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ABSTRACT

There is a critical need for improved diagnostic tools to detect infectious diseases, especially
in low-resource regions. A samgieanswer poinbf-care nucleic acid amplification test
(NAAT) would be incredibly valuable for many different applicatioesy( COVID19,
Chlamydia/Gonorrhoeae, Influenza, Ebola, Zika/Chikungunya/Dengue, etc.). However,
sample preparation (purification of pure nucleic acids) is a challenging bottleneck. In Chapter
2, commercial NA extraction methods were studied and impravé&thapter 3, commercial
stocks of SARSCoV-2 RNA used in FDA emergenayse authorizations were found to be
inaccurate and were independently quantified using reverse transcription digital PCR. In
Chapter 4, a 3D printed meterix device was developed fonitial processing prior to the
sample preparation device. In Chapter 5, a 3D printed s@mgkvice interface was
prototyped to facilitate loading muliolume SlipChip devices with purified template mixed
with LAMP reactants. In Chapters® advancemds were made for image processing of
commercial chips to study digital LAMP reactioris. Chapter 8, additional tools were
developed towards samgieanswer poinbf-care NAAT includinga sample preparation

module, amplification modulecell-phone readout, and automated base station
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Chapter 1

OVERVIEW

Background

The global burden of communicabiitsease has been estimated at 3.2 billion DALYs
(disability-adjusted life years) per year for 201 Rotable examples of communicable
disease include going pandemics COVIRY and HIV/AIDS? recent outbreaks of 2014

2016 Ebold, 20152016 Zika virus, and 20092010 HAN1 Influenz&; and omoing
challenges including respiratory diseases (Tuberculosis, Pertussis, Measles, etc.), diarrheal
diseases (Rotavirus, E. coli, Norovirus, etc.), moseumime pathogens (West Nile Virus,
Dengue, Chikungunya, Malar etc.), and sexually transmitted infections (Chlamydia,

Gonorrhoeaea, Syphilis, etc.).

The appropriate treatment and containment of communicable diseases requires timely and
effective diagnostics to identify the causative pathogen. A strong screesjgonse enables
pandemic tracking, quarantining of individuals, guidance of appropriate treatments, contact
tracing, public policy advising, and proper resource allocation. Because pandemics do not
discriminate by international borders, an effective containt approach necessitates testing

on a global scale. However, current infrastructure and supplies are lacking for such wide

scale testing capabilities, even in the most-eglipped countries.

Diagnosing pathogens is not an effortless endeavor. Cornahleidiseases take many
forms such as bacterial, viral, parasitic, and fungal infections. Furthermore, pathogens can
be located in different sample matrices such as water, food, respiratory droplets, urine, blood,
saliva, sputum, stool, and more. An iddelgnostic platform would have the flexibility to
detect different pathogens in different types of sample matrices. Furthermore, routes of
transmission also vary by pathogen and incldidect contact, indirect contact, respiratory
droplets, food contamation, insect bites, and sexual transmission. Because an unknown

sample could contain an unknown pathogen (different than the pathogen being tested for)
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with an unknown route of transmission, all hurtknived samples should be handled with

care (e.g. mimum BSL-2). While some pathogens can be easily diagnosed by clinical
presentation, many pathogens cannot be detected without diaghdstissoccurs when
clinical presentations are shared among diseases, there is a high asymptomatic rate, or there

exiss a long incubation period.

Accessibility is also a critical factor to consider when evaluating the effectiveness of a
diagnostic tool. The 2013016 Ebola Virus outbreak demonstrated the vital role of
diagnostics for confirming cases, monitoring diseasgression, and resource allocation
planning. Notably, long transport times (several days) and the lack of rapid diagnostics in
both resourceich and resourcémited settings contributed to the initial failure to contain

the outbreak.

In considering th requirements for globakale testing, the ideal test would be applicable at
the pointof-care (POC, at the site of sample collection) and in limésdurce settings
(LRS). Globally distributed testing imposes stringent requirements on diagnosticesdevi
that can be summarized by the ASSURED criteria published by the World Health
Organizatior?. The ASSURED criteria stands for affordable, sensitive, specific- user
friendly, rapid, robust, equipmefree, and deliverable. It is worth taking some time to

elaborate on each requirement.

Considering the global nature of pandemics, affordability is required to enablsacsige
testing, especially in the most vulnerable populations. The cost of a test must be weighed
against the benefits, and is typically measl by disabilityadjusted life years, or DALYS,
avoided® The advantages of an -site POC diagnosis include reduced required
infrastructure, laboratory workload, and ttaroundtime. Overall, the patient experiences
improved quality of care. Howevearpst comparison of POC tests to centralized laboratory
testing is a controversial issue. Perspectives vary among patients, insurance companies,
laboratory employees, and hospital employé#ghile labor costs and the cost per test are

guantifiable valuesmprovements in quality of care are more difficult to assess. Considering
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the tricky cost landscape, it is prudent for diagnostic developers to weigh the cost of a new

POC test against its clinical benefit.

The combined properties of sensitivity andcfiety refer to the accuracy of the test. It is

clear that test accuracy is the benchmark feature of a diagnostic test; and yet, a number of
diagnostic tests have been developed and sold with poor ac&tiadshile no test will be

100% accurate, it isnportant to strive for high sensitivity and high specificity from the
beginning of diagnostic assay design. Generally, a test with over 90% sensitivity and 90%
specificity has good diagnostic performance, but the utility of a test also depends on the

speific application, prevalence of the pathogen, and rate of testing.

The ideal POC test would be uggendly, equipmentree, and deliverablean example of

an ideal POC test (though not designed for disease detection) is the pregnancy test. The
pregnacy t est can be performed in the comfort
with a simple page of instruction. In contrast, many gtéhdard diagnostic tests require a
trained user working in a temperatwentrolled laboratory with access to ergive
equipment>l” However, much of the developing world does not have access to centralized

lab testing. Even in developed countries, during times of high diagnostic demand such as a
global pandemic, centralized lab facilities cannot meet testing ralsman the recent
COVID-19 pandemic, we have observed long shipping times, lack of trained personnel to
process samples, and a shortage of diagnostic testing supflés.has resulted in both a

shortage of testing and long tist@results for patientthat are tested.

The ideal POC test should also be robust. This is especially important for globally distributed
diagnostics because reagents must withstand longer-tished, various temperature
conditions, and operation by untrained users. If the RESCig not sufficiently robust, the

accuracy and utility of the test would suffer.

Lastly, the ideal POC should be rapid. This is an important requirement-fitedesting.
For exampl e, it i's highly ©prefetdshpaepts f or a

within the timespan of their visit. If this were the case, the health provider could prescribe
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the appropriate treatment and consult the patient during the visitation (rather than in a

follow-up call). The shorter the test, the more likelg that patients will wait, the less space
is required for waiting rooms, and the more tests can be processed for any given amount of

time.

In addition to the ASSURED criteria, we have learned that it is important for tests to be
highly parallelizable.ri recent years, tests have been developed witfatormd time as fast

as 45 mirt? but throughput (and associated costs) is still a concern since only one specimen
can be tested at a time.

For disease diagnostics, there are three commonly employettaesgiss: (1) cell culture,
(2) proteinbased testing (laterflbw immune assay or enzynfieked immunosorbent
assay, LFA or ELISA), and (3) nucleic acid amplification testing (NAAT).

Cell culture is one of the earliest developed methods of testingnamiges growing the
target pathogeand diagnosing the pathogen using some other method (visually, microscopy,
ELISA, NAAT). However, cell culture requires long incubation times of many hours (rapid
systems are still 8 h) which is not suitable or tgstit the POCG2

There are two common implementations of pretmsed testing: the enzyrhieked
immunosorbent assay (ELISA) and the latéiahv immunoassay (LFA). Both of these
methods rely on antibodies which bind to the target antigen or proteitecésn Usually

these antigens are peptides displayed on the surface of the pathogen or antibodies developed
by the host (serology testing). A common concern for prdiaged testing is nespecific

protein adsorption or offarget binding, which leads tow specificity of the assa/:? For

ELISA specifically, assay times are Igrand there are many user steps making ELISA
unsuitable for POC testirtg2*Meanwhile, the LFAwhich is commonly utilized in the off

the-shelf pregnancy test is ideally sdtfor POC testing, but lacks the sensitivity required

for many diagnostic applicatioR?®
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NAAT is perhaps the most powerful of these three approaches, with its relatively short time

to-result, high sensitivity, and high specificity. For many pathodeA#T is the preferred
gold-standard testing method. There are 3 components to a NAAT: (1) nucleic acid
extraction, (2) nucleic acid amplification, and (3) readout. First, nucleic acids (NAs) are
purified and concentrated from the patient sample to elmimdibitors present in the
sample matrix. Secondly, the purified nucleic acids (NAs) are amplified, typically using
polymerase chain reaction (PCR), to generate billions of DNA copies. This approach works
by using conserved primer sequences that ardéfisgedhe pathogen of interest. Therefore,

if the pathogen is present, many DNA copies will be generated. Lastly, the amplified NAs
can be detected in a number of ways such as fluorescence or visual readout.

While NAAT excels with its high sensitivity dnspecificity, NAAT does not meet any of

the remaining POC requirements (requires highly trained users in centralized labs with
expensive and bulky equipment). In recent years, research labs have made developments
towards POC NAAT®2 The diagnosticindustryhas also been developing integrated POC
NAAT assays, the two most P@nenable being the Cepheid GeneXpert system and the
Abbott ID Now?® Nevertheless, more improvements can still be made to ensure fulfillment

of all the ASSURED criteria.

Outline
In this doctoral thesis, | document my contributions towards improved POC NAAT.

In Chapter 2, | identify extraction buffer catoyer in commercial NA extraction kits as a
major culprit for inhibition in downstream NA amplificatiéh®l addres this concern with

the addition of a twghase wash (TPW) which acts to reduce eawgr. By improving
sample preparation purification, this enables the use of greater volumes of purified eluent,

thereby improving sensitivity and limitf-detection of dainstream tests.
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In Chapter 3, lidentify a problem with the titer reported for commercial stocks when

examining the analytical sensitivity of the CB€ommend RIPCR protocol for
diagnosing SARS1CoV-2. | used an ultrasensitive and precissagisreverse transcription
digital PCR (RTdPCR), to independently quantify the concentrations of commercial nucleic
acid stocks. This work has broader implications because one of the commercial stocks was
genomic RNA from BEI and measured 270% and 300%pewed to the label concentration.

This stock has been used in at least 11 approved FDA Emergency Use Authorizations as of
April 27, 2020. The precise and accurate reporting of stock concentrations is necessary to

improve the evaluation of different NAATIt&.

In Chapters 4 and 5, | develop tools for solving the satopdeswer interface problem.
While much of the published literature has focused on individual components (NA
extraction, NA amplification, or readout), relatively less work has been slowvarnds the
integration of these components. | designed and developed amnetdevice (Chapter 4)
which addresses urine sample transfer to a NA extraction device while simultaneously lysing
the sample (thereby simplifying the NA extractiéhj’| alsodesigned a 3D printed-Camp
(Chapter 5) which facilitated sample loading into glass microfluidic devices for nucleic acid

amplification38°

In Chapter 6 and 7, | developed MATLAB image processing scripts to automatically analyze
images of a digital nleic acid amplification tracked over time. Each experiment set
contained 20,000 wells and 100s of images. The first script (Chapter 6) analyzed images with
a single fluorescent chanrf€land the second script (Chapter 7) utilized dingnnel

fluorescenceo enable melturve analysié!

Lastly, inChapter8, | describe additional tools developed for integrated satofdaswer

NAAT diagnostics*? In particular, | developed a paratilled amplification module for
conducting lyophilized and mugiexed loopmediated isothermal amplification reactions
(LAMP). | designed and developed an automated base station featuring Acdotnalled

motor rotation and a heating element to automatically operate a nucleic acid extraction device

and nucleic acidamplification device. Lastly, | showed a eplone modified for
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fluorescence readout and automated MATLAB image analysis for readout of the parallel

filled amplification module.
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Chapter 2

TWO-PHASE WASH TO SOLVE THE UBIQUITOUS
CONTAMINANT-CARRYOVER PROBLEM IN COMMERCIAL
NUCLEIC-ACID EXTRACTION KITS

E. Jue, D. Witters, and R.F. Ismagilov. 2028cientific Reports 10(1940).
doi:10.1038/s4159820-585863

Abstract

The success of fundamental and applied nucleic acid (NA) research depends on NA purity,
but obtaining pure NAs from raw, unprocessadhples is challenging. Purification using
solid-phase NA extractions utilisesequential additions of lysis and wash buffers followed

by elution. The resulting eluent contains NAs and carryover of extraction buffers. Typically,
these inhibitory buffers arheavily diluted by the reaction mix (e.g., 10x dilution is 1 pL
eluent in 9uL reaction mix), but in applications requiring high sensitivity (e.g., stogle
sequencing, pathogen diagnostics) it is desirable to use low dilutions (e.g., 2x) to maximize
NA concentration. Here, we demonstrate pervasive carryover of inhibitory buffers into eluent
when several commercial samypleeparation kits are used following manufacturer
protocols. At low eluent dilution ¢2.5x) we observed significant reaction inhiwit of
polymerase chain reaction (PCR), lemgdiated isothermal amplification (LAMP), and
reverse transcription (RT). We developed a-phase wash (TPW) method by adding a wash
buffer with low water solubility prior to the elution step. The TPW redueses/aver of
extraction buffers, phasseparates from the eluent, and does not reduce NA yield (measured

by digital PCR). We validated the TPW for silica columns and magnetic beads by
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demonstrating significant improvements in performance and reproduciiligfPCR,

LAMP, and RT reactions.

Introduction

Polymerase chain reaction (PCR) is a widely used tool in molecular biology for generating
many nucleic acid (NA) copies from a starting DNA template. PCR may also be combined
with reverse transcription (RT9 amplify many DNA copies from a starting RNA template.
The amplified NAs then serve different purposes, such as detection, quantification, library
preparation for sequencing, or generating constructs for cldrfinlyA amplification is
crucial in highlysensitive applications (few DNA copies) such as sioglés analyses or the
detection of SNPs, cefiiee circulating DNA, or pathogens. Isothermal amplifications are

an attractive alternative to PCR that eliminate the stringent temperature cyalimgmemts

®. Specifically, loopmediated isothermal amplification (LAMP) is faster than PCR and is
especially promising for diagnostic devices in paifitare setting$®. PCR, RT, and LAMP
typically require purified NAs agstarting template; howevearxtracting purified NAs from

raw, unprocessed samples is challendirithough commonly overlooked, the efficient and

effective extraction of pure NAs is of paramount importafice

A primary function of NA extractions is to eliminate inhibitors. If inkdlos are transferred

into the eluent, they can delay or completely inactivate downstream applications such as PCR
and LAMP 112 Inhibitors have also been implicated in failed RT, molecular cloning, and
sequencing experiment$!®. We anticipate two potgial sources of inhibitors: (1) those
present in the raw, unprocessed sample and (2) those introduced during the NA eX&raction
There have been numerous studies demonstrating the adverse effects of inhibitors in
challenging sample matrices, such as icuatids, food particles, cellular debris, urine,
blood, and stodi121%% To remove these inhibitors, sclithase extractions are an effective
choice because they have been found to yield higher purity compared with other extraction

methods®20%62% The two most common soljshase extraction methods use either spin
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columns or magnetic bead®* In both methods, the sample is first mixed with a

lysis/binding buffer, the lysed sample contacts the solid phase allowing NAs to bind, the
solid phases cleansed with one or more wash buffers, and the NAs are eluted with water.
Typically, the lysis/binding buffer contains a chaotropic salt (e.g., guanidinium
isothiocyanate) whereas the wash buffer contains a high concentration of ethanol (or
isopropandl. Any carryover of these extraction buffers (lysis buffer or wash buffer) into the

eluent could be greatly inhibitory to downstream analyses.

The purified eluent contains NAs and any caroedr extraction buffers at their highest
concentration. To run@wnstream reaction, a volume of eluent is mixed with a volume of
reaction mix. For research applications, it is standard to dilute the eluent 10x (e.g., 1 uL
eluent and 9 pL reaction mix)>2 25x (e.g., 1 pL eluent and 24 pL reaction nifkor more

3435 At these high eluent dilutions, concentrations of inhibitors present in the eluent are
reduced and thus their potential negative effects on the reaction are mitigated. However, the
dilution of inhibitors equally dilutes the NAs, which may be detritaewhen the original
sample has low NA concentratiohand/or when high sensitivity is desired. For example,
single nucleotide polymorphismscelHree circulating DNAY, and singlecell analyses all
require maximizing the concentration of NA loadetbithe amplification mix. Maximizing

NA concentration is also important for infectious disease diagnostics and monitoring the
water supply, food supply, and environméht®3. For these applications, a higher NA
concentration could be achieved withoavér dilution (e.g., a 2.5x dilution would be 4 pL
eluent and 6 pL reaction mix). The theoretical maximum NA concentration could be attained
by eliminating the dilution altogether, which is only possible by adding eluent directly to a
dried reaction mix (g., 10 pL eluent and dry reaction mix to make ~10 pL reaction). This
can be achieved with lyophilization, wherein reagents are ferée to a powder, or other
approaches for generating dry reaction mixes. The use of dry reagents has additional benefits
simple assay protocols, lenient reaggtiorage conditions, and long reagent shiff all of

which are desirable characteristics for the development of-pbodre devices. However,

in using low dilutions or no dilution, extraction buffers in theeslt are used at higher

concentrationswhich may have adverse effects on downstream reactions.
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Few studies have directly investigated inhibition resulting from gabiese extraction kit

buffers3°4 In this manuscript, we aimed to quantify and redutgbition arising from

buffer carryover in commercial extraction kits from wallown supplierswefirst identified

that kit buffer carrgveris indeed a concern when using low eluent dilutior@ 2 foBbwoth
commercial silicecolumn and magnetibead extractions (following manufacturer
protocols).To improve our understanding of inhibition, we performed a detailed study using

a range of buffer dilutions from different extraction kits. To address the carryover of kit
buffers, we developed modifiexktraction protocols utilizing an additional typbase wash
(TPW) that would integrate easily with the existing manufacturer protbcdlbe TPW is

a compound with low water solubility, can be added in between the wash and elution steps,
andphaseseparates with water after the elution step. We identified an optimized set of TPW
candidates among several potential compounds and then evaluated TPW performance by
testing kit protocols from leading manufacturers (Zymo and Qiagen) at both low and high
eluert dilutions. To unambiguously show that inhibition is due to kit buffer inhibitors, as
opposed to sample inhibitors or losses of NAs, we performed extractions on pure water
samples with or without the TPW, and added the resulting kit extract to spiked lgRZR,

and RT assays.

Materials and Methods
NA Stocks and Primers

Lambda (&) phag estrdandeédA500 g/mi, B30T1L, Newlehglarel Biolabs
(NEB)) was purchased from NEB and the stock was quantified at 1%L using
digital PCR (dPCR)Escherichia colDNA was extracted from an NEBd&pha strain using
Epicentre QuickExtract DNA Extraction Buffer (Lucigen Corporation,Middleton, WI,
USA), and the stock was quantified at 1.4 X ¢/uL using dPCRNeisseria gonorrhoeae

live infectious stok (Z017, Zeptometrix, Buffalo, NY, USA) was resuspended to 5'x 10
cfu/mL in prewarmed (37 °C) Hardy Diagnostics FB Broth (K31, Hardy Diagnostics, Santa
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Maria, CA, USA) and diluted an additional-i6ld in urine to 5 x 18 cfu/mL. Urine

from healthy huma donors (>18 years of age) was acquired and used in accordance with
approved Caltech Institutional Review Board (IRB) protoceD366. Informed consent was
obtained from all participants. Urine sample donations were never tied to personal identifiers
and all research was performed in accordance with the approved IRB protocol and relevant
institutional biosafety regulations. Urine samples vatoeed at room temperature and used
within 1 h of collection. Spiked urine (125 pL) was mixed with DNA/RNA Sh{&Rb L)

and lysis buffer (500 pL) for a total lysed sample volume of 750 uL. Both DNA and RNA
were extracted simultaneously with a ZR Viral DNA/RNA Kit, a@ddgonorrhoea€l6S

RNA was found to be in over 2G0ld excess of 16S DNA as verified by dPCRhir
without an RT step. All NA stocks were diluted at least-fiddd into all reactions, thereby
eliminating the effects of any inhibitors that could be present in the NA stock. Lambda
LAMP primers*?, Lambda PCR primefS, E. coli23S rRNA gene LAMP pners*, E. coli

23S rRNA gene PCR primety andN. gonorrhoead 6S rRNA gene PCR primet$have

been previously published and were supplied by Integrated DNA Technologies using

standard desalting purification.

Kit Extractions

We tested three differerdilica-column kits: Zymo ZR Viral DNA/RNA Kit (outdated
protocol, D7021), Zymo QuiecONA/RNA Kit (updated protocol, D7021), and the
QIAquick PCR Purification Kit (28104, Qiagen). For all sitwalumn kits, fresh collection
tubes were used after each spand centrifugation speeds were set to 16,000xg.
Centrifugation was performed on either an Eppendorf 5415D centrifuge (Eppendorf,
Hauppauge, NY, USA) or a Thermo Fisher Scientific AccuSpin Micro 17R centrifuge (13
100-676). We note that the QIAquick prot calls for 17,900xg, but we instead ran at
16,000xg which was the max speed for the Eppendorf 5415D. For both Zymo kits, 750 pL
lysed sample was prepared by mixing 125 pL sample with 125 uL Zymo 2x DNA/RNA
Shield and 500 pL Viral DNA/RNA Buffer. For th&ymo ZR Viral DNA/RNA kit, 750 pL



17
lysed sample was centrifudjor 1 min, 500 pL Zymo Viral Wash Buffer was centrifuged

for 2 min, and 50 pL nucleadese water was centrifuged for 30 s into a clean 1.5 mL tube.
Optionally, either a dry spin or 300 uL TPWas centrifuged for 2 min in between the Viral
Wash Buffer and elution steps. For the Zymo Qialal DNA/RNA kit, 750 pL lysed
sample was centrifuged for 1 min, 500 pL Zymo Viral Wash Buffer was centrifuged for 30s,
an additional 500 pL Zymo Viral WadBuffer was centrifuged for 30s, 500 pL 200 proof
ethanol was centrifuged for 1 min, and 50 pL nucldese water was centrifuged for 30 s
into a clean 1.5 mL tube. Optionally, either a dry spin or 300 pL TPW was centrifuged for 1
min in between the ethahand elution steps. For the QIAquick PCR Purification Kit, 125
pL sample was mixed with 625 pL Buffer PB without indicator. 750 pL lysed sample was
centrifuged for 30s, followed by 750 pL Buffer PE for 30s, a dry spin for 1 min, and 50 pL
nucleasdree wder for 1 min. Optionally, the dry spin was skipped or the dry spin was

replaced with a 300 uL TPW and centrifuged for 1 min.

