A Review 

Chen Zhao and Xinyu Liu* 

Department of Mechanical Engineering, McGill University, 817 Sherbrooke Street West, 

Montreal, Quebec H3A 0C3, Canada 

*Corresponding author: xinyu.liu@mcgill.ca. 

To be submitted to Biosensors and Bioelectronics. 

 

High-performance analytical platforms have emerged as promising technology for many on-site 

applications in healthcare, environmental monitoring, food safety inspection, and so forth, 

because they maintain prominent attributes of rapid reaction, reliable performance, high 

sensitivity, and low cost. In this paper, we review the research on developing portable analytical 

platforms for rapid, reliable, and inexpensive on-site measurements of biochemical parameters 

related to healthcare, healthy lifestyle, and environmental safety. The major working principles 

are introduced as the electrochemical methods and optical methods, and their corresponding 

detector designs as the custom-made detectors and the cellphone-based detectors. Specially, the 

achievements are summarized towards disease diagnostics and water pollutant detections with 

focus on the involved biomarkers including metabolites, immunoassays, electrolytes, metal ions, 

and nutrients. Regarding the challenges and opportunities, insights are given over the aspects of 

performance improvement and real-sample trial. 

 

Keywords: portable analytical platform, electrochemical detection, optical detection, disease 

diagnostics, environmental monitoring 

 

 Introduction 2.1

High-performance analytical platforms have gained significant research interests recently and 

proved themselves as powerful tools for enabling low-cost, portable, and reliable analysis for a 

variety of practical applications. The designs of in-situ measurement devices such as the water 

quality analyzer, household medical care equipment, food safety analyzer, and non-invasive 

mailto:xinyu.liu@mcgill.ca
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physiological monitor largely rely on the techniques of portable analytical platforms, which have 

been considered as the most prospective alternative to conventional bench-top analytical 

instruments [1-5]. Combining with miniature microfluidic devices, these platforms bring the 

laboratory technologies to the point of test for disease diagnosis and environmental monitoring 

with high compatibility, low cost and high accessibility.  

Commercial applications of portable analytical platforms appear in the control of some 

specific issues, such as diabetes [6, 7], water turbidity [8], blood pressure [9] and pulse rate [10]. 

However, these products are hindered by their relative high prices, limited numbers of targets, 

and inability to detect certain biomarkers. The evolution of miniaturized sensing techniques, in 

particular, microfluidic technologies, with portable detection instruments, promoted the 

development of telemedicine and in-situ environmental monitoring. These portable analytical 

platforms have found important applications in personal healthcare [11, 12], food safety 

inspection [13], and environmental monitoring including water [14, 15], air [16], and soil [17]. 

Figure 2-1 summarized the involved sensing techniques, applications and achievements.  

 
Figure 2-1. Summary of the involved detection methods, applications and target molecules in 

portable analytical platforms. 
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 Guidelines 2.2

The well-accepted criteria for rapid diagnostics are the ASSURED guideline of the World 

Health Organization (WHO): Affordable, Sensitive, Specific, User-friendly, Rapid and robust, 

Equipment free, and Deliverable to end-users [18-20]. Although these criteria were first 

proposed for evaluating rapid diagnostic tests [18], they are also applicable to designs of other 

portable analytical tools targeting in-situ applications involving both disease diagnostics and 

environmental monitoring. Many existing platforms have been tailored to meet these criteria to 

guarantee their advantageous features such as low costs of material and manufacturing, ease of 

operation, low dependence on equipment, excellent portability, and good compatibility with 

mass production.   

 Affordability and easy accessibility 2.2.1

Cost efficiency is one of the major considerations in the design of these platforms. There 

arise many inexpensive sensor fabrication techniques and detection methods, especially the 

microfluidic devices and its integration with portable detectors. The fabrication processes of 

microfluidic devices are easy to access without requiring high-end instruments and technologies. 

Commonly used materials include polydimethylsiloxane (PDMS), poly(methyl methacrylate) 

(PMMA), cellulose, and commercial test strips. Zhao et al. reported a customized potentiostat 

integrating with paper-based microfluidic analytical devices for the detection of metabolites and 

human immunodeficiency virus (HIV)/ hepatitis C virus (HCV) co-infection. The cost of 

manufacturing a paper-based device are calculated to be $0.02 and the potentiostat as $90 

featuring ultralow-cost sensor and affordable detector [11]. Traditional microfluidic materials 

such as PDMS and PMMA maintain excellent transparency, and ensure promising optical 

sensing performance using mature digital imaging methods. Besides, the opaqueness, high 

contrast and uniform surface allow paper-based microfluidic devices (μPADs) to be excellent 

substrate for colorimetric reactions. For those microfluidic devices, many platforms employ 

commercial consumer electronics as detectors including but not limited to cameras [21], scanners 

[22], webcam [23], and cellphones [24]. All these instruments require much lower prices than 

those of the bench-top facilities, and promise the high affordability and easy accessibility for in-

situ uses.  
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 Portability and low power consumption  2.2.2

All existing portable analytical platforms are designed to maintain low weight with less 

power consumption. The sensors and detectors are usually powered by portable batteries or on-

chip power supplies, and these power sources can also provide electrical excitations for certain 

type of reactions such as electrochemical tests. Recently, cellphone-based analytical platforms 

have been widely reported due to its merits of self-satisfying capability to provide illumination 

[25], digital imaging [26], electrochemical signals [27], on-chip data analysis  [28], and wireless 

signal transmissions [29]. Lillehoj et al. reported a pluggable electrochemical platform for 

Plasmodium falciparum histidine-rich protein 2 (PfHRP2) protein measurement, while the phone 

processor provides power and electrochemical potentials to external printed circuit boards 

(PCBs) [28] (Figure 2-2 (B)). In the view of the computational integration of a telephone, 

cellphone-based analytical devices can also serve as a central platform for data analysis and 

information database in the remote sensing systems [30-35]. Figure 2-2 (A) shows a 

smartphone-based portable bacteria pre-concentrating microfluidic sensor and impedance 

sensing system, which use Bluetooth for wireless connectivity and a customized cellphone 

application for data transmissions [36].  

 Rapid measurement with high performance 2.2.3

 
Figure 2-2. (A) Wireless mobile phone impedance sensing system for bacteria detection, which 

is integrated with a smartphone sensing application and a wireless bacteria sensor [36]. (B) 

Photograph of the pluggable microfluidic chip and a mobile phone for electrochemical detections 

of PfHRP2, an important biomarker for malaria [28]. 
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These platforms leverage advantages of miniaturized sensors to achieve less reagent 

consumption, fewer experimental procedures, and more rapid measurements. Cellulose-based 

microfluidic devices, i.e. paper-based sensors, provide high surface-to-volume ratios and 

abundant reaction sites, which promise higher efficiency during fluid manipulation and reagent 

reaction. Their assay protocols are usually modified to have small sample volumes, fewer 

reagent volumes, and less incubation time [37]. In the measurement level, many portable 

instruments are designed to intimately contact with those assays, perform testing, obtain results, 

and analyze data in a short period of time. It reduces the turnaround time compared with regular 

assays requiring liquid transferring, instrument preheating, and data processing. To further 

improve the performance, designs of multiplexing and multi-layer configurations can be easily 

implemented into the devices, enabled by detectors with multiplexing capabilities. Besides, 

nanomaterials are also introduced to those assays for higher sensitivity and lower limits of 

detection, such as gold nanoparticles [21, 38], silver nanoparticles [39, 40], and graphene oxide 

[41].  

 User-friendliness 2.2.4

On those analytical platforms, there’re many user-friendly design considerations, including 

simplified procedures for less training requirements, custom-made detectors for fewer 

manipulations, and mobile applications for easier data analysis. Figure 2-3 (A) and (B) show a 

customized application interface for fluorescence detection and spatial mapping of mercury 

contamination in water samples using a smart phone and disposable test tubes for solution 

samples [42]. Besides that, various communication methods have been proposed rendering it an 

easy way of delivering the results to both end-users and health centers, including text message 

[43], USB [28], Bluetooth [36] and Wi-Fi [44]. Those tools can be used for receiving instructions 

and transferring data from local devices to central processing unit through mobile network and 

internet, even in rural area and developing countries lacking necessary hardware facilities. G. M. 

Whitesides’ group highlighted such a cellphone-based electrochemical device using charging 

cable and audio port for data collection and transmission from a local custom-made potentiostat 

to mobile network [29].  
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Figure 2-3. Cellphone analytical platform employing optical mechanisms (A) optical reader 

installed on an Android-based smart-phone, illuminated by red (625 nm) and green (523 nm) 

LEDs [42]. (B) Mercury detection application running on an Android phone [42]. (C) 

Configuration of smartphone-based device for optical detection of glucose on μPAD [45]. (D) 

Diagram of a phone-based mobile microscope for quantitative imaging on Wright stained blood 

smear [26]. 

 Working principles 2.3

Based on the measurement mechanisms, the design principles of miniature analytical 

platforms can be classified as optical detections and electrochemical detections. Optical sensors 

utilize an optical element as signal output, such as the color change in the format of RGB, 

wavelength shifting, and illumination intensity. To interface these assays, optical analyzers 

utilize illumination sources and compact cameras/photodiodes for lighting and imaging. On the 

other hand, electrochemical sensors usually involve the value changes in current, potential, 

impedance, and capacitance. In virtue of that, electrical analyzers employ external power and 

processor units for electrochemical signal generation and data collection. Figure 2-1 shows the 

classifications of portable sensing platforms and categories to each sub-section.  
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 Optical sensors and analyzers 2.3.1

Optical sensors are constructed on various optical mechanisms, including fluorescence 

detections [46-48], colorimetric reactions [49-51], and plasmonic resonance based detections 

[42, 52]. In-situ optical detections can be achieved using portable microscopes [53, 54], 

spectrometers [55, 56], quantitative scanners [57], and cellphones cameras [56]. Figure 2-3 

shows three cellphone-based optical sensing systems. Besides, many optical sensor systems are 

integrated with customized detectors built from compact cameras, scanners, cellphones, and 

high-performance photodiodes. Within optical sensors, some takes the mechanism of the 

relationship between light transmission rate and analyte reactions. The substrates of those 

sensors are usually built on materials with excellent transparency such as PDMS [36, 56, 58], 

PMMA [59] and disposable tubes [42]. Another type of devices relies on digital imaging to 

distinguish the concentration information after analyte reaction. Those sensors are built based on 

superior light reflection on substrates with good opaqueness such as paper test strips [50], paper-

based microfluidic devices [45, 60, 61], and textile-based microfluidic devices [62]. 

Paper-based sensors maintain merits of light weight, low cost, high porosity, and clean white 

background. They promote the development of optical portable systems, and enable flexible 

integration, portability, miniaturization, and mass production. Their specific porous structures 

ensure abundant binding sites for biomolecule immobilization. Apart from that, paper-based 

devices are biocompatible and chemical inert, making them excellent microfluidic platforms to 

adopt mature assay protocols. Since 2009, paper-based microfluidics have expanded their 

applications to different tests such as nucleic acid detection [63], immunoassay [64, 65], blood 

type test [66], human metabolite assay [67-69], and environmental analyses of pollutants like 

mercury [38, 70], ammonia [71], and lead [72]. Moreover, paper maintains the distinguished 

features of flexibility in shape and fabrication. It is easy to incorporate with multiplexing and 

multi-layer structures for high throughput, and nanomaterials for high analytical performance 

such as gold nanoparticles [38, 72], silver nanoparticles [39, 70], and silica nanoparticles [73]. 

In terms of portable optical detectors, many platforms are designed as integrated systems 

containing signal generation, image capturing, data collection and analysis. Cellphone-based 

biosensing has been considered as one of the most prospective platforms for mobile point-of-care 

(POC) diagnosis, as it has easy accessibility and powerful capabilities. Phone cameras can be 

used for image capturing in an optical biosensing system, with successful demonstrations on 
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iPhones [46, 74-76] and Android phones [77-79]. Their wide range of optical capabilities enables 

sensing mechanisms in fluorescence [46-48], colorimetry [49-51], plasmonic resonance [42], 

microscopy [53, 54], and spectrometry [55, 56]. Figure 2-3 (C) shows an integrated platform 

including a μPAD for running optical glucose bioassay and a cellphone for quantitative 

colorimetric measurement, which provides an alternative to quantitative scientific imaging [45]. 

Figure 2-3 (D) shows the diagram of a phone-based mobile microscope for quantitative imaging 

on Wright stained blood smear [26].  

For cellphone-based sensors, some designs utilize the light source from a phone and regard 

the light transmission rate as the output signal [25]. Others utilize an external illumination source 

for lighting while the phone camera for image capturing [26, 42]. For instance, Greenbaum et al. 

presented a lens-free, cost-effective and field-portable super-resolution color microscope, which 

transforms the color component of RGB image into YUV colorspace and separate color 

information from brightness. It weighs less than 145 grams with dimensions smaller than 

17×6×5 cm, which is suitable for field settings and POC uses [53]. Those studies reveal a 

promising imaging alternative to traditional RGB tools relying on bench-top instrumentations. 

 Electrochemical sensors and analyzer 2.3.2

Different from optical sensing, electrochemical sensing relies on the electrical output from a 

chemical reaction and automatic data collection by a potentiostatic controller from 

electrochemical cells. There are three types of portable electrochemical analyzers, involving 

glucometer [80, 81], cellphone-aided tools [28, 29], and custom-made potentiostat (e.g., 

“cheapstat”) [82]. The glucometer, as the first commercialized portable analytical platform for 

POC glucose test, has been further investigated for the feasibility of diagnosing other diseases 

such as cancer [83], HIV [84], mycotoxins [61], and the analysis for metal ion of copper [80]. 

Using this platform, glucometer acts as the original potentiostat without modification. Instead, 

specific assay protocol is created and modified to generate glucose in an acceptable range as the 

final product to accommodate the glucometer. Through calibrating the generated glucose 

concentration, it can trace back the original analytes such as telomerase activity in cancer cells 

[83], copper ion concentrations for water quality control [80], and HIV relevant DNA sequences 

for HIV screening [84]. Figure 2-4 (A) illustrates a glucometer-based analytical platform 

adaptable to an immune sensing platform for Aflatoxins detection [61]. 
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Figure 2-4. Three types of independent handheld electrochemical readers: (A) Glucometer 

adaptable to an immune sensing platform for Aflatoxins [61]. (B) Custom-made potentiostat as a 

universal platform for electrochemical detections for a variety of targets [29]. (C) Handheld 

potentiostat for multiplexed detection of HIV and HCV co-infection [12]. 

As another popular electrical platform, custom-made handheld potentiostat has arisen as a 

professional and powerful state-of-art tool for in-situ electrochemical tests abiding by the 

WHO’s ASSURED criteria. It is developed on a microcontroller-based electronic circuit 

programmed with specific electrochemical waveforms, and collects the resulting current 

automatically. It is capable of carrying out various electrochemical protocols (e.g., cyclic 

voltammetry, square-wave voltammetry, and anodic stripping voltammetry) and providing 

sufficient performance in chemical and biomarker detections. The custom-made potentiostat is 

easy to integrate with many advantageous features such as multiplexing, wireless data 

transmission, on-chip calculation, analysis and display. With that, multiple types of 

measurements can be conducted on the custom-made potentiostat, including but not limited to, 

metabolites [11, 29], immunoassay [12, 29], and heavy metal ions [29], making it a powerful 

alternative to bench-top potentiostat. Figure 2-4 (C) shows a fully integrated multiplexing 

handheld potentiostat capable of carrying out electrochemical detections with telemedicine 

capability. 

Cellphone-based electrochemical analyzers also attract growing interests due to the fact that 

they can be programmed to collect the data, make plots, and send data to mobile network and 

health center. Pluggable printed circuit board (PCB) is a popular method designed to interface 

with cellphone for electrochemical measurements [28, 85]. A phone acts as the central controller 

and sends orders to the PCB, and the PCB will load the parameters of an electrochemical test to 

the samples, and send the data back to the phone for analysis. Besides that, cellphone can also act 
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as a communication center which works with a handheld potentiostat [29]. Figure 2-4 (B) 

illustrates a custom-made potentiostat connected with a regular cellphone aiming at 

electrochemical detections for a variety of targets. The cellphone connects the potentiostat 

through its audio port, and acts as a communication center for remote data transmission. Such a 

design structure enables the affordable electrochemical monitoring of diseases in developing 

countries and rural areas lacking high-end measuring/communication equipment. 

 Applications 2.4

Through miniaturization of sensing materials and electronics, studies have demonstrated the 

integration of multiple functions into analytical platforms. Various portable tools have 

contributed to on-site analysis for applications such as disease diagnostics [28, 60, 85-87], 

physiological healthcare monitoring [88-94], water environmental monitoring [15, 42, 61], and 

many others like nucleic acid testing [63, 95-97] and food safety inspection [4, 98, 99]. 

 Disease diagnosis  2.4.1

Diagnostic analytes in human body fluids can be classified into metabolites, immune reactive 

proteins, nucleic acids, bacteria, virus, and cells. Human metabolism is a series of complex 

biophysical and biochemical reactions, and the metabolites are the fundamental biochemical 

components for regulating and balancing the life-sustaining chemical transformations within the 

cells of living organisms [100]. Metabolites are direct indicators for disease control in daily 

routine; for instance, the blood glucose level is a major parameter to control in treating diabetes. 

Many metabolic measurements in human fluids have been achieved based on colorimetric or 

electrochemical enzymatic reactions on portable platforms, including uric acid [11] and albumin 

in urine [101], glucose in blood [102], and nitrite in saliva [103]. Another important group of 

biomarkers for disease diagnosis are the immunological proteins. The detection of these protein 

markers have been realized on many portable analytical platforms, and many tests are based on 

the mature enzyme-linked immunosorbent assays (ELISAs). ELISA is for detection of 

immunoreactive proteins such as antigen and antibody, and is the most effective method for 

diagnosis of many diseases such as cancer [104], tuberculosis (TB) [79], and 

sexually transmitted infections [12]. On portable analytical platforms, there have been successful 

demonstrations of detecting HIV, TB, and malaria in whole blood [79], PfHRP2 antigens for 

malaria in human serum [28], H1N1from aerosol samples [87], and prostate specific antigen 
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(PSA) in serum [59]. For instance, Ahmed et al. reported a power-free, portable “Chip EIA” 

ELISA, which is more suitable for point-of-care testing and eliminates the need for pumps and 

valves through a simple permanent magnet and magnetic nanoparticles [59].  Quantitative signal 

readout was obtained through the use of cellphone camera imaging and the analysis of the 

images, and the platform was employed for testing PSA in 19 serum samples. 

 Physiological monitoring 2.4.2

Recently, there have been multiple research platforms for physiological monitoring based on 

wearable devices made from textiles [105], polymers [88], and flexible substrates like tattoos 

[106] and artificial teeth [89]. Efforts have been spent on the development of wearable 

biosensors for monitoring of biochemical markers like metabolites [88-90], electrolytes [88, 91] 

and pH [92] in body fluid from saliva [89], sweat [88, 93], and tear [90, 94]. Wang et al. 

proposed the integration of a miniaturized circuit chip inside an artificial teeth for the monitoring 

of uric acid in saliva, and the chip transmits radio frequency signals to an independent receiver in 

real time [89] (Figure 2-5 (C) and (D)). Considering the easy availability and abundant amount 

of sweat and the non-invasiveness of perspiration, many wearable platforms focus on the 

monitoring of biomarkers in sweat, which can reveal the information of important metabolites 

and electrolyte such as lactate, glucose, uric acid, sodium, potassium and chloride. Pioneering 

work on wearable sweat biosensors was demonstrated by the Diamond Group, which measured 

sweat pH and sweating rate during exercise paired with emitter-detector LEDs [107, 108]. They 

also proposed an elasticated belt with electrochemical detection for sweat sodium, which 

involves the polyvinyl chloride tubed ion selective electrode coupled with a commercial digital 

multimeter [109].  

