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Micronutrient deficiencies and infectious diseases represent major global health burdens and their early 

diagnostics at the point-of-need (PON) has the potential to improve the current predicament by allowing 

more rapid and effective patient treatment/management. In this work we show how such diagnostics can be 

enabled by coupling the two powerful technologies: (1) lab-on-a-chip biosensor systems with capabilities 

to perform complex biochemical measurements at the PON, and (2) smartphone technology with powerful 

imaging, computing and communication capabilities which can be exploited to obtain and analyze results 

from these biosensor systems.  

In the first and main part of the dissertation, we discuss the development of NutriPhone, a smartphone-

enabled biosensor system for micronutrient deficiency diagnosis at the PON. As our initial prototype, a 

system for quantification of vitamin D levels on a smartphone is demonstrated. The system consists of a 

smartphone accessory, an app, and an immunoreaction-based biosensor that allows the colorimetric 

detection of 25-hydroxyvitamin D. For personalized diagnosis of vitamin B12 deficiency, we present an 

advanced version of NutriPhone which improves upon the limitations of the previous prototype by 

incorporating a custom lateral flow assay for vitamin B12 capable of processing and analyzing whole blood 

samples on-chip in 15 min. We validate the effectiveness of the NutriPhone system in a domestic human 

trial in which it was used to correctly diagnose the B12 status of human participants. We envision this as the 

first step toward the development of a comprehensive system for the analysis of multiple 

vitamins/micronutrients from a drop of finger prick blood.   

In the second part of the dissertation, we discuss other applications of lab-on-a-chip biosensor systems in 

preventive care, namely: infectious disease diagnostics and traumatic injury prevention. First, we discuss 
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the need for rapid differential diagnosis of causative agents behind acute febrile illnesses, and present a 

novel assay scheme which enables the 4-plex detection of IgG/IgM antibodies to dengue and chikungunya 

viruses on a single biosensing platform. Second, we discuss the development of an autonomous integrated 

device using an aptamer-based affinity biosensor for the prevention of hemorrhagic shock, the leading cause 

of death for people with traumatic injuries.   
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                                                                  Chapter 1: 

Opportunities in point-of-need nutrition diagnostics and the role of 

smartphone technology† 

1.1 Abstract 

Micronutrient deficiency is widespread and negatively impacts morbidity, mortality, and quality of life 

globally.  On-going advancements in nutritional biomarker discovery are enabling objective and accurate 

assessment of an individual’s micronutrient and broader nutritional status.  The vast majority of such 

assessment however still needs to be conducted in traditional centralized laboratory facilities which are not 

readily accessible in terms of cost and time in both the developed and developing countries.   Point-of-need 

(PON) nutrition diagnostic technologies can significantly improve the situation by allowing rapid 

evaluation of one’s nutritional status and providing an easy feedback mechanism for tracking changes in 

diet or supplementation. We believe that nutrition diagnostics represents a particularly appealing 

opportunity over other PON applications for two reasons: (1) healthy ranges for many micronutrients are 

well defined which allows for a unbiased diagnosis, and (2) many deficiencies can be reversed through 

changes in diet or supplementation before they become severe. In this chapter, we provide background on 

nutritional biomarkers used in nutrition diagnostics and review the emerging technologies that exploit them 

at the point-of-need. Furthermore, we discuss how the smartphone technology can be transformative to the 

deployment of these diagnostic devices. 

† This chapter was reproduced from:  

 Lee, S., Srinivasan, B., Vemulapati, S., Mehta, S., Erickson, D. (2016) Personalized Nutrition 

Diagnostics at the Point of Need. (Under Review in Lab on a Chip) 

 Erickson, D., O’Dell, D., Jiang, L., Oncescu, V., Gumus, A., Lee, S., Mancuso, M., Mehta, S. 

(2014) Smartphone technology can be transformative to the deployment of lab-on-chip diagnostics. 

Lab on a Chip. 14: 3159-3164   
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1.2 Introduction 

Micronutrient deficiency is prevalent worldwide and is associated with an increased risk of developing 

numerous health complications.1-3 Iron deficiency for example is responsible for many of the 2 billion cases 

of anaemia, which in turn contributes to 20% of all maternal deaths.4 Vitamin B12 deficiency is the leading 

cause of cognitive decline in the elderly, and affects a high percentage of the vegetarian and vegan 

populations whose dietary constraints prevent them from a sufficient B12 intake.5-7 Vitamin A deficiency is 

also widespread and is the primary cause of blindness globally4.  It is estimated that 77% of the US adults 

are considered to be vitamin D insufficient8, and face increased risks of developing bone diseases9, 

cardiovascular diseases10 and infections11-13. 

Tackling micronutrient deficiencies has been identified by the Copenhagen Consensus as one of the most 

cost-effective intervention to further global development and progress.14 Furthermore, numerous 

international agencies have identified the development of tools to efficiently measure micronutrient 

deficiencies as a priority (e.g. Gates Foundation15). Despite these, effective intervention for micronutrient 

deficiency has been a challenge as this often requires information about the micronutrient status of the 

population at the individual level. Unfortunately, most people around the globe have limited knowledge 

about their micronutrient status which is largely due to the difficulty in obtaining nutritional status 

measurements. The current standard methods of nutritional analysis need to be performed in centralized lab 

facilities, and thus are time consuming, labour intensive and can be even more challenging in resource-

limited settings where the risks of micronutrient deficiencies are typically higher.16 The problem is further 

complicated by the fact that deficiencies are often asymptomatic, resulting in patients who are unaware of 

the severity of their deficiencies until complications develop.  

We believe that recent advancements in point-of-need (PON) devices can be applied to nutritional 

diagnostics and help tackle the micronutrient deficiency problem by making deficiency and tracking tests 

more accessible. In addition to being globally prevalent and having significant health consequences, 

micronutrient deficiency has two unique traits that make their PON diagnosis particularly appealing. First, 
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unlike many other biomarkers found in bodily fluids, the healthy ranges for nutritional biomarkers have 

been well studied and well defined, which enables one to often make more explicit and unbiased nutritional 

diagnosis.  Second, many cases of micronutrient deficiencies can be reversed through simple changes in 

diet (e.g. supplementation, food fortification and food diversification) and/or behaviour modification before 

the condition becomes severe. This means that the effect of deploying a simple PON tool that can inform 

people of their micronutrient deficiencies can also make relatively simple therapeutic recommendations 

and the outcomes can be tracked with far fewer confounders.  

In the following sections, we outline the role of nutritional biomarkers in nutritional analysis and the factors 

that may complicate their detection, and the lap-on-chip (LOC) technologies that have emerged to help 

address the world’s micronutrient deficiency problem. We then discuss the challenges and opportunities 

facing the PON nutrition diagnosis at the consumer level. Lastly, we discuss the role of smartphone 

technologies in the deployment of the LOC diagnostic devices.  

1.3 Nutritional biomarker considerations for diagnostic device design 

Nutritional biomarkers are biochemical indicators found in bodily fluids that provide objective and specific 

means to assess one’s micronutrient status.17  They play a particularly important role in the diagnosis of 

micronutrient deficiencies for which patients are often  asymptomatic and therefore not observable using 

common screening approaches based on anthropometric indicators (i.e. body measurements and clinical 

symptoms).18 Since the concept of nutritional biomarkers was first introduced more than 30 years ago by 

Solomon et al.19, the importance of nutritional biomarkers in assessing one’s nutritional status has been 

well recognized and investigated. Prior to reviewing the technological state of the art, we first present a 

selection of standard biomarkers that can be used as detection targets of common micronutrient deficiencies. 

We then discuss how diagnosis reliant on biomarker levels alone could lead to misleading diagnosis, as 

each biomarker level could be affected differently by various factors including the presence of inflammation 

or infection, risk profile of the patient and timing relative to dietary exposure.  
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1.3.1 Standard biomarkers 

Selecting nutritional biomarkers that accurately and reliably reflect the nutrient exposure, status and effect 

is challenging and there is currently a limited availability of these biomarkers.20 This has been identified by 

the Institute of Medicine (IOM) as a knowledge gap that requires further research, and is being addressed 

by the National Institute of Child Health and Human Development (NICHD) through the creation of the 

Biomarkers of Nutrition for Development (BOND) program.21  Despite the challenges, the tremendous 

progress in the areas of nutritional biomarkers, medicine, metabolism and genetics has led to the discovery 

of useful nutritional biomarkers over the years. Table 1.1 briefly outlines the standard biomarkers that have 

been studied and widely accepted for use in the status assessment of micronutrients such as iron, zinc, 

vitamins A, D, and B12 (Table 1.1). A more comprehensive information can be found elsewhere.22 

1.3.2 Sample types and naturally occurring form of biomarkers 

Following the selection of a proper biomarker, the PON device should consider for sample type in which 

the biomarker reference values are defined.  As such they should often be able to process blood samples, 

which are complex to work with but contains the richest level of physiological information. Nonetheless, 

there are other bodily fluids like urine, saliva, breast milk, and sweat that could be suitable for assessment 

of certain biomarkers (see Table 1.1).  Further, many nutrients are under homeostatic control in blood and 

their concentration in blood may not be indicative of true status or reflect shorter time periods of intake, 

necessitating analysis in other body fluids or tissues. For example, decreased levels of folate in serum 

(<7nM) may indicate vitamin B9 deficiency, however deficiency is more accurately diagnosed by looking 

for RBC folate levels below 305nM. As there exist different processing requirements for each sample type, 

the diagnostic device should be developed accordingly. Another key consideration should be on what 

natural form the biomarkers are found in within the sample. For example, blood 25-hydroxyvitamin D 

[25(OH)D] exist 95-99% bound to the vitamin D binding proteins (VDBP).23 As this hinders the 

immunoassay interactions that most vitamin D tests are based on, an essential sample processing to liberate 

the 25(OH)D from the VDBP has to be incorporated into the diagnostic device design. 
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Table 1.1: Summary of micronutrients, biomarkers & levels of deficiency/insufficiency, and health consequences22 

Micronutrient Biomarker Levels of 
deficiency/insufficiency  

Compatible 
sample types 

Health consequences 

Vitamin A 
 
 

Retinol,  Retinol-binding 
protein  
 
 
 

 

<0.7 µM: deficiency; <1.05 µM: 
insufficiency24 
 

 

Blood, 
breastmilk 

Night blindness, delayed growth, ocular lesions 
and xerophthalmia, impaired immune functions 

Vitamin B7  Biotin 
 

<140 pM in serum: deficiency; 
140-365 pM; normal range25 
 

Blood, urine Dermatitis, depression, alopecia, seizures, 
developmental delay, poor skin and hair quality 
 

Vitamin B9  Folate (serum or RBC),  
 
 

 

<7 nM in serum: insufficiency 
<305 nM in RBC: insufficiency 
 

 

Blood Tiredness, loss of appetite, megaloblastic 
anaemia, neural tube defects 
 

Vitamin B12 

 
Serum vitamin B12,  
 
 

Methylmalonic acid, 
  

Homocysteine 
 

<150 pM: deficiency; <221 pM: 
insufficiency 
 

>376 nM: insufficiency 
 

>21.3 µM: insufficiency 

Blood Neurological (paraesthesia, cognitive 
impairment) and hematological (anaemia) 
disorders  

Vitamin C 
 

Vitamin C 
 
 

<11 µM in plasma: deficiency; <28 
µM: insufficiency 

Blood, urine Scurvy, vitamin C hypovitaminosis  

Vitamin D 
 
 
 

Serum 25-
hydroxyvitamin D, 
 

Serum vitamin D binding 
protein* 
 

<50 nM: deficiency; <75 nM: 
insufficiency  
 

300-600 µg/ml: normal range26; 
direct correlation to D deficiency 
has not yet been determined 
 

Blood Rickets in children, osteomalacia in adults, 
osteoporosis 

Vitamin E 
 

Serum vitamin E <5 µg/ml: deficiency; 5-20 µg/ml: 
normal range27 

Blood Neuromuscular and neurological disorders, 
retinopathy, anaemia 
 

Zinc 
 

Zinc <10.7µM in serum: deficiency28 Blood, hair Anorexia, lethargy, diarrhoea, growth restriction 
(delayed bone maturation), impaired immune 
function 
 

Iron 
 
 
 
 
 
 

Serum ferritin,  
 
 
 

Serum soluble 
transferrin receptor, 
 

Hemoglobin* 
 
 
 
 
 

<12 ng/mL: deficiency in children 
under 5 years of age; <15 ng/mL: 
deficiency in adults 
 

>4.4µg/ml: deficiency29 
 
 

<110 mg/mL: deficiency in 
pregnant women; <120 mg/mL: 
deficiency in non-pregnant 
women; <130 mg/mL: deficiency 
in men (>15 years) 

Blood Anaemia, insufficient energy metabolism, 
impaired muscle strength and endurance, 
impaired collagen synthesis, increased anxiety, 
impaired memory, low birth weight and 
premature delivery (pregnant women)  

Iodine Urinary iodine,  
 
 
 

Serum TSH 
 

<99 ng/mL in: insufficiency in 
children; <150 ng/mL: 
insufficiency in pregnant women 
 

>5 IU/mL: deficiency 

Urine, blood Goiter, impaired mental function, 
hypothyroidism, delayed physical development 

Selenium  
 
 
 

Selenium <80 ng/mL in serum or plasma: 
deficiency30; >1µg/mL: excess 31 

Blood, urine, 
toe nails, scalp 
hair32 

Selenosis (excess selenium; hair loss, brittle nails, 
nausea, diarrhea, fatigue), Keshan disease 
(deficient selenium)  

CRP**, 
 
AGP** 

Serum CRP 
 
Serum AGP 

>5 µg/mL33: inflammation 
 
>1 mg/mL33: inflammation 
 

 
Blood 

Increased risk of diabetes and cardiovascular 
disease (chronic inflammation); presence of 
infection and/or trauma (acute inflammation) 

* non-specific markers  

** inflammation markers needed for accurate iron and vitamin A status evaluation 
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1.3.3 Presence of infection or inflammation.  

Biomarker levels of certain micronutrient deficiencies will be affected by the presence of infection or 

inflammation in the patient. The failure to take this into account has caused major problems in the current 

methods used to identify vitamin A and iron deficiencies. Being acute phase reactants, the RBP and ferritin 

concentrations change (i.e. RBP levels decrease and ferritin levels increase) during an infection or any 

underlying inflammation.34 Therefore without accurate assessment of inflammation, the estimates of iron 

and vitamin A deficiency are biased – false overdiagnosis of iron deficiency and underdiagnosis of vitamin 

A deficiency. For the detection of such micronutrients, the PON device design should eliminate false 

outputs by incorporating inflammation and infection markers such as C-reactive protein (CRP) or α1-acid 

glycoprotein (AGP).33,35 

1.3.4 Risk group 

Health consequences of some micronutrient deficiencies could represent a higher threat for certain 

population groups based on gender, age, race, or location. As such, cut-off values and reference ranges of 

nutritional biomarker levels may be defined differently for each population group. For example, iron 

deficiency is defined by serum ferritin concentrations below 12 ng/mL and 15 ng/mL in children less than 

five years of age and adults, respectively.36 Such understanding should be incorporated in the design of the 

diagnostic device for more accurate diagnosis of one’s nutritional status.  

1.3.5 Timing relative to dietary exposure 

Biomarkers can be classified into short term (representing intake over past hours/days), medium-term 

(representing intake over weeks/months) and long-term markers (representing intake over months/years).37 

As such the knowledge of the user’s recent/usual micronutrient intake, as well as acute/chronic exposure 

should be incorporated into the operation timing of the nutritional diagnostic devices. For example, analysis 

of selenium in urine provides information on recent intake, and that in hair or toenails gives a more reliable 

assessment of long-term selenium status. 
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1.4 State-of-the-art lap-on-chip biosensor systems for nutritional biomarkers 

Currently there is a need for the development of accurate and reliable PON devices for nutrition diagnostics 

that can: (1) detect nutritional biomarkers directly from bodily fluids with a matching performance to that 

of the gold standard methods, where the device’s limit-of-detection and sensitivity can provide an in-depth, 

quantitative information about one’s nutritional status, and (2) multiplex the detection to a handful of 

biomarkers, in which the device is able to autonomously process and deliver the samples/reagents to and 

from the regions of appropriate biochemical events as required for the detection of each biomarker. 

Realization of such aims in PON has been the idea behind the development of “lab-on-chip (LOC)” or 

microfluidic based diagnostics technology38, and there recently have been demonstrations of such devices 

for the rapid biochemical detection of some nutritional biomarkers including: iron, vitamins A,  B7, B12 and 

zinc. In the following sections we review the technological state of the art, while categorizing them by the 

underlying biochemical detection principle. While immunoreactions represent the standard method of 

detection for many, special molecular characteristics of some biomarkers enable their detection through 

other approaches using electrochemical, affinity-based and chemiluminescent reactions. We also discuss 

how the recent advancements of smartphone technology could facilitate the PON deployment of many of 

these LOC sensor systems.   

1.4.1 Immunosensing of nutritional biomarkers in  point-of-need 

Immunoreactions (i.e. specific binding interactions between the biomarkers and their respective antibodies) 

have been the underlying detection principle of many gold standard methods including enzyme-linked 

immunosorbent assays (ELISA) and immunofluorescence assays (IFA). The biomarker-to-antibody 

interactions are easily transferrable onto the miniaturized features on LOC platforms, which have led to 

their widespread use in the PON detection of nutritional biomarkers.  
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1.4.1.1 Labelled immunosensors.  

