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ABSTRACT

Pathogen identification at the point of use is critical in preventing disease transmission and
enabling prompt treatment. Current rapid diagnostic tests suffer from high rates of false negatives
because they are not capable of detecting the inherently low concentrations of pathogens found in
early stages of infection or in environmental reservoirs. The gold standard method for timely
pathogen identification is a nucleic acid amplification assay called polymerase chain reaction.
Although polymerase chain reaction is extremely sensitive and specific, it requires expensive
laboratory equipment and trained personnel to perform the sample preparation, cyclical heating,
and amplicon analysis. Isothermal nucleic acid amplification assays are better suited for field use
because they operate at a single temperature and are robust to common sample matrix inhibitors.
Thus, there is a need to translate isothermal amplification assays to the point of use for rapid and
sensitive detection of pathogens in complex samples.

Here, I outline an approach to bring laboratory-based sample preparation, assays, and
analyses to the point of use via portable platforms. First, I characterize a loop-mediated isothermal
amplification assay and combine it with lateral flow immunoassay for simple, colorimetric
interpretation of results. Next, I optimize an ambient-temperature reagent storage method to
eliminate cold-chain requirements and precision pipetting steps. I then incorporate loop-mediated
isothermal amplification, lateral flow immunoassay, and reagent drying into two different
integrated paperfluidic platforms and demonstrate their ability to separately detect bacteria and
viruses in complex sample matrices. Finally, I couple loop-mediated isothermal amplification with
particle diffusometry to optically determine pathogen presence by tracking the Brownian motion
of particles added to an amplified sample. The combined loop-mediated isothermal amplification
and particle diffusometry method is first characterized on a microscope and then translated to a
smartphone-based platform. Each of these portable platforms are broadly applicable because they

can be easily modified for identification of other pathogens at the point of use.

16



1. INTRODUCTION

1.1 Point-of-Care Tests

1.1.1 Understanding the Need

There is a significant disparity between high and low resource regions of the world in terms
of diagnosis of both infectious and non-infectious diseases. Disease diagnosis often depends on
centralized laboratories with expensive equipment and trained technicians. In countries that report
the highest mortality rates from preventable diseases, these facilities are limited in number and are
often difficult to access. Other challenges in low resource areas include inadequate running water
and unreliable electricity. Rapid tests for disease screening and diagnosis can improve health
metrics in these regions of the world.'

Point-of-care (POC) tests are analytical tools for near-patient testing that can be utilized in
the clinic, the field, and even the patient’s home. They are often designed to be inexpensive and to
provide the user with rapid results whilst requiring minimal-to-no technical knowledge. In a
recently published review, Yager et al. highlights the appeal of point-of-care tests (POCTs): the
materials are easily accessible, the platforms do not require external equipment or power sources,
and extensive training is not necessary.? POCTs are suitable for screening and monitoring diseases
and illnesses as well as for personalized medicine. Rapid diagnostics are practical in fields of
veterinary medicine, food safety, health sciences, bioterrorism, and environmental monitoring.’
The demand for in vitro POCTs is further demonstrated by a global market valued at $53 billion
in 2013 with an expected increase to $75 billion by the year 2020.*

1.1.2 Detection Molecules for Point-of-Care Tests

Detection molecules allow specific identification of pathogens and are key for POCT
evaluation. There are many types of detection molecules including antibodies, antigens, peptides,
metabolites, hormones, proteins, and nucleic acids. Antibodies and antigens are the most common
detection molecules for POCTs. Pathogens often cause an upregulation of unique immune
response antibodies in the host or have surface antigens that can used for infectious disease

detection. However, antibodies are generally undetectable during the first few weeks of infection
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and antigens often suffer from poor specificty.’ Metabolites, hormones, and proteins are commonly
monitored by physicians and can indicate the overall health of a patient; however, they are not
widely used for infectious disease screening.® Direct detection of pathogens’ nucleic acids provide
a method for specific and sensitive early detection of infectious diseases because of the ability to

amplify the nucleic acids to levels that are easily detectable.’

1.1.3 Signal Transduction for Point-of-Care Tests

Detection molecules need to be identified using a rapid and easy-to-read approach.
Traditionally, POCTs use fluorescence, electrochemical, or colorimetric changes to determine the
absence or presence of detection molecules. Both electrochemical and fluorescence signal
transduction are sensitive, quantitative, and robust; however, costly and complex equipment is
often necessary for signal analysis.>® Alternatively, colorimetric signal transduction does not
require additional detection equipment and therefore is low-cost and easy to use. However, color
changes can be difficult for the user to interpret due to background noise or a non-homogeneous

color change.”!°

1.1.4 Guidance for Point-of-Care Test Development

The World Health Organization (WHO) created the ASSURED criteria to streamline
development of POCTs. ASSURED stands for affordable, sensitive, specific, user-friendly, rapid
& robust, equipment-free, and deliverable.!! The Cepheid GeneXpert is a widely used commercial
molecular diagnostic system with several disease-specific cartridges that can be used for screening
and diagnosis. Even though GeneXpert is completely automated and has excellent test
performance, the system is not portable and the instrumentation is cost-prohibitive for low-
resources settings ($17,000).!? Other companies and researchers have also experienced difficulties
addressing all the ASSURED criteria when developing POC platforms because there is often a

tradeoff between these items.!> 16

1.1.5 Existing and Emerging Smart Handheld Platforms

Smart handheld POC platforms generally consist of reusable components for sample

processing and output analysis and a consumable cartridge. The iSTAT is a commercial smart
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handheld platform developed by Abbott in the 1990’s. This portable system can provide rapid,
laboratory-quality results for healthcare professionals from just a few drops of patient blood.!” The
iISTAT detects disease indicators via electrochemical signal transduction and then quickly uploads
results to the preferred record-keeping system. Cartridges are available to identify peptides linked
to heart failure, hormones associated with pregnancy, proteins affiliated with anemia, and many
more detection molecules.® One in three hospitals in the U.S. currently use the iSTAT system. '
There are also many emerging smart handheld platforms. Koydemir et al. developed a
smartphone-based fluorescence microscope to image and quantify fluorescently labeled G. lamblia
cysts in large volumes of water. The entire process, from sample preparation to image processing
and quantification, takes only one hour and has a limit of detection of 12 cysts in 10 mL of water."
Unfortunately, this smartphone-based fluorescence microscopy technique is not suitable for
detection of bacterial or viral pathogens because the system is optimized for larger microorganisms.
Another group designed a smartphone platform for accurate colorimetric detection of progesterone
hormone in whole blood samples.?’ While they managed to incorporate a miniaturized water bath
for incubation steps, reagents had to be manually added by the user at each step, making this system

less than ideal for POC scenarios.?’

1.1.6 Existing and Emerging Disposable Platforms

The most notable disposable platform is the home pregnancy lateral flow immunoassay
(LFIA) test originally marketed by Warner-Chilcott in 1976.>! Enzymes and antibodies used to
detect pregnancy-related hormones in urine are embedded in the porous membranes of the LFIA
to eliminate user steps and enable long-term storage. The LFIA results are colorimetric and can be
visualized with the naked eye just minutes after test initiation. The commercialization of the home
pregnancy test introduced LFIAs and porous membranes as viable substrates for POCTs.

Porous membranes are ideal for designing disposable platforms because they are cost-
effective and easy to manufacture. Further, the inherent capillary flow of these membranes allows
fluid transport without the need for external, costly pumping mechanisms. Choi et al. detected
dengue viral nucleic acids using a disposable platform comprised of porous membranes and an
LFIA.?? Although both sensitive and specific, this system relies on several user steps and requires
sample processing prior to adding the sample to the platform.?? Another research group developed

an inexpensive three-dimensional paper-based device to detect C-reactive protein in blood using a
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colorimetric signal output.??

The dynamic range of this paper-based device is below the clinically
relevant concentrations; therefore, whole blood samples could not be used in this paper-based

device without first being diluted.?’

1.2 Nucleic Acid-Based Detection

1.2.1 Nucleic Acid Amplification

When using nucleic acids as the detection molecule, amplification is required due to the
inherently low concentrations of both RNA and DNA found in environmental and clinical
samples.”* Nucleic acid-based detection via amplification is appealing due to its exceptional
sensitivity, specificity, speed, and reliability.”>® Nucleic acid amplification tests (NAATS)
generally require three steps to achieve successful detection of the target. First, the sample must
be processed to extract and isolate the nucleic acids. Second, the nucleic acids need to be amplified
to detectable levels. Finally, signal transduction must occur to detect amplified nucleic acids.
Although nucleic acids are commonly used to identify disease or illness, there are some
disadvantages to using this detection molecule. Because NAATSs are so sensitive and can often
25

detect a single copy of the target, cross-contamination can cause high rates of false positives.

Moreover, nucleic acids do not indicate the viability of the target and can degrade over time.?¢

1.2.2 Polymerase Chain Reaction

The gold standard nucleic acid amplification assay is a well-defined thermal cycling
method called polymerase chain reaction (PCR).?”*® PCR can produce 10° copies of specific
nucleic acid segments in just 30 cycles of repeated denaturation, annealing, and extension and
products can be easily detected using gel electrophoresis.?® ° However, this technique is generally
not suitable for POC applications because the laboratory equipment required for the precise
temperature cycling is expensive and bulky.’® Several research groups have replaced this
equipment with modified smartphone technology to enable translation of PCR to the POC.?!-*?
The exquisite optics and computational power of modern smartphones can be utilized to evaluate
results in real-time, control miniaturized thermal cyclers, and process results. These portable
smartphone PCR platforms can provide sensitive, specific, and accurate detection of various

pathogens.’! 33 However, these systems require nucleic acid extraction and/or purification prior to
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initiation of PCR to remove inhibitors that inactivate the enzyme or prevent primer annealing
necessary for amplification.** 3¢ This necessity for sample preparation often increases the number

of user steps and complicates the platform design.

1.2.3 Isothermal Nucleic Acid Amplification

Isothermal nucleic acid amplification techniques are appealing alternatives to PCR for POC
applications because they function at a single temperature and are more robust to inhibitors.?’
Examples of isothermal amplification assays include, but are not limited to; loop-mediated
isothermal amplification (LAMP), helicase-dependent amplification (HDA), rolling circle
amplification (RCA), and recombinase polymerase amplification (RPA).*® LAMP provides
specific and efficient amplification of nucleic acids by targeting 8 unique sequences.>* Operable
at a single temperature (most efficiently between 60 and 70°C),***! LAMP robustly amplifies even
in the presence of complex sample matrices, further reducing sample preparation and
instrumentation requirements.>”*>*3 LAMP creates stem-loop products that serve as initiation sites
for subsequent amplification so the assay can produce 10° copies in under one hour.***¢ LAMP
products are traditionally analyzed via gel electrophoresis, spectrophotometry, or fluorescence.*’-
49 Recently, there has been an increase in the number of publications that incorporate LAMP into
POC platforms. The “paper machine” developed by Connelly et al. is a disposable layered device
that includes inlets for washes, buffers, and reagents for sensitive identification of E. coli in human
plasma in just one hour.’® The low-cost “paper machine” incorporates cell lysis, LAMP
amplification, and fluorescence detection and requires only four user steps.’® Other researchers
have demonstrated the utility of LAMP by combining the assay with smartphone technology to
sensitively and specifically detect nucleic acid analytes in one hour with minimal user

intervention.'®1-52

1.3 Cholera

1.3.1 Burden, Cause, and Symptoms

The WHO estimates that there are up to 4 million cases of cholera each year and almost
150,000 deaths, costing more than $220 million.® Cholera is a diarrheal disease caused by

consumption of water or food contaminated with the bacterium Vibrio cholerae (V. cholerae).
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Cholera causes watery diarrhea and severe dehydration and can lead to death within hours if left
untreated.’® In cases of inadequate sanitation infrastructure, feces containing V. cholerae can seep
into the environment and tarnish drinking water sources. Communities with poor sanitation,
insufficient access to clean water, or high population density are at risk for cholera outbreaks.>
Luckily, cholera can be easily treated by immediate administration of rehydration solutions, either

orally or intravenously, and antibiotics.>

1.3.2 Existing and Emerging Platforms for Detection of Cholera

There are several commercial technologies for identification of V. cholerae in stool
including the Crystal Vc Dipstick and the SMART Cholera O1 test.>>>¢ Both of these rapid
diagnostic tests (RDTs) detect V. cholerae antigens directly from stool samples in less than 30
minutes using LFIA technology for a colorimetric signal output. The Crystal Vc Dipstick has a
specificity of only 50% and the SMART Cholera Ol test has not been validated with
concentrations less than 2 X 107 colony forming units (cfu)/mL.%>>" Patients infected with V.
cholerae generally have high levels of the bacteria in their system, so these RDTs are likely
sufficient for diagnostic purposes.’® After talking with clinicians and community health workers
during my summer research experience in Haiti, they revealed that cholera is easy to recognize
based on symptoms alone. These commercial RDTs merely confirm the symptom-based diagnosis.
Further, these medical professionals and collaborators at the Emerging Pathogens Institute in Haiti
identified a greater need to detect V. cholerae in the environment rather than in patient samples.

There are very few examples in literature of environmental V. cholerae detection. The gold
standard for identifying V. cholerae in environmental water samples is a 4-day laboratory-based
method developed by Alam et al.>® This technique includes enrichment, isolation, serology, and
then finally PCR for nucleic acid-based detection of V. cholerae. This laboratory-based method is
extremely sensitive and specific, but it requires expensive equipment and trained personnel. The
only existing POCT for identification of V. cholerae in environmental water is the Cholera RDT
marketed by Maternova.®® Unfortunately, there is very little information about the test performance

of this antigen-based RDT.
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14 HIV

1.4.1 Burden, Cause, and Symptoms

The WHO estimates that there are 36.7 million people currently living with human
immunodeficiency virus (HIV) and over 770,000 annual deaths from HIV-related causes.’! HIV
is a retrovirus that targets and weakens the immune system and can be transmitted via blood, breast
milk, semen, and vaginal secretions. HIV symptoms vary between individuals and infection stages.
Many patients have influenza-like symptoms or are asymptomatic in the first few weeks after
transmission. As the infection progresses, symptoms may include swollen lymph nodes, weight
loss, fever, diarrhea, or cough.®! Individuals who have unprotected sex, share needles, have another
sexually transmitted infection, or undergo unsafe medical procedures are at a higher risk for
contracting HIV.®! Even though there is not a cure for HIV, antiretroviral drugs can suppress the
viral load and prevent further transmission. Antiretroviral therapy is a lifelong treatment plan that
strengthens the immune system of the infected individual. Without proper treatment, patients with
HIV will develop acquired immunodeficiency syndrome (AIDS) which is diagnosed when other

infections, cancer, or severe conditions emerge.!

1.4.2 Existing and Emerging Platforms for Detection of HIV

Of the millions of people living with HIV, only 79% know their status and only 58% are
receiving treatment.®! Early diagnosis of HIV decreases mortality and morbidity by enabling
prompt patient treatment. HIV screening is typically performed using commercial RDTs like
OraQuick that are based on LFIA technology for detection of HIV antibodies from oral fluid or
capillary blood.%? The poor sensitivity during the pre-seroconversion phase in the first four weeks
of infection require that antibody-detecting RDT results are confirmed by a laboratory-based
assay.%? Even the fourth and fifth generation RDTs that combine antibody and antigen detection,
such as the Alere HIV Combo, are less sensitive than laboratory-based assays.®*% NAATSs could
expedite treatment response for newly infected individuals through early and direct detection of
the virus. There are a few commercial tools for PCR-based detection of HIV including Cepheid
Xpert Qual Assay and Alere q HIV-1/2 Detect. Although these platforms are sensitive, specific,
and automated, they require cost-prohibitive (>$17,000 for the instrument and >$17 for the

cartridge) benchtop instruments that need a stable electrical power supply.'?
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Researchers have turned to isothermal amplification methods to reduce the cost and
complexity of HIV testing platforms. Gurrala et al. describes a portable device that can sensitively
detect the pH change that occurs during reverse transcription (RT) LAMP of HIV RNA..% The lack
of reagent storage and integrated sample preparation decreases the translatability of this device.
Another group developed a smartphone platform with disposable cartridges for sensitive, real-time
fluorescence detection of HIV viral RNA.!'® The user is required to manually transfer precise
volumes of lysed blood and reagents to the reaction chamber to initiate the isothermal assay, thus

limiting the usability of this platform.'®

1.5 Thesis Overview: Development of Molecular Detection Platforms for Pathogens in
Complex Sample Matrices

Many existing point-of-care tests suffer from poor sensitivity and specificity, which leads
to high rates of false negatives and positives. The Linnes Lab works primarily with nucleic acids
and utilizes amplification to multiply low levels of DNA or RNA found in patient and
environmental samples. Isothermal nucleic acid amplification assays are an excellent alternative
to cyclical polymerase chain reaction because they operate at a single temperature, are robust to
sample matrix inhibitors, and create millions of copies of a target sequence very rapidly. I propose
the incorporation of an isothermal amplification assay into integrated, portable platforms to bring
patient screening and environmental monitoring to the point of use. In Chapter 2, I develop a loop-
mediated isothermal amplification (LAMP) assay targeting Vibrio cholerae. Existing methods for
identification of V. cholerae in environmental water samples are less than adequate for several
reasons. During the 4-day process for detection via the gold-standard laboratory method, there is
risk of continued consumption of potentially contaminated water. Further, the laboratory facilities
and personnel required to perform this technique are limited in low resource areas where cholera
is endemic. The LAMP assay enables rapid identification of V. cholerae and can be combined with
lateral flow immunoassay (LFIA) for colorimetric analysis. To eliminate LFIA false positives
caused by dimerization of the labeled primers, I incorporate a custom designed strand displacement
(SD) probe into the standard V. cholerae LAMP assay.*? I demonstrate the V. cholerae SD-LAMP
assay specificity, robustness in various water samples, and limit of detection in pond water. In
Chapter 3, I optimize a vitrification technique for room-temperature storage of LAMP reagents.

Ambient-temperature reagent storage removes the need for refrigeration and allows assays to be

24



easily integrated into portable platforms. I explore the efficiency of V. cholerae SD-LAMP
reagents dried for 30 days and HIV reverse transcription (RT) LAMP reagents vitrified for 21 days.
In Chapter 4, I outline the creation of two integrated paperfluidic platforms: one for detection of
V. cholerae in environmental water and the other for HIV in whole blood. These inexpensive, user-
friendly paperfluidic platforms combine the inherent capillary flow of porous membranes with the
efficiency, sensitivity, and robustness of LAMP amplification. Other groups have developed
paperfluidic platforms for detection of various pathogens but have failed to include sample

1314 and assay reagents;*>>%%7 therefore, limiting the translatability of the platform. I

preparation
illustrate a size-based capture and concentration method for hands-free sample preparation and
incorporate the reagent vitrification technique from Chapter 3 to create portable paperfluidic
platforms. These integrated platforms are ideal for in-field environmental monitoring or point-of-
care screening for infectious pathogens.

The polymerization that occurs during LAMP amplification produces a change in viscosity
that can be measured using an optical method called particle diffusometry (PD).%®7° In Chapter 5,
I highlight the microscope characterization of the PD technique for detection of V. cholerae. We
directly compare fluorescence and PD measurements of V. cholerae LAMP amplicons and analyze
the limit of detection and robustness in various water samples. Because of the success of PD in
determining V. cholerae presence, we translate the method from a microscope to a smartphone
platform, thereby increasing portability and reducing cost. In Chapter 6, I describe the
development and optimization of the smartphone-based PD platform. We establish the selectivity
and limit of detection of this smartphone-based PD platform for V. cholerae in pond water and
compare its sensitivity and specificity to fluorescence measurements using 132 double-blinded
samples. This dissertation provides a framework for designing inexpensive and easy-to-use

platforms for rapid identification of pathogens at the point of use.
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2. DEVELOPMENT OF V. CHOLERAE LLOOP-MEDIATED
ISOTHERMAL AMPLIFICATION ASSAY AND DETECTION VIA
LATERAL FLOW IMMUNOASSAY

2.1 Rationale

There is a critical need to rapidly detect V. cholerae in the environment to prevent the
spread of the diarrheal disease cholera, which is caused by ingestion of the bacterium. Existing
RDTs that target antigens are not capable of identifying V. cholerae in the environment because
they cannot detect low concentrations of the bacteria typically found in water. Further, a
confirmatory laboratory test is often required due to the poor specificity of these RDTs, risking
continued consumption of potentially contaminated water during this extended testing period.”!

NAATSs have the potential to specifically and rapidly detect low concentrations of V.
cholerae in the environment. PCR has been used to detect V. cholerae in water samples in a
standard laboratory setting; however, the protocol requires extensive sample preparation to remove
inhibitors.’>’> Recent advances in molecular biology include several isothermal nucleic acid
amplification techniques that could reduce the complexity and number of steps required for
pathogen detection.”” One such isothermal amplification method, LAMP, provides specific and
efficient amplification of nucleic acids by targeting 8 unique sequences.”> LAMP robustly
amplifies target nucleic acids even in the presence of complex sample matrices, further reducing
sample processing and instrumentation requirements.>”4>43

LAMP amplicons are frequently tagged for visual detection on LFIA.7*7> LFIA is a simple,
low-cost alternative to laboratory equipment for qualitative analysis of nucleic acid amplification
products. LFIAs, shown in Figure 2.1,7° generally consist of four components. First, a small
volume of sample is added to the sample pad. Reporter molecules stored in the conjugate pad are
rehydrated by the sample wicking downstream via capillary flow. Reporter molecules bind to the
detection molecule if it is present in the sample and the conjugates then flow into the reaction
membrane, binding to immobilized capture molecules in the test band area. The control band area
is located immediately downstream of the test band area and captures unbound reporter molecules,
confirming successful rehydration and flow of these reporter molecules. The aggregation of these
reporter molecules causes a colorimetric change visible by the naked eye. Finally, the hydrophilic

absorbent pad ensures the sample wicks to the end of the LFIA. Approximately 15 minutes after
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sample addition, the user can visually interpret the LFIA results. Two test bands correspond to a

positive test result while one band indicates a negative test result.”’

analyte

test line

sample pad control line

wick
conjugate pad membrane

by

Figure 2.1 Lateral flow immunoassay platform.

LFIA regions and corresponding biology. Figure reproduced with permission from Miocevic, et al. Front.
Public Health. 2017, 5 (133)

Here, I develop a LAMP assay for V. cholerae and combine it with LFIA for visual
interpretation of results. I first optimize the LAMP assay, confirm amplicon size, and determine
the limit of detection for V. cholerae genomic DNA. To eliminate LFIA false positives caused by
primer hybridization, I incorporate a custom designed strand displacement probe into the LAMP
reaction mixture.*®*? I then characterize the combined strand displacement and LAMP (SD-LAMP)
assay by investigating the limit of detection for V. cholerae whole cells, the specificity of the assay,
the robustness in various water samples, and the limit of detection in pond water. Coupling SD-
LAMP with user-friendly LFIA enables rapid, sensitive, and accurate identification of V. cholerae

1n environmental water.

2.2 Materials and Methods

2.2.1 Reagents

Primers and probes, provided in Table A.1, were ordered from Integrated DNA Technology
(IDT, Coralville, IA) and were resuspended in molecular biology water (Invitrogen, Carlsbad,
CA). Primers and probes were designed to target the cholera toxin A (ctxA) gene of toxigenic V.
cholerae strains (Table A.2).”® There is one copy of the ctxA4 gene per V. cholerae genome. Loop
primers were either tagged with 6-carboxyfluorescein (FAM) or biotin for LFIA detection. Other
reagents used for assay development include Bst 2.0 polymerase (NEB, Ipswich, MA),
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deoxynucleotide triphosphates (ANTPs) (Agilent Technologies, Santa Clara, CA), isothermal
buffer (NEB, Ipswich, MA), MgSO4 (NEB, Ipswich, MA), betaine (Millipore Sigma, Burlington,
MA), Scal and Ddel restriction enzymes (NEB, Ipswich, MA), and purified genomic DNA from
V. cholerae N16961 (ATCC 39315D-5, Manassas, VA) maintained at 2.2 ng/uL. Water samples
included molecular biology water, pond water, rain runoff, 1X phosphate buffered-saline (PBS)
(Sigma-Aldrich, St. Louis, MO) pH 7.4, and laboratory tap water. Rain runoff and pond water
were collected from a rain gutter and bank of a small pond, respectively, and were stored at 4 °C

until LAMP was performed.

2.2.2 Bacteria Culture

Toxigenic V. cholerae strains N16961 (O1 serogroup) and CH-16 (altered O1 serogroup)
and non-toxigenic V. cholerae strains ENV-32 and NRT-36 were provided by Dr. Afsar Ali at the
University of Florida. E. coli strain DH50 (NEB, Ipswich, MA) was also used for experimentation.
All bacteria were stored at -80°C until ready to be cultured. All cultures were grown in Lysogeny
Broth (LB) overnight at 37°C in a miniature incubating orbital shaker at 300 rpm (Thermo Fisher,
Waltham, MA). An Ultrospec 10 (Biochrom, Cambourne, UK) cell density meter was used to
measure the optical density (OD) of the cultures. Bacteria cultures were diluted to an ODsoo of 1,
representing 10° cells/mL of E. coli and 5 X 108 cells/mL of all V. cholerae strains as determined

by counting colony forming units of serially diluted cells.

