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Abstract

In the literature, there has been a recent surge in smartphone-based bioanalytical
techniques, particularly for point-of-care and medical diagnostics. These devices aim to
have certain characteristics such as affordability, sensitivity, be user friendly and
equipment-free. To add to the growing field, a smartphone-readable, bona fide barcode
assay is demonstrated; the work performed to develop the app to read colorimetric
assays and the design of the barcode assay is discussed. Paper-printed tests and direct
biotin-streptavidin assay were used to test the initial app. Barcode reading abilities in the
app allowed for the validation of the barcode assay (for the pregnancy hormone, hCG),
which proved to be both qualitative and quantitative when scanned and imaged using a
smartphone-app combination. No external accessories are required, thereby highlighting
its potential to boost the research and development of POC devices, particularly by
minimizing the need for specialized instrumentation and providing instant testing results

on-site.

Keywords: Smartphone; silver enhancement; scanometry; mobile app, optical
darkness ratio; immunoassays.
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Chapter 1.

Mobile phones for bioanalytical sciences

The trend in any technologies, whether they are for consumer electronic or
scientific purposes, is to move towards making future technologies smaller, faster,
cheaper, and more readily available. One such example is the mobile phone, from the
first commercially available phone in 1983, with its brick-like structure, to the modern
day, flat screen and multi-functional abilities, albeit the latter has bucked the trend of
becoming smaller in favor of larger screens and computing capabilities in the form of a
smartphone (Figure 1.1). Nonetheless, it is exactly these functions that researchers have
tried to exploit in recent years, working to develop mobile phone-based devices or
methods that are capable of more than simply making a call; many areas of a phones
hardware have been explored, such as the camera, to available ports (audio jack/port

and microUSB port), as well as processing abilities as shown through applications

(apps).

.lI 5 .

Figure 1.1. Mobile phones from the 1980s to present.

Note. Adapted from “Mobile phone evolution” By Jojhnjoy (Own work, based on the work of
Anders) [Public Domain, https://commons.wikimedia.org/w/index.php?curid=36271517], via
Wikimedia Commons.



At the same time, rising healthcare costs around the world have prompted many
researchers to seek ways to reduce costs and some have done so by taking advantage
of readily available, existing tools. Already owned by the majority of the population in the
western world and increasingly in developing nations where healthcare sees the greatest
limitations, smartphones have a great potential to be used in medical diagnostics and
long term monitoring of patients for diseases and illnesses. In a survey of 40 countries,
as expected, it has been reported that western countries such as the United States and
Europe have more smartphone users than those in Africa and south eastern Asia
(Figure 1.2).! However, even in the developing countries, usage rates have increased
from 21% in 2013 to 37% in 2015 (global median of 43%), with no signs of decline.*

Smartphones are more common in Europe, U.S., less so in developing countries

Percent of adults who report owning a smartphone

Germany 60 Poland 41

Russia 45
UK 68 —%, Ukiaine 27
France 49 ——=
Spain 71 -39 Turkey 59 Japan 39
ol G0 ey , China 58 pan
! xRokistandd South Korea 88
i India
Burkina Faso 14 : . 2. 17 Vietnam 35
Mexico 35 . VeNezyeladS  senegal 19—+ 4 4 Philippines 22
Ethiopia 4
® Malaysia 65
Ghana 21— I Uganda 4 | . gonoog  Lebanon 52 \ W 4 ays
Brazil 41 Nigeria 28 Tanzania 11 Indonesia 21
Peru 25 — 3
«——-Jordan 51
3 1
Chile 65 South Africa 37 Israel 74 Palest. ter. 57
‘& Argentina 48
" LESS O 20 40 60 80 100% MORE
SN SMARTPHONE S TPHONE
OWNERSHIP A OWNERSHIP
43%
GLOBAL MEDIAN No Data

PEW RESEARCH CENTER

Figure 1.2. Smartphone usage in the world.

Note. “Smartphone Ownership and Internet Usage Continues to Climb in Emerging Economies.”
Pew Research Centre, Washington, D.C. (http://www.pewglobal.org/2016/02/22/smartphone-
ownership-and-internet-usage-continues-to-climb-in-emerging-economies/).



The main area that mobile phones have shown great promise in aiding
bioanalytical purposes is primarily in point-of-care medical diagnostics and monitoring of

illnesses or diseases.

1.1. Imaging using mobile phones

Off-site diagnosis entails that the analysis of a test that is performed at a location
other than the test site. For medically-related tests, this becomes difficult as trained
personnel are typically required to analyze data. With the rise in today’s technologies
however, particularly in mobile phones (first with cellphones and later smartphones, of
which the latter contains mobile operating systems that enable them to act as “mini
computers”) and their related hardware (e.g. cameras, antennas for networking), this has
led to a boom in mobile-related research that takes advantages of the capabilities of the
mobile phones. Early research primarily centered on imaging and the first off-site
diagnosis facilitated by a mobile phone was first demonstrated by Martinez et al.> who
showed that by using the camera equipped on the phone, an image of the assay could
be captured and the image would be transferred to qualified medical personnel to
interpret (Figure 1.3). Patterned paper-based assays for glucose and protein were
prepared and tested with artificial urine. In the two colorimetric assays, the glucose test
was enzyme-based, while the protein assay was based on the nonspecific binding of the
dye to proteins. The quantification of each assay was subsequently done using image
editing software such as Adobe Photoshop (or Imageld) by digitalizing the assay,
conversion to a suitable color space (either grayscale or CMYK), and selection of the
test zone on the assay.” The mean color intensity within the test zone was determined to
correlate with the concentration of the analyte; having previously obtained the calibration
plots for each analyte tested, or if the calibration is generated along with test assay, the
medical professional can use this information to determine the results and the
appropriate course of action without the requirement of their physical presence at the
test site.? The method relies primarily on the imaging capabilities of the mobile phone as
analysis is to be done after remotely transmitting the data. Other devices including

scanners (both desktop and portable) and digital cameras were shown to be adequate



alternatives to the mobile phone however, these particular alternatives do not have the
ability to transmit data and therefore require a secondary device to do so. Even so, this
demonstration of the method has paved the way for other researchers and mobile
imaging for off-site quantitative analysis has been reported extensively in the literature,
both in the same manner** and advancing the method further as will be discussed

below.

The entrance to the
microfluidic device
is dipped into urine.

urine

Urine wicks into
the assay zones.

An imaging device
digitizes the results
and transmits them
to an expert.

An expert interprets
the results, and
replies with

a treatment.

Figure 1.3.  General principle for off-site bioassay testing and data transfer to
medical personnel for interpretation.

Note. Reprinted with permission from Martinez, A. W.; Phillips, S. T.; Carrilho, E.; Thomas lll, S.

W.; Sindi, H.; Whitesides, G. M. Simple Telemedicine for Developing Regions: Camera Phones

and Paper-Based Microfluidic Devices for Real-Time, Off-Site Diagnosis. Anal. Chem. 2008, 80,

3699-3707. Copyright 2008 American Chemical Society.



urine test strip

reference
=1 ] I

Figure 1.4. Smartphone imaging of commercially available test strips using a
color reference chart of known intensities.

Note. Reprinted with permission from Shen, L.; Hagen, J. A.; Papautsky, I. Point-of-Care

Colorimetric Detection with a Smartphone. Lab Chip 2012, 12, 4240-4243. Copyright 2012 The

Royal Society of Chemistry.

In using the phone as a camera, Shen et al.” found that an improvement could be
made, noting that calibration of the colorimetric tests would yield more accurate results
as images generated under different lighting conditions could skew the results,
particularly if the conditions used to obtain the calibration curve were different that those
of the test images. The researchers showed that they could implement a color correction
or compensation element to account for variability in imaging conditions by placing a
reference chart with 12 colors of known intensity into the same frame of the mobile
phone when imaging the colorimetric test.”> The differences in the intensity caused by
ambient lightning dependence could therefore be compensated for in the data
processing steps. As a proof of concept, the authors used commercially available
colorimetric pH test strips to study the correlation between the color intensity in various
color spaces and the pH value.> Measurements of pH tests strips and color correction of
the strips were achieved by imaging the strips in view of the reference chart; at the
various lighting conditions tested, the degree of skewing in colors and the color
correction required were determined by comparing the imaged intensity to the known
intensity values.® In this case, the authors opted to implement the CIE 1931 color space

over the conventional RGB values and other color spaces because a parameter of this
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particular color space, chromaticity values, were found to better describe changes in pH,
despite having the values been converted from the RGB values This differs from the
method by Martinez et al.? where grayscale and the CMYK values were employed and
the intensity changes correlated well with those assays. Images of the test strips were
obtained under various lighting conditions, including 3500 K fluorescent lighting, in the
sunshine, and in the shade, and calibrated against 5000K fluorescent lighting to
determine the linear relationship between each condition and the standard.® The method
is highly accurate in quantitating pH and could potentially be applied to an assortment of
colorimetric-based tests and immunoassays. Like Martinez et al.,? images are
transferred to a computer for post-imaging data processing and analysis (here, via
MATLAB), although Shen et al. have noted that an app on smartphones to automate the
imaging and data processes is in development.®

As demonstrated, the initial use of mobile cameras centered on using the device
as a means of obtaining an image for the detection of analytes using the colorimetric
signal that was exhibited by the presence of the target. Colorimetric responses are a
result of color change in the presence (or absence) of a target and these types of tests
are limited in their multiplexing capabilities. For example, in the commonly used
sandwich enzyme-linked immunosorbent assays (ELISA), an enzyme (typically a
peroxidase such as horseradish peroxidase, HRP) conjugated to a detection antibody
that binds the analyte of interest with high specificity, catalyzes a reaction between a
substrate (a chromogen, such as 3,3,5,5-tetramthylbenzidine, TMB) and reagent
(hydrogen peroxide) to yield a colored signal whose absorbance is then measured.
However, since the color change is due to the enzymatic reaction as opposed to the
binding event of the analyte, multiple analyte detection in a single test is not possible,
even with the use of several target-specific antibody-HRP conjugates. Some researchers
have sought to solve this is by exploring smartphone-based camera imaging for other

responses such as fluorescence from fluorophores, dyes, and quantum dots.



Digital Image Acquisition

- Red channel Response
(Cy3 PL)

. oeee
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Green Channel Response
(aQD PL)
> ® @00
Paper Substrate >

Increasing Target
f pgaf f Concentration

UV Lamp lllumination

Figure 1.5. (a) Paper-based QD-FRET hybridization assays in (i) direct and (ii)
sandwich format. (b) Imaging of the assays using a camera-
equipped phone and analysis by splitting of RGB color channels to
calculate R/G intensity ratio.

Note. Reprinted with permission from Noor, M. O.; Krull, U. J. Camera-Based Ratiometric

Fluorescence Transduction of Nucleic Acid Hybridization with Reagentless Signal Amplification

on a Paper-Based Platform Using Immobilized Quantum Dots as Donors. Anal. Chem. 2014, 86,

10331-10339. Copyright 2014 American Chemical Society.

Noor et al. showed that the phone could be used to obtain images of
fluorescence resonance energy transfer (FRET) from quantum dots (QDs) to dye
molecules in DNA hybridization assays, which could subsequently be used to quantitate
target oligonucleotide concentration.®’ In the simplest example presented in their work,
using a direct assay, two sets of oligonucleotides were used; quantum dots were
conjugated with oligonucleotide probes, while dye molecules were conjugated to
oligonucleotide targets whose sequence was complementary to the probes. The
particular QD donors and dye acceptors were chosen because their photoluminescence
intensities corresponded well to the RGB (red, green blue) color channels. Immobilized
QDs were immobilized on the surface of a treated paper substrate and upon addition of
the dye-oligonucleotide conjugate, DNA hybridization between the two strands brought
the dye molecule in close proximity to the QD, such that when an excitation source was
provided to the QD, FRET was observed with the emission from the acceptor dye.

Images of the assay acquired by the phone were transferred to a computer, where



ImageJ software was used to split the images into their respective RGB color channels.
A ratio of the R and G channel intensities, where R corresponds to the dye color and G
for the luminescence of the QD, was used to correlate to the target concentration. This
method is advantageous as it sets the stage for multiplexing abilities through specific
guantum dots whose excitation could be done at any particular wavelength. Filters could
then be used to isolate for a target of interested to be analyzed, provided that the QD

donor and dye acceptor emission wavelengths be known.
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Figure 1.6. (a) FRET-based homogenous multiplexed assay with QDs to monitor
protease activity. (b) Smartphone imaging, digitization, and RGB
channel intensity analysis.

Reprinted with permission from Petryayeva, E.; Algar, W. R. Multiplexed Homogeneous Assays

of Proteolytic Activity Using a Smartphone and Quantum Dots. Anal. Chem. 2014, 86, 3195—

3202. Copyright 2014 American Chemical Society.

Petryayeva and Algar® have shown a similar approach to this FRET-based
technique, successfully demonstrating the multiplexing capabilities by further improving
the previous methods. In this case, assays to measure the activity of three proteases
were conducted in a single spot using three different QDs, QD450, QD540, and QD625,
chosen because their emission spectra correlates with the red, green, and blue regions
such that their respective RGB intensities channels could be used for quantitation
purposes (Fig. 1.6) as in the previous case. Dye-labeled peptides conjugated to the
QDs, in the absence of the proteases, allowed energy transfer from the QDs to the dye,
thereby quenching the fluorescence from the QD. However, in the presence of the
proteases, the peptides were cleaved by the proteases; no FRET occurs between the

QD and dye and its activity is therefore measured by the intensity of the QD emission.



Using long-pass and short-pass filters in front of a smartphone camera and a UV light as
an excitation source, images of the assays were captured and transferred to a computer
for additional processing. The images were split into the RGB channels; by taking
advantage of each QD-dye pair and the luminescence at particular RGB wavelength
regions, particularly in triplex assays, each target could be quantified based on the
intensity of the channel to which the QD emits in, with minimal crosstalk as
demonstrated by the authors.® In many instances of protein analyses, multiplex tests are
accomplished with high-throughput arrays, where a large number of singular protein
tests are conducted in parallel.” The research is significant in that it is the first to
demonstrate homogenous multiplexing capabilities (multiplexing within a single test,

rather than an array) could be accomplished via a smartphone.