Labelled immunoassays are characterized by the use of detection labels on the antigen or antibody for 

producing discernible signals in an immunoreaction, and may be further classified by the specific label type 

(e.g. fluorescent, colorimetric, enzymatic, chemiluminescent etc.). Figure 1.1a shows a disposable 

microfluidic fluorescent immunoassay for the 5-plex detection of ferritin, CRP and other blood proteins in 

human serum samples.39 In this work, in-parallel detection of 5 different target molecules is achieved on-

chip by the incorporation of: the micromechanical values for controlling the reagent flow by pressure, the 

microchannels for directing the reagents within the chip, and the microchambers for hosting the fluorescent 

sandwich immunoassay. The device can sensitively measure serum ferritin levels in the range of 350–

3500pg/ml, which could be combined with its CRP measurements to provide an accurate iron deficiency 

diagnosis. While this represents a promising step towards a PON detection of multiple nutritional 

biomarkers, there remains major limitations including the absence of on-chip filtration mechanism for blood 

 
Figure 1.1: Immunosensing of nutritional biomarkers. (A) Microfluidic fluorescent immunoassay for the 

5-plex detection of ferritin, CRP and other blood proteins (B) Lateral flow colorimetric immunoassay for 

vitamin B12 detection in PON (C) ITO-based label-free electrochemical immunosensor for RBP 

detection. Figures adapted with permission from: (A) Ref. 39 Copyright 2009 John Wiley and Sons, (C) 

Ref. 46 Copyright 2014 John Wiley and Sons. 
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samples, and the requirement for a laboratory-scale microscope and computing platform for the fluorescent 

signal analysis.  

Rapid diagnostic tests (RDTs), widely known for their lateral flow detection principles, are another example 

of a labelled immunosensor where gold nanoparticles (AuNP) are used as the colorimetric detection labels 

in an immunoreaction. They have been successfully deployed at the consumer level  for the diagnosis of 

various diseases and medical conditions (e.g. ref. 40), but their application in nutrition has been limited. The 

recent development of a RDT for vitamin D (Test4D™; Nanospeed Diagnostics) demonstrates the growing 

demand for these tests which are rapid, cheap, and capable of accepting whole blood samples directly for 

autonomous processing, transport and biochemical analysis. Here the Test4D™ can effectively act as a 

PON binary test using 32ng/ml of 25(OH)D levels as the vitamin D deficiency cut-off. More recently our 

group has demonstrated a novel lateral flow assay for vitamin B12 (Figure 1.1b) that achieves the detection 

of sub-ng/ml levels of vitamin B12 through the use of silver enhancement and the “spacer pad” that increases 

the duration of a key immunoreaction.41i This has the potential to extend the applicability of RDTs for the 

detection of other key nutritional biomarkers that are physiologically found in sub-ng/ml concentrations 

(e.g. vitamin B7 or biotin; 140-365 pM).  Despite their exceptional suitability for PON applications and the 

recent performance advancements, the RDTs are typically limited in two main ways. First is the binary 

nature of the results which are insufficient for fully describing one’s micronutrient status. Second is the 

simple one-directional nature of the sample/reagent flow which hampers the multiplexing of distinctly 

different biomarkers that demand varying levels of sample processing, biochemical reaction and/or signal 

amplification.   

1.4.1.2 Label-free immunosensors.  

Detection of nutritional biomarkers can also be achieved using label-free immunosensors based on the 

transduction of biomarker-to-antibody binding events into measurable signals that may be electrochemical, 

                                                      

i This work is detailed in Chapter 3 of this Thesis 
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optical, piezoelectric or thermometric.39,42,43 Among the methods based on different transduction schemes, 

electrochemical label-free immunosensors have shown the biggest potential for PON sensing applications 

as they are low-cost, highly sensitive, biocompatible, and easily miniaturized.44,45 Recently a disposable, 

label-free electrochemical immunosensor for vitamin A deficiency diagnosis was reported. 46  As shown in 

Figure 1.1c, Indium Tin Oxide (ITO) surface with an immobilized layer of anti-RBP acted as the transducer 

that changed its impedance in response to the binding events between the anti-RBP and the sample RBP. 

Analysing the impedance data using the single Frequency Impedance technique, Şimşek et al. quantified 

purified RBP in artificial serum samples with a limit-of-detection of 2.5ag/mL. While the presented 

immunosensor required laboratory infrastructure for its operation, ultrasensitive electrochemical 

immunosensors that are better suited for PON nutrition diagnostics may be developed by integrating the 

sensors into compact microfluidics systems as demonstrated in other works for the detection of non-

nutritional biomarkers.47,48   

1.4.2 Chemical sensing of nutritional biomarkers. 

Special molecular characteristics of some nutritional biomarkers offer additional sensing strategies to be 

exploited even when the associated antibodies are non-existent or not readily available.  These are often 

minerals and water-soluble vitamins that can easily be incorporated into: a part of known protein-ligand 

affinity interactions, or a chain of chemical reactions as reactants or catalysts. In the following sections we 

discuss how these principles have been used to enable the PON detection of biotin (vitamin B7), zinc and 

cobalt (II) ions in vitamin B12.  

1.4.2.1 Protein-ligand affinity sensors. 

Extremely high affinity between biotin and streptavidin has been well known and exploited in numerous 

purification and sensing applications by tagging biotin to target proteins and subsequently capturing them 

with streptavidin modified with various reporters (e.g. enzymes,  fluorophores).49 For the special case where 

biotin is the target molecule itself, its detection using streptavidin can be more convenient and direct. Dimov 
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et al. has previously demonstrated a “Stand-alone self-powered integrated microfluidic blood analysis 

system (SIMBAS)” which used the biotin-streptavidin affinity pair to quantify pM of biotin levels in whole 

blood.50 As shown in Figure 1.2a, the PDMS-based SIMBAS system has 3 key parts: the filter that extracts 

plasma from whole blood samples by sedimentation, detector that captures sample biotin via an 

immobilized layer of streptavidin, and suction chamber that sucks in and drives the sample flow with the 

vacuum pressure created by degassing. For operation, the authors ran SIMBAS with blood samples spiked 

with various concentrations of fluorescently tagged biotin, and demonstrated quantification of biotin down 

to 1.5pM after 10min. The effective use of microfluidics in SIMBAS has led to numerous advantages 

including: the low sample volume requirement of 5µl, rapidity, self-powered blood sample processing and 

flow activation, and the ability to run 5 in-parallel tests. Despite the strengths, the key limitation of the 

SIMBAS is that it required the fluorescent labels to be on the biotin for quantitation, whereas the naturally 

occurring biotin in human blood will be without labels. Furthermore, the future application of the SIMBAS 

to other biomarkers necessitates the detection using other affinity pairs that likely have weaker interactions 

  

Figure 1.2: Chemical sensing of nutritional biomarkers. (A) SIMBAS system exploiting streptavidin-

biotin affinity pair for detection of biotin (B) electrochemical sensor for detection of zinc (C) 

chemiluminescent sensor for detection of cobalt (II) ions in vitamin B12. Figures adapted with permission 

from: (A) Ref. 50 Copyright 2011 The Royal Society of Chemistry, (B) Ref. 51 (direct link: 

http://pubs.acs.org/doi/abs/10.1021/ac500277j) Copyright  2014 The American Chemical Society, (C) 

Ref. 52 Copyright 2012 The Royal Society of Chemistry. 
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than those between biotin and streptavidin, which will evidently lead to reduced sensor performance. 

Ultimately for the current system, the requirement for a microscope to analyze fluorescence signals at the 

end hampers its deployment for PON quantification of biotin.  

1.4.2.2 Electrochemical sensors.  

Several nutritional biomarkers of the ionic form may be detected using an electrochemical principle known 

as anodic stripping voltammetry (ASV). Recently, a disposable copper-based electrochemical sensor that 

uses the ASV method for the PON detection of zinc in serum was demonstrated.51 As shown in Figure 1.2b, 

the zinc in the sample undergoes two steps, namely: preconcentration step in which zinc is electroplated on 

a copper electrode of the electrochemical sensor, and stripping step in which zinc is oxidized to generate 

current that can be measured and correlated with sample zinc concentrations. Their novel sensor showed a 

limit-of-detection of 140nM zinc and operated in the physiologically relevant range of 10-15µM zinc with 

a total analysis time under 15min. Furthermore, the presented sensor has a number of attributes that make 

it attractive for PON applications including: the choice of low-cost copper as the new electrode material, 

sensor integration with miniature potentiostat/galvanostat system, and disposability. However, the sensor 

operation in this work was limited by the laboratory-based sample extraction, and could be advanced by 

incorporating microfluidics technology to perform sample processing on-chip. Additionally, copper as a 

working electrode may not be as robust as the carbon-based electrode choices.  

1.4.2.3 Enzymatic sensors.  

On the other hand, some nutritional biomarkers may be known catalysts of reactions that emit detectable 

signals of various forms including chemiluminescence. Recently, a continuous-flow microfluidic LOC 

device based on luminol-peroxide chemiluminescent reactions was demonstrated for the determination of 

vitamin B12.52 In this work, Lok et. al exploited the finding that the cobalt (II) ions in vitamin B12, when 

liberated via acidification, are effective catalysts for the oxidation of luminol in the presence of hydrogen 

peroxide (H2O2) under alkaline conditions. The chemiluminescent signal produced could be correlated to 
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the cobalt (II) ion concentrations, which are directly correlated to the sample B12 concentrations53. As shown 

in Figure 1.2c, the microchip device contains two passive micromixers with 5 inlets (correlating to vitamin 

B12 sample, hydrochloric acid (HCl), sodium hydroxide (NaOH), luminol and H2O2), and double spiral 

microchannels as optical detection regions. In operation, sample B12 and HCl were inputted into the 

micromixer in order to free the cobalt (II) ions from the B12 via acidificaiton, subsequently followed by the 

supplies of NaOH, luminol and H2O2 which initiated the chemiluminescent signal production. While the 

device has demonstrated an excellent LOD of 0.368 pg/mL B12, the performance was only demonstrated 

using B12 supplements and egg yolk which were processed and prepared off-chip as samples. Furthermore, 

the requirements for laboratory-scale detector system and infusion pumps represent hurdles for its PON 

vitamin B12 determination. 

1.5 Challenges in deployment of lap-on-chip diagnostics 

As discussed for the field of nutrition diagnostics (Section 1.4), making complex biochemical 

measurements in PON settings is being enabled by the technological advancement in the LOC systems that 

enhance the: throughput, parallelity, sensitivity/specificity, or other analytical metrics for biochemical 

assays conducted within research or centralized lab facilities. Such advancements have not been limited to 

nutrition diagnostics, and there have been numerous successes in the development of LOC devices for other 

health-related applications ranging from cancer diagnostics to detection of general markers of infectious 

diseases. Unfortunately however, only a few have successfully transitioned to the consumer diagnostics 

market. While there are numerous successful biomedical consumer products that contain microscale 

channels or similar features (e.g. inhalers for asthmatics), most of these are at least conceptually different 

from the traditional vision of a LOC device. 

There may be two reasons for this. The first is the difficulty in obtaining quantitative results with a simple 

one-off test. The majority of commercially available tests for the consumer market are Rapid Diagnostic 

Tests (RDTs) based on the lateral flow principle (e.g. ref. 40). Such products are popular because the user 
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only needs to insert the sample and the fluid transport, sample processing, and detection reaction all occur 

autonomously. Unfortunately, these types of tests are typically only able to provide non-quantitative 

information and thus are only useful when the desired result is binary (e.g. pregnant/not pregnant). 

Obtaining a quantitative result requires a more complex sensor system and sample handling technique, 

which typically must be interpreted and displayed by a reusable and often research grade instrument. While 

some simple visual feedback systems have been developed, as with colorimetric tests, these tend to rely on 

higher initial target number than are found in most applications and are subject to user interpretation error. 

A second challenge is that most of the analytes a typical consumer wants to be tested for (e.g. vitamin D) 

do not require frequent testing. In the consumer market the reader and consumable model has proven most 

successful where the user must make numerous measurements over the course of a day or week, as is done 

with blood glucose monitoring. In such a case the consumer is willing to spend a little more to purchase a 

reader since it will be used so frequently, or conversely the company may be willing to sell the reader at a 

loss in order to increase consumable sales. For cases where measurements are made sporadically or with 

much lower frequency, the cost of purchasing a personal reader system can be prohibitively high, 

particularly for the casual user, representing a high bar to market entry. 

1.6 Role for smartphone based lap-on-chip diagnostics 

We believe the extreme societal penetration of the smartphone and its ubiquity, familiarity, and 

functionality, can fundamentally alter this predicament. Almost 46% of American adults have a smartphone 

today and this number is expected to keep increasing with an anticipated 250 million smartphones in use in 

the US by the year 2016.54 This means that nearly every person in the US (and by extension most developed 

countries) is either carrying a smartphone with them or has near immediate access to one. Not only do these 

devices contain state-of-the-art imaging, data analysis, communications, and social networking capabilities, 

they are an extremely easy to use and familiar to almost all age groups. It is common to see everyone from 

the elderly to pre-school children using them. This familiarity can dramatically reduce required training 
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requirements and potentially user errors during testing. As we and others have demonstrated, the majority 

of the functionality required to make and interpret a quantitative in vitro measurement is already embedded 

in smartphones. Figure 1.3 shows a few examples of recently demonstrated system for colorimetric test 

strip analysis,55 microscopy,56 genetic testing,57 and electrochemical detection.58 As can be seen, a typical 

system comprises of an accessory, which is either fitted to the smartphone and interacts with the on-board 

camera or the communications port, and a test “chip” (or similar) which is inserted into the accessory. The 

key of such systems is that the vast majority of the cost and complexity is embedded in the smartphone, 

which the user can be expected to have and therefore need not be engineered separately into the system. 

This is transformative for lab-on-chip technology because now it can be relied upon that most consumers 

will already own a test reader/instrument in the form of a smartphone and business models can be 

constructed around selling the test strips at high margins with a significantly lower barrier to entry. The 

 

Figure 1.3 Smartphone based microfluidic and lab-on-chip technology. (A) colorimetric analysis for 

serum cholesterol detection (B) smartphone microscopy (C) genetic testing and (D) electrochemistry 

analysis. Images (B), (C), and (D) reproduced from ref. 56, 57 and 58 respectively with permission from 

The Royal Society of Chemistry. 
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opportunity is even more apparent in lower and middle income countries where the relatively low 

infrastructure requirements associated with establishing high-quality cellular (or mobile) networks makes 

smartphones one of the few widely deployed technologies.  

1.7 Smartphone based lap-on-chip systems for nutritional biomarkers 

As reasoned in Section 1.6, the worldwide update in smartphone based technology can be transformative 

to the deployment of LOC diagnostics by addressing the aforementioned challenges outlined in Section 1.5. 

In this section, we present some of the emerging smartphone based systems in the field of nutrition 

diagnostics.  

The efficacy of smartphone based platforms in nutritional analysis was previously demonstrated by our 

group for vitamin D deficiency diagnosis.59 In that work, we presented the “vitamin D AuNP immunoassay 

device (vitaAID)” system shown in Figure 1.4a which used the smartphone’s imaging and computational 

capabilities to read and analyze colorimetric signals from a novel AuNP-based immunoreaction on the 

vitaAID test strips.ii The system accurately quantified serum 25(OH)D with an accuracy of 15nM and a 

precision of 10nM  without the use of conventional laboratory equipment (i.e. spectrophotometer). More 

recently we presented the NutriPhone system, a mobile platform for personalized diagnosis of vitamin B12 

deficiency.41iii This system improved upon the limitations of the vitaAID system by incorporating a custom 

RDT for vitamin B12 capable of processing and analysing whole blood samples on-chip in less than 15min.  

Figure 1.4b demonstrates another example in which a simple paper based microfluidics technology was 

empowered to perform complex PON nutrition diagnostics by being integrated with the smartphone 

technology. In this work, Lee et al. presented the “electronics enabled microfluidic paper-based analytical 

                                                      

iiThis work is detailed in Chapter 2 of this Thesis 
iii This work is detailed in Chapter 3 of this Thesis 
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device (EE-µPAD)” which consists of: a paper-based microfluidics device for immunodetection of ferritin, 

RBP and CRP in whole blood samples, and an optoelectronics system that measures light transmission 

through the detection regions on the paper-based device and wirelessly transmits the data to a smartphone 

for processing the data and communicating the results.60 Outsourcing of the computing power and 

connectivity of smartphones enable the EE-µPAD to assess vitamin A, iron and inflammation status by 

allowing the quantification of RBP, ferritin and CRP, respectively, in the physiologically relevant ranges. 

The efficacy of the EE-µPAD was further demonstrated through a clinical trial where it showed comparable 

performance to the gold standard ELISA method in assessing 95 whole blood samples. The partial relsiance 

on smartphones wherein sensing is achieved by a separate optoelectronics component adds costs to the EE-

µPAD, however presents benefits including its universal compatibility with different types of smartphones, 

and easier automation of the device operations.  

