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ABSTRACT 

There is a critical need for improved diagnostic tools to detect infectious diseases, especially 

in low-resource regions. A sample-to-answer point-of-care nucleic acid amplification test 

(NAAT) would be incredibly valuable for many different applications (e.g. COVID-19, 

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 improved. In Chapter 3, commercial 

stocks of SARS-CoV-2 RNA used in FDA emergency-use authorizations were found to be 

inaccurate and were independently quantified using reverse transcription digital PCR. In 

Chapter 4, a 3D printed meter-mix device was developed for initial processing prior to the 

sample preparation device. In Chapter 5, a 3D printed sample-to-device interface was 

prototyped to facilitate loading multi-volume SlipChip devices with purified template mixed 

with LAMP reactants. In Chapters 6-7, advancements were made for image processing of 

commercial chips to study digital LAMP reactions. In Chapter 8, additional tools were 

developed towards sample-to-answer point-of-care NAAT including a sample preparation 

module, amplification module, cell-phone readout, and automated base station.  
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1 .  C h a p t e r  1 

OVERVIEW 

Background 

The global burden of communicable disease has been estimated at 3.2 billion DALYs 

(disability-adjusted life years) per year for 2017.1 Notable examples of communicable 

disease include ongoing pandemics COVID-192 and HIV/AIDS;3 recent outbreaks of 2014-

2016 Ebola,4 2015-2016 Zika virus,5 and 2009-2010 H1N1 Influenza;6 and ongoing 

challenges including respiratory diseases (Tuberculosis, Pertussis, Measles, etc.), diarrheal 

diseases (Rotavirus, E. coli, Norovirus, etc.), mosquito-borne pathogens (West Nile Virus, 

Dengue, Chikungunya, Malaria, 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 screening response 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 containment approach necessitates testing 

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

scale testing capabilities, even in the most well-equipped countries.  

Diagnosing pathogens is not an effortless endeavor. Communicable diseases 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 ideal diagnostic platform would have the flexibility to 

detect different pathogens in different types of sample matrices. Furthermore, routes of 

transmission also vary by pathogen and include direct contact, indirect contact, respiratory 

droplets, food contamination, 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 human-derived samples should be handled with 

care (e.g. minimum BSL-2). While some pathogens can be easily diagnosed by clinical 

presentation, many pathogens cannot be detected without diagnostics.7 This occurs when 

clinical presentations are shared among diseases, there is a high asymptomatic rate, or there 

exists a long incubation period. 

Accessibility is also a critical factor to consider when evaluating the effectiveness of a 

diagnostic tool. The 2013-2016 Ebola Virus outbreak demonstrated the vital role of 

diagnostics for confirming cases, monitoring disease progression, and resource allocation 

planning. Notably, long transport times (several days) and the lack of rapid diagnostics in 

both resource-rich and resource-limited settings contributed to the initial failure to contain 

the outbreak.8  

In considering the requirements for global-scale testing, the ideal test would be applicable at 

the point-of-care (POC, at the site of sample collection) and in limited-resource settings 

(LRS). Globally distributed testing imposes stringent requirements on diagnostics devices 

that can be summarized by the ASSURED criteria published by the World Health 

Organization.9 The ASSURED criteria stands for affordable, sensitive, specific, user-

friendly, rapid, robust, equipment-free, and deliverable. It is worth taking some time to 

elaborate on each requirement. 

Considering the global nature of pandemics, affordability is required to enable wide-scale 

testing, especially in the most vulnerable populations. The cost of a test must be weighed 

against the benefits, and is typically measured by disability-adjusted life years, or DALYs, 

avoided.10 The advantages of an on-site POC diagnosis include reduced required 

infrastructure, laboratory workload, and turn-around-time. Overall, the patient experiences 

improved quality of care. However, cost comparison of POC tests to centralized laboratory 

testing is a controversial issue. Perspectives vary among patients, insurance companies, 

laboratory employees, and hospital employees.11 While labor costs and the cost per test are 

quantifiable values, improvements 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 and specificity 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 accuracy.12-14 While no test will be 

100% accurate, it is important 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 

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

The ideal POC test would be user-friendly, equipment-free, and deliverable ï an example of 

an ideal POC test (though not designed for disease detection) is the pregnancy test. The 

pregnancy test can be performed in the comfort of oneôs home by an untrained user provided 

with a simple page of instruction. In contrast, many gold-standard diagnostic tests require a 

trained user working in a temperature-controlled laboratory with access to expensive 

equipment.15-17 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 demands. In the recent 

COVID-19 pandemic, we have observed long shipping times, lack of trained personnel to 

process samples, and a shortage of diagnostic testing supplies.18 This has resulted in both a 

shortage of testing and long time-to-results for patients that are tested. 

The ideal POC test should also be robust. This is especially important for globally distributed 

diagnostics because reagents must withstand longer shelf-times, various temperature 

conditions, and operation by untrained users. If the POC test is not sufficiently robust, the 

accuracy and utility of the test would suffer.  

Lastly, the ideal POC should be rapid. This is an important requirement for on-site testing. 

For example, it is highly preferably for a doctorôs office or mobile clinic to test patients 

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 likely it is 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. In recent years, tests have been developed with turn-around time as fast 

as 45 min,19 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 employed test strategies: (1) cell culture, 

(2) protein-based testing (lateral-flow immune assay or enzyme-linked immunosorbent 

assay, LFA or ELISA), and (3) nucleic acid amplification testing (NAAT).  

Cell culture is one of the earliest developed methods of testing, and involves growing the 

target pathogen and 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 testing at the POC.15 

There are two common implementations of protein-based testing: the enzyme-linked 

immunosorbent assay (ELISA) and the lateral-flow immunoassay (LFA). Both of these 

methods rely on antibodies which bind to the target antigen or protein of interest. Usually 

these antigens are peptides displayed on the surface of the pathogen or antibodies developed 

by the host (serology testing). A common concern for protein-based testing is non-specific 

protein adsorption or off-target binding, which leads to low specificity of the assay.20,21 For 

ELISA specifically, assay times are long, and there are many user steps making ELISA 

unsuitable for POC testing.22,23 Meanwhile, the LFA, which is commonly utilized in the off-

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

for many diagnostic applications.24-28 
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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 pathogens, NAAT 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 eliminate inhibitors 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 are specific to the 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 and specificity, 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.29-33 The diagnostics industry has also been developing integrated POC 

NAAT assays, the two most POC-amenable being the Cepheid GeneXpert system and the 

Abbott ID Now.19 Nevertheless, more improvements can still be made to ensure fulfillment 

of all the ASSURED criteria.  

 

Outline 

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

In Chapter 2, I identify extraction buffer carry-over in commercial NA extraction kits as a 

major culprit for inhibition in downstream NA amplification.34,35 I address this concern with 

the addition of a two-phase wash (TPW) which acts to reduce carry-over. By improving 

sample preparation purification, this enables the use of greater volumes of purified eluent, 

thereby improving sensitivity and limit-of-detection of downstream tests.  
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In Chapter 3, I identify a problem with the titer reported for commercial stocks when 

examining the analytical sensitivity of the CDC-recommend RT-qPCR protocol for 

diagnosing SARS-nCoV-2. I used an ultrasensitive and precise assay, reverse transcription 

digital PCR (RT-dPCR), 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% compared 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 NAAT kits.   

In Chapters 4 and 5, I develop tools for solving the sample-to-answer interface problem. 

While much of the published literature has focused on individual components (NA 

extraction, NA amplification, or readout), relatively less work has been shown towards the 

integration of these components. I designed and developed a meter-mix device (Chapter 4) 

which addresses urine sample transfer to a NA extraction device while simultaneously lysing 

the sample (thereby simplifying the NA extraction).36,37 I also designed a 3D printed C-clamp 

(Chapter 5) which facilitated sample loading into glass microfluidic devices for nucleic acid 

amplification.38,39 

In Chapter 6 and 7, I developed MATLAB image processing scripts to automatically analyze 

images of a digital nucleic 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 channel,40 and the second script (Chapter 7) utilized dual-channel 

fluorescence to enable melt-curve analysis.41  

Lastly, in Chapter 8, I describe additional tools developed for integrated sample-to-answer 

NAAT diagnostics.42 In particular, I developed a parallel-filled amplification module for 

conducting lyophilized and multiplexed loop-mediated isothermal amplification reactions 

(LAMP). I designed and developed an automated base station featuring Arduino-controlled 

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

and nucleic acid amplification device. Lastly, I showed a cell-phone 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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2 .  C h a p t e r  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. 2020. Scientific Reports. 10(1940). 

doi:10.1038/s41598-020-58586-3 

 

Abstract 

The success of fundamental and applied nucleic acid (NA) research depends on NA purity, 

but obtaining pure NAs from raw, unprocessed samples is challenging. Purification using 

solid-phase NA extractions utilizes sequential additions of lysis and wash buffers followed 

by elution. The resulting eluent contains NAs and carryover of extraction buffers. Typically, 

these inhibitory buffers are heavily diluted by the reaction mix (e.g., 10x dilution is 1 µL 

eluent in 9 µL reaction mix), but in applications requiring high sensitivity (e.g., single-cell 

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 sample-preparation kits are used following manufacturer 

protocols. At low eluent dilution (2-2.5x) we observed significant reaction inhibition of 

polymerase chain reaction (PCR), loop-mediated isothermal amplification (LAMP), and 

reverse transcription (RT). We developed a two-phase wash (TPW) method by adding a wash 

buffer with low water solubility prior to the elution step. The TPW reduces carryover of 

extraction buffers, phase-separates 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 reproducibility of qPCR, 

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 (RT) to 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 cloning 1,2. NA amplification is 

crucial in highly sensitive applications (few DNA copies) such as single-cells analyses or the 

detection of SNPs, cell-free circulating DNA, or pathogens 3-5. Isothermal amplifications are 

an attractive alternative to PCR that eliminate the stringent temperature cycling requirements 

6. Specifically, loop-mediated isothermal amplification (LAMP) is faster than PCR and is 

especially promising for diagnostic devices in point-of-care settings 7,8. PCR, RT, and LAMP 

typically require purified NAs as a starting template; however, extracting purified NAs from 

raw, unprocessed samples is challenging 9. Though commonly overlooked, the efficient and 

effective extraction of pure NAs is of paramount importance 10. 

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

into the eluent, they can delay or completely inactivate downstream applications such as PCR 

and LAMP 11,12. Inhibitors have also been implicated in failed RT, molecular cloning, and 

sequencing experiments 13-15. We anticipate two potential sources of inhibitors: (1) those 

present in the raw, unprocessed sample and (2) those introduced during the NA extraction 16. 

There have been numerous studies demonstrating the adverse effects of inhibitors in 

challenging sample matrices, such as humic acids, food particles, cellular debris, urine, 

blood, and stool 11,12,17-25. To remove these inhibitors, solid-phase extractions are an effective 

choice because they have been found to yield higher purity compared with other extraction 

methods 19,20,26-29. The two most common solid-phase extraction methods use either spin 
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columns or magnetic beads 28,30. 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 phase is 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 

isopropanol). 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 carried-over extraction buffers at their highest 

concentration. To run a downstream 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 µL 

eluent and 9 µL reaction mix) 31,32, 25x (e.g., 1 µL eluent and 24 µL reaction mix) 33, or more 

34,35. 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 detrimental when the original 

sample has low NA concentrations 3 and/or when high sensitivity is desired. For example, 

single nucleotide polymorphisms 5, cell-free circulating DNA 4, and single-cell analyses all 

require maximizing the concentration of NA loaded into the amplification mix. Maximizing 

NA concentration is also important for infectious disease diagnostics and monitoring the 

water supply, food supply, and environment 32,36-38. For these applications, a higher NA 

concentration could be achieved with a lower dilution (e.g., a 2.5x dilution would be 4 µL 

eluent and 6 µL 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 (e.g., 10 µL eluent and dry reaction mix to make ~10 µL reaction). This 

can be achieved with lyophilization, wherein reagents are freeze-dried to a powder, or other 

approaches for generating dry reaction mixes. The use of dry reagents has additional benefits: 

simple assay protocols, lenient reagent-storage conditions, and long reagent shelf-life, all of 

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

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

concentrations, which may have adverse effects on downstream reactions. 
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Few studies have directly investigated inhibition resulting from solid-phase extraction kit 

buffers 39,40. In this manuscript, we aimed to quantify and reduce inhibition arising from 

buffer carryover in commercial extraction kits from well-known suppliers. We first identified 

that kit buffer carryover is indeed a concern when using low eluent dilutions (Ò2.5x) for both 

commercial silica-column and magnetic-bead 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 modified extraction protocols utilizing an additional two-phase wash 

(TPW) that would integrate easily with the existing manufacturer protocols 41. The TPW is 

a compound with low water solubility, can be added in between the wash and elution steps, 

and phase-separates 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 

eluent 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 qPCR, LAMP, 

and RT assays. 

 

Materials and Methods 

NA Stocks and Primers 

Lambda (ɚ) phage DNA (linear double-stranded 500 µg/mL, N3011L, New England Biolabs 

(NEB)) was purchased from NEB and the stock was quantified at 1.1x1010 cp/µL using 

digital PCR (dPCR). Escherichia coli DNA was extracted from an NEB 5-alpha strain using 

Epicentre QuickExtract DNA Extraction Buffer (Lucigen Corporation,Middleton, WI, 

USA), and the stock was quantified at 1.4 x 107 cp/µL using dPCR. Neisseria gonorrhoeae 

live infectious stock (Z017, Zeptometrix, Buffalo, NY, USA) was resuspended to 5 x 107 

cfu/mL in pre-warmed (37 °C) Hardy Diagnostics FB Broth (K31, Hardy Diagnostics, Santa 



 

 

16 

Maria, CA, USA) and diluted an additional 10-fold in urine to 5 x 106 cfu/mL. Urine 

from healthy human donors (>18 years of age) was acquired and used in accordance with 

approved Caltech Institutional Review Board (IRB) protocol 15-0566. 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 were stored at room temperature and used 

within 1 h of collection. Spiked urine (125 µL) was mixed with DNA/RNA Shield (125 µL) 

and lysis buffer (500 µL) for a total lysed sample volume of 750 µL. Both DNA and RNA 

were extracted simultaneously with a ZR Viral DNA/RNA Kit, and N. gonorrhoeae 16S 

RNA was found to be in over 200-fold excess of 16S DNA as verified by dPCR with or 

without an RT step. All NA stocks were diluted at least 100-fold into all reactions, thereby 

eliminating the effects of any inhibitors that could be present in the NA stock. Lambda 

LAMP primers 42, Lambda PCR primers 43, E. coli 23S rRNA gene LAMP primers 44, E. coli 

23S rRNA gene PCR primers 45, and N. gonorrhoeae 16S rRNA gene PCR primers 46 have 

been previously published and were supplied by Integrated DNA Technologies using 

standard desalting purification. 