2.2.3 Standard Loop-Mediated Isothermal Amplification (LAMP)

Standard LAMP reactions were 25 uL total consisting of 23 pL of LAMP master mix
(Table A.3). Standard LAMP reactions utilized six primers (Table A.1); LB was labeled with FAM
and LF was labeled with biotin. 2 pL of diluted template or molecular biology water (for the
negative no template control (NTC)) was added prior to heating. LAMP reactions were incubated
at 65°C for 30 minutes using an Applied Biosystems 7500 Real-Time PCR System (Foster City,
CA) and stored at 4°C until analyzed.

28



2.2.4 Strand Displacement Loop-Mediated Isothermal Amplification (SD-LAMP)

SD-LAMP reactions were 25 uL total consisting of 23 uLL of SD-LAMP master mix (Table
A.4). SD-LAMP reactions utilized five primers (Table A.1); LB was labeled with biotin and strand
displacement probe and quencher strand were annealed. The strand displacement probe and
quencher strand were designed by my labmate Dr. Elizabeth Phillips and Dr. Sanchita Bhadra of
the University of Texas at Austin. The strand displacement probe was tagged with FAM and
annealed to a complementary strand tagged with a quencher. The single stranded regions of the
FAM-labeled probe act as a toehold to initiate strand displacement and binds preferentially to true
amplicons (Figure A.1).*? 2 uL of diluted template or molecular biology water (for the negative
control (NTC)) was added prior to heating. Experiments testing the effects of various water
samples on SD-LAMP consisted of 12.5 pL (50% v/v) of each water sample per SD-LAMP
reaction. SD-LAMP reactions were incubated at 65°C for 30 minutes using an Applied Biosystems

7500 Real-Time PCR System (Foster City, CA) and stored at 4°C until analyzed.

2.2.5 Amplicon Analysis via Lateral Flow Immunoassay (LFIA) and Gel Electrophoresis

Dually labeled LAMP amplicons (biotin and FAM) first bind to the streptavidin-coated
gold nanoparticles stored in the conjugate pad of the commercial LFIAs (D003-03, Ustar
Biotechnologies, Hangzhou, China). The conjugates then bind to the anti-fluorescein antibodies in
the test band area. Unbound streptavidin-coated gold nanoparticles are captured by the anti-
streptavidin antibodies in the control band area. A visible reddish color in both the test and control
band areas, caused by the accumulation of gold nanoparticles, indicates a positive test result while
a color change only in the control band area indicates a negative test result. 10 uL of amplified
product was added to the sample pad of an LFIA followed by 40 uL of wash buffer. LFIAs were
scanned at least 1 hour after initial sample addition using a V850 Pro Scanner (Epson, Suwa, Japan).
The test band was quantified using a custom MATLAB script that averages the grey-scale pixel
intensity of the test band and subtracts the average background pixel intensity 30 pixels below the
test band.” My colleague, Dr. Elizabeth Phillips, established a visual threshold through an
evaluation of human subjects’ instrument-free interpretation of LFIA results.*? This threshold

serves as a guide to ensure the test band intensities are interpreted as positive by eye.
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10 pL of remaining product was combined with 2 pL of 6X purple loading dye (NEB,
Ipswich, MA) and added to a 2% agarose gel along with 10 pL Fast DNA Ladder (NEB, Ipswich,
MA) and run for 60 minutes at 100V. The 2% agarose gels were stained with ethidium bromide
and imaged using an ultraviolet light gel imaging system (c400, Azure Biosystems, Dublin, CA)
with UV 302 settings and a 15-second exposure.

2.2.6 Statistical Analysis

To determine the limit of detection, a one-way ANOV A post hoc Dunnett's was performed
with multiple comparisons of the LFIA test bands of each concentration against the test bands of
no template negative controls with a 95% confidence interval. A Student's unpaired, two-sided ¢-
test with a 95% confidence interval was used when comparing the negative and positive samples

1n various water.

2.3 Results and Discussion
2.3.1 V. cholerae Standard LAMP Reaction

LAMP Assay Optimization

I ordered and tested two published V. cholerae LAMP primer sets that target the ctxA4 gene.
The first primer set yielded non-specific amplification of the NTC samples (Figure A.2) after just
30 minutes of heating.®* The second primer set from Okada et al. produced consistent amplification
of positive samples and suppressed non-specific amplification.”® However, amplification was
slower using the Okada et al. primers, likely because the assay conditions were not optimal. Other
researchers have optimized LAMP assays by altering the concentration of betaine and MgSQ4.3!:32
Okada et al. used 0.8 M of betaine and 8 mM of MgSOQ4 for their experiments.” In addition to
these baseline concentrations, I tested 0.4 M and 1 M betaine and 4 mM and 2 mM MgSOa. |
heated an NTC and positive sample (10* DNA copies/reaction) for each combination of betaine
and MgSOs4 at 65°C for 45 minutes and recorded the cycle threshold (Cr) value, or time to
amplification. I wanted to see fast amplification for positive samples and slow or no amplification

for NTC samples. In other words, I was looking for the greatest difference between positive and

NTC Crvalues. Figure 2.2 illustrates that the optimal concentration of betaine and MgSOx is 0.8
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M and 2 mM, respectively, because of the low Cr values for positive samples and large difference
between positive and NTC amplification. It is important to note that the isothermal buffer used in
the LAMP reactions contains 2 mM of MgSOa so additional MgSO4 was not required to achieve
optimal reaction conditions. During my tenure in the lab, I have also demonstrated that LAMP
reactions can be uniformly scaled to total volumes of 10 uL, 15 pL, and 50 pL without a significant

loss in sensitivity (Figure A.3).
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Figure 2.2 V. cholerae LAMP assay optimization.

Various concentrations of betaine (0.4, 0.8, 1 M) and MgSO4 (2, 4, 8 mM) were tested. Cr values for both
the positive and NTC samples were recorded from the real-time PCR system. The Cr values for positive
samples were plotted in addition to the difference between positive and NTC Cr values. (n=2)

LAMP Product Confirmation

The V. cholerae LAMP primers specifically target the 193 bp sequence of the ctx4 gene of
toxigenic Vibrio cholerae strains.”® I confirmed the LAMP product was indeed the amplified ctxA4
gene through an enzymatic digestion of the product with either Scal or Ddel restriction enzymes.
As predicted by LAMP restriction digest fragment analysis,* digestion with both of these enzymes
resulted in smaller fragments compared to the undigested product. The Ddel digested product

collapsed to fragments at approximately 150 bp and 250 bp as seen on the agarose gel in Figure
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2.3. Scal digested products were smaller fragments at approximately 50 bp and 150 bp (Figure
2.3). This experiment suggests that the primer set targets the intended region in the ctxA4 gene.

bp Ladder Undigested Ddel Scal

500

100

Figure 2.3 V. cholerae LAMP restriction digest.
2% agarose gel shows undigested and digested V. cholerae LAMP products.

Limit of Detection of V. cholerae Genomic DNA

The first thing I evaluated was the sensitivity of the assay using genomic DNA as template.
LAMP was performed with 2 uL of V. cholerae genomic DNA at concentrations ranging from 10°
— 10° copies/reaction (n=3). The ladder-like banding pattern in the agarose gel indicates positive
amplification and is due to the different length concatemers produced during LAMP (Figure 2.4A).
The same LAMP products were added to commercial LFIAs and the test band intensity was
quantified to determine the limit of detection (LOD). Statistically significant differences were seen
between the test band intensity of NTC compared to 10°, 10* (p-value < 0.05), and 10° DNA
copies/reaction (p-value < 0.01) (Figure 2.4B) when using a one-way ANOVA with Dunnett’s
post hoc. This demonstrates an assay LOD of 1,000 V. cholerae DNA copies/reaction using LFIA.
However, I noticed a faint but visible LFIA test band for low concentrations and NTC samples,
but gel electrophoresis did not show amplification for these samples (Figure 2.4A and Figure 2.4B).

Furthermore, the average test band intensity for these samples was above the visual threshold,
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indicating that most users would interpret these samples as positive. These false positives, only

observed on LFIA, are likely due to LFIA detection of primer hybrids.
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Figure 2.4 V. cholerae LAMP LOD using genomic DNA.

(A) Electrophoresis gel verifying amplification (contrast increased for
visualization) and (B) LFIA results. LFIA test band quantification shows
significance down to 1,000 DNA copies/reaction (* p < 0.05, ** p <0.01). (n=3)

Limit of Detection of V. cholerae Whole Cells

I wanted to determine if LFIA false positives were also observed when V. cholerae whole
cells were used as template. V. cholerae cells lyse at 65°C due to thermal effects, such that an
additional cell lysis or DNA extraction step beyond the LAMP assay was not necessary (validated
in Figure A.4). LAMP was performed with 2 puL. of V. cholerae cells at concentrations ranging
from 10° — 10° cells/reaction (n=3). Agarose gels confirmed amplification after the 30-minute
assay (Figure 2.5A). LAMP amplicons were then added to LFIAs and the test band intensity was

quantified. Statistically significant differences were seen between the test band intensity of NTC
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compared to 10?— 10° cells/reaction (p-value < 0.01) (Figure 2.5B) when using a one-way ANOVA

with Dunnett’s post hoc. This demonstrates an assay LOD of 100 V. cholerae cells/reaction.

Similar to the genomic DNA LOD experiments, I noticed a faint test band on the LFIAs for the

lowest concentration and NTC samples, but gel electrophoresis did not show amplification for

these samples (Figure 2.5A and Figure 2.5B). These LFIA false positives due to primer dimers are

commonly reported in literature
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Figure 2.5 Comparison of standard LAMP and SD-LAMP for V. cholerae whole cells.

Standard LAMP products are visually detectable via LFIA down to 10 cells/reaction but only show
significance down to 100 cells/reaction when compared to NTC. Faint test bands are visible for NTC and
low concentrations. (A) Electrophoresis gel verifying amplification (contrast increased for visualization)

and (B) LFIA results and test band quantification (** p <0.01). (n=3) SD-LAMP products are visually
detectable via LFIA and significant down to 10 cells/reaction when compared to NTC. No test bands are
visible for NTC and low concentrations. (C) Electrophoresis gel verifying amplification (contrast
increased for visualization) and (D) LFIA results and test band quantification (** p < 0.01, *** p <0.001,
*HEE p <0.0001). (n=3)
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2.3.2 V. cholerae SD-LAMP Reaction

Limit of Detection of V. cholerae Whole Cells

After incorporating the annealed SD probe into the LAMP reaction, no false positive test
bands were identified (Figure 2.5D) and LFIAs matched gel electrophoresis (Figure 2.5C). With
SD-LAMP, there was a statistically significant difference between the test band intensity of 10!
(p-value < 0.01), 102 (p-value < 0.001), and 10° - 10° cells/reaction (p-value < 0.0001) compared
to NTC when using a one-way ANOVA with Dunnett’s post hoc (n=3). This demonstrates a true
LOD of 10 V. cholerae cells/reaction. Since Dunnett’s post hoc test computes multiple
comparisons between each ‘treatment’ and a single ‘control’, eliminating the test band signal for
NTC samples increases the difference between the ‘treatments’ and ‘control’ and achieves greater
statistical significance. Therefore, the 10-fold improvement in the LOD with SD-LAMP is not

surprising.

V. cholerae Whole Cell Specificity

Next, [ wanted to confirm the specificity of the LAMP primers for toxigenic strains (with
ctxA gene) of V. cholerae. 1 prepared SD-LAMP assays with 10° cells/reaction of toxigenic V.
cholerae N16961, toxigenic V. cholerae CH-16, non-toxigenic V. cholerae ENV-32, non-
toxigenic V. cholerae NRT-36, and E. coli DH5a. The LAMP amplicons were added to LFIAs and
the test band intensity was quantified. As expected, there was only a control band on the LFIAs of
the non-toxigenic strains of V. cholerae and E. coli (Figure 2.6A), signifying no amplification of
these off-target bacteria. Using an ANOVA with Dunnett’s post hoc, there was a statistically
significant difference between the test band intensity of toxigenic V. cholerae N16961 and
toxigenic V. cholerae CH-16 compared to NTC (n=3, p-value < 0.0001) (Figure 2.6B). While I
was working in Haiti during the summer of 2016, I tested several V. cholerae samples collected
by the Emerging Pathogens Institute. These V. cholerae samples were all ctxA-positive (confirmed
by PCR) but were isolated from various sample matrices such as patient stool samples, river water,
and shrimp shells. My optimized LAMP assay successfully identified all seven ctxA-positive
samples after just 30 minutes of heating (Figure A.5). Altogether, these results demonstrate the

excellent specificity of the LAMP primers for toxigenic strains of V. cholerae that have the ctx4
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gene. Further, this indicates that other bacteria found in environmental water samples, such as E.

coli, will not interfere with the assay.
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Figure 2.6 Specificity of V. cholerae SD-LAMP assay.

(A) Only toxigenic strains of V. cholerae are detectable via LFIA. (B) LFIA
test band quantification shows statistical significance for Vc N16961 and Ve
CH-16 when compared to NTC (**** p <(0.0001). (n=3)

V. cholerae Whole Cell Detection in Various Water Samples

I then explored the efficiency of the SD-LAMP assay in different water samples. I prepared
SD-LAMP assays with 10° cells/reaction of V. cholerae and 50% by volume of molecular biology
water (control), pond water, rain runoff, PBS, and tap water. After 30 minutes of amplification, I
analyzed the amplicons using LFIA (Figure 2.7A). The test band signal was strong for molecular
biology water, pond water, rain runoff, and PBS. Interestingly, amplification only occurred one of
three repeats in tap water. This is likely due to the presence of chlorine in city tap water which
inhibits the activity of the enzyme and can even kill bacteria. When compared to their respective
negative controls, there was a statistically significant difference for molecular biology water (p-
value < 0.01), pond water (p-value < 0.0001), rain runoff (p-value < 0.01), and PBS (p-value <
0.01) using an unpaired ¢-test (n=3) (Figure 2.7B). These results demonstrate the robustness of the
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SD-LAMP assay and indicate that common inhibitors found in environmental water samples do

not prevent amplification.®*
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Figure 2.7 Robustness of V. cholerae SD-LAMP assay.

(A) LFIA results. (B) LFIA test band quantification shows statistical significance for molecular
biology water, pond water, rain runoff, and PBS when compared to respective NTC samples (** p <
0.01, **** » <(0.0001, ns = no significance). (n=3)

Limit of Detection of V. cholerae Whole Cells in Pond Water

I investigated pond water further because it is an excellent surrogate for the native
environment of V. cholerae.®>*® LAMP was performed by spiking serial dilutions of V. cholerae
cells ranging from 10° — 10° cells/reaction into pond water (n=3). Both agarose gel electrophoresis
(Figure 2.8A) and LFIA (Figure 2.8B) were used to confirm amplification. Statistically significant
differences were seen between the test band intensity of the NTC compared to 10? (p-value < 0.05),
10, 10* (p-value < 0.01), and 10° (p-value < 0.0001) cells/reaction (Figure 2.8B) when using a
one-way ANOVA with Dunnett’s post hoc. This demonstrates an assay LOD of 100 V. cholerae
cells/reaction (4,000 cells/mL) in pond water, which is 10-fold less sensitive than the LOD in

molecular biology water (Figure 2.5D). This slight loss in sensitivity is likely due to a change in
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salt concentration between molecular biology and pond water, which can affect enzyme activity
and slow the reaction.”>*":88 However, this experiment better simulates a field test since the pond
water was collected outside the laboratory and contains natural sediment. While not statistically
significant, 10! cells/reaction (400 cells/mL) did amplify two of three repeats, indicating that an
increased assay time could improve the LOD. An LOD of 10 cells/reaction (400 cells/mL) would
place the SD-LAMP sensitivity within the range of V. cholerae concentrations typically found in

the environment (1 — 1,000 cells/mL).>
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Figure 2.8 LOD of V. cholerae SD-LAMP assay in pond water.

(A) Agarose gel verifying amplification (contrast increased for visualization) and
(B) LFIA results are consistent. LFIA test band quantification shows significance
down to 100 cells/reaction (* p < 0.05, ** p <0.01, **** p <0.0001). (n=3)
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2.4 Future Directions

To ensure an environmentally relevant LOD, the SD-LAMP assay time for the pond water
experiments should be extended by 5-15 minutes. If unequivocal LFIA test bands are observed for
10" cells/reaction for each repeat, the time extension was sufficient in enhancing the LOD. If a
time extension does not improve the SD-LAMP LOD in pond water, further assay optimization

may be required.

2.5 Conclusions

In this chapter, I optimized and characterized an SD-LAMP assay and combined it with
colorimetric LFTA detection for rapid, sensitive, and robust identification of V. cholerae. These
studies indicate an environmentally relevant sensitivity of 10 cells/reaction (400 cells/mL) in
molecular biology water. I also demonstrated that the SD-LAMP assay is specific to toxigenic
strains of V. cholerae and that other bacteria found in water, such as E. coli, do not interfere with
amplification or detection. Furthermore, I determined that SD-LAMP performs robustly in the
presence of inhibitory sample matrices and has a LOD of 100 cells/reaction (4,000 cells/mL) in
50% pond water. Altogether, these results establish the utility of SD-LAMP combined with LFIA

for the rapid, equipment-free detection of V. cholerae in its native environment.

39



3. OPTIMIZATION OF VITRIFICATION TECHNIQUE FOR ROOM-
TEMPERATURE STORAGE OF REAGENTS

Parts of this chapter are reproduced from Ref. 104 (Phillips & Moehling et al., 2019) with permission
from The Royal Society of Chemistry.

3.1 Rationale

Emerging POCTs utilizing nucleic acid amplification have the potential to revolutionize
the field by enabling detection as soon as a pathogen is present and improving the sensitivity and
specificity of portable platforms. However, a major obstacle that prevents the widespread
translation and use of point-of-care platforms that utilize NAATSs, such as LAMP, is the required
cold-chain storage of reagents. Specifically, the enzyme (polymerase) and dANTPs required for
amplification are unstable above freezing temperatures (-20°C).¥° The most common way to dry
and preserve LAMP reagents is lyophilization or freeze-drying. During the lyophilization process,
water is removed from the samples by freezing, lowering the pressure, and applying heat to enable
sublimation.”! Although lyophilization permits long-term room-temperature storage of most
proteins and reagents, it is a laborious process that requires several rounds of optimization and a
laboratory-grade lyophilizer.”! I sought to explore an alternative drying method that is less time-
consuming, uses minimal equipment, and is compatible with several assays. Vitrification is the
mechanism of preserving samples in a glassy state using highly concentrated cryoprotectants to
prevent crystallization during the drying process.”” Hayashida et al. modified a traditional
vitrification procedure for storage of LAMP reagents in the caps of PCR tubes for detection of
Human African Trypanosomiasis in a standard laboratory setting.” I ultimately want to integrate
dried LAMP reagents into a portable platform, so further protocol optimization is required.

In this chapter, I characterize the vitrification technique by selecting the optimal
cryoprotectants, reagent deposition pattern, and substrate for reagent storage. After trial and error
experimentation with LAMP reagent vitrification, I utilize transport equations to calculate the
molecular diffusivity of the reagents to guide final decisions on deposition pattern and rehydration.
Finally, I use the optimized vitrification protocol to store both SD-LAMP and RT-LAMP reagents
at room temperature. I compare the assay efficiency of fresh and vitrified reagents and determine

the limit of detection using reagents stored for several weeks.
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3.2 Materials and Methods

3.2.1 Reagents

In addition to items outlined in 2.2.1 Reagents, diethyl pyrocarbonate (DEPC) water
(Invitrogen, Carlsbad, CA), sucrose (IBI Scientific, Dubuque, IA), trehalose dihydrate (Thermo
Fisher, Waltham, MA), glycerol (Thermo Fisher, Waltham, MA), and Triton X-100 (Sigma-

Aldrich, St. Louis, MO) were used for experiments in this chapter.

3.2.2 V. cholerae SD-LAMP

SD-LAMP reactions remain unchanged from 2.2.4 Strand Displacement Loop-Mediated
Isothermal Amplification (SD-LAMP) except for the addition of cryoprotectants to the 25 pL
reactions (Table B.1). 2 uL of diluted template or molecular biology water (for NTC) was added
prior to heating. V. cholerae was grown according to 2.2.2 Bacteria Culture. For time point
studies, SD-LAMP reactions were incubated at 65°C for 45 minutes. Amplicons were
characterized via gel electrophoresis and LFIA as described in 2.2.5 Amplicon Analysis via

Lateral Flow Immunoassay (LFIA) and Gel Electrophoresis.

3.2.3 HIV RT-LAMP

LAMP primers were devised by my colleague Dr. Karin Ejendal using Primer Explorer v5.
The primers target a 201 bp region of the gag gene of HIV-1 (Table B.2) and loop primers were
labeled with FAM and biotin for detection via commercial LFIA (Ustar Biotechnologies,
Hangzhou, China). The primer sequences are provided in Table B.3. To allow for both reverse
transcription and amplification of the HIV-1 target, we used Bst 3.0 polymerase, which includes
reverse transcriptase capabilities, in addition to the buffers and dyes listed in Table B.4. 4 uL of
non-infectious HIV-1 virus (AccuSpan Linearity Panel, SeraCare Life Sciences, Milford, MA)
diluted in plasma (SeraCare Life Sciences, Milford, MA) or plasma alone (NTC) was added to 21
uL of RT-LAMP master mix to make 25 pL reactions. RT-LAMP was performed at 65°C for 60
minutes and amplicons were characterized via gel electrophoresis and LFIA as described in 2.2.5

Amplicon Analysis via Lateral Flow Immunoassay (LFIA) and Gel Electrophoresis.
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3.2.4 Reagent Drying and Storage

Following the Hayashida et al. protocol,”® 1 separated LAMP reagents into a primer and
enzyme mixture to prevent false priming and primer extension that can occur when primers and
enzymes are mixed and left at room temperature for an extended period of time.** Moreover, I
tested the effects of common cryoprotectants (sucrose and trehalose) and a surfactant (Triton X-
100) on LAMP amplification. Three reagent deposition patterns (Figure B.1) were tested in
addition to storage substrates such as PCR strip tube caps (1402-4700, USA Scientific, Ocala, FL),
0.22 pm polyethersulfone (PES) (Millipore Sigma, Burlington, MA), 60 pm cyclic olefin polymer
(COP) (Zeonor, Tokyo, Japan), self-seal pressure sensitive adhesive (PSA) (GBC, Lake Zurich,
IL), and polyethylene terephthalate (PET) (Apollo, Lake Zurich, IL).

After optimization was complete, the following finalized protocol was used for vitrification
of both V. cholerae SD-LAMP and HIV RT-LAMP reagents. The primer mixture (Table B.1 and
Table B.4) containing sucrose, glycerol, Triton X-100, and primers was deposited by hand on a 1
X 1 cm piece of PET in two parallel lines (Figure B.2). After drying in a sterile biosafety cabinet
under continuous air flow for 60 minutes at room temperature, the enzyme mixture (Table B.1 and
Table B.4) containing the polymerase, sucrose, and dNTPs was deposited directly on top of the
dried primer mixture in parallel lines and set out to dry for another 60 minutes (Figure B.2). After
deposition and initial drying, the PET squares were packaged in opaque Mylar bags with silica gel
desiccant (Uline, Pleasant Prairie, WI) and stored at room temperature. The dried LAMP reagents
were reconstituted by adding the PET squares to PCR tubes containing the rehydrating mixture
(Table B.1 and Table B.4) and template (either V. cholerae or HIV). LAMP was performed
according to protocol and amplicons were characterized via gel electrophoresis and LFIA as
described in 2.2.5 Amplicon Analysis via Lateral Flow Immunoassay (LFIA) and Gel

Electrophoresis.

3.2.5 Statistical Analysis

To analyze the effect of reagent storage on the LOD for the V. cholerae SD-LAMP assay,
a two-way ANOVA post hoc Dunnett’s was performed with a confidence level of 95%. The two-way
ANOVA investigated how the length of time reagents were stored at room temperature affected the

vitrified enzyme’s activity and assay LOD as determined by LFIA test band quantification.
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A Student's unpaired, two-sided #-test with a 95% confidence interval was used when
comparing the negative and positive controls and fresh and dried samples during the initial testing
of 21-day dried HIV RT-LAMP reagents. To determine the limit of detection of 21-day dried HIV
RT-LAMP reagents, a one-way ANOVA post hoc Dunnett's was performed with multiple
comparisons of the LFIA test bands of each concentration against the test bands of NTC with a

95% confidence interval.

3.3 Results and Discussion

3.3.1 Optimization of Vitrification for Room-Temperature Storage of LAMP Reagents

It is well known that cryoprotectants are necessary to stabilize both proteins and
oligonucleotides during the drying process;’! however, it is important that these additives do not
decrease amplification efficiency. I first examined the effects of sucrose, trehalose, and Triton X-
100 on amplification using concentrations from Hayashida et al.”® I established that the V. cholerae
LAMP assay can tolerate 165 mM (~8% v/v) of both sucrose and trehalose and 0.007% Triton X-
100 (Figure 3.1). After further investigation, I found that LAMP can sustain 10% (v/v) of both

0.007% 165 mM 165 mM
controls Triton X-100 sucrose trehalose
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Figure 3.1 LAMP tolerance of additives used in Hayashida ez al.