1.8 Summary and future perspectives 

Micronutrient deficiencies are globally prevalent and responsible for the suboptimal health of the world 

population, most of whom lack access to proper nutrition diagnostic systems.  Development of rapid, cheap 

and easy-to-use system for accurate evaluation of nutritional biomarkers in PON settings has the potential 

 

Figure 1.4: Smartphone enabled sensing of nutritional biomarkers. (A) vitaAID system for PON 

diagnosis of vitamin D deficiency (B) ee-µPAD system for diagnosis of vitamin A and iron deficiencies 

and inflammation. Figures adapted with permission from: (A) Ref. 59 Copyright 2014 The Royal 

Society of Chemistry, (B) Ref. 60 Copyright 2015 John Wiley and Sons. 
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to address the challenges with current laboratory based methods, and allow for more effective management 

of micronutrient deficiencies. The on-going advancements in nutritional biomarkers are establishing ways 

to more accurately diagnose micronutrient deficiencies, which can foster the development of such 

diagnostic systems. 

Various systems for PON diagnosis of numerous micronutrient deficiencies have been realized by 

miniaturizing different biochemical sensing approaches on LOC devices, which necessarily incorporate 

microfluidics and/or filtering mechanisms to process and handle the complex bodily fluids on-chip. While 

most of the aforementioned work is still limited to laboratory use due to the persisting requirements for 

sophisticated analytical tools, the growing ubiquity of smartphone technology with powerful sensing, 

computing and communication capabilities is replacing such equipment in PON settings.  

So far, in the field of PON nutrition diagnostics, smartphone technology has been coupled with simple 

paper-based test strips, empowering them to diagnose several micronutrient deficiencies based on 

quantitative biomarker measurements. However, smartphone technology can also enable other types of 

LOC devices such as fluorescent or chemiluminescent based systems for PON nutrition diagnostics, as has 

been demonstrated in recent works for similar applications.61,62 Beyond their roles as analytical systems, 

the smartphone based PON diagnostic systems have the potential to effectively store and communicate 

micronutrient status data for better epidemiological understanding and management of the micronutrient 

deficiencies.  
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          Chapter 2: 

A smartphone platform for the quantification of vitamin D levels† 

2.1 Abstract 

Vitamin D deficiency has been linked to a number of diseases and adverse outcomes including: 

osteoporosis, infections, diabetes, cardiovascular diseases, and even cancer. At present the vast majority of 

vitamin D testing is performed in large-scale laboratories at the request of a physician as part of an annual 

panel of blood tests. Here we present a system for rapid quantification of vitamin D levels on a smartphone. 

The system consists of a smartphone accessory, an app, and a test strip that allows the colorimetric detection 

of 25-hydroxyvitamin D using a novel gold nanoparticle-based immunoassay. We show that the system can 

be used to accurately measure physiological levels of 25-hydroxyvitamin D with accuracy better than 15nM 

and a precision of 10nM. We compare our system with well-established ELISA test kits for serum samples 

of unknown concentration and demonstrate equivalency of the results. We envision this as the first step 

towards the development of the NutriPhone, a comprehensive system for the analysis of multiple vitamins 

and micronutrients on a smartphone. 
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2.2 Introduction 

Vitamin D deficiency is prevalent worldwide1 and has been linked to diabetes2, cardiovascular diseases3,4, 

infections5,6, and cancer7,8 in addition to bone diseases such as osteoporosis9 and rickets10. Deficiency is 

commonly defined in humans by measuring serum concentrations of 25-hydroxyvitamin D, or 25(OH)D, 

the circulating form of vitamin D. The currently recommended cutoffs for vitamin D deficiency and 

insufficiency are defined by 25(OH)D levels below 50nM and 80nM respectively. Low levels of vitamin D 

can usually be improved by consuming supplements and increasing skin exposure to sunlight.11 However, 

many people are unaware of their vitamin D status due to the lack of simple methods for diagnosing and 

tracking 25(OH)D concentrations in the blood. The ability to monitor vitamin D levels may help those at 

risk to detect low levels at an earlier stage and enable corrective interventions before the occurrence of 

potentially irreversible damage. Reliance on supplements alone without knowledge of true vitamin D status 

may fall short in addressing severe vitamin D deficiencies (<20nM) or in some cases lead to possible 

vitamin D intoxication.11,12 At present, most 25(OH)D tests are conducted using high-performance liquid 

chromatography (HPLC),  liquid chromatography-tandem mass spectrometry (LC-MS) techniques, or 

certain immunoassays such as radioimmunoassay (RIA) and enzyme-linked immunosorbent assay 

(ELISA).13-15 These methods are time consuming, costly and difficult to perform in most settings outside 

sophisticated laboratories. Recently, a lateral flow assay for vitamin D (Test4D; Nanospeed Diagnostics) 

has been introduced16, demonstrating the commercial need for such rapid, point-of-care vitamin D analysis. 

Smartphone based diagnostics offer additional advantages over lateral flow assays including the abilities to 

quantify results, track changes with time, and provide user-free error tracking.   

We present here the vitaAID – vitamin AuNP-based Immunoassay Device – a system for rapid 

quantification of vitamin D levels on a smartphone.  This is achieved through the development of: a 

smartphone accessory, app, and novel gold nanoparticle (AuNP) based colorimetric competitive direct-

antigen immunoassay. This assay enables us to quantify 25(OH)D molecules whose small size (~400g/mol) 

restricts their binding to more than one antibody at a time.17,18. Gold nanoparticle based colorimetric 
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assays19,20 coupled with smartphone technology have previously been used for the quantification of mercury 

contamination in water samples as demonstrated by Wei et al.21 In addition, smartphone platforms were 

used for the detection of biomarkers in complex bodily fluids22-25, thereby demonstrating the ability to do 

rapid, personalized diagnostics.  

In this Chapter we describe the vitaAID and show how 25(OH)D levels can be quantified by evaluating 

brightness differences between the detection area and a reference area on the vitaAID test strip. We then 

demonstrate that the vitaAID system can be used to quantify vitamin D levels by evaluating serum samples 

with unknown 25(OH)D concentrations and comparing the results to those obtained using a commercial 

ELISA method. 

2.3 Results 

2.3.1 vitaAID system and test strip surface chemistry 

The vitaAID system consists of a smartphone accessory and custom test strip as shown in Figure 2.1a. The 

accessory has been designed to minimize the effect of variability in external lighting conditions with a 5mm 

amber LED (=592nm) embedded in a polydimethylsiloxane (PDMS) diffuser used to illuminate the back 

 
Figure 2.1: vitaAID system overview. (A) vitaAID accessory on a iPhone with the inset showing the 

components of the accessory (B) FT-IR spectra showing the chemical composition of the APTES, 

maleic anhydride and aminopropylated 25(OH)D3 layers that constitute the detection area   
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of the test strip. The test strip is composed of a detection area and reference area. The reference area allows 

the algorithm to further adjust to differences in smartphone cameras. The detection area that enables the 

colorimetric reaction to occur consists of a surface-immobilized layer of 25(OH)D. There is currently no 

standard method for obtaining a chemically stable coating layer of 25(OH)D due to the small size and 

absence of linkable functional groups on the 25(OH)D. We addressed this by developing a novel 25(OH)D 

coating process onto a fused Si-based substrate that serves as the detection area on the test strip. As shown 

in Figure 2.1b, we coated the 3-aminopropyltriethoxysilane (APTES) and polystyrene-co-maleic anhydride 

(PSMA) layers sequentially on a fused Si substrate and covalently linked aminopropylated 25(OH)D to 

achieve a stable 25(OH)D coating. In order to validate this method, the surface treatments were 

characterized by Fourier-transform infrared spectroscopy (FT-IR) as shown in Figure 2.1b. The initial 

introduction of APTES layer on the Si substrate is evident from the transmittance peak at 1654cm-1 that is 

associated with primary amine groups (-NH2).26 The PSMA coating is confirmed by the appearance of 

peaks at 1850 and 1780cm-1 which have been linked with maleic anhydrides in other studies.26-28 Lastly, 

the peak at 3300cm-1 corresponds to the formation of the secondary amine (R2NH) bond between the PSMA 

and aminopropylated 25(OH)D and verifies the 25(OH)D immobilization.29  

3.3.2 Surface-based gold nanoparticle immunoassay 

The colorimetric reaction on the detection area of the test strip is based on a novel surface-based gold 

nanoparticle-based immunoassay as shown in Figure 2.2a. When a sample is applied onto the detection 

area of the test strip, only the antibody conjugates that are not bound to the 25(OH)D present in the initial 

sample are captured by the coated 25(OH)D on the surface. The colorimetric signals from the immobilized 

AuNP-antibody conjugates are then amplified using a silver enhancement scheme as the silver ions undergo 

reduction on the surface of the AuNP to increase their size and thereby increase the sensitivity of the system. 

For samples with high vitamin D levels, most of the antibody conjugates are occupied with 25(OH)D from 

the initial sample, resulting in only a subtle change in the colorimetric signal on the test strip. For samples 

with low vitamin D levels, the test strip develops an intense color that reflects the high number of antibody 
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conjugates bound on the surface. The steps involved in the preparation of the AuNP-anti-25(OH)D 

conjugate solution and the detection area are discussed in the Methods section.  

A critical step during testing is the incubation of the AuNP-anti-25(OH)D 'sample solution on the test strip’s 

detection area. It is important to characterize the time it takes for the AuNP-anti-25(OH)D to immobilize 

in order to minimize the total assay time and to improve accuracy.  In Figure 2.2b ,we show the effect of 

different incubation times on the brightness difference between the detection and reference areas of the test 

strip (ΔH) for a sample without 25(OH)D. After 6h the brightness difference is within 10% of that obtained 

after a typical 12h overnight incubation. This indicates that a 6h incubation time is sufficient in order to 

obtain accurate results during such vitamin D measurements. The incubation time can however be 

significantly reduced by using the obtained negative exponential relationship to determine the minimum 

incubation time for ensuring that sufficient conjugate binding events have occurred on the detection area. 

In a recent study, Kai et al.30 have demonstrated that the incorporation of microfluidic channels could 

further reduce such incubation times to the order of minutes through improved binding kinetics.  

2.3.3 Quantification of colorimetric reaction 

Once the competitive binding of AuNP-anti-25(OH)D was performed on the test strip, the quantification of 

the 25(OH)D levels in the initial sample can be achieved using the vitaAID smartphone platform. First, the 

 
Figure 2.2 viatAID test strip. (A) Test strip and schematic of the gold nanoparticle-based immunoassay 

reaction on the detection area (B) variation in predicted concentration at different AuNP-anti-25(OH)D3 

incubation times on the detection area for 0nM sample 25(OH)D  
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colorimetric change is captured using the smartphone’s camera after inserting the test strip in the vitaAID 

accessory.  In Figure 2.3a we show the colorimetric change in the transparent fused silica detection region 

at different known concentrations of 25(OH)D and the colorimetric change on the white reference region 

due to changes in exposure time of the camera. The iPhone automatically adjusts its camera exposure times 

in response to the amount of light passing through the detection region.  Therefore, by comparing the 

differences in brightness between the detection area (Bdet) and reference area (Bref) we can estimate the 

concentration of 25(OH)D independent of the exposure setting of the iPhone camera. In Figure 2.3b we 

show that ΔH = Bdet - Bref can be correlated to the 25(OH)D concentration in the initial sample. A second 

 
Figure 2.3 vitaAID algorithm overview. (A) colorimetric variation on the test strip at different known 

25(OH)D concentrations (B) calibration curve showing brightness difference between the detection area 

and reference area ΔH at different known 25(OH)D concentrations (C) algorithm used in quantifying 

25(OH)D levels on test strip  
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order polynomial was then fitted onto this calibration curve in order to obtain a function such that 

[25(OH)D] = f(ΔH).  

Figure 2.3c shows the algorithm that allows the quantification of 25(OH)D across the entire range of 

physiological values. First, the detection area is scanned for silver enhanced regions where AuNP-anti-

25(OH)D is bound. This is important because at higher 25(OH)D concentrations in the initial sample, the 

detection area rarely exhibits a uniform colorimetric change. A 100px by 100px area around the high 

intensity silver enhanced region is taken and the brightness is averaged across all the pixels in that area. 

The brightness is a coordinate in the Hue Saturation Brightness (HSB) color model and is computed from 

the Red Green Blue (RGB) average values as described elsewhere.31 The same steps are then performed on 

the reference region and an average brightness is calculated.  Once the brightness difference between the 

detection area and the reference area is computed, the algorithm uses a second order polynomial [25(OH)D] 

= f(ΔH) derived from Figure 2.3b to calculate the 25(OH)D concentration in the initial sample.    

3.3.4 Accuracy and precision compared to ELISA 

The accuracy of the vitaAID system was characterized by quantifying 25(OH)D in solutions of known 

concentrations and comparing them to results obtained using a commercial ELISA kit. In Figure 2.4a we 

 
Figure 2.4 vitaAID performance. (A) predicted concentration vs. actual concentration (grey line) for 

calibration solutions at 15nM, 40nM and 110nM using vitaAID system (black) and ELISA kit (red) (B) 

predicted concentrations of 25(OH)D in serum samples and comparison to the average ELISA result 
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show variations in predicted 25(OH)D levels for 3 standard solutions of 15nM, 40nM and 110nM. At each 

concentration, 3 test strips were used and the maximum error across all the samples and concentrations was 

measured as 14.1nM at a concentration of 40nM. The maximum average inter-sample difference was 9.8nM 

also at 40nM. These errors are of the same order as those of ELISA methods for the quantification of 

25(OH)D levels.  

In Figure 2.4b, 3 serum samples of unknown 25(OH)D concentration are evaluated using both the vitaAID 

system and an ELISA method. As indicated previously, 25(OH)D levels below 50nM indicate vitamin D 

deficiency while level below 20nM indicate a severe deficiency. Both methods are in agreement that 2 of 

the samples are 25(OH)D deficient, while the other is borderline deficient. Moreover, 2 of the ELISA 

measurements fall within the range of values measured using the vitaAID system and one is within 2nM of 

that range.   

2.4 Discussion 

In this Chapter we presented the vitaAID system which allows for the fast and accurate quantification of 

25(OH)D levels. This system uses a novel gold nanoparticle-based immunoassay in order to produce a 

surface colorimetric reaction that can be quantified directly on a smartphone. We have demonstrated that 

we can measure physiological levels of 25(OH)D in solution with accuracy better than 15nM and a 

precision of 10nM. Moreover we show that the results obtained using the vitaAID system are comparable 

with that of commercial ELISA kits. By analyzing 3 serum samples with unknown 25(OH)D concentration 

we were able to determine accurately the extent of vitamin D deficiency in each case. These results represent 

a promising step in the development of an accurate system for determining vitamin D levels which has 

many potential applications as a point-of-care tool both in the developed and the developing world.  

In the future, this method for vitamin D quantification can be further improved in terms of precision and 

accuracy. Here, we used a specific form of 25(OH)D for coating and detection, namely 25(OH)D3 and anti-

25(OH)D3. The monoclonal anti-25(OH)D3 has 68% cross reactivity with 25(OH)D2 and 100% with 
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25(OH)D3. The use of 25(OH)D3 for the detection zone coating allows for the capturing of all the unbound 

AuNP-anti-25(OH)D3 conjugates after the initial interaction with the sample. Nonetheless, this difference 

in the antibody affinity inevitably causes our method to underestimate the total 25(OH)D level which is the 

sum of the 25(OH)D2 and 25(OH)D3 levels. This represents the shortcoming of most immunoassays for 

vitamin D (e.g. ELISA kit; Alpco, radioimmunoassay; DiaSorin) as demonstrated through clinical 

comparison studies with other detection standards such as HPLC and LC-MS.13,14,32  

2.5 Materials and Methods 

2.5.1 Sample preparation 

For a vitamin D deficiency test, once the sample has been acquired, several steps are performed in solution 

prior to its application onto the vitaAID test strip. First, the filtered serum sample is mixed 1:10 (v/v) with 

0.78g/ml acetonitrile (Thermo Fisher Sceintific Inc.) in order to liberate the 25(OH)D molecules that are in 

proportion of 95-99% bound to vitamin D binding proteins (DBP).33,34 The sample is then mixed with 

AuNP-anti-25(OH)D conjugate solution for 30min. This ensures that all the 25(OH)D initially present in 

the blood sample is bound to AuNP-anti-25(OH)D before being applied onto the test strip.  

2.5.2 AuNP-anti-25(OH)D3 conjugate preparation 

The spherical AuNP (Nanopartz Inc., 30nm) came pre-treated with N-hydroxysuccinimide ester terminal 

(NHS) groups which specifically reacted with the primary amines of monoclonal anti-25(OH)D3 IgG 

(Raybiotech Inc.) to form the AuNP-antibody conjugates. The antibody was first purified using the Pierce 

Antibody Clean-up Kit (Thermo Fisher Scientific Inc.) because 2% bovine serum albumin (BSA) stabilizers 

in anti-25(OH)D3 are known to interfere with the amine-reactive conjugation.35 The antibody solution was 

placed into the Melon Gel-based purification support which binds non-antibody proteins while allowing 

the IgG antibody to flow through in a purified form during the one-minute centrifugation at 6000g. The 

successful removal of BSA was checked by performing sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). For conjugation, the AuNP were mixed with the purified anti-25(OH)D3 at 
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0.1mg/ml in 0.01M amine-free phosphate buffer saline (PBS) buffer at pH 7.4. The mixture was sonicated 

for 30s to re-suspend AuNP into solution, followed by vortexing for 30min at room temperature.36 The 

centrifugation was performed at 15000g for 10min to remove the excess antibody in supernatant form and 

the final conjugates were reconstituted in 0.01M PBS with 0.1% Tween-20 at pH 7.4. The successful 

conjugation was confirmed through surface plasmon resonance changes using ultraviolet-visible 

spectroscopy. The conjugates were diluted to 10µg/ml and stored at 4°C until use.  