 

Kit Extractions 

We tested three different silica-column kits: Zymo ZR Viral DNA/RNA Kit (outdated 

protocol, D7021), Zymo Quick-DNA/RNA Kit (updated protocol, D7021), and the 

QIAquick PCR Purification Kit (28104, Qiagen). For all silica-column kits, fresh collection 

tubes were used after each spin, and 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 protocol 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 µL 

lysed sample was prepared by mixing 125 µL sample with 125 µL Zymo 2x DNA/RNA 

Shield and 500 µL Viral DNA/RNA Buffer. For the Zymo ZR Viral DNA/RNA kit, 750 µL 
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lysed sample was centrifuged for 1 min, 500 µL Zymo Viral Wash Buffer was centrifuged 

for 2 min, and 50 µL nuclease-free water was centrifuged for 30 s into a clean 1.5 mL tube. 

Optionally, either a dry spin or 300 µL TPW was centrifuged for 2 min in between the Viral 

Wash Buffer and elution steps. For the Zymo Quick-Viral DNA/RNA kit, 750 µL lysed 

sample was centrifuged for 1 min, 500 µL Zymo Viral Wash Buffer was centrifuged for 30s, 

an additional 500 µL Zymo Viral Wash Buffer was centrifuged for 30s, 500 µL 200 proof 

ethanol was centrifuged for 1 min, and 50 µL nuclease-free water was centrifuged for 30 s 

into a clean 1.5 mL tube. Optionally, either a dry spin or 300 µL TPW was centrifuged for 1 

min in between the ethanol and elution steps. For the QIAquick PCR Purification Kit, 125 

µL sample was mixed with 625 µL Buffer PB without indicator. 750 µL lysed sample was 

centrifuged for 30s, followed by 750 µL Buffer PE for 30s, a dry spin for 1 min, and 50 µL 

nuclease-free water for 1 min. Optionally, the dry spin was skipped or the dry spin was 

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

We tested the Zymo Quick-DNA/RNA Viral MagBead (R2140). For the Zymo MagBead 

kit, 200 µL sample was mixed with 200 µL Zymo 2x DNA/RNA Shield, 4 µL Proteinase K, 

and 800 µL Zymo Viral DNA/RNA Buffer. 1204 µL was added to each tube, mixed with 20 

µL MagBinding Beads, and placed on an UltraRocker Rocking Platform (1660709EDU, 

Bio-Rad, Hercules, CA, USA) for 10 min at max speed. Tubes were transferred to a 

DynaMag-2 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 addition of 500 µL TPW. In the 

modified protocol for the Zymo MagBead kit, we waited at least one additional minute and 

performed a second aspiration after each aspiration step in the manufacturerôs protocol. 

 

qPCR Mix 

qPCR reactions contained 1X Bio-Rad SsoFast Supermix (1725201, Bio-Rad), PCR primers 

(IDT) at 0.5 µM each, and were supplemented with nuclease-free water up to 10 µL. Each 
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96-well plate (thin-wall clear well, HSP9641, Bio-Rad) was sealed (Microseal B, 

MSB1001, Bio-Rad) and briefly spun in a Mini Plate Spinner Centrifuge (14-100-141, Fisher 

Scientific). Heating and real-time imaging were performed on the Bio-Rad CFX-96 Touch 

Real-Time 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 °C for 20s, and taking a melt-curve analysis. For the E. 

coli DNA dilution experiment, qPCR was run for 60 cycles. Fluorescence readings were 

taken at the end of each extension step. Quantification cycle (Cq) was determined when the 

softwareôs automated baseline corrected fluorescence reached 200 RFU. 

 

LAMP Mix 

LAMP reactions contained the following concentrations of reagents: 1X Isothermal 

Amplification Buffer (20 mM Tris-HCl pH 8.8, 10 mM (NH4)2SO4, 50 mM KCl, 5 mM 

MgSO4, 0.1% Tween-20, B0537S, NEB, Ipswich, MA, USA), an additional 2 mM MgSO4 

(B1003S, NEB), 1.4 mM deoxynucleotide mix (N0447L or N0446S, NEB), 2 µM Invitrogen 

Syto-9 (S34854, Thermo Fisher Scientific), 2 µM Invitrogen bovine serum albumin 

(15561020, Thermo Fisher Scientific), 320 U/mL WarmStart Bst 2.0 (M0538L, NEB), and 

were supplemented with nuclease-free water (not DEPC-Treated, 4387936, Thermo Fisher 

Scientific) up to 10 µL. LAMP primers (Integrated DNA Technologies (IDT), Coralville, 

IA, USA) were designed, ordered, and added at NEBôs recommended concentrations of 1.6 

µM FIP/BIP, 0.2µM F3/B3, and 0.4 µM LoopF/B. Each 96-well plate was sealed and briefly 

spun. Heating and real-time imaging were performed on the Bio-Rad CFX-96 Touch Real-

Time PCR Detection System (1855195, Bio-Rad). Each 96-well plate was cooled to 12 °C 

for 2 min, held at 68 °C for 47 min with 35-second fluorescence read intervals, and we 

performed a melt-curve analysis. For the E. coli DNA dilution experiment, the 68 °C step 

was held for 105 min. Time-to-positive (TTP) was determined when the softwareôs 

automated baseline corrected fluorescence reached 1000 RFU. 
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Buffer Inhibition 

For studying kit buffer inhibitors, LAMP and qPCR reactions were spiked to 5 x 104 cp/rxn 

ɚ phage DNA (NEB) and supplemented with half-log dilutions of either Koptec 200-proof 

ethanol (V1001, Decon Labs, King of Prussia, PA, USA), Viral RNA Wash Buffer 1X 

(R1034-2-48, Zymo Research, Tustin, CA, USA), Buffer PE (19065, Qiagen, Germantown, 

MD, USA), Zymo DNA/RNA Shield 1X (R1200-125), Zymo Viral DNA/RNA Buffer 

(D7020-1-100), or Qiagen Buffer PB (19066) to the appropriate final concentration. For 

selecting the optimal TPW, LAMP and qPCR reactions were spiked with 1 µL of 5 x 104 

cp/ÕL ɚ phage DNA, diluted to 10 µL, and an additional 1 µL was added of either nuclease-

free water, 200 proof ethanol, isopropanol (BP2618-500, Thermo Fisher Scientific, 

Waltham, MA, USA), 1-butanol (3000-04, Mallinckrodt Chemicals), isopentanol (2992-04, 

Mallinckrodt Chemicals), 1-hexanol (H13303-100mL, MilliporeSigma, St. Louis, MO, 

USA), 1-heptanol (H2805-250mL, MilliporeSigma), 1-octanol (SHBH2844V, 

MilliporeSigma), 1-nonanol (131210-100mL, MilliporeSigma), 1-decanol (2397563-50g, 

MilliporeSigma), 1-undecanol (MKCG3271, MilliporeSigma), 2-dodecanol (D221503-5G, 

MilliporeSigma), 5 cSt silicone oil (317667-250mL, MilliporeSigma), or Fluorinert FC-40 

(ZF-0002-1308-0, 3M, St. Paul, MN, USA). 

 

dPCR Mix 

Droplet digital PCR (dPCR) experiments were performed on a Bio-Rad QX200 Droplet 

Digital PCR System (1864001, Bio-Rad). dPCR mixes were made with 1X QX200 dPCR 

EvaGreen Supermix (1864034, Bio-Rad), 200 nM forward primer, and 200 nM reverse 

primer. Eluent was diluted 10x in separate tubes and an additional 10x into the reaction mix. 

All samples were made to 50 µL and duplicates were run by adding 22 µL to two sample 

wells in the DG8 Cartridge for droplet generator (1864008, Bio-Rad). Droplet generation, 

droplet transfer, and foil sealing followed the manufacturerôs instructions. Thermocycling 

took place on a C1000 Touch Thermal Cycler (Bio-Rad) with a pre-melt 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 until droplet analysis. A temperature ramp rate 

of 2C/s was used for temperature transitions. Droplets were read according to the 

manufacturerôs instructions. Analysis thresholds were manually set at the valley between 

negative and positive droplets. Final concentrations 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 mM dNTP Mix, 0.2 µM 

primers, 1U/µL Riboguard RNase Inhibitor (RG90910K, Lucigen, Middleton, WI, USA), 

and 0.15 U/µL WarmStart Rtx (M0380L, NEB). The extracted N. Gonorrhoeae RNA was 

diluted 10x in a separate tube and an additional 10x by adding 2.5 µL into the 25 µL reaction 

mix (100x dilution total). Kit extracts were spiked in the reaction mix by adding either 2.5 

µL (10x) or 12.5 µL (2x). We added water to a total reaction volume of 25 µL. Temperature 

was set to anneal for 5 min at 25 °C, incubate for 10 min at 55 °C, and inactivate for 10 min 

at 80 °C in a C1000 Touch Thermal Cycler (1851196, Bio-Rad). 

 

Results and Discussion 

Establishing the presence and prevalence of inhibitors in buffers 

We first carefully designed an experiment to evaluate the presence, prevalence, 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 samples (Figure 2.9). When extracting from pure water samples, 

we refer to the eluent as the ñkit extract,ò which only contains water and inhibitors originating 
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from buffers in the extraction kits. Here, we tested a centrifugation-based NA extraction 

using a Zymo ZR Viral DNA/RNA Kit and followed the manufacturer's protocol. Next, we 

mixed the kit extract into a qPCR reaction spiked with ɚ phage DNA at either a 10x dilution 

(1 µL kit extract, 0.5 µL template DNA, 5.5 µL reaction mix) or 2.5x dilution (4 µL kit 

extract, 0.5 µL template, 5.5 µL reaction mix). We used heavily diluted purified ɚ phage 

DNA to ensure no inhibition originated from the template. The 10x and 2.5x dilution 

reactions contained different volumes of kit extract, but each had a final volume of 10 µL 

and contained the same concentration of ɚ phage template, ɚ phage primers, and qPCR 

components. We ran qPCR on a thermocycler for 40 cycles while taking readings at the end 

of each cycle. If the kit extracts have no inhibitory effect, we would expect the same 

quantification cycle (Cq) for both reactions. Given the amount of input DNA (5 x 104 copies), 

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 buffer from 

the previous wash either mixes with the eluent (top dashed box in each panel) or 

phase separates (bottom dashed box in each panel) when the two-phase wash (TPW) 

is used. (c) Inset graph shows a qPCR run spiked with 5 x 104 copies ɚ phage DNA 

and ɚ phage primers into which we added Zymo ZR ñkit extract.ò (When extracting 

from pure water samples, we refer to the eluent as the ñkit extract,ò which only 

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

graph compares the reaction 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 nucleic-acid 

extraction step. Inhibition is similarly observed for magnetic bead extraction kits. 

N.D. stands for not detected. We ran 6 extractions (3 silica columns x 2 conditions) 

and used the same kit extract to make the high- and low-dilution conditions. 

 

Using the centrifugation sample-preparation protocol (Figure 2.1a) and a 2.5x dilution of kit 

extract, amplification in qPCR was completely inhibited (Figure 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 was that the 2.5x 

dilution (4 µL kit extract) contained four times the concentration of buffer compared with 

the 10x dilution (1 µL kit extract). This result led us to conclude that carryover of inhibitory 

buffers is inhibiting the qPCR reaction. 

We suspect that carryover 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 step (Figure 2.1a). This could occur due to physical 

entrapment, surface tension, or physicochemical interactions with either 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/inhibitors and carry them into the final eluent. 

We emphasize that for a standard elution volume of 50 µL water, even low volumes of 

carryover may correspond to a sufficiently inhibitory percentage of buffer in the eluent. For 

example, 500 nL buffer carryover corresponds to 1% buffer in the eluent and 2.5 µL 

corresponds to 5% buffer in the eluent. 

Buffer carryover also occurred when using magnetic-bead extraction. In these protocols, 

magnetic beads that bind to NAs in the appropriate buffer conditions are added to the sample. 

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 clean tube. 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 

the eluent when using the standard manufacturer protocols. Below (section ñTPW validation 

for magnetic-bead extractionsò), we explicitly examine the extent of buffer carryover for 

magnetic-bead extractions using low and high dilutions of eluent. 

We hypothesized that 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 final elution (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 carryover and improve 

downstream assay performance. In our study (Figure 2.1c), incorporating the TPW 

recovered qPCR (2.5x dilution of kit extract) and provided the expected 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 qPCR and LAMP. We selected extraction buffers 

from a Zymo viral DNA/RNA kit and a Qiagen PCR purification kit. We chose these 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 concentration at which each buffer 

inhibits qPCR and LAMP. First, we added buffers at half-log dilutions (from 10% down to 
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0.032%) into ɚ phage spiked qPCR or LAMP reactions (1 µL diluted buffer, 1 µL template, 

8 µL reaction mix). We were also curious to see whether qPCR and LAMP were affected 

differently by inhibitors. We expected differences between the two amplification methods 

because qPCR amplification is temperature-gated, whereas LAMP amplifies continuously. 

Previous literature on this topic shows ñmixed results;ò many studies have shown that LAMP 

is more robust than PCR in the presence of inhibitors, 47-50 whereas others have shown that 

inhibition of PCR and LAMP depends on which inhibitor was used 40. 

We found that all extraction buffers were inhibitory to both types of reactions, but at different 

concentrations (Figure 2.2). As a control, for each kit, we ran the protocol with 0% buffer 

and found amplification with qPCR to yield a Cq 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 PE; Figure 2.2a-c,g-l) were less 

inhibitory than lysis buffers (Zymo DNA/RNA Shield, Zymo DNA/RNA Viral Buffer, and 

Qiagen Buffer PB; Figure 2.2d-f,j -l). For qPCR, we observed a statistically significant (P < 

0.05) Cq delay of at least 0.5 cycles for wash buffer concentrations starting at 10% (Figure 

2.2a-c, Table 2-1) and for lysis buffers starting between 0.32 ï 1% (Figure 2.2d-f, Table 

2-2). For LAMP, we observed a statistically significant (P < 0.05) TTP delay of at least 0.5 

min for wash buffer concentrations starting at 1ï3.2% (Figure 2.2g-i, Table 2-3) and for 

lysis buffers starting at 0.32ï3.2% (Figure 2.2j -l, Table 2-4). These results imply that the 

extent of inhibition on qPCR and LAMP reactions is inhibitor-dependent, which may help 

explain the ñmixed resultsò in the literature. 

