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Abstract
Cortisol, a steroid hormone, is essential in various physiological processes and follows a circadian
rhythm throughout a day-night cycle. Abnormal levels of cortisol can be attributed to diseases, but
most notably, it is caused by stress. Therefore, cortisol is widely known as a stress biomarker.
Having a device to analyze salivary cortisol is essential in identifying environmental or
behavioural triggers that can lead to stress. Analysis through saliva-based cortisol sensing offers a
method of obtaining samples in a non-invasive form, minimizing additional stress. The current
standard methods of measurements have disadvantages of being time-consuming, expensive and
require specialized equipment to run the analysis, such as enzyme-linked immunosorbent assay
(ELISA). Therefore, there is a need for a device that is cost-effective, fast, portable, and easy to
use, thus creating a point-of-care (POC) device for the measurement of salivary cortisol.
In this thesis, a lateral flow assay (LFA) technique have been implemented for rapid quantitative
analyses of salivatory cortisol. Parametric studies performed to investigate the effects of LFA
preparation and construction on the measurement of cortisol sample concentrations. The studies
conducted determined the characteristics of the LFA, such as sensitivity and selectivity to establish
limitations and reproducibility. Horse saliva was used to test the LFA performance and was
compared to an ELISA measurement. MATLAB was used in the development of an automated
image processing algorithm. This algorithm enabled automated and faster measurement of cortisol
in saliva through extraction of novel transient features. It was concluded that using automated
image processing and advanced feature extraction a higher level of selectivity can be achieved.

I

Preface
This thesis is based on the work completed at the University of Prince Edward Island under the
supervision of Dr. Ali Ahmadi, and the guidance of committee members, Drs. Laurie McDuffee
and William Montelpare. Parts of this thesis have been published in conference proceedings as
work on the biosensor progressed [C1-C3]. I was responsible for developing the methodology,
preforming test, and analysis of the sensing mechanism utilized for the detection of cortisol. I also
developed and tested the MATLAB image processing algorithm used in this work to interpret the
lateral flow assay results to provide a quantitative value to a cortisol concentration. Dr. Laurie
McDuffee provided the horse samples used to test my biosensor, as well as the ELISA results form
the same samples for comparison. Additionally, one conference presentation resulted from course
work [C4].

II

List of Publications
Conference Presentations and Proceedings
[C1] Nino-Esparza, R., Riveroll A, McDuffee L, Montelpare W, and Ahmadi A. (May 2018).
“Development of Saliva-Based Cortisol Biosensors Using Smartphone-Based Image
Analysis”. The Atlantic Canada Clinical Engineering Society (ACCES) and Canadian
Medical and Biological Engineering Society (CMBES) Joint Conference. Charlottetown
PE, Canada. Abstract and Conference Presentation.
[C2] Nino-Esparza, R, McDuffee L, Montelpare W, and Ahmadi A. (May 2019).
“Development, validation and application of a fully automated portable and smartphoneoperated saliva-based cortisol biosensor”. The Annual UPEI Graduate Studies and
Research Conference 2019. Charlottetown PE, Canada. Abstract and Conference
Presentation.
[C3] Nino-Esparza, R, McDuffee L, Montelpare W, and Ahmadi A. (May 2019). “A
Parametric Study of Lateral Flow Biosensors for Measurement of Salivary Cortisol
Concentration”. The 42nd Canadian Medical and Biological Engineering Conference
(CMBEC). Ottawa ON, Canada. Abstract and Conference Presentation.
[C4] Nino-Esparza, R, Cameron T, Sampson J, Thibodeau M, Cayaoyao T, and Ahmadi A.
“The Use of a VOC Sensor to Measure Freshness of Fruits” (May 2019). The Canadian
Medical and Biological Engineering Conference (CMBEC). Ottawa ON, Canada. Abstract
and Poster Presentation.

III

Table of Contents
Abstract ..................................................................................................................... I
Preface ...................................................................................................................... II
List of Publications.................................................................................................III
List of Figures and Tables .................................................................................... VI
Acknowledgements................................................................................................ IX
Dedication .............................................................................................................. XI
Chapter 1: Introduction ..........................................................................................1
1.1

Background and Literature Review.................................................................. 1

1.1.1
1.1.2
1.1.3
1.1.4
1.1.5
1.1.6

1.2

Research Objective ........................................................................................... 15

1.2.1
1.2.2

1.3

Cortisol...................................................................................................................... 1
Current salivary cortisol sensing methods ................................................................ 2
Point-of-care Testing ................................................................................................ 3
Biosensors ................................................................................................................. 4
Cortisol sensing techniques for point-of-care analysis ............................................. 4
Lateral Flow Assay (LFA) ...................................................................................... 10
Knowledge gap ....................................................................................................... 15
Objectives: .............................................................................................................. 16

Dissertation Structure ...................................................................................... 16

Chapter 2: Materials and Methodology...............................................................17
2.1

System-level Design .......................................................................................... 17

2.2

Lateral Flow Assay Preparation...................................................................... 17

2.2.1
2.2.2
2.2.3
2.2.4
2.2.5
2.2.6

Gold Nanoparticles Conjugate ................................................................................ 18
Backing Card .......................................................................................................... 21
Nitrocellulose Membrane........................................................................................ 22
Conjugate Pad ......................................................................................................... 26
Construction ............................................................................................................ 28
Cortisol Concentrations Test................................................................................... 30

2.3

Experimental Procedure .................................................................................. 31

2.4

Image processing ............................................................................................... 34

2.4.1

Transient Measurement ........................................................................................... 36

Chapter 3: Results & Discussion ..........................................................................40
3.1

Lateral Flow Assay Tests ................................................................................. 40

3.1.1
3.1.2
3.1.3
3.1.4
3.1.5

Calibration Curve .................................................................................................... 41
Verification ............................................................................................................. 43
Smallest Detectable Change ................................................................................... 45
Selectivity ............................................................................................................... 49
Shelf Life ................................................................................................................ 58
IV

3.1.6

3.2

Horse Trials and Comparison ................................................................................. 60

LFA Limitations ................................................................................................ 64

Chapter 4: Conclusion and Future Work............................................................65
4.1

Conclusion ......................................................................................................... 65

4.1.1

Future Work ............................................................................................................ 66

Bibliography ...........................................................................................................68
Apendix A : Initial Selectivity Trial .....................................................................77
Apendix B : MATLAB Image Processing Algorithm .........................................82

V

List of Figures and Tables
Figure 1-1: ELISA well plates to be analyzed. ............................................................................... 3
Figure 1-2: Illustration of a Lateral Flow Assay and the components. ......................................... 10
Figure 1-3: A illustration of how the LFA test and control lines are affected by the different
concentrations of cortisol within a sample. A) Legend of the components, agents, and
compounds used to make the LFA functional as a sensing mechanism for salivary cortisol, B)
shows when there is no cortisol, C) shows when there is some cortisol present, and D) shows
when there is excess cortisol in the sample. Depending on the concentration of cortisol in the
salivary sample, the test and control lines have varying colour intensity. ................................ 13
Figure 2-1: System level design of the cortisol biosensor utilizing lateral flow assays. .............. 17
Figure 2-2: Gold nanoparticle conjugate preparation. .................................................................. 19
Figure 2-3: Conjugate test. A) shows 8.8 pH and 2 µL of antibodies, B) shows 8.5 pH and 1.5 µL
of antibodies, and C) shows 7.55 pH and 1 µL of antibodies. .................................................. 20
Figure 2-4: Backing card component cut dimensions of the protective film. ............................... 22
Figure 2-5: Applied test and control line on the nitrocellulose membrane................................... 23
Figure 2-6: Test and control line thickness test. LFA increase in the line thickness by 0.5 mm,
starting at 0.5 mm (from left to right on the graph). ................................................................. 24
Figure 2-7: Cortisol - BSA concentration results. A) 50 µg/mL Cortisol - BSA with an applied 1
ng/mL cortisol solution, B) 50 µg/mL Cortisol – BSA with an applied 3 ng/mL cortisol solution,
C) 100 µg/mL Cortisol - BSA with an applied 1 ng/mL cortisol solution, and D) 100 µg/mL
Cortisol – BSA with an applied 3 ng/mL cortisol solution....................................................... 25
Figure 2-8: Release reagent test. Top row is not treated, and bottom row is treated with release
reagent. Assays were applied with cortisol concentrations indicated at 0.0, 1.0, 10.0, and 50.0
ng/mL from left to right. ........................................................................................................... 27
Figure 2-9: Assembly of the LFA. A) The nitrocellulose membrane is attached to the backing card,
B) the conjugate pad is attached, and C) both the sample and absorbent pad are attached. The
whole is now ready to be cut into strips.................................................................................... 28
Figure 2-10: Cutting assembled LFA into 4 mm strips and placing them in a cassette. A) LFA is
placed in the cutter and a ruler is used to ensure that the LFA strip is cut to 4 mm, B) shows the
LFA strip once it is cut to 4 mm, C) the LFA strip is placed into the cassette bottom, and D) the
cassette is assembled by attaching the cassette cover, and LFA is ready to be used. ............... 29
Figure 2-11: Cortisol applied to the lateral flow assays with 50 µL of varying concentrations of
cortisol....................................................................................................................................... 30
Figure 2-12: 3D model of the phone and LFA holder. A) The phone section where the phone is
placed with a cut-out for the camera and flash, B) the LFA holder with a slot in which the LFA
cassette can be inserted and a cut-out for the LFA inside, and C) both components joined to
form the holder. ......................................................................................................................... 32

VI

Figure 2-13: The smartphone and LFA holder. A) shows the two halves of the holder with an LFA
cassette inserted, B) shows how the phone is inserted into the holder, and C) shows how the
sample being applied to the LFA. ............................................................................................. 33
Figure 2-14: Time lapse video record of a lateral flow assay. A) shows seconds after the sample is
placed on the LFA and is inserted into the holder, B) shows two minutes after when the sample
is flowing through and the test and control line begin to appear, and C) shows 9 minutes after
once the sample has fully gone through the LFA, and test and control line have reached steady
state brightness. ......................................................................................................................... 34
Figure 2-15: Flow chart of the image processing algorithm. ........................................................ 35
Figure 2-16: A 1 ng/mL sample flowing though the LFA over time. A) 0 seconds before the LFA
cassette is inserted into the holder, B) 10 seconds is when the LFA first appears in the analysis,
C) 30 seconds is when the sample first appears to flow through the LFA, D) 40 seconds is when
the test line starts to appear, E) at 60 seconds the control line begins to appear, F) at 90 seconds
the sample continues to flow through the whole LFA, G) at 120 seconds the peak line intensity
ratio is reached, H) at 200 seconds the steady state is reached, and lastly I) 590 seconds is the
final timepoint at the end of the test video. ............................................................................... 37
Figure 2-17: A 10ng/mL sample flowing though the LFA. A) 0 seconds before the LFA cassette
is inserted into the holder, B) 10 seconds is when the LFA first appears in the analysis, C) 50
seconds is when the sample first appears to flow through the LFA, D) 70 seconds is when the
test line starts to appear, E) at 100 seconds the control line begins to appear, F) at 150 seconds
the sample continues to flow through the whole LFA, G) at 210 seconds the peak line intensity
ratio is reached, H) at 260 seconds the steady state is reached, and lastly I) 590 seconds is the
final timepoint at the end of the test video. ............................................................................... 38
Figure 2-18: Transient curve obtained through the MATLAB program of a 50 µL sample
containing 1 ng/mL cortisol. The data points correspond with the photographs timepoints taken
in Figure 2-16 of the same sample. ........................................................................................... 39
Figure 3-1: Lateral flow assays placed in the cassettes and a 50 µL sample of increasing cortisol
concentrations were applied. ..................................................................................................... 40
Figure 3-2: Calibration curve of the biosensor, and measurement of values obtained through the
image processing to a range of cortisol samples. ...................................................................... 42
Figure 3-3:Measurement of the prepared cortisol solution with an ELISA kit. ........................... 44
Figure 3-4: Smallest detectable concentration graph. ................................................................... 46
Figure 3-5: Concentration test to identify how much additional cortisol at higher concentrations is
needed for a detectable change and identify the resolution of the LFA. .................................. 48
Figure 3-6: Peak and steady state values on the transient curve of a 1 ng/ml sample. ................. 50
Figure 3-7: Transient response of LFAs being applied with three different samples. Peak indicated
at point A and steady state indicated at point B were features examined for the purpose of
selectivity testing of the LFAs. ................................................................................................. 51
Figure 3-8: Design of Experiments (DOE) output for the steady state means analysis. Cortisone
concentration is in ng/mL. ........................................................................................................ 52
VII

