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Abstract 

Molecular diagnostics offer quick access to information for healthcare decision-making 

towards personalized therapeutics, but complicated procedures requiring extensive labor 

and infrastructure restrict their use. Droplet-based technologies can expand the 

accessibility of molecular diagnostics by miniaturizing devices, shortening sample-to-

answer times, decreasing costs and increasing throughput. Methods for droplet 

manipulation are central to the automation of molecular diagnostics protocols. The 

innovative method, wire-guided droplet manipulation (WDM), is the actuation of liquid 

droplets in a hydrophobic milieu with a wire, or needle, guide. In this work, WDM is 

demonstrated for the automation of the polymerase chain reaction (PCR) on 

reprogrammable platforms for the diagnosis of cardiovascular infections. WDM is used 

to minimize thermal resistance by convective heat transfer for PCR amplification at a 

maximum speed of 8.67 s/cycle. The oil-water interfacial boundary is shown to passively 

partition molecular contaminants from sample matrices, including blood and heart valve 

tissue. Molecular self-assembly at the oil-water interface is used to increase PCR 

efficiency with blood in situ and is used as an innovative sensing modality for real-time 

monitoring of PCR amplification. Temperature feedback controlled droplet actuation is 

achieved by using a thermocouple loop as a functionalized wire-guide. Our novel 

methodology for real-time PCR, droplet-on-thermocouple silhouette real-time PCR 

(DOTS qPCR), utilizes interfacial effects to achieve droplet actuation, relief from PCR 

inhibitors and amplification sensing, for a sample-to-answer time as short as 3 min 30 s. 

DOTS qPCR addresses three major issues for rapid PCR—sample preparation, rapid 

thermocycling and sensitive real-time detection—on an inexpensive, disposable device 
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with smartphone-based detection. In contrast, commercially available real-time PCR 

systems rely on fluorescence detection, have substantially higher threshold cycles, and 

require expensive optical components and extensive sample preparation. Due to the 

advantages of low threshold cycle detection we anticipate extending this technology 

towards trending biological research applications such as single cell, single nucleus, and 

single DNA molecule analyses, especially in droplet microfluidic platforms. 

1. Introduction 

Molecular diagnostics is the identification and classification of disease by detection of 

biomarkers from a patient sample, including the genome, proteome or microbiome. 

Despite the complexity of life, the advent of molecular biology has vastly increased the 

understanding of biology and ability to make rational medical decisions. The existence of 

immense biological databases and our understanding of the information they hold are a 

result of ambitious projects such as the Human Genome Project, the Encyclopedia of 

DNA Elements (ENCODE) Project (ENCODE Project Consortium, 2011), the Human 

Microbiome Project (Shafquat et al., 2014), the Ribosomal Database Project (Cole et al., 

2009), and the Protein Data Bank (Berman et al., 2000).  These basic science 

advancements provide researchers with access to the structures of over 100,000 proteins 

(Berman et al., 2000), hundreds of genetic variations (Hamburg and Collins, 2010), and 

the function and variability of microbial communities in the human body (Shafquat et al., 

2014). The creation of these knowledge bases is paving the way towards the realization 

of personalized medicine (Hamburg and Collins, 2010) and the development of 

diagnostics to guide therapeutic use. In order to probe the world around us with the 

necessary level of granularity, there is a need for high-throughput, on-demand 
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technologies to provide vital information to guide medical treatment, with other 

applications such as veterinary medicine, forensics, agriculture, and basic science 

research. In this work, droplet-based platforms are developed for the automation of the 

widely used molecular test, real-time polymerase chain reaction (qPCR). These platforms 

could enable the point-of-care use of PCR-based assays and could change the paradigm 

of medical therapy for difficult to treat conditions, such as bloodstream infection (BSI) 

and infective endocarditis (IE). 

1.1 Droplets 

The use of liquid droplets takes advantage of the properties of immiscible phases to 

create discrete reaction vessels and to transport reagents. Droplets can be manipulated in 

microfluidic channels (Schneider et al., 2013) or by surface-based manipulations (Zec et 

al., 2014). These manipulation strategies strive to conduct droplet operations such as 

actuation, fission, fusion, mixing and immobilization. While droplets are isolated from 

other droplets and from their environment, they do interact with their environment at an 

interface. For this reason, the choice of droplet milieu is critical for the success of these 

technologies. 