2.5.3 Detection area preparation 

The covalent immobilization of 25(OH)D was achieved by obtaining 25(OH)D3, 3’-Aminopropyl Ether 

(Toronto Research Chemicals Inc.) and using its primary amines as linkers to the test strip surface. 

Immobilization of the peptides to surface using maleic anhydride chemistry has been demonstrated 

previously by others.37,38 Here, the aminopropylated 25(OH)D3 was immobilized on a flat Si substrate other 

than on a typical well-plate which represents a compatibility improvement for use in our smartphone-based 

detection. Briefly, 4” fused Si wafers were cleaned in piranha solution, immersed in 20mM APTES (Sigma-

Aldrich Co. LLC) in isopropanol for 2h and annealed at 120°C for 1h. The APTES coating acted as an 

activation layer for the binding of 1% PSMA (Sigma-Aldrich Co. LLC) dissolved in tetrahydrofuron, which 

was spin-coated at 3500rpm for 30s followed by curing at 120°C for 2h. The treated Si wafer was cooled 

and immersed in acetone for 10min and subsequently diced into 4 by 7mm strips. Finally, the 25(OH)D 

immobilization was achieved by incubating the PSMA-treated strips with 20µg/ml aminopropylated 

25(OH)D3 in the coating buffer (0.1M carbonate/bicarbonate buffer at pH 9.4) for 1h at 37°C. The unreacted 

PSMA sites were treated by incubating the blocking buffer (0.01M PBS with 1mg/ml Casein and 0.05% 

Kathon preservative at pH 7.4) for 30min at room temperature, and cleaned with washing buffer (0.01M 

PBS with 0.05% Tween-20 at pH 7.4). The incubation procedures were performed in custom incubation 

chambers that housed the test strips and prevented pre-mature drying of the treatment solutions. The 

modified Si surfaces after each surface treatment were characterized by FT-IR using a Vertex 80-v 

spectrometer (Bruker Optics) equipped with a 60° germaniam attenuated total reflection (VeeMax Ge ATR) 
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crystal. For each spectrum, 256 scans at a spectral resolution of 4cm-1 were performed using a liquid 

nitrogen detector. After the 6h incubation of AuNP-antibody conjugates with the sample on the detection 

area, the strip was rinsed three times with the washing buffer to remove unbound conjugates and incubated 

with silver enhancement solution from the Silver Enhancer Kit (Sigma-Aldrich Co. LLC). After 20min, the 

detection area was rinsed with the washing buffer and air dried at room temperature. 

2.5.4 ELISA kit procedures. 

The standard and serum samples were analyzed with 25-OH Vitamin D ELISA kit (ALPCO Diagnostics) 

according to the provided protocol. Briefly, the samples were incubated with the releasing agent to separate 

25(OH)D molecules from DBP at 37°C for 1h. The samples and anti-25(OH)D were then added onto the 

25(OH)D coated microtiter plates. During an overnight (18-22h) incubation, the 25(OH)D molecules in the 

sample and those immobilized on the plates competitively bound to the available anti-25(OH)D. The plates 

were washed to remove any unbound anti-25(OH)D and peroxidase-conjugated antibody were added to 

form 25(OH)D─anti-25(OH)D─peroxidase antibody complex on the plate surface. After 1h incubation, the 

plates were washed and tetramethylbenzidine (TMB) substrates were added which resulted in a reaction 

causing the solution color to change. After 20min, the reaction was stopped with an acidic solution and the 

absorption of the solution was measured using Spectramax 384 at 450nm. 
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                                                                          Chapter 3: 

NutriPhone: a mobile platform for low-cost point-of-care 

quantification of vitamin B12 concentrations† 

3.1 Abstract 

Vitamin B12 is necessary for formation of red blood cells, DNA synthesis, neural myelination, brain 

development, and growth.  Vitamin B12 deficiency is often asymptomatic early in its course; however, once 

it manifests, particularly with neurological symptoms, reversal by dietary changes or supplementation 

becomes less effective.  Access to easy, low cost, and personalized nutritional diagnostics could enable 

individuals to better understand their own deficiencies as well as track the effects of dietary changes.  In 

this work, we present the NutriPhone, a mobile platform for the analysis of blood vitamin B12 levels in 15 

minutes. The NutriPhone technology comprises of a smartphone accessory, an app, and a competitive-type 

lateral flow test strip that quantifies vitamin B12 levels. To achieve the detection of sub-nmol/L 

physiological levels of vitamin B12, our assay incorporates an innovative “spacer pad” for increasing the 

duration of the key competitive binding reaction and uses silver amplification of the initial signal. We 

demonstrate the efficacy of our NutriPhone system by quantifying physiologically relevant levels of vitamin 

B12 and performing human trials where it was used to accurately evaluate blood vitamin B12 status of 12 

participants from just a drop (~40µl) of finger prick blood.   

 

 

† This chapter was reproduced from:  

Lee, S., O’Dell, D., Hohenstein, J., Colt, S., Mehta, S., Erickson, D. (2016) “NutriPhone: a mobile platform 

for low-cost point-of-care quantification of vitamin B12 concentrations” Under Review in Nature Scientific 

Reports  
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3.2 Introduction 

Vitamin B12 is a water-soluble vitamin that is necessary for DNA synthesis, the metabolism of amino acids 

and fatty acids1 which are required for normal blood formation2, cell synthesis3, and neurological 

functions4,5 in the human body. Low levels of vitamin B12 can consequently lead to a wide range of 

hematologic and neurological abnormalities.6,7 Specifically, poor vitamin B12 status has been associated 

with several acute and chronic conditions including anaemia7,8, paraesthesia1,9 , and cognitive 

impairments10. Vitamin B12 deficiency during pregnancy and early in life is also associated with neural tube 

defects, poor infant growth and psychomotor function, and impaired brain development.11 The primary 

dietary sources of vitamin B12 are meats, fish, shellfish, and dairy products and as such the deficiency has 

been reported to be the highest among populations with predominantly a vegetarian or vegan diet.12,13 In the 

US, the deficiency rate among vegetarians has been estimated at 60%14, while the rate as high as 81% has 

been reported in India15 where there is a high percentage of vegetarians and vegans.16  

Depending on the severity, underlying cause, and if detected early, the manifestations of vitamin B12 

deficiency can often be reversed by consuming supplements and/or by changes in diet, as recommended by 

a healthcare practitioner. In an attempt to reduce the barrier to diagnosis of micronutrient deficiencies, our 

group has previously developed the vitaAID – vitamin AuNP-based Immunoassay Device – a system for 

colorimetric quantification of vitamin D levels on a smartphone.17 In that work a novel gold nanoparticle 

(AuNP) based immunoassay for vitamin D was developed and anlayzed by our smartphone platform, 

enabling quantification of serum samples without the need of sophisticated laboratory equipment such as 

spectrophotometers. However its deployment for point-of-care (POC) applications was limited by the 

persisting requirements for off-chip blood sample processing, multiple pipetting steps and the non-trivial 

incubation time (~3 h).  

A possible solution to the aforementioned limitations is the adaptation of lateral flow immunoassay 

principles to diagnose micronutrient deficiencies. Lateral flow assays are widely used in diagnosing 

numerous diseases18-20 and medical conditions21-23 in POC settings because they are rapid, simple and 
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produce simple qualitative results that can be interpreted by untrained personnel. Development of lateral 

flow test for B12 however is significantly more challenging due to the extremely low limit of detection that 

is required. One of the recommended cut-offs for vitamin B12 insufficiency is defined in humans by serum 

vitamin B12 below 221 pmol/L24 (compared with 50-75 nmol/L 25(OH)D for vitamin D25). Traditionally 

commercial lateral flow assays have lower limits of detection in the tens of nmol/L range.26  

Here we present a novel POC vitamin B12 assessment test, implement it on our “NutriPhone” mobile 

platform, and demonstrate its performance in a series of human trials. The test uses a finger-stick of blood 

and comprises of a novel competitive-type lateral flow assay which is able to process whole blood samples, 

store the necessary reagents, and has built-in flow control directly on the test strip. Controlled and 

repeatable imaging of the B12 test strips with the smartphone platform, and computational image processing 

via the smartphone app enable the NutriPhone system to provide quantitative information from traditionally 

non-quantitative lateral flow test strips. As in other smartphone based diagnostics systems, our system 

inherits the abilities to track changes with time, provide user-free error tracking, and communicate results 

via e-mail or social networking service.27-31 

In this paper we describe the NutriPhone system and demonstrate how the incorporation of an innovative 

“spacer pad” for an extended competitive binding interaction, silver enhancement of the initial colorimetric 

signal32, and optical detection via a smartphone platform push the limit-of-detection (LOD) of our B12 

lateral flow assay into the required range. We show that vitamin B12 levels in standard solutions can be 

accurately quantified in less than 15 min by evaluating the ratio of test to control line signals (T/C ratio). 

We then validate the performance of our vitamin B12 assay in a small trial with human participants.  

3.3 Results 

3.3.1 NutriPhone system and vitamin B12 test operation 

The NutriPhone system consists of: a reusable smartphone accessory, a disposable custom test strip for 

vitamin B12, and a smartphone app. The accessory has been designed to accept test strips and align them to 
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a CMOS camera with an embedded focusing lens (f=12 mm) in the optical path, which allows for capturing 

focused images of test strip signals in a compact accessory space (in Supplementary Fig. A1.1.). In order 

to minimize the variability caused by the different external lighting conditions, the accessory relies on two 

white surface mount LEDs (placed 10 mm on either sides focusing lens, facing the test strip 12 mm away) 

to uniformly illuminate the front of the test strip while blocking the ambient light entrance. While more 

LEDs could be adapted (e.g. to illuminate from other angles) to improve the uniformity further, they were 

compromised for longer accessory operation using two AA batteries at 3V. 

To run a vitamin B12 deficiency test in POC settings as shown in Figure  3.1a, the user starts the NutriPhone 

app on his or her smartphone and follows the step-by-step instructions as shown in Figure 3.1b. Briefly, the 

 

Figure 3.1: NutriPhone system for PON vitamin B12 analysis. (A) System overview showing the 

custom B12 test strip that accepts and anlayzes whole blood samples, two versions of the smartphone 

based accessory that accurately read the test strips, and smartphone app (B) NutriPhone app for guiding 

the users step-by-step through the test protocol and displaying the B12 results at the end 
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user collects a whole blood sample via a finger prick and applies it directly onto the test strip’s inlet. After 

allowing for 4 min of incubation, the user initiates the sample flow by applying droplets of the chase buffer 

from the dropper bottle. The colorimetric signal develops in the subsequent 6 min after which the signals 

are amplified by applying a droplet of silver enhancement solution from the respective dropper bottles. The 

user then inserts the test strip into the NutriPhone accessory, and the amplified colorimetric signals are 

captured by the smartphone camera after 2 min and anlayzed by the smartphone app for the total start-to-

results time of less than 15 min.  

3.3.2 Vitamin B12 lateral flow assay architecture and principles 

The custom vitamin B12 test strip shown in Figure 3.2a was developed as a lateral flow assay which 

integrates: a whole blood filtration membrane (FR-1), a conjugate pad that dry-stores the AuNP-anti-B12 

conjugates, a novel spacer pad that allows for longer sample interaction with AuNP-anti-B12 conjugates, a 

nitrocellulose membrane that immobilizes the vitamin B12-BSA molecules and secondary antibodies as test 

and control lines respectively, and a cellulose fibre absorbent pad that collects the waste sample at the end. 

This architecture represents a competitive-type lateral flow assay which was used here to accommodate the 

small size of vitamin B12 molecules (~1355 g/mol) that prevents their binding to more than one antibody at 

time.33,34 

When a blood sample is applied onto the sample pad of our vitamin B12 assay, the blood cells are filtered 

and only the plasma proceeds to the conjugate pad and releases the AuNP-anti-B12 conjugates that become 

free to interact with the B12 in the sample. The sample to AuNP-anti-B12 interaction is the critical step in 

our assay, where there are limited binding regions on the AuNP-anti-B12 and their interaction with the 

sample B12 determines their availability downstream for binding to the BSA-B12 on the test line. In 

conventional lateral flow assays, such interaction occurs over tens of seconds which is too short for an 

accurate and thorough binding reactions to occur, especially when the target molecules are found in low 

(i.e. sub-nmol/L) concentrations. The innovation in our NutriPhone B12 assay that enables the detection of 

sub-nmol/L B12 has been the addition of the spacer pad between the conjugate pad and the nitrocellulose 
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membrane. This spacer pad effectively prevents the sample—AuNP-anti-B12 mixture from flowing onto 

the nitrocellulose membrane before additionally activated by the user, thereby allowing for a more thorough 

interaction. In our optimized NutriPhone protocol, the user allows an additional 4 min of interaction time 

between the sample B12 and the AuN-anti-B12 before adding chase buffers to complete the test. For samples 

with high B12 levels as shown in Figure 3.2b, most of the AuNP-anti-B12 conjugates are occupied with B12 

molecules from the initial sample, resulting in only a subtle change in the colorimetric signal at the test line. 

Here the preoccupied AuNP-anti-B12 that pass the test line without binding are still captured by the 

secondary antibodies on the control line to exhibit a strong signal, which leads to weak T/C ratios for testing 

high B12 samples. For samples with low B12 levels as shown in Figure 3.2c, the test line develops an intense 

color that reflects the high number of AuNP-anti-B12 bound at the test line. This leads to a weak control 

line signal which is indicative of the depleted number of AuNP-anti-B12 reaching the control line, and 

 
Figure 3.2: NutriPhone vitamin B12 lateral flow assay. (A) Strip image and schematic of the custom B12 

test strip architecture and components (B) Competitive interaction between the sample B12 and bound 

BSA-B12 at test line for a limited binding regions on AuNP-anti-B12 results in a weak T/C signal intensity 

for high B12 in the sample, and (C) strong T/C signal intensity for low B12 in the sample.      
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consequently strong T/C ratios are observed for testing low B12 samples. For the earlier versions of our B12 

strips under the same preparation and operating conditions but without the spacer pad incorporation, the 

T/C ratio remained insensitive to the increase in the sample B12 concentrations up until tens of nmol/L 

which demonstrates the significance of the spacer pad in the B12 detection in the sub-nmol/L ranges.    

3.3.3 Vitamin B12 quantification in standard solutions 

Once the competitive binding of AuNP-anti-B12 conjugates on the test and control lines was performed, the 

resulting colorimetric signals were silver enhanced and captured by our NutriPhone system. In Figure 3.3a, 

we show the colorimetric change of the test and control lines at different known concentrations of vitamin 

B12 standards. The captured images were then processed by our NutriPhone app based on the algorithm 

shown in Figure 3.3b. Briefly, a noisy 2D image was filtered and converted to the grayscale, followed by a 

 

Figure 3.3: NutriPhone image acquisition and processing for vitamin B12 quantification. (A) 

Colorimetric variation of the test and control line regions on the silver enhanced B12 lateral flow test 

strip at different known concentrations of standard vitamin B12 samples (B) image processing algorithm 

used by our NutriPhone platform (C) Test and control line signals detected by the NutriPhone app as 

local intensity minima for 0 and 369 pmol/L of B12 standard samples (D) Calibration curve showing the 

T/C ratios of the colorimetric signals at different standard B12 concentrations  
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median filtering to reduce the 2D image into a 1D array which simplified our task to a 1D digital signal 

processing problem. As shown in in Figure 3.3c, the test and control regions of highly concentrated AuNP-

anti-B12 were detected as local minima on the grayscale intensity plot, and the respective peak values could 

be used to calculate T/C ratios. In Figure 3.3d we show that T/C ratios can be correlated to the vitamin B12 

concentration in the standard solutions. At each concentration, three test strips were used and the maximum 

lower and upper deviations were shown. We then fitted a second order polynomial onto this calibration 

curve to obtain a function such that [B12] = f(T/C). This function was stored and used by the NutriPhone 

app to predict B12 concentrations from the T/C ratios, where the calibration was performed for each batch 

of test strips in order to account for the batch-to-batch variations.  