Other multiplexed assays in the literature, while not demonstrated for use with
smartphone-based techniques, have too utilized one signal-producing component per
detection element. In other words, each analyte has its own signal component, such as
in the above case of one protease per QD-dye pair. One multiplexed assay already in
use for flow cytometric assays uses antibodies conjugated to FlowMetrix™ microsphere
beads, which is a system of bead sets and software that quantitates the red, orange, and
green dyes within the beads; a distinct proportion of red and orange fluorescent dyes are
used to identify the different beads, while the green fluorescence is use to determine the
amount of target that is bound to each set.*® Here, the number of analytes performed in
the assay is determined by the number of distinct bead types used. Nonetheless, in the
phone-based methods, the limitation is not in the signal-inducing component directly, but
rather the ability to differentiate between colors as they appear in the digital
reproduction. In the simplest of forms, the RGB color space, an additive color model,
lends itself to be split into 3 separate channels with no overlapping of the analysis
regions, although a multitude of color spaces have been demonstrated in the literature
for analytical detection (not excluding fluorescence-based detections) and they include,
but are not limited to CYMK (cyan, yellow, magenta, key),>** CIE,>* hue and

1318 and grayscale.>*'"'® Interestingly, it appears in the case of the HSV or

saturation,
HSB (hue, saturation, value) color space, H is the most often used parameter for
guantification purposes. Generally, hue is defined as the numerical representation of the

color, while saturation is the degree of that particular color, and value is the brightness, 13



where the actual value of these parameters are derived from the red, green, and blue
intensities. While hue and saturation are determined from RGB, CYMK is distinct in
being a subtractive color model; conversions between the two color spaces are device-
dependent. Because of the nature of how digital cameras are produced, with image
processing built in to mimic human perception (and as such, manipulates the original
color) but also with CMOS censors containing three bandpass filters in the R-G-B
wavelength regions, the color information of each pixel is represented as a RGB triplet.*?
This suggests that regardless of the color space used in image analysis, the images
obtained using a phone or digital camera ultimately depends on the processing done
and the RGB bandpass filters. CYMK analysis would too depend on the RGB image
obtained and the subsequent conversion. However, provided images were obtained and
analyzed on the same platform, it may be possible to utilize multiple color spaces to
analyze a multiplexed assay imaged simultaneously. The image here would need to be
looked at in each color space individually because each model is limited by the number
of color channels that the image can be split into and any wavelength situated in the

range between two color channels may cause crosstalk.

Apart from fluorescence, other detection methods utilizing the smartphone

1.'® showed that

camera have been demonstrated; for example, Lebiga et a
chemiluminescence (CL) detection of H,O, (reaction with bis(2,4,6-
trichlorophenyl)oxalate in the presence of rubrene and imidazole) on a paper-based
microfluidic device could be obtained; a video of the CL was recorded and the snapshots
were processed in ImageJ. Here, the paper was also situated in a case that was placed
in front of the camera to shield light, thereby reducing any influence from ambient

lightning, thus improving the detection limit.
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Figure 1.7. Design of plastic-paper disposable microfluidic device for
chemiluminescence reactions (a,b). (c) Smartphone accessory to
house the microfluidic device for imaging.

Note. Reprinted with permission from Lebiga, E.; Edwin Fernandez, R.; Beskok, A. Confined

Chemiluminescence Detection of Nanomolar Levels of H202 in a Paper—plastic Disposable

Microfluidic Device Using a Smartphone. Analyst 2015, 140, 5006-5011. Copyright 2015 The

Royal Society of Chemistry.

Such protection in the detection of other chemiluminescence-based detections is

common, as seen in case of Delaney et al.*

who showed that a smartphone can be
made to act as a potentiostat used for detecting electrochemiluminescence (ECL). Two
pieces of hardware on the phone were exploited for the analytical purpose, namely the
camera and the headphone jack. It was demonstrated that by playing an audio clip
consisting of square waveforms, a potential could be generated, which in turn was used
to initiate ECL from a paper-based microfluidic device adhered to screen printed
electrodes that were connected to the audio jack. The output voltage was found to be
controlled by the volume setting on the phone, while other potentiostatic functions were
controlled through a custom app. While the app was customized to perform all steps
required for chemical sensing such as control the number of times the audio clip is
played, to record (video) of the process, and analyze the ECL intensities as imaged by

the camera, the development of the app itself and how it runs (the processing steps

11



taken) were not the focus of the publication and therefore not discussed in detail.
Despite this, these recent works suggest that most luminescence-based detections can
be done via the smartphone camera, while more specialized ones can be done by small

modifications to the phone itself, or by addition of accessories fitted onto the phone.

Much research has been done in the area of accessories fitted to improve the

I.lg |.19

performance of the phone. Unlike the work of Lebiga et al.”™ and Delaney et al.”, where
the customized case that is situated in front of the camera only acts to block out
background light, the accessories can contain parts that work in addition to the ones
already on the phone. One research group that has developed a series of external
devices to complement the smartphone camera is the Ozcan group at UCLA. The group
has developed, and continues to develop, smartphone attachments to replace traditional
laboratory instrumentation. For applications in immunoassays, both for colorimetric- and
fluorescence-based detections, the external attachments typically consist of a sample
holder, lights (light emitting diodes, LED) and light diffusers, filters and additional lenses,
all of which improve the sensitivity and performance of the device.?>?! Using a
commercially available allergen test kit, Coskun et al. demonstrated the ease-of-use and
effectiveness of smartphone-based detection.?’ An ELISA test for peanuts, normally
guantitated by absorbance readings on a plate reader, was quantitatively analyzed here
with a simple set up that simultaneously measures the transmittance intensities of two
microtiter plate wells (tubes), with the absorbance of the test well calculated relative to
the control well. This is made possible by the additional lens that allows both wells to be
in the field of view of the camera and because the samples are illuminated with an
external, controlled light source as opposed to ambient lighting, the accurate quantitation

are not subject to fluctuations in lightning conditions.
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Figure 1.8. (a) Schematic of mobile-based ELISA plate reader (b-d). (e) Image as
viewed on the phone by the reader; (f) image by a camera.

Note. Reprinted with permission from Berg, B.; Cortazar, B.; Tseng, D.; Ozkan, H.; Feng, S.; Wei,

Q.; Chan, R. Y. L.; Burbano, J.; Farooqui, Q.; Lewinski, M.; et al. Cellphone-Based Hand-Held

Microplate Reader for Point-of-Care Testing of Enzyme-Linked Immunosorbent Assays. ACS

Nano 2015, 9, 7857-7866. ACS AuthorChoice License (Open access). Copyright 2015 American

Chemical Society.

Recently, the group introduced a hand-held microplate reader that was shown to
be comparable to a benchtop microplate reader in ELISA tests for mumps, measles, and
two herpes viruses in clinical samples.? Previously, other researchers have published
colorimetric, digital methods for analysis of microtiter plates; the methods rely on
technological devices such as digital cameras or scanners, or more recently, camera
phones, for capturing the images of the wells but required subsequent transferring to a
computer for further analysis.”**° In the method by Berg et al.??, a microtiter plate-

compatible attachment was 3D printed and further fitted with an additional lens, LEDs,
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and 96 individual optical fibers for simultaneous, uniform illumination and image
acquisition (Fig. 1.8). Because signal acquisition is from the light directed to the camera
via the optical fibers, the method does not suffer from optical aberration from the large
field of view, but rather, the image is generated from the collection of illuminated optical
fiber ends.?? The resulting image is then transmitted to an external server for image
processing for the blue channel intensity (RGB mode) of each of the wells, which then
yields quantitative information when compared with a calibration curve. Interestingly, a
machine learning algorithm was also implemented to improve the accuracy of the results
as the number of tests increased, made possible by the server-side analysis capabilities;
following image processing and analysis, the results were transmitted back to the cell

phone used.?

Su et al.?

also developed a colorimetric (based on the HSV color mode)
smartphone-microplate reading method, dubbed Bionic e-Eye, which consists of a
smartphone camera situated atop a wide-angle lens and dark containment with an
illumination source below (Fig. 1.9). The additional wide-angle lens provided the
demagnification needed to accommodate the microplate in the image so that aberrations
can be reduced compared to some other phone-based methods. Processing of the
image from RGB to HSV was accomplished with an app’s algorithm and the saturation
channel was used in comparison tests of commercially available kits, specifically,
bicinchoninic acid (BCA) protein assay and Cell Counting Kit-8.>” While the two methods
are similar in terms of the ability to analyze microplates and the potential for on-site, this
setup can be considered to be inherently less portable and is limited in abilities than that
of Berg et al.?? due to various factors including size, ease of use, susceptibility to user
error, as well as aberrations from field of view of the microplate (although reduced, it is
still present, which can lead to edge effects and lighting inconsistencies that affect the

measured signal).
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Figure 1.9. (a) Bionic e-Eye set up with smartphone running an app. (b)
Processing of the app for HSV color parameters and determination

of concentration.
Note. Reprinted with permission from Su, K.; Zou, Q.; Zhou, J.; Zou, L.; Li, H.; Wang, T.; Hu, N.;
Wang, P. High-Sensitive and High-Efficient Biochemical Analysis Method Using a Bionic
Electronic Eye in Combination with a Smartphone-Based Colorimetric Reader System. Sens.
Actuators, B 2015, 216, 134-140. Copyright 2015 Elsevier B.V.

It should be noted that in the literature, many other examples of smartphone-
based methods for POC or medical diagnostics have been demonstrated. One of these
areas is cellphone microscopy, and while the field of research is related, it is not the
subject of this thesis. Generally speaking however, these methods typically also involve
the use of external attachments that aid or improve upon the hardware already
contained in the smartphone. Briefly, microscopic images of fluorescence-based
immunoassays to single nanoparticles, viruses, and DNA strands have been
shown,?*?®% as well as imaging of traditional Giemsa stained blood samples.* Even
complex samples such as whole blood, dynamic, and label-free microscopy methods

have been developed, *~* that when combined with customized apps, quantification and
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image analysis can be accomplished (both on-site and off-site at remote servers).
29313435 |n an effort to simplify the requirements needed for phone-based microscopy

and reduce costs, some researchers added simple lenses (ball or GRIN),%’

or inkjet-
printed PDMS lenses® in front of the built-in camera. In many cases, the resolution and
magnification of the phone-based microscope cannot compete with traditional
instruments and scanning electron microscopes (SEMs), but the low cost and size
certainly make them a practical choice, particularly in the field or in resource-limited

settings.

1.2. Integration of imaging methods with apps

1.2.1. Commercial tests and assays

Two innovations that have revolutionized the medical diagnostics field
(developed prior to the invention of smartphones) by simplifying it greatly are rapid test
strip or lateral flow assays, both of which are simple examples of colorimetric tests.
Much related, traditionally, these are diagnostic tools that are paper- or polymer-based
and have regions that are immobilized with analyte-specific binding or analyte-reacting
entities, such as indicator dyes for test strips (Fig. 1.10a) or antibodies for lateral flow
immunoassays (Fig. 1.10b). The mechanism of how the lateral flow immunoassay works
will be described in greater detail in Chapter 3 (Section 3.3), but as with other
colorimetric tests, the appearance or degree of color change is used to indicate the

result of the test.
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Figure 1.10. POC diagnostic tools in the form of (a) test strip for 11 targets; (b)
lateral flow immunoassay.

As these can sometimes be difficult to interpret for users, particularly if the
analyte concentrations are low or there is a minor change in color, early research with
integration of imaging methods with apps involved these test strips and the automated
reading of the results. Mudanyali et al.** developed a rapid diagnostic test reader that
was mechanically installed directly in front of the smartphone’s camera unit and could be
used to analyze tests through the use of an app. Containing a lens to demagnify the
entirety of the test area into the camera’s focal range and an LED array for high contrast
illumination purposes (and to allow for both transmittance and reflectance
measurements), the reader was adaptable for a series of rapid tests including the lateral
flow strips and cassette tests used commonly for pregnancy, parasite, and infectious
disease testing by using customized 3D-printed trays. In this particular instance, the
authors used the platform with rapid tests of malaria, tuberculosis (TB), and human
immunodeficiency virus (HIV). When a user inserts a completed test cartridge into the

reader and opens the app to image the test, the captured image is converted to
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grayscale and enhanced by an algorithm. The different regions of interest on the test are
extracted (removing flow areas to leave lines of interest) and the line intensity (average
column pixel intensity) is correlated to the antigen density by further calibrating the test
with an unfunctionalized test (minimum intensity) and a saturated test (maximum
intensity); the quantified result is relative (indicated as a percent) to these two standards.
A unique feature to this platform (enabled by the app) is geo-tagging that allows for real-

time statistics on the prevalence of infectious diseases.*

A slightly different approach to colorimetric test detection was taken by
Erickson’s group who also implemented quantification abilities based on a calibration
curve of a range of different analyte concentrations into an app. The test substrates in
their platforms used range widely, as does the detection mechanism, although the
common themes amongst them are its use as a health accessory and the integration of
applications (apps) to analyze the test results. As a simpler alternative to the previously
discussed accessories that contain many additional parts that requires an initial set up,
the “accessories” fitted to the phone in these works primarily act as a sample holder and
to provide controlled lighting while imaging, either using an additional LED or a flash
diffuser, that can be 3D printed. Colorimetric detection and quantification has been
demonstrated by the Erickson group for vitamin D levels, biomarkers in sweat and
saliva, and cholesterol.*®*> While some researchers in the previous section had
implemented apps in their works, it was not the focus of the papers and thus, few details
were provided. In some works reported in the literature, the app-based analysis method
is the focus. Methods that are primarily app-based have the advantage of accessibility
since the app can be downloaded to any smartphone (provided an app has been
developed for that platform) that is connected to a network and remain installed until
use. Particularly important for colorimetric app-based methods are that small differences
in color can be better discerned by the CMOS (complementary metal-oxide
semiconductor) sensors within the camera and the analysis software than with the
human eye, even given that the RGB color space mimics human perception. In many
reported examples, commercially available test strips were used to demonstrate the
applicability of the method, such as the dry reagent strips for cholesterol and pH
indicator strips for sweat and saliva. Low salivary pH has been linked to enamel

decalcification, while sweat pH can indicate hydration levels during physical activity.*"**
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In the work of Oncescu et al., indicator strips of a different pH range for each test were
cut to fit a 3D printed cartridge containing the strip, a reference region of white plastic
(for white balance correction) and a flash diffuser for uniform illumination across the strip
that was inserted in front of the camera.** A series of strips were tested with buffer
solutions of known pH values to generate a calibration curve that correlated the H (hue)
with pH and was stored within the app for future quantification of tests. For each
unknown test strip, sweat was applied by touching the strip to sweat, or saliva was
applied by spitting on the strip. The cartridge was inserted to the sample holder on the
phone and upon acquiring the image, two regions of the test were analyzed; the RGB
values in the test strip and the reference area were converted to H values from which
they are sorted and the median value taken.* The H of the reference area was
compared to standard H values and if deemed abnormal (varies by more than 5°, on a
scale of 0-360°), the test was considered invalid. For valid tests, the pH was then
determined from the calibration curve using the H value of the test region.
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Figure 1.11. Mobile app-based testing of cholesterol. (a) Image showing the

working app. (b) Algorithm used for image processing of test strips.
Note. Reprinted with permission from Oncescu, V.; Mancuso, M.; Erickson, D. Cholesterol
Testing on a Smartphone. Lab Chip 2014, 14, 759-763. Copyright 2014 The Royal Society of
Chemistry.