After 30 minutes of heating, LAMP is not inhibited by 0.007% Triton X-100 or 165 mM
sucrose or trehalose (final concentrations). Positive samples were spiked with 10° V. cholerae
cells/reaction. (n=1)
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sucrose and trehalose (Figure B.3A) and 10% (v/v) of yellow food color solution (Figure B.3B).
Food color solutions may be helpful for machine alignment when scaling up reagent deposition to
printing mechanisms. After establishing that the additives do not affect my V. cholerae LAMP
reaction, I replicated the Hayashida et al.> protocol in PCR tube caps using the reagent deposition
pattern seen in Figure B.1A. I used sucrose as the cryoprotectant for the first group of samples and
trehalose for the second group. As seen in Figure 3.2, both sucrose and trehalose adequately protect
LAMP proteins and oligonucleotides during the vitrification process and the 24-hour room-
temperature storage period. I decided to move forward with sucrose because it is less expensive

sucrose trehalose
| J = —
(bp) Ladder NTC POS POS POS NTC POS POS POS

I
10000 - - — ol
2000 -
1000 - — ;
500 - J—
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Figure 3.2 Evaluation of cryoprotectants for LAMP reagent storage.

Sucrose and trehalose were added to both the primer and enzyme mixture according to the protocol.
LAMP reagents were stored at room temperature for 24 hours before reconstituting with the
rehydrating mixture and water (NTC) or 10° V. cholerae cells/reaction (positives). (n=1)

and more accessible. I also tested variations of the reagent deposition pattern from Hayashida et
al. (Figure B.1B and Figure B.1C) and concluded that the striped reagent deposition pattern (Figure
B.1C) produced the best results after three days of room-temperature storage (data not shown).
Finally, I used the striped reagent deposition pattern to store V. cholerae LAMP reagents for three
days at room temperature on various substrates (all 1 X 1 cm squares). Figure 3.3 indicates that
LAMP reagents can be vitrified and stored for three days on PES (Figure 3.3A), COP (Figure
3.3A), self-seal PSA (Figure 3.3B), and PET (Figure 3.3C). Rehydration of the LAMP reagents
vitrified on PES and self-seal PSA was difficult due to the porosity and adhesiveness of the
substrates, respectively. Conversely, the vitrified reagents were easily reconstituted from the

smooth surfaces of both COP and PET. Both COP and PET produced promising results, but I
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selected PET for further experimentation since it is significantly less expensive than COP. In
summary, the fully optimized vitrification protocol utilizes sucrose as the cryoprotectant, the
striped reagent deposition pattern (Figure B.1C), and PET as the substrate.
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Figure 3.3 Testing substrates for LAMP reagent storage.

LAMP reagents were stored for three days at room temperature on (A) PES and COP, (B) self-seal PSA,
and (C) PET. Fresh controls were prepared for each experiment. Samples were reconstituted with the
rehydrating mixture and water (NTC) or 10° V. cholerae cells/reaction (positives). LFIA analysis was

only conducted with LAMP reagents stored on PET (C). (n=1)

3.3.2 Diffusivity of Vitrified LAMP Reagents

When I extended the storage period beyond three days using the optimized vitrification
protocol, I noticed a decrease in efficiency of the V. cholerae LAMP reaction when compared to

freshly prepared controls. I hypothesized that separating the primers and enzyme might result in
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diffusion-limited amplification; therefore, I explored how the reagent deposition pattern affects
diffusion and mixing of reagents upon rehydration.

Prior to beginning the stability studies, I calculated the molecular diffusivity of
reconstituted reagents using the Stokes-Einstein equation® and Renkin equation.”®®’” The
hydrodynamic radius, a, was calculated for the largest molecule in both the primer mixture (inner
primer) and enzyme mixture (polymerase). Using Equation 3.1, I then calculated the bulk
diffusivity, D, for each molecule where R is the gas constant, T is the reaction temperature, 77 is
the viscosity of the solution, and N, is Avogadro’s number.

RT

D= Equation 3.1
6mnaN 4

Since the molecule diffusion will eventually occur from the PET to a porous amplification

membrane, | then calculated pore diffusivity, D,,, using Equation 3.2.

D,, = DK(a/r) w, (a/T) Equation 3.2

Where 7 is the pore radius, K(a/r), the partition coefficient, is equal to (1 — a/r)?, and the
hydrodynamic drag, w,(a/r), is equal to [1 — 2.1(a/r) + 2.09(a/r)? — 0.95(a/r)°]. The
calculated pore diffusivity indicates that it will take the reconstituted reagents approximately 10
minutes to diffuse 1 mm into the porous amplification membrane at 65°C. Using this information,
I decided to layer the primer and enzyme mixture during the drying process (Figure B.2) to
minimize the distance which the reconstituted reagents would have to diffuse to ensure proper and

rapid mixing for subsequent amplification.

3.3.3 Vitrification of V. cholerae SD-LAMP Reagents

I experimentally evaluated the stability of vitrified V. cholerae SD-LAMP reagents stored
at room temperature for 10, 20, and 30 days. The LOD of V. cholerae in 50% pond water was
determined using dried reagents at each time point and compared to the LOD using freshly
prepared SD-LAMP reagents. I reconstituted the dried SD-LAMP reagents with rehydrating

mixture and serial dilutions of V. cholerae from 10° — 10° cells/reaction or water (NTC) (n=3).
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Control reactions using freshly prepared reagents (0-day dried) were heated simultaneously. After
45 minutes of amplification, vitrified samples and fresh controls from each time point were
analyzed via LFIA. The SD-LAMP assay was extended to 45 minutes due to a slight loss in activity
of the dried enzyme, resulting in slower amplification (data not shown).

After 10 days of room-temperature reagent storage, there was noticeable decrease in LFIA
test band intensity at each concentration compared to 0-day dried reagents (n=3) (Figure B.4A and
Figure 3.4A). However, there was still statistical significance down to 10° cells/reaction for both
0- and 10-day dried reagents when compared to their respective NTC (p-value <0.001 and p-value
< 0.05, respectively) (Figure 3.4B). The improvement in LOD from Chapter 2, 10* cells/reaction
(Figure 2.8B) to 10° cells/reaction (Figure 3.4B), is likely due to the lengthening of the
amplification period to 45 minutes. The LFIA test band intensity was even weaker after 20 days
of room-temperature reagent storage (n=3) (Figure B.4B and Figure 3.4A). While there was a
statistical difference down to 10! cells/reaction for 0-day dried reagents when compared to NTC
(p-value < 0.0001), there was only significance at 10° cells/reaction for reagents stored for 20 days
at room temperature (p-value < 0.01) (Figure 3.4C). After 30 days of ambient-temperature storage,
the test band intensity dropped to just above the visual threshold for 10°, 10%, and 10° cells/reaction
and was more or less zero for other concentrations (n=3) (Figure B.4C and Figure 3.4A). There
was a statistical difference down to 10! cells/reaction compared to NTC (p-value < 0.0001) for 0-
day dried reagents; however, for 30-day dried reagents there was only significance at 10°
cells/reaction (p-value < 0.05) (Figure 3.4D). Even though there was not statistical significance at
low concentrations of V. cholerae beyond 10 days of room-temperature storage, the quantified test
band intensity remains above the visual threshold down to 10? cells/reaction after 20 days of
storage and 10° cells/reaction at 30 days (Figure 3.4A). This is important because LFIAs are
ultimately interpreted by the user in a binary (yes/no) manner. From this stability study, it seems
the vitrification process is somewhat detrimental to enzyme activity or primer efficiency. Other
groups have similarly reported a loss in reaction efficiency of both lyophilized'® and vitrified”®

LAMP reagents stored at room temperature when compared to freshly prepared controls.
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Figure 3.4 Stability of vitrified V. cholerae SD-LAMP reagents stored at room temperature.

(A) Average LFIA test band intensity at each time point (0, 10, 20, and 30 days) with concentrations of V.
cholerae ranging from 10°— 10° cells/reaction. (B) Direct comparison between 0 and 10 days of room-
temperature reagent storage. The 0-day dried group shows significance at 10° (*** p < 0.001) and 10" —
10° (**** p < (0.0001) cells/reaction compared to NTC. The 10-day dried group demonstrates statistical
significance at 10° (* p < 0.05), 10", 10?, 10° (** p < 0.01), 10* (*** p <0.001), and 10° (**** p <0.0001)
cells/reaction compared to NTC. (C) Direct comparison between 0 and 20 days of room-temperature
reagent storage. The 0-day dried group shows significance at 10" — 10> (**** p < 0.0001) cells/reaction
compared to NTC. The 20-day dried reagent group demonstrates statistical significance only at 10° (** p
<0.01) cells/reaction compared to NTC. (D) Direct comparison between 0 and 30 days of room-
temperature reagent storage. The 0-day dried group shows significance at 10" — 10° (**** p < 0.0001)
cells/reaction compared to NTC. The 30-day dried reagent group demonstrates statistical significance
only at 10° (* p < 0.05) cells/reaction compared to NTC. Statistical analysis (B-D) was a two-way
ANOVA with Dunnett’s post hoc relative to respective NTC samples (n=3). Note: n=9 for 0-day dried
group graphed in (A).

3.3.4 Vitrification of HIV RT-LAMP Reagents

After determining that vitrification was successful for room-temperature storage of SD-
LAMP reagents, I explored whether the vitrification process could be translated to a LAMP assay
without an SD probe. Along with undergraduate researcher Lauren Jankowski, I conducted the

next set of experiments with the HIV RT-LAMP assay developed in our lab. We reconstituted 21-
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day dried RT-LAMP reagents with rehydrating mixture and HIV-1 at 10° virus copies/reaction
diluted in water or water alone (NTC). Positive and negative control reactions using freshly
prepared reagents were heated simultaneously. After the 60-minute amplification period, all
samples were analyzed via LFIA (Figure 3.5A). The LFIA test band intensity of positive samples
using 21-day dried reagents was not statistically significantly different than that of the test band of
the freshly prepared positive controls, indicating that the drying process did not damage enzyme
or primer activity. As expected, LFIA results of positive samples were statistically differentiable
from NTC samples for both the dried and fresh reagent groups (p-value < 0.001) (Figure 3.5A).
To compare the amplification efficiency of dried and freshly prepared reagents, the LOD
of HIV-1 in 16% plasma was determined using 21-day dried RT-LAMP reagents (n=3). There was
a statistically significant difference between the test band intensity of the 10° and 10° virus
copies/reaction compared to NTC (p-value < 0.05 and p-value < 0.01, respectively) (Figure 3.5B).
While not significant, samples containing 10* and 10° virus copies did amplify in some cases: two
of three repeats for 10* and one of three repeats for 10° virus copies/reaction. There is a slight loss
in sensitivity when using the dried reagents (LOD of 10° versus 10* virus copies/reaction (data not
shown)); however, the LOD can likely be improved with further assay optimization such as RT
and polymerase enzyme selection and primer design. Hayashida et al. established that vitrified
LAMP reagents designed for DNA targets have the same sensitivity as freshly prepared reagents
after seven months of storage at room temperature.” These findings in combination with my
preliminary evaluation of limited HIV RT-LAMP reagents stored for five months at room
temperature, shown in Figure B.5, give reason to believe that I can increase the storage period of

the HIV RT-LAMP reagents far beyond 21 days.
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Figure 3.5 Detection of HIV virus amplified by dried RT-LAMP reagents.

(A) There is no significant difference in test band intensity of amplification products detected
on LFIAs after amplification with fresh RT-LAMP reagents compared to amplification with
reagents dried for 21 days. (n=5 fresh, n=13 dried) (*** p <0.001) (B) There is a statistically
significant difference in LFIA test band intensity of RT-LAMP products from as few as
10° HIV virus copies in 16% plasma as compared to NTC. Representative LFIAs (top) and
test band quantification (bottom). (n=3) (** p <0.01, * p <0.05)
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3.4 Future Directions

For ambient-temperature reagent storage via vitrification beyond 30 days, it is likely that
both assays will have to be re-optimized. Specifically, the concentrations of cryoprotectants may
require adjustment to better protect the proteins and oligonucleotides in the mixtures. Moreover,
we recently purchased a small lyophilizer so lyophilization could be investigated as an alternative
to vitrification for long-term (>3 months) reagent storage for both SD-LAMP and RT-LAMP.
Future work also includes modeling LAMP reagent diffusivity using COMSOL Multiphysics to
better understand the mixing that occurs upon rehydration and heating. The 3D model should
consider molecule diffusion through a porous media (membrane), how the assay temperature

affects molecular diffusion, and microfluidic modeling via CFD.

3.5 Conclusions

I have demonstrated a simple and equipment-free vitrification method to store LAMP
reagents at room temperature. I selected appropriate cryoprotectants, characterized the reagent
deposition pattern, and tested various substrates for reagent storage. With the optimized
vitrification protocol, I illustrated that V. cholerae SD-LAMP reagents can be dried and stored at
room temperature for 30 days and HIV RT-LAMP reagents for 21 days before use. The ability to
dry reagents eliminates the need for cold chain storage and enables translation of molecular assays,
such as LAMP, into portable POC platforms. Moreover, integrated reagents reduce the potential
for user error by removing precision pipetting steps and decrease the training requirements to

operate POC platforms.
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4. CREATION OF INTEGRATED PAPERFLUIDIC PLATFORMS

Parts of this chapter are reproduced from Ref. 104 (Phillips & Moehling et al., 2019) with
permission from The Royal Society of Chemistry.

4.1 Rationale

Nucleic acid amplification tests generally require three steps: sample processing,
amplification, and detection. Most NAATSs are not suitable for the POC because they require
separate sample preparation units, cold-chain storage of amplification reagents, expensive analysis
equipment, and trained laboratory personnel.”!% Recent efforts have been focused on translating
these extremely sensitive and accurate NAATS to portable platforms that can be used by minimally
trained individuals at the point of use.'>!%° As discussed in 1.1.6 Existing and Emerging
Disposable Platforms, paperfluidic platforms consisting of porous membranes and LFIAs are
ideal for the POC because they are inexpensive, manufacturable, and easy to use and their inherent
capillary flow enables fluid transport without external equipment. However, integrating sample
preparation, nucleic acid amplification, and detection into a single paperfluidic platform has
proven challenging.!”! Tang et al. developed an integrated paper-based device for sensitive
detection of S. typhimurium from complex sample matrices.'”” The device incorporates nucleic
acid extraction, isothermal amplification, and LFIA detection but it requires four time-sensitive
user steps.'®> Another group designed a disposable paperfluidic test for rapid identification of
human papillomavirus (HPV) DNA directly from cervical samples; however, there are six distinct
operational steps within the 1 hour testing period.'?

To address the lack of integrated paperfluidic NAATS that are also fully automated, our lab
has developed several tools to facilitate the advancement of these platforms. My colleague, Dr.
Elizabeth Phillips, characterized thermally actuated wax valves to control fluid flow in paperfluidic
platforms.!%1% My labmates Orlando Hoilett and K Byers designed a temperature control circuit
and flexible microheaters to supply heat for isothermal amplification assays and wax valve
actuation.!%*1% In Chapter 3, I discussed the utility of vitrification as a reagent drying technique
to eliminate cold-chain storage requirements for LAMP reagents. I propose combining these tools
with appropriate sample preparation, LAMP amplification, and LFIA detection to create fully

integrated and automated paperfluidic platforms.
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In this chapter, I outline the development of two paperfluidic platforms: one for detection
of V. cholerae in pond water and another for identification of HIV from whole blood samples. The
V. cholerae microfluidic paper-based analytical device (WPAD) combines bacterial concentration
from 1 mL of environmental water, rapid amplification of DNA from lysed cells via SD-LAMP,
and equipment-free, colorimetric detection of amplicons via LFIA. The entire process can be
performed in just 70 minutes by a minimally trained individual. The HIV platform is a fully-
integrated sample-to-answer device that leverages porous membranes' wicking abilities and size
discriminating pores to isolate HIV viral particles from human blood cells, amplify RNA from the
viral particles using pre-dried RT-LAMP reagents that target the highly conserved gag gene of
HIV-1, and automatically transport RT-LAMP amplicons to an integrated LFIA for simple, visual
interpretation of results within 90 minutes of sample application. This microfluidic rapid and
autonomous analysis device (microRAAD) demonstrates the potential for simple and low-cost

HIV detection at the point of use.

4.2 Materials and Methods

4.2.1 Water Filtration and Bacteria Capture in Porous Membranes

I tested both Grade 3 chromatography paper (Whatman, Marlborough, MA) and gel
blotting paper (Grade GB003, Whatman, Marlborough, MA) as potential membranes to filter the
1 mL pond water sample. I cut three 2 cm X 2 cm squares of each membrane, added 150 pL of
MilliQ water to each square, and recorded the time to absorb the entire volume.

Fluorescent particles were used to characterize and quantify size-based membrane capture.
V. cholerae was represented by particles of two different sizes due to its rod-shaped appearance:
0.3 pm diameter green (Ex468/Em508 nm) particles (Fluoro-Max, Thermo Fisher, Waltham, MA)
and 1 um diameter Flash Red (Ex660/Em690 nm) particles. A calibration curve correlating particle
concentration to fluorescence was created by serially diluting both particle solutions and
measuring dilutions in a SpectraMax M5 microplate reader (Molecular Devices LLC, San Jose,
CA) at an excitation of 468 nm and 660 nm for the 0.3 pum and 1 pm particles, respectively. Along
with undergraduate researcher Ethan Pollack, I tested several materials to determine their particle
capture efficiency: 0.1 um PES (PALL, Port Washington, NY), 0.22 um PES (Millipore Sigma,
Burlington, MA), 0.22 pm nylon (GVS Filter Technology, Sanford, ME), 0.45 pm
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polytetrafluoroethylene (PTFE) (Millipore Sigma, Burlington, MA), and 0.6 um isopore
polycarbonate (PC) (Millipore Sigma, Burlington, MA). A 7 mm hole punch was used to cut each
membrane into circular pieces. The membranes were then sandwiched between two O-rings and
placed into a commercial miniprep spin column (Figure C.1) (Qiagen, Hilden, Germany). The spin
column was then placed into a clear 2 mL collection tube. Next, 150 pL of either the 0.3 um (at
10" particles/mL) or 1 pum particles (at 10® particles/mL) was pipetted into the spin column
containing the membrane of interest. The tubes were then centrifuged for 60 seconds at 0.5 rcf and
the fluorescence of the eluent was measured using the microplate reader. The fluorescence of
unfiltered particles (10'! particles/mL and 10® particles/mL) was also measured and used to
determine the proportion of particles that passed through the membrane. Capture efficiency was
calculated by subtracting the proportion of particles in the eluent from 1 and multiplying by 100%.

To determine whether LAMP amplification could be performed within the pores of the
bacteria capture membrane, I added 1 cm X 1 cm squares of the membrane to PCR tubes
containing the LAMP master mix and template (serial dilutions of V. cholerae from 10° — 10°
cells/reaction or water). The membrane completely absorbed the 25 pL solution; therefore, I was
confident that amplification happened within the pores of the membrane rather than in residual
(unabsorbed) liquid in the tube. Samples and controls (reactions without membrane) were heated
for 30 minutes at 65°C. Amplification was confirmed via gel electrophoresis (membranes were
loaded into wells of an agarose gel).

I tested the combined filtration and capture mechanism with V. cholerae whole cells spiked
into pond water. The setup is pictured in Figure C.2, where the bacteria capture membrane (1.5 cm
X 1.5 cm) is centered on top of the absorbent wings. The absorbent wings were carefully sized to
absorb 1 mL of liquid (= 5%). Negative samples were simply 1 mL of pond water. For positive
samples, I spiked V. cholerae in 1 mL of pond water at 100 cells/mL. After filtering the 1 mL
sample, the bacteria capture membrane was removed from the setup with tweezers and placed into
PCR tubes containing the SD-LAMP master mix. The bacteria capture membrane served as the
template for the assay. Positive (100 V. cholerae cells/reaction) and negative controls contained
SD-LAMP reagents and an unused membrane. SD-LAMP was performed for 30 minutes at 65°C.

Amplification was confirmed via gel electrophoresis.
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4.2.2 Integrated V. cholerae pPAD

Components of the pPAD (Table C.1) were designed in Adobe Illustrator and cut with a
COz laser (VLS 3.5, Universal Laser Systems, Scottsdale, AZ) with help from my labmate Amy
Sritong. Valves were prepared by printing 1.25 mm wide lines of solid wax-ink (Black ColorQube
ink, Xerox, Norwalk, CT) onto cellulose membranes (Chrl, GE Healthcare, Pittsburgh, PA) using
a Xerox ColorQube 8570 (Norwalk, CT). Cellulose membranes were then heated for twelve
minutes at 85°C in a table-top oven (VWR, Radnor, PA) and cut into 1 cm long strips with the
laser cutter to create closed valves.'”> Commercially available LFIAs (Ustar Biotechnologies,
Hangzhou, China) were modified by cutting off the sample pad. Glass fiber conjugate pad (1.5 cm
X 1 cm, Millipore Sigma, Burlington, MA) was used to hold the wash buffer. Once prepared, all
components were hand assembled (Figure C.3) and laminated on top and bottom with self-seal
PSA (GBC, Lake Zurich, IL) to minimize evaporation during heating.

Diluted food color solutions were used to test the fluidics in the assembled pPAD. First, 1
mL of yellow food color solution (mimics environmental sample) was added to the sample inlet
and allowed to filter through the bacteria capture membrane and into the absorbent wings. Then,
75 uL of green food color solution was deposited into the wash buffer inlet followed by 23 uL of
blue food color solution into the sample inlet (simulates the rehydrating mixture). Both inlets were
then sealed with adhesive (Microseal Seals, Bio-Rad, Hercules, CA). The amplification zone was
then locally heated to 65°C for 45 minutes using an 3.8 Q silver ink microheater.'” After the
incubation, the wax valves were simultaneously heated to 80°C for 1 minute using a hot block.
After allowing 30 minutes for LFIA flow control band development, the entire uPAD was imaged
using a desktop scanner (Epson V850 Pro Scanner).

Due to heating and contact issues with the microheaters, a modified pPAD (without
absorbent wings) was used for preliminary testing. V. cholerae (10° cells/reaction) was spiked into
50 uL SD-LAMP reactions containing 50% (v/v) pond water. The SD-LAMP reactions were
incubated in tubes on a hot block at 65°C for 45 minutes. Green food color solution was added to
the modified uPAD as the wash buffer to ensure there was no fluid leakage past the valve. SD-
LAMP amplicons were then deposited into the uPAD sample inlet before sealing both the wash
and sample inlets. Wax valves were heated for 1 minute to allow amplicons to flow into the LFIA.

The pPAD was scanned approximately 15 minutes after opening the valves and the test band was
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quantified using a custom MATLAB script that averages the grey-scale pixel intensity of the test

band and subtracts the average background pixel intensity 30 pixels below the test band.”

4.2.3 Blood Separation and Virus Capture in Porous Membranes

As an initial proof of concept of size-based separation, two sizes of fluorescent particles
(Bangs Laboratories, Fishers, IN) were used in a vertical flow filtration setup to allow
quantification of both separation and capture in porous membranes (Figure C.1). The 0.11 pm
diameter Dragon Green (Ex480/Em520 nm) particles represented HIV-1 virus and the 7.32 um
diameter Suncoast Yellow (Ex540/Em600 nm) particles represented blood cells. Along with my
colleague Dr. Laud Anthony Basing, | tested two membranes: a blood separation membrane (MF1,
GE Healthcare, Chicago, IL) and an amplification membrane (0.22 um PES, Millipore Sigma,
Burlington, MA). The 0.11 um particles were added to the spin column containing the membrane
of interest at a concentration of 10!! particles/mL and the 7.32 um particles at 10° particles/mL.
The experimental protocol for determining capture efficiency is detailed in 4.2.1 Water Filtration
and Bacteria Capture in Porous Membranes.

MF1 and 0.22 um PES membranes were then used to confirm size-based separation of
blood from virus in a lateral flow format. The 0.22 um PES (1 cm X 1 cm) was overlapped with
MF1 (1 cm X 1 cm) to form the amplification and filtering segments of the integrated device
(Figure C.4). Next, 1.2 uL of 2.5 X 10° virus copies per pL of HIV-1 was mixed with 12 pL of
human whole blood and deposited onto the MF1 membrane of the MF1/PES assembly, followed
by 61.8 uL of rehydrating mixture (Table B.4) (final concentration of 4 X 10° virus copies per
mL). After 1 minute of capillary flow, the PES was removed from the assembly and added to a
PCR tube with the enzyme and primer mixtures (Table B.4). The samples were amplified for 60
minutes at 65°C. Amplification was confirmed by placing the PES membranes into wells of an
agarose gel and performing gel electrophoresis. The remaining solution in the PCR tube that had

not saturated the PES membrane was added to a LFIA followed by 40 uL of wash buffer.

4.2.4 Integrated microRAAD for HIV Detection

The microRAAD for HIV detection is composed of the reusable temperature control

circuit, silver ink microheaters, and plastic housing and a single use laminated uPAD. The
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components of the single use pPAD were designed and laser cut by my labmate, Dr. Elizabeth
Phillips. More details about the materials can be found in Table C.2 and the publication.'**!% Once
prepared, we assembled the components by hand (Figure C.5) and laminated them with self-seal
PSA (GBC, Lake Zurich, IL) to minimize evaporation during the assay.

