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     Access to diagnostic testing and screening technologies helps to improve patient care 

by enabling early treatment and monitoring of patient condition. Most of these 

technologies, however, rely on laboratory infrastructure and are expensive and time-

consuming. In many limited-resource settings, these challenges are too great to 

overcome, preventing patient access to early diagnosis and screening. Point-of-care 

diagnostic technologies are designed to fill this need, providing low-cost, easy-to-use, 

and rapid testing. Lateral flow assays (LFAs) represent a simple platform for biomarker-

based point-of-care diagnostics with very low cost and a rapid result. Antigen-antibody 

binding forms the basis of these tests, with labeled antibodies or proteins typically 

providing an optical signal that can either be seen by eye or analyzed using imaging 

devices. Microfluidic assays are another form of biomarker analysis that can be 

designed to incorporate more complex assays with more steps than a traditional LFA.  

     In this work, we describe our efforts to develop novel and improved immunoassays 

for use at the point of care based on LFA and microfluidic technologies. The first three 

chapters of this dissertation describe our work on three different applications of lateral 

flow technology. We will first discuss our improvements to the detection range of an 

LFA through periodic measurement of the developing signal and kinetic analysis of the 

result. This work demonstrated our ability to overcome the high-dose hook effect 

without altering the LFA or the steps required by the user. Next, we present our point-



 

 

 

of-care system for determination of folate status in serum. This technology provides a 

method for measuring folate concentration in serum without the use of complex 

technology. Our third lateral flow technology is an LFA to measure cortisol 

concentration in saliva. This LFA was validated in saliva samples from a human study 

that analyzed participant alertness and cortisol levels. 

      Our final work describes the design of a microfluidic system for improved 

sensitivity in measurement of cortisol concentration in saliva. This system incorporates 

sample collection, filtration, treatment, and transfer to the microfluidic assay. An all-in-

one device interacts with a disposable cassette to pump saliva into the microfluidic chip 

and provide a result. 
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CHAPTER ONE 

INTRODUCTION 

 

1.1  Overview 

 

In this dissertation, I will present the design and development of four point-of-care 

diagnostic tests. The purpose of these diagnostics is to provide low-cost, easy-to-use, 

and accurate methods to determine biomarker concentrations in settings where access 

to a laboratory is unavailable or not feasible. These settings may be in developing 

countries or rural areas, in small clinics, or even at home. The diagnostic tests presented 

in this work are intended to improve medical care by increasing access to knowledge of 

each patient’s health status.   

Each of the diagnostic systems presented here address an unmet need in the field of 

point-of-care diagnostics. Our first discussion describes a new method that we 

developed to expand the range of quantification for a sandwich LFA. Our kinetic 

analysis allows for quantification over a large range without the need for dilution and 

serial testing, which saves time and expense when determining patient status. In our 

next chapter, we detail our work on a point-of-care diagnostic system for folate 

quantification in serum. This assay could make screening for folate deficiency possible 

in limited-resource settings, which would allow for population studies that could inform 

policy decisions and fortification efforts. Finally, we describe two technologies which 

were developed to measure cortisol concentrations in saliva. The first is an LFA, which 

was validated using samples from a human study. The second is a microfluidic system, 

which uses a custom peristaltic pump to transfer the sample into the microfluidic chip 

using only a small device. Each of these would improve our ability to understand how 

cortisol plays a role in stress and mental illness. 
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1.2  Improvements to the measurement range of a sandwich LFA 

 

Chapter 2 of this dissertation details our use of the analysis of time-dependent signal 

development on a standard LFA to improve the measurement range of the assay. Certain 

analytes can be found in a wide range of concentrations in human blood, which can 

make it difficult to quantify their concentration. In sandwich immunoassays, the 

presence of high concentrations of analyte can cause a “hook effect,” which makes it 

difficult to distinguish between moderate and very high concentrations of analyte using 

the standard method of signal measurement. Our work demonstrates that by measuring 

the signal change over time, we can overcome the hook effect and find a linear 

dependence of our new measurement with respect to analyte concentration. This kinetic 

analysis can be made without making physical changes either to the LFA or the method 

of running it. Our new measurement could be applied to many sandwich LFAs where 

the hook effect causes ambiguous measurements at high analyte concentrations.  

We apply this method to the analysis of an analyte called C-reactive protein, or CRP, 

which indicates inflammation status in the body in response to infection, trauma, and 

tissue damage1. CRP concentrations in serum increase as an acute response to an 

inflammatory stimulus, showing elevated levels by six hours and peak levels by forty-

eight hours after the stimulus1. These high concentrations will decrease quickly after the 

stimulus for increased production completely stops, making CRP a possible biomarker 

for the monitoring of treatment efficacy2. CRP is also a biomarker of cardiovascular 

disease risk, making it an important tool in prevention and treatment of heart disease, 

which is the leading cause of death for both men and women in the United States, 

causing 1 in 4 deaths, according to the Centers for Disease Control and Prevention 

(CDC). The American Society for Clinical Pathology recommends the use of CRP as a 

biomarker of inflammation in place of erythrocyte sedimentation rate. In 2016, 
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Medicare covered over 2.5 million CRP tests in the US3, and with Medicare covering 

approximately 17% of Americans in 20164, it is possible to approximate the total 

number of tests performed as around 14.5 million. The wide utility as well as the wide 

range of meaningful concentrations of CRP in serum make it an important biomarker to 

measure with high sensitivity and low cost, which is the aim of our technology. 

 

1.3  Development of a point-of-care method to determine folate status 

 

The next chapter of this work discusses our novel LFA for the measurement of folate 

concentrations in serum. Folate is a key vitamin in the healthy development of a fetus, 

playing an important role in prevention of a group of birth defects called neural tube 

defects (NTDs). Prevalence of NTDs globally was estimated at approximately 1.86 per 

1000 live births in 2015, with an estimated prevalence of 0.5 per 1000 live births in 

populations with adequate folate status5. The limited evidence available regarding folate 

status in women of reproductive age worldwide indicates that there is wide variation in 

folate deficiency and insufficiency, not entirely dependent on a country’s income 

classification5. All methods for determination of folate status currently rely on 

expensive laboratory infrastructure and therefore have a high barrier to access. Areas in 

which folate is not widely fortified into foods or supplements are not widely available 

are therefore likely to also have limited access to screening for folate deficiency.  

We have developed a test procedure that does not rely on harsh chemicals or expensive 

equipment but still allows for an accurate result with our fluorescence LFA. Our 

diagnostic system could be used in limited-resource settings to screen women of 

reproductive age for folate deficiency and help to guide targeted supplement programs 

for populations with the greatest need. This diagnostic could also be used as a test 

method for population-wide surveys similar to the National Health and Nutrition 
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Examination Survey (NHANES), which gather data on a national level about the status 

and needs of a population. 

 

1.4  Determination of salivary cortisol at the point of care 

 

Measurement of salivary cortisol concentrations is a widely used method to study stress, 

mental illness, and endocrine disease. Recent epidemiological surveys conducted using 

salivary cortisol have collected hundreds or thousands of samples each6. Current 

methods of collecting and analyzing saliva involve either the patient visiting a clinic or 

shipping a saliva sample to a lab. This takes time, adds cost, and increases the amount 

of time the sample is left at room temperature. A point-of-care test for salivary cortisol 

would enable a patient or study participant to collect and analyze their own samples. 

This could reduce costs, increase participant compliance by adding convenience, and 

remove the need for sample storage.  

In this dissertation, we first detail our lateral flow technology for cortisol quantification, 

then we describe our work on a microfluidic diagnostic system for improved sensitivity 

and ease of sample processing. Our lateral flow assay was validated on samples 

collected as part of a human study which was conducted in collaboration with colleagues 

in the Department of Information Sciences and which measured cortisol and alertness 

of participants over a period of seven days each. We demonstrated good sensitivity of 

the assay between 3 and 10 ng/mL. 

To improve on the sensitivity of this assay and to make sample collection and transfer 

to the assay easier, we developed a microfluidic diagnostic system consisting of a 

microfluidic chip stored in a disposable cassette and a small device which can transfer 

the sample via a custom peristaltic pump, take an image of the fluorescent signal from 

the chip, and send that image to a computer for processing. 
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CHAPTER TWO 

MITIGATING THE HOOK EFFECT IN LATERAL FLOW SANDWICH 

IMMUNOASSAYS USING REAL-TIME REACTION KINETICS1 

 

2.1 Abstract 

 

The quantification of analyte concentrations using lateral flow assays is a low-cost and 

user-friendly alternative to traditional lab-based assays. However, sandwich-type 

immunoassays are often limited by the high-dose hook effect, which causes falsely low 

results when analytes are present in very high concentrations. In this paper, we present 

a reaction kinetics-based technique that solves this problem, significantly increasing the 

dynamic range of these devices. With the use of a traditional sandwich lateral flow 

immunoassay, a portable imaging device, and a mobile interface, we demonstrate the 

technique by quantifying C-reactive protein concentrations in human serum over a large 

portion of the physiological range. The technique could be applied to any hook effect-

limited sandwich lateral flow assay and has a high level of accuracy even in the hook 

effect range. 

 

2.2 Introduction 

 

The use of lateral flow assays (LFAs) for point-of-care diagnostics is widespread 

primarily due to their relative ease of use and low production costs. Qualitative LFAs, 

which typically provide a binary result, have been on the market since the introduction 

of the first dipstick pregnancy test in 19857. The adaptation of LFAs for quantitative 

                                                 
1 Reprinted with permission from Rey, E., O’Dell, D., Mehta, S., Erickson, D., Analytical Chemistry, 

89(9):5095-5100, 2017. 
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detection of analytes has been attempted by many in the last fifteen years8–12. Most of 

these LFAs provide quantification through the use of the ratio of the intensities of the 

test and control line after the test has been completely run9,13–15. This method can 

provide accurate results for many analytes, however the dynamic range is often limited 

on the high end by the high-dose hook effect12,16.  

In traditional sandwich LFAs, the ratio of the test line to control line intensity increases 

with increasing analyte concentrations. This is because the larger concentration of 

analytes in solution results in more reporter probes (e.g. gold nanoparticles) becoming 

bound to the test line, which therefore displays a higher contrast against the test strip 

background.  As analyte concentration increases, the test line signal stops increasing and 

instead starts to decrease, displaying the hook effect. This is a result of excess unlabeled 

analyte from the sample binding to the antibodies on the test line, blocking sites which 

would have otherwise captured the labeled analytes at the test line.  The specific 

concentration at which this occurs can be tuned by adjusting the various on-strip 

chemical concentrations, but it will always ultimately limit the dynamic range at the 

upper end and prevent accurate quantification.  

To demonstrate our technique, we have chosen to measure C-reactive protein, or CRP. 

CRP is a part of the acute immune response to infection, inflammation and tissue 

damage1. Serum levels are elevated in individuals with high cardiac risk17, infection18,  

and inflammatory diseases such as rheumatoid arthritis. Between 1 and 3µg/ml, CRP 

concentrations can indicate risk of cardiac disease17, while concentrations greater than 

10µg/ml can indicate acute infection18. CRP concentrations in serum can be indicative 

of inflammation in rheumatoid arthritis patients anywhere from 1 µg/ml to >100µg/ml. 

In cases of severe infection and sepsis, CRP can reach 250µg/ml or higher19.  

As a result of this relatively large dynamic range, conventional and point-of-care 

immunoassay methods of CRP quantification face this problem of the hook effect. With 
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a single test, they can measure only part of the range of relevant CRP concentrations10,20–

22. For this reason, CRP diagnostics are sometimes called high-sensitivity CRP (or 

hsCRP) tests, and typically measure in the 1-10µg/ml range. The most common method 

of overcoming this problem is serial sample dilution and subsequent testing of the 

diluted and undiluted samples23,24. This method, while accurate, increases the time and 

expense of testing for every sample. Another approach is to increase the number of lines 

on the LFA, adding a competitive test line in addition to the original sandwich line12. 

Although this technique is effective, it also increases the cost of manufacturing the test 

strips.  

There are also other analytes which have broad physiological ranges and whose assays 

are impacted by the hook effect. Examples of these analytes include human chorionic 

gonadotropin (hCG), prolactin, and ferritin23. Serum and urinary hCG concentrations 

are indicative of pregnancy status and can be used to determine various conditions 

related to the pregnancy. Falsely low results could result in failure to diagnose or a 

slower diagnosis of these conditions25. 

Here, we present a method which utilizes real-time assay kinetics monitored with a low-

cost and lightweight device to quantify an analyte over a wide range on an LFA, 

including the range of the hook effect. We demonstrate that by measuring the speeds at 

which each of the lines develop, we could distinguish between real and artificially low 

measurements of the CRP concentration. In this work, we compare results obtained by 

traditional test to control ratio methods and those obtained through kinetic 

measurements, demonstrating the utility of our technique in overcoming the hook effect. 

 

2.3 Experimental Methods 

 

2.3.1 Gold nanoparticle conjugation 
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We obtained InnovaCoat® GOLD – 40nm gold nanoparticle conjugation kits from 

Innova Biosciences (Cam-bridge, UK) and mouse monoclonal anti-human CRP anti-

bodies from Biorbyt LLC (Berkeley, CA, USA).  The anti-human CRP antibodies were 

conjugated to the gold nanoparticles according to the kit instructions, using a 0.1 mg/ml 

concentration of anti-human CRP antibodies. From an initial optical density of 20, the 

gold nanoparticle conjugates were diluted to 0.5 OD in conjugate buffer. Conjugate 

buffer was made up of 2mM borate buffer (Thermo Scientific, Waltham, MA, USA) 

with 5% (w/v) sucrose (Sigma Aldrich, St. Louis, MO, USA). 

 

Figure 1. Lateral flow assay with hook effect schematic. (a) Lateral flow strip schematic showing (from 

left to right) sample application pad, conjugate pad containing gold nanoparticles conjugated to mouse 

anti-CRP IgG, nitrocellulose membrane with test and control lines, and absorbent pad. (b) Schematic 

depiction of signal development at low, high, and very high CRP concentrations. (c) Schematic depiction 

of kinetic development of test to control ratio for low, high and very high CRP concentrations. (d) 

Schematic depiction of final test to control ratio for low, high, and very high CRP concentrations. 
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2.3.2 Lateral flow strip manufacture and assembly 

We purchased nitrocellulose cards with adhesive backing from EMD Millipore (Part no. 

HF180MC100, Billerica, MA, USA). We obtained glass fiber diagnostic pads for dry 

storage of gold nanoparticle-antibody conjugates (Part no. GFDX103000) and cellulose 

fiber sample pad strips for use as absorbent pads from EMD Millipore (Part no. 

CFSP203000). For sample application, we used sample pad type FR-2 from MDI 

Membrane Technologies (Part no. FR-2(0.7), Ambala Cantt, India). We acquired goat 

polyclonal anti-human CRP antibodies for use on the test line from CalBioreagents (San 

Mateo, CA, USA). We obtained anti-mouse IgG antibodies for use on the control line 

from Sigma Aldrich.  

We dispensed test and control lines at 6.4 µL/min at a concentration of 1 mg/ml diluted 

in 1x PBS using the Automated Lateral Flow Reagent Dispenser produced by 

ClaremontBio Solutions (Upland, CA, USA). After we dispensed the lines, the 

nitrocellulose cards were allowed to dry for at least 2 hours in an incubator at 37°C. We 

soaked glass fiber conjugate pads in a solution of 0.5 OD gold nanoparticle conjugates 

for approximately 30 seconds and then dried them in an incubator at 37°C for at least 2 

hours.  

We then assembled the lateral flow strips as shown in Figure 1(a). Individual test strips 

were cut to approximately 4mm width using a rotary paper trimmer (Dahle North 

America, Inc., Peterborough, NH, USA). Individual strips were placed in plastic 

cassettes (Chongqing Hexijinhong Pharmaceutical Packaging Co., Ltd, Chongqing, 

China) for use in testing. Strips were stored in a chamber at <10% relative humidity to 

avoid exposure to varying levels of environmental moisture. 

 

2.3.3 Serum testing on lateral flow assays 

Running buffer was made up of 1x tris-buffered saline (Thermo Scientific) with 1% 
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(w/v) bovine serum albumin (Sigma Aldrich), 1.5% (v/v) Tween 20 (Sigma Aldrich), 

and 0.02% (w/v) sodium azide (Sigma Aldrich). Pre-calibrated serum samples of known 

concentration were obtained to create calibration curves (Linearity LQ RF/CRP, Audit 

Microcontrols, Eatonton, GA, USA). Human CRP used to spike buffer for initial testing 

was obtained from Innovative Research, Inc. (Novi, MI, USA).  

Serum samples at known concentrations were diluted 100x in running buffer before 

testing. 40 μL of diluted serum was pipetted onto the sample pad followed by 60 μL of 

running buffer. The strip was immediately placed into the portable reader device to 

begin imaging. 