Surface-based droplet manipulations provide an opportunity to develop miniaturized 

diagnostic systems for point-of-care applications (Zec et al., 2014). Such manipulation 

methods include electrowetting on dielectric (EWOD) (Barbulovic-Nad et al., 2010), 

magnetofluidics (Egatz-Gómez et al., 2006; Ohashi et al., 2007), magnetofluidics with 

surface energy trapping (Zhang and Wang, 2013; Zhang et al., 2013), electrospun 

fibermats (Nicolini et al., 2015), light-induced dielectrophoresis (Park et al., 2009), 
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optical trapping (He et al., 2005), pneumatic actuation on a thin superhydrophobic 

membrane (Huang et al., 2014), actuation by vibration (Daniel et al., 2005), heater 

controlled surface tension gradients known as thermocapillary forces (Darhuber et al., 

2003), and wire-guided droplet manipulation (WDM) (Yoon and You, 2008; You et al., 

2011; You and Yoon, 2012; Harshman et al., 2013).  

1.2 Wire-Guided Droplet Manipulation 

Wire-guided droplet manipulation (WDM), offers a radically different format for 

conducting experiments, reactions and assays. In WDM, a wire (or needle tip) 

manipulates microliter-sized droplets in a hydrophobic milieu. The attributes of this 

format address some of the challenges facing the use of conventional techniques. 

Specifically, WDM provides solutions for development of automated, sample-to-answer, 

point-of-care systems with potential applications in medicine, life science research, 

forensics, veterinary diagnostics and disease control. 

WDM can be applied to standard protocols and is easily reprogrammable for different 

uses. Serial dilution, vibrational mixing, sample concentration by high-speed 

centrifugation, DNA extraction (lysing, precipitation, washing and rehydration) and rapid 

thermocycling can all be automated by WDM (You et al., 2012). The principles of 

droplet manipulation can be easily integrated into the common scientific automation 

strategy, which uses commercially available robotic pipetting systems. WDM is 

automatable, reprogrammable, easy to use, and robust. These are essential features of 

rapid, all-in-one, sample-to-answer systems to be used at the point-of-care. 
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WDM operates on the principles of interfacial tension (γ; mN/m), which is defined as the 

interface energy per interface area. When a liquid droplet rests on a surface as illustrated 

in Figure 1, it is known as a sessile droplet. The contact angle (θ) between a liquid and a 

surface can be described by the Young equation (Eq. 1).  

θγγγ cosLSSL −=  Equation 1 

The contact angle is measured at the three-phase borderline, where an equilibrium is 

established between the surface tensions between liquid-vapor (γL)—with vapor in most 

cases approximated as vacuum—surface-vapor (γS), and surface-liquid (γSL).  

 

Figure 1 

Illustration of a liquid droplet resting on a solid surface, this is known as a sessile droplet.  The contact 

angle (θ), the interfacial tension between liquid-vapor (γL), the interfacial tension between surface-vapor 

(γS), and the interfacial tension between surface-liquid (γSL) are represented. 

The work of adhesion is central to WDM (Yoon and You, 2008) and can be described by 

the Dupré equation (Eq. 2) and the Young-Dupré equation (Eq. 3) (de Gennes, 1985). 
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SLLSaW γγγ −+=   Equation 2 

)cos1( θγ += LaW    Equation 3 

The work of adhesion is inversely related to the contact angle: surfaces with higher 

contact angles have lower works of adhesion (Fig. 1). In the case of WDM, the work of 

adhesion of a liquid droplet to a surface must be overcome by the work of adhesion of the 

liquid droplet to a wire (Fig. 2). Surfaces with the highest contact angles (ie. 

superhydrophic surfaces) are ideal for most applications of WDM since they minimize 

the work of adhesion of the liquid droplet to the surface.  

 

Figure 2 

Illustration of the work of adhesion of a liquid droplet to a surface and to a metal wire-guide. In the case 

shown, the contact angle is sufficiently large so that the magnitude of the work of adhesion between the 

droplet and the wire is larger than the work of adhesion between the droplet and the surface. In this 

situation, the wire can be used to move the droplet across the surface.  
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In an extreme case, contact with the surface is lost completely and the work of adhesion 

of the liquid droplet to the surface becomes zero. This situation, illustrated in Figure 3, is 

known as a pendant droplet and can be described by the Young-Laplace equation (Eq. 4). 