Figure 3-9: Design of Experiments (DOE) results for the peak mean analysis. Cortisone
concentration is in ng/mL. ........................................................................................................ 53
Figure 3-10: Selectivity of steady state line intensity ratio with added cortisone. ....................... 55
Figure 3-11: Peak intensity values with added cortisone.............................................................. 56
Figure 3-12: 2-D plot of peak and steady state values for groups of cortisone concentrations. ... 57
Figure 3-13: 2-D plot of peak and steady state values for groups of cortisol concentrations....... 58
Figure 3-14: Shelf-life test of the lateral flow assay over three weeks, and a year. ..................... 59
Figure 3-15: Horse trial results. .................................................................................................... 62
Figure 3-16: Trendline added to horse samples to visualize the downward trend of increasing in
cortisol concentration decreases in the Steady State Line Intensity Ratio. The Horse 2 sample
outlier was omitted. ................................................................................................................... 63
Figure A-1: Steady state ratio of cortisol concentration with increasing cortisone. ..................... 78
Figure A-2: Peak ratio of cortisol solutions with increasing cortisone. ........................................ 79
Figure A-3: Steady state vs peak to obtain segregation of points to aid in analyzing a sample.
Coloured groupings represent different concentrations of cortisol........................................... 80
Figure A-4: Steady state and peak line intensity ratios 2-D plot. Coloured groups represent
cortisone concentration, while each data point within the group is a different cortisol
concentration. ............................................................................................................................ 81
Table 1-1: Methods of Measuring Salivary Cortisol. ..................................................................... 5
Table 3-1: Calibration curve results. ............................................................................................. 41
Table 3-2: Smallest detectable range results. ................................................................................ 45
Table 3-3: Selective results for the peak and steady state measurements of the line intensity ratio.
................................................................................................................................................... 54
Table 3-4: Horse measurements of the LFAs line intensity ratio and ELISA cortisol concentration.
................................................................................................................................................... 61
Table A-1: Selectivity results........................................................................................................ 77

VIII

Acknowledgements
I want to express my gratitude towards my supervisor, Dr. Ali Ahmadi, and my supervisory
committee Dr. William Montelpare and Dr. Laurie McDuffee. The support and guidance they
have given me throughout the whole process of my master’s project meant a great deal to me. Dr.
Ahmadi inspired me to pursue a master’s degree. His passion and dedication to his profession have
greatly influenced me. The excitement Dr. Ahmadi showed for my work further motivated and
assured me that my project was moving in the right direction, especially when I faced the many
challenges throughout my degree. I will strive to show the same enthusiasm throughout my career.

I would like to thank Dr. McDuffy for providing the lab space I used throughout my degree. My
mom, Blanca Esparza, Dr. McDuffy’s lab technician, gave me all the assistance and insight as I
learned and performed many experiments. I am grateful that I had the opportunity to spend so
many days with her in the lab.

The FSDE technicians, Chuck Terrio and Anthony Van Beek were a massive help in the
development and 3D printing of the holder assembly in my project. Without their help, a key
component of my project would not have been possible. I would also like to acknowledge my lab
mates, making it a more enjoyable experience at UPEI.

I would also like to thank my family for supporting me as I pursued a graduate degree. Particularly
my dad, mom, and partner, Peggy. My mom and dad always believed in me and never doubted my
choices when deciding on a career path. My mom always knew that I would be pursuing a graduate
IX

degree. Her encouragement throughout this project was always appreciated. Peggy was an
immense support throughout my degree. She always had time and patience to listen to me go over
the project, whether practicing for a presentation or just talking about the experiments I conducted
on a particular day. I am grateful for them throughout this time.

Lastly, I would like to thank everyone I did not mention. This project would not have been possible
without all the help and support I have received.

X

Dedication

To my parents and Peggy

XI

Chapter 1: Introduction
1.1 Background and Literature Review
1.1.1 Cortisol
There is a well-described relationship between stress and cortisol which has led to this hormone
being widely referred to as a biomarker of stress environments [1]–[10]. Cortisol is a
glucocorticoid steroid hormone produced by the adrenal gland in the human body and is released
in a diurnal cycle [11]. Cortisol concentrations in the human body are in constant flux, and these
levels become elevated in times of physical, psychological or emotional tension generated by
internal or external stressors [3], [12]–[14]. Measuring the cortisol concentration present within
the body before, during or after a stress event can aid in the identification of the triggers that
contributed to increases in stress biomarkers as well as provide a quantifiable indication of the
stress level experienced by the individual. Additionally, monitoring of these stress-related
hormones in the human body can help to diagnose diseases associated with abnormal cortisol
variations, such as Cushing’s and Addison’s disease [15].
A variety of bodily fluids have been utilized for the measurement cortisol, including urine,
interstitial fluid, sweat, blood and saliva; the methods used to measure the cortisol concentrations
in each respective fluid are varied [8], [10], [16]. Among the different bodily fluids available for
testing, the use of saliva as a vessel for testing cortisol is a common and relatively uncomplicated
method, as saliva is most often readily provided by the patient and sample collection is relatively
non-invasive with minimal additional stress influencing the individual during collection [1], [17],
[18]. Studies have shown that cortisol concentrations in saliva are much lower than in blood;
salivary cortisol ranges from 0.036 – 3 ng/mL (0.1 - 8.3 nmol/L) during the daily cycle [3], [7],
[10], [14]. Therefore, the salivary cortisol measurement technique must be highly sensitive to be
1

able to detect cortisol given the lower relative concentrations within saliva compared to other
bodily fluids.

1.1.2 Current salivary cortisol sensing methods
There are many current methods to measure cortisol within a salivary sample, including
radioimmunoassay,

spectroscopy,

luminescent

immunoassays,

and

enzyme-linked

immunosorbent assay (ELISA) [8], [10], [16]. Though these methods are useful in the
measurement of cortisol, they have several drawbacks including but not limited to the need for
specialized equipment and training, time delays due to sample collection not performed in the same
location as the analyses, manipulation or preparation of the sample needed before analysis, and the
time required to complete the analysis itself, among other issues [16], [19]. Among these methods,
ELISA is the gold standard when it comes to measuring protein concentrations, including salivary
cortisol [8]. ELISA utilizes a colorimetric or fluorescent signal when measuring protein
concentrations [8]. To begin the assay, the sample is first pre-processed then added to multiple
wells along with the reagents [19]. The reagents mix with the sample and react, producing varying
signal intensities with the amount of cortisol present [19]. Figure 1-1 shows an example of the well
plates used to analyze samples with an ELISA kit. Once the reagents and samples are appropriately
mixed, the plate is read and analyzed by a microplate reader [19]. Although ELISA methods are
highly sensitive and robust assays, there are also some limitations to ELISAs in terms of measuring
low levels of cortisol in saliva. ELISA requires multiple steps and large incubation times for the
analysis of salivary cortisol, making it difficult to obtain results shortly after the sample collection
[8], [19]. Additionally, some planning must be considered when transporting the samples to the
labs for analyses. Thus, there is a need for a device or system that allows for rapid and portable
measurement of salivary cortisol levels in humans.
2

Figure 1-1: ELISA well plates to be analyzed.

1.1.3 Point-of-care Testing
Point-of-care (POC) testing refers to a medical diagnostic test performed near the location of the
patient and outside the laboratory [10], [17], [20], [21]. These tests typically require a small sample
volume of bodily fluids, making the sample collection process simple, convenient, less stressful,
and less invasive for the patient [17], [21]. Additionally, accurate and early diagnoses of salivary
cortisol concentrations play a crucial role in identifying the cause and nature of stressor origin, and
POC testing provides a rapid result when performed with a portable device [18]. These properties
are important in measuring cortisol for stress-related tests, and which makes a POC device ideal
for measuring salivary cortisol promptly and at any point and any place.
When developing a device for the POC testing of salivary cortisol, two key features must be
considered when designing the device: 1) rapid testing to quickly assess the cortisol level to aid in
identifying the causes of the stress, and 2) ease of testing to minimize the need for specialized
training or cumbersome equipment [17], [21]. In order to successfully include these design
elements, many POC systems use biosensors for measurement of salivary cortisol concentration.

3

1.1.4 Biosensors
A biosensor is considered a self-contained device that utilizes a biological recognition element to
create a change that provides quantitative or semi-quantitative analytical information. A biosensor
function with the use of a bioreceptor to produce a change that can be optical [22]–[24] or
electrochemical [6], [25], [26], Table 1-1 highlights the detection method used by the biosensors.
These changes are detected through a transducer that can convert the change for data analysis. The
challenges posed by current methods (refer to section 1.1.2 of this thesis) used to measure salivary
cortisol concentrations can be addressed by the development and implementation of a portable
biosensor into the detection system. However, portability is a significant design aspect that the
device must address so the biosensor may be used in robust POC applications [18].
To address the issue of portability, smartphones have been recently utilized as a part of the
biosensing device to make the biosensor compact and safely transportable [4], [9], [27]–[29].
Smartphones are good candidates for portable biosensor systems as their processors, cameras, and
screens have greatly improved in the past decade and have become capable computing devices for
detection systems. In successful systems, smartphones are commonly used as a detection sensor,
employing the camera to detect a colorimetry, reflectance, or luminescence signal [27], [28].
Lastly, smartphones can also be used to process the signal to display a result on the screen as part
of a biosensor.

1.1.5 Cortisol sensing techniques for point-of-care analysis
There has been a significant amount of previous work performed by researchers to create a variety
of methods for developing cortisol-sensing POC devices. Many of these methods incorporate
assays that utilize different methods of characterization, such as electrochemical or optical
detection [8].
4

Table1-1 lists examples of different methods of measuring cortisol via the binding of specialized
markers to cortisol within the respective bodily fluid sample and characterizing the cortisol
concentration through detection of the marker. One particular method of note listed in Table 1-1
is the use of a paper-based immunoassay, known as a lateral flow assay (LFA), that is commonly
used in the POC measurement of cortisol in a salivary sample.
Table 1-1: Methods of Measuring Salivary Cortisol.

Author

Year

Measurand

Assay Method

Detection
Method

Detection
Range

Yamaguc 2014
hi et al.
[22]

Salivary
cortisol

Optical

0.4 - 11.3
ng/mL

Yamaguc 2009
hi et al. [7]
Tlili et al. 2011
[25]

Salivary
cortisol
Salivary
cortisol

Centrifugal
fluid
valves
and
a
disposable
disc-chip
Lateral
flow
assay
Single-walled
carbon
nanotubes
chemiresistor
transducerbased cortisol
immunosensor

Zangheri
et al. [4]

2015

Salivary
cortisol

Choi et al. 2014
[9]

Salivary
cortisol

Additional
Sensor
Attributes

0 – 10
ng/ml
Electroche 1pg/ml - LOD
was
mical
1000ng/ml estimated to
be 1pg/ml.
Linear
from
Sensitivity in
1pg/ml to the
linear
10ng/ml
range
was
13.97
(ng/ml)−1
Chemilumines Optical
0.3ng/ml - LOD
cence-based
with
a 60ng/ml
0.3ng/ml
lateral
flow smartphon
assay
e
30-minute
analysis time.

Lateral
assay

Optical

flow Optical
1with
a 100ng/ml
smartphon
e

5

T/C - ratio
LOD
0.01ng/ml
Linear
between 0.0110ng/ml

Choi et al. 2015
[30]

Leung
al. [5]

et 2003

Salivary
Lateral
alphaassay
amylase and
cortisol

Plasma and Lateral
blood
assay
cortisol

flow Optical
with
ImageJ

flow Optical

~10
min
analysis time
5 – 1000 5-10 minutes
ug/ml
of
analysis
alphatime
amylase
Fountain pen
0
-100 paper,
ng/ml
Conjugate
cortisol
procedure
LOD
-5ug/ml
alphaamylase
-1ng/ml
Cortisol
0 – 5120 LOD
ng/ml
ng/mL

3.5

Results in 15
min.

Yamaguc 2013
hi et al. [6]

Salivary
cortisol

Fluid control Electroche
mechanism
mical

0.110ng/ml

80 µl sample
volume
30-minute
analysis time
Multi-step
process for
obtaining
results.