 

2.3.4 Test strip imaging 

Test strips were imaged by a portable imaging device similar to one previously 

described by Lu et al.26. Briefly, the device consists of a 5 megapixel 1080p HD CMOS 

camera (Raspberry Pi, Cambridge, UK), focusing lens and LEDs (Thorlabs Inc., 

Newton, NJ, USA), Raspberry Pi computer board, rechargeable lithium ion battery pack 

(Adafruit Industries, New York, NY, USA), and cassette tray, all surrounded by a 3D-

printed light-tight container. The device used in this work is different from the one used 

by Lu et al.26 in that it does not have any filters, as the measurements in this paper are 

all colorimetric rather than fluorescent.  

After the test strip cassette was placed in the device, we started the imaging. We ran the 

imaging program via a lap-top connected to the imaging device through Wi-Fi. The 

device then took an image approximately every 10 seconds for a total of 100 images. 

We processed the images using a Python script which cropped each picture to contain 

the appropriate portion of the image and determined the test and control line intensities. 
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2.4 Results 

 

2.4.1 Test to control ratio  

The final test to control ratio (T/C) is a widely-used metric in the quantification of lateral 

flow assays9,13–15. Figure 1(b) depicts the final T/C schematically at low, high, and very 

high concentrations, demonstrating the state of binding at the test and control lines. The 

resulting hook effect in final T/C is seen in Figure 1(d). Examples of tests with very 

different final T/Cs can be seen in Figure 2(a) and (c), with the signal intensity graph 

shown in Figure 2(b) and (d). In Figure 2(e), we see that final T/C provides us with a 

way to quantify CRP in samples with concentrations less than approximately 50 µg/ml. 

A logistic curve fit to the initial part of the T/C versus CRP concentration curve up to 

120 µg/ml yields an R2 value of 0.93. After this point, however, we cannot distinguish 

whether a sample has CRP concentration between 50 and 100 µg/ml or 100 and 

250µg/ml from the final T/C alone. This decrease in signal at very high concentrations 

is a result of the high-dose hook effect.  

 

2.4.2 Kinetics  

The hook effect that is evident in the final T/Cs necessitates an alternate method to 

determine concentration at high levels of CRP. Our method utilizes the rate of 

development of the test and control lines, or their reaction kinetics. An example of two 

tests which have a similar final T/C but very different kinetics can be seen in Figure 3. 

While the final T/C is close to 1.5 for both tests, the rate of development is completely 

different. A plot of the T/C ratio over time for all the concentrations spanning the hook 

effect regime can be seen in Figure 4(a). To monitor the kinetics of the reactions, we 

first fit bounded exponential functions to the intensities of the test and control lines over 

time. By doing so, we could eliminate the possibility that single images which were 
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incorrectly processed would have a large impact on the results. (See Appendix A for 

more detail.) We then used the fits to each of these curves to calculate 

 

 
Figure 2. Final (t=1000s) test to control line ratios at various concentrations of CRP. (a) Image of 

test strip run with sample at 1 µg/ml CRP (control line is on top, test line below). (b) Plot of intensity of 

color across the image in (a) (control line is on the left, test line on the right). (c) Image of test strip run 

with sample at 73 µg/ml CRP. (d) Plot of intensity of color across the image in (c). (e) Plot of T/C versus 

CRP serum concentration demonstrating the high-dose hook effect. Values and error bars shown are mean 

and standard deviation (n=3). 
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Figure 3. Examples of variation over time of test and control line intensities for two concentrations. 

(a) Images of one test with sample concentration 50 µg/ml at four time points (control line is on top, test 

line below). (b) Test to control line intensity ratio every 10 seconds from 50 to 1000 seconds for the test 

in part (a). (c) Images of one test with sample concentration 183 µg/ml at four time points. (b) Test to 

control line intensity ratio every 10 seconds from 50 to 1000 seconds for the test in part (c). 

 

a test to control line ratio (T/C) for each point. From Figure 4(a), we see that at high 

concentrations of CRP the T/C value starts high and decreases, while at low 

concentrations of CRP the T/C value starts low and increases. We then analyzed the rate 

of change of the T/C with time using a geometric derivative of the T/C with respect to 

time. The geometric derivative of a function is given by Equation 1,  

 

�̃�𝑓(𝑎) = lim
𝑥→𝑎

(
𝑓(𝑥)

𝑓(𝑎)
)

1
𝑥−𝑎

  [1] 

 

where f(x) and f(a) are the values of the function at two different points27. Taking this 

derivative for our T/C function at times x = 120 and a = 121 seconds, we get an 
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Figure 4. Interpretation of kinetics data. (a) Plot of T/C values for various concentrations of serum 

CRP over time. (b) Plot of geometric derivative of T/C with respect to serum CRP concentration with line 

of best fit. Values and error bars shown are mean and standard deviation (n=3). 

approximate geometric derivative. This gives us a measure of the rate of change of the 

T/C at a time point near the beginning of the curve. We calculated this value for a range 

of CRP concentrations and found that this rate of change value varies linearly with CRP 

concentration. This can be seen in Figure 4(b). The R2 value of the linear fit to this data 
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Figure 5. The geometric derivative of T/C over time. Geometric derivative of the test to control ratio 

with respect to time for all concentrations. 

is 0.85. The figure demonstrates that at a point near 100 µg/ml the value of the geometric 

derivative crosses over unity. If the value of the geometric derivative is greater than 1, 

the T/C is increasing over time and the CRP concentration will be low. In this case, the 

final T/C value could be used to quantify levels of CRP. If the value of the geometric 

derivative is less than 1, the T/C is decreasing over time and the CRP concentration will 

be very high. The CRP concentration can then be approximately quantified using the 

linear fit to the geometric derivative data. In this way, we can quantify low values of 

CRP with high sensitivity and provide approximate quantification at very high CRP 

concentrations. 

 

2.5 Discussion 

 

The high-dose hook effect is an issue that plagues many sandwich immunoassays 

measuring analytes at high concentrations12,16,23,24. As mentioned above, typically, 

methods of overcoming the hook effect require the use of more assay materials through 

methods such as serial dilution of the sample23 or the addition of one or more extra test 
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lines to the strip12. While these methods will be able to give an accurate result over the 

desired range, they require more time and expense in making and running the tests. Our 

method observes the hook effect in the final T/C values and uses the kinetic data from 

the same test to determine concentration over the desired range. The amount of reagents 

needed to make the test, the amount of sample input, and the amount of work the user 

must put in remain the same as an ordinary lateral flow assay. With the use of our 

portable imaging device and imaging software, we can expand the range of 

measurement without altering the test, procedure, or the equipment necessary to take 

measurements. The cost of the test remains the same, while the amount of information 

learned increases.  

Our use of the geometric derivative as a measure of the rate of change of the T/C yields 

a linear decrease in geometric derivative as CRP concentration increases. The geometric 

derivative gives us a way to observe the relative change in T/C for each concentration. 

It separates concentrations whose T/Cs are increasing from those which are decreasing 

at �̃�𝑓 = 1, which coincides with the peak of the final T/C ratio curve at a concentration 

of approximately 100 µg/ml. The geometric derivative creates a way to observe the 

change in T/C kinetics so that low and high concentrations are distinguishable, and 

concentration is linearly dependent on the geometric derivative. We tested the 

robustness of our use of the geometric derivative to changes in assay parameters by 

changing the control line antibody concentration and the optical density of the gold 

nanoparticles soaked into the conjugate pad. While the sensitivity of the test changed, 

the geometric derivative of the T/C curve with respect to time still had a fairly linear 

relationship with the serum CRP concentration (See Appendix A, Figures A2 to A4). 

This showed that the trend in geometric derivative remains, even with different assay 

parameters. 

The choice of 120 seconds as the location of the fit is based on the developing signal 
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strength and the differences between geometric derivatives of different concentrations 

over time. As time tends towards infinity, the geometric derivatives of the different 

concentrations converge to very similar values, as can be seen in Figure 5. At very early 

times, the signal is the weakest and therefore the signal to background ratio is least and 

we see the highest effect of noise. To ensure that the signal was strong enough that any 

background effects could not significantly affect the measurement, we chose a time 

when nearly all the tests had intensities of both lines greater than 10. At 2 minutes, over 

95% of the tests have intensities greater than 10. While this exact time would not 

necessarily be the same for tests of different analytes, the signal strength of those tests 

could be measured and a similar cutoff at an intensity of 10 could be made. In this way, 

our technique could be applied to many different analytes. 

 

2.6 Conclusions 

 

We have created a system which monitors the kinetics of the antibody-antigen reactions 

in an LFA. Our technique minimizes user input and increases the dynamic range of 

detectable concentrations of analyte. The hook effect in sandwich immunoassays affects 

many analytes with wide ranges of relevant concentrations and so our kinetic monitoring 

technique may be able to increase the range and decrease the cost of measuring 

numerous analytes. Our algorithm could be extended to other analytes of interest 

measured on LFA. By simply monitoring the test strip as the test progresses, we can 

extract more information about the concentration of the analyte in the sample and yield 

a more accurate result. 
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CHAPTER THREE 

FLUORESCENCE LATERAL FLOW COMPETITIVE PROTEIN BINDING 

ASSAY FOR THE ASSESSMENT OF SERUM FOLATE CONCENTRATIONS2 

 

3.1 Abstract 

 

Folate is a micronutrient required for the production of new cells, making it a key factor 

in early fetal development and ensuring normal growth and maintenance of health. The 

increase in consumption of folate due to increased periconceptional supplementation 

and fortification of grains in many countries has led to a decrease in occurrence of folate 

deficiency and a class of birth defects called neural tube defects. However, an 

opportunity remains to further improve folate status of populations in areas with limited 

access to fortified foods and supplementation. Screening of women of reproductive age 

and other vulnerable populations for folate status would increase our understanding of 

the magnitude of the burden of folate deficiency and inform monitoring of public health 

programs. Current gold standard methods for folate assessment are time-intensive and 

require cold chain, sophisticated laboratory infrastructure, and highly-trained personnel. 

Our lateral flow assay is low-cost, easy to use, and allows a user to assess folate 

insufficiency at the point of care in less than 40 minutes. We evaluated the sensitivity 

and specificity of our assay in 24 human serum samples, including 8 samples with folate 

concentrations less than 10.0 nmol/L and 14 samples less than 13.4 nmol/L using the 

Immulite 2000 commercial assay as a reference standard. The sensitivity and specificity 

were found to be 93% (95% CI: 54.7-100.0) and 91% (95% CI: 80.0-100.0), 

respectively, when using our test to determine folate insufficiency based on a cutoff of 

13.4 nmol/L. Our point-of-care diagnostic test for folate concentrations could inform 

                                                 
2 Reprinted with permission from Rey, E., Finkelstein, J., Erickson, D., PLOS One, In Press. 
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screening and public health programs in at-risk populations. 

 

3.2 Introduction 

 

Folate is a B-vitamin which is essential for DNA synthesis and cellular division28, 

including fetal growth and development29. Factors that can lead to insufficient folate 

status include inadequate intake, increased requirements (e.g., pregnancy), conditions 

which inhibit absorption, and antifolate medications (e.g., pyrimethamine, 

methotrexate)30. Folate deficiency can lead to megaloblastic anemia, which can cause 

symptoms of weakness, fatigue, and shortness of breath30. Folate requirements are 

increased during pregnancy and lactation, to support cell replication in fetal, placental, 

and maternal tissues; inadequate maternal folate status during pregnancy has been 

associated with increased risk of adverse pregnancy outcomes, including pregnancy 

loss, low birth weight, and premature delivery30.  

Many factors have been shown to play a role in pregnancy outcomes31,32, however, 

maternal periconceptional supplementation with folic acid (FA, i.e., the synthetic form 

of the vitamin) has been shown to decrease the risk of a class of birth defects called 

neural tube defects (NTDs)33–36. These birth defects, including spina bifida and 

anencephaly, are a leading cause of neonatal morbidity and mortality worldwide, with 

medical costs of almost $300,000 per person born with spina bifida, and can cause 

permanent paralysis and lifelong disability29. Periconceptional folic acid 

supplementation has been shown to reduce the risk and recurrence of NTDs by 50 to 

70%37,38, however, the closure of the neural tube within 28 days of conception means 

that by the time that most women know that they are pregnant, it is too late to begin FA 

supplementation for NTD prevention38. For this reason, it is critical that women who 

are at risk for becoming pregnant already have sufficient folate status. This has been a 
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driving force stimulating the mandatory FA fortification of grains in over 80 

countries37,39. In the United States, FA fortification decreased the prevalence of spina 

bifida and anencephaly by 31 and 16 percent, respectively, in the first year after 

fortification was mandated33. However, according to the Centers for Disease Control 

and Prevention (CDC), FA supplementation and food fortification programs could still 

prevent 150,000 to 210,000 NTDs each year out of approximately 300,000 total 

worldwide. The World Health Organization (WHO) has called for further research 

towards less invasive methods for folate assessment as well as surveillance systems for 

the assessment of folate status in women of reproductive age40. Prevalence of elevated 

blood concentrations of folate have also increased as a result of folate fortification41, 

leading to a need to monitor populations for excess supplementation with FA. 

Folate status is typically measured as total folate concentration, including the primary 

form in circulation, 5-methyltetrahydrofolate (5-MTHF), as well as other oxidized and 

reduced forms30. It is measured in serum or plasma and in erythrocytes or red blood 

cells (RBCs). Erythrocyte folate concentrations are a biomarker of longer term folate 

status, over the lifetime of circulating RBCs, approximately 90 to 120 days, whereas 

serum folate reflects recent folate intake42. Serum or plasma folate is the more 

commonly measured biomarker, particularly in population-based surveillance 

programs, due to its comparatively lower complexity and cost of laboratory analysis42.  

Folate deficiency and sufficiency have been defined based on cut-offs for two different 

physiological indications: megaloblastic anemia and elevated serum or plasma 

homocysteine concentrations43. The WHO uses the following cutoffs for serum folate 

concentrations based on risk of megaloblastic anemia: folate deficiency at less than 6.8 

nmol/L, possible deficiency between 6.8 and 13.4 nmol/L, and normal folate between 

13.5 and 45.3 nmol/L43. Cutoffs based on elevated homocysteine concentrations denote 

folate deficiency as less than 10 nmol/L, with all concentrations above this indicating 
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sufficient folate status43. Folate concentrations above 45.3 nmol/L indicate elevated 

folate status, although the implications of concentrations greater than 45.3 nmol/L are 

not well understood or agreed upon44. 

Currently, there are three main laboratory-based methods to determine folate status: a 

microbiological assay (MA), a competitive protein binding assay, and liquid 

chromatography-tandem mass spectrometry (LC-MS/MS). The microbiological assay 

uses the bacteria L. casei and its growth in the presence of folate to determine folate 

concentrations, using an antioxidant such as L-ascorbic acid to prevent folate 

degradation over time45. The competitive protein binding assay (CPBA) uses the affinity 

between folate and a transport protein called folate binding protein (FBP) to determine 

folate concentrations46. These two assays measure total folate, which includes all the 

oxidized and reduced forms. LC-MS/MS can differentiate between 5-MTHF and other 

forms of folate. All of these methods require cold chain, sophisticated laboratory 

infrastructure, and highly-trained personnel, and are time-intensive – ranging from 3 to 

48 hours to complete. For these methods, a venous blood sample is collected and either 

analyzed immediately or processed and frozen until analyses can be performed. Sample 

volumes for typical CPBAs range from 50 to 400 µL of serum per test47–49. Sample 

preparation steps to separate endogenous FBP from folate in the sample are required in 

CPBA and LC-MS/MS protocols47–49. This need for laboratory infrastructure to measure 

folate constrains assessment of folate status in many clinical and field settings. This is 

one reason that the magnitude of folate deficiency around the world is largely 

unknown39.  

The development of a point-of-care test for assessment of serum folate concentrations 

presents several challenges due to the nature of folate in serum. First, endogenous FBP 

in human serum is bound with high affinity to a portion of the folate in circulation50,51. 

This FBP is typically denatured or separated from bound folate in commercial CPBAs 
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by chemical denaturation. The chemicals used in this step (i.e., dithiothreitol, potassium 

hydroxide (KOH), potassium cyanide) 47–49 are either unstable at room temperature or 

toxic, making them unsuitable for use at the point of care. Alternatively, FBP can be 

denatured through a heating step. Although heat denaturation can be at least partially 

reversible, heating to 100°C has been used to denature FBP irreversibly in some 

methods (e.g., Bio-Rad Quantaphase II Folate/Vitamin B12 Radioassay Kit)47,52.   

Our lateral flow assay (LFA) is a CPBA with fluorescent labels that can be imaged and 

analyzed by a portable fluorescent imaging device to quantify folate concentration in 

serum. This test requires only 20 µL of serum and can be completed in less than 40 

minutes. Although some sample pre-processing is necessary to ensure reliable test 

results, any equipment can be used to heat the sample to 100°C, and no further 

laboratory equipment is required. 