As the uniqueness of wearable real-time devices, their detectors must be either independent 

or capable of wireless communication in the scenario of long time continuous working with 

biosensors. A recent work was reported by the group of Ali Javey in 2016 (Figure 2-5 (A) and 

(B)). They developed a wearable, fully integrated sensor arrays for multiplexed detection of 

glucose, lactate, sodium, potassium and temperature during perspiration [88]. Through 

continuous monitoring of body fluid, these wearable analytical platforms possess a significant 

potential to the practical controlling of fitness, electrolyte imbalance, physical well-being, and 

personal healthcare. 
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Figure 2-5. (A) Photographs of a subject wearing a ‘smart headband’ and a ‘smart wristband’ 

during stationary cycling [88]. (B) Schematic of the sensor array (including glucose, lactate, 

sodium, potassium and temperature sensors) for multiplexed perspiration analysis [88]. (C) 

Photograph of the mouth-guard biosensor integrated with wireless amperometric circuit board 

[89]. (D) Photograph of the wireless amperometric circuit board: front side (left) and back side 

(right) [89]. 

 Water quality monitoring 2.4.3

Water is the essential element in human life for both drinking and everyday use. Water 

contamination poses harm to the massive biosphere, human being and economics, and urges 

quick and reliable real-time water quality monitoring. Major contaminants in water include 

nutrients (nitrogen and phosphorus compounds), metals ions (copper, zinc, cadmium, lead 

and mercury), and many other chemical toxins. By measuring those common targets regularly, 

one can achieve responsive monitoring and effective control of the water quality. 

Heavy metal ions released into various water systems have severe impact on the environment 

and human beings, and excess exposure to toxic metal ions through drinking water pose high 

risks to human health and cause life-threatening diseases [15]. Thus, it is highly demanded to 

develop rapid, low-cost and sensitive analytical methods for detection of metal ions in water. 

Based on portable analytical platforms, there have been many studies for metal ions released in 

water such as inorganic salts of Co(NO3)2, K2Cr2O7, K2CrO4, Ni(NO3)2, Cu(NO3)2, KMnO4 
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[110], mercury (III) [42], lead and aluminum [15], and iron [61]. Those platforms promise 

convenient solutions for monitoring metal ions released into the environment. 

Besides heavy metal ions, monitoring of nutrient wastes also has important implications in 

environment protection. They have direct sources from human-related activities such as 

industrial waste water, domestic sewage, organic fertilizers and manures from agricultural 

activities, and human and animal excreta. Excess amounts of these wastes readily move with the 

water bodies, and causes significant water contamination and health issues on a global scale 

[111]. Common inorganics and organics contain phosphorus, nitrogen, and sulfate. Recent 

studies have demonstrated in-situ detection of phosphorous [112], nitrate/nitrite/ammonium 

[113] on various portable platforms such as cellphone-based  and customized optical analyzers. 

As a representative, Diamond et al. proposed a portable centrifugal microfluidic CD reactor for 

detection of total inorganic nitrogen (nitrate/nitrite/ammonium) [113]. The in-situ monitoring of 

these inorganics and organics will play a great role in many fields including chemical industries, 

agriculture, pharmaceuticals, and water treatment industries. 

 Others 2.4.4

There are several studies on nucleic acid measurements on mobile devices, including rough 

determination of target DNA segmentation based on fluorescence [96],  mutation detection based 

on tag coated magnetic microbeads for deafness-related mutations [95], single DNA molecule 

imaging and sizing on a phone based microscope [97], and extraction and detection of 

Salmonella genomic nucleic acids on a paper-based microfluidic device [63]. Nevertheless, 

portable biosensing also provides an accessible, low-cost, portable and accurate tool for food 

contamination and spoilage detections. There have been successful demonstrations in the 

ripeness tester from spectral analysis in banana [4], and health supplementary of vitamin D [76]. 

More importantly, it can help reveal the detection of foodborne bacterial pathogens of salmonella 

[60], E.coli [86], and rbST biomarker analysis in milk [99].  

 Future trends 2.5

High-performance analytical platforms are attracting increasing interest from researchers and 

industries due to their capability of providing low-cost and reliable tools in many applications. 

Rapid developments have been observed in miniaturized microfluidic devices, flexible handheld 

detectors, and advanced peripheral supports. Considering the current state of the art in those 
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devices and the future demands, five technological trends are expected: (i) improvement of assay 

protocols for fully integrated detections; (ii) hybridization of miniaturized microfluidic devices, 

made from different materials such as paper, PDMS, glass, and PMMA, to achieve more flexible 

functions for practical in-field testing involving complex fluid operations such as species 

separation and automated fluidic control; (iii) addition of battery and flexible electronics to 

achieve self-powered platforms; (iv) real sample trials; (v) smart and convenient personal 

healthcare.  

1. Many of the existing portable analytical platforms are demonstrated using spiked samples, 

such as serum, clean waters, and artificial buffers. The analytical tests in real world usually 

require extra procedures for separation from whole blood and polluted water before running a 

test. Additional assay protocols should be developed to meet the needs of fluid filtration or 

extraction with low volumes of samples. Paper with micrometer-sized pores can be easily 

modified for blood separation, which could be integrated in paper-based diagnostic platforms for 

fully integrated diagnostic tests at POC [114-117]. In addition, chromatography paper was 

widely used in thin-layer chromatography [118-121], and could possibly enrich the separation 

functions of paper-based biosensors, i.e. for amino acid separation and determination in food.  

2. The hybridization of microfluidics based on paper, PDMS, glass, and PMMA also show 

significant promise in the future research [41, 122, 123]. Such hybrids can take advantages from 

different types of substrates to achieve better performance than that of single type of substrate. 

For example, the integration of paper and traditional polymer-based microfluidic devices inherits 

the advantages of protein immobilization in cellulose paper and controlled fluidic flow in 

polymer chips. Automatic fluidic and timing control [124-126] could also be integrated for 

automatic manipulation of multi-step procedures in both disease diagnosis and environmental 

measurement. 

3. As portable analytical devices are usually small-sized and light-weight, they require lower 

volumes of samples and reagents, and less reaction time. It could save much electrical energy 

required to power the reaction than that of traditional optical/electrochemical sensors. For 

electrochemical detections, they can be triggered at millivolt levels lower than 3.3 V, a battery 

could be a perfect energy provider [127, 128]. Besides that, flexible electronics built from paper 

[129-131], polymers [132], and fabrics [133] possesses increasing importance in the field of 

capacitors, transistors, piezoresistors and other complex circuits. Combining the platforms with 
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battery-powered flexible electronics can be an attractive revolution for the future diagnosis and 

everyday life. It can serve as a self-powered, low-cost, and environmental-friendly tool.  

4. Diagnosis in the real world involves more practical problems rather than clean lab-based 

experiments. There will be more systematical studies on applying the portable analytical 

platforms to clinical sample trials. Challenges lie in the complexity of real samples. The sensor 

performance should be verified and enhanced by introducing interfering biomarkers in the 

calibration sample. The selectivity test should be carried out to verify sensor’s capability in a 

variety of compounds with similar chemical characteristics. Those tests should be conducted 

within the normal range of markers, and also abnormal concentrations.  

5. Personal healthcare will be largely improved in terms of convenience, cost, and accuracy. 

Non-invasive wireless sensors and screening services will be developed for mobile health 

surveillance, monitoring and data mining for diseases like tumor, cancer, and intracorporal 

bleeding. Emergency information database should be constructed based on the regular 

monitoring and analysis of biomedical variables related to personal healthcare for prevention of 

fatal diseases. Intelligent applications will be developed for the prediction of dangerous 

movement for patients, nutrition analysis from food intake, and chronic disease diagnostic. 

 Conclusion 2.6

The development of portable analytical platforms has enabled the improvement of human 

healthcare and environmental monitoring in a rapid, reliable and low-cost manner without 

barriers from the requirements of expertized technicians or sophisticated equipment. This paper 

reviews the development and state of the art of portable analytical platforms, with the design 

considerations, sensing techniques, and progresses regarding the in-field applications of disease 

diagnostics, water environmental monitoring, and food safety inspection. The major sensing 

mechanisms and detection principles have been discovered through optical sensing and 

electrochemical sensing. Optical sensors rely on the chemical reactions with optical outputs such 

as fluorescence, colorimetry, wavelength shift, and plasmonic resonance. They usually depend 

on portable detectors built from cameras, scanners or customized photodiode devices to serve as 

an image observation part. Electrochemical sensors are based on the electrons transferred in a 

chemical reaction through electrodes, which are built on chemically inert substrates such as 

cellulose, PDMS, glass and silicon. They usually take advantage of the computational processor 
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of a microcontroller or cellphone for electrical signal generation and collection. Cellphone-based 

sensing techniques are highlighted as they are capable of both sensing techniques with easy 

access. They can serve as multiple roles in imaging, illumination, electricity, data processing, 

and tele-transmission. The achievements of portable analytical platforms are summarized 

towards disease diagnostics, water pollution, and food safety applications, with the focus on the 

involved markers including metabolites, immunoassays, heavy metal ions, nutrient pollutions, 

and nucleic acids. For the future trends, we propose some possible concepts and ideas from the 

view of (i) improvement of assay protocols, (ii) hybridization of microfluidic devices made from 

different materials, (iii) integration of self-powered flexible electronics, (iv) real sample trials, 

and (v) smart personal healthcare with challenges, critical considerations and possible 

approaches.  
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Link between Chapter 2 and Chapter 3 

In the previous chapter, the advances of portable analytical platforms were reviewed for fast, 

reliable, and low-cost on-site measurements of biochemical variables regarding disease 

diagnostics, healthcare monitoring, and environmental safety. The major working principles 

were introduced, including the electrochemical method and optical methods, and their 

corresponding detector designs such as the custom-made detectors (photodiode devices and 

handheld potentiostats) and the commercial portable detectors (cameras, scanners, glucometers 

and cellphones). The major achievements were summarized towards disease diagnostics, water 

pollution applications, and food safety inspection, with focus on the involved targets including 

metabolites, immunoassays, heavy metal ions, and nutrients. Among them, two major 

applications were highlighted: (i) disease diagnostic at point of care (Chapter 3 and 4) and non-

invasive wearable physiological monitoring (Chapter 5); and (ii) water pollutants monitoring 

(Chapter 6 and 7). The following five chapters are dedicated to the two directions accordingly. In 

the next chapter, a novel multiplexing paper-based electrochemical microfluidic device 

integrated with a handheld potentiostat is introduced. This platform is applied in the diagnostic 

of three metabolites (glucose, lactate, and uric acid) in urine samples, and achieves comparable 

performance to existing standard tests.  
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Paper-based microfluidic devices have emerged as simple yet powerful platforms for performing low-

cost analytical tests. This paper reports a microfluidic paper-based electrochemical biosensor array for 

multiplexed detection of physiologically relevant metabolic biomarkers. Different from existing 

paper-based electrochemical devices, our device includes an array of eight electrochemical sensors 

and utilizes a handheld custom-made electrochemical reader (potentiostat) for signal readout. The 

biosensor array can detect several analytes in a sample solution and produce multiple measurements 

for each analyte from a single run. Using the device, simultaneous detection of glucose, lactate and 

uric acid in urine is demonstrate, with analytical performance comparable to that of the existing 

commercial and paper-based platforms. The paper-based biosensor array and its electrochemical 

reader will enable the acquisition of high-density, statistically meaningful diagnostic information at 

the point of care in a rapid and cost-efficient way. 

 

Keywords: Paper-based microfluidics, biosensors, electrochemical detection, multiplexing, metabolic 

markers, disease diagnostics 
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 Introduction 3.1

Accurate detection of disease-relevant biomarkers plays a central role in control and 

treatment of diseases. However, existing advanced diagnostic technologies usually cannot meet 

various needs of medical care in developing countries, in the field, and in home healthcare 

settings, due to their dependence on sophisticated clinical infrastructure, long turnaround time, 

and relatively high costs. To invent new technologies suitable for use at the point of care and/or 

in resource limited settings, microfluidic paper-based analytical devices (μPADs) have emerged 

as powerful diagnostic tools by virtue of their low cost, portability and ease of operate [1-5]. 

MicroPADs comprise single or multiple layers of paper substrates with hydrophilic paper 

channels patterned by hydrophobic materials, and can transport fluids autonomously for 

performing single- or multi-step analytical assays and quantifying concentrations of various 

analytes in human fluids (e.g., urine, serum, and blood) [6-10]. 

In terms of detection method, colorimetric detection has been widely employed in many 

μPAD designs because of its simplicity and compatibility with camera-phone-based telemedicine 

[6, 11-13]; it is suitable for both qualitative and (semi-)quantitative tests. Electrochemical 

detection has also been popular in μPAD designs, and is more appealing due to its high accuracy 

and sensitivity [14-19]. Many electrochemical μPADs have been demonstrated with much lower 

limit of detection (LOD) than colorimetric assays. In addition, electrochemical detection is 

insensitive to ambient illumination conditions and impurities in the samples (e.g., dust and 

insoluble particulate), making it particularly suitable for use in field and/or dirty environments. 

Existing electrochemical μPADs often work with a benchtop potentiostat for signal readout, 

and this bulky and expensive equipment makes it unfavorable to carry out electrochemical tests 

at the point of care and/or in resource-poor environments. Although portable potentiostats are 

also commercially available, their costs are still relatively high (>$1,000) and thus less 

affordable in the developing world. To further reduce the equipment cost of electrochemical 

detection, both commercially available and custom-made solutions have been explored. An 

experimental strategy was proposed to integrate electrochemical μPADs with a glucose meter, 

which is a highly mature and inexpensive commercial electrochemical reader, to detect different 

types of analytes other than glucose [20]. An inexpensive, open-source potentiostat, so called 

‘CheapStat’, was also developed based on a microcontroller-based electronic circuit [21]. This 

device is capable of carrying out various electrochemical protocols (e.g., cyclic voltammetry 
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(CV), square-wave voltammetry and anodic stripping voltammetry) and providing sufficient 

performance in chemical and biomarker detections. Further research is needed to develop new 

types of μPADs to fully utilize this customizable platform and demonstrate portable paper-based 

electrochemical biosensing. 

Both the glucose meter and the CheapStat represent fairly inexpensive and highly promising 

platforms for electrochemical detection on μPADs.  However, these electrochemical readers only 

accommodate one paper sensor at a time, and repeated human operations (pipetting, signal 

reading and device exchanging) are needed while performing a large number of tests. This poses 

a practical hurdle in diagnoses involving large-volume tests of multiple biomarkers, for instance, 

clinical identification of unknown origin of a fever which may attribute to several possible 

diseases such as tuberculosis, human immunodeficiency virus and mononucleosis. In response to 

the requirement for large-volume diagnostic tests using μPADs, a paper-based electrochemical 

biosensor array and a multiplexing electrochemical reader is presented, both of which can work 

together to perform eight analytical tests automatically within a single run. Using the biosensor 

array, the simultaneous detection of three metabolic biomarkers is demonstrated with analytical 

performance comparable to existing commercial meters and paper-based platforms.  

 Materials and methods 3.2

 Materials 3.2.1

Potassium ferricyanide, D-(+)-glucose, sodium L-lactate, uric acid, glucose oxidase (from 

Aspergillus niger, 147.9 U/mg), lactate oxidase (from Pediococcus sp., ~39 U/mg), uricase (from 

Candida sp., >2 U/mg), and chromatography paper (Whatman 1 Chr) were purchased from 

Sigma-Aldrich, Canada. All chemicals were used as received without further purification. An 

artificial urine (AU) solution was made according to a previously reported recipe [15], which 

contained 1.1 mM lactic acid, 2.0 mM citric acid, 25 mM sodium bicarbonate, 170 mM urea, 2.5 

mM calcium chloride, 90 mM sodium chloride, 2.0 mM magnesium sulfate, 10 mM sodium 

sulfate, 7.0 mM potassium dihydrogen phosphate, 7.0 mM dipotassium hydrogen phosphate, and 

25 mM ammonium chloride. All the chemicals were mixed in deionized (DI) water and the pH 

of this solution was adjusted to 6.0 with hydrochloric acid and sodium hydrate. Carbon ink 

(E3456) and silver ink (E1660) were purchased from Ercon (Wareham, MA). All electronic 

components for constructing the electrochemical reader were purchased from Mouser 
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Electronics (Mansfield, TX), and printed circuit boards (PCBs) were fabricated through 

RushPCB Inc. (San Jose, CA). 

 Design and fabrication of the paper-based biosensor array 3.2.2

Figure 3-1 (A) and (B) illustrate a microfluidic paper-based biosensor array and a handheld 

potentiostat for electrochemical signal readout. The paper-based device includes eight biosensing 

modules, which are used to quantify three metabolic biomarkers (i.e., glucose, lactate, and uric 

acid) in AU. As shown in Figure 3-1 (B), each module includes a paper channel patterned with 

hydrophobic wax and three carbon electrodes (WE: working electrode; CE: counter electrode; 

and RE: reference electrode) screen-printed on the test zone of the paper channel. For the 

detection of glucose, lactate, and uric acid, enzyme-catalyzed reactions were employed and 

corresponding enzymes and electron-transfer mediators were stored in the test zones to react 

with the analytes and produce electrical signals. The three electrodes are connected with screen-

printed silver strips (Figure 3-1 (B)), and these silver strips serve as contact pads for electrically 

interfacing with metal clips on the PCB board of the potentiostat. 

Paper channels were fabricated on chromatographic paper using solid wax printing [22], and 

carbon electrodes and silver strips on the surface of the paper device through screen printing [20]. 

The patterns of microfluidic channels and electrodes were first laid out using AutoCAD. Base on 

the channel design, wax patterns were printed to define paper channels (un-printed areas) on 

chromatography paper (Whatman 1 Chr) using a commercial solid wax printer (ColorQube 8570, 

Xerox), and baked the printed paper on a hot plate at 150℃ for 1 minutes to allow the melted 

wax to vertically penetrate the paper substrate and form complete hydrophobic barriers of the 

channels. According to the designed patterns of electrodes and silver strips, screen-printing 

stencils were cut into vinyl stencil film (Grafix Frisket® film) with a laser cutter (VersaLASER 

VLS2.30, Universal Laser Systems). Then, the stencil was taped on top of the wax paper, filled 

the laser-cut openings of the stencil with carbon or silver ink, and baked the paper device on a 

hot plate at 65 °C for 20 minutes until the ink dried. The whole fabrication process took an hour, 

and five 1×8 devices were typically fabricated from a single batch. Figure 3-1 (A) shows a 

photograph of the paper-based biosensor array. The total material cost of the device is $0.02 

(calculated based on commercial prices in small quantities). 
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Figure 3-1. A microfluidic paper-based electrochemical biosensor array that interfaces with a 

custom-made handheld potentiostat for multiplexed detection of metabolic biomarkers. (A) A 

paper-based electrochemical biosensor array (1×8). (B) A microcontroller-based multiplexing 

potentiostat mounted with a paper-based biosensor array. The potentiostat has eight measurement 

channels, and each channel is connected to a group of three sensing electrodes through metal 

clamps. CE: counter electrode. WE: working electrode. RE: reference electrode. (C) Schematic 

diagram of the potentiostat architecture with eight measurement channels. (D) A photograph of 

the paper-based biosensor array inserted into the potentiostat. 

 Design of the potentiostat 3.2.3

 A handheld inexpensive potentiostat that can interface with μPADs and carry out different 

electrochemical protocols will extend the electrochemical μPADs to on-site use. In this work, an 

eight-channel potentiostat was developed based on a similar circuit architecture to the CheapStat 

[21]. Figure 3-1 (B) and Figure 3-1 (C) show a photograph and a schematic diagram of the 

potentiostat circuit respectively, where a low-power microcontroller (ATMEGA32, Atmel; with 

12-bit A/D converters) serves as the core for generation of voltammetric excitations and 

acquisition of electrochemical signals. In contrast to the single-channel CheapStat [21], a 

multiplexing mechanism was integrated into the circuit to allow automatic scanning of the eight 

electrochemical sensing components. We designed an insertable slot, which can electrically 
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connect the 24 electrodes of a 1×8 biosensor array device upon insertion, making the device 

connection fairly easy. Six measurement ranges of electrochemical currents (±10 µA, ±60 µA, 

±100 µA, ±400 µA, ±600 µA, and ±1 mA) can be adjusted via on-board jumpers, for 

accommodating various reactions that produce different levels of electrochemical currents. The 

smallest current measurement resolution is 35 nA with the measurement range of ±10 µA. In our 

current design, the microcontroller circuit is powered by a USB cable connected to a computer 

(Figure 3-1 (B)), through which the potentiostat can transmit acquired data to the computer for 

analysis. It is completely feasible to directly display the results on the LCD screen by 

implementing simple data analysis algorithms in the firmware of the microcontroller. In addition, 

a 3 V button battery can be integrated on the PCB to power the circuit, thus eliminate the USB 

connection and make the potentiostat completely portable. Figure 3-1 (D) shows a photograph of 

the handheld potentiostat with a paper-based device inserted on the right side. The total cost of 

electronic components used to construct the potentiostat is ~$90 (calculated based on 

commercial prices in small quantities). 