Next, we observed the presence of inhibitors at very low concentrations using melting 

temperature (Tm), as compared with Cq, TTP, or endpoint fluorescence (Figure 2.10-13). 

Interestingly, we observed that the presence of extraction buffers raised or lowered the Tm 

of the DNA product even at very low concentrations (1% - 3.2% for ethanol buffers, 0.32% 

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

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

inhibition from NA extraction kit buffers.  

Quantification cycles (Cq) for qPCR or time to positive (TTP) for LAMP spiked with 

5 x 104 copies ɚ phage DNA and primers with increasing concentrations of extraction 

kit buffers. For ethanol dilutions (a,g), three separate amplification mixes were each 

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

(b-f, h-l) shared the same set of three amplification mixes (same 0% condition), and 
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each amplification mix was combined with 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 shading indicates when inhibition (>0.5 cycles or 

>0.5 min) was observed according to changes in Cq or TTP. 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 effects of buffer-related inhibition in samples containing low NA 

concentrations. For applications requiring high sensitivity (e.g., single-cell sequencing, cell-

free circulating DNA, SNP genotyping, and diagnostics), amplification reactions are often 

run at or near the 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 from buffer 

carryover would be stronger for these low NA samples (and detected as delayed Cq or TTP). 

Additionally, it has been recorded that PCR reactions with different primers and targets can 

respond differentially to inhibitors 11. To ensure the inhibitory effects we saw with ɚ phage 

DNA were not specific to just the set of DNA and primers we used, we ran this experiment 

using Escherichia coli DNA and E. coli primers. 

With qPCR, we found that the cycle delay as a result of buffer inhibitors was higher at lower 

NA concentrations (Figure 2.3a,b). We started with a medium concentration of target (5 x 

104 E. coli 23S copies) and tested 4-fold dilutions down to 0.05 copies with either control 

(no inhibition) or in the presence of 1% Zymo Viral DNA/RNA Buffer. We chose 1% lysis 

buffer because we had found 1% lysis buffer to be weakly inhibitory, and we suspected 

inhibition may worsen with decreasing DNA concentration.  

Our control reactions matched our expectations; we found 5 x 104 copies yielded a Cq of 

19.55 ± 0.04, the cycle increased by ~2 for every 4-fold dilution, and we detected the target 
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down to 3 copies. Compared with the 1% lysis buffer condition, we found that the reaction 

for the highest concentration (5 x 104 copies) was greatly impaired by 4.65 ± 0.13 (95% CI: 

4.33 ï 4.97) cycles (Figure 2.3b). The delay worsened and variance increased as the NA 

concentration was decreased. At 3 copies/rxn, there was an 8.45 ± 0.94 (95% CI: 6.11 ï 

10.79) cycle delay and all three triplicates amplified, but we needed to increase the number 

of cycles in this experiment in order to detect the delayed Cq. Our results showed that the 

presence of lysis buffer caused a decrease in the amplification efficiency with each cycle. 

This conclusion was also supported by the shallower amplification curves (Figure 2.15). 

 

 

Figure 2.3: (a-b) qPCR and (c-d) LAMP experiments targeting E. coli 23S rRNA 

gene, which shows increased impact of reaction inhibition at low NA 

concentrations. 

(a) qPCR and (c) LAMP spiked with 4-fold dilution series of E. coli 23S rRNA gene 

copies and comparing with and without Zymo Viral DNA/RNA Buffer. Each bar 
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represents the average of technical qPCR 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 zoomed-in graphs of (b) 

qPCR and (d) LAMP. Numbers above each pair of bars indicate the difference in 

either Cq 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 result of buffer inhibitors was higher at lower 

NA concentrations (Figure 2.3c,d). Because LAMP was more sensitive to inhibitors than 

qPCR, we compared the control to 0.32% lysis buffer. The control reaction TTP was 7.61 ± 

0.08 min at 5 x 104 copies 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 

qPCR (amplification for 3 or fewer copies was stochastic). The addition of 0.32% lysis buffer 

caused a 0.95 ± 0.06 (95% CI: 0.80 ï 1.10) min delay in TTP at the highest concentration (5 

x 104 copies/rxn), which increased as the E. coli DNA concentration was lowered to a 1.76 

± 0.19 (95% CI: 1.29 ï 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, indicating a loss in analytical 

sensitivity that was not observed with qPCR. 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 affected (Figure 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 existing protocols. 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 non-inhibitory or (1b) it would not transfer to downstream assays such as 
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qPCR or LAMP, (2) it would remove previous washes from the column by an appropriate 

combination of solid-liquid and liquid-liquid interfacial properties and solubility of 

inhibitory components, and (3) it would not prematurely elute NAs from the column. We 

directly investigated criterion 1a by performing qPCR and LAMP reactions. We spiked 

reactions with ɚ phage DNA, diluted up to 10 µL, and we added an additional 1 µL of 

different wash buffer candidates to a total of 11 µL. As additional wash candidates, we tested 

increasing chain lengths of primary alcohols (or secondary alcohols if the primary form was 

unavailable), 5 centistokes (cSt) silicone oil, and FC-40 fluorocarbon oil (Figure 2.4a,b). As 

an experimental control, we tested a ñNo Additiveò condition, which was a 10 ÕL reaction 

with optimized reaction conditions and no inhibitors. To control for the effects of a 1 µL 

dilution on the reaction, we also tested a ñWaterò condition which was an 11 µL reaction 

with no inhibitors. 

The ñNo Additiveò control case showed a qPCR Cq of 20.09 ± 0.01 cycles (95% CI: 20.07 ï 

20.12) and a LAMP TTP of 6.54 ± 0.05 min (95% CI: 6.42 ï 6.66). We note that 1 µL in 11 

µL is a large fraction of the reaction mix (~9%), so we are overestimating buffer carry-over 

concentrations compared to normal operating conditions. The ñWaterò control showed no 

delay for qPCR and a 0.55 min delay for LAMP due to the dilution of LAMP reactants. For 

both qPCR and LAMP reactions, we found that long-chain alcohols with Ó 9 chain lengths, 

silicone oil, and FC-40 were non-inhibitory for qPCR (within 1 cycle) and LAMP (within 1 

min) compared to the ñNo Additiveò condition (Figure 2.4a,b). Octanol showed delays for 

qPCR (3.54 cycle difference) and LAMP (4.63 min difference), and only 2 out of 3 replicates 

amplified for qPCR. All alcohols with Ò 8 chain lengths either had delayed amplification or 

the reaction was completely inhibited. Because long-chain alcohols, silicone oil, and FC-40 

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

These non-inhibitory wash candidates (long-chain alcohols, silicone oil, and FC-40), which 

we refer to as TPW, have low solubility in water (Table 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 result of reduced 
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interactions with the aqueous solution, the TPW is less toxic to downstream reactions. In 

LAMP reactions with added alcohols (Figure 2.4b), we also noticed that the TTP delay 

decreased as the solubility decreased (from 1-octanol to 2-dodecanol). The 1-octanol had the 

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

octanol mostly occupied its own phase, some 1-octanol dissolved in the aqueous phase and 

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

solubility TPWs matched the ñNo Additiveò condition rather than the ñWaterò condition, 

implying the reaction mix was not diluted by the 1 µL of added TPW. 

 

 

Figure 2.4: Identifying the most effective TPW in (a) qPCR and (b) LAMP 

reactions and subsequent validation of 1-undecanol as a candidate TPW with 

(c) qPCR and (d) LAMP at low eluent dilutions. 

TPW candidates for (a) qPCR and (b) LAMP reactions were spiked with 5 x 104 

copies ɚ phage DNA and primers, made to 10 ÕL, and 1 ÕL of each wash candidate 

was added to yield 11 µL total. The number 2 next to the 1-octanol bar indicates that 

only two of the three replicates amplified. The dashed lines show the Cq or TTP of 

the uninhibited 10 ÕL ñNo Additiveò control. (c) qPCR with 2.2x diluted eluent and 

(d) LAMP with 2x diluted eluent on a ɚ phage DNA sample extracted with a Zymo 

Quick-Viral DNA/RNA kit. Protocol was performed according to manufacturer 

instructions as provided or with an additional TPW (+1-undecanol) between the 
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ethanol wash and elution steps. Each bar represents the average of technical 

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

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

were not detected within either 40 cycles or 40 min. NTC, no-template control. (a,b) 

We asked whether TPW candidates fell within the 99% CI of the ñNo Additiveò 

control (qPCR: 20.01-20.17, LAMP: 6.25-6.83) with outliers indicated with a *. (d) 

We asked whether the average TTP was statistically different between the 

manufacturer protocol and the +1-undecanol condition using a t-test. 

 

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 NA extraction with or without TPW and adding the resulting eluent 

into qPCR and LAMP (Figure 2.4c,d). Of our TPW candidates, we selected 1-undecanol for 

further evaluation because (i) it was non-inhibitory for qPCR and LAMP reactions and (ii) 

as an alcohol, 1-undecanol may function similarly to ethanol- or isopropanol-based washes. 

In these experiments (testing criteria 1b and 2), we first diluted a commercially purified ɚ 

phage DNA sample to 2.5 x 106 copies and ran an NA extraction using the Zymo Quick-

DNA/RNA Viral Kit. We either followed the manufacturer protocol or added an additional 

300 µL 1-undecanol wash in between the Viral Wash Buffer and elution step. Using the 

manufacturerôs protocol, the resulting eluent is approximately 49 ÕL, but with the added 

TPW the resulting eluent is approximately 48 µL aqueous phase and ~1-2 µL 1-undecanol 

phase. Because we wanted to emphasize any potential inhibitory effects, we used a low 

dilution of eluent. For qPCR, we diluted 2.2x by adding 4.5 µL of eluent, 0.5 µL primers, 

and 5 µL qPCR reaction mix. For LAMP, we diluted 2x by adding 5 µL eluent, 0.5 µL 

primers, and 4.5 µL 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 downstream reactions (criterion 1b). The ~1-2 µL 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 the 1-undecanol TPW greatly improved qPCR and 

LAMP performance at low dilution (Figure 2.4c-d). Without the inclusion of the TPW, 

qPCR run at low dilution of eluent, and following the manufacturerôs NA extraction protocol 

led to failed amplification in all 9 samples. However, with the TPW, the reaction completely 

recovered with a Cq of 18.46 ± 0.22 cycles. For LAMP and low dilution, we found that the 

manufacturer protocol amplified in 6.78 ± 0.17 min, whereas our modified TPW protocol 

amplified in 6.00 ± 0.04 min (Figure 2.4d). Not only was there a 0.78 min reduction in TTP 

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

we concluded there was reduced carryover of previous washes (criterion 2). 

To confirm our result that the 1-undecanol TPW with low eluent dilutions led to significant 

improvements in qPCR and LAMP, we repeated this experiment twice more and found 

similar results. In total (Figure 2.4-5), we ran 27 reactions (9 columns) following the 

manufacturer protocol and compared to 27 reactions (9 columns) with the added 1-undecanol 

wash. Each set of 3 columns showed a statistically significant (p < 0.01) difference 

comparing with and without 1-undecanol wash (p < 0.01) for qPCR and LAMP. For qPCR 

(triplicate) with the manufacturer protocol, we found 2/27 reaction wells with Cq between 

18-22 cycles, 3/27 wells were delayed by 4 or more cycles, and 22/27 wells did not amplify. 

Of the 5 wells that amplified, the average Cq and standard deviation was 28.6 ± 9.2 cycles. 

Meanwhile, adding the 1-undecanol wash resulted in 25/27 wells with Cq between 18-22 

cycles, 2/27 wells with a delayed Cq, and all reactions amplified. The average Cq with the 

added 1-undecanol wash was 19.7 ± 2.5 cycles. We emphasize that in addition to more 

samples amplifying, we found that the Cq dropped and the measured variance among samples 

was reduced, thereby 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 all 

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 specific to 1-undecanol or TPWs in general 

(Figure 2.5a,b,d,e). For this experiment, we chose 2-dodecanol because it is the longest 
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chain alcohol we tested, and 1-octanol because it is the shortest chain alcohol for which 

both qPCR and LAMP still amplified (Figure 2.4a,b). We expect 2-dodecanol to perform 

similarly to 1-undecanol because they are compositionally similar, and both were previously 

found to be non-inhibitory for qPCR and LAMP (Figure 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 FC-40 to evaluate nonalcoholic forms of TPW. The result of our 

study found that all five TPW candidates outperformed the manufacturer protocol. In qPCR 

reactions, 7/9 reactions amplified with 2-dodecanol wash, 5/9 for 1-octanol, 5/9 for silicone 

oil, and 4/9 for FC-40, whereas without the TPW (following the manufacturer protocol) 

amplification often failed (5/27). For LAMP, all TPWs conditions amplified with a faster 

TTP than manufacturer protocol. (P < 0.01).  

We hypothesize 1-undecanol and 2-dodecanol performed best (greatest number of 

successfully amplified qPCR reactions and faster LAMP TTPs) because these two TPW 

candidates met all of our criteria (1a. non-inhibitory, 1b. low transfer to downstream assays, 

2. remove previous wash, and 3. do not elute NAs). Meanwhile, we hypothesize 1-octanol 

performs slightly worse because 1-octanol is inhibitory to qPCR and LAMP (criterion 1a). 

However, these inhibitory effects are minimal because 1-octanol phase-separated from the 

eluent and, as a result, only a small volume of 1-octanol was carried-over into the 

downstream reactions (criterion 1b). Lastly, we observed that both silicone oil and FC-40 

demonstrated slightly worse performance than the other TPW candidates. A potential 

explanation for the poor performance of silicone oil and FC-40 is that during the TPW step, 

the alcohols mixed with the previous ethanol-based wash, whereas silicone oil and FC-40 

did not (Table 2-8). As a result, this allows the alcohol-based TPWs to dilute and more 

effectively cleanse droplets of ethanol 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 qPCR (a,d), 2x dilution in LAMP (b,e), and 100x dilution in digital 

PCR (dPCR) (c,f). 