Arya
al.[26]

et 2010

Salivary
Cortisol

U-electrode
based
impedimetric

6

Electroche
mical

Immunosenso
rs
were
measured
using
an
electrochemic
al analyzer.
1pM to 10 Electrode
nM
incubated in a
cortisol
solution for
30 min.

Kämäräin 2018
en et al.
[31]

Kim et al. 2017
[32]

Manicka
2018
m et al.
[33]

Vabbina
et al. [34]

2015

Sanghavi
et al. [35]

2016

Salivary
Cortisol

A
direct
competitive
enzyme linked
immunoassay
using a homemade
cortisolalkaline
phosphatase
(AP) conjugate
synthesized in
our laboratory
with disposable
graphite screen
printed
electrodes
(SPEs)
Salivary
bifunctional
cortisol
protein
interlayermodified
graphene
electrodes
Salivary
metalloporphyr
cortisol
ins and multiwalled carbon
nanotubes
nanocomposite
functionalized
electrodes
Salivary
Immunosensor
cortisol
s based on
sonochemicall
y
synthesized
zinc oxide 1D
nanorods and
2D nanoflakes
Serum and AptamerSalivary
functionalized
Cortisol
nanoparticles
for
surface
immobilization
-free
electrochemica
l detection
7

Electroche
mical

0.2 - 44.6 LOD of 0.6
ng/mL
ng/mL and
1.7 ng/mL

Electroche 10
pM–
mical
100 nM
impedance
spectrosco
pic (EIS)
Electroche
mical

Electroche
mical

1 pM to LOD 1pM
100 nM
Validated
using ELISA

Electroche
mical

10 ug/mL 30 pg/mL

Arya et al. 2010
[36]

ISF
and
salivary
cortisol

Stevens et 2008
al. [37]

Salivary
cortisol

Sun et al. 2008
[38]

Salivary
Cortisol

Oh et al. 2018
[39]

Salivary
Cortisol

MorenoGuzmán
et al. [40]

2010

Cortisol
serum

in

Kinnamo 2017
n et al. [41]

Cortisol
sweat

in

Dalirirad 2019
and Steckl
[42]

Cortisol
sweat

in

Microfluidic
Device
Antibody
Modified Gold
Micro Array
Electrode
Based
Electrochemic
al
Immunosensor
Flow-Filtered,
Portable
Surface
Plasmon
Resonance
Biosensor
System
immunoelectro
chemical
sensor based
on
alkaline
phosphatase
(AP) enzyme
Trap
lateral
flow
immunoassay
electrochemica
l
immunosensor
using screenprinted carbon
electrodes and
functionalized
magnetic
particles
MoS2
Nanosheet on
flexible
nanoporous
membrane
Aptamer-based
lateral
flow
assay

8

electroche 1pM
mical
1uM
impedance

to LOD 1 pM

Surface
1.5 - 10 LOD
Plasmon
ng/mL
ng/mL
Resonance
nM)

1.0
(3.6

Portable
device
Electroche
mical

1 fmol/L
to
1
mmol/L

Optical

0 – 100 LOD
ng/mL
pg/mL

9.9

Electroche
mical

5x10-3 – LOD
150 ng/mL pg/mL

3.5

Electroche 1-500
LOD 1 ng/mL
mical
ng/mL
Impedance
Spectrosco
py
Optical
8
- LOD 1ng/ml
140ng/ml
Conjugate
was
mixed
with cortisol
solutions

before adding
it to the LFA.
30 - 2 hour
incubation
times
5
minute
assay time
LFA only has
a single test
line.
Saracino
et al. [43]

2014

Jeon et al. 2018
[44]

Usha et al. 2017
[45]

Cortisol,
cortisone
and
Corticostero
ne in saliva,
plasma,
blood, and
urine
Cortisol in
serum

Salivary
cortisol

Combined
MEPS-HPLC
procedure

Chromato
graphic
separation

5 - 100
ng/mL

Localized
surface
plasmon
resonancebased
nanosensor

surface
plasmon
resonance

1 - 10000 LOD 1 ng/mL
ng/mL
2-step
process

a contemporary Fiber
approach
of optics
lossy
mode
resonance and
molecular
imprinting of
nanocomposite
s of zinc oxide
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1.1.6 Lateral Flow Assay (LFA)
Lateral flow assays (LFAs) are paper-based methods of qualitative and quantitative analyses of
analytes in mixtures [19], [46]–[49]. LFAs are an ideal component for POC testing as they provide
results in shorter times compared to current laboratory techniques, are easy to use, cost-efficient,
require no specialized training to use, and are often portable [8], [18]–[20], [46]–[49]. LFA-based
rapid testing has been employed in the detection of diseases [50], [51], pathogens [52], [53],
chemicals [54], toxins [55], and hormones [29] including cortisol [4], [9], [30], [46]–[49]. These
advantages make LFAs an ideal sensing method for a salivary cortisol sample for POC testing.
LFA components include the sample pad, conjugate pad, nitrocellulose membrane, absorption pad,
and the backing, which are illustrated in Figure 1-2 [19], [46]–[49]. The mechanism of action for
LFAs is through capillary action, which requires no external force to process the sample [46]–[48].
The presence of the analytes react with the labelled molecule within the conjugate pad and flows
into the nitrocellulose membrane to produce a test and control line with varying intensities
depending on the concentration of analyte of interest in the sample [46]–[48].

Figure 1-2: Illustration of a Lateral Flow Assay and the components.

The sample pad is the location where the sample containing the target analyte to be analyzed is
placed and also helps to direct the sample flow through the LFA [47], [48].
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The conjugate pad is one of the critical components of the LFA [47], [48]. This is placed after the
sample pad and contains the label molecule of the assay [47], [48]. There are different materials
that can be used as labels in LFAs, including gold nanoparticles, fluorescent materials, and
magnetic nanoparticles [24], [47], [48]. Gold nanoparticles are the most commonly used label
molecules in LFA [47], [48]. These label materials are capable of binding to a detector molecule
creating a label conjugate [47], [48]. The target analyte reacts with the label conjugate as the
sample flows into the conjugate pad and moves along with the sample fluid through the rest of the
LFA [47], [48]. The label conjugate provides control lines as well as a quantifiable signal on the
test lines depending on the analyte concentration within a sample.
The nitrocellulose membrane is another critical component of the LFA [47], [48]. This membrane
is placed after the conjugate pad and possesses properties that allow for the binding of proteins,
thus making it ideal for the binding of antibodies and other conjugates to the membrane [47], [48].
The test and control lines appear on the membrane; once the sample is applied to the LFA, and
label conjugate flows from the conjugate pad and into the nitrocellulose membrane the label
conjugate is immobilized on the control line and test line depending on the analyte presence [47],
[48]. This process is what gives both test and control lines their signal.
The absorption pad allows for the sample to flow into the LFA and prevent any back flow [47],
[48]. It is placed after and on top of the nitrocellulose membrane with a slight overlap. This pad
keeps any excess sample fluid from re-entering the nitrocellulose membrane and provides a path
for the sample flow to continue after the nitrocellulose membrane [47], [48]. The backing card
provides the LFA structural rigidity and provides a means to adhere the components together.
To use LFA in quantification measurements of the target analyte, the test and control lines can be
analyzed [23], [48]. The LFA can be developed so that the concentration of the analyte changes
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the intensity of the test and control signal they provide as the sample flows through the LFA [23],
[48]. By analyzing the intensity of the lines, a quantifiable measurement of the target analyte can
be made.
There are two methods in which an LFA can be developed, either a sandwich-type or competitive
method [47]–[49]. For cortisol detection, a competitive LFA is chosen as cortisol is a small
molecule and is not able to bind to two antibodies [9], [30], [39]. The gold nanoparticles are bound
to anti-cortisol antibodies to make the label conjugate, and this antibody attaches to the cortisol
present in the salivary sample [9], [30], [39]. The test line is normally made up of a cortisol-bovine
serum albumin (BSA) conjugate molecule due to cortisol being a small molecule, and the control
line is made up of a secondary antibody that binds to the label molecule regardless of the presence
of cortisol [9], [30], [39]. Cortisol within the salivary sample competes with the cortisol
immobilized on the test line for binding sites on the conjugated gold nanoparticle. This competitive
nature determines how bright or intense the test line and control line appear. Figure 1-3 illustrates
how the test and control lines react with the presence of cortisol in a salivary sample.
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Figure 1-3: A illustration of how the LFA test and control lines are affected by the different concentrations of cortisol
within a sample. A) Legend of the components, agents, and compounds used to make the LFA functional as a sensing
mechanism for salivary cortisol, B) shows when there is no cortisol, C) shows when there is some cortisol present,
and D) shows when there is excess cortisol in the sample. Depending on the concentration of cortisol in the salivary
sample, the test and control lines have varying colour intensity.

Studies have previously shown that LFAs can be successfully used for the detection of cortisol in
a salivary sample. Leung et al. (2003), developed an LFA to measure cortisol in blood and plasma
[5]. They showed that the LFA was capable of measuring cortisol within a range of 0 – 5120 ng/ml
and a limit of detection of 3.5 ng/mL [5]. They utilized a personal analyzer for the analysis of the
assay and reported that results could be obtained in 5 minutes [5].
Choi et al. (2014), reported a LFA to measure salivary cortisol [9]. They stated that the sample
must be mixed with a buffer before being applied to the assay, and that a waiting period of 10
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minutes is required before utilization of a smartphone to capture an image of the LFA for the
analysis of the assay [9]. An image analysis algorithm was incorporated to measure the test line
colour properties such as hue and brightness [9].
Choi et al. (2015), LFAs were developed for the measurement of alpha-amylase and cortisol in
saliva [30]. The fabrication of the LFA used fountain pens to apply both the test and control lines
to the nitrocellulose membrane [30]. The analysis of the assay output used an optical reader and
Image J software [30]. The colour intensities of the test and control line were used for the
measurement of cortisol. The reading period for the LFAs was between 5 and 10 minutes [30].
Zangheri et al. (2015), developed a chemiluminescence LFA to measure salivary cortisol [4].
Multistep process is required for the chemiluminescence to function at the test and control line of
the LFA [4]. A stopwatch was used to determine when to add solutions for chemiluminescence
and when to acquire the image [4]. A smartphone was used to obtain the image of the assay and
Image J was used to analyse the assay [4]. Quantification of the cortisol concentration was done
by utilizing a ratio of the T-line/C-line intensities measured through image analysis. ELISA was
used as a confirmatory analysis of the cortisol in saliva. The authors claim a total analysis time of
30 minutes, and that their system is simple to use allowing point-of-care analysis without the need
of a specialized personnel [4].
Oh et al. (2018), developed a trap lateral flow immunoassay to measure salivary cortisol [39]. The
tested range of the assay was 0 – 100 ng/mL and they reported a detection limit of 9.9 pg/mL [39].
The LFA results were imaged using a ChemiDoc XSP+ imaging system and analysed with Image
Lab software [39].
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Dalirirad and Steckl (2019) measured the cortisol in sweat using an aptamer-based LFA [42].
Image J software was used to analyse the assay by measuring the line intensities [42]. Conjugate
solution and samples were mixed and incubated for a total of 2 hours and 30 minutes prior to being
applied to the LFA [42].

1.2 Research Objective
1.2.1 Knowledge gap
Although LFAs are an economic system for detecting various analytes there are challenges in
developing these systems, including automation and reading of the assays. Simple visual
observation is usually enough to determine if cortisol is present and has been detected, however it
is difficult to quantify the true levels of cortisol present in the sample with this simple reading
method. Due to this, more robust reading methods must be implemented to obtain a more accurate
reading of the assay. By incorporating an automated system into the assay design, even small
changes in line intensities can be detected that visual observation may otherwise overlook. Overall,
the implementation of automation will help in better determining the concentration of cortisol in
saliva and will also allow for rapid and accurate testing.
Cross-reactivity of the sensor is also a challenge that must be addressed. This phenomenon occurs
when other salivary molecules with a similar structure to cortisol impact or influence the sensor,
such as cortisone. Due to the similarities in structure between cortisol and cortisone, cortisone may
attach to the anti-cortisol antibodies. Due to this interaction, the sensor can detect a higher
concentration when both cortisol and cortisone bind to the anti-cortisol antibodies, making the test
line dimmer as both cortisol and cortisone attach to the binding sites on the gold nanoparticle
conjugate. The system must therefore be precise enough to determine the concentration of cortisol

15

regardless of other analytes that may affect attachment to the gold nanoparticle conjugate and thus
impact the line intensity.