3.3.4 Vitamin B12 deficiency testing using whole blood samples 

 The performance of our NutriPhone system in POC settings was evaluated by using it to diagnose the 

vitamin B12 status of human participants. Here, a single finger prick of blood was collected from each of 

the 12 participants and used as direct inputs to our NutriPhone B12 test strips. In Figure 3.4a we show the 

colorimetric change on the B12 test strips for the two participant samples with sufficient (>738 pmol/L B12) 

and deficient (186.7 pmol/L B12) levels of vitamin B12. As expected for our competitive B12 strips, the T/C 

ratio for a deficient B12 case appears to be significantly greater than that for a sufficient B12 case, and this 

difference could be quantified by our NutriPhone app. Figure 3.4b demonstrates the vitamin B12 levels of 

the 12 participants as predicted by our NutriPhone B12 system based on a calibration curve pre-determined 

for the tested batch of B12 test strips and compares them to the levels as determined by the laboratory 

standard method (Chemiluminescence Immunoassay on the IMMULITE 2000 Immunoassay system, 

Siemens Medical Solutions Diagnostics, Deerfield , IL). The comparison shows that our system has a 

median bias of -0.3%, and a high correlation at +0.93 (p<0.0001). The NutriPhone system in the current 

state has a cut-off of 332 pmol/L B12, in which it can accurately distinguish eight participants with B12 levels 

less than 332 pmol/L from the other four participants with B12 levels greater than 332 pmol/L. The current 

NutriPhone system shows a reduced sensitivity/specificity when lower cut-offs are imposed, however it 
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maintains a high sensitivity and specificity of 87% and 100% respectively using a 258 pmol/L cut-off. The 

NutriPhone’s performance for other cut-off concentrations can also be found from the Receiver operating 

characteristic (ROC) curve in Supplementary Fig. A1.2.  

3.4 Discussion 

In this Chapter we have demonstrated a NutriPhone system which allows for the POC determination of 

vitamin B12 status in under 15 min. This is achieved by developing a novel competitive-type lateral flow 

assay for vitamin B12 which produces colorimetric test and control line signals that can be anlayzed by our 

system to give quantitative T/C ratios, which can then be correlated with sample vitamin B12 concentrations. 

We further validate the system in a human trial where it was used to diagnose vitamin B12 status of 12 

 

Figure 3.4: NutriPhone vitamin B12 human trials. (A) B12 test strip images and the corresponding T/C 

signals as illustrative results from the human trials (B) Blood vitamin B12 concentrations of 12 human 

participants as predicted by the NutriPhone system and comparison to the standard method results, where 

B12 deficiency cut-off was set differently at 332 pmol/L (left) and 221 pmol/L (right) 
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human participants using a single drop of finger prick blood as the input to the system. Our device can 

immediately have an impact in some situations that require screening of <369 pmol/L B12 samples and B12 

quantification in the higher concentration region35; however we plan to enable better quantification in the 

future and tune the device to operate with a lower cut-off of 150 pmol/L B12, one of the cut-off points used 

to diagnose vitamin B12 deficiency24. These results represent a significant step in the development of a POC 

tool for accurate and rapid quantification of blood vitamin B12 levels, with great potential for deployment 

in the direct consumers market as well as for clinical and community health care settings in developing 

countries.  

In the near future, the NutriPhone system for B12 can be improved in terms of both performance and 

usability. Currently, the accurate quantification of B12 levels in the range 0-332 pmol/L of B12 is 

demonstrated only in standard solutions, whereas the reduced performance in whole blood is likely due to 

its constituents that interfere with our test’s key binding reaction between the sample B12 and the AuNP-

anti-B12. This could be improved by treating our sample pad to include more effective detergents to facilitate 

the binding interaction, and/or further optimizing the current incubation time after the initial sample 

application. On the other hand, the limiting step that prevents our vitamin B12 assay from being a complete 

sample-in-answer-out test is the silver enhancement step which additionally requires the user to apply silver 

enhancer solutions onto the test strip. For better usability by the end users, the next generation B12 test strips 

could dry-store the silver enhancing reagents on-chip as has been demonstrated elsewhere.36 With these 

improvements, we hope to extend the human trials in populations with a wider range of B12 status to ensure 

adequate replicates at the lower end of the physiological and the deficient range of vitamin B12. 

3.5 Materials and Methods 

3.5.1 AuNP-anti-B12 conjugate pad preparation 

The monoclonal anti-vitamin B12 IgG produced in mouse (CalBioreagents Inc.) came in >95% purity and 

was conjugated with 40 nm AuNPs using the InnovaCoat Gold Conjugation Kit (Innova Bioscinces Ltd.). 
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Briefly, 0.23 μg AuNP in freeze dried form was mixed with 1μg anti-vitamin B12 IgG in 0.01 M amine-free 

phosphate buffer saline (PBS) buffer at pH 7.4. The anti-vitamin B12 IgG attached stably to the surface of 

AuNP via lysine residues during the 15 min incubation and the reaction was terminated by adding 0.1 M 

tris-buffered saline (TBS) with 0.1% Tween 20. To remove any excess antibodies, 0.01 M TBS with 0.1% 

Tween 20 was added in 10 times the volume of the conjugate mixture and was centrifuged at 9000g for 10 

min. Upon removal of the supernatants, the final AuNP-anti-B12 conjugates were reconstituted in 0.01M 

TBS containing 2% bovine serum albumin (BSA) and the final optical density (O.D.) was checked using 

Spectramax 384 at 530 nm. The conjugates were stored at 4°C until use.  

To prepare the conjugate pads for the B12 assay, the AuNP-anti-B12 conjugates were first diluted 

to 0.060 O.D. in the conjugate buffer (2mM borate buffer with 5% sucrose) which contained the 

preservative and resolubilization agents.37 The Glass Fibre Conjugate Pads (EMD Millipore) with 

30cm x 5mm dimensions were soaked in the diluted conjugate solution for 1 min, followed by 

drying at 37°C for 10h.  

3.5.2 Vitamin B12 lateral flow assay preparation 

High Flow Plus 180 Membrane Cards (HF180; EMD Millipore) with a 2 mm clear polyester film backing 

was used as the assay platform, housing the nitrocellulose membrane and the adhesive parts where the 

conjugate, sample and absorbent pads could be attached. Before the assembly, the test and control lines 

were prepared on the nitrocellulose membrane using the Lateral Flow Reagent Dispenser (Claremont 

Biosolution) to dispense 0.325 mg/ml Vitamin B12-BSA conjugate (CalBioreagents Inc.) and 0.75 mg/ml 

anti-mouse IgG produced in goat (Sigma-Aldrich Co. LLC), respectively. The two lines are separated by 3 

mm and uniform line widths of 1 mm could be obtained by operating the Legato 200 Dual Syringe Pump 

(Claremont Biosolution) at 6.4 μl/min. The membrane cards were subsequently dried for 2 h at 37°C, then 

at room temperature overnight. The B12 lateral flow assay was assembled into its final form shown in Fig. 

1a by first attaching the spacer pad (i.e. untreated Glass Fibre Conjugate Pads with 30 cm x 5 mm 
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dimensions) to the adhesive region of the assay platform below the nitrocellulose membrane with an overlap 

of 0.5 mm. The AuNP-anti-B12 treated conjugate pad was then attached below the spacer pad with 0.5 mm 

overlap. The FR-1 Membrane (035; MDI Membrane Technologies) with 30 cm x 13.5 mm dimensions was 

then attached below the AuNP-anti-B12 conjugate pad with the 2 mm overlap to serve as the sample pad of 

the assay. The FR-1 membrane has a thickness of 0.35 mm and whole blood holding capacity of 30 µl/cm2. 

Notably the 5mm length of the spacer pad was such that the gap created between the nitrocellulose 

membrane and the conjugate pad is sufficiently long to prevent the sample—AuNP–anti-B12 mixture from 

entering the nitrocellulose membrane at the initial 40 µl sample application. While the 5 mm length can be 

increased and retain the proper function of the spacer pad, this would necessarily decrease the length of the 

FR-1 membrane (where the total available length below the nitrocellulose was set by the HF180 platform’s 

backing length of 20mm) and thereby decrease the blood holding capacity for the test. As done for the 

commercial rapid diagnostic tests, a specialized covertape (Kenosha C.V.) with arrows printed to indicate 

the sample input location, was attached on the top of these membranes and ensured proper contact between 

the membranes during the sample flow. The Cellulose Fibre Sample Pad (EMD Millipore) was attached 

above the nitrocellulose membrane with the 2 mm overlap to serve as the absorbent pad of the assay. The 

assembled assay was cut into individual strips of 4 mm width using a rotary paper trimmer (Dahle). The 

strips were then kept sealed in a plastic container to prevent contamination from dirt/dust, at room 

temperature. Also, silica gel desiccants (Dry-Packs™) were added for moisture control, where condensing 

water vapour could displace the immobilized agents on the nitrocellulose and/or negatively affect the 

AuNP–anti B12 conjugate stability by causing sugar complexes to form.37,38 Storage up to 4 weeks without 

loss in strip performance has been observed, however longer storage times of up to one year have been 

widely used for similar, commercial strips (e.g. strips from AccuBioTech Co., Ltd) that use additional 

control measures (e.g. lamination of pads and membranes) and proprietary additives for lengthened reagent 

stability.  
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3.5.3 NutriPhone test strip protocol and human trials 

In a NutriPhone test for vitamin B12 deficiency, the use of capillary tubes and dropper bottles allows the 

users to apply appropriate amounts of key reagents in POC settings. First, vitamin B12 samples (Abcam) in 

the range from 0 to 1107 pmol/L were prepared in standard 1x PBS buffer solutions. To initiate the B12 

assay, the user collects the sample up to an indicated line on the capillary tube (~40 µl) and dispenses it 

fully onto the test inlet. This is followed by applying 2 droplets (~40 µl) of the chase buffer (1x TBS with 

1% BSA, 1.5% Tween20, 0.1% sodium azide) from the dropper bottle. The addition of the chase buffer 

allows the sample to fully wet the conjugate pad and begin the sample B12 interaction with AuNP-anti-B12, 

while the presence of the spacer pad prevents the sample from entering the nitrocellulose membrane. After 

waiting for 4 min, the user adds additional 4 droplets (~80 µl) of chase buffer to allow the sample to proceed 

beyond the spacer pad and complete the flow through the assay by being collected at the absorbent pad 

upstream. The initial colorimetric signal develops in the subsequent 6 min at which point the user applies a 

droplet (~20 µl) each from the silver enhancers A and B (Ted Pella Inc.) directly on the test/control regions 

on the nitrocellulose membrane. The NutriPhone app automatically takes a test strip image after waiting 

for an additional 3 min for amplification of the initial colorimetric signal, and computes a T/C ratio. Here, 

using a stop solution to quench the silver enhancement reaction is a viable option, however it would 

represent an additional step in our testing procedures which is undesirable for the intended point-of-care 

applications. We therefore did not use a stop solution, and instead computed T/C ratios from the images 

taken at the same time point. Throughout the procedures, the NutriPhone app incorporates the step-by-step 

instructions and timers to prevent its users from the common operation errors.  

Our human trials were approved by the Institutional Review Board for Human Subjects at Cornell 

University, and carried out in accordance with their guidelines and regulations. The informed consent was 

obtained from all participants. In the trials, the participants were finger-pricked for a drop of blood (~40 

μL) which was collected using a capillary tube and dispensed onto the inlet of the B12 test strip for carrying 

out the NutriPhone B12 test as described in the protocol above. A trained and certified phlebotomist then 
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drew ~5 mL of blood via venipuncture. Following 1 hour incubation at room temperature, serum was 

separated from whole venous blood by centrifugation at 2000 rpm for 10 min. Serum vitamin B12 was 

measured by chemiluminescence immunoassay on the Immulite 2000 platform (Siemens Healthcare 

Laboratory Diagnostics). The Siemens vitamin B12 kit reports normal reference values between 142-724 

pmol/L with a lower limit of detection at 92 pmol/L. 

3.5.4 Image processing algorithm 

The majority of the iOS app was written in Objective-C. The image processing algorithm was written in 

pure C to improve speed and performance. There were no major 3rd party libraries used in the final version 

of the app; everything was either the default iOS libraries, or written by the authors. After an image was 

captured by the NutriPhone app, a series of image processing steps as shown in Figure 3.3b were performed 

to improve the limit of detection and accuracy over the conventional visual inspection. First, a 3x3 Gaussian 

filter was applied to the raw image to smooth out some of the noise. The image was then converted to the 

grayscale, so that the grayscale intensity could be used as a single-channel measurement that distinguishes 

the background from the colorimetric lines. The grayscale intensity of the colored control and test lines are 

lower than the hue of the background, so that the presence of a line could be detected by finding a local 

minimum in the hue data. After the grayscale conversion, the 2D image was reduced to a 1D array by 

replacing each row in the 2D image with the median hue value along that row. The median filtering reduces 

the noise, and the lower dimensionality reduces the process of peak detection to a 1D digital signal 

processing problem. The local minima corresponding to the test and control lines were located by stepping 

through the 1D array and storing all points which are at least 10 intensity values below the last inflection 

point on both sides. The values of local minima were then compared to yield T/C ratios, which were lastly 

converted into vitamin B12 concentrations based on the pre-determined calibration curve, [B12] = f(T/C).  
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                                                                          Chapter 4: 

Two-color lateral flow assay for multiplex detection of causative 

agents behind acute febrile illnesses † 

4.1 Abstract 

Acute undifferentiated febrile illnesses (AFIs) represent a significant health burden worldwide. AFIs can 

be caused by infection with a number of different pathogens including dengue (DENV) and Chikungunya 

viruses (CHIKV), and their differential diagnosis is critical to the proper patient management. While rapid 

diagnostic tests (RDTs) for the detection of IgG/IgM against a single pathogen have played a significant 

role in enabling the rapid diagnosis in the point-of-care settings, the state-of-the-art assay scheme is 

incompatible with the multiplex detection of IgG/IgM to more than one pathogen. In this paper we present 

a novel assay scheme that uses two-color latex labels for rapid multiplex detection of IgG/IgM. Adapting 

this assay scheme, we show that 4-plex detection of the IgG/IgM antibodies to DENV and CHIKV is 

possible in 10 minutes by using it to correctly identify 12 different diagnostic scenarios. We also show that 

blue, mixed and red colorimetric signals corresponding to IgG, IgG/IgM, and IgM positive cases 

respectively can be associated with distinct ranges of hue intensities, which could be exploited by analyzer 

systems in the future for making accurate, automated quantification and diagnosis. This represents the first 

steps towards the development of a single RDT-based system for the differential diagnosis of numerous 

AFIs of interest.  

 

 

† This chapter was reproduced from:  

 Lee, S., Mehta, S., Erickson, D. (2016) “Two-color lateral flow assay for multiplex detection of 

causative agents behind acute febrile illnesses” Under Review in Biosensors and Bioelectronics 
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4.2 Introduction 

Acute undifferentiated febrile illnesses (AFIs) are responsible for substantial morbidity and mortality 

globally and impose a considerable economic cost, primarily in developing countries.1-3 In order to treat 

patients of febrile illnesses appropriately and effectively, the AFIs need to be differentially diagnosed by 

identifying the causative infectious agents, examples of which include Chikungunya (CHIKV) and Dengue 

(DENV).4,5 CHIKV is a re-emerging mosquito-borne alphavirus responsible for a severe epidemic in 

countries of the Indian Ocean region with an estimated 7.5 million cases over five years.6 DENV is the 

most rapidly-spreading mosquito vector disease worldwide, with an estimated 50–100 million new dengue 

infections occurring every year in over 100 countries.7  

In many settings, the initial diagnosis of patients presenting with febrile illness is done with the use of a 

standard rapid diagnostic test (RDT) based on lateral flow principles.  These tests can be easily administered 

and yield quick results with relatively high sensitivities and specificities.8-11 For the AFI diagnosis, most of 

these tests rely on detecting the Immunoglobulin M (IgM) antibodies to the infectious agent, which is 

supplemented by the Immunoglobulin G (IgG) antibody detection for the indication of a past infection.12  

In such cases the current state-of-the-art is a single RDT strip for the duplex IgG/IgM detection using two 

test lines (one for IgG and one for IgM detection).  In these cases detection is limited to that associated with 

a single infectious agent, and the detection of IgG/IgM to the other pathogens would require additional 

pathogen-specific strips to be used in parallel. Multiplexing the IgG/IgM detection of several AFIs on a 

single strip can have an immediate, significant impact by facilitating its deployment, lowering the cost, and 

allowing much more rapid differential AFI diagnosis.13  

For the detection of several antigens, as opposed to antibodies, multiplexing on a single strip has previously 

been achieved by introducing additional detection antibodies of the same label (e.g. gold nanoparticle 

labelled antibody for new target antigens) and adding the associated test lines that are spatially separated 

from each other for developing multiple test line signals.14,15 Unfortunately, such approach cannot be 

adapted in multiplexing antibody RDTs whose test lines comprise of anti-IgG and anti-IgM and are not 



 

 

  58  

 

pathogen specific. This represents a challenge for multiplexing because even if multiple detection probes 

with different pathogen specificity are used, they would all be captured on a single test line; as such when 

a test line signal develops color, the information about the causative pathogen would still be unknown. 

Therefore under this format, multiplexing requires the encoding of each detection probe with a different 

characteristic color (i.e. associating a distinct color with a certain pathogen), and subsequently analyzing 

the composition of the test region color as recently demonstrated for a similar application.16 This approach 

has practical drawbacks including the requirements for distinctly different color labels (n-plex test would 

require n differently colored probes), and the complexity of analyzing the color development as n becomes 

large.  

In this Chapter we present a novel lateral flow assay scheme for multiplexing the detection of several 

pathogens-specific IgG/IgM on a single strip using just two color labels. This method uses blue and red 

encodings to discriminate between the IgGs and IgMs, while the pathogen specificity is determined by 

observing the test line location of the color development.  We first show that our assay can achieve the 

duplex IgG/IgM detection for CHIKV using just a single test region. We then demonstrate the 4-plex 

detection of anti-CHIKV IgG/IgM and anti-DENV IgG/IgM on the same test strip, and expand on 

opportunities for further multiplexing. 