 Detection principles 3.2.4

As a proof-of-concept demonstration, we measured concentrations of D-glucose, L-lactate, 

and uric acid in AU using chronoamperometry performed by the potentiostat on the biosensor 

array. Corresponding enzymes (i.e., glucose oxidase, lactate oxidase, and uricase) and an 

electron-transfer mediator (potassium ferricyanide – K3[Fe(CN)6]) were stored in the test zones 

(Figure 3-1 (B)) of the eight biosensing modules in a dry form. To perform a test, a 4 μL drop of 

spiked AU sample was added to the inlet of each biosensing module, then wicked to the test zone 

and reacted with the stored reagents. During the reaction, the enzymes GOx (glucose oxidase), 

LOx (lactate oxidase), and UOx (uricase) catalyzed the oxidation of corresponding analyte into 

different species (glucose to gluconic acid, lactate to pyruvate, and uric acid to allantoin), with a 

concomitant reduction of Fe(CN)6
3- into Fe(CN)6

4- (Equations 3-1 to 3-3). The generated 

Fe(CN)6
4- ions were quantified using chronoamperometry.  

       

Glucose + 2K3[Fe(CN)6] + H2O
GOx

Gluconic Acid + 2K4[Fe(CN)6]                 (3-1) 

      

Lactate + 2K3[Fe(CN)6] + H2O
LOx

Pyruvate + 2K4[Fe(CN)6]                     (3-2)                  

         

Uric Acid + 2K3[Fe(CN)6] + H2O
UOx

Allantoin + CO2 + 2K4[Fe(CN)6]           (3-3)  
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After device fabrication, test zones of the device were washed with 10 μL of alcohol to 

remove potential contaminants introduced during fabrication, and dried at room temperature. 

Before experiments, reagent mixtures of enzymes and the electron-transfer mediator 

(K3[Fe(CN)6]) were freshly prepared at the following concentrations: (i) 250 U/mL glucose 

oxidase in 600 mM K3[Fe(CN)6] and 1 M KCl; (ii) 50 U/mL lactate oxidase in 200 mM 

K3[Fe(CN)6] and 1 M KCl; and (iii) 27 U/mL uricase in 100 mM K3[Fe(CN)6] and 1 M KCl.  

Four microliter drops of particular reagent mixtures were added to the eight test zones of the 

device for detection of the three analytes. After being dried in a light-resistant incubator at 4 °C 

for 20 minutes, the device was ready for electrochemical detections. 

  Results and Discussion 3.3

 Electrochemical characterization of the paper-based biosensor array   3.3.1

Before applying the paper-based biosensor array to detection of the three analytes in AU, the 

electrochemical behavior of each biosensing module on the array device was experimentally 

characterized through cyclic voltammetry (CV) using 10 mM K3[Fe(CN)6] in 1M KCl as a 

model electroactive compound. In the experiments, a 6 μL drop of 10 mM K3[Fe(CN)6] in 1M 

KCl was first added to the inlet of a biosensing module and reached the test zone by wicking. 

Upon the application of a CV wave, the Fe(CN)6
3- was reduced at the cathodic electrode and the 

resultant Fe(CN) 6
4- was oxidized at the anodic electrode. We programmed the potentiostat to 

apply CV waves with six scan rates (50 mV/s, 100 mV/s, 200 mV/s, 300 mV/s, 400 mV/s, and 

500 mV/s) to the working electrode (vs. the graphite pseudo-reference electrode), and measured 

the generated currents in the measurement range of ±10 μA.  

We acquired and analyzed the current-potential data on a computer connected with the 

potentiostat through the USB interface. Figure 3-2 (A) shows a group of typical cyclic 

voltammograms at different scan rates, of which the ratio of cathodic peak current (ipc) and 

anodic peak current (ipa) is close to the unity (ipa/ipc=1.0) for all the scan rates between 50 mV/s 

and 500 mV/s. The peak shape of the cyclic voltammograms reveals a typical reversible 

(Nernstian) electrochemical reaction [23].  

Theoretically, the polarization overpotential (the difference between potentials at ipc and ipa) 

is �𝐸𝑝𝑐 − 𝐸𝑝𝑎� = 57 mV/𝑛  for a n-electron-transfer process. For the redox-active couple of 

Fe(CN)6
3- / Fe(CN)6

4-, the number of transferred electrons n = 1, giving an overpotential value of 
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57 mV. However, the polarization overpotential values measured from our devices ranged from 

80 mV to 250 mV with shifts at the reduction and oxidation peaks. The shifting was attributed to 

the relative instability of the graphite pseudo-reference electrode in multiple CV scans. However, 

it was observed that, when used at the first time, different biosensing modules in the same device 

and from different devices revealed fairly small variations in overpotential. The experimental 

data of measuring glucose, lactate, and uric acid in AU (as presented in Section 3.3.2), 

performed using fresh devices, also demonstrate reproducible analytical performance. Therefore, 

our paper-based biosensor arrays possess reliable biosensing capabilities for single-use 

diagnostic applications. 

 Multiplexed detection of glucose, lactate, and uric acid 3.3.2

 
Figure 3-2. Electrochemical characterization of the paper-based biosensor array. (A) Typical 

cyclic voltammograms of 10 mM K3[Fe(CN)6] in 1M KCl solution in an electrochemical 

biosensing module of the array device at various scan rates. (B) A plot of the cathodic peak 

current vs. the square root of the scan rate, measured from the cyclic voltammograms (n=5). 
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We used the biosensor array device and the handheld potentiostat for multiplexed 

quantification of three clinically-relevant metabolic markers (glucose, lactate and uric acid) in 

AU using chronoamperometry. High levels of glucose in blood indicate diabetes, while low 

blood sugar, so called hypoglycemia, could mean metabolic disorders or complications of 

diabetes treatment. Altered concentrations of lactate in blood may result from liver diseases, 

sepsis, or metabolic disorders, and lactate concentrations above 5 mM with severe metabolic 

acidosis predicts high morality [24]. Excess accumulations of uric acid in the blood are linked to 

dyslipidemia, obesity, and an increased risk for cardiovascular diseases[25, 26]. 

On a biosensor array, the eight biosensing modules were spilt into three groups for detecting 

the three markers. For instance, three biosensing modules could be used for glucose detection, 

three modules for lactate detection, and two modules for uric acid detection (Figure 3-1 (A)). 

Chronoamperometry was chosen for analyte detection because it offers better accuracy and 

sensitivity and is easier to implement than other electrochemical techniques [14, 15]. A 500 mV 

step potential was applied to the working electrode (vs. the graphite pseudo-reference electrode), 

and monitored the resulting current as a function of time. It was found that, for the current device 

design, the initial high charging current decayed to a steady state within 90 s after applying the 

step potential. Thus, the steady-state Faradaic current was measured by taking the average of 

currents measured in 90‒100 s post-step-potential for all the three markers. The measured 

Faradaic current is proportional to the concentration of target analyte, which can be described by 

the Cottrell equation [1].  

In the experiments, all the channels of the potentiostat were set with a measurement range of 

±10 μA. We prepared AU samples spiked with glucose (0‒20 mM), lactate (0‒25 mM), and uric 

acid (0‒10 mM) to generate the calibration data, and these concentration ranges covered the 

possible levels of the three markers in urine. To start a test on a 1×8 biosensor array, we first 

inserted the device into the device slot of the potentiostat, then added 4 μL drops of spiked AU to 

the eight inlets on the biosensor array, waited for 2 minutes to allow the sample to thoroughly 

react with the pre-loaded reagents, and finally applied the 500 mV step potential and measured 

the chronoamperometric curves of current vs. time. Figure 3-3, Figure 3-4, and Figure 3-5 

illustrate (A) groups of typical chronoamperometric curves and (B) calibration plots for 

measurement of glucose, lactate, and uric acid in AU, demonstrating a linear relationship 

between the measured current and the analyte concentration for all the three markers. Table 3-1 
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summarizes the analytical performance of the biosensor array device. The LOD values of our 

device for glucose (0.12 mM), lactate (0.59 mM), and uric acid (0.18 mM) were found to be 

comparable to and even superior than these of commercial meters (glucose: 0.83 mM, lactate:1.1  

mM) and paper-based platforms (glucose: 0.21 mM, lactate: 0.36 mM, and uric acid: 1.38 mM). 

The linear dynamic ranges of our device cover the possible clinically-relevant levels of all the 

three markers in urine. These results prove the sufficient biosensing capability of our device for 

quantitative detection of the three metabolits. We believe that this paper-based device and its 

portable potentiostat will also be useful for performing electrochemical detection of other 

biomarkers in human fluids (e.g., antigens/antibodies, virus, and DNA segments), and 

chemicals/pollutants in environmental samples (e.g., heavy metal ions, bacteria, and toxins). 

 

Figure 3-3. (A) Chronoamperometric curves and (B) the calibration plot for measurement of 

glucose in AU. The solid line in (B) represents a linear fit to experimental data with regression 

equation: y=0.041x+0.054 (R2=0.996, n=5). 
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Figure 3-4. (A) Chronoamperometric curves and (B) the calibration plot for measurement of 

lactate in AU. The solid line in (B) represents a linear fit to experimental data with regression 

equation: y=0.0076x+0.025 (R2=0.995, n=5). 
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Figure 3-5 (A) Chronoamperometric curves and (B) the calibration plot for measurement of uric 

acid in AU. The solid line represents a linear fit to experimental data with regression equation: y 

= 0.048x + 0.029 (R2=0.994, n=5). 

 Table 3-1. Performance comparison of the paper-based biosensor array with commercial meters 

[20] and μPAD [14]. *The dynamic linear ranges achieved in this work cover the clinically-

relevant ranges of the three biomarkers. LOD: Limit of detection. 

Analyte 

Analytical performance (mM) 
Dynamic 

linear range* 
(this work) 

Clinically 
relevant ranges 

[14] 

LOD 
(this 

work) 

LOD 
(commercial 
meters [20]) 

LOD 
(ref.[14]) 

Glucose 0-20 0.1-0.8 0.35 0.83 0.21 
Lactate 0-25 5.5-22 1.76 1.1 0.36 

Uric acid 0-10 1.5-4.4 0.52 N/A 1.38 

 Conclusion 3.4

In this work, a microfluidic paper-based electrochemical biosensor array (1×8) was 

developed, capable of performing diagnostic tests of multiple biomarkers in a multiplexing and 

high-throughput fashion. An inexpensive, compact potentiostat was designed and constructed to 

interface with the paper-based biosensor array for electrochemical signal readout. The paper-

based device and the potentiostat formed a portable, self-contained, easy-to-operate 

electrochemical biosensing platform, which is particularly useful for low-cost, point-of-care 

diagnostic applications. As a proof of concept, the biosensor array was used for multiplexed 

detection of three metabolic biomarkers (glucose, lactate, and uric acid). The experimental 

results demonstrated that our device provides analytical performance (LOD and dynamic linear 

range) sufficient for clinical assays of all the three markers. This paper-based biosensing 

platform will find important applications in point-of-care diagnosis and on-site environmental 

testing.  
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Link between Chapter 3 and Chapter 4 

In the previous chapter, we introduced the technique to fabricate a multiplexing paper-based 

electrochemical microfluidic device array and its integration with a handheld potentiostat. A 

major part of the efforts was devoted to the design of paper-based electrochemical multiplexing 

device and the portable electrochemical potentiostat. As a proof-of-concept, this platform was 

first applied for the detection of single-step enzymatic reactions of metabolites in artificial urine. 

This chapter continued to improve the design of the electrochemical microfluidic paper-based 

immunosensor array (E-µPIA) and the portable potentiostat for diagnosis of human 

immunodeficiency virus (HIV) and hepatitis C virus (HCV) co-infections in serum samples. The 

E-µPIA was modified with protein linkers to provide covalent bonding for antigen/antibody 

immobilization in the multi-step immunoassay protocol; the potentiostat was also optimized with 

wireless modules to enable remote diagnostics. On this platform, indirect enzyme-linked 

immunosorbent assays of HIV/HCV antibodies were realized with LODs of 300 pg/ml and 750 

pg/ml, respectively, both lower than that of standard HIV/HCV tests.  
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This paper presents a portable paper-based microfluidic platform for multiplexed electrochemical 

detection of antibody markers of human immunodeficiency virus (HIV) and hepatitis C virus 

(HCV) in serum samples. To our best knowledge, this is the first paper-based electrochemical 

immunosensing platform, with multiplexing and telemedicine capabilities, for diagnosing 

HIV/HCV co-infection. The platform consists of an electrochemical microfluidic paper-based 

immunosensor array (E-µPIA) and a handheld multi-channel potentiostat, and is capable of 

performing enzyme-linked immunesorbent assays (ELISAs) simultaneously on eight samples 

within 20 minutes (using a prepared E-µPIA). The multiplexing feature of the platform allows it 

to produce multiple measurement data for HIV and HCV markers from a single run, and its 

wireless communication module can transmit the results to a remote site for telemedicine. The 

unique integration of paper-based microfluidics and mobile instrumentation renders our platform 

portable, low-cost, user-friendly, and high-throughput. 

 

Keywords: HIV/HCV co-infection, paper-based microfluidics, electrochemical sensing, 

handheld potentiostat, telemedicine 
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 Introduction 4.1

Human immunodeficiency virus (HIV) and hepatitis C virus (HCV) infections have been 

among the leading causes of morbidity and mortality worldwide in recently years. Due to their 

common routes of transmission, co-infection of HIV and HCV exists in an estimated one-third of 

HIV positive patients [1-4], which is a severe health problem in the world, especially in 

developing countries. Infection with HIV, when present in either HCV transmitting or HCV 

exposed patients, can cause an increase on the risk of transmission of HCV [5]; apart from that, 

when exposed to HCV, HIV-infected patients are less likely to clear the acute infection [5, 6].  

Point-of-care (POC) tests for sexually transmitted infections (STIs) are commercially 

available, but not often affordable or accessible to many patients in the developing world, where 

the burden of STIs is the greatest. Besides the affordability issue, the existing POC tests are 

usually designed to indicate a binary status (positive or negative), and cannot accurately quantify 

concentrations of the disease markers in a sample, which has a great meaning in determination of 

the infection stage. Thus, low-cost, quantitative POC tests with satisfactory performance are of 

urgent need for STI diagnosis. 

Microfluidic paper-based analytical devices (µPADs), as an emerging tool for low-cost 

diagnostics, have recently gained significant research interests [7, 8]. Electrochemical µPADs 

(E-µPADs) represent a popular choice for developing POC tests because of their diverse sensing 

capabilities, high accuracy and sensitivity [9-12]. With advancement of portable electrochemical 

instrumentation, the integration of E-µPADs with portable, low-cost electrochemical readers 

(i.e., potentiostat) makes it possible for paper-based tests to be carried out remotely at the POC 

and/or in the field with enhanced analytical performance [13-15].  

Aiming at POC diagnosis of HIV/HCV co-infection, a paper-based, integrated diagnostic 

platform is developed, capable of multiplexed electrochemical enzyme-linked immunesorbant 

assays (ELISAs) of HIV/HCV antibody markers and remote transmission of diagnostic results 

for telemedicine. There exist E-µPADs for carrying out ELISAs of cancer and tumor markers 

[16, 17]. However, to our best knowledge, no paper-based platform is reported previously for 

diagnosis of the HIV/HCV co-infection. The platform integrates an electrochemical microfluidic 

paper-based immunosensor array (E-µPIA) and a custom-made, handheld potentiostat; it can 

carry out ELISAs on eight serum samples in parallel, generate assay results in 20 minutes, and 

transmit the data to a host computer or smart phone via wireless transmission. Based on the 
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developed platform, the ELISA protocol is optimized and improved for the assay sensitivity via 

surface biofunctionalization of sensing electrodes. Accurate quantification of antibodies against 

HIV p24 core antigen and HCV core antigen is demonstrated in mouse serum with limits of 

detection (LOD) of 300 pg/ml and 750 pg/ml, respectively. We also show negligible cross-

reactivity of the HIV and HCV assays, proving the feasibility of diagnosing HIV/HCV co-

infection in protein-rich serum samples. 

 Experimental design 4.2

 Design and Fabrication of the E-µPIA 4.2.1

Error! Reference source not found. (A) shows the internal structure of the custom-made 

potentiostat with an E-µPIA inserted in its electrical connection slot. Figure 4-1 (B) shows the 

E-µPIA that has eight electrochemical immunosensors for detecting HIV and HCV antibodies 

(four immunosensors for each marker). Each immunosensor consists of a circular paper reaction 

zone and a group of three screen-printed electrodes (working electrode – WE, counter electrode 

– CE, and reference electrode – RE). The center spacing of adjacent reaction zones is 9 mm, 

which is compatible with the tip spacing of a standard multi-channel pipette and thus allows a 

user to add samples to the eight immunosensors simultaneously (Figure 4-1 (A)).  

 
Figure 4-1. A portable paper-based diagnostic platform integrating an E-µPIA and a handheld 

potentiostat. (A) The handheld potentiostat inserted with an E-µPIA. (B) The E-µPIA. (C) 

Schematic architecture of the potentiostat circuit constructed based on a microcontroller unit 

(MCU). 
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The WE and CE were made from carbon ink, and the RE was made from Ag/AgCl ink. The 

Ag/AgCl RE provides stable reference potential during electrochemical measurement, and is 

widely used in screen-printed electrochemical cells [18-20]. The RE is placed close to the WE 

and the CE to reduce the uncompensated resistance of the electrochemical cell between the WE 

and the RE [11, 21]. To fabricate an E-µPIA, we firstly patterned the eight reaction zones on a 

piece of cellulose chromatography paper (Whatman® CHR #1, GE Healthcare) via wax printing, 

and then formed the electrodes on top of the reaction zones via stencil printing. Details of the 

device fabrication process can be found in a previous report [15]. 

 Design of the Potentiostat 4.2.2

To improve the throughput of HIV and HCV detection, we designed a handheld, eight-

channel potentiostat for signal readout from the E-µPIA. Figure 4-1 (A) shows the printed 

circuit board (PCB) of the potentiostat. The circuit architecture of the potentiostat is illustrated in 

Figure 4-1 (C), which primarily includes a microcontroller unit (MCU; ATxmega32A4, Atmel) 

with a 12-bit analog-to-digital converter (ADC) and a 12-bit digital-to-analog converter (DAC), 

a signal multiplexing/demultiplexing unit (74HC4051D, NXP Semiconductors), a signal 

processing circuit (for converting an electrochemical current into a voltage), a liquid crystal 

display (LCD; EADOGM163EA, Electronic Assembly), a universal serial bus (USB) to 

universal asynchronous receiver/transmitter (UART) interface circuit (FT232RL, FTDI), a 

Bluetooth wireless communication unit, and a 9V battery. The total material cost of the 

potentiostat is CAD $60 (calculated based on prices in small quantities). Through user 

programming, the potentiostat can perform different types of electrochemical measurements on 

the E-µPIA, including cyclic voltammetry (CV), linear sweeping voltammetry (LSV), 

chronoamperometry (CA), and square wave voltammetry (SWV). 

The basic design and working principle of the multiplexing potentiostat has been reported 

previously [15]. In this work, we constructed an updated version of our previous potentiostat 

design and integrated a few additional features useful for POC diagnosis, including on-board 

battery, Bluetooth communication, and custom-made personal computer (PC) software and 

smart-phone Android application – APP (for data receiving and processing). Figure 4-2 

illustrates the wireless communication architecture of our diagnostic platform, from the handheld 

potentiostat, to a PC or a smart phone, and finally to a remote cite. The PC software and smart-
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phone APP both can open the Bluetooth port of the potentiostat, trigger the electrochemical 

measurement, and receive data via wireless communication. The assay data can be also 

transmitted from the potentiostat to a PC through the USB interface. The data can be further 

transmitted to a remote site (e.g., centralized laboratory or public health database) via the internet 

(by a PC or a smart phone) or the mobile network (by a smart phone), for tele-diagnosis or 

healthcare data collection.  