 

3.3 Materials and Methods  

 

3.3.1 Lateral flow strip writing and assembly 

Nitrocellulose (NC) membranes with plastic backing were purchased from EMD 

Millipore (HF180MC100, Billerica, MA, USA). Lines were written onto the NC 

membrane using an Automated Lateral Flow Reagent Dispenser (Claremont Bio 

Solutions, Upland, CA, USA). Anti-FITC antibodies (Abcam, Inc, Cambridge, MA, 

USA) were dispensed onto the membrane as a control line at a concentration of 0.5 

mg/ml in 1.9mM borate buffer with 3% (w/v) trehalose. FBP from bovine milk (Scripps 

Laboratories, San Diego, CA, USA) was dispensed onto the membrane as a test line at 

a concentration of 0.9 mg/ml in 1.55 mM borate buffer. After dispensing, NC 

membranes were placed in a desiccated incubator at 37°C to dry overnight. After drying, 

membranes were kept at room temperature in a desiccator (<20% relative humidity). 
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Lateral flow cards were assembled using glass fiber and cellulose fiber pads on the 

adhesive-backed NC membranes, as shown in Figure 6. Glass fiber conjugate pads and 

cellulose fiber sample pads (GFDX103000 and CFSP203000, respectively) were also 

purchased from EMD Millipore. Glass fiber conjugate pads were cut in half to be 5 mm 

by 30 mm and placed such that there was ~1 mm overlap with the NC membrane. 

Cellulose fiber sample pads were used as an absorbent pad upstream of the NC 

membrane and as a sample pad. The sample pad overlapped with the glass fiber pad by 

~2 mm and was trimmed to be 12 mm by 30 mm. Once the lateral flow cards were 

assembled, they were cut to individual 4 mm strips.  

 
Figure 6. Schematic of sample processing and lateral flow assay. (a) Combination of serum sample 

with high-pH buffer. (b) Heating of serum solution. (c) Addition of acidic buffer to lower pH. (d) 

Application of prepared serum solution to LFA. (e) Application of running buffer. (f) Addition of FITC 

conjugates to nitrocellulose membrane. 

FITC-FA conjugates were made using Lightning Link Conjugation Kits (Expedeon Ltd, 

Cambridge, UK) and FA-BSA conjugates (Fitzgerald Industries, North Acton, MA, 
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USA). These conjugates were stored 1:200 in a conjugate buffer at 4°C. The conjugate 

buffer consisted of 2mM borate buffer with 5% (w/v) sucrose, 1% (w/v) BSA, 0.5% 

(v/v) Tween20, and 0.02% (w/v) sodium azide.  

 

3.3.2 Serum sample preparation 

Calibration curves made with human serum spiked with FA and 5-MTHF were 

performed as part of a previous work53. Human serum samples of varying folate 

concentration were purchased from Discovery Life Sciences Inc. (Los Osos, CA, USA). 

Serum folate concentrations were determined using the Immulite 2000 Folic Acid 

CPBA according to the given assay protocol. The Immulite was chosen as the reference 

standard because of its similarities in assay formulation to our LFA. Both are CPBAs 

and should be able to deliver similar results.  Of the 24 samples used to validate this 

assay, 8 samples had folate concentrations less than 10 nmol/L and 12 less than 13.4 

nmol/L. Samples were chosen from a list of samples with measured folate 

concentrations and the authors chose samples with varying concentrations in order to 

validate the assay over the widest range possible. No samples with known 

concentrations less than 6.8 nmol/L were available for purchase. The sample 

demographics included 17 female and 7 male participants, with a mean age of 56.4 years 

and an age range of 24 to 89 years. 

In preparation for running on the LFA, human serum samples were mixed with a high-

pH solution. The sample preparation procedure is shown in Fig 6(a-c). The high-pH 

solution was prepared immediately prior to use and consists of 60 mM KOH and 21.3 

mM L-ascorbic acid in deionized water. For each test, 20 µL of human serum was mixed 

with 30 µL of the high-pH solution. The two liquids were dropped into a 

microcentrifuge tube and the tube was shaken side to side 2 to 3 times to ensure mixing. 

This solution has a pH near 11 and prevents the proteins in the serum from coagulation 
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during heating54. The ascorbic acid in the solution serves to prevent oxidation of folate 

during heating and exposure to light55,56.  

After mixing with the high-pH solution, the serum was heated to 100°C for 5 minutes 

in an electric dry bath (VWR, Radnor, PA, USA). The tubes were removed from the 

heat and allowed to cool at room temperature for 5 minutes. Heating to boiling 

temperature denatures the endogenous FBP in the sample, which releases the bound 

folate47,52. The pH of the solution was brought to ~9 by the addition and mixing in of 7 

µL of a dilute acetate buffer (0.5% (v/v), Acetate Buffer Solution pH 4.0, BDH/VWR 

Analytical). At a pH of around 9.3, the affinity of FBP to FA and 5-MTHF is very 

similar57. Bringing the sample to near this pH allows us to detect both with the same 

affinity, making it easier to compare serum samples to FA standards. The sample is now 

ready for application to the LFA. 

For the samples tested without heat, the same amounts of high-pH solution and serum 

were combined and allowed to rest at room temperature for 10 minutes. To achieve a 

pH around 9, we added 10 µL of the dilute acetate buffer and mixed the solution.  

 

3.3.3 Lateral flow assay procedure 

The LFA procedure is indicated in Fig 6(d-f). To begin the running of the LFA, 40 µL 

of the prepared serum solution was dropped onto the sample pad of the lateral flow strip. 

Immediately after this, 30 µL of a running buffer was added to the sample pad. The 

running buffer consisted of 1x tris-buffered saline with 1% (w/v) BSA, 1.5% Tween20, 

and 0.02% sodium azide. These solutions were allowed to flow across the NC 

membrane for 7 minutes, before another 40 µL of running buffer was added to the 

sample pad as a wash step. After another 8 minutes, 10 µL of FITC-FA conjugates 

diluted 1:1.5 in running buffer was added to the NC membrane just upstream of the 

glass fiber conjugate pad. The glass fiber pad serves to prevent flow of the conjugates 
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into the cellulose fiber sample pad, where they could become fixed. The strips were 

imaged in a portable fluorescent imaging device 9 minutes after the FITC conjugates 

were added. In total, the strips were imaged 24 minutes after the addition of the serum 

sample. Including sample preparation, the total time for the assay is less than 40 

minutes. 

As the serum and running buffer solution flowed across the NC membrane, the folate in 

the sample could interact with the FBP immobilized on the surface. Interfering 

components of the serum solution were then washed off the membrane during the 

running buffer wash step. This ensured that with the addition of the FITC-FA conjugates 

there was minimal interaction between the conjugates and components in the serum. 

The FITC-FA conjugates interacted with the free FBP on the test line, with the FA 

binding to FBP with the same high affinity as endogenous folate at a pH near 9.  With 

increased concentration of folate in the serum sample, the fluorescent intensity of the 

test line decreased. The remaining FITC-FA conjugates flowed past the test line and 

bound to the anti-FITC immobilized on the control line. 

For tests run with a traditional LFA format, we used a lateral flow strip with an extra 5 

mm wide glass fiber conjugate pad placed adjacent to the spacer pad. Onto this 

conjugate pad we pipetted 4 µL of the FITC-FA conjugates. We then added 40 µL of 

the serum solution to the sample pad, followed by 30 µL of running buffer. These were 

allowed to flow for 15 minutes before imaging. 

 

3.3.4 Imaging Device and Image Processing 

To get a reading from this fluorescent lateral flow strip, we used a portable imaging 

device designed previously by our lab. This device was described previously by Lu et 

al26. Briefly, it consists of a Raspberry Pi computer board, a 5-megapixel CMOS 

camera, a lithium-ion battery, blue LEDs, fluorescence and focusing optics, and a light-
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tight 3D-printed case with a tray for the lateral flow strip cassette. This device can be 

prompted to take an image with a web browser on any Wi-Fi-enabled smart device, and 

once the image is collected it is sent via Wi-Fi to the smart device. This image file 

contained raw Bayer data, and was de-mosaiced, cropped, and analyzed by Python 

scripts. The output signal that we used from each image was the ratio of the intensity of 

the test and control lines, called the T/C ratio. 

 

3.3.5 Curve Fit and Receiver Operating Characteristics Curve Analysis 

A four-parameter logistic curve fit for the triplicate results on 24 samples was performed 

using Python. The correlation coefficient was calculated using a residual analysis. ROC 

curves were determined empirically using the pROC package in RStudio. Determination 

of folate status was made based on folate concentration as indicated by Immulite. AUCs 

were determined using trapezoids58, and confidence intervals for the AUCs were 

computed using the DeLong method59. Confidence intervals for sensitivity and 

specificity values were determined using the bootstrap method. 

 

3.4 Results and Discussion 

 

The protocol for this LFA is presented in Figure 6. First, we prepared the sample by 

mixing the serum with a pre-heat treatment solution, heating the solution for 5 minutes, 

then mixing it with a post-heat treatment buffer (Figure 6(a-c)). The serum solution was 

then added to the sample pad of the LFA, followed by two applications of a running 

buffer wash (Figure 6(d,e)). Once the wash steps were complete, a solution of 

fluorescein isothiocyanate (FITC) conjugated to FA was added and could then bind to 

FBP on the test line and anti-FITC antibody on the control line (Figure 6(f)). The test 

and control lines produced a fluorescent signal which we imaged using a portable 
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fluorescence imaging device developed in our laboratory26. To quantify the signal, we 

calculated the ratio of the intensities of the test and control lines (i.e., T/C ratio). The 

T/C ratio is commonly used in the quantification of LFAs60–64. 

 

3.4.1 Human Serum Results 

A total of 24 archived human serum samples with folate concentrations ranging from 

6.8 nmol/L to 44.8 nmol/L were analyzed in triplicate. The T/C ratio, a commonly used 

metric in the quantification of LFAs60–64, was determined for each LFA strip. The T/C 

ratios from each test are presented in Fig 7(a). The data was fitted with a 4-parameter 

logistic curve and demonstrated high correlation for curve fit (r = 0.87). Images of test 

strips taken using our portable fluorescence imaging device are shown in Figs 7(b) and 

(c). Figs 7(b) and (c) are examples of tests conducted with samples with lower and 

higher folate concentrations, respectively. 

To examine the diagnostic ability of this LFA to predict folate deficiency, we analyzed 

this data using receiver operating characteristic (ROC) curves. Since none of the 

samples had folate concentrations less than 6.8 nmol/L, we considered cutoffs of 13.4 

 

 
Figure 7. Human serum results. (a) Mean T/C ratio versus folate concentration for 24 human serum 

samples. Error bars shown are standard deviation, n=3. Dotted line shows four-parameter logistic curve 

fit. (b,c) Images of fluorescent signal from test strip for low and high folate concentration serum, 

respectively.   
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nmol/L (possible deficiency) and 10.0 nmol/L (folate deficiency) to generate the ROC 

curves. The ROC curve for determination of possible deficiency (cutoff at 13.4 nmol/L) 

is shown in Figure 8(a), with a sensitivity and specificity of 93% (95% CI: 54.7-100.0) 

and 91% (95% CI: 80.0-100.0), respectively. The curve for determination of folate 

deficiency (cutoff at 10.0 nmol/L) is shown in Figure 8(b), with sensitivity and 

specificity values at 87.5% (95% CI: 58.3-100.0) and 68.8% (95% CI: 52.08-87.5), 

respectively. 

 

 
Figure 8. Receiver operating characteristics curves for two different cutoff concentrations. (a) 

Cutoff at 13.4 nmol/L folate concentration. (b) Cutoff at 10 nmol/L folate concentration. 

We also examined the area under the curve (AUC), as a summary measure of the 

accuracy of a diagnostic test59. This indicates the probability that given two randomly 

selected participants, one with higher folate status and one with lower folate status, the 

results will indicate that the participant with higher folate status has a lower T/C ratio 

than the one with lower folate status. The AUC was 97.8% for the 13.4 nmol/L cutoff 

and 88.5% for the 10.0 nmol/L cut-off. The lower AUC for the 10.0 nmol/L cutoff is 

due in part to the close proximity of samples to the cutoff concentration, and the smaller 

number of samples below 10.0 nmol/L compared to 13.4 nmol/L, giving fewer 

opportunities to predict folate deficiency. Overall, the LFA results demonstrated high 
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accuracy for the determination of possible folate deficiency. Although we were not able 

to test samples with concentrations less than 6.8 nmol/L, the high slope of the curve fit 

at low folate concentrations suggests that we would be able to quantify even lower 

sample concentrations. This LFA would not currently be able to quantify concentrations 

greater than 45 nmol/L, however it could be used as a qualitative test for folate greater 

than 45 nmol/L or adapted to measure higher concentrations for populations where 

screening for elevated serum folate is necessary. 

 

3.4.2 Results without Sample Heating 

Sample preparation is required to separate endogenous FBP from folate in circulation 

and prevent binding of endogenous FBP to test components. We used heat to 

irreversibly denature the FBP in the sample without impacting the proteins and 

antibodies on the LFA. The procedures for sample preparation are depicted in Figure 1. 

When the LFA test was conducted without a heating step, it produced widely ranging 

and non-correlated T/C ratios. Figure 9(a) displays the results of 6 samples tested with 

a procedure nearly identical to our final protocol, excluding the 5-minute heating step.  

Denaturation through heating is advantageous at the point of care, as it avoids the use 

of toxic or unstable chemicals which could pose a threat to the user as well as interfere 

with the on-strip assay. However, heating of a serum sample also poses some challenges 

because of the heat-labile nature of some forms of folate, the tendency of serum to 

coagulate when heated above ~60°C, and the energy required to heat the sample to 

100°C in a field setting. The propensity of some forms of folate, including 5-MTHF, to 

degrade when exposed to heat or light can be decreased by the addition of L-ascorbic 

acid55,56. The coagulation of serum proteins can be prevented through dilution and an 

increase in the pH of the solution, such as through the addition of a solution of KOH54. 

In a setting without access to electricity and a hot plate or dry bath, the sample could 
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also be heated to 100°C for 5 minutes using boiling water. The necessity of this heating 

step may present a difficulty in the operation of this diagnostic in the field, and so the 

development of improved methods to implement this heating step in settings without 

access to electricity is a source for future work. 

 

 
Figure 9. Serum results without heat denaturation and without washing and secondary addition of 

FITC conjugates. (a) Mean T/C ratio versus folate concentration for 6 serum samples tested without 

heating. Error bars shown are standard deviation, n=3. (b) Mean T/C ratio versus folate concentration for 

6 serum samples tested in a traditional lateral flow assay format. Error bars shown are standard deviation, 

n=3. 

 

3.4.3 Results with Traditional LFA Architecture 

Traditional LFAs typically contain antibody conjugates dried in a conjugate pad, often 

comprised of glass fiber65. This allows for dry storage of the conjugates on the strip and 

mixing of the conjugates with the sample as it flows through the conjugate pad. 

Although this method is useful in many applications of LFAs, in this study, allowing 

interaction between the FA conjugates and the serum sample interfered with the 

generation of signal at the test line. This interference occurred inconsistently in some 

serum samples and was not mitigated through heating of the sample. The setup of this 

LFA allows the serum to flow across the test line first, then washes away the remaining 

serum components on the strip before applying the FITC-BSA-FA solution. A 

schematic of our LFA is presented in Figure 6. Since the conjugates used are also non-
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traditional (i.e., a protein and small molecule rather than an antibody attached to the 

label), they do not require interaction with the folate in the sample. The labeled and 

unlabeled folate both can bind to the FBP on the test line at different times. The results 

we obtained using a traditional LFA setup for 6 serum samples are shown in Figure 9(b).  

Although some of the samples resulted in T/C ratios that fit with the results expected a 

priori, results from several samples contained a wide range of T/C ratios at a single 

concentration and the average T/C ratio was much higher than expected at the given 

concentration. There were no correlations evident between serum folate concentration 

and T/C ratio from these tests. This LFA method introduces some additional steps for 

the user, including the placement of one drop of the FITC-BSA-FA solution onto the 

nitrocellulose membrane near the spacer pad. While additional steps required from a 

user does pose a possible limitation to this test, with an opaque metered dropper bottle, 

the solution could be stored in darkness to prevent photobleaching of the FITC, and 

application of the liquid to the strip would be relatively simple. This solution was stored 

at 4°C throughout these experiments, however, testing could be done in the future to 

determine its shelf life at room temperature. Future work could also include methods of 

drying the FITC solution or alternative application methods, as well as field testing of 

these improved methods. This field testing would be done along with standard methods 

for folate measurement to validate the accuracy of the LFA across the entire range of 

folate concentrations. 