Seventy-five (75) uL of RT-LAMP master mix or rehydrating mixture (Table B.4)
containing HIV-1 virus (at a final concentration of 4 X 10° virus copies per mL) was loaded into
the sample inlet of the WPAD and sealed with a 1 cm X 1 cm square of self-seal PSA. When testing
whole blood samples spiked with HIV-1 virus, 1.2 pL of 2.5 X 10° virus copies per puL of HIV-1
was mixed with 12 pLL of human whole blood and loaded into the sample inlet, followed by 61.8
uL of RT-LAMP master mix or rehydrating mixture (final concentration of 4 X 10° virus copies
per mL). Then, 130 pL of green food color solution (for visualization of flow) was added to the
wash inlet and the inlet was sealed. The loaded pPAD was then adhered to the acrylic lid with
double-sided adhesive. Microheaters'®> were adhered to the backside of the pPAD, aligned with
the two valves and amplification zone, and faced such that the silver traces would contact the pogo
pins of the temperature control circuit inside the plastic housing. Two plastic brackets were slid
over the acrylic lid and plastic housing to ensure proper contact within microRAAD. Heating was
initiated via the temperature control circuit: 1) 65°C for the middle microheater for 60 minutes
(amplification) and 2) 80°C for the outer microheaters for 2 minutes (valve actuation). After 30
minutes of LFIA development (1.5 hours after initiating the heating), the uPAD was imaged using
a desktop scanner (Epson, Suwa, Japan). The LFIA test band was quantified using a custom
MATLAB script that averages the grey-scale pixel intensity of the test band and subtracts the

average background pixel intensity 25 pixels below the test band.”

4.2.5 Statistical Analysis

A Student's unpaired, two-sided #-test with a 95% confidence interval was used when
comparing the test band intensity of NTC and positive samples evaluated in the uPAD (V. cholerae)
and integrated microRAAD (HIV).
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4.3 Results and Discussion

4.3.1 Water Filtration and Bacteria Capture in Porous Membranes

When testing environmental water samples for bacteria, it is important to collect and
perform measurements on a sample volume that is representative of the entire source.'’” Based on
my experience, | decided that 1 mL of water is feasible to filter within a small paperfluidic platform
and still characteristic of the source. After selecting the two most absorbent membranes in lab, |
tested their wicking rate. As seen in Table 4.1, blotting paper absorbed the water two times faster,
on average, than the chromatography paper. Therefore, the absorbent wings in the integrated uPAD
will be made of gel blotting paper.

Table 4.1 Absorbent wing membrane testing.

Time to absorb 150 uL of water was recorded for each 2 cm X 2 cm squares membrane. (n=3)

Grade 3 Chromatography Gel Blotting Paper
Repeat 1 20.3 sec 6.8 sec
Repeat 2 19.4 sec 9.1 sec
Repeat 3 14.4 sec 8.3 sec
Average 18.0 sec 8.0 sec

Using the vertical flow filtration setup in Figure C.1, we quantitively determined the
particle capture efficiency of several membranes. As seen in Table 4.2, the selected membranes
were generally effective at trapping the 1.0 um fluorescent particles. The 0.6 pm PC was the only
membrane with a capture efficiency less than 98%; therefore, we decided not to test the PC
membrane further. We also chose not to move forward with the 0.45 pm PTFE membrane because
it is extremely delicate and prone to tears. The 0.1 pm PES, 0.22 pm PES, and 0.22 pum nylon
membranes all effectively captured the smaller 0.3 um fluorescent particles, though the 0.1 pum
PES and 0.22 pm nylon membranes have considerably higher capture efficiencies (Table 4.2).
These results indicate that both PES membranes and the nylon membrane would provide sufficient

size-based capture of V. cholerae bacteria.
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Table 4.2 Efficiency of membrane capture of fluorescent particles representing V. cholerae.

All membranes except for PC trapped the 1.0 um particles effectively. The 0.1 um PES and 0.22 pum
nylon membranes captured the small (0.3 um) particles very efficiently. (n=3)

Particle Size Membrane Fluorescence (RFU) Capture Efficiency
None 2945.5 £98.3 0.0%
0.1 um PES 32.7+44.8 98.9%
0.22 pm PES 0.0+0.0 100.0%
1.0 pm
0.22 um nylon 9.0+£9.2 99.7%
0.45 um PTFE 11.3+6.2 99.6%
0.6 um PC 2053.3 +136.9 30.3%
None 2565.3 +£104.6 0.0%
0.1 um PES 64.0 £ 64.2 97.3%
0.3 pm
0.22 um PES 545.0+76.0 77.3%
0.22 pm nylon 189.3 +36.2 93.6%

Since the V. cholerae bacteria will be trapped on top of or within the pores of these capture
membranes, it makes sense to perform LAMP in the capture membrane where all the bacteria are
localized. Therefore, I needed to investigate whether LAMP amplification was possible within the
pores of these capture membranes. Based on previous work in our lab and by other research groups
suggesting the compatibility of PES with isothermal amplification techniques,'® 1 decided to
explore the two PES membranes first. I started with the 0.1 um PES membrane since it efficiently
captured both sizes of fluorescent particles (Table 4.2). After adding the 0.1 um PES membrane
to the tube with LAMP master mix and template and heating for 30 minutes, I found the 0.1 pum
PES membrane completely inhibited LAMP amplification (data not shown for V. cholerae). When
I tested the 0.22 um PES membrane, I was able to visualize LAMP amplicons via gel
electrophoresis down to 10! cells/reaction (Figure 4.1A). The same detection limit is observed for
the controls (reactions without PES membrane) (Figure 4.1B). I wanted to better understand the
discrepancy between the two PES membranes in terms of amplification performance, so I searched
for their product specification documents. I discovered that the membranes are manufactured by
two different companies (PALL — 0.1 pm and Millipore — 0.22 pm) who have their own proprietary
surface treatments. Unfortunately, Millipore does not sell PES membranes with smaller pores, so
the 0.22 um PES is the best available material for this application. The 0.22 um PES membrane

sufficiently captures both sizes of particles that represent the V. cholerae bacteria and does not
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hinder LAMP; therefore, it is the best candidate for the bacteria capture and amplification
membrane. As a note: I did not test LAMP amplification in the pores of the 0.22 um nylon

membrane, but it would be worth exploring in the future.
A
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Figure 4.1 V. cholerae LAMP in 0.22 pm PES.

(A) Agarose gel displaying banding pattern indicative of LAMP amplification down to 10"
cells/reaction when assay performed in pores of PES membrane. (B) Amplification down
to 10" cells/reaction for controls (reactions without PES membrane). (n=1) Note: (A) and

(B) are different agarose gels hence the difference in appearance.

Finally, I tested the combined water filtration and bacteria capture mechanism with V.
cholerae cells spiked in pond water at 100 cells/mL. This concentration was selected because the
LOD of the V. cholerae SD-LAMP assay in pond water is 100 cells/reaction (Figure 2.8). If cells
are not effectively concentrated in the bacteria capture membrane, the SD-LAMP assay (performed
in the bacteria capture membrane) will not be able to target and amplify V. cholerae DNA. After
filtering the pond water sample through the setup in Figure C.2 and adding the 0.22 um PES
membrane to PCR tubes with master mix, I analyzed the samples on an agarose gel. As expected,

the negative control did not amplify while the positive control showed the banding pattern
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indicative of LAMP amplification (Figure 4.2). Moreover, one of three positive replicates that
underwent water filtration and bacteria capture amplified (Figure 4.2), indicating that purification
and enrichment is possible with this setup. Further exploration of this water filtration and bacteria
capture mechanism is required to determine the V. cholerae concentration factor. Traditionally,
researchers perform bacteria enrichment via centrifugation or pressure-based separation but these
methods are not optimal for use at the POC.'''! One group demonstrated gravity-driven
separation and enrichment of E. coli from 1 mL of urine prior to performing PCR in a portable
POC device.!'? Similarly, the filtration and capture setup described here could serve as an
equipment-free sample preparation mechanism for target molecules in large sample volumes to

improve the sensivity of portable NAATS.
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Figure 4.2 V. cholerae SD-LAMP after filtering and capturing with PES.

PES can be used to capture V. cholerae spiked into 1 mL of pond water. PES served
as the template for the SD-LAMP reaction. The banding pattern indicative of
amplification is seen in the positive control and one of three sample replicates. (n=1)

4.3.2 Integrated pPAD for V. cholerae Detection

Figure 4.3 outlines the proposed workflow of the integrated uPAD. First, the water sample
is added to the sample inlet. V. cholerae are trapped in the PES membrane while excess water

filters into the absorbent wings (Figure 4.3A). The wash buffer is deposited, the sample and wash
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buffer inlets are sealed, and the amplification zone is heated to 65°C for 45 minutes (Figure 4.3B).
Next, both wax valves are opened by heating them to 80°C, allowing the solution in the

amplification zone to flow into the LFIA (Figure 4.3C) for colorimetric analysis (Figure 4.3D).

A B
Sample filtration - 10 min SD-LAMP - 45 min
m wash buffer
| absorbent
| ——= wings
sample amplification
J . zone
I bacteria
capture
| membrane
Cc D
Valves opened - 1 min LFIA development - 15 min
lI wax valve 2 |
o o
_“_ wax valve 1

test
control

Figure 4.3 Schematic of fluid flow in integrated nPAD.

(A) The water sample filters into the absorbent wings while V. cholerae is trapped in the bacteria capture
membrane (PES). (B) The wash buffer (green) and SD-LAMP reagents are constrained during
amplification by closed wax valves. (C) Upon thermally actuating the valves, wash buffer is released to
the amplification zone and the SD-LAMP products migrate to the (D) LFIA for visual analysis.

To test the fluidics of the integrated pPAD, I used food color solutions. I noticed that the

1 mL yellow food color solution efficiently filtered through the PES bacteria capture membrane
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and wicked into the absorbent wings and that the wax valves withstand the fluid pressure from
sample and wash buffer addition. Moreover, the blue food color solution that imitates the
rehydrating mixture remained in the PES membrane where it was deposited. This is important
because the reagents in the rehydrating mixture are necessary for LAMP amplification so the
mixture must remain localized in the bacteria capture and amplification membrane. After heating
the amplification zone to 65°C for 45 minutes to simulate LAMP, the two wax valves were opened.
However, the green solution in the amplification zone (mix of yellow and blue) never migrated
into the LFIA (n=2) (Figure C.6). I hypothesized that 1 mL did not fully saturate the absorbent
wings; therefore, the rehydrating mixture diffused outwards into the absorbent wings over time,
leaving no liquid in the amplification zone for subsequent LFIA detection. Diffusion can be

d,!13!114 50 T decided to decrease the size of the absorbent

minimized if a membrane is fully wette
wings to ensure full saturation with 1 mL of sample.

After halving the total area of the absorbent wings, I tested the fluidics again. It was obvious
that the wings were fully saturated after depositing the 1 mL yellow food color solution. After all
solutions were added to their appropriate inlets and the amplification zone was heated, the valves
were opened. Within 10 minutes, the green solution from the amplification zone (mix of yellow
and blue) migrated the full length of the LFIA, enabling visualization of the control band (n=3)
(Figure C.7). Confident I understood the pPAD fluidics, I wanted to test the integrated device with
V. cholerae and SD-LAMP reagents.

I verified the detection capabilities of the modified uPAD with V. cholerae SD-LAMP
products in 50% pond water. Samples containing as few as 10° cells/reaction in pond water
resulted in strong test bands (Figure 4.4A) while NTC samples yielded negative LFIA results.
There was a statistically significant difference between the test band intensity of 10° cells/reaction
compared to NTC (p-value < 0.01) (Figure 4.4B). Once the temperature control circuit is
completed, I can test the entire process from water filtration and bacteria capture to amplification
and LFIA detection in the fully integrated uPAD. To the best of my knowledge, there are no
portable devices to identify V. cholerae in environmental water. The equipment-free enrichment,
low cost ($2.83, Table C.1), and simplicity (three user steps) of the fully integrated V. cholerae
uPAD make it ideal for rapid, specific, and sensitive field-based detection of V. cholerae directly

from environmental water samples.
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Figure 4.4 Detection of V. cholerae with modified pPAD.

(A) Representative positive puPAD imaged 15 minutes after wax valves were opened. (B) SD-LAMP
products with initial concentration of 10° V. cholerae cells/reaction in pond water are detectable by the
UPAD and are statistically significantly different (** p < (0.01) than NTC samples. (n=3)

4.3.3 Blood Separation and Virus Capture in Porous Membranes

As the RT-LAMP assay was only shown to be robust in up to 20% whole blood, we
required the removal of most blood cells that would inhibit the reaction. We developed a simple
quantitative method to experimentally test the size-based capture of blood cells and virus in
membranes. As seen in Table 4.3, the 7.32 pum particles, representative of blood cells, were
captured in the MF1 membrane at an efficiency of 98.6% while 30% of the 0.11 pum particles,
representative of the virus, were captured by MF1 (n=3). This implies that MF1 can be used for
size-based separation of blood cells from the virus, although some virus will remain in the MF1
membrane, thereby reducing detection sensitivity. Further, 47.6% of the 0.11 pum particles were
trapped in the PES membrane (n=3) (Table 4.3), indicating that the PES could localize nearly half
of the smaller particles within the amplification zone. Despite the PES membrane having a reported
0.22 um pore diameter, we suspect that a fraction of the smaller diameter particles were trapped in
the PES and the MF1 membranes due to a combination of properties. Because of the membrane
heterogeneity, a portion of the pores may be smaller than the nominal pore size, allowing particles

to be physically trapped. Furthermore, the tortuosity of the membranes may prevent particle
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migration through the membrane.!!'” Lastly, the proprietary surface chemistries of both membranes
may create a charge-based attraction that causes particles to adhere to the membranes.
Experimental results indicate future designs could leverage these factors; extending the PES
membrane could enable a filtration and localization of the virus for more sensitive detection from

higher sample volumes.

Table 4.3 Efficiency of membrane capture of fluorescent particles representing HIV and blood cells.

As expected, MF1 trapped the 7.32 pum particles effectively. PES efficiently captured the 7.32 um
particles and trapped approximately half the 0.11 um particles. (n=3)

Particle Size | Membrane | Fluorescence (RFU) | Capture Efficiency
None 4007.6 + 165.0 0%
0.11 pm MF1 2810.9 +193.0 30.0%
0.22 pm PES 1986.8 + 103.2 47.6%
None 275.1+12.2 0%
7.32 pm MF1 23413 98.6%
0.22 um PES 09+0.2 81.9%

After the characterization with particles in a vertical format, we confirmed that blood cells
would be trapped in the MF1 membrane while the virus would flow into the 0.22 um PES
membrane for subsequent amplification in a lateral flow format. We spiked HIV-1 virus into
human whole blood and added the mixture onto the MF1 membrane which overlapped with the
PES membrane and chased the sample with rehydrating mixture. After removing the PES from the
MF1/PES assembly and amplifying the trapped virus in the PES membrane, the amplicons were
analyzed via LFIA. As depicted in Figure 4.5, the test band intensity is strong, implying that the
virus is indeed dispersed throughout the PES yet accessible for amplification. The membrane
amplification results are consistent with previous findings that have also shown that LAMP and
other isothermal amplification methods can be performed within the pores of 0.22 pum
PES.!% However, it seems that amplification is only possible in Millipore 0.22 um PES. We tried
performing HIV RT-LAMP in 0.1 um PES from PALL since its nominal pore size is smaller than
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the virus particles; however, amplification was unsuccessful likely due to proprietary membrane

surface treatments (Figure C.8).
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Figure 4.5 LFIA test band intensity of HIV RT-LAMP products after
virus and blood cell separation in MF1/PES assembly.

HIV was diluted in blood and applied to the MF1 of MF1/PES assembly.
Rehydrating mixture was applied afterwards. The PES was removed from
assembly and amplified in RT-LAMP master mix. (n=6)

4.3.4 Integration of microRAAD for HIV Detection

During heating, we observed that the amplification zone reached 65°C within seconds of
initiation and remained at 65 + 2°C throughout the 60-minute heating period which is adequate for
efficient amplification (Figure 4.6A). In separate experiments, we determined that even low
concentrations of template can amplify at temperatures between 62°C and 71°C (Figure C.9). The
temperature control circuit automatically terminated the amplification zone heating and initiated
simultaneous heating of the wax valves. Upon initiation of valve heating, the green food color
solution flowed past valve 1 to the MF1 and the heated sample flowed past valve 2 into the LFIA
portion of the pPAD (Figure 4.6B). Within 5-10 minutes of the valves opening, test and control
bands were consistently observed on the LFIAs (Figure 4.6C). We found that both a laptop and a
cellphone provided sufficient current to power the temperature control circuit for the duration of

the assay and yielded comparable results.
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Figure 4.6 Schematic of fluid flow in microRAAD.

(A) The wash buffer (green) is constrained from flowing to the amplification zone and the
sample (red blood cells and yellow plasma) is constrained from flowing to the LFIA by closed
valves. (B) Upon thermally actuating the valves, wash buffer is released to the amplification
zone and the RT-LAMP products migrate to the LFIA for (C) test band development.

To verify the amplification functionality of microRAAD, we initiated the automated
detection using 21-day dried RT-LAMP reagents and rehydrating buffer containing HIV-1 virus
osmotically lysed in water. Samples containing as few as 3 X 10° virus copies per reaction resulted
in unequivocally positive test bands and samples containing no template (NTC) yielded negative
test results (p-value < 0.05) (Figure 4.7A). The test band intensity at a concentration of 3 X
10° virus copies per reaction using the dried reagents in microRAAD was comparable to the test
band intensity of the same concentration in a tube reaction with the dried reagents (Figure

4.7A and Figure 3.5A).
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Figure 4.7 Detection of HIV virus on microRAAD with reagents dried for 21 days.

(A) 3 x 10° HIV osmotically lysed virus copies are detectable by microRAAD prepared with RT-LAMP
reagents dried for 21 days. (n=4) (B) Representative uPADs imaged 90 minutes after blood (with and
without HIV virus) deposited into microRAAD's sample inlet. After capillary migration of HIV from

sample inlet to amplification zone and subsequent heating, the valves are automatically heated, releasing

solution to LFIA for detection. (C) As few as 3 X 10° HIV intact virus copies in blood are detectable by
microRAAD prepared with RT-LAMP reagents dried for 21 days. (n=3) (* p <0.05, ** p <0.01)

Finally, we performed the detection in the integrated microRAAD using 21-day dried
amplification reagents and HIV-1 virus in whole blood. As expected, and seen in Figure 4.7B, the
red blood cells remained in the MF1 directly below the sample inlet while the remaining plasma
and buffer solution with virus migrated to the PES for amplification. Following amplification, we
visually observed positive test bands on the LFIAs within 5—-10 minutes after valves opened. There
was a statistically significant difference between the test band intensity of the 3 X 10° virus copies
per reaction compared to NTC (p-value < 0.01) (Figure 4.7C). Notably, the sensitivity using
microRAAD for HIV-1 viral detection in blood using dried reagents is comparable to the
sensitivity of standard tube reactions with similar conditions (Figure 4.7C and Figure 3.5B). Other
groups have similarly reported only 5 to 10-fold reductions in sensitivity when translating manual
assays into automated sample-to-answer devices.!*"*!!® Damhorst et al. developed a microfluidic
chip for blood cell lysis and modified a smartphone for real-time detection of HIV-1 virus with an
LOD of 1.7 x 10* virus copies per reaction.'® However, the user is required to transfer the lysed
blood and freshly prepared RT-LAMP reagents to the reaction chamber for amplification.'® Even
though this platform is 10-fold more sensitive than microRAAD, we believe that the full
automation of microRAAD, which reduces sample handling and exposure to bloodborne

pathogens, makes it an advantageous system for rapid HIV testing at the POC.
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Our initial studies of this integrated sample-to-answer device demonstrate its potential to
provide simple, affordable, and rapid detection of HIV from blood samples at the point of use
(Figure 4.8). The consumable components of microRAAD (membranes, LFIA, adhesive, reagents)
cost only $2.23 per assay (Table C.2) while the reusable components (temperature control circuit
and housing) cost $70.08. The price is comparable to other rapid HIV tests developed for resource-
limited settings and will decrease as we scale-up the manufacturing of the device.!!” While low

component cost does not guarantee a low price point for consumers, it remains a critical feature of
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Figure 4.8 Operation of microRAAD.

Photo of microRAAD connected to a phone to power the temperature control circuit. To
operate, user 1) deposits sample and wash buffer into inlets, 2) initiates heating by
connecting microRAAD to phone, 3) waits 90 minutes for automated sample incubation
and fluid delivery within puPAD, and 4) analyzes LFIA results.

4.4 Future Directions

The next steps for the integrated V. cholerae pPAD include testing the fully integrated
device with 30-day dried reagents. First, a comparison between the LFIA test band intensity of
pond water samples containing 10° and 0 (NTC) cells/mL is necessary. The limit of detection of
V. cholerae in the integrated pPAD utilizing 30-day dried SD-LAMP reagents can then be

determined by spiking 10° — 10° V. cholerae cells into 1 mL of pond water and evaluating the
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uPAD LFIA test band intensity. Additionally, including an internal amplification control into the
uPAD could differentiate negative from invalid results.

Even though microRAAD has many advantages over comparable diagnostic tools, there
remain some limitations. The sensitivity of this integrated prototype is 3 X 10° virus copies per
reaction, or 2.3 X 10 virus copies per mL of whole blood, which falls at the high end of the clinical
range, 107 virus copies per mL at peak infection.!!” This inadequate sensitivity may be due to the
thermal lysis performed within microRAAD that bypasses nucleic acid purification and
concentration steps. We expect that improvements in primer design, enzyme selection, and the
addition of virus concentration from larger volumes of sample could further improve the device's
sensitivity and enhance clinical utility. Specifically, the incorporation of a smaller pore-sized
membrane could enable size-based capture of the virus and isolation from inhibiting blood
components. Incorporating these improvements along with extended device storage and usability

studies will enable clinically relevant detection and early diagnosis of HIV at the POC.

4.5 Conclusions

I have shown that the modified V. cholerae WPAD is capable of detecting SD-LAMP
amplicons. There are only three user steps for the proposed integrated uPAD: add sample,
rehydrating mixture, and wash buffer; seal inlets; and introduce heat to amplification zone.
Because of the simplicity of operation and colorimetric analysis, this test can be performed by a
minimally trained individual unlike the laboratory method typically used to detect V. cholerae
from water samples. The integrated and equipment-free filtering mechanism enables the pPAD to
process large sample volumes (1 mL) while locally concentrating the bacteria for isothermal
amplification and subsequent LFIA detection. The V. cholerae WPAD is completely disposable
and costs only $2.83 per test. Altogether, this portable uPAD has the potential to transform field-
based monitoring of environmental water sources for V. cholerae presence.

We have demonstrated microRAAD, an autonomous and fully integrated sample-to-
answer device, for the specific detection of HIV-1 from human whole blood. After sample
addition, the LFIA can be visualized within 90 minutes. Moreover, the user is required to perform
only four steps to initiate testing: load sample and rehydrating mixture, add wash buffer, seal the
inlets with adhesive, and initiate the temperature control circuit by connecting a power source. One

of the most noteworthy aspects of microRAAD is the complete automation from blood-in to
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results-out, eliminating sample preparation and other time-critical steps by the user. Furthermore,
we have demonstrated that RT-LAMP reagents can be dried and stored at room temperature for
three weeks before use in the integrated device. The ability to dry reagents eliminates the need for
cold chain storage and increases the usability and portability of the device, especially in resource-
limited settings. The sensitivity of this integrated prototype is 3 X 10° virus copies per reaction, or
2.3 x 107 virus copies per mL of whole blood, which is comparable to the viral load at peak
infection. Moreover, microRAAD requires only $2.23 worth of consumable components, making
it an affordable detection tool. MicroRAAD combines robust and selective molecular techniques
with elegant capillary fluidics and resilient heating controls into a single, portable platform for

rapid pathogen detection at the POC.
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5. MICROSCOPE CHARACTERIZATION OF PARTICLE
DIFFUSOMETRY FOR V. CHOLERAE DETECTION

This chapter is reproduced from Ref. 43 (Clayton & Moehling et al., 2019) with permission from
Springer Nature via Creative Commons license. All work presented in this chapter was performed
equally with my co-author, Dr. Katherine Clayton.

5.1 Rationale

Environmental pathogen detection presents unique challenges in the development of novel
biosensing mechanisms due to the exceedingly low concentrations of pathogens in their native
environments. The current gold standard for detection of V. cholerae in water samples is a 4-day
process involving bacteria enrichment and culture prior to performing PCR.!?’ Despite being one
of the most sensitive laboratory detection methods, PCR is still not robust or sensitive enough to
directly detect V. cholerae from the environment.'?! Hence, there is a need for a biosensor that can
rapidly detect pathogens, such as V. cholerae, directly from their native environment.

Next generation mechanical, electrical, and optical signal transducers have the potential to
detect pathogens and biomolecular species with high sensitivity. For example, mechanical micro-
and nano-cantilever systems have been used extensively to detect E. coli in the range of 1-100
cells/mL.!?>"126 Electrical and electrochemical transducers, such as impedance-based sensing of
carbon nanotubes where the signal change is caused by E. coli binding to the surface, have been
shown to have a LOD of 50 cfu/mL."?” Further, optical biosensing techniques have been used for
dark-field imaging of E. coli functionalized with gold nanoparticles to detect as few as 10* cfu/mL
of bacteria in only 30 minutes.'?® However, these methods require extensive pre-processing to
purify or label samples prior to detection.