Samples were spiked with 2.5 x 106 copies ɚ phage DNA and extracted in 50 ÕL 

water with a Zymo Quick-Viral DNA/RNA kit. We compared each manufacturerôs 

protocol (Manuf. protocol) with the same protocol plus an additional TPW of either 

1-undecanol, 1-octanol, 2-dodecanol, silicone oil, or FC-40. To observe inhibition, a 

low eluent dilution was used in qPCR and LAMP with ɚ phage primers. To get a 

highly accurate quantification of NAs (for comparing 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 qPCR or LAMP technical triplicates 
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(black circles) or single dPCR measurements. We ran 24 extractions (3 silica columns 

x 8 conditions) and the same eluent was used to run the qPCR, LAMP, and dPCR 

analyses. Where shown, numbers above a bar indicate the number of samples which 

amplified if not all triplicates were detected. Dashed lines (panels c 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. (a-f) For each of 

the five TPW candidates, we asked whether the mean value was statistically different 

from the manufacturer protocol by t-test. N.S. stands for not significant (P > 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 elution or incomplete elution) 

(Figure 2.5c,f). For this experiment, we used a 100x dilution to reduce buffer concentrations 

to non-inhibitory levels followed by digital 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 than 15,000 individual reactions. We merged the 

results from both experiments and used the Poisson distribution to calculate the final 

concentration using Bio-Radôs QuantaSoft analysis software. We normalized all dPCR 

concentrations to the average concentration of the 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 similar NA recovery between manufacturer protocol and TPW 

conditions, whereas low dilutions resulted in stark differences for both qPCR and LAMP, 

further confirming that inhibitors are responsible for delays in Cq and TTP. 

 

TPW validation for different kits with high 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 amplification between high eluent dilution (10x) 

and low eluent dilution (2x or 2.5x). We evaluated Zymoôs kit D7021 using either the newer 

protocol (Zymo Quick-DNA/RNA Viral Kit) or the older protocol (Zymo ZR Viral 

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

three wash steps (two viral wash buffers and one ethanol wash), whereas the Zymo ZR kit 

has one viral wash buffer step. By default, the Zymo kits do not include a ñdry spin.ò The 

Qiagen QIAquick uses a different set of buffers, has one wash step, and by default includes 

a ñdry spin.ò In this experiment, all kits extractions were performed on pure water (there are 

no NAs during the extraction, Figure 2.9) to ensure we were only evaluating the effects of 

buffer inhibitors. The subsequent qPCR and LAMP reactions were then spiked with 5 x 104 

ɚ DNA copies. As a control, water was added to qPCR or LAMP (rather than kit extract) to 

represent the best-case reaction without inhibitors (ñNo Extractò). 

We did not observe inhibition at 10x dilution following manufacturer protocols (Figure 2.6), 

which confirmed that the standard 10x or more dilution into qPCR and LAMP prevents the 

inhibitory effects we see at lower dilutions. With a 10x dilution, we noticed that the ñNo Dry 

Spinò condition using the Qiagen kit with LAMP resulted in ~1 min delay. We note that the 

Qiagen kit manufacturer protocol requires the dry spin. Without the dry spin, we noticed the 

Qiagen kit extract had substantially more volume (~65 µL) than when the dry spin was 

included (~49 µL). This implies ~16 µL (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 µL with or ~49 µL without). 

 

TPW validation for different reaction mixes with high and low dilution 

To understand how different reaction mixes respond to buffer carry-over, we compared 

NEBôs SsoFast mix to NEBôs Luna mix and our manually prepared LAMP mix to NEBôs 
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pre-made LAMP mix. Using a Zymo Quick-DNA/RNA Viral Kit for extractions, we 

found that the Luna mix amplified at a 2.2x dilution of kit eluent, whereas 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 inclusion of the TPW improved 

downstream assay performance, recovering amplification for the SsoFast mix and reducing 

the Cq from 19.1 to 18.4 cycles for the Luna qPCR assay. The manually prepared LAMP mix 

performed similarly to the pre-made LAMP kit, and again the TPW improved performance 

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

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

protocols on pure water samples using (a-c) qPCR and (d-f) LAMP.  

All reactions were spiked with 5 x 104 copies ɚ phage DNA and primers. By 

manufacturer protocol, the (a,d) Zymo Quick-DNA/RNA Viral Kit and (b,e) Zymo 

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

qPCR or LAMP measurement. We ran 27 silica-column extractions (3 silica columns 

x 3 conditions x 3 extraction protocols), and the kit extract was shared between high 

and low dilutions of both qPCR and LAMP. Dashed lines show the Cq or TTP for a 

reaction without inhibitors (ñNo Extractò). Samples marked N.D. were not detected 
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within either 40 cycles or 40 min. (a-f) We asked whether the manufacturer protocol 

replicates (ñNo Dry Spin for Zymo kits, ñ+dry spinò for Qiagen kit) fell within the 

95% CI of the corresponding +1-undecanol condition for the low kit extract dilution 

case. The number of replicates that lie outside the 95% CI were indicated by the 

number of *s. 

 

However, when we used 2x or 2.5x dilutions, we observed significant inhibition (Figure 

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

dry spin was added (Figure 2.6a,b), contradicting Zymoôs ñno buffer contaminationò claim. 

For the Qiagen kit (Figure 2.6c) and qPCR, the dry spin performs quite well, matching the 

No Extract control. With the Zymo kits and LAMP (Figure 2.6d,e), there are delays when 

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

the Qiagen kit and LAMP (Figure 2.6f), we observe total reaction inhibition without the dry 

spin and 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 concentrations to 

non-inhibitory levels. 

Lastly, we used our modified protocol utilizing 1-undecanol TPW and found substantially 

improved performance, even at low dilutions of the kit extract. We calculated the 95% 

confidence interval (C.I.) for each 1-undecanol condition 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 qPCR) or substantially improved 

performance (Zymo ZR and Zymo Quick qPCR, all LAMP conditions). The most drastic 

improvement is for the Zymo ZR kit and qPCR, which failed to amplify with the 

manufacturer protocol but completely recovered when we added the TPW (Figure 2.1c is a 

subset of Figure 2.6b showing ñNo Dry Spinò and ñ+1-undecanolò). Given the dramatic 

improvements and ease of adding the TPW, we recommend silica-column 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 alternative for 

ethanol-based washes (Figure 2.16). As a comparison, we used the Zymo ZR kit, which only 

has one wash step (viral wash buffer). We either replaced the viral wash-buffer step with 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, and non-alcohol washes (silicone oil 

and fluorocarbon oil) led to failed amplifications. 

 

TPW validation for magnetic-bead extractions 

We next tested whether TPW would improve magnetic bead extractions. Sur et al. previously 

found that transferring magnetic particles through a hydrophobic liquid effectively reduced 

PCR inhibitors 51. 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 RT-qPCR, the IPF method showed no statistical difference in detected 

copies compared to commercial kits for HIV-1 spiked into plasma, Chlamydia and 

Gonorrhea spiked into urine, and proviral HIV-1 DNA integrated with peripheral blood 

mononuclear cells in whole blood. Another previous study conducted by Berry et al. 

described the IFAST (immiscible filtration assisted by surface tension) device 52, and further 

analyzed their method by examining surface tensions and energies associated with the 

aqueous phase, immiscible 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 qPCR. A schematic of the magnetic-bead 

protocol is shown in Figure 2.1b. Using a Zymo Quick-DNA/RNA MagBead Extraction kit, 

we started with 1 x 106 copies ɚ DNA and eluted with 50 µL. By default, the protocol requires 
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a 10 min air dry step to allow residual ethanol from the wash 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 a 1-undecanol TPW. At 10x dilution into qPCR (Figure 2.7a), 

omitting the dry step has no effect. Adding the 1-undecanol TPW led to a 1.1 cycle delay, 

which corresponds to a decrease in NA extraction efficiency (Figure 2.7c) rather than an 

inhibitory delay. At 10x dilution into LAMP (Figure 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 samples performing worse by qPCR and 3 of 3 

manufacturer protocol non-detects.  

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 shown (Figure 

2.7), the three extractions had approximately 30 µL, 24 µL, and 22 µL of 1-undecanol 

carryover as measured by pipette. We found that following the initial 1-undecanol aspiration, 

a significant volume of 1-undecanol remains stuck to the magnetic beads and walls of the 

tube. To improve NA yield, we developed a modified protocol in which we aspirate the 1-

undecanol, wait at least 1 min, and aspirate any remaining 1-undecanol that slid down the 

tube due to gravity. This modification led to high yield of NAs after TPW for 1-undecanol 

(Figure 2.7c) and for other compounds (Figure 2.17). 
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Figure 2.7: Evaluating TPW for compatibility with Zymo Quick -DNA/RNA 

MagBead extraction with (a) qPCR, (b) LAMP, and (c) dPCR. 

Extraction performed on 1 x 106 ɚ phage DNA copies with either a 10 min air dry 

(Manuf. protocol), no air dry, or with the air dry replaced by a TPW (+1-undecanol) 

step. The resulting eluent is spiked at either high dilution or low dilution into (a) 

qPCR 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 extraction protocol with a +1-

undecanol wash using a high-yield protocol from a separate experiment (normalized 

to the no TPW control in that experiment). Bars represent single qPCR and LAMP 

or the merged result from a duplicate dPCR measurement. Dashed line in dPCR (c) 

indicates the average NA recovery following manufacturer protocol. We ran 9 

extractions (3 magnetic-bead extractions x 3 conditions), and the eluent was shared 

among qPCR, LAMP, and dPCR analyses. Samples marked N.D. were not detected 

within either 40 cycles for qPCR or 40 min for LAMP. (a-b) 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 indicated by the number of *s.  
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Figure 2.8: Measurement of reverse transcription (RT) efficiency on Neisseria 

gonorrhoeae RNA using 16S rRNA gene primers with (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 post-transcribed 

RT mix. (c) We asked whether RT yield comparing with and without TPW was 

statistically different using a t-test. 

 

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 

scenarios, 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 from N. gonorrhoeae, a pathogen with clinical and diagnostic 

relevance (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 100-fold to reduce the 

concentration of inhibitors. Separately, we ran kit extractions on pure water samples for all 

previously examined NA extraction kits. We combined RNA with kit extractions into RT 

reactions containing WarmStart Rtx, NG 16S rRNA PCR primers, and other reaction 

components. We emphasize that all reactions contained equal concentrations of RNA, and 

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

the ñNo Extractò condition, we added either 1 µL or 5 µL water. Following RT, 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 investigate the effects of buffer inhibition on RT alone (whereas with 

a 1-step RT-dPCR reaction, it is difficult to determine whether inhibition affects RT or 

dPCR). We observed a clear trend: using kit extracts while following manufacturer protocols 

led to a reduction 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 qPCR or LAMP (Figure 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 kit extract into the RT reaction (Figure 

2.8b). These results were further confirmed with greater sample size in a separate experiment 

for 2x dilution of kit extract into RT reaction (Figure 2.8c). We found that the TPW 

significantly improved the efficiency of the RT reaction. 

 

Conclusions 

In this chapter, we evaluated how the buffers from solid-phase silica-column centrifugation 

and magnetic-bead extraction kits are carried over into the eluent and inhibit downstream 

amplification reactions. Using kits from leading manufacturers, we repeatedly observed that 

as expected, a high (10x) dilution of eluent showed little to no inhibition of qPCR or LAMP 

reactions. However, carried-over extraction buffers caused delays or completely inhibited 

amplification and reverse transcription at low (2ï2.5x) dilutions of eluent. We observed 

reaction inhibition using two different silica-column centrifugation kits (3 protocols: Zymo 

ZR, Zymo Quick, Qiagen QIAquick) and a magnetic-bead kit (Zymo MagBead) when using 

the manufacturer protocols. 
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We reduced the inhibition due to carryover 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 

qPCR and LAMP at low eluent 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 

(reduced delays in Cq or TTP) reactions. The addition of the TPW also improved the 

efficiency of RT reactions. 

Furthermore, TPW improved reproducibility of amplification reactions by reducing Cq and 

TTP variations between measurements (Figure 2.7a, 2.2x dilution), and at low target 

concentrations leading to more repeatable detection (Figure 2.7b, 2x dilution). 

Reproducibility is an important aspect of nucleic-acid assays in biological research and 

diagnostic assays. Given the high degree of sensitivity of reactions to levels of carryover 

(Figure 2.2), especially at low target NA concentrations (Figure 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 sensitivity 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 commercial extractions kits and a range of nucleic-acid 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 nucleic-acid target. 

However, TPW is inexpensive and easy to incorporate into both silica-column (one 

additional spin) and magnetic-bead extractions (one additional aspiration), and therefore we 

encourage researchers and commercial suppliers to test TPW in their specific workflows and 

protocols. In particular, we expect to use the TPW extraction in combination with lyophilized 

reagents, which requires no dilution, and is highly desirable for point-of-care diagnostics. 
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Finally, the TPW will enable the field to develop new methods of sample preparation, such 

as pressure- or vacuum-based 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 some compounds originating from the sample by removing them from 

the solid phase. For example, long-chain alcohols might remove nonpolar compounds better 

than traditional wash buffers (ethanol or isopropanol). This hypothesis remains to be tested 

in future work. Furthermore, we anticipate that improved eluent purity from the added TPW 

would enable high-sensitivity analyses that were previously difficult or impossible because 

high dilution of eluent has been the de facto standard. 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 single-cell sequencing, cell-free circulating DNA analyses and SNP 

detection, and molecular diagnostics. 

 

Data Availability Statement 

Full dataset available through CaltechDATA, DOI: 10.22002/D1.1298; 

https://data.caltech.edu/records/1298 
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Supporting Information  

Kit extractions on ñpure waterò 

Typically, it makes sense to run controls with nucleic acids (NAs) spiked into the sample 

prior to the NA extraction step. However, in our ñpure waterò experiments we wanted to 

observe the effects of buffer carry-over independently of NA yield. We subsequently ran NA 

extractions on ñpure waterò samples to obtain eluent containing buffer carry-over (kit 

extract). We then used the original ñpure waterò sample as the non-inhibited control and 

compared to the kit extract (elution from kit extraction performed on pure water) in NA 

spiked downstream reactions. This approach was used to generate Figure 2.1c, Figure 2.6, 

and Figure 2.8. 
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Figure 2.9: Example protocol used for experiments performed on ñpure water.ò 

 

Full data set for buffer inhibitors in qPCR and LAMP 

Figure 2.10-13 show the full data set for buffer dilutions in qPCR and LAMP. The A-C 

panels of each figure (providing Cq and TTP data) were presented in the main text. Changes 

in the endpoint RFU were highly concordant with changes in Cq or 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 2.10: (a-c) Cq, (d-f) endpoint fluorescence, and (g-i) melting temperature 

for qPCR on 5 x 104 ɚ phage DNA copies in the presence of ethanol, Zymo Viral 

Wash Buffer, or Qiagen PE Buffer. 

Gray background indicates an average Cq delay of at least 0.5 cycles, RFU decrease 

of at least 500 RFU, or a melting temperature change of at least 0.5 °C compared 

with the 0% buffer condition.  
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Figure 2.11: (a-c) Cq, (d-f) endpoint fluorescence, and (g-i) melting temperature 

for qPCR on 5 x 104 ɚ phage DNA copies in the presence of Zymo DNA/RNA 

Shield, Zymo Viral DNA/RNA Buffer, or Qiagen PB Buffer. 