 

3.5 Conclusions 

 

This LFA platform could be used at the point of care and in field settings to detect 

concentrations of folate in serum. This assay delivers an accurate result regarding serum 

folate concentration in less than 40 minutes without the use of sophisticated laboratory 
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equipment. Although sample preparation steps are required beyond that of traditional 

LFAs, we have developed a protocol which could be used in limited-resource settings. 

This point-of-care diagnostic method would inform screening for folate insufficiency in 

vulnerable populations, including women of reproductive age, and programs for anemia 

and birth defects prevention. This test could also inform assessment of folate status and 

representative population data worldwide. Along with appropriate folic acid 

supplementation and fortification programs, a folate diagnostic test at the point of care 

could help to reduce the burden of anemia and NTDs globally.  
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CHAPTER FOUR 

PERSONALIZED STRESS MONITORING: A SMARTPHONE-ENABLED 

SYSTEM FOR QUANTIFICATION OF SALIVARY CORTISOL3 

 

4.1 Abstract 

 

Collection of salivary cortisol has been widely used as a method of investigating an 

array of health parameters. Monitoring of cortisol levels can help us to understand stress 

levels and the body’s response to stressors. Traditional methods of measuring cortisol 

in saliva, however, require costly equipment, trained personnel, and transportation of 

samples to a centralized laboratory. This creates a barrier to personal monitoring of 

cortisol. It also adds a level of cost and difficulty to large-scale studies which require 

participants to store and ship their saliva samples. Here we present a novel system in 

which an individual with minimal training may collect their own saliva sample and 

measure it at home. Our system utilizes a lateral flow assay, a portable imaging device, 

and a smartphone to give salivary cortisol results in less than 15 minutes. We also 

demonstrate the use of our system on samples from a human study and give results from 

that study, which analyzes the relationship between cortisol levels and alertness across 

multiple days. 

 

4.2 Introduction 

 

Cortisol is the so-called “stress hormone,” as it is a hormone produced in the body in 

response to a stressor. It is a product of the hypothalamic-pituitary-adrenal (HPA) axis, 

                                                 
3 Reprinted with permission from Rey, E., Jain, A., Abdullah, S., Choudhury, T., Erickson, D. Personal 

and Ubiquitous Computing, June 2018:1-11 
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which is activated by stressors and produces a cascade of hormones which finally causes 

the production of cortisol in the adrenal gland 66. Cortisol is involved in the process of 

maintenance of homeostasis in the body, termed “allostasis” 67. Allostasis allows for 

adaptation to challenges which arise in daily life as well as major life stressors. The 

release of mediators of allostasis such as cortisol promote adaptation to changes in a 

person’s situation 67. As the HPA axis is activated in response to a stressor, the resulting 

cascade of hormones, which includes cortisol, causes improved alertness, attention, and 

reaction time 68. 

Cortisol production, like many neurobehavioral processes, shows a roughly 24-hour 

period known as a circadian rhythm. Cortisol’s rhythm causes it to sharply increase and 

peak between 30 and 45 minutes after awakening, decrease throughout the day, and 

increase again overnight. The increase in cortisol after awakening is called the cortisol 

awakening response (CAR). This rhythm can be affected by stress, shift work, 

depression, and other conditions 69. Circadian profiles across individuals also vary, 

which can influence the timing and phase of cortisol secretion over the day 70. Similarly, 

alertness profiles of different chronotypes are also known to be distinct – early types are 

more alert earlier in the day while late types are more alert later 71. There are a range of 

other factors which can impact the individual’s cortisol response to daily events as well 

as stressors, making it important to assess cortisol levels individually rather than taking 

the entire population as a whole 72. Due to these daily fluctuations and personal 

variations, a single measurement is insufficient to estimate the daily cortisol or alertness 

profile. By taking multiple samples across the day, the daily profile for each individual 

can be approximated and variations between days can be observed. 

In many studies, salivary cortisol is measured by collecting saliva samples from 

participants and using traditional laboratory methods to analyze the concentration of 

cortisol in the sample. Methods used by recent studies include immunoassay techniques 
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73,74 and liquid chromatography tandem mass spectrometry 75. Point-of-care techniques 

which use electrochemical reactions 76 and chemiluminescent signals 77 have also been 

developed.  Traditional laboratory methods are expensive, use specialized equipment, 

require trained personnel, and require relatively large amounts of time. The point-of-

care techniques which are currently being developed for salivary cortisol measurement 

use specialized equipment 76 or else require the user to act within a one-minute window 

in order to capture a usable image 77. Researchers are also working on stress monitoring 

which utilizes ambient intelligence and monitoring, however many of these do not use 

physiological markers but rather facial and voice monitoring for signs of stress or 

nonspecific markers such as heart rate and body temperature 78. Here we present a point-

of-care lateral flow assay which measures cortisol concentration using a colorimetric 

signal that is imaged and processed by an inexpensive portable reader which interacts 

with a mobile device. Our novel system does not require large or expensive equipment 

and is easy to use, while still providing an accurate result. 

For objectively assessing alertness, sleep clinicians and researchers commonly use the 

Psychomotor Vigilance Task (PVT), which is a reaction time (RT) test. During the test, 

a visual stimulant is shown at a random interval and the user is instructed to respond to 

the visual stimulant (e.g., pressing a physical button). Here, the PVT is adapted to a 

mobile format, PVT Touch 79, which is implemented on subjects’ personal smartphones. 

Various statistical summaries of the reaction times during the test have been shown to 

correlate with wakefulness, sleep deprivation, and fatigue across different populations 

80–82. One distinct advantage of using PVT to assess cognitive performance over a long 

period of time is its immunity to practice or learning effects 83.  

Both cortisol and alertness have been related to sleeping habits. The cortisol circadian 

rhythm is affected by shift work 84, and alertness is diminished by severe lack of sleep 

85. Another marker which has been linked to sleep is melatonin, a hormone secreted by 
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the pineal gland. Melatonin has also been shown to decrease alertness and increase 

sleepiness when administered exogenously 86. Salivary melatonin has been shown to 

correlate with serum levels of melatonin and to act as a marker of circadian phase 87,88. 

We have included melatonin in our study in order to assess the relationship between 

endogenous melatonin and alertness levels. 

In this paper we demonstrate a smartphone-based system which enables users to 

quantify and track personal levels of salivary cortisol and alertness. We validated our 

system in human samples from a study in which we observed measures of cortisol, 

melatonin, alertness and sleep. While these things have all been studied separately in 

great detail, to the best of our knowledge there have been no studies to date that examine 

the possibility of relationships between these metrics. Our novel point-of-care cortisol 

diagnostic system would allow users to track their own cortisol levels and creates an 

opportunity for the enhancement of salivary cortisol research. 

 

4.3 Materials and Methods 

 

4.3.1 Preparation of Gold Nanoparticle (AuNP) Conjugates with Anti–Cortisol 

Antibodies  

Innovacoat Gold Conjugation Kit (Innova Biosciences, Cambridge, UK), consisting of 

freeze-dried 40 nm AuNPs, were used for the conjugation process. We used the 

proprietary lysine residues existing on the surface of the Innovacoat AuNPs to obtain 

stable conjugation. We obtained mouse monoclonal anti-cortisol antibodies from 

CalBioreagents Inc. (San Mateo, CA, USA) and incubated them with the AuNPs. We 

then added a quenching buffer to terminate the conjugation reaction and centrifuged the 

solution to remove excess antibodies. These conjugates were stored at 4°C until diluted 

to the desired optical density (O.D.) in a conjugate buffer, consisting of 2mM borate 
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buffer and 5% (w/v) sucrose (for resolubilization).  

 

4.3.2 Preparation of Lateral Flow Assay for Cortisol Detection  

We soaked glass fiber conjugate pads (GFDX103000, EMD Millipore, Billerica, MA, 

USA) cut to 30 cm x 5 mm for 2 minutes with the anti-cortisol conjugated AuNPs 

diluted to an O.D. of 0.18. We then dried them in an incubator at 37°C overnight.  

We obtained nitrocellulose membranes (HF180MC100, EMD Millipore) with a 2.5 cm 

capillary length. We used a solution of 0.4 mg/ml Cortisol-BSA conjugate 

(CalBioreagents Inc.) diluted in 0.1x PBS for the test line and a 2.0 mg/ml solution of 

lyophilized anti-mouse IgG produced in goat (Sigma Aldrich Co. LLC, St. Louis, MO, 

USA) in 0.1x PBS for the control line. We dispensed both the solutions onto the 

nitrocellulose membrane using a Lateral Flow Reagent Dispenser (Claremont 

Biosolutions, Upland, CA, USA) attached to Legato 200 Dual Syringe Pump 

(Claremont Biosolutions), dispensing at a rate of 6.4 µL/min, which resulted in uniform 

test and control line width of approximately 1 mm, and a distance of 3 mm between the 

two lines after dispensation. We then dried the membrane overnight in a 37°C incubator. 

The test and control lines are depicted in Figure 10(b), with the test line shown in green 

and the control line shown in orange.  

The test strip is made of several parts assembled on an adhesive backing pad, as shown 

in Figure 10(b). Cellulose fiber sample pad (CFSP203000, EMD Millipore) acted both 

as the sample pad for sample loading and as the absorbent pad at the end of the assay 

strip. We used an unsoaked glass fiber membrane (30 cm x 5 mm) as a spacer pad 

between the soaked conjugate pads and the nitrocellulose membrane to act as a small 

incubation area to allow for enhanced reaction between AuNP conjugates and the 

sample before they flow onto the nitrocellulose membrane.  We created an overlap of 

0.5 mm both  
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Figure 10. Overview of lateral flow assay and system (a) Depiction of process for running a lateral 

flow assay with a collected saliva sample. (From left to right): Saliva swab in collection tube, pressure 

application on saliva swab, tube with swab and tube insert removed and a disposable capillary tube, 

deposition of saliva from capillary tube to lateral flow assay, portable imaging device, image sent to 

smart device via Wi-Fi. (b) Schematic of lateral flow assay. 

between the spacer pad and the nitrocellulose membrane, and the spacer pad and the 

soaked conjugate pad, and an overlap of 2 mm between the soaked conjugate pads and 

the sample pad.  We subsequently attached a cover tape (Kenosha, Amstelveen, The 

Netherlands) to secure the sample pad, the conjugate pad, the spacer pad and the 

nitrocellulose membrane, and ensure proper contact between the respective membranes. 

We then used a rotary paper trimmer (Dahle North America, Inc., Peterborough, NH, 

USA) to cut the assembled 30 cm assay strip into individual 4 mm-wide test strips 

subsequently used for experiments. For storage of the strips, we added silica gel 

desiccants to the storage box to prevent damage to the test strips by atmospheric 

moisture.   
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4.3.3 Study Design and Recruitment of Participants 

Through public emails and recruitment posters, we recruited 13 participants from the 

Cornell University community. We described the study procedure in detail to the 

participants during an initial interview. The study was approved by Cornell University’s 

Institutional Review Board and all participants provided written informed consent prior 

to participation. All protocols were carried out in accordance with the relevant 

guidelines and regulations. Briefly, the participants were instructed to collect 6 saliva 

samples daily – three samples in the morning with one at waking and two at intervals of 

30 and 45 minutes after waking, and subsequently one sample each in the afternoon, 

evening, and night. Saliva collection kits (Salimetrics, State College, PA, USA) 

consisting of a saliva swab and collection tubes were provided to each participant. They 

were asked to note the time and date on each sample tube and store them in either 

refrigerators or freezers, whichever might be more easily accessible to the participant. 

Participants were asked to drop off the samples in a cold storage box each day, from 

which we collected and stored the samples in a freezer at -20°C until they were thawed 

later for enzyme-linked immunosorbent assay (ELISA) analysis.  

To assess alertness, we used the PVT, a widely-used reaction test for measuring 

alertness 80. While the original PVT version requires specialized hardware, we used a 

validated smartphone implementation, PVT-Touch 82. In this test, a visual stimulus (in 

this case, a black and white checker pattern) is shown at random intervals to the 

participant, who responds by touching the phone screen. A visual representation of this 

can be seen in Figure B1.  Reaction times are measured in milliseconds, and various 

statistical summaries of reaction time have been shown to be indicative of alertness 89. 

While the original PVT version took around 10 minutes to complete, subsequent brief 

versions have also been shown to be reflective of changes in alertness 90. In this work, 

we administered a 3-minute version — a duration which has been validated for alertness 
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assessment 91. 

Participants were instructed to complete the PVT tasks 4 times a day - once each in the 

morning, afternoon, evening and night, and if possible, at the same time as the saliva 

samples were collected. We reminded the participants to take saliva samples and PVT 

tasks using passive phone notifications. Given that speed and accuracy is important for 

PVT tests, we instructed participants during the initial interview to only begin a test if 

they expected to have 5 minutes without significant distraction. We also provided 

instructions and demonstrated how to perform the PVT on each person’s phone. 

In addition to the PVT, we collected subjective measures of alertness including Chalder 

Fatigue Scale92 and Fatigue Visual Analogue Scales93. Participants also completed sleep 

journal recording when they went to sleep at night and upon awakening in the morning. 

Participants were expected to take 7 days of samples (42 saliva samples and 28 PVT 

surveys overall) within a period of 2 weeks. Compensation was provided to participants, 

a detailed account of which can be found in Appendix B.  

 

4.3.4 Analysis of Saliva Samples  

Frozen saliva samples were first thawed and then centrifuged at 3500 RPM for 10 

minutes, followed by immediate analysis via ELISA kits to ascertain the cortisol and 

melatonin content in each sample. Commercially available cortisol and melatonin 

ELISA kits (Salimetrics, State College, PA, USA) were used for this purpose. ELISA 

protocol required 25 μl of saliva for the cortisol kit and 100 μl of saliva for the melatonin 

kit. In the samples in which there was not enough volume to allow for both tests, only 

cortisol levels were analyzed.  

 

4.3.5 Analysis of PVT surveys  

Each single PVT session required the participant to provide around 3 minutes of 
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responses.  Each of these responses was measured in milliseconds, and was classified 

into three categories: false start, normal response, and lapse. A false start occurred when 

the user tapped the screen before the stimulus or within 100 ms of the appearance of the 

stimulus. A lapse occurred when it took more than 500 ms for the user to respond, and 

a normal response was anywhere between 100 and 500 ms 85,89. Number of false starts 

and lapses were counted for each session while a median RT was calculated from all the 

normal responses from a session. These three parameters were then separately used to 

quantify the PVT session 85.   

 

4.3.6 Test Strip Protocol  

A schematic of the test strip running process is shown in Figure 10(a). Saliva samples 

are collected using a swab which is placed under the tongue for 1-2 minutes. This swab 

is placed in a disposable tube which can be used to store the sample and to hold the 

swab in place while saliva is forced out of the swab by pressure or centrifugation. The 

saliva is then at the base of the tube and can be pipetted onto the test strip. For our study, 

stored saliva samples were thawed and subsequently centrifuged at 3500 RPM for 10 

minutes before being used for the lateral flow assay. The assay strips were housed in a 

standard lateral flow cassette. 40 µL of sample was then loaded onto the sample pad. 

This allowed the sample to wet the soaked conjugate pad, release the AuNP conjugates 

and settle onto the spacer pad, where the sample and the conjugates were allowed to 

react for 5 minutes. At the end of 5 minutes, 40 µL of running buffer consisting of 1x 

TBS with 1% BSA, 1.5% Tween20 and 0.1% sodium azide, was added to the sample 

inlet to initiate the assay. This forced the conjugates to flow from the spacer pad across 

the nitrocellulose membrane, where they would subsequently interact with the 

dispensed test and control lines, and onto the absorbent pad (see Figure 10(a)). At the 

test line, there is a competitive interaction between cortisol which is bound to the AuNP-
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antibody conjugates and cortisol immobilized on the test line. The signal at the test line 

therefore decreases with increasing cortisol concentration. At the control line, the 

secondary antibody immobilized on the surface binds to the remaining AuNP-antibody 

conjugates. A wait time of 5 minutes was used to allow the colorimetric signal to 

develop at the two lines, which were then read and analyzed in our imaging device 

(shown in Figure 10(a)) as detailed below.   

 

4.3.7 Calibration Curve 

8 saliva samples with known values (through ELISA analysis) of cortisol concentration 

between 0 and 0.5 ng/ml were thawed and centrifuged as detailed above. They were 

then mixed together to obtain a single saliva solution consisting of a cortisol 

concentration between 0 and 0.5 ng/ml.  This saliva solution was divided into 5 different 

solutions, which were then spiked with a known cortisol-BSA solution prepared in 1x 

PBS, to obtain saliva samples with final concentrations of approximately 0 ng/ml, 2.5 

ng/ml, 5 ng/ml, 10 ng/ml, 30 ng/ml and 50 ng/ml. These were then dispensed on the 

lateral flow assay according to the protocol laid out above for the human saliva samples. 

The ratio of the intensities of the test and control lines was used as the final signal value. 