We tested the Zymo QuidRNA/RNA Viral MagBead (R2140). For the Zymo MagBead

kit, 200 pL sample was mixed with 200 uL Zymo 2x DNNA Shield, 4 uL Proteinase K,

and 800 pL Zymo Viral DNA/RNA Buffer. 1204 uL was added to each tube, mixed with 20
pL MagBinding Beads, and placed on an UltraRocker Rocking Platform (1660709EDU,
Bio-Rad, Hercules, CA, USA) for 10 min at max speed. Tube® wansferred to a
DynaMag2 magnetic rack (12321D, Thermo Fisher Scientific) and we followed
manufacturer instructions for the remainder of the protocol. Optionally, the 10 min dry step
was skipped or the dry step was instead replaced with the addit®® L TPW. In the
modified protocol for the Zymo MagBead kit, we waited at least one additional minute and

perfforneda s econd aspiration after each aspirat

gPCR Mix

gPCR reactions contained 1X Birad SsoFast Sepmix (1725201, BidRad), PCR primers
(IDT) at 0.5 uM each, and were supplemented with nuclerasewater up to 10 pL. Each
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96-well plate (thinwall clear well, HSP9641, BiRad) was sealed (Microseal B,

MSB1001, BieRad) and briefly spun in a Mini Pla&pinner Centrifuge (3400-141, Fisher
Scientific). Heating and rediime imaging were performed on the BRad CFX96 Touch
RealTime PCR Detection System by heating to 95 °C for 5 min, cycling 40 times between
95 °C for 15 s, 60 °C for 15s, and 72 °C20ss, and taking a meturve analysis. For tHe.

coli DNA dilution experiment, gPCR was run for 60 cycles. Fluorescence readings were
taken at the end of each extension step. Quantification cyglevés determined when the
softwar eds a wdrectacfluceedcencersaehed 200RFU.

LAMP Mix

LAMP reactions contained the following concentrations of reagents: 1X Isothermal
Amplification Buffer (20 mM TrisHCI pH 8.8, 10 mM (NH).SQi;, 50 mM KCI, 5 mM

MgSQy, 0.1% TweerR0, BO537S, NEB, Ipswich, MAUSA), an additional 2 mM MgSO

(B1003S, NEB), 1.4 mM deoxynucleotide mix (NO447L or NO446S, NEB), 2 uM Invitrogen
Syto9 (S34854, Thermo Fisher Scientific), 2 uM Invitrogen bovine serum albumin
(15561020, Thermo Fisher Scientific), 320 U/mL WarmStart2B3{M0538L, NEB), and

were supplemented with nucledsee water (not DEPTreated, 4387936, Thermo Fisher
Scientific) up to 10 pL. LAMP primers (Integrated DNA Technologies (IDT), Coralville,

I A, USA) were designed, or dedconakntratianseafl.a d d e d
UM FIP/BIP, 0.2uM F3/B3, and 0.4 uM LoopF/B. Each®6ll plate was sealed and briefly

spun. Heating and retime imaging were performed on the Biad CFX96 Touch Real

Time PCR Detection System (1855195, Biad). Each 96vell plate was cooled to 12 °C

for 2 min, held at 68 °C for 47 min with Zfcond fluorescence read intervals, and we
performed a melturve analysis. For the. coli DNA dilution experiment, the 68 °C step

was held for 105 min. Tim®-positive (TTP) was deteimned when the so
automated baseline corrected fluorescence reached 1000 RFU.
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Buffer Inhibition

For studying kit buffer inhibitors, LAMP and gPCR reactions were spiked to 5opi@n

& phage DNA ( NEB) a n-tbg diluignpaf etimekotee 200raof t h  h a
ethanol (V1001, Decon Labs, King of Prussia, PA, USA), Viral RNA Wash Buffer 1X
(R10342-48, Zymo Research, Tustin, CA, USA), Buffer PE (19065, Qiagen, Germgntown
MD, USA), Zymo DNA/RNA Shield 1X (R120Q25), Zymo Viral DNA/RNA Buffer
(D70201-100), or Qiagen Buffer PB (19066) to the appropriate final concentration. For
selecting the optimal TPW, LAMP and gPCR reactions were spiked with 1 pL of 6 x 10
c p/ OLge®NA dileted to 10 pL, and an additional 1 pL was added of either nuclease
free water, 200 proof ethanol, isopropanol (BP26@8, Thermo Fisher Scientific,
Waltham, MA, USA), tbutanol (300604, Mallinckrodt Chemicals), isopentanol (2992,
Mallinckrodt Chemicals), -hexanol (H1330300mL, MilliporeSigma, St. Louis, MO,
USA), lheptanol (H280250mL, MilliporeSigma), dJoctanol (SHBH2844V,
MilliporeSigma), tnonanol (13121A00mL, MilliporeSigma), ddecanol (239756309,
MilliporeSigma), tundecanol (MKCG3271, MilliporeSigma), -2lodecanol (D2215068G,
MilliporeSigma), 5 cSt silicone oil (31766%50mL, MilliporeSigma), or Fluorinert @0
(ZF-000213080, 3M, St. Paul, MN, USA).

dPCR Mix

Droplet digital PCR (dPCR) experiments were performed on eRBbQX200 Droplet

Digital PCR System (1864001, BRad). dPCR mixes were made with 1X QX200 dPCR
EvaGreen Supermix (1864034, BRad), 200 nM forward primer, and 200 nM reverse
primer. Eluent was diluted 10x in separate tubes and an additional 10x intcctioaneex.

All samples were made to 50 pL and duplicates were run by adding 22 uL to two sample
wells in the DG8 Cartridge for droplet generator (1864008;R&id). Droplet generation,

droplet transfer, and foil sealing followgldema n u f a ¢ t u rioast Thermocyolingt r u c t

took place on a C1000 Touch Thermal Cycler {Rexd) with a premelt at 95 °C for 3 min,
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40 cycles of 95 °C for 30s, 60 °C for 30s, and 68 °C for 30s, and a stabilization at 4 °C for

5 min, 90 °C for 5 min, and a hold at 12 °C untilgleb analysis. A temperature ramp rate

of 2C/s was used for temperature transitions. Droplets were read accordihg to
manufactures sstructions. Analysis thresholds were manually set at the valley between
negative and positive droplets. Final concatitns were determined using the merge setting
on the QuantaSoft analysis software. No template controls (NTC) were always run and

showed negligible normalized counts (<0.1%).

RT Mix

The RT reaction contained 1X Isothermal Amplification Buffer, 0.5 mMEWIix, 0.2 uM
primers, 1U/uL Riboguard RNase Inhibitor (RG90910K, Lucigen, Middleton, WI, USA),
and 0.15 U/uL WarmStart Rtx (M0O380L, NEB). The extradiedsonorrhoeadRNA was
diluted 10x in a separate tube and an additional 10x by adding 2.5 pL in®jthe@action

mix (100x dilution total). Kit extracts were spiked in the reaction mix by adding either 2.5
pL (10x) or 12.5 pL (2x). We added water to a total reaction volume of 25 pL. Temperature
was set to anneal for 5 min at 25 °C, incubate for 10 trbs &C, and inactivate for 10 min

at 80 °C in a C1000 Touch Thermal Cycler (1851196;Rzad).

Results and Discussion

Establishing the presence and prevalence of inhibitors in buffers

We first carefully designed an experiment to evaluate the preseaealgurce, and effects
of buffer carryover when using standard commercial NA extraction kits. To eliminate the
confounding effects of NAs or inhibitors originating from the sample, we performed NA

extractions on pure water samplégy(re 2.9). When extracting from pure water samples,

we refer to the el uent as the nkit extract
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from buffers in the extraction kits. Here, we tested a centrifugatssed NA extraction

using a Zymo ZR Viral DNA/RNA Kit and followed the manufacturer's protocol. Next, we
mixed the kit extract into a gPCR reaction spiked aytihage DNA at either a ¥@ilution

(1 pL kit extract, 0.5 pL template DNA, 5.5 pL reaction mix) or 2.5x dilution (4 pL kit
extract, 0.5 pL template, 5.5 pL reaction mix). We used heavily diluted pusfpthge

DNA to ensure no inhibition originated from the template. The 1@k 26x dilution
reactions contaed different volumes of kit extract, but each had a final volume of 10 puL
and contained the same concentratiore-ghage templateg-phage primers, and gPCR
components. We ran gPCR on a thermocycler for 40 cycles whitg) tadadings at the end

of each cycle. If the kit extracts have no inhibitory effect, we would expect the same
quantification cycle (@ for both reactions. Given the amount of input DNA (5 %ctipies),

we expect amplification to occur at ~20 cycles.
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Figure 2.1: Schematic depicting the carryover of buffers during sample
preparation when nucleic acids (NA) are extracted using either (a) spin column
centrifugation or (b) magnetic beads.

Dashed red boxes highlight carryover of buffer into the eluent. Carryover bofin

the previous wash either mixes with the eluent (top dashed box in each panel) or
phase separates (bottom dashed box in each panel) when-{blestseowash (TPW)

is used. (c¢c) I nset graph shows a qPCR run
andhamge primers into which we added Zymo
from pure water sampl es, we refer to the

contains water and inhibitors originating from buffers in the extraction kits.) The

graph compares ¢hreaction inhibition in a 10x extract dilution and a 2.5x extract
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dilution and shows the effect of adding a TPW (+TPW) during the nuabsdc

extraction step. Inhibition is similarly observed for magnetic bead extraction kits.
N.D. stands for not detecteWe ran 6 extractions (3 silica columns x 2 conditions)

and used the same kit extract to make the-tagt lowdilution conditions.

Using the centrifugation samppeeparation protocoHjgure 2.1a) and a 2.5x dilution of kit
extract, amplification in gPCR was completely inhibitEgy(re 2.1c). In contrast, using the

10x dilution, all three kit extracts (three separate columns) amplified at ~20 cycles as
expected. The only variable that differed between the two conditions wathehat5x
dilution (4 pL kit extract) contained four times the concentration of buffer compared with
the 10x dilution (1 pL kit extract). This result led us to conclude that carryover of inhibitory
buffers is inhibiting the gPCR reaction.

We suspect thatacryover results from residual buffer trapped in the column that is picked
up during elution. Although centrifugation moves most of the extraction buffers to the waste
tube for removal, some lysis/binding buffer and/or wash buffers may remain stuck in the
column after each centrifugation steffigure 2.1a). This could occur due to physical
entrapment, surface tension, or physicochemical interactiongiigr the silica column or

the walls of the tube. Furthermore, it is possible for some of the inhibitory components
contained in the buffer to become unevenly trapped on the column. During the elution step,
water could mix with these trapped buffers/irtuits and carry them into the final eluent.
We emphasize that for a standard elution volume of 50 pL water, even low volumes of
carryover may correspond to a sufficiently inhibitory percentage of buffer in the eluent. For
example, 500 nL buffer carryoveortesponds to 1% buffer in the eluent and 2.5 pL
corresponds to 5% buffer in the eluent.

Buffer carryover also occurred when using magrediad extraction. In these protocols,
magnetic beads that bind to NAs in the appropriate buffer conditions aretadadedample.
Extraction buffers are then added (lysis and multiple washes) by sequential rounds of buffer

addition, magnetization to pull the magnetic beads to the side of the tube, and aspiration of
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each buffer. Figure 2.1b). For the elution step, water is added which releases the NAs

from the magnetic beads, the magnetic beads are drawn to the sides of the tube, and the eluent

is transferred to a claaube. During this process, however, some buffer components may

stick to the magnetic beads or adhere to the walls of the tube. Thus, although most of the
buffers are removed during aspiration, a low concentration of extraction buffers transfer into

theé uent when using the standard manufacture
for magneteb ead extractionso), we explicitly exa

magnetiebead extractions using low and high dilutions of eluent.

We hypothesizedhat we could address the issue of extraction buffer carryover in
commercial NA extraction kits by the addition of a TPW. The TPW is composed of an
immiscible compound that phase separates with water, and we added it in between the wash
step and the finaklution Figure 2.1a bottom, Figure 2.1b bottom). Our aim was to
develop a TPW that would be simple, inexpensive, and that would integrate easily with
existing protocols. If successful, the TPW would greatly reduce buffer carpad@nprove
downstream assay performance. In our stubigufe 2.1c), incorporating the TPW
recovered gPCR (2.5x dilution of kit extract) and providedekpected Cq of ~20 cycles.

This was a drastic performance improvement compared with the complete reaction inhibition

we observed when the same dilution was run using the manufacturer protocol.

Exploring the effects of buffer inhibition on amplification

Having established that buffer carryover is a problem, we next aimed to better understand
the effects of inhibition on amplification in gPCR and LAMP. We selected extraction buffers
from a Zymo viral DNA/RNA kit and a Qiagen PCR purification kit. We chibese two
commercial kits in particular because they both utilize minimal protocols (lysis, wash, elute)
with no added steps (e.g. bacterial pellet spins, proteinase K, lysozyme, DNase/RNase,
filtration, etc.). Specifically, we wanted to identify the camtcation at which each buffer
inhibits gPCR and LAMP. First, we added buffers at-faifdilutions (from 10% down to
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0.032%) intephage spiked gPCR or LAMP reactions (1 pL diluted buffer, 1 pL template,

8 UL reaction mix). We were also curious to seetivar g°PCR and LAMP were affected
differently by inhibitors. We expected differences between the two amplification methods
because gPCR amplification is temperatyaged whereas LAMP amplifies continuously.
Previous |iteratur e ecsmultthsi; tmamiyc sg huaw s si rhie
is more robust than PCR in the presence of inhihit6P8 whereas others have shown that

inhibition of PCR and LAMP depends on which inhibitor was #8ed

We found that all extraction buffers were inhibittmyboth types of reactions, but at different
concentrationsHigure 2.2). As a control, for each kit, we ran the protocol with 0% buffer
and found ampfication with gPCR to yield a £of ~20.0 + 0.3 cycles and amplification
with LAMP to have a TTP of 7.1 + 0.6 min. As a general trend, we found that wash buffers
(ethanol, Zymo Viral Wash Buffer, and Qiagen Buffer Figure 2.2a-c,g-l) were less
inhibitory than lysis buffers (Zymo DNA/RNA Shield, Zymo DNA/RNA Viral Buffer, and
Qiagen Buffer PBFigure 2.2d-f,j-1). For gPCR, we observed a statistically signific& (
0.05) G delay of at least 0.5 cycles for wash buffer concentrations starting atFl@dfe(
2.2a-c, Table 2-1) and for lysis buffers starting between 0i32% (Figure 2.2d-f, Table
2-2). For LAMP, we observed a statisticadlignificant £ < 0.05) TTP delay of at least 0.5
min for wash buffer concentrations starting B8.2% igure 2.2g-i, Table 2-3) and for
lysis buffers startingtad.32 3.2% §igure 2.2j-l, Table 2-4). These results imply that the
extent of inhibition on gPCR and LAMP reactions is inhibdependent, whicimay help

explain the fimixed resultso in the literat:

Next, we observed the preme of inhibitors at very low concentrations using melting
temperature (Tm), as compared with TTP, or endpoint fluorescencEigure 2.10-13).
Interesingly, we observed that the presence of extraction buffers raised or lowered the Tm
of the DNA product even at very low concentrations ¢132% for ethanol buffers, 0.32%

- 1% for lysis buffers). Detecting a change in the Tm of an NA product coulddedfid tool

for diagnosing the presence or absence of extraction buffers in a reaction.
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Figure 2.2: (a-f) qPCR and (gl) LAMP experiments demonstrate reaction

inhibition from NA extraction kit buffers.

Quantification cycles (€ for gPCR or time to positive (TTP) for LAMP spiked with
5x10copi es & phage DNA and primers with in
kit buffers. For ethanol dilutions @, three separate amplification mixes were each

combined with an independent ethanol dilution series. All remaining buffer dilutions

(b-f, h-1) shared the same set of three amplification mixes (same 0% condition), and
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each amplification mix was combin&dth an independent dilution series of each

buffer. Each bar is the average of qPCR or LAMP technical triplicates (black circles).
Where shown, numbers above a bar indicate the number of samples that amplified
out of technical triplicates. Gray shadingigates when inhibition (>0.5 cycles or

>0.5 min) was observed according to changesqsiord TP. Samples marked N.D.
were not detected within either 40 cycles or 40 min.

Inhibition in samples with low NA concentrations

We next wished to test the effectdaffer-related inhibition in samples containing low NA
concentrations. For applications requiring high sensitivity (e.g., scadflsequencing, cell

free circulating DNA, SNP genotyping, and diagnostics), amplification reactions are often
run at or neathe limit-of-detection (LOD). Samples starting with low NA concentrations
thus require the polymerase to replicate more DNA than in samples that start with a high NA
concentration. Therefore, we hypothesized that the inhibition effect resulting froem buff
carryover would be stronger for these low NA samples (and detected as delaydd E).
Additionally, it has been recorded that PCR reactions with different primers and targets can
respond differentially to inhibitors. To ensure the inhibitory effes we saw wittephage

DNA were not specific to just the set of DNA and primers we used, we ran this experiment
usingEscherichia colDNA andE. coliprimers.

With gPCR, we found that the cycle delay as a result of buffer inhibitors was higher at lower
NA concentrationsHigure 2.3a,b). We started with a medium concentration of target (5 x
10* E. coli 23S copies) and testedfeld dilutions down to 0.05 copies with either control

(no inhibition) or in the presence of 1Zymo Viral DNA/RNA Buffer. We chose 1% lysis
buffer because we had found 1% lysis buffer to be weakly inhibigory we suspected

inhibition may worsen with decreasing DNA concentration.

Our control reactions matched our expectations; we found 3 &op@s yielded a gof

19.55 £ 0.04, the cycle increased by ~2 for evefgld dilution, and we detected the target



28
down to 3 copies. Compared with the 1% lysis buffer condition, we found that the reaction

for the highest concentration (5 x*ipies) wagreatly impaired by 4.65 + 0.13 (95% CI:
4.337 4.97) cycles Eigure 2.3b). The delay worsened and variance increased as the NA
concentration was decreak At 3 copies/rxn, there was an 8.45 + 0.94 (95% CI: 6.11
10.79) cycle delay and all three triplicates ampliflaat we needed to increase the number
of cycles in this experiment in order to detect the delayedar results showed that the
presencef lysis buffer caused a decrease in the amplification efficiency with each cycle.

This conclusion was also supported by the shallower amplification ciiigese 2.15).
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Figure 2.3: (a-b) gPCR and (ecd) LAMP experiments targeting E. coli23S rRNA
gene, which shows increased impact of reaction inhibition at low NA
concentrations.

(a) gPCR and (c) LAMP spiked withfdld dilution series oE. coli23S rRNA gene
copies and comparing with and without Zymo Viral DNA/RNA Buffer. Each bar
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repreents the average of technical gPCR or LAMP triplicates (black circles).

Numbers above a bar indicate the number of samples which amplified if not all
triplicates were detected. Dashed boxes indicate axes for zanrgeabhs of (b)
gPCR and (d) LAMP. Numie above each pair of bars indicate the difference in
either G or TTP between the control and the reaction with added lysis buffer.
Samples marked N.D. were not detected within either 60 cycles or 40 min.

With LAMP, we also found that the delay as a lesubuffer inhibitors was higher at lower

NA concentrationsKigure 2.3c,d). Because LAMP was more sensitive to inhibitors than
gPCR, we compared tlwentrol to 0.32% lysis buffer. The control reaction TTP was 7.61 +
0.08 min at 5 x 1Bcopies and the TTP increased with increasing dilutions up to 11.1 + 0.7
min at 195 copies. LAMP failed to amplify at higher concentrations of DNA than when using
gPCR (anplification for 3 or fewer copies was stochastic). The addition of 0.32% lysis buffer
caused a 0.95 £ 0.06 (95% CI: 0i80.10) min delay in TTP at the highest concentration (5

x 10* copies/rxn), which increased as fecoli DNA concentration was lowed to a 1.76

+ 0.19 (95% CI: 1.29 2.23) min delay at the lowest detectable concentration (780
copies/rxn). At lower concentrations, amplification was stochastic. LAMP was unable to
detect down to 195 copies/rxn in the presence of lysis buffer, indiGatogs in analytical
sensitivity that was not observed with gPCR. Another difference between LAMP and qPCR
is that although the LAMP TTP was delayed, the amplification rate and endpoint
fluorescence in LAMP were not strongly affect€ey(re 2.15).

Identifying a suitable TPW

Next, we identified a suitable wash buffer that would reduce the carryover of extraction
buffer and integrate easily into existipgotocols. The ideal wash buffer would be added
after the final ethanol wash but prior to the elution and it would have the following properties:

(1a) it would be nofinhibitory or (1b) it would not transfer to downstream assays such as
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gPCR or LAMP, (2)t would remove previous washes from the column by an appropriate

combination of solidiquid and liquidliquid interfacial properties and solubility of

inhibitory components, and (3) it would not prematurely elute NAs from the column. We
directly investigited criterion 1la by performing qPCR and LAMP reactions. We spiked
reactions witha-phage DNA, diluted up to 10 pL, and we added an additional 1 pL of
different wash buffer candidates to a total of 11 pL. As additional wash candidates, we tested
increasingchain lengths of primary alcohols (or secondary alcohols if the primary form was
unavailable), 5 centistokes (cSt) silicone oil, anddeGluorocarbon oilfigure 2.4a,b). As

an experiment al control, we tested a ANo A
with optimized reaction conditions and no inhibitors. To control for the effects of a 1 pL
dilution on the r eac tandtionwhichevasah Kl QL reaetiont e d a

with no inhibitors.