 Biofunctionalization of the Reaction Zone and the WE 4.2.3

After 4–8 weeks of exposure to the HIV virus, a human body will produce a detectable level 

of antibodies due to the immune response against HIV [22]. Tests detecting the presence of 

serum antibody against the HIV p24 core antigen have been commonly used for clinical HIV 

diagnosis [23]. For HCV diagnosis, the antibody against HCV core antigen is a commonly used 

marker and provides accurate test results [24]. We used indirect ELISA to quantify 

concentrations of HIV and HCV antibodies in serum samples, which is based on the sequential 

affinity bindings of the viral antigen, viral antibody, and secondary antibody.  

 
Figure 4-2. Wireless data transmission of the diagnostic platform, from the potentiostat, to a PC 

or a smart phone, and finally to a remote site. The screens of the PC and the smart phone display 

the graphical user interfaces of the PC software and the Android APP, respectively. 
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Figure 4-3. Biofunctionalization process of the WE. (A) Molecular scheme of surface protein 

functionalization on the surfaces of the WE through APDES and GA linkages. (B) Fluorescence 

quantification of immobilized FITC-anti-IgG on reaction zones treated with GA at different 

concentrations (n = 3). 

To capture the target antibodies in serum, the viral antigens need to be first immobilized on 

the WE and the reaction zones. We modified the paper reaction zone and the WE with 3-amino-

propyldimethylethoxysilane (APDES) and glutaraldehyde (GA). APDES treatment improves the 

hydrophilicity of the carbon WE and the paper reaction zone [12, 25], and the APDES molecule 

also bonds with the hydroxyl (-OH) groups on the surfaces of paper and WE, and thus provide 

amine (-NH2) groups for subsequent GA bonding (Figure 4-3 (A)). The GA, as an effective 

protein crosslinking reagent, was added onto the reaction zone to bond with -NH2 groups from 

APDES, providing aldehyde (CHO-) groups for protein immobilization (Figure 4-3 (A)). 

We first treated the working electrode with 2 µL of 2% (v/v) APDES for three times, and 

waited for 10 minutes after each treatment. 2% of APDES is high enough to make the carbon 

WE more hydrophilic, but does not obviously attack the wax barrier of the reaction zone (we 

observed that treating the electrodes with >2% APDES made the wax barrier of the zone less 

hydrophobic and thus unable to confine fluids effectively). We then added 2 µL of GA onto the 

working electrode and waited for 30 minutes. We explored the effect of GA concentration on the 

protein immobilization efficiency. We found that GA solution at ≥0.5% became relatively 

viscous and made the reaction zone hydrophobic after treatment. Thus, we used 2 µL of GA at 

three different concentrations—0.1%, 0.25% and 0.5% (v/v)—to treat the working electrode, and 
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investigated the hydrophilicity and protein immobilization efficiency of the electrode after the 

GA treatment. To quantify the protein immobilization efficiency, we applied 4 µL of 20 µg/ml 

FITC-labelled IgG antibody (FITC-anti-IgG) to each working electrode, waited for 3 min, 

washed it with 30 µL of PBS for three times, and finally quantified the fluorescence intensity of 

the zone.  

Figure 4-3 (B) shows the fluorescence intensities of the working electrodes right after 

APDES and GA treatments (“APDES+GA”), after the addition of FITC-anti-IgG (“FITC-Ab”), 

and after three repeated washes (“1st wash” to “3rd wash”). We found that the treatment with 

0.1% GA did not obviously decrease the hydrophilicity of the reaction zone and the WE; 

however, electrodes treated with 0.1% GA only captured a limited amount of FITC-anti-IgG 

after three washes (fluorescence intensity increases by 24.9%). When treated with 0.25% GA, 

the reaction zone and the WE became less hydrophilic but still wicked fluids efficiently, and 

their protein immobilization efficiency increased significantly (fluorescence intensity increased 

by 140% after 3 washes). When the GA concentration was further increased to 0.5%, an even 

larger amount of FITC-anti-IgG was captured by the WE (fluorescence intensity increased by 

300% after 3 washes). However, the working electrodes treated with 0.5% GA became more 

hydrophobic, and thus did not allow fluids wick through the reaction zone effectively for 

carrying out the assay. Therefore, 0.25% GA was chosen in the finalized biofunctionalization 

protocol. One can also observe that, after protein immobilization on working electrode (treated 

with 0.25% GA), excess un-bound FITC-anti-IgG can be efficiently washed off via three washes.  

 Protocol of Electrochemical ELISA 4.2.4

We employed indirect ELISAs (Figure 4-4 (A)) for detection of both HIV and HCV 

antibodies. To start a test, we first added 3 µL of 50 µg/ml viral core antigen (HIV p24 or HCV 

core antigen) to the APDES-GA-treated reaction zones of an E-µPIA (four zones for HIV tests 

and four zones for HCV tests), and incubated the device at ambient conditions for 10 minutes. 

We then spotted 6 µL of blocking buffer (Roche Blocking Reagent, cat. #: 13906900) to the 

reaction zones and allowed them to dry at ambient conditions for 25 minutes (to prevent non-

specific absorptions). After that, we added 3 µl of commercial mouse serum, spiked with 

different concentrations of HIV or HCV antibody, and waited for three minutes, during which 

the HIV or HCV antibody in the serum conjugated, as the primary antibody of the indirect 
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ELISA, with the immobilized HIV or HCV antigen. We washed the reaction zone with 20 µl of 

1× PBS for three times to remove the unbound species of the serum. We next added 4 µL of 40 

µg/ml alkaline phosphatase (ALP) labeled goat anti-mouse IgG to the reaction zone, which 

served as the secondary antibody and bound with the primary HIV or HCV antibody. After three-

minute incubation, we washed the reaction zone with 20 µL of 1× PBS for three times. At this 

point, the amount of ALP bound to the reaction zone surface is proportional to the amount of 

HIV or HCV antibody bound to the same surface. Finally, we added 6 µL of an electrochemical 

substrate for ALP, p-aminophenyl phosphate or pAPP (5 mg/ml), to the reaction zone, which 

was catalyzed by the ALP and produced an amperometric current output. After 3-minute 

incubation, we performed CA measurement to quantify the produced current signal. The entire 

ELISA process took 55 minutes, including a 35-minute device preparation time for immobilizing 

the capture antigens and blocking the void sites on the substrate. Thus, with a prepared E-µPIA, 

a user can complete the assay of eight samples in 20 minutes.  

 
Figure 4-4. Protocol of indirect electrochemical ELISA. (A) Scheme of the indirect ELISA for 

detecting HIV/HCV antibodies. (B) Electrochemical reaction mechanism of pAPP and ALP-

antibody. 
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Figure 4-5. Electrochemical characterization of the reaction of pAPP and ALP-labelled anti-

mouse IgG (ALP-antibody). (A) Cyclic voltammetry on solutions of pAPP plus ALP-antibody 

(“pAPP + ALP”) and pAPP along (“pAPP”). (B) Results of hydrodynamic linear sweeping on 

the solutions of “pAPP + ALP” and “ALP”. (C) The signal-to-background current ratio extracted 

from the hydrodynamic sweeping results. (D) Chronoamperometry measurement results on the 

solution of “pAPP” with ALP-antibody added subsequently. The CA potential of 0.12 V was 

used. 

Figure 4-4 (B) shows the reaction mechanism of pAPP and the ALP-labelled anti-mouse IgG 

(ALP-antibody). pAPP was first catalyzed by ALP to p-aminophenol (pAP), and the generated 

pAP was then oxidized by an electrochemical potential applied between the WE and CE and 

produced two free electrons per molecule. The amperometric current was finally measured as the 

output signal of the indirect ELISA, which is proportional to the concentration of HIV or HCV 

antibody in the serum sample.  

To characterize the electrochemical reaction of the pAPP and ALP, we firstly performed CV 

on immunosensors added with a mixture of 4 µl of 40 µg/ml ALP-antibody and 6 µL of 5 mg/ml 

pAPP (“pAPP + ALP” in Figure 4-4 (A) and Figure 4-5 (A)) or 6 µL of 5 mg/ml pAPP alone 

(“pAPP” in Figure 4-5 (A)). The CV measurements were performed in a voltage range of-0.3 V 

to 0.4 V with a scan rate of 100 mV/s. The cyclic voltammograms, as shown Figure 4-4 (A) and 

Figure 4-5 (A), reveal that, compared to the solution of ALP-antibody plus pAPP, the solution of 

pAPP alone requires higher potential for oxidation and reduction and has a larger potential gap 
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between the oxidation and reduction peaks. Since pAPP can be oxidized by high potentials 

without ALP-antibody, we should choose a lower potential for assay signal readout. 

We employed CA to trigger the oxidation of the pAP (catalyzed from pAPP), which has less 

interference with other species and thus offers higher accuracy and sensitivity than other 

electrochemical techniques. We optimized the CA step potential via hydrodynamic linear 

sweeping. With the solutions of “pAPP + ALP-antibody” and “pAPP” (with the same 

concentrations as the ones used in the CV measurement in Figure 4-4 (A) and Figure 4-5 (A)), 

we scanned their hydrodynamic potentials in the range of ±0.5 V at a rate of 100 mV/s. As 

shown in Figure 4-5 (B), the resultant current measured during the hydrodynamic potential 

scanning on the solution of “ALP + pAPP” presents an oxidation peak at ~0.1V, while the 

current measured from the solution of “pAPP” has no obvious oxidation peak.  

Defining the ratio of the currents measured from the solutions of “ALP+pAPP” and “pAPP” 

as the signal-to-background-noise ratio, and one can find that the potential of 0.12 V yields the 

highest signal-to-background-noise ratio (Figure 4-5 (C)). Thus, the potential of 0.12 V was 

selected for CV measurements of the final assays. At the potential of 0.12 V, we also performed 

CA measurement on the solution of 6 µL of 5 mg/ml pAPP, and added 4 µL of 40 µg/ml ALP-

antibody consecutively while the current signal was recorded. As shown in Figure 4-5 (D), the 

solution of pAPP gave a very low current before the first addition of ALP-antibody; the addition 

of ALP-antibody caused an instant current increase, and the current then reached to a steady state 

before the next addition. 

 Results  4.3

 Electrochemical Characterization of the E-µPIA 4.3.1

We characterized the electrochemical performance of the E-µPIA (after the APDES and GA 

treatment) via CV in the solution of 10 mM potassium ferricyanide (K3[Fe(CN)6]) and 1 M 

potassium chloride (KCl). We scanned 5 immunosensors within the range of 0-0.6 V at a rate of 

10-50 mV/s. Figure 4-6 (A) shows typical cyclic voltammograms measured at different scan 

rates, and the magnitudes of anode peak currents (Ipa) and cathode peak current (Ipc) are 

approximately identical. The results of the current peak magnitude as a function of the square 

root of the scan rate also show a typical linear relationship (Figure 4-6 (B)). These results reveal 

that each immunosensor is a reversible electrochemical system.  
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Figure 4-6. Electrochemical characterization of the E-µPIA. (A) Cyclic voltammetry (CV) of 

individual immunosensors at the scanning rate from 10 mV/s to 50 mV/s. (B) Calibration results 

of the peak current magnitude vs. the square root of the scan rate (n = 5). 

 Detection of HIV/HCV Antibodies in Serum 4.3.2

Using spiked mouse serum, we calibrated the E-µPIA and obtained typical S-shaped 

calibration curves for both HIV and HCV antibodies (Figure 4-7 (A) and Figure 4-7 (B)). The 

LODs for detecting HIV and HCV antibodies were determined to be 300 pg/ml and 750 pg/ml, 

respectively, which are calculated by three times the standard deviation of output signals 

measured from blank samples. These LODs are lower than that of existing tests for HIV antibody 

(1 ng/ml; [26]) and HCV core antibody (5 ng/mL; [27]).  

We also investigated the potential cross-reactivity of HIV and HCV antibody detections in 

the same sample by adding high-concentration interference analyte to serum samples with low-

concentration target analyte. We added 10 µg/ml HCV antibody (interference analyte) to serum 

samples spiked with 10 ng/ml HIV antibody (target analyte) and vice versa, and compared the 

current outputs from serum samples with and without interference antibodies. Figure 4-7 (C) 
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and Figure 4-7 (D) show the current outputs of assays performed on: (i) serum samples with 

only target antibody (“HIV 10 ng/ml” in Figure 4-7 (C), and “HCV 10 ng/ml” in Figure 4-7 

(D)); and (ii) serum samples with both target antibody and interference antibody (“HIV 10 ng/ml 

+ HCV 10 µg/ml” in Figure 4-7 (C), and “HCV 10 ng/ml + HIV 10 µg/ml” in Figure 4-7 (D)). 

The current outputs from both types of serum samples have similar values, and not significant 

difference was found between data groups in Figure 4-7 (C) and Figure 4-7 (D). The current 

differences between comparisons are 6.8% and 7.1% for HIV and HCV interference tests, 

respectively. These results prove that the interference between HIV and HCV antibody 

detections is negligible, and that our diagnostic platform has a great potential for practical 

diagnosis of HIV/HCV co-infection. 

 
Figure 4-7. Experimental results of device calibration and cross-reactivity testing for HIV/HCV 

antibody detections. (A)(B) Calibration curves of (A) HIV and (B) HCV antibody detections (n = 

8). (C) Output signals (n = 5) of HIV detection on serum samples with 10 ng/ml HIV antibody 

only (“HIV 10 ng/ml”) and with 10 ng/ml HIV antibody and 10 µg/ml interference HCV 

antibody (“HIV 10 ng/ml + HCV 10 µg/ml”). (D) Output signals (n = 5) of HCV detection on 

serum samples with 10 ng/ml HCV antibody only (“HCV 10 ng/ml”) and with 10 ng/ml HCV 

antibody and 10 µg/ml interference HIV antibody (“HCV 10 ng/ml + HIV 10 µg/ml”). 
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 Discussion 4.4

ELISA tests for HIV and HCV have been widely used in medical practices, which helps 

more and more people identify their HIV/HCV status, monitor their disease trends, and improve 

clinical outcomes. Nevertheless, low-cost, rapid POC tests for diagnosis of HIV/HCV co-

infection are highly demanded for use in the developing countries, where the most basic health 

care facilities are still not readily accessible. The diagnostic platform presented in this work is 

the first integrated, paper-based electrochemical platform for low-cost diagnosis of the 

HIV/HCV co-infection. The developed E-µPIA includes eight electrochemical immunosensors 

capable of carrying out ELISAs in parallel and testing multiple serum samples for both HIV and 

HCV antibody markers. The electrochemical ELISA is highly accurate and sensitive, and 

provides lower LODs to existing HIV and HCV antibody tests. The platform allows a user to 

perform ELISA tests of eight serum samples within 20 minutes. The handheld multiplexing 

potentiostat makes the entire platform portable and therefore significantly improves its 

adaptability to POC uses. Given the wide applicability of electrochemical detection to many 

types of molecules, this platform can be readily extended to the detection of other protein disease 

markers, metabolites, ions, and nucleic acids.  

This work was focused on the design and demonstration of the developed diagnostic platform 

for diagnosis of HIV/HCV co-infection. To make the platform ready for practical uses, we still 

need to investigate the stability of the E-µPIA over long-term storage. There have been many 

studies in the literature on improving the antigen/antibody storage stability on paper substrates 

[28-30]. Based on the previous results, we plan to improve the device stability by controlling the 

storage environment humidity and adding protein stabilizers to the E-µPIA. We will also work 

on the clinical testing of this platform using patient samples, and the further extension of the 

platform’s diagnostic functionalities by targeting other protein markers. 

 Conclusions  4.5

We have successfully developed an integrated, paper-based diagnostic platform, with 

multiplexing and telemedicine capabilities, for detection of HIV/HCV co-infection. Indirect 

ELISAs of antibodies to HIV p24 and HCV core antigens was realized on an electrochemical 

microfluidic paper-based immunosensor array (E-µPIA), and a handheld potentiostat with a 

Bluetooth module was developed for readout of output signals from the device. The 
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electrochemical characterization of individual immunesensor revealed reversible electrochemical 

behavior. Using this platform, we demonstrated the detection of HIV and HCV antibodies in 

mouse serum at LODs of 300 pg/ml and 750 pg/ml, respectively. We also investigated the cross-

reactivity of the HIV and HCV detections in the same serum samples, and showed negligible 

interference effect between the HIV and HCV tests. 
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Link between Chapter 4 and Chapter 5 
In the previous chapter, we developed the electrochemical microfluidic paper-based 

immunosensor platform with high resolution, and realized the immunoassay detection of human 

immune deficiency virus and hepatitis C virus co-infection. As another aspect of personal 

healthcare, wearable biosensors for physiological condition monitoring are critical and urge 

extensive development regarding biochemical variables in body fluid. To this end, a non-

invasive thread-based wearable nanobiosensor is developed for continuous monitoring of lactate 

and sodium concentrations in sweat during perspiration. In virtue of this platform, Chapter 5 

introduces the fabrication of a thread-based wearable sensing patch with zinc-oxide-nanowire 

(ZnO-NW) decorated electrode. Lactate sensing membrane and sodium sensing membrane are 

coated on the ZnO-NW electrode to enable the sensitive and selective measurements of lactate 

and sodium, respectively. This wearable nanobiosensor integrates an electronic smart headband 

capable of performing measurements, collecting results, and transmitting data. With this platform, 

multiplexed detection of lactate and sodium in human sweat is demonstrated with dynamic 

ranges of 0-25 mM and 0.1-100 mM, and LODs of 3.61 mM and 0.16 mM, respectively, both 

covering the clinical sweat levels. Accurate measurements on real sweat samples from a healthy 

donor are conducted, and the results (13.16 ± 0.83 mM for lactate and 92.9 ± 5mM for sodium) 

are in good agreement with standard test results.  
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Non-invasive wearable biosensors provide an efficient way of continuously quantifying a 

person’s biochemical variables, and are highly valuable for predicting human physiological 

conditions, and flagging risks and illness. Commercial wearable physical sensors are available 

for tracking a user’s physical activities, but incapable of monitoring health-related bimolecular 

signals. E-textile-based biosensors enable new applications in this scenario because of its high 

flexibility/wearability, low cost, high level of electronic integration, and unobtrusiveness. 

However, challenges in developing E-textile sweat biosensors remain in the production of high-

conductivity textile materials, the designs of biosensor-skin interfaces, and the development of 

flexible/wearable embedded data acquisition/transmission electronics. Here, we propose a new 

thread-based wearable biosensor with zinc-oxide-nanowire-decorated electrodes, and apply it to 

lactate and sodium detection in sweat during physical exercise. Different from other E-textile 

sensors, our device is fully integrated and wireless, and is capable of accurate on-body sweat 

testing and real-time data transmission. We achieve the detection of lactate and sodium with 

dynamic ranges of 0-25 mM and 0.1-100 mM and limits of detection of 3.61 mM and 0.16 mM, 

respectively, providing analytical performance comparable to clinical tests. We also demonstrate 

accurate sweat measurements from a healthy donor, and achieve testing results in good 

agreement with those from gold-standard tests. 

 

Keywords: wearable biosensor, nanobiosensor, sweat test, lactate, sodium, zinc oxide nanowire 
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 Introduction  5.1

Non-invasive wearable sensors provide an efficient way of continuously quantifying 

information on the person’s physical [1], chemical [2] and biological [3] variables, and is highly 

valuable for predicting people’s physiological status and flagging risks and illness [4, 5]. 

Commercially available wearable physical sensors are capable of tracking an individual’s certain 

physiological parameters like heart rate, blood pressure, electrocardiogram and skin temperature, 

but fail to provide insight over the user’s health status at the biomolecular level [3]. Biosensors 

established on textiles embedded with electronic components (i.e., e-textile-based biosensors) 

have emerged as an attractive type of wearable devices for healthcare applications. It possesses 

valuable merits such as ease of fabrication, low cost, high level of electronic integration, and low 

level of obtrusiveness. It also offers an intimate but comfortable contact to skin with potential 

integration in real garments, and draws considerable attentions for direct sweat monitoring 

during daily routine within wearers’ natural environment.  