The signal values of all the calibration samples were normalized to the mean signal 

value of the 0ng/ml samples. These normalized values were then used to create a 

calibration curve for test to control line ratio and cortisol concentration. This curve was 

used to quantify cortisol levels in subsequent saliva samples. 

 

4.3.8 Test Strip Image Readout and Image Processing 

Test strips in cassettes were analyzed by a portable imaging device (Figure 10(a), right 

side) previously described by Lu et al as well as other lab members and collaborators 

26,61,63,94. The inner workings of the device can be seen in the paper by Lu et al, and we 
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will describe them briefly here. The device consists of a CMOS camera (Raspberry Pi, 

Cambridge, UK), focusing lens (Thorlabs Inc., Newton, NJ, USA), Raspberry Pi 

computer board, and cassette tray all surrounded by a 3D-printed light-tight container. 

We used this device to image the test strips and send the images via Wi-Fi to a web 

application running on a mobile device such as a smartphone, tablet, or laptop computer, 

which could then be used to analyze the intensities of the test and control lines. The 

intensities of the test and control lines relative to the background color of the strip were 

determined using Python. The ratio of these intensities was taken as the signal and 

compared with the calibration curve to calculate a cortisol concentration. 

 

4.3.9 Statistical Analysis 

We performed statistical analysis of the data using the R and Python programming 

languages. We explored population-level correlations between whole-day measures 

using linear mixed models with cortisol and melatonin as fixed effects and subject as a 

random effect. We used simple linear regression to assess relationships between whole-

day measures of cortisol, PVT metrics, melatonin, and sleep for each participant. 

Significance of the regression slope estimates were determined by t-test. We performed 

a residual analysis for each model to ensure that the model assumptions of normality 

and homogeneous variance of the error terms was met. We constructed multilevel linear 

models and determined the significance of the coefficients of the models by analysis of 

variance (ANOVA) using a likelihood ratio test. Significance in this analysis was 

defined as p<0.05. Analysis of the quality of fit for both the calibration curve and the 

lateral flow analysis of the human samples was done in Python using an R-squared 

calculation. 
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4.4 Results 

 

4.4.1 Test Strip Calibration 

As described in section 2.7, we created a calibration curve from saliva samples spiked 

to several concentrations. Each calibration sample was tested on three strips (except for 

the samples at 30 and 50 ng/ml, which were tested twice). An image of one of each of 

the calibration strips is shown in Figure 11(b). The test to control line intensity ratio for 

each of the strips was calculated and normalized to the mean of the test to control ratios  

 

 
Figure 11. Salivary cortisol calibration curve (a) Calibration curve for salivary cortisol with means 

and standard deviations displayed (b) Representative images of each concentration used in the 

calibration curve, taken in the portable reader 

of the 0ng/ml strips and the mean and standard deviation for each concentration can be 

seen in Figure 11(a). To calculate a calibration curve, we used a 4-parameter logistic 

function fitted to the equation 

 
𝑇𝑒𝑠𝑡

𝐶𝑜𝑛𝑡𝑟𝑜𝑙
= 𝐴 +

𝐵

1+(
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝐶
)

𝐷  [1] 

 

In this function, Test and Control are the intensities of the respective lines (in arbitrary 

units), Concentration is the known concentration of cortisol in the sample in ng/mL, and 

A, B, C and D are curve fit parameters, where A = 0, B = 1.010, C = 7.104, and D = 

2.408. The R-squared value of the data fitted to the calculated curve is 0.924.  
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4.4.2 Human Samples Testing and Validation of Test Strip Assay 

We validated our test and calibration curve with 16 human samples at varying cortisol 

concentrations. Images of some human sample test strips can be seen in Figure 12(b). 

The Test and Control intensities of these images were used to calculate an estimated 

sample concentration (in ng/mL) according to the equation  

 

𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 𝐶 (
(𝐴+𝐵−

𝑇𝑒𝑠𝑡

𝐶𝑜𝑛𝑡𝑟𝑜𝑙
)

𝑇𝑒𝑠𝑡

𝐶𝑜𝑛𝑡𝑟𝑜𝑙
−𝐴

)

1

𝐷

 [2] 

 

The concentrations estimated by our test and those estimated by the ELISA kit can be 

seen compared in Figure 8(a). The R-squared value of the fitted data is 0.874. The point 

which was farthest from the line of best fit was only 2.7 ng/ml away, with 87.5% of the 

points falling within 2 ng/ml of the line of best fit and 62.5% of the points falling within 

1 ng/ml of the line of best fit. The limit of detection for this test is 2.5 ng/ml. Our test  

 

 
Figure 12. Comparison of ELISA measured values and values from the lateral flow assay system 

of human saliva samples (a) Graph of cortisol concentration measured by ELISA and lateral flow 

assay. Legend shows points calculated from images in (b), examples of images taken by the portable 

reader 

can distinguish concentrations 2.5 ng/ml and higher from zero, with high accuracy in 

the range higher than 2.5 ng/ml. The lateral flow assay with human samples required 

less than 15 minutes to obtain a result, whereas the ELISA kit required more than 4 
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hours per batch of samples. 

4.4.3 Daily Cortisol, Melatonin and PVT responses 

In our pilot study, we interviewed and recruited 12 participants, of whom only 10 (4 

men and 6 women) were able to fully participate in all parts of the study. More details 

on compliance and sample viability can be found in Appendix B. Sample concentrations 

for cortisol and melatonin were plotted against time since awakening in order to obtain 

the daily variations of cortisol and melatonin (Figure 13(a), (b)). Here, we defined “time 

of awakening” as the time reported by the participant for collection of the first saliva 

sample of the day, and we plotted all charts with “time of awakening” as 00:00 hours. 

Representative data collected for a single participant (Participant 01) for cortisol levels, 

melatonin levels, and PVT median RT values are shown in Figure 9. 

 

 
Figure 13. Daily profiles of measured values for Participant 01 (a) Salivary cortisol profiles across 7 

days (b) Salivary melatonin profiles across 7 days (c) Boxplot of PVT median reaction times (RTs) 

(binned by time across day) averaged over all days on which PVT was collected. Green lines represent 

median of bin and whiskers are at 1.5 times the interquartile range 

Even though the specific daily profiles obtained varied notably between different 

participants, and across different days for the same participant, the general profiles 

followed expected trends. Cortisol was seen to peak in the morning, with a decrease 

observed across the day with minimum values achieved in later hours. The typical CAR 

was observed on 49.4% of days (i.e. cortisol levels in the second sample of day were 

higher than that in the first sample of the day), with time of peak cortisol varying 

between 30-45 minutes after awakening. Similarly, melatonin levels were seen to follow 



 
 

49 

 

expected trends with low values in the morning, remaining flat for most of the day, and 

then rising sharply in the evening and peaking at night. Patterns in results for PVTs were 

not as evident in our data as were the patterns in cortisol and melatonin. The spread in 

the data was large, as evidenced by the large error bars in Figure 13(c).   

 

4.4.4 Exploration of Direct Relationships between Study Parameters 

In order to explore relationships between cortisol, melatonin, and PVT, we first used 

whole-day measures to express each of these parameters as a single metric for each day. 

Maximum cortisol was defined as the highest level of cortisol measured in each day, 

typically found within the first 3 samples of the day. Total cortisol was calculated by 

dividing the area under the daily cortisol profile by the duration (in hours) between the 

first and last sample of the day. Finally, the CAR was defined as the increase in cortisol 

from time of awakening to the peak level, which generally occurs between 30 and 45 

minutes after awakening. For melatonin, we used the maximum value of melatonin for 

the day (generally from the last sample of the day). The whole-day measures for PVT 

surveys were the averages across the day for each of the session quantities (median RT, 

number of lapses per session, and number of false starts per session). 

To examine relationships between the described whole-day measures of cortisol, 

alertness, melatonin, and sleep, we used a linear mixed model with fixed effects as either 

cortisol or melatonin and a random effect for subject-to-subject variation. No 

comparisons were found to have significant correlations. A complete list of the tests, 

their estimates, p-values, and n values can be found in Table B1.  

Although a population-level analysis did not reveal strong relationships between 

cortisol, alertness, and melatonin, some individuals were found to show trends between 

the observed variables. Different individuals showed a large variability in both the 

magnitude and the sign of the slope (i.e. positive or negative correlation) between the 
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examined variables (See Fig. B2 and B3). However, most participants did not have 

statistically significant relationships between the variables, in part due to sparsity of data 

for each individual comparison. It is possible that this information may be useful in 

assessing whether sleep duration impacts a person’s average alertness and cortisol 

levels. For example, in this study, four participants out of nine were found to have a 

negative trend in total cortisol versus sleep length and a positive trend in total cortisol 

versus number of lapses. For these participants, this suggests that sleeping longer tends 

to coincide with a lower cortisol level and a lower cortisol level is related to higher 

alertness (lower number of lapses). Individuals’ relationships between melatonin, 

alertness, and sleep were also investigated and similar variability in trends is seen for 

melatonin, as in cortisol. (Slopes, p-values, and n values for each individual and each 

parameter comparison can be found in Appendix B (Tables B2-B7).)  

 

4.4.5 Multilevel Model for Cortisol Variation 

In order to capture the effects of the different times, days, and participants from which 

we collected saliva samples, we used a hierarchical linear model that gives a better 

representation of how cortisol varies with time, day and individual. This model, which 

was previously described by Hruschka et al. 93, allows cortisol to vary with time, and 

allows variance beyond this to be attributed to different individuals and days. One 

individual’s cortisol levels can vary considerably between days, even when taken at the 

same time point after awakening 93. Different individuals may also have different mean 

levels of cortisol and different rates at which cortisol decreases throughout the day 93. 

These different types of variation, within-individual and between individuals, can be 

best captured by a multilevel model 93. A detailed description of the formation of this 

model can be found in Appendix B. 

Our model takes the natural log of cortisol as a function of time since awakening. Each 



 
 

51 

 

data point represents a sample obtained from a participant. The reference model is one 

in which the intercept (0) and slope (1) of the population may vary. The terms b1i and 

b0i allow for the slope and intercept, respectively, to vary for each individual. The term 

cij allows the intercept to vary depending on day, and the term ijk accounts for the 

residual error. The complete model equation is: 

 

ijkijiiijk cTIMEbbTIMECORT  +++++= 1010)ln(  [3] 

 

A graphical representation of the population data and mean, one individual’s data and 

mean (Participant 01), and one day’s data and mean (Participant 01, day 1) are shown 

in Figure 14. The addition of each of the covariates (0, 1, b0i, b1i, and cij) in the model 

was found to be significant (p<0.001). 

After creating a model which captures variance of cortisol in terms of time, day, and 

individual, we then modified our statistical model to allow for alertness to contribute to  

 

 
Figure 14. Plots depicting different levels in cortisol multilevel model (a) All data points of 

ln(CORT) (Equations [1],[2],[3]) versus time since waking with population mean regression line (b) 

Data points for Participant 01 shown with the population mean regression line and the Participant 01 

mean regression line (c) Data points for Day 1 of data for Participant 01 shown with the population 

mean regression line, the individual mean regression line, and the day mean regression line 

the variation in each day. We included an additional covariate (d), here added as a fixed 

effect, which contained an average measure of alertness for each day in which both PVT 

and saliva samples were obtained. The equation for this model is then: 
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ijkijijiiijk PVTdcTIMEbbTIMECORT  ++++++= 1010)ln(  [4] 

 

Average PVT median RT each day as well as average number of lapses each day were 

used as the PVT metric in this model. The addition of a term representing the average 

PVT median each day was not found to be significant (p=0.286) and the addition of a 

term representing average number of lapses each day was only marginally significant 

(p=0.078). Maximum melatonin from each day was added in a similar way, with the 

fixed effect of melatonin found not to be significant. When we attempted to add sleep 

parameters to the cortisol model, there was not enough data to resolve the model. 

 

4.5 Discussion 

 

Here we have presented a novel system which has the power to collect and analyze 

saliva quantitatively for cortisol concentration. By utilizing easy-to-use saliva collection 

swabs, simple paper-based colorimetric lateral flow assays, and a portable and 

inexpensive test strip reader, we have created a system which can monitor the user’s 

cortisol in any setting. This system, which can interact with a smartphone or other 

mobile device, can be used in conjunction with our smartphone-based alertness 

monitoring. Because the range of cortisol concentration in saliva is relatively low (0-15 

ng/ml, generally), it can be difficult to detect at the point of care. Our system’s use of a 

light-tight container with a custom lighting and optics setup allows us to measure with 

good accuracy relative to a traditional ELISA kit (R-squared = 0.874) throughout the 

range of common physiological concentrations. The limit of detection of our test is not 

as low as that of the ELISA (0.07 ng/ml), however for personal cortisol monitoring it 

would not be crucial to have that level of sensitivity. Our system can distinguish that 

the concentration is low (0-2.5 ng/ml) and can provide good quantitation above these 
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concentrations.  

Another point-of-care diagnostic developed by Zangheri et al 77 has a lower reported 

limit of detection (0.3 ng/ml), due to the use of a chemiluminescent signal. The reported 

range of this assay is from 0.3-60 ng/ml, which is similar in utility to our detection range 

(2.5-30 ng/ml), because the typical salivary cortisol levels are less than 20 ng/ml. While 

this assay has a lower limit of detection, it also requires multiple user steps, including 

the use of a needle and syringe, and has a quantifiable signal that lasts for only one 

minute. Our assay requires only the use of a swab, tube, disposable plastic capillary 

pipette, and dropper bottle of running buffer. While the detection of the other test is 

more sensitive, it is not practical or user-friendly. The times when cortisol quantification 

would be most crucial are during the CAR and in times of stress. During these times, 

cortisol concentration is generally greater than 2.5 ng/ml, and so our test would then be 

able to provide accurate results. Although our test may not have the precision to detect 

very small changes in cortisol (<1 ng/ml), it can monitor a person’s diurnal cycle and 

detect high levels of cortisol during periods of stress. 

The imaging device used in this work is a multi-purpose device which can be used to 

image virtually any lateral flow assay with a colorimetric signal. This device has been 

used by our lab for the analysis of other test strips measuring analytes in blood serum 

and whole blood 26,61,63,94. In this work, we develop a novel immunoassay for cortisol 

measurement in saliva. The gold nanoparticles used as a marker in this assay can be 

imaged and analyzed by our imaging device in a manner similar to that of our previous 

work. 

Saliva is known to have many components, including mucins, proteins, enzymes, and 

many other molecules and biological constituents 95. While it is possible that these 

various components may interfere with the interactions taking place in our test, we took 

care when developing the calibration curve to use pooled human saliva samples with 
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known concentrations below 0.5 ng/ml as the basis of all the tests. We then spiked these 

known near-zero samples to various concentrations to form the calibration curve, rather 

than using a spiked buffer solution. These tests, therefore, provide the closest 

approximation to the measured saliva samples and should, at least in part, take into 

account any interference that would be observed from saliva components in normal 

saliva samples. Further, as is standard for any salivary cortisol measurement, we 

requested that our participants not partake in any food or drink or brush their teeth for 

30 minutes prior to taking saliva samples. This would prevent food particles, a change 

in saliva pH, or trace amounts of blood from impacting the results of the ELISA or the 

lateral flow strips. The cross-reactivity of the antibody is another possible source of 

interference in the test, and by examining the specifications given by the antibody 

manufacturer, we can see that the highest cross-reactivity exists with prednisolone at 

4.9%, 11-deoxycortisol at 0.5%, and corticosterone at 0.3%. These are somewhat 

insignificant given the error present in our test, although whether or not a user is taking 

a corticosteroid such as prednisolone would be a factor to consider in understanding the 

results of the test. 

Although the design of the system allows for good lighting and focus, each of the parts 

within the system are still able to be purchased inexpensively. The lateral flow assay 

itself has a material cost of less than $1 per strip, and the portable imaging device is 

made up of off-the-shelf products and a 3-D printed case totaling less than $400. Large-

scale manufacturing of this device, without the use of 3-D printing, would likely greatly 

reduce the cost. A commercial cortisol ELISA kit, such as the one used in this study 

from Salimetrics, Inc., costs approximately $250 and can be used to analyze 38 saliva 

samples. Using an ELISA kit also requires expensive lab equipment and trained 

personnel, further adding to the cost of analysis. The cost of having a lab such as 

Salimetrics, Inc. analyze samples is over $14 per sample, which would add up quickly 
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in large-scale analysis or even as an individual monitoring their own cortisol status. 

Also, while traditional laboratory methods generally take 4 hours or more to get results 

about concentration of cortisol, our test takes less than 15 minutes. This allows us to 

have near-immediate results and measure samples as they are taken rather than waiting 

to run a large batch all at once. This type of result is ideal for personal monitoring in 

almost real time. 