The ANo Additi veo c opof20.69+0.0lacycles (HBWCW20.07 a qPC
20.12) and a LAMP TTP of 6.54 + 0.05 min (95% CI: 6.4266). We note that 1 pL in 11

uL is a large fractiomf the reaction mix (~9%), so we are overestimating buffer -carey
concentrations compared to nor mal operatin
delay for gPCR and a 0.55 min delay for LAMP due to the dilution of LAMP reactants. For

both qPCR ath LAMP reactions, we found that lomgh ai n al cohol s with O
silicone oil, and FE10 were norinhibitory for g°PCR (within 1 cycle) and LAMP (within 1

min) compared t o t h é&iguielR.dab)A@canoltshowes delagsdon d i t i
gPCR (3.54 cycle difference) and LAMP (4.63 min difference), and only 2 out of 3 replicates
amplified for qPCR. Al a had @elayed asnplificationror O 8 ¢
the reaction was completely inhibited. Because-dmajn alcohols, silicone oil, and FD

showed little to no inhibition of g°PCR and LAMP, these candidates fulfilled criterion 1a.

These nofinhibitory wash candidates (lorgain alcohols, silicone oil, and F), which

we refer to as TPW, have low solubility in wat€able 2-7) and resulted in phase separation
(Table 2-8). The TPW separates to either the top phase or the bottom phase (density
dependent) while interacting minimally with the aqueous solution. As a res@ldwéed
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interactions with the aqueous solution, the TPW is less toxic to downstream reactions. In

LAMP reactions with added alcoholBigure 2.4b), we also noticed that the TTP delay

decreased as the solubility decreased (framaténol to 2dodecanol). The-bctanol had the

greatest delay (without completely inhibiting the reaction). We suspect that altheugh 1

octanol mostly occupied its own phase, sdatetanol dissolved in the agqueous phase and

disrupted polymerase activity. Furthermore, we also noticed that the TTP for the very low

solubility

TP Ws

mat ched

the ANO

implying the reaction mix was ndtluted by the 1 uL of added TPW.
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Figure 2.4: Identifying the most effective TPW in (a) gPCR and (b) LAMP

reactions and subsequent validation of -lindecanol as a candidate TPW with
(c) gPCR and (d) LAMP at low eluent dilutions.

TPW candidates for (a) gPCR and (b) LAMP reactions were spiked with % x 10
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ethanol wash and elution steps. Each bar representavérage of technical

triplicates (black circles). We ran 6 extractions (3 silica columns x 2 conditions) and

used the same eluent for both the gPCR and LAMP analyses. Samples marked N.D.

were not detected within either 40 cycles or 40 min. NT@enwplatecontrol. (a,b)

We asked whether TPW candidates fell wi t |
control (QPCR: 20.020.17, LAMP: 6.256.83) with outliers indicated with a *. (d)

We asked whether the average TTP was statistically different between the

manufactirer protocol and the +indecanol condition using dest.

Next, we evaluated criterion 1b (ensuring that the TPW does not transfer to qPCR and
LAMP) as well as criterion 2 (the ability of the TPW to remove previous washes from the
column) by running &A extraction with or without TPW and adding the resulting eluent

into gPCR and LAMPKigure 2.4c,d). Of our TPW candidates, we selectedritiecanol for

further evaluation because (i) it was Anhibitory for gPCR and LAMP reactions and (i)

as an alcohol,-indecanol may function similg to ethanol or isopropanebased washes.

In these experiments (testing criteria 1b @hdwe first diluted a commercially purifies

phage DNA sample to 2.5 x @6opies and ran an NA extraction using the Zymo Quick
DNA/RNA Viral Kit. We either followed the manufacturer protocol or added an additional

300 pL Zundecanol wash in between the Viral Wash Buffer and elution step. Using the
manufacturerdés protocol, the resulting eluwu
TPW the resulting eluent is pgximately 48 pL aqueous phase and2+lL 1-undecanol

phase. Because we wanted to emphasize any potential inhibitory effects, we used a low
dilution of eluent. For gPCR, we diluted 2.2x by adding 4.5 pL of eluent, 0.5 uL primers,
and 5 puL gPCR reactionirm For LAMP, we diluted 2x by adding 5 pL eluent, 0.5 L
primers, and 4.5 pL reaction mix. During the transfer of eluent into the reaction mix, we
noticed that the phase separation yielded by the TPW resulted in minimal transfer of the TPW
into downstreanreactions (criterion 1b). The -2 uL TPW separates from the aqueous
phase and adheres to the walls of the tube, making it is easy to use a pipette to capture just

the eluent.
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Overall, we found that the addition of theiddecanol TPW greatly improved gr@nd

LAMP performance at low dilutionF{gure 2.4c-d). Without the inclusion of the TPW,

gPCR run at low dilution of eluergnd following the manufactue r 6 s NA extr act i
led to failed amplification in all 9 samples. However, with the TPW, the reaction completely
recovered with a £of 18.46 + 0.22 cycles. For LAMP and low dilution, we found that the
manufacturer protocol amplified in 6.78 + D.fnin, whereas our modified TPW protocol

amplified in 6.00 + 0.04 mirHgure 2.4d). Not only was there a 0.78 min reduction in TTP

(p < .01), variance was also reduced. Observing improvements for both gPCR and LAMP,

we concluded there was reduced carryover of previousasdshterion 2).

To confirm our result that theudndecanol TPW with low eluent dilutions led to significant
improvements in gPCR and LAMP, we repeated this experiment twice more and found
similar results. In totalHigure 2.4-5), we ran 27 reactions (9 columns) following the
manufacturer protocol and compared to 27 reactions (9 columns) with the adldechanol

wash. Each set of 3 columns showed dissizally significant (p < 0.01) difference
comparing with and without-tindecanol wash (p < 0.01) for gPCR and LAMP. For gPCR
(triplicate) with the manufacturer protocol, we found 2/27 reaction wells wjthe@veen

18-22 cycles, 3/27 wells were delaylegl4 or more cycles, and 22/27 wells did not amplify.

Of the 5 wells that amplified, the averageadd standard deviation was 28.6 + 9.2 cycles.
Meanwhile, adding the-tindecanol wash resulted in 25/27 wells withb&tween 182
cycles, 2/27 wells with delayed G, and all reactions amplified. The averagewih the

added iundecanol wash was 19.7 £ 2.5 cycles. We emphasize that in addition to more
samples amplifying, we found that thgd2opped and the measured variance among samples
was reduced, theby improving the accuracy, speed, and robustness of the diagnostic assay.
For LAMP (triplicates), all 27 wells with TPW (10.23 £ 0.06 min) had a faster TTP than alll
27 wells following manufacturer protocols (11.36 + 0.27 min). Again, we find that-the 1

undecanol wash improved the speed and robustness (reduced variance) of the assay.

Next, we investigated whether this result was specificiadecanol or TPWs in general
(Figure 2.5a,b,d,8. For this experiment, we chosed@decanol because it is the longest
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chain alcohol we testednd *octanol because it is the shortest chain alcohol for which

both gPCR and LAMP still amplified={gure 2.4a,b). We expect 2lodecanol to perform
similarly to 1-undecanol because they are compositionally sinaitat both were previously
found to be nofinhibitory for gPCR and LAMPKigure 2.4a,b). Accordingly, we expect-1
octanol might perform worse given its higher solubility and previously observed delays. We
also chose silicone oil and FD to evaluate nonalcoholic forms of TPW. The result of our
study found that all five TPW candidates outparfed the manufacturer protocol. In gPCR
reactions, 7/9 reactions amplified wittd@decanol wash, 5/9 fordctanol, 5/9 for silicone

oil, and 4/9 for F&A0, whereas without the TPW (following the manufacturer protocol)
amplification often failed (5/27). FA_LAMP, all TPWs conditions amplified with a faster
TTP than manufacturer protocdP € 0.01).

We hypothesize -Lindecanol and -dodecanol performed best (greatest number of
successfully amplified gPCR reactions and faster LAMP TTPs) because these two TPW
candidates met all of our criteria (1a. Anhibitory, 1b. low transfer to downstream assays,

2. remove previous wash, and 3. do not elute NAs). Meanwhile, we hypothesitanl
performs slightly worse becausendtanol is inhibitory to g°PCR and LAM@riterion 1a).
However, these inhibitory effects are minimal becausetanol phasseparated from the
eluent and, as a result, only a small volume dafcthnol was carriedver into the
downstream reactions (criterion 1b). Lastly, we observed thatdiimibne oil and FE0
demonstrated slightly worse performance than the other TPW candidates. A potential
explanation for the poor performance of silicone oil anedBas that during the TPW step,

the alcohols mixed with the previous ethahated washwhereas silicone oil and F@D

did not (Table 2-8). As a result, this allows the alcoHmhsed TPWs to dilute and more
effectively cleanse droplets abhanol trapped in the column (criterion 2).
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Figure 2.5: Comparing the performance of different TPWs with eluent at 2.2x

dilution in gPCR (a,d), 2x dilution in LAMP (b,e), and 100x dilution in digital

PCR (dPCR) (c,f).

Samples were spiked with 25 x%®opi es & phage DNA and ext
water with a Zymo Quick/ i r a | DNA/ RNA kit. We compared
protocol (Manuf. protocol) withhie same protocol plus an additional TPW of either
1-undecanol, doctanol, 2dodecanol, silicone oil, or F@0. To observe inhibition, a

|l ow eluent dilution was wused in gPCR and
highly accurate quantification of NAs (faomparing these results), we ran each

sample using dPCR with a high dilution of eluent (100x), which eliminates the effects

of inhibitors. Each bar represents the average of gPCR or LAMP technical triplicates
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(black circles) or single dPCR measurementsraie4 extractions (3 silica columns

x 8 conditions) and the same eluent was used to run the gPCR, LAMP, and dPCR
analyses. Where shown, numbers above a bar indicate the number of samples which
amplified if not all triplicates were detected. Dashed lifpemels ¢ and f) indicate

the average NA recovery following manufacturer protocol. Samples marked N.D.
were not detected within 40 cycles by qPCR or 40 min by LAMP. ar each of

the five TPW candidates, we asked whether the mean value was statidtifeaknt

from the manufacturer protocol bydst. N.S. stands for not significaf¥ 0.05).

Next, we evaluated whether or not the TPW meets criterion 3 (NAs are effectively eluted
from the column during the TPW or lost due to premature elutioncormplete elution)
(Figure 2.5c¢,f). For this experiment, we used a 100x dilution to reduce buffer concentrations
to nonrinhibitory levels followed by digal PCR (dPCR); dPCR is a highly sensitive method

for quantifying NAs that detects the same target (same primers) as qPCR. Although
triplicates are commonly tested for qPCR and LAMP, for dPCR experiments we ran
duplicates measurements each with more 8000 individual reactions. We merged the
results from both experiments and used the Poisson distribution to calculate the final
concentration using BlRaddés Quant aSoft anal yalidBCRs of t wa
concentrations to the average concentratainthe three extractions following the
manufacturer protocols. We found that the TPW did not appreciably affect the NA recovery,
fulfilling our final criterion (3) for an ideal wash buffer. Furthermore, all highly diluted dPCR
measurements showed similsiA recovery between manufacturer protocol and TPW
conditions, whereas low dilutions resulted in stark differences for both gPCR and LAMP,

further confirming that inhibitors are responsible for delaysqar@ TTP.

TPW validation for different kits withigh and low dilution
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To evaluate the generality of our approach and better understand the mechanism, we tested

three extraction kit protocols with and without the added TPW. We also wanted to evaluate
whether there is a difference in downstream amplibcabietween high eluent dilution (10x)

and |l ow eluent dilution (2x or 2.5x). We ev
protocol (Zymo QuickDNA/RNA Viral Kit) or the older protocol (Zymo ZR Viral

DNA/RNA Kit). Although both protocols use the samdfers, the Zymo Quick Kit has

three wash steps (two viral wash buffers and one ethanol wastreas the Zymo ZR kit

has one viral wash buffer step. By defaul't
Qiagen QIAquick uses a different set of leuff, has one wash step, and by default includes

a Adry spin.o In this experiment, all kits
no NAs during the extractiofsigure 2.9) to ensure weavereonly evaluating the effects of

buffer inhibitors. The subsequent qPCR and LAMP reactions were then spiked with 5 x 10
aDNA copies. As a control, water was added to qPCR or LAMP (rather than kit extract) to
representthebestase reaction without inhibitors (il

We did not observe inhibition at 10x dilution following manufacturer proto€ugsife 2.6),

which confirmed that the standard 10x or more dilution into g°PCR and LAMP prevents the
inhibitory effects we see at lower dilutions. With a 10x dilution,wermmte d t hat t he 0
Spino condition using the Qiagen kit with 1
Qiagen kit manufacturer protocol requires the dry spin. Without the dry spin, we noticed the
Qiagen kit extract had substantially more volumé5(+iL) than when the dry spin was

included (~49 pL). This implies ~16 pL (25%) carryover of Buffer PE into the kit extract.

The volume of kit extract from Zymo kits, however, was not noticeably affected by the

addition of the dry spin (~49 uL with or ~4% without).

TPW validation for different reaction mixes with high and low dilution

To understand how different reaction mixes respond to buffer-oaery we compared

NEBOGs SsoFast mi x to NEBOGs Luna mix and ou
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premace LAMP mix. Using a Zymo QuiclONA/RNA Viral Kit for extractions, we

found that the Luna mix amplified at a 2.2x dilution of kit elyertereas the SsoFast mix

did not Figure 2.14a,b). This result implies that the Luna kit is more tolerant to the Zymo
extraction buffer inhibitors than to those in the SsoFast mix. When we compared experiments
with and without the TPW, we again observed that the inclusiche TPW improved
downstream assay performance, recovering amplification for the SsoFast mix and reducing
the G from 19.1 to 18.4 cycles for the Luna gPCR assay. The manually prepared LAMP mix
performed similarly to the prmade LAMP kit, and again thHEPW improved performance

at low eluent dilution (2.86x). The TTP for the hemade mix was reduced from 7.4 to 7.0

min, and the TTP for the prmade mix was reduced from 7.9 to 7.4 nkig(re 2.14c,d).
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Figure 2.6: Evaluation of TPW for different silica-column NA extraction kit

protocols on pure watersamples using (ec) gPCR and (df) LAMP.

All reactions were spiked with 5 x 4@ opi es & phage DNA and
manufacturer protocol, the (a,d) Zymo QuBNA/RNA Viral Kit and (b,e) Zymo

ZR Viral DNA/RNA Kit do not include the dry spin (+dry spinyhereas the (c,f)

Qiagen QIAquick PCR Purification Kit does. The left of each graph shows high

dilution and the right shows low dilution. Each bar represents the result from a single
gPCR or LAMP measurement. We ran 27 sitcdumn extractions (3 silica aohns

x 3 conditions x 3 extraction protocqlahd the kit extract was shared between high

and low dilutions of both gPCR and LAMP. Dashed lines show gl TTP for a

reaction without inhibitors (ANo Extracto
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within either 40 cycles or 40 min.-{aWe asked whether the manufacturer protocol

replicates (ANo Dry Spin for Zymo kits, A0
95% CI of the corresponding ihdecanol condition for the low kit extract dilution
case. Tk number of replicates that lie outside the 95% CI were indicated by the

number of *s.

However, when we used 2x or 2.5x dilutipng observed significant inhibitiorFigure

2.6). With the Zymo kits and gPCR, there was no amplification whether or not an additional

dry spin was addedFigure 2.6a,b) , contr adi cting Zymoldms. fAno b
For the Qiagen kitRigure 2.6c) and qPCR, the dry spin perfasrquite well, matching the

No Extract control. With the Zymo kits and LAMPigure 2.6d,€), there are delays when

following the protocol (no dry spirjut this is slightly improved by adding a dry spin. With

the Qiagen kit and LAMPHigure 2.6f), we observe total reaction inhibition without the dry

spinand a 1.1 min delay following the manufacturer protocol. In summary, these results
prove that inhibitors are carried into the elution, the additional dry step is helpful for
removing wash buffers, and high dilution is the responsible for reducing caimergrto

noninhibitory levels.

Lastly, we used our modified protocol utilizingubhdecanol TPW and found substantially
improved performance, even at low dilutions of the kit extract. We calculated the 95%
confidence interval (C.1.) for eachuhdecanol andition at the low dilution and counted the
number of outliers when following the manufacturer protocol. For all kits and combinations,
we find that the TPW matches performance (Qiagen gPCR) or substantially improved
performance (Zymo ZR and Zymo Quick@R, all LAMP conditions). The most drastic
improvement is for the Zymo ZR kit and gPCR, which failed to amplify with the
manufacturer protocol but completely recacwhen we added the TP\Kdure 2.1cis a

subset ofFigure 26bs howi ng fANo Druwn dSepciannoo | aond AGH Iv e n
improvements&nd ease of adding the TPW, we recommend sitbbamn kit manufacturers

further evaluate the TPW and consider inclusion with their kits.
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We evaluated whether in some cases the TPW could be considered as an alfernative

ethanolbased washeg&igure 2.16). As a comparison, we used the Zymo ZRwidtich only

has one wash step (viral wash buffer). We either replaced the viralowtish stepwith a

dry spin (control), ethanol (control), or different TPW solutions. Briefly, we found that at
least under these clean conditions, ethanol wash slightly outperforms the viral wash buffer,
long-chain alcohol washes have the best performance, andlcwol washes (silicone oll

and fluorocarbon oil) led to failed amplifications.

TPW validation for magnetibead extractions

We next tested whether TPW would improve magnetic bead extra8ianst al. previously
found that transferring magnetic partekirough a hydrophobic liquid effectively reduced
PCR inhibitors®%. This method, termed immiscible phase filter (IPF), allowed for the
replacement of multiple wash steps with a single pass through an immiscible liquid. At a 5x
dilution of eluent into RTGPCR, the IPF method showed no statistical difference in detected
copies compared to commercial kits for HlVspiked into plasma, Chlamydia and
Gonorrhea spiked into urine, and proviral HIVDNA integrated with peripheral blood
mononuclear cells in wholelood. Another previous study conducted by Berry et al.
described the IFAST (immiscible filtration assisted by surface tension) déwacel further
analyzed their method by examining surface tensions and energies associated with the
agueous phase, imstible phase, and their device material. The IFAST device reduced total
NA extraction operation time to less than 5 min while showing similar performance to
commercial extraction kits with operation times between 15 to 45 min (eluent dilution

unspecified).

Here with test the TPW with a commercial magnetic bead extraction kit and evaluate both
high and low dilution of eluent into LAMP and gPCR. A schematic of the magesid
protocol is shown ifrigure 2.1b. Using a Zymo QuiciONA/RNA MagBead Extraction Kit,

we started with 1 x FxopiessDNA and eluted with 50 pL. By default, the protocol requires



42
a 10 min air dry step to allow residual ethanol ftbewash step to evaporate. We tested

the manufacturer protocol, protocol without the air dry step, and the protocol where the air
dry step was replaced with auhdecanol TPW. A10x dilution into qPCRKigure 2.7a),
omitting the dry step has no effect. Adding thentlecanol TPW led to a 1.1 cycle delay,
which corresponds to a decreaséNih extraction efficiency Kigure 2.7¢) rather than an
inhibitory delay. A 10x dilution into LAMP Eigure 2.7b), omitting the air dry step causes

a 1 min delay, and including the TPW leads to a 0.7 min TTP improvement. At low dilutions,
the inhibitory effects are more drastic, and the TPW clearly outperformed the kit protocol
with 2 of 3 manufacturer protocol salep performing worse by qPCR and 3 of 3
manufacturer protocol netetects.

Further experimentation with the MagBead kit revealed that the greater the volume of 1
undecanol carryover, the lower NA recovery we observed. In the experiment showe (

2.7), the three extractions had approximately 30 uL, 24 pL, and 22 pl-usfdé&canol
carryover as measured by pipette. We found that followingpitied 1-undecanol aspiration,

a significant volume of -Lindecanol remains stuck to the magnetic beads and walls of the
tube. To improve NA vyield, we developed a modified protocol in which we aspirate the 1
undecanol, wait at least 1 min, and aspirateramaining iundecanol that slid down the
tube due to gravity. This modification led to high yield of NAg=@TPW for tundecanol
(Figure 2.7¢) and fa other compounds-{gure 2.17).
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Figure 2.7: Evaluating TPW for compatibility with Zymo Quick -DNA/RNA
MagBead extraction with (a) gPCR, (b) LAMP, and (c) dPCR.

Extraction performedon 1 x4 phage DNA copies with eit!]
(Manuf. protocol), no air dry, or with the air dry replacedabl PW (+Xundecanol)

step. The resulting eluent is spiked at either high dilution or low dilution into (a)
gPCR and (b) LAMP or 100x dilution into (c) dPCR. For dPCR (d), the bars to the
right of the solid black line show the results for an extractiatopol with a +1
undecanol wash using a higteld protocol from a separate experiment (normalized

to the no TPW control in that experiment). Bars represent single gPCR and LAMP
or the merged result from a duplicate dPCR measurement. Dashed line in PCR (c
indicates the average NA recovery following manufacturer protocol. We ran 9
extractions (3 magnetioead extractions x 3 conditionghd the eluent was shared
among gPCR, LAMP, and dPCR analyses. Samples marked N.D. were not detected
within either 40 cgles for q°PCR or 40 min for LAMP. {8 We asked whether the
manufacturer protocol replicates fell within the 95% CI of the corresponding +1
undecanol condition for the low eluent dilution case. The number of replicates that

lie outside the 95% CI were iiwdited by the number of *s.
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Figure 2.8: Measurement of reverse transcription (RT) efficiency orNeisseria
gonorrhoeaeRNA using 16S rRNA gene primerswith (a) 10x dilution or (b,c)
2x dilution of extractions from different commercial kits into RT reaction mix.
NA concentration quantified by digital PCR after 100x dilution of {i@stscribed
RT mix. (c) We asked whether RT yield comparing with and withikPW was
statistically different using atest.