1.2.2 Objectives:
To address the above-mentioned challenges, the research objectives were:
1) to develop an automated sensor that utilized LFA for the measurement of salivary cortisol,
and
2) to develop a signal analysis algorithm that enhances the selectivity of the sensor.

1.3 Dissertation Structure
The first chapter of this thesis reviews and examines the previous work done to measure cortisol
in bodily fluids, specifically saliva, as well as assesses and identifies challenges and knowledge
gaps within the literature. The first chapter also covers the LFAs as the chosen method to measure
salivary cortisol and how it will be implemented into a portable biosensor. The second chapter
describes the preparation process of the LFAs, and the materials required. The third chapter
presents the tests conducted on the LFAs to determine the characteristics and limitations of the
LFA as a salivary cortisol biosensor. The fourth chapter of the thesis reviews the feasibility of
LFAs use as a salivary cortisol biosensor and discusses possible future work in this field.
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Chapter 2: Materials and Methodology
2.1 System-level Design
In this work, the combination of LFA and an automated algorithm was explored to determine the
feasibility of an LFA-based system in measuring salivary cortisol. Combining a smartphone and
LFA, a point of care device was developed that is easy to use for the rapid testing of salivary
cortisol samples. Figure 2-1 presents the system-level design for the device.

Figure 2-1: System level design of the cortisol biosensor utilizing lateral flow assays.

2.2 Lateral Flow Assay Preparation
To construct the LFA, several components needed to be prepared. Once everything was prepared
and assembled, the assays produced were used in the testing. The components are described in the
following sections.
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2.2.1 Gold Nanoparticles Conjugate
Gold nanoparticles (GNPs) are capable of binding to proteins such as antibodies due to an
electronic attraction between the negatively charged gold particles and the positively charged sites
on the protein molecule [56]. This interaction allows the anti-cortisol antibody and gold GNPs to
bind together, creating the label marker necessary for the detection of cortisol with the use of a
lateral flow LFA. These nanoparticles can range in size from 5 nm to 150 nm in diameter, and 30
nm gold GNPs (753629-100ML, MilliporeSigma) were utilized in this experiment.
From the stock GNP solution, 10 mL were taken at a time and the pH adjusted to 7.5 by adding
small quantities of NaOH and checked with a pH meter [9], [30], [56]. 1 mL of the adjusted GNPs
was added to a tube seen in Figure 2-2, and 1 μL of anti-cortisol antibody (ab116600, Abcam) was
added to a final concentration of 1 μg/mL of anti-cortisol antibody in the GNP solution. The
mixture was gently stirred for an hour at room temperature. 10 µL of 10% w/v BSA solution was
added to bring the concentration to 0.1% w/v to stabilize the solution against aggregation and to
block nonspecific binding sites on the nanoparticles [56]. A batch of BSA (CA-EM2930, VWR)
solution was made, as it was utilized frequently in the production of the LFAs, by mixing the
powdered BSA with distilled water to a concentration of 10% w/v. The conjugate was mixed for
30 minutes at room temperature. The mixture was then transferred to 1.5 mL microcentrifuge tubes
and centrifuged at 4500 x g at 4°C for 30 minutes, according to the GNP product data sheet. After
centrifuging, the supernatant was removed, and the resuspension buffer was added. The
resuspension buffer was made up of 0.5% w/v BSA, 1% w/v sucrose in phosphate buffered saline
(PBS) [30], [56].
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Figure 2-2: Gold nanoparticle conjugate preparation.

2.2.1.1 Gold nanoparticle pH adjustments
A test was conducted to determine if the number of antibodies added to the GNP solution was
adequate to coat the nanoparticles. This test was performed as cortisol or cortisol-BSA and antimouse antibodies on the nitrocellulose membrane cannot attach to the conjugate if there was an
inadequate level of anti-cortisol antibodies on the nanoparticles. This is an important parameter to
consider, as if there are not enough anti-cortisol antibodies attached to the gold nanoparticles there
could be an issue when binding to cortisol in the sample and the test and control line. However,
the addition of too many antibodies can cause the GNPs to aggregate. Additionally, if the GNPs
do not have antibodies, they cannot attach, and which would result in dim lines lacking GNPs. If
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this is the case, those nanoparticles will not add to the intensity of the two lines. The test was
performed by first adjusting the pH of the GNP solution to 7.5, 8.0 and 9.0 and placing 1.0 mL of
solution in microcentrifuge tubes, and then adding 1.0 µL, 1.5 µL and 2.0 µL of antibody solution,
respectively, to each tube. The preparation of the solutions is shown in Figure 2-3.

Figure 2-3: Conjugate test. A) shows 8.8 pH and 2 µL of antibodies, B) shows 8.5 pH and 1.5 µL of antibodies, and
C) shows 7.55 pH and 1 µL of antibodies.

Figure 2-3 shows that as the antibodies added to the GNP solution increase there is an aggregation
of the GNPs, which was observed in the dimmer color of the suspension. The aggregation of the
GNP is a circumstance that changes the properties of the particles and allows for particle-toparticle attachment [56], [57]. This can occur when salt concentration is too high in GNP solution,
and by freezing the solution [56]. Aggregation causes the GNPs to lose the desired optical
properties as the attached GNP that have aggregated precipitate and are no longer contribute to the
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intensity of the solution [56]. Additionally, the aggregated particles are not capable of being used
in the assays. This can be seen as the solution in Figure 2-3A and Figure 2-3B does not appear as
red with the increased antibodies compared to the solution in Figure 2-3C. It was determined that
1 µl of anti-cortisol antibody per 1 mL of gold nanoparticle solution resulted in less aggregation
of the nanoparticles. This mixture was used in the preparation process of the LFAs.

2.2.2 Backing Card
The backing cards (MIBA-020, DC Novations, Carlsbad, CA USA) were utilized in the LFA
construction and were 30 cm long by 6 cm wide. They provide structure and hold the assays
together. The backing cards’ adhesive protective film was cut using a Fiskars Rotary Paper
Trimmer (10198756, Michaels, PE Canada) for each of the LFA components. The cuts were made
at 14 mm, 20 mm, and 45 mm from the bottom as seen in Figure 2-4. This was done for each
component's adhesion location while allowing for an overlap to allow for the sample flow through
the assay. The 30 cm long cards were then cut into smaller 6 cm sections to be more manageable
when assembling the assays.
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Figure 2-4: Backing card component cut dimensions of the protective film.

2.2.3 Nitrocellulose Membrane
Sheets of nitrocellulose membrane (FF80HP, 13549201) samples were obtained from GE
Healthcare. The sheets were cut into 2.5 cm × 6 cm rectangles for preparation of the LFA. The cut
membrane was attached to the backing card for structural support, while the membrane was treated
as a salivary cortisol assay. The control and test lines were applied to the nitrocellulose membrane
with the use of Franklin Covey fountain pens (1599840, Staples, PE Canda). The reagents were
loaded into the pens and drawn by hand onto the membrane using a straight edge. Cortisol-BSA
(80-IC20, Fitzgerald), the reagent that makes up the test line, was diluted from stock to a
concentration of 100 µg/mL [39] and drawn on the membrane 1 cm from the bottom of the
membrane [30]. Anti-mouse antibody (M8642-1MG, Millipore Sigma), the secondary antibody
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with a concentration of 1 mg/mL [39], was loaded to a different pen and applied 0.5 cm above
from the test line [30]. The membrane was dried for 30 minutes in an oven at 37°C. Once dried,
the membrane was saturated for 30 minutes with 0.5% w/v BSA solution that was prepared by
diluting the 10% w/v BSA solution with distilled water. This saturation step was performed to
block the additional binding sites on the nitrocellulose membrane. Following the saturation step,
the membrane was dried for one hour at 37°C. Figure 2-5 shows the control line applied to the
nitrocellulose membrane with a partially dried control line 0.5 cm above.

Figure 2-5: Applied test and control line on the nitrocellulose membrane.

2.2.3.1 Test and Control Line Thickness
To investigate the impact of the line thickness on the intensity of the test and control line, the line
thickness was increased by applying additional lines of the reagents along the test and control line
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zone. One pass through with the pen came to a line thickness of 0.5 mm. Therefore, two and three
lines came to thicknesses of 1.0 and 1.5 mm, respectively. Figure 2-6 shows the outcome of the
added lines.

Figure 2-6: Test and control line thickness test. LFA increase in the line thickness by 0.5 mm, starting at 0.5 mm
(from left to right on the graph).

The ratio between the test and control line increased as the line thickness increased, though there
was a more considerable variation between the replicates as the line thickness increased. Due to
this variation, it was determined that drawing a single line on the nitrocellulose membrane with
the reagents was preferential to keep variation low between LFAs applied with the same sample.
This variation was most likely caused by human error. Since the lines were applied by hand using
a fountain pen, multiple variables were difficult to control, and which could result in variations in
the application of the reagents on the nitrocellulose membrane.

24

2.2.3.2 Cortisol-BSA (Test) Line Concentration
The concentration of the test line reagent, cortisol-BSA conjugate, was tested to determine if the
concentration influenced how bright the test line became. The test was based on increasing the
amount of cortisol-BSA conjugate on the nitrocellulose membrane and increasing the amount of
binding sites available to the GNP-anti-cortisol conjugate bind. This increase in binding sites
allowed for more free anti-cortisol antibodies to bind to the cortisol available on the cortisol-BSA
conjugate of the test line. Figure 2-7 shows that a lower concentration of cortisol-BSA results in a
line that was dimmer as seen in trial A and B than a higher concentration seen in trial C and D.

Figure 2-7: Cortisol - BSA concentration results. A) 50 µg/mL Cortisol - BSA with an applied 1 ng/mL
cortisol solution, B) 50 µg/mL Cortisol – BSA with an applied 3 ng/mL cortisol solution, C) 100 µg/mL
Cortisol - BSA with an applied 1 ng/mL cortisol solution, and D) 100 µg/mL Cortisol – BSA with an applied
3 ng/mL cortisol solution.

Increasing the cortisol-BSA concentration in trial C and D in Figure 2-7 for the same cortisol
concentrations showed that it improved the intensity of the test line. It was therefore determined
from this test that the LFAs were to be prepared with the 100 µg/mL concentration of cortisolBSA to produce the brightest test and control lines.
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2.2.4 Conjugate Pad
The conjugate pad was constructed from glass fibres (Standard14, 8133-6621, GE Healthcare) and
held the GNP conjugate for the LFA. The glass fibres were obtained as samples in sheet format
and required cutting and preparation before the GNP conjugate was added. The sheets were cut
into 0.8 cm by 6 cm rectangles and treated with a release reagent to ensure all nanoparticles would
flow out of the conjugate pad. The cut pieces were saturated for 15 minutes with the release reagent
before drying at 37°C for 2 hours. Once thoroughly dried, it was found that 50 μL/cm2 of the gold
nanoparticle conjugate solution was sufficient to saturate the whole pad without oversaturation. A
pipette was used to add the conjugate solution to the conjugate pad, then placed in an oven to dry
for 2 hours at 37°C. The sucrose within the resuspension buffer forms a layer around the
conjugated particles, stabilizing the anti-cortisol antibodies biological structures as they dry [48],
[58].
2.2.4.1 Release reagent addition
It was observed that the conjugate pad maintained a slight pink colour after the sample completely
flowed through the LFA. It was determined that gold nanoparticles in the conjugate pad were
trapped and unable to flow into the nitrocellulose membrane when the sample was applied, causing
the observed pink colouring. As a result, the trapped nanoparticles were not able to contribute to
the intensity measurement of cortisol within the applied samples as they were not able to attach to
the control or test lines.
Therefore, a test was conducted where the release-reagent was introduced to the conjugate pad in
the LFA preparation process. The conjugate pad was saturated with the release-reagent then dried
before adding the gold nanoparticles-anti-cortisol conjugate. To see if there was a difference in
multiple concentrations of cortisol, mixtures were prepared containing 0.0, 1.0, 10.0, and 50.0
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ng/mL cortisol to simulate a sample. A 50 µL volume of the sample was dropped onto the sample
pad, and the observed results are shown in Figure 2-8.