Although in this pilot study we were not able to definitively link salivary cortisol with 

PVT reaction times, there remains the possibility that monitoring both cortisol and 

alertness in more participants and for longer durations could reveal relationships. Our 

smartphone-based system would make a formal investigation easier and less expensive, 

and it would enable individuals to monitor their own natural rhythms and make 

decisions based on their body’s behavior. We discussed the possibility of a personalized 

monitoring system during exit interviews with the participants of our study. When asked 

whether they would try a system in which you must take saliva samples and alertness 

tests, but which would give you your own personal alertness schedule, four out of eight 

interviewed said that they would definitely try it, three said that they might try it, and 

only one said that they had no need for such a system. Only one participant had an issue 

with the invasiveness of the saliva collection, while the rest had no difficulties or 

problems with collecting a saliva sample via a swab. While the participants did not use 

the lateral flow assay part of the system, they reported that they were comfortable with 

the use of the saliva collection kit and PVT tests. 

In our study, we collected information about participants’ cortisol, melatonin, alertness 

and sleep while they went about their normal daily routine. After exploration of 

relationships between the measured variables, although we did not find correlations 

between whole-day measures for cortisol, alertness, and melatonin of the population, 

we found that the sign of the correlations (positive or negative) for each of the 
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comparisons varied from individual to individual. If each individual does indeed have 

distinct relationships between their cortisol and alertness, our system would allow them 

to track these relationships and create a personalized record that could help them make 

better decisions about their sleep and work schedules. With our multilevel model, we 

could better classify the between- and within-individual variances, which allowed us to 

observe a marginal significance of PVT average number of lapses in accounting for 

variation in cortisol. Although the size of our study does not give us enough statistical 

power to prove a relationship, our finding that average number of lapses is marginally 

significant in predicting cortisol suggests that lower alertness is observed on days on 

which cortisol levels are higher. Further discussion of study results, including 

compliance to study protocols and various types of analysis on the gathered data can be 

found in Appendix B. 

In conclusion, we have created a system which allows for individuals to monitor their 

own salivary cortisol and alertness levels. Each of the parts of our system are either 

inexpensive (lateral flow assay, portable reader) or are devices that many people already 

own (smartphone, tablet, laptop). In this way, our system would open the door to 

personal monitoring of stress and alertness markers and make large-scale studies easier 

and less expensive. We have demonstrated our system’s use on human samples from a 

pilot study which analyzes the possibility of relationships between cortisol, melatonin, 

sleep, and alertness. Although we only found marginal significance in our pilot study 

results, they demonstrate the potential utility of our system in obtaining cortisol data 

from several subjects over an extended period of time. 
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CHAPTER FIVE 

POINT-OF-CARE MICROFLUIDIC IMMUNOASSAY SYSTEM FOR 

DETERMINATION OF CORTISOL CONCENTRATIONS IN SALIVA 

 

5.1 Abstract 

 

Salivary cortisol concentrations are widely measured in the study of stress, mental 

illness, and other disease. Measurement of salivary cortisol concentrations requires the 

collection, storage, and transfer of samples to a centralized lab. A point-of-care device 

for the determination of salivary cortisol concentrations could save time and expense in 

the study of cortisol. Here we present a proof of concept for a portable microfluidic 

diagnostic device for saliva collection, preparation, and transfer to microfluidic 

immunoassay which measures cortisol concentration. This device uses a custom filter 

setup to prepare the sample and a peristaltic pump with interchangeable tubing to 

transfer the sample to the microfluidic chip. This novel pump design minimizes 

contamination by allowing all components of the diagnostic which contact the sample 

to be disposable. We demonstrate preliminary results from images collected by our 

portable device which show the sensitivity of the immunoassay in the physiological 

range. 

 

5.2 Introduction 

 

Cortisol is a steroid hormone produced in response to physical and psychological 

stressors. Produced in the adrenal cortex, it is a result of activation of the hypothalamic-

pituitary-adrenal (HPA) axis. Cortisol plays a role in several physiological processes, 

including glucose metabolism96, immune function97,  and memory consolidation67. 
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Cortisol concentrations in circulation typically peak in the early morning (cortisol 

awakening response or CAR), about 30-45 minutes after awakening, and decline 

throughout the rest of the day98. Acute physical or psychological stressors stimulate the 

HPA axis and the production and circulation of cortisol, which in turn acts in a negative 

feedback loop to stop the activation of the HPA axis99. This regulation can be affected 

by traumatic events as well as chronic stress and pain, causing changes in CAR, basal 

cortisol levels, and diurnal rhythms99–103.  

Collection of salivary cortisol has been widely used to monitor cortisol concentrations 

in studies because of the noninvasive nature of sample collection as well as the strong 

relationship between salivary cortisol concentrations and concentrations of free cortisol 

in circulation72,104. Because of the diurnal variation of cortisol, it can be difficult to 

estimate cortisol levels based on a single measurement. Salivary cortisol concentrations 

throughout the day and in different individuals typically range from about 0 to 10 

ng/mL105. Saliva samples can be taken without the aid of a trained clinician and at any 

location, making it easier to collect multiple samples per participant and at specified 

times throughout the day. While the sample collection is convenient, increasing number 

of samples collected in large-scale studies can be expensive6 and pose a risk to the 

proper storage of the samples. A method which allows the user to collect their saliva 

and immediately analyze it and obtain an accurate result would save time and money 

and allow for increased frequency of cortisol measurements. 

Current commercial technologies to measure cortisol in saliva require the use of a 

laboratory with trained personnel and expensive equipment. Several point-of-care 

technologies have been developed to measure cortisol77,106–109, but they do not address 

the task of transferring the sample from collection tube to assay and vary in sensitivity 

and detection range. In our previous work, we created a lateral flow assay system to 

measure cortisol with good sensitivity from 3 to 10 ng/mL110. Here, we attempt to 
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address the problems of sensitivity in the low end of the physiological range as well as 

sample preparation and transfer in a microfluidic system. 

For our microfluidic device, we used Zeonor 1020R, a cyclic olefin copolymer (COC), 

in the fabrication of our microfluidic chip. COCs have been used in many microfluidic 

devices due to their good structural and optical properties106,111–115. Zeonor provides a 

hard-plastic substrate with high transparency, which is ideal for the formation of 

structural pillars as well as the imaging of fluorescent markers in the chip. It is also a 

thermoplastic, and so it can be formed using injection molding or hot embossing. We 

are also using a packed bed of microbeads as a substrate for our immunoassay. This 

method has been used by several others, using a weir116 or tapered holes117 to contain 

the beads. The carboxylated silica microbeads used in this work provide a surface for 

easy coupling with proteins and antibodies, as well as providing a large amount of 

surface area in a small volume for binding of fluorescent labels118. 

Although collection is easy, transfer of the sample to the substrate of the assay can be 

difficult and there are typically sample preparation steps which must occur before the 

sample is applied. Inputting and actuating a sample into a microfluidic device without 

relying on capillary action presents a further challenge. Most pumps capable of 

controlling flow at low flow rates (<500 µL/min) are quite large. Although some small 

microfluidic peristaltic pumps do exist, the tubing in these pumps is not intended to be 

replaced frequently, meaning that the inside of the tubing would need to be washed well 

between uses to avoid contamination of the sample by previous uses. We have designed 

a system which uses a small peristaltic pump to achieve a low flow rate with a 

detachable pump housing incorporated into a disposable cassette. The tubing connecting 

the sample collection vial to the microfluidic chip is built into the disposable cassette, 

so that all components of the system which are exposed to saliva are disposable. The 

overall system setup can be seen in Figure 15.  
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Figure 15. Inside and outside view of diagnostic device. a.) Inside view of 3D-printed structure with 

imaging and pumping setup b.) Outside view of device with disposable cassette attached.  

 

5.3 Materials and Methods 

 
5.3.1 Silicon Master Fabrication 

All materials for photolithography, including 6-inch quartz photomasks, 100mm silicon 

wafers, and Megaposit™ SPR™ 220-7.0 photoresist, were acquired through the Cornell 

Nanoscale Science and Technology Facility (CNF). All silicon master and chip 

fabrication steps were completed in the CNF. The microfluidic channel pattern was 

exposed onto a quartz photomask using a Heidelberg Instruments DWL2000 Mask 

Writer. The mask was developed and a chrome etch was applied using a Hamatech-

Steag HMP900 mask processing system. Photoresist was spun onto silicon wafers using 

a GYRSET System, followed by an 8-minute bake at 115°C. The wafer was allowed to 

rest for at least an hour, then was exposed using near-UV light on an ABM High 

Resolution Mask Aligner in contact mode. After another hour-long rest period, the wafer 

was developed on a Hamatech-Steag wafer processor. The wafer was then etched using 

a Unaxis SLR 770 Deep Silicon Etcher so that the channels were approximately 50 µm 

in depth. The photoresist was then stripped using a hot strip bath and a layer of C4F8 

was coated onto the surface of the clean wafer using the Unaxis tool with an altered 

polymer deposition step. To prevent breakage during hot embossing, the wafer was 
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glued to a 10 cm x 10 cm glass plate (FJ Gray & Co, Queens Village, NY, USA).  

 

5.3.2 Hot Embossing and Thermal Bonding 

The cyclic olefin copolymer Zeonor 1020R was purchased from Zeon Specialty 

Materials, Inc. (San Jose, CA, USA) in 2mm thick sheets. These sheets were cut into 

0.75-in diameter discs, then cleaned with isopropyl alcohol (IPA). For each microfluidic 

chip, one disc was hot embossed on a Fortin CRC Prepreg Mini Test Press. The hot 

emboss process was started at 128°C and approximately 45 psi. The temperature setting 

was kept at 128°C for 10 minutes, then the temperature was set to 90°C and the press 

was allowed to cool to that temperature while maintaining pressure. Once the press 

reached 90°C, the chips were removed and de-embossed. Each microfluidic chip also 

requires a backing chip with inlet and outlet holes. This was also made with a 0.75-in 

diameter disc, with holes drilled using a microdrill press at the inlet and outlet locations. 

An X-ACTO knife was used to remove lips and burrs from the holes and the press at 

90°C was used to press any remaining edges to be flush with the surface of the disc. In 

order to improve bond strength and decrease necessary bond temperature, a 

photografting procedure was used to modify the interfacing surfaces of the pressed and 

blank discs. This procedure was adapted from Yue et al115 and was used to increase 

hydrophilicity of the interfacing surfaces. A solution of benzophenone (Sigma Aldrich, 

St. Louis, MO, USA) in acetone (10% (w/v)) was prepared along with a solution of 35% 

(v/v) poly(acrylic) acid (Sigma Aldrich). Immediately before using, the benzophenone 

and poly(acrylic) acid solutions were mixed in a 1:1 ratio and applied to the surfaces of 

the discs. The discs were then placed under a UV LED (380 nm, Shenzhen Chanzon 

Technology Co., Ltd., Shenzhen, Guangdong, China) for 5 minutes. The photografting 

solution was then rinsed from the chips using ethanol and deionized (DI) water and the 

chips were dried. The patterned and blank chips were manually aligned and then placed 



 
 

63 

 

into the hot press at 98°C and approximately 45 psi for 10 minutes. 

 

5.3.3 Bead Preparation 

Carboxylated silica beads with 10 and 20 µm average diameters were purchased from 

Advanced Scientific Products Pty Ltd (Moffat Beach, QLD, Australia). The beads were 

coated with proteins and antibodies using Polylink Protein Coupling Kits (Polysciences, 

Inc., Warrington, PA, USA). Cortisol-BSA conjugates (M414) were acquired from 

CalBioreagents, Inc. (San Mateo, CA, USA). Anti-mouse IgG produced in goat was 

obtained from Sigma Aldrich Co. LLC (St. Louis, MO, USA). The 10 µm beads were 

coated with cortisol-BSA conjugates and the 20 µm beads were coated with anti-mouse 

IgG according to kit protocol.  

 

5.3.4 Microfluidic Immunoassay Preparation 

Coated beads were flowed through the microfluidic chip using an adhesive silicon port 

and a 1 mL syringe (BD & Co., Franklin Lakes, NJ, USA) with a blunt-tipped needle. 

Negative pressure was applied at the outlet to pull solutions containing beads through 

the channels. A solution of 10 µm beads diluted to 0.16 mg/mL in wash buffer (5mM 

Tris with 0.025% (w/v) bovine serum albumin (BSA) and 0.05% sodium azide) was 

flowed through the chip until approximately 10 µL of this solution had been applied. 

Wash buffer was flowed through the chip until the beads were settled at the second array 

of pillars, forming a test zone. This procedure was repeated with the 20 µm beads diluted 

to 0.125 mg/mL in wash buffer. Wash buffer was again flowed through until the 20 µm 

beads had settled at the first array of pillars, forming the control zone. The microfluidic 

chip as well as a microscope view of the test and control zone beads at the pillars can 

be seen in Figure 16. Air was then pulled through the chip until very little solution 

remained and the chip was allowed to air dry for at least 24 hours and stored in a  
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Figure 16. Microfluidic chip with bead immunoassay. a.) Image of microfluidic chip; inlet is in the 

center with the outlet to its left; black box encloses pillar sections shown in b and c. b.) Brightfield 

microscope image of channel with pillars and silica microbeads. 20 µm control zone beads on the left and 

10 µm test zone beads on the right. Flow is left to right. Scale bar 200 µm. c.) Fluorescent microscope 

image of beads after a sample has been processed. 

 

desiccated container at 2-8°C. 

 

5.3.5 Fluorophore Label Preparation 

AlexaFluor 488 (AF488) Lightning Link and Fluorescein isothiocyanate (FITC) 

Lightning Link conjugation kits were obtained from Expedeon (Heidelberg, Germany). 

Anti-cortisol monoclonal antibodies (M344, CalBioreagents, Inc.) were conjugated to 

AF488 or FITC according to kit instructions. Conjugates were stored at 4°C in darkness 

until dilution and subsequent use. Conjugates were diluted in a conjugate buffer (2mM 

borate buffer with 5% (w/v) sucrose, 1% (w/v) BSA, 0.5% (v/v) Tween20, and 0.02% 

(w/v) sodium azide). 

 

5.3.6 Spiked Saliva Preparation 

Stored human saliva with known very low cortisol concentration (< 0.1 ng/mL) was 
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used as a baseline. Samples were brought to different cortisol concentrations using 

cortisol-BSA diluted in a running buffer (1x tris-buffered saline with 1% (w/v) BSA, 

1.5% Tween20, and 0.02% sodium azide), ensuring that concentration of running buffer 

in the sample did not exceed 20% (v/v).  

 

5.3.7 Human Saliva Sample Collection 

Human saliva samples were collected from participants using a protocol approved by 

Cornell’s Institutional Review Board. Participants were asked to meet with the 

researcher, at which time informed consent was given and the participant was asked to 

provide a saliva sample by either passive drool collection or using a cotton swab. 

Participants used a Saliva Collection Aid (Salimetrics, LLC., Carlsbad, CA, USA) in 

conjunction with a 1.8 mL cryovial to collect passive drool samples and they used a 

SalivaBio Oral Swab (Salimetrics, LLC) to collect swab samples. This sample was 

catalogued and frozen for future analysis in the case of the passive drool samples and 

separated into two aliquots with one stored at 2-8°C and one frozen in the case of the 

swab samples. 

 

5.3.8 Cortisol Concentration Validation in Human Samples 

Once all the saliva samples were collected, the samples were thawed, vortex mixed, and 

centrifuged at 1500g for 15 minutes to remove coagulated mucins. 60 µL of each sample 

was used to perform an ELISA kit (Salimetrics, LLC.) in duplicate to determine cortisol 

concentration.  

 

5.3.9 Imaging and Pumping Device  

The structure of the imaging and pumping device was 3D-printed on an Objet30 Pro. 

The imaging components were adapted from a setup previously used by Lu et al to 
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image fluorescent lateral flow assays26. They include an 8 Megapixel Raspberry Pi 

Camera Board v2, a convex lens (Thorlabs, Inc. Newton, NJ, USA), a 530 nm longpass 

emission filter (Thorlabs, Inc.), a custom printed circuit board on which 6 blue LEDs 

were mounted, and 6 bandpass filters (Thorlabs, Inc.) mounted above the LEDs with a 

peak wavelength at 458 nm. The Raspberry Pi Camera is controlled by a Raspberry Pi 

Zero W, and all components are powered by a 3.7V 1200 mAh lithium-ion battery 

(Adafruit Industries, New York City, NY, USA) connected to a Powerboost 1000C 

(Adafruit Industries). The peristaltic pump is turned by a 3V DC geared motor 

(Dolomite Microfluidics, Royston, UK) and uses a 3D-printed pump head with two 

miniature ball bearings (Dynaroll, Sylmar, CA, USA). The LEDs are powered at 5V 

and ~1A directly from the Powerboost, and the motor is powered at 3.7V directly from 

the battery. All components can be seen detailed in Figure 17. 

All interaction with the device can be done from a web browser on any mobile device. 

The motor, lighting, and camera are all controlled using Python scripts which are called 

using Wi-Fi. The camera takes a raw Bayer image which is demosaiced and sent to the 

browser that initiated the image. This image can then be analyzed using the higher 

processing power of the mobile device to determine cortisol concentration.  