Recent efforts have been paid into the development of wearable biosensors focusing the 

monitoring of chemical and biomarkers such as metabolites [3, 6, 7], electrolytes [3, 8] and pH 

[9], in body fluids including saliva [6], sweat [3, 10], and tear [7, 11]. Considering its non-

invasiveness of acquisition, easy accessibility, and abundant amount, sweat has become a 

popular body fluid for non-invasive diagnosis and health monitoring to retrieve multiple data and 

harvest further information on metabolites, electrolytes, and body temperature. Lactate and 

sodium, as the most common detected markers in sweat, play a meaningful role in the control of 

fitness, electrolyte imbalance, physical well-being, and personal healthcare. Lactate is a 

biochemical indicator of anaerobic metabolism in patients with circulatory failure, reflecting 

glycolytic ATP production supporting sweat formation and secretion in eccrine glands [12, 13]. 

Lactate has a clinically relevant range of 9-23 mM in sweat, and its concentration increases in 

sweat during physical exercise, making it a useful parameter to monitor wellness, physical 

fitness and the effect of exercise [13, 14]. The concentration of sodium in sweat varies widely 

but with a common range 15-65 mmol/L [15]. It is an excellent marker for electrolyte imbalance 

and provides valuable information regarding an individual’s physical and mental well-being [8]. 

Considering the deleterious physiological risks due to sodium lost, its replenishment is essential 

for regulating water balance, pH, and osmotic pressure [8]. Thus, continuous sweat monitoring 
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of lactate and sodium concentrations are essential to athletics and people in exercise, as it helps 

alert the electrolyte loss and the concomitant need for electrolyte replenishment.  

Early studies in e-textile sensors integrated with traditional conductive wires were 

demonstrated for monitoring of heart rate, ECG, blood pressure, oxygen blood saturation, and 

skin temperature [16]. Regarding e-textile sweat biosensors, pioneering work was demonstrated 

by the Diamond’s group in the 2000s, measuring sweat pH using pH-sensitive dye and paired 

emitter-detector LEDs [17]. They also proposed an elasticated belt with electrochemical 

detection of sweat sodium on a polyvinyl chloride tubed ion selective electrode (ISE) in 2010, 

and the readout signal was measured by a commercial digital multi-meter [18]. In 2016, the 

group of Andrade reported a preliminary study on developing an ion-selective potentiometric 

sensor made from carbon nanotube and cotton yarn, for the detection of potassium, ammonium 

and pH [19]. Despite these recent advances, challenges in e-textile sweat wearable biosensors 

remain in the production of higher conductivity textile materials, sensor-skin interfacing design, 

and embedded electronics integration for data readout and wireless transmission [16, 19].  

The integration of nanomaterials into wearable biosensors has the potential to significantly 

improve the device performance. In particular, zinc oxide nanowire (ZnO NW) is regarded as a 

versatile nanomaterial for biosensing on flexible substrates because of their superior properties 

such as nontoxicity, biocompatibility, high electron-transfer rate, and facile growth through 

hydrothermal processes [20]. Herein, we propose the design and integration of a new wearable 

thread-based biosensor integrating ZnO NWs and its electronic sweat headband, for real-time 

monitoring of lactate and sodium in sweat. 

The wearable thread-based ZnO-NW biosensor provides a non-invasive way of gathering 

real-time lactate and sodium concentrations during perspiration. Thread-based carbon electrodes 

are decorated with ZnO NWs through a low-temperature hydrothermal process, and then coated 

with specific biosensing membranes for lactate and sodium detection. Using the ZnO-NW 

electrodes, two thread electrochemical cells are constructed on the same biosensor for contact 

with human skin, collection of sweat during user exercise, reaction with the sweat lactate and 

sodium, and generation of electrochemical readout signals. Based on this platform, multiplexed 

detection of lactate and sodium in human sweat is demonstrated with dynamic ranges of 0-25 

mM and 0.1-100 mM, and limits of detection (LODs) of 3.61 mM and 0.16 mM, respectively, 

both meeting the clinical requirements for sweat testing. As a demonstration, a real sweat sample, 
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collected from a healthy donor after 30 minutes of exercise, is tested. The results are found to be 

13.16 ± 0.83 mM for lactate and 92.9 ± 5mM for sodium, both in good agreement with the 

standard test results. This wearable non-invasive biosensor holds a significant potential for 

monitoring of fitness conditions, electrolyte imbalance, physical well-being, and personal 

healthcare. 

 Experimental methods 5.2

 Materials and reagents 5.2.1

Zinc acetate dehydrate, sodium hydroxide, ethanol, zinc nitrate hexahydrate, 

hexamethylenetetramine, tetrathiafulvalene (TTF), nafion (2%), chitosan, L-lactate oxidase (LOx) 

(33 U/mg), glutaraldehyde solution (70%), sodium chloride, selectophore™ grade sodium 

ionophore X, bis(2-ethylhexyl) sebacate (DOS), sodium tetrakis[3,5-bis(trifluoromethyl)phenyl] 

borate (Na-TFPB), polyvinyl chloride (PVC), polyvinyl butyral resin BUTVARs B-98 (PVB), 

tetrahydrofuran (THF), ammonium hydroxide solution (28%), acetic acid solution (49%-51%), 

lactic acid solution (85%) were purchased from Sigma-Aldrich, Canada, and used without further 

purification. Polydimethylsiloxane (PDMS) (mixing ratio of 10:1) were purchased from VWR, 

Canada. Carbon ink (E3456), silver (Ag) ink (E1660) and silver/silver chloride (Ag/AgCl) ink 

(E2411) were purchased from Ercon Inc, Wareham, USA. 

 
Figure 5-1. (A) A volunteer wearing smart headband. (B) Design configuration on the wearable 

device. (C) Electronic design principle. (D) Wireless smart headband. 
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The Arduino microcontroller (LilyPad, Arduino), 3 V lithium batteries (CR2032, Energizer), 

and a Bluetooth module (HC06, iTead Studio) were purchased from Robotshop, Canada. The 

voltage regulator (TPS 61097, Texas Instruments) and the analog-to-digital converter (ADS1115, 

Texas Instruments) were purchased from Digikey, Canada. The sweat headband was purchased 

from Sports Experts, Montreal, Canada. The cotton thread (size 10, Aunt Lydia) and the medical 

tape (3M Paper First Aid Tape, Nexcare) were purchased from Walmart, Canada. The 

transparency frame (Inkjet printer transparency film, Staples) was purchased from Staples, 

Canada. 

 System design 5.2.2

Figure 5-1 (A) shows a user wearing the electronic headband with a ZnO-NW biosensor 

attached to the head skin inside. Figure 5-1 (B) illustrates the concept of monitoring sweat 

lactate and sodium using the wearable biosensor during exercise. The wearable biosensor 

employs an enzymatic lactate sensing electrode and a sodium ion selective electrode, for 

measuring concentrations of the lactate and sodium ion in sweat, respectively. For either lactate 

or sodium detection, an electromotive force (EMF) potential can be measured between the 

sensing electrode and the reference/counter electrode as the readout signal, which is caused by 

the reaction of lactate and lactate oxidase inside the lactate enzymatic membrane or the 

accumulation of sodium ions in the sodium selective membrane. 

To quantify the EMF potentials from the biosensor, we constructed a wearable electronic 

circuit as schematically shown in Figure 5-1 (C). The circuit comprises a miniature 

microcontroller (LilyPad Arduino), a high-precision 16-bit analog-to-digital converter (ADC; 

ADS1115), two 3V lithium batteries (CR2032), a voltage regulator for 3.3V regulation (TPS 

61097), and a low-power Bluetooth module (HC06) for wireless data transmission. Figure 5-1 

(D) shows the circuit arranged inside a sweat headband, before the opening of the headband is 

closed through threading. Before the integration into the headband, the circuit is wrapped with 

plastic membrane for electrical insulation. 

 Design and fabrication of the biosensor patch 5.2.3

The thread-based biosensor was constructed from four cotton-thread electrodes integrated on 

an adhesive patch. As shown in Figure 5-2 (A), the four electrodes include a lactate sensing 

working electrode (LS-WE), a sodium sensing working electrode (SS-WE), a reference electrode 
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(RE), and a trigger electrode (TE). The RE is arranged between the two WEs to serve as a shared 

electrode, and the TE, designed to monitor the saturation of sweat collection by the wrapping 

bare threads, is placed on the left side of the LS-WE. The conducting parts were then connected 

with the wires out from the detection circuit. As shown in Figure 5-2Error! Reference source 

not found. (B), the four electrodes were first sewed onto a transparency frame through its 

openings (pre-cut by the laser cutter), by using bare cotton threads. The transparency frame 

provides mechanical support of the electrodes in the final integrated adhesive patch. Then, the 

transparency frame with the four electrodes was stacked onto a patterned single-sided adhesive 

tape (Nexcare Paper First Aid Tape), with the four electrodes in contact with the non-adhesive 

side of the tape and the wrapping bare threads exposed in the patterned window of the tape. Two 

strips of tape were used to securely fix the electrodes and the transparency frame onto the patch 

tape, which completed the fabrication process of the biosensor patch. When such a patch was 

attached to the human skin (Figure 5-2 (B)), only the bare threads exposed in the patterned 

window of the tape would be in contact with the skin, thus collect sweat through soaking, and 

transport the collected sweat onto the electrodes wrapped inside. For isolation purpose, a second 

layer of single-sided adhesive tape was applied atop the biosensor pad after attaching it to the 

skin with the conductive ends of the electrodes exposed for electrical connection. 

 

Figure 5-2. (A) Cross-section view of electrodes, and wearable device fabrication. (B) Packed 

wearable devices on the wearer’s head.  
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Figure 5-3. (A) Bare carbon electrode surface. (B) ZnO-NW electrode surface. (C)(D)(E) SEM 

photographs of ZnO-NW electrode at varied magnifications.   

To fabricate the biosensor, patterns of the transparency frame and the adhesive patch were 

designed in AutoCAD (Autodesk, San Rafael, CA) and output to a laser cutter (VersaLASER 

VLS2.30, Universal Laser System) for material cutting. The fabrication and preparation of the 

electrodes will be introduced in Section 5.2.4. The sewing of electrodes with the transparency 

frame and the assembly of the transparency frame and single-sided adhesive tape were 

performed manually. 

 Electrode fabrication 5.2.4

The two working electrodes for lactate and sodium sensing (LS-WE and SS-WE) were 

fabricated from cotton threads (Aunt Lydia, size 10) sequentially coated with carbon ink, ZnO 

NWs, and lactate/sodium sensing membranes. The RE and TE were fabricated from cotton 

threads sequentially coated with PDMS and Ag/AgCl ink. The Ag/AgCl RE was also coated 

with a reference membrane to prevent potential changes over a large concentration range. To 

fabricate a bare carbon electrode, a 4 cm cotton thread was brush-coated with uncured PDMS 

(mixing ratio: 10:1) and baked at 90 °C for 6 hours, forming a 0.5 cm-long hydrophobic barrier 

inside the thread (as the PDMS wicked into the thread before baking). This barrier restrains 

sweat in the sensing segment of the sensing electrodes. Then the thread was coated by carbon ink 

though rolling-printing to cover 1 cm bare thread next to the PDMS-coated segment, and hung 

over a 75 °C hotplate for drying. This rolling-printing process was repeated twice to secure 
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adequate carbon coating with even and consistent thickness. The electrodes were washed in 

deionized (DI) water twice and dried in air before ZnO NW growth. Figure 5-3 (A) shows a 

scanning electron microscopy (SEM) photograph of the carbon surface of a dried electrode.  

ZnO NWs were grown on the bare carbon electrode through a hydrothermal process 

modified from a previous protocol [21]. Firstly, ZnO nanoparticles (ZnO NPs) were synthesized 

in ethanol and applied to the thread electrode as seeds for hydrothermal growth of ZnO NWs. 

17.6 mg of zinc acetate dihydrate (ZAD) and 5 mg of NaOH were dissolved into two flasks of 20 

mL pure ethanol and incubated at 70 °C with heavy stirring for 20 min. 20 mL pure ethanol was 

then added to the ZAD solution for 1:2 dilution, and incubated at 70 °C for 30 min. After the 

ZAD and the NaOH solutions cooled down to room temperature, the NaOH solution was slowly 

added into the ZAD solution with constant stirring. The mixture was placed in a convection oven 

at 60 °C for 2 h to crystallize the ZnO NPs and form a colloidal seeding solution. For each batch 

of ZnO-NP seeding, the carbon-coated areas of ten bare carbon electrodes were immersed in the 

seeding solution for 3 min and dried at 86 °C for 3 min. The PDMS barrier stops the seeding 

solution from wicking to the non-immerged portion of the thread, and thus allows selective ZnO-

NP seeding only on the carbon surface. This seeding process was repeated for three times to 

form a continuous and uniform seeding layer.  

An aqueous solution of zinc nitrate hexahydrate (ZNH) and hexamethyl-enetetramine 

(HMTA) was made to grow ZnO NWs on the seeded electrodes.  2.98 g of ZNH and 0.7 g of 

HMTA were completely dissolved into two flasks with 190 mL DI water each, and then mixed 

together to form a solution of 50 mM ZNH and 25 mM HMTA. 10 mL of aqueous solution of 

pure ammonium hydroxide was then added to the mixture solution, which facilitates the 

hydrothermal growth by suppressing the homogeneous nucleation of ZnO NWs [21]. The final 

mixture was preheated in the oven to the hydrothermal growth temperature of 86 °C, and ten 

ZnO-NP seeded electrodes were then placed into the growth solution for 8 h at 86 °C. After the 

growth was completed, the ZnO-NW/carbon electrodes were washed in DI water and dried under 

ambient environment. Figure 5-3 (B) illustrates the cross-sectional structure of the final ZnO-

NW/carbon electrode, and Figure 5-3 (C)-(E) are SEM photographs showing the arrangement 

and morphology of the ZnO NWs on the carbon electrode at different magnifications. One can 

see that the carbon electrode surface is uniformly covered by vertically arranged ZnO NWs, 

whose average width and density are 392 ± 51nm and 2.8 ± 0.21/μm2 (n = 5), respectively. One 
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end of the ZnO-NW/carbon electrode was further coated with Ag ink to form an electrical 

contact with a 0.2 cm wide overlap with the ZnO-NW layer. Such a ZnO-NW/carbon electrode 

with Ag contact is ready for coating of lactate/sodium sensing membranes.   

To prepare the LS-WE, the ZnO-NW/carbon electrode was functionalized with the enzymatic 

lactate sensing membrane. Firstly, a paired TTF-nafion reactive membrane was formed on the 

ZnO-NW surface by sequentially pipetting 3 μL of 0.5 % (v/v) nafion aqueous solution and 5 μL 

of 0.1M TTF ethanol/acetone (v/v ratio: 9:1) solution to the ZnO-NW-coated surface of the 

electrode. The TTF coating was repeated once more to achieve adequate and even coating. 3 μL 

of LOx aqueous solution (200 unit/mL) was then pipetted to the ZnO-NW area and dried under 

ambient condition, and this surface was further coated with 3 μL of a 1 %  (w/w) chitosan 

solution prepared in 1% (w/w) acetic acid (heavily stirred for 24 hours). The ZnO-NW surface of 

the electrode was finally cross-linked through chemical vapor deposition of 15% (v/w) 

glutaraldehyde (GA) solution in a vacuum chamber at 4 °C for 4 h.  

To prepare the SS-WE, a sodium selective membrane was coated onto the ZnO-NW coated 

surface of the electrode, through pipetting 5 μL of the sodium selective membrane cocktail twice.  

After each coating, the electrode was dried for 10 min under ambient condition. This membrane 

cocktail consisted of 1mg sodium ionophore X, 0.55 mg Na-TFPB, 33 mg PVC, and 65.45 mg 

DOS, all dissolved in 660 mL of nitrogen-purged THF with thorough mixing [8]. 

As both the lactate and sodium sensing cells have the two-electrode configuration, the RE in 

each cell also acts as a counter electrode to ensure a complete path of electron transfer through 

the EMF cell. To fabricate the reference/counter electrode, a 4 cm cotton thread was completely 

wicked with uncured PDMS (mixing ratio: 10:1) to prevent any potential change caused by 

liquid wicking inside the thread. Then, Ag/AgCl ink was roll-printed to the PDMS-coated thread 

and dried at 75 °C for 5 h. A reference membrane cocktail was prepared by dissolving 78.1 mg 

PVB and 50 mg NaCl in 1mL pure methanol, according to a previous recipe [8]. It contains 

electrolytes, forms a nanoporous structure on the electrode, and thus allows the free exchange of 

electrolytes with the solution. Therefore, the membrane-coated RE provides a stable potential 

and is insensitive to changes in the ion concentration over a large concentration range [8]. 5 μL 

of the reference membrane cocktail was pipetted to the Ag/AgCl electrode twice to form the 

ultimate RE. After each coating, the electrode is dried under ambient condition for 10 min. A TE 

was included in the biosensor patch to indicate the saturation of sweat collection in the bare 
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threads wrapping the LS-WE and SS-WE. Its fabrication is the same as the RE without coating 

the reference membrane. 

 Preparation of artificial sweat 5.2.5

We used spiked artificial sweat for biosensor calibration. The artificial sweat was prepared 

following the ISO 3160-2 Standard, which is composed of with 20 g/L NaCl, 17.5 g/L NH4Cl, 

5g/L acetic acid and 15 g/L lactic acid with the pH adjusted to 7 by NH4OH. For calibration of 

the lactate and sodium sensing EMF cells, the artificial sweat recipe was slightly adjusted by 

removing the compositions of lactic acid and NaCl, respectively. Specifically, the lactate-free 

artificial sweat contains 20g/L NaCl, 17.5 g/L NH4Cl, 5g/L acetic acid (with the pH adjusted by 

NH4OH), and the sodium-free artificial sweat contains 35.8 g/L NH4Cl (concentration increased 

to maintain the same level of Cl–), 5g/L acetic acid, and 15 g/L lactic acid (with the pH adjusted 

by NH4OH). 

 Results and Discussion 5.3

 Pre-conditioning of the LS-WE 5.3.1

Before device calibration, the LS-WE coated with Nafion/TTF/LOx/chitosan/GA was pre-

conditioned through twice of CV scanning from -0.25 V to 0.45 V to form TTF+ on the electrode 

surface, which serves as the mediator in lactate enzymatic reaction [22, 23]. The LS-WE was 

coupled with the thread RE through wrapping by a bare cotton thread, and placed in a tube with 

1.5 mL phosphate-buffered saline (PBS) for CV scanning. Figure 5-4 (A) illustrates the 

electrochemical behavior of TTF under two CV scans at a rate of 20 mV/s. TTF undergoes two 

one-electron oxidation processes in aqueous solution, resulting in the formation of TTF+ and 

TTF2+. In the absence of lactate, the enzyme does not contribute to the redox of TTF, and TTF in 

the Nafion polymer yields one-electron reversible cyclic voltammograms. In the scan range of 

0.45 V and -0.25 V, the Nafion-TTF pair undergoes a redox reaction described in Equation 5-1. 

TTF was oxidized to TTF+ when the scanning waveform reaches a potential of ~0.25 V, and in 

the meanwhile, Na+ ions in the sulphonate group of Nafion were substituted with TFF+ and 

entered the phosphate buffer [23]. As shown in Error! Reference source not found.Figure 5-4 

(A), the two cyclic voltammograms overlaps with each other and have a 450 mV separation 
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between the anodic and cathodic potential peaks. This result demonstrates the high repeatability 

and reversibility of the TTF pairs on the electrode surface.  

TTF + SO3/Na+  SO3/TTF+ + Na+ + e–                                      (5-1)                   

 Device calibration  5.3.2

Using spiked artificial sweat, we calibrated the EMF cells for lactate and sodium sensing. 50 

mL of artificial sweat spiked with either lactate or sodium was pipetted onto the corresponding 

sweat collecting thread of a biosensor patch so that the entire sensing area of the electrode was 

immersed in the sample solution for reaction. At the same time, the signal readout circuit in the 

headband was triggered to read the EMF potential. Figure 5-4 (A) and (B) show the calibration 

data (n = 5) of the lactate-sensing EMF cell, which covers a linear range of 0-25 mM. As shown 

in Figure 5-4 (A), the EMF potential increases once the sample is applied and reaches 

equilibrium after 20 s. Thus, the EMF potential at 20 s after sample addition was used as the 

readout signal. During the reaction, lactate diffused from the solution to the lactate sensing 

membrane and got oxidized by the lactate oxidase; and simultaneously, TTF+ was reduced to 

TTF. This reaction mechanism can be described by Equation 5-2. The reaction causes a change 

in the concentration ratio of TTF+ to TTF in the membrane, which can be quantified by the EMF 

potential. The difference of EMF potential with and without lactate indicates that the TTF in the 

Nafion polymer could act as an electron-transfer relay system between the lactate oxidase and 

the ZnO-NW/carbon electrode. The LOD, defined as the lactate concentration of the sample that 

induces an EMF potential three times the standard deviation of output signals measured from 

blank samples, was determined to be 3.61 mM.  