Due to their exquisite sensitivity, nucleic acid amplification methods such as PCR and
LAMP, provide excellent target DNA enrichment for biosensor detection. LAMP is a particularly
attractive amplification method because it operates at a single temperature and provides rapid and
robust amplification even in complex sample matrices.”’” Researchers have demonstrated
successful LAMP amplicon detection using fluorescence, visual, and electrochemical
methods.*”**!%? Okada et al. showed that LAMP is robust enough to identify V. cholerae in clinical
rectal swabs.”® The promising results from Okada et al. indicate that LAMP can be used for the

detection of V. cholerae in complex sample matrices.
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In this chapter, we develop a highly accurate and sensitive biosensing technique for the
rapid detection of V. cholerae in environmental water samples by pairing LAMP with particle
diffusometry (PD) (Figure 5.1A). PD involves rapid optical measurements of particle Brownian
motion following amplification.®®7° When V. cholerae is present in the solution, the LAMP assay
polymerizes DNA targets into a variety of base pair lengths up to 25 kilobases.*> This
polymerization causes the particle Brownian motion to decrease (Figure 5.1B).%° We calculate the
change in the particle Brownian motion with PD using correlation-based algorithms of the particle
images.®® We show the applicability of PD to detect the presence of V. cholerae down to 1
cell/reaction, which is 100-fold more sensitive than fluorescence-based measurements, and 10

cells/reaction in complex sample matrices.
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Figure 5.1 PD-LAMP set-up.

(A) The LAMP assay is performed in the presence of V. cholerae DNA (left). LAMP amplicons
combined with fluorescent polystyrene particles (middle) are imaged under fluorescence microscopy
(right). (B) Relationship of particle motion and viscosity. Particles undergo Brownian motion in a
solution (left). In the presence of LAMP amplicons, the viscosity of the solution increases and particles
experience hindered motion, indicating the presence of V. cholerae DNA in the sample (right).
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5.2 Materials and Methods

5.2.1 LAMP

The LAMP primers (B3, F3, BIP, FIP, LB, LF, LF-Biotin) and standard master mix from
previous chapters were also used here (Table A.1 and Table A.3). 2 uL of template (purified V.
cholerae DNA or whole cells) or molecular biology water (NTC) was added just prior to heating,
LAMP was performed at 65°C for 20, 25, or 35 minutes using an Applied Biosystems 7500 Real-
Time PCR System (Foster City, CA) and samples were stored at 4°C until analyzed with PD.

LAMP was performed with V. cholerae purified genomic DNA or whole cells. V. cholerae
strain N16961 was grown according to 2.2.2 Bacteria Culture. 10-fold serial dilutions of template
(both DNA and cells) were prepared for experimentation in molecular biology water. Real-time
fluorescence data was collected for each experiment to visually track the amplification progress.
LAMP amplicons were analyzed via gel electrophoresis using a 2% agarose gel at 100 V for 60
minutes, stained with ethidium bromide, and imaged using an ultraviolet light gel imaging system
(c400, Azure Biosystems, Dublin, CA). All gel images were collected using the Azure cSeries

software and settings of UV302 with an exposure time of 15 seconds.

5.2.2 Particle Preparation

For viscosity measurements, red fluorescent 200 nm polystyrene particles (Fluoro-max red
dyed aqueous spheres, Thermo Fisher, Waltham, MA) were combined with the LAMP products.
Polystyrene particles were chosen because they are similar in density to water, making them
relatively neutrally buoyant, allowing the effects of gravity to remain negligible for particle
diffusometry measurements. Further, the 200 nm particle size was chosen to achieve more
sensitive measurements as smaller particles exhibit greater changes in diffusivity. These particles
were washed three times in MilliQ water by centrifugation at 13,000 X g for 15 minutes. Following,
the particles were added to the LAMP products at a final concentration of 6 X 10° particles/mL
and stored at 4°C until imaging.

For combined size and viscosity measurements (i.e. diffusivity), streptavidin coated 220
nm green polystyrene fluorescent particles were used (Bangs Labs, Fishers, IN) to maintain a
particle diameter as close as possible to the 200 nm unmodified polystyrene particles used for

viscosity measurements. Due to supplier constraints, 220 nm was the nearest particle diameter with
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streptavidin-modified surface chemistry. Particles were washed three times in MilliQ water by
centrifugation at 13,000 X g for 15 minutes. Washed particles were added to the LAMP products
at a final concentration of 1.49 X 10° particles/mL (note that the final concentrations of the 200
and 220 nm particles differ due to their size to eliminate hindered diffusion). Particles and LAMP
amplicons were incubated at 4°C by gentle rotation for two hours to allow binding of the

biotinylated LAMP products to the streptavidin particles and then imaged.

5.2.3 Particle Diffusometry Theory

PD involves recording a series of images of fluorescent particles undergoing Brownian
motion in a quiescent volume and calculating the particle diffusion coefficient using correlation
analysis.®® Each individual image is partitioned into smaller interrogation areas where the size of
each interrogation area is defined such that 8-10 particles, on average, are present.'** Within these
interrogation areas, autocorrelations and cross-correlations of the images are computed for the
entire image stack. Cross-correlation involves correlating two sequential images, for example
taken at time t and at time t + At (where At is a function of the frame rate). Greater particle
displacement, during the elapsed time At, creates broader cross-correlation peaks.'*! The cross-
correlation peak width, s, (pixels) at a height of 1/e, is used to calculate the diffusion
coefficient.!3? Further, autocorrelation is performed by correlating an image captured at time t
with itself. The autocorrelation peak width, s, at a height of 1/e, is taller and narrower when
compared to the cross-correlation peak.'*! With autocorrelation and cross-correlation, the diffusion

coefficient, D, can be calculated by the equation derived by Olsen and Adrian:!?

sé-si

16M2At

D= Equation 5.1

where M is the magnification of the microscope objective. Because the peak width is in units of
pixels, using Equation 5.1, we see that the squared difference in the peak widths, s? — sZ,
corresponds to the change in the cross-sectional area of the correlation peak at 1/e. By
experimentally determining the diffusion coefficient, D, from the series of particle images, the
Stokes-Einstein relationship can be algebraically rearranged (Equation 5.2) to calculate the

viscosity, 17, of a solution.”>!34
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Equation 5.2

Here, k is the Boltzmann constant, T is the absolute temperature, and a is the hydrodynamic
radius of fluorescent particles that are imaged. It is important to note that smaller diameter particles
will provide a greater signal-to-noise ratio in solutions where there are only modest changes in
viscosity.

We are specifically interested in characterizing how the presence of LAMP amplicons
affects diffusivity of particles for pathogen detection. The change in diffusivity in this context is
due to changes in solution viscosity and/or particle size. Therefore, we compute the relative
solution viscosity or the combined relative size and solution viscosity, forgoing the magnitude in
either case. Algebraic manipulation of Equation 5.2, where 7, is the viscosity of the LAMP

solution without V. cholerae template (still includes primers and fluorescent particles), depicts the

relative viscosity (n/no).

— = =— Equation 5.3

Further, Equation 5.2 can be manipulated to include relative size. In Equation 5.3, a, is the
size of unbound particles and a is the size of the particles after binding to biotinylated LAMP
products. This approach is optimal in binary situations, where an investigator is interested in the
presence or absence of pathogens in a solution.

Sample-to-sample variation often occurs in the quantitative measurements of LAMP assays
due to the polymerization process.’* Therefore, when measuring the change in the diffusion
coefficient as a function of the initial concentration of V. cholerae, we calculate the change (A) in
the signal. This approach is used when comparing fluorescence measurements with PD
measurements. In Equation 5.4 the signal change (A Signal) is a function of the signal after

amplification (final measurement) and before amplification (initial measurement).

final measurement—initial measurement

A Signal = +1 Equation 5.4

final measurement
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5.2.4 Experimental Particle Diffusometry Measurements

A fluid well for the LAMP-particle solution was made by punching a 6 mm diameter hole
through double-sided adhesive (120 um thickness) (Therm-O-Web, Wheeling, IL) which was then
adhered to a cover glass slide (Thickness No. 1, Thermo Fisher, Waltham, MA). The 3 pL LAMP-
particle solution was added to the fluid well and sealed with a second cover glass slide to limit
convective evaporation during imaging.

The LAMP-particle solutions were imaged at room temperature using an inverted
fluorescence microscope (Nikon TE-2000U, Nikon, Japan) equipped with an X-cite lamp and 40X
magnification objective using PCO Camware software (PCO, Kelheim, Germany). Images were
recorded using a PCO 1600 CCD camera (PCO, Kelheim, Germany) using an 802 X 802 pixel®
imaging window with 2 X 2 binning at 13.3 fps. Individual pixels were 7.4 X 7.4 um?. For imaging
of the 200 nm red polystyrene particles, a Q-Dot 585 filter cube was used (Chroma, Bellows Falls,
VT) and for the 220 nm green polystyrene particles, a B3-A filter cube was used (Nikon, Japan).

Particles were imaged at the mid-plane of the chip to ensure the effects of hindered
diffusion caused by the proximity of particles to any wall were avoided. We analyzed particles
which were located in the depth of correlation, 4.2 um, by using an expression derived by Meinhart
et al.!3%136 Therefore, particles located within the depth of correlation form the correlation function
and the remainder of particles contribute to the background signal.

Particle images were processed and auto- and cross-correlation analysis was performed
using an in-house MATLAB code. 64 X 64 pixel® interrogation areas contain, on average, 8-10
particles per 100 image frame stacks (~8 seconds of data). This allowed for a high signal-to-noise
ratio while maintaining a statistically relevant number of data points. Nine measurements, of which
100 images constituted one measurement, were performed for every sample. A two-dimensional
Gaussian curve fit was used to calculate the auto- and cross-correlation peak widths for both the
XZ- and YZ-planes. The width of the correlation peak is defined by 1/e and the width of the XZ-

and YZ-Gaussian curves are averaged as one peak width value.!*?

5.2.5 Blinded Study

Control samples contained (1) no V. cholerae DNA that underwent the 65°C heating for
20 minutes ((-) heat), (2) genomic V. cholerae DNA that did not undergo heating ((+) no heat),
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and (3) no V. cholerae DNA that did not undergo heating ((-) no heat). The experimental sample
contained genomic V. cholerae DNA and was amplified at 65°C for 20 minutes ((+) heat). The
four samples were blinded to the researcher performing the PD testing to obtain unbiased
measurements. The four samples contained 200 nm red fluorescent unmodified polystyrene
particles that were added to the samples after amplification and were imaged with fluorescence

microscopy. Data was represented in terms of relative viscosity.

5.2.6 Water Testing

All LAMP reactions in various water samples were prepared using the standard master mix
and the LF-Biotin primer and were performed for 25 minutes. The different water samples were
50% by volume of the total LAMP reaction. Water samples included laboratory tap water,
autoclaved 1X PBS (Sigma-Aldrich, St. Louis, MO) pH 7.4, rain runoff, pond water, and molecular
biology water. In the experiment that investigated the limit of detection of whole V. cholerae cells
in pond water, the LAMP assay was run for a total of 35 minutes due to the slight delay in

amplification caused by inhibitors in pond water.”?

5.2.7 Statistical Analysis

The blinded study was statistically analyzed with a one-way ANOVA with multiple
comparisons using a 95% confidence interval, comparing data represented in terms of relative
viscosity. In measuring the 10-fold dilutions and determining the LOD, data was represented in
terms of A Viscosity or A Dif fusivity. When comparing a series of 10-fold dilutions, a one-way
ANOVA post hoc Dunnett’s test was performed with multiple comparisons against a no template
negative control (NTC) with a 95% confidence interval. To compare A Fluorescence and
AViscosity, the Pearson’s correlation coefficient was calculated. A Student’s paired #-test with a
95% confidence interval was used when comparing the negative and positive samples in different
water, with data again represented in terms of relative viscosity. Box-and-whisker plots were made
for the PD and fluorescence data for the 10-fold dilutions where the upper and lower bounds
represent the 75 and 25" percentile about the median, respectively, and the minimum and

maximum values are represented by the upper and lower whiskers.
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5.3 Results and Discussion

5.3.1 Blinded Study

To validate that PD measurements of relative solution viscosity could be used to detect
successful LAMP amplification, a series of blinded studies were performed. The sample
containing the amplified genomic V. cholerae DNA was correctly identified with statistical
significance (p-value <0.0001) in every circumstance (n=3). Data from one representative blinded
study is presented in Figure 5.2 and averaged data from all 3 repeats is in Table D.1. The sample
containing amplified genomic V. cholerae DNA had the greatest relative viscosity
(n/no, calculated from Equation 5.3) compared to the control samples, meaning that the presence
of polymerized LAMP amplicons in the solution increased the fluid viscosity (Figure 5.2B).
Successfully identifying V. cholerae LAMP amplicons in blinded studies demonstrated that

viscosity measurements are a feasible approach in determining pathogen presence.
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Figure 5.2 Relative viscosity blinded study.

Here, genomic V. cholerae DNA that underwent the 65°C heating of LAMP is represented as (+) heat, no
genomic V. cholerae DNA that underwent the 65°C heating of LAMP is (—) heat,
genomic V. cholerae DNA that did not undergo heating is (+) no heat, and no genomic V. cholerae DNA
that did not undergo heating is (—) no heat. (A) A 2% agarose gel of a representative blinded test to show
DNA amplification in the (+) heat sample. (B) Relative PD results show the (+) heat sample is
statistically significantly more viscous than control samples (**** p-value < 0.0001). Nine PD
measurements were collected for each sample.

5.3.2 PD versus Fluorescence Measurements

LAMP was performed with genomic V. cholerae DNA at concentrations ranging from 10°
— 10° DNA copies/reaction (n=3, data of repeats in Figure D.1). As expected, real-time

visualization of the change in fluorescence showed that LAMP samples with higher initial
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concentrations of genomic V. cholerae DNA amplify more rapidly (Figure 5.3A). Samples with
lower concentrations showed slower, if any, amplification and resulted in a lower fluorescence
signal at the end of the 20-minute period (corresponding Cr values presented in Figure 5.3B). Gel
electrophoresis was used to confirm amplification of the DNA (Figure 5.3C). The change in
EvaGreen/Rox (A EvaGreen/Rox), the signal measured at 0 minutes and 20 minutes, was
calculated by Equation 5.4 (Figure 5.3D). The data indicated that a higher initial concentration of
DNA corresponds to a greater A EvaGreen/Rox signal at 20 minutes. We performed a one-way
ANOVA with Dunnett’s post hoc against the NTC sample and saw statistically significant
differences for samples 10%, 10°, 10%, and 10° DNA copies/reaction (p-value < 0.001 for 10 and
p-value < 0.0001 for 10%, 10%, and 10° DNA copies/reaction).

PD was used to measure the change in the viscosity of the same V. cholerae samples after
the 20-minute LAMP reaction (data for individual repeats is presented in Figure D.1). Similar to
the change in fluorescence, we found that as the initial concentration of V. cholerae DNA increased,
there was a greater change in viscosity (A Viscosity, Figure 5.3E, calculated with Equation 5.4).
Like the fluorescence measurements, statistically significant differences were seen between the
A Viscosity of NTC compared to 102, 10, and 10° DNA copies/reaction (p-value < 0.05 and p-
value < 0.0001) (Figure 5.3E).

Correlation between the A Viscosity (PD) and A EvaGreen/Rox (fluorescence)
measurements confirmed agreement between the two methods. The correlation plot demonstrated
in Figure 5.3F, with a calculated Pearson correlation coefficient (R) of 0.81, indicates that the two
methods are strongly positively correlated with one another.'*” A slight discrepancy between
measurements is expected since the polymerized DNA chains produced in each LAMP reaction
vary in length.3* Chain length has a major effect on solution viscosity,'*® and in turn the PD

69

measurement.”” However, the strong positive correlation between the two measurements

demonstrated the feasibility of PD as a measurement technique for detection of V. cholerae.
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Figure 5.3 PD detection of V. cholerae amplification using purified DNA.

(A) Real-time fluorescence was monitored over a 20-minute LAMP reaction for initial DNA
concentrations between 10°— 10° DNA copies/reaction. (B) The corresponding Cr values were recorded
for each sample and are not available (NA) for samples that did not amplify. (C) A 2% agarose gel
confirms amplification and presents the banding pattern indicative of LAMP amplification. (D) Box plots
of the average change in fluorescence (A EvaGreen/Rox) shows a trend of a greater change in
fluorescence signal at higher initial V. cholerae DNA concentrations with statistical differences for
samples 107 (*** p-value < 0.001), 10°, 10, and 10° (**** p-value < 0.0001) DNA copies/reaction when
compared to NTC. (E) Particle diffusometry measurements of the viscosity change of LAMP reactions
show statistically significant measurements for 10% (* p-value < 0.05), 10*, and 10° (**** p-value <
0.0001) DNA copies/reaction when compared to NTC. (D and E) Statistical analysis was a one-way
ANOVA with Dunnett’s post hoc relative to NTC. (n=3) (F) A positive correlation between change in
fluorescence and PD yields a Pearson’s correlation coefficient of 0.81.

5.3.3 Measuring the Combined Effect of Changes in Particle Size and Viscosity with PD

Despite successful detection of as few as 10* DNA copies/reaction, we sought to improve
the sensitivity of the of the PD measurements by combining detection of the change in viscosity
with change in the hydrodynamic radius of the particles. Particle diffusivity (Equation 5.2) is a
function of both viscosity of the solution (1) and the size of the measured particles (a). Similar to

l.,139

Tian et a we used streptavidin conjugated polystyrene particles and a biotinylated primer (LF)

to allow binding of the polymerized biotinylated LAMP products to the streptavidin polystyrene
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particles, creating multi-particle aggregates (Figure 5.4A). First, we sought to experimentally
validate that biotin-streptavidin induced aggregation occurs as a response only to V. cholerae DNA
amplification (Figure 5.4B and Figure 5.4C). In the negative sample (NTC), the streptavidin
conjugated particles were uniformly distributed in the image (Figure 5.4B, top). However, when
particles were added to a positive sample after amplification, a cluster of particles was seen by
observing the increase in fluorescence in regions of the image (Figure 5.4B, bottom). Quantitative
analysis showed that there was a narrower distribution of particle size, around 10 pix?, in the
negative samples and greater variability in the positive samples (Figure 5.4C).

To quantify the relative change in particle motion upon changes in both viscosity and
particle size, we measured the change in diffusivity (A Dif fusivity, Equation 5.4). We measured
the A Dif fusivity in samples containing 10°— 10° DNA copies/reaction (n=4, data of repeats in
Figure D.2). The data showed a similar trend as observed in the uncoated particles; a higher initial
DNA concentration leads to a higher A Dif fusivity measurements (Figure 5.4D). Further, there
was an increase in the baseline signal when streptavidin conjugated particles were used compared
to the uncoated 200 nm polystyrene particles (comparing the y-axis in Figure 5.3E to Figure 5.4D
in which A Dif fusivity is directly proportional to A Viscosity). This baseline shift occurred as
both the particle size and solution viscosity were considered (Equation 5.2). There was a
statistically significant difference for the 10°, 10* and 10° DNA copies/reaction samples (p-value
< 0.05 and p-value < 0.0001) when compared to NTC using a one-way ANOVA with a post hoc

Dunnett’s test.

83



i— Biotinylated
Mo primer

I Negative
N Positive

S PSS SRS
Particle Area (pix?)

D 1-6 * %k %k
I T 1
=14 T = I
=
2
g
2 12 _
)
< 1.04{—
1
0-8 T T T L] L] T T
(} ) N £V - 13 o
eS8

DNA Copies/Reaction

Figure 5.4 Biotinylated LAMP products measured using streptavidin-coated particles.

(A) Schematic of fluorescent streptavidin-coated polystyrene particles combined with biotinylated LAMP
products. (B) Representative images of fluorescent particles in a negative and positive LAMP sample. (C)
Images in (B) are processed to quantify particle area (in pix?) for negative and positive LAMP samples.
(D) Measurement of diffusivity of amplified V. cholerae DNA is statistically significant for 10° (* p-
value < 0.05), 10%, and 10° (**** p-value < 0.0001) DNA copies/reaction compared to NTC. Statistical
analysis was a one-way ANOV A with Dunnett’s post hoc relative to NTC. (n=4)
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We wanted to determine if changes in diffusivity could be measured after amplification of
DNA from whole cells. The cell lysate contained extra proteins that may potentially alter solution
viscosity or cause changes in particle stability. It is important to note that V. cholerae cells, like
other gram-negative bacteria, lysed due to thermal effects alone at 65°C,'*° such that an additional
cell lysis step beyond the LAMP assay was not necessary. LAMP assays with a biotin primer and
varying concentrations of whole V. cholerae cells (10° — 10° cells/reaction) were performed and
the A Dif fusivity of streptavidin particles was measured with PD. As the initial concentration of
V. cholerae cells increased, both the A EvaGreen/Rox and A Dif fusivity of the solutions also
increased (Figure 5.5). Real-time fluorescence curves and PD measurements for each repeat are
presented in Figure D.3. There was a statistically significant difference in the A Dif fusivity down
to 10° cells/reaction when compared to NTC (p-value < 0.01). In contrast, the A EvaGreen/Rox
measurements showed statistically significant differences only down to 10 cells/reaction when
compared to NTC (p-value < 0.01). Interestingly, the PD technique demonstrated an LOD three
orders of magnitude lower using whole cells versus purified DNA (compare Figure 5.5B with
Figure 5.4D). These results are in agreement with Linnes et al. showing a 10-fold improvement in
the limit of detection when using isothermal amplification on whole cell Chlamydia trachomatis
samples as compared to purified DNA.!> Relative to fluorescence measurements, the PD
measurements were 100-fold more sensitive (comparing Figure 5.5A to Figure 5.5B). This is
promising in the implementation of PD as a pathogen detection technique considering that
environmental samples collected for testing would contain very low concentrations of V. cholerae

cells.
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Figure 5.5 Measuring LAMP amplification from V. cholerae whole cells.

Cells were spiked into LAMP reactions at concentrations ranging from 10°—
10° cells/reaction. The change in (A) EvaGreen/Rox is significant at 10% (**
p-value < 0.01), 10°, 10*, and 10° (*** p-value < 0.001) cells/reaction. (B)

The change in diffusivity measurements show an increasing trend as a
function of starting cell concentration with significance at 10° (** p-value <
0.01), 10", 10? (*** p-value < 0.001), 10°, 10*, and 10° (**** p-value <
0.0001) cells/reaction. Statistical analysis was a one-way ANOVA with
Dunnett’s post hoc relative to NTC. (n=3)

5.3.4 Environmental Water Samples

V. cholerae is a pathogen found in environmental water samples,>®!#! thus it is essential to
perform PD of cells in complex matrices other than molecular biology water. LAMP was
performed in 1X PBS, tap water, rain runoff, pond water, and molecular biology water (as a control)

with 10° V. cholerae cells (positive samples) or no cells (negative control) spiked into each reaction
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prior to the 25-minute heating. These water samples presented three potential challenges for
accurate PD detection of DNA amplification: (1) inhibition of the LAMP assay, (2) adverse effects
to the particles during the measurement including degradation or aggregation, and (3) unaccounted
changes in apparent size or viscosity that may occur due to excess sediment that may non-
specifically bind to the particles.

Gel electrophoresis (Figure 5.6A) and fluorescence measurements (Figure D.4) showed
little DNA amplification in tap water. We measured the relative diffusivity using PD to investigate
this difference (D, /D, Equation 5.3, repeat data presented in Figure D.4). There was no statistically
significant difference in relative diffusivity of positive samples in tap water compared to the
negative controls (Figure 5.6B, p-value > 0.05, Student’s #-test). This was to be expected because
city tap water contains chlorine, which likely inhibited the activity of the Bst 2.0 enzyme required
for the LAMP assay.>¢

Since V. cholerae can be harbored in sea water, we performed LAMP in 1X PBS to
determine whether salt affects the LAMP assay or PD measurements. LAMP assays performed in
1X PBS did not show any inhibition when analyzing both fluorescence measurements and gel
electrophoresis (Figure D.4 and Figure 5.6A). There was a statistically significant difference in
PD measurements (Figure 5.6B, p-value < 0.0001, Student’s #-test) between the negative and
positive PBS samples. This confirmed that salt did not inhibit the LAMP assay or PD
measurements.

Using PD, we also analyzed LAMP assays performed in rain runoff and pond water, both
which contained sediment and therefore added to sample matrix complexity. PD measurements
showed a statistically significant difference in the relative diffusivity of rain runoff samples spiked
with V. cholerae cells compared to its negative control (Figure 5.6B, p-value < 0.0001, Student’s
t-test). This is extremely promising given that the water sample was collected outside of the
laboratory space. In contrast, LAMP assays conducted in pond water demonstrated a decreased
amplification signal (Figure D.4). This was supported with the faded banding pattern in the agarose
gel (Figure 5.6A). Due to the minimal amplification, PD reflected little-to-no change in the
diffusivity between the negative and positive V. cholerae samples in pond water (Figure 5.6B, p-
value > 0.05, Student’s ¢-test).

Further characterization of PD in pond water was performed, as this sample is the best

surrogate of the native environment for V. cholerae.3>3¢ Varying concentrations of whole V.
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cholerae cells (10° — 103 cells/reaction) were spiked into pond water (where 50% of the total
LAMP reaction volume was pond water). The A Dif fusivity of streptavidin particles in the
presence of LAMP products was measured with PD. Because the debris and ions in pond water
slightly inhibit amplification,”? the LAMP assay was extended to 35 minutes. As the initial
concentration of V. cholerae cells increased, the A EvaGreen/Rox and A Dif fusivity of the
solutions also increased (Figure D.5 and Figure 5.6C). There was a statistically significant
difference in the A Dif fusivity down to 10 cells/reaction when compared to NTC (p-value <
0.01). Real-time fluorescence curves and A Dif fusivity for each repeat are presented in Figure
D.5. In contrast, A EvaGreen/Rox measurements showed statistically significant differences
down to 10? cells/reaction when compared to NTC (Figure D.6, p-value < 0.05). Relative to
fluorescence measurements, PD measurements were 10-fold more sensitive (Figure 5.6C and

Figure D.6).
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Figure 5.6 LAMP amplification from whole V. cholerae cells in environmental water samples.