TPW validation for RT

We next tested how extraction buffer carryover and TPW would affect RT. For applications
requiring high sensitivity, the starting sample might only contain a few cells. In these
scerarios, it is beneficial to detect RNA because many RNA copies can be made from a
single DNA copy. To evaluate whether or not buffer carryover affects RT, we ran an RT
experiment using RNA fronN. gonorrhoeaga pathogen with clinical and diagnostic
relevarce Figure 2.8). First, a high concentration of RNA was extracted using a Zymo ZR
Viral DNA/RNA Kit, and the extracted RNA was diluted 1id to reduce the
concentration of inhibitors. Separately, we rérektractions on pure water samples for all
previously examined NA extraction kits. We combined RNA with kit extractions into RT
reactions containing WarmsStart Rtx, NG 16S rRNA PCR primers, and other reaction
components. We emphasize that all reactioméanoed equal concentrations of RNA, and

were expected to produce equal levels of DNA. In each RT reaction, we either added 1 pL
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kit extract to 9 pL reaction mix (10x) or 5 pL kit extract to 5 pL RT reaction mix (2x). For

the fANo Extr actet eithbeo h dli ar b plnwaterwi®llovand &KT, the
transcribed DNA was then diluted an additional 100x and added to dPCR mix (reaction mix,
PCR primers) for quantitative analysis. By separating the RT reaction and quantification with
dPCR, we can clearly ingggate the effects of buffer inhibition on RT alone (whereas with

a lstep RTFAPCR reactionit is difficult to determine whether inhibition affects RT or
dPCR). We observed a clear trend: using kit extracts while following manufacturer protocols
led to areduction in the amount of DNA that was transcribed. This trend was observed even
at a 10x dilution of kit extract into the RT reaction, implying that RT is more strongly
inhibited than gPCR or LAMPHjgure 2.8a). However, when the TPW was added to the
NA extraction kit, transcription efficiency was improved for all kits. These trends are even
more pronounced when examining a 2x dilution of kitaettinto the RT reactionHigure

2.8b). These results were further confirmed with greater sample size in a separate experiment
for 2x dilution of kit extractinto RT reaction Figure 2.8c). We found that the TPW

significantly improved the efficiency of the RT reaction.

Conclusions

In this chapteywe evaluated how the buffers from setidase silicacolumn centrifugation

and magnetibead extraction kits are carried over into the eluent and inhibit downstream
amplification reactions. Using kits from leading manufacturers, we repeatedly obsetved tha
as expected, a high (10x) dilution of eluent showed little to no inhibition of gPCR or LAMP
reactions. However, carrieaer extraction buffers caused delays or completely inhibited
amplification and reverse transcription at low Z%5x) dilutions of elent. We observed
reaction inhibition using two different silie@lumn centrifugation kits (3 protocols: Zymo

ZR, Zymo Quick, Qiagen QIAquick) and a magndtead kit (Zymo MagBead) when using

the manufacturer protocols.
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We reduced the inhibition due torggover by developing a TPW protocol that improved

eluent purity and led to more efficient and reproducible reactions. We showed that the
inclusion of a dry spin step, although helpful, still generated buffer carryover which inhibited
gPCR and LAMP at loveluent dilutions. We discovered that the inclusion of a TPW step
greatly reduced buffer carryover, and we found that low solubility compounds exhibited the
best performance. Using the TPW protocol improved eluent purity, leading to more efficient
(reduceddelays in G or TTP) reactions. The addition of the TPW also improved the

efficiency of RT reactions.

Furthermore, TPW improved reproducibility of amplification reactions by reducjram@

TTP variatons between measuremenig(re 2.7a, 2.2x dilution), and at low target
concentrations leading to are repeatable detectionFigure 2.7b, 2x dilution).
Reproducibility is an important aspect of nuclamd assays in biological research and
diagnostic assays. Given the high degree of sensitivity of reactions to levels of/earry
(Figure 2.2), especially at low target NA concentratiof$gre 2.3), it is expected that
slight variation in the extent of carryover can lead to high variation in the performance of a
NA assay. High purity eluent from TPW was compatible with low dilutions into
amplification mix, improving assay s&tivity because more NAs could be added to each

reaction.

We anticipate the addition of the TPW would improve NA extraction purity and performance
of downstream assays in a variety of applications. We have demonstrated performance of
TPW for a range of gomercial extractions kits and a range of nuebai targets. One
limitation of this study is that it is not exhaustive: we have not tested every possible kit, every
possible sample type, every possible NA reaction, and every possible ‘actdetarget.
However, TPW is inexpensive and easy to incorporate into both-aiioenn (one
additional spin) and magnetiead extractions (one additional aspiration), and therefore we
encourage researchers and commercial suppliers to test TPW in their specifamwsaaskd
protocols. In particular, we expect to use the TPW extraction in combination with lyophilized
reagents, which requires no dilution, and is highly desirable for-pbidare diagnostics.



47
Finally, the TPW will enable the field to develop new me#hof sample preparation, such

as pressureor vacuumbased NA extractions, that are simpler, quicker, and more portable

than current protocols.

In addition to reducing extraction buffer carryover, we hypothesize the TPW could also
reduce carryover of sont@mpounds originating from the sample by removing them from
the solid phase. For example, lectgain alcohols might remove nonpolar compounds better
than traditional wash buffers (ethanol or isopropanol). This hypothesis remains to be tested
in future wok. Furthermore, we anticipate that improved eluent purity from the added TPW
would enable higisensitivity analyses that were previously difficult or impossible because
high dilution of eluent has been the factostandard. Improved eluent purity would be
especially valuable for more challenging reactions, including long amplicons (DNA and
RNA), targets with high GC content, and highly structured or chemically modified RNA
targets (e.g. rRNA, tRNA). By enabling the use of lower dilutions, this method would
enhance performance of NA analysis in applications where sensitivity and reproducibility
are critical, including singteell sequencing, ceftee circulating DNA analyses and SNP

detection, and molecular diagnostics.

Data Availability Statement

Full dabset available through  CaltechDATA, DOl  10.22002/D1.1298;
https://data.caltech.edu/records/1298
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Supporting Information
Kit extractions on fipure watero

Typically, it makes sense to run controls with nucleic acids (NAs) spiked into the sample
prior to the NA extraction step. However,
observe the effects of buffer caiwyer independently of NA yield. We subsentigeran NA
extractions on fApure watero sampdvergkit o ob
extract) . We then used t he anhibitgdiconmol andipur e
compared to the kit extract (elution from kit extraction performeguare water) in NA

spiked downstream reactions. This approach was used to gdrigtae2.1c, Figure 2.6,

andFigure 2.8.
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Kit extract purified from “pure water” samples
Run Kit Extraction
(carry-over)
Pure Water qPCR
(no DNA) Sp'ked DNA) Inhibition
or
Non-Detect
Pure Water
“No Extract” qPCR
(spiked DNA)
é Amplification
Figure29Ex ampl e protocol used for experiment :

Full data set for buffemnhibitors in q°PCR and LAMP

Figure 2.10-13 show the full data set for buffer dilutions in gPCR and LAMP. Th€ A
panels of each figure (providing;@nd TTP data) were presented in the main text. Changes
in the endpoint RFU were hity concordant with changes ing©r TTP. The melting
temperature (Tm) effects showed up at low concentrations of inhibitors, suggesting that Tm

can be an effective indicator for the presence or absence of inhibitors in sample.
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Figure 213 (a-c) TTP, (d-f) endpoint fluorescence, and (@) melting
temperature for LAMPon5x 10 phage DNA copies in the r
DNA/RNA Shield, Zymo Viral DNA/RNA Buffer, or Qiagen PB Buffer.

Gray background indicates an average TTP delay of at least 0.5 min, RFU decrease

of at least 5000 RFU, or melting temperature change of at led§& 6dmpared with

the 0% buffer condition.

TPW validation for different reaction mixes with high and low dilution

We compared NEBO6s SsoFast EvaGreen Super mi:
mi x and a manually pr e-paeNaanStartAAMIP KinFotrthee o NE B
SsoFast mix, we used 500 nM primers (NEB recommende&@0@M) and for the Luna
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was obtained by performing a Zymo QuiDNA/RNA Viral Kit on 2.5 x 105 copies

& phage DNA anpl wadr. The ieft side af eathhgragh @hows high
dilution and the right side shows low dilution. We ran six siioaimn extractions

in total, and the same kit extract was shared among the high and low dilutions of all
assays. Samplesmarkéd. D. 6 i ndi cate not detected
or 40 min (LAMP). All negative controls were clean (not shown). For the low eluent

dilution conditions, we asked how many replicates following the standard

centrifugation protocol fell outside of the 95% confidence interval for the

corresponding centrifugeTlW condition (indicated by number of *).

Buffer inhibitors in gPCR and LAMP

We note that 3.2% Qi agen PE Buffer in

this difference does not measure as statistically significanttdst.tThis is due to a bias

wi t

LAMP

introduced by a single nestetect (8 out of 9 amplified) which greatly increased the measured

standard deviation. If we exclude the metect from the analysis (rather than assigning the

nondetect to a value of 46.7 min), théest measuresRrvalue d 0.002. Also of potential

interest, Qiagen PB Buffer appears to have sped up LAMP at low concentrations (0.1%

1%). This result is unexpected, and further testing is required to validate this surprising result,

which we hypothesize is not generalizalday( could be primr or reaction mix dependent).

Table 2-1: Summary of ethanotbased buffer dilutions for qPCR.

The average and standard devi atiqoessn wer e

calculated byubtracting the average value for a given buffer concentration from the

water condition (0%). A positive value indicates a cycle delay when adding the

buffer.P-values were calculated by adiled unequal varianceaest compared to the

water condition (%0). A * indicates a delay of at least 0.5 cycles Badilue <0.05.

Non-detects were assigned a value of 40 cycles. VWB = Zymo Viral Wash Buffer;

PE = Qiagen PE Buffer.
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Ethanol VWB PE
Avg | Std | ACq p * Avg | Std | ACq p * Avg | Std | ACq p *
0% | 20.1 | 0.2 20.0 | 0.3 20.0 | 0.3
0.03% | 20.1 | 0.1 | 0.0 | 0.499 201 |01 0.1 | 0.171 20.0 | 0.3 | 0.0 | 0.431
0.1% | 20.2 | 0.1 | 0.1 | 0.065 20.1 | 0.1 0.1 | 0.109 20.1 | 0.1 ] 0.1 | 0.141
0.32% | 20.2 | 0.1 | 0.1 | 0.152 20.0 | 0.1 | 0.0 | 0.449 20.1 | 0.2 | 0.1 | 0.165
1% | 20.1 | 0.4 | 0.0 | 0.465 20.1 | 0.1 0.1 | 0.302 20.1 | 0.1 | 0.1 | 0.081
3.2% | 20.6 | 0.1 | 0.5 | <0.001 203 | 0.2 0.3 | 0.011 20.3 | 0.2 | 0.3 | 0.006
10% | 27.5 | 5.5 | 7.4 | 0.002 * 23.2 | 3.8| 3.2 |0.019 | * 255 | 82| 55| 0.039 | *

Table 2-2: Summary of lysis bufferdilutions for gPCR.

The average and standard devi atiqessn wer e
calculated by subtracting the average value for a given buffer concentration from the

water condition (0%). A positive value indicates a cycle delay wieim@ the

buffer.P-values were calculated by adiled unequal variancdést compared to the

water condition (0%). A * indicates a delay of at least 0.5 cyclefPamadue <0.05.

Non-detects were assigned a value of 40 cycles. PB = Qiagen PB Buffer.

Shield Lysis PB
Avg | Std | ACq p * Avg | Std | ACq p * | Avg | Std | ACq p *
0% | 20.0 | 0.3 20.0 | 0.3 20.0 | 0.3

0.03% | 20.0 | 0.1 | 0.0 0.445 20.1 | 03| 01 0.184 20.1 | 0.2 | 0.1 | 0.1012

0.1% | 20.1 | 0.2 | 0.1 0.126 20.0 | 0.1 | 0.0 0.340 20.2 | 0.1 | 0.2 | 0.023

0.32% | 20.2 | 0.2 | 0.2 0.047 20.5 | 0.7 | 05 0.029 * 20.3 | 0.1 | 0.3 | 0.004
1% | 32.4 | 85| 12.4 | 0.001 * 223 | 07| 2.3 | <0.001| * 21.2 | 01| 1.2 | 0.000| *
3.2% | 40.0 | 0.0 | 20.0 | <0.001 | * 40.0 | 0.0 | 20.0 | <0.001 | * 40.0 | 0.0 | 20.0 | 0.000 | *
10% | 40.0 | 0.0 | 20.0 | <0.001 | * 40.0 | 0.0 | 20.0 | <0.001 | * | 40.0 | 0.0 | 20.0 | 0.000 | *

Table 2-3: Summary of ethanotbased buffer dilutions for LAMP.

The average and standard deviation were ¢
calculated by subtracting the average value for a given lmdifeentration from the

water condition (0%). A positive value indicates a cycle defayalues were

calculated by a-1ailed unequal varianceést compared to the water condition (0%).

A * indicates a delay of at least 0.5 min aRe/alue <0.05. Nowekects were

assigned a value of 46.7 min. VWB = Zymo Viral Wash Buffer; PE = Qiagen PE

Buffer.
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Ethanol VWB PE
Avg | Std | ATTP p Avg | Std | ATTP p Avg Std | ATTP p *

0% 6.3 0.2 7.1 0.6 7.1 0.6
0.03% 6.4 02| 01 0.277 7.2 07| 01 0.420 7.4 0.8 0.3 0.185
0.1% 6.5 04| 01 0.182 7.2 0.6 0.1 0.368 7.2 0.8 0.1 0.380
0.32% 6.6 02| 0.2 0.022 7.1 0.7 | 0.0 0.494 7.3 0.8 0.2 0.230

1% 6.9 06| 05 0.018 7.2 0.7 0.1 0.333 7.8 0.8 0.7 0.021 *
3.2% 9.7 1.0| 3.3 | <0.001 8.6 1.2 1.5 0.003 13.1 | 126 | 6.0 0.096
10% | 46.7 | 0.0 | 40.3 | <0.001 46.7 | 0.0 | 39.6 | <0.001 43.5 9.6 | 36.4 | <0.001| *

Table 2-4: Summary of lysis buffer dilutions for LAMP.

The average and standard deviation were calculated fom® | i cat es .

The

calculated by subtracting the average value for a given buffer concentration from the

water condition (0%). A positive value indicates a cycle delayalues were

calculated by a-1ailed unequal variance¢st compared to the veatcondition (0%).

A * indicates a delay of at least 0.5 min aRelalue <0.05. Nordetects were

assigned a value of 46.7 min. PB = Qiagen PB Buffer.

Shield Lysis PB
Avg Std | ATTP p Avg Std | ATTP p Avg | Std | ATTP p *
0% | 7.1 0.6 7.1 0.6 7.1 | 06
0.03% 6.7 0.5 -0.4 0.078 7.2 0.5 0.1 0.401 7.0 0.8 -0.1 0.338
0.1% 6.8 0.4 -0.3 0.095 7.2 0.4 0.1 0.331 6.7 05| -04 0.083
0.32% | 38.2 | 16.9 | 31.1 | <0.001 8.4 1.0 1.3 0.002 6.3 05| -0.8 0.005
1% | 46.7 0.0 | 39.6 | <0.001 40.1 | 13.2 | 33.0 | <0.001 6.5 09| -0.6 0.053
3.2% | 46.7 0.0 | 39.6 | <0.001 46.7 0.0 | 39.6 | <0.001 449 | 5.4 | 37.8 | <0.001 | *
10% | 46.7 0.0 | 39.6 | <0.001 46.7 0.0 | 39.6 | <0.001 46.7 | 0.0 | 39.6 | <0.001 | *

Inhibitory effects on NA amplification curves

We observed that qPCR réiaos with lysis buffer figure 2.15a, dashed lines) had lower

amplification efficiency with each cycle compared with reaxgtidacking lysis buffer

(Figure 2.15a, solid lines). This experiment demonstrates that the presence of lysis buffer

causes a delay in the,@nd a reduction in the endpoint fluorescence intensity. Meanwhile,

e
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LAMP reactions with ysis buffer experienced an initiation delay, but the amplification

rate and endpoint fluorescence intgnsiere not strongly affectedrigure 2.150).

Endpoint RFU (1000s)

o

Endpoint RFU (1000s)

5—
4—
3—
2—
‘]—
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0 10 20 30 40 50 60
Cq (# cycles)
257 — 50000

Figure 2.15: (a) gPCR and (b) LAMP amplification curves with (dashed lines)

or without (solid lines) Zymo Viral DNA/RNA Buffer for 4 -fold dilutions of E.

coli 23S rRNA gene copies.

For gPCR we used 1% lysis buffand for LAMP we used 0.32% lysis buffer. Time
to-positive (TTP) threshold of 200 RFU for gPCR or 1000 RFU for LAMP is drawn
as a dotted black line. Legend indicates the numbet. afoli 23S rRNA gene



copies/rxn. The gPCR amplification curves correspond to the experinéguie

2.3 of the main text.

TPW screen with gPCR and LAMP

Table 2-5: TPW screen with gPCR.
&eGcal cul at ed

by subtract i nclgcondiioa.
Avg Std ACq N
No additive | 20.09 | 0.01 3
water | 20.03 | 0.02 | -0.06 | 3
Ethanol | 25.30 | 2.03 | 5.21 3
Isopropanol | 24.54 | 2.66 | 4.44 3
1-butanol | N.D. 0
isopentanol | N.D. 0
1-hexanol | N.D. 0
1-heptanol | N.D. 0
1-octanol | 23.63 | 110 | 354 | 2
1-nonanol | 20.07 | 0.07 | -0.03 | 3
1-decanol | 19.80 | 0.10 | -0.29 | 3
1-undecanol | 1967 | 0.13 | -042 | 3
2-dodecanol | 19.81 | 0.03 | -0.28 | 3
silicone oil | 19.86 | 0.19 | -0.23 | 3
FC-40 | 2015 ] 017 | 006 | 3

Table 2-6: TPW screen with LAMP.

eTTP

calcul ated

by

subtracting

t

he
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Avg Std | ATTP | N

No additive | 6.54 | 0.05 3
water | 709 | 0.05 | 055 | 3
Ethanol | N.D. 0
Isopropanol | N.D. 0
1-butanol | N.D. 0
isopentanol | N.D. 0
1-hexanol | N.D. 0
1-heptanol | N.D. 0
1-octanol | 1118 | 244 | 463 | 3
1-nonanol | 741 | 0.06 | 0.87 | 3
1-decanol | 7.06 | 0.03 | 0.51 3
1-undecanol | 6.70 | 0.03 | 0.16 | 3
2-dodecanol | 643 | 0.05 | -011 | 3
silicone oil | 6.49 | 0.02 | -006 | 3
FC40 | 664 | 0.04 | 009 | 3

Solubility table and ethanol phase separation for TPW candidates

66
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Table 2-7: Solubility table for two-phase wash (TPW) candidates

Solubility Solubility
Candidate TPW of TPW Candidate of water in

in water TPW Candidate
FC-40" <0.0050 % <0.0007g/100g
Silicone oil 2 Practically insoluble 0.01-0.02g/100g
2-dodecanol 3 Unknown Unknown
1-dodecanol 3 0.0004 g/100 g 3.0g/100¢g
1-undecanol 4 0.0015g /100 mL 3.49g/100¢g
1-decanol 3 0.0037g/100 g 3.6g/100¢g
1-nonanol 3 0.014g/100¢g 409/100¢g
1-octanol 3 0.054g/100¢g 469/100¢g
1-heptanol 3 0.1749g/100¢g 549g/100¢g
1-hexanol 3 06g/100g 7.0g/100¢g
Isopentanol 3 27g/100g 9.8g/100¢g
1-butanol 3 749g/100g 203g/100¢g
Isopropanol miscible miscible
Ethanol miscible miscible

Table 2-8: Compounds were mixed at a 1:1 volume ratio.

A A20 denotes phas ephaseswhaeraeda sona imitdo f20 rdmss
phase. VWB stands for Zymo Viral Wash Buffer, which contained 80% ethanol

(VIv).
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H20 | Shield | Lysis | Ethanol | VWB
FC-40 2 2 1 2 2
Silicone oil 2 2 1 2 2
2-dodecanol 2 2 2 1 1
1-undecanol 2 2 2 1 1
1-octanol 2 2 2 1 1

Evaluating a 3step centrifugation extraction with TPW

We wanted to see whether in some cases the TPW could be consideredtamative to

the ethanol wash for removing lysis buffer. Exchanging the ethanol wash for a TPW could
be useful for applications in which the starting sample is already relatively pure. For this
experiment, we used the Zymo ZR kit, which only has thredriftggation steps: lysis
(sample, shield, lysis buffer), wash (ethabated viral wash buffer), and elution (water).
We either followed the manufacturer protocol or replaced the viral wash buffer with a dry
spin, ethanol, or TPWWF{gure 2.16). We added 5 pL of the resulting eluent to 5 L of LAMP
reaction mix and amplified at 68C. Eluent from the manufacturer protocol amplified in 5.7
min. The dry spirdid not amplify, which is expected because lysis buffer was not removed
by any wash stepsnd lysis buffer is very inhibitory for LAMP. A 100% ethanol wash
performed slightly better (earlier TTP) than the viral wash budiest both doctanol and 2
dodecaol outperformed the wash buffer. Meanwhile, eluent from the silicone oil a#dFC
wash conditions did not amplify. A dPCR experiment on heavy dilutions of the eluent show
similar recovery for all conditions, with a slight reduction for the silicone aghw This
demonstrates that-dctanol and Zlodecanol remove lysis buffer from the column. The
simplicity of a 3step protocol (bind, wash, elute) is compatible with pofrtare devices

(few steps), and could be useful for applications with relativelgrckamples.
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Figure 2.16: Evaluation of TPW as a potential alternative to ethanebased viral

wash buffer in a Zymo ZR Kit.