 
Figure 5-4. (A) Cyclic voltammograms of the LS-WE. (B) Typical EMF potential curves 

measured on artificial sweat spiked with lactate at different concentrations. (C) Calibration plot 

of the lactate sensing EMF cell (n=5), which covers a linear range of 0-25 mM with the 

regression equation: y = 0.94x + 71. 
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Lactate + 2TTF+  pyruvate + 2TTF + 2H+                                         (5-2) 

The sodium ion selective membrane contains sodium ionophore X, DOS, PVC, and Na-

TFPB. DOS serves as the plasticizer to provides a homogeneous organic phase, and can reduce 

the viscosity and maintain a relatively high mobility of the membrane constituents [24]. It can 

also influence the ion-exchanging characteristics of the membrane and ensures the ion selectivity 

through its polarity and dielectric properties [24]. The polymeric matrix of PVC renders the 

membrane mechanically stable, and its inert characteristic prevents other chemical interaction 

with the sodium ions. Na-TFPB acts as a lipophilic cation exchanger to ensure the cation 

selectivity of the membrane. The sodium ionophore X serves an ion carrier and forms relatively 

strong, selective and reversible complexes with the target sodium ions, and thus prevents ion 

exchange by other interfering ions. This chemical composition of the sodium ion selective 

membrane provides superior selectivity for the potentiometric sodium detection. 

Different from the enzymatic lactate detection, no redox process occurs in sodium detection 

and no electrochemical pre-conditioning of the sensing electrode is needed. Instead, the sodium 

ions directly partitions into the sodium selective membrane with the assistance of ionophore. 

With the continuous ion-exchange process, the equilibrium can be established at the solution-

membrane interface, and the charge separation at the interface leads to a phase-boundary 

potential across the membrane and thus an EMF potential difference between the WE and RE. 

Figure 5-5 (A) shows typical curves of the EMF data measured at different sodium 

concentrations. One can see that the EMF potential reaches its equilibrium 20 s after sample 

addition; thus the EMF potential signal at that time point was used as the sensor readout. Figure 

5-5 (B) shows the calibration plot of the sodium sensing cell, which covers a linear range of 0.1-

100 mM with the regression equation: y=42.9log10 x+59.2. The LOD for sodium detection was 

determined to be 0.16 mM. The measurement ranges of our biosensor match the clinical ranges 

of lactate and sodium in human sweat, and the corresponding LODs are comparable to those of 

the existing sweat tests [3]. 
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Figure 5-5. (A) and (B): calibration results of the biosensor for sodium sensing (n=5). The 

calibration curve covers 0.1-100 mM with a linear relationship of y=42.9x+59.2. 

 Off-body testing of real human sweat 5.3.3

As a practical demonstration, a real sweat sample, collected from a healthy donor after 30 

minutes of exercise, was tested using our biosensor and standard lactate/sodium tests.  As shown 

in Figure 5-6, the results from our biosensors were 13.16 ± 0.83 mM (n = 5) for lactate and 92.9 

± 5 mM (n = 5) for sodium, both in good agreement with the standard test results of 13.26 ± 0.57 

mM (n = 5), and 89.9 ± 2.42 mM (n = 5), respectively. This demonstrates the effectiveness of 

our biosensor for real sweat testing.  In the near future, we will use the developed biosensor for 

on-body sweat testing for users in exercise.   

 
Figure 5-6. Testing results of real human sweat and their comparison with those from standard 

tests. 
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 Conclusion 5.4

We developed a new wearable sweat testing platform based on a thread-based biosensor 

integrating ZnO-NW-decorated sensing electrodes, for accurate lactate and sodium detection in 

human perspiration during exercise. ZnO-NW LS-WE and SS-WE were fabricated for enzymatic 

lactate detection and ion-selective sodium detection, respectively. A biosensor patch was 

designed to integrate the LS-WE and SS-WE, a common RE and a TE (for monitoring sweat 

collection), forming two electrochemical cells for lactate and sodium measurements. A fully 

integrated electronic headband was constructed for signal readout from the biosensor patch and 

wireless data transmission (to a laptop and a smart phone). Using spiked artificial sweat, we 

calibrated the lactate and sodium sensing cells and achieved analytical performance meeting the 

clinical requirements. A real human sweat sample was also tested using our biosensor, providing 

testing results in good agreement with those from standard tests. This wearable biosensing 

platform holds great promise for practical sweat testing for monitoring conditions of user fitness, 

electrolyte imbalance, and physical well-being. 
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Link between Chapter 5 and Chapter 6 

In the previous chapters, the healthcare related applications of disease diagnostic and 

physiological monitoring were covered. For the second branch of portable analytical platform, 

Chapter 6 and Chapter 7 explore on-site water quality monitoring of two major pollutants of 

heavy metal ions (aluminum and lead) and nutrients (total nitrogen). In particular, Chapter 6 

investigates the colorimetric detection of metal ions in water through gold nanoparticle based 

colorimetric assays and a custom-made optical reader. Heavy metal ions released into various 

water systems have severe impact on the environment, and excess exposure to toxic metal ions 

through drinking water pose high risks to human health and cause life-threatening diseases. To 

meet the urgent needs of on-site heavy metal ion detection, a portable analytical platform is 

developed for rapid and sensitive detection of aluminum (Al3+) and lead (Pb2+) ions in water. 

Using this platform, the LODs of 30 ppb for Pb2+ and 89 ppb for Al3+ are achieved, with 

comparable performance to that of a bench-top analytical spectrometer. 
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Heavy metal ions released into various water systems have severe impact on the environment 

and human beings, and excess exposure to toxic metal ions through drinking water pose high 

risks to human health and cause life-threatening diseases. Thus, it is highly demanded to develop 

a rapid, low-cost and sensitive method for detection of metal ions in water. We present a portable 

analytical system for colorimetric detection of lead (Pb2+) and aluminum (Al3+) ions in water 

based on gold nanoparticle probes and lab-on-a-chip instrumentation. The colorimetric detection 

of metal ions is conducted via single-step assays with low limits of detection (LOD) and high 

selectivity. We design a custom-made microwell plate and a handheld colorimetric reader for 

implementing the assays and quantifying the signal readout. The calibration experiments 

demonstrate that this portable system provides LODs of 30 ppb for Pb2+ and 89 ppb for Al3+, 

both comparable to bench-top analytical spectrometers. It promises an effective platform for 

metal ion analysis in a more economical and convenient way, particularly for use in water quality 

monitoring in field and resource-poor settings. 

 

Keywords: environmental monitoring; metal ion detection; gold nanoparticle; colorimetric 

detection; portable colorimetric reader 

 



86 

 

 Introduction 6.1

Various metal ions are released into our aqueous environments from natural and 

anthropogenic sources, and some of these ions are toxic at excessive or even trace levels and 

could thus induce major threats to human health [1]. For instance, lead ions (Pb2+) cause hepatic 

toxicity associated with perturbations in multiple metabolic pathways (e.g., heme synthesis, 

cholesterol, and drug metabolisms), and long-term exposure to Pb2+ will cause chronic kidney 

and liver diseases [2]. Aluminum ions (Al3+), existing at high concentrations in more acidic or 

organics-rich water, are a risk factor that may cause or accelerate the onset of Alzheimer disease 

in humans [3]. The accurate detection and quantification of toxic metal ions in water are thus 

necessary and crucial in many applications such as environmental monitoring, water quality 

control, and waste water treatment [4-6]. In some application scenarios (e.g., on-site assays with 

limited resources), high portability, fast assay speed and ease of operations are desired features 

of the assays for detection of metal ions. 

Conventional analytical techniques for detection of metal ions include inductively coupled 

plasma mass spectrometry [7, 8], atomic absorption spectrophotometry [9], X-ray fluorescence 

spectrometry [10, 11], and electrochemical analysis [12, 13], all of which provide accurate and 

sensitive quantifications of metal ions in aqueous solutions.  However, these techniques usually 

rely on sophisticated and bulky instruments, and are highly skill dependent and time consuming; 

thus, they are difficult to implement outside laboratory environments, and cannot meet various 

needs of on-site metal ion assays. Different from these instrument-dependent analytical 

approaches, simple colorimetric assays represent another highly attractive route to detection of 

metal ions, which are easy to implement, moderately sensitive, highly specific, and less 

instrument-dependent. A common paradigm of colorimetric detection of metal ions employs the 

size-dependent optical properties of gold nanoparticles (AuNPs) for signal production and 

amplification. AuNPs, with properly tuned surface chemistry, could coordinate with metal ions 

and form aggregates, thus changing the surface plasmon resonance (SPR) absorbance of the 

assay solution. A variety of AuNP-based colorimetric assays have been developed for detection 

of metal ions [14-19], and these advances make it possible to develop portable platforms for on-

site environmental monitoring.  

The objective of this research is to create a portable analytical system for detection of metal 

ions in water by combining the powerful AuNP-based colorimetric methods with lab-on-a-chip 



87 

 

instrumentation. We utilize two AuNP-based, single-step assays for colorimetric detection of 

Pb2+ and Al3+ in water with high selectivity and low limits of detection (LOD). We develop a 

custom-made microwell plate for implementing the assays and a handheld colorimetric reader for 

signal quantification. We demonstrate that this portable system provides LODs of 30 ppb for 

Pb2+ (slightly higher than the requirement of ≤10 ppb from World Health Organization[20] or 

WHO) and 89 ppb for Al3+ (which meets the WHO requirement of ≤200 ppb). These results 

promise the practical application of our system after further protocol optimization of the Pb2+ 

assay. The portable system permits detection of metal ions in a more economical and convenient 

way, and is particularly useful for water quality monitoring in the field and resource-poor 

settings.  

 Experimental methods  6.2

 Colorimetric detection of Pb2+ and Al3+ 6.2.1

 
Figure 6-1. Schematic mechanisms of Pb2+ and Al3+ detection using AuNPs: (A) A glutathione 

(GSH) molecule binds with a label-free AuNP at its thiol group and simultaneously coordinates 

with Pb2+ at its carboxylic groups, leading to aggregation of AuNPs and shift of absorbance 

spectrum of the AuNP solution. (B) Citrate-capped AuNPs aggregate in the presence of Al3+, 

inducing shift of absorbance spectrum of the AuNP solution. (C) Molecular structures of the 

GSH and citrate cap. 
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Colloidal gold nanoparticles (AuNPs) have been one of the most popular nanomaterials for 

analytical applications [21-23]. AuNP is particularly suitable for use in optical sensing because 

its optical and chemical properties are readily tunable through adjusting its size, shape, 

concentration in solution, surface chemistry, and aggregation state [24]. A common paradigm of 

using AuNPs for detection of metal ions is based on the metal-ion-induced aggregation of 

AuNPs in solution and the resultant change in the solution’s absorbance spectrum [15-17]. In this 

research, we employed two highly sensitive and specific assays for colorimetric detection of Pb2+ 

and Al3+. Both assays involve single-step mixing of the reagent and the water sample, and are 

particularly suitable for implementation on our portable system.  

For Pb2+, we have developed a label-free colorimetric detection method based on peptide-

facilitated gold nanoparticle aggregation [25]. This assay relies on in-situ conjugation of label-

free AuNPs, a common peptide glutathione (GSH - C10H17N3O6S), and the Pb2+, and does not 

require tedious pre-labelling of the AuNPs. As the major reagent, label-free AuNPs are more 

stable in solutions than the labelled ones (we achieved three-month storage at room conditions 

without aggregation). Using a bench-top ultraviolet-visible (UV-Vis) spectrometer, we have 

experimentally demonstrated a limit of detection (LOD) of 6.0 ppb and high selectivity of Pb2+ 

detection over other 14 metal ions (including Al3+) [25]. In this work, we adapt this approach on 

our handheld analytical device for portable Pb2+ detection. As shown in Figure 6-1 (A), the 

assay for Pb2+ detection involves the GSH to simultaneously functionalize AuNPs in situ (during 

the assay) and coordinate Pb2+, which induces AuNP aggregation. A GSH molecule contains one 

thiol group and two carboxyl groups (Figure 6-1 (C)); the thiol group specifically recognizes 

AuNP with high affinity, and the carboxylic group binds with Pb2+ strongly due to chelating 

ligands. GSH itself can bind with AuNPs and cause weak aggregation; with the presence of Pb2+, 

the aggregation will be significantly magnified. 

For detecting Al3+, we adopted a previously reported approach that involves citrate-capped 

AuNPs [21] for Al3+ induced aggregation. Compared with other ions, Al3+ has a much higher 

stable constant for citrate binding.[26] The reaction mechanism of Al3+ detection is illustrated in 

Figure 6-1 (B). With the addition of Al3+ into a citrated-capped AuNP solution, the aggregation 

state of the AuNPs changes from mono-dispersion to emulsion, and its absorbance above 610 nm 

shifts according to the concentration of Al3+. Consequently, the solution changes its color from 

rich red to bluish purple. 
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Figure 6-2. The absorbance curve of AuNP solution with a peak at 520 nm. The insets include a 

transmission electron microscopy (TEM) image of the gold nanoparticles and a photograph of 

the AuNP aqueous solution. 

The AuNPs used in this work have a narrow size distribution of 15.2±3.6 nm, which 

corresponds to a characteristic absorbance peak of 520 nm (Figure 6-2). In both assays, the 

absorbance of AuNP solutions decreases at 520 nm and significantly increases at 610 nm.  

Although it is a common practice to measure the absorbance ratio at 610 nm and 520 nm, we 

opted to only quantify the absorbance at 610 nm as the readout because the absorbance shifts at 

520 nm were too subtle to be accurately measured by our portable spectrometer. Our calibration 

experiments, presented in Section 6.3, demonstrate the absorbance measurement at 610 nm was 

sensitive enough to yield satisfactory analytical performance. 

 Synthesis of colloidal AuNPs  6.2.2

We synthesized citrate-capped AuNPs by using the traditional Turkevich-Frens method with 

minor modifications [25, 27, 28]. We first heated 100 mL of 1 mM HAuCl4 to boiling in a flask 

with a condenser, then added 10 mL of 38.8 mM sodium citrate to the flask. After the solution 

turned from pale yellow into ruby red, we kept the mixture boiling for an additional 30 min to 

complete the reaction. We finally cooled down the AuNP solution with stirring and stored at 

room temperature prior to the assay. The concentration of the AuNPs was 13 nM. The citrate-

capped AuNPs solution we synthesized had a shelf life of three months. 
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Figure 6-3. Schematic cross-section diagram of the portable analytical system which consists of 

a four-microwell plate and a handheld colorimetric reader. The four-microwell plate is inserted 

in the colorimetric reader for absorbance measurement. 

 Design and fabrication of the portable system 6.2.3

To implement the Pb2+ and Al3+ detections in a portable format, we developed a lab-on-a-

chip platform for performing the metal ion assays and absorbance measurements on site. The 

platform, as schematically illustrated in Figure 6-3, includes a custom-made microwell plate for 

holding the assay solutions, and a handheld colorimetric reader for accommodating the 

microwell plate and measuring the absorbance shift in the solutions after reaction. The microwell 

plate includes four microwells (depth: 3.5 mm; diameter: 6.0 mm; pitch: 10.0 mm) constructed in 

a piece of polydimethylsiloxane (PDMS) elastomer. We determined the microwell diameter to be 

6 mm based on the size of the photodiodes (3.6 mm×4 mm) in the colorimetric reader so that 

each photodiode could be well aligned underneath a microwell (Figure 6-3).  

For fabrication of the microwell plate, we created through holes on the PDMS piece using a 

6-mm biopsy punch, and then permanently bonded the PDMS piece onto a glass slide (25 

mm×75 mm×1 mm) via oxygen plasma treatment. Figure 6-4 (A) shows the photograph of a 

microwell plate filled with solutions after Al3+ detection. The microplate is disposable, and can 

also be reused after thorough cleaning. Although we just integrated four microwells at the 

prototyping stage, the system architecture allows easy scale-up of the reaction microwells. A 

larger plate with more microwells simply requires the colorimetric reader to be enlarged and the 



91 

 

number of photodiodes to be increased accordingly. We used PDMS and glass for construction 

of the microwell plate due to their high transparency and flexibility for prototyping. For mass 

production, injection molding of transparent plastics can be employed to provide a much lower 

cost structure of the microwell plate. 

The colorimetric reader includes four main components (Figure 6-3): (i) a narrow-band 

light-emitting diode (LED) array (model # YSM-2088CR3G2C, Young Sun LED) with emission 

wavelengths of 512-518 nm (green) and 610-625 nm (red); (ii) four photodiodes (model # 595-

OPT101PG4, Texas Instruments) mounted on a printed circuit board (PCB); (iii) a 

microcontroller (Arduino UNO board) with Universal Serial Bus (USB) communication for 

controlling the LED array, quantifying the voltage outputs of the photodiodes, and transmitting 

measurement data to a computer; and (iv) an opaque plastic casing for accommodating and 

optically shielding all the electronic components and the microwell plate. The microwell plate 

can be inserted into the reader, and guiding slots on the plastic casing guarantees fixed gaps 

between the microwell plate and the LED/photodiodes. Two black shield layers with four 

openings were placed on the top and bottom of the microwell plate to decrease optical crosstalks 

between adjacent microwells and therefore suppress background noises in measurement. The 

total material cost of the colorimetric reader was calculated to be 87 CAD based on commercial 

prices of the electronic components.   

 
Figure 6-4. Photographs of the portable system. (A) A microwell plate filled with solutions of 

AuNP and Al3+. (B) The colorimetric reader held by a hand, with a microwell plate inserted. (C) 

Inside of the colorimetric reader with the LED array lighting up. 
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Figure 6-4 (B) shows the colorimetric reader held by a hand with a microwell plate inserted, 

and Figure 6-4 (C) shows the inside of the colorimetric reader. The LED array consists of 8 × 8 

dual-color LED ‘pixels’, providing uniform illustration for absorbance measurement. The LED 

‘pixels’ can emit light at wavelengths of 512-518 nm (green) and 610-625 nm (red), and the 

microprocessor controls the emission wavelength by altering the supply voltage to the LED array 

(4.4 V for green and 5.0 V for red). The emission range of 610-625 nm of the LED array was 

experimentally proved effective for the absorbance measurement at 610 nm. The photodiode 

chip integrates a signal conditioning circuit, and can be powered by a 9V battery (Figure 6-4 

(C)). In our current prototype, voltage signals from the photodiodes are transmitted to a 

computer for data analysis via the USB cable. It is also feasible to integrate a liquid crystal 

display (LCD) for direct readout of assay results and a Bluetooth module for wireless data 

transmission from the reader to other devices such as smartphones, tablets, and computers for 

further analysis. 

 Assay protocols 6.2.4

For Pb2+ detection, we used the original AuNP solution, and prepared a GSH mixture by the 

following steps. We firstly made a solution of NaCl (1 M) as background electrolyte, a 

phosphate buffer solution (50 mM, pH 7), and a GSH solution (100 mM). Then, we prepared the 

GSH mixture by mixing 110 µL of the NaCl solution, 620 µL of the phosphate butter, and 480 

µL of the GSH solution, and 790 µL of distilled water. Before each experiment, we prepared 

fresh deionized (DI) water samples spiked with Pb2+ at incremental concentrations of 0 ppb, 50 

ppb, 100 ppb, 200 ppb, and 500 ppb. To perform an assay, we first filled 41.5 µL of Pb2+ spiked 

water in a microwell, then added 12 µL of GSH mixture and 34.6 µL of AuNP solution, and 

mixed them by pipetting. After 10 minutes of incubation (determined experimentally; refer to 

Section 6.3), we slowly slid the microwell plate into the colorimetric for absorbance 

measurement.  