Gray background indicates an average Cq delay of at least 0.5 cycles, RFU decrease 

of at least 500 RFU, or melting temperature change of at least 0.5 °C compared with 

the 0% buffer condition. 
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Figure 2.12: (a-c) TTP, (d-f) endpoint fluorescence, and (g-i) melting 

temperature for LAMP on 5 x 104 ɚ phage DNA copies in the presence of 

ethanol, Zymo Viral Wash Buffer, or Qiagen PE 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 least 0.5 °C compared with 

the 0% buffer condition. 
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Figure 2.13: (a-c) TTP, (d-f) endpoint fluorescence, and (g-i) melting 

temperature for LAMP on 5 x 104 ɚ phage DNA copies in the presence of Zymo 

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 least 0.5 °C compared with 

the 0% buffer condition. 

 

TPW validation for different reaction mixes with high and low dilution 

We compared NEBôs SsoFast EvaGreen Supermix to NEBôs Luna Universal qPCR master 

mix and a manually prepared LAMP mix to NEBôs pre-made WarmStart LAMP Kit. For the 

SsoFast mix, we used 500 nM primers (NEB recommended 300-500 nM), and for the Luna 
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mix we used 250 nM primers (NEB recommendation). The same primer concentration 

was used for the manually prepared LAMP mix and NEBôs pre-made mix. For the LAMP 

comparison, the lowest possible dilution was 2.86x because NEBôs pre-made LAMP mix 

required 65% of the reaction volume (WarmStart LAMP 2X master mix, 50x fluorescent 

dye, primers). 

 

 

Figure 2.14: Evaluation of extraction buffer inhibition on different assays and 

improvements due to the addition of a TPW. 

We compared the (a) NEB SsoFast mix to the (b) NEB Luna mix, and we compared 

a (c) manually prepared LAMP mix to an (d) NEB pre-made LAMP mix. Kit eluent 
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was obtained by performing a Zymo Quick-DNA/RNA Viral Kit on 2.5 x 105 copies 

ɚ phage DNA and eluting with 50 µL water. The left side of each graph shows high 

dilution and the right side shows low dilution. We ran six silica-column extractions 

in total, and the same kit extract was shared among the high and low dilutions of all 

assays. Samples marked ñN.D.ò indicate not detected within either 40 cycles (qPCR) 

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 centrifuge +TPW condition (indicated by number of *). 

 

Buffer inhibitors in qPCR and LAMP 

We note that 3.2% Qiagen PE Buffer in LAMP caused a large delay (6.0 min æTTP), but 

this difference does not measure as statistically significant by t-test. This is due to a bias 

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

standard deviation. If we exclude the non-detect from the analysis (rather than assigning the 

non-detect to a value of 46.7 min), the t-test measures a P-value of 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 generalizable (e.g. could be primer or reaction mix dependent).  

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

The average and standard deviation were calculated from 9 replicates. The æCq is 

calculated by subtracting 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 a 1-tailed unequal variance t-test compared to the 

water condition (0%). A * indicates a delay of at least 0.5 cycles and P-value <0.05. 

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

PE = Qiagen PE Buffer. 
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Table 2-2: Summary of lysis buffer dilutions for qPCR. 

The average and standard deviation were calculated from 9 replicates. The æCq is 

calculated by subtracting 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 a 1-tailed unequal variance t-test compared to the 

water condition (0%). A * indicates a delay of at least 0.5 cycles and P-value <0.05. 

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

 

 

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

The average and standard deviation were calculated from 9 replicates. The æTTP is 

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

water condition (0%). A positive value indicates a cycle delay. P-values were 

calculated by a 1-tailed unequal variance t-test compared to the water condition (0%). 

A * indicates a delay of at least 0.5 min and P-value <0.05. Non-detects were 

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

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

The average and standard deviation were calculated from 9 replicates. The æTTP is 

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

water condition (0%). A positive value indicates a cycle delay. P-values were 

calculated by a 1-tailed unequal variance t-test compared to the water condition (0%). 

A * indicates a delay of at least 0.5 min and P-value <0.05. Non-detects were 

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

 

 

 

Inhibitory effects on NA amplification curves 

We observed that qPCR reactions with lysis buffer (Figure 2.15a, dashed lines) had lower 

amplification efficiency with each cycle compared with reactions lacking lysis buffer 

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

causes a delay in the Cq and a reduction in the endpoint fluorescence intensity. Meanwhile, 
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LAMP reactions with lysis buffer experienced an initiation delay, but the amplification 

rate and endpoint fluorescence intensity were not strongly affected (Figure 2.15b). 

 

 

Figure 2.15: (a) qPCR 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 qPCR we used 1% lysis buffer, and for LAMP we used 0.32% lysis buffer. Time-

to-positive (TTP) threshold of 200 RFU for qPCR or 1000 RFU for LAMP is drawn 

as a dotted black line. Legend indicates the number of E. coli 23S rRNA gene 
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copies/rxn. The qPCR amplification curves correspond to the experiment in Figure 

2.3 of the main text. 

 

TPW screen with qPCR and LAMP 

Table 2-5: TPW screen with qPCR. 

æCq calculated by subtracting the ñNo additiveò control from each condition. 

 

Table 2-6: TPW screen with LAMP. 

æTTP calculated by subtracting the ñNo additiveò control from each condition. 
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Solubility table and ethanol phase separation for TPW candidates 
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Table 2-7: Solubility table for two-phase wash (TPW) candidates 

 

 

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

A ñ2ò denotes phase separation into 2 distinct phases, whereas a ñ1ò forms a single 

phase. VWB stands for Zymo Viral Wash Buffer, which contained 80% ethanol 

(v/v). 
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Evaluating a 3-step centrifugation extraction with TPW 

We wanted to see whether in some cases the TPW could be considered as an alternative 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 three centrifugation steps: lysis 

(sample, shield, lysis buffer), wash (ethanol-based viral wash buffer), and elution (water). 

We either followed the manufacturer protocol or replaced the viral wash buffer with a dry 

spin, ethanol, or TPW (Figure 2.16). We added 5 µL of the resulting eluent to 5 µL of LAMP 

reaction mix and amplified at 68C. Eluent from the manufacturer protocol amplified in 5.7 

min. The dry spin did not amplify, which is expected because lysis buffer was not removed 

by any wash steps, and lysis buffer is very inhibitory for LAMP. A 100% ethanol wash 

performed slightly better (earlier TTP) than the viral wash buffer, and both 1-octanol and 2-

dodecanol outperformed the wash buffer. Meanwhile, eluent from the silicone oil and FC-40 

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 oil wash. This 

demonstrates that 1-octanol and 2-dodecanol remove lysis buffer from the column. The 

simplicity of a 3-step protocol (bind, wash, elute) is compatible with point-of-care devices 

(few steps), and could be useful for applications with relatively clean samples. 
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Figure 2.16: Evaluation of TPW as a potential alternative to ethanol-based viral 

wash buffer in a Zymo ZR kit. 

(a) LAMP reaction with 2x dilution 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 and dPCR reactions. No template 

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

 

Evaluating a low-carryover, high-yield MagBead protocol 

The manufacturer protocol for the Zymo Quick-DNA/RNA Viral MagBead Kit led to 

significant extraction buffer carryover (as shown in Figure 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 from the magnetic 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 shown in Figure 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 overall, such that qPCR began to work even at low dilutions (whereas when run 

using the standard manufacturer protocol, we saw inhibition). The addition of the TPW 

further improved LAMP at low dilutions. Finally, NA recovery improved to 75-100%, 

achieving our 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, adding a 10-min dry step, and 

adding the TPW. For an approach balancing performance and assay time, we recommend 

following the manufacturer protocol, replacing the 10-min 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) qPCR, (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 x 106 ɚ phage 

DNA copies. Low and high eluent dilutions evaluated by qPCR and LAMP. A 100x 

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

and LAMP reactions or merged duplicate dPCR measurements. We ran 21 

extractions (3 magnetic-bead extractions x 7 conditions), and the same eluent was 

used in qPCR, LAMP, and dPCR analyses. 
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Statistical analysis methods 

Confidence intervals were calculated assuming the populations to be normally distributed 

and using a t statistic. For buffer inhibition experiments, statistical analysis was performed 

by a 1-tailed unequal variance t-test (N=9) comparing the water condition (control) to each 

buffer concentration (H1: the mean is delayed). For the subsequent experiments, we used a 

2-tailed unequal variance t-test (H1: the means are different). Non-detects were assigned the 

maximum possible Cq measurement of 40 cycles or a TTP of 46.7 min to indicate the lack of 

amplification. Although this approach introduces some bias into the analysis, we believe this 

is the best representation for handling non-detects (other alternatives include excluding the 

non-detects or assigning non-detect values to the average of those that amplified). 

There are many potential sources of experimental variation (e.g. column-to-column, day-to-

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 dilutions, columns, 

technical qPCR/LAMP assays). A 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, we 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.g. 

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 are numerous 

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

kits, sequencing, etc.).  
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3 .  C h a p t e r  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.F. Ismagilov. 2020. medRxiv. pre-print. doi: 10.1101/2020.04.28.20077602  

 

Abstract 

In response to the rapidly evolving COVID-19 pandemic, the U.S. Food and Drug 

Administration (FDA) has rapidly issued 49 emergency use authorizations (EUAs) for 

SARS-CoV-2 in vitro diagnostic test-kits. A critical metric in the performance evaluation for 

a diagnostic 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 examining the 

analytical sensitivity of the reverse transcription quantitative PCR (RT-qPCR) 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 Resources (BEI), 

and extracted genomic RNA from BEI. We detected 3/3 positives for reactions containing 

synthetic RNA at a concentration of 0.1 copies/reaction (based on the supplierôs label 

concentration). The apparent better-than-single-molecule performance is a statistically 

highly unlikely event, indicating a potential inaccuracy in the supplierôs quantification of the 

stock material. Using an ultrasensitive and precise assay, reverse transcription digital PCR 

(RT-dPCR), we independently quantified concentrations of commercial SARS-CoV-2 

plasmid DNA and SARS-CoV-2 RNA stocks. For plasmid DNA, the actual concentration 
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measured by RT-dPCR was 11% of the nominal label concentration. For synthetic RNA, 

the actual concentration measured by RT-dPCR for one lot was 770% of the label 

concentration, and for a different lot was 57% of the label concentration. For genomic RNA, 

the concentration measured by RT-dPCR for one lot was 240% of the label concentration, 

and for a different lot it was 300% of the label concentration. This SARS-CoV-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 inaccurate quantification 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 assays by diagnostic developers and 

regulatory bodies. 

 

Introduction  

As of April 27, 2020, the COVID-19 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 

SARS-CoV-2 (the virus that causes COVID-19) 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) secretary declared that circumstances exist justifying the authorization of emergency 

use of in vitro diagnostics for detecting SARS-CoV-2.[3] Since then, the U.S. Food and Drug 

Administration (FDA) has fast-tracked 49 Emergency Use Authorizations (EUAs) for 

SARS-CoV-2 test-kit 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 limit-of-detection (LOD), which is the 
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concentration of target analyte that can be consistently detected at least 95% 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 diagnostic test kits for SARS-CoV-2 RNA 

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

We obtained SARS-nCoV-2 plasmid DNA from IDT, synthetic SARS-nCoV-2 RNA from 

BEI, and genomic RNA from SARS-nCoV-2, isolate USA-WA1/2020 from BEI. In a well-

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 (RT-qPCR) protocol recommended by the Centers for 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 LODs obtained with the three 

SARS-CoV-2 NA stocks by performing our own quantification of each stock concentration 

using a highly sensitive digital quantification method, reverse transcription digital PCR (RT-

dPCR).[6, 7] 

 

Results and Discussion 

Half-log dilutions of NA stocks in RT-qPCR 

We first performed half-log dilutions on each SARS-CoV-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 CDC-recommended RT-qPCR protocol (Figure 

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. Contrary to these expectations, we observed that both RNA stocks 

outperformed the DNA stock. The first non-detects (reactions failing to amplify) appeared at 
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3.16 copies/reaction for plasmid DNA (Figure 3.1A), at 0.0316 copies/reaction for 

synthetic RNA (Figure 3.1B), and at 0.316 copies/reaction for genomic RNA (Figure 3.1C). 

We also observed lower Cq values for synthetic RNA compared with genomic RNA at the 

same input dilution (using the supplierôs label concentration). 

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 better-than-single-

molecule assay performance. An RT-qPCR reaction requires a minimum of 1 RNA copy as 

a template to exponentially amplify and generate a detectable signal. Better-than-single-

molecule assay performance is highly unlikely based on statistics. Using the Poisson 

distribution,[8] which accounts for the stochasticity in loading a reaction well, when loading 

a solution into a well at an average target RNA concentration of 0.1 copies/reaction, there is 

a ~9.5% chance that a reaction well actually contains at least one RNA copy. If testing a set 

of 3 reaction wells, the probability that all 3 wells contains at least one RNA copy each drops 

to 0.086% (0.0953). 

 

Figure 3.1: Better-than-statistically-likely performance of reverse-transcription 

quantitative PCR (RT-qPCR) protocol recommended by the CDC using half-

log dilution series of SARS-CoV-2 nucleic-acid targets. 

Plots show number of quantitation cycles (Cq) for half-log dilutions 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 controls (n=24) did not amplify after 80 cycles. 

 

Re-quantification of NA stocks with RT-dPCR 

To resolve the differences in LOD and understand the apparent better-than-single-molecule 

performance of the CDC assay, we re-quantified the NA stocks using an RT-dPCR protocol 

(Bio-Rad dPCR EvaGreen Supermix with added WarmStart Rtx (NEB) (Figure 3.2). We 

first ran 16 no-template controls and measured an average background concentration of 1.9 

± 1.0 copies/µL. 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 RT-dPCR to be 4.9 copies/µL. To quantify 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 with RT-dPCR.[10] We then took the 

concentration obtained from the RT-dPCR measurement, subtracted the background 

concentration, and multiplied the result by the dilution factor to calculate our RT-dPCR 

measured stock concentration.  

We ran a dilution series for each SARS-CoV-2 NA stock. For plasmid DNA (IDT, lot 

508528), we observed that all RT-dPCR quantifications were systematically lower than the 

concentration we expected from the supplierôs label concentration, except when our 

measurements dropped below the assay detection limit (Figure 3.2A). To further validate 

our results, we performed 2 additional dilutions down to what should have been 633 

copies/µL. Of the three measurements taken at 633 copies/µL, two were performed using 

RT-dPCR, and the third was performed using dPCR (no reverse transcription). The RT-

dPCR measurements were 69 and 66 copies/ µL, and the dPCR measurement was 65 

copies/µL. 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 quantification, we used the highest concentration that 

we tested to quantify the stock concentration. Using the dilution for which we expected 2000 
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plasmid DNA copies/µL, we actually measured 220 copies/µL. From this measurement, 

we calculated a stock concentration of 2.2x104 copies/ÕL, which is 11% of the supplierôs 

label concentration of 2x105 copies/µL.  