Δp = ρgh−γ 1
R1
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1
R2

#

$
%%

&
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The Young-Laplace equation relates interfacial tension to droplet shape and shows that 

the pressure difference across the interface (Δp) is equal to balance of the effective 

weight of the droplet (ρgh) and the interfacial tension γ times the radii of curvature, R1 

and R2. The radii of curvature can be determined and used to calculate the interfacial 

tension by computer-aided image processing (Song and Springer, 1996). For the case of a 

pendant droplet, the maximum size of a droplet that can be manipulated by WDM using a 

round tip is described by Tate’s Law (Eq. 5; Tate, 1864). 

γπrmg 2=  Equation 5 

Tate’s Law describes the maximum weight of a liquid pendant droplet (mg) with 

interfacial tension (γ) that will not fall from the tip with radius (r). 
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Figure 3 

Illustration of a pendant droplet with the upward acting work of adhesion, Wa, of the droplet to the needle 

and the weight of the droplet, mg, acting downward. 

1.3 Polymerase Chain Reaction (PCR) 

Theory 

The polymerase chain reaction (PCR) is a molecular biology technique to specifically 

amplify DNA fragments enzymatically (Mullis et al., 1986). PCR is a technology that is 

used ubiquitously across the life sciences and in medical diagnostics. Some of its 

applications include pathogen detection, infectious disease diagnosis, organism 

genotyping, genetic mutation detection, DNA fingerprinting for forensics, and cloning. 

PCR lies at the heart of many DNA sequencing methodologies and has been widely 

adapted and incorporated into innumerable DNA analysis workflows. 

PCR is a cyclical reaction with three phases: double-stranded DNA (dsDNA) 

denaturation to single-stranded DNA (ssDNA), annealing of primers (oligonucleotides 
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typically 20-30 bp in length), and extension by a DNA polymerase (Fig. 4). A forward 

and a reverse primer are designed to be complementary to the DNA template and flank 

the target sequence to be amplified. The extension products resulting from the 

hybridization of each primer are complementary, meaning that it is possible to double the 

concentration of the amplified product every reaction cycle.  

 

Figure 4 

Schematic illustrating the polymerase chain reaction (PCR). In cycle 1, the target sequence is denatured, 

primers anneal, and the sequence is enzymatically extended. In cycle 2, the process continues and the first 

fragments of known length are generated. In cycle 3, the amplicons begin to accumulate, and in subsequent 

cycles the amplicons are exponentially amplified. 

The design of primers for PCR is crucial to the specific amplification of the target 

sequence because extension will only occur at sites where primers have annealed. It is 

possible that rather than primers binding to the ssDNA that the denatured ssDNA can 

actually re-associate to form dsDNA again, but this effect is reduced by ensuring a 

relatively large concentration of primers compared to the concentration of the target 
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DNA. From the following association equation, it is clear that when [primer]>>[ssDNA] 

the equilibrium is shifted towards the formation of ssDNA/primer complex: 

primer + dsDNA↔ 2ssDNA+ primer↔ 2 ssDNA primercomplexes  

Thermocycling is the process of heating and cooling the reaction to the required 

temperatures: denaturation at 90-98°C, annealing at 50-70°C, and extension at 70-80°C 

(Fig. 5). At temperatures above 90ᵒC, there is enough thermal energy to disrupt the 

hydrogen bonding interactions between conjugate base pairs of the two strands. While 

most proteins will also be denatured at temperatures exceeding 90°C, the DNA 

polymerase used in modern PCR, Taq polymerase, is thermally stable (Chien et al., 

1976). Taq polymerase  was isolated from a thermophilic bacterium, Thermus aquaticus, 

discovered in thermal springs (Brock and Freeze, 1969). The thermal stability of Taq 

polymerase enables thermal cycles to proceed continuously without the need to replenish 

the enzyme. 
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Figure 5 

Representative temperature profile for the first five cycles of a PCR. The phases of the reaction are 

denaturation at 90°C, annealing at 60°C and extension at 72°C. 