Figure 2-8: Release reagent test. Top row is not treated, and bottom row is treated with release reagent. Assays
were applied with cortisol concentrations indicated at 0.0, 1.0, 10.0, and 50.0 ng/mL from left to right.

Figure 2-8 shows the reaction of the LFAs to different cortisol samples between LFAs with the
release reagent and without. The test and control lines appear to have a higher intensity compared
to the LFAs without the release-reagent when the same cortisol sample is applied. Therefore, the
addition of the release-reagent resulted in the lines displaying an increased intensity, which
confirmed the release-reagent use as part of the LFA preparation process.
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2.2.5 Construction
To assemble the LFA, each of the separate components were adhered to the backing card with a
2 mm overlap. The 2 mm overlap between each component of the LFA was to allow for the flow
of the sample through the LFA entirety. The prepped conjugate pad was attached to the backing
below and over the nitrocellulose membrane. The sample pad was then attached below and over
the conjugate pad, while the absorbent pad was attached above and over the nitrocellulose
membrane seen in Figure 2-9. The LFA was then finally cut to 4 mm widths and placed inside
cassettes (Figure 2-10). The LFAs were stored at room temperature in a desiccator until use.

Figure 2-9: Assembly of the LFA. A) The nitrocellulose membrane is attached to the backing card, B) the conjugate
pad is attached, and C) both the sample and absorbent pad are attached. The whole is now ready to be cut into strips.
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Figure 2-10: Cutting assembled LFA into 4 mm strips and placing them in a cassette. A) LFA is placed in the cutter
and a ruler is used to ensure that the LFA strip is cut to 4 mm, B) shows the LFA strip once it is cut to 4 mm, C) the
LFA strip is placed into the cassette bottom, and D) the cassette is assembled by attaching the cassette cover, and
LFA is ready to be used.
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2.2.6 Cortisol Concentrations Test
A test was then performed to determine if there was a change in the lines over a variety of
concentrations. Known concentrations of cortisol were mixed from a stock solution to simulate a
cortisol sample and was applied to the LFA. The results can be seen in Figure 2-11.

Figure 2-11: Cortisol applied to the lateral flow assays with 50 µL of varying concentrations of cortisol.

As the concentration of the cortisol solution increased, it was observed that the test and control
lines varied in intensity. This reaction confirmed what was expected to occur in this interaction
between the sample and LFA: as the concentration increased, the test line became dimmer, and the
control line became brighter. When the concentration of cortisol is zero both the test and control
line appear, this is due to the conjugate GNPs binding sites being all empty and attaching to the
cortisol present on the test line, which is expected. It is apparent that some GNPs attach to the
control line as well, this confirms that some GNPs do not attach to the test line and attach to the
control line.
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2.3 Experimental Procedure
From a known concentration of cortisol solutions (C-106-1ML, Millipore Sigma) of 1 mg/mL,
varying concentrations of cortisol were prepared (0, 0.5, 1.0, 5.0, 10.0, 20.0, 50.0,100.0 ng/mL) to
test the LFAs. Additionally, mixtures containing both cortisol and cortisone were prepared to test
selectivity. A Samsung Galaxy S8 (SMG950U) smartphone was used in this experiment due to its
availability. Early in the experimentation process, it was found that lighting, ambient or otherwise,
played a role in recording the LFAs. Therefore, a holder was needed to be developed that
eliminated ambient light from interfering and causing variation within the same LFA upon
recording.
Using the smartphone and the cassette dimensions, a prototype holder was developed using
Solidworks 2017 SP2.0 3-D software and printed on the Zortrax m200 3D printer. The holder was
split into two sections to allow for modification if needed. One section was built to hold the
smartphone and the other section to hold the LFA cassette, and these two sections were then
designed to join to make a single unit (Figure 2-12). The smartphone was placed in the holder
assembly along with the cassette holding the prepared LFA. A lens was repurposed and placed in
the hole for the camera lens to allow for clear macro imaging of the LFA while reducing the
distance between the LFA and smartphone camera.
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Figure 2-12: 3D model of the phone and LFA holder. A) The phone section where the phone is placed with a cut-out
for the camera and flash, B) the LFA holder with a slot in which the LFA cassette can be inserted and a cut-out for the
LFA inside, and C) both components joined to form the holder.

The prepared LFA cassettes were slotted into the holder with the sample inlet exposed. A 50 μL
sample was dropped into the inlet of the cassette with a pipette and was pushed flush with the
holder. Simultaneously, a video recording was initiated on the smartphone, as seen in Figure 2-13.
Upon the initial holder tests, it was found that the LED flash of the smartphone caused significant
reflection on the assay, which resulted in unusable recordings of the LFA. Therefore, diffusing the
light was necessary for the recording of the LFA, and which was accomplished by adding paper to
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the flash cut out of the holder. A time-lapse video was taken of the LFA to record the sample flow
through the assay, with the flash from the smartphone as the only light source for the video. Figure
2-13 shows the cassette, smartphone, and holder together and a sample about to be placed into the
cassette inlet. Figure 2-14 shows the video of the sample flow recorded with the smartphone.

Figure 2-13: The smartphone and LFA holder. A) shows the two halves of the holder with an LFA cassette inserted,
B) shows how the phone is inserted into the holder, and C) shows how the sample being applied to the LFA.
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Figure 2-14: Time lapse video record of a lateral flow assay. A) shows seconds after the sample is placed on the LFA
and is inserted into the holder, B) shows two minutes after when the sample is flowing through and the test and control
line begin to appear, and C) shows 9 minutes after once the sample has fully gone through the LFA, and test and
control line have reached steady state brightness.

2.4 Image processing
A program was developed in MATLAB that utilized image and video processing techniques to
analyze the LFA. The program takes frames from the video and measures the test and control line
intensity over time. This is done by converting the image into black and white, then taking the
complement and reading the image's pixel values. It takes rows of pixels of the LFA then averages
them to obtain an average peak value for both the test and control line. These values are utilized
to differentiate the sample cortisol concentrations that are applied to the LFAs. Figure 2-15 depicts
the flow and process the MATLAB program uses to analyze the LFA.
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Figure 2-15: Flow chart of the image processing algorithm.
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2.4.1 Transient Measurement
The LFAs were placed into the holder and a time-lapse video of the assays was taken to record the
entire reaction of the LFA when a sample was added. These videos were utilized to determine any
additional information for analysis as the sample flowed through the assay. Figure 2-16 and Figure
2-17 show a 0.0 ng/mL and 10.0 ng/mL of mixed cortisol solution, respectively, flowing through
the assays over time. The timepoints shown in Figure 2-16 and Figure 2-17 indicates that flow rate
can differ between samples, as the sample fist appear in Figure 2-16C at 30 seconds and 50 seconds
in Figure 2-17C. As it takes 30 seconds for sample to appear (Figure 2-16C) in the 1 ng/mL sample
and 60 seconds for the control line to appear (Figure 2-16E). Alternatively, the 10 ng/mL sample
takes 50 seconds to appear (Figure 2-17C) and 100 seconds for the control line to appear (Figure
2-17E).
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Figure 2-16: A 1 ng/mL sample flowing though the LFA over time. A) 0 seconds before the LFA cassette is inserted
into the holder, B) 10 seconds is when the LFA first appears in the analysis, C) 30 seconds is when the sample first
appears to flow through the LFA, D) 40 seconds is when the test line starts to appear, E) at 60 seconds the control
line begins to appear, F) at 90 seconds the sample continues to flow through the whole LFA, G) at 120 seconds the
peak line intensity ratio is reached, H) at 200 seconds the steady state is reached, and lastly I) 590 seconds is the
final timepoint at the end of the test video.
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Figure 2-17: A 10ng/mL sample flowing though the LFA. A) 0 seconds before the LFA cassette is inserted into the
holder, B) 10 seconds is when the LFA first appears in the analysis, C) 50 seconds is when the sample first appears
to flow through the LFA, D) 70 seconds is when the test line starts to appear, E) at 100 seconds the control line
begins to appear, F) at 150 seconds the sample continues to flow through the whole LFA, G) at 210 seconds the
peak line intensity ratio is reached, H) at 260 seconds the steady state is reached, and lastly I) 590 seconds is the
final timepoint at the end of the test video.

Figure 2-18 shows the transient response of the LFA for the 1 ng/mL sample in Figure 2-16. The
program generates the test (T-Line) and control (C-Line) line value over the time it takes for the
sample to flow through the assay. It also shows the ratio between the test (T-Line) and control (CLine) lines over the time it takes the sample to flow through. The ratio is used to incorporate both
the measured values of the test and control line into a single value. As can be seen before timepoint
E in Figure 2-16 and in Figure 2-17, the control line is not present. Therefore, the values obtained
before timepoint E can be omitted. The graph shows the ratio between the test and control line
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over time (Figure 2-18). From the graph, features were extracted to determine and examine the
LFAs’ limitations. Characteristics that were examined were the peak value, at point G, and the
steady state, point H seen in the Figure 2-18. The image processing program observes the assay
over the duration of the sample being processed, before the sample appears (Figure 2-18E), the
algorithm assumes the test and control line are present at those times and measures values that are
not part of the LFA test.

Figure 2-18: Transient curve obtained through the MATLAB program of a 50 µL sample containing 1 ng/mL cortisol.
The data points correspond with the photographs timepoints taken in Figure 2-16 of the same sample.
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Chapter 3: Results & Discussion
3.1 Lateral Flow Assay Tests
Tests were conducted to determine the limitation of the LFAs with the use of the 3D printed holder.
The analysis was also conducted to identify the factors that affected the production of the LFAs
and that caused variations when the same sample was applied

Figure 3-1: Lateral flow assays placed in the cassettes and a 50 µL sample of increasing cortisol concentrations were
applied.

Before the holder assembly with a smartphone was used, the assays were tested in the cassettes.
Varying cortisol concentrations were applied to the assays within the cassettes. This was to
examine if the cassette influenced the assays. The test line appeared much brighter than when
tested outside of the cassettes. It is more apparent in higher concentrations as the test line is visible
in the 100 ng/mL test (Figure 3-1), unlike the LFAs that were not placed in the cassettes (Figure
2-11). The LFAs were affected by the cassettes, and it was observed that the cassette slowed the
flow of the sample. It is hypothesized that a slower sample flow rate through the conjugate pad
and nitrocellulose membrane provided the cortisol within the sample more opportunity to react
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with the gold nanoparticles-anti-cortisol antibody conjugate. Further, allowing the gold
nanoparticle-anti-cortisol conjugate more chance to attach to the test and control lines and
generating an increase in intensity.

3.1.1 Calibration Curve
A calibration curve was generated to relate the image processing measurement to a cortisol
concentration. Cortisol solutions with concentrations of 0.5, 1.0, 5.0, 10.0, 20.0, 50.0, 100.0 ng/mL
and one without cortisol were mixed to generate the calibration curve. Three separate LFA batches
were prepared, and the samples were applied to each. This was performed to determine if the
assays reacted similarly from batch to batch. The assay responses were recorded, and the steady
state line intensity ratio (SSLIR) values were obtained though the image processing algorithm.
These values are shown in Table 3-1 and graphed in Figure 3-2.
Table 3-1: Calibration curve results.

Cortisol
Concentration
(ng/mL)
0.0
0.5
1.0
3.0
5.0
10.0
20.0
50.0
100.0

LFA 1
(SSLIR)

LFA 2
(SSLIR)

LFA 3
(SSLIR)

Average
(SSLIR)

Sample
Deviation

Standard
Error

1.410
1.321
1.261
1.171
1.208
1.071
1.167
0.941
0.728

1.407
1.374
1.200
1.222
1.173
1.146
0.990
0.825
0.729

1.509
1.296
1.368
1.297
1.225
1.180
0.934
0.787
0.681

1.442
1.330
1.276
1.230
1.202
1.133
1.030
0.851
0.713

0.0581
0.0395
0.0848
0.0632
0.0269
0.0556
0.122
0.0804
0.0278

0.0335
0.0228
0.0490
0.0365
0.0155
0.0321
0.0703
0.0464
0.0160
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Figure 3-2: Calibration curve of the biosensor, and measurement of values obtained through the image processing
to a range of cortisol samples.

