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Abstract

Integrating mobilecellular devices with multiplex molecular diagnostics can potentially provide
the most powerful platform for tracking, managing and preventing the transmission of infectious
diseasesWith over 6.9billion subscriptions globally, handheld mobdellular devices can be
programmed to spatially map, temporally tragkd transmit information on infections over wide
geographical space and boundaries. Current cell phone diagnostic tgasbkve poor limit of
detection, dynamic range, and cannot detect multiple pathogen targets simultaneously, limiting
their utility to single infections with high load. Here we combined recent advances in quantum
dot barcode technologgr molecular dete@n with smartphones to engineer a simple and-low
cost chipbased wireless multiplex diagnostic device. We validated our device using a variety of
synthetic genomic targets for the respiratory virus and blmyde pathogens, and demonstrated
that it coutl detect clinical sampdeafter simple amplification. More importantly, we confirmed

that he device is capable of detecting patients infected with a single or multiple infectious
pathogens (e.g., HIV and hepatitis B) in a single test. This device aduecespacity for

global surveillance of infectious diseases and has the potential to accelerate knowledge
exchangdransfer of emerging or exigent disease threats with healthcare and military

organizations in redime.
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Chapter 1
Introduction

1 Infectious Diseases

Infectious diseases are the types of diseases caused by pathogenic microorganisms (i.e. bacteria
viruses, parasitg or fungi) that can spread directly or indirectly from person to person or from
animal to persaon Despite the advent of modern medicine, these infections continue to pose a
significant threat to the health and safety of people worldwadcounting for millions of deaths

each year, impacting global hedlfi{Figure 1.1). In particular, they constitute one of the major
causes of morbidity and mortality in the developing couritriéth globalization and the ease

of international travel, undiagnosed and misdiagnosed infectisgasis can spread rapidly,
worsening economic burdens, morbidity, and mortality. The SARS outbreak of 2003, the HIN1
flu pandemic of 2009, along with the ongoing fight againsimnéan immunodeficiency
virus/acquired immune deficiencysyndrome (HIV/AIDS), mdaria, and many others,
dramatically highlight the threat of infectious diseases on a global scale. The current Ebola
epidemic, which continues to ravage through West Africa, serves to illustrate the threat of
infectious diseases. It started with the itifat of a single child living in a forested area of
Guinea in December 2013. Contracted and spread by travelers, b¥0luthiehad infected 759

and killed 467. As of January'2015, only a year since the initial infection, 20,747 cases and
8,235 deathbad been reported worldwidEigure 1.2), including countries outside of the West
African region as far as Spain, the United Kingdom, and the United States

While this can be attributed to many factors such as thefpaotioning health systems in these
regions and slow initial resporfsenuch of the effort to control and contain the infection is

heavily hindered by poor diagnostics, as the World Heatganization has stated



Figure 1.1. Global distribution of infectious disease event risks.

Distribution derived for (a) zoonotic pathogens from wiggl(b) zoonotic pathogens from non
wildlife, (c) drugresistant pathogens, and (d) vedborne pathogens. Figure adéscription

adapted from souréand not created by the author



(Removedl
Figure 1.2. Ebola outbreak in W est Africa.

Data, as of December #4014, showing the toll of Ebola on Africa. Figure adapted from
sourcé and not created by the auth¢Xote: It has been removed due to copyright restrictions,

please refer to citation.)



Efforts to containthe Ebola outbreaksin West Africa are currently hamperedby
cumbersomeslow arnd complexdiagnosticteststhat imposea numberof additional
logistical challengesjncluding requirementdor a high level of laboratorybiosafety
andstaff expertisen usingsophisticateanachines.

The standardmolecular assayscurrently used in mobile and other laboratories
supportingthe Ebola responseinclude the reversetranscriptasepolymerasechain

reaction,or RT-PCRtest. The test,which involvesa numberof laboriousprocedures,
providesvery accurateresultswhen performedby trained staff. Eachtest requiresa

full tubeof blood,takesfrom 2 to 6 hours,andcostsaround$100.Theserequirements
are difficult to meetin resourceconstrainedWest African settings,thus severely
limiting testingcapacity.

That is, to effectively control Eboland indeed most infectious diseases, effective diagnostics

are crucial.

2 Infectious Disease Diagnostics

The World Health Organization has outlined a list of criteria that infection diagnostics should
meet in order to be effective technologftee ASSURED riteria)*® affordable so that they are
accessible to all; sensitive, or possess low detection limit, so that even minute amounts of
pathogen can be detected; specific, or possess lowrgasivity between thpathogens they

are capable of detecting; udeendly, such that they are simple to use and takes only a few steps
to complete; robust and rapid, specifically the results should be available in under 30 minutes;
equipmendfree, meaning the diagnosticsosifd be able to be performed with minimal external
instrumentation; and deliverable to those who need them, i.e. at theopoare. In essence,
these criteria illustrate an important cept: in order for a diagnostic technology to be truly
effective fao monitoring and ultimately controlling infectious diseases, high analytical
performance (i.e. high sensitivity and specificity) is not enough. Rather than requiring
laboratories or other advanced facilities, it needs to be available and accessiblpoattibk

care where it is most needed, such as at the bedside, in the airport, or out in the field, in order for
it to be of most use. This is especially important for developing countries where health systems

and resources @amot as pervasive or plentifas those in developed countries.

2.1 Current Diagnostic Technologies

Traditional gold standards in infectious disease diagnostics include microscopy and cell

culturing, as well as enzymiimked immunoassays® The former two work through



identification of morphological changes in diseased or vindcted cells, whereas the latter is

used to detect for the presence of a substance of interest, typically an antigen using its antibodies
in a sandwich assay format. Briefly, a sandwich assay involves ithaée components(l) a

target molecule of interest (e.g. proteins, DN@), a capturing agent that specifically binds to

the target molecule in order to differentiate it from other molecules(3ral detection agent or
secondary probe that binds to dvet portion of the target molecule to indicate its presence or

absence.

Lateral flow immunoassays (also known as dipstick or immunochromatographi¢®tEsesk
simple tests, typically in strifprmat, that allow the transport of sample liquid through its porous
material in order to detect for the presence or absence of an anahgditionally proteins
through atibody-antigen interactions in, agaisandwich assay formdt on test lines. The
microarray$®*® and polymerase chain reaction (PERY techniques are more recent.
Microarrays involve a solid substrate (e.g. glass slide) on which a large amount of molecular
detection of proteomic or genomic infected sarspan be performed in an ordered or arrayed,
high-throughput manner. PCR involves the amplification of a minute anaiuggnetic sample

(e.g. viral DNA) for genomic molecular detection.

Many new approaches have emerged over the past decade, includirapfibsbased® %, flow
cytometrybased® ?°, microfluidicsbased”*®, and papebased®*’ technologies. The first three
generally involve the use of fluorescent microbeads for detection of either proteayeicoonic
samples, inonce againa sandwichassayconfiguration performed and whose readout are
observed orvariousplatforms optical fibres for fibreoptics based, liquid flow stream for flow
cytometry, and microfluidic chips for microfluididsased. Papédrased techniques, inspired by
the ubiquiy and coseffectiveness of lateral flow tests, are those that involve the use of a paper
substrate for molecular detection, often exploiting the porosity of paper that allows for liquid

flow and interactions without the use of laboratory equipment.

2.2 Limitations of Current Diagnostic Technologies

While these techniqueare advantageous in some respebt&y also have their limitations.
Microscopy, cell culturing, and enzyrtieked immunoassays are limited by time, need for
laboratory equipment, and techrlies well as operational complexities. Lateral flow tests are

portable and easy to use, but have poor analytical sensitivity, and limited by their ability to



simultaneously detect for a large number of multiple diseases or strains, i.e. multflexing
Microarrays and PCR techniques have improved sensitivity, but with prohibitive costs. Fibre
opticsbased, flow cytometrpased and microfluidicsbased platforms offer speed and
multiplexing capabilities. However, muach f t he wor |l daéssin rgsaugpdoat i 0 N
settings where advanced molecular diagnostic systems such as these are not available due to cos
constraints, infrastructure limitations to sustain complex laboratory equipment, and the lack of
skilled techicians to perform cumbersome procedures and accurately interpret diagnostic
result$®*°. Papetbased technologies,nsilar to the dipstick tests, are casftective and easily

transportable, but often still lack in their sensitivity and multiplexing capabilities.

A comparison othevarious technologies is shown, sorted from the least analytically sensitive to
the most Table 1.1). It should be noted that this serves only as an approximate guide for the
overall landscape of these technologiesl not intended to be exhaustias it is not possible to
define a set of unified parameters with which comparisons are made tgaliversity of the
literature. For analytical sensitivity, some approaches are much more sensitive than others within
the same category of technology depending on whether or not sensitivity was the focus of the
study, and differemtneasuremeninits (eg. mol/L, g/mL, IU/mL, CFU/mL)Xhat may or may not

be convertible among therare used for different diseases by different awgthbtere we
considered only those that report in mol/L. Likewise for speed, some studies report the time
required to perform thassay, while others report only the readout time, and many report a
combination from different procedures. Here we considered speed as a sum of durations required
to perform the assay and the readout. Portability and economy are subjective and thtedpresen
gualitatively. Here we considered the use of dedicated readout instrumentation to-be non
portable and noeconomical, i.e. pumps and microscope for microfluidics; flow cytometer for
flow cytometry; optical fibres and computer fdibre optics; specialeed scannes for
microarrays and thermocycler for PCR, though it is not a readout device. In contrast,
multiplexing can be evaluated much more objectively. And while lateral flow tests and paper
based technology can be used ind®3-plex applications,itey are limited to this number unless

an external readout system is emplo&l*? which reduces their paility and cost

effectiveness.

From the perspectivef realworld deployment, here we see that with the exception of lateral

flow tests and papdrased technologies, all other approaches are not suitable folopaete



Table 1.1. Comparison of diagnosic technologies.

Platform Sensitivity Speed Portable | Simple | Multiplexing
Range (Assay + to Use
Readout)
Papet>** mM i nM 10-60 min. Yes Yes No
Lateral Flow>*>*>%° nMi pM 20-30 min. Yes Yes No
Microfluidics>>*"*? nM i fM 20-60 min. No No Yes
Flow Cytometry”>" > pMi fM 20-60 min. No No Yes
Microarray~~*>° pM i fM 2-3 hr. No No Yes
Fibre Optic§>>*"’ fM 1 zM 2-3 hr. No No Yes
PCRY® aMi zM 2-3 hr. No No Yes




diagnostics. And while they are more transgble and potentially more cestfective, both
lateral flow tests and papbased technologies have little to no multiplexing capabilities,
severelylimiting their application in the field. This is because many infections exhibit similar
symptoms and thability to diagnosis one disease (e.g. a common cold) from another (e.g.
SARS) quickly and efficiently is vital from an infection control perspective as well as from a

drugresistance one.

3 Point-of-Care Mobile Phone Diagnostic Technologies

In the last deade advances in internet technology, social media, and smartphones have
significantly changed the patterns and mode of global communication. There are no more remote
corners; information and events can be transmitted instantaneously across boundariastover v
distances throughout the world. The integration of met®léular devices with over 69 billion
subscriptions worldwid®, thus extremely prealent and accessible even in developing nations

with stateof-the-art rapid multiplexing molecular diagnostic devices would alleviate many of the
problems present in current diagnostic technologies. This would be achieved by permitting
clinical diagnoss and treatment in the absence of laboratory infrastructure, enablemeal
global surveillance of infectious transmission events, and help predict temporal infection trends
through crowesourced data collecti6h To illustrate the potential ofmobile phonebasel
diagnostics, we once again turn to the current Ebola epidemic in West Anigag 1.3). As

can be observed iRigure 1.3a the most recent outbreak had unfortunately taken place in a
region of high physical connectivity (low travel times to settlements of high population),
potentially a factor in its rapid spread. Howeueigure 1.3b shows that over the same region,
there exists a moderate to high amount of mobile phone connectivity. This suggests that the
mobile phone could have beam invaluable tool in controlling and predicting the spread of
Ebola, through call record inforation that can be used noodel populatiormovement, as well

as diagnostic tools that are readily deployable among the populace.
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Figure 1.3. Connectivity in West Africa.

Information on the West African region showite) physical connectivity as measured by the
amount of travel time required t@ach a settle of high population, with locations of historic
Ebola outbreaks highlightedand (b) mobile phone connectivity as measured by call detail

records Figure adapted from souféand not created by the author
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3.1 Current Phone-based Diagnostic Technologies

In the past five years, there has been a surge of publications relating to the use of cell phones or
smartphones for infectious diseasagtiostic& ®> Thus far,they have primarily been used in

direct imaging applications, such as the identification of bacteria or viruses labeled with a
fluorophoré®®”. The Fletcher group constructed a cell phone microscope system using existing
microscope components to rdenstrate brightfield and fluorescere imaging of 6 pm
fluorescent microbeafs They then used the system to identify sickle red blood cells from blood
smear samples, as well as tuberculosis bacilli from fluorescenstdyeed sputum samples
(Figure 1.4).

The use of smartphones for cell counting has also been p8Pdlafhe Ozcan group built a
smartphone bloodnalyzer that has three sets of interchangeable components that can count
white blood cells under fluorescence mode, red blood cells ubdghtfield mode, and
hemoglobis under absorbance mode, respectitfelfhey verified their results against those

from a commerciallavailable analyzerHigure 1.5).

Another smartphone diagnostics technology from the Ozcan group idtbke&onstruction of a
smartphone reader for the tests lines lateral flow strips testing for malaria, human
immunodeficiency virus (HIV), or tuberculo$ts The reader digitally processed and enhanced
the images of the teshks to improve reading accuracy and sensitivity. They then demonstrated
its ability to quantify the antigen amount by showing different intensity results from 1x, 2x, and

3x dilutions of the sampld={gure 1.6).