4.3 Experimental 

4.3.1 Blue and Red latex based detection probe preparation 

The latex based detection probes used in the study were prepared by labelling the anti-IgG antibodies (goat 

anti-rabbit IgG secondary antibody, γ-chain specific; Jackson ImmunoResearch Laboratories, Inc.) with 

Blue latex beads (LATEX conjugation kit – 400nm Blue; Innova Biosciences Ltd.), and anti-IgM antibodies 

(goat anti-mouse IgM secondary antibody, µ-chain specific; Sigma Aldrich Co.) with Red latex beads 

(LATEX conjugation kit – 400nm Red; Innova Biosciences Ltd.). Before the conjugation procedures, a 

buffer exchange for the antibody solutions (AbPure Antibody Concentration and Clean-up Kit; Innova 
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Biosciences Ltd.) was performed which removed small interfering substances such as azide and tris from 

the solutions, and transferred the antibodies to an amine-free buffer (10mM MES buffer at pH 7) that is 

compatible with the subsequent conjugation procedures. The conjugation was carried out by adding 40µl 

of the anti-IgG at 0.1mg/ml to the 0.4mg of the pre-treated 400nm Blue polystyrene latex beads. The 

antibodies covalently bound to the surface of the latex beads via lysine residues during the 15min incubation 

at room temperature, and the reaction was quenched by adding 1mL of 0.01M tris-buffered saline (TBS) 

with 0.1% Tween 20. The Blue latex–anti-IgG conjugates were spun at 10,000 rpm for 9 min to remove 

any of the unbound antibodies, reconstituted to 1% and stored at 4°C until use. The above conjugated steps 

were repeated for anti-IgM and 400nm Red polystyrene latex beads, yielding 1% red latex–anti-IgM 

conjugates. The choice of our anti-IgG and anti-IgM probes that have affinities towards rabbit IgGs and 

mouse IgMs, respectively, has been to demonstrate our assay scheme using the commercially available 

IgGs and IgMs of DENV and CHIKV. In order for this assay to be useful in the diagnosis of AFIs in 

humans, the current anti-IgG and anti-IgM probes would need to be replaced with those with human 

IgG/IgM affinities, however the probe preparation steps would remain the same.  

To prepare the conjugate pad that dry-stores the red and blue latex based probes, the probes were first 

diluted to 0.4% in the conjugate buffer (2mM borate buffer with 5% sucrose), and then used to fully 

immerse the Glass Fibre Conjugate Pads (EMD Millipore) with 10cm x 5mm dimensions. The conjugate 

pad was dried at 37°C for 5h and stored until being assembled in to the lateral flow assay. 

4.3.2 Two-color Lateral flow assay preparation 

The lateral flow assay was prepared by assembling the sample, conjugate, and absorbent pads onto the 

adhesive parts of the plastic-backed Hi-Flow Plus 90 Membrane Cards (EMD Millipore), which contained 

the nitrocellulose membrane that housed various test and control regions. To ensure proper wicking of the 

sample solution through the assembled assay, the components were assembled via the adhesive regions of 

the membrane card in the following order: (1) the latex-bead-treated conjugate pad was first attached below 

the nitrocellulose membrane with a 0.5mm overlap, (2) the FR-1 Membrane (MDI Membrane 
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Technologies) as the sample pad was attached below the conjugate pad with a 0.5mm overlap, and (3) the 

Cellulose Fiber Membrane (EMD Millipore) as the absorbent pad was attached above the nitrocellulose 

membrane also with a 0.5mm overlap. The assembled membrane card was cut manually into individual 

strips of 5 mm width (Figure 4.1a) using a rotary paper trimmer (Dahle North America, Inc.).  

The control regions of the test strip were prepared by dispensing 0.4µl of 0.5mg/ml anti-goat IgG secondary 

antibody (LifeSpan Biosciences, Inc.) onto the center of the nitrocellulose membrane, 3mm below the 

absorbent pads. The test regions were subsequently prepared 2mm below the control regions by dispensing 

0.5µl of 1.0mg/ml: recombinant CHIKV E2 protein (RaybioTech, Inc) for the CHIKV test (Figure 4.2a), 

and/or recombinant dengue antigen (RaybioTech, Inc) for the DENV test. For the 4-plex test which 

combines the CHIKV and DENV tests, the CHIKV and DENV test regions were dispensed side-by-side 

with a 1mm separation distance, and 2mm below the control region (Figure 4.3). For this initial prototype 

version of the assay, pipetting of test and control regions provided convenient and cost-effective means to 

prepare the small batch of test strips (<50). For mass producing of the test strips, a lateral flow dispenser 

(e.g. Lateral Flow Reagent Dispenser; Claremont Biosolution) could be adapted to yield higher 

repeatability. 

4.3.3 Assay procedures 

In the testing of the two-color lateral flow assay, 10µl of the sample was first dispensed onto the sample 

pad of the test strip, where the sample may be: rabbit anti-CHIKV IgG (Integrated BioTherapeutics, Inc.), 

mouse anti-CHIKV IgM (United States Biological), rabbit anti-DENV IgG (LifeSpan BioSciences, Inc.), 

and/or mouse anti-DENV 4 IgM (antibodies-online). Subsequently 80µl of the chase buffer (1x TBS with 

1% BSA, 1.5% Tween 20, 0.1% sodium azide) was dispensed which initiated the sample flow through the 

length of the test strip.  For the duplex IgG/IgM detection for CHIKV (Section 4.3.2), the anti-CHIKV IgG 

and IgM samples of 150, 300, 450 and 600µg/ml were prepared by diluting with 1x PBS. For the 4-plex 
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IgG/IgM detection for CHIKV and DENV (Section 4.3.3), the anti-CHIKV IgG/IgM and anti-DENV 

IgG/IgM samples at 600 µg/ml in 1x PBS were prepared and used.  

 
Figure 4.1: Two-color lateral flow assay for multiplex detection of causative agents behind acute 

febrile illnesses. (A) Assay architecture comprising of sample, conjugate, nitrocellulose and collection 

membranes. (B) Assay principles involving: Blue latex–anti-IgG and Red latex–anti-IgM detection 

probes for targeting the sample IgG and IgM respectively, and the recombinant pathogen molecules on 

the test line for capturing the IgG/IgM to the respective pathogens. 
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4.3.4 Image acquisition and analysis 

After allowing for 10min for the color development on the test and control regions, the image of the test 

and control regions were taken using a CMOS camera under the same room lighting conditions. The images 

were transferred to a standard laptop computer and red (R), green (G) and blue (B) intensities were obtained 

using ImageJ (National Institutes of Health). Within the test regions which typically measured 120 pixels 

by 120 pixels, three different areas of 40 pixels by 40 pixels were analyzed in order to examine the effect 

of non-uniformities of the color development. The R, G and B values were then averaged and used to 

calculate the hue (H) intensities (Supplementary Tables A2.1 and A2.2) based on the following equation: 

H=4+(R-G)/(M-m) if M=B, or H=2+(B-R)/(M-m) if M=G  (1) 

where M=max(R,G,B) and m=min(R,G,B). Here the use of hue channel to investigate the test region color 

is convenient as in the range of our interest, hue intensity is found to increase monotonically as the ratio of 

red to blue color increases. The other advantages of using hue channels have been discussed elsewhere.17 

In our analysis, the test regions that did not develop any color were not considered.     

4.4 Results and Discussion 

4.4.1 Two-color multiplex assay operation principles   

Our two-color lateral flow assay consists of: the sample pad for accepting the sample, the conjugate pad for 

storing the detection probes, the nitrocellulose membrane for immobilizing the test and control region 

reagents, and the absorbent pad for collecting the waste mixtures (Figure 4.1a). To operate our test, the 

sample and chase buffer solutions are added to the sample pad sequentially as typically done for other 

traditional RDTs. Once wetted, the blue and red detection probes that have been dry-stored on the conjugate 

pad are released and become free to interact with all the sample IgGs and IgMs, respectively, including 

those associated with the AFIs of interest (Figure 4.1b). When the sample–probe mixture flows over the 

test regions, only the IgGs and IgMs to the targeted pathogens are captured at the respective test regions, 

and develops color due to the accompanying blue and red detection probes from the earlier interaction. 
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Further downstream, the control region immobilizes the secondary antibodies (i.e. anti-goat IgG) that 

capture both the blue anti-IgG and red anti-IgM detection probes based on their host species (i.e. goat), and 

develops mixed colors to confirm that the test has completed successfully.  Thus after checking to find the 

mixed color development on the control region, the operator can obtain diagnostic AFI information from 

the two-color assay by: (1) observing the color development on the test region where red, blue and mixed 

colors indicate the presence of IgGs, IgMs or both, respectively, and (2) determining the pathogen 

specificity of the detected IgG/IgM by noting the location of the test region under observation (e.g. two 

spatially separated test regions associated with DENV and CHIKV are shown as examples in Figure 1b). 

Here, such multiplexing is enabled by our use of anti-IgG and anti-IgM probes that serve as common agents 

in the IgG/IgM detection of different AFIs. This signifies that the two-color assay can be further multiplexed 

simply by introducing additional test regions (i.e. dispensing other recombinant pathogen molecules of 

interest such as Malaria, Chagas, Leptospirosis and Typhoid fever) and ensuring that the anti-IgG and anti-

IgM probes do not become limited during their interaction with the sample.  

4.4.2 Two-color duplex detection of anti-CHIKV IgG/IgM  

In Figure 4.2a, we first demonstrate our assay scheme for the duplex detection of anti-CHIKV IgG/IgM. 

As expected, only the blue color can be observed on the CHIKV test region when the sample contains the 

significant concentrations of anti-CHIKV IgG only. The blue color on the CHIKV test region is indicative 

of the blue latex–anti-IgG probes that have bound to the anti-CHIKV IgG in the sample, which in turn has 

been captured by the CHIKV molecules on the test region (Figure 4.2b). As the sample concentration of 

anti-CHIKV IgG is decreased and that of anti-CHIKV IgM is increased, the blue color diminishes and the 

red color begins to emerge which correlates to the increasing number of red latex–anti-IgM probes 

accumulating on the CHIKV test region. This color trend continues to the case where only the significant 

concentration of anti-CHIKV IgM is found in the sample, and the red color dominates the CHIKV test 

region. In Figure 4.2c, we confirm this trend by acquiring the R and B intensities from the CHIKV test 

regions. In addition, we show that hue intensity of the test region increases as expected when red color 
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shows a stronger presence over blue (Supplementary Figure A2.1). These results suggest that as currently 

optimized, our two-color lateral flow assay develops distinguished blue/red colors when the concentrations 

of anti-CHIKV IgG/IgM, respectively, are above 300µg/ml. As the concentrations of AFI related IgG/IgM 

in human blood are elevated significantly beyond 300µg/ml for those infected and found in much lower 

concentrations otherwise,18 this version of our assay has the potential to diagnose the presence of anti-

CHIKV IgG/IgM in point-care settings. Our novel assay scheme, in comparison to the commercial RDTs 

for duplex anti-CHIKV IgG/IgM detection that requires two separate test regions, is able to achieve the 

same level of multiplexing on just a single test region, which could lead to the reductions in the strip 

dimensions and material cost. 16  

4.4.3 Two-color 4-plex detection of anti-CHIKV IgG/IgM and anti-DEV IgG/IgM 

In Figure 4.3a, we demonstrate the multiplexing capabilities of our novel assay scheme that enables the 4-

plex detection of the IgG/IgM to the two distinct AFIs – CHIKV and DENV – on a single strip. The 

 

Figure 4.2: Single-spot duplex IgG/IgM test for chikungunya. (A) Color development on the test 

region of the two-color assay. (B) Schematic details of the test region interactions where blue and red 

colors correspond to the colored probes that have interacted with the anti-CHIKV IgG and IgM, 

respectively. (C) Image analysis for red and blue intensities on the test regions at different anti-CHIKV 

IgG/IgM concentrations. 
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colorimetric development on the CHIKV test region (left) can be observed to indicate the presence of anti-

CHIKV IgG and/or anti-CHIKV IgM above the pre-defined cut-off concentrations of 300µg/ml. In parallel, 

DENV test region (right) on the same strip provides information about the presence of anti-DENV IgG 

 

Figure 4.3:  4-plex IgG/IgM test for Chikungunya and Dengue on a single strip. (A) CHIKV test region 

(C; left) and DENV test region (D; right) developing red, blue or mixed colors for different diagnostic 

scenarios (B) Hue intensity of CHIKV and DENV test regions for the 4-plex strips 
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and/or anti-DENV IgM. On both test regions, we show that blue, red or mixed colors develop when the 

sample contains the pathogen-specific IgGs, IgMs or both, respectively, which could be used to correctly 

identify 12 different diagnostic scenarios involving anti-CHIV and anti-DENV IgG/IgM. In Figure 4.3b, 

we quantitatively confirm these observations by evaluating the hue intensity of the test regions. The results 

indicate that the presence of IgG, IgG/IgM, and IgM can be associated with three distinct ranges of hue 

values at 200-209, 227-247 and 262-290, respectively (summarized in Supplementary Figure A2.2). This 

ability to multiplex IgG/IgM tests of more than one pathogen on a single strip is unprecedented, and has 

the potential to facilitate the differential diagnosis of AFIs in the point-of-care settings. As the number of 

test regions increases and to accommodate the users with color-perception difficulties, the need for analyzer 

system becomes apparent. For the intended point-of-care applications, this requirement can be fulfilled 

using smartphone based analyzer systems that have been previously developed by our group19,20 and the 

others21,22 for similar applications. Besides the analytical capabilities, these systems could facilitate the AFI 

management by allowing quick communication of results via e-mail and collecting/tracking 

epidemiological data.23,24 

4.5 Conclusion 

In this work, we present a novel lateral flow assay scheme that relies on two-color detection probes to 

multiplex the detection of IgG/IgM to CHIKV and DENV on a single lateral flow assay strip. We show that 

by observing the color and location of the CHIKV and DENV test regions, our assay can indicate the 

presence of anti-CHIKV IgG/IgM and anti-DENV IgG/IgM. As our choice of the detection probes is 

commonly applicable in the detection schemes of different AFI-associated IgG/IgM tests, our assay could 

be easily multiplexed beyond the two AFIs presented here. Thus, this represents the significant step towards 

the development of a single point-of-care rapid test for the differential diagnosis of multiple AFIs, which 

could be integrated with smartphone reader systems to facilitate the results analysis and communication of 

diagnostic findings.  
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                                                                         Chapter 5: 

Autonomous device for application in late-phase hemorrhagic shock 

prevention† 

5.1 Abstract 

Hemorrhagic shock (HS) is the leading cause of death for people with traumatic injuries. The onset of HS 

is correlated with marked changes in the plasma vasopressin levels and some studies indicate that 

administrating vasopressin in the bloodstream can help stabilize the situation. This situation calls naturally 

for the use of implantable devices for both the monitoring and treatment of HS. In this work, we present a 

self-powered hemorrhagic-shock autonomous integrated device (hemoAID) that continuously monitors 

vasopressin levels and releases vasopressin automatically when levels drop below a certain threshold. The 

hemoAID system consists of: (1) aptamer-based biosensor for detecting pM changes of vasopressin levels, 

(2) on-board drug delivery system for administration of vasopressin, and (3) non-enzymatic glucose fuel 

cell for powering these components. We demonstrate that the device can operate at physiological 

concentrations of vasopressin, in sheep serum, thus paving the way towards the development of an 

autonomous implantable device for HS prevention. 

 

 

† This chapter was reproduced from:  

 Oncescu, V.*, Lee, S.*, Gumus, A., Karlsson, K., Erickson, D. (2014) “Autonomous device for 

application in late-phase hemorrhagic shock prevention”. PloS-ONE. 9(2): e89903 *These authors 

have contributed equally to the paper 

 He, P., Oncescu, V., Lee, S., Choi, I., and Erickson, D. (2012) Label-free electrochemical 

monitoring of vasopressin in aptamer-based microfluidic biosensors. Analytica Chimica Acta. 

759: 74-80 
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5.2 Introduction  

Over the past decade, implantable autonomous microsystems have been developed to counter life-

threatening medical conditions and to improve patient care by replacing cumbersome treatment procedures1-

3. As such, a growing number of patients now depend on implantable cardioverter defibrillators4, gastric 

stimulators5, cardiac pacemakers6 and artificial organs7-9 for survival. In such cases, the severity and 

urgency of the medical condition override the high cost and risk of the invasive surgery that is required. On 

the other hand, some situations call naturally for implantable medical devices to continuously monitor 

physiological changes in patients or to deliver treatment through pre-determined and repeated drug delivery. 

For instance, continuous glucose monitoring devices have found their market by increasing the efficacy of 

diabetes treatment and by helping patients monitor real-time variations in their blood glucose levels due to 

insulin and food intake, exercise, and other factors. Recently, Farra et al.10 demonstrated an implantable 

drug delivery microchip that operates for up to 3 weeks and eliminates the need for daily physician-assisted 

injections for patients with osteoporosis. While these developments have been successful at independently 

performing sensing11,12 and drug delivery13, developing implantable medical devices capable of achieving 

both of those functions simultaneously would be suitable for a number of applications14. One such case is 

the detection and treatment of traumatic injuries such as hemorrhagic shock (HS).   