Similarly in the case of cholesterol, whole blood was tested by application of a

drop to the test, which was then filtered through a series of filter papers in the strip to
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separate the red blood cells from the plasma.** The plasma continued to flow to the
reaction pad where the total cholesterol is converted in an enzymatic reaction to produce
hydrogen peroxide as a product that subsequently reacted to form a dye. It is the color
change as a result of the dye that is imaged and used to indirectly quantify the
cholesterol concentration in the blood. After application of a drop of blood to the test strip
and allowing a color change to occur (a fixed time between 60-80s), the strips were
imaged with the custom app.*? The app was written to select a calibration area in the
image in which the RGB value was converted to the average HSL value (another
cylindrical-coordinate representation of the RGB color space, similar to HSV, where

lightness is denoted as L) according to

¥+21fM=G

= 244 ifM=B @
C=M-m )
S = o (3)
L=2(M+m) (4)

where M = max(R,G,B) and m = min(R,G,B).*” The computed value was compared to a
reference value and the entire image was subjected to a background adjustment (Figure
1.11). On the adjusted image, the test area was selected and another RGB to HSL value
was computed. The authors found that cholesterol concentration could be directly
correlated to both saturation (S) and L values, while H acted as a validity test in a similar
fashion as the pH tests previously. In this case, H values in tests were found to typically
fall within the range of 170-190°; H values outside this range signaled that the tests were
considered invalid.** As demonstrated in the two examples, user errors were minimal
factors in the test results as much of the process was automated. Additionally, the
accessory provided guides for the test strips to be inserted and improperly conducted

tests or outliers could be easily identified.
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At the same time, Yetison et al.**

reported a similar technique and algorithm
using an app that was developed for the Android and iOS operating systems. The
authors demonstrated that colorimetric urine strips containing test regions for pH, protein
and glucose concentrations could be quantified by testing standard solutions in artificial
urine. In their work, Yetison and co-workers did not require the use of an accessory but
rather both the calibration using a reference chart and imaging of the test strip were
performed under the same conditions by holding the smartphone 5 cm above the
sample. The algorithm within the app was written such that there were defined
evaluation areas that corresponded to the colorimetric areas of the test strips.
Demonstrated using the CIE 1931 color space, both the calibration data and the test
data were subjected to the same conversion in color; the RGB values were linearized

and converted to the X,Y,Z tristimulus values by**

X = 0.4124R + 0.3576G + 0.1805B
Y =0.2126R + 0.7152G + 0.0722B (5)
Z = 0.0193R + 0.1192G + 0.9505B

which were then expressed as chromaticity coordinate values x,y, (which are a function

of the tristumulus values)

=X
T X+Y+Z (6)
_ Y

Y= X¥v+z

The test assay results were then determined by interpolating the calibration data with the
chromaticity values of the test and displayed to the user as the concentration. While the
authors demonstrated the reproducibility of the app in reading test strips, they also
acknowledge that accessory-free readers are subject to greater measurement variability
from lightning, focus, angle, and shadow effects. Eliminating the need for an additional
housing unit, even those that can be 3D printed, may appeal more to those in resource-
limited settings. Nonetheless, automation of apps with algorithms to better process
images certainly aids in reducing the user dependence and simplifying the method for

point-of-care use.
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Figure 1.12. Optical images of urine test strips taken under (a) fluorescent
lighting; (b) sunlight; (c) low light intensity. (d) Blue intensity
profiles of the optical images. (e-g) Corrected colors of the optical
images.

Note. Reprinted with permission from Hong, J. I.; Chang, B.-Y. Development of the Smartphone-

Based Colorimetry for Multi-Analyte Sensing Arrays. Lab Chip 2014, 14, 1725-1732. Copyright

2014 The Royal Society of Chemistry.

Hong and Chang® demonstrated in their work with urine test strips such a
reduced dependence by incorporating lighting correction and automated detection zone
identification algorithms into their app. The latter was determined by adjusting an image
of the urine strip to become a highly contrasted monochromatic image upon which a
template was projected upon to find each sensing zone on the test strip. A black bar was
drawn at each end of the test strip to serve as the recognition elements to aid in
determining the exact dimensions of each test. The black bar, along with the white
background, also acted as a reference for lighting correction and was used to adjust the

RGB values of each pixel in the image according to
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Reorr = ( ) (Rimeas — Rp) (7)

Rw—Rp

where R is the corrected value, Ry is the white background value, Rg is the black
reference value, and Rp.ss is the measured value in each sensing test zone. The effect
of the light source on the image was evaluated by imaging a test under various lightning
conditions (indoor fluorescent light, sunlight, and indoor low light) (Fig. 1.12a-c). As
shown in Fig. 1.12d, the blue intensity within the black bar varied depending on the
lightning, however, using equation 7, the digitized image of the test strip was corrected.
A second color space, namely the HSV color space, was used for correlating the
changes in color to the concentration of each analyte. In some sensing tests (e.g. pH,
glucose), the H displayed more sensitivity while in others (e.g. nitrite, ketone), the S was
the better parameter for quantification; each sensing test was expressed as a function of
H or S and stored as the calibration curve. For each test, the determined concentration
was categorized into three levels of low, medium, and high concentrations of analyte.
Testing each sensor numerous times with different concentrations of analyte, the
accuracy of the app reading the result of test compared to a commercial test strip
analyzer ranged from 72-100%, where the lower accuracies were due to the
categorization when a concentration fell between 2 categories. This work demonstrates
the potential that app-based POC diagnostics has. Here, regardless of the conditions, all
digitized test images can be corrected in order for them to be accurately compared to a
stored calibration curve. Hardware and instrument limitations are eliminated since only

the app is required and all post-imaging processing is automated.

1.2.2. Specialized tests and assays

While commercial test strips are easy to use and readily available, it is limited by
the analytes that can be tested as those already on the market. For example, human
epididymis protein 4 (HE4) has been identified as a serum biomarker for ovarian
cancer,” and has been suggested as a replacement or complement biomarker to CA-
125.”” In studies and clinical testing, HE4 is detected by competitive ELISA or ECL

46-48

immunoassays, which requires the use of specialized instrumentation and personnel
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to perform and analyze the data. These laboratory tests have not yet been adapted for
easier use on rapid tests as of yet. Some researchers have taken a step forward to
integrate the use of apps with immunoassays using specially designed test substrates.

Wang et al.*

demonstrated a microchip ELISA to be used in conjunction with an app for
the quantitative measuring of HE4 for POC testing. Microchips fabricated using a non-
lithographic technique were assembled from laser cut poly(methyl methacrylate)
(PMMA) and double-sided adhesive onto a polystyrene petri dish to create
microchannels with inlet and outlets cut at each end (Fig. 1.13a). Sandwich ELISA (Fig.
1.13b) was used capture and detect the HE4 protein before the assay was visualized by
a reaction of TMB and H,O,, catalyzed by HRP. Unlike conventional ELISA in a
microtiter plate, the enzymatic reaction in the microwells was not stopped as addition of
H,SO, would displace the solution out of the well; instead, the blue color was imaged
quickly by the smartphone (Fig. 1.13c). The authors found that there was an inverse
correlation between the red pixel intensity of the solution in the microchannels and the
concentration of HE4. It was therefore programmed into the app’s searching algorithm to
identify regions of continuous low R values (adjustable threshold set to 70) which
correspond to the microchannels. For channels with a low concentration of HE4, the
color intensity was low and could not be differentiated from the background, the authors
facilitated the automated detection with markers in front of the channels. Once located,
the image was captured and the RGB pixel values were obtained from these areas. The
R values were normalized against that of the background and a calibration curve
(obtained prior to imaging the sample) was used to determine the concentration of HE4
in the sample. The results were then displayed on the screen (Fig 1.13d). The
colorimetric method had a detection limit of 8.45 nM (19.5 ng/mL) for HE4, which is
lower than other reported methods for similar biomarker proteins using
electoimmunosensing or a bio-barcode assay, but exhibited high reproducibility and

comparable sensitivity to conventional ELISA.
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Figure 1.13. (a,c) Schematic of the PMMA-based microchip ELISA. (b) Sandwich
ELISA for HE4. (d) Customized app to image and analyze the
colorimetric reaction from ELISA; results are displayed on the
screen.

Note. Reprinted with permission from Wang, S.; Zhao, X.; Khimji, I.; Akbas, R.; Qiu, W.; Edwards,

D.; Cramer, D. W.; Ye, B.; Demirci, U. Integration of Cell Phone Imaging with Microchip ELISA to

Detect Ovarian Cancer HE4 Biomarker in Urine at the Point-of-Care. Lab Chip 2011, 11, 3411-

3418. Copyright 2011 The Royal Society of Chemistry.

1.3. Objective of this thesis

The recent surge in research in this area can be explained by the technological
developments surrounding phones. The growing body of works dedicated to
smartphone-based detection systems, primarily in the fields of medical diagnostics and
POC testing is evidence of this. To satisfy the need in many resource-limited regions of
the world and even patients in developed countries, it is ideal that these analytical
techniques meet the ASSURED (Affordable, Sensitivity/Specificity, User-friendly, Rapid
and Robust, Equipment-free, and Deliverable) characteristics set out by the WHO. In
other words, POC devices should be inexpensive, have a low detection limit, easy to

use, portable and battery powered, and present results in a short time frame.
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In this thesis, the development of a smartphone method for bioanalytical
purposes will be discussed. The method will be primarily app-based and utilize a custom
plastic biochip. Following the Introduction where various smartphone-based techniques
found in the literature are presented, Chapters 2 and 3 focus on the development of an
app for grayscale analysis and integration of linear barcodes with immunoassays,
respectively, such that we can move towards automated analyte testing and analysis.

Finally, Chapter 4 presents the conclusion and suggests future directions for the project.
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Chapter 2.

Mobile app-based quantitative scanometric analysis-

This chapter gives a brief introduction into silver enhancement protocols used for
the visualization of colorimetric assays and the steps taken to develop an app to analyze
these assays. Paper-printed bars of various darknesses were used to determine the
correlation between the scanning method and grayscale intensities. This correlation was
then used to develop an app with an algorithm that analyzes the test lines automatically
without the need to transfer images to a secondary device or the use of additional
software. A simple biotin-streptavidin assay was used to demonstrate the practicality of
the method.

2.1. State of the art in scanometry

Colorimetric tests make use of a color change to qualitatively determine the
presence or absence of an analyte such as in the case of lateral flow test (e.g. dipstick
pregnancy tests), but can also be semi-quantitative such as using pH indicator strips and
comparing the color to the chart provided. These tests do not necessarily require the use
of specialized equipment and in such cases are limited in its quantitative abilities.>® Even
so, the benefit of their ease of use, low cost, minimal waiting time (for results), and lack

of need for expensive instrumentation make these types of test a popular choice.>® More

* Adapted from Wong, J. X. H.; Liu, F. S. F.; Yu, H.-Z. Mobile App-Based Quantitative
Scanometric Analysis. Anal. Chem. 2014, 86, 11966-11971. Copyright 2014 American
Chemical Society. Wong designed and carried out the experiments; Liu wrote the customized
app; Wong and Yu wrote the manuscript.
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accurate quantitative colorimetric tests are possible, as in the case of ELISA where the
color change is a result of an enzyme’s catalytic conversion on a substrate to a colored
product is quantified using absorbance measurements. Inevitably, the ELISA tests
require specialized instrumentation (spectrometer-based-plate reader) and trained

professionals for the rather cumbersome operations.*

A “subcategory” of colorimetry is scanometry that uses a grayscale as opposed
to the various color spaces. In scanometry, the gray intensity, usually a result of silver
enhancement is the measured signal. Taton et al. initially used the scanometric method
on DNA hybridization assays on glass slides, visualizing the signal with silver
enhancement solutions and scanning the resulting samples with a desktop scanner for
further processing and analysis on a computer using an 8-bit grayscale.’> While the
silver enhancement technique was not considered novel at the time, typically used for
cells and tissue staining,>*** Taton et al. showed that the method was also applicable to
solid substrates; for their target DNA, concentrations as low as 100 pM could be
detected, although the grayscale value was dependent on the sequence of
oligonucleotides and on the silver amplification conditions.** Gupta et al. later developed
the scanometric method further and showed that a silver enhanced immunoassay could
be considered quantitative by the optical darkness of the reaction regions.>® The
sandwich-format immunoassays used in their work were shown to be highly selective
and reproducible,* which stimulated a number of studies on various assay systems.>*>’
Our research group recently demonstrated that the scanometric method could also be
applied to the detection of proteins (thrombin) and heavy metal ions (Hg*") using a DNA
molecular beacon immobilized on a plastic (polycarbonate) substrate.*® The scanometric
method thus far relies on either a light scattering instrument or desktop scanner, *°~%°
which limits it applications in point-of-care diagnostics, i.e., providing health care in rural

areas and developing countries.

As had been previously discussed in the Introduction, it has been suggested the
need for health care be combated by growing infrastructure of mobile networks; this has
been supported by current research focusing on the adaptation of smartphones and
tablets, their sensors, cameras, and general power supply and functions, particularly

those for colorimetric detection.®* Mobile-based detection has evolved dramatically from
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using only the camera to image the assay, both with dyes and enzymatic methods®®%*%3

30,36,64

to cell phone camera-based microscopy, and fluorescence/luminescence detection

and imaging.®**® As demonstrated by a number of researchers very recently,®**4°

integrating the imaging and analysis capabilities are possible through the use of custom

applications (apps).