Moving beyond the imaging of bacteria, sellor strip tests, other approaches using the
smartphone to read/image customade labon-chip assays also exiét“”. For example, the
Hashsham group constructed a smartpHmased genetic tester for bacteria DRAAfter
incubation and amplification they demonstratied detection ofwo different marker genes for

each ofS. aureusndE. coliin a parallel manneiHgure 1.7).
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Figure 1.4. Cell phonebased microscopy system from the Fletcher group

Cell phonebased microscopy system from the Fletcher group. Set 1 shows the system setup and
imaging of 6 um fluorescent microbeads. Set 2 shows results from the identifidasickle red
blood cells. Set 3 shows results from tuberculosis bacilli fromsthi@ed sputum samples.

Figures adapted from souPfand not created by the author
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Figure 1.5. Smartphone cell counting system from the Ozcan group

Top eightfigures show the various components for each of white blood cell counter, red blood

cell cownter, and hemoglobin counter. The bottom three figures show the corresponding results

and compare them with those from commercialilable analyzers. Figures adapted from

sourcé® and not created by the author
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Figure 1.6. Smartphone reader for lateral flow strips from the Ozcan group

Set 1 shows the reader system setup. Set 2 shows results from test strip results before and aftel
image processing and enhancement. Set 3shows¢hader 6 s basic ability
amount. Figures adapted from sout@nd not created by the author
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Figure 1.7. Smartphone reader of labon-chip assayfrom the Hashsham group

Set 1 shows the reader system anddiadchip setup. Set 2 shows results from parallel detection

of bacterial DNA. Figures adapted from sodf@nd not created by the author
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3.2 Limitations of Current Phone-based Diagnostic Technologies

While these studies advance the fieldnodbile phonediagnostics, they are still in many ways
limited by their ability to be widely utilized for ntecular detection of infectious diseases, i.e.
guantitative analysis of proteomic or genomic samples. For one, as stated above, many of these
involve basicdirect imaging applications, either of samples themselves (e.g. cells, bacteria) or
enhancement of oocnmerciallyavailable test kits, without being able to perform molecular
detection While this reduces complexitit, alsoconfinesthem to simple qualitative analyses of
images. Many of these technologies are agnstrainedby their poor analytical sehiwity,

which preverg them from diagnosing early stages of infections. Most crucially, they have
limited multiplexing capabilities, i.e. inability tsimultaneouslydetect different pathogens in
Aone poto or from a si ngleeftdsanegnd tiee.diaghdswuldl o w t
be done very inefficiently, ultimately impacting the precision and accuracy of diagnosis. The
lack of multiplexing also means that sample collection and volume requirements would be an
issue, as samples from a patientigoneed to be taken multiple times in order to be tested for
multiple diseases, which may not always be possgéltg for children) Additionally, the lack of

a simple multiplexing mechanism means thatdlagnosticanstrumentationtself would need to

be physicallyenlargedin order to accommodate the detection of multiple pathogens, reducing
portability.

4  Thesis Overview

The objective of this thesis, therefore, was to develop a qofecdncept infectious disease
diagnostic device that exploit the imagiand wireless capabilities of modetay smartphones,
combined withthe molecular detection and multiplexing capabilities of a platform known as
Aquant um d o Quantua rdat hatewde® which shall be simply referred to as
Abar codeso,, off miscirnopbl eya dissussed h sndre detail lateare easily
synthesized, hee the capacity for high deges of multiplexing, as well as provideplatform on
which both genomic and proteomic molecular detections can be perfdr®adthe other hand
the smartphoneas described previously and wheompared to traditional barcode readout
9,50,77

systems such as microfluidiéor flow cytometr , IS more ubiquitous, portablandeasy

to use,as well as allowing for data transmission. By combining the advantages of the quantum
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dot barcode for molecular detection and smartphone for its readout, we were able to create a

potentially powerful poirbf-care diagnostic system for infectodiseases.

In Chapter 2we briefly outline the method with which quantum dot barcodes are synthesized
and present rationales as to why quantum dot barcodes are more advantageous for barcoding
compared to traditional fluorophoréko do this, ve demonstree the superiority of quantum dot

over traditional fluorophores for barcoding purposes on the bases of absorption spectra, emission

spectra, photobleaching, and imaging.

In Chapter 3, we describe the algorithm we developed for quantum dot barcode rééelout.
begin by first describing the method to array the quantum dot barcodes onto a surface chip
substrateas a means to increase the portability and ease of handling (as compared to storage in
solution) of our diagnostic system. We then illustrate the akgorthrough which the barcode
microbeads are imaged, processed, and ultimately identified and resolaesidace. Finally,

we demonstrate the effective of our algorithm by resolving a set of different barcodes arrayed on

the chip.

In Chapter 4, we denmstrate the ability to perform genetic assays on our quantum dot barcode
chip platform by first comparing the analytical performance of traditional sotbased barcode
assay with our surfadeased approach. After describing our assay optimization [moves
compare the performance of different imaging setups by examining the resulting assay analytical
sensitivity. We then conclude the chapter by demonstrating the ability for our system to perform
multiplexed detection.

In Chapter 5, we illustrate the glgn and construction process to our paifitare smartphone
diagnostics device that incorporates the various components described in the preceding chapters.
We t hen characterize our deviceos anal yti
capabilites, both using synthetic samples. Finally, we demonstrate the ability of our device to be
used in a clinical setting, with both merend ceinfection patient sample#&n overview of the
preceding three main components of our diagnostic system is ii&tinaa diagram(Figure

1.8).

We conclude the thesis, in Chapter 6, with a brief summary of the achievements illustrated in the

preceding chapters, and provide an outline of future work and vision.
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Figure 1.8. Overview of thesis components

An overview of the three main components of our diagnostic system, corresponding to three

chapters of the thesis.
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5 Choice of Infectious Diseases

We elected to use seven different types of prevalent infectious diseases to test for the feasibility
of our deviceThesei ncl ude the influenza A viruses H1I
H3N2, and H5N1 (commonl y k n owvwhaomaammuriobeficiency f | u ¢
virus/acquired immune deficiency syndrome (HIV/AIDS), as well as the hepatitis B and C virus
(HBV and HCV). They were chosen because they constitute a significant burden of
communicable illnesses. Many of them also exhibit common symptoms such as fever and
fatigug and hus it becomes important to be able to diagnose the patient accurately and quickly

in order to devise the correct countermeasure and stop further spreading.

The influenza viruses are airborne ankighly contagious,and they have posed significant
difficulty in clinical differential diagnosi$'’>. HSN1 remains a pandemic risk due to its high rate
of mutatiof®®% In addition, HIN1, H3N2, and influenza B have frequently been included in the

seasonal vaccines in recent years for their likelihood of reoccuffefice

HIV/AIDS, as well HBV and HCV infection€omprise the majority of blodbrne infections
worldwide, especially in resourdinited setting®”. These infections aralso difficult to
differentiate clinically since they share common symptoms such as general malaise, jaundice,
and nausea and/or vomitffigThey also share the same routes of transmission including blood
transfusions/contact, sharing of contaminated needles -(d)g or instruments (tattoos,
piercings acupuncture, etc.), sexual contact (debatable for HCV), and rtotbeild
transmission during pregnariéy®. Furthermore, the mortality and loss of life quality associated
with HIV/AIDS alone has decimated generations and economies in the developing worlg. Whil
voluntary counseling and testing centres for HIV are available in Africa and Asia, delays in test
turnaround time and partner notification represents a loss of valuable time when transmission
continues, treatment initiation is delayemd health deterrates®’. However, people screened

for HIV in the developing world are not aware or simultaneously tested for hepatitis B/C even
though ceinfections are common and a@&ierate disease progressiorA combined rapid
diagnostic test for HIV andhepatitis B/Chas been proposed as a key measure for national
screening programs in leimcome countries with high prevalence of these infectfo@upling

early diagnosis of HIV antepatitis B/Cthrough sensitive molecular testing that is also portable
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and simple to uswith rapid notification viacurrent mobile phone infrastructurpsovides an

innovative and integrated approach to fight the spread of HIV/AIDS globally.

To summarize, all of the pathogen targets used irthsisrepresent major infectious threats to

the global community, necetsing the development of an effective and innovative means for
detectionand informatics to identify infected patients, enable proper treatment, notifigkat
individuals, accelerate clinical management, implement infection control measures and enhance

surveillance to curb the rampant spread of these diseases.
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Chapter 2
Quantum Dot Barcodes

1 Introduction

In the last decade, researchers have developed aawale of barcoding structures and have
demonstrated the detection of multiple biological targatsbuffer, simultaneously. These

P> or magneti¥’*® structures with unique patterns

barcodes comprise of graphitat’ optica
that identify surface coated brecognition molecules. The coated exognition molecule can
selectively recognize biological targets of inter€stg. whole virus, antigen, or genetic
sequence). Detection occurs when a fluorescently labeled secondary targeting agent is added to
the barcode, forming a sandwich structure. The code identifies the coated recognition molecule,
which identifies the target; and the secondary probe confirmgrésence of the disease and the
guantity. The advantage of using barcodes in a diagnostic setting is that multiple targets from
patient samples can be detected simultaneously (i.e. multiplexing), which increase the speed of
analysis as well as improve tpeecision and accuracy of diagnosis. Despite advances with the
chemical design of barcodes, nanotechnologsed barcoding technologies have not advanced

to patient care. The poor sensitivity (limit of detectionfrabl to amol) limits their utility in a

clinically relevant setting and tlhieeadout deviceremain expensivelescribed previously

In addition to the ones introduced aboverdmdes can also be engineered by infusing
polystyrene microbeads with different emitting quantum dotgreate what & been called
Aquant um d%'° Briefyrqoantdnelstsdare semiconductor crystals in the nanometer
size rangeKigure 2.1). By definition, they are padies whose physical dimensions are smaller
than the exciton Bohr radius (i.e. electiomle pair), which is usually below 100 fith They
possess highly tunabégptical properties as a result of their tunable size and compodtiguré

2.2). Quantum dots provide significant advantages over organic fluorophores for barcoding.
They are brighterhave wider excitation spectra andrrower emission spectra, and amere
resistant to photobleachifd®*. From a device perspective, these properties are tateac
because they reduce the costs of manufacturing the diagnostic device and simplify the design of
the readout system while giving high precision in identifying the optical code. This strategy also
provides quantum dots with greater multiplexing cap@édslj as the usef quantum dot in a nen

barcodedietection system can differentiate onbg Binique signal§$®'*versus the potentially
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(Removed)

Figure 2.1. Size of nanopatrticles

An illustration of the size scale of quantum dots and other nanoparticles. Figure aalagpted
modified from sourcé®® and not created by the auth¢Xote: Figurehas been removed due to

copyright restrictions, please refer to citation.)
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An illustration of he optical tunability of quantum dots as a result of their size. Figures adapted
from sourcé®® and not created by the author
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millions in a barcode form&t In fact, our group hagreviouslydemonstrated the ability to
synthesize 105 opticaHynique quatum dot barcodes using only five different quantum dot
wavelengths at three intensity levelBigure 2.3). Furthermore, the optical signals of the
guantum dots are protected in the microbead from fluorescence fluctuatimhsch affect
detection reprodubility T as the polystyrene reduces the interaction of the quantum dots with
ions, proteins, and other biological molecuf€s®® The microbeads themselves are also versatile

in molecular detection and can detect both genomic or proteomic fargéts

Unfortunately, since its introduction in 2002, the quantum dot barcaslechfar not translated

well into the field. This is due to challenges associated with the synthetic reproducibility, lack of
appropriate readout system, and analytical sensitivity. Aesalt, quantum dots barcodes have

not advanced far for testing in patient samples. Through the last ten years, our group has
optimized and solved the chemistry design issues and demonstrated their utility for detecting
both genomic and proteomic targetsing synthetic target3'®® We have also developed a
simple barcode synthesis processiefly, quantum dots dissolved in chloroform are mixed
together in different ratios Wi a polymetbased solution. When this chloroform solution
intersects with a higpressure water stream inside a nozzle, microfluidic instability causes the
fluid to fipinch of® and form microbeady’. The optical properties of these quantum dot
microbeads reflect the combination and concentration of the quashtsnin the chloroform
solution Eigure 2.4). Therefore, as a continuation of work done by our group, the aim of this
thesis was to further the use of quantum dot barcodes for diagnostics in the field.

Thus far in literature, benefits of using quantum blatcodes, particularly for use in poivit

care diagnostics where instrument portability and simplicity are crucial, have only been inferred
through theoretical comparisons between quantum dots and organic fluorophores. In this chapter
we compare the omal properties of microbeads encapsulated with organic fluorophores
(AYellowow i t = 480 nm, andiNile Bluedw i t = 680nm) against those with quantum

dots QD54 wi t = B0 nm andiQD64® wi t = &0 nm) on the bases of their
absorption/egitation and emission spectral properties, as well as effects of photobleaching and

imaging under single wavelength excitation.
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A demonstration of the synthesis of5linique quantum dot barcesl using only five quantum

dot wavelengths and three intensity levels. Figure adapted from Sbamcenotcreatedby the

author
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Focused fluid

Figure 2.4. Quantum dot barcode synthesis setup

An illustration of the appatas with which quantum dot barcodesed in this thesisvere

synthesized. Figures adapted from sourceé8and notcreated byhe author



26

2 Experimental Methods

2.1 Organic Fluorophore Particles

The carboxyl functionalized, organic fluorophongpregnated particleBCarboxyl Fluorescent
Yellow Particles, Medium Intensidy( & = 480 nm, CFFB0522) andfiCarboxyl Fluorescent
Nile Blue Particles, Medium Intensaiy( & = 630nm, CFF0652) were purchased from
Spherotech. They were stored as instructedthe dark, at room temperaturand used without

additional processm

2.2 Quantum Dot Synthesis

Quantum dots (CdSeS alloygmS capped) of ek e mi ssi on wawdden gt h
were purchased from CytoDiagnostics and used as instructed. Quantum da& ehpssion
wavel engt hQD64@0 were wyntesized and chaexized according to published

1,112

procedure and stored in chloroform at room temperature until later Qagentum dot

synthesis and characterization performedby.i.