 

5.3.10 Preliminary Immunoassay Testing 

Preliminary testing of the microfluidic immunoassay was performed with a syringe 

pump (NE-1000, New Era Pump Systems, Farmingdale, NY, USA) with spiked saliva 

samples. FITC-anti-cortisol conjugates were used instead of AF488 conjugates. Spiked 

saliva samples prepared as described earlier were mixed with concentrated running 

buffer (15x TBS, 15% (w/v) BSA, and 22.5% Tween20) and FITC conjugates diluted 

in a conjugate buffer. The sample was made up of 13 µL of spiked saliva, 2 µL of 
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Figure 17. Exploded view of device components. 

 

concentrated running buffer, and 0.5 µL of 1:1500 diluted FITC conjugates. The sample 

was pushed through the chip through a silicone tube (HelixMark Silicone Tubing, 

Freudenberg Medical, Gloucester, MA, USA) epoxied to the inlet (Scotch-Weld DP 

420, 3M, St. Paul, MN, USA) by a syringe pump at 30 µL/min.  

 

5.3.11 Saliva Sample Filtration 

Fresh saliva samples collected via saliva swab were filtered before use in the chip using 

a custom filtration setup (Figure 18). A 0.2 µm-pore nylon filter (EMD Millipore) was 

cut to 0.2-inch diameter circles using a VersaLaser VLS3.50. Two small parts (Figure 

18b) were designed and 3D-printed to hold the filter in place in a cryovial. Two EPDM 

O-rings (Parker Hannafin, Cleveland, OH, USA) were used to seal above and below the 

filter setup. A small hole was drilled into the bottom of the cryovial using a handheld 

drill. The completed setup can be seen in Figure 18a. Tubing was inserted into the hole 

and held in place by epoxy. The saturated cotton swab was placed into the cryovial and 

compressed using a plunger (Figure 18c) designed to apply pressure to the swab as well  



 
 

68 

 

 
Figure 18. Saliva filtration setup. a.) Image of complete filtration setup. b.) Custom filter holder with 

two pieces that hold a circular filter between them and an O-ring beneath. c.) Plunger to compress saliva 

swab and push saliva through filter. 

 

as push saliva through the filter. Filtered saliva was collected and stored at 2-8°C for 

future use. 

 

5.3.12 Disposable Cassette 

A disposable cassette with peristaltic pump housing, microfluidic chip, tubing, snap-fit 

interface with device, and sample collection housing was designed and 3D-printed. The 

cassette design can be seen in Figure 15b. The design of the cassette allows the saliva-

contacting components to be contained in a disposable piece. When the cassette is 

pressed on the top of the device, the snap fit pieces slide the peristaltic pump housing 

and tubing into place by the peristaltic pump head and hold the microfluidic chip in 

place for imaging.  
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5.3.13 System Operation with Peristaltic Pump 

To begin operation of the pumping system and analysis of cortisol concentration, a 

microfluidic chip and tube combination was set in place on a cassette and the cassette 

was snapped into place, engaging the tubing in the peristaltic pump. A prepared sample 

(15 µL filtered saliva, 3 µL concentrated running buffer, and 3 µL 1:100 diluted AF488) 

was placed at the inlet of the tubing. The pump was operated at approximately 8 µL/min 

by running the motor with pulse width modulation. The pump was run for approximately 

6 minutes, allowing the sample to run through the tubing and microfluidic chip. After 

this time, the chip was imaged both on a microscope and by the device for further 

analysis. 

 

5.4 Results 

 

5.4.1 Preliminary Testing Results 

Preliminary testing done using a syringe pump and spiked saliva samples demonstrate 

the ability of the microfluidic immunoassay to detect cortisol concentrations between 0 

and 5 ng/mL. Results from 2 tests at each concentration and measured using the portable 

device are shown in Figure 19. Images were analyzed manually using ImageJ. The 

average brightness intensities of the test zone area and an adjacent area were measured, 

and the background intensity subtracted from the test zone intensity. 
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Figure 19. Preliminary spiked saliva results. Error bars shown are standard deviation, n=2. 

 

5.4.2 Filtered Saliva Results 

Filtered fresh saliva samples were tested using the custom peristaltic pump setup. Many 

confounding factors were realized during the running and measurement of the fresh 

saliva samples. The introduction of bubbles during transition from the tube to the 

microfluidic chip inlet occurred in many of the tests (~30%). These bubbles were large 

(from ~50 to 400 µm) in size and interfered both with the normal flow pattern of the 

sample and with the imaging process. Samples which produced bubbles were excluded 

from the results. Certain samples also did not flow through the microfluidic chip after 

reaching just beyond the test area. Our hypothesis is that these samples have an 

especially high viscosity. One sample from the test set also had to be excluded for this 

reason. Our results include five samples taken via saliva swab. The cortisol 

concentrations determined by ELISA range from ~1 ng/mL to ~8 ng/mL, with most 

samples on the lower or higher end of the range. No samples collected via saliva swab 

fell between 3 and 6 ng/mL. The test zone brightness intensity was normalized by the  
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Figure 20. Fresh filtered saliva results. 

 

width of the test zone bead area. The results from these five samples are given in Figure 

20. 

 

5.5 Discussion 

 

Our results in spiked serum using a syringe pump demonstrate the capability of the bead-

based microfluidic immunoassay to differentiate cortisol concentrations between 0 and 

2 ng/mL. The results from the imaging device provide a sharp gradient in intensity in 

the low range of cortisol concentration. This sharp gradient would allow for more 

sensitive quantification of cortisol concentration at those low concentrations.   

Although these results cannot be compared directly to later results using the peristaltic 

pump and AF488, they demonstrate the capability of silica microbeads to serve as a 

substrate for an immunoassay. Using microbeads as a substrate yields a couple 

advantages over coating a microfluidic surface. First, the spherical shape and clear 

nature of the silica beads provides a high surface area to interact with the sample as well 

as to generate fluorescent signal. Second, coupling silica beads with antibodies and 



 
 

72 

 

proteins is easy and can be done in a large batch. These beads can then be flowed into 

place in the chip. Other processes for immobilizing proteins and antibodies on the 

surfaces of microchannels with selective location involve precise positioning of the chip 

and often use laser systems to provide location selection119. Our technique involves only 

the use of a syringe and an adhesive port to pull the beads into the correct location, 

making it easy and inexpensive. 

Our fresh saliva sample results show the diagnostic system’s ability to distinguish high 

and low cortisol concentrations. Although there are only five samples which did not 

form large bubbles and flowed through the chip, these samples demonstrate a similar 

trend in test zone brightness when compared to the preliminary tests. Difficulties with 

bubble formation and highly variable sample characteristics are a source for future 

development of this test. These samples were collected using a standard saliva collection 

technique and prepared for flow into the chip without the use of a centrifuge. Our 

filtration system takes a sample directly from the saliva collection swab and outputs 

saliva without debris or coagulated mucins and that does not clog the microfluidic chip. 

This sample preparation step can now be done at the point of care.  

Sample actuation into a microfluidic chip is typically performed by syringe pump or 

benchtop peristaltic pump. Although microfluidic peristaltic pumps do exist, they are 

not designed to have easily changed tubing. Our peristaltic pump would eliminate 

contamination because the tubing would be completely disposable. A user could simply 

snap the cassette into place and then remove it to dispose of after the test was complete. 

The pump can also be controlled via Wi-Fi and set to run at varying speeds using pulse 

width modulation. Our flow rate of 8 µL/min is among the lowest flow rates possible 

with commercial peristaltic pumps.  

Our system also does not require the use of a microscope to image the bead-based assay. 

Our optical setup uses small and inexpensive components to capture the fluorescent 
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signal of the bead zones. While a microscope would provide a clearer image, we are still 

able to analyze the signal well and distinguish between different cortisol concentrations. 

 

5.6 Conclusions 

 

The diagnostic system presented here represents a new technique to measure cortisol in 

saliva as well as actuate flow through a microfluidic chip. Our system is portable and 

easy to use, making it ideal for the point of care. The device, which includes a pump, 

controller, and fluorescent imaging setup, is about 3 inches across and can be easily 

carried from place to place. Sample preparation can be done using our custom filtration 

system, and sample actuation is achieved by our custom peristaltic pump. Although 

there are limitations to the system, including unpredictable bubble formation and 

susceptibility to highly varied sample characteristics, this work represents a proof of 

concept for a completely point-of-care microfluidic device that does not use capillary 

action as its fluid flow mechanism. Future development could enable this device to be 

used to aid in diagnosis and treatment of stress-related illness, mental illness, and 

endocrine disease. 
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CHAPTER SIX 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

6.1 Lateral flow assays for the quantification of biomarkers at the point 

of care 

 

In chapters 2 through 4 of this dissertation, we detail advances made in the field of LFA 

diagnostics. LFAs are already successful in applications with qualitative or binary 

results, especially in the case of at-home pregnancy tests. Quantification of biomarker 

concentrations through LFAs can be a challenge because of the need for sensitivity and 

reproducibility as well as for an imaging device. We have used imaging devices in these 

chapters to analyze both colorimetric and fluorescent signals and quantify 

concentrations of analytes.  

In chapter 2, we provide a novel method for analyzing LFAs which increases our ability 

to quantify concentrations of CRP in human serum. This new method overcomes a well-

known challenge in sandwich immunoassays—even non-LFA formats—called the 

high-dose hook effect. By simply taking more images during the development of the 

signal on the strip, we can increase the measurement range of the assay by 2.5 times. 

This method could be used in future assays to overcome the hook effect and improve 

quantification of LFAs and possibly even lab-based sandwich immunoassays. Because 

of the utility of CRP measurement at every point in its physiological range and its 

frequency of use as a diagnostic biomarker, the use of our method could significantly 

decrease costs by removing the need for multiple tests on multiple dilutions. 

Chapter 3 of this dissertation presents a novel point-of-care diagnostic for folate 

quantification in serum. This diagnostic test represents the first system for detecting 

folate deficiency outside of the lab. Although the test is more complex than typical 
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LFAs, the process steps could be accomplished using low-cost tools. The development 

of a complete system and its validation in resource-limited settings on the target 

demographic is a source for future work on this project. The protocol for preparing the 

sample and the sensitivity and specificity of the assay have been established in this 

work, and future contributions to this project should include implementation of tools to 

simplify the sample preparation steps as well as validation of these tools and the assay 

at the point of care. Once this test has been established as a point-of-care system, it 

would have great potential for use as part of population-wide surveys of serum folate 

status. Results from our test could be compared to clinical data to establish reference 

ranges and ensure that data gathered using our test is well understood and interpreted. 

Combination of a serum folate assay with other pregnancy or fertility-related 

biomarkers could also represent a future application of this work. 

The fourth chapter of this dissertation demonstrates an LFA for cortisol concentration 

quantification that we have validated using samples from a study conducted to assess 

relationships between cortisol and alertness. This study represents the kind of work 

which would be enabled with a diagnostic such as our LFA. The results from our LFA 

also indicate room to improve the sensitivity of measurement in very low concentration 

ranges. This builds the foundation for our final work on a microfluidic diagnostic system 

in chapter 5.  

The improvement of existing LFAs as well as the generation of LFAs to measure new 

analytes has the potential to greatly improve healthcare in limited-resource settings as 

well as in places like the United States. The affordability of LFAs would make them 

accessible to more people and could inform the medical treatment of individuals and 

populations across the globe. At-home testing could enable personalized medicine, 

allowing individuals and their doctors to tailor treatment and preventive medicine to 

their unique condition. LFAs can also enable screening for disease, such as vitamin 
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deficiency, which could catch problems sooner and provide treatment before symptoms 

occur. Decreasing the cost and increasing the availability of diagnostic testing is the 

ultimate goal of LFAs, and our work in this dissertation has contributed to that goal by 

advancing LFA technology. 

 

6.2 Development of an easy-to-use microfluidic diagnostic system for 

cortisol measurement 

 

Our final work in this text is a proof of concept for a completely point-of-care diagnostic 

system that uses a microfluidic immunoassay. Assessment of saliva at the point of care 

has great potential because of the ease and non-invasive nature of sample collection. 

The ability to transform a sample from its format in a sample collection swab into a 

usable liquid that can be flowed through a microfluidic device without the use of any 

large laboratory equipment would be highly advantageous in measuring saliva at the 

point of care. Our work provides a design which can do this and actuate the sample 

using only a 3-inch by 3-inch device. Our preliminary results demonstrate the potential 

of our assay format to quantify low concentrations of cortisol in saliva.  

Although validation of this device would require the collection and testing of more 

samples, as well as the consideration of complicating factors such as bubbles and high 

sample-to-sample variability, this technology could be used in the future to conduct 

studies involving cortisol without having to transport samples to the lab or store them. 

Future work on this project should include investigation into sample variability issues 

and the prevention of bubble formation at the inlet. Once these issues are resolved, 

validation using a large sample set would be the next step to moving the project forward. 

The device could then be used to investigate cortisol as a biomarker in other conditions, 

such as mental and stress-related illness. It is also possible that it could be used by 
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individuals with endocrine disorders to monitor their cortisol levels and inform their 

medication plans. This device could be a tool for the development of science and 

medicine in the future. 
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APPENDICES 

 

APPENDIX A: TEST AND CONTROL LINE KINETICS CALCULATIONS 

 

Test and control line intensities over time were fit with a bounded exponential of the 

form: 

𝑓 = 𝐴[1 − 𝑒−𝑡∗𝐵] + 𝐶 

where A, B and C are fitting parameters and t is the time in seconds from the start of the 

test. The experimental data with the curve fits overlaid on the data for the test and control 

line intensities are shown in Figure A1. 

 
Figure A1. Test and control line development over time. (a) Test and (b) control line intensity over 

time with bounded exponential fits. 

The test to control line ratio (T/C) was determined using the fitted equations to the test 

and control lines. The fitted equations were divided and the result is the T/C with respect 

to time. The T/C values over time were then used to compute the geometric derivative 

using the equation: 

 

�̃�𝑓(𝑎) = lim
𝑥→𝑎

(
𝑓(𝑥)

𝑓(𝑎)
)

1
𝑥−𝑎
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The geometric derivative was computed for all times using a time step of 1 second. This 

can be seen in Figure 6. The ideal time for differentiating between concentrations was 

found to be x = 110 seconds.  

In order to show that the kinetics of the test and control line provide a way to determine 

concentration even when the assay is not optimized in the same way as ours, we changed 

two of the assay parameters and made some measurements of the kinetics of several 

serum samples (CRP serum calibrator set, Audit Microcontrols) with concentrations 

throughout the range of the hook effect. The assay parameters that were changed include 

the concentration of antibodies on the control line and the optical density of the gold 

nanoparticle solution which was soaked into the conjugate pad. The control line 

antibodies were decreased from 1 mg/ml to 0.5 mg/ml and the OD of the gold 

nanoparticle solution was changed from 0.5 OD to 1.0 OD. These parameters were 

chosen in an attempt to force the control line to saturate so that it would be a constant 

intensity for every concentration. We tested four concentrations of CRP in serum 

samples and ran each of these concentrations twice. The results of the final T/C can be 

seen in Figure A2.  

 



 
 

80 

 

Figure A2. Final T/C of tests run under changed assay parameters. From image at time = 800s. Error 

bars shown are standard deviation, n=2. 

Although the T/C has changed because of the change in assay parameters, the hook 

effect is still evident. The kinetics of the T/C can be seen in Figure A3. 

 

Figure A3. T/C of 8 tests with respect to time. 

The kinetics curves of the T/C show the same trends as before, with lower 

concentrations having a mostly increasing T/C over time and higher concentrations 

having a mainly decreasing T/C over time. Next, we determined the geometric 

derivative of the T/C vs. time curve at 120 seconds, in the same way as before. The 

geometric derivative with respect to serum CRP concentration can be seen in Figure A4. 
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Figure A4. Geometric derivative of the T/C for several serum CRP concentrations. Error bars shown 

are standard deviation, n=2. Line of best fit is shown, R2=0.825. 

The geometric derivative of the T/C with respect to time has a relatively linear 

relationship with the CRP concentration. Although it is not perfect, this demonstrates 

the robustness of our method to significant changes in assay parameters. This suggests 

that our method will translate to assays which are optimized differently, likely even to 

assays of different analytes. 
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APPENDIX B: CLOCKWISE STUDY DETAILS AND DISCUSSION 

 

 
Figure B1. Checkerboard pattern seen during the PVT touch alertness test on Android smartphone. 

Investigation of correlations between the measured variables (e.g. total cortisol vs. 

average number of PVT lapses) for the population revealed no significant correlations. 

Simple linear regression models were used when the random effects term accounting 

for subject-to-subject variation was not found to be significant by ANOVA. Table S1 

contains all model descriptions, slope estimates, p-values and n values for these 

comparisons. 