For synthetic RNA (BEI, lot 70033953), we observed that all RT-dPCR quantifications were 

systematically higher than the supplierôs label concentration of 5x105 copies/µL (Figure 

3.2B). We performed two additional dilutions (three in total) down to what should have been 

6.33 copies/µL and observed that all three values were higher than expected (54, 67, and 66 

copies/µL). In a separate experiment, we performed dPCR (no reverse transcriptase) 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/µL (based on the label concentration), we 

actually measured 15,000 copies/µL. From this measurement, we calculated a stock 

concentration of 3.9x106 copies/ÕL, which is 770% of the supplierôs label concentration of 

5x105. 

For genomic RNA (BEI, lot 70033700), we observed that all RT-dPCR quantifications were 

systematically higher than the supplierôs label concentration of 5.5x104 copies/µL (Figure 

3.2C). We performed two additional dilutions (three in total) down to what should have been 

6.33 copies/µL and observed that all three values were higher than expected (19, 15, and 23 

copies/µL). The genomic RNA in a dPCR (no reverse transcription) experiment also 

measured below the background signal. Using the dilution for which we expected 63.3 

copies/µL, we actually measured 155 copies/µL. From this measurement, we calculated a 

stock concentration of 1.3x105 copies/ÕL, which is 240% of the supplierôs label 

concentration of 5.5x104. 
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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 half-log dilutions of the label 

concentrations (triangles) based on supplier-reported 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 repeated twice more 

for the 633 copies/µL dilution with plasmid DNA and the 6.33 copies/µL 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 no-template controls plus 3 standard deviations of the 

background signal (99.7% confidence).[9] 

 

We next investigated potential differences among lots of stock SARS-CoV-2 RNA. We 

obtained an additional lot of synthetic RNA (lot 70034198) 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/µL and measured the 

concentration with RT-dPCR (n=1). The synthetic RNA stock (lot 70034198) measured 38 

copies/µL. From this, we calculated a concentration of 1.7x105 copies/µL, which is 57% of 

the label concentration of 2.9x105 copies/µL.  We note that lot 70034198 was much closer 

(57%) to the label value as compared with lot 70033953 (770%). The genomic RNA stock 

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

concentration of 1.4x105 copies/µL, which is 300% of the label concentration of 4.8x104 
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copies/µL. We found that the RT-dPCR measurements for genomic RNA stocks were 

similarly higher (240% for lot 70033700, 300% for lot 70033320) than the supplierôs label 

concentration. 

 

Dilutions of NA stocks in RT-qPCR with RT-dPCR correction 

Next, we selected concentrations near the LOD for each NA stock, and reran RT-qPCR with 

greater sample size (N=10 for each of three dilutions of each stock, Table 3-1). If we use the 

suppliersô label concentrations to understand the RT-qPCR results, we observed large 

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 turned positive 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 single-molecule 

detection). By Poisson distribution, we would expect 1 out of every 5x1013 wells to be 

negative at this concentration.  

If we instead use our RT-dPCR measured concentrations to understand our RT-qPCR results, 

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

concentrations of plasmid DNA (lot 5208728), synthetic RNA (lot 70033953), and genomic 

RNA (lot 70033700) were measured by RT-dPCR 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 is a 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 by RT-dPCR to be near 1 copy/reaction with an 

expected value of 63% positives, we observed 30%, 80%, and 60% positives. Lastly, for the 

lowest tested concentrations measured by RT-dPCR 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 CDC-recommended RT-qPCR protocol. 

Each nucleic acid stock was diluted, and we selected 3 different concentrations to 

spike into RT-qPCR reaction wells (10 replicates for each condition). Measured 

concentrations were used to convert the label concentrations based on the RT-dPCR 

measurements reported in Figure 3.2. Positives were counted as detected if they 

amplified within 40 cycles. No-template controls (N=6) did not amplify after 80 

cycles. 

 

Conclusions 

In this chapter, we observed vast discrepancies in the analytical sensitivity of the CDC-

recommended RT-qPCR protocol based on which commercial NA stock was used. 

Performing an ultrasensitive digital PCR method, RT-dPCR, revealed there are likely errors 

in the supplier-reported concentrations. Specifically, using RT-dPCR, the measured 

concentration of plasmid DNA (IDT, lot 508728) was 11% of the label concentration. For 

synthetic RNA (BEI), the measured concentration by RT-dPCR was 770% of the label 

concentration for lot 70033953, whereas it was 57% of the label concentration for lot 

70034198. For genomic RNA (BEI), the measured concentration by RT-dPCR was 240% of 
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the label concentration for lot 70033700 and 300% of the label concentration for lot 

70033320. An underreporting 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 in 

vitro diagnostics being considered for regulatory approvals and mass production. 

The inaccurate quantification of the SARS-nCoV-2 genomic RNA concentration is 

concerning because our analysis of EUA documents indicated that this RNA stock (BEI, NR-

52285) has been used in at least 11 EUAs: Lyra SARS-CoV-2 Assay, Abbott RealTime 

SARS-CoV-2 assay, AvellinoCoV2 test, NxTAG CoV Extended Panel Assay, NeuMoDx 

SARS-CoV-2 Assay, COV-19 IDx assay, BioGX SARS-CoV-2 Reagents for BD MAX 

System, ARIES SARS-CoV-2 Assay, Logix Smart Coronavirus Disease 2019 (COVID-19) 

Kit, Smart Detect SARS-CoV-2 rRT-PCR Kit, BD SARS-CoV-2Reagents for BD MAX 

System, and Curative-Korva SARS-Cov-2 Assay.[4] We note that the GeneFinder COVID-

19 Plus RealAmp Kit and the STANDARD M nCoV Real-Time Detection Kit both 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 (ours included), and it 

is virtually impossible to obtain a ñtrueñ count of an underlying NA concentration. 

Nevertheless, it is possible to come close using an assay which yields the highest NA 

concentration, has low background, and produces statistically plausible results. For this, here 

we have successfully used ultrasensitive digital RT-dPCR.  We suggest that RT-dPCR or a 

similarly improved methodology is implemented for quantification of all RNA stocks used 

for SARS-CoV-2 assays being submitted for emergency use authorization or equivalent 

regulatory approval.  We also encourage independent evaluations of in vitro 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 control (2019-nCoV, research-use only) was purchased from Integrated 

DNA Technologies (IDT; Coralville, Iowa, USA; Cat#148365270, Lot 0000508728; 2x105 

copies/µL). Quantitative Synthetic RNA from SARS-Related Coronavirus 2, NR-52358 (Lot 

70033953, 5x105 genome equivalents/µL; Lot 70034198, 2.9x105 genome equivalents/µL) 

and Genomic RNA from SARS-Related Coronavirus 2, Isolate USA-WA1/2020, NR-52285 

(Lot 70033700, 5.5x104 genome equivalents/µL; Lot 70033320, 4.8x104 genome 

equivalents/µL) were obtained from BEI Resources (Manassas, VA, USA). All stocks were 

aliquoted and stored at -80 C. For all dilution series, an aliquot was thawed and serially 

diluted in 1x TE buffer with 0.05% Tween-20 in 1.5 mL DNA LoBind Tubes (USA 

Scientific Incorporated; Ocala, FL, USA).   

RT-qPCR 

qPCR was performed using protocol recommendation from the CDCôs Real-Time RT-PCR 

Panel for Detection of 2019-Novel Coronavirus.[12] Briefly, 5 µL TaqPath 1-Step RT-qPCR 

Master Mix (ThermoFisher Scientific, Waltham, MA, USA) was added to 1.5 µL combined 

primer/probe mix (N1; Lot 0000509022 from IDTôs 2019-nCoV CDC qPCR Probe Assay), 

and 8.5 µL nuclease-free water. Master-mix was added to a 96-well plate (thin-wall clear 

well, HSP9641, Bio-Rad), and 5 µL of template was mixed by pipette in individual wells. 

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

Plate Spinner Centrifuge (14-100-141, Fisher Scientific) to bring down droplets. 

Thermocycling and real-time imaging were performed on the Bio-Rad CFX96 Touch Real-

Time PCR Detection System (Bio-Rad 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 transcription droplet digital polymerase chain reaction 

(RT-dPCR). Reaction mix contained 1X Bio-Rad EvaGreen ddPCR Mix, 200 nM forward 

and backward COVID primers (N1 primers purchased from IDT, re-suspended in NF-

H2O),[13] 1 U/µL Riboguard RNase inhibitor (Lucigen Corp., Madison, 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. All samples were made to 50 ÕL, and duplicates were run by adding 22 ÕL to two 

sample wells in the DG8 Cartridge (1864008, Bio-Rad). Dilutions were quantified using the 

QX200 droplet digital PCR system (Bio-Rad), and droplet generation, droplet transfer, and 

foil sealing followed manufacturerôs instructions. Thermocycling took place on a C1000 

Touch Thermal Cycler (Bio-Rad) with an RT step at 55 ÁC for 10 min, pre-melt at 95 ÁC for 

3 min, 40 cycles of 95 ÁC for 30 s, 60 ÁC for 30 s, and 68 ÁC for 30 s, and a stabilization at 

4 ÁC for 5 min, 90 ÁC for 5 min, and a hold at 12 ÁC until droplet analysis. A temperature 

ramp rate of 2 ÁC/s was used for temperature transitions. Droplets were read according to 

manufacturerôs instructions. Analysis thresholds were manually set to 10,000. Final 

concentrations were determined using the merge setting on the QuantaSoft analysis software 

(Bio-Rad). Measured stock concentrations were calculated by subtracting background 

(signal average of 16 no-template controls) and multiplying by the dilution factor. 
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Abstract 

This chapter evaluates the potential of 3D printing, a semi-automated additive prototyping 

technology, as a means to design and prototype a sample-to-device interface, amenable to 

diagnostics in limited-resource settings, where speed, accuracy, and user-friendly design are 

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

amplification. Two plungers and a multivalve generated and controlled fluid flow through 

the device and demonstrate the utility of 3D printing to create leak-free seals. Device 

operation consists of three simple steps that must be performed sequentially, eliminating 

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 device. We employed multi-material 

3D printing technology, which allows composites with rigid and elastomeric properties to be 

printed as a single part. To validate the meter-mix device with a clinically relevant sample, 

we used urine spiked with inactivated Chlamydia Trachomatis and Neisseria 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 with the meter-mix device, showing the 3D-printed device could 

accurately meter, mix, and 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, 

modularity and rapid prototyping illustrate the utility of 3D printing for developing sample-

to-device interfaces for diagnostics. 

 

Introduction  

We evaluate multi-material 3D printing for the design and prototyping of an interlock meter-

mix device that meters and 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 with minimal restrictions. The emerging technological capabilities of 3D 

printing bring exciting advancements in the fabrication of micro- and macrofluidic devices, 

enabling architectures that would be difficult with conventional fabrication techniques such 

as soft lithography.1,2 A primary advantage of 3D printing is the ability to rapidly prototype 



 

 

90 

and iterate new designs, without needing to tool expensive molds.3 3D printing reduces 

the design and prototyping time from weeks and months down to hours and days, making 

prototyping more cost-effective and therefore more accessibleðparticularly for research labs 

where needs may change frequently. Because 3D printing is semi-automated, it minimizes 

assembly time, the requirements for labor, and reproducibility issues, therefore reducing 

many of the barriers that currently prevent some research labs from prototyping complex 3D 

parts.2 The customizable design files generated in computer-aided design (CAD) software 

can be easily modified in coordination with experiments. 3D-printed 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 requirements.4 In combination, all of 

these advantages make 3D printing attractive for prototyping fluidic devices relevant to lab-

on-a-chip and diagnostics fields.  

The sample-to-device interface for diagnostics is a critical component of nucleic acid 

amplification testing (NAAT) in LRS, and remains an unsolved challenge.5,6 Many 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.7 To be useful in clinical practice in POC or LRS, the entire NAAT workflow 

should be fully automated, user-friendly (without training or pipetting steps to meet CLIA-

waiver), rapid, equipment-free, sensitive, and specific. To equip a portable device with 

complete sample-in to answer-out functionality requires the 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 cannot be asked 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, and could benefit such devices being developed in research 

labs, including our own.8-11 Precise metering is especially critical in NAAT testing of 

sexually transmitted diseases (STDs), such as Chlamydia trachomatis (CT) and Neisseria 

gonorrhoeae (NG).12 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.13 The Centers for Disease Control and Prevention (CDC) estimates 20 million 

new STD infections per year in the US, accounting for $16 billion in healthcare costs.13 The 

CDC now recommends NAAT for CT/NG diagnosis14 because these tests are sensitive, 

accurate, and use non-invasive 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 LRS- or POC-compatible NAAT diagnostic device. A method for doing so 

is subject to the following constraints: (i) meter a precise volume of urine with <5% 

coefficient of variation (CV), (ii) 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 these operations quickly, in a user-

friendly, equipment-free manner that minimizes potential user errors, and (v) maintain the 

sensitivity and specificity of the overall assay (no loss of nucleic acids to 3D-printed surfaces, 

contamination, or leachates).  

Here, we evaluate the capabilities of multi-material 3D printing to design and prototype a 

single-use disposable macrofluidic device that meets the above constraints. We also discuss 

the advantages and disadvantages of 3D printing as a research tool for device development. 

Multi -material printing, wherein different materials are combined into a single printed part, 

offer expanded capabilities, so we chose to specifically investigate multi-material 3D 

printing as a tool for building sample-to-device interfaces. We have previously demonstrated 

the utility of multi-material printing in the development of a pumping lid for interfacing with 

microfluidic devices,15 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 use multi-material 

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

plungers used within our device. 
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Results and Discussion 

Interlock design and meter-mix device operation 

To operate the meter-mix device (see ESIÀ video), the user performs three simple steps: 1. 

insert urine suction tube into patient sample and pull urine plunger; 2. remove from patient 

sample and slide multivalve; and 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 operations 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 movement of the lysis 

buffer plunger (Figure 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. Pulling up on the 

urine plunger also releases the interlock that was blocking the multivalve (Figure 4.1B-C). 