2.3 Quantum Dot Barcode Synthesis

ZnS-capped CdSeS quantum dot barcodes were incorporated into polystyrene microbeads using
a flow-focusing strategy, as describedaiprevious publicatiomy our group”. Briefly, quantum

d o t @D540Nand AQD640) were mixed together in different ratios with a polyrhased
solution: for barcodéiQD54®, 6 pL/mL of AQD54® was added to the solution; for barcode

AQ D 6 4, 910 pL/mL ofiQD64® was added to the solution. The polymer solution consisted of
poly(styreneco-maleic anhydride) (32%, cumene terminated) from Sigddaich dissolved in
chloroform, with the polymer concentration atw#6. The resultant quantum dot polymer
solution was thn introduced into a nozzle system from Ingeniatrics using a syringe pump from
Harvard Apparatus at a rate of 0.9 mL/hour, as well as dalibliled water as the focusing

fluid at a rate of 180 mL/hour. The nozzle system was then submerged inside rapaetaky

filled with doubledistilled (DD) water. The polymeric barcode microbeads were synthesized in
situ, and the microbeads formed a white colloidal suspension in the water. After synthesis, the
valve was closed and the microbeads were stabilizeovbgnight stirring and then collected.

The microbeads were filtered using 35 um BD Falcon nylon mesh strainer cap, and characterized

using an automated Beckman CoulterG&ll counter, and stored in DD water at 4 °C until use.
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Note that the microbead sizan be increased by increasing the polystyrene solution injection

rate.

2.4 Excitation, Absorption, and Emission Spectra Measurement

The excitation and emission spectra of ivellowo andfiNile Blueo fluorescent particles were
measured using th@Excitation Acquisitiond and fiEmission Acquisitiod modes, respectively,

on Horiba Jobin Yvon FluoroMaR fluorometer. The fluorophores used in fidellowo and

fiNile Blueo fluorescent particles could not be obtained to perform absorption measurements due
proprietaryreasons. The quantum dot absorption spectra were measured using Shimadzu UV
1601PC UWVisible spectrophotometer. The quantum dot barcode emission spectra were
measured using théEmission Acquisitiod mode on Horiba Jobin Yvon FluoroMeX

fluorometer.

2.5 Photobleaching Measurements

To measure photobleaching, the samples were excited continuously for 3 minutes while images
were being acquired at H&cond intervals. The mean intensity of all microbeads in the image
for each sample was calculated using imagecgssing performed on MATLAB from
MathWorks.

2.6 Sample Imaging

To image the microbead samples, 1 pL of it was deposited on a chip surface and let dry for 1
hour. The chip was placed under a microsebaged setup such that the micromsieed
microbeadswere x ci t ed using a 405 nm deho0480P dmassoar ar

filter using a smartphone camera iPhone 4S from Apple.

3 Results & Discussion

3.1 Spectral Properties

As the spectra demonstrate, the quantum dots have a continuous absorption piiafildev
organic fluorophore equivalent has pdide profiles Figure 2.5. The absorbance profile
presents a significant advantage for quantum dots for engineeringopaite device. This

would reduce the siz&and thus costsf the final device as augntum dot barcode device will
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Figure 2.5. Comparing excitation/absorption and emission spectra

Polymeric particles impregnated with fluorophores fiaellowd and (b) fiNile Blued were
compared with quantum dot barcodes impregnated (@)tiQD540 and (d) AQD64®, in terms
of their excitation/absorption and emission spedkigure created by the authdrReprinted

(adapted) with permission from soutteCopyright 2015 American Chemical Society.
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only require a single energy source to excite all of the barcodes while similar particles using
organic fluorophores will require multiple emitting dicder lasers to maximally excite different
wavel engt hs. The organic fluorophore partic
alsonear overl aying, unli ke those of the quan
wavelength channels/filterseed to be implemented to ensure that the excitation wavelength is
blocked from interfering or overpowering the sample emission wavelength if maximal excitation

is desired.

3.2 Effects of Varying Excitation on Emission

The quantum dot barcodes also have nagroemission profilesHigure 2.6). This is more
apparent between the fullidth haltmaxmum of AQD54@® (~35 nm) andiYellowo (~60 nm).
Furthermore, the quantum dbarcodesretain their emission peaks despite being excited by
different wavelengths. In thease offiNile Blueo the peak emission wavelength varies ~10 nm
between excitation wavelengths of 550 nm and 570 nm, while the peak emission wavelength
remains the same f@QD64@®. The excitation wavelength also has a much larger impact on the
fluorescenparti cl es®6 emi ssion i nt e AYellowoyandiQDMDs i s
which experienced a 163% and 25% change in intensity, respectively, when the excitation
wavelength increased from 405 nm t o dstarfte nm.
to changes in the excitation. As a result, these enable greater number of quantum dot barcodes to

be engineered for multiplexing analysis, and reduce the likelihood of false barcode identification.

3.3 Photobleaching

To study photobleaching, we exdtboth types of microbeads continuously and examined their
intensity changes. Indeed quantum dot barcode® much more resistant to photobleaching
compared to the organic fluorophegacapsulated particle§igure 2.7). This is important for
accurate baode identification as bleaching of coded microbeads can lead to misdetection. Note
that the slight increase in relative intensity for the quantumbdotodesunder continuous
excitation is likely due to photoactivitatibil. Briefly, physical defects exist on the surface of
guantum dots that act as traps for electnote pair recombination, resulting in needioactive

relaxaion that lowers quantum yield. Photoactivation describes the phenomenon whereby the
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Figure 2.6. Comparing emission spectra under varying excitation

Polymeric particles impregnated with fluorophores fiaellowd and (b) fiNile Blued were
compared witlqguantum dot barcodes impregnated withi@P540 and(d) AQD64®, in terms
of their emission spectra under varying excitation wavelendggigswre created by the author.

Reprinted (adapted) with permission from solifteCopyright 2015 American Chemical

Society
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Figure 2.7. Comparing photobleaching

Polymeric particles impregnated with fluoroph®réa) fiYellowd and (b) fiNile Blued were
compared with quantum dot barcodes impregnated withQ{P54® and (d) AQD64®, in terms

of photobleaching under continuous excitatibigure created by the author. Reprinted (adapted)
with permission from sour¢¥. Copyright 2015 American Chemical Society
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guantum dotwrface is smoothed from continuoustation by the excitation source, eliminating

these defects and thus enhancing the quantum vyield, albeit temporarily.

3.4 Single-Source Imaging

As a final test, both the fluorophore particles and quantum dot barcodes were excited using a 405
nm source and imadeFigure 2.8). While fiYellowo fluoresced appropriately, albeitith low
intensitiesfiNile Blued was not fluorescing. In fact, the grey colouration observed was likely due

to autoefluorescence of the partid@ pol ymer , or si mplepalritg hctl es
surface. On the other hand, both types of quantum dot barcodes fluoresced brightly and properly.
This demonstrates that even when their maximum emission wavelengths vary widely (540 nm

vs. 640 nm), quantum dot barcodes can be excited usisguine excitation wavelength.



Figure 2.8. Comparing single source imaging

Polymeric particles impregnated with fluorophores f&ellowo and (b) fiNile Blued were
compared with quantum dot barcodes impregnated withQdP54® and (d) AQD64®, in terms

of their visual images under a 405 nm excitation soufigure created by the author. Reprinted
(adapted) with permission from soutte Copyright 2015 American Chemical Society
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4  Chapter Summary

In this chapter we demonstrated and confirmed that quantum dots are indeed more advantageous
compared to traditional fluorophores because they have widetatexc spectra, narrower
emission spectra, and are moresistant to photobleaching. Thesmits are critical for
engineering poinbf-care diagnostics capable of multiplexing. Specifically, these unique optical
properties mean thaguantum dot barcodesmn be excited using the same source, engineered to
allow more variety and thus multiplexing capabilities within a given range of wavelengths, and
be detected with greater certainty. Combinedese desirable qualitiesmplify the readout

device, reduces cost and size, and enhance accuracy.

5 Author Contributions

The experiments were designed by K. Ming and W.C.W. Chan. Experiments were
performed byD. Li (quantum dot synthesis) akd Ming (all others). Analyses were performed
by the K. Ming. Algorithms were written byhe K. Ming. This chapter was written ke K.
Ming with contributions byw.C.W. Chan.
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Chapter 3
Quantum Dot Barcode Readout and Resolution Algorithm

1 Introduction

I n the previous chapter we demon ovenrthat efd qu
traditional organic f l-ofrcane arlhiptex detecpioa.r Qptically e s 6
encoded microbeadsinfused with quantum dots or otherwisan literaturehave so far been

used in conjunction with flow cytometé?s®>***> microfluidic chip$®'*®'8 or optical fiber
system&?* While many have become established laboratory practices, these techniques are not
suitable for diagnostic applications in resoulicgited settings. First, the microbeads are
typically stored in solution before use, which add burden to transportation. Second, they all
require bulky or expensive instrumentation (e.g. flow cytometers, pumps, fiber optic imaging
hardwarg. Finally, a sKled technician is required to perform the experiments and interpret the
results because subtle differences in microbead number, incubation time, and microbead stability
can influence the analytical performance. The ability to array these barcoded i abe a

chip would alleviate some of these issues and reduce complexity.

To overcome these, we devednj1) a solidphase platform for quantum dot barcodes that can

be easily transported, arfd) an imagebased algorithm for barcode analysis and resmiyto

take advantage of the imaging capabilitieglbimodernday cell phones or smartphones. In this
chapter, we describe such developments. Riestdentified the platform on which our barcatle
microbeads can be immobilizeohd dispersed, with contrl@dd number of microbeads per unit

area, maintaining assay consistency. Such a platform would be a step towards reducing the
burden of transportation by removing the need to transport the barcodes in solution, as well as
making the system more udeiendly by reducing the number of liquids involved when
performing the assay. We then demonstrate that the signals from the barcodes can be interpretec
and uniquely identified using an imagihgsed approach, without the need for dedicated,
expensive, or bulky strumentation. Finally, we describe the custontten algorithm we have
developed to resolve the barcodes using the images, and demonstrated the resolution of nine

barcodes with high accuracy.
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2 Experimental Methods

2.1 Quantum Dot Synthesis

Quantum dots (CdSe8lloyedZnS capped) of gk e mi ssi on waw®dengt h
were purchased from CytoDiagnostics and used as instructed. Quantum dots of peak emission
wavelengths 589 nnfiPD58® ) and QBEA®) weme syntesized and characteribgd
according to published procedureprocedures'*'? and stored in chloroform at room

temperature until later us@uantum dot synthesiand characterization performedDyLi.

2.2 Quantum Dot Barcode Synthesis

ZnS-capped CdSeS quantum dot barcodes were incorporated into polystyrene microbeads using
a flon-focusing strategy, as describagrevious publicatiorby our group®. Briefly, quantum

dots fIQD54®, AQD58MW, and IQD64M®) were mixed together the in different ratios with a
polymerbased solutionTable 3.1). The polymer solution consisted of poly(styrememaleic
anhydride) (32%, cumene terminatdd)m SigmaAldrich dissolved in chloroform, with the
polymer concentration at-wt%. The resultant quantum dot polymer solution was then
introduced into a nozzle system from Ingeniatrics using a syringe pump from Harvard Apparatus
at a rate of 0.9 mL/houmas well as doubldistilled water as the focusing fluid at a rate of 180
mL/hour. The nozzle system was then submerged inside a beaker partially filled with DD water.
The polymeric barcode microbeads were synthesized in situ, and the microbeads faunited a
colloidal suspension in the water. After synthesis, the valve was closed and the microbeads were
stabilized by overnight stirring and then collected. The microbeads were filtered using 35 um BD
Falcon nylon mesh strainer cap, and characterized asiragitomated Beckman Coulter-@ell

counter, and stored in doukdéstilled water at 4 °C until use. Note that the microbead size can

be increased by increasing the polystyrene solution injection rate.

2.3 Barcode Microbead Deposition on Microwell Chip

For mast experiments involving imaging barcode microbeads on a microwell chip from
MicroPep, samples with concentration of’ Ifiicrobeads/mL were prepared DD water

containing 0.05% Tween. Then 1 pL of it was deposited directly on the microwell chip, which
wasrinsed with DD water and allowed to dry prior to deposition, and let dry for 1 hour before

imaging.
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Table 3.1. List of quantum dot barcode synthesis parameters

Barcode | QD540 Concentration QD589 Concentration QD640 Concentration
Name (uL/mL) (UL/mL) (uL/mL)
550 5 5

505 5 5

055 5 5

135 1 3 5

315 3 1 5

351 3 5 1

513 5 1 3

531 5 3 1

555 5 5 5

Tablecreated by the author. Reprinted (adapted) with permission from S6u@epyright 2015

American Chemical Society
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For studying microwell filling efficiency of barcode microbeads on the microwell chip, samples
with concentration 00 to70x10 microbeads/mL were prepared in DD water containing 0.05%
Tween. The samples were then sonicated for 5 minutes to reduce microbead aggregation before
depositing 30 pL of each on the microwell chip, which was rinsed witw@i@r and allowed to

dry prior to deposition. The chip was then placed in an enclosed drying chamber containing

desiccanto prevent dust particle contamination, and then allowed 2 hours to dry before imaging.

2.4 Microwell Fill Efficiency

To characterize thilling efficiency of microwells on the microwell chip by the microbeads, an
image of the chip without the microbeads was obtained. Under the 20x microscope objective we
observed 80 microwells horizontally and 52 microwells vertically to obtain a totdll&d
microwells in the image. We then varied the concentration and size of the microbeads, then
calculated the percentage of microwells filled with microbeads relative to the total number of

microwells present.