Table 3-1 shows the values obtained from the image analysis algorithm for each of the LFAs tested
with different cortisol concentrations. It was noticed that there were outliers within each batch at
different concentrations. LFA 1 at 0.0, 5.0 ng/mL, LFA 2 at 10.0 ng/mL, and LFA 3 at 1.0 ng/mL
did not follow the decreasing value as the concentration of cortisol tested increased. Many factors
could have affected the response of the assay. For example, human error when producing the LFAs,
such as applying the lines and cutting the LFAs to fit into the cassettes, can lead to slight variations
in the way the LFA reacts to the sample of the same concentration. Therefore, triplicates of samples
are necessary for better analysis and representation of the cortisol concentration.
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Utilizing MATLAB and Curve Fitting Toolbox, an equation for the calibration curve was
determined. It was a third order polynomial shown in Equation 3.2 and has an R2 value of 0.9984.
𝐶 = 307.42𝑆𝑆𝐿𝐼𝑅 3 + 1264.9𝑆𝑆𝐿𝐼𝑅 2 − 1751.1𝑆𝑆𝐿𝐼𝑅 + 816.02

(3. 1)

Where C is the cortisol concentration to be calculated and SSLIR is the steady state value of line
intensity ratio found with the algorithm from an LFA. A concentration can be interpolated with
the use of this equation. The intra-assay coefficient of variability was calculated by averaging the
coefficient of variation between the triplicates which came to 6%. This intra-assay variation result
indicates that the LFA production is consistent between the different batches, as well as a
consistent amount of sample applied to the LFA.

3.1.2 Verification
To confirm that the mixtures were correctly prepared, the solutions were tested with an ELISA kit.
It was also useful to see how ELISA reads the results vs the LFAs. This is important as it compares
how the LFAs react to cortisol solutions and adjust the algorithm to interpret the LFA to read
properly.
The equation (Equation 3.1) generated from the trend line (Figure 3-3) indicates that the solution
used has a slightly higher cortisol concentration than anticipated. This is likely due to the mixing
process, as each solution is mixed from a 100.0 ng/mL stock solution mixed from the purchased
1.0 mg/mL solution. All the solutions were mixed using a pipette, which potentially introduce
variation. The equation was used to correct the LFA measurements.
𝐸 = 1.23𝐿

(3. 2)

In Equation 3.1, E refers to the cortisol concentration obtained through an ELISA kit, and L is the
cortisol concentration from the samples used to test the LFAs.
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Figure 3-3:Measurement of the prepared cortisol solution with an ELISA kit.
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3.1.3 Smallest Detectable Change
3.1.3.1 Smallest Detectable Concentration at Low Concentrations
Cortisol concentrations of 0.0, 0.001, 0.01, 0.1, 0.5 and 1.0 ng/mL were tested to determine the
smallest concentration that the assays could differentiate and identify the detection limit of the
LFAs. Determining the minimum concentration that could be detected allows for further
characterization of the sensor. 50 µL of each sample was applied to three separate LFAs and which
were analyzed using the image processing algorithm. The results of steady state test and control
line ratios are shown in Table 3-2 and graphed in Figure 3-4.
Table 3-2: Smallest detectable range results.

Cortisol
Concentration
(ng/mL)
0.0
0.001
0.01
0.1
0.25
0.5
1.0

LFA 1
(SSLIR)

LFA 2
(SSLIR)

LFA 3
(SSLIR)

Average
(SSLIR)

Sample
Deviation

Standard
Error

1.410
1.607
1.460
1.354
1.304
1.321
1.261

1.407
1.381
1.353
1.343
1.279
1.296
1.200

1.509
1.350
1.564
1.449
1.630
1.374
1.368

1.442
1.446
1.459
1.382
1.404
1.330
1.276

0.0581
0.140
0.105
0.0582
0.196
0.0395
0.0848

0.0335
0.0809
0.0607
0.0336
0.113
0.0228
0.0490
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Figure 3-4: Smallest detectable concentration graph.

To determine if there is significant change to the SSLIR values when compared to 0.0 ng/mL
sample a t-test was preformed. For this a paired t-test was utilized as the same LFA batches were
utilized and different concentration were applied to the LFAs. For the concentration of 0.001 and
0.01 the p-values were calculated to be 0.97 and 0.68 respectively. Indicating that there is no
significant difference in the SSLIR values between 0.0 ng/mL and 0.01 ng/mL. The p-value when
comparing 0.0 ng/mL to 0.1 ng/mL, 0.5 ng/mL and 1.0 ng/mL came to 0.0015, 0.013 and 0.015
respectively. This implies that there is significant difference in the SSLIR values between 0.0
ng/mL and 0.1 ng/mL, 0.5 ng/mL and 1.0 ng/mL. When comparing 0.25 ng/mL to 0.0 ng/mL the
p-value came to 0.80, signifying that there is no difference between the SSLIR values. Though
when the SSLIR result of 0.25 ng/mL is higher than that of the 0.1 ng/mL value and has the highest
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standard error. This high variation in the LFAs indicates that there was an inaccuracy when mixing
the 0.25 ng/mL sample solution.
Therefore there was little-to-no significant change in the ratios of test and control lines between
0.0 and 0.01 ng/mL cortisol, as their values were all around 1.44, as seen in Table 3-2 and Figure
3-4. Once the concentration of cortisol reaches 0.1 ng/mL, there is a noticeable change and
continues to decrease as the concentration increases. Therefore, the minimum readable cortisol
concentration in a 50 µL sample is 0.10 ng/mL using the prepared LFAs. Along with an issue with
the 0.25 ng/mL solution.
Using the lower concentrations up to 5 ng/mL from the calibration curve, and omitting the 0.25
ng/mL sample due to its high error, another equation was generated using the Curve Fitting
Toolbox in MATLAB. A power equation was determined to be the best fit with an R 2 value of
0.9973 (Equation 3.3).
𝐶 = 466.9𝑆𝑆𝐿𝐼𝑅 −24.61

(3. 3)

Where SSLIR is the steady state line intensity value from the LFA, and C is the cortisol
concentration to be calculated. Equation 3.3 is better suited for determining smaller cortisol
concentrations, as the curve equation includes the values obtained in the low concentration test.
3.1.3.2 Smallest Detectable Change at a Higher Cortisol Concentration
An additional test was conducted to determine the lower detectable change in the LFAs at higher
concentrations of cortisol samples. This test used cortisol concentrations of 10.0, 10.01 and 10.1
ng/mL with 0.1 ng/mL being the smallest change determined in the smallest detectable
concentration test. The results of this test are shown in Figure 3-5.
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Figure 3-5: Concentration test to identify how much additional cortisol at higher concentrations is needed for a
detectable change and identify the resolution of the LFA.

To determine if the steady state line intensity ratio are different when comparing the different
concentrations a t-test was performed. A paired t-test was utilized as the same batches of prepared
LFAs were used in the resolution test. Between the samples of 10.0 ng/mL and 10.01 ng/mL the
p-value came to 0.46, meaning that there is no significant difference between the two measured
values. It is observed that the value for the 10.01 ng/mL is higher than that of 10.0 ng/mL,
contradicting the trend of the LFA reaction of the SSLIR decreasing as the concentration increases.
When comparing the concentration of 10.0 ng/mL and 10.1 ng/mL, the p-value was calculated to
be 0.052, meaning that there is no significant difference between the SSLIR values. The results of
this test show that there is little change to the algorithm's output with the concentrations used, so
the LFAs cannot detect a 0.10 ng/mL change in concentration at higher concentrations of cortisol.
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When comparing these two tests, one results in the LFA capable of detecting a 0.10 ng/mL change
while the other does not. This characteristic makes sense when looking at the whole range of
cortisol concentrations tested in the calibration curve in Figure 3-2. When the calibration curve is
considered, there is a more considerable change in values at lower cortisol concentrations. When
the concentration increases past 10.0 ng/mL, there is no change when compared to the smaller
concentrations. Due to this LFA characteristic, a much larger concentration change is needed to
be detectable at the higher cortisol concentrations compared to the lower concentrations.

3.1.4 Selectivity
It was noted that there are additional molecules in saliva that have a similar structure to cortisol,
one being cortisone. Due to the similarities, there is the potential that the cortisol-antibody attaches
to the other molecules and not cortisol (that is, the compound that is desired to be measured). These
other interactions can impact the measurement as binding sites on the GNP conjugate get taken up
by other molecules.
3.1.4.1 Features Extraction
To differentiate between samples containing cortisone, features in the transient response of the
LFA were examined. This was performed to determine if the observed features could obtain a
cortisol measurement with another compound present. Two features were explored, peak and
steady state. These features are highlighted in Figure 3-6 and Figure 3-7.
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Figure 3-6: Peak and steady state values on the transient curve of a 1 ng/ml sample.
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Figure 3-7: Transient response of LFAs being applied with three different samples. Peak indicated at point A and
steady state indicated at point B were features examined for the purpose of selectivity testing of the LFAs.

3.1.4.2 Design of Experiments (DOE)
A Design of Experiments (DOE) test was conducted to determine if added cortisone in the sample
affected how the LFA would react. This was done by mixing solutions with both cortisone and
cortisol. There were four solutions made with a combination of high and low levels of cortisol
mixed with high and low concentrations of cortisone. Cortisol concentrations were selected at 20
ng/mL for high and 1 ng/mL for low concentration levels, and cortisone concentrations were 25
ng/mL for high and 1 ng/mL for low levels. The experiment looked at both the steady state and
the peak ratio of the test and control line. SAS statistical software was utilized to analyze the steady
state and peak values obtained from the LFA tests. Figure 3-8 and Figure 3-9 shows the interaction
plots developed from the DOE test.
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Figure 3-8: Design of Experiments (DOE) output for the steady state means analysis. Cortisone concentration is in
ng/mL.
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Figure 3-9: Design of Experiments (DOE) results for the peak mean analysis. Cortisone concentration is in ng/mL.

The interaction plot shows parallel lines when cortisol has increased the steady state values, and
peak mean values lower, which was expected. The plots also show that the added cortisone
significantly affects the LFA output in both the peak and steady state values. This indicates that
further testing should be performed to determine cortisone's effects in the solution over various
mixture concentrations.
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3.1.4.3 Cortisone
Samples containing both cortisol and cortisone were mixed at various concentrations. These
samples were applied to LFAs in triplicates. Both the peak and steady state features were measured
and recorded to identify how additional cortisone affects the LFAs. Due to uncertainty in the initial
test (Appendix A), the selectivity test was repeated with a focus on lower cortisol concentrations.
It is hypothesized that errors made during the preparation and construction of the LFAs caused
irregularities when the samples were applied. This could explain why there was a difference
between the calibration curve and other curves containing cortisol at the lower cortisol
concentration. Therefore, significant care must be taken during production of the LFAs and the
mixing of the sample solutions containing the different concentrations of cortisol and cortisone.
The results are shown in Table 3-3 and both Figure 3-10 for steady state and Figure 3-11 for peak
values.
Table 3-3: Selective results for the peak and steady state measurements of the line intensity ratio.

Cortisol
Concentrati
on (ng/mL)
0.0
0.5
1.0
3.0
0.0
0.0
0.0
0.5
0.5
0.5
1.0
1.0
1.0
3.0
3.0
3.0

Cortisone
Concentrati
on (ng/mL)
0.0
0.0
0.0
0.0
1.5
4.0
10.0
1.5
4.0
10.0
1.5
4.0
10.0
1.5
4.0
10.0

Peak
Average

Standard
Error

Steady State Standard
Average
Error

1.559
1.411
1.357
1.297
1.617
1.585
1.525
1.398
1.429
1.425
1.326
1.266
1.243
1.247
1.252
1.216

0.0762
0.0146
0.0589
0.0683
0.137
0.126
0.0440
0.0222
0.0425
0.0574
0.0290
0.0446
0.0488
0.0172
0.0163
0.0732

1.442
1.330
1.276
1.230
1.395
1.356
1.310
1.311
1.297
1.274
1.252
1.232
1.209
1.215
1.204
1.180
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0.0335
0.0228
0.0490
0.0365
0.0917
0.0905
0.0441
0.0358
0.0544
0.0336
0.0169
0.0412
0.0794
0.0432
0.0027
0.0680

This re-test confirmed that errors were involved in the previous test as the curves with added
cortisone reacted as expected. The results show that as cortisone is increased in the samples, the
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Figure 3-10: Selectivity of steady state line intensity ratio with added cortisone.