Studies have correlated the onset of HS with marked changes in the plasma vasopressin levels15,16. Morales 

et al.15 have conducted a set of canine experiments where vasopressin levels showed a marked increase at 

the onset of hemorrhage (to as much as 319pg/mL) followed by a fall to well below the normal physiological 

level (29pg/mL) as hemorrhage progressed. In addition, evidence suggests that replenishment of 

vasopressin at this stage can reverse hypotension in patients17,18. Krismer et al.19 have reported case studies 

where dosages of 100 – 160 IU vasopressin led to hemodynamic stability with sinus rhythm in HS patients 

within 2min and patient survival without additional treatment of up to 90min. Therefore, vasopressin can 

serve as both a biomarker indicative of a critical injury state and a therapeutic agent for treating it. 
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Developing an implantable autonomous device that can provide initial medical treatment when physician 

care is not readily available is highly suitable in this case. 

 In this Chapter, we present a self-powered hemorrhagic-shock prevention autonomous integrated device 

(hemoAID) that continuously monitors vasopressin levels in solution and releases vasopressin 

automatically when vasopressin levels drop below a certain threshold. We demonstrate that the device 

works at physiological concentrations of vasopressin in sheep serum. This represents the first steps towards 

the development of an implantable, self-powered microfluidic device for late-phase HS prevention. In the 

next sections, we introduce the hemoAID, demonstrate the operation of the device during rapid changes in 

vasopressin concentration, and proceed by discussing the characteristics of the sensing, drug delivery and 

power units. In the “Conclusion and Future Prospective” section, we discuss some of the issues that need 

to be addressed in order to move toward a fully integrated autonomous implantable hemoAID. 

5.3 Results and Discussion 

5.3.1 hemoAID system overview  

The hemoAID device shown in Figure 5.1a consists of a nanowire biosensor for detecting changes in 

vasopressin levels, an on-board electrochemically driven drug delivery system for administration of 

vasopressin, and a non-enzymatic glucose fuel cell for powering the system. Those three main functional 

components are integrated inside a 2cm3 package. In this prototype version the electronic control system is 

external to the system and uses the circuit shown in Figure 5.1b. External housing of the circuitry was done 

to facilitate prototype development and could be integrated into the system in the future.  

5.3.2 Integrated device operation in flow network 

In order to demonstrate its operation, the hemoAID device was placed inside a closed chamber within a 

fluid network designed to simulate the physiological vasopressin states of late-phase HS patients. 
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According to a clinical study by Jochberger et al.20 vasopressin concentration for patients with hemorrhagic  

shock rises from the normal 6±3pM range to 52±30pM as the body tries to reverse hypotension by releasing 

vasopressin. Following this initial increase, the level of vasopressin starts decreasing, which indicates the 

onset of late phase hemorrhagic shock. At that point, administering a high dose of vasopressin can 

temporarily stabilize the situation. Here, we demonstrate the operation of the hemoAID at those 

physiologically relevant vasopressin concentrations. The test chamber housing the integrated device 

(Figure 5.2a) is initially filled with 100pM vasopressin solution, which corresponds to the high initial value 

(52±30pM) of blood vasopressin for patients prior to late-phase HS onset. The vasopressin concentration 

is then progressively lowered by introducing 10pM solution into the chamber using a VWR Mini-Pump at 

a flow-rate of 0.115mL/s. The decrease in vasopressin concentration, indicating late-phase HS, causes an 

increase in conductivity resulting in a voltage output drop across the nanowire sensor at constant current. 

The voltage drop across the sensor can be correlated to the vasopressin concentration, as we will discuss in 

the next section. As shown in Figure 5.2b, the sensor’s voltage decreased over 14 minutes in response to 

 
Figure 5.1: hemoAID system overview and schematic of electrical connections. (A) Integrated device 

consisting of a biosensor, drug delivery and fuel cell unit (B) schematic of the electrical connections 

between the different components of the hemoAID 
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the decrease in vasopressin levels. Upon reaching a pre-determined 15% decrease in vasopressin 

concentration, corresponding to 0.25% voltage decrease ratio, the drug delivery is activated autonomously 

by the application of 35V between the top and bottom electrodes which results in the release of 16μL of 

highly concentrated (200μM) vasopressin. The localized vasopressin release was detected successfully by 

the sensor as can be seen in Figure 5.2b. This temporary increase in vasopressin would allow a patient to 

survive until further medical assistance can be provided.  

The data obtained from the sensor is in the form of a voltage at the supplied current of 60mA. This can be 

transformed into a resistance change that is related to the vasopressin concentration change in solution via 

the following experimentally derived equation:  

∆[VP] = 57.64 ∆R + 102.68             (1) 

In the above equation Δ[VP] is in pM and ΔR is a % change in resistance. The relationship between changes 

in resistance and concentration is further discussed in the next section and is based on experiments presented 

elsewhere.21 

 
Figure 5.2: hemoAID system operation. (A) setup for integrated device testing (B) sensor detected 

vasopressin levels during experiment simulating decrease in vasopressin. The inset shows the 

vasopressin drop before the drug delivery is activated (simulating the onset of late-phase HS). The line 

at 720s shows the point at which drug delivery is activated  
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5.3.3 Bio-sensing ability of integrated device 

The nanowire biosensor we have developed and integrated in the hemoAID allows for the detection of pM 

changes in vasopressin concentration. Immobilized aptamer molecules on the nanowire biosensor act as 

electrical bioreceptors for the surrounding vasopressin. Reversible vasopressin binding leads to changes in 

conductivity through the carbon nanotube (CNT) detection zone (Figure 5.3a). The sensor is based on a 

device developed previously and the detailed microfabrication steps are presented elsewhere21. In this 

section, we demonstrate the sensing ability of the hemoAID to detect gradual changes in vasopressin levels 

by performing several characterization experiments. First, we show the reversibility of our sensor’s 

detection mechanism by monitoring the sensor response to alternating vasopressin concentrations in a single 

experiment. The biosensor was placed into a custom packaging as shown with micro-channels as shown in 

Figure 5.3a and 0.01M Phosphate Buffer Saline (PBS) solution was introduced through one inlet until the 

output current was stabilized. The flow of 0.01M PBS was stopped after 20s and 10µM vasopressin was 

allowed to flow through the other inlet, which was again replaced by a PBS injection after another 30s. As 

shown in Figure 5.3b, the initial introduction of 10µM vasopressin results in a current decrease through the 

sensor almost instantaneously which is a consequence of depletion of charge carriers on the CNTs due to 

vasopressin to aptamer binding. The recovery of current upon 0.01M PBS injection at t= 50s is due to the 

release of vasopressin molecules from the immobilized aptamer which demonstrates the reversible nature 

of the binding events. The slower rate of current change during the dilution could be attributed to the low 

dissociation constant of aptamer-vasopressin complex, confirming the high affinity of aptamer molecules 

to vasopressin22. This experiment demonstrates the biosensor’s rapid reversibility even when a high 

vasopressin concentration causes large changes in resistance, uncommon under normal physiological 

conditions.  

In addition, we show that the sensor can be used to monitor physiologically relevant changes in serum 

vasopressin concentration. In Figure 5.3c, the biosensor is subjected to continuous variations in vasopressin 

by flowing sheep serum with 100pM, 50pM, 10pM and 0pM of added vasopressin in the respective order 
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for a period of 150s at each concentration. With each dilution, the current through the sensor increases as 

expected due to the release of vasopressin from the immobilized aptamers. In Figure 5.3d we show the 

percentage change in current from the initial no vasopressin case due to the addition of 10pM, 50pM and 

100pM vasopressin. The bar graph represents the average of 5 experiments that were performed by 

 
Figure 5.3: hemoAID biosensor characterization. (A) Schematic of the nanowire biosensor, optical 

images (i,ii) and SEM images (iii,iv) of the CNT patterned gold electrodes, and picture of the flow 

through system (B) demonstration of sensor reversibility (C) current change due to change in 

vasopressin concentration in sheep serum. At t=0 100pM vasopressin solution is introduces followed 

by 50 pM, 10pM and sheep serum with no additional vasopressin (D) Percentage decrease in current 

from the initial no vasopressin case due to different vasopressin concentration in sheep serum (average 

of 5 experiments)   
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continuously varying the concentration of vasopressin as shown in Figure 5.3c, with the error bar 

representing the range between the highest and lowest reading. These experiments demonstrate that the 

sensor can detect physiologically relevant changes in vasopressin in serum.  

The high current used to increase the sensitivity of the sensor in the previous section can be decreased by 

changing the design of the sensor to increase its resistance either by decreasing the thickness of the nanowire 

sensing area on which APTMS is immobilized or by integrating several such nanowires in series. With 

these improvements, the sensor can be used for detection of vasopressin in interstitial fluid where changes 

in vasopressin are gradual and not affected by pressure changes in the bloodstream.  

5.4.4 Stabilizing vasopressin levels through drug delivery 

In this section we demonstrate the integrated device’s mechanism to stabilize vasopressin levels through 

the in-parallel operation of the drug delivery system (Figure 5.4a) with the biosensor. Time-controlled 

ejection of vasopressin based on electrochemical principles as shown in Figure 5.4b has been demonstrated 

in previous publications.23,24 To release vasopressin, electrical potential is applied between the top and 

bottom electrodes which results in two distinct reactions. The first is the electrolytic reaction in the reservoir 

that causes gas bubble formation and pressure build-up as a result. The second is the reaction between the 

chlorine ions in the buffer solution and the gold capping membrane to form a water soluble complex that 

gradually dissolves until it ruptures with increasing pressure of the reservoir.  In the experiment presented 

 
Figure 5.4: hemoAID drug delivery characterization (A) assembly of the drug delivery unit (B) 

vasopressin ejection over 25sec of applied voltage (C) increase in biosensor voltage due to drug delivery   
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in Figure 5.4c, the sensor and the capping membrane of the drug delivery system were aligned 50mm apart 

using a custom holder and immersed in a 0.01M PBS solution. After approximately 162s, the voltage output 

has stabilized (at t=0s on the graph), and the drug delivery was initiated by the application of a 35V potential 

between the top and bottom electrodes of the drug delivery system. The electrochemical ejection procedure 

has been imaged to suggests the onset of gold membrane rupture 5s after the potential application24 and a 

sustained spike in voltage is first observed after 25s. The small magnitude of this signal (0.25mV) and the 

slow response of the sensor are due to large distance between the sensor and the drug delivery device. In 

the integrated hemoAID device, and the experiment in Fig 2b the sensor is placed 5mm in front of the 

sensor and the release of 16μL vasopressin solution at 200μM causes a much more rapid and larger voltage 

increase of 3.7%. This experiment demonstrates the ability of the sensor to monitor sudden changes in 

vasopressin concentration due to drug delivery by measuring the increase in voltage even when the two 

components are not in direct proximity.  

5.4.3 Powering of integrated device  

Instead of using the fuel cell unit directly to power the device, a small rechargeable battery shown in Figure 

5.5a is used as an intermediate in order to decrease power supply fluctuations. In addition this also allows 

excess energy to be stored and used for the one-time operation of the drug delivery device.  

 
Figure 5.5: hemoAID fuel cell unit characterization.  (A) Power unit consisting of a 1cm3 fuel cell unit 

in 5mmol glucose solution at 8% O2 saturation and an external rechargeable battery (B) 

chronoamperometric response of the fuel cell unit at 0.1 V in 0.01 M PBS solution and 5mmol glucose 

solution over a period of 10h (C) discharge profile for the rechargeable battery at an operating current 

of 100µA c) charging profile for the battery using the fuel cell unit 
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The power consumption for the integrated device with the sensor operated continuously is around 60mA at 

3V. This is well above what can be supplied by a 1cm3 fuel cell unit (20µA at 0.15V) however most of the 

power is required by biosensor since the change in resistivity across the detection area is directly 

proportional to the current applied. Although decreasing the current supply is in theory possible, this results 

in lower detection sensitivity. However, the microcontroller only requires 60 to 70A at 3V to operate and 

we can operate the sensor at discrete time intervals, thus greatly reducing the power consumption of the 

system and making it possible to operate the system using a 1 cm3 fuel cell unit. In Figure 5.5b we show 

the chronoamerometric response of the fuel cell unit (composed of 12 stacked single layers) at 0.1V in 

0.01 M PBS solution (pH 7.4) and physiological levels of glucose and oxygen (5mmol glucose, 8% oxygen 

saturation) over a period of 10 hours. In Figure 5.5c we show the discharge profile of the Thinergy MEC225 

with an operating current of 100A. By continuously charging the Thinergy battery the system can operate 

continuously over a long period of time and avoid the power fluctuations typical of glucose fuel cell units 

(±4% as can be seen in Figure 5.5b).  

5.4 Conclusion and Future Perspectives 

In this Chapter, we have introduced the hemoAID, a device that can be used to detect a gradual drop in 

vasopressin concentration, corresponding to the onset of late-phase hemorrhagic shock, and deliver a highly 

concentrated dose of vasopressin to help stabilize the situation. We have demonstrated its operation in a 

controlled fluidic environment in which a 15% drop in vasopressin concentration was sensed and 

automatically triggered the activation of the drug delivery system. We discussed the sensor’s mechanism 

and ability to operate in a complex medium such as sheep serum thus opening the door to the development 

of an implantable device for late phase hemorrhagic shock prevention. 

Miniaturization and in-vivo testing are the next steps in the development of an implantable hemoAID. The 

operation of the individual components of this device, or similar technologies, have been demonstrated 

elsewhere in-vivo or in serum. The vasopressin drug delivery system presented here is based on a device, 
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by Chung et al., that allows controlling the rate of drug ejection and has been later shown to operate in-vivo 

in Manduca sexta moths25. In that work the drug delivery devices are sealed using biocompatible wax and 

implanted in the moths for over 2 days demonstrating stability of vasopressin during storage and upon 

electrochemical ejection. Other groups have developed similar micro-electro-mechanical-systems(MEMS) 

for rapid delivery of vasopressin and have demonstrated biocompatibility and long term vasopressin storage 

without degradation26. Some preliminary in-vivo studies in rabbits have been reported by H. L. Ho. Duc 

where a 20µL dose of 100µg/kg vasopressin solution is delivered subcutaneously and an increase in plasma 

vasopressin levels was observed to reach a stable concentration after about 1h27. These experiments 

demonstrate that such drug delivery technology is suitable for implantation and that the amount of 

vasopressin required is not an obstacle. The hemoAID reservoir contains approximately 16µL of 

concentrated vasopressin solution (200μM) or approximately 1.4 IU. When the device is loaded with a 

saturated solution of Arg8-vasopressin (400 IU/mg with 20 mg/ml solubility28) it is able to deliver a 

maximum of 128 IU. This falls within the range of vasopressin levels required to temporarily maintain a 

late-HS patient alive as discussed previously. Multiple drug delivery reservoirs can be integrated to deliver 

vasopressin over a longer period of time without substantially increasing the volume of the device as was 

done by Chung et al.29 

In our previous work we have demonstrated the in-vivo operation of the drug delivery system after a 2 day 

implantation period in moths.25 For a longer implantation period, as would be required for late phase sceptic 

shock prevention, a two reservoir system can be used in order to allow the drug to remain in solid 

lyophilized form until the device is electrochemically activated.27 The operation principle of the drug 

delivery system would remain the same; however one reservoir would contain the lyophilized drug and the 

other the reconstruction media. The stability of vasopressin following electrochemical ejection from our 

device was investigated using MALDI-TOF/TOF mass spectroscopy in the appendix of a previous work.23 

Strong vasopressin peaks were observed for the ejected contents after application of a 12V potential for 

5min indicating that only a small fraction of the vasopressin was oxidized during the ejection process. 
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In the current form, the device is integrated in a 3cm3 packaging with the fuel cell occupying about 1cm3 

and the circuitry being external to the device. The miniaturization of similar circuitry has been demonstrated 

by Gumus et al. for application in in-vivo uric acid sensing on domestic chicken.30 We envision the final 

version of the hemoAID, with multiple vasopressin drug delivery reservoirs, on-board circuitry and coated 

in biocompatible wax, to be suitable for sub-cutaneous implantation. 

5.5 Materials and Methods   

5.5.1 System design and assembly 

The non-enzymatic glucose fuel cell is used to continuously charge a small rechargeable battery (Thinergy 

MEC225) that is then used to power a low power microcontroller (MSP430F2012, Texas Instruments, TX, 

USA). This set-up allows the device to operate steadily even with significant fluctuations in the power 

output of the fuel cell unit. During device operation, the sensor is driven by an adjustable 2-terminal current 

source (LT3092, Linear Technology, Milpitas, CA, USA) at 60 mA. The resistivity of the sensor changes 

with the amount of vasopressin in solution, which results in detectable voltage change over the biosensor. 

In order to improve sensitivity, the voltage is amplified using a non-inverting amplifier (Maxim Integrated, 

CA) before being detected using a low power microcontroller’s analog to digital converter (ADC). If the 

voltage is lower than the pre-determined threshold, the microcontroller enables the corresponding output 

pin to activate the drug delivery system. In order to increase the discharge rate of vasopressin in the drug 

delivery device, the base voltage (3V) is converted to 35V with a micropower step-up DC/DC converter 

(LT3464, Linear Technology, Milpitas, CA, USA). 