2.5 Sample Imaging

All images were acquired ugirRETIGA EXi Fast Cooled Mono it chargecoupled diode
(CCD) camera from Qlmaging, mounted on an Olympus IX70 Inverted microscope at 20x
objective for all images (20x objective, NA = 0.50), unless specified as 32x objective (20x
objective, NA = 0.50, wh 1.6x further magnification). Quantum dot barcodes were excited
using a 100 W mercury lamp attached to the microscope, widigue illumination unless
otherwise specified, through excitattenmi s si o n fed 3 t 8650 [g5e0430LP3 o

( Thor lea=b s4)8,0ha05 3 B/ 1 0] =T hd& 0./(a4A5B0)1Q] $THHorabs), and

[ &= 4 8 0.4 =6d0/10]&Thorlabs). The emissioni | ther & 3841 058 &/ L0, an
= 640/10 corresponded with quantum d@@D54®, AQD58D, andAQD64®, respectively, and

were used to isolate for their fluorescence for resolving barcodes. Image exposure times,
adjustable using the software IgePro Plus from Media Cybernetics, were 50, 200, 200, and
200 for t he enmi S4s3i 0QknB , 5 8 OtdeH 0s,5 8/ 14 = 648/10d o

respectively.
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2.6 Image Processing and Analysis

All image processing and analysis were performed using MATLAE fidathWorks unless

otherwise specified.

2.7 Image Registration

Image registration to align the various filter images was performed using the diSoueier
transform registration, available as an ogenrce MATLAB plugin*®*?% The algorithm

accepts as inputs two images: a reference image and a moving image. The 430LP filter image
was used as the reference image and all other filter images were inputted as the moving image to
be aligned to the reference image. A registration fawtbr A 10 (i . e. simpl e t
was used over upsampling factor > 1 (i.e. for-pixel value registration) to preserve the original

intensity values, without smoothing and intensity extrapolation, as well as for simplicity.

2.8 Barcode Image Extraction

The binary mask approach first used the image morghole a | techniigarcg® of e
function in MATLAB) to remove small particles (i.e. debris or overly small barcodes) and
smooth over sharp intensitieso  p r otdinnedeversion @f the ndrobeads. Then, the image
morphological technique of dilatin im@ilated function in MATLAB) was applied tét hi c k e n 6
the microbeads back to their original size, ideally withouinteducing the small particles.

Then a common edge detection algorithre.(Sobel, Canny, Prewitt, or Roberts, all found in
MATLAB and each was tested), wa s inasp fpidally,e d t
regi on iMmfildfund n@n( A n MATLAB)f il -matke oatlimgstb creatd at o f
bi nary nafsdkr (mi.cer. 00livemackgraumdd

The Hough transform, available as an egenrce MATLAB plugin, (input parameters: range
of radii = [0,15]; lower bound intensity = 0.15; filter radius 2?8}*2 was used to determine

both the location and size of each microbead directly, without arppp®stprocessing.

2.9 Barcode Identification using Maximum Intensity Approach

The algorithm compares the highest intensity or highest intensity difference from the
interrogated microbeadds profile against the

with the most similarmarium i ntensity 1 s designated as th
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between two possibilitie&Bnigh0 (with higher mean intensities) arii,w0 (with lower mean

intensities) a threshold was defined fB¥,,0:

Ibarcode= | mean™t I'sTD

Equation 3.1

where
Ibarcode= INtensity threshold fofiBjo,0.
| mean= Mean intensity ofiB,,0
|sto= Intensity standard deviation B8B)o,0.

This threshold was calcul ated f oren=t h5e3 0bkhi 1g0h, e s
= 580/ 105 640418 tbriBeyo. If the highest intensities were similar in value between
MBiowoand MBhgt®, t he second highest filter intensit
corresponding filter intensity was equal to or lower thgho.de the barcode of interest was
fBiowO, OtherwiseBnigi0 was chosen.

2.10 Barcode ldentification using Euclidean Distance Approach

The algorithm calculates the Euclidean Di st :

profile and the known barcode intensity profiles:

' 2
!{[m?muu*h@}.:Eﬂﬂ.-"iﬂ - I?muu'ﬁ@).:EEU.-"iﬂ} +

. . 2
De = Uunknown — Tknown| = !'[fm:mmm@).:ssufm - f:muu-ﬁ@}.:ssufm} +

2
‘b\! ('{w—ikﬁ own@i=640/10 — I?mnwh @i=640/ llilj

Equation 3.2

where

Dg = Euclidean distance.
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lunknown lknown= Intensity profile of the unknown and known barcodes, respectively.
ls@<=530/10= INtensity value of barcodga t b B30/10 filter.
Is@<=ss0/10= INtensity value of barcodga t b B30/10 filter.
Is@<s640/10= INtensity value of barcodga t b @40/20 filter.

The barcode of interest was identified as the barcode whose known intensity profile resulted in

the smallest Euclidean distance.

2.11 Barcode ldentification using Two-Step Maximum Intensity or
Euclidean Distance Approach

A microbead was first categorized according to its highest to lowest intensities among the filters
dam= 530432 058 @/ 105 640410. Ther-from the set of select barcodes either the

maximum intensity or Euclideangdance approach, described above, was used.

2.12 Barcode Identification Accuracy Confirmation using Flow
Cytometry

To confirm the accuracy of the barcode identification process, a mixture of barcodes was
prepared by extracting and mixing 50 uL of each typeanétde synthesized. Then, 200 pL was
analyzed using flow cytometry to determine the percentage of each type of barcode present in the
mixture. And 20 pL of the barcode mixture was deposited on the microwell, let dry for 4 hours,
and analyzed using our algghm. The two sets of percentages were then compared to determine

the accuracy by the following equation:

(Expected Count) — |(Analysis Count) — (Expected Count)|
(Expected Count)

Analysis Accuracy (%) =

Equation 3.3

where

Analysis Accuracy Estimated accuracy of our barcode identification approach.



42

Expected Count Expected number of microbeaducd for each barcode type, obtained

from flow cytometry.

Analysis Count Actual number of microbead count for each barcode type, obtained by
from analysis approach.

3 Results & Discussion

3.1 Microwell Chip Platform

Thus farin the thesisthe microbeads liabeen deposited on traditional glass slides during
imaging, while the sampdaverestill in solution phasegbeforetheydry. At low exposure times

(~200 m) the image can be acquired without issues, albeit with minor aggred&igure

3.139). However, at higlexposures (> 250 ms), the minute movements of the microbeads resulted
in blurred images. Worse still, if multiple images need to be taken of the same field df view
with multiple filters for examplé each microbead would not be aligned across the imagasm

due to their minute movements in the solution phase. To overcome these issues, we attempted to
allow the microbeads to dry on the surface before imaging. While they were indeed immobilized,
the microbeads experienced high levafl aggregationKigure 3.1b), which can confound their

signal readout as the fluorescence signals can interfere with one another. Various methods were
attemptedi including varying microbead concentrations, adding different concentrations of
Tween, and using agarose for impiization i to no effect. Aside from the use agarose, which
hardened over the surface and thus undesirable for performing assays, microbeads under
conditions of simple drying were also easily washed away, renderirgatbeded chipuseless

during assayanditions.

Fortunately, we were able to identify a speciddpricated 3.Qum-sized microwell chip from
MicroPEP Figure 3.2a and . Once the microbeads, engineered to be ~3 um in size, were
deposited they settled into each microwell with high dispergi@ reduced aggregation)
(Figure 3.29. This facilitatel microbead image analysis as it rediitiee likelihood of crossalk
between barcode signals. More importantly, the microbeigdsad easily desorb from the chip
once the sample ddeand were bound, even during washindgrigure 3.2d). We believe these

microbeadsvereheld in place by nowovalent forces. But due to the proprietary natifrine
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Figure 3.1. Quantum dot barcodes on glass side.

Two types of quantum dot barcodes deposited on a glaks imaged using fluorescence

microscopy (a) before and (b) after the spotted sample had dried.
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Figure 3.2. Microwell chip.

(&) Scanning electron microscopy of the microwell chip surface (courtesy of MicroPeP). (b)
Physical size of the chip, with @enny for scale. Transillumination excitation of two types of
guantum dot barcodes deposited and dried on the chip (c) before and (d) after washing with
0.05% Tween in DD water, imaged using fluorescent microsdéigyre created by the author.
Reprinted édapted) with permission from soutte Copyright 2015 American Chemical
Society
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chip we were uable to verify theprecisemechanism. To characterize the filling efficiency of
microwells by the microbeadsn the chip, an image of the chip without the microbeads was
obtained. Under the 20x microscope objective we observed 80 micrdweitontally anl 52
microwells vertically to obtain a total of 4160 microwells in the imdggure 3.39. We then

varied the concentration and size of the microbeads, and calculated the percentage of microwells
filled with microbeads relative to the total number of owells presentKigure 3.3b and ¢.
Expectedly, the fill efficiency and microbead concentration are positively correlated and exist in
a logarithmic relationship such that it is linearly increasing uix1¢ microbeads/mL, then

the rate of fill efficiecy increase is reduced as the microbeads saturate the area affected. In
terms of how microbead size affects fill efficiency, we limited our study to microbeads between
2-3 pm in size.We found that e smaller microbeads achieved higher fill efficiencygr F
microbeads larger than 3 pum, or the size of the microwells, we observed that they did not settle
well into the microwells and tended to form many aggregates, and thus were not included in the
study Microbeads smaller than 2 um, on the other hand, mtbefringe of imaging resolution

§6,68,6?

capabilities of many cell phon@r smartphondased imaging systefit and were not

considered.

3.2 Approaches and Algorithms to Resolving Fluorescently-
Encoded Microbeads

Polymeric microbeads impregnated with fluorescent agerdggher organic dyes or quantum
dotsi in different concentrations at different emission wavelengted to be resolved from one
another in order for them to be used for multiplexed detection. That is, their fluorescence
signatures need to be differentiated either spectrally or optically from one another so that they
can be employed to identify theiespective pathogen or analyte accurately during detection.
This canbe done using instrumentation that acquires the emission spectra unique to each
encoded microbed"*?®> This can also be done using flow cytometry, which detects
fluorescence signals at different channels that correspond to the different emission wavelengths
within each encoded microb&dd**?* Such a technique is also used in commercial systems due
to its popularity?>*?® and has become a gold standard approach for microbead reBdtiut
fluorescence spectroscopy and flow cytometry yield robust and acowsués but their

identificationcapabilitiesrely on the sophistication aheir readoutnstrumentation.
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Figure 3.3. Microwell fill efficiency.

tfield microscopy. (b) Fill efficiency

(&) An unfilled microwell chip imaged usingdorigh

characterization using 2.(and 2.9um microbeads. (c) An example fluorescent microscopy

image of the micrevell chip deposited with 2 um microbeads at 60xffcrobeads/mL. Data

represent the mean and standard deviation from three replicaignee created by the author.

Reprinted (adapted) with permission from solirteCopyright 2015 American Chemical

Society
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As was discussed in the Chapter 1, while such tests can be used in the laboratory imndevelop
countries, suchtechniques that require expensive and bulky instruments as well as trained

personnel for operation are not suitable for poitare purposes in resourlimited settings.

The use of software algorithms to differentiate between diffeencoded microbeads or
fluorescence signals is another approach. Typically in these schemes, complexites
instrumentation fodata acquisition are reduced in favoumudre sophistication written into the
algorithm todifferentiate between th#uorescence signatures. This is more attractive fitoen
perspective ofpointof-care diagnostics since unlike hardware, software does not increase
transportation difficulty and can be made to be simple to use. Of course, ultimately how an
algorithm functios is dependent on the data acquired, which is in turn dependent on the
acquisition hardware. Buh generathe morefintelligence that isbuilt into the software means

less is required from the hardware end.

Sophisticated software and hardware can bebaoed to resolve a high number of encoded
microbeads. Inone of our g sturles’f® otlse emissierv specwas(i.e. Gaussian
profiles) of four quantum dots used to synthesize quantum dot bare@desdeterminecnd
parameterized. Then, an algorithmme&ed the emission spectra of each barcode interrogated in
asampleasasunio t he individual guantum dot spectr
the sum of Gaussians of the quantum dots used during its synfftesyavere able to use this
method to resolve a library of 150 quantum dot barcodes, made drdyn two-colour

combinations from the four original quantum dots.

The use of chargeoupled device (CCD) camera for fluorescence readout has become popular in
recent years, due to its relative small size and inexpensiveness compared to instruments such as
the fluorometer orflow cytometer. It is often employed in conjunction with sophisticated
algorithms for resolving fluorescence signals. One example indoheading encoded
microbeads using fiber optit®. Different microbeads, encoded with varying concentrations of

an organicdye (Eu), resulted in different fluorescence intensities when imagedalgorithm

then determined the meaintensity of each microbead and normalized it to the highest
concentrated microbead intensity. By comparing these with one another the algorithm was able

to differentiate thenifrom one anothefor applications irbiological warfare agent detection.
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Single-molecule binding detection was also achieved uaimgmbination of2CD fluorescence
imagingplusimage processing and analysis algoritffinGreen and redemitting quantum dots
conjugated to two complementary DNA strands were imaged on a surface. When the
complementary strand&ere boundedthe green and red signals merge to result in yellow
fluorescence. The algonitn was able to locate the yellow fluorescence, separate it into its
individual colour components of green and réukn curvefit their intensity profiles with
Gaussian profiles, and thus determine their respective points of maximum intensity. Using this
information and statistical analysis, they were able to deduce the DNA lbagtdd on

probability.