By adding cortisone to the cortisol solutions, the reaction of the LFA read lower than without
cortisone and as the cortisone is increased the line intensity ratio decreases. This indicates that
some cortisone binds to the anti-cortisol antibody of the gold nanoparticle conjugate. The cortisone
does not bind at the same rate to cortisol, as can be seen in the values of cortisone without cortisol.
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With concentrations of 1.5, 4.0 and 10.0 ng/mL, cortisone was significantly higher than the
calibration curve.

Figure 3-11: Peak intensity values with added cortisone.

The peak values of the line intensity ratio for the selectivity test are shown in Figure 3-11. The
peak values show a different response compared to the steady state values in Figure 3-10. All show
a decreasing trend as the concentration of cortisol increases. At 0.5 ng/mL of cortisol all the peaks
are essentially the same regardless of cortisone concentration.
2-D plots were generated using the steady state values and peak values for each cortisol and cortisol
concentration. Figure 3-12 illustrates the grouping of cortisone values, each colour group is a
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different cortisone concentration, while each dot within the group is a different cortisol
concentration. Figure 3-13 shows another 2-D plot where the coloured groupings are a different
cortisol concentration and the points within the groups are different cortisone concentrations.

Figure 3-12: 2-D plot of peak and steady state values for groups of cortisone concentrations.
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Figure 3-13: 2-D plot of peak and steady state values for groups of cortisol concentrations.

Figure 3-12 shows no segregation between the groups, but there is segregation in Figure 3-13.
With this information, a cortisol measurement can be extrapolated for a particular sample.

3.1.5 Shelf Life
Due to the use of biological material such as antibodies as well as the conjugate formed through
covalent bonds, there is a likelihood that degradation would occur within key components of the
LFAs. Degradation is a significant problem as it may result in misreading as the necessary reagents
used to attach cortisol to the conjugate and conjugate to the test and control line will be affected
over time. To test the shelf-life stability and usability, the LFAs were tested over a longer period
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with the same cortisol concentration solutions. It was expected that, over time, the LFA reagents
would degrade causing both the test and control lines to appear dimmer when a sample was applied
as compared to newer LFAs. The results are shown in Figure 3-14, where the testing was conducted
over a period of three weeks and up to one year apart, and two cortisol concentrations were used.

Figure 3-14: Shelf-life test of the lateral flow assay over three weeks, and a year.

For 1.0 ng/mL and 20.0 ng/mL samples, t-tests were preformed to compare the weeks and year
after preparation (Trial 2, 3 and 4) to those of the sample applied at the previous time. A paired ttest was used as the same prepared batch LFAs were used in this shelf-life test. For 1.0 ng/mL the
p-values resulted in 0.67, 0.47 and 0.040 when comparing Trial 2 to Trial 1, Trial 3 to Trail 2, and
Trial 4 to Trial 3 respectively. For 20.0 ng/mL the p-values were determined to be 0.72, 0.22 and
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0.049 when comparing Trial 2 to Trial 1, Trial 3 to Trail 2, and Trial 4 to Trial 3 respectively. This
result shows that there is no significant difference in the SSLIR values within 3 weeks of
preparation of the LFA, and there is significant difference after a year since the LFA preparation
for both 1.0 ng/mL and 20.0 ng/mL samples.
The results show that at 1 ng/mL concentration of cortisol, the week after and three weeks after
the initial trials are within error of the results obtained from the day after LFA sample. In the week
after test, the T-Line and C-Line ratios are lower than both the day after and three weeks after
trials, and the third-week trial had the highest ratio. While the year after LFA sample showed a
significant decrease in the ratio intensity value. For the 20.0 ng/mL sample, the first week test had
the lowest value, and the third week test had the highest value for the first three trials, while the
one year after test again had a significant decrease in line intensity ratio value. The 20 ng/mL, Trial
2, sample steady state value was within the standard error of the Trial 1, while the Trial 3, three
weeks after the initial trial is slight out of bounds. Within the first three weeks, there are only slight
variations between the trials. These variations are likely to have occurred from variations in the
sample solution used, such as not being stirred adequately before using or sight error in the mixing
while using pipettes. Slight differences in how the sample was applied could also have occurred,
as there may be some degree of human error during the application process. Though there is some
variation, the LFA performance is adequate in the first three weeks after preparation, though not
after a year, when stored at room temperature in a desiccator.

3.1.6 Horse Trials and Comparison
Ten saliva samples from horses were tested to determine the use of the developed LFAs as part of
a biosensor device to measure cortisol. These samples were processed with a cortisol ELISA kit,
measuring the cortisol within the sample. The results from the ELISA kit were used for comparison
60

and validation of the LFA and algorithm sensing device. Table 3-4 shows the results from the
LFAs and algorithm of the line intensity ratio measurements for steady state. The cortisol
concentration measurements (ng/mL) are also shown in Table 3-4.
Table 3-4: Horse measurements of the LFAs line intensity ratio and ELISA cortisol concentration.

Horse LFA 1
(SSLIR)

LFA 2
(SSLIR)

LFA 3
(SSLIR)

Average
(SSLIR)

Standard
Error

1
2
3
4
5
6
7
8
9
10

1.789
1.632
1.602
1.731
1.724
1.552
1.606
1.489
2.215
2.413

1.836
1.951
1.862
1.973
2.068
1.755
1.389
1.411
2.037
2.402

1.724
1.713
1.695
1.865
1.884
1.652
1.496
1.473
2.185
2.203

0.0897
0.120
0.0839
0.0712
0.100
0.0586
0.0627
0.0316
0.0784
0.204

1.546
1.557
1.620
1.892
1.860
1.649
1.492
1.517
2.304
1.794

ELISA
Measurement
(ng/mL)
0.63
0.07
0.67
0.58
0.70
0.55
1.00
0.67
0.40
0.30

For all LFA measurements, it was observed that the values were all above 0.0 ng/mL of the
Calibration Curve section, and therefore Equation 3.3 could not be used to obtain a cortisol
concentration. Also, there does not appear to be a peak observed for the transient response of the
samples, making it difficult to analyze the selectivity of the sample. These results are graphed in
Figure 3-15.
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Figure 3-15: Horse trial results.

Due to the line intensity ratios being higher than expected, a comparison was not able to be
performed with the calibration curve in section 3.1.1. However, utilizing LFAs for the
measurement of salivary cortisol in horses is still possible. The results from Table 3-4 and Figure
3-15 show that there is a significant change in the LFA reading when the concentration of cortisol
increases, with samples of Horse 2, 5 and 8 being outliers. These outliers do not follow the same
trend of the other samples measured, and which could be due to multiple influencing factors such
as LFA preparation, sample volume used, or ELISA error. The sample readings are within the
previously established characteristics of LFA readings of ±0.1 ng/mL resolution. This can be
observed by the concentrations measured in the salivary samples of Horse 9 and 10 being 0.4 and
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0.3 ng/mL, respectively, having the highest line intensity ratio. Horses 1, 3, 4, and 6 have a
concentration between 0.6 and 0.7 ng/mL. If LFAs are used they are clustered together and, given
the resolution of ±0.1 ng/mL, it is expected that the line intensity ratio values would be in range.
The values not experiencing a downward trend in this cluster that are similar to or in agreement
with the calibration curve may be due to the volume sample placed on the LFAs. Horse 7 has the
highest cortisol concentration and lowest line intensity value, which follows the trend of increasing
cortisol concentration and decreasing line intensity value. As the increase of cortisol concentration
increases the affect of the line intensity, the ratio values decrease. This phenomenon was expected
and examined with the calibration curve results and can be visualised in Figure 3-16.
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Figure 3-16: Trendline added to horse samples to visualize the downward trend of increasing in cortisol concentration
decreases in the Steady State Line Intensity Ratio. The Horse 2 sample outlier was omitted.
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The LFA readings were higher than expected compared to the mixed samples of previous tests.
Two theories as to what caused the LFA readings to be higher than expected are: 1) the horse saliva
may contain substances that affect the LFA in an unknown way, and 2) the rate at which the saliva
samples flowed in the LFA was observed to be much slower than the mixed samples and which
could have caused more opportunities for the conjugate to attach to the test line and increase its
intensity.

3.2 LFA Limitations
It is hypothesized that errors made during the preparation and constructions of the LFAs caused
variation with the way the LFA react to the sample being applied. These errors occur during the
LFA cutting to the desired width, the reagents being applied to assay, the sample application and
preparation. When cutting the LFAs to the desired 4 mm widths, there is a chance that they can
vary in width. The application of reagents onto the LFA components, for the T-Line and C-line
the use of fountain pens is used which makes it difficult to control the amount of reagent being
applied on the nitrocellulose membrane. The mixing of known cortisol concentration could
introduce error as there is potential that the solutions are not prepared properly before the sample
is applied to the LFA. This could contribute irregularities in the way the LFAs react to samples.
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Chapter 4: Conclusion and Future Work
4.1 Conclusion
Lateral flow assays (LFAs) were developed and shown to measure cortisol concentrations in
sample solutions. The LFAs were designed to have a high degree of ease-of-use for cortisol testing:
in this design, a sample is dropped on the LFA sample pad, and results displayed in a short time
as the test and control lines appeared on the LFA. Results could be determined within ten minutes
as the test system was able to reach a steady state in five minutes, thus making the LFAs more
rapid and convenient than traditional cortisol measurement methods such as ELISA. Cumulatively,
these characteristics demonstrated that the LFAs are acceptable to be used in a point-of-care
setting.
Tests were also conducted to identify the limitations and capabilities of the LFA, such as
resolution, the limit of detection and selectivity. The minimum detectable concentrations and
resolution was found to be within ±0.1 ng/mL with a detectable salivary cortisol range of 0.0 –
100.0 ng/mL. A comparison test was performed against an ELISA, in which measurements of the
known sample solutions were utilized to adjust for any possible error introduced when the sample
solutions were mixed. To enable more accurate sensor readings, the test and control lines can be
printed for better control of the reagent being applied onto the nitrocellulose membrane during the
preparation of the LFAs.
The MATLAB program developed could detect the LFA results and perform an analysis to
quantify the test and control line intensities. By measuring the intensity of both the test line and
control line, each sample with a different cortisol concentration was detected to produce different
intensities for both lines. The algorithm combined both line intensities into a ratio to use as a single
measurement while maintaining information from both test and control lines. The ratio was used
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as the measurable quantity from the LFA to compare with a calibration curve and convert to a
cortisol concentration. Characteristics from the LFAs’ transient response to a sample were
extracted to seek enhanced selectivity as additional molecules within saliva have a similar structure
to cortisol, such as cortisone, and have been found to impact LFA readings. It is hypothesised that
by utilizing the peak and steady state characteristics of the transient response a cortisol
measurement can be extracted regardless of cortisone being present in the sample.
Horse saliva was then tested and compared with the ELISA measurements. The LFA steady-state
results were significantly higher than the determined calibration curve for the same cortisol
concentrations. Though the saliva samples did not react similarly to the mixed samples, the LFAs
could differentiate between cortisol concentrations except when the concentrations were within
±0.1 ng/mL as expected from the smallest detectable concentration test conducted.
With these components working together, an automated system can measure salivary cortisol in a
point-of-care setting. The potential application of this type of sensor can be for the use of real time
stress assessment in behavioral studies where cortisol measurements can be utilized to understand
the amount of stress being experienced in an individual. This sensor could also aid in the diagnosis
of cortisol-related diseases in real time.

4.1.1 Future Work
Future studies could possibly consist of the following research work and should be explored at a
later date. The future work topics are listed with possible changes and outcomes sub-listed:
•

Printing lines on the membrane
o Larger quantities of LFA production.
o Better control of the line reagent application on the membrane.
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o Increased consistency and less variation in the results.
o May solve production-related issues described in this work.
•

Additional cross selectivity tests
o Add more hormones present in the saliva.
o To fill a 2-D plot for better cortisol measurements.

•

Additional validation test
o Additional horse testing to determine the effects of horse saliva on LFAs.
o Determine a calibration curve for horse salivary cortisol.

•

Flow Rate
o Determine if flow rate affects the measurements.