Different water samples were used in the LAMP reactions for (A) and (B). Molecular biology water (Mol
Bio) was used as a control ((-) no V. cholerae cells, (+) V. cholerae cells) in (A) and (B). (A) Gel
electrophoresis shows less amplification in pond and tap water compared to other water samples. (B) PD
measurement of relative diffusivity shows a statistically significant difference between negative and
positive samples for molecular biology water, PBS, and rain runoff groups (¥*** p-value < 0.0001). (C)
V. cholerae cells were spiked into pond water at concentrations ranging from 10°— 10° cells/reaction. The
change in diffusivity measurements show an increasing trend as a function of starting cell concentration
with significance at 10', 10 (** p-value < 0.01), 10°, 10*, and 10° (**** p-value < 0.0001) cells/reaction.
Statistical analysis was a one-way ANOVA with Dunnett’s post hoc relative to NTC. (n=3)
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5.4 Future Directions

PD is pathogen agnostic; it is not limited to V. cholerae identification, but it can serve as a
method for detection of a wide variety of pathogens. Due to the success in detecting V. cholerae,
we envision PD as an effective mechanism to identify nucleic acid amplification products of other
infectious diseases. Specifically, we want to investigate whether PD can be used to detect
bloodborne pathogens such as malaria. The Brownian motion of particles in solutions containing
blood will likely be different than particle Brownian motion in pond water because of the high
viscosity of blood. Therefore, we may need to calibrate the PD technique or perform blood
separation prior to amplification and PD analysis. Moreover, we want to translate the PD technique
to a handheld device. This is plausible considering that PD involves only a microscope, camera,
and computer. Miniaturization and integration of these components would allow for the translation

of a field deployable biosensor for pathogen detection.

5.5 Conclusions

In this work, we demonstrate that PD can be used as a rapid, sensitive, and robust method
for the detection of V. cholerae LAMP products in environmental water samples. PD is particularly
attractive due to the passive nature of the method (optically recording Brownian motion) compared
to current DNA detection techniques that require chemical reactions involving fluorophore
intercalation or colorimetric or turbidimetric readouts derived from magnesium products or
electrochemical techniques. In blinded studies, PD could identify the presence of V. cholerae DNA
with 100% accuracy. Additionally, there is a strong, positive correlation between A EvaGreen/
Rox (fluorescence) and A Viscosity (PD). The studies indicate that PD can detect as few as 1
cell/reaction of V. cholerae DNA from cells lysed in situ during a 20-minute reaction in molecular
biology water without the need for additional sample preparation. This method is 100-fold more
sensitive than gold-standard fluorescence detection of nucleic acid amplification products.
Furthermore, we demonstrate that PD is robust enough to identify 10 V. cholerae cells/reaction in
pond water in just 35 minutes. This is the first study directly comparing fluorescence and PD
detection of LAMP products. These results establish the utility of combining both changes in size
and viscosity for improved signal-to-noise measurements with PD for the rapid identification

of V. cholerae LAMP products. PD is an alternate method to fluorescence detection for nucleic
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acid amplification products that has a significant improvement in sensitivity and is robust enough

to identify the amplified products in their native sample matrix.
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6. TRANSLATION OF PARTICLE DIFFUSOMETRY TECHNIQUE TO
SMARTPHONE PLATFORM FOR DETECTION OF V. CHOLERAE

This chapter is reproduced from Ref. 165 (Moehling & Lee et al., 2020) which is currently under
review by Elsevier. All smartphone work presented in this chapter was performed equally with my
co-author Dong Hoon Lee and concentrator work was in collaboration with Jordan Florian of
OmniVis LLC. OmniVis LLC is a spinout company of Purdue University that is translating the
smartphone PD-LAMP technology into a commercial product.

6.1 Rationale

In the past decade, many pathogen detection biosensors have emerged by translating
standard optical methods onto portable platforms. Notably, smartphones possess both advanced
computational power and quality image sensors that previously could only be found in expensive
laboratory equipment.'*»!** Along with these technical improvements, the usability and
accessibility of smartphone technology are attractive features that promote translation of
cumbersome optical techniques from the laboratory to the point of use.'* For example, Zeng et al.
combined smartphone technology with surface-enhanced Raman scattering (SERS) optical
detection modality to enable detection of analytes down to 10 M at the point of use. This portable
Raman spectrometer allows rapid, real-time analysis; however, its applications are limited due to
poor sensitivity and specificity.'*> Wu et al. developed a dark-field smartphone microscope to be
used in combination with an immunoassay for rapid and specific detection of E. coli in water
samples down to 10 cells/10 mL after filtration.!* Although sensitive, immunoassays involve
several time-sensitive user steps that limit the usability of such platforms in the field. Koydemir et
al. utilized a smartphone-based fluorescence microscope for imaging and quantifying
fluorescently labeled G. lamblia cysts in large volumes of water. The entire process, from sample
preparation to image processing and quantification, takes only one hour and has a limit of detection
of 12 cysts in 10 mL of water.!” Unfortunately, this smartphone-based fluorescence microscopy
technique is not suitable for detection of bacterial or viral pathogens because the system is
optimized for larger microorganisms. Alternatively, integrating optical techniques with nucleic
acid amplification assays allows for detection of a multitude of pathogens with excellent sensitivity

and specificity.!*?
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Nucleic acid amplification techniques efficiently target and produce millions of copies of
anucleic acid sequence during a thermal process with high accuracy and sensitivity.'*’ Researchers
have demonstrated the utility of an isothermal amplification technique called LAMP, by
combining the assay with smartphone technology to sensitively detect nucleic acid analytes in one
hour with minimal user intervention.!°!*? Even though LAMP is a selective and rapid
amplification technique, current fluorescence detection methods depend on relative measurements
to adjust for the variation between repeats.**!4’

By integrating LAMP with particle imaging, we can minimize the variability between
repeats and take advantage of the high selectivity of LAMP and the sensitivity of particle imaging.
The polymerization that occurs during LAMP produces a change in viscosity that can be measured
using an optical detection method called particle diffusometry.*>%-7 PD can also measure changes
in size; by labeling a LAMP primer with biotin and combining streptavidin-coated nanoparticles
with the LAMP products, the inherent binding causes an increase in particle size and enhances PD
measurements. After recording a video of the Brownian motion of nanoparticles that are added to
the amplification products (Figure 6.1A), the images can be extracted (Figure 6.1B) and auto- and
cross-correlated (Figure 6.1C) to calculate a diffusion coefficient for the sample. The diffusion
coefficient quantifies the Brownian motion of nanoparticles in solution and is affected by both
sample viscosity and particle size (Figure 6.1D). In our previous proof-of-concept work using a
fluorescence microscope (Chapter 5), we demonstrated that PD could be used to detect LAMP
amplicons with a 10-fold improvement in sensitivity over end-point fluorescence detection.** We
also established that PD is a statistically robust detection method; three diffusion coefficients are
calculated for each sample.

Here, we demonstrate a portable smartphone-based PD platform for the rapid and specific
detection of V. cholerae in environmental water samples using LAMP. We perform a 30-minute
LAMP assay using a biotinylated primer and add 400 nm streptavidin-coated fluorescent
nanoparticles to induce a change in particle size that alters PD measurements along with changes
in solution viscosity. Using a 30-second video recording of the nanoparticles in solution, the
smartphone algorithm computes the diffusion coefficient in less than one minute. The resulting
diffusion coefficient suggests the presence of V. cholerae when diffusivity of the nanoparticles is
low and absence of the pathogen when diffusivity is high. We establish the robustness of this

smartphone-based PD platform, determine its selectivity and LOD for V. cholerae in pond water,
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and compare its sensitivity and specificity to real-time fluorescence detection using 132 blinded

samples.
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Figure 6.1 Smartphone-based particle diffusometry.

(A) 400 nm streptavidin-coated fluorescent nanoparticles are combined with LAMP amplicons and
excited with a blue laser diode. (B) Brownian motion of the nanoparticles is recorded using sequential
images from an iPhone 6 with a frame extraction rate of 15 frames per second. (C) 3D and 2D correlation
peaks of sequential frames. (D) Relationship between nanoparticle motion and diffusion. In the presence
of LAMP amplicons, nanoparticles experience hindered Brownian motion and decreased diffusivity,
indicating the presence of V. cholerae in the sample.
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6.2 Materials and Methods

6.2.1 LAMP

The LAMP primers (B3, F3, BIP, FIP, LB, LF-Biotin) and standard master mix from
previous chapters were also used here (Table A.1 and Table A.3). LAMP reactions were 15 pL
total, consisting of the LAMP master mix and 7.5 pL (50% v/v) of pond water. Pond water was
collected from a local small (100 m wide and 200 m long) water source. 1.2 puL of template or
molecular biology water (for the negative control (NTC)) was spiked into the reactions prior to
heating. Cultures of V. cholerae N16961, V. cholerae NRT-36, and E. coli DH5a were grown
according to 2.2.2 Bacteria Culture. LAMP reactions were incubated at 65°C for 30 minutes
using an Applied Biosystems 7500 Real-Time PCR System (Foster City, CA). Real-time
fluorescence data was collected to track amplification. LAMP samples were stored at 4°C until
analyzed with the smartphone-based PD platform. LAMP amplicons were also characterized via
gel electrophoresis at 100 V for 60 minutes. The 2% agarose gels were stained with ethidium
bromide and imaged using an ultraviolet light gel imaging system (c400, Azure Biosystems,

Dublin, CA) with UV 302 settings and a 15-second exposure.

6.2.2 Particle Preparation

Streptavidin-coated 400 nm Dragon green polystyrene fluorescent nanoparticles
(Ex480/Em520 nm) were purchased from Bangs Laboratories (Fishers, IN). We used streptavidin-
coated nanoparticles because they strongly bind to the biotin-labeled amplicons causing a change
in both viscosity and size; therefore, improving sensitivity.* Nanoparticles were added to the 15
uL LAMP reaction at a final concentration of 1.84 X 10° particles/mL. The LAMP-nanoparticle
solution was incubated at room temperature for 10 minutes to allow binding of the biotinylated

amplicons to the streptavidin-coated nanoparticles.

6.2.3 Microfluidic Chip Assembly

The microfluidic chips were designed as a drawing exchange format (.dxf) in Autodesk
Fusion 360 software and translated to the Silhouette Studio 2.0 Software (Silhouette America,

Lindon, UT). Microfluidic chips were composed of four layers: 2 layers of 188 pm cyclic olefin
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polymer (COP) (Zeonor, Tokyo, Japan), 1 layer of 60 pm COP (Zeonor, Tokyo, Japan), and 1
layer of 120 um double-sided tape. The 188 um COP was cut with the Silhouette Cameo Craft
Cutter (Silhouette America, Lindon, UT) with two passes using a 10-blade, force of 19, and a speed
of ten (arbitrary units within the Silhouette software). The COP pieces were cleaned after cutting
with 1) a MilliQ rinse and 2) a two-minute sequential sonication in acetone, isopropanol, methanol,
and MilliQ. After cleaning and drying with a nitrogen stream, the two layers of 188 pm COP were
bonded together by thermal fusion using a Carver 4386 hydraulic press (Carver Inc., Wabash, IN)
with 1.2 tons of pressure at 120°C. Double-sided tape with a 3.175 mm hole served as the sample
well. The 60 pm COP was placed on top of the double-sided tape to enclose the sample and prevent

evaporation. The assembled microfluidic chips were 25.4 mm by 22.10 mm and 0.556 mm thick.

6.2.4 Optics Design

My co-author, Dong Hoon Lee, used three different elements to develop the optics within
the smartphone-based PD platform: a spherical BK7 borosilicate lens with 500 pm diameter
(Edmund Optics, Barrington, NJ), a blue laser diode (Laserland, Wuhan, China) powered by a
lithium ion polymer battery (Adafruit, New York, NY), and #12 straw Cinegel film filter
(Roscolux, Stamford, CT).

The spherical 500 um diameter BK7 lens has a 117 um back focal length, 160 um field of
view, and produces a 68X magnification. All lens calculations were adapted from Cybulski et al.!*®
The iPhone 6 camera lens system used in this platform has a CMOS with one blue, one red, and
two green pixel sensors (Bayer array). Because there are twice as many green pixel sensors than
blue or red, the smartphone camera lens system can detect green light most effectively.!*
Therefore, Dragon green (Ex480/Em520 nm) 400 nm streptavidin-coated nanoparticles were
selected for imaging. The size of the nanoparticles was selected based on the fixed optics of the
iPhone 6 camera lens system and magnification provided by the spherical lens; 400 nm was the
smallest particle size visible using the smartphone optics. These nanoparticles then dictated the
laser and filter combination. To excite the nanoparticles, a 445 nm laser with an 80-mW power
capacity (12 mm diameter and 35 mm length) was selected. Any light with a wavelength below
470 nm was filtered out by the straw film filter. This straw film filter was selected after reviewing

the color spectrums of all green and yellow Roscolux film filters.!>® Roscolux provides
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inexpensive cinematic lighting films that have been shown to be effective low-cost fluorescence

filters for portable devices.'*®

6.2.5 Particle Diffusometry Theory

PD involves recording a series of images of fluorescent particles undergoing Brownian
motion in a quiescent volume and calculating the particle diffusion coefficient using correlation
analysis.®® Each individual image is partitioned into smaller interrogation areas (64 X 64 pixel?)
containing, on average 8-10 particles.!*® Within these interrogation areas, autocorrelation and
cross-correlation of the images are computed for the entire series of images. Cross-correlation (s,)
involves correlating two temporally sequential images and autocorrelation (s,) is performed by

f132

correlating a captured image with itsel Using both autocorrelation and cross-correlation, the

diffusion coefficient, D, can be calculated by Equation 6.1 derived by Olsen and Adrian'??

sé-si

= TonZA Equation 6.1

where M is the magnification and At is the time step between images. Equation 6.2 shows the

relationship between the diffusion coefficient, viscosity (1), and hydrodynamic radius (a).

D~— Equation 6.2

LAMP produces polymerized DNA strands that cause a change in the viscosity of the surrounding
solution. We use streptavidin-coated fluorescent nanoparticles that bind directly to the biotin-
labeled LAMP amplicons to provide a change in size, in addition to viscosity. The change in both

viscosity and size produces a more substantial difference in the diffusion coefficient measurements.

6.2.6 Smartphone-Based Platform Development

The smartphone-based PD platform is composed of a 3D printed platform that houses the
optics and a smartphone application built for the iPhone 6. The platform was designed by my co-

author, Dong Hoon Lee, to incorporate the optics and power source, secure the smartphone and
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microfluidic chip, and exclude external light during imaging. The smartphone application was also
created by Dong Hoon Lee using Apple’s development platform, XCode.

The platform, composed of six parts, was designed using SolidWorks (Figure E.1). Five
parts were 3D printed with a Fortus 400mc 3D printer (Stratasys, Eden Prairie, MN) using
acrylonitrile butadiene styrene (ABS). The aluminum plate that holds the external ball lens was
machined. The platform was developed following Apple’s accessory design guidelines to ensure
the iPhone 6 fit securely into the platform. The external ball lens is situated directly below the
camera lens system which aligns with the sample well of the microfluidic chip. The platform also
contains a slot with a z-axis stage to insert the microfluidic chip; a bolt and nut (McMaster-Carr,
Elmhurst, IL) with a 3D printed knob were used to adjust the z-axis stage to ensure the microfluidic
chip was within the focal length of the external ball lens.

The smartphone application was developed following the principles of PD introduced in

Clayton et al.”

Both Swift and Objective-C programming languages were used in the smartphone
application development. The i10S application takes advantage of the iPhone’s capability to record
a 30 frames per second (FPS) video. By reducing the frame rate to 15 FPS, 300 frames on average
are extracted from a 30-second video recording, leaving a 21-second video for analysis. The center
800 x 800 pixel® region is used for processing to minimize the distortion effects around the edges
from the external ball lens. A 2 X 2 binning is then applied for signal improvement. This binning
allowed for a high signal-to-noise ratio while maintaining a statistically relevant number of data
points. Frames were processed, and auto- and cross-correlation analysis was performed using the
in-house smartphone algorithm. Native software development kits (SDK) and application

programming interfaces (API) were used to perform image processing and PD analysis. All steps

were verified by comparing the code with the previously developed MATLAB code.

6.2.7 Smartphone-Based Particle Diffusometry Measurements

A 1.5 pL aliquot of the LAMP-nanoparticle solution was added to the sample well within
the microfluidic chip and a 1 x 1 cm? piece of 60 um COP was placed over the sample well to seal
the sample, preventing evaporation. Three 1.5 pL aliquots from each sample were loaded into three
separate microfluidic chips for intra-sample measurement validation. Each microfluidic chip was
inserted into the smartphone-based PD platform for imaging at room temperature on a stabilizing

optical table to minimize external vibration. After turning the laser on, a 30-second video of
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nanoparticle Brownian motion was recorded. After the 60-second image analysis, three diffusion
coefficients were displayed for each microfluidic chip. Three diffusion coefficient measurements
from three different microfluidic chips were collected for each biological repeat (nine

measurements), highlighting the statistical robustness of PD.

6.2.8 Experimental Design

For all studies presented in this work, three individuals prepared biological samples and
performed LAMP and three different individuals measured the PD of the samples on the
smartphone-based platform. For the LOD experiments, 10-fold serial dilutions (6 X 10° -6 x 10*
cells/reaction) of V. cholerae N16961 whole cells were prepared and added to LAMP reactions.
For the selectivity experiments, V. cholerae N16961, V. cholerae NRT-36, and E. coli DH5a were
all used as the template. V. cholerae NRT-36 was chosen to ensure that LAMP is only selective
for toxigenic strains of V. cholerae. E. coli DH50 was tested because it is also found in
environmental water sources and we wanted to ensure no cross-reactivity of PD-LAMP.!*! The
bacteria were added to separate LAMP reactions at a concentration of 10° cells/reaction. The three
individuals measuring PD on the smartphone-based platform were blinded to the sample contents
for the selectivity experiments. All nine diffusion coefficients were plotted for each biological
repeat for both experiments.

We wanted to compare smartphone-based PD with real-time fluorescence detection of
LAMP to determine the sensitivity, specificity, and accuracy of the smartphone-based PD platform.
The data were split into a training and test set. The 30 samples used in the training set were ordered
by diffusion coefficient to determine the positive and negative diffusion coefficient thresholds.
Real-time fluorescence results were recorded for each sample in the training set. For the test set,
we used a double-blinded study design to approximate a field study. Neither the individual who
performed LAMP nor the individual who performed PD on the smartphone-based platform knew
the contents of the samples. A total of 132 samples, ranging from 0 cells/mL to 3.5 x 108 cells/mL,
were used in the test set. If the relative fluorescence increased ten standard deviations above the
baseline (the auto-threshold setting on real-time PCR system) by the end of the 30-minute
amplification period, the individual that performed LAMP recorded that sample as positive by
real-time fluorescence. If the relative fluorescence did not increase ten standard deviations above

the baseline, the sample was considered negative by real-time fluorescence. We confirmed
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fluorescence results via gel electrophoresis. Each sample was then measured on the smartphone-
based PD platform and the diffusion coefficients were recorded. The average of all nine diffusion

coefficients was used to describe each sample for this double-blinded study.

6.2.9 Statistical Analysis

For the LOD study, a one-way ANOVA post hoc Dunnett’s test was performed with
multiple comparisons against a negative control with no template (NTC) using a 95% confidence
interval. For the selectivity experiments, a one-way ANOVA post hoc Dunnett’s test was
conducted with multiple comparisons against the positive control (toxigenic V. cholerae) with a
95% confidence interval. Quartile box-and-whisker plots were generated for the PD data for both
studies where the upper and lower bounds represent the 75th and 25th percentile about the median,
respectively, and the minimum and maximum values are represented by the upper and lower
whiskers. Individual data points for each sample were plotted on the quartile box-and-whisker
plots.

A single, averaged diffusion coefficient (from 9 measurements) for each of the 132 test set
samples from the double-blinded study was plotted and fitted with a bimodal Gaussian distribution
curve. A 2 X 2 contingency table was created to directly compare the smartphone-based PD
platform and real-time fluorescence measurement of LAMP. From this contingency table, we
calculated the sensitivity, specificity, accuracy, positive predictive value, and negative predictive
value of the smartphone-based PD platform.'*> We created a receiver operating characteristic
(ROC) curve to demonstrate the tradeoff between sensitivity and specificity and indicate the

accuracy of the platform.'>* All figures were created using GraphPad Prism 7.

6.2.10 V. cholerae Concentrator User-Centered Design Study

To test the usability of the bacterial concentrator device developed by Jordan Florian of
OmniVis LLC, 30 volunteers over the age of 18, with and without technical backgrounds, were
asked to assemble the device using an instructional video and complete a Systems Usability Study
(SUS) survey.'** The SUS survey covers the effectiveness, efficiency, and satisfaction of using a
particular system through ten questions: five of which are negative (i.e. unnecessarily complex,

cumbersome to use, or inconsistent) and the other five are positive (i.e. wanting to use frequently,
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easy to use) (Figure E.2). Responses were collected using a 5-point Likert scale where 1 is Strongly
Disagree and 5 is Strongly Agree. The user-centered design study was performed in accordance to
Purdue University’s Human Research Protection Program. Responses for each of the ten SUS
survey questions were averaged across all participants and plotted with standard deviation. An
overall SUS score was calculated for each volunteer by summing the normalized score for each of
the ten SUS survey questions. Normalization for positive SUS survey questions was achieved by
subtracting one from the raw score and multiplying by 2.5; normalization for negative SUS survey
questions was achieved by subtracting the raw score from five and multiplying by 2.5. A one-way
ANOVA post hoc Tukey’s test was performed to determine whether technical background (formal
training in science, technology, engineering, or math) influenced volunteers’ overall SUS score

for the bacterial concentrator device.

6.2.11 V. cholerae Concentrator Experiments

V. cholerae N16961 cells were grown according to 2.2.2 Bacteria Culture and added to
250 mL of MilliQ water at a concentration of 10° cells/mL. Although the bacterial concentrator
device was designed to filter 1 L of water, we observed leaking during preliminary testing, so we
used a lower volume to minimize pressure due to gravity and we expect that the results will scale.
After letting the 250 mL filter through the assembled system, the 1 L bottle (Nalgene, Rochester,
NY) was disconnected from the 3D printed bacterial concentrator device. The 0.8 um nylon
membrane (47 mm diameter, GVS Filter Technology, Sanford, ME) was removed from the bottom
layer of the concentrator device and six nylon pieces were collected using a 6 mm biopsy punch
(Miltex, York, PA). Four-10 puL samples were gathered from the fluid reservoir in the bottom layer
of the bacterial concentrator device. These nylon pieces and fluid reservoir samples serve as
template for subsequent LAMP reactions. Several controls were run alongside the test samples: a
positive control (10° cells/25 pL reaction), a negative control (no template added), a positive nylon
control (10° cells/reaction with 6 mm diameter nylon membrane), and a negative nylon control (no
template added with 6 mm diameter nylon membrane). LAMP reactions were incubated at 65°C
for 45 minutes. LAMP was monitored in real-time and amplicons were analyzed via gel
electrophoresis as explained in 6.2.1 LAMP. The same samples were measured on the

smartphone-based PD platform as described in 6.2.7 Smartphone-Based Particle Diffusometry
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Measurements. This entire process was repeated three times using three different bacterial

concentrator devices.

6.3 Results and Discussion

6.3.1 Construction of Optics

High resolution optics and robust construction are critical for PD measurements on a
portable device. Therefore, we developed a 3D printed platform to house the optics for nanoparticle
visualization that is perpendicular to the axis of gravity to improve platform stability. An external
ball lens was incorporated to enhance the magnification of the iPhone 6 camera lens system to
visualize the nanoparticles. The external ball lens diameter is inversely related to magnification;
thus, the 500 um spherical glass ball lens provides a magnification of 68X which is sufficient for
this application. The external ball lens back focal length (BFL) is 117 pm; therefore, the topmost
layer of the microfluidic chip must be less than the BFL.!*® We selected optically transparent 60
pum COP as the top layer of the microfluidic chip. Lastly, a 445 nm blue laser diode was used to
excite the fluorescent nanoparticles and a (yellow filter was placed between the external ball lens
and camera lens system to act as a high-pass filter, transmitting wavelengths above 470 nm to the
iPhone 6 camera (Figure 6.2A). Four hundred (400) nm fluorescent particles (Ex480/Em520 nm)
are greater than four pixels in diameter under imaging conditions, which minimizes the diffractive
effects and maximizes the signal-to-noise ratio.'>

The external ball lens, iPhone 6 camera lens system, microfluidic chip, and blue laser diode
were first aligned using the virtual construction tool in SolidWorks. The computer-aided design
(CAD) model of the laser was placed at a 15° incident angle and fixed in position by designing the
surrounding structure to support the laser (Figure 6.2B). At the 15° incident angle, the fluoresced
and scattered light is focused into the iPhone 6 camera lens system.!>® The light passes through the
optically transparent COP microfluidic chip containing the LAMP sample with nanoparticles and
then through the external ball lens. We ensured the microfluidic chip fit snugly into the platform
by designing a slot to match the width of the microfluidic chip and incorporating a z-axis stage.
The z-axis stage also allows adjustment of the optical focus (Figure 6.2C).