Table B1. Population-Level Comparisons 

Comparison Model 
Slope 

Estimate 

p-

value 
n 

Max Cort v PVT Med Linear mixed model -1.104 0.572 70 

Tot Cort v PVT Med Linear mixed model 2.598 0.231 70 

Max Cort v PVT Lapse Linear mixed model 0.1042 0.421 70 

Tot Cort v PVT Lapse Linear mixed model 0.8278 0.054 63 

Tot Cort v Sleep Length Linear mixed model 0.03311 0.653 56 

Max Cort v Sleep Length Linear mixed model 0.03113 0.496 56 
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Max Cort v MSP Dev 

Simple linear 

regression 
-0.00495 0.819 56 

Tot Cort v MSP Dev 

Simple linear 

regression 
0.009696 0.79 56 

Mel Max v PVT Med Linear mixed model 0.1054 0.589 64 

Mel Max v PVT Lapse Linear mixed model -0.00184 0.9246 64 

Mel Max v Sleep Length Linear mixed model 0.005819 0.448 50 

Mel Max v MSP Dev 

Simple linear 

regression 
0.000687 0.842 50 

 

Investigation of correlations between the measured variables (e.g. total cortisol vs. 

average number of PVT lapses) for each participant revealed differences in sign and 

magnitude of the slopes for the lines of best fit. Tables S2-S7 contains the non-

normalized slope values and the corresponding p-values for the best fit lines of each 

graph created. 

 Table B2. Total Cortisol vs. PVT Measures  

Total Cortisol (ng/ml) vs. Average PVT 

Median RT (ms) 

Total Cortisol (ng/ml) vs. Average 

Number of PVT Lapses 

PID Slope p-value PID Slope p-value 

1 53.30701 0.011401 1 5.864941 0.018597 

2 16.77076 0.238898 2 2.21523 0.132256 

3 -3.42754 0.681164 3 -1.20475 0.04831 

5 1.457584 0.777106 5 0.321628 0.498728 

6 -4.42744 0.123785 6 -0.74797 0.240863 

9 5.571715 0.670619 9 1.530945 0.242167 

10 3.636448 0.598683 10 1.024878 0.555294 
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11 -5.98668 0.758185 11 -1.48419 0.568661 

12 25.22376 0.587846 12 2.177585 0.418341 

 

Table B3. Total Cortisol vs. Sleep Metrics 

Total Cortisol (ng/ml) vs. Sleep 

Duration (hrs) 

Total Cortisol (ng/ml) vs. Deviation from 

Average Mid-Sleep Point (hrs) 

PID Slope p-value PID Slope p-value 

1 -1.68519 0.294151 1 -0.74554 0.573712 

2 1.079981 0.0936 2 -0.13707 0.780898 

3 -0.69545 0.034402 3 -0.08011 0.770452 

5 0.051056 0.073845 5 -0.02292 0.559092 

6 -0.55666 0.71287 6 0.641278 0.084941 

9 -0.22808 0.488054 9 0.272685 0.444667 

10 -0.07915 0.883431 10 0.408247 0.125838 

11 1.521013 0.126779 11 0.413947 0.515342 

12 -1.84141 0.249534 12 -0.34842 0.843577 

 

Table B4. Maximum Cortisol vs. PVT Measures 

Maximum Cortisol (ng/ml) vs. 

Average PVT Median RT (ms) 

Maximum Cortisol (ng/ml) vs. Average 

Number of PVT Lapses 

PID Slope p-value PID Slope p-value 

1 2.853813 0.846717 1 -0.58469 0.721398 

2 -21.9534 0.397869 2 -2.06917 0.472891 

3 2.280977 0.565321 3 -0.41318 0.174034 

5 1.228941 0.730556 5 0.234345 0.476735 
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6 -1.05997 0.25681 6 -0.08801 0.673774 

7 12.38651 0.342354 7 2.189587 0.165657 

9 -4.85777 0.243195 9 -0.57815 0.182978 

10 -8.16044 0.150441 10 -0.36555 0.818939 

11 18.62513 0.122763 11 1.966088 0.256557 

12 3.87029 0.923773 12 -0.41577 0.866136 

 

Table B5. Maximum Cortisol vs. Sleep Metrics 

Maximum Cortisol (ng/ml) vs. 

Sleep Duration (hrs) 

Maximum Cortisol (ng/ml) vs. Deviation 

from Average Mid-Sleep Point 

PID Slope p-value PID Slope p-value 

1 -0.71464 0.16396 1 -0.61646 0.015508 

2 1.446717 0.256858 2 -0.91943 0.100494 

3 0.043857 0.784241 3 -0.18987 0.079967 

5 0.04312 0.012297 5 -0.001 0.971286 

6 -0.44177 0.43162 6 0.280414 0.001939 

7 1.268114 0.168618 7 0.095462 0.799258 

9 0.11501 0.253994 9 -0.07826 0.514348 

10 -0.11411 0.814792 10 0.322754 0.19605 

11 -1.43984 0.014233 11 0.303223 0.495868 

12 0.843171 0.041507 12 0.392649 0.552537 
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Table B6. Maximum Melatonin vs. PVT Measures 

Maximum Melatonin (pg/ml) vs. 

Average PVT Median RT (ms) 

Maximum Melatonin (pg/ml) vs. Average 

Number of PVT Lapses 

PID Slope p-value PID Slope p-value 

1 -0.79015 0.7229 1 0.057108 0.820452 

2 1.101397 0.400141 2 0.156976 0.253918 

3 -0.30518 0.453916 3 -0.00924 0.776909 

6 -0.09787 0.81461 6 -0.11433 0.146097 

7 -0.16154 0.835449 7 -0.0096 0.941429 

9 -0.16231 0.703912 9 -0.03993 0.385314 

10 -0.01632 0.942149 10 0.042593 0.438139 

11 0.330779 0.208622 11 0.02708 0.473635 

 

Table B7. Maximum Melatonin vs. Sleep Metrics 

Maximum Melatonin (pg/ml) vs. 

Sleep Duration (hrs) 

Maximum Melatonin (pg/ml) vs. Deviation 

from Average Mid-Sleep Point (hrs) 

PID Slope p-value PID Slope p-value 

1 0.09614 0.212488 1 0.089097 0.003718 

2 0.081335 0.277728 2 -0.00454 0.923267 

3 -0.00965 0.52196 3 0.00923 0.402207 

6 0.145399 0.21816 6 -0.01601 0.761893 

9 0.014016 0.111432 9 -0.00702 0.527137 

10 0.02556 0.084173 10 0.001408 0.884411 

11 -0.0041 0.803765 11 0.010607 0.229758 
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Figure B2. Differences in slopes of relationships between total cortisol and PVT and sleep 

measures for different individuals. For Participant 01: (a) Average median PVT reaction time (RT) 

versus total cortisol. (b) Average PVT number of lapses versus total cortisol. (c) Sleep duration versus 

total cortisol. (d) Deviation from average mid-sleep point versus total cortisol. (e) Slopes for 4 different 

plots (given in legend) for nine different participants. Slopes are normalized for each set of variables to 

the highest slope value for that set.  

 

 

Figure B3. Differences in slopes of relationships between maximum melatonin and PVT and sleep 

measures for different individuals. For Participant 01: (a) Average median PVT reaction time (RT) 

versus maximum melatonin. (b) Average PVT number of lapses versus maximum melatonin. (c) Sleep 

duration versus maximum melatonin. (d) Deviation from average mid-sleep point versus maximum 

melatonin. (e) Slopes for 4 different plots (given in legend) for eight different participants. Slopes are 

normalized for each set of variables to the highest slope value for that set. 

Study Participant Compensation Structure 

Participants were given the following compensation for their participation in the study: 

$5 provided for collecting the 3 saliva samples and finishing one PVT survey in the 

morning, $1 each for subsequent saliva sample and PVT survey finished during the 

day. For completion of the sleep journal and sleepiness survey, $0.50 each was 
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provided. Further $5 were promised for each week of participation by the study 

subjects. 

Study Compliance 

Out of the 13 participants interviewed and recruited for the study, one was unable to 

participate further due to the inability to return collected saliva samples in a timely 

manner, leaving the study with 12 participating members. Two participants (P03 and 

P04) from the remaining 12 participants agreed to continue taking samples for an extra 

7 days, thus providing 14 days of samples each. Out of an overall 588 possible saliva 

samples expected from the 12 participants, we received 563 saliva samples (95.7%). 

Out of these 12, 9 participants provided us with all expected saliva samples over the 

course of the study. One participant (P13), though providing us with all but 3 samples, 

did not collect samples according to protocol.   

After analysis of samples, one participant (P04) was excluded from data analysis due 

to suspected contamination of the saliva samples (as evidenced by yellow-colored 

samples from a visual examination and anomalous readings obtained from ELISA 

analysis). Some samples were discarded due to insufficient collected volume for 

ELISA analysis, and others produced anomalous (negative) readings from the ELISA 

analysis due to suspected contamination. There were overall 429 samples which were 

subsequently analyzed for cortisol, amounting to 76.2% of overall collected samples. 

The percent of overall collected samples which could also be analyzed for melatonin 

was 54% due to lack of sample volume.   

One participant (P13) was excluded from any subsequent analysis since no PVT 

surveys were obtained due to uploading errors from the participant’s phone. After 

excluding P04 and P13 from further analysis, the days where the participants 

completed at least one PVT in addition to collecting saliva samples amounted to 91% 

of total days with saliva collection. Days on which the participants completed at least 
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4 PVTs while also collecting saliva samples accounted for 55% of total days with 

saliva collection. The compliance rate for completion of sleep surveys was 67.5% (52 

out of 77).   

After all data was collected and participants were excluded for the reasons listed 

above, there were 10 participants remaining, 4 men and 6 women, data from whom 

were used for subsequent analysis.  

Multilevel Model Formulation 

The base level of the model consists of modeling the natural logarithm of cortisol as a 

function of time since awakening. Each data point represents a sample obtained from a 

participant, and a simple linear regression of all the points is taken. The base level of 

the model is given by the equation:  

ijkijk TIMECORT  ++= 10)ln(  [S1] 

In equation [S1], 0 and 1 represent the population mean intercept and slope, 

respectively. The residual is represented by ijk. The subscripts i, j, and k represent the 

individual, the day, and the sample, respectively. A plot of all the samples with a fitted 

regression line showing the population mean is given in Figure 5(a). 

To account for variation between participants, we added two terms which allow for 

variation in the slope (b1i) and intercept (b0i) to be attributed to each individual. These 

terms were included here as random effects. An equation for this model is:  

ijkiiijk TIMEbbTIMECORT  ++++= 1010)ln(  [S2] 

Figure 5(b) shows graphically the population mean and an individual’s mean 

(Participant 01) with the data that belongs to that individual. 

To account for the day on which the samples were taken, we added another level to the 

model. This level allows us to see within each individual, how much each day’s mean 

is different from the individual’s mean. The new term (cij) only allows the intercept to 

vary, rather than both the intercept and slope, and is modeled as a random effect. The 
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new model equation is now: 

ijkijiiijk cTIMEbbTIMECORT  +++++= 1010)ln(  [S3] 

A graphical representation of one day’s mean (Participant 01, day 1) with the data 

from that day shown in Figure 5(c), along with the means for the population and the 

mean for all the days together of the individual. The addition of each of the covariates 

(0, 1, b0i, b1i, and cij) in the model was found to be significant (p<0.001). 

Variances of each of the coefficients and intra-class correlation coefficients (ICCs) are 

shown in the Table. ICCs are defined as the degree of correlation within groups and 

can also be used to assess the degree of difference between groups 93. ICC1 represents 

the fraction of variance attributed to differences between individuals and between days 

(Equation [S4]). ICC2 represents the fraction of variance attributed to differences 

between individuals (Equation [S5]). Equations for the two ICCs are given below. 
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The values of ICC1 and ICC2 are 0.208 and 0.056, respectively. The higher value of 

ICC1 indicates a stronger correlation between measurements on the same day than on 

different days, so we would expect two measurements taken on the same day by the 

same individual to be more strongly correlated than those taken by the same individual 

but on different days.  

Table B8. Variances and intra-class correlation coefficients for the cortisol 

multilevel model 

Term Value Interpretation 

Variance of b0i 0.0209 Variation between individuals (intercept) 

Variance of b1i  0.0013 Variation between individuals (slope) 
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Variance of cij 0.0573 

Variation between days within the 

individual 

Variance of εijk 0.2983 Random variation 

ICC_1 0.208 Between-individual correlation (same day) 

ICC_2 0.056 

Between-individual correlation (different 

day) 

 

Discussion Regarding Study Results 

The compliance of the participants to the required protocols was overall found to be 

similar to other studies measuring compliance 120,121. The self-reported compliance to 

the saliva collection protocol (taken here to be submission of samples with times and 

dates recorded and morning samples taken within ten minutes of protocol 

requirements) was 94.7%, which is similar to self-reported compliance rates in other 

studies 120. Although objective compliance (typically measured using electronic 

devices to measure actual sampling times 121) was not measured in this study, the 

observance of typical cortisol diurnal profiles in most cases suggests that inaccuracies 

in the sampling times for these cases are relatively low. We observed CAR in around 

half of the days for which samples were collected, which indicates that some 

inaccuracies in sampling procedure exist in the morning samples. Although we did not 

always observe the expected CAR, we did find that the average slope for 93.3% of 

days was negative, showing that samples taken in the afternoon and evening followed 

expected trends. Despite the possibilities of non-compliance, our model which 

involves the natural logarithm of cortisol and a linear fit across the day allows us to be 

robust to non-compliance in sampling because it does not rely on only one or two data 

points per day but takes the day as a whole. 

As was stated in the Materials and Methods section, we were unable to measure nearly 
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half of the samples for melatonin due to lack of sample volume or contamination. 

Over two-thirds of the samples which were not analyzed for melatonin were collected 

before noon, when melatonin tends to be lowest, and only 11 samples out of the 133 

which were not analyzed for melatonin were the final sample of the day, when 

melatonin is usually highest. In our analysis, we primarily used the maximum 

melatonin value, and so the missing values had a minimal impact on our analysis of 

melatonin. 

An exploration of direct relationships between the whole-day metrics of measured 

variables did not lead to any clear correlations. One reason for this may be that the 

participants in this study were not instructed to change any of their daily activities, 

except to avoid eating and brushing their teeth before saliva sample collection. Other 

studies linking cortisol and sleep or alertness and sleep have imposed sleep 

deprivation situations on the participants in an attempt to get a better idea of the effect 

of difference in sleep duration on alertness and cortisol 85,122. In our study, the 

participants had no imposed sleep deprivation or stressors and so there is little 

variation in sleep duration. The shortest sleep duration is at 4.25 hours and the longest 

at 11.3 hours, with the majority falling between 6 and 9 hours. It is possible that 

stronger correlations would be discovered if the participants had more variation in 

sleep times.  

Our exploration of how various individuals’ whole-day measures relate suggests that 

there is no fixed pattern in the population and that each individual’s cortisol exhibits a 

unique relationship with sleep habits and alertness measures. Each individual would 

then need to examine his or her own body’s behavior. If a person could track his or her 

own cortisol and alertness using our system and smartphone app, he or she could 

create a personalized record of how each of these markers change over time and 

respond to each other. This information could enable the user to make better decisions 
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about sleep and work schedules. For example, if the user was consistently most alert in 

the early morning, he or she could plan to do the most challenging work at that time, 

or if the user was more alert after sleeping from midnight to 8 AM rather than from 10 

PM to 6 AM, he or she could plan his or her time accordingly. 

In order to have a way to quantify cortisol over the whole day without averaging or 

taking a single value, we used a multilevel model that captures all of the points across 

the day. Very low p-values (p<0.001) for the addition of each covariate give evidence 

that the addition of each level to the model is warranted by the data. The inclusion of a 

term which accounts for alertness in the statistical model allows for a way to account 

for variation in cortisol levels using alertness. The best way to express cortisol values 

is not well known, with different studies using CAR, area under the curve, and 

maximum cortisol 102,123,124. With this model in place that depicts cortisol as a function 

of time, individual, and day, there is no need to define each day with a single metric. 

Though the size of the study does not allow for enough statistical power to prove a 

relationship, our finding that average number of lapses is marginally significant in 

predicting cortisol suggests that cortisol throughout the day may be related to 

alertness. A positive coefficient of the PVT term suggests that lower alertness (higher 

average number of lapses) is observed on days on which cortisol levels are higher. 

Although an acute spike in cortisol levels as the result of a stressor may increase 

alertness to prepare the body to deal with the stressor, it is also possible that sustained 

higher levels of cortisol do not have the same effect on alertness. Our study looked at 

cortisol over a longer term which would not allow for detection of stressor events, but 

which would yield an understanding of chronic effects of cortisol. As this relationship 

is not well understood and ours is the first study linking measured values of cortisol 

and alertness, more investigation into this relationship is warranted. 
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