(&) LAMP reaction with 2xdilution of eluent and (b) dPCR reaction with 100x
dilution of eluent. Bars represent the average of technical LAMP triplicates or
merged duplicate dPCR measurements. We ran 7 extractions (1 silica column x 7
conditions) and same eluent was used LAMP aRICR reactions. No template

controls (n=3) and samples marked N.D. were not detected within 40 min.

Evaluating a lowcarryover, highyield MagBead protocol

The manufacturer protocol for the Zymo QUBNA/RNA Viral MagBead Kit led to
significant extraction buffer carryover (as showfigure 2.7-8). To improve NA yield with

the added TPW, we performed the initial TPW aspiration, waited at least 1 min, and aspirated
any remaining TPW. This second aspiration collected a few microliters of residual buffer
that dripped down from the walls of the tube or fromrtiagnetic beads. To reduce carryover

of all buffers, we also applied this 1 min wait and secondary aspiration to all steps
(lysis/binding buffer, wash buffers). We evaluated this modified protocol for different TPWs
and the results are shownRigure 2.17. At high dilutions of eluent, there were no visible

indicators of inhibition for any of the samples. Our modified protocol greatly reduced
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carryover @erall, such that gPCR began to work even at low dilutions (whereas when run

using the standard manufacturer protpead saw inhibition). The addition of the TPW
further improved LAMP at low dilutions. Finally, NA recovery improved tc1®%,

achieving arr original goal.

When inhibitors are a major concern and time is not an issue, we recommend performing the
MagBead protocol with secondary aspirations on each step, addinmia tdy step, and
adding the TPW. For an approach balancing performance aay &isie, we recommend
following the manufacturer protocol, replacing theriid dry step with the TPW, and

adding a secondary aspiration step just prior to the elution.
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Figure 2.17: Evaluation of a modified Zymo Quick-DNA/RNA Viral MagBead
Kit for reduced carryover with and without TPW by (a) gPCR, (b) LAMP, or

(c) dPCR.

All conditions were performed with a modified protocol for high NA yield when

combined with TPW. MagBead extractions were performed on 2.5%»10p h a g e
DNA copies. Low and high eluent dilutions evaluated by gPCR and LAMP. A 100x

eluent dilution into dPCR shows high yield with TPW. Bars represent single gPCR

and LAMP reactions or merdeduplicate dPCR measurements. We ran 21

extractions (3 magnetigsead extractions x 7 conditiong)nd the same eluent was
used in qPCR, LAMP, and dPCR analyses.
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Statistical analysis methods

Confidence intervals were calculated assuming the populatidres normally distributed

and using a t statistic. For buffer inhibition experiments, statistical analysis was performed
by a ttailed unequal variancetést (N=9) comparing the water condition (control) to each
buffer concentration (B the mean is delagg. For the subsequent experiments, we used a
2-talled unequal varianceést (H: the means are different). Naietects were assigned the
maximum possible gneasurement of 40 cycles or a TTP of 46.7 min to indicate the lack of
amplification. Although tfs approach introduces some bias into the analysis, we believe this
is the best representation for handlingHdetects (other alternatives include excluding the

nondetects or assigning natetect values to the average of those that amplified).

There arenany potential sources of experimental variation (e.g. coloraolumn, dayto-

day generation of master mix, buffer dilutions, and pipetting errors), and we tried to control
for these by running triplicates for different variables (buffer/MM dilutionduroas,
technical gPCR/LAMP assay$) priori, we would have assumed our independent variables

to be differences in buffer dilutions or differences among columns, and we expected that our
technical replicates would display a narrow distribution. Instead,observed large
variations among technical replicates (e.g. 2 out of 3 amplify). Because large variations
appear at the level of the technical replicate, we treated each technical replicate as an

independent sample in our statistical analysis.

Familywise error rate across the reported statistical analyses was not controlled (e.qg.
Bonferroni correction). All data have been made publicly available and, to strengthen the
findings of this study, we encourage further replication and validation, as there am®uasim

different potential applications and variables to examine (e.g. sample matrices, extraction

kits, sequencing, etc.).
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Chapter 3

COMMERCIAL STOCKS OF SARS-COV-2 RNA MAY REPORT
LOW CONCENTRATION VALUES, LEADING TO ARTIFICIALLY
INCREASED APPARENT SENSITIVITY OF DIAGNOSTIC
ASSAYS

E. Jue and R.Asmagilov. 2020medRxivpreprint. doi: 10.1101/2020.04.28.20077602

Abstract

In response to the rapidly evolving COVID® pandemic, the U.S. Food and Drug
Administration (FDA) has rapidly issued 49 emergency use authorizations (EUAs) for
SARSCoV-2 in vitro diagnostic testits. A critical metric in the performance evaluation for
adiagnostic test kit is the analytical sensitivity, which is measured by the limit of detection
(LOD). Commercial RNA stocks with known titers are used to determine LOD. We
identified a problem with the titer reported for the commercial stocks when ergntiia

analytical sensitivity of the reverse transcription quantitative PCRgfRIR) protocol that

is recommended by the Centers for Disease Control and Prevention (CDC) using plasmid
DNA from Integrated DNA Technologies (IDT), synthetic RNA from BEI Reses (BEI),

and extracted genomic RNA from BEI. We detected 3/3 positives for reactions containing
synt hetic RNA at a concentration of 0.1 ¢
concentration). The apparent betieansinglemolecule performancés a statistically
highly unlikely event, indicating a potent:.
stock material. Using an ultrasensitive and precise assay, reverse transcription digital PCR
(RT-dPCR), we independently quantified concatns of commercial SARSoV-2

plasmid DNA and SARE0V-2 RNA stocks. For plasmid DNA, the actual concentration
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measured by RGOPCR was 11% of the nominal label concentration. For synthetic RNA,

the actual concentration measured by-d##PICR for one lot wag¥70% of the label
concentrationand for a different lot was 57% of the label concentration. For genomic RNA,
the concentration measured by-BPCR for one lot was 240% of the label concentration
and for a different lot it was 300% of the label conceiatna This SARSCoV-2 genomic

RNA from BEI Resources has been used in at least 11 approved FDA Emergency Use
Authorizations as of April 27, 2020. Such deviations of reported RNA or DNA stock
concentrations from true concentrations can result in inaccupadatification and
calculation of LOD. Precise and accurate reporting of DNA and RNA stock concentrations
by commercial suppliers will enable accurate quantification of assay performance, which is
urgently needed to improve evaluation of different assgydidgnostic developers and

regulatory bodies.

Introduction

As of April 27, 2020, the COVIEL9 pandemic has reached 185 countries/regions, with more
than 3 million infected individuals, and more than 210,000 deaths.[1, 2] The rapid spread of
SARSCoV-2 (the virus that causes COWI®) and the large proportion of asymptomatic
infected individuals has led to widespread demand for diagnostic test kits. To meet the
massive demand, on February 4, 2020, the U.S. Department of Health and Human Services
(HSS) seatary declared that circumstances exist justifying the authorization of emergency
use ofin vitro diagnostics for detecting SARSoV-2.[3] Since then, the U.S. Food and Drug
Administration (FDA) has fadtacked 49 Emergency Use Authorizations (EUAS) for

SARS-CoV-2 testkit manufacturers and commercial laboratories.[4]

The application to receive an EUA requires a description of the assay and an evaluation of
its performance.[5] A key metric in evaluating assay performance is the analytical sensitivity,
which describes the ability of a test to detect very low concentrations of the target analyte.

Analytical sensitivity is typically measured using the lhofitdetection (LOD), which is the
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concentration of target analyte that can be consistently deteceast95% of the time

(19 of 20 replicates are positive). It is important for test kits to demonstrate a low LOD,
which indicates good sensitivity of the test and the ability to detect samples containing very
low viral RNA concentrations. Thus far, many ghastic test kits for SARE0V-2 RNA

have reported good LODs, with some reporting down to as low as 40 copies/mL.

We obtained SAR®CoV-2 plasmid DNA from IDT, synthetic SARSCoV-2 RNA from

BEI, and genomic RNA from SARBCoV-2, isolate USAWA1/2020 fromBEI. In a welt
functioning assay (i.e., perfect transcription of RNA), we would expect to observe the same
LOD for all 3 stocks. Instead, using the quantitative reverse transcription polymerase chain
reaction (RTgPCR) protocol recommended by the Centiens Disease Control and
Prevention (CDC), we found substantial discrepancies, leading us to question the accuracy

of the reported stock concentrations from the commercial suppliers.

In this manuscript, we aimed to resolve the discrepancies in the L@dhsasbwith the three
SARSCoV-2 NA stocks by performing our own quantification of each stock concentration
using a highly sensitive digital quantification method, reverse transcription digital PGR (RT
dPCR).[6, 7]

Results and Discussion
Half-log dilutions of NA stocks in RGPCR

We first performed haifog dilutions on each SARS0V-2 NA stock (plasmid DNA from
10,000 to 3.16 nominal copies/reaction and synthetic RNA and genomic RNA from 100 to
0.0316 nominal copies/reaction) using the Gi2€Commended RFPCR protocol Kigure

3.1). A priori, we expect all NA stocks to have similar LOD. We also expect that the RNA
LOD may be slightly worse than the DNA LOD because RNA must be transcribed prior to
amplification. Contraryto these expectations, we observed that both RNA stocks
outperformed the DNA stock. The first rdetects (reactions failing to amplify) appeared at
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3.16 copieskaction for plasmid DNAKigure 3.1A), at 0.0316 copies/reaction for

synthetic RNA(Figure 3.1B), and at 0.316 copiesaction for genomic RNAFigure 3.1C).
We also observed lower Cq values for synthetic RNA compared with genomic RNA at the

same input dil uti oronentmtion).g t he supplierds |

Of particular interest, when quantifying the synthetic RNA, we detected 3/3 positives at a
dilution of just 0.1 copies/reaction, indicating a virtually impossible b#tgersingle
molecule assay performance. An-BPCR reaction requiresmainimum of 1 RNA copy as

a template to exponentially amplify and generate a detectable signal-tBattsingle
molecule assay performance is highly unlikely based on statistics. Using the Poisson
distribution,[8] which accounts for the stochasticityaading a reaction well, when loading

a solution into a well at an average target RNA concentration of 0.1 copies/rghetiens

a ~9.5% chance that a reaction well actually contains at least one RNA copy. If testing a set
of 3 reaction wells, the pbability that all 3 wells contains at least one RNA copy each drops

to 0.086% (0.0953).

A ,,_plasmid DNA RT-gPCR B = synthetic RNA,RT-gPCR € genomic RNA, RT-qPCR
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Figure 3.1: Better-than-statistically-likely performance of reversetranscription
guantitative PCR (RT-gPCR) protocol recommended by the CDC using hailf
log dilution series of SARSCoV-2 nucleicacid targets.

Plots show number of quantitation cycles (Cq) for-tadfdilutions of (A) plasmid
DNA lot 508728 from Integrated DNA Technologies (IDT), (B) synthetic RNA lot
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70033953 from BEI Resources (BEI), and (C) genomic RNA lot 70033700 from

BEI. No-template contls (n=24) did not amplify after 80 cycles.

Requantification of NA stocks with RIPCR

To resolve the differences in LOD and understand the apparentthattsinglemolecule
performance of the CDC assay, wegrentified the NA stocks using an RIPCRprotocol
(Bio-Rad dPCR EvaGreen Supermix watldded WarmStart Rtx (NEBJigure 3.2). We

first ran 16 netemplate controls and measured an average baokg concentration of 1.9

+ 1.0 copies/puL. We defined the assay detection limit (99.7% confidence) as the background
concentration plus 3 standard deviations of the background,[9] and calculated the assay
detection limit of RFdPCR to be 4.9 copies/yL. Tquantify each stock concentration, we

first diluted the NA stock down to a concentration within the digital quantification range (10

- 120,000 input copies of target) and measured withdRTR.[10] We then took the
concentration obtained from the RIPCR measurement, subtracted the background
concentration, and multiplied the result by the dilution factor to calculate owtPRR

measured stock concentration.

We ran a dilution series for each SAR8V-2 NA stock. For plasmid DNA (IDT, lot
508528), we obseed that all RTdPCR quantifications were systematically lower than the
concentration we =expected from the suppl:i
measurements dropped beldve tassay detection limiFigure 3.2A). To further validate

our results, we performed 2 additional dilutions down to what should have been 633
copies/pL. Of the three measurements taken at 633 copies/uL, two were perfoinged us
RT-dPCR and the third was performed using dPCR (no reverse transcription). Fhe RT
dPCR measurements were 69 and 66 copies/apd the dPCR measurement was 65
copies/uL. As expected for DNA, there was no difference in our measurements when using
the dPCR assay with or without reverse transcription. To reduce the contributions of Poisson
noise and background signal on our gquantification, we used the highest concentration that
we tested to quantify the stock concentration. Using the dilution for whiexpexted 2000
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plasmid DNA copies/uL, we actually measured 220 copies/yL. From this measurement,

we calculated a stock concentration of 2.2xd® pi es/ OL, which is 11%

label concentration of 2x¥@opies/uL.

For synthetic RNA (BEI, 1070033953), we observed that all /RIPCR quantifications were
systematically higher than t°%cepiesuu piguiei er 6 s
3.2B). We performed two additional dilutions (three in total) down to what should have been
6.33 copies/uL and observed that all three values were higher than expected (54, 67, and 66
copies/pL). In a separate experiment, we performed dPCR (no reverseigtassy and
observed that the signal was below background levels, which is expected because no
amplification should occur in an RNA sample in the absence of reverse transcriptase. Using
the dilution for which we expected 2000 copies/uL (based on thedaheéntration), we

actually measured 15,000 copies/pL. From this measurement, we calculated a stock
concentration of 3.9xf@c o pi es/ OL, which is 770% of the
5x10.

For genomic RNA (BEl, lot 70033700), we observed tha&&dPCR quantifications were
systematically higher than t Acopies/u fFigurei er 6 s
3.2C). We performed two additi@hdilutions (three in total) down to what should have been

6.33 copies/pL and observed that all three values were higher than expected (19, 15, and 23
copies/pL). The genomic RNA in a dPCR (no reverse transcription) experiment also
measured below the baglound signal. Using the dilution for which we expected 63.3
copies/pL, we actually measured 155 copies/pL. From this measurement, we calculated a
stock concentration of 1.3x10c opi es/ OL, whi ch i s 240% of

concentration of 5.5x10
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Figure 3.2: Quantification of different SARS-CoV-2 nucleic acid targets using

an RT-dPCR protocol.

Plots show measured concentration (circles) for-lbaglfdilutions of the label
concentrations (triangles) based on suppbgorted values of (A) plasmid DNA (lot
508728 from IDT), (B) synthetic RNA (lot 70033953 from BEI), and (C) genomic
RNA (lot 70033700 from BEI). Individual dilution series were repeatécet more

for the 633 copies/uL dilution with plasmid DNA and the 6.33 copies/uL dilution for
both RNA stocks. The background (solid line) was calculated by averaging no
template controls (n=16), and the assay detection limit (dashed line) was calculated
as the background signal in #@mplate controls plus 3 standard deviations of the
background signal (99.7% confidence).[9]

We next investigated potential differences among lots of stock S2RR&2 RNA. We
obtained an additional lot of synthetic RNA (I@0B84198) and an additional lot of genomic
RNA (lot 70033320) from the same supplier (BEI). For each, we diluted the label
concentration down to what should have been 63.3 copies/uL and measured the
concentration with RTAPCR (n=1). The synthetic RNA stoflkt 70034198) measured 38
copies/uL. From this, we calculated a concentration of 17edfies/pL, which is 57% of

the label concentration of 2.9xX1€opies/uL. We note that lot 70034198 was much closer
(57%) to the label value as compared with lot B3B3 (770%). The genomic RNA stock

(lot 70033320) measured 193 copies/yL. From this measurement, we calculated a

concentration of 1.4xPQcopies/uL, which is 300% of the label concentration of 4.8x10
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copies/pL. We found that the RIPCR measurements foemmpmic RNA stocks were

similarly higher (240% for | ot 70033700,

concentration.

Dilutions of NA stocks in RGPCR with RTdPCR correction

Next, we selected concentrations near the LOD for each NA stocieramdRFgPCR with

greater sample size (N=10 for each of thtfiagtions of each stocK,able 3-1). If we use the

3

suppliersé | abel c 0 n ¢ e-gPICR aebuitsp wesobsereed larged e r s t

deviations (orders of magnitude differences) from expected values. For example, 3 of 10

wells turned positive for a label concentration diluted to 0.0316 copies/reaction with

synthetic RNA (lot 70033953), whereas we would expect (based on statistical calculations)

for 3 out of 100 wells to be positive. We also note that only 7 of 10 wells tpos#ie for
a label concentration diluted to 31.6 copies/reaction with plasmid DNA (lot 528728),
whereas statistically we expect all 10 wells to turn positive (assuming -snojgeule
detection). By Poisson distribution, we would expect 1 out of evetp'Swells to be

negative at this concentration.

If we instead use our RAPCR measured concentrations to understand o@ATIR results,

the observed results are statistically more likely for all 3 NA stocks. The highest tested

concentrations of plasthDNA (lot 5208728), synthetic RNA (lot 70033953), and genomic
RNA (lot 70033700) were measured by-BFCR to have concentrations of 3.45, 2.44, and

2.42 copies/reaction respectively. We observed 70%, 100%, and 90% positives for these

conditions, which isa reasonable result considering that the Poisson distribution

corresponding to 3 copies/reaction predicts an expected value (most likely) of 95% positives.

For the tested concentrations measured bydRTR to be near 1 copy/reaction with an
expected valuef 63% positives, we observed 30%, 80%, and 60% positives. Lastly, for the
lowest tested concentrations measured bydRTR to be near 0.3 copies/reaction with an

expected value of 26% positives, we observed 20%, 30%, and 60% positives.
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Table 3-1: Analytical performance near the limit of detection (LOD) for

different SARS-CoV-2 targets in the CDGrecommended RFqPCR protocol.

Each nucleic acid stock was dilutethd we selected 3 different concentrations to
spike into RFqPCR reaction wells (10 replicates for each condition). Measured
concentrations were used to convert the label concentrations based ordRERT
measurements reported kiigure 3.2. Positives were counted as detected if they

amplified within 40 cycles. Néemplate controls (N=6) did not amplify after 80

cycles.

Label RT-dPCR measured
concentration concentration
[copies/reaction) | [copies/reaction)

plasmid DMA (IDT)

lot 508728

Detected 7 of 10 316 3.45

Detected 3 of 10 10 1.09

Detected 2 of 10 3.16 0.345

synthetic RNA (BEI)

lot 70033953

Detected 10 of 10 0.31s 2.44

Detected 8 of 10 0.1 0.772

Detected 3 of 10 0.0316 0.244

genomic RNA (BEI)

lot 70033700

Detected 9 of 10 1 242

Detected & of 10 0.316 0.765

Detected 5 of 10 0.1 0.242

Conclusions

In this chapter we observed vast discrepancies in the analytical sensitivity of the CDC
recommended RTPCR protocol based on which commercial NA stock was used.
Performing an ultrasensitive digital PCR method;dPICR, revealed there are likely errors

in the suppliereported concentrations. Specifically, using -8ACR, the measured
concentration of plasmid DNA (IDT, lot 508728) was 11% of the label concentration. For
synthetic RNA (BEI), the measured concentration bydRTCR was 770% of the label
concentration for 1070033953, whereas it was 57% of the label concentration for lot
70034198. For genomic RNA (BEI), the measured concentration PR was 240% of
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the label concentration for lot 70033700 and 300% of the label concentration for lot

70033320. An underrepary of the stock concentration could lead to an artificially
improved LOD for a diagnostic assay. Such discrepancies in how NA suppliers quantify their
stock can introduce significant biases and impair proper development and evaluation of

vitro diagnosics being considered for regulatory approvals and mass production.

The inaccurate quantification of the SARSo0V-2 genomic RNA concentration is
concerning because our analysis of EUA documents indicated that this RNA stock (BEI, NR
52285) has been used am least 11 EUAs: Lyra SARSoV-2 Assay, Abbott RealTime
SARSCoV-2 assay, AvellinoCoV2 test, NXTAG CoV Extended Panel Assay, NeuMoDx
SARSCoV-2 Assay, COV19 IDx assay, BioGX SARE0V-2 Reagents for BD MAX
System, ARIES SAR&0V-2 Assay, Logix Smart Conavirus Disease 2019 (COVALR)

Kit, Smart Detect SARE0V-2 rRT-PCR Kit, BD SARSCoV-2Reagents for BD MAX
System, and Curativikorva SARSCov-2 Assay.[4] We note that the GeneFinder COVID

19 Plus RealAmp Kit and the STANDARD M nCoV Réaine Detection Kitboth report
using genomic RNA, but we could not determine whether or not BEI was the supplier. Of
the kits that used BEI genomic RNA, the majority did not report the lot or starting stock
concentration (which could be used to deduce the lot number).