•

Smartphone Application
o Use of Android or Apple application.
o Configure the camera for use in the application.
o Integrate algorithm with smartphone application.
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Apendix A: Initial Selectivity Trial
The initial selectivity tests conducted are shown in Table A-1 and present the solutions that were
applied to the LFA. The peak mean and steady state mean measurements for each mixture was
obtained through the image processing algorithm from each LFA triplicates.
Table A-1: Selectivity results.
Cortisol
Concentration
(ng/mL)
0.0
0.5
1.0
5.0
10.0
20.0
0.0
0.5
1.0
5.0
10.0
20.0
0.0
0.5
1.0
5.0
10.0
20.0
0.0
0.5
1.0
5.0
10.0
20.0
0.0
0.5
1.0
5.0
10.0
0.0
0.5
1.0
5.0
10.0

Cortisone
Concentration
(ng/mL)
0.0
0.0
0.0
0.0
0.0
0.0
0.5
0.5
0.5
0.5
0.5
0.5
1.0
1.0
1.0
1.0
1.0
1.0
5.0
5.0
5.0
5.0
5.0
5.0
10.0
10.0
10.0
10.0
10.0
25.0
25.0
25.0
25.0
25.0

Peak
Mean
1.55
1.51
1.40
1.41
1.21
1.26
1.44
1.20
1.16
1.40
1.35
1.25
1.25
1.17
1.12
1.34
1.34
1.32
1.55
1.10
1.10
1.32
1.41
1.22
1.18
1.04
1.19
1.29
1.29
1.09
1.05
1.19
1.15
1.29

Peak
Deviati
on
0.14
0.24
0.12
0.11
0.19
0.12
0.24
0.10
0.02
0.18
0.25
0.05
0.21
0.13
0.07
0.23
0.19
0.09
0.12
0.09
0.03
0.35
0.10
0.04
0.07
0.08
0.13
0.24
0.06
0.08
0.06
0.15
0.08
0.16
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Peak
Standard
Error
0.08
0.14
0.07
0.06
0.11
0.07
0.14
0.06
0.01
0.11
0.14
0.03
0.12
0.08
0.04
0.13
0.11
0.05
0.07
0.05
0.02
0.20
0.06
0.03
0.04
0.04
0.08
0.14
0.03
0.05
0.04
0.09
0.05
0.09

Steady
State
Mean
1.44
1.33
1.26
1.24
1.06
1.02
1.29
0.96
0.94
1.25
1.15
1.00
1.01
0.96
0.93
1.16
1.12
1.07
1.22
0.85
0.93
1.15
1.12
0.97
0.95
0.86
0.98
1.09
1.11
0.87
0.85
1.02
0.91
1.07

Steady
State
Deviation
0.07
0.16
0.09
0.09
0.16
0.11
0.19
0.10
0.11
0.12
0.18
0.07
0.21
0.10
0.07
0.26
0.13
0.10
0.27
0.07
0.05
0.31
0.11
0.12
0.06
0.05
0.12
0.24
0.07
0.04
0.06
0.18
0.10
0.13

Steady State
Standard
Error
0.04
0.09
0.05
0.05
0.09
0.06
0.11
0.06
0.06
0.07
0.11
0.04
0.12
0.06
0.04
0.15
0.08
0.06
0.16
0.04
0.03
0.18
0.06
0.07
0.03
0.03
0.07
0.14
0.04
0.02
0.03
0.10
0.06
0.07

Figure A-1 illustrates the steady state values, and Figure A-2 shows the peak mean values. The
different curves in the graphs represent different constant concentrations of cortisone while the
concentration of cortisol was increased.

Figure A-1: Steady state ratio of cortisol concentration with increasing cortisone.
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Figure A-2: Peak ratio of cortisol solutions with increasing cortisone.

Figure A-1 shows the steady state. It was hypothesized that as the concentration of cortisone
increased, the ratio for the steady state values would decrease compared to the calibration curve.
As the cortisone concentration increased, it was expected that the curve would follow the
calibration curve but at lower values, however, this was not the case. The values make sense from
the graph at higher cortisol concentrations (>5 ng/mL) as they are close and within the calibration
curve error. When it comes to the lower cortisol concentrations, the values are much different from
the calibration curve. This indicates that cortisone has a higher effect on the LFA with lower
cortisol concentration. From this test, it can be determined that the values are within the standard
error of the calibration curve at higher concentrations. It was also noted that the peak mean values
seen in Figure A-2 are also closer to the calibration curve values at higher cortisol concentrations.
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At the lower cortisol concentrations, the peak values are significantly different from the calibration
curve.
Additional graphs generated where the steady state values were compared to the peak values and
plotted to discern a trend to segregate the different cortisol concentrations in the presence of
cortisone (shown in Figure A-3). In Figure A-3, each coloured grouping is a different cortisol
concentration, and each point within a group contains a different cortisone concentration. This was
also done with groupings of cortisone, and each point possessed a different cortisol concentration,
shown in Figure A-4.

Figure A-3: Steady state vs peak to obtain segregation of points to aid in analyzing a sample. Coloured groupings
represent different concentrations of cortisol.
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Figure A-4: Steady state and peak line intensity ratios 2-D plot. Coloured groups represent cortisone concentration,
while each data point within the group is a different cortisol concentration.

The two graphs shown in Figure A-3 and Figure A-4 were made to obtain segregated groupings
of cortisol or cortisone. When the LFAs were analyzed, the program was able to determine a
cortisol concentration regardless of cortisone presence. However, this was not the case as there is
overlap among several points in both graphs of Figure A-3 and Figure A-4, though there are also
signs that there are groupings.
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Apendix B: MATLAB Image Processing Algorithm
This MATLAB algorithm was developed to measure the intensity ratio of the test and control line
of a LFA and returns a cortisol concentration value using Equation 3.3 and the steady state of the
LFA intensity ratio. Equation 3.3 uses the steady state value to calculate the cortisol concentration
of the LFA being analyzed. This program can be modified for the application of real time LFA
analysis by using a smartphone camara instead of a video for image acquisition of the LFA.
function [cort, steadyState] = cortLFAAnalysis
%% Variables used in the Algorithm
check = true; %The check for the frames check loop to find identical
frames at the begining of analysis
frameCount = 0; %variable to count the identical frames
numOfIdenticalFrames = 16; %Need 15 identical frames to continue
k = 0; %Counter for the number of frames that have been looked at
n = 0.73; % Threshold for imbinirize function
startT = 0; %Start of the video
checkT = 10; %When to check the video in seconds (sample period)
j = 1; %Counter for recording the time, test line value, control line
value and ratio.
origVal = 0;
percentChangeCount = 1;
%% Read the video file and get aditional info from the file
%select file when prompted
[imageFileName, folder] = uigetfile('*.mp4');
%concatinate file name
fullFileName = fullfile(folder, imageFileName);
vid = VideoReader(fullFileName); %Read the video file (LFA tests)
nFrames = get(vid, 'NumFrames'); %Get the total number of frames of the
vid
initialFrame = read(vid, 1); %Read the first frame
initialFrame = rgb2gray(initialFrame); %Convert the frame to grayscale
totalT = vid.Duration; %Total time duration of video
stepT = 0.0625*checkT; %step time is convereted into video time since
video was recorded in 16x speed. 1 s in real time = 0.0625 s in video
(sample period)
%% Identifying when there are identical frames to start the algorithm.
...Initial start of the vid when LFA is inserted into the holder and
before flow is seen...
...Determines when LFA cassette is no longer moving.
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while(check) %While loop to check for frames recorded are identical/no
change in frame
... at the start of LFA for backgournd
k = k+1;
if frameCount < numOfIdenticalFrames
nextFrame = read(vid,k);
nextFrame = rgb2gray(nextFrame);
differenceInFrame
=
initialFrame-nextFrame;
difference between two frames of video

%Calculates

the

if max(differenceInFrame,[],'all') < 50 %Threshold to determine if
there is no motion. There will always be a small difference between
frames
frameCount = frameCount + 1;
else
frameCount = 1;
end
initialFrame = nextFrame; %Sets initialFrame for next check
else
check = false; %Makes the check false when 10 identical frames are
found
end
end
%% Section to determine the boundaries to be cropped (the LFA section)
currentT = totalT/nFrames*k; % The time at which the frame is at
vid.CurrentTime = currentT; %Sets video at the time specified
if hasFrame(vid) % Check if a frame is avialable.
vidFrame = readFrame(vid);
%Section to Identify where the LFA is located in the video frame
imGray = rgb2gray(vidFrame);
%Convert Frame into gray scale
imBW = imbinarize(imGray,n);
%Convert Gray scale frame into black
and white
compBW = imcomplement(imBW);
%Complements black and white image
so that next fucntion can be used
compBW2 = imfill(compBW,4,'holes'); %Complement image fills in small
areas of 0 with binary 1
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compBW2 = bwareaopen(compBW2, 1500, 8); %Small areas of 1s are made
to 0
BW = imcomplement(compBW2); %Complement frame again
BW = bwareaopen(BW, 1500, 8);

%Small areas of 1s made to 0

[B,L] = bwboundaries(BW,8,'noholes'); %Labels groupings of 1s this
is to locate the LFA region.
%Coordinates for the LFA section of importance in the video frame.
minCoordinates = min(B{1});
maxCoordinates = max(B{1});
xMin = 1;
yMin = minCoordinates(1) + 15;
width = 1080;
height = maxCoordinates(1) - 15 - yMin;
cropSection = [xMin yMin width height]; %Array that defines where
to crop frame.
else
fprintf("No Frame Available");
end
%% LFA analysis reads and segements the LFA to obtain the peaks over
time
for frameT = startT:stepT:totalT %Checks frames at stepT intervals
[croppedIm, frameCheck] = cropIm(vid, frameT, cropSection); %returns
the cropped image at specified frame time(frameT)
if frameCheck == 1 %frame exists
realT = frameT*16; %converts frame time into real time (frame
time is the timelaps video time)
[meanInt, p1, p2] = imAnalyze(croppedIm); %returns the
properties of LFA test and control line values
LFA(j,:) = [realT p1(1) p2(1) (p1(1)/p2(1))]; % places values
into array for transient response [time(s) | Test Line value | Control
line value | Intensity ratio]
else
fprintf("Frame not available\n");
end
j = j+1; %counter for LFA information
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%obtain steady state of LFA when percent change between values is
0.25
%4 values must be obtained with 0.25 percent change with prevous
value
if realT >= 100
if percentChangeCount <= 4
newVal = p1(1)/p2(1);
percentChange = abs((newVal -origVal)/newVal *100);
if percentChange < 0.25
steadyS(m) = p1(1)/p2(1);
steadyT(m) = realT;
origVal = p1(1)/p2(1);
percentChangeCount = percentChangeCount + 1;
m = m+1;
else
percentChangeCount = 1;
m = 1;
origVal = p1(1)/p2(1);
end
end
end
end
steadyState = mean(steadyS);
%Converting steady state into a cortisol concentration.
cort = 434.1 * steadyState^-24.23;
end
%% Function to get cropped section of LFA portion of video
function[croppedIm, frameAvail] = cropIm(vid, frameTime, cropSection)
vid.CurrentTime = frameTime;
if hasFrame(vid)
frameAvail = 1;
vidFrame = readFrame(vid);
croppedIm = imcrop(vidFrame, cropSection);
else
frameAvail = 0;
croppedIm = 0;
fprintf("no Frame available");
end
end

85

%% Analysis of LFAs returns mean intensity of LFA at the time, test line
value, and control line value.
function [meanIntensity, meanPeak1, meanPeak2] = imAnalyze(croppedImage)
i = 1; %counter for the segments.
grayScaleIm = rgb2gray(croppedImage);
%converts the cropped section
into gray scale.
complementGSIm = imcomplement(grayScaleIm); %complements image so that
dark areas from lines apear with higher values.
s = size(complementGSIm);
n = min(s); %number of pixels of the image, thicknes of LFA in pixels
%Scan LFA in segments to obtain the average test and control line values
at
%a certain time
for c = 10:1:n-10
segment(:,i) = complementGSIm(c,:); %converts from rows to columns
doubleSegment(:,i) = double(segment(:,i)); %converts values form
uint8 to double
[pks,
locs]
=
findpeaks(doubleSegment(150:950,i),
'MinPeakDistance', 350,'NPeaks', 2); %finds peaks of the test and control
lines
peak1(i,:) = [pks(1) (locs(1)+150)]; %test line value for each
segment of the LFA is stored
peak2(i,:) = [pks(2) (locs(2)+150)]; %control line value of each
segment is stored
i = i+1;
end
%The return values of the LFA intensity, the test line value and control
%line values.
meanIntensity = mean(doubleSegment,2);
meanPeak1 = mean(peak1);
meanPeak2 = mean(peak2);
end
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