Fluorescent Reporters 

Quantifying the extent of PCR amplification had been limited to end-point analysis 

(Becker et al., 1996), but in 1992, Higuchi et al. described a method for real-time 

quantitative PCR (qPCR) in which the fluorescence signal from a DNA intercalating dye, 

ethidium bromide, was monitored each thermal cycle. Subsequently, many other 

chemistries have been developed and used for qPCR including nonspecific DNA labeling 

dyes (Wittwer et al., 1997), adjacent hybridization probes with resonance energy transfer 

(Wittwer et al., 1997), primer-based fluorophores (Gašparič et al., 2010), molecular 

beacons (Tyagi and Kramer, 1996), and hydrolysis probes (Heid et al., 1996). The most 



 28 

common qPCR chemistries are TaqMan probes, a type of hydrolysis probe, and SYBR 

Green I, a dsDNA intercalator with convenient fluorescent properties. 

The DNA intercalating dye, SYBR Green I (SG), is well suited for use in qPCR because 

its fluorescence increases by greater than 1,000 times when complexed with dsDNA 

(Dragan et al., 2012) but not ssDNA. Figure 6 illustrates the fluorescence increase upon 

SG binding to dsDNA during PCR thermocycling.  

 

Figure 6 

Schematic illustrating the details of SYBR Green I fluorescence during the three phases of PCR 

Another real-time quantitative PCR method, developed in 1996, uses a dual-labeled 

fluorogenic probe, known as a TaqMan Probe. This probe consists of a fluorescent 

reporter attached to a quencher by an oligonucleotide. The reporter, shown in green in 

Figure 7, is 6-carboxyfluorescein (FAM), and the quencher, shown in red, is 6-carboxy-

tetramethyl-rhodamine (TAMRA). FAM absorbs light maximally at 492 nm and emits 

maximally at 517 nm. The absorption and emission maxima for TAMRA are 565 nm and 
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580 nm, respectively. While intact and excited by 492 nm wavelength light, Förster 

Resonance Energy Transfer (FRET) occurs from the reporter to the quencher and 

emission is at 580 nm. In other words, the emission from the reporter is absorbed by the 

quencher; this energy transfer is depicted in Figure 7 as a green arrow from the reporter 

to the quencher. 

During the annealing phase of PCR, the oligonucleotide portion of the probe binds to 

ssDNA template between the primers. The oligonucleotide probe is designed to bind 

specifically to the target sequence to be amplified. While the probe is annealed to the 

ssDNA, FRET quenching still occurs because the probe remains intact. During extension, 

the oligonucleotide portion of the probe is cleaved by the 5’à3’ exonuclease activity of 

Taq polymerase (Holland et al., 1991) separating the reporter from the quencher. Because 

FRET only occurs when the fluorophores are within 10-100 angstroms, the emission 

from the free reporter is no longer quenched. The signal from the TaqMan Probe is 

calculated as a ratio of reporter intensity to quencher intensity. During amplification of 

the target sequence, this ratio is increased as more of the probes become cleaved during 

extension.  
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Figure 7 

Schematic illustrating the details of the TaqMan Probe during the three phases of PCR 

Mathematical Quantification 

The exponential amplification of PCR, as monitored in real-time, can be described 

mathematically (Rutledge and Côté, 2003; Higuchi et al., 1993) by Equation 6, where E 

is the reaction efficiency, Cn is the number of cycles, N0 is the initial number of target 

sequences, and Nn is the number of amplicons after n cycles. 

nC
n ENN )1+(= 0  Equation 6 

For fluorescence based monitoring of PCR amplification, a threshold (Ft) is chosen to 

calculate the corresponding threshold cycle (Ct). The threshold cycle is defined as the 

theoretical fractional thermal cycle when the fluorescence signal rises to the threshold 

(Fig. 8). Since the fluorescence is dependent on the number of amplicons, the number of 

amplicons at Ct (Nt) is the same for any N0. A standard curve for a given reaction can be 
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established by calculating the Ct value for known N0 and plotting the logarithm of N0 

against the corresponding Ct. The equation of the standard curve follows the log-linear 

relationship in Equation 7. 

logN0 = −Ct log(E +1)+ logNt  Equation 7 

 

Figure 8 

Representative amplification curve monitored in real-time using SYBR Green I. From 0-15 cycles, the 

fluorescence signal is at baseline, and eventually begins to rise exponentially. A fluorescence threshold (Ft) 

is set such that a threshold cycle (Ct) can be calculated. During higher cycles, an amplification plateau is 

reached. 