After confirming alignment in SolidWorks, the external ball lens was carefully placed in a

metal plate and secured using epoxy. The collimator on the 445 nm blue laser diode was glued into
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the 3D printed platform. The body of the laser was screwed into the stationary collimator. The
combined effect of fluorescence and scattering of the nanoparticles makes this optical system ideal
for imaging small fluorescent nanoparticles.'*®!5¢ Scattered light reduces the background noise by
filtering out the oblique illumination on the sample plane.'*® Further, the short working distance
of the optical system keeps the platform compact. The cost of the consumables for the smartphone-
based PD-LAMP system is $0.78 (Table E.1) and the reusable components of the platform cost
less than $265 (Table E.2).

A
Smartphone

T CMOS sensor
- iPhone 6 camera lens system

T Filter (h = 38 pm)
Metal plate (h = 500 pm)

Chip (h = 556 pm)
External ball lens (d = 500 um)
Laser beam (A = 445 nm)
1 —  Reflected laser beam

Platform

External ball lens & filter C

Metal plate

Blue laser diode

Chip

Z-axis
stage knob

Figure 6.2 Smartphone-based particle diffusometry platform.

(A) Optics setup within the platform includes an external ball lens, filter, complementary metal-oxide-
semiconductor (CMOS) sensor, iPhone 6 camera lens system, and laser at a 15° incident angle. (B)
Schematic of the platform that incorporates the blue laser diode, metal plate, external ball lens, and filter.
(C) Image of the integrated smartphone-based PD platform recording Brownian motion of 400 nm
streptavidin-coated fluorescent nanoparticles in the microfluidic chip.
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6.3.2 Image Quality, Recording, and Processing

We designed a smartphone application to process the images captured with the optical
system to perform PD analysis. Videos recorded on an iPhone 6, using high definition settings,
have a resolution of 1920 X 1080 pixel.!>” Therefore, the resulting images depict the 400 nm
streptavidin-coated fluorescent nanoparticles with high contrast and minimal background noise
(Figure 6.3A). The center 800 X 800 pixel® region is used for analysis to minimize distortion
effects around the edges of the images from the external ball lens (Figure 6.3B). This central region
is processed to further differentiate nanoparticles from background noise (Figure 6.3C). The
images are then auto- and cross-correlated within the smartphone application to generate diffusion
coefficients. All image processing was performed independently by the smartphone application
without external processing support (network or hardwired). Next, we imaged the same
nanoparticle solution using 40X magnification on an inverted epifluorescence microscope (Figure
6.3D and Figure 6.3E). We compared image quality and resulting diffusion coefficient
measurements on the smartphone-based optical system (9.83 x 10713 m?/s + 1.83 x 10'* m?/s)
with results obtained on the microscope (1.02 X 102 m%/s 4+ 1.57 x 10"'* m?%s) and saw no

significant difference (p > 0.05) (Figure E.3).
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Figure 6.3 Image quality comparison between smartphone and microscope.

(A) Raw image of 400 nm streptavidin-coated fluorescent nanoparticles in water using smartphone-based
optical system. (B) Central 800 x 800 pixel’ used for analysis. (C) Final processed image taken with the
smartphone. (D) Image of the same streptavidin-coated fluorescent nanoparticle solution using a 40X
objective on an inverted epifluorescence microscope. (E) Resulting image from the microscope after
processing. Note: all scale bars are 500 um.

6.3.3 Limit of Detection in Pond Water

After measuring the diffusion coefficient of the nanoparticles in water, we performed PD
on whole cells in environmental pond water. The pond water contains some sediment and other
debris which add to sample matrix complexity and simulates the natural environment where V.

d.#-986141 If we use environmental samples with excessive amounts of sediment

cholerae is foun
in the future, we may need to filter the water samples prior to performing PD measurements. We
incorporated multiple users in the experimental design to demonstrate the repeatability of
smartphone-based PD; three users performed LAMP and three different users executed

measurements on the smartphone-based PD platform. LAMP assays were prepared with 6 x 10°
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— 6 X 10* cells/reaction in pond water (where 50% of the total LAMP reaction volume was pond
water). Fluorescence visualization of LAMP performed in a real-time PCR system demonstrated
that samples with higher initial concentrations of V. cholerae amplify more rapidly than samples
with lower initial concentrations (Figure 6.4A) as indicated by the lower Cr values (Table E.3).
Gel electrophoresis was used to confirm amplification (Figure 6.4B). There was a statistically
significant difference in the diffusion coefficients from 6 X 10° — 6 x 10* cells/reaction (0.66 aM
to 6.6 M) when compared to NTC (p-value < 0.01 for 6 X 10° and p-value < 0.0001 for 6 x 10",
6 x 10% 6 x 10% and 6 x 10* cells/reaction) (Figure 6.4C). This LOD of 6 cells/reaction, 0.66 aM
or 400 cells/mL, falls within the concentration range that is commonly found in the environment
(10 — 1000 cells/mL).>® This environmentally relevant LOD suggests the applicability of this
handheld smartphone-based PD platform for future point-of-use applications. The sub-attomolar
concentration of V. cholerae measured on the smartphone-based PD platform is equivalent to the
microscope results in previous work;* however, unlike the microscope, the smartphone platform

used here is both portable and low-cost.
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Figure 6.4 LOD of V. cholerae in pond water.

V. cholerae cells were spiked into pond water at concentrations ranging from 6 X 10° -6 x 10*
cells/reaction. (A) Real-time fluorescence was monitored over a 30-minute LAMP reaction. (B) A 2%
agarose gel confirms amplification and presents the banding pattern indicative of LAMP amplification for
positive samples. (C) The diffusion coefficient measurements show a decreasing trend as a function of
starting cell concentration with significance at 6 X 10° (** p <0.01), 6 x 10', 6 x 10%, 6 X 10°, and 6 X
10* (**** p < 0.0001) cells/reaction. Statistical analysis was a one-way ANOVA with Dunnett’s post hoc
relative to NTC. (N=5, n=9)
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6.3.4 Single-Blinded Selectivity in Pond Water

After establishing the LOD, we confirmed the selectivity of the PD technique by ensuring
only toxigenic V. cholerae was detected and other environmental bacteria that may be present in
water samples were not. We used E. coli and non-toxigenic V. cholerae to measure selectivity
since both bacteria are commonly found in the same environment as toxigenic V. cholerae."! It is
important to note that non-toxigenic V. cholerae lacks the ctxA gene targeted by the LAMP primers,
and therefore, cannot produce the toxin responsible for severe symptoms and disease outbreaks in
humans.**

We prepared LAMP assays with 10* cells/reaction of E. coli, non-toxigenic V. cholerae,
and toxigenic V. cholerae in 50% pond water. To measure selectivity, we performed a single-
blinded experiment with six different users to remove the potential for measurement bias. The
three users performing LAMP knew the contents of each sample; however, the sample details were
blinded to the three individuals taking measurements on the smartphone-based PD platform. There
was no amplification of samples with E. coli or the non-toxigenic strain of V. cholerae as indicated
by gel electrophoresis (Figure 6.5A) and fluorescence data (Figure E.4 and Table E.4). These
results demonstrate the selectivity of LAMP and coincide with previous literature regarding the
target efficiency of LAMP primers.”®!%%15% There was a statistically significant difference in the
diffusion coefficient of the NTC, E. coli, and non-toxigenic V. cholerae samples when compared
to toxigenic V. cholerae, which resulted in a much lower diffusion coefficient than the off-target
samples (Figure 6.5B, p-value < 0.0001). This illustrates that off-target bacteria that may be
present in a water sample will not interfere with diffusion coefficient measurements. Moreover,
incorporating six users in the study design speaks to the repeatability of smartphone-based PD

measurements.
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Figure 6.5 Single-blinded selectivity in pond water.

E. coli, non-toxigenic (NT) V. cholerae, and toxigenic (T) V. cholerae cells were spiked into pond water
at 10’ cells/reaction. (A) A 2% agarose gel confirms amplification and presents the banding pattern
indicative of LAMP amplification only for toxigenic V. cholerae. (B) The diffusion coefficient
measurements show a statistically significant difference between NTC, E. coli, and non-toxigenic V.
cholerae (**** p <0.0001) when compared to toxigenic V. cholerae. Statistical analysis was a one-way
ANOVA with Dunnett’s post hoc relative to toxigenic V. cholerae. (N=5, n=9)

6.3.5 Double-Blinded Study in Pond Water

To determine the sensitivity, specificity, and accuracy of the smartphone-based PD
platform, we directly compared it to real-time fluorescence detection of LAMP amplicons. The
data were split into a training and test set. The training set (n=30) was used to determine the
positive and negative diffusion coefficient thresholds. Using the PD (Figure E.5) and real-time
fluorescence (Table E.5) data collected for the training set, we determined that test set samples
with an average diffusion coefficient less than 7.0 x 10" m?/s would be considered positive for
V. cholerae while samples with an average diffusion coefficient greater than 7.2 X 10'* m%/s
would be considered negative for V. cholerae. From the training set and other preliminary testing
on the smartphone-based PD platform, we realized that there was a small range of diffusion
coefficients, from 7.0 X 10713 m?%/s to 7.2 x 103 m?/s, for which results were inconclusive.

The test set was validated using a double-blinded study design in which all 132 samples
(varying concentrations of V. cholerae) were unknown to all individuals performing LAMP and

collecting smartphone-based PD data. We included multiple users in this study; three users
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performed LAMP and three different users conducted measurements on the smartphone-based PD
platform. The frequency of test set samples plotted in a histogram over a range of averaged
diffusion coefficients follows a bimodal Gaussian distribution (Figure 6.6A). Using the thresholds
identified from the training set, we determined that 59 samples were positive when measured by
the smartphone-based PD platform while 65 were considered negative. PD measurements for 8 of
the 132 samples (6.1%) fell into the inconclusive range (Figure 6.6A). The percentage of samples
determined to be inconclusive was similar to clinical trial results of several commercial devices
that also have a pre-determined inconclusive range.'® As we analyze more samples on the
smartphone-based PD platform, we expect to narrow or even eliminate this inconclusive range.

To directly compare the smartphone-based PD platform and real-time fluorescence
measurements, we constructed a 2 X 2 contingency table, seen in Figure 6.6B. Overall, there were
56 true positives (TP), 3 false positives (FP), 5 false negatives (FN), and 60 true negatives (TN).
The data indicates that false negatives are slightly more common than false positives using
smartphone-based PD. Both false negatives and false positives can be mitigated in the future by
altering the thresholds or improving the optics within the smartphone-based PD platform. From
the true and false negatives and positives, we calculated a sensitivity of 91.8% and a specificity of
95.2% for the smartphone-based PD platform.'®! For comparison, the commercialized Crystal Vc
Rapid Diagnostic Test for detection of V. cholerae in stool has a published sensitivity of 93.1%
but a specificity of only 49.2%.>” The characterization of the smartphone-based PD platform
demonstrates its ability to sensitively and specifically detect low concentrations of V. cholerae
found in the environment.

Lastly, we created a ROC curve, as seen in Figure 6.6C, to further evaluate the sensitivity
and specificity of the smartphone-based PD platform when compared to real-time fluorescence
data. ROC curves depict the tradeoff between sensitivity and specificity of a device. In the case of
this smartphone-based PD platform, both sensitivity and specificity are high indicating that there
is not a significant tradeoff. The area under the curve (AUC) is 0.943, or 94.3%, which represents
the accuracy of the platform.!®? Others have demonstrated comparable ROC curve analyses for
smartphone platforms.!*16* Combined, these results highlight the excellent sensitivity, specificity,

and accuracy of the smartphone-based PD platform for measuring LAMP amplicons.
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Figure 6.6 Characterization of the smartphone-based PD platform.

(A) Distribution of averaged diffusion coefficients for 132 samples in the double-blinded study. The red

solid line demonstrates that this data follows a bimodal Gaussian distribution while the red dashed lines

outline the inconclusive range. (B) 2 X 2 contingency table used to calculate sensitivity and specificity
that is confirmed by (C) the ROC curve with an AUC of 0.943.
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6.3.6 V. cholerae Concentrator User-Centered Design Study

Even though the LOD of the smartphone-based PD platform can be mathematically
converted from 6 cells/reaction to 400 cells/mL, the smartphone-based PD platform is not
compatible with volumes greater than 25 pL. Volumes on the microliter scale are not
representative of an environmental water source; therefore, we sought to develop a bacterial
concentrator device. The goal was to create a device that could process 1 L of water and
concentrate the V. cholerae bacteria into a volume that is compatible with the smartphone-based
PD platform. The bacterial concentrator device (designed by Jordan Florian of OmniVis LLC)
consists of three layers: the top layer (Figure 6.7A) incorporates a 50 mm diameter wire mesh
screen to remove large sediment, the middle layer (Figure 6.7B) includes a 100 pm pore size nylon
membrane to trap small organisms or small sediment, and the bottom layer (Figure 6.7C) contains
a 0.8 um pore size nylon membrane to capture and concentrate the V. cholerae bacteria. We were
interested in gaining perspective from non-team members regarding the usability of the bacterial
concentrator device, so we conducted a user-centered design study with 30 individuals. After study
participants successfully assembled the concentrator device (Figure 6.7D), they were asked to

complete the SUS survey.
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Figure 6.7 V. cholerae concentrator.

(A) Top layer removes large sediment, (B) middle layer traps small sediment and small organisms such as
copepods, and (C) bottom layer captures the V. cholerae bacteria. Bottom layer includes a collection port
for sample extraction via syringe. (D) Assembled V. cholerae concentrator attached to a Nalgene bottle.
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Figure 6.8 A demonstrates the SUS survey responses from all 30 participants. The top five
categories display low scores, which is promising because very few participants found the
concentrator device cumbersome, inconsistent, or complex or thought they needed to learn more
or required technical assistance for use. In contrast, the study participants ranked the concentrator
device high in terms of user confidence, ability to learn quickly, integration, ease-of-use, and
likeability. The bacterial concentrator device received an average overall SUS score of 77.7%
(Figure 6.8B) which was well above the ‘usable’ threshold of 68%. Because we had participants
with both technical and non-technical backgrounds, we were interested in evaluating whether the
individual’s background was associated with their overall SUS score for the bacterial concentrator
device. Interestingly, there was no statistically significant difference between the overall SUS
score of the two participant groups (77.7% for technical, 77.5% for non-technical, Figure 6.8B);
both found the concentrator device quite usable. This is very promising, because it seems that

background is not correlated with the usability rating of the bacterial concentrator device.
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Figure 6.8 SUS survey data from user-centered design study with concentrator device.

(A) Results from each question on the SUS survey are plotted as the mean (value to the right of bar) with
standard deviation. (B) Overall SUS scores were plotted for all participants (n=30), individuals with
technical backgrounds (n=21), and those with non-technical backgrounds (n=9). There was no statistically
significant difference between any of the groups (p > 0.05, ns = no significance). Statistical analysis was a
one-way ANOVA with Tukey’s post hoc.

6.3.7 V. cholerae Concentrator Experiments

To test the functionality of the concentrator device, 10° V. cholerae cells/mL were spiked

into 250 mL of MilliQ water and the mixture was added to a Nalgene bottle. After connecting the
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Nalgene bottle to the 3D printed bacterial concentrator device, the mixture processed through the
device via gravity filtration. Even though the experimental setup was consistent between repeats,
we observed vastly different flow rates (indicated by the time to process the mixture, Table 6.1).
The heterogeneity of the printing resin and insufficient tolerance of the 3D printer could have led

to minor differences between each bacterial concentrator device, causing the variation in flow rate.

Table 6.1 Time for each bacterial concentrator device to process 250 mL of water spiked with V.
cholerae. (n=3)

Repeat Device Time (min:sec)
1 3 14:03
2 1 30:06
3 5 23:08

After collecting the nylon pieces and fluid reservoir samples from the disassembled
bacterial concentrator device, LAMP was performed on these samples along with controls for 45
minutes. As expected, the negative controls (NTC and NTC nylon) did not amplify (seen in real-
time and gel electrophoresis, Figure 6.9A and Figure 6.9B) while the positive control (10°
cells/reaction) consistently amplified (Figure 6.9A and Figure 6.9B). We observed that the nylon
membrane somewhat inhibited fluorescence measurements by the real-time PCR system (Figure
6.9A, blue lines); however, we saw clear banding in the agarose gel (Figure 6.9B). All samples
collected from the fluid reservoir exhibited strong amplification (Figure 6.9A, green lines and
Figure 6.9B), indicating that V. cholerae cells may have been enriched as intended. We do expect
some bacteria loss to occur because the nylon membrane in the bottom layer has 0.8 pm pores and
V. cholerae bacteria can be as small as 0.3 um in diameter and 1 um in length. The nylon was
selected because it has a reasonable flow rate and the ability to capture majority of the bacteria.

The samples were then analyzed with the smartphone-based PD platform. The aliquots
from the fluid reservoir produced the lowest diffusion coefficients for all three repeats and the
greatest statistical significance when compared to NTC (p-value < 0.001) (Figure 6.9C). From
previous work, we know that diffusivity decreases as initial pathogen concentration increases.**!6°
Therefore, it is likely that V. cholerae bacteria are indeed being enriched by the concentrator device
because the positive control (10° cells/reaction) had higher diffusion coefficients than the fluid

reservoir samples (reservoir contained 4 mL concentrated from 250 mL mixture with 10° cells/mL).
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However, we must perform further testing and analysis with the bacterial concentrator device to
prove V. cholerae enrichment and determine the concentration factor. Specifically, we want to

repeat these experiments with lower concentrations of V. cholerae spiked into the Nalgene bottle.
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Figure 6.9 LAMP and PD data from V. cholerae concentrator experiments.

V. cholerae cells were spiked into MilliQ water at 10° cells/mL and processed through the concentrator
device. (A) Real-time fluorescence was monitored over a 45-minute LAMP reaction. (B) A 2% agarose
gel confirms amplification and presents the banding pattern indicative of LAMP amplification for
positive samples. (C) The diffusion coefficient measurements show significance for 10° cells/reaction (*
p <0.05) and fluid reservoir samples (*** p <0.001) when compared to NTC. Statistical analysis was a
one-way ANOVA with Dunnett’s post hoc relative to NTC. (n=3)
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6.4 Future Directions

Future development of the smartphone-based PD platform includes incorporating a heating
unit to perform LAMP amplification so the entire PD-LAMP technique can be executed
continuously on the portable platform. A fully integrated smartphone-based PD-LAMP platform
will enable rapid sample-to-answer detection of pathogens at the point of use. Beyond qualitatively
identifying the presence or absence of a target pathogen, we are interested in correlating diffusion
coefficient measurements with pathogen concentration in hopes of developing a quantitative PD-
LAMP system. This would be extremely beneficial, for example, in monitoring the viral load of
an individual living with HIV.

Even though the bacterial concentrator device was well-received by all participants in the
user-centered design study, there are improvements we would like to make. First, we want to
explore pressure-driven flow within the bacterial concentrator device because gravity-based
filtration is impractical for field applications due to the length of time needed to process 1 L of
water. Second, the bacterial concentrator device needs to seamlessly integrate with the

smartphone-based PD platform to enable a truly sample-to-answer detection platform.

6.5 Conclusions

The portable and compact optical system combines an external ball lens, iPhone 6 camera
lens system, blue laser diode, and high-pass filter. This optical system produces a 68X
magnification, sufficient for imaging the Brownian motion of 400 nm streptavidin-coated
fluorescent nanoparticles bound to biotin-labeled amplification products. The smartphone
application efficiently processes the recorded images and computes a diffusion coefficient for each
sample that indicates the presence or absence of pathogens. Smartphone-based PD is incredibly
sensitive, detecting as few as 6 V. cholerae cells/reaction (0.66 aM) in pond water in just 35
minutes. Smartphone-based PD selectively identified toxigenic V. cholerae while off-target
waterborne pathogens such as E. coli and non-toxigenic V. cholerae did not interfere with
measurements. When directly compared to real-time fluorescence detection of LAMP amplicons
in a double-blinded study, smartphone-based PD had an overall sensitivity of 91.8%, 95.2%
specificity, and accuracy of 94.3%. Furthermore, this portable platform requires only $0.78 of

consumables, making it affordable for low-resource areas. Altogether, these results demonstrate
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that smartphone-based PD is accurate, sensitive, and robust for detection of V. cholerae LAMP
amplicons in pond water.

Participants in a user-centered design study gave the bacterial concentrator device an
overall SUS score of 77.7% which is almost 10% above the ‘usable’ threshold. Moreover, we were
able to enrich V. cholerae cells from 250 mL of water in less than 30 minutes with the bacterial
concentrator device, amplify the enriched solution via LAMP, and measure the presence of V.

cholerae LAMP products on the smartphone-based PD platform.
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7. CONCLUSION

This dissertation outlined several tools for detection of pathogens in complex sample
matrices as well as strategies to translate these tools to the point of use. Nucleic acid amplification
methods have excellent sensitivity, specificity, and accuracy compared to other detection
mechanisms. The most common nucleic acid amplification method, polymerase chain reaction, is
not ideal for point-of-care applications due to its precise temperature requirements and abundance
of inhibitors in pathogen sample matrices. In this dissertation, I detailed the development of two
paperfluidic platforms and a smartphone platform that all incorporate an isothermal amplification
technique called loop-mediated isothermal amplification (LAMP). In Chapter 2, I described the
characterization of a strand displacement LAMP (SD-LAMP) assay for rapid detection of Vibrio
cholerae. The SD-LAMP assay is highly specific to toxigenic strains of V. cholerae and robust
enough for direct identification in environmental pond water. The vitrification technique reported
in Chapter 3 allows room-temperature storage of the V. cholerae SD-LAMP reagents up to 30
days. I also dried reverse transcription LAMP (RT-LAMP) reagents for HIV and noted little
difference in the assay limit of detection after storing reagents for 21 days when compared to
freshly prepared reagents. Room-temperature reagent storage eliminates cold-chain requirements
and enables integration of assays, such as LAMP, into portable devices. In Chapter 4, I detailed
the creation of two integrated paperfluidic platforms: one for detection of V. cholerae in pond
water and the other for HIV in whole blood. Both platforms take advantage of the inherent capillary
flow of porous membranes, the speed of LAMP amplification, and the simplicity of colorimetric
lateral flow immunoassay analysis. The HIV device even incorporates vitrified RT-LAMP
reagents to eliminate precision pipetting steps and improve automation.

Chapter 5 outlined the characterization of the combined LAMP and particle diffusometry
(PD) technique on a laboratory microscope for identification of V. cholerae. We showed a strong
correlation between fluorescence and PD measurements and demonstrated that PD is 10-fold more
sensitive than gold-standard fluorescence detection of V. cholerae LAMP products in pond water.
We then translated the PD technique to a smartphone-based platform as described in Chapter 6.
The smartphone-based PD platform can detect as few as 6 cells/reaction in pond water in just 35

minutes and is highly selective to toxigenic strains of V. cholerae. When directly compared to real-
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time fluorescence detection of LAMP amplicons in a double-blinded study, smartphone-based PD
had an overall sensitivity of 91.8%, 95.2% specificity, and accuracy of 94.3%.

The molecular tools and strategies for platform development reported in this dissertation
provide a framework for designing inexpensive and easy-to-use devices for rapid identification of
pathogens at the point of use. Integrated pathogen detection platforms have the potential to impact
communities around the world by improving time to treatment and reducing unnecessary disease

transmission.
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APPENDIX A. SUPPLEMENT TO CHAPTER 2

Table A.1 V. cholerae LAMP primers.

Primers targeting a 193 bp sequence of the ctxA gene of Vibrio cholerae.

Primer Sequence (5° —3°)

B3 GTGGGCACTTCTCAAACT

F3 TCGGGCAGATTCTAGACC

BIP TCAACCTTTATGATCATGCAAGAGGGGAAACATATCCATCATCGTG
FIP TTGAGTACCTCGGTCAAAGTACTTCCTGATGAAATAAAGCAGTCA
LB AACTCAGACGGGATTTGTTAGG

LF CCTCTTGGCATAAGACCACC

LB-FAM /56-FAM/AACTCAGACGGGATTTGTTAGG

LB-Biotin /5Biosg/ AACTCAGACGGGATTTGTTAGG

LF-Biotin /5BiosG/CCTCTTGGCATAAGACCACC

Strand displacement probe  /56-FAM/CTGCAGGTGGTCTTATGCCAAGAGGACAGAGTG/3InvdT/
Quencher (displaced) strand TCTTGGCATAAGACCACCTGCAG/3IABKFQ/

Table A.2 V. cholerae LAMP target gene sequence.

Gene Name Sequence (5° —3°)

V. cholerae ctxA  GTTTTGATCAATTATTTTTCTGTTAAACAAAGGGAGCATTATATGGTAAAGA
TAATATTTGTGTTTTTTATTTTCTTATCATCATTTTCATATGCAAATGATGAT
AAGTTATATCGGGCAGATTCTAGACCTCCTGATGAAATAAAGCAGTCAGGT
GGTCTTATGCCAAGAGGACAGAGTGAGTACTTTGACCGAGGTACTCAAATG
AATATCAACCTTTATGATCATGCAAGAGGAACTCAGACGGGATTTGTTAGG
CACGATGATGGATATGTTTCCACCTCAATTAGTTTGAGAAGTGCCCACTTAG
TGGGTCAAACTATATTGTCTGGTCATTCTACTTATTATATATATGTTATA
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Table A.3 Standard LAMP master mix for V. cholerae.