2.2. Method

2.2.1. Scanning mode and grayscale comparison

Optical densitometry in the form of optical darkness ratio (ODR) has been

adapted as standard protocol for analyzing chip-based bioassays,*>**°*% which was
initially proposed by Gupta et al., and is given by equation 8.>°
ODR = (Ip = I5)/1y (8)

where |, is the grayscale value (intensity) of the background and Is the grayscale value
(intensity) of the signal, thereby giving a normalized ratio of the signal to the background.
The key question that has not been addressed is how these grayscale values are
determined, and whether they are influenced by the different modes of image
acquisition. Herein, a thorough comparison of imaging methods available on desktop

scanners and mobile devices was carried out.

On a typical office scanner, there are three modes available for scanning, namely
in color, grayscale, or black and white. The black and white mode does not serve well for
guantitative purposes as no pixel can have a value that is an intermediate between the
two extremes and was not considered further. For images scanned in the color mode,
the pixels are presented in three different colors: red (R), green (G) and blue (B), and the
grayscale values (l) are calculated in two ways. The average | value is determined

according to equation 9,

I =(R+G+B)/3 9)
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where R, G, B are the pixel intensities in each of those channels. The other measure,

the weighted | (luminosity) accounts for a human’s color perception and is determined by

I = 0.30R + 0.59G + 0.11B (10)

For images scanned in the grayscale mode, the | value can be directly
measured. Typically, the scanned images are analyzed using Adobe Photoshop’s
grayscale mode, however, the way the grayscale value determined from the RGB values

in that case was not revealed.*®

To study the modes, grayscale values ranging from 255 to 0O were printed on
white paper (Fig. 2.1) using an HP 2055dn printer (Hewlett-Packard Company) at 300
dpi and subsequently scanned back into a computer using an office scanner (Epson
Perfection 1250) in the color or grayscale mode (900 dpi). The images were imported
into Adobe Photoshop and a section of each gray region (50,000 pixels) was selected
and analyzed.

I 255 125 < 0
f
Color :
B&W
Grayscale

Figure 2.1. Images obtained with different scanning modes on an office
scanner; arange of gray value intensities, from 255 (white) to 0
(black), is shown. The original was printed on a white paper, and
then scanned using a desktop scanner in the color, black and white
(B&W), and grayscale mode, respectively.

The average grayscale was determined in the RGB mode by the mean value of

the RGB channels. The weighted average grayscale was determined in the RGB mode
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by the mean value of the luminosity channel. The “Photoshop Grayscale” values were
determined by converting the scanned color image from RGB to grayscale mode and

taking the mean value of the gray channel (direct measure of ).

2.2.2. App development and testing

The Mobile ODR app has so far been installed and tested on a Nexus 7 tablet
running Android version 4.4.2. It was written using the Android Developer Tools in Java
by Frank Liu and can be summarized as described below. When a user launches the
app, it opens the rear camera of the mobile device and displays a camera preview with a
red box in the center of screen (Fig. 2.2). It has been written to display four bars in the
red box that the user aligns with the channels of the sample using the zoom button when
positioned in a dark containment (Fig. 2.3) and situated 7 cm from the sample with a
single light source above (40W, 120V lightbulb was used here although any light can be
used provided it is consistent amongst imaging of all samples). The user captures the
image using the capture button, which commands the app to start measuring the ODR
values of the test strips. The app captures the raw CMOS data from the camera and

converts them into an array of RGB values, where x, y are coordinates of the pixel.

Coloryixei(xy) = (Rx.y’ Gyy B x.y) (11)

For each pixel, the | value is calculated using the average grayscale method
described below (equation 10), and the mean of the average grayscale values in a

particular region (a cluster, 4715 pixels) is determined, along with the standard deviation.

Ci = {pixelx,y | pixelx,y € pixel(range(x),range(y))} (12)
[Col = [C1l = 1C2] = |C5] (13)

s (I1+0p+13)

— s 5 (-t i3)
i = Zlély. o; = ( - ) wherei € [1, 3] (14)
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For each group of pixels from the test strip and the test background(C,), the app
samples 3 clusters (C4, C,, C3) of pixels and calculates their average mean grayscale
value and standard deviation. Using the mean grayscale of background (I,), the app
obtains the ODR value for each test strip by the difference between the mean grayscale

of background and mean grayscale of test strip relative to the mean grayscale of
background, according to equation (8).

(b)

I(s) ODR
© 65.3:4.03 0.521 £0.032
52 6511707 0.523 +0.056
;686167 0.497 +0.044
1 : 610+475 0553 +0.043
| (b): 136232

ODR

Detector|

| MobileODR

Figure 2.2.  Screen captures of the Android Mobile ODR app. (a) The Mobile ODR
app is launched and is used to measure the ODR of (b) printed
“channels” on paper; (c) silver stained binding strips of a direct
biotin-streptavidin assay on polycarbonate. Results are directly
displayed on the screen and saved automatically.

Figure 2.3.  Schematic representation of the containment used to control
lighting while samples are imaged or analyzed by the Mobile ODR
app. The rectangular opening at the top of the containment is used
for the light source, while the smaller, square opening below is for
the camera of the smartphone to image the silver stained PC inside
the containment.
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2.2.3. Biotin-streptavidin assay

A piece of polycarbonate board (3x3 cm, Fig. 2.4 and 2.5) was rinsed with
ethanol and deionized water, and dried with nitrogen gas. The polycarbonate was placed
in a UV/Ozone cleaner for 15 min and incubated in the ozone environment for 20 min. A
100 mM EDC (N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride) and 25
mM NHS (N-hydroxysuccinimide) in 0.1 M MES (2-(N-morpholino) ethanesulfonic acid,
pH 5.8) solution was placed on the surface of the polycarbonate for 3 hours, rinsed off
with deionized water, dried before a PDMS chip with four channels patterned as in Fig.
2.2 and 2.4 was fixed to the surface. The PDMS was prepared by cutting Scotch tape
into 3.5x17 mm strips (3.5 uL of solution) that will form the channels. The tape was
adhered onto a standard microscope slide that was subsequently placed into a petri dish
into which PDMS was poured (mixture of 10:1 Sylgard 184 base and curing agent). The
PDMS was cured for 2 h at 60°C in an oven. Into each of the channels of the PDMS-PC
chip, NH,-PEG,-Biotin (30 ug/mL) was pipetted and incubated for one hour, followed by
rinsing with 100 mM phosphate buffer solution (containing 500 mM NacCl, 0.8% bovine
serum albumin, 0.1% gelatin, 0.05% Tween 20, and 2 mM NaN; at pH 7.4). This was
followed by passivation with an 8% solution of bovine serum albumin (BSA) for two
hours and further rinsing with the phosphate buffer. Nanogold streptavidin conjugate
solution was injected and incubated in the channels for 50 min before rinsing with the
phosphate buffer solution. The PDMS chip was removed and the polycarbonate surface
was washed with deionized water. The channels were then silver stained to visualize the
signal using a 1:1 mixture of 0.048 M silver nitrate and 0.182 M hydroquinone with 4%
gelatin in citrate buffer (pH 5.4) for 10 min. The polycarbonate was rinsed once more

with deionized water and dried.
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Figure 2.4. Schematic view of the formation of assay lanes with the help of a
PDMS channel plate on PC (a) and reading of grayscale intensities
of the silver stained assays for the calculation of ODR values with
the Mobile app (b). The right side shows a silver stained biotin-
streptavidin assay.
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Figure 2.5. Preparation of a biotin-streptavidin binding assay on polycarbonate
(PC). (a) A piece of polycarbonate board (3x3 cm); (b) UV/ozone
activated PC plate; (c) EDC/NHS activated PC plate; (d)
immobilization of NH2-PEG2-biotin via amide coupling; (e) Binding
of Nanogold streptavidin conjugate on the surface; (f) silver staining
to enhance the signal.

34



2.3. Results and discussion

For the initial test, a series of bars of different | values in grayscale (Fig. 2.1),
ranging from 255 (white) to 0 (black), were printed on plain white paper and scanned
using a standard office scanner in the color, black and white, and grayscale modes. As
shown in Fig. 2.1, the gray bars scanned in color mode differ from the original in that the
bars appear to take on a purple tinge and appear to be not as dark as the original at low
| values. Using this image, the average and weighted | values were calculated and
shown in Fig.2.6. The results show that the Photoshop grayscale mode consistently
gives ODRs that are higher than theoretical values, while on the other hand, when
analyzed in the RGB mode, the ODRs are more consistent with the theoretical ODR. In
all cases however, the ODRs at low | values level off; this is likely due to the printing
guality of the original bars and not the scanning or analysis methods. Figure 2.6b shows
the comparison of the theoretical ODR to the ODRs of the analysis methods. The data
has only been fitted to a theoretical ODR value of 0.75 whereby after, the ODRs are
saturated. In this linear range, the weighted average | (luminosity, determined using
equation 10) values demonstrates the best correlation with theoretically preset ODRs
with an R?= 0.9981 and a slope of 0.9939 + 0.0051, though the averaged RGB protocol
yields very close results (R? = 0.9985, slope of 0.9653 + 0.0046). The other method, the
Adobe Photoshop grayscale, deviates slightly, R* = 0.9856, slope of 1.1537 + 0.0156.
Figure 2.1 can also be scanned using the grayscale mode where the | values are directly
measured rather than calculated according to any particular formula. In Fig. 2.6, the
grayscale deviates further from the theoretical ODR than the average and weighted
average ODRs, but is less than that of the Photoshop grayscale. This mode was not
used further because the conversion between the color and grayscale modes used by
the scanner is unknown. The other scanning mode that was not considered further was

the black and white mode.

From the above analysis, it is clear that both the average and weighted
grayscales are suitable for | value analysis. We then developed an app, “Mobile ODR”
that analyzes the weighted average (luminosity) grayscale based on equation (10),

which runs on the android platform, both smartphones and tablets (Figure 2.2). The
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same grayscale intensities as used in Figure 2.1 were reprinted as a series of four
“channels” (for microfluidic microchip applications at a later time) and the ODRs as
determined by the app are compared to the theoretical values (as designed) and those

determined with a conventional desktop scanner.
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Figure 2.6. (a) ODRs determined from the scanned image in color, grayscale,
and black and white modes, of the gray bars of different grayscale
intensities (I). The color image was analyzed by the average,
weighted (luminosity), and the Adobe Photoshop specific grayscale,
respectively. (b) Correlation between experimentally determined
ODRs and the theoretical values. The linear fitting has been limited
to a maximum ODR value of 0.75 for the average RGB (solid),
weighted average RGB (dashed), and Photoshop grayscale (dotted)
lines.
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ODRs determined by the mobile app as a function of the theoretical
values (a) and those determined by an office scanner (b). ODRs are
calculated using the weighted average (luminosity) grayscale
intensities. Error bars are propagated uncertainties from the
different pixel intensities of each selected test region. The solid line

shows the best linear fit of all data points.

Figure 2.7.

As shown in Figure 2.7a, with the Mobile ODR app we are able to obtain a series
of ODRs of the gray bars show in Figure 2.1 (color mode), which correlates with the
theoretical values up to 0.80; the linear fit in this range yields a R? value of 0.9968 that is

comparable to that obtained for scanners as described above. The slope (1.19 + 0.02),
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though, is slightly higher than unity, indicating the app-determined ODR values are
generally higher than the present values. The rather large error bars for the high ODR
values (> 0.65) result from the error propagation of the variation in pixel intensities of the
test region (dot gain in the printing process); because the high ODRs are from low |
values, there is a greater relative uncertainty compared to high | values with similar
variations in pixel intensities. This is only a factor in our printed paper tests (vide infra).
When we directly compare the ODR values obtained with the mobile app and a standard
office printer on the same set of printed gray bars, the correlation between them is also
impressive. Figure 2.7b shows that the two sets of ODR values are linearly correlated
with each other: the best linear fit yields a slope of 1.16 + 0.01 and R?> = 0.9986,
confirming the accuracy of the app in determining the ODR values (which is comparable
with well-established image processing software, e.g., Adobe Photoshop). It is also
evident the uncertainties are smaller for when the mobile app was used, especially for
smaller ODR values (e.g., < 0.6). More importantly, with this custom design app, a
defined method to obtain grayscale values was implemented.

The mobile app platform was then tested with a direct biotin-streptavidin binding
assay and the signals visualized using silver enhancement. The biotin-streptavidin
system was chosen because its binding interactions have been well studied, and is
known to bind with high affinity and specificity; more importantly, it has been shown to be
a suitable model for many biorecognition interactions.’®"® The assay was prepared on
polycarbonate (PC) substrate as previously reported.®® Briefly, the polycarbonate chip
was activated by UV/ozone surface treatment, followed by immobilization of biotin via an
amide coupling reaction. Streptavidin conjugated to a gold nanoparticle (Nanogold
streptavidin conjugates) was then added before silver enhancement, nucleated by the
nanoparticle, was performed to visualize the reaction. The resulting signals were gray in
color (Fig. 2.2c), similar to that of the printed channels and are well-suited for grayscale
analysis. ODRs are from triplicate samples of each Nanogold streptavidin concentration

and were tested using the two platforms.
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Figure 2.8. ODR as afunction of the NH,-PEG,- biotin concentration in the initial
test of biotin-streptavidin assay.

The concentration of biotin required to saturate the PC was first determined by
performing the assay with different concentrations of the amine-terminated biotin
molecule. In Fig. 2.8, using the same concentration of Nanogold streptavidin conjugates
added prior to silver enhancement, it is clear that the binding signal (ODR) rises initially
and then saturates around 20 pg/mL. An excess concentration of 30 pg/mL was used in

all biotin-streptavidin assay experiments.
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Figure 2.9.
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Comparison of ODRs on a biotin-streptavidin assay as determined
from the scanner and Mobile ODR app using the averaged grayscale
intensities. (a) ODRs as a function of Nanogold streptavidin
conjugate (analyte) concentration. Error bars are standard
deviations from the four channels of each assay; (b) linear
correlation between the ODRs from the scanner and Mobile ODR
app. The data points are the individual ODRs of each channel from
the three samples in (a).The legend denotes the concentrations of
the Nanogold streptavidin conjugate (ug/mL).
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On a surface saturated with biotin, different concentrations of Nanogold
streptavidin conjugates were tested. Figure 2.9a reveals that in these experiments, the
scanner and app give consistent ODRs at all concentrations of the conjugate. At higher
concentrations of Nanogold streptavidin (0.4 — 0.8 pg/mL), the Mobile ODR app provides
ODRs that are slightly higher (between 0 and 3%) than those obtained by the scanner;
while at lower concentrations (0.07- 0.2 ug/mL), app ODRs are on average 6% lower
than scanner ODRs. Aside from this discrepancy, the data shows that not only within
each sample is the silver enhanced signal reproducible, as indicated by the small error
bars, but also that between samples of the same concentration, the signal can be
considered very reproducible. To be more specific, we also generated a correlation plot
by plotting the two against each other, i.e., the app ODRs as a function of the scanner
ODRs (Figure 2.9b) to demonstrate that the Mobile app and scanner correlate well. The
slope of the best linear fit is 0.9980 and R? = 0.9847. We must note that scattering of the
points is likely not from errors in the ODR measurements (and therefore the grayscale
intensities), but rather from variations in experimental parameters such as from the

signal enhancement process and the silver particle size growth.