For Al3+ detection, we directly used citrate-capped AuNPs that can be coordinated by Al3+ 

and form aggregates. We experimentally determined the optimal pH value of the AuNP solution 

to be 2.24, which yielded the best sensitivity at low concentrations of Al3+. Before experiments, 

we prepared fresh DI water samples spiked with Al3+ at incremental concentrations of 0 ppb, 100 

ppb, 200 ppb, 300 ppb, and 400 ppb. For detections performed on the four-microwell plate, we 
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first filled 45 µL of the Al3+ spiked water in each microwell and then added 45 µL of AuNP to 

the microwell to initiate the reaction. After complete mixing via pipetting, we incubated the 

mixtures for 8 min (determined experimentally; refer to Section 6.3) and measured colorimetric 

signals from all the microwells using the colorimetric reader. 

For performance comparison, we also implemented the same assays of Pb2+ and Al3+ in 96-

well plates using UV-Vis spectrometry. For Pb2+ detection, we mixed 100 µL of water sample, 

50 µL of GSH mixture, and 150 µL of AuNP solution in each well, incubated the mixture for 10 

min, and measured the absorbance at A610. For Al3+ detection, we mixed 150 µL of water sample 

and 150 µL of AuNP solution, incubated the mixture for 8 min, and measured the absorbance at 

A610. Note that we adopted a higher volume of the sample/reagent mixture for assays on UV-Vis 

spectrometry (300 µL vs. ~90 µL for assays on the portable system) to achieve an adequate 

length of light path through the solution for UV-Vis measurement. 

 Results and discussion 6.3

 Analysis of AuNP aggregation kinetics via the handheld reader 6.3.1

To understand the kinetics of AuNP aggregation during Pb2+ and Al3+ assays, we quantified 

the changes in absorbance of the mixture of water sample and detection reagent at 610 nm using 

the portable system. The absorbance of the sample/reagent mixture was monitored within the 

first 11 minutes of the reaction. Figure 6-5 (A) and Figure 6-6 (A) show the reaction kinetics of 

Pb2+ and Al3+ assays in terms of light absorbance change. The output signal from the photodiode 

is in the form of voltage, while a higher voltage value linearly corresponds to a lower absorbance 

level at 610 nm. In the Pb2+ assays (Figure 6-5 (A)), the absorbance of light at 610 nm through 

the reaction solution became lower with time; at the same time point of reaction, higher 

concentrations of Pb2+ yielded higher absorbance levels (lower output voltages of the 

photodiode) in the measurement range of 0−500 ppb. The Al3+ assay followed the same trend of 

light absorbance in the measurement range of 0−400 ppb. Beyond these measurement ranges, the 

aggregated AuNPs were too large to remain colloidal in the solution, resulting in saturated or 

even lower light absorbance. Based on the data of reaction kinetics, we chose the time points for 

signal measurement in Pb2+ and Al3+ assays to be 10 min and 8 min after reaction starts. At 0 ppb 

of Pb2+, the absorbance level slightly increased (which corresponds to the 0 ppb data curve in 

Figure 6-5 (A)) because of the GSH-induced weak aggregation of AuNPs in the absence of Pb2+. 



94 

 

 
Figure 6-5. Experimental results of the Pb2+ assay. (A) The kinetic curve of AuNP aggregation 

in Pb2+ solutions in terms of light absorbance at 610 nm. (B) Photographs of assay solutions at 

different Pb2+ concentrations, which generated different levels of color change after 10-minute 

reaction. (C) Calibration curves of the Pb2+ assay, obtained using the portable reader and UV-vis 

spectrometer [25], with linear regression equations of y = -0.00031x + 1.0 and y = 0.00050x + 

0.72, for data from the portable reader and UV-Vis spectrometer respectively. 

 Calibration results of Pb2+ and Al3+ assays 6.3.2

We performed calibration experiments of the Pb2+ and Al3+ assays using our portable system, 

and compared the results with the ones obtained using the conventional 96-well plate on a UV-

Vis spectrometer. Figure 6-5 (B) and Figure 6-6 (B) show the color changes of assay solutions 

vs. Pb2+ and Al3+ concentrations, respectively. Figure 6-5 (C) and Figure 6-6 (C) illustrate 

calibration curves of the Pb2+ and Al3+ assays, collected using both the portable system and the 

UV-Vis spectrometer. The calibration curves from the portable system reveal very similar trends 

as the ones from the UV-Vis spectrometry, which validates the effectiveness of the colorimetric 

reader.  
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Figure 6-6. Experimental results of the Al3+ assay. (A) The kinetic curve of AuNP aggregation 

in Al3+ solutions in terms of light absorbance at 610 nm. (B) Photographs of assay solutions at 

different Al3+ concentrations, which generated different levels of color change after 8-minute 

reaction. (C) Calibration curves of the Al3+ assay, obtained using the portable reader and UV-Vis 

spectrometer. The inset includes linear regression curves of the calibration data in the range of 

100−400 ppb, with equations of y = -0.00036x + 1.1 (for data from the portable reader) and y = 

0.0012x + 0.20 (for data from the UV-Vis spectrometer). 

We calculated the LOD of Pb2+ assay using the linear regression of the data in the whole 

measurement range of 0-500 ppb. Considering the nonlinear calibration data of Al3+ assay at low 

concentrations, we calculated the LOD of Al3+ assay using the linear regression of the data in the 

range of 0−100 ppb. LODs of 30 ppb for Pb2+ and 89 ppb for Al3+ were achieved by the portable 

system, which are comparable with the UV-Vis spectrometry (56 ppb for Pb2+ and 46 ppb for 

Al3+). Our measurement ranges for Pb2+ (0–500 ppb) and Al3+ (0–400 ppb) cover the requirement 
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for practical applications. The LOD of our Al3+ assay (89 ppb) meets the WHO standard (≤200 

ppb), but our LOD for Pb2+ (30 ppb) is slightly higher than the WHO cutoff (≤10 ppb).  

 Assay selectivity  6.3.3

We [25] and others [21] have experimentally demonstrated that the selectivity of the Pb2+ and 

Al3+ assays is sufficient to eliminate the interference of other metal ions possibly existing in 

water. In a previous study [25], we evaluated the selectivity of the Pb2+ assay against 14 metal 

ions (Ca2+, As3+, Mg2+, Hg2+, Cu2+, Ni2+, Fe3+, Ba2+, Co2+, Ag+, Mn2+, Cd2+, Zn2+, Cr3+, Al3+) 

using UV-Vis spectrometry. Masking agents that have high formation constants with the 

interfering ions were added to the reagent solution for minimizing the ions’ interference with the 

Pb2+ assay. The experimental results show that most of the metal ions had negligible impact on 

the Pb2+ assay [25]. Chen et al. [21] investigated the interference of 10 metal ions (Hg2+, Fe3+, 

Cd2+, Ag+, Pb2+, Cu2+, Ni2+, Zn2+, Mn2+, Co2+) with the Al3+ assay we used in this work, and 

demonstrated the high selectivity of the assay over these metal ions. These results show that the 

Pb2+ and Al3+ assays have great potential to selectively detect the target metal ions in real water 

samples. We are currently performing more experiments on detecting Pb2+ and Al3+ in tap water 

samples, and investigating chemical routes to minimize the effect of other potential interfering 

ions and compounds in the samples.     

 Conclusions 6.4

We have developed a portable and cost-effective lab-on-a-chip system and used it for 

colorimetric detection of Pb2+ and Al3+ in water. The Pb2+ and Al3+ assays were based on metal-

ion-coordinated aggregation of AuNPs in solution, which produced changes in the light 

absorbance and therefore the color of the assay solution. We performed the reactions on a PDMS 

microwell plate, and employed a custom-made colorimetric reader for signal readout. The assay 

operations only included single-time mixing of the AuNP reagent solution and the water sample, 

timed incubation, and colorimetric signal measurement. We demonstrated that our portable 

system provided LODs of 30 ppb for Pb2+ and 89 ppb for Al3+, which are comparable with the 

values obtained via bench-top spectrometry. This portable system represents a promising 

solution to on-site analysis of metal ions in real water samples.  
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Link between Chapter 6 and Chapter 7 
In the previous chapter, a portable lab-on-a-chip system was reported, for gold-nanoparticle-

based colorimetric detection of metal ions in water.  Another important type of pollutant in water 

systems we target here is total nitrogen (TN), a nutrient pollutant causes significant water quality 

and health issues at a global scale. The excess amount of TN present in water leads to algae 

bloom with a notable negative impact on the environment, the economy, and the human health. 

To face this situation, regular monitoring of TN levels in water systems is required, for which 

portable TN analyzers represent an attractive solution. In this chapter, a novel analytical system 

is developed comprising a portable ultraviolet C reaction chamber (for digesting organic 

nitrogen) and a colorimetric reader (for final detection of total nitrite). With this system, rapid 

digestion and colorimetric determination of total nitrogen are achieved in 36 minutes, with a 

limit of detection (LOD) of 1.20 mg/l, which is much lower than the required LOD of World 

Health Organization standard (10 mg/l). 
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An excess amount of total nitrogen (TN) in water causes notable negative impact on the 

environment, human health, and economy at a global scale. Conventional analytical techniques 

for determining total nitrogen in water usually involve long and tedious processes requiring 

extensive sample preparation for digestion and titration. Emerging lab-on-a-chip platforms have 

enabled in-situ measurements of water pollutants such as nitrate, nitrite, and ammonium. 

However, the digestion of organic nitrogen compounds in aqueous environments still remains a 

challenge for portable analytical systems. In this paper, a portable analytical system is developed, 

which integrates an ultraviolet C (UVC)-assisted digestion chamber and a portable colorimetric 

reader, for on-site determination of TN in water samples. Extensive experiments are performed 

to explore the parameters of organic digestion/oxidation and colorimetric detection, including 

oxidation time, temperature and substrate, oxidizer concentrations, nitrate reduction time, nitrite 

colorimetric reaction time, and reagents stability over time. Our system can complete fast 

oxidation and colorimetric determination of TN within 36 minutes, with a measurement range of 

1 μg/L to 10 g/L and a limit of detection of 1.2 mg/L (lower than the World Health Organization 

standard of 10 mg/L). We believe this portable system is a useful tool for on-site water TN 

testing with much shorter assay time and lower cost. 

 

Keywords: Nutrient contaminant, total nitrogen, UVC digestion, portable analytical platform, 

colorimetric assay, water quality monitoring 
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 Introduction 7.1

Total nitrogen (TN) in our water systems includes inorganic compounds of nitrate (NO3
-), 

nitrite (NO2
-), ammonia (NH4

+), and organic compounds of proteins, peptides, nucleic acids, urea, 

and numerous synthetic organic materials. It has sources from natural environments and human-

related activities such as industrial waste waters, domestic sewage, and agricultural fertilization 

(from nitrogenous fertilizers and manures). Surplus nitrogen readily moves with water bodies, 

and causes significant water quality and health issues at a global scale. It could lead to algae 

bloom, a phenomenon that consumes a large amount of oxygen and deprives the living chances 

from fishes and aquatic organisms, resulting in a notable negative impact on our environment 

and economy [1]. In addition, excessive amounts of nitrate/nitrite nitrogen (>10 mg/L, World 

Health Organization (WHO) standard [2]) in drinking water can pose high carcinogenic risks to 

human [3, 4], cause growth inhibition [2], and contribute to the illness known as 

methemoglobinemia in infants [5, 6]. Therefore, quantitative determination of TN in water is of 

great importance. 

Conventional laboratory analytical methods for TN quantification are primarily based on wet 

chemistry, and usually involve long and tedious sample digestion and titration processes ranging 

from one to six hours [7-9]. Commercialized TN analyzers are also available from vendors such 

as Shimadzu [10], Thermo Scientific [11], and Skalar [12]. The digestion of organic nitrogen 

compounds on these systems are all based on catalytic thermal decomposition at high 

temperature (e.g., 380 °C), which are not suitable for on-site TN measurements close to water 

systems. More research efforts have been shifted towards platform miniaturization and protocol 

development for in-situ TN detection. For instance, Beaton et al. developed a microfluidic device 

for colorimetric analysis of nitrate and nitrite. The device represented a new generation of 

miniaturized field analyzers based on microfluidic technology, and provided a field-deployable 

technology for automated nitrate analysis [13]. Fraser et al. invented an integrated centrifugal 

microfluidic system for on-site colorimetric analysis of nitrate [14]. Sun and his colleagues 

developed a portable soil nitrogen detector based on near-infrared spectroscopy [15]. Those 

technologies enable on-site measurements of inorganic nitrogen in water samples. However, 

none of them have covered the full range of TN (including both inorganic and organic nitrogen) 

in aqueous environments.  
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On-site measurement of TN on a portable device with short assay time is critical and urgently 

needed. In this paper, we aim to develop a portable analytical system for TN determination from 

water samples. The portable system consists of an ultraviolet C (UVC)-assisted oxidation 

chamber and a portable colorimetric reader. Both the digestion chamber and the colorimetric 

reader are designed to fit a standard 4-well strip. We implement the persulfate digestion method 

and United States Environmental Protection Agency (EPA) approved nitrite determination 

method on the portable system. Thorough investigations and experiments are conducted to 

optimize the assay protocol for on-site TN measurement with a short assay time and satisfactory 

analytical performance. The protocol parameters explored include the digestion time, 

temperature and substrate, oxidizer concentrations, nitrate reduction time, nitrite colorimetric 

reaction time, and reagents stability over time. We achieve fast oxidation and colorimetric 

determination (in 36 minutes) of TN in water in the range of 1 μg/L to 10 g/L with a limit of 

detection (LOD) of 1.2 mg/L, which is much lower than the WHO standard of 10 mg/L. 

Compared with conventional laboratory analytical systems, our system provides sufficient 

measurement range and LOD in a much shorter assay time [16, 17]. These superior performances 

and capabilities enable the digestion and measurement of TN in a portable and low-cost manner, 

proving this system suitable for on-site water quality monitoring.  

 Experiment design 7.2

 Materials and reagents 7.2.1

Copper (II) sulfate (CuSO4), zinc sulfate (ZnSO4), potassium persulfate (K2S2O8), sodium 

hydroxide (NaOH), hydrazine sulfate (H6N2O4S), sulfanilamide (C6H8N2O2S), hydrogen chloride 

(HCl) solution, N-(1-Naphthyl) ethylenendiamine (NEDD), potassium nitrate (KNO3), 

ammonium chloride (NH4Cl), glycine (C2H5NO2), urea (CH4N2O), tris (C4H11NO3), and 

glutathione (C10H17N3O6S, GSH) were purchased from Sigma-Aldrich, Canada. All chemicals 

were used as received without further purification.  

Arduino microcontroller (Uno, Arduino), low-voltage heating pad (RB-Spa-716, Sparkfun 

Electronics), temperature sensor (DHT22, Aosong Electronics), cooling fan (RB-All-77, 

Roboticist's Choice), Bluetooth (HC-06, iTead Studio), LCD screen (RB-See-86, SeeedStudio) 

were purchased from Robotshop, Canada. The UVC bulb (254 nm U-shape dual lamp, 50 mm × 

8 mm × 50mm, Rexim) and its power converter (5V dual lamp DC Inverter, Rexim) were 
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purchased from Rexim, USA. 8-well strip (Costar Clear 1 × 8, Corning Inc.) was purchased from 

VWR, Canada, and spilt to two 4-well strips before use. The 3 mm round red LED (1497-1260-

ND), green LED (1497-1258-ND), yellow LED (1497-1261-ND), blue LED (1497-1003-ND), 

and photodetector (MAX44008, Maxim Integrated) were purchased from Digikey, Canada.  

 Reaction system design 7.2.2

The principle of the TN measurement is to digest low valence state nitrogen (organic 

compound and ammonium) to nitrate, reduce the nitrate to nitrite, and eventually detect the 

nitrite using a colorimetric assay protocol. There are many ways of nitrogen digestion, including 

Kjeldahl method [18], microwave method [19, 20], UVC-thermal oxidation [21, 22], and high-

temperature catalytic combustion [23, 24]. Among them, the UVC-thermal digestion is the most 

effective and eco-friendly (with less and mild chemicals) way to thoroughly oxidize the organic 

nitrogen [17, 25-27]. The portable analytical system is designed to integrate a reaction chamber 

for UVC-thermal digestion of organic nitrogen and a colorimetric reader for quantitative analysis 

of nitrite colorimetric assay.  

Firstly, the cases, holders, and holding slots were designed by SolidWorks (SolidWorks 

Corporation), out-sourced by a 3D printer (I3, Prusa) and assembled with electronic components. 

The digestion chamber consists of a low-voltage UVC unit and a closed-loop automatic 

temperature controlling system. The UVC bulb (U-shape, dual lamps) has a peak radiation at 254 

nm, and can act as an effective nitrogen digestion source in aqueous environment. A voltage 

power inverter was utilized to convert the supply voltage from 5 V to 675 V to ignite the 

mercury in the UVC bulb, which can illuminate ultraviolet at a peak wavelength of 254 nm. 

Figure 7-1 (A) shows the schematic of the digestion chamber design. Two sample holding slots 

were created to fit two 4-well strips and radially arrange them at a 1 cm distance to the UVC 

bulb center. The U-shaped dual lamp design of this UVC bulb ensures equal and sufficient 

digestion of organic nitrogen in each 4-well strip within a short reaction time.  

The temperature controlling system was designed by integrating a low-voltage heating pad, a 

temperature sensor, and a ventilation fan. The heating pad (5 cm × 10 cm) was wrapped around 

the 3D printed holder with a radius of 4 cm (Figure 7-1 (A)), and the ventilation fan was placed 

at the end of the holder center (Figure 7-2 (A)). Figure 7-2 (C) shows the closed-loop control 

mechanism of this system. The temperature is precisely monitored by the Arduino 
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microcontroller and temperature sensor, with negative feedback regulation from heating (by 

heating pad) and cooling (by ventilation fan) at ±3 °C precision. Such design considerations are 

made to maintain a uniform temperature environment to ensure reaction repeatability for the 

UVC-thermal method.  

From the 4-well strip, three reservoirs were employed for the TN reaction, and one reservoir 

(nearest to the fan) was filled with water to maintain the humidity and reduce solution loss in 

high temperature and ventilation. The colorimetric reader was built of three sets of LEDs and 

photodetectors to accommodate three reaction reservoirs. Each LED-photodetector set consisted 

of four small LEDs and one integrated photodetector placed in the center of four LEDs (Figure 

7-1 (C)). The LEDs have four peak spectrums of wavelength at 470 nm (blue LED), 520 nm 

(green LED), 580 nm (yellow LED) and 630 nm (red LED). These spectrums cover absorbance 

peaks of typical colorimetrical assays [14, 28, 29]. The microcontroller was programmed to 

control the LEDs separately, and could help select the most sensitive wavelength for a particular 

colorimetric assay by reading and differentiating the signals from these LEDs. The 

photodetectors integrate RGB sensors covering the whole visible light spectrum, and are able to 

quantify light intensity through the solution, rapidly and simultaneously. 

 
Figure 7-1. Platform design schematic. (A) UVC-thermal digestion chamber. (B) Colorimetric 

reaction step. (C) Colorimetric reader. (D) Interfaces of a smart phone application. 
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To better assist on-site TN measurements, a cellphone application (APP) is created for 

Bluetooth communication, data collection and analysis, and mapping of testing locations on 

Google map through the mobile network. This APP can also transmit testing data through text 

messaging, which ensures tele-transmission capabilities in rural areas and developing countries 

lacking communication facilities (Internet). Figure 7-1 (C) shows different interfaces of the APP, 

including the mapping application program interface (API), result plots, data display, and 

Bluetooth transmission. The material cost of this system is CAD $95. 

To perform the digestion, the digestion chamber was firstly ignited on the UVC bulb, and 

pre-heated till the temperature was stabilized at a target value (e.g. 35 °C). Two 4-well strips 

filled with nitrogen samples and water were then slide into the holding slots, where the position 

of the slide was confined symmetrically aside the UVC bulb to ensure equal UVC illumination. 

After digestion (e.g. 20 min), TN had been converted to nitrate (NO3
-), theoretically. The total 

nitrate, including original nitrate and oxidized nitrate from organic nitrogen and ammonium, was 

further reduced to nitrite NO2
-, which was the final target molecule for the colorimetric detection 

of TN. The reduction process was conducted in the dark environment after the UVC lamp was 

off. In the end, the 4-well strip was slide into the colorimetric reader (Figure 7-2 (B)) for 

quantitative analysis. All the results were transmitted and analyzed by the phone APP. 

 
Figure 7-2. (A) UVC-thermal reaction chamber. (B) Colorimetric reader. (C) The controlling 

algorism of the application program. 
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 Assay protocol 7.2.3

The principle of the TN detection is to first convert organic nitrogen and ammonium to 

nitrate, reduce the nitrate to nitrite, and finally perform colorimetric detection on the nitrite. 