Reagent Final Concentration
Isothermal Buffer 1.0X
dNTPs 1.4 mM
Betaine 800 mM
F3 Primer 0.2 uM
B3 Primer 0.2 uM
FIP Primer 1.6 uM
BIP Primer 1.6 uyM
LF Primer 1.6 uM
LB Primer 1.6 uM
EvaGreen Dye 0.4X
ROX Reference Dye 0.5X
Bst 2.0 Polymerase 80U
Template 2uL
Molecular Bio H,O Fill to 25 puL

Table A.4 SD-LAMP master mix for V. cholerae.

Reagent Final Concentration
Isothermal Buffer 1.0X
dNTPs 1.4 mM
Betaine 800 mM
F3 Primer 0.2 uM
B3 Primer 0.2 uM
FIP Primer 1.6 uM
BIP Primer 1.6 uM
LB-Biotin Primer 1.6 uyM
SD Probe (1uM FAM:5uM Quench) 1.0X
Bst 2.0 Polymerase 80U
Template 2 uL
Molecular Bio H,O Fill to 25 pL
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Figure A.1 Schematic of standard LAMP and SD-LAMP reactions and subsequent LFIA detection.

(A) The noncyclic step of both reactions in which F3, B3, and inner primers bind to a double-stranded
target sequence and polymerase generates dumbbell-shaped products. (B) Dumbbell-shaped products
enter the cyclic amplification step during which loop primers accelerate amplification. Products can be
labeled by either standard tagging of each loop primer or by SD-LAMP, which uses one labeled loop
primer along with a tagged strand displacement probe that hybridizes to the amplicons’ loop region. (C)
Labeled amplicons visualized on a standard LFIA strip.
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Figure A.2 Real-time amplification of V. cholerae genomic DNA using Yamazaki primers.

Real-time relative fluorescence data demonstrates faster amplification for higher concentrations of V.
cholerae genomic DNA (concentrations in DNA copies/reaction). However, the NTC samples
consistently amplified after approximately 30 minutes of heating, indicating these primers induce non-
specific amplification. (n=1)
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Figure A.3 LAMP amplification of V. cholerae using different reaction volumes.

Real-time relative fluorescence data show amplification of V. cholerae at concentrations of 10", 10%, 10°,
10*, and 10° cells/reaction in total LAMP reaction volumes of (A) 10 pL, (B) 15 pL, and (C) 50 pL. Note:
LAMP assay in (A) was stopped after 20 minutes of heating.
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Figure A.4 V. cholerae thermal cell lysis at 65°C.

25 uL aliquots of V. cholerae were subject to heating at 65°C for various lengths of time (0 sec, 30 sec, 1
min, 5 min, 10 min, and 20 min) and then immediately streaked onto an LB agar plate. After a 9-hour
incubation at 37°C, images were taken; V. cholerae cell lysis occurs between 30 seconds and 1 minute of
heating. This is can be seen from the cluster of colonies seen in the 0 and 30 second plates (marked by “t-
streak” in the image) and the absence of these colonies at heating times of 1 minute or greater. (n=1)

A B
Ladder Sample Number
Sample Number Sample Type 1000 - 2 3 4 5
1 Clinical (stool)
2 Clinical (stool) 500 -
3 Clinical (stool)
4 Environmental (water) 150 -
5 Environmental (water)
6 Environmental (water) control -
7 Food (shrimp) test -

Figure A.5 V. cholerae sample testing in Haiti.

(A) ctxA-positive V. cholerae samples collected by the Emerging Pathogens Institute in Haiti. V.
cholerae was isolated from patient stool samples, river water, and shrimp shells. (B) Electrophoresis gel
verifying amplification (contrast increased for visualization) and LFIA results (image taken with iPhone)

are consistent indicating that primers can detect various ctxA4-positive strains. (n=1)
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APPENDIX B. SUPPLEMENT TO CHAPTER 3

Table B.1 SD-LAMP vitrification master mix for V. cholerae.

Reagents are combined into one master mix for fresh reactions and separated into three mixtures for the
reagent drying process. All reactions are 25 pL total.

Primer Mixture Enzyme Mixture Rehydrating Mixture
44.8 mM Sucrose 120 mM Sucrose 1.0X Isothermal Buffer
0.007% Triton X-100 1.4 mM dNTPs 800 mM Betaine
0.28% Glycerol 8.0 U Bst 2.0 Polymerase Molecular Bio H,O
0.2 uM F3/B3 Pond H,O
1.6 uM FIP/BIP/LB 2 uL template

1.0X SD Probe

Table B.2 HIV RT-LAMP target gene sequence.

Gene Name Sequence (5° —3°)
HIV-1 gag (201 bp TCAGCATTATCAGAAGGAGCCACCCCACAAGATTTAAACACCATGCTAAAC
target region) ACAGTGGGGGGACATCAAGCAGCCATGCAAATGTTAAAAGAGACCATCAA

TGAGGAAGCTGCAGAATGGGATAGAGTGCATCCAGTGCATGCAGGGCCTA
TTGCACCAGGCCAGATGAGAGAACCAAGGGGAAGTGACATAGCAGGAACT

Table B.3 HIV LAMP primers.
Primers targeting a 201 bp sequence of the gag gene of HIV-1.

Primer Sequence (5° —3°)

B3 AGTTCCTGCTATGTCACTTC

F3 TCAGCATTATCAGAAGGAGC

BIP ATGAGGAAGCTGCAGAATGGGCCCTTGGTTCTCTCATCTG

FIP GGTCTCTTTTAACATTTGCATGGCTTTAAACACCATGCTAAACACA
LB-FAM /56-FAM/AGTGCATGCAGGGCCTATTG

LF-Biotin /5-Biosg/ TGCTTGATGTCCCCCCAC

Table B.4 RT-LAMP vitrification master mix for HIV.

Reagents are combined into one master mix for fresh reactions and separated into three mixtures for
reagent drying process. All reactions are 25 pL total.

Primer Mixture Enzyme Mixture Rehydrating Mixture
44.8 mM Sucrose 120 mM Sucrose 1.0X Isothermal Buffer 11
0.007% Triton X-100 1.5 mM dNTPs 200 mM Betaine
0.28% Glycerol 4.0 U Bst 3.0 Polymerase DEPC H,0O
0.2 uM F3/B3 4 uL template
1.6 uM FIP/BIP
0.8 uM LF/LB
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Primer Mixture B Enzyme Mixture

Figure B.1 LAMP reagent deposition patterns.

LAMP primer and enzyme mixture deposition patterns (A, B, C) tested during initial optimization of the
vitrification protocol.

primer mixture deposited,
dried at room temperature
for 60 minutes

=\ enzyme mixture deposited,
dried at room temperature
for 60 minutes

polyethylene terephthalate (PET)
1cm
T am

Figure B.2 LAMP reagent drying setup.

The primer mixture is deposited onto 1 X 1 cm PET squares in parallel lines and dried at room
temperature under continuous air flow for 60 minutes. The enzyme mixture is then deposited directly on
top the dried primer mixture and dried for another 60 minutes under continuous air flow.
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Figure B.3 LAMP tolerance of cryoprotectants and food color solutions.

(A) Trehalose (T) and sucrose (S) were added to LAMP reactions at 10% (v/v), 5% (v/v), and 2% (v/v)
concentrations and (B) yellow food color solution was added at 2.5% (v/v), 5% (v/v), and 10% (v/v)
concentrations to determine the maximum of each additive that LAMP can withstand. Yellow was the
only food color dye that did not inhibit LAMP (data not shown). All positive samples were spiked with

10° V. cholerae cells/reaction. (n=1)
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Figure B.4 LFIAs from V. cholerae SD-LAMP reagent stability study.

(A) Representative LFIAs at 10-day dried and respective fresh controls (0-day dried). (n=3) (B)
Representative LFIAs at 20-day dried and respective fresh controls (0-day dried). (n=3) (C)
Representative LFIAs at 30-day dried and respective fresh controls (0-day dried). (n=3) LFIA test band
intensity decreases as reagent storage time increases.
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Figure B.5 HIV RT-LAMP reagents stored for 5 months at room temperature.

Dried reagents were reconstituted with 10 virus copies/reaction and rehydrating mixture and amplified
for 60 minutes alongside freshly prepared controls. (n=1)
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APPENDIX C. SUPPLEMENT TO CHAPTER 4
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Figure C.1 Vertical filtration setup for testing membrane capture efficiency.

Membrane of interest was placed between two O-rings (after removing commercial filter in Qiagen spin
column) and placed into spin column before particle solution was added.

N absorbent

\ wings

bacteria
1.5 cm capture
— membrane

55cm

Figure C.2 Water filtration and bacteria capture setup.

Bacteria capture membrane is centered on top of absorbent wings. Water sample is added to the bacteria
capture membrane. Water filters vertically through the membrane before wicking outwards into the
absorbent wings while bacteria are trapped in the pores of the capture membrane.
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Table C.1 Consumable components of V. cholerae pPAD and cost.

Component Manufacturer Product # Cost/Device
0.22 pm PES Millipore GPWP09050 $0.14
Glass Fiber Millipore GFCP103000 $0.02
Gel Blotting Paper Whatman GB003 $0.01
Cellulose for Valves Whatman 3001-861 <$0.01
uPAD . .
LFIA Ustar Biotechnologies U40009 $ 1.80
PET Apollo VPP100CE <$0.01
Self-Seal PSA Swingline 3747307B $0.05
Microseal Seals Bio-Rad MSB1001 $0.10
Subtotal $2.12
Isothermal Buffer New England Biolabs B0537S $0.01
Bst 2.0 New England Biolabs MO537L $0.28
dNTPs Agilent Technologies 200415 $0.17
Betaine Millipore Sigma B0300-1VL $0.07
B3 Integrated DNA Technologies Custom <$0.01
SD-LAMP F3 Integrated DNA Technologies Custom <$0.01
Reagents FIP Integrated DNA Technologies Custom <§$ 0.01
BIP Integrated DNA Technologies Custom <$0.01
LB-Biotin Integrated DNA Technologies Custom $0.07
SD-FAM Integrated DNA Technologies Custom $0.04
SD-Quench Integrated DNA Technologies Custom $0.05
C?liiiﬁl??:iigh Various Various $0.01
Subtotal $0.71
Total $2.83
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Top View

(1) (2)
glass fiber
wax valve 2
absorbent \
wings j PES
_“_ wax valve 1
] ———— self-seal PSA
LFIA
(3) (4)
. wash buffer
O | ——— | . selfseal PSA ' O inlet seal
sample inlet
\J seal with PET
1 : T
(=]

7.5¢cm

Figure C.3 V. cholerae nPAD assembly.

(1) Glass fiber, absorbent wings, and LFIA are placed on bottom self-seal PSA layer. (2) PES and wax

valves are added. (3) The top self-seal PSA layer (with inlets for sample and wash bufter) is carefully

aligned to seal the membranes. (4) After adding sample and wash buffer, inlets are sealed; sample inlet
seal has PET to prevent adhesive from touching the amplification membrane.
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Figure C.4 Schematic of MF1/PES assembly for studies verifying red blood cell and virus
separation.

Table C.2 Consumable components of microRAAD and cost.

Component Manufacturer Cost/Device

Glass fiber Millipore $0.02

MF1 blood separator GE Life Sciences <$0.01

0.22 um polyethersulfone (PES) Millipore $0.03

Wax valve strips Whatman & Xerox <$ 0.01

Cellulose L Whatman <$0.01

HPAD Polyethylene terephthalate (PET) Apollo <$0.01
LFIA Ustar Biotechnologies $1.80

Self-seal PSA Swingline $ 0.05

Polystyrene gasket Lohmann Precision Die Cutting $0.01

Double-sided adhesive Silhouette <$0.01
Subtotal <$ 1.96

Isothermal buffer 11 New England Biolabs $0.03

dNTPs Agilent Technologies $0.05

RT-LAMP Betaine Millipore Sigma $0.03
Reagents Primers Integrated DNA Technologies $0.01
Bst 3.0 polymerase New England Biolabs $0.14

Sucrose, Glycerol, TritonX-100,

Green Dye, DEPC H,O Various $0.01

Subtotal $0.27

Consumable Total $2.23
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Isometric View Top View

polystyrene (x2)
glass fiber
PET

N py W gy Ny self-seal PSA

= O LFIA

/}O
\
.

wax valve 1
wax valve 2
PES

| j
PET with
dried reagents
self-seal PSA

10cm

Figure C.5 Assembly of microRAAD pPAD for HIV detection.
PES was sandwiched with squares of PET to prevent the self-seal PSA from touching the PES.
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wash buffer

wax valve ' : ' capture/amplification
' membrane
wax valve i ' ———— absorbent wings
LFIA

Figure C.6 Fluidic testing of integrated V. cholerae pPAD with large absorbent wings.

Yellow food color solution represents the water sample (added to sample inlet), green food color solution
represents the wash buffer (added to wash buffer inlet), and blue food color solution represents the
rehydrating mixture (added to sample inlet). After heating the amplification zone and opening the wax
valves, there was no flow from amplification zone to LFIA. (n=2)

wash buffer
waxvalvg —— .

capture/amplification
membrane
waxvalve ——M8M8M \ - S —— absorbent wings

LFIA

Figure C.7 Fluidic testing of integrated V. cholerae pPAD with small absorbent wings.

Yellow food color solution represents the water sample (added to sample inlet), green food color solution
represents the wash buffer (added to wash bufter inlet), and blue food color solution represents the
rehydrating mixture (added to sample inlet). After heating the amplification zone and opening the wax
valves, the LFIA flow control band confirmed proper flow. (n=3)
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Figure C.8 HIV RT-LAMP in different membranes.

0.22 um PES (Millipore) and 0.1 pm PES (PALL) membranes were added to tubes containing RT-LAMP
master mix and HIV-1 RNA at 10° copies/reaction. Samples along with controls (no membrane added)
were amplified for 60 minutes. Gel confirms amplification in 0.22 pm PES but not in 0.1 pm PES. (n=1)

135



RT-LAMP Temperature Efficiency
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Figure C.9 HIV RT-LAMP assay efficiency at various temperatures.

Amplicons were analyzed via real-time fluorescence and LFIA after 60 minutes of heating at
temperatures ranging from 62°C - 77°C. When the 10* RNA copies/reaction was heated between 62°C and
68°C, there was minimal change in time to amplification (real time fluorescence plot). When heated at
71°C, amplification was delayed and when heated above 74°C, no amplification occurred. This result
aligns with New England Biolabs’ product specification that reverse transcriptase is inactive above 72°C.
Together, this indicates that this RT-LAMP assay for HIV is optimal between 62°C and 68°C. (n=1)
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APPENDIX D. SUPPLEMENT TO CHAPTER 5

Table D.1 Average data from blinded study.

Particle diffusometry measurements were performed for four different groups. In the table (+) heat
indicates the sample contained V. cholerae genomic DNA and underwent amplification, (-) heat indicates
the sample contained no V. cholerae genomic DNA and underwent amplification, (+) no heat is a sample

containing V. cholerae genomic DNA that did not undergo heating, and (-) no heat is a sample that does
not contain V. cholerae genomic DNA that did not undergo heating. (n=3)

Sample (+) heat (-) heat (+) no heat (-) no heat
PD (’7/"0) 1.254+0.01 1.00%0.02 1.02+0.01 1.071+0.01
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Figure D.1 Real-time fluorescence and PD measurements for DNA dilutions.

(A, C, E) Real-time fluorescence curves. (B, D, F) PD measurements were performed on the same

samples as in (A, C, E). (B) PD measurements of viscosity change for the 10°, 10*, and 10° DNA

copies/reaction samples are statistically significant (** p<0.01, **** p<0.0001). (D) PD measurements of
viscosity change for the 10", 10*, and 10> DNA copies/reaction samples are statistically significant (*

p<0.05, ¥*** p<(0.0001). (F) PD measurements of viscosity change for the 10* and 10° DNA

copies/reaction samples are statistically significant (*** p<0.001, **** p<0.0001). A one-way ANOVA
post hoc Dunnett’s test was performed for all repeats with multiple comparisons against NTC with a 95%
confidence interval.
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Real-Time Flucrescence Particle Diffusometry
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Figure D.2 Real-time fluorescence and PD measurements for biotinylated DNA dilutions.

(A, C, E, G) Real-time fluorescence curves. (B, D, F, H) PD measurements were performed on the same
samples as in (A, C, E, G). (B) PD measurements of diffusivity change for the 10% 10%, 10%, and 10° DNA
copies/reaction are statistically significant (* p<0.05, **** p<0.0001). (D) PD measurements of
diffusivity change for the 10*and 10° DNA copies/reaction are statistically significant (** p<0.01, ***
p<0.001). (F) PD measurements of diffusivity change for the 10%, 10°, 10* and 10° DNA copies/reaction
are statistically significant (** p<0.01, **** p<0.0001). (H) PD measurements of diffusivity change for
the 10°, 10%, and 10° DNA copies/reaction are statistically significant (**** p<0.0001). A one-way
ANOVA post hoc Dunnett’s test was performed for all repeats with multiple comparisons against NTC
with a 95% confidence interval.
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Real-Time Fluorescence Particle Diffusometry
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Figure D.3 Real-time fluorescence and PD measurements for biotinylated DNA from whole V.
cholerae cell dilutions.

(A, C, E) Real-time fluorescence curves. (B, D, F) PD measurements were performed on the same
samples as in (A, C, E). (B) PD measurements of diffusivity change for the 10% 10°, 10, and 10°
cells/reaction are statistically significant (**** p<0.0001). (D) PD measurements of diffusivity change for
the 102, 10°, 10*, and 10° cells/reaction are statistically significant (*** p<0.001, **** p<0.0001). (F) PD
measurements of diffusivity change for the 10* and 10° cells/reaction are statistically significant (**
p<0.01). A one-way ANOVA post hoc Dunnett’s test was performed for all repeats with multiple
comparisons against NTC with a 95% confidence interval.
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Figure D.4 Real-time fluorescence and PD measurements for biotinylated DNA from whole V.
cholerae cells spiked in various water samples.

(A, C, E) Real-time fluorescence curves. (B, D, F) PD measurements were performed on the same
samples as in (A, C, E). (B) PD measurements of relative diffusivity for Molecular Biology Water (Mol
Bio), Tap, PBS, and Rain are statistically significant (** p<0.01, *** p<0.001, **** p<(0.0001). (D) PD
measurements of relative diffusivity for Mol Bio, PBS, Rain, and Pond are statistically significant (***
p<0.001, **** p<0.0001). (F) PD measurements of relative diffusivity for Mol Bio, PBS, and Rain are
statistically significant (* p<0.05, ** p<0.01). A Student’s paired z-test with a 95% confidence interval

was used when comparing the negative control and positive samples in different water.
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Real-Time Fluorescence Particle Diffusometry
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Figure D.5 Real-time fluorescence and PD measurements for biotinylated DNA from whole V.
cholerae cell dilutions spiked in pond water.

(A, C, E) Real-time fluorescence curves. (B, D, F) PD measurements were performed on the same
samples as in (A, C, E). (B) PD measurements of diffusivity change for the 10°% 10", 10%, 10%, 10%, and 10°
cells/reaction are statistically significant (* p<0.05, *** p<0.001, **** p<0.0001). (D) PD measurements

of diffusivity change for the 10', 10% 10°, 10, and 10° cells/reaction are statistically significant (**

p<0.01, **** p<0.0001). (F) PD measurements of diffusivity change for the 10", 10°, 10, and 10°
cells/reaction are statistically significant (* p<0.05, *** p<0.001, **** p<0.0001). A one-way ANOVA
post hoc Dunnett’s test was performed for all repeats with multiple comparisons against NTC with a 95%
confidence interval.
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Figure D.6 Fluorescence measurements for biotinylated DNA from whole V. cholerae cell dilutions
spiked in pond water.

Cells were spiked in pond water at concentrations 10°— 10° cells/reaction. The change in EvaGreen/Rox
is significant at 10%, 10*, and 10° (* p< 0.05, ** p< 0.01) cells/reaction compared to NTC. A one-way
ANOVA post hoc Dunnett’s test was performed for all repeats with multiple comparisons against NTC
with a 95% confidence interval. (n=3)
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APPENDIX E. SUPPLEMENT TO CHAPTER 6

Platform

Front module —

Blue
laser diode

Z-axis
stage knob

Metal plate
Figure E.1 Exploded CAD model of the platform.

Clockwise: Main platform to house circuitry, front module (used to secure metal plate and z-axis stage
knob), metal plate, z-axis stage knob, and blue laser diode.
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System Usability Study Survey for Bacterial Concentrator Device

Principal Investigator: Dr. Jacqueline C. Linnes

1. 1think that | would like to use this system frequently.

Strongly Strongly
Disagree Agree
1 2 3 4 5

2. 1found the system unnecessarily complex.

Strongly Strongly
Disagree Agree
1 2 3 4 5

3. Ithought the system was easy to use.

Strongly Strongly
Disagree Agree
1 2 3 4 5

4. 1think that | would need the support of a technical person to be able to use this system.

Strongly Strongly
Disagree Agree
1 2 3 4 5

5. | found the various functions in this system were well integrated.

Strongly Strongly
Disagree Agree
1 2 3 4 5
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6. |thought there was too much inconsistency in this system.

Strongly Strongly
Disagree Agree
1 2 3 4 5

7. lwould imagine that most people would learn to use this system very quickly.

Strongly Strongly
Disagree Agree
1 2 3 4 5

8. |found the system very cumbersome to use.

Strongly Strongly
Disagree Agree
1 2 3 4 5

9. |felt very confident using the system.

Strongly Strongly
Disagree Agree
1 2 3 4 5

10. I needed to learn a lot of things before | could get going with this system.

Strongly Strongly
Disagree Agree
1 2 3 4 5

Figure E.2 System Usability Study (SUS) survey.

Participant survey for assessment of the V. cholerae concentrator device in user-centered design study.
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Table E.1 Cost of the consumable components of the smartphone-based PD-LAMP system.

Component Manufacturer Cost/Test
60 pm COP Zeon $0.02
Microfluidic 188 um COP Zeon $0.26
Chip iCraft Double-Sided Tape Amazon $0.01
400 nm streptavidin particles Bangs Laboratories $0.10
Subtotal $0.39
Isothermal Buffer New England Biolabs <$0.01
dNTPs Agilent Technologies $0.10
Betaine Millipore Sigma $ 0.04
LAMP Reagents Primers Integrated DNA Technologies $0.05
Bst 2.0 Polymerase New England Biolabs $0.17
EvaGreen Biotium $0.01
ROX Thermo Fisher Scientific $0.02
Subtotal $0.39
Consumable Total $0.78

Table E.2 Cost of the reusable components of smartphone-based PD system.

Component Manufacturer Cost/Device

0.5 mm N-BK7 Ball Lens Edmund Optics $29.50
Optics #12 Straw Cinegel Film Filter Roscolux <$0.01
80-mW Blue Laser Module LaserLand / Osram $24.48

304 Stainless Steel Sheets McMaster-Carr $0.04

Subtotal $54.02

3D printed parts Stratasys (ABS-M30 / SR-30) $23.39

Hex Head Screws McMaster-Carr $0.08

Stainless Steel Hex Nuts McMaster-Carr $ 0.06

Smartphone-Based -

Platform PowerBoost 1000 Charger Adafruit $19.95
Li-lon Battery 3.7V 2500mAh Adafruit $14.95

Slider Switch Digikey $0.48
iPhone 6 Apple $ 150.00
Subtotal $208.91
Reusable Total $262.93
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Figure E.3 Comparison of microscope and smartphone-based optical system.

The average diffusion coefficients for water samples using the microscope and the smartphone-based
optical system are 1.02 X 102 + 1.57 X 10" m?*s and 9.83 x 107* 4+ 1.83 x 10'* m%/s, respectively,
showing no significant difference (ns = no significance). (n=12)

Table E.3 Cr values from LOD study.
Cr values are not available (NA) for samples that did not amplify. (n=5)

Sample Cr Values
NTC NA

6 x 10° 25.6 +4.5
6 % 10! 21.4+26
6 x 10° 21.1+25
6 x 10° 182+ 4.5
6 x 10* 15.8+4.2
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Figure E.4 Representative real-time fluorescence curves over a 30-minute LAMP reaction for
selectivity study.

Table E.4 Cr values from selectivity study.
Cr values are not available (NA) for samples that did not amplify. (n=5)

Sample Cr Values
NTC NA
E. coli NA
Non-toxigenic V. cholerae NA
Toxigenic V. cholerae 148 £2.7
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Figure E.5 Diffusion coefficients of training set samples.

The frequency of training set samples plotted in a histogram over a range of averaged diffusion
coefficients. (n=30) There is a clear gap (7.0 X 107* - 7.5 x 10") between the positive and negative
sample clusters.
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Table E.5 Real-time fluorescence results and diffusion coefficients for training set samples. (n=30)

Real-Time Fluorescence Result Diffusion Coefficient
Positive 553 x 10"
Positive 5.66 x 1071
Positive 582 x 107"
Positive 5.95x 1073
Positive 6.09 x 1075
Positive 6.15x 1071
Positive 6.15x 1071
Positive 6.25 x 107
Positive 6.33 x 1075
Negative 6.51 x 1073
Positive 6.57 x 1071
Positive 6.69 x 1071
Positive 7.26 x 107
Negative 731 x 107"
Positive 7.39 x 1075
Negative 7.66 x 10713
Negative 7.71 x 1073
Negative 7.72 X 1078
Negative 7.78 x 103
Negative 7.96 x 1013
Negative 8.02 x 107"
Negative 8.14 x 107"
Positive 8.27 x 10713
Negative 8.36 x 107
Positive 8.40 x 1073
Negative 8.41 x 10"
Negative 8.44 x 108
Negative 8.59 x 107"
Negative 9.14 x 107"
Negative 1.00 x 102
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