The combination of CCD imaging and a robust algorithm was also employed to resolve dye
impregnated microbeads on a microfluidics platform in an immunoaggaigationt*®. In this

study, amixture of three colours (green, yelloandred) of dyeencoded microbeads were run
through a microfluidics platform to perform the immunoassay before being collected at the
detection chamber, where they were immobilized on the same plane of view fangmag
algorithm evaluated the | i keness of a pixel @
either green, yellow, red) to determine its identity. Then, using the Hough transform (discussed
later), the size and location of the microbead ol the pixel residewere extracted, and the

pi xel 6s i dentthatofi twsa smiacsrsd lbygenaedd & .0

3.3 Overview of Imaging-Based Approach and Algorithm

In the examples listed above, the algorithms that were used often involved fitting the data with a
Gauwssian or a sum of Gaussian curves. While this is an applicable assumption for an encoded
mi crobeadds spectral or intensity profile, i
the data acquisition instrumentation and process. In other wbels,ccompanying algorithms

would be more sensitive to data irregularities such as saturations or artifacts that result in the
signal being noiGaussian, and thus unusable or contribute to poor analysis. For algorithms that
used only image intensities tesolve between encoded microbeads, which is more robust than
Gaussiarfitting, only one (Eudye)?” and three dgreen, yellow, red}® sources bfluorescence

were demonstrated. For our approach, we based it on image intensity and developed an algorithm

that can be easily extended to resolve more than three prifiaiplescences
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Our underlying approach to resolving the fluorescence signals rirahiiple sourced in our
case different quantum dot emissions in a bardodethin an image idispectral imaging or
Alambda stacking*® **%. This is the process of spectrally separating the total fluorescence into
its component emission wavelength i magses. OL
430LP filter image into its component channels of-geeenblue. That is, to differentiate the
guantum dot barcodes by theliree primarycolour channels. While thiwaspossible when the
barcode colors were few and distinct (e.gfigreem, fiyellowo, firedd), it be@me increasingly
difficult and prone to mors when higher multiplexing wadesiredas it required barcodes to
contain varying mixtures of the same quantum dots. This daasee barcodes to share similar
colour channel intensitied-{gure 3.4), due to intensity overlaps, i.e. different barcodes whose
colour channel intensities overlap wherror barsvereconsidered. Thigicreagd the possibility

of false identifications. In essendhe single emission filter image does not contain enough
spectral information (i.e. poor spectral/wavelength resolution) to allow for high multiplexing

applicdions.

To overcome the limitation of single longpass filter we elected to image samples using a set of
emi ssi onm=f i4l3t0ghrPs, 5 36h41 05 8 &/ 1.0= 64040 Elgure-3.5. With

t heseqen= #8430 was used as a reference image foofal he mi cr ohye=a d s .
5304 0 em=25 8 0/ 1.0=,640A4filler images were for isolating wavelength8@D54@®,
AQD58®, and QD64 quantum dots, respectively, used in our barcodes. The emission
bandwidth of 10 nm for each was intentionally selected to be small so thatiwee e effect

of signal overlap between each filtéfhis approach of using multiple emission filters, as
compared with using a single colour image, allows barcode resolution to be performed with high
accuracy while remaining easily scalable for gredt@rcode combinationslo analyze and

resolve the barcodes using these filter images, our algorithm consisted of four major steps
(Figure 3.6). The first step was image alignment, where each of the filter images was aligned
with the referencexn = 430LP filter image so that each microbead wadocalized across all

the filter images. The second step was microbead image extraction, where the size and location
(i .e. centre) of e@dBOLPiiitecimagdvece detewringdyfacifitatet h e ¢
intensity analysi s. The third step was &esta
mi crobeadds mean intensity at each filter w

barcodes were resolved based on their intepsdiile information. These are described in detalil
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Figure 3.4. Colour channel intensities of barcodes.

Colour intensities for nine different quantum dot barcodesBBlat the red (red bars), green
(green bars), and blue (blue bars) channels oéthe 430LP filter image for each barcode. The
yellow boxes indicate barcodes that would be difficult to differentiate due to the similar colour
channel intensitieskigure created by the author. Reprinted (adapted) with permission from

sourcé™® Copyright 2015 American Chemical Society



Figure 3.5. Imaging using multiple emission filters.

An exampe illustrating the optical differences of imaging different barcodes using different
emission filters: (agem = 430LP, (b)oem = 530/10, (Cpem = 580/10, and (d¥m = 640/10.
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Image Acquisition Image Allgnment (Algorithm)

530 nm

Filter Filter

Microbead Intensity Profile Microbead Extraction (Algorithm)
(Algorithm)

S —
530 nm 580 nm 640 nm

Filter Filter Filter

: Barcode Resolution |
Algorithm |

Figure 3.6. The imageanalysisprocess.

An overview of the algorithms involved in our image analyses.
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in the sections below. Note that this algorithm is easily extendable to inatgpoore than three
types of emission filter images or different emission wavelengths, enabling greater multiplexing

flexibility compared to the examples illustrated previously.

3.3.1 Image Alignment using Discrete Fourier Transform

Image registration is an imagrocessing technique through which two images are aligned. The
process finds the optimal overlay between the reference/source image and the moving image by
finding the transformation (i.e. translation, rotation, affine, or deformable) that allows the
mov ng I mage to resemble the reference iegmage
= 430LP filter image as the reference image to which all other filter images were to be aligned.
In doing so we ensured thatinute discrepancies or movements dgrithe image acquisition
process were accounted for, and tivaen we performed further image processing and analysis
the microbeads were aligned across all the filter images. Image registration, especially those
involving translations and/or rotations gnllike in our case, is typically performed in the
frequency or Fourier domain. That is, both the reference and moving images first undergo
Fourier transformation, to transform them from the spatial domain to the frequency domain,
before attempting the oxlay (Figure 3.7). In the Fourier domain images are represented as
weighted combinations of vertical and horizontaditensional sinusoidg={gure 3.7g. After

the transformation Kigure 3.7b), through computational optimization (i.e. local maximum
finding), the algorithm finds the translation and/or rotation for the moving image that yield the

highest similarity with the reference image.

We used the Fourier transform for image registration in our algorithm because it is more efficient
computationally thanusing the image themselves directly, especially for complex images
containing many microbeads. Furthermore, image registration performed in this manner is more
resistant to effects of noise in the imagésin our caseye opted to use the discrete Fourier
transform image registration technigtie It is based on the standard fast Fourier transform
typically employedfor image registrations. But since we do not expect the filter images to be
misaligned from one another by a large degree, we employed this technique where the search for
the optimal overlay is constrained to a smaller area about the initial estimation so as to reduce the

algorithm processing time (e.g. image registration for aliges can be performed in < 15 s).
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Longpass Filter 430 nm Filter

Transformed Transformed
Longpass Filter 430 nm Filter

Figure 3.7. Fourier transform of images.

(a) Fourier domain images are represented using a series of vertical (examples in left column)
and horizontal (exmples in right column)-8imensonal sinusoid images. (b) Exaregl ofexy, =
430LP andaxm = 530/10 filter images used in our analyses, and their corresponding Fourier

transformed images.
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3.3.2  Microbead Image Extraction using Hough Transform

To obtain the intensity information from each individual microbead we needed to iswate t

from the background and separate them from each other. Initial attempts at microbead image
extraction were done using simple image processing techniques, which are computationally
simple and thus reasoned to be more suitable for use on a cell phopeoasd to a dedicated
personal computer. To do this we attempted to create a binary mask over the image in order to
more easily determine each microbeadbs si ze
microbeads were lost because the morphologicatesses and microbead aggregatiesulted

in poor edge detection. Furthermore, such techniques are heavily influenced by the background
intensityand noisd(i.e. contrast between microbeads and background), so in the event of a high
background signadr noisefew microbeads would be detected. In short the lack of robustness in
this approach made it unappealifigglre 3.8).

The Hough transform technique was identified and used for the purpose of microbead
extractiot?*?2 It is an image processing technique used to extract features (e.g. lines, circles,
ellipses, etc.) fromvithin an image. An example with a line as the feature of interest will be used

to illustrate this process.
A line can bewritten as
y=mx+b
Equation 3.4
where
(x, y) = Any given point on the line.
(m, b = The parameters defining the line, withbeing its slope and being its intercept.

This is also to say that for a given poirg, (yo), there are theoretically an infinite humber of
parametersnf,, b)) € my( by) that can pass through this point. Thus, for a given prinyd) we
can convert its agation from theX, y) image space representation to the ) parameter space

representationHigure 3.99):
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Figure 3.8. Binary mask creation.

An example illustrating thgprocess ofbinary maskcreation using simple image processing
techniques. (a) Qginal image. (b) Original after image erosion and dilation. (c) Roberts edge
detection of the eroded and dilated image. (d) Region filling of the edge detected image. Red
circles provide some examples of the loss of microbeads due to either poor rdmigrofil

aggregation.
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a In (X, y) space
Y (my. by) (M2, by) Yo=mxo+ b
=mx+b
’ (ms, bs) D
/ s (M4, by)
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b=-X;m+ vy,
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In (X, y) space In (m, b) space (my, by) defines best fit
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y b y Yy = mgX + bg

Figure 3.9. Featureextraction using Hough transform.

(a) An illustration of the concept of converting a line from the image coordinate space to the
parameter space using the Hough transform. (b) An illustration of the conceqtingfihe line
of bestfit, through a set of feature points on an image, using the parameter space obtained using

the Hough transform.
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Yo=MXo+bY b=-xom+yp
Equation 3.5

Assume we wish to extract the line feature that passes through three poins (%, ¥»), and
(%3, ¥8) in the &, y) image space. We need to find the parameter poigtlp) in the parameter

spacefn, b such thatrfy, bp) is the intersection of the three lines

b=-xm+y
b=-xm+y,
b=-x3m+y3

Equations 3.6

with the equationsepresering all possible lines that pass through the poirtsy), (X2, y»), and
(x3, ¥3), respectively, in thenf, b parameter spadéigure 3.9b). That is, (ny, kp) defines the
line that best fits the three points,(y1), (X2, y»), and s, ys). Practically, the algorithm finds the
list of n parametersnf, b)) € my( b,) that pass through one or maregpoints of interest in the
image X, 1) € Xm{Ym). The parametemg, hy) that passes through the most number ofnthe
points is determined as the line of interest for extraction.

For extracting circular features, the same principles apply for the equation of a circle:
r? = (xi a)?+ (yi b)?
Equation 3.7
where
(x, y) = Any given point on the circle.

(r, a, b = The parameters defining the circle, witbeing its radius, anda(b) being its

origin.

Note that instead of the Cartesian coordinate system, Hough transform typicaltheigpedar
coordinate system to avoid issues with vertical lines (i.e. infinite sfgpsuch that the equation

of a line is represented as:
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r=xcos (yd) n¢gd)

Equation 3.8
where
(x, y) = Any given point on the line.
(rrd) = The paranmeeters defining the
And for a circle the equation is represented as:
x=a+rcos (d)
y=b+rsi n(d)
Equations 3.9

where
(x, y) = Any given point on the circle.
(r, a, b = The parameters defining the circle.

Using the Hough transform in our algorithm werav@ble to dentify the sizeandlocation (i.e.

the circumference andenter)of each microbead, highlighted on the imadgeg(re 3.10.
Building on this, the algorithm was improved to allow the user to manually remove erroreously
identified particles. This techniqueffered more sophistication and robustness compared to
simple morphological and image processing techniques while still remaining computationally
efficient (i.e. the microbead image extraction process can be performed in < 10 s).

3.3.3  Establishing Microbead Intensity Profiles

Having extracted the location and size of all the microbeads in the image, the algooition
proceed to assign them intensity values to form their intensity profiles. Consider a microbead,
extracted fromasy, = 430LP filter image and locatd i nem 2 38@/10 dlter image, the
algorithm finds the average pixel intensity within @scumference(obtained from the size
information of the Hough transform algorithm), and associates this mean value as the
mi cr o b.g=a5B@1O filterintes i t y . The same=vb&8&0ahd ne f or

t
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Figure 3.10. Hough transform microbead extraction.

An example illustrating the use of the Hough transform to extract microbeads from ifilages.
blue outlines indicate the extractettcumferenceof the mcrobeads and the red crosshairs
indicate their center. The red circle highligipi®vide some examples of successful extraction
despite intensity crossovers that might have cofounded extraction using the edge detection

approach.
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asm = 640/10 filter imags so that in the end, the microbead is associated with its intensity profile
consisting of the mganb5BAadk= 058 B/y L0 640d0diter ® f t
images.This algorithm was applied to nine uniqualynthesized quantum dot bades (labeled
asb500, 5050, 0550, 1350, A3150, 3510, 5130, 5310, andb550, whose names were based

on concentrations of the various quantum dots used during synthesis) in order to establish their
intensity profiles Figure 3.11). These intensitympof i | e s, which we <calll

barcode intensity profileso, formed the basi

3.3.4  Quantum Dot Barcode Identification and Resolution

In order to identify a microbead, or unknown barcode on the chip, its intensifje pvas
compared against the nine known barcode intensity profféggue 3.11). The unknown
barcodeds intensity profile was compared agese
unknown barcode was identified as the known barcode whosesiigt@nofile best matches its

own. To do this, four methods of comparisons were experimented with: 1) differentiation based
on maximum intensity, 2) differentiation based on the Euclidean distance, 3) differentiation
based on a twstep maximum intensitypgroach, and 4) differentiation based on a-step

Euclidean distance approach.

I n the first compari son case, maxi mumnp=a nt en
530/ k9, 580/ 10,6404 M fiter imagesvasused as the basis of cparison. In the

second comparison case, Euclidean distance, the Euclidean distance equation (see Section z
Experimental Methodswas used as the metric to measure the difference between the intensity
values of the unknown barcode and that of the knownobdre s 6 . In the third
thetwost ep approaches, the algorithm first cat
according to its highesttolowtes i nt ensi t i € Segma M® B @/, 2 WELO0dandl t er
asm= 640/10. Then from the set of select barcodes that followed this pattern, either the maximum
intensity or Euclidean distance approach, described above, was used. An example to ilestrate

barcode resolution process for the t8tep maximum intensity approadfiqure 3.12:

A microbead B is i maged ammn=d 5h3a0s) 2a0n5 8iBGtxeln s iat
640/ 10] = [25& i B820B/ &,8bB680[ &6 P3018]. gn@axamination
of the set of barcodes used, B has a similar intensity profile (i.e. same order of highest to lowest
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Figure 3.11. Barcode intensity profiles.

Barcode intensity profiles, from microscopy images, for the barcodes synthesized. Frium left
right the coloured bar r epr esent i Nt ensint=y 503b0s/ elrOvegbdg riene |
580/ 10 ( vy ed=I1660A) (red)aDatd remesent the mean and standard deviation from
three replicationsFigure created by the author. Reprinted (adapted) with permission from
sourcé™® Copyright 2015 American Chemical Society
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Figure 3.12. Barcode resolution process.