The user then slides the multivalve, which disconnects the 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 pre-stored on the device. By pre-storing the lysis buffer on device, we 

eliminate many manual pipetting steps and reduce user error.16 The sliding of the multivalve 

also creates openings for the urine plunger interlock and the lysis buffer 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 buffer through the static mixer (Figure 

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

The meter-mix device is composed of eight assembled parts: 1. main enclosure, 2. lysis 

buffer plunger, 3. urines plunger, 4. two plunger stoppers, 5. multivalve, 6. urine suction 

tube, 7. static mixer elements, and 8. static mixer case (Figure 4.2). All parts were designed 

using 3D CAD software (Solidworks 2015 Education Edition) and fabricated using an Objet 

260 multi-material 3D printer (Stratasys, Eden Prairie, MN, USA). We judiciously selected 

two semi-transparent photopolymer materials, Veroclear and TangoPlus, corresponding to a 

rigid plastic, analogous to poly(methyl methacrylate) (PMMA), and a 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. All of 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 

unique design iterations. In the Figure 4.2 demonstration, which shows the entire device 

assembly and operation, 1150 µL 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 dye solutions were run 

through the device and combined to form a green mixed solution (Figure 4.2D). 

 

Figure 4.1: Schematic overview of the design and operation of the 3D-printed 

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

buffer. 

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

is preloaded into the lysis buffer chamber, where the topmost position of the lysis 

buffer plunger (left, grey) is pre-determined by stoppers (tan). The urine plunger 

interlock rod (right, beige) is positioned within the multivalve, 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 simultaneously removing 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 step, the 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 a top-down 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 for the flow of a solution.   

 

Designing and prototyping leak-proof 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 Multi-jet 3D printing to generate materials 

jointly composed of hard plastic (Veroclear) and soft rubber-like material (TangoPlus). We 

used multi-material printing for fabricating both plungers and the multivalve. The challenge 

with creating leak-proof connections is determining the appropriate dimensions, overlap, and 

the ratio of soft:hard material to create a strong leak-proof 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 8 mm diameter 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 diameter plunger 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 and mixing 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 each hole for the inlets and outlets. The multivalve was 2.7 mm thick, with 0.54 mm 

TangoPlus (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 and sliding, 

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

chambers, and the multivalve). 

 

Figure 4.2: Photographs of 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 volume of 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 through 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 

underside of 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 prototypes of the 

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-mix device. When the device 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 assembly. In this way, the end-user 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 variability. One 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 of dead-volume: urine lost in 

the suction tube, urine lost in the 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 meter-mix 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 dead-volume of the urine suction tube was taken into account 

while modifying the positions of the plunger stoppers. It should be noted that dead-volume 

can be reduced by changing the design of the suction tube as required. For our meter-mix 

device, we were concerned with dead volumes of urine remaining in the urine chamber and 

the static mixer, which could contribute to differences in the volumes of urine ejected 

between runs. In particular, a user who sees liquids trapped in the static mixer may be inclined 

to shake the meter-mix device, introducing error which affects the accuracy of downstream 

quantitative processes. To remove this dead volume, we leave a pocket of air that sits above 

the lysis buffer 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 in the suction tube is incorporated into the device during the aspiration step). These 
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two pockets of air produce a blow-out 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 gravity to surface 

tension), to be a guiding parameter.17 The 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 one end, a bubble contained within will not 

rise if Bo < 0.842.17 Thus, in our meter-mix 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 urine suction 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 high 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 increasingly difficult to 

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 the urine chamber. 

We tested the Bretherton prediction using 3D-printed parts. A simple plunger system was 

designed along with suction tubes of varying diameters. In multi-material 3D printing, the 

printing of support material can be avoided for some geometries and configurations. We 

printed straight suction tubes 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 multi-material 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 the device, 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 the opposite opening. A discrepancy between parts of the model in contact with 

the build plate and open to air is not an exclusively multi-material 3D printing characteristic, 

but is common to many types of 3D printers. Care was taken to always use the side of the 

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 3D-printed tubes of varying 

diameter. 

 

To test the prediction, we 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 real-world user experience where the user bumps the device. 

We found that there was general agreement between bond number and the Bretherton 

prediction (Table 4-1). Using water, for bond number <= 0.416, no bubbles entered the 

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 Bretherton prediction at 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 initially entered the tube, the liquid-air 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), once the ethanol-air 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 

pocket of air for blow-out, we selected a suction tube diameter of 2.3 mm in the final design. 

The surface tension of urine from healthy patients ranges from 48ï70 mN/m.18 Using the 

low value of surface tension at 48 mN/m, a density of 1.01, and a 2.3 mm diameter gives 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 operation. 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 

cross-sectional area of the channels and outlet valves should also be maintained at the 2:1 

ratio to obtain the flow resistance and corresponding volumetric flow rate. Our device was 

designed with 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 prematurely or after all of the 

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

lead to inaccuracies during downstream quantification, and unlysed bacteria are a biohazard. 
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To address these concerns, we slightly overfilled the lysis 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 examine inter-device variability, we tested three different 

device prototypes each run in triplicate (Table 4-2). There was no significant difference 

among devices for aspiration volume (P = 0.46) or the volume expelled (P = 0.44). Sample 

aspiration was found to accurately meter ~790 µL (<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 and the static mixer. We found that pushing the plunger down 

over the course of 1ï2 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 greater volumes of liquid remained in the device, resulting in reduced ejection volumes 

(~1350 µL). In real-world applications, it is important to minimize differences resulting from 

user operation. Future designs can address the issue of plunger speed affecting dead volume 

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 solution and comparing 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 meter-mix 

device. 

 

 

Static mixer design and mixing evaluation 

To simplify user experience and eliminate mixing by pipetting or vortexing, we designed an 

on-device Kenics static mixer (KMS), a common mixer used for a variety of industrial 

applications.19 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 static mixer is 

composed of alternating left- and right-hand 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 wall to the center. Each element 

splits and recombines streams of flow, rapidly homogenizing the fluid, similar to mixing by 
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chaotic advection in moving plugs.14,20,21 We designed a KMS static mixer composed of 

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

the requirements of removing support material from 3D-printed 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 elements and the 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 dimensions than the other 

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 elements with the 

matte finish (Figure 4.3A). The static mixer elements and the static mixer case were cleaned 

separately and assembled carefully because the static mixer elements were very prone to 

breaking (Figure 4.3BïD). 

To evaluate mixing quality, a starch iodine-thiosulfate decolorization was used. The 

decolorization reaction is a preferred method to evaluate mixing because any pockets of 

unmixed regions will be visible.22 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 1:1.4) can be used.23-25 For the meter-mix 

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 sodium thiosulfate was preloaded into the lysis buffer chamber. The 

device mixed the two solutions within the first three to four elements (Figure 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 3D-printed part, we also show the static mixer element fully filled 

and while mixing with a solution that does not cause decolorization. We ran the meter-mix 

device with starch iodine indicator loaded into both chambers (Figure 4.3E) and in a separate 

experiment with starch iodine loaded into the urine chamber and water loaded into the lysis 

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

the meter-mix device (EïG). 

(A) Freshly printed static mixer elements before cleaning. (B) Static mixer elements 

after a 15 min cleaning step to remove support material. (C) Static mixer case. (D) 

Assembled static mixer with elements inserted into case. (E) Iodineï starch indicator 

loaded into both chambers and ejected through the static mixer. (F) Iodineïstarch 

indicator mixing with water to show a dilution. (G) Iodineïthiosulfate de-colorization 

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

 

Function and biocompatibility 

We evaluated the meter-mix device for compatibility with a routine nucleic acid extraction 

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 3D-printed surfaces, and the potential 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 µL lysis buffer 

and aspirated urine spiked with 104 cells/mL of either C. trachomatis (CT) or N. gonorrhoeae 

(NG) through the suction tube. The multivalve was slid, and 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 in parallel, with 1100 µL lysis buffer and 500 µL spiked 

urine (see Table 4-2) metered by a pipettor and the solution mixed by vortex. We also ran 

no-template controls containing clean urine for both on and off-device conditions. After 

mixing, all samples were processed in parallel according to the manufacturer's instructions 

using the QIAamp Viral RNA Mini kit (recommended for purification of bacterial DNA 

from urine). Following extraction, nucleic acid concentrations were compared using routine 

quantitative polymerase chain reaction (qPCR) with primers previously evaluated for the 

detection of C. trachomatis26 or N. gonorrhoeae.27 The threshold cycle for vortex 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 analysis. No-template 

negative controls showed no amplification after 35 cycles. 
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Figure 4.4: qPCR 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 

Meter-mix 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 viscous silicone 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 plunger 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 diameter of the urine 

suction tube (4.5 mm) sized 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 µL 0.5% 

(v/v) green food color dye (The Kroger Co., Cincinnati, OH, USA) diluted in deionized water 

was aspirated 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 pre-tared conical tube to obtain the mass of the solution ejected 

from the device. The resulting solutions were well-mixed 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 UV-vis spectrophotometer (Nanodrop 2000c, Thermo 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. 

 

Iodine-thiosulfate decolorization reaction 

Iodine, starch indicator, and sodium thiosulfate solutions were prepared according to the 

Handbook of Industrial Mixing.22 Briefly, 1150 µL sodium thiosulfate nonahydrate (0.5 mM, 

ThermoFisher Scientific, Waltham, MA, USA) was loaded into the the lysis buffer chamber. 

Starch indicator was prepared by adding 100 mg starch, soluble potato, powder (J.T. Baker, 
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Center Valley, PA, U.S.) and 20 g potassium iodide to 10 mL deionized water. 50 µL of 

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

MA, USA), coloring the solution dark bluish-purple. The final ratio of iodine:thiosulfate was 

0.95:1. A video was taken using the Samsung Galaxy S4 camera, and frames extracted during 

device operation when the flow fully filled the static mixer (Figure 4.3E-G). 

 

Qiagen extraction and qPCR experiment 

In order to test device compatibility with biological samples and ensure that downstream 

nucleic acid analysis was not negatively affected, we compared samples that were metered 

and mixed on-device against traditional vortex mixing using a commercial nucleic acid 

extraction kit (QIAamp Viral RNA Mini Kit, 52904). Lysis buffer was loaded with 2 ng/µL 

carrier DNA (salmon sperm DNA, Thermo Fisher AM9680). Non-infectious CT and NG 

samples were obtained from ZeptoMetrix Corp. (NATNG-ERCM, NATCT(434)-ERCM, 

Buffalo, NY, USA). Quantitative PCR was performed on a Roche LightCyler 96. PCR 

reactions consisted of 5 µL SsoFast EvaGreen Supermix (BioRad cat no. 1725200), 2.0 µL 

of template (extracted spiked urine), 0.5 µL of 20X primer stocks, and 2.5 µL nuclease-free 

water. The primers used26,27 were previously evaluated for the detection of either CT or NG. 

Final primer concentration in the reaction was 500 nM. Thermal cycling consisted of a 3 min 

initial denaturation step at 95 ęC, followed by 40 cycles of 20 s at 95 ęC, 20 s at 62 ęC, and 

20 s at 72 ęC. Melt analysis confirmed specific product for all reactions. 

 

Conclusions 

We showed that multi-material 3D printing can be used to prototype a disposable interlock 

meter-mix 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 3D-printed device 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 confirmation of fluid movement and showed that mixing occurred within the 

first few elements of the static mixer, with homogenization and lysis later verified by qPCR. 

Printing with a 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 when working 

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 3D-printed device 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 operation is completed within 5 to 10 s (see ESIÀ video). We 

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; we observed no 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 meter-mix device matched the performance of standard laboratory 

protocols for metering and mixing, with a substantially shorter time period for device 

operation. 

The meter-mix device described here is not limited to mixing urine with lysis buffer. A 

common operation in biology, chemistry, and medicine is to mix two solutions of known 

volume. Due to the customizability of 3D printing and CAD design, it is easy to adapt the 

meter-mix device to different volumes or configurations. In some applications, it may be 

desirable to meter two different solutions at the time of use. In this example, the meter-mix 

device could be reconfigured with an additional suction tube appended to the lysis buffer 

chamber. Given the versatility of the meter-mix device, it may be useful in a variety of 
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applications such as sequencing, dilutions, or chemical syntheses. Because the meter-mix 

device simplifies and accelerates workflow, protects against user error, and provides a user-

friendly experience, we foresee its future application in research labs and limited-resource 

settings. For example, time-sensitive 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 single-use disposable 

device is that it can be assembled and pre-loaded 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 analogous forms 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, it is possible 

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 architecture of each part 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 developed during the design stage can also be utilized and 

adapted for injection molding. This is important in commercial applications when large 

quantities are required, since injection molding has higher start-up costs but lower costs per 

part than 3D printing. 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 on z-axis height). It is also easier, and less expensive, to validate 

and iterate 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 limitation we faced with multi-material 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 

material; (ii) it can be difficult to remove the support material for some geometries, so care 

needs to be taken during the design to account for cleaning; and (iii) removal 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 materials that can be removed in a soak-

and-rinse process, however, these processes are still diffusion-limited and may be difficult 

to implement when cleaning long, narrow channels relevant to microfluidic devices. Despite 

some limitations, we conclude that 3D printing is an attractive prototyping technology with 

great potential for solving the sample-to-device interface problem in diagnostics, especially 

in resource-limited settings. 
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5 .  C h a p t e r  5 
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Abstract 

Digital single-molecule technologies are expanding diagnostic capabilitiesðenabling the 

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 camera will facilitate the 

global distribution of diagnostic tests, including into limited-resource settings where the need 

is greatest. This chapter describes a methodology for developing a visual readout system for 

digital single-molecule amplification of RNA and DNA by: (i) selecting colorimetric 

amplification-indicator dyes that are compatible with the spectral sensitivity of standard 

mobile phones, and (ii) identifying an optimal ratiometric image-process for a selected dye 

to achieve a readout that is robust to lighting conditions and camera hardware and provides 

unambiguous quantitative resultsðeven 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 dynamic range and improve reaction performance, allowing ultrasensitive, 

quantitative measurements at volumes as low as 5 nanoliters. We validate this methodology 

using SlipChip-based digital single-molecule isothermal amplification with lambda DNA as 

a model and 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 sequence-specific 

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 hardware-agnostic approach will increase the affordability and the 

distribution of quantitative diagnostic and environmental tests. 