Discrepancies in stock quantification can be attributed to multiple factors, including
differences in quantification method, reaction conditions, reverse transcriptase efficiency,
polymerase efficiency, etc. We acknowledge that no assay is perfect (ouredichrt it

is virtually impossible to obtain a f#fAtrue
Nevertheless, it is possible to come close using an assay which yields the highest NA
concentration, has low background, and produces statistically plausilks.r&or this, here

we have successfully used ultrasensitive digitaldRCR. We suggest that RIPCR or a
similarly improved methodology is implemented for quantification of all RNA stocks used
for SARSCoV-2 assays being submitted for emergency uskoamation or equivalent
regulatory approval. We also encourage independent evaluationstod diagnostic assay
performance using the same quantified standards by unbiased sources.[11]
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Materials and Methods
Stocks and Dilutions

A DNA plasmid contrb (2019nCoV, researchuse only) was purchased from Integrated
DNA Technologies (IDT; Coralville, lowa, USA; Cat#148365270, Lot 0000508728;°2x10
copies/pL). Quantitative Synthetic RNA from SARR®Iated Coronavirus 2, NB2358 (Lot
70033953, 5x10genome quivalents/uL; Lot 70034198, 2.9x16enome equivalents/uL)
and Genomic RNA from SARRelated Coronavirus 2, Isolate US#A1/2020, NR52285

(Lot 70033700, 5.5x¥0 genome equivalents/uL; Lot 70033320, 4.8k1@enome
equivalents/pL) were obtained from BEI$eirces (Manassas, VA, USA). All stocks were
aliquoted and stored aB0 C. For all dilution series, an aliquot was thawed and serially
diluted in 1x TE buffer with 0.05% Twee20D in 1.5 mL DNA LoBind Tubes (USA
Scientific Incorporated; Ocala, FL, USA).

RT-gPCR

gPCR was performed using prot oelTone RTPER 0o mme n «
Panel for Detection of 201Novel Coronavirus.[12] Briefly, 5 uL TagPathStep RFQPCR

Master Mix (ThermoFisher Scientific, Waltham, MA, USA) was added to 1.5 uL io@ub
primer/ probe mix (N1; L mCoV CMCPCERPBHIeAZsayf, r o m |
and 8.5 pL nucleaskee water. Mastemix was added to a 9%ell plate (thinwall clear

well, HSP9641, BieRad) and 5 pL of template was mixed by pipette in individwalls.

The 96well plate was sealed (Microseal B, MSB1001,-Biad) and spun briefly in a Mini

Plate Spinner Centrifuge (0141, Fisher Scientific) to bring down droplets.
Thermocycling and red@lme imaging were performed on the Biad CFX96 Touch R

Time PCR Detection System (Biad Laboratories, Hercules, CA, USA) by heating to 25

°C for 2 min, 50 °C for 15 min, 95 °C for 2 min, and cycling 80 times between 95 °C for 3 s

and 55 °C for 30 s.
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RT-dPCR

RNA was quantified with reverse transcriptioroplet digital polymerase chain reaction
(RT-dPCR). Reaction mix contained 1X Biad EvaGreen ddPCR Mix, 200 nM forward

and backward COVID primers (N1 primers purchased from IDBuspended in NF

H20),[13] 1 U/uL Riboguard RNase inhibitor (Lucigen Coldadison, WI, USA), and 300

U/mL WarmStart RTx (New England Biolabs, NEB; Ipswich, MA, USA). Template was

added at 10% of the reaction mix and the original concentration calculated from the dilution
series. Al s a mp | aadsduplicateseveenardien toy 5@€0d diLng 2
sample wells in the DG8 Cartridge (1864008,-Riad). Dilutions were quantified using the

QX200 droplet digital PCR system (BRad) and droplet generation, droplet transfer, and

foil seal ing fol |l owrsdrhemmaaydifg @&oktplace enm &G1000 n st r
Touch Thermal Cycler BiRad) wi th an RT stempelat a%5 9/6C AC
3 min, 40 cycles of 95 AC for 30 s, 60 AC
4 AC for 5 mhnp, afd@ AChbobd &tmil2 AC wuntil d
ramp rate of 2 AC/s was used for temperatu
manufactureros i nstructions. Anal ysi s thre
concentrations wereetermined using the merge setting on the QuantaSoft analysis software
(Bio-Rad). Measured stock concentrations were calculated by subtracting background

(signal average of 16 plemplate controls) and multiplying by the dilution factor.
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Chapter 4

EVALUATING 3D PRINTING TO SOLVE THE SAMPLE-TO-

DEVICE INTERFACE FOR LRS AND POC DIAGNOSTICS:

EXAMPLE OF AN INTERLOCK METER-MIX DEVICE FOR
METERING AND LYSING CLINICAL URINE SAMPLES

E. Jue, N.G. Schoepp, D. Witters, and R.F. Ismaglo¢6.Lab on a Chip 16:18521860.
doi:10.1039/c61c00292g

Mix and Transfer

Meter — Soc

Patient Urine

Lysed Sample

Abstract

This chapterevaluates the potential of 3D printing, a semiomated additive prototyping
technology, as a means to design and prototype a stoadwice interface, amenable to
diagnostics in limitd-resource settings, where speed, accyny useiffriendly design are

critical components. As a test case, we built and validated an interlockrmetgevice for
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accurately metering and lysing human urine samples for use in downstream nucleic acid

amgification. Two plungers and a multivalve generated and controlled fluid flow through
the device and demonstrate the utility of 3D printing to createfteakseals. Device
operation consists of three simple steps that must be performed sequentiaihgtieigm
manual pipetting and vortexing to provide rapid (5 to 10 s) and accurate metering and mixing.
Bretherton's prediction was applied, using the Bond number to guide a design that prevents
potentially biohazardous samples from leaking from the deélieeemployed mukmaterial

3D printing technology, which allows composites with rigid and elastomeric properties to be
printed as a single part. To validate the mater device with a clinically relevant sample,

we used urine spiked with inactivat€tilanmydia Trachomati@ndNeisseria gonorrhoeae

A downstream nucleic acid amplification by quantitative PCR (qPCR) confirmed there was
no statistically significant difference between samples metered and mixed using the standard
protocol and those prepared wilie@ metermix device, showing the 3printed device could
accurately meter, mpand dispense a human urine sample without loss of nucleic acids.
Although there are some limitations to 3D printing capabilities (e.g. dimension limitations
related to support material used in the printing process), the advantages of customizability,
moddarity and rapid prototyping illustrate the utility of 3D printing for developing sample
to-device interfaces for diagnostics.

Introduction

We evaluate mukmaterial 3D printing for the design and prototyping of an interlock meter
mix device that meterand lyses human urine samples for a workflow compatible with
limited-resource settings (LRS) and point of care (POC) diagnostic testing. 3D printing
comprises a set of additive manufacturing techniques that allows the formation of complex
3D structures wit minimal restrictions. The emerging technological capabilities of 3D
printing bring exciting advancements in the fabrication of miaral macrofluidic devices,
enabling architectures that would be difficult with conventional fabrication techniques such

as soft lithography:? A primary advantage of 3D printing is the ability to rapidly prototype
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and iterate new designs, without needing to tool expensive mhaRigrinting reduces

the design and prototyping time from weeks and months down to hours andridkyng
prototyping more costffective and therefore more accesgbfearticularly for research labs
where needs may change frequently. Because 3D printing isas¢onnated, it minimizes
assembly time, the requirements for labor, and reproducibiliesssherefore reducing
many of the barriers that currently prevent some research labs from prototyping complex 3D
parts?> The customizable design files generated in comgaitid design (CAD) software

can be easily modified in coordination with experitseBDprinted materials also exhibit a

wide range of properties, with varying levels of rigidity, surface roughness, optical clarity,
and biocompatibility to fit a diverse range of device requirenfeimtsombination, all of

these advantages make 3Dnfirig attractive for prototyping fluidic devices relevant to lab

onta-chip and diagnostics fields.

The samplao-device interface for diagnostics is a critical component of nucleic acid
amplification testing (NAAT) in LRS, and remains an unsolved chaighiylany NAAT
technologies are not amenable to LRS, because NAAT is an intrinsically multistep process
involving sample metering, lysis, nucleic acid (NA) purification, amplification, and
detection’ To be useful in clinical practice in POC or LRS, timgire NAAT workflow

should be fully automated, uskendly (without training or pipetting steps to meet CLIA
waiver), rapid, equipmeritee, sensitive, and specific. To equip a portable device with
complete samplen to answeiout functionality requirethe appropriate consideration of all
upstream and downstream processes. While many efforts have been taken to automate
nucleic acid (NA) purification and amplification, sample metering must always be addressed
because a user in LRS or at the POC cannatsked to pipette accurately. Furthermore,
combining sample transfer with the step in which the sample is mixed with the lysis buffer
is attractive, because it has the advantage of minimizing the cost and complexity of an
integrated diagnostic device, anoutd benefit such devices being developed in research
labs, including our owf!! Precise metering is especially critical in NAAT testing of
sexually transmitted diseases (STDs), sucBlaamydia trachomati$CT) andNeisseria
gonorrhoeagNG).*? In 2013 there were 1,401,906 and 333,004 reported cases of CT and
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NG, respectively, in the United States, with many more cases unreported and

undiagnosed® The Centers for Disease Control and Prevention (CDC) estimates 20 million
new STD infections per year the US, accounting for $16 billion in healtire costs® The

CDC now recommends NAAT for CT/NG diagndéibecause these tests are sensitive,
accurateand use noimvasive urine samples. Many of these tests need to be done under LRS
or POC settings.

Currently, there is no standardized way to deliver a known amount of sample mixed with
lysis buffer to an LRSor POGcompatible NAAT diagnostic device. A method for doing so

is subject to the following constraints: (i) meter a precise volume of urine <Gih
coefficient of variation (CV), (i) mix urine with premeasured, preloaded lysis buffer at a
specific ratio (as determined by the extraction chemistry), (iii) transfer the lysed urine without
dripping potentially infectious solution, (iv) perform theggerations quickly, in a user
friendly, equipmenfree manner that minimizes potential user errors, and (v) maintain the
sensitivity and specificity of the overall assay (no loss of nucleic acidspoiBted surfaces,

contamination, or leachates).

Here we evaluate the capabilities of muttaterial 3D printing to design and prototype a
singleuse disposable macrofluidic device that meets the above constraints. We also discuss
the advantages and disadvantages of 3D printing as a research tool foddeglopment.
Multi-material printing, wherein different materials are combined into a single printed part,
offer expanded capabilities, so we chose to specifically investigate-nmatktial 3D

printing as a tool for building sample-device interfacedVe have previously demonstrated

the utility of mult-material printing in the development of a pumping lid for interfacing with
microfluidic devicesy? however the pumping lid we developed was only used to compress
air, and did not contact fluids directly. Here, we expand on the ability to usemaiérial

printed parts to generate sealed fluid cavities through the development of a multivalve and

plungers usedithin our device.
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Results and Discussion

Interlock design and met@nix device operation

To operate themeteni x devi ce (see ESIA video)l the
insert urine suction tube into patient sample and pull urine pluBgemove from patient
sample and slide multivalyand 3. push lysis buffer plunger to eject the mixed solution. The
device can then be easily disposed in biohazardous waste. Furthermore, the user of the device
cannot accidentally perform these three ofp@ma out of order due to the presence of
interlock features attached to the plungers. In the initial position, the urine plunger interlock
blocks the sliding of the multivalve, and the multivalve blocks the movemehedfsis

buffer plunger Eigure 4.1A). When the user pulls up on the urine plunger, urine is aspirated
through the suction tube, through the valve, and into the urine chamber. Pulbngthup

urine plunger also releases the interlock thatblasking the multivalveKigure 4.1B-C).

The user then slides the multivalve, which discorméng urine suction tube inlet while
generating two new outlets to a static mixer, one outlet urine and the other for lysis buffer
which has been pistored on the device. By pstoring the lysis buffer on device, we
eliminate many manual pipetting stegrsl reduce user err8tThe sliding of the multivalve

also creates openings for the urine plunger interlock and theblyes plunger interlock
(Figure 4.1C). In the final step, the user pushes down on the lysis buffer plunger, which also
pushes the urine plunger, ejecting both urine and lysis kihftargh the static mixeF{gure

4.1D). The total user operating time is between 5 and 10 s.

The metemmix device is composed of eight assembled parts: 1. main enclosure, 2. lysis
buffer plunger, 3. urines plunger, 4. two plunger stoppers, 5. multivdluajne suction

tube, 7. static mixer elementd 8. static mixer casEigure 4.2). All parts were designed

using 3D CAD software (Solidworks 2018lEcation Edition) and fabricated using an Objet
260 multrmaterial 3D printer (Stratasys, Eden Prairie, MN, USA). We judiciously selected
two semitransparent photopolymer materials, Veroclear and TangoPlus, corresponding to a
rigid plastic, analogous toofy(methyl methacrylate) (PMMA), and soft, elastomeric

material, analogous to rubber, respectively. By utilizing translucent materials, fluids are
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visible as they are transported among chambers of the device, providing visual feedback

during operation. Aof the parts were composed of Veroclear, providing a strong structure.
The plunger heads, stoppers, and the multivalve were printed with a combination of
Veroclear and TangoPlus, which enabled us to design sliding surfaces and generate seals.
With the exception of the plunger stoppers, each part underwent between seven and 25
uniquedesign iterations. In thEigure 4.2 demonstration, which shows the iemtdevice
assembly and operation, 1150 pL 0.05% (v/v) Sky blue Ateco dye (August Thomson Corp.,
Glencove, NY, USA) was preloaded into the lysis buffer chamber and 0.1% Lemon yellow
Ateco dye was manually loaded into the urine chamber. These two dyersolgre run

through the device and combined tonfios green mixed solutioifrigure 4.2D).
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Figure 4.1: Schematic overview of the design and operation of the 3printed

interlock meter-mix device for metering and mixing a urine sample with lysis
buffer.

(A) The multivalve has 5 holes which are labeled etiagly. (B) Lysis buffer (blue)

is preloaded into the lysis buffer chamber, where the topmost position of the lysis
buffer plunger (left, grey) is prdetermined by stoppers (tan). The urine plunger
interlock rod (right, beige) is positioned within the ltivalve, preventing the valve
from sliding and simultaneously blocking the lysis buffer plunger interlock rod. The
user pulls up on the urine plunger (C) until it contacts and is stopped by the lysis
buffer plunger, aspirating urine and simultaneouslyoeng the urine plunger
interlock rod from the multivalve. The user slides the multivalve (D), closing off the

urine suction tube, opening the lysis buffer and urine outlets to the mixer, and
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providing openings for both interlock rods. In the final stee user pushes down on

the lysis buffer plunger (E), ejecting urine and lysis buffer through a static mixer,
wherein the solutions are well mixed before finally being ejected from the tip of the
mixer. Red blocks at the bottom of each panel show aldam view of the
multivalve. Black circles and rings indicate holes in the multivalve. Slashed circles
indicate the presence of a feature that is blocked by the multivalve. Colored circles

indicate the presence of an interlock rod or an open channel fantheffa solution.

Designing and prototyping legkroof connections

To ensure reliable device operation, all of the seals on the device need to be hermetically
sealed. We accomplish this using the capability of MedtBD printing to generate materials
jointly composed of hard plastic (Veroclear) and soft rulikermatrial (TangoPlus). We

used multimaterial printing for fabricating both plungers and the multivalve. The challenge
with creating lea#proof connections is determining the appropriate dimensions, overlap, and
the ratio of soft:hard material to create arsgréeakproof connection that is still easy to

move by hand. We took advantage of the rapid prototyping capabilities of 3D printing to
quickly converge on functional designs. For the urine chamber, we found a good fit using an
8 mm diameter hole and an 8mdiameter plunger head, where the inner diameter of the
plunger head consisted of 7.2 mm Veroclear surrounded by a 0.4 mm (5%) thick layer of
TangoPlus. For the lysis buffer chamber, we found good fit using an 11.31 mm diameter hole
and an 11.31 mm dianestplunger head (surrounded by a 5% TangoPlus layer). These
parameters made hermetically sealed connections capable of generating and holding a
vacuum. We selected the dimensions of the chambers in the main enclosure to provide the
desired air volumes amdixing ratios (see Accurate Dispensing). To generate the multivalve
seal, an open cavity was designed through the side of the main enclosure, with raised ridges
around eachole for the inlets and outlets. The multivalve was 2.7 mm thick, with 0.54 mm
TangPlus (20%) layered on the top and 0.54 mm on the bottom. At the points of contact
between the multivalve and the inlet/outlet ridges, there was a 0.2 mm overlap where the
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ridge pushed into the TangoPlus layer (by 3D CAD design). To assist sealing gy slid

we applied silicone oil to lubricate all contact points at movable interfaces (plunger heads,

chambers, and the multivalve).

Figure 4.2: Photographsof the device at different stages of operation.

(A) In the initial position, blue dye representing lysis buffer is preloaded and the urine
plunger is down. (B) In the second position, the urine plunger contacts the lysis buffer
plunger and a specific voluerof yellow dye representing urine is metered. (C) In the
third position, the multivalve was slid 5 mm to the right, simultaneously closing and
opening new connections. (D) In the final position, both plungers are down,

dispensing a green solution out thigh the static mixer (inset).

Plunger system and accurate metering

To accurately meter urine, we designed a plunger system with predetermined start and stop
positions. During device operation, the urine plunger is pulled up until it contacts the

undersideof the lysis buffer plunger. The volume displaced by the plunger was calculated in
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CAD software, providing an estimate for the volume of urine aspirated into the device. To

precisely calibrate metering, the working design was iterated by testing pretotyties

device by aspirating deionized water, weighing the device, and modifying the height of the
plunger stoppers to adjust the volume displaced by the plunger. To accurately meter lysis
buffer, we use a pipettor to preload the meter device. When thdevice is set to the initial
configuration, lysis buffer is sealed on both sides by the lysis buffer plunger and multivalve.
This is advantageous for a disposable LRS and POC device because the filling step can be
performed during manufacturing and asbgmin this way, the endser does not need to

consider handling of the lysis buffer during device operation.

With diagnostic devices, it is important to minimize dead volumes to avoid wasting reagents,
losing sample, or introducing a source of variapil®ne strength of 3D printing is that
potential sources of dead volume can be identified and reduced during the design process.
During our design process, we identified four potential sources ofvidache: urine lost in

the suction tube, urine lost ing urine chamber, lysis buffer lost in the lysis buffer chamber,
and mixed solution remaining in the static mixer. We recognize that patient urine is abundant,
and that it is acceptable for the meteix device to overfill urine; however, the final volume

of urine ejected from the device must be consistent between runs. To ensure accurate,
consistent ejected volumes, the dgatlime of the urine suction tube was taken into account
while modifying the positions of the plunger stoppers. It should be noteddhdvolume

can be reduced by changing the design of the suction tube as required. For cunixneter
device, we were concerned with dead volumes of urine remaining in the urine chamber and
the static mixer, which could contribute to differences in thiermes of urine ejected
between runs. In particular, a user who sees liquids trapped in the static mixer may be inclined
to shake the metanix device, introducing error which affects the accuracy of downstream
guantitative processes. To remove this dedwuiwe, we leave a pocket of air that sits above

the lysisbuffer within the lysis buffer chamber. After urine is aspirated into the device, we
designed the system so that the heights of the pocket of air are roughly equal (the air initially

residing inthesuction tube is incorporated into the device during the aspiration step). These
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two pockets of air produce a blevut volume of air which removes the dead volumes of

urine and lysis buffer that would otherwise remain in the chambers and static mixers.

We wanted to ensure that after urine is aspirated into the urine chamber, urine is unable to
leak out through the tip of the urine suction tube. Bretherton previously examined this
problem, and found the dimensionless bond number, Bo (which relates grastifaioe
tension), to be a guiding parametemhe bond number is related to the density difference
between the liquid and air, the diameter of the tube, and the surface tension of the liquid. He
predicted that for a vertical tube that is sealed at oneadmubble contained within will not

rise if Bo < 0.842/ Thus, in our metemix device, if the bond number is low, and a bubble
enters the urine suction tube, the bubble will be immobile, preventing solution from dripping
out through the tip of the urirgiction tube. Bretherton's prediction suggests that we want to
minimize the bond number, which we can do simply by reducing the diameter of-the 3D
printed urine suction tube. We would not, however, want to make the diameter so small that
it generates a gh resistance to flow, as this would generate a noticeable delay in the filling
time and negatively affect the user experience. Tube diameter is constrained with our 3D
printing methods because as tube diameter decreases, it becomes increasinglytdifficult
remove the support material and clean inside the tube. For our device, we limited our testing
to >1.5 mm diameter sized suction tubes. At the millimeter scale, there was no noticeable

delay between pulling up on the urine plunger and filling of theswoiramber.

We tested the Bretherton prediction using@ihted parts. A simple plunger system was
designed along with suction tubes of varying diameters. In-malterial 3D printing, the
printing of support material can be avoided for some geometreeganfigurations. We
printed straight suctiotubes in the vertical configuration, which does not print support
within the suction tube and therefore does not require support cleaning. While some support
can be avoided, one limitation of our muttateriad printer is that it always prints support
material for the bottom layer in contact with the 3D printer's build plate. When one side of
the model is printed in contact with support and the other parts of the model are located on
the exterior sides of theedice, there may be minor differences between dimensions and
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surface roughness. For example, we found that when printing straight tubes upright, the

diameter on the side of the tube in contact with the 3D printer's build plate was slightly
smaller than thepposite opening. A discrepancy between parts of the model in contact with
the build plate and open to air is not an exclusively amudtierial 3D printing characteristic,

but is common to many types of 3D printers. Care was taken to always use thetlsegde o
tube in contact with the build plate for the connection to the body of the plunger system.

Table 4-1: Bretherton's prediction tested using 3Dprinted tubes of varying

diameter.