The Mobile ODR app is currently designed for Android platform and is simple to
use: the user directs the app to the area of interest and taps the capture button to gain
the results of the ODR. Because it can be installed on any user's smartphones or
tablets, it makes the quantitative detection portable. Particularly, the results are
immediately displayed, both ideal for POC diagnostics and on-site chemical analysis. It
has been shown that the app’s performance is comparable to that of desktop scanners,
without the need for additional software to analyze the results, making it a suitable
alternative to the current method of using bulky office scanner in conjunction with
advanced image processing software. Although the app has its benefits, like all
colorimetric assays, the ODR can be affected by the lighting and ambient conditions. On
some level, because equation 8 accounts for the background intensity, the lighting
conditions are relatively less significant, though for quantitation purposes, even lighting
will be required across all areas of the sample and the results are only applicable if the
sample is imaged under the same conditions as the calibration curve. As well, currently

the user is required to align the sample to the alignment aids on the screen; the
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development of an assay and algorithm for the app to automatically detect and zoom

onto the assay region may be pursued in the future.

2.4. Conclusion

Mobile devices including smartphones and tablet computers, in conjunction with
a custom developed app, have been shown to be an applicable platform for quantitative
scanometric analysis, thus supporting its case for application in point-of-care diagnostics
and on-site chemical analysis. Using the scanometric method of grayscale analysis, it is
discovered that the ODRs determined from average and weighted grayscales are
comparable to the traditional methods of using office scanners; however, the weighted
(luminosity) grayscale approach provides better results with respect to the originally
printed chart of different grayscale values, which was adapted in the development a
mobile app for the data processing. The app yielded consistent ODRs to the office
scanner for printed assays and when applied to a direct assay on a plastic substrate.
Applying the app to immunoassays is demonstrated in Chapter 3.
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Chapter 3.

Direct reading of bona fide barcode assays for
diagnostics with smartphone apps:

This chapter reports the design and development of an assay that is formatted in
the form of a linear barcode such that the results of the test can be scanned using a
smartphone. Standard barcodes are briefly introduced and a sandwich immunoassay for
human chorionic gonadotropin (hCG) is used to demonstrate practical applications of the
method. Although barcode-reading abilities were added to the Mobile ODR app
previously discussed, in the initial works, a freely available barcode app is used. In the
case of a commercially available app, quantitative means are determined using the
Mobile ODR app or other software.

3.1. Point-of-care medical diagnostics

Medical diagnostic tools (e.g., biosensors) respond to biochemical and
physiological signals of interest and relay this information in the form of electrical or
optical output, and thereby reliably diagnose diseases and illnesses.”” As previously
discussed in Chapter 1, these devices, however, while readily accessible in developed
countries, are often costly and complex to the average untrained person, and not easily
accessible in all regions of the world.*® To aid in reducing global health care costs, point-
* Adapted from Wong, J.X.H.; Liu, F.S.F.; Li, X.; Yu, H.-Z. Direct reading of bona fide barcode

assays for diagnostics with smartphone apps. Sci. Rep. 2015, 5, 11727. (CC BY 4.0,
https://creativecommons.org/licenses/by/4.0/). Yu conceived the research; Wong designed and

carried out the experiments; Li desighed and conducted some preliminary experiments; Liu
wrote the customized app; Wong and Yu wrote the manuscript.
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of-care (POC) diagnostics aims to provide patients with rapid real-time clinical testing
and treatment, primarily in developing countries which lack medical facilities. Diagnostic
systems of this caliber must be inexpensive, easy to use and disposable due to
limitations in trained personnel, infrastructure, medical instruments, and operational
funds.>* The trend toward low-cost instrumentation has led to the integration of apps
with POC abilities, having been adapted for diseases detection;****° the wireless system
can relay patient information and test results to health professionals for further analysis if
necessary. To date, POC devices already in use include glucose meters, preghancy
tests, and infectious disease tests which commonly employ strip testing using
colorimetric, fluorescence, or electrochemical detection methods.”’® Detection methods
employing mobile devices have been adapted to the traditional approaches; of these,
colorimetric detection has been studied most thoroughly.??°3944497%=7% There js no doubt
that the amount of interest in furthering this area of research, in colorimetric assays and

other areas, is expected to rise substantially in coming years.*

Software development for mobile devices has also grown rapidly in recent years,
with readily available public apps ranging from games, news to first aid guidance.®* One
such type of app that utilizes the phone cameras is the barcode scanner, commonly
marketed for price comparisons and product review purposes. The barcode scanners
decipher a series of bars and spaces to read the encoded data within. Conceptually
different from the bio-barcode assays that utilize nanoparticle probes functionalized with
encoding DNA or other specific binding components (i.e., antibodies),®*®’ herein, a
barcode-formatted assay protocol that integrates the smartphone camera in reading the
assay with standard barcode scanning apps is described. The objective is to design a
bona fide barcode assay capable of both qualitative and quantitative analysis with a
regular smartphone (no hardware and software driver modifications). In particular, the
assay used is for the detection of analytes primarily of biomedical relevance (e.g.,
protein biomarkers), in which the pattern of the assay binding strips is styled in the
manner of a common linear barcode such that it can be detected both visually by the
naked eye and by a smartphone barcode scanner. The “data” in the barcode is the
gualitative portion of the test, and the presence or absence of the analyte is determined

by a barcode scanner app. Quantitation can be achieved directly on the same assay
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using a scanometric method with the aid of the Mobile app of Chapter 2 or computer-

based image analysis software.

3.1.1. Standard barcodes

Barcodes are optical representations of data; they consist of a series of bars and
spaces, with varying widths, which can be scanned and deciphered by readers or
scanners. Each character to be encoded within a barcode has a unique pattern of bars
and spaces that is recognizable to the reader. Linear barcodes are available in many
different types; in retail, the most commonly used is the U.P.C. (Universal Product
Code), libraries prefer to use the Interleaved 2 of 5 system, and the E.A.N. 8 or 13
systems that is used in both retail and on books. Some barcode systems have yet to find
widespread public usage, such as Code 39. Different elements are incorporated into
different types of barcodes; some are limited to encoding of numbers, others are able to
encode more characters, while some can encode more information within a particular
area than others. There are two formats of encoding data into linear barcodes. In one
method, the encoding of data is done so continuously; in other words, the pattern of
each character in the barcode begins with a bar and ends with a space, with the next
character’s pattern beginning immediately after the last character's space. A discrete
barcode on the other hand, begins and ends with a bar. A space is an added element
used to separate between the last bar of one character and the first bar of the next, and
is ignored by the scanner if it can read this particular barcode type. In order to encode
the numerous possibility of characters (e.g., letters, numbers and special characters),
barcodes, as previously mentioned, operate under a system of variable bars and widths;
the patterns are not such that one letter has a single bar and another letter has two bars.
Each character in a single barcode type have the same number of elements; for
example, Code 39 (or Code 3 of 9) characters all have 5 bars and 4 spaces (9 elements,
3 of which are wide elements) that make up the code and it is the variation in the width
of the bars and spaces in a particular pattern that codes for a character. The variation in
patterns between characters allows for the design of a test such that depending on the

result of the test, a different character can be generated.
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Code 39 demonstrates a discrete barcode system where the widths of the bars
and spaces are either narrow or wide. It can encode only the upper case letters (A-Z) of
the Latin alphabet and the Arabic digits (0-9), in addition to 7 special characters (space, -
.+, ., 38, /, %). Of the 5 bars and 4 spaces, three of the nine elements are wide, and the
remaining six are narrow. The concept of wide and narrow is defined by the relative
widths of the bars and spaces to other bars and spaces; the ratio can be set between
2:1 and 3:1. The space between each character’s first and last bars is typically narrow
so as to not “end” the barcode as it appears to the scanner. At each end of the barcode

Wk

is the symbol “*” which acts as the start and stop character to indicate to the scanner the
direction of reading. A disadvantage of the 39 coding system is that it requires a greater
area to encode a particular set of data compared to some of the previously mentioned
linear coding types. As well, the system can be considered simplified as it does not
employ a check character (that changes depending on the data encoded) as a method
of checking the barcode in the event of the introduction of error during the barcode’s
transmission or storage. Although appearing to be slightly disadvantageous in this
manner, the coding system still allows for a checking mechanism in that single misprint
of a bar or space will not result in an erroneous reading because it would not encode for

any characters; the scanner will act as if no barcode is present.

For the purpose of our assay development, Code 39 does have an advantage
over some other linear systems, e.g., it offers two characters having almost identical
barcodes, apart from 4 elements, as a result of not employing an individual checking
character. The barcode encoding for the “-” and “+” symbols have the same start and
stop characters, and are identical in the first 5 elements of the code; the differences are
the last 4 elements where one has two narrow spaces neighboring two wide bars

whereas the other has two wide spaces between the two narrow bars (Figure 3.1a).
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Figure 3.1. (a) Barcodes of “-”and “+” symbols as created using Code 39. The
two characters (highlighted with the red brackets above and below
the barcodes) are identical apart from the 4 elements of each
character (dashed green box); start and stop characters are denoted
by “*” (highlighted with the blue brackets). (b) The design of the
assay strips, as patterned using a microfluidic PDMS chip. The wide
bars of the “-” character have been “divided” into four separate
binding strips. The first and third serve as test lines while the
second and fourth serve as control lines for the test. Barcodes are
scanned by placing the PC plate atop a piece of paper with printed
barcode, apart from the strips indicated in the green dash-line box.
In a positive test, all channels will produce a visible signal that can
be scanned, reading as “-”, while in a negative test, only channels
two and four will produce a signal, reading as “+”.

3.1.2. Barcode-formatted assay design

Using this Code 39 coding system, an assay can be designed to be in the exact
format of a barcode and to elicit a color change such that upon binding (or lack of) an
analyte, the species of interest, a different barcode symbol will be read. These barcode
symbols in this case are the above-mentioned “-” and “+”. Because the rest of the
barcode is identical, rather than waste reagents, only the two bars, represented with 4
binding strips (Figure 3.1b), are used as the test platform and the remainder is printed on

white paper using an office printer, creating a paper-hybrid assay. The brightness of the
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paper will slightly alter the ODRs determined, therefore the paper with the start and stop
characters used for reading the barcodes of the standards (used to generate the
calibration curve) should be consistent with that of the unknown samples. A benefit of
printing the additional bars is that the printed sections can act as a color (or grayscale)
reference in the quantitative function of the test. Similar to lateral flow assays, the
barcode assay here is conducted only in the test region where each of the two wide bars
of “-” are “separated” into two narrow entities (Figure 3.1b) in which the first acts as a
test line and the second as control line. In the control line, regardless of whether the
intended antigen binds, a signal will appear and can be read by barcode scanner. The
control serves as validity test; the absence of signal indicates that the test is invalid and
the result is void. In the test region, a particular antibody is immobilized in the test line to
capture the analyte; the presence of analyte will result in a visible signal following
addition of the detection antibody and signal enhancement, thus allowing the scanner to
read the barcode, provided the test is valid. Therefore, in the case of a positive test
where both the test and control lines produce visible signals (represented as a wide bar),

the reader will scan the test as “-”. In the case of a valid negative test, “+” will appear due
to signals only in the control lines (represented as a narrow bar). The test and control
regions can then undergo quantitative analysis where measurements of antigens or
analyte can be determined colorimetrically or scanometrically; that is, the intensity of the
color or grayscale change as a result of the binding reactions of the second antibody to
the analyte and signal enhancement process (silver staining) is compared to the
intensity of the background color. This can be accomplished by scanning the samples
(using a desktop scanner in the reflectance mode) into the computer as a RGB image for
further processing using software (e.g., ImageJ). From the RGB image, the weighted

averaged grayscale intensities are found and used to determine the ODR (equation 8).
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(grayscale) | 255 | 245 | 235 225 215 204 194 184 174 163 | 153 143 133 122 112 103 92
ODR
(preset) 0O 0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32 0.36 0.40 0.44 0.48 0.52 0.56 0.60 0.64
ODR
(measured)| 0O ' 0.03 0.10 0.16 0.22 0.25 0.25 0.29 0.33 0.38 0.43 0.45 0.49 0.51 0.53 0.56 0.58
Barcoding
(+) x x x x ~ ~ v v v v v v v v v v v
Barcoding
(-) x x x x x x x ~ ~ ~ ~ v v v v v v

False negative region

Figure 3.2. Correlation between the preset grayscale values, the preset ODR,
the measured ODR, and the reading capability by the barcode app.
The test and control lines (Figure 3.1b, the four differential elements)
were printed at the preset grayscale values and scanned to
determine whether the barcode app could read the result; the
remaining bars of the barcode (start, stop, and other elements of the
“+” and “-” characters) are printed in black (I = 0).