Digestion of organic nitrogen was achieved via UVC-thermal oxidation. During the process, 

several redox reactions took place to generate the activated hydroxyl radical as an oxidizer for 

organic nitrogen and ammonium. After their conversion to nitrate, CuSO4/ZnSO4 was used to 

reduce the nitrate to nitrite. And then, the nitrite could be detected using a modified EPA 

colorimetric assay. 

Nitrogen samples were oxidized by potassium persulfate under UVC irradiation. In a typical 

experiment, a solution was prepared in one reaction reservoir (3 reservoirs used in the 4-well 

strip) by adding 20 µL of nitrogen sample solution, 3 µL of potassium persulfate (175 mM), 3 

µL of NaOH solution (100 mM) into high-performance liquid chromatography (HPLC) water to 

obtain a final volume of 120 µL. The well was then slid into the portable oxidation chamber, 

which could accommodate two 4-well strips each time. With the heating effect of UVC bulb, the 

temperature of the chamber was soon conditioned at 35 °C. An irradiation time of 20 min was 

used for nitrogen oxidation. Equations 7-1 to 7-4 illustrate this mechanism. During the UVC 

illumination, persulfate was first decomposed to two sulfate ion radicals; and simultaneously, 

water molecular was decomposed to a hydroxyl radical. The sulfate ion radical was then 

converted to sulfate ion and a hydroxyl radical. Next, nitrogen at low covalence status would be 

oxidized to nitrate ions with the aid of abundant hydroxyl radicals. 

                                                     (7-1) 

                                                      (7-2) 

                                      (7-3) 

                                    (7-4) 
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Figure 7-3. (A) Reaction mechanism of the colorimetric detection of nitrate detection. (B) 

Absorbance spectrum of Azo product from UV-vis, with a max light absorption at 538 nm. 

After the digestion, total nitrogen and ammonium have all been turned to nitrate ions. Thus, 

the water sample remains nitrate and nitrite as the final forms of nitrogen. A modified EPA 

standard method was adopted for nitrate-nitrite determination. In brief, a reductant solution was 

prepared by mixing an equal volume of reagent A (0.14 mM of CuSO4 and 5 mM of ZnSO4), 

reagent B (1 M of NaOH) and reagent C (4 mM of hydrazine sulfate). This kind of mixing is to 

further reduce the assay time without sacrificing the reaction efficiency. 60 µL of the reductant 

solution was added in each well and allowed for 5 min incubation. Afterwards, 75 µL of 

sulfanilamide-HCl solution (10 g/L in 3.5 M HCl) was added to neutralize the reduction reaction, 

followed by adding 20 µL of NEDD (1 g/L). The final solution was incubated in the dark 

environment for 5 min for color development (Figure 7-1 (B)). With the aid of NEDD, Azo 

product was generated, with a max light absorption at 538 nm (Figure 7-3 (B)). The absorbance 

rate for each reactive well was then collected by the optical reader. 

 
Figure 7-4. Optimization of oxidation parameters reflected by absorbance (n=6). (A) Heating 

temperature from 30 °C to 60 °C. (B) UV-thermal oxidation time from 10 min to 30 min. (C) 

Substrate  effect between water and borate buffer (pH=9). 
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 Results and Discussions 7.3

The determination of total nitrogen involves nitrogen oxidation, reduction, and colorimetric 

reaction. Protocol optimizations have been investigated to achieve better sensitivity and accuracy. 

Nitrogen standards were prepared from potassium nitrate (nitrate), ammonium chloride 

(ammonium), glycine (amino acid), urea (organic nitrogen), tris (organic nitrogen), and 

glutathione (organic nitrogen) for a final stock solution of 1000 mg/L nitrogen.  

 Oxidation optimization 7.3.1

The digestion efficiency is the key factor to accurately monitor the organic nitrogen among 

the total nitrogen. Thus, oxidation optimization conditions were explored including the oxidation 

time, reaction temperature, and substrate buffer. Firstly, we analyzed the oxidation effect using 

glycine (600 µM) solution as a model. From Figure 7-4 (A), the values of 30 °C, 35 °C, 40 °C, 

50 °C and 60 °C were investigated to optimize the oxidation temperature. Within those 

temperatures, the corresponding absorbance was relatively constant around 0.92. No significant 

change was found on the oxidation effect with increasing incubation temperature. It was noted 

the natural chamber temperature was 35 °C after UVC illumination for 5 minutes. As this 

temperature provided the optimal condition, no further temperature control was needed in the 

digestion reaction here. Figure 7-4 (B) investigated the time-absorbance effect during the 

oxidation, and the optimal irradiation time was found to be 20 minutes, with the highest 

absorbance of 1.4. During longer oxidation time, the absorbance decreases to 1.25 at 32 minutes. 

This is probably because the sample solution evaporated largely after a long time exposure, and 

resulted less volume (less light absorption) during colorimetric reaction. We also investigated the 

substrate effect on the oxidation rate, reflected by the absorbance. Figure 7-4 (C) shows that, no 

significant difference was found between borate buffer and water. Borate buffer was preferred 

because it can eliminate the pH effect from analyzed samples, as pH will directly affect the 

reaction. Thus, with the above investigations, the parameters of temperature (35 °C), oxidation 

time (20 min), and substrate (borate buffer) were then adopted in the continuing experiments.  
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Figure 7-5. Oxidation assay protocol optimization (n=6): (A) The NaOH volume effect (pH) on 

the oxidation rate reflected by absorbance. (B) The potassium persulfate (oxidizer) volume effect 

on the oxidation rate reflected by absorbance. 

Equations 7-1 and 7-2 show the first two oxidation procedures. The key factor in the 

oxidation protocol involves the hydroxyl radical (OH·) generation from molecules of water (H2O) 

and persulfate (S2O8). Thus, it is crucial to monitor the pH and persulfate contents in this reaction 

to ensure adequate OH· for organic nitrogen digestion (Equations 7-3 and 7-4). The oxidation 

was carried in the basic solution of 600 µM glycine. To observe the pH effect, NaOH (100 mM) 

volume was tuned from 0 to 12 µL to find the optimal value. Figure 7-5 (A) shows that the 

absorbance reached highest as 1.1 at the volume of 3 µL, and decreased at lower or higher NaOH 

volume. 3 µL provided the optimal pH for highest oxidation rate, resulted to a final concentration 

of 2.5 nM NaOH. By fixing the NaOH concentration (2.5 nM), the optimal oxidizer 

concentration of persulfate was tested. Figure 7-5 (B) shows the oxidation effect from a series of 

potassium persulfate volume (175 mM, 0-6 µL), reflected by absorbance. The optimal volume 

was found to be 2 µL, resulting a final concentration of 3 nM in the reaction solution. It was 

noted that lower concentrated persulfate provided inadequate oxidizer while higher concentrated 

persulfate would suppress the reaction rate. Thus, the optimal conditions of NaOH (100 mM) and 

potassium persulfate (175 mM) were settled down with 3 µL and 2 µL, respectively. 
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Figure 7-6. (A) Nitrate reduction efficiency over time, reflected by absorbance (n=6). (B) 

Colorimetric assay efficiency over time, reflected by absorbance (n=6). 

 Colorimetric assay optimization  7.3.2

With those oxidation optimizations, the protocol was set to be carried out by adding 3 µL 

NaOH (100 mM) and 2 µL potassium persulfate (175 mM) in substrate of borate buffer at 35 °C 

for 20 mins. Next, the nitrogen products were processed with standard nitrate/nitrite colorimetric 

reaction. Briefly, the oxidized solution (nitrate) will get reduced to nitrite firstly. With all the 

nitrite representing the TN, nitrite will be determined by colorimetric reaction as the last step.   

The determination of the oxidized nitrogen would be the modified method for EPA nitrate-

nitrite detection. To introduce, the nitrate would first get reduced with the reduction agent of 

CuSO4/ZnSO4; then, sulfanilamide-HCl solution would be added to neutralize the reduction 

reaction. With colorimetric reagent of NEDD, the sample reaction would turn to a final product 

of Azo, with a max light absorbance of 538 nm. The absorbance for each well was collected 

using the UV-vis spectrometer and our optical reader. As required by in-situ determination, it’s 

necessary to investigate the time-absorbance relationship and get the fastest assay protocol with 

the highest absorbance. The reduction time and the colorimetric reaction time are critical, and 

pose un-negligible effect to the final sensitivity and limit of detection. The optimization 

experiments on these two factors were conducted from 0-30 min for reduction time and 0-16 min 

for colorimetric reaction time. During the colorimetric reaction, Figure 7-6 (A) shows that the 

reduction rate of nitrate to nitrite increased and reached to plateau after 15 min, reflected by 

absorbance. And at 5 min, it could achieve 80% of the maximum reduction efficiency. To 

facilitate the on-site detection, a 5-min reduction time was adopted to ensure short assay time. In 
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Figure 7-6 (B), the colorimetric reaction was fast and reached to plateau value within 5 min. The 

color was stable afterwards, even overnight. Thus, we adopted 5-min reduction time and 5-min 

colorimetric time as the final protocol. 

Next, reagents stability was tested over time. Figure 7-7 (A) illustrates the oxidizer stability 

(represented by absorbance) of persulfate/NaOH in the range of 0 to 24 hours. Although there 

were slight fluctuations, an acceptable absorbance level of 1.1 was achieved from 0.1h to 24h. 

Figure 7-7 (B) shows the stability of reductant solution over 4 hours. Within 60 minutes, the 

absorbance gave fairly stable values over 1.1, and decreased significantly after 3 hours. Thus, it’s 

suggested to freshly make the reductant solutions and use it within 1 hour. Figure 7-7 (C) tested 

the reliability of the colorimetric reagents of sulfanilamide-HCl solution (10 g/L in 3.5 M HCl) 

and NEDD (1 g/L), and it shows that the reagent kept steady at 4 ̊C up to one month. 

As the compositions of total nitrogen are complex, the conversion rates of nitrogen digestion 

(organic nitrogen and ammonium) were tested. Table 7-1 shows the determination results of the 

nitrogen concentration from various N-containing compounds of glycine, urea, tris, NH4Cl, and 

GSH. Based on 8.4 mg N/L nitrogen concentration, the percentage of recovery rates are 99.0 ± 

1.53, 110.3 ± 0.51, 82.1 ± 1.73, 84.4 ± 0.65, and 90.1 ± 1.87, respectively. All the conversion 

rates reach a high percentage (>80%) and show a high digestion efficiency among those nitrogen 

compounds. 

The calibration test was carried in nitrogen concentrations from 0.14 mg N/L to 17.5 mg N/L. 

Based on the parameters and protocols indicated above, linear relationships between nitrate 

concentration and absorbance were found in the ranges of 0.14 to 1.1 mg and 1.1 mg N/L to 17.5 

mg N/L, as shown in Figure 7-8. As 10 mg N/L is the WHO standard for drinking water, the 

dynamic range from 1 mg N/L to 17.5 mg N/L is chosen for analysis. Within this range, the 

linear fitting euqations are y = 0.26x - 0.053 for our colorimetric reader, and y = 0.43x - 0.025 

for the UV-vis reading. The LOD of colorimetric assay by using standard nitrate solutions was 

found to be 1.20 mg N/L from the colorimetric reader, and 1.07 mg N/L from UV-vis. The 

performance from our reader is comparable to that from UV-vis, and both lower than the 

standard nitrogen concentration (10 mg N/L) required by the WHO [2].  
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Figure 7-7. The testing results of reagents stability over time (n=6): (A) persulfate/NaOH 

regents (one day at 4 ̊C). (B) Reductant solution. (C) Colorimetric reagents over time (at 4 ̊C 

under dark environment). 

Table 7-1. The results of TN determination (mg N/L) 

Compounds (8.4 mg N/L) % Recovery 
Glycine 99.0 ± 1.53 

Urea 110.3 ± 0.51 
Tris 82.1 ± 1.73 

NH4Cl 84.4 ± 0.65 
GSH 90.1± 1.87 

 

 
Figure 7-8. Detection of TN by the colorimetric assay (n=6). The linear fitting equations are: y = 

0.2565x - 0.0533 for our colorimetric reader; y = 0.4283x - 0.025 for the UV-vis reading. 
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 Conclusion 7.4

We successfully developed a portable analytical system for on-site TN determination in 

water samples. The system contains a UVC-thermal digestion chamber and a portable 

colorimetric reader, and has unique advantages such as low cost, rapid assay, high portability and 

satisfactory analytical performance. The UCV-thermal digestion method and the EPA-approved 

nitrate-nitrite determination method were implemented on our portable analytical system. We 

optimized the experimental parameters of the assay such as oxidation time, temperature, 

substrate, oxidizer concentrations, nitrate reduction time, nitrite colorimetric reaction time, and 

reagents stability. Fast oxidation and colorimetric determination of TN in water were achieved in 

the range from 0.14 mg N/L to 17.5 mg N/L at a limit of detection of 1.2 mg/L (lower than the 

10 mg/L WHO standard) within 36 minutes in total. Compared with existing laboratory 

instruments, the system requires much shorter incubation time and enables the digestion and 

measurement of TN in a portable and low-cost manner. In the future, selectivity testing and real 

water monitoring will be performed regarding tap water, river, and industrial waste water. 
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 Chapter 8: Conclusion 8

 Summary of accomplishments and contributions 8.1

New research recently emerged from the miniaturization of sensing techniques and materials, 

making possible the integration of multiple smart functions into a single portable analytical 

platform. This thesis contributes to the design methodologies of portable analytical systems for 

in-situ biomedical applications. The portable platforms developed in this research hold 

significant potential for on-site analysis of disease markers and water pollutants, which will 

enable effective identification and control of pathological, physiological, and environmental 

threats to human health and our environment. With the aid of those tools, this thesis devotes 

efforts to two important aspects: disease diagnostics and physiological healthcare monitoring, 

and water environmental monitoring. We first proposed a disease diagnostic platform based on 

an electrochemical microfluidic paper-based immunosensor array (E-µPIA) and a handheld 

electrochemical reader (potentiostat) for multiplexed detections of metabolites and protein 

markers. Next, we developed a wearable microfluidic thread-based zinc-oxide-nanowire (ZnO-

NW) biosensor for continuous monitoring of lactate and sodium concentrations in sweat during 

perspiration. Then, a portable analytical platform was developed for rapid and sensitive detection 

of aluminum (Al3+) and lead (Pb2+) ions in water targeting on-site heavy metal ion detection. 

Last but not the least, a novel analytical system was developed comprising a portable ultraviolet 

C (UVC) reaction chamber (for digesting organic nitrogen) and a colorimetric reader (for final 

detection of total nitrite). Through these efforts, innovative platforms and approaches were 

developed, as summarized below.  

1. A comprehensive review on portable analytical platforms introduces the design 

considerations, sensing techniques, and progresses regarding the on-site applications. The major 

sensing techniques and detection principles have been discovered under two main analytical 

aspects of optical methods and electrochemical methods. Research achievements were 

summarized towards disease diagnostics, physiological monitoring, water pollution, and food 

safety applications with focus on metabolites, immunoassays, electrolytes, metal ions, nutrients, 

and nucleic acids. In the end, future trends were proposed regarding the improvement of assay 

protocols, hybridization of miniaturized microfluidic devices, integrations of flexible electronics, 
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real sample trial, and smart healthcare, with challenges, critical considerations and possible 

approaches.  

2. The development of a novel portable disease diagnostic platform using E-µPIAs and a 

handheld electrochemical potentiostat. The E-µPIA is capable of performing diagnostic tests of 

biochemical molecules in a multiplexing and high-throughput fashion. The potentiostat was 

designed to interface with the E-µPIA for electrochemical signal readout with telemedicine 

capabilities. This platform was demonstrated for multiplexed detection of metabolites (glucose, 

lactate, and uric acid) and protein biomarkers (HIV and HCV) with analytical performance 

sufficient for clinical assays. This system forms a portable, self-contained, easy-to-operate 

electrochemical biosensing platform, and is particularly useful for low-cost, point-of-care 

diagnostic applications.  

3. The first thread-based wearable ZnO-NW nanobiosensor for continuous monitoring of lactate 

and sodium concentrations in sweat during perspiration. Multiplexed detection of lactate and 

sodium in human sweat was demonstrated with dynamic ranges of 0-25 mM and 0.1-100 mM, 

and LODs of 3.61 mM and 0.16 mM, respectively, both covering the clinical sweat levels. Off-

body real sweat testing was conducted in good agreement with standard assays. This wearable 

non-invasive biosensor possesses a significant potential to the practical controlling of fitness, 

electrolyte imbalance, physical well-being, and personal healthcare. 

4. A new portable and cost-effective lab-on-a-chip system for colorimetric detection of Pb2+ and 

Al3+ in water, based on metal-ion-coordinated aggregation of gold nanoparticles (AuNPs) in 

solution. The assay operations only include single-time mixing of the AuNP reagent solution and 

the water sample, timed incubation, and colorimetric signal measurement. This portable platform 

provided LODs of 30 ppb for Pb2+ and 89 ppb for Al3+, comparable with the values obtained via 

bench-top spectrometry. This system represents a promising solution to on-site analysis of metal 

ions in real water samples.  

5. The first portable total nitrogen analytical system is developed, comprising a portable UVC 

reaction chamber for digesting organic nitrogen, and a colorimetric reader for final detection of 

total nitrite. Fast oxidation and colorimetric determination of total nitrogen in water were 

achieved in the range of 0.14 mg N/L to 17.5 mg N/L with a limit of detection of 1.2 mg/L 

(lower than the 10 mg/L WHO standard) within 36 minutes. Compared with bench-top 
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instruments, this system has unique advantages of low cost, rapid assay, high portability and 

satisfactory analytical performance. 

 Future work 8.2

The presented research focused on the development of four portable analytical platforms, and 

the involved biochemical molecules/ions have been detected and calibrated. Efforts are 

contributed to the advanced performance and portability of carrying laboratory analytical 

techniques to point of test. The proposed portable analytical systems are currently employed on 

specific markers. The wide applicability of electrochemical and colorimetric detection reveals 

the potential of extending the detections to many other types of targets, including but not limited 

to, protein disease markers, ions, nutrients, and nucleic acids. 

These platforms show satisfactory performance on the proposed markers in pure samples. 

However, there are also limitations to be considered, such as cross-talk in real sample test (whole 

blood and polluted water), interferences and selectivity, long-term storage stability, device shelf-

life, and platform reliability in the field. Based on the previous results, limitations, and 

potentials, we plan to further improve the performance of both the sensing techniques and the 

portable readers, expand these platforms to more molecules, validate the sensors’ performance 

through long-time preservation, and push them forward to real sample trials.  

1. For the E-µPIA platform, there are several approaches to further improve the sensing 

performance. Gold nanoparticles will be introduced on the E-µPIA to improve the sensitivity, 

and enhance the protein immobilization. The device stability and shelf life will need to be 

explored by controlling the storage environment humidity and adding protein stabilizers to the E-

µPIA. The clinical testing of this platform will be conducted using patient samples, and further 

extended to improve the diagnostic capabilities targeting other protein markers.  

2. Regarding the thread-based wearable ZnO biosensor, the continuous monitoring on the ZnO 

thread biosensor will be examined to face the long-time exercising and wearing. A cellphone 

application will be created to interface with the smart headband for wireless data transmission 

and analysis. On-body sweat monitoring will be conducted on multiple volunteers in exercise. 

Clinical relevant data will be collected aiming at chronic healthcare monitoring and over-

exercising alerting. 
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3. For nutrient pollutant monitor in water, the detection on total phosphorous will be 

investigated together with total nitrogen to form a systematic research for nutrient pollution in 

water. Then, real water test on heavy metal ions and nutrients will be performed in drinking 

water, river, and polluted industrial water. Database will be constructed based on the regular 

monitoring and analysis of heavy metal ions and nutrients according to various sites as 

prevention of severe water pollution.  

4. The real sample trials on those platforms should be conducted within the normal ranges of 

the markers, and also abnormal concentrations. Database will be constructed for both healthcare 

and water environmental quality. Power consumption and supplementary will be solved for long-

time on-site monitoring. Intelligent applications will be developed and optimized for wireless 

communication and automatic analysis. The prediction and alerting will be integrated into the 

algorithm based on the data analysis through regular measurements. 
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