Fluid Diameter (mm) Bo Observed behavior

Water 2 0.136 No drip
2.5 0.212 No drip
3 0.306 No drip
3.5 0.416 No drip
4 0.544 Bubble sticks
4.5 0.688 Bubble sticks
5 0.850 Bubble sticks/bubble rises
5.5 1.028 Bubbles rises

Ethanol 2 0.345 Bubble sticks
2.5 0.539 Bubble sticks
3 0.776  Bubble sticks/bubble rises
3.5 1.056 Bubble rises
4 1.379 Bubble rises
4.5 1.746  Bubble rises
5 2.155 Liquid spills as air column rises
5.5 2.608 Liquid spills as air column rises

To test the predictionwe used the opposite side of the suction tube to aspirate solution into
the tube. The suction tube was manually disturbed through tapping the tip in order to
introduce bubbles, mimicking a reabrld user experience where the user bumps the device.
We found that there was general agreement between bond numbereaBietherton
prediction Table 4-1). Using water, for bond number <= 0.416, no bubblesrettthe
device and no fluid dripped from the tip. For bond numbers between 0.544 and 0.688, a
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bubble entered the tube releasing some drops, but the bubble did not rise and the liquid

air interface at the tip regained stability. Close to the Brethertomcpogdat Bo = 0.850,
bubbles entered the tube and both rise and no rise of the bubble were observed, which seemed
to depend on the size of the bubble incorporated. Finally, for a large bond number (1.028),
drops were released when the bubble initiallgest the tube, the liquigir interface at the

tip regained stability, and we saw bubble rise as predicted by Bretherton. The experiment
was repeated using ethanol with similar results. We also observed that for very large bond
numbers (Bo >/= 2.155), ontlee ethanchir interface at the tip was disturbed, a column of

air entered the suction tube, spilling all of the solution out of the tip. Accounting for
Bretherton's prediction, the limitations of cleaning support material, and accounting for the
pocketof air for blowout, we selected a suction tube diameter of 2.3 mm in the final design.
The surface tension of urine from healthy patients ranges fré@048N/m*8 Using the

low value of surface tension at 48 mN/m, a density of 1.01, and a 2&anmtergives a

Bo =0.272.

Accurate dispensing

The flow rate of each solution is determined by the design of the device chambers, plungers,
and outlets. We designed each chamber of the device to undergo the same driving pressures
over the entire dispensing opon. We can accomplish this by matching the solution height,

air pocket height, and plunger heights in both chambers. For example, a 2:1 volume ratio can
be obtained by making the area of one chamber twice the area of the second chamber. The
crosssectiomal area of the channels and outlet valves should also be maintained at the 2:1
ratio to obtain the flow resistance and corresponding volumetric flowQatedevice was
designedwith a 2:1 volume ratio between lysis buffer and urine, but we were cognizant of
the potential for flow irregularities near the beginning and end of the flow regime. If slight
inaccuracies during filling cause urine to enter the static mixer prematuggtgioall of the

lysis buffer has gone through, this could leave some urine unmixed and unlysed. This could

lead to inaccuracies during downstream quantificatiod unlysed bacteria are a biohazard.
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To address these concerns, we slightly overfilledysis buffer compartment leading to

a final lysis buffer to urine volume ratio of 2.2:1.

We evaluated the dispensing accuracy of our device using water, green dye, spectrophometer
measurements, and a balance. To examinedletace variability, we testetthree different

device prototypegach run in triplicateTable 4-2). There was no significant difference
among devices for aspiration volume (P = 0d6hhe volume expelled (P = 0.44). Sample
aspiration was found to accurately meter ~790 uL (<1% CV). As previously described, the
blow-out volume of air is responsible for ejecting the final volumes of urine and lysis buffer
remaining in the chambers atite static mixer. We found that pushing the plunger down
over the course ofi2 s led to relatively little error in the final ejection volume (<2% CV).
However, pushing the plunger down faster (in <1 s) pushed bubbles through the static mixer
and greateralumes of liquid remained in the device, resulting in reduced ejection volumes
(~1350 pL). In realvorld applications, it is important to minimize differences resulting from
user operation. Future designs can address the issue of plunger speed affaat oiudee

by reducing the diameter of the outlets to prevent bubbles from escaping before the fluid.
The ratio of solution ejected from the lysis buffer chamber and the urine chamber was
calculated by measuring the absorbance of the final ejected s@otaromparing it to the

green dye loaded into the lysis buffer chamber. We found that dispensed volumes out of the
lysis buffer chamber and urine chamber were similar, with percent deviations of 2.5% and
6.6%.
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Table 4-2: Evaluation of metering and dispensing accuracy of the metamnix

device.
Aspiration Ejection Cale. volume Calc. volume
volume volume  from lysis from urine
Device Trial (uL) (nL) chamber (uL) chamber (uL)
1 1 782 1591 1067 524
2 784 1613 1121 492
3 798 1660 1135 525
2 1 796 1619 1150 469
2 799 1630 1065 565
3 791 1577 1120 457
3 1 788 1611 1134 477
2 787 1586 1106 480
3 799 1572 1099 473
AVG 792 1607 1111 496
STD 6 27 28 33
Ccv 0.8% 1.7% 2.5% 6.7%

Static mixer design and mixing evaluation

To simplify user experience and eliminate mixing by pipetting or vortexing, we designed an
ontdevice Kenics static mixer (KMSg common mixer used for a variety of industrial
applicationst® We had previously designed the flow rates of urine and lysis buffer to exit the
outlets at a consistent flow rate. We predicted that a KMS mixer placed after the lysis buffer
and urine outlets would be an efficient way to mix the two streams. The staéic im
composed of alternating lefand righthand 180° helical twists with 90° offsets between
elements. This immobile structure encased within a tube guides the flow of solutions from
the center of the tube to the wall of the tube and from the wdikteenter. Each element

splits and recombines streams of flow, rapidly homogenizing the fluid, similar to mixing by
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chaotic advection in moving plu¢$?°2*wWe designed a KMS static mixer composed of

eight elements, with a diameter of 5 mm, and a ledgtmeter ratio of 1.25:1. Limited by

the requirements of removing support material frorapBidted parts, it was not feasible to

print the entire mixer and tube enclosure as a single unit. Instead, we used a modular
approach, printing the mixer elementsldhe mixer case as separate pieces. Both parts were
printed in the upright configuration.

When static mixer elements were printed with the glossy finish setting, only the topmost
element was glossy and had different surface roughness and dimensiotisetiodimer
elements (remaining parts had the matte finish because they were printed in contact with
supporting material). To address this issue, we printed the static mixer tlesitbnthe

matte finish Figure 4.3A). The static mixer elements and the static mixer case were cleaned
separately and assembled carefully because the static mixer elementgeryeprone to
breaking Figure 4.3Bi D).

To evaluate mixing quality, a starch ioditieosulfate decolorization was used. The
decolorization reaction is a preferred method to evaluate mixing becausedkeyspof
unmixed regions will be visibl&. The initial decolorization reaction occurs quickly in a 1:1
iodine:thiosulfate ratio, although a secondary reaction leads to the reappearance of color so
higher ratios of iodine:thiosulfate (e.g. 1:1.2 or 1:td) be use&?® For the metemix

device, we used a 1:1.05 ratio because the design enables rapid mixing within the timescale
of the device operation. The starch iodine solution was loaded into the urine chamber through
the suction tube, and the soditmosulfate was preloaded into the lysis buffer chamber. The
device mixed the two solutions within the first three to four elem@igure 4.3G). As a

control, to confirm that the loss of color is due to mixing and not an artifact of the chemical
or optical properties of the 3printed part, we also show the static mixer element fully filled

and while mixing with a solution that does not cause decakwiz We ran the met@nix

device with starch iodine indicatmdded into both chambefadure 4.3E) and in a separate
experiment with starch iodieaded into the urine chamber and water loadedth@dysis

buffer chamberKigure 4.3F).
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Figure 4.3: Assembly of the static mixer (AD) and a demonstration of its use in

the metermix device (B G).

(A) Freshly printed static mixer elements before cleaning. (B) Static mixer elements
after a 15 min cleang step to remove support material. (C) Static mixer case. (D)
Assembled static mixer with elements inserted into case. (E) Tostiakch indicator
loaded into both chambers and ejected through the static mixer. (F)i stdirvd
indicator mixing with wagr to show a dilution. (G) lodiinéhiosulfate decolorization

reaction demonstrating rapid mixing within the first few static mixer elements.

Function and biocompatibility

We evaluated the metatix device for compatibility with a routine nucleic acidrextion
kit by comparing the metering and mixing steps performed by the device with standard
approaches for metering and mixing (manual pipetting and vortexing). Two concerns are the
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potential for nucleic acids to bind to dinted surfaces, and tpetential for compounds

from 3D-printed materials to leach into the solutions, both of which can negatively affect
downstream analysis of nucleic acids. We preloaded the device with 1150 pL lysis buffer
and aspirated urine spiked with*t@lls/mL of eitterC. trachomati$CT) orN. gonorrhoeae

(NG) through the suction tube. The multivalve was, sdidd the plungers were pushed
manually, ejecting the solutions through the static mixer and into a 2 mL polypropylene tube.
An off-device sample was tested iargllel, with 1100 pL lysis buffer and 500 pL spik

urine (se€Table 4-2) metered by a pipettor and the solution mixed by vortex. We also ran
no-templde controls containing clean urine for both on anddeffice conditions. After
mixing, all samples were processed in parallel according to the manufacturer's instructions
using the QlAamp Viral RNA Mini kit (recommended for purification of bacterial DNA
from urine). Following extraction, nucleic acid concentrations were compared using routine
guantitative polymerase chain reaction (QPCR) with primers previously evaluated for the
detection ofC. trachomati€ or N. gonorrhoeag’ The threshold cycle for viex and device

mixed samples were not statistically different, indicating that there was no significant loss of
nucleic acids and or material leaching that inhibited downstream analystenigtate

negative controls showed no amplification after 35 cycles
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Figure 4.4: gPCR threshold cycles on DNA extracted from urine spiked with

either inactivated Chlamydia trachomatis (CT) or Neisseria gonorrhoeae (NG).
Sample metering and mixing with lysis buffer was performed with either the-meter
mix device (light green bars) or standard pipette and vortex (dark green bars). The

remainder of the extraction protocol was identical for both conditions.

Experimental
Metermix device cleaning and assembly

Printed parts were cleaned using pipette tips or copper wire and rinsed with water. The urine
plunger, lysis buffer plunger, multivalve, and both chambers of the main enclosure chambers
were lubricated with viscouslisone oil (Dimethylpolysiloxane 12,500 cSt, Sigma Aldrich,

St. Louis, MO, USA). To assemble, first the urine plunger was inserted into the urine
chamber of the main enclosure followed by the lysis buffer plunger into the lysis buffer
chamber. The two plger stoppers were then inserted, locking the topmost position of the
lysis buffer plunger. The multivalve was inserted into the main enclosure from the side, and
pushed into its final position to preload 1150 uL lysis buffer through the outlet. The
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multivalve was then moved into its starting position, the urine plunger pushed to the

bottom of the chamber, and the urine suction tube and static mixer were attached. For these
joints, the outer diameter of the static mixer case (8 mm) and the outer diantie¢enrifie

suction tube (4.5 mnyized exactly to the diameter of adapters on the main enclosure. After
cleaning, a thin layer of support material remains at the junctions of the main enclosure.
Because this support material is shed from the joints during device use, we used silicone oil

to enhance the seal.

Characterization of metering and dispensing

To evaluate metering and dispensing, we loaded into the lysis buffer chamber 1150 uL 0.5%
(v/v) green food color dye (The Kroger Co., Cincinnati, OH, USA) diluted in deionized water
was aspated into the urine chamber through the urine suction tube, and mass measured to
obtain the aspirated volume (using water density of 1 g/mL). The multivalve was pressed
and the solution ejected into a fieeed conical tube to obtain the mass of thetwwiejected

from the device. The resulting solutions were wmgiked through vortexing. The original

0.5% (v/v) green dye and each resulting solution was diluted by 20x, loaded into a cuvette,
and measured with a Uwus spectrophotometer (Nanodrop 2000tiermo Scientific,
Wilmington, DE, USA). Measurements were taken at the wavelength where the absorbance
was maximal (630 nm), and the ratio was used to determine the volume of solutions ejected

from each chamber.

lodine-thiosulfate decolorization reaction

lodine, starch indicator, and sodium thiosulfate solutions were prepared according to the
Handbook ofndustrialMixing.?? Briefly, 1150 pL sodium thiosulfate nonahydrate (0.5 mM,
ThermoFisher Scientific, Waltham, MA, USA) was loaddd the the lysis buffer chamber.
Starch indicator was prepared by adding 100 mg starch, soluble potato, powder (J.T. Baker,



Center Valley, PA, U.S.) and 20 g potassium iodide to 10 mL deionized water. 5(1)O|1,L of

this starch solution was added to a 1 mL sotudbf iodine (1 mM, Alfa Aesar, Ward Hill,

MA, USA), coloring the solution dark bluigburple. The final ratio of iodine:thiosulfate was
0.95:1. Avideo was taken using the Samsung Galaxy S4 camera, and frames extracted during

device operation when the¥ fully filled the static mixerKigure 4.3E-G).

Qiagen extraction and gPCR experiment

In order to test device compatibility with biological samples and ensure that downstream
nucleic acid analysis was not negatively affected, we coedpsamples that were metered
and mixed ordevice against traditional vortex mixing using a commercial nucleic acid
extraction kit (QlAamp Viral RNA Mini Kit, 52904). Lysis buffer was loaded with 2 ng/uL
carrier DNA (salmon sperm DNA, Thermo Fisher AM9688@bninfectious CT and NG
samples were obtained from ZeptoMetrix Corp. (NATERCM, NATCT(434)ERCM,
Buffalo, NY, USA). Quantitative PCR was performed on a Roche LightCyler 96. PCR
reactions consisted of 5 UL SsoFast EvaGreen Supermix (BioRad cat np0Q); 250 uL

of template (extracted spiked urine), 0.5 pL of 20X primer stocks, and 2.5 pL ndftlease
water. The primers us&’were previously evaluated for the detection of either CT or NG.
Final primer concentration in the reaction was 500 nMrilakcycling consisted of a 3 min

initial denaturation step at 95 eC, foll owq
20 s at 72 eC. Melt analysis confirmed spec
Conclusions

We showed that mukinaterial 3D printag can be used to prototype a disposable interlock
metermix device that accurately meters urine and completely mixes it with lysis buffer in a
format that meets the requirements for a downstream NAAT compatible with LRS and POC
settings. The 3fprinted deice accurately aspirated predetermined volumes into a urine
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chamber with a coefficient of variation of 0.8%. Urine and lysis buffer were dispensed

through a KMS static mixer at a 2.2:1 mixing ratio. Printing with translucent materials
enabled visual confination of fluid movement and showed that mixing occurred within the
first few elements of the static mixer, with homogenization and lysis later verified by gPCR.
Printing witha multi-material 3D printer enabled us to use a combination of composites to
create airtight seals that slide without leaking or losing vacuum pressure. Using a 3D printer
also helped address the potential for sample dripping, a biohazardous concern \hen wor
with bodily fluids and potentially dangerous solutions, as we were able to test Bretherton's
prediction for bubble rising through several prototype iterations and identify optimal tube
dimensions that ensured the sample did not drip.

The 3Dprinted avice was designed to optimize the user's experience: operation is simple
(three steps); interlock features protect against user error; neither pipetting nor vortexing are
required; and the entire device ode®MWati on
validated our device by lysing urine samples spiked with CT/NG and performed downstream
processes to quantify nucleic acids through qPCR. These results confirmed that the 3D
printing materials (Veroclear and TangoPlus) were biocompatible; wevellseo loss of
nucleic acids and devices performed equally well compared with the standard protocol of
pipettor metering and vortex mixing in a polypropylene tube. Finally, we demonstrated that
the performance of the meterix device matched the performanof standard laboratory
protocols for metering and mixing, with a substantially shorter time period for device
operation.

The metemmix device described here is not limited to mixing urine with lysis buffer. A
common operation in biology, chemistry, anéditine is to mix two solutions of known
volume. Due to the customizability of 3D printing and CAD design, it is easy to adapt the
metermix device to different volumes or configurations. In some applications, it may be
desirable to meter two different stibns at the time of use. In this example, the meiigr
device could be reconfigured with an additional suction tube appended to the lysis buffer
chamber. Given the versatility of the meteix device, it may be useful in a variety of
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applications suchsssequencing, dilutions, or chemical syntheses. Because thenmeter

device simplifies and accelerates workflow, protects against useragrdgorovides a user
friendly experience, we foresee its future application in research labs and-liesitenice
settings. For example, tirgensitive laboratory measurements may require metering and
mixing on the timescale of single digit seconds rather than the tens of seconds required for
pipetting. In commercial applications, an important advantage of a -sisgjldisposable
device is that it can be assembled andlgaded with lysis buffer before it is shipped,

eliminating a pipetting step for the end user.

Throughout the course of device development, the 3D printing workflow was a major
advantage over analogofesms of prototyping, such as soft lithography. Prototyping with

3D printing was rapid, enabling us to design, test, redesign, and reprint a prototype in the
period of a single day. For small parts that can be printed in less than a few hours, llis possi

to iterate multiple designs within in a single day. The ease with which parts can be modified
after having developed the initial design allowed us to print multiple variations of the meter
mix device at once and determine the optimal architecturebfeat in a single experiment.

This was useful for determining the diameter of the suction tube, setting the parameters for
the static mixer, and adjusting the fit for the seals. Another advantage with 3D printing is that
the 3D CAD models which are dewpkd during the design stage can also be utilized and
adapted for injection molding. This is important in commercial applications when large
guantities are required, since injection molding has highergiazbsts but lower costs per

part than 3D printig. We also found modularity to be an important advantage with 3D
printing. Parts can be built as separate components and later reassembled, reducing build
time (which relies heavily onraxis height). It is also easier, and less expensive, to validate
anditerate with individual components than to redesign and reprint an entire device. Of
course, the final cost of producing these devices using standard manufacturing methods

(injection molding) will be even lower than prototyping costs.

The greatest limitatin we faced with mukmaterial 3D printing pertained to the support

material. We faced three specific issues: (i) wherever support material is printed in contact
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with the model, the printer produces a matte finish with different surface characteristics

and dimensions compared with the glossy finish of parts that do not contact the support
materia (i) it can be difficult to remove the support material for some geometries, so care
needs to be taken during the design to account for cleamddiii) renoval of the support
material takes time, requiring ~45 min to clean all of the components for a single device. As
new support material is developed, this limitation will diminish. For example, some
companies have developed new dissolvable support math@hican be removed in a soak
andrinse process, however, these processes are still difflisided and may be difficult

to implement when cleaning long, narrow channels relevant to microfluidic devices. Despite
some limitations, we conclude that 30nping is an attractive prototyping technology with
great potential for solving the samyitedevice interface problem in diagnostics, especially

in resourcdimited settings.
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Chapter 5

READING OUT SINGLE-MOLECULE DIGITAL RNAAND DNA
ISOTHERMAL AMPLIFICATION IN NANOLITER VOLUMES WITH
UNMODIFIED CAMERA PHONES

*J. RodriguezManzano,*M.A. Karymov, S. Begolo, D.A. Selck, D.V. Zhukov, E. Jue, and R.F.
Ismagilov.2016 ACS NANO10(3):31023113. doi10.1021/acsnano.5b07338

SINGLE-MOLECULE COUNI_IN\G USING A CAMERA PHONE
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xxxxx

Sample mix witha  Confinement / amplification =~ Quantified with ratiometric
spectrally selected dye in nanoliter volumes spectral processing

Abstract

Digital singlemolecule technologies are expanding diagnostic capatdligesabling tle
ultrasensitive quantification of targets, such as viral load in HIV and hepatitis C infections,

by directly counting single molecules. Replacing fluorescent readout with a robust visual
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readout that can be captured by any unmodified cell phone camefaailifate the

global distribution of diagnostic tests, including into limitedource settings where the need

is greatest. Thishapterdescribes a methodology for developing a visual readout system for
digital singlemolecule amplification of RN and DNA by: (i) selecting colorimetric
amplificationindicator dyes that are compatible with the spectral sensitivity of standard
mobile phones, and (ii) identifying an optimal ratiometric impgecess for a selected dye

to achieve a readout that is usb to lighting conditions and camera hardware and provides
unambiguous quantitative resdtgven for colorblind users. We also include an analysis of

the limitations of this methodology, and provide a microfluidic approach that can be applied
to expand dgamic range and improve reaction performance, allowing ultrasensitive,
guantitative measurements at volumes as low as 5 nanoliters. We validate this methodology
using SlipChipbased digital singtenolecule isothermal amplification with lambda DNA as

a modéand hepatitis C viral RNA as a clinically relevant target. The innovative combination

of isothermal amplification chemistry in the presence of a judiciously chosen indicator dye
and ratiometric image processing with SlipChip technology allowed the smEegpaTific

visual readout of single nucleic acid molecules in nanoliter volumes with an unmodified cell
phone camera. When paired with devices that integrate sample preparation and nucleic acid
amplification, this hardwaragnostic approach will increasbe affordability and the

distribution of quantitative diagnostic and environmental tests.

Introduction

This chaptershows that single nucleic acid molecules confined in nanoliter volumes in
microfluidic devices can be detected and counted by arodified cell phone camera, in
combination with isothermal amplification chemistry, a judiciously chosen indicator dye and
ratiometric image processing. We describe a novel methodology that can be used to develop
a visual readout for digital singlaoleculeamplification of sequenespecific RNA and

DNA that can be used with any camera pliométhout modifications or attachments.

Singlemolecule visual readout has never been achieved before. Diagnostic tests that
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incorporate such a visual readout will greattpand the applicability of emerging digital

singlemolecule technologies, including into limited resource settings (LRS). Ultrasensitive
and quantitative detection of nucleic acid molecules is of particular interest for infectious
disease diagnosis in IR such as the quantification of viral load for human
immunodeficiency virus (HIV) and hepatitis C virus (HCW)as many of these infections
occur far from centralized laboratories where diagnostic tests are routine. Increasing
diagnoses in these locat® will lead to faster and more appropriate treatment and have a
major impact on disease burdéost point of care (POC) tests are not amenable to LRS
because they donot me et the World Health
affordable, sensitive, specific, usfeendly, rapid, robust, equipmefiee and deliverablé.

The tests that do meéhe requirements for LRS.g. immunochromatography to detect
antigens or antibodies in a dipstick or latdlalv format; or the visualization of antigen
antibody lattice formation) have poor reported sensitivities and thus are unable to detect and
quartify analytes at low concentratiof§Nucleic acid amplification tests (NAATS), such as
PCR, have the desired high sensitivity and target specificity, providing accurate
guantification, but these technologies are costly, -tioresuming, and require slat

technicians and laboratory settirfgs.