To determine the detection range that the barcodes can encompass, a range of
darkness intensities of barcodes for “-” and “+”, with ODRs from 0-1 (grayscale values
between 255 and 0 on an 8-bit grayscale), were printed (Figure 3.2) and tested with the
mobile app XZing Barcode Scanner® (other free barcode reading apps can also be
employed). It was found that when reading “+”, the barcode with an ODR as low as 0.24
can be scanned, while with ODRs of approximately 0.16-0.20, successful barcode
reading was intermittent or required longer time focusing and decoding. When trying to
read “”, slightly higher ODRs are required (0.44). Similar to reading “+”, there exists a
range (ODRs between 0.28-0.40) where sporadic correct results occurred. As can be

“

interpreted from the data, is more difficult to decipher, creating a region of ODRs
below 0.44 that can be considered as the false negative region due to the possibility of a
positive assay having a low concentration of analyte that cannot produce a detectable

signal by the barcode reading app.
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3.2. Proof of concept: biotin-streptavidin binding assay
reading

The biotin-streptavidin binding assay that was used to develop the app in
Chapter 2, was used as a model system to evaluate the barcode assay principle
because of its well-studied binding interactions; it is known to bind with high affinity (K, =
10" M™) and specificity, thereby making it a suitable model for many bio-recognition

interactions.”®"®

0.6

0.5 -

0.4 - i

Scanning result:

o «n onIy
8 03 “ and “+”
{ “+"on|y
0.2 —
0.1 {
L}
0.0 1 1 1 1

00 02 04 06 08
[Streptavidin] (ug/mL)

Figure 3.3. Dependence of ODR on concentration of Nanogold streptavidin
conjugate following silver enhancement for biotin-streptavidin
assays prepared as “-” and “+.” Scanning by the barcode app is
done by placing the PC plate atop a sheet of white paper with the
remainder of the barcode printed on it. The different highlighting
colors in the plot indicate their feasibility to be scanned by the
barcode app: the “-” character can be readily scanned in the green
zone, “+”is readable in the pink, and neither is read by the app in the
gray zone.
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The particular pattern of lines in Chapter 2 was designed with the barcode
pattern in mind. Figure 3.3 shows how the particular ODRs at particular concentrations
scan using a barcode app. Here, the increasing ODR trend is evident, with the signal
reaching saturation between an ODR of 0.50-0.60, which corresponds to high
concentrations (0.8 pg/mL) of the conjugate. At concentrations at or above 0.40 pug/mL
of the conjugate, both “-” and “+” barcodes can be read by the scanner app. For the “+”
barcode, as predicted from previous results, even low concentrations down to 0.20
Mg/mL, “+” can be read; concentrations below 0.20 ug/mL can still be analyzed, but

cannot be read by the scanner app for its encoded character.
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Figure 3.4. Scanning of the assays with the customized app for (a) the encoded
barcode result of “+” before (b) ODR analysis; and (c) the result of
the “-” assay and the (d) ODR analysis of the four binding strips. The
assays presented here are for hCG at 20 mIU/mL.

To improve the general analysis method, particularly the ability to read the
barcodes, the developed an app in Chapter 2 was modified to scan barcodes in addition
to analyzing the darkness intensities of the channels (Figure 3.4). This revised,
customized app is more versatile than the free app because it is capable of obtaining
both qualitative and quantitative information. Specifically, the app first scans the barcode
for the encoded data, providing live feedback (Figure 3.4a, c). The user then positions
the channels to obtain the ODR values (Figure 3.4b, d). By encoding the assays, this
also introduces the possibility of multiplexing (vide infra).
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3.3. Real-world application: hCG detection and potential
multiplexing

3.3.1.  Human chorionic gonadotropin

Human chorionic gonadotropin, or hCG, is a hormone produced mainly during
pregnancy, with low levels present as well in males and non-pregnant women (0.5 IU/L).
It consists of two non-covalently linked subunits, hCGa and hCGp (Fig. 3.5a, b). As a
pregnancy progresses, hCG levels in the blood and in urine vary (Fig. 3.5¢). When
gualitatively detected, hCG identifies a patient as pregnant, and when concentrations are
quantitatively determined, this may also indicate anomalies in the pregnancy.®*?
Quantitative hCG tests have the advantage of being more sensitive and being so allows
it to be used to identify false positive serum hCG tests in non-pregnant women (that are
exposed to interfering anti-animal antibodies), to detect biochemical pregnancies
(pregnancies where implantation occurs briefly before it fails), and to detect normal

pregnancies earlier than with qualitative tests.”
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Figure 3.5.  Structure of hCG shown as (a) heterodimer; (b) hCG a (blue) and

hCGB (green) subunits. (c) hCG levels over the pregnancy period.
Note. (a) and (b) Reprinted with permission from Lapthorn, A. J.; Harris, D. C.; Littlejohn, A;
Lustbader, J. W.; Canfield, R. E.; Machin, K. J.; Morgan, F. J.; Isaacs, N. W. Nature 1994, 369,
455-461. Copyright 1994 Nature Publishing Group.
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The most commonly used hCG test is found in home pregnancy test kits and is
the lateral flow immunoassay previously shown in Fig. 1.10b (Section 1.2.2), which
consists of three sets of antibodies. In the reaction zone, analyte-binding monoclonal
antibodies (mouse anti-hCG antibodies) are labeled with colloidal gold. In the presence
of the target, the antibodies in the reaction zone bind to the target and the complexes
flow to the test line where the antibody immobilized there also binds to the analyte at a
different epitope, forming a sandwich structure with the complex. Any free antibodies,
either excess antibodies that did not bind to the target or those that were not captured at
the test line, are captured by anti-mouse antibodies immobilized at the control line. For a
positive test, two pink lines appear due to the aggregation of the colloidal gold
nanoparticles at both the test and control lines. For a negative test, the colloidal gold
labels are only found at the control line; the control line therefore serves as a validity test
for the assay and appears regardless of the test result. This type of POC test is purely
qualitative; therefore there is a need for the development of a quantitative hCG assay.

3.3.2. hCG assay method

A schematic representation of the assay is shown in Fig. 3.6. As with the previously
described biotin-streptavidin assay protocol in Section 2.2.3, the PC plate was activated
before a PDMS chip with microfluidic channels was adhered to the surface. Into each of
the channels, anti-ahCG antibody (50 pug/mL, in 10 mM phosphate buffer with 150 mM
NacCl, 5% glycerol, at pH 7.4) was added and allowed to immobilize on the surface for an
hour. The surface was then passivated with 10 mM PBS buffer containing 2% BSA and
0.5% Tween 20 at pH 6.0 for 2 h to prevent non-specific binding. Channels were then
rinsed with 10 mM PBS buffer (with 0.5% Tween 20); the introduction of an hCG-
containing solution to the channels (incubation period of an hour at room temperature,
diluted with 10 mM PBS buffer) would allow binding between hCG and the antibody
immobilized on the surface. The second antibody required in the sandwich assay is
biotinylated anti-BhCG (0.1 pg/mL) which was added to the channels of the PDMS and
remained for one hour at room temperature before rinsing. Nanogold streptavidin
conjugates (0.8 pg/mL) were then added and incubated for 50 min, before the silver

staining treatment. The same concentrations of solutions and staining time are used for
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the hCG assay as the biotin-streptavidin assay (the stain begins to appear between 5-6
min in this case). The signal detection and analysis were also performed in a same way
as the biotin-streptavidin assay using the same smartphone app and/or scanner. The
concentration of the analyte was determined by obtaining an image of the barcode and

an analysis of the optical density ratio relative to that of a standard curve.
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Figure 3.6.  Preparation of the sandwich immunoassay for hCG performed on
the polycarbonate (PC) substrate. On an activated PC (a), a
monoclonal antibody specific for the a subunit of hCG is
immobilized on the surface (b). The target, hCG, binds (c) and
another monoclonal antibody, conjugated to biotin, and specific for
the B subunit of the hCG is added (d). The Nanogold streptavidin
conjugate is added (e) before silver enhancement is used to
visualize the signal (f). In the case of the direct biotin-streptavidin
assay, NH,-PEG,-biotin is added after the surface activation steps;
no antibodies are added. Nanogold streptavidin and silver
enhancement is also used.
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3.3.3. Barcode assays of hCG

The preparation of the hCG assay on the PC substrate is similar to a standard
sandwich-format immunoassay (Figure 3.6), with gold nanoparticle-promoted silver
deposition used to visualize the signal. As expected, the ODR increases as the
concentration of hCG increases, reaching saturation at 15 mlU/mL (Figure 3.7). Using
the free barcode app, hCG assays as low as 5 mlU/mL for a positive test (“-”) can be
scanned, while using the custom app, no limitations apply, i.e. low ODRs provide
enough contrast between the bars and spaces to be scanned by the app. Therefore,

even concentrations below 2.0 mlU/mL can be detected.
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Figure 3.7. Quantitation of hCG with the barcode assay protocol; ODR as a

function of hCG concentration. Tests are performed in triplicate; the
errors are the standard deviations of the repeated.
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Figure 3.8. Comparison of hCG assay with Mobile App and ELISA (blue).

As it was previously shown in Chapter 2 that the performance of the app for a
bioassay is comparable to the scanner, the ODR results of the hCG assay from the app
was also compared to the standard testing method of ELISA (Fig. 3.8). In both cases,
there is a slight signal associated with the background, but for the app-based ODR
method, the signal begins to saturate early (10-15 mIU/mL) and levels off by 25 mIU/mL,
while for ELISA the linear region expands a slightly greater range of concentrations (up
to 15-20 mIU/mL). At the tested concentrations, the absorbance is nears saturation but
has not completely leveled off. (As we continue to work to improve the range of the
method by optimization of various conditions, particularly in the silver enhancement
protocol, one possible alternative could be the use of the app-based method as a
screening tool for low concentrations of hCG before an ELISA test is performed. Another
alternative is simply diluting samples that exceed the detectable signal range such that
the ODR result fits within the calibration range of the app; the actual concentration can
then be determined from the dilution factor. Nonetheless, it should be noted that even
with the lower sensitivity, regardless of the app used for detection, hCG concentrations
up to 25 miU/mL can be quantitated, which is comparable with the rapid, lateral flow
pregnancy tests (“pee on a stick” tests) whose limits of detection are usually between 5.5
and 100 mlU/mL,**% although as technology evolves, this detection limit will surely

decrease. These low concentrations can be used as early indicators of pregnancy.
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Another aspect of the system that has been tested is its specificity, which has
been tested preliminarily with two hormones related to hCG, namely, thyroid-stimulating
hormone (TSH) and follicle-stimulating hormone (FSH). TSH and FSH share an
essentially identical a subunit with hCG,% but vary in the B subunits. This suggests that
while each can bind to the capture antibody, the detection antibody would not bind, and
therefore no signal should be observed. The results support this hypothesis as when the
two hormones were tested, the obtained ODRs for TSH (0.07 £ 0.02) and FSH (0.05 +
0.02) were not much different from that of the blank signal (no hCG, 0.04 +0.01). TSH
and FSH concentrations in the experiments were chosen to be on the high end of the

normal range, at 15 plU/mL and 25 mlU/mL, respectively.

1pm

&

Figure 3.9. SEM images of hCG assay at different concentrations of hCG (from
left to right: 0, 3.5, 10, 20 mIU/mL) and at different magnifications.
The scale bar applies to the images within the row.

When the samples were imaged under a scanning electron microscope (SEM),
the result of the silver deposition was observed. The PC surface was covered with small,

uneven particles of approximately 300 nm in size. The particle surfaces were textured
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(i.e. not smooth) and as expected, as the concentration of hCG increased (from 0 to 20
mlU/mL), there was an increase in both particle density and a general decrease in
particle size. At low concentrations, the particles were distributed across the surface,
while at higher concentrations, the particles tended to form aggregations, thereby

increasing the total particle size.

3.3.4. Multiplexing barcodes

Typically, a test for a single marker is considered insufficient, or multiple markers
can lead to early clinical diagnosis of diseases and disorders since numerous markers
are usually indicative of issues.®*° For example, a combination of 4 markers, namely
hCG, alpha-fetoprotein (AFP), unconjugated estriol (UE3), and inhibin A, is currently used
to screen for Down Syndrome during pregnancy using sera from the mother.®% A
multiplexing system is possible for the barcode assay protocol. Due to the nature of
Code 39, we can extend the barcode to test for more than one analyte. Apart from the “-”
and “+” characters, “$” and “F” also share a similar format (Fig.3.10). To multiplex, a test
for one analyte is done using the -/+ characters, while another analyte would use the $/F
characters. It is possible to test further for an increasing number of analytes with

repetition of any of these characters, or addition of different ones with similar formatting.

An alternative multiplexing possibility would be to use two (or more) characters
for each analyte in series, whereby the first character (e.g. a letter) would designate the
target, while the second character would use the “+/-” system to indicate the presence or
absence of the analyte. These pairs of characters would be scanned by the barcode app
as “A+”, “B-", which would allow users to easily determine the results, particularly if a
highly multiplexed test was conducted. In that case, users would be able to identify the
test result of the n" target simply based on the first character’s designation, without

having to track the results of which assay corresponded to the n™ test.
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Figure 3.10. (a) Similarities between the “F” and “$” codes. (b) Possible
combinations of the - /+ and $/F barcodes. One analyte is tested
with the + /- (Test 1, blue bracket) characters, another one with the
F/$ (Test 2, green bracket) characters. Additional analytes require
further extension of the barcode using the same - /+, $/F codes or
others. (c) Reading of the combined barcode for “+ $” with a free

app.
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3.4. Conclusion

The app we have developed can both scan the barcodes for the encoded
character and quantify the binding strips after signal enhancement based on the ODR,
albeit in two separate steps. A multiplexing version, is in a preferred form, would allow
the user to indicate the number of assays to be analyzed by the app. The current
system, however, has first been employed on a PC plate for a single test, but along with
the app, other substrates (e.g., paper, glass, and other polymeric materials) are being
studied as future perspectives for the work. While the PC barcode assay test now is
relatively low cost (approximately $0.20 per test, including all reagents and PC),
substrates such as paper can be considered more ideal in that they are readily available,
inexpensive, disposable, and simpler to work with. With colorimetric tests, the contrast
between the white background and the colored portions of the reactions can easily be
observed, providing for easier color intensity analysis after imaging with the camera on
mobile phone.?

Because the assay shown here for hCG is a proof-of-concept, only a single
analyte was used. For different targets, even in low multiplexed assays of our barcode
sort, it may be simpler to count the number of channels, similar to that of a lateral flow
pregnancy test strip. At highly multiplexed assays however, scanning for the encoded
data offers a more practical approach. For multiplexed assays, we would be able to test
a series of related targets (e.g. different pregnancy hormones in urine) and obtain results
simultaneously. An advantage of this method, whether they be a single assay or highly
multiplexed, is that the app can immediately quantify the amount of target present in the
sample based on the ODR, which has been shown previously to be comparable to
standard scanometric methods.'® The scanometric method by desktop scanner and
ODR, particularly for hCG, has also been shown here and via an alternative disc-based

method, to be consistent with the ELISA method.!**

When compared to these, the
barcode-smartphone approach is considerably more portable, commonly available, and
lower cost (since it does not require any specialized instrumentation such as a plate

reader), and has similar assay preparation time as ELISA.
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It should be mentioned that at the same time that this barcode-formatted hCG
assay was published, a research group independently reported a microfluidic-based test,
also for bioassays and patterned in the form of a linear barcode.'®® Using the Codabar
coding system, Zhang et al. designed a PDMS channel plate with microfluidic channels
capable of conducting 20 tests in parallel, which is analogous to the proposed
multiplexing. The assay principle for barcode reading is predominantly based on the

same logic as the Code 39 barcode assays, although in the work of Zhang et al.,**

no
additional lines are required to be printed; the 6 channels make up the entirety of the
test, with 2 lines used as the test lines and the remaining 4 as the control. As it turns out,
the coding system the authors opted for is simpler than that of Code 39. Nevertheless,
as the two works were published at the same time, this undoubtedly demonstrates that

other researchers are too striving to develop app-based POC devices.
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Chapter 4.