 

Introduction  

This chapter shows that single nucleic acid molecules confined in nanoliter volumes in 

microfluidic devices can be detected and counted by an unmodified 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 single-molecule amplification of sequence-specific RNA and 

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

Single-molecule visual readout has never been achieved before. Diagnostic tests that 



 

 

115 

incorporate such a visual readout will greatly expand the applicability of emerging digital 

single-molecule technologies, including into limited resource settings (LRS). Ultrasensitive 

and quantitative detection of nucleic acid molecules is of particular interest for infectious 

disease diagnosis in LRS, such as the quantification of viral load for human 

immunodeficiency virus (HIV) and hepatitis C virus (HCV),1-3 as many of these infections 

occur far from centralized laboratories where diagnostic tests are routine. Increasing 

diagnoses in these locations will lead to faster and more appropriate treatment and have a 

major impact on disease burden4,5 Most point of care (POC) tests are not amenable to LRS 

because they donôt meet the World Health Organizationôs ASSURED criteria of being 

affordable, sensitive, specific, user-friendly, rapid, robust, equipment-free, and deliverable.5 

The tests that do meet the requirements for LRS (e.g. immunochromatography to detect 

antigens or antibodies in a dipstick or lateral-flow format; or the visualization of antigen-

antibody lattice formation) have poor reported sensitivities and thus are unable to detect and 

quantify analytes at low concentrations.4,6 Nucleic acid amplification tests (NAATs), such as 

PCR, have the desired high sensitivity and target specificity, providing accurate 

quantification, but these technologies are costly, time-consuming, and require skilled 

technicians and laboratory settings.7  

Of the NAATs, isothermal amplification methods (e.g. loop-mediated isothermal 

amplification, LAMP) are among the most attractive for LRS because they do not require 

thermocycling or capital equipment and can be run in water baths, using simple heaters or 

with exothermic chemical heating that does not require electricity.8-11 Still, acquiring 

quantitative and ultrasensitive measurements outside of the lab remains challenging because 

the methods are not robust to variability in reaction conditions, and readouts rely on precise 

measures of fluorescence intensity. Running isothermal amplification chemistries in a digital, 

single-molecule format maintains the high sensitivity and quantification capabilities 

typically achieved only in lab settings.12-15 In digital single-molecule isothermal 

amplification, single, stochastically confined DNA or RNA molecules are randomly 

distributed among discrete nanoliter or picoliter volumes and amplified under controlled 

conditions.16-18 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 

target molecule produces a clear fluorescent signal, and the results of digital amplification 

can be read by a modified cell phone (e.g. a phone camera with an optical filter) under dim 

lighting.14 

Microfluidic technology has been an instrumental tool in developing single nucleic acid 

molecule capabilities,19-27 and the integration of sample-preparation modules into portable 

microfluidic devices will further enable their use by untrained users in any setting.28-30 To 

bring these emerging technological capabilities to LRS, however, such devices capable of 

ultrasensitive, quantitative measurements should provide a rapid, visual readout that can be 

captured easilyðe.g. by any mobile phone without modifications or attachments. Cell phone 

cameras provide a convenient, nearly 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 countries.31 Mobile devices are emerging as 

a powerful platform to create cost-effective alternatives for molecular diagnostics in LRS32-

42 and colorimetric diagnostics based on unmodified cell phones have been used before,38,43-

46 but not in a digital format, where the short path lengths and nanoliter volumes have 

constrained visual-based 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 RGB sensitivities 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 sequence-specific single-molecule isothermal 

amplification, a visual readout is captured by an unmodified camera phone, and the resulting 

image is analyzed using a ratiometric approach, wherein the measured intensities of two of 

the three RGB color channels are divided to provide 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 
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readout dye can be solved with SlipChip microfluidics technology to decouple the 

amplification and readout steps. We validated our visual readout method with SlipChip-

based digital single-molecule isothermal amplification reactions using phage lambda DNA 

as a model and HCV RNA as a clinically relevant target, in reaction volumes as low 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 single-molecule amplification and produce 

a readout that can be imaged by any cell phone camera under various illumination conditions, 

one can use a nucleic acid amplification-indicator dye that changes color in response to 

amplification. A robust colorimetric readout balances two opposing requirements: the 

indicator dye must be sufficiently concentrated (or present in a large enough volume) to 

provide readable absorbance (i.e. smaller volumes and shorter path lengths require greater 

concentrations of dye for sufficient absorbance to be detected), but not so concentrated that 

the dye interferes with the amplification reaction. To optimize a visual readout system for 

single-molecule counting with an unmodified cell phone camera, we first identified the 

factors that contribute to hypothetical limitations of a visual readout 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 these ranges 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 region of Figure 

5.1b). 
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Figure 5.1: A visual readout approach for digital single-molecule isothermal 

amplification for use with an unmodified cell phone camera. 

(a) A workflow for visual readout of digital single-molecule amplification. Single 

nucleic acid molecules and indicator dye are compartmentalized on a microfluidic 

device and followed by isothermal nucleic acid amplification. Positive reaction 

solutions are blue; negative reactions are purple. After ratiometric image processing, 

positive reactions become white and negative reactions become blackðan 

unambiguous binary result. The number of positive 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 green-shaded region 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 high. Within this green region, 

the dotted area indicates dye concentrations that both enable readout with an 



 

 

119 

unmodified cell phone camera and do not inhibit the amplification reaction. The area 

to the right of the red line indicates dye concentrations that interfere with 

amplification making accurate quantification based on real-time data challenging. 

 

We validated this visual readout approach using loop-mediated isothermal amplification 

(LAMP)47,48 (Supporting Information Table 5-1, Table 5-2) because this method has been 

well characterized and validated previously for single-molecule analyses.12,14-17,49 LAMP 

chemistry is based on an auto-cycling strand displacement reaction performed at a constant 

temperature to synthesize large amounts of amplified product; a LAMP reaction generates 

more than 109 copies of template within 1 h of incubation at 60ï65 °C.48 We used a cubic 

reaction volume of 8 nL (200 x 200 x 200 µm3), which is in the range of volumes used in 

digital experiments.12,14,15,17,49 We assume that an appropriate indicator of an amplification 

reaction will have a change in absorbance that equates to a change of extinction coefficient 

of ~25,000 L mol-1 cm-1 upon reaction (this number approaches the maximum achievable 

change in absorbance for small-molecule dyes). We use the Beer-Lambert law (A = ắ(A), 

which describes the relevant parameters to consider for visualization, wherein A = 

absorbance (the percentage of light absorbed); ắ = extinction coefficient (L mol-1 cm-1); L = 

length of the light's path through the solution (cm); c = concentration of absorbing species 

(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 that an appropriate 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 in the µM range).  

Colorimetric approaches to visual detection of nucleic acid amplification typically measure 

absolute changes in color intensity,50-54 however distinguishing color changeðe.g. purple vs. 

blueðis difficult and therefore not an appropriate way to quantify 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 binary outcome, eliminating the need 

for the user to differentiate colors. We hypothesized that a cell phone cameraôs sensor, which 

reads in three color channels (red, green, and blue, RGB) could provide suitable information 

for using a ratiometric approach to read amplification reactions at the single molecule level. 

The example we considered here is the back-illuminated Exmor R CMOS image sensor55 

used on popular cell phones such as the Samsung Galaxy 4, iPhone 4S, and iPhone 5, which 

has a sensitivity maxima of ~520 nm (green), ~459 nm (blue), and ~597 nm (red) (Table 

5-2a).  

To illustrate our methodology for a hardware-agnostic visual readout with a ratiometric 

approach, we selected eriochrome black T (EBT), a magnesium ion indicator that meets the 

aforementioned dye specifications and has been used previously for visualization of LAMP 

products.56,57 During an isothermal amplification reaction, as nucleotides are incorporated, 

protons and bi-product pyrophosphate ions (P2O7
4ī) are produced, and these ions can 

strongly bind metal ions (e.g. Mg2+ 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 LAMP reaction proceeds 

in the presence of target nucleic acid, it is suggested that EBT is deprived of Mg2+ by newly 

generated pyrophosphate ions, and the reaction solution turns blue.  

We hypothesized that EBT would be amenable to colorimetric analysis with a cell phone 

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 channels (purple LAMP 

reaction solution) (Figure 5.2a). These observed changes in transmittance between positive 

and negative reactions can be captured by the Exmor R optical sensor (Figure 5.2a), which 

match well with the observed differences between positive and negative transmittance 

profiles of LAMP reactions containing EBT (Figure 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 (%) in the range of visible light (400ī700 nm) 

for positive (solid blue line) and negative (solid purple line) RT-LAMP reaction 

solutions, each containing 0.7 mM of eriochrome black T (EBT) as the amplification 

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 

cell phone cameras. (bīe) Analysis of the three possible RGB ratiometric 

combinations for positive and negative RT-LAMP 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 described in panel a. (c) The cropped and enlarged color 

images collected with an Apple iPhone 4S for positive and negative RT-LAMP 

reaction solutions containing 90 ɛM of EBT dye. (d) Predicted images and 

ratiometric values for positive and negative amplification reactions 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 HCV RNA 

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 a positive 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 CMOS sensor58 

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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square-root scaling that occurs when an image data is compressed to be stored in the 

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

(R=185, G=197 and B=209) and negative (R=219, G=190 and B=212) RT-LAMP 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 reaction are used to calculate 

the ratios for each channel combination (Figure 5.2d); the ratio with the greatest difference 

between positive and negative outcomes (G/R 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: hydroxynaphthol blue 

(HNB) and calmagite. HNB is being reported increasingly in the literature for LAMP 

visualization,50,59-62 and calmagite is an analogue of EBT dye with the nitro group absent 

(more stable version).63 A side-by-side comparison showed that the greatest predicted 

difference between positive and negative RT-LAMP reactions, as captured by an unmodified 

cell phone camera, would be achieved using EBT as the indicator dye and G/R as the 

ratiometric combination (Figure 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 state (Figure 5.19), as this is a critical requirement 

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

dye in this 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 RT-LAMP reaction for HCV RNA containing EBT as the indicator dye 

and captured an image of the readout with an unmodified camera phone (iPhone 4S) (Figure 

5.2c). We processed the readout image; color channels of the original image were split, and 

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 (Figure 5.2e) matched well with the predicted values (Figure 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 ratio obtained after a negative 

reaction was 0.91, and the ratio from a positive reaction was 1.03ða difference of 0.12 

(Figure 5.2e). For the B/R combination, the ratios for negative and positive reactions were 

0.98 and 1.07ða difference of 0.09 (Figure 5.2e). Therefore, we selected the G/R 

combination for our subsequent 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 to select a ratio that includes the green channel because most single-chip digital 

image sensors used in digital cameras, including cell phones, utilize a Bayer filter mosaic 

pattern that is composed of 50% green, 25% red, and 25% blue pixels.64 

To test the robustness of our approach to different hardware and illumination conditions, we 

used HCV RNA amplified by RT-LAMP at two-fold increasing concentrations of indicator 

dye ranging from 10.9 µM to 1.4 mM (for a total of eight dye concentrations). After RT-

LAM P amplification, 50 µL of each reaction solution were transferred to 96-well plates (path 

length of ~1.5 mm), and the readout was imaged with cameras from four common cell phone 

models: Apple iPhone 4S (Figure 5.3a), HTC inspire 4G (Figure 5.3b), Motorola Moto G 

(Figure 5.3c), and Nokia 808 PureView (Figure 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), we determined that EBT 

concentrations lower than 0.175 mM provided an insufficient color change for detection with 

a cell phone camera (Figure 5.3, region I, white background), while concentrations of 1.4 

mM inhibited the amplification reaction (Figure 5.3, region III, red background). For this 

particular indicator 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 information, Figure 5.7) was identified as 0.175 mM to 0.7 mM 

(Figure 5.3, region II, green background). Some cell phone cameras were more sensitive 

(e.g. HTC inspire 4G was able to distinguish a positive result at EBT concentrations as low 

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

at concentrations between 0.175ï0.7 mM (Figure 5.3, region II, 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 

tested: incandescent light (Figure 5.3e), direct sunlight (Figure 5.3f), and indirect sunlight 

(Figure 5.3g), the optimal EBT concentration range that we identified under fluorescent light 

(0.175ï0.7 mM) could be read clearly, confirming the robustness of the ratiometric approach 

to variations in illumination. 
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Figure 5.3: Validation of the robustness of the G/R ratiometric approach to 

different hardware (cell phone cameras) and lighting conditions. 

(aīg) Enlarged and cropped color images (top two rows of each individual panel) 

captured by an unmodified cell phone camera from positive (+) and negative (ī) RT-

LAMP reactions at 2-fold increases in EBT concentration from 10.9 ɛM to 1.4 mM 

(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 
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purple. After G/R ratiometric processing (bottom two rows of each individual panel), 

negative wells are black. Regions I, II, III in each panel indicate the effect of dye 

concentration: (II) acceptable concentration range for visualization (green regions); 

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

too high for visualization (red regions). (aīd) Images captured by four common cell 

phones under fluorescent light: (a) Apple iPhone 4S, (b) HTC inspire 4G, (c) 

Motorola Moto G, and (d) Nokia 808 PureView. (eīg) Images captured by an Apple 

iPhone 4S under three 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 information for the G/R ratiometric process (Figure 5.8) and 

additional cell phone camera images (Figure 5.9) are provided in the Supporting 

Information. 

 

One-step 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 effects of inhibitory materials (due to their isolation into wells), and 

expand the upper limit of the dynamic range (because single molecules can be confined from 

samples containing high template concentrations).18,65,66 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 inherent physical 

limits to a colorimetric approach. To validate that this visual readout approach could be 

applied to single-molecule amplification at nanoliter volumes, we used digital LAMP 

(dLAMP) and phage lambda DNA (ɚDNA) as a target. We specifically aimed to resolve 

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 small volumes? 

To answer these questions, we designed a multivolume rotational SlipChip device containing 

1,240 wells of eight volumes ranging from 15 nL to 50 nL (Figure 5.10-11). We loaded these 

devices with LAMP reaction solution containing an appropriate target concentration in the 

middle of the deviceôs dynamic range, a fluorescent DNA-detecting intercalation dye (Syto 

9), and EBT dye at 0.7 mM (the highest non-inhibiting concentration identified in Figure 

5.3). We imaged this device with a house-built real-time fluorescence imager, with a Leica 

stereoscope (optimal imaging conditions), and 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 the stereoscope and the cell phone (Figure 5.4). 

This experiment showed that the G/R method could be used in place of fluorescence readout 

to count amplified single 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 excellent correlation among positive counts obtained from the stereoscope, 

fluorescence imager, and cell phone camera (Figure 5.12). 
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Figure 5.4: Readout from single-molecule digital LAMP reactions performed 

with ɚ DNA on a multivolume rotational SlipChip device imaged by (a) a 

stereoscope, (b) a fluorescence microscope, and (c) an unmodified cell phone 

camera. 

(eīg) Callouts are magnified to show visual correlation among the three imaging 

methods. (d) The results of the ratiometric processing for the stereoscope G/R-

processed image and (h) the cell phone G/R-processed 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 limits that 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 (mean 8,500 ° 1,500 

copies/mL) (Figure 5.5a) (estimated concentration from all volumes are within 95% 

confidence interval at each volume, detailed in Figure 5.13). In addition, all SlipChip 


























































































































































































































































































































