5.5.2 Biosensor fabrication  

The detection region of the sensor was patterned on a 4-inch silicon wafer using general photolithography 

and surface-treated with (3-aminopropyl)trimethoxysilane (APTMS) using MolecularVapor Deposition 

Tool (MVD 100). The aminosilanes from the surface treatment were covalently linked with COOH-
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functionalized multiwalled carbon nanotubes (Cheap Tubes Inc.) to serve as carriers of aptamer receptors. 

The scanning electron microscope (SEM) images of immobilized carbon nanotubes have been reported in 

our previous work21. Electrodes to the detection zone were lithographically patterned, followed by 5nm 

chromium/60nm gold deposition using a CHA Mark 50 e-Beam Evaporator. The wafer was diced into 

0.8cm x 0.5cm pieces which represents significant size reduction from the previous design that measures 

5cm x 5cm. 

To immobilize the aptamer molecules on the carbon nanotube surface, an activation layer was first created 

by pipetting a mixture of 0.4 M 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (Geno Technology) and 

0.1 M N-hydroxysuccinimide (MP Biomedicals LLC) in 1:1 volume ratio. The droplet was maintained for 

3 hours at room temperature and cleaned with DI H2O wash and N2 dry. Subsequently, 0.1 μM aptamer 

solution was pipetted on the surface-treated carbon nanotubes and maintained for 24 hours at room 

temperature. The premature drying of the droplets for surface modifications was prevented by placing the 

sensors in a humidified chamber.  

5.5.3 Drug delivery device fabrication  

The drug delivery consists of three subcomponents: a top layer with a patterned gold electrode and 

suspended capping membrane, a bottom layer with a patterned gold counter-electrode and custom 

packaging to hold the two layers and define a microreservoir for vasopressin storage. To release 

vasopressin, electrical potential is applied between the top and bottom electrodes which results in two 

distinct reactions. The first is the electrolytic reaction in the reservoir that causes gas bubble formation and 

pressure build-up as a result. The second is the reaction between the chlorine ions in the buffer solution and 

the gold capping membrane to form a water soluble complex that gradually dissolves until it ruptures with 

increasing pressure of the reservoir.  Fabrication procedures for the top silicon structure are described in 

details in a  previous publication.13 Briefly, silicon nitride was deposited on both sides of a silicon wafer 

using low pressure chemical vapor deposition (LPCVD) followed by gold deposition on the top and 

patterning for reservoir location on the bottom. The wafer was later immersed in potassium hydroxide 
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(KOH) overnight and reactive ion etching was used to remove the silicon nitride in the patterned reservoir 

location, leaving a 100μm x 100μm gold capping membrane. Modifications in our new architecture regard 

the other two components of the device and serve to facilitate subcomponent fabrication and assembly. The 

replacement of a gold deposited Pyrex layer with a single gold electrode eliminates the standard lift-off 

processing before the gold deposition. Furthermore, the custom packaging is used in place of PDMS in 

order to facilitate assembly protocol and reduce leakage of vasopressin through the PDMS. The assembled 

components were sealed with epoxy adhesive. 

5.5.3. Power unit integration 

A non-enzymatic glucose fuel cell, connected to a rechargeable battery, is used to power the microcontroller 

and other electrical components of the hemoAID. Lithium batteries were not used here since their short 

life-time makes them unsuitable for long term autonomous implantable devices with power requirements 

superior to that of pacemakers.31Non-enzymatic glucose fuel cells are promising power sources in such 

devices due to good long-term stability and adequate power density. Here, we are using the stacked single 

layer configuration that we have presented previously32 to demonstrate integration within the autonomous 

integrated device. The 1 cm2 single layer fuel cells are patterned directly on 500 µm thick fused silica 

substrates. A Raney-type Pt/Ni alloy was used as anode for glucose oxidation and a Pt/Al alloy as cathode 

for oxygen reduction because of increased selectivity as discussed elsewhere.33,34 The fuel cell unit is 

composed of 12 single layer fuel cells that are connected externally in parallel to form a fuel cell stack and 

integrated inside of custom holder with a volume of approximately 1 cm3. 
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                                                                          Chapter 6: 

Conclusions and future perspectives 

6.1 Summary 

In this dissertation, we have discussed the development of smartphone-based biosensor systems for 

nutrition diagnostics and preventive care at the PON. These systems have enabled complex biochemical 

reactions to be carried out away from the conventional laboratories, which could be exploited for various 

personalized health monitoring applications.  

In the first part of the thesis, we focused on the global issue of micronutrient deficiencies. In Chapter 1, 

we discussed the opportunities in PON nutrition diagnostics, nutritional biomarkers used in the assessment 

of nutritional status, and the state-of-the-art diagnostics technologies, some of which are being integrated 

with the smartphone technology for utilizing its imaging, computing and communication functionalities at 

the PON. In Chapter 2 we presented our vision of the NutriPhone – a mobile platform for personalized 

monitoring of micronutrient deficiencies, and discussed the development of the initial prototype system for 

measuring vitamin D levels. The NutriPhone system consists of a test strip (i.e. biosensor system) for 

immunodetection of 25(OH)D, a smartphone accessory for capturing the strip images, and an app for 

analyzing the colorimetric signals on the test strip. We demonstrated that the system can accurately quantify 

physiological levels of 25(OH)D in sheep serum with an accuracy of 15nM and a precision of 10nM without 

the reliance on conventional laboratory equipment. In Chapter 3, an advanced version of the NutriPhone 

was demonstrated for PON vitamin B12 analysis of whole blood samples in 15 min. Here we developed our 

B12 biosensor as a lateral flow immunoassay and capitalized on the exceptional on-chip blood sample 

processing and biochemical reagent storage capabilities of these systems; furthermore, we achieved the 

quantification of B12 in the sub-nmol/ml range by incorporating a novel “spacer pad” which increased the 
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duration of the key immunoreaction. The effectiveness of the NutriPhone system was validated in a 

domestic human trial in which it was used to correctly diagnose the B12 status of 12 human participants. 

In the second part of the thesis, we examined two areas in preventive care in which enabling early diagnosis 

at the PON is considered crucial for the proper patient management. One such area is that of acute febrile 

illnesses (AFI), which can be caused by a various infectious agents (e.g. CHIV, DENV, Malaria, Chagas, 

Leptospirosis, Typhoid fever, etc.). As discussed in Chapter 4, the rapid differential diagnosis of these 

agents is widely needed, and is partly being enabled by the lateral flow RDTs whose performance is 

currently limited to the detection of IgG/IgM against a single pathogen. Here we presented a novel lateral 

flow assay scheme using just two color labels for 4-plex detection of anti-CHIV and anti-DENV IgG/IgM 

on a single biosensor platform, and validated its performance by using it to diagnose 12 different diagnostic 

scenarios. We also showed that smartphones could be incorporated in the future to perform the colorimetric 

analysis of the biosensor outputs at the PON. The second area in preventive care that we examined in this 

thesis is that of traumatic injuries, example of which includes late-phase hemorrhagic shock (HS). In 

Chapter 5 we discussed that for HS, vasopressin can be used as both the biomarker for its early diagnosis 

and the therapeutic agent for stabilizing the patients. Based on this, we demonstrated a prototype for an 

autonomous integrated medical device which incorporates: an aptamer-based affinity biosensor for the 

electrochemical detection of pM levels of vasopressin, an electrochemical active drug delivery device for 

automatically releasing vasopressin at the onset of HS, and a glucose fuel cell for powering the whole 

device.   
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6.2 Future Perspectives  

6.2.1. Opportunities for PON vitamin D testingi 

In Chapter 3, we realized a rapid PON test for vitamin B12 deficiency by developing it as a lateral flow 

assay with the inherent capabilities for on-chip blood processing and reagent storage. Based on a similar 

approach, a PON test for vitamin D deficiency could also be achieved in the near future. Currently there is 

a challenge in adapting the traditional lateral flow assay scheme to the vitamin D detection due to the assay’s 

inability to perform sample pre-treatment. As discussed in Chapter 2, an essential step in the vitamin D 

immunoassays on the market is the separation of the 25-hydroxymolecules (25(OH)D; the best known 

indicator of vitamin D status in humans) from the vitamin D binding proteins (VDBP) which bind 95-99% 

of 25(OH)D and thereby hinder their interaction with the antibodies for 25(OH)D1. Although such a 

separation step is incompatible with traditional lateral flow assays, our innovation around the spacer pad 

(Chapter 3) has the potential to change this predicament, and lead to the development of lateral flow assays 

for vitamin D deficiency testing. As shown in Figure 6.1a and 6.1b, the spacer could be incorporated and 

allow incubation of the VDBP-bound 25(OH)D mixtures with the releasing agent (i.e. acetonitrile) to let 

the free 25(OH)D molecules to proceed to the test and control lines.  

6.2.2 Opportunities for expanding the target nutritional biomarkersii 

In our most recent version of the NutriPhone, the use of smartphone technology enabled our system to 

obtain quantitative B12 information from conventionally qualitative RDT systems in PON settings. Such a 

detection principle could be applied to other RDT systems, NutriPhone system could be expanded for the 

                                                      

i The ideas behind this section are elaborated in:  

Erickson, D., Lee, S., Mehta, S. (Nov. 2015). Competitive lateral flow assay for point-of-care quantification of blood 

vitamin B12 and vitamin D levels. Application Number: 62/256,946. 

 
ii The ideas behind this section are elaborated in:  

Erickson, D., Lee, S., Mehta, S. (Nov. 2015). NutriCard: multiplex point-of-care test for blood nutritional biomarkers. 

Application Number: 62/256,936. 
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diagnosis of other micronutrient deficiencies simply by developing additional RDT technologies for the 

known nutritional biomarkers (Table 1.1). Furthermore, some of the biomarkers with similar molecular 

characteristics could be multiplexed into a single platform. Figure 6.2a demonstrates a 3-plex test for 

retinol-binding protein (RBP), ferritin and CRP whose considerably big molecular weights of 25, 21, 26 

 

Figure 6.1: Vitamin D testing at the PON. (A) vitamin D lateral flow assay architecture with a 

acetonitrile-treated spacer pad  (B) Vitamin D test operation where Vitamin D test in which (i) the user 

collects a raw blood sample using a finger prick, (ii-iii) applies the blood sample along with a releasing 

agent to perform the necessary sample treatment in ~5min incubation, (iv) applies the running buffer to 

initiates a flow onto the nitrocellulose pad where test and control lines are immobilized and (v) obtains 

the results 
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kDa respectively allow for their sandwich-type detection in a standard RDT format. The assay using this 

concept indicates deficiency results for vitamin A and iron based on the RBP and ferritin levels respectively, 

and these results are validated by checking for a presence/absence of inflammation based on the CRP levels. 

The limitation of the aforementioned approach is the difficulty in multiplexing the detection of biomarkers 

that require distinctly different levels of sample pre-processing (e.g. vitamin D assay that requires initial 

sample incubation with acetonitrile) and/or signal amplification (e.g. vitamin B12 assay that requires silver 

enhancement of the signals at the end to achieve pmol/L levels of detection). 

 

Figure 6.2: Multiplexing Strategies for NutriPhone. (A) 3-plex test for vitamin A, iron and C-reactive 

protein; developed as a sandwich-type latera flow assay where RBP, ferritin and CRP are biomarkers 

for vitamin A, iron and inflammation status respectively (B) “NutriCard” technology; composes of a 

plastic cartridge that incorporates lateral flow assays, and defines fluid network for distributing the 

chemical reagents and samples.  

 

 

 

Figure 
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Moving further forward, we could achieve multiplexing of these distinctly different lateral flow strips into 

a single “NutriCard” platform. As shown in Figure 6.2b, the test strip is composed of a plastic cartridge that 

houses the lateral flow assays for vitamin B12, vitamin D and 3-plex test for vitamin A, iron and CRP, and 

defines a fluid network for distribution of key chemical reagents. Using this test, the user benefits from the 

speed and simplicity of the traditional rapid diagnostic tests, while at the same time having the abilities to: 

(1) multiplex for different targets and (2) amplify the test strip signal without the need to perform extra 

procedures. These enhanced capabilities would be enabled through the cartridge’s microscale fluid network 

design which preciously controls the timing and location of the reagent delivery to and from the standard 

membrane components that have been widely accepted in rapid diagnostic tests (e.g. blood filtration 

membrane). 

To operate the NutriCard test, the user applies a drop of blood onto the filtration membrane that is 

incorporated in the multiplex test strip. The user then applies buffer droplets onto the buffer inlet which 

initiates the plasma to flow to the lateral flow strips for vitamin B12, vitamin D and 3-plex test via the 

separating fluid channels. Simultaneously the buffer application initiates a flow in the upper channel which 

carries the silver enhancer solutions stored within the membranes to the lateral flow strips. Because the 

upper channels has a longer, tortuous design, the fluid inside reaches the vitamin B12 lateral flow strip ~10 

minutes after the plasma sample, which is the desired time delay to expose the test strips to the enhancement 

solutions. Here the enhancement would be used for vitamin B12 but not the other biomarkers as vitamin B12 

is found in very low concentrations (pg/ml) blood2 but not for the other biomarkers whose detection range 

is higher (nmol/L –µmol/L)3,4 and allows the detection without the enhancement. The test could be 

expanded further to include a wider range of micronutrients and allow a comprehensive nutritional analysis 

from just a finger prick of blood. 

6.2.3 Opportunities for the two-color assay – FeverPhone 

In the near future, the exceptional multiplexing capabilities of our two-color lateral flow assay (Chapter 4)  

can be explored further; as discussed in Chapter 4, this can be achieved simply by introducing additional 
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test lines of different target pathogen molecules such as Chagas, Leptospirosis, Malaria, Typhoid etc. In 

Figure 6.3, we show the two-color lateral flow assay architecture with a test line region that has been 

modified to enable the multiplex IgG/IgM detection against Chagas, Leptosprisois, DENV and CHIKV. As 

in the previous version, the assay uses blue and red encodings to discriminate between the IgGs and IgMs, 

while the pathogen specificity is determined by observing the test line location of the color development.  

Therefore for the assay presented in Figure 6.3, there is a potential to achieve 8-plex detection of IgG/IgM 

antibodies to Chagas, Leptosprisois, DENV and CHIKV using just two-color probes.  

Ultimately, these advancements could lead to the development of FeverPhone, a smartphone-based system 

for rapid, comprehensive, differential diagnosis of causes behind acute febrile illnesses. The smartphone, 

besides its role as an analytical tool, can be used to better monitor the patients and track the diseases.   

  

 

 

 

 

 

Figure 6.3: Two-color lateral flow assay for multiplex IgG/IgM detection of several febrile illnesses.  
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               Appendix 1: 

Supplementary information for Chapter 3 

 

 

Figure A1.1: 1st generation NutriPhone accessory for iPads 
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Figure A1.2: Receiver Operating Characteristic (ROC) curve for the NutriPhone human trials. The 

legend shows the B12 cut-off points, and the dotted line shows the reference line.   
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                                                                       Appendix 2: 

Supplementary information for Chapter 4 

Table S.1 Test region red/green/blue/hue intensities at different CHIKV IgG/IgM concentrations  

CHIKV IgG/IgM 

concentration 

[μg/ml] 

R intensity* G intensity* B intensity* Hue intensity 

0/600 159.32 210.35 250.36 206.36 

150/450 169.29 197.84 242.06 216.45 

300/300 184.79 200.85 237.46 221.70 

450/150 200.41 197.51 231.28 245.15 

600/0 204.44 183.71 225.19 269.97 

*average values; in range 0-255 
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Table S.2 Test region red/green/blue/hue intensities for different test strip/regions in 4-plex testing 

Test Strip/Region 

ID 
R intensity* G intensity* B intensity* Hue intensity 

① 
DENV 212.204 204.518 224.618 262.9433 

CHIV 216.733 201.066 223.519 281.8661 

② 
DENV 214.554 191.094 240.343 268.5813 

CHIV Test region did not develop colors 

③ 
DENV Test region did not develop colors 

CHIV 213.846 160.614 223.378 290.8878 

④ 
DENV 172.494 223.006 252.575 202.1543 

CHIV 158.632 218.455 249.947 200.6923 

⑤ 
DENV 164.7 216.083 251.02 204.2843 

CHIV Test region did not develop colors 

⑥ 
DENV Test region did not develop colors 

CHIV 135.397 200.066 245.636 204.8025 

⑦ 
DENV 140.068 193.353 244.441 209.3685 

CHIV 209.939 175.355 230.87 277.378 

⑧ 
DENV 203.236 177.782 227.576 270.6712 

CHIV 160.929 203.087 243.918 209.5203 

⑩ 
DENV 211.813 186.983 241.995 267.0814 

CHIV 165.725 182.562 251.312 228.1966 

⑪ 
DENV 170.395 185.021 241.316 227.6262 

CHIV 207.526 174.821 233.403 273.4966 

⑫ 
DENV 180.676 182.326 240.405 238.3425 

CHIV 113.967 198.994 248.89 202.1887 

*average values; in range 0-255 
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Figure S.1 Test region hue intensity at different CHIKV IgG/IgM concentrations. Hue values are 

presented in Table S.1 
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Figure S.2 Hue intensity and associated diagnostic scenarios from 4-plex testing of anti-CHIV and 

anti-DENV IgG/IgM 

 