Concluding remarks and future work

In summary, a smartphone-readable, bona fide barcode assay has been
demonstrated. Using a custom app, the assay was first shown using a direct biotin-
streptavidin assay before being applied to the pregnancy hormone, hCG. The linear
barcode assay is both qualitative and quantitative when scanned and imaged using a
smartphone-app combination, and requires no external accessories, thereby highlighting
its potential to boost the research and development of POC devices, particularly by
minimizing the need for specialized instrumentation and providing instant testing results

on-site.

The presented method meets the ASSURED characteristics set by the WHO in
that both the device and tests are affordable and portable. The assay and app are easy
to use and the results for each test are available within a short timeframe. While the
method is not necessarily equipment-free, WHO notes that the target specification of this
characteristic is to be compact, battery powdered and be able to provide on-site data
analysis of tests, all of which accomplished by barcode assays. In terms of sensitivity
and specificity, for the particular case of hCG analysis, the assay has been shown to be

specific and have specificity that is on the same order of magnitude as ELISA.

Even so, further improvements of the app can be done in the future, particularly
for it to be an all-in-one, single scan, qualitative and quantitative platform on a
smartphone. For example, an additional feature can be implemented into the app to
reduce confusion to users surrounding the positive and negative results of a tests
scanning as “-” and “+” characters respectively; users would be able to select the test

type (e.g., positive or negative assay) and the corresponding result would be displayed.
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Additional improvements include the tuning of the minimum detectable ODR such that
the barcode scanning is possible while still maintaining low detection limits. An
alternative color space may be one possibility to expand the detectable range of the
analyte as others have reported previously owing to the one dimensionality of grayscale
as opposed to, for example, HSL, which has better correlation to colorimetric changes as

a result of concentration changes.

Another inconvenience currently is the need for consistent lighting to be
provided across all assay strips as any inconsistencies such as glare or preferential
lighting (i.e. from left or right sides instead of directly from the top) can lead to errors in
the ODR reading. As equation 8 takes into account the intensity of the background,
variable lighting is reduced to some extent. An additional option is to implement a
lighting-correction algorithm to the app, such as that reported by Hong and Chang.*
This and other improvements that aid the user (e.g. alignment aids on the PC to help the
app self-recognize signal strips) are future directions that could be implemented in an

improved version of the app.

One major future direction for the project would be the design of the barcode-
readable assays with two-dimensional, or matrix, barcodes (the most commonly known
is the QR code). Two-dimensional (2D) barcodes implement an error correction element
(typically the Reed-Solomon error correction algorithm). The barcode assay method
used in this thesis, where the test line and control lines are independent of each other,
would be difficult to use in the 2D barcodes. That is not to say that it is impossible
however; the error correction element may be used advantageously by deleting
elements (intentionally “damaging” the 2D barcode) such that the assay relies on fewer
elements in the code. Furthermore, as 2D barcodes can be generated with different
levels of error correction capability, selecting the lowest level of error correction would

help in the design of the assay.
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Appendix.

Smartphone-readable barcode assay for the detection
and quantitation of pesticide residues

In collaboration with Juan Guo in Dr. Xiaochun Li’s lab at Taiyuan Institute of Technology
in Shanxi, China, this work was performed, demonstrating a test for pesticide residues
using the same working principle as Chapter 3. Guo designed the chip assembly method
and performed all of the experiments, while | performed the data analysis, prepared the
manuscript and several figures, as well as made revisions to the manuscript before the
work was published. This appendix is therefore reproduced with permission of The Royal
Society of Chemistry from

Guo, J.;" Wong, J. X. H.;" Cui, C.; Li, X.; Yu, H.-Z. Analyst 2015, 140, 5518-5525. ('co-
first authors)

Abstract

In this paper, we present a smartphone-readable barcode assay for the qualitative
detection of methylparathion residues, a toxic organophosphorus pesticide that is
popularly used in agriculture worldwide. The detection principle is based on the
irreversible inhibition of the enzymatic activity of acetylcholinesterase (AchE) by methyl
parathion; AchE catalytically hydrolyzes acetylthiocholine iodine to thiocholine that in
turn dissociates dithiobis-nitrobenzoate to produce a yellow product (deprotonated thio-
nitrobenzoate). The yellow intensity of the product was confirmed to be inversely
dependent on the concentrationof the pesticide. We have designed a barcode-formatted
assay chip by using a PDMS (polydimethylsiloxane) channel plate (as the reaction
reservoir), situated under a printed partial barcode, to complete the whole barcode such
that it can be directly read by a barcode scanning app installed on a smartphone. The
app is able to qualitatively present the result of the pesticide test; the absence or a low

concentration of methyl parathion results in the barcode reading as “-”, identifying the

test as negative for pesticides. Upon obtaining a positive result (the app reads a “+”
character), the captured image can be further analyzed to quantitate the methyl
parathion concentration in the sample. Besides the portability and simplicity, this mobile-
app based colorimetric barcode assay compares favorably with the standard
spectrophotometric method.

1. Introduction

Methyl parathion is an organophosphorus pesticide (OP) largely used in agriculture and
fish hatcheries, and is toxic for both vertebrates and invertebrates by the inhibition of the
acetylcholinesterase enzyme in nerve tissue.' As with most other pesticides, traditional
methods for detecting methyl parathion include gas chromatography (GC) with electron
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capture, nitrogen-phosphorus, or flame photometric detection, and more recently,
coupled with mass spectrometry (MS),** high performance liquid chromatography
(HPLC-MS),?** and capillary electrophoresis (CE-MS).® As of their high accuracy and
sensitivity, these traditional methods are most suitable for centralized laboratory settings,
but less effective for rapid, on-site tests, especially in resource-limited situations.
Meanwhile, the abuse of pesticide is an increasingly serious problem around the world;
therefore, cost-effective, easily operated pesticide detection assays are highly desirable.
Among many newly developed protocols, enzyme inhibition-based colorimetric
determination of OPs has been the most successful and has attracted significant
attention since Ellman et al. first reported the colorimetric determination of
acetylcholinesterase (AChE) activity in 1961."°

Due to the powerful imaging function of the modern smartphone cameras, mobile phone-
based colorimetric detection and quantitation has attracted increasingly greater
attention.’®?® For example, Intaravanne et al. developed a method to analyze and
estimate the ripeness of bananas by imaging the fruit under both white and UV lights;
the red-green ratio (from their respective color channels) of the white light image is
compared to the blue-green fluorescence of the UV image to produce a two-dimensional
ripeness concept.’® Meanwhile, Sumriddetchkajorn et al. presented a method to
quantitate the chlorine concentration in water simply by imaging the sample and a
reference together; the color intensities from the red, green, and blue channels of the
sample are averaged relative to the reference image in order to correlate the chlorine
concentration to the color ratio.'* One major limitation to mobile phone-based imaging
methods, as in the above, is the influence of lighting conditions on the observed color
intensities. To combat this (as well as other limitations, e.g., sample positioning while
capturing the image), researchers have turned to the use of external accessories or
mobile-based software (applications or apps) to analyze and correct the image).'*?®
Erickson and co-workers have developed innovative smartphone accessories (for use
with test strips) for testing vitamin D ,*® cholesterol,'” and biomarkers in sweat or saliva.'®
In each case, the test strip is inserted into the accessory and imaged by the phone’s
camera under controlled lighting by using either the flash or an LED embedded in the
accessory. The color intensity was analyzed using custom apps and used to quantitate
the target.'®*® Independently, Ozcan and coworkers have expanded from simple
colorimetric reactions (e.g., using an allergy test kit for peanuts)*® to the development of
accessories that are compatible with fluorescence detection (albumin in urine) and blood
cell density measurements."*'® These tests also use mobile apps to analyze the
samples that are solution-based, contained in test tubes, cuvettes, or microplate
wells.****'® Hong and Chang reported a different approach to smartphone-based
colorimetry; a correction algorithm was employed with their app to account for variations
in lighting, particularly in indoor, outdoor, and low lighting conditions. The app was
applicable to paper-based multi-purpose urine test strips as it is programmed to auto-
detect the background and test regions.®

Here, we demonstrate a colorimetric barcode assay that can be used with free apps for
the detection and quantitation of pesticide residues without any modifications to either
the mobile device or app coding. The colorimetric reaction utilizes the reaction of thiol
with 5,5’-dithio-bis-2-nitrobenzoate) (DTNB, Eliman’s reagent) to produce 2-nitro-5-
thiobenzoate (TNB), which has a distinct yellow color. In the absence of pesticides,
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acetylcholinesterase catalyzes the hydrolysis of acetylthiocholine, yielding thiocholine
which then reacts with DTNB; pesticides however, inhibit the enzyme, prohibiting the
production of the thiol and thus resulting in a colorless (or less colored) solution. The
barcode assay presented herein is based on the patterning of the assay strips in the
style of a common barcode.?* The absence or presence of the target pesticide will result
in the changing of the data encoded on the barcode, as read by a standard barcode
scanning app, and as such, provides qualitative information on the test. Quantification of
the assay can be subsequently performed using Adobe Photoshop or ImageJ software.
The colorimetric reaction was first confirmed by spectrophotometric methods and then
adapted to the barcode assay protocol.

2 Results and Discussion

2.1 Detection principle and spectrophotometric analysis.

As mentioned above, the colorimetric barcode assay for the detection of
organophosphorus pesticides (methyl parathion) was based on the irreversible inhibition
of the activity of acetylcholinesterase (AChE, the enzyme) on the hydrolysis of
acetylthiocholine iodide (ATCh, the substrate)”® (Scheme S1).The intermediate
(thiocholine) then reacts with DTNB (dithio-bis-nitrobenzoate, a chromogenic reagent) to
generate TNB (thionitrobenzoate) which has a strong absorbance peak centered at 412
nm with a high extinction coefficient (14,150 M~ cm™) in dilute buffer solutions.?

We firstly studied the UV-vis absorbance spectroscopic characteristics of the above
reaction in the absence and presence of methyl parathion, respectively, over an
extended period of reaction time. Fig. 1a shows the obtained spectra of the reaction in
the absence of methyl parathion. From the spectra, two peaks are observed; the
absorbance at 320 nm that corresponds to the maximum absorption by DTNB decreases
with increasing time, while the peak at 412 nm increases.?* The absorbance band at 412
nm corresponds TNB and reflects its production during the reaction;’ increased
concentrations of TNB results in an increased, higher yellow intensity of the solution.
After 50 min, this peak becomes stable, indicating the completion of the reaction. In the
presence of 4 ug/mL methyl parathion (Fig. 1b), no significant changes can be observed
to the position and overall trend of the two peaks over reaction time. However, the time
needed to reach the completion is prolonged to upwards of >70 min, indicating that
methyl parathion has significant inhibitory effect on the reaction. For the purpose of
guantitation, we further evaluate the influence of the methyl parathion concentration on
the reaction by monitoring the 412 nm absorption peak (Fig. 1c). The absorbance at 412
nm at all concentrations of methyl parathion increases with time and eventually reaches
saturation, however, as the concentration increases, the reaction rate apparently
decreases. In the early stages (within the first 20 min), the absorbance at 412 nm almost
linearly increases over time; and the absorbance decreases with increasing the pesticide
concentration. The relationship between the absorbance (at 15 min) and the methyl
parathion concentration is presented in Fig. 1d; clearly the absorbance monotonically
decreases in the concentration range from O to 5 pg/mL. This result confirms the
inhibition of AChE activity by methyl parathion, and provides a measure for the
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guantitation of methyl parathion in the unknown samples by determining either the
absorbance or the yellow color intensity (vide infra).

2.2 Design and testing smartphone-readable barcode assay for methyl
parathion.

Barcodes are commonly used for product identification, and the U.P.C. (Universal
Product Code) is one of the many types of linear barcodes (E.A.N. 8 or 13, and Code39,
to name a few). Each different type has its own set of rules for encoding characters, and
there are many free apps are available for reading the different types of linear barcodes
(Fig. 2a). In Code 39, the coding system chosen here, the barcode consists of wide and
narrow bars in solid colors (typically black) and white spaces, and the ratio of the wide
bar/space to the narrow one can be set as 1.5:1, 2:1 or 3:1. Each Code 39 barcode
consists of three sections: the start, data, and stop characters, where the start and stop
character is always the same as a “*” character. This character is used to instruct the
scanner in which direction the barcode should be read. For the data characters, each
consists of 5 bars and 4 spaces; three of these elements are wide and the other six are
narrow. The reason for choosing Code 39 as the format to be used, as opposed to the
other available types, was because it was found that two characters in this system have
“correlated” barcodes (Fig. 2b).The data characters for “-” and “+”are identical in the first
section of the data code, differing only in the section highlighted by the red dash lines.
This allows a detection system to be designed such that upon the presence or absence
of a target analyte, there will be a colorimetric conversion of the barcode (e.g., from “+”
to “-”, or vice versa) by simply changing the narrow space to narrow bar. To make the
barcode readable, all identical elements of the two barcodes are printed on paper,
leaving the two bars responsible for the barcode conversion to be “filled” with the
reaction solution (Scheme 2). The barcode can be therefore divided into reference and
detection regions (Fig. 3a).

As the principle of decoding a barcode is based on the different reflectance between the
spaces and bars, and for the common barcode the reading result is secure because of
this unequivocal contrast between the black bar and white space. However, for the
methyl parathion barcode assay, the final reaction solution is yellow, and the yellow
intensity decreases with increasing the concentration of methyl parathion. When the
yellow intensity decreases to a particular value, the reflectance difference between the
“yellow bar” and white space might be too small to be differentiated by the barcode
scanner. Therefore, it is essential to determine the minimum yellow intensity of the bars
for the barcode-formatted assay in order to be read by the mobile apps.