An example illustrating the process through whiclma c r o bbareodedis identified and
resolved among a mixture of the nine barcodes used in this cHaptee created by the author.
Reprinted (adapted) with permission from solifteCopyright 2015 American Chemical
Society
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filter intensities) as Bs and B3 At enmt=1640/10afilter (the marmum filter intensity
compared to the other two filter intensities};&h a sem o 680/10] = 641 and 83 has[ & =

640/10] = 454, so the latter is chosen @3.B The i ntensity thregshol d
640/10] for Bow = Bs13

Ibarcode= Imean+ IsTp= 454 + 48 = 502

Si nc e enB 649/10] =450 is less thdpurcoge= 502 0of Bow = Bsy3, B is identified as By =

Bsia.

3.4 Algorithm Accuracy Validation using Flow Cytometry

We validated the accuracy of our four methods using flow cytomeing tise channelBITC-A

(525 nm), PEA (575 nm), and “-AAD-A (650 nm) to correspond tGQD54@®, iAQD58®, and
AQD64M, respectively. Specifically, we first obtained the percent population of each barcode
within a mixture of barcodes mixture of two to ninedifferent barcodes were testédand
established it as our gold standard. Then we analyzed the same mixture using our algorithms and
computel the difference in population data between the two approaches using an equation
(Figure 3.139. That is, the smadl the difference between the two approaches, the higher the
accuracy of our technique. For a mixture of nine barcodes, we were able to attain an accuracy of
95% using the twstep maximum intensity approach to identify and resolve the barcodes
(Figure 3.13b).
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Figure 3.13. Barcode resolution accuracy.

(&) An example using a-léarcode mixture illustrating the process through which we determine
the accuracy of our barcode resolution algorithm. fixgpected Count ourfigold standard,

was obtained fromldw cytometry. TheiAnalysis Cournit was obtained from our algorithm. (b)
Analysis accuracy of our algorithms when used to resolve the nine barcodes used in this chapter.

Data represent the mean and standard deviation from three replications.
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4  Chapter Summary

In this chapter we functionalized a microwell chip with quantum dot barcodes to reduce the need
for reagents in solutions, and characterized their filling efficiency on the chip. We developed an
algorithm to align a series of microbead images taken ss@sous filtersandto extractthe
microbeaddrom the background and each othesing these we developed emensitybased
algorithm to identify and resolve up to nine different barcode signatures with 95% accuracy.
These allow for a multiplexed diagstic platform that is portable, easy to use, and readily
analyzable with an imagirlgased approach using a smartphone camera.

5 Author Contributions

The experiments were designed KyMing andW.C.W. Chan. Experiments were performed
by D. Li (quantum dotsynthesis) andK. Ming (all others). Analyses were performed Ky
Ming. Algorithms were written byX. Ming . This chapter was written b¢. Ming .
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Chapter 4
Quantum Dot Barcode Genetic Assays on a Chip

1 Introduction

In the previous chapter, we presented ratsgy to funtionalize a chipbased substrateith
guantum dot barcodes and demonstrated the ability to be able to identify and resolve between
nine barcodes with 95% accuracy using a simple imaging technique. To further our goal of
developing poinbf-cae diagnostics, we need to be able &fgrm molecular detection using

those barcodesThe quantum dot barcodedeveloped by our groupffer many advantagen

terms ofdiagnostics, including(l) established synthesis protocols and meth@isnexpensie
production (3) flexibility due to their ability to be functionalized with and thus detect for both
genomic and proteomic sampled) faster reaction kinetics compared to flat, surfacased

assay platforms (e.g. microarrays), and (5) size tunalditgontrol assay conditioffs The
microbead assay, to reviewjvolves first the functionalization or conjugation of capturing
agents (e.g. oligonucleotides, antibodies, peptides, etc.). Then, the microbeads bind with or
capure the complementary molecwéinterest(i.e. the targeted analytejinally, the complexs

| abel ed or Ataggedo wi tdonstact fmicoleadeaptuiegragenta g e n
target moleculafluorescent ageritf or ms a @ s a n dreundthé targessuch that thes r e
barcoded microbead is used to identify the type of tadgetto the specific capturing agents
functionalized on the surfacand the fluorescent agent is used to determine the preaerdce

amountof the target.

Over the last decade, ougroup has optimized and solved the chemistry design issues of
microbeadbased asays, in particular quantum dot barcode assays, and demonstrated their utility
for detecting both genomic and proteomic targets using syntkatitpled %% |n this
chapter, we describe how we haweailt on this knowledge and extesdlit to our chipbased
platform wherein both the genetic assay and detegtiene performed directly over top of our
gquantum dot barcode microwell chip. Specifically, ledmarcode contaad a unique optical
signature due to the incorporation of different emitting quantum dots, which iderttike
surfaceconjugated oligonucleotide that can bind and recognize specific target deoxyribonucleic
acid (DNA). In our case the patyrene microbeads usedntainmaleic anhydride that converts

into carboxylic acid functional growp which allowthe barcoded microbeads to conjugate to a
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targeting molecule using carbodiimide chemistry. Detection occurs when a secondary label, a
fluorophorelabeled oligonucleotide, also binds to the target and the overall optical signal of the
microbeads comprises of both the barcode and the secondary label of the detection strand. In the
absence of the target the detection strand does not bind arftbdhephore thus does not
contribute to the signal detectiofrigure 4.1). Note that in our assays, we typically use a
microbeadilling efficiency of 25 to 50%won the microwell chigo reduce potentials for barcode
aggregation and thus signal overl&ourthermore, forthe customdesigned synthetic sequences

used herghybridization between the capture and target strands, and target with detection strands

wereperfectly congruent (i.e. no bagair mismatches)

2 Experimental Methods

2.1 Quantum Dot Synthesis

Sarre proceduresas those in Chapterwere usedQuantum dot synthesis and characterization
performed byD. Li.

2.2 Quantum Dot Barcode Synthesis

Sameproceduresas those in Chapter ®ere used The barcodes synthesized are presented
(Table 4.7) along with theirsynthesis parametergble 4.2. Quantum dot barcode synthesis
and characterization performed AyLam.

2.3 Barcode Microbead Conjugation and Validation

For the synthetic samples, conjugation of DNA capture strands (i.e. amine groups present on the
506 e thd camure DNA strands) to their corresponding barcode microbeads (i.e. carboxylic
acid groups present on the polymeric surface of the microbeads) was done through reaction with
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC). DNA eapt strands

(Table 4.1) from IDT DNA Technologies, purchased high performance liquid chromatography
purified (HPLGpur i f i ed) , were designed with an ami
They were first prepared at a concentration of 10 pmol/uL in-Hilylenediaminetetraacetic

acid (TE) buffer (pH 8) and stored at 4 °C until further use. To conjugate, EDC was first
dissolved in ZN-morpholino)ethanesulfonic acid (MES) buffer (pH 5, 100 mM) at a

concentration of 100 mg/mL. Approximately®I@icrobeadsvere mixed with 100 pL of the
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Figure 4.1. Quantum dot barcode genetic assay

The assay on the microwell chip involves the addition of genetic samples to our quantum dot
barcoded chip, whose microbeads are coated with molecules that recognize a afytget &his

target analyte joins the barcode to the secondary probe. Since each barcode is conjugated with a
known biarecognition molecule for a specific pathogen target, the imaging of the optical signal
from the barcode would allow for the identificati of the pathogen and whether it is present in a
patient sample (i.e. lack of secondary probe signal indicates no pathogen present, in this case the
yellow microbead).Figure created by the author. Reprinted (adapted) with permission from
sourcé™® Copyright 2015 American Chemical Society



Table 4.1. List of barcodes synthesized and their correspondg DNA strands

Disease Biomarker Capture Target Name/ Secondary Corresponding Barcode Spectrum
Name/ Length/ Probe Barcode
Length/ Sequence Name/Len./
Sequence Sequence
Influenza | Hemagglutinini | C1/ T1/ D/ 1540
InfluenzaType A | 30 nt/ 58 nt/ 25 nt/
(HIN1) CCCTCT CGG CGA TGA Alexab47 oo
TAG TTT ATA CCT AGC TAA GTG
GCA TAG ACACTT ACTA TGC TAG = .7\
TTT CCC CATAA CGG GAA | GTATTC o
GTT ATG ACT ATG CAA ATC GCC G R B
ACT AAG AGG G
Influenza | Neuraminidasé | C2/ T2/
InfluenzaType A | 30 nt/ 58 nt/
(H3N2) ACT TGG CGG CGATGA
TIGTTT ATA CCT AGC
GGG GGG | ACACTTACTA
GAG TTG TG AAT TCA ACT y
AAT TCA CCC CCC CAA At
ACAACCAAGT
Influenza | Hemagglutinini | C3/ T3/
Influenza Type A| 30 nt/ 58 nt/
(H5N1) CCATTC CGG CGATGA
CCT GCC ATA CCT AGC
ATCCTC | ACACTTACTA /L
CCT CTA GT TTT ATA GAG |
TAA AAC GGA GGA TGG N
CAG GGAATG G
Hepatitis | PB-27 HBV C4/ T4/
B (HBV) 25 nt/ 53 nt/
TCA GAA CGG CGATGA
GGC AAA ATA CCT AGC
AAA GAG ACACTT ACTA
AGTAACT | AGTTACTCTCT |
-CII\T TTG CCTTCT S
Hepatitis | KY 1507 HCV C5/ T5/
C (HCV) 26 nt/ 54 nt/
CAT AGT CGG CGATGA
GGT CTG ATA CCT AGC
CGG AAC ACACTT ACTA
CGG TGA AC TCACCG GTT A N
GT CCG CAG ACC S
ACT ATG
Negative ce/ T6/
Control 22 nt/ 50 nt/
GAC AAT CGG CGATGA
GCT CAC ATA CCT AGC
TGA GGA ACACTT ACTA
TAGT AC TAT CCT CAG _A
TGAGCATTIGTC S
Positive C7/ T7/
Control 15 nt/ 43 nt/
CCA ATA CGG CGATGA
TCG GCG ATA CCT AGC
GCC ACACTTACTA

GG CCG CCG ATA
TTGG

|

55 600 850 0
Wavelength (nm)

Tablecreated by the author. Reprinted (adapted) with permission from SGu@epyright 2015
American Chemical Society
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Barcode | Diameter (um) QD540 QD589 QD640
Concentration Concentration Concentration
(UL/mL) (UL/mL) (UL/mL)

Bl 2.70+1.61 60

B2 2.70 +1.36 57

B3 2.70 +1.60 60 11.4

B4 2.70 +1.60 12 57

B5 2.70+1.34 57 182

B6 3.50+1.19 910

B7 270+ 1.51 182

Table created bj. Lam. Reprinted (adaptl) with permission from sourté Copyright 2015

American Chemical Society
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EDC solution, and itvas allowed to activate the microbead carboxyl groups for 10 minutes.
Then, 2.88 uL of the DNA capture strand solution, corresponding to 28.8 pmol of DNA, was
added to the microbead solution. The reaction was allowed to take place overnight.

To validate he conjugation, 1 pL of DD water containing 5% Tween was added to the
microbead solution, centrifuged at 3000 g for 5 minutes. Then, 50 pL of the supernatant was
extracted. The same conjugation procedures described above were performed for the control
case for each barcode (i.e. no conjugation), except DD water was added in place of beads. In a
black 96well plate, 10 pL of the supernatants from all conjugation cases, 10 pL of the
supernatants from all control cases, as well as 10 pL of four blank casastw only DD

water, were each added to individual wells. SYBR gold from Invitrogen, dissolved in dimethyl
sulfoxide (DMSO), was first diluted to 0.5:10000 dilution by adding 0.5 L of it to 10 mL of TE
buffer (pH 8), then 190 pL of the dilution was aeldl to each of the sampbtentaining wells. All
reactions were incubated at room temperature for 15 minutes before being read using a plate
reader from BMG Labtech. Amount of conjugation for each barcode was then determined by
comparing the fluorescence thie conjugation cases with their respective controls containing no
beads. That is, lower signal indicates higher amount of conjugation. Results were converted to

efficiency in percentage§igure 4.2).

To finish the conjugation process, after the 50 pthefsupernatant was extracted for validation,

the remaining supernatant was removed. Then, the conjugated microbeads were washed twice
with 100 pL of DD water containing 0.05% Tween and centrifuged at 3000 g for 5 minutes to
remove any nowonjugated DNA apture strands. The conjugated microbeads were then stored

in 100 uL DD water containing 0.05% Tween at 4 °C until further Bsg#code microbead
conjugation and validation performed KyChen andA. Syed

2.4 Solution Assay

DNA captures strands (length: 30 n s e q UAATATA TTTSGT TTT CCC AAA CCA
GTTTAA-36) were from Bi o B gurified. DNAtarget strapds (lendtha s e d
58 nt; S-E@QuE@GACTBA ATA GCT AGC ACA CTT ACT ATT AAA CTG GTT

TGG GAA AAC CAA ATATAT T-30) f r o min®d,ipaurchadBed HPLurified, were
prepared in concentrations of 0 and 100 fmol/uL in TE buffer (pH 8). DNA detection strand
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Figure 4.2. Capture strand conjugation efficiency

Capture strand conjugation efficiency for each barcode. Data represaneéimeand standard
deviation from three replicationgrigure createdby A. Syed Reprinted (adapted) with
permission from sour¢&. Copyright 2015 American Chemical Society
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(length: 25 nt; sequenct:-&lexab4#TAA GTG TGC TAG GTA TTC ATC GCC & Yfrom

| DT DNA Technol ogies with Al exa647 -putifiedyr oph
were prepagd with concentration of 100 pmol/uL in TE buffer (pH 8). Both DNA target and
detection strand samples were stored at 4 °C until further use. To perform the assay, 1 pL of the
conjugated bead sample, corresponding to approximatélgohjugated beads, wasixed with

1 uL of the DNA target strand sample (100 fmol), 5 pL of hybridization buffer (10x SSC, 0.1%
SDS, pH 7, heated to 60 °C), 2 pL of DD water, and 1 pL of DNA detection strands (100 pmol)
or DD water (for the blank condition). This resulted irotak hybridization volume of 10 pL.