Of the NAATSs, isothermal amplification method®.dq. loop-mediated isothermal
amplification, LAMP) are among the most attractive for LRS because they do not require
thermocycling or capital equipment and can beinuwater baths, using simple heaters or
with exothermic chemical heating that does not require electititgtill, acquiring
guantitative and ultrasensitive measurements outside of the lab remains challenging because
the methods are not robust to aility in reaction conditionsand readouts rely on precise
measures of fluorescence intensity. Running isothermal amplification chemistries in a digital,
singlemolecule format maintains the high sensitivity and quantification capabilities
typically acheved only in lab setting€!® In digital singlemolecule isothermal
amplification, single, stochastically confined DNA or RNA molecules are randomly
distributed among discrete nanoliter or picoliter volumes and amplified under controlled

conditions!®*® This creates relatively high local concentrations of target DNA or RNA,
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making digital amplification more efficient and robust compared to bulk reactions with

the same number of starting target molecules. Nucleic acid amplification of even a single
targetmolecule produces a clear fluorescent sigaadl the results of digital amplification
can be read by a modified cell phoeeg(a phone camera with an optical filter) under dim

lighting 14

Microfluidic technology has been an instrumental tool in dewetpgingle nucleic acid
molecule capabilitie§>?’ and the integration of sampteeparation modules into portable
microfluidic devices will further enable their use by untrained users in any S&ttp

bring these emerging technological capabsitie LRS, however, such devices capable of
ultrasensitive, quantitative measurements should provide a rapid, visual readout that can be
captured easify e.g.by any mobile phone without modifications or attachments. Cell phone
cameras provide a conveniemgarly universal tool to pair with emerging diagnostic
technologies to transform global healthcare as ~7 billion mobile cellular subscribers exist
worldwide and 70% of users live in developing countttédobile devices are emerging as

a powerful platfornto create costffective alternatives for molecular diagnostics in BRS

42 and colorimetric diagnostics based on unmodified cell phones have been useéftefore,

46 but not in a digital format, where the short path lengths and nanoliter volumes have
constrained visuabased methods. Here, we describe an approach that enables visual readout
of single nucleic acid molecule amplification by (i) selecting an appropriate colorimetric
indicator dye based on spectral properties that align well with the RGitiwgas of
common cell phone camera sensors and (ii) identifying the optimal ratiometric-image
processing for the selected dye to achieve a readout that is robust to lighting conditions and
camera hardware. Using this approach, after segispesfic sngle-molecule isothermal
amplification, a visual readout is captured by an unmodified camera,@mzhihe resulting

image is analyzed using a ratiometric approach, wherein the measured intensities of two of
the three RGB color channels are divided tovjate a binary result (a positive or negative
reaction) for each well. The automation of this ratiometric analysis provides a clear, reliable
digital readout without requiring the user to differentiate color change by eye or manipulate
lighting (Figure 5.1a). We further show how limitations related to reaction inhibition by the



readout dye can be solved with SlipChip microfluidics technology to decdiwllé,
amplification and readout steps. We validated our visual readout method with SlipChip
based digital singtenolecule isothermal amplification reactions using phage lambda DNA
as a model and HCV RNA as a clinically relevant target, in reaction volurt@s as 5 nL,

using a variety of common cell phones and a range of illumination conditions.

Results and discussion

Selecting an indicator dye

To eliminate the need for a fluorescent readout in simgllecule amplification and produce

a readout that cdre imaged by any cell phone camera under various illumination conditions,
one can use a nucleic acid amplificatindicator dye that changes color in response to
amplification. A robust colorimetric readout balances two opposing requirements: the
indicabr dye must be sufficiently concentrated (or present in a large enough volume) to
provide readable absorbanée.(smaller volumes and shorter path lengths require greater
concentrations of dye for sufficient absorbance to be detebt#d)ot so concerdted that

the dye interferes with the amplification reaction. To optimize a visual readout system for
singlemolecule counting with an unmodified cell phone camera, we first identified the
factors that contribute to hypothetical limitations of a visuatloeit system, including the
range of reaction volumes (or path lengths) at which a particular indicator could be used to
monitor amplification and the range of indicator concentrations that would not interfere with
the amplification reaction. Where theseges overlap are the optimal volumes and dye
concentrations at which a reaction is not inhibited and can provide a change in absorbance
that is sufficient for readout with an unmodified camera phone (dotted green relgigaref

5.1b).
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Figure 5.1: A visual readout approach for digital singlemolecule isothermal
amplification for use with an unmodified cell phone camera.

(&) A workflow for visual readout of digital singteolecule amplification. Single
nucleic acid molecules and indicator dye are compartmentalized on a microfluidic
device and followed Y isothermal nucleic acid amplification. Positive reaction
solutions are blue; negative reactions are purple. After ratiometric image processing,
positive reactions become white and negative reactions becomed l@lack
unambiguous binary result. The numbgpasitive wells is then used to quantify the
concentration of the input target. (b) A diagram for delineating the optimal range of
dye concentrations as a factor of path length (reaction volume) and the threshold for
reaction inhibition. The greeshadedegion indicates the range of acceptable dye
concentrations for visualization with an unmodified cell phone camera.
Concentrations to the left of the green region are too low for visualization;
concentrations to the right of the green region are too Wighin this green region,

the dotted area indicates dye concentrations that both enable readout with an
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unmodified cell phone camera and do not inhibit the amplification reaction. The area

to the right of the red line indicates dye concentrations thatfenge with

amplification making accurate quantification based ontnead data challenging.

We validated this visual readout approach using-loepliated isothermal amplification
(LAMP)#748 (Supporting InformatioTable 5-1, Table 5-2) because this method has been

well characterized and validated previously $orglemolecule analyse$:}4174% LAMP

chemistry is based on an autycling strand displacement reaction performed at a constant
temperature to synthesize large amounts of amplified product; a LAMP reaction generate

more than 19copies of template wiin 1 h of incubation at 685 °C*® We used a cubic

reaction volume of 8 nL (200 x 200 x 200 Pwhich is in the range of volumes used in

digital experiments214151749ye assume that an appropriate indicator of an amplification
reaction will havea change in absorbance that equates to a change of extinction coefficient

of ~25,000 L mot cm? upon reaction (this number approaches the maximum achievable
change in absorbance for sraaiblecule dyes). We use the Béea mber t | aw (A =
which desabes the relevant parameters to consider for visualization, wherein A =
absorbance (the percentage of | i'gmY);Labsor be
length of the light's path through the solution (cm); ¢ = concentration of absorbingsspeci
(mol/L). At a path length of 0.2 mm, an estimated ~2 mM concentration of the dye is required

to reach a change of absorbance of 1 unit. Given these parameters, to obtain a readout that
can be captured by an unmodified mobile phone, we predicted tappeopriate indicator

dye would be one that responds to each nucleotide incorporation (present in mM
concentrations), as opposed to responding only to the number of produced molecules

(amplicons), which would not exceed primer concentration (present juMange).

Colorimetric approaches to visual detection of nucleic acid amplification typically measure
absolute changes in color intensity? however distinguishing color chartye.g.purplevs.

blued is difficult and therefore not an appropriate waygt@ntify readout under variable
conditions, such as in LRS. Ratiometric measurements, which take the ratio of two
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independent measurements under the same conditions, improve the robustness of a

colorimetric approach, converting results to a yes/no bioatgome, eliminating the need
for the user to differentiate colors. We
reads in three color channels (red, greewl blue, RGB) could provide suitable information
for using a ratiometric approach t@deamplification reactions at the single molecule level.
The example we considered here is the biakinated Exmor R CMOS image sensor
used on popular cell phones such as the Samsung Galaxy 4, iPhand #$hone 5, which

has a sensitivity maxima 6520 nm (green), ~459 nm (bly@nd ~597 nm (red)T@ble

5-2a).

To illustrate our methodology for a hardwagnostic visual readout with a ratiometric
approach, we selected eriochrome black T (EBT), a magnesium ion indicator that meets the
aforementioed dye specifications and has been used previously for visualization of LAMP
products’®>’ During an isothermal amplification reaction, as nucleotides are incorporated,
protons and bproduct pyrophosphate ions(®*) are producedand these ions can
strongly bind metal ions gg. Mg?* ions) and form insoluble salts, decreasing the
concentration of metal ions in the reaction solution. Before the amplification reaction, EBT
is bound to magnesium ions and the reaction solution is purple. As a LAMPmgaoteeds

in the presence of target nucleic acid, it is suggested that EBT is deprived*dfyMgwly

generated pyrophosphate ions, and the reaction solution turns blue.

We hypothesized that EBT would be amenable to colorimetric analysis with a @ed ph
camera because, in RGB terms, in a positive LAMP reaction containing EBT dye, there is
higher transmittance in the blue channel (blue LAMP reaction solution), while in a negative
LAMP reaction transmittance remains high in the blue and red channetde(hAMP
reaction solution)Kigure 5.2a). These observed changes in transmittance between positive
and negative reactions can be captured b¥#meorR optical sensorHigure 5.2a), which

match well with the observed differences between positive and negative transmittance

profiles of LAMP reactions containing EBFigure 5.2a).
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Figure 5.2: Predicted values and experimental validation of the first step of the

ratiometric approach.

(a) Measured spectral transmittance ( %)
for positive (solid blue line) and negative (solid purple line}lEBMP reaction

solutions, each containing 0.7 mM of eriochrome black T (EBT) asrpéfization

indicator dye. Dashed lines correspond to normalized spectral responses for red (R),
green (G), and blue (B) channels of an Exmor R CMOS sensor, a common sensor in
cel | phone camer as. (b1 e) Anal ysi s of
combirations for positive and negative RIAMP reaction solutions. (b) The
predicted RGB values and corresponding colors for positive and negative LAMP
amplification reactions obtained by convoluting the transmittance spectrum and
Exmor R spectral responses désed in panel a. (c) The cropped and enlarged color
images collected with an Apple iPhone 4S for positive and negativeARP
reaction solutions containing 90 &M of
ratiometric values for positive and negative amplifaratreactions processed for

each ratiometric combination, G/R, B/R, and G/B. (e) Experimental images and
ratiometric values for positive and negative amplification reactions for each
combination: G/R, B/R, and G/ B. All experiments were performed with RGYA

as template.

Selecting the optimal ratiometric approach

We tested whether the suitability of an indicator dye can be evaluated for a ratiometric
approach prior to experimental validation by predicting the RGB values read by a cell phone
camera for gositive and a negative reaction. First, we took the transmittance spectra for
positive and negative amplification reactions containing EBT and convoluted them with the
normalized spectral responses for each of the RGB channels in an Exmor R CMO8 sensor
providing six curves (a positive and negative for each of the three color channels). Next, we
calculated the area under each curve and took its square root (to correct for the standard
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squareroot scaling that occurs when an image data is compressedstoreeé in the

memory card of a cell phone), providing the predicted RGB valfigsre 5.2b) for positive

(R=185, G=197 and B=209) and negative (R=219, G=190 and B=21PARIP reaction
solutions in the presence of EBT at this particular concentration. These values can then be
evaluated to select the optimal ratiometric approach for this particular indicator dye. In an
RGB color scheme, there are three possible combinations for ratiometric analysis: G/R, B/R
or G/B. The predicted RGB values for a positive and a negative reactiasedrto calculate

the ratios for each channel combinatiéig(re 5.2d); the ratio with the greatest difference
between positive and negative outcont®4R(in this example) is predicted to be the most

robust ratiometric analysis.

Using the approach described above, we predicted the RGB ratios for a positive and negative
RT-LAMP reaction in the presence of two additional indicator dyes: hydroxynaphtieol blu
(HNB) and calmagite. HNB is being reported increasingly in the literature for LAMP
visualizatiorP®°%2 and calmagite is an analogue of EBT dye with the nitro group absent
(more stable versiof§. A side-by-side comparison showed that the greatest iqtesti
difference between positive and negative BAMP reactiors, as captured by an unmodified

cell phone camera, would be achieved using EBT as the indicator dye and G/R as the
ratiometric combinationHigure 5.17). Based on these predicted ratios, we decided to
validate our methodology using EBT as the indicator dye. We confirmed the storage stability
of the EBT dye stock solution in the dried stétigre 5.19), as this is a critical requirement

for the use of a dye in real poiot-need diagnostic applications. EBT serves as our validation

dye inthis paper, however our methodology is designed to be applicable to alternative dyes.

To experimentally validate this approach to predicting an optimal ratiometric combination,
we performed an RLAMP reaction for HCV RNA containing EBT as the indicatoedy
and captured an image of the readout with an unmodified camera phone (iPhéngu8) (
5.2c). We processed the readout image; color channels ofitjieabimage were spliind

all three channel ratios (G/R, B/R, G/B) were calculated to derive a ratiometric image for

each ratiometric combination. These experimental ratios obtained with an unmodified cell
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phone camera{gure 5.2e) matched well wh the predicted valuegigure 5.2d) for

each of the three ratiometric combinations, confirming the predictive power of this approach.
The G/B ratio was identified as less appropriate for distinguishing positive and negative
reactions because the values for positive and negative reactions were similar; G/R and B/R
ratios were identified as suitable because there was sufficient contrast between the values for
positive and negative reactions. For the G/R combination, the ratimethtafter a negative
reaction was 0.91and the ratio from a positive reaction was38.@ difference of 0.12
(Figure 5.2¢). For the B/R combination, ¢hratios for negative and positive reactions were
0.98 and 1.10 a difference of 0.09 Higure 5.2e). Therefore, we selected the G/R
combination for our dasequent validation experiments. Counting positives is a more
intuitive approach, so the B/R ratio (where the positive ratio had the greatest difference from
the background) can be a useful and attractive method. However, it is generally more
desirable teselect a ratio that includes the green channel because mostchipgtigital

image sensors used in digital cameras, including cell phones, utilize a Bayer filter mosaic
pattern that is composed of 50% green, 25%ard 25% blue pixel¥:

To test theobustness of our approach to different hardware and illumination conditions, we
used HCV RNA amplified by RCLAMP at two-fold increasing concentrations of indicator

dye ranging from 10.9 uM to 1.4 mM (for a total of eight dye concentrations). After RT
LAM P amplification, 50 uL of each reaction solution were transferred-tecfiplates (path

length of ~1.5 mm)and the readout was imaged with cameras from four common cell phone
models: Apple iPhone 4%igure 5.3a), HTC inspire 4G Figure 5.3b), Motorola Moto G
(Figure 5.3c), and Nokia 808 PureView{gure 5.3d). Under fluorescent light and using the

G/R ratiometric process (green channel divided by red channel followed by a threshold
adjustment to generate a binarized black and white image), wemiletd that EBT
concentrations lower than 0.175 mM provided an insufficient color change for detection with
a cell phone camer&igure 5.3, region |, white background), while concentrations of 1.4

mM inhibited the amplification reactiofrigure 5.3, region lll, red background). For this
particular indcator dye, the range of concentrations at which color change could be detected
by an unmodified cell phone camera and no inhibition was observed at the endpoint of the
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reaction (Supporting informatiofrigure 5.7) was identified as 0.175 mM to 0.7 mM

(Figure 5.3, region Il, green background. Some ck phone cameras were more sensitive
(e.g.HTC inspire 4G was able to distinguish a positive result at EBT concensrasdow

as 0.0875 mM)Kigure 5.3b), but all four cell phone models distinguished a positive reaction

at concentratiosbetween 0.17%.7 mM (Figure 5.3, region Il, green background. We

then chose one cell phone with the most representative performance (Apple iPhone 4S) to
test the robustness of the G/R approach to different lighting conditions. Under all conditions
teskd: incandescent lighEigure 5.3¢e), direct sunlight Figure 5.3f), and indirect sunlight
(Figure 5.3g), the optimal EBT concentration range that we identified under fluorescent light
(0.175 0.7 mM) could be read clearly, confirming the robustness of the ratiomgrtioach

to variations in illumination.



EBT concentration

1 2 3 4 5 6 7
+ 080000

+l \( \{ \( \( \{ \( b

NN IN N SRR
-~ -~

- | \l \ioou

- -
NI NLINLGAS /".

| R

ssasoud ¥/

12¢

EBT concentration

@
- 00000000\
S 1 2 3 4 5 6 7 8
-~ -~ -~ N -~ -~ -~ °
O Y AR Y A Y AR Y < e 8 e) '
NP8 N N SRS G » + . o
f w 3
TR ~
_\ 2P SN N ".. -0""‘. °
-~ -~ -~ -~ -~ -~ -~ 3
P YR YO YR Y i \‘ o
+' SoINLINLIN TN Y 4
Q ’\ -~ -~ - m
. 3 e L I )
— - \ SENEIN /&,
-~ -~ -~ -~ -~ -~ -~ 3
o T T T T s [|f) ..
Sl N SO N » + o)
’\ -~ -~ w —
0000 4
\ O g T
10700000 + OO
5 .3 N N \ N \ N N
- 3 OO 000
-— .2 \ IN_IN_7_"
-~ - -~
+ 2 §®+0000000
So2N PN 0N L NETSEVINEY w o
P PN Py gy w b 14
MM \
-H“HU..Q - 0000\’
-~ -~ -~ -~ -~ -~ ’\ 3
d) : & (i el MMM M MM 8
+‘ ) f Nl NI\ IN L/ SEN ’ w
s I\ e w
4 \ \ \
—Q ‘O"’. -, t‘\ l‘\ I’\ I‘..

Imaged with one cell phone (a) under
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Figure 5.3: Validation of the robustness of the G/R ratiometric approach to
different hardware (cell phone cameraspand lighting conditions.

(alg)
captured

Enl arged and cropped color i mages (
by cel |
LAMP reactionsatZ ol d EBToladonNMcentr at |
(1 =0.011 mM; 2 =0.022 mM; 3 = 0.044 mM, 4 =0.088 mM, 5=0.175 mM; 6 =

0.35 mM; 7 = 0.7 mM; 8 = 1.4 mM). Positive wells are blue and negative wells are

an unmodi fied phene came

increases in



purple. After G/R ratiometric processing (bottom two rows of each individual plazn,el),
negdive wells are black. Regions |, Il, Il in each panel indicate the effect of dye
concentration: (ll) acceptable concentration range for visualization (green regions);

(I) concentrations too low for visualization (white regions); and (lll) concentrations

too high for visualization (red regions).
phones under fluorescent light: (a) Apple iPhone 4S, (b) HTC inspire 4G, (c)

Mot orol a Moto G, and (d) Nokia 808 PureVi
iPhone 4S undehtee additional light conditions: (e) incandescent light, (f) direct
sunlight, and (g) indirect sunlight. All experiments were performed with HCV RNA
as a clinically relevant target. All images were acquired with unmodified cell phone
cameras. Detailed iafmation for the G/R ratiometric procedsigure 5.8) and
additional cell phone camera imagésg(re 5.9) are provided in the Supporting

Information.

Onestep method for digital visual readout

Microfluidic devices enable ultrasensitive digital quantification. Small well volumes are
valuable because they enable faster reactions (because concentrations are high in single
wells), minimize the #ects of inhibitory materials (due to their isolation into well)d

expand the upper limit of the dynamic range (because single molecules can be confined from
samples containing high template concentrati&tf®)?®However, as well volumes (and path
lengths) decrease, color visualization becomes challenging for a mobile phone. To
compensate, the concentration of the indicator dye can be increased, however high
concentrations of some dyes inhibit amplification reactions. Thus, there are inhereralphysic
limits to a colorimetric approach. To validate that this visual readout approach could be
applied to singlanolecule amplification at nanoliter volumesge used digital LAMP
(dLAMP) and phage | ambda DNA (aDNA)veas a

three questions: (i) Can we obtain a visual readout for amplified single molecules that can be
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captured by an unmodified cell phone camera? (ii) Is volume a factor in achieving a

digital visual readout? (iii) Does ratiometric processing work for snoslinres?

To answer these questions, we designed a multivolume rotational SlipChip device containing
1,240 wells of eight volumes ranging from 15 nL to 50figgre 5.10-11). We loaded these
devices with LAMP reaction solution containing an appropriate target concentration in the
mi ddl e of the devi ceds degtartmgrintecalatienygdSytp a f
9), and EBT dye at 0.7 mM (the highest aohibiting concentration identified iRigure

5.3). We imaged this device with a hotlsalt realtime fluorescence imager, with a Leica
stereoscope (optimal imaging conditigrsnd with an Apple iPhone 4S. The number of
positive counts based on fluorescence was 261, while 260 positives were counted using the
indicator dye and G/R process both with siereoscope and the cell phoRey(re 5.4).

This experiment showed that the G/R method could be used in place of fluorescence readout
to count amplifiedsingle molecules and that the readout capture and G/R processing
performed on an unmodified cell phone matched the results obtained under optimal lighting
conditions (stereoscope). Additionally, using a device containing 800 wells of 27 nL, we
observed ecellent correlation among positive counts obtained from the stereoscope,
fluorescence imageand cell phone camerkigure 5.12).

L



Figure 5.4: Readout from singlemolecule digital LAMP reactions performed

with & DNA on a multivolume rotational S
stereoscope, (b) dluorescence microscope, and (c) an unmodified cell phone

camera.

(et g) Callouts are magnified to show vi s
methods. (d) The results of the ratiometric processing for the stereoscope G/R
processed image and (h) thd pdlone G/Rprocessed image. Colors were enhanced

in these figures for clarity of publication; raw images were used in all ratiometric

analyses. These devices contained 1240 wells of eight volumes ranging from 15 to

50 nL.

While investigating the limitshiat reaction volume may impose on visual readout, we
observed that the estimated template concentration determined from each of the eight well
volumes produced similar Most Probable Numbers (MPN) of molecules (meari 8,500
copies/mL) (Figure 5.5a) (estimated concentration from all volumes are within 95%

confidence interval at each volume, detailedFigure 5.13). In addition, all SlipChip







































































































































































































































































































































































































































































































