For this purpose, we designed a barcode for the“+” character in Code 39 where the bars
of the code were yellow using the CMYK color mode (by setting the values of C, M, and
K to 0%), while the Y intensity was varied from 20% to 100%, in both the background
and detection areas (Fig. 3b). The barcode was then printed on white paper using an
inkjet printer. The scanning results of the barcode when the bars of the background and
detection area have different yellow intensities (as shown in Fig. 3b) have four
possibilities (“+”, “-”, “+/-", and “x”). The “+” and “~” results indicate the QuickMark
barcode app were able to read these characters.** When the yellow intensity of the
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detection region is low (< 40 %), the barcode reads as “+”; upon increasing the yellow
intensity of the detection area (> 60%), the scanning results changes from “+” to “~". A“x”
symbol in Fig. 3b denotes that the barcode scanning app was unable to read the
barcode because the bars of either the detection or background areas were too light (low
contrast between the white paper and yellow ink printing) to be recognized by the
scanner. A “+/-" in the table means the scanning result is not reliable as both “+” and “-”
results can be obtained upon repeated reading; this was particularly true for the yellow
intensity between 40% and 60%.

The effects of the light source and the imaging mode on the colorimetric analysis was
subsequently studied by printing the yellow barcode, of which the bars were set to
CMYK values of 0% for C, M, and K, while Y was set at 50% . The yellow intensity was
then experimentally measured from the pictures taken under different illumination using
two imaging modes available on the smartphone: the camera and screen capture
functions. Fig. 4a shows the images taken under a light (1549 lux) by a smartphone
using the camera and screen capture function, both with and without flash. Comparing
the images, it can be observed that without the additional lighting from the flash, the
resulting images appeared dark; the image obtained by the screen capture method with
flash has the lowest background darkness (highest white intensity), followed next by the
camera photo with flash .The yellow intensity in the region-of-interest (ROI) was then
determined from each of these images by using the histogram tool in Adobe Photoshop.
As shown in Fig. 4b, all of the Y values in images are found to be higher than the preset
yellow intensity of 50%; the Y values of the pictures taken by the screen capture with
flash is closest to the preset values, and appears to be relatively constant, despite the
different lighting conditions. A camera picture taken under flash also results in a stable Y
values, however, the resulted values are substantially larger than the preset data. With
the camera function, the image is stored in a JPEG format, which reduces the quality of
the original image.?® Conversely, when saving an image using the screen capture
function on a smartphone running Android system, the image is stored in a PNG format,
a lossless image compression method. While the resulting file would be greater in size,
the lossless compression has no effect on the colors in the image, thereby maintaining
the image quality. It should be noted that in the aforementioned experiments (Fig. 3 and
Fig. 4) for testing the barcode assay principle, both the background and detection
regions are printed on paper with yellow ink; no colorimetric reactions were involved.

With the validated barcode scanning principle and preferred imaging method, we then
fabricated and carried out the methyl parathion assay in the barcode format. For these
assays, the yellow intensity of the background area was set at 50%. Standards were
prepared as described in the Experimental section and scanned using the QuickMark
app. Fig. 5a shows an image of the app scanning the 4.0 ug/mL methyl parathion assay
using the barcode format and the scanning result “+”. A series of concentrations of
methyl parathion solutions was tested in this manner and the results presented. As
shown in Fig. 5b, in scanning the barcodes, at low concentrations of methyl parathion
(00.1 ug/mL) that have high Y values (260%), the detection region of the barcode
appears as a wide bar, resulting in the app reading the assay as the negative result “-".
At higher concentrations of methyl parathion (= 0.5 pyg/mL), the Y value became low
(<50%), thus the detection region appears as a single narrow bar and the app scans as
“+”i.e., a positive result was reported. It is evident that the threshold value to produce a
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positive result, which indeed reads as a “+” character, was in between 0.2 to 0.5 pyg/mL.
Beyond the qualitative aspect of the barcode assay, we further determined the yellow
intensity of the samples based on the screen capture image to quantitate the pesticide
concentration in standard or unknown samples. The yellow intensities determined in Fig.
2b were found to decrease monotonically with increasing methyl parathion
concentrations (up to a concentration of 4.0 pg/mL), based on which a non-linear
calibration curve can be constructed.

To validate the barcode assay approach, we have directly compared with the standard
spectrophotometry method. Fig. 5c¢ depicts the color intensity as a function of the
absorbance for each of the standard solutions tested; the linear relationship (R*= 0.966),
with the exception of the blank, illustrates the direct correlation between color intensity
and absorbance. This result not only confirms the accuracy of the colorimetric protocol
but also constitute the validated calibration curve (Fig. 2b) for the analysis of unknown
samples (vide infra).

2.3 Real-world sample testing and comparison with traditional methods.

To evaluate this method for the detection of OP residues in food products, apple
samples were sprayed with different concentrations (0, 20, 60, and 100 pg/mL) of methyl
parathion. The methyl parathion was extracted and the amount on the apple peels was
guantitated by both the barcode assay and spectroscopic methods for a direct
comparison. For the samples sprayed with methyl parathion (20-100 pg/mL), the
barcode scanning app all produced positive responses (i.e., “+” characters were shown
on the smartphone). As the tested concentrations are much lower than that employed in
the real-world application (15 to 25 g in 100 L of water, equivalent to 15-25 mg/mL),? the
above experiment demonstrates the merits and sensitivity of the barcode assay
approach. As shown in Fig. 6, the quantification of the three concentrations of methyl
parathion pesticide residues and the blank colorimetrically correlates well with the
spectroscopically determined results. Although the extraction process has not been
optimized and may not be sufficient, it is noted that the residual amount of pesticide
detected shows a clear increase proportional to the amount of methyl parathion sprayed
onto the apple samples.

In addition to the spectrophotometry method which we have compared with, the
traditional methods of methyl parathion detection by the WHO include gas
chromatography (GC) are high performance liquid chromatography (HPLC).*® These
chromatographic techniques no doubts provide great sensitivity and selectivity, however
they require sophisticated sample preparation and advanced instrumentation.”® The
method developed herein is more suitable for on-site detection due to its simple
procedure and low cost. Particularly, the initial screening capability demonstrated above
(Fig. 5b) provides either a positive or negative confirmation with a regular smartphone
and a free app. Without further optimization, a detection limit of 0.2 pg/mL (~200 ppb,
also as the threshold value for qualitative detection) was achieved with this smartphone-
compatible colorimetric assay, meeting the requirements of the FAO and WHO.?” The
low cost, sufficient sensitivity and ease of use allow the adaption of this colorimetric
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method for point-of-collection screening, where traditional analytical instrumentation is
not readily accessible.

3 Conclusions

In this study, a simple and low-cost colorimetric assay method based on smartphone
app and digital image analysis was demonstrated for the rapid detection of methyl
parathion. In the presence of the pesticide residues, the enzyme-catalyzed colorimetric
reaction is inhibited, resulting in decreasing yellow intensities. An assay was designed to
take advantage of this principle; qualitative analysis of the assay was accomplished
using a free app by stylizing the assay in a barcode pattern encoded with two characters
that indicate the presence or absence of organophosphorus residues. The yellow color
intensity from images captured using the smartphone was found to be inversely
proportional to the concentration of methyl parathion, consistent with the traditional
spectroscopic method. The barcode assay method offers a unique approach to increase
the availability and accessibility of screening testing, especially in remote locations that
lack of advanced instrumentation and laboratory facilities.

4 Experimental

4.1 Reagents and apparatus.

A pesticide rapid detection kit was purchased from Nuoya Wei Biotechnology Co., Ltd.
(Shijiazhuang, China), which includes the substrate (acetylthiocholine iodide, ATCh), the
hydrolytic catalyst (acetylcholinesterase, AChE), the chromogenic reagent (dithiobis-
nitrobenzoate, DTNB), and phosphate buffer (pH = 8.0, used to elute methyl parathion
residues in fruits and vegetables). Methyl parathion (100 pg/mL in acetone) was
purchased from the National Standard Substance Information Center (China).
Transparent polycarbonate (PC) with 0.1 mm thickness was purchased from Rijia Paste
Product Co., Ltd.(Dongguan, China). Sylgard 184 silicone elastomer (PDMS) was
purchased from Dow Corning (Midland, MI).

A Xiaomi2 smartphone was used to scan the barcode assay and utilizes a 1.5 GHz
guad-core (Qualcomm Adreno320) processor and an 8 MP color camera with a built-in
lens that has a F/2.0 aperture and focal length of 27 mm. UV-Vis absorption spectra
were obtained on a UV-3100 spectrophotometer ( Mapada Ltd., China).

4.2 Fabrication and reading of barcode assay chip.

A traditional one dimensional barcode consists of a series of bars and spaces with
different widths, arranged in a particular pattern according to certain encoding rules. The
barcode used in this study is based on the Code 39 encoded “+” and “-” characters. As
shown in Scheme 2 and Fig. 3, the “+” barcode was printed on paper in yellow ink and
two areas, noted as the detection region was cut out. The detection chip consists of a
PDMS channel plate placed between the cover and base PC plates. The channels on
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the PDMS plate were cut so that they directly corresponded to the detection region as
noted in Fig. 3 and, were used to hold the reaction solution. The PC plates were treated
in an UV/ozone cleaner for 20 min to improve the surface hydrophilicity; all plates were
then pieced together to form a seal, thereby preventing solution leakage. The barcode
was completed by aligning the printed barcode directly above the PDMS channels.

The methyl parathion barcode-formatted assay was scanned using a free barcode
scanning app, QuickMark;** the barcode is scanned and the result is automatically
shown. The image of the working area and the result can be captured by the phone’s
screen capture function with or without the flash enabled which saved as a PNG format.
The flash acts as a stable light source for imaging the barcode with the app. The image
is then transferred to a system running Adobe Photoshop CS6 to analyze the image by
reading the color (yellow intensity) information within the detection area. The average
yellow intensity and the associated uncertainties in each detection region were obtained
from at least three replicate measurements.

4.3 Sample preparation.

Fresh apples were purchased from the local supermarket and were washed with
ultrapure water. The apples were prepared according to a previously published method,
with some modifications.”® Apples were cut into four pieces. A different concentration of
methyl parathion (20, 60, 100 ug/mL) was sprayed onto the skin of three pieces using a
sprayer, while the forth piece was used as a control sample. After 3-hour air drying at
room temperature, each piece was peeled using a fruit peeler, and then the peel was
further cut into smaller pieces; a total of 5 g of apple peel was added to 10 mL of
phosphate buffer. The mixture was shaken fiercely by a stirrer for 3 min and centrifuged
for 5 min at 10,000 rpm. The supernatant was collected from this mixture as the
extracted solution for subsequent pesticides detection.

Standard solutions of methyl parathion (200 pL of different concentrations, ranging from
0-6 pg/mL) or the extracted solutions were prepared in centrifuge tubes, followed with
the addition of 10 pL each of the chromogenic reagent and the enzyme
(acetylcholinesterase). The mixture was incubated at 37 °C for 30 min before 10 pL of
the substrate (acetylthiocholine iodide) was added, mixed well, and injected into the
PDMS microchannels or cuvettes for colorimetric and spectroscopic analysis,
respectively.
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Scheme 1. Detection of methyl parathion based on the irreversible inhibition of the
activity of acetylchlinesterase (AchE). AchE catalytically hydrolyzes acetylthiocholine
iodide (ATCh) in phosphate buffer (pH = 8.0) to thiocholine that in turn dissociates dithio-
bisnitrobenzoate (DTNB) to produce a yellow colored product (TNB).
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Fig. 1. UV-vis spectra of the colorimetric detection solution (a mixture of chromogenic
reagent, substrate, and enzyme) in the absence (a) and presence (b) of 4.0 pg/mL
methyl parathion. (c) The absorbance of the peak at 412 nm for different concentrations
of methyl parathion solutions are plotted as a function of time; (d) The absorbance at 15
min of reaction time, as a function of methyl parathion concentration. The inset shows
the data at lower concentrations, i.e., from 5.0 ng/mL to 2.0 ug/mL. The dashed lines in
(d) are trend-lines, meant as guides for the eyes only.
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Fig. 2. Barcode scanning apps and barcodes. (a) A set of free barcode scanning apps
available for the Android system. (b) Barcodes of the “-” and “+” characters in Code 39.
The start and stop character is denoted by “*”. The two data characters are other
identical, except for the region highlighted by the dashed lines.
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Scheme 2. The preparation and smartphone reading of the colorimetric barcode assay.
Solutions are prepared in a micro-centrifuge tube and transferred to a PDMS channel
plate attached to a polycarbonate (PC) base. The PDMS chip with two cut-out windows
(highlighted in light orange color) is sealed with a second PC plate (the cover) and the
paper-printed barcode is positioned above the PDMS channels. The assembled device
can then be scanned by a barcode scanner.
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Fig. 3. Design of the barcode assay for methyl parathion detection. There are two
distinct regions in the barcode: the printed and detection regions. The printed area is
encodes the entire “+” barcode, while the detection area consists of two bars, that when
printed or contains a yellow solution, is encoded to read the “~” barcode. (b) Different
yellow intensities in the printed and background regions used to determine the scanning
ability. (c) Barcodes designed at different yellow intensities of the detection and printed

regions. “x” indicates the app could not scan the barcode; “+” and “-” means the app

read these particular characters; “+/-” means both characters appear upon repeated
reading.
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Fig. 4. Comparison of images obtained from a smartphone in different image mode. (a)
Images saved from the phone by taking a picture with the camera or screen capture
functions, both in the presence and absence of flash under a light (1549 Lux). (b)
Relationship between the yellow intensity of the images in the region-of-interest (ROI,
dashed lines) with the illumination (based on images shown in (a)).
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Fig. 5. Methyl parathion assay using the smartphone-readable barcode method. (a)
Screen captured images of the app scanning the barcode and a cropped image of the
scanning result; top left inset: enlarged image of the detection area with 4 pg/mL methyl
parathion solution. (b) The analyzed yellow intensity as a function of the methyl
parathion concentration; “+” (highlighted in light red) and “-” (highlighted in light blue)
indicates these characters were scanned at these Y values and concentrations. (c)
Correlation between the yellow intensity and the absorbance for the set of standards.
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Fig. 6. Comparison of spectrophotometric and colorimetric methods for the detection of
methyl parathion pesticide residues extracted from apples. Samples 1-4 represent
apples sprayed with 0, 20, 60, and 100 pug/mL of methyl parathion, respectively. The light
red region indicates the app scanned as “+”, while the region in light blue indicates the

app scanned as “-".
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