This was incubated at 37 °C for 20 minutes. The samples were then washed twice with 100 uL of
washing buffer (0.5x salirgodium citrate (SSC), 0.1% sodium dodecyl sulfate (SDS), pH 7,
heated to 37 °C) and centrifuged3®00 g for 5 minutes to remove any Aaybridized strands

in the supernatant. The final 10 pL sample was either used for flow cytometry analysis or then
deposited on a microwell slide and let dry for 4 hours before imaging. Solution assay performed
by K. Chen.

2.5 Flow Cytometry Analysis of Solution Assay

After the assay 190 pL of washing buffer (0.5x SSC, 0.1% $ib557, heated to 37 °C) was
added to the sample to bringto a total volume of 200 uLBD FACSCalibu was used to
perform the analysiglow cytanetry analysis performed k¢, Chen.

2.6 Surface Assay Protocol for Optimization

DNA captures strands -AATATAGITTNGGT BTTd C@Q AAA GGAQ U € n (
GTTTAA-306) were from Bi o B gurified. DNAtarget strapds (lendtha s e d
58 nt s e q u-€EGX EGA TGAOATA CCT AGC ACA CTT ACT ATT AAA CTG GTT

TGG GAA AAC CAAATATATT-36) from Bi o Basi eurfied,avere pur
prepared in concentrations of 0 and 100 fmol/uL in TE buffer (pH 8). DNA detection strand
(length: 25 nt; sguence’5 -Alexab4#TAA GTG TGC TAG GTA TTC ATC GCC & Yfrom

| DT DNA Technol ogies with Al exa647 -pulifiedpr oph
were prepared in desired concentration in TE buffer (pH 8). Both DNA target and detection
strand samples @ve stored at 4 °C until further use. To perform the ask&yconjugated

microbeads were deposited on a microwell chip for each assay condition and let dryl {then,
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of DNA target strand sampld pmol)was mixed with8 pL of hybridization buffer DD water;

PBST, pH 7.4; 1x, 2x, 5%, or 10x SSA3 the final solution concentratiopH 7), andl pL of

DNA detection strand$10x, 100x, 1000x, or 10000x relative to target)DD water (for the

blank condition). ThelO pL hybridization solution for each assegndition was deposited over

the conjugated bead spots on the microwell chips and incubated at the desired ten{@@rature

37 °C) for the desired amount of tim@ to 40 minutes) The microwell chips were then
submerged in 10 mL of washing buffer (058C, 0.1% SDS, pH 7, heated to 37 °C), washed by
agitation for 20 s, then let dry for 5 minutes before being imaged. Note that care must be taken so

that the washing buffer does not dry and crystallize over the sample spots

2.7 Sensitivity Assay

Sensitivityassays were performed directly on the microwell chips for all infectious disease DNA
target strands and their respective conjugated barcode microbead$dinterd.1 DNA target
strands from Bio Basic Inc., purchased HPh@ified, were prepared in increag
concentrations of 0, 5, 10, 50, 100, 500, 1000, and 2000 fmol/uL in TE buffer (pH 8). DNA
detection strand from | DT DNA Technol ogi es
purchased HPL@urified, were prepared with concentration of 100 pmol/uL inbLier (pH

8). Both DNA target and detection strand samples were stored at 4 °C until further use. To
perform the assay, 1 pL of the conjugated bead sample, corresponding to approxintately 10
conjugated beads, was deposited on a microwell chip for eaaly asndition and let dry for 1

hour. Then, 1 uL of each DNA target strand sanfp|e, 10, 50, 100, 500, 1000, and 2000 fmol)
was mixed with 5 pL of hybridization buffer (10x SSC, 0.1% SDS, pH 7, heated to 60 °C), 3 pL
of DD water, and 1 pL of DNA detdon strands(100 pmol)or DD water (for the blank
condition). This resulted in a total hybridization volume of 10 pL for each assay condition,
which include blank, 0, 5, 10, 50, 100, 500, 1000, and 2000 fmol. The hybridization solution for
each assay corthin was deposited over the conjugated bead spots on the microwell chips and
incubated at 37 °C for 20 minutes. The microwell chips were then submerged in 10 mL of
washing buffer (0.5x SSC, 0.1% SDS, pH 7, heated to 37 °C), washed by agitation fore20 s, th
let dry for 5 minutes before being imaged. Note that care must be taken so that the washing
buffer does not dry and crystallize over the sample s[@®ssitivity assays performed by

Chen, A. Syed, anK. Ming.
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2.8 Multiplexing Assay

For the 3plex multplexing assay, 2 uL of each conjugated barcode sarBak€(, B4C4, and

B6-C6 in Table 4.}, corresponding to approximatelx10* barcodes each, were mixed together
with 18 uL of DD water to produce a 4x dilution factor of the original. The dilution was t
reduce bead aggregation after deposition on chip, which may confound barcode resolution during
analysis. To perform the assay, 5 UL of the conjugated barcode mixture, corresponding to
approximatelyl1.25x1G conjugated beads, was deposited on a microerep for each assay
condition and let dry for 3 hours. Then, 2 puL of T1 and T6 (concentration of 2 pmol/ul.aach

2 pmd each) was mixed with 40 pL of hybridization buffer (10x SSC, 0.1% SDS, pH 7, heated

to 60 °C), 14 pL of DD water, and 16 pL of theteletion strand (concentration of 100 pmol/uL

or 1600 pmdl. This resulted in a total hybridization volume of 70 uL. From this, 10 uL of the
hybridization solution was deposited over the conjugated barcode spots on the microwell chip
and incubated at 37 °@r 20 minutes. The microwell chip was then submerged in 10 mL of
washing buffer (0.5x SSC, 0.1% SDS, pH 7, heated to 37 °C), washed by agitation for 20 s,
washed again in another 10 mL of washing buffer to further reducspemific binding, then let

dry for 5 minutes before being imaged. Note that care must be taken so that the washing buffer

does not dry and crystallize over the sample spots.

Cross reactivity between all five DNA target strands and their corresponding conjugated
barcodes, as well as gative and positive control cases, was studied ffavle 4.1 First, 6 pL

of each conjugated barcode sample, corresponding to approxirfaiéfybarcodes each, were
mixed together with 126 pL of DD water to produce a 4x dilution factor of the origima. T
dilution was to reduce bead aggregation after deposition on chip, which may confound barcode
resolution during analysis. To perform the assay, 8 uL of the diluted conjugated barcode mixture,
corresponding to approximately 2X1€bnjugated beads, was asjted on a microwell chip for

each multiplexing case and let dry for 4 hours. Then, 2 uL of each target case (DD water for the
negative conditions, and corresponding DNA target strand sample with concentration of 2
pmol/uL for the positive conditionsor 2 pmol each was mixed with 35 pL of hybridization
buffer (10x SSC, 0.1% SDS, pH 7, heated to 60 °C), 14 uL of DD water, and 7 pL of the
detection strand (concentration of 100 pmol/phr 700 pmagl. This resulted in a total
hybridization volume of 70 L foeach multiplexing case. From this, 20 pL of the hybridization
solution for each multiplexing case was deposited over the conjugated barcode spots on the
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microwell chip and incubated at 37 °C for 20 minutes. The microwell chip was then submerged
in 10 mL of washing buffer (0.5x SSC, 0.1% SDS, pH 7, heated to 37 °C), washed by agitation
for 20 s, washed again in another 10 mL of washing buffer to further reduespeocific
binding, and then let dry for 5 minutes before being imaged. Note that care ntais¢ihao that

the washing buffer does not dry and crystallize over the sample. $polisplexing assays
performed byK. Chen, A. Syed,andK. Ming.

2.9 Sample Imaging

All images were acquired using RETIGA EXi Fast Cooled MonebitZ2CD camera from
QImaging o the iPhone 4S from Apple, as specified, mounted on an Olympus IX70 Inverted
microscope at 20x magnification for all assays (20x objective, NA = 0.50) or 32x magnification
for all photographs (20x objective, NA = 0.50, with 1.6x further magnificationan@um dot
barcodes and Alexa647 fluorophore were excited using a 100 W mercury lamp attached to the
microscope, , through exationre mi s si on 3 | 3 50:4LBs0At3BLPE (I hoOr |
= 480~h3d 05300 10] &=Thdo8Uefeb05)8,0/ [10 ] &=T hd& Uchob(B,) , &
640/ 10] (Thge!l 889y 4 092/408(Semmsck, Brightline Cy8040A). The

emi ssi opgn=f B5B0HLHADS5 8@/ 1.H= 64040 cbrresponded with quantum dots
AQD54®, AQD58%®, andQD64M®, respectively, and were used to isolate for their fluorescence
for resolving bar cq=e692/40 Was asette isvlate foi tkendetdction t e r
strand Alexa647 fluorophore fluorescence as a means to measure the amount of analyte that
hybridized with its corresponding capture strand. Image exposure times, adjustable using the
software Imagd°ro Plus from Media Cybernes for the CCD were 50, 200, 200, 200, and 1000

ms for the epd s&3 QUP,I5B0L,Leir0ss 8@h3 06 4 @/ 1.P=5 and
692/ 40, respectivel y. |l mage exposure times,
App Store for the iPhork S were 1/ 20, 1/5, 1/5, &E&OLPand
dm= 5 3 0eh=l 05 8 (g%,=1 06 4 O 1,0=,692d0) dspextively.

2.10 Image Analysis

A custommade algorithm was written in Mat hWor k¢
supplenent secti on for the code). The al goepi t hm
= 430h+P,5304L342 058 @LEL 064 B/ LP=69280) df a sample. The images

were cropped to include microbeads of interest based on user selddt®mrcropped filter
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i mages wer e ad,+ 430Le diterumagehthrough the use of the Discrete Fourier
Transform registratiod®'®*® The algorithm then identified the size and location of each
microbead, based on its garances inhte ¢, & 430LP filter image, using the Hough
transformt®>*?% Erroneouslyidentified microbeads (e.g. debris, imaging artefacts, overlapping
microbeads) were excluded based on user input. Each microbead was then associated with the
mean pixel intensity across its area at each of the four remaining filter images. For each
microbe ad, emEh & 3 841 05 8 @&/ 1.0H= 640410 fiter snhage intensities comprised

its intensity ep7692/40 Ifileer, imagehintdnety indicaded the fluorescent
secondary probe intensity. In order to identify the microbeads on ibe katown barcode
intensity profiles were first established, in this case using the smartphone irrages @.3).

These profiles were obtained by imaging all the barcodes alone and calculating the mean filter
intensity across all microbeads for eachefiltNote that due to the high intensity at thg =

692/ 40 filter for S 0 men =B924@ fiter entensity was cubtracteld t h
from the assay signals when assays were per
compared against each knowntifykthe roarcodk eodisterest.n t e n
Specifically, a barcode was classified according to its type (i.e. synthetic or clinical sample) and
hi ghest to | owest i npt=e ns3 /i leCs, aseOmM,g= 6UGIR.0 /f1 A,
This narrowed the selection dowo either one barcode, in which case the barcode of interest
was identified, or two barcodes. Between two possibilfigg0 (with higher mean intensities)

andfB,,0 (with lower mean intensities) a threshold was definediigy,0:
Ibarcode= I meant IsTD
Equation 4.1
where
lbarcode= | Nt ensity whreshold for fAB
Imean= Mean intynsity of 0B

Isp= I ntensity stawdard deviation of fi B
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Figure 4.3. Barcode intensity profiles

Barcode intensity profiles, from smartphone images, for the 8asto Table 4.1 From left to
right the coloured bars r epigmes en3t0/ilmteeEngsrieten
580/ 10 (ey=el6H0/)1 0 afx 6O2¥40 (darlared). Data represent the mean and
standard deviation from three rep@limns.Figure created by the author. Reprinted (adapted) with

permission from sour¢&. Copyright2015 American Chemical Society
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This threshold was calculated forthd ghest i ntensity egamaobn3gsihtl Ot, h e
= 580/ 105 640410 torii B,0. If the highest intensities were similar in value between
igwoandng®@ B the second highest filter intensi

comresponding filter intensity was equal to or lower thag.4 the barcode of interest wasg,o,

ot her wdos ewafisB chosen.

We determined whether the analyte of interest is present by using the intensity values from the
asm = 692/40 filter, which islates for the Alexa Fluor 647 secondary probe signal. The mean
intensity value across the microbead surface, for all barcodes of the same type, were used
directly in all cases.
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3 Results & Discussion

3.1 Solution- vs. Surface-based Genetic Assay

We compared th differences between (1) solutibasedbarcodeassay detected using flow
cytometer, (2) solutiofbasedbarcodeassay imaged using CCD camera, and (3) suifased
barcodeassay imaged using CCD camera. Unfortunately, sutfasedbarcodeassays cannot

be detected using flow cytometgs it requires samples to be in solution formBlree
conditions were studied: (1) conjugated barcode, (2) conjugated barcode incubated with
detection strand and no target (i.e. negative control), and (3) full hybridizatib 100 fmol of

target (i.e. positive control}{gure 4.4). Note that this amount of target used (100 fmol) was

based ora study conducted by our group previodsly

While the intensity values were not comparable between the flow cytometer and the CCD
camera as they were generated from different instruments, wevetisa large (~50x) difference
between the negative and positive controls in the flow cytometry Eapar€ 4.439, which was

not true for either imaging cases. This was puzzling for the case of solution assay imaging
(Figure 4.4b) given that the same assfrom flow cytometry was used. One explanation is in the
instrumental sensitivity difference between them, which is logical given that theytometer

is a dedicatednstrument albeit larger and more expensive, compared to a microscopa. As
further explanation, two factors need to be noted in the solution assay imaging case. It was
observed that the deposition and drymfgmicrobeads on the microwell chgfter the assay
resulted in more microbead aggregations compared to deposition and dryiregnaicthbeads
before the assay. This was likely due to interactions betweergdhetic strands on the
microbeads. We also observed cryited structures forming on the surface after depositing the
solution assay. These were suspected to be salt crirstaishe washing buffer (consisting of

0.5x SSC and 0.1% SDS), in which the microbeads sespendingostwash. Both factors can
affect the resulting intensities and may explthe lack of difference between negative and
positive controls in the solutioassay imaging case. For the surface assay imagingrégaes(

4.49 the lack of difference between the negative and positive controls can be attributed to, again,
the reduced instrumental sensitivity, as well as the lack of optimization and chartotewta

its analytical sensitivity range.
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Figure 4.4. Comparison of flow cytometry and CCD imaging genetic assays

Comparison of genetic assays performed and detected using (a) sbhgembarcodeassay and
flow cytometry, (b) solutiorbasedbarcodeassay and CCD imaging, and (c) surthesed
barcodeassay and CCD imagingCustomdesignedDNA captures strand (length: 30 nt;

S equenABA ATASTOT GGT TTT CCC AAA CCA GTT TAA30) , DNA targe
(l'engt h: 5 8 -C6G CGASTEAH ATA CCTAGC ARA CTT ACT ATT AAA CTG
GTT TGG GAA AAC CAA ATA TAT T-306) , and DNA detection s

sequence5 -Alexab47TAA GTG TGC TAG GTA TTC ATC GCC & Ywere usedData

represent the mean and standard error from three replications.
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It should be nted that solutiorbased assays tend to be more homogeneous (i.e. even coverage
of analytes) and result in better hybridization kinetics compared to sirésesl assays (e.qg.
microarray or our microbeacbated chip). This is because in solutlmased assay the
microbeads are suspended in solution and free to move about, and can therefore refresh their
depletion layer to hybridize with more analyf8sThis is incontrast with surfacbased assays

where the capture strands are fixed in place, either directly on a substrate (microarray) or on the
surface of microbeads (in our case). However, due to the increased surface area from the use of
microbeads, we do expeatir approach tbe better than pure planar approaches like microarrays

with regards to assay performances. In all, while our sutfased imaging system offers greater
portability, economy, and ease of use compared to a schdised flow cytometry setup also

has its drawbacks.

3.2 Assay Optimization

In an effort to increase the assay intensity #imgincrease the contrast between negative and
positive detection cased our surfacebased barcode assaye optimized fordifferent assay
conditions.Levemgingpour groupbds knowledge and expertis
genetic assays in solution, we modeled the majority of our optimization cosdit@med on

work donein the past™®™'% In all cases 1 pmol of target strands were used to ensure
saturation, and 10000 microbeads were used to ensure assay consistency from ajdege sa

size

3.2.1 DNA Sequence and Lengths

The design of DNA sequencesor various infections, and optimizations involving sequence
lengths and hybridization structur&swere studied by our group in the past and used by this

thesis.

3.2.2  Amount of Capture Strands for Conjugation

The amount of capture afrds functionalized was optimized and determined td% mol
DNA per 10 microbeads, selected based the high intensityresulting from this condition
(Figure 4.539. As the number of captures strands conjugated to the microbeads increased, the

resulthg assay signal from hybridization increased with it until a certain point. Beyond the
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optimal point the over abundance of surface conjugation by the capture strands resulted in steric

hinderanc&®, which can block and reduce hybridization, indicated by the reduced intensities.

3.2.3  Amount of Detection Strands in the Assay

It is crucial that a sufficient amount of detection strands are present in the sample to dybridiz
with the bound target strands to ensure maxidedéctablantensity. The amount of detection
strand was optimized by increasing its ratio with respect to the target strand amount at 1 pmol
(Figure 4.5b). As can be observed, saturation (i.e. the higimshsity) was reached at 1000x.
However, due to cost considerations the 100x condition, or 100 pmol, was used.

3.2.4  Hybridization Buffer Type

Different types of buffer conditions were used to test for the condition that yielded the highest
signal Figure 4.59. Both 5x and 10x SSC resulted in the highest signal due to the high presence
of salt, which neutralizes the negative charge on the DNA backbone and thus facilitate
hybridization. Howeverfrom literaturé’, becausdOx SSC can cause microbead instability after
long incubation (> 1 hour) due to the high concentratminsalt. Therefore 5x SSC condition

was used.

3.2.5 Hybridization Temperature

To further increase hybridization kinetics and thus assay intensity, we tested assay incubation at
37 °C, up from room temperature of approximately 22 °C. Between the two conditiens, t

higher temperature resulted in a minor intensity increasevasthus usedKigure 4.5d).

3.2.6  Hybridization Kinetics

From the study, webservedhatour genetic assay intensity reachiedmaximum in 35 minutes
(Figure 4.59. However, unlike with solutichhased assays, it was observed that thel10
hybridizationsolution began to evaporate on the chip at an accelerated rate beyonartimet20

point, even when the chip was covered. Complete drying, which was observed to happen past 25
minutes unless mdisre was introduced, would cause the detection strand to adhere onto the
barcodeand unable to be removed despite vigorous washing. Thidikefs due to high ionic
strengths from the salt in the hybridization buffer (10x SSC, 0.1% Sih$&)efore, to avd this,

20 minutes of incubation time was adopted.
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3.2.7  Continuous Excitation of the Detection Strand Fluorophore

Finally, we characterized t he phot obl eachi
fluorophore by subjecting it to continuous excitation dgiriimaging Eigure 4.5f). This was to
determine the longest duration for fluorophore excitation while avoiding significant
photobleaching. While it did occur as expected, photobleaching was not significant (at most 12%
reduction in intensity) within the Bt minute of excitation, which is well within the duration of

our imaging time (typically 30 s).

3.2.8  Background Intensity Adjustment

One important observation we made after the optimizations was the variability of intensity
ranges between experiments, inmadi! ar t he f@Anegativedo conditdi
capture conditionKigure 4.58 has a mean intensity of 124, whereas the water hybridization
buffer condition Figure 4.59 has a mean intensity of 16; the incubation time experiment
(Figure 45 een has its mean intensities in the 1
high background signal, both from the envir
(see<em = 692/40 filter intensity for B87 in Figure 4.3). Fortunately, this deenot affect the
optimization results as each study was performed using the same barcode and imaging setup
between the conditions, so the relative differences in intensities would remain, resulting in the
same optimal conditionddowever, from here on, a#xperiments using microscopy imaging

were adjusted for intensities from the environment and barcode by first imaging the conjugated
barcodes on the chip in ambient environmental lighting, then subtracting this mean intensity

from all further intensitieslatained in the same environment.

While background intensity had a significant impact on<he= 692/40 filter images due to

their high imaging exposure times (1 s) and relatively low secondary probe signal, the barcode
intensities (i.e<em = 530/10, 580L0, and 640/10 filter images) were relatively immune. This was
because the imaging exposure times used for them were low (200 ms or 1/5 s) and that the
barcodes fluoresced at much high intensities compared the secondary probe. Thus background
intensity agustment did not need to be applied to the barcodes, and their intensity profiles

remained the same.
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Figure 4.5. Surface assay optimization
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Optimization of our surfacbased genetic assay for (a) amount of capture strands, (b) amount of

detection gst@nds, (c) hybridization buffer type, (d) hybridization temperature, (e) incubation

time, and (f) length of excitation time. Red highlights indicate the optimized condition adopted

for the final protocolCustomdesignedDNA captures strand (length: 30 st;e g u e R AAF .
ATA TTT GGT TTT CCC AAA CCA GTT TAA3 b)) ,

DNA

target

56

strar

S e g u e RAGE CGATBA ATA CCT AGC ACA CTT ACT ATT AAA CTG GTT TGG

GAA AAC CAA ATATAT T-30) ,

and DNA

detection

sbtor and

Alexab4#TAA GTG TGC TAG GTA TTC ATC GCC & Ywere usedData represent the

mean and standard deviation from three replications.
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3.3 Camera Usage

Up to this point, a CCD camera was used for imaging as an initial-pfaxncept for imaging

based assay detection. Howeuwlie CCD camera is expensive and not prevalent. Indeed, most
of the current detection platforms for identifying quantum dot barcdoesd in literature

require expensive instruments and detectansl would be prohibitive in their use in resource
limited setting$®’® Having optimized the various surface assay parameters using the established
CCD-based instrumental setup, we began work on imaging using a smartftgme 4.6).

Fir st , we needed to confirm the smartphoneo
capabilities for our purposeQur system consisted of the smartphone mounted onto the front
port of a microscope and a mercury lamp to excite the barcodes on th&/ehgemastrated

that an iPhone camera svable to capture the distinct optical emission of each barcode in the
microwell (Figure 4.79. Wealsss howed t hat the barcodesd6 opti

from that ofthe secondary probeasing proper filering Figure 4.7h).

Next, we compared the analytical performance of the iPhone 4S caganst that of th€CD

camer@ B detecting target analytes on a chip. Sensitivity curves were established by depositing
conjugated microbeads on the microwellpcthen incubated with the detection strand and their
corresponding target strands in increasarmgounts, from 5 fmol to 2 pmol, fasne target
sequence | mages were taken with both taldeassayCD ¢
intensities (i.e. detectiostrand intensities observed through filkgy, = 692/40, indicating
hybridization) analyzed using our custom MATLAB algorithifigure 4.8). It was observed that

the CCD cameravas more sensitive (steeper slope in the linear dynamic rangehadral

slightly higher saturation poirtn the sensitity curve(beyond 2 pmol)Kigure 4.89 than that

of the i Pho rFiguwes4.8l). Daspitp thiethe)iPhdne camera produced a similar

limit of detection and dynamic range, albeit at different intensity ranges. Note how after
background intensity adgtmentthe 5 fmol data point were on or near the base ilinboth

cases This study confirmed that an iPhone camera can image barcodes on the chip surface, be
used as a detector for biological assays, and can reduce the cost and size of a quantum dot

barcodereadout deviceThe iPhone wathusused for detection in all further studies.
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Figure 4.6. Microscopy-smartphone imaging setup

Microscopesmartphone setup for quantum dot barcode imaging. (a) lllustration of the
microscopesmartphonesetup. (b) Anexample demonstrating smartphereptured image of

various colours of barcodes on the microwell chip.
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Figure 4.7. Barcode genetic assay imaging on the smartphone

(a) Green, yellow, and red barcodes (identified as B1, B4, and B#&bile 4.1, respecirely) are
deposited on the chip and imaged using an iPhone camera (fluorescence microscopy parameters:
objective of 2 x BB 0N B A3IOLP&xpbsOre tima = 0.05 s). The
microwells are visualized usingright-field microscopy. The flu@scence andrightfield

images are supé@mposed. (b) After the assay, the smartphone caaaaired fluorescence

image of the microbeads bound with the target analyte and secondary probe (fluorescence
microscopy parameters: objective of 20x at NA = 0.5Qs 6 4 04, 4 692/40,8exposure

time = 1 s). Both green and red beads had positive signals. This demonstrates that T1 and T6
genomic targets are present in the sample but not T4. Of note, the white spots on the barcodes are
due to overexposure frothe high combined intensity of the Alexa647 fluorophore and the 640

nm guantum dots impregnated within B6.
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Figure 4.8. Comparison of CCD and smartphone camera assay sensitivity.

A comparison of sensitivity curves obtained from images taken withdaqrgecoupled device

(CCD) camera (Retiga EXi Fast 1394, Qlmaging) and (b) an iPhone camera (iPhone 4S, Apple
Inc.), foracustondesi gned sequenceGAGAEDATCAART GAG GAAe ncC e :
GCT GCA GAA TGG GAT3 6 ; t ar ge t-CG6 €GAI EGA ATA CCTHAGC ACA

CTT ACTAAT CCCATTCTG CAGCTTCCT CATTGATGGTCTB6; secondary
S e gue pPAER@m6AIFTAA GTG TGC TAG GTATTCATC GCC & 6 ) . The hori z
represent the limits of detection and are ~15 fmol for both cases. Data represenarih@nche

standard deviation from three replications.
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3.4 Assay Sensitivity

We proceeded toestablish the sensitivity curves for a variety of infectious disease types
(influenza type A H1N1, H3N2, H5N1, adBV/C) using synthetic sample&igure 4.9. We
observe that the range of intensity levels varied for each target type, likely due to differences in
conjugation efficiency between each barcode type and their respective capture strands from
Table 4.1 This affects the total allowable binding of target straamts in turn detection strands.

The intensity differences may also be due to differences in hybridization efficiency between each
target strand and their respective capture and detection sthi&etsresulting from differences

in the various sequencesdalengths usedoth of these highlight the importance of sensitivity
characterization prior to use whenever a new lBrcand/or genetisequencas introduced.
However, a sigmoid behaviour was observed in all cases, with the start and end of the linear
region located between 8@M0 fmol and 12 pmol, respectively. Intensity increases between
consecutive points varying by twice the amount of target strand (e.g. 500 and 1000 fmol) were
al so observabl e. Not only doe srONA-based dnalyteo n s t
detection, but also its sensitivity to minor increases in assay signal, i.e. analyte concentration.
Finally, all curves had a detection limit of approximat®/50 fmol (not shownin figure), as

defined by three standard deviation®wad the mean intensity of the negative contfobm this,

taking into account the assay volume @0, the analytical sensitivity (i.e. detection limit
divided by assay volumejf the system for synthetic samplesdalculated to be-& nM. The

clinical sensitivity, defined as the number of true positives divided by the total number of sick

individualsin the populatiorfor clinical samplesdoes not apply here.

3.5 Multiplexing and Specificity

Having established the sensitivity curves, the final step in validating our stdaed assay
system was to utilize the quantum dot barcodes for multiplexed idetece. simultaneous
detection of negative and positive conditidas multiple targets This was demonstrated using

the same five infectious diseases, as well as positive and negative controls as internal control
cases. While theverall assay procedwge@emained the same as those of the sensitivity curves, it
was found that some parameters had to be further optimized. This stemmed from that fact that
using the same concentration of microbeads resulted in large aggregations between the different

types ofbarcodes, which is unfavourable for barcode resolution. And while the underlying
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Figure 4.9. Smartphone sensitivity curves

Sensitivity curves for genetic biomarkers for the influenza A viruses H1IN1 (red), H3N5
(orange), and H5N1 (yellow), as well asB¥ (green) and HCV (bluefrom Table 4.1
Detection limit for all (noshowr) is between 150 fmol. Data represent the mean and standard

deviation from three replications.


































































































































