1.4 Rapid Thermocycling 

Due to the widespread use of PCR and the urgency of many of its applications, it is 

highly desirable to decrease the time required to carry out the reaction. Thermocycling of 

the reaction mixture between three different temperatures is the dominant time-

consuming process. Conventional PCR methods require two to three minutes per cycle, 

due to limitations in conductive heating and cooling. In the interest of increasing the 



 32 

speed of DNA analysis by PCR, many researchers have focused their efforts on methods 

for rapid thermocycling with the goal of achieving thermal cycle times as low as 10 s 

(Zhang and Xing, 2007; Roper et al., 2015; Farrar and Wittwer, 2015). There are several 

limiting factors in achieving such extreme thermocycling speeds. The primary obstacle 

has been the need for instrumentation capable of rapid heat transfer. This limitation can 

be eased somewhat by designing PCR primers with higher melting temperatures to allow 

for annealing and extension at the same temperature (65-75°C) and decreasing the 

magnitude of temperature change required for thermocycling. DNA denaturation and 

primer annealing take place in less than one second (Wittwer et al., 1990). Since the time 

required for annealing is partially limited by diffusion, minimum annealing times can be 

ensured by the use of high primer concentrations. The enzymatic elongation of the target 

sequence is limited by Taq polymerase activity, which has an extension rate of 60-120 

base pairs per second at 72°C (Innis et al., 1988). With these limitations in mind, many 

different strategies have been employed to achieve rapid thermocycling. 

Conventional thermocyclers use a thermoelectric heating element for active heating and 

cooling of a metal heater block that makes contact to plastic tubes containing 10-100 µL 

reactions. Heat transfer is made by conduction through the walls of the plastic tube. Thin 

walled tubes are important for minimize heat transfer resistance in conventional 

thermocycling. Many innovative strategies have been conceived for more efficient heat 

transfer and amplification at accelerated speeds. Liquid heating and cooling of metal 

blocks, in contact with stationary reaction droplets, has been successful in achieving 

amplification in under 5 s/cycle (Wheeler et al., 2011; Terazono et al., 2010). Liquid heat 

exchangers improve efficiency by convective heat transfer to the heating element, which 
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is in contact with the reaction mixture. Another strategy uses continuous-flow of the 

reaction mixture in microchannels over heated temperature zones to achieve convective 

heat transfer  (Kopp et al., 1998). Continuous-flow has been shown to achieve 

thermocycling times at the kinetic limit of Taq polymerase, or about 100-bp s-1 

(Hashimoto et al., 2004). However, when the PCR products (500-1,000 bp) were 

confirmed by gel electrophoresis some non-specific amplification was observed as 

smearing on the gel. In other work, continuous-flow thermocycling in serpentine 

microchannels over a steady-state temperature gradient successfully amplified a 182-bp 

target with a speed of 13 s/cycle, and specific amplification was confirmed by gel 

electrophoresis (Wittwer et al., 2008). This continuous-flow strategy was improved 

further using vapor pressure driven flow achieving a thermocycling speed of 3 s/cycle 

(Fuchiwaki et al., 2011). Rapid thermocycling has also been demonstrated using radiation 

heat transfer. Infrared radiation has been used to thermocycle reactions in glass 

microchambers at 17 s/cycle (Oda et al., 1998) and in polymer microchips at 16 s/cycle 

(Giordano et al., 2001). Nanoliter sized reaction droplets submerged in a mineral oil bath 

maintained at 58°C and heated to denaturation temperatures by an infrared laser has been 

successfully used to detect amplification in real-time by fluorescence at thermocycling 

speeds of 19 s/cycle (Faris et al., 2009).  Another approach for infrared heating of 

nanodroplets has demonstrated successful amplification in 3 s/cycle with subsequent 

analysis by capillary electrophoresis (Huhmer  et al., 2000). The use of nanodroplets is 

advantageous for rapid thermocycling since heat and mass transfer are more efficient at 

the microscale (Schneider et al., 2013). Nanodroplets also prevent axial dispersion of 

molecules and creation of unwanted heat gradients that can be problematic in continuous-
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flow systems (Chen et al., 2005). Nanoparticles that can be excited by a laser to deliver 

heat more efficiently to the solution have also been used (Stehr et al., 2013).  

PCR thermocycling times below 3 s/cycle, typically correspond to a decrease in reaction 

efficiency and yield. Even so, glass capillaries in a liquid gallium heat exchanger were 

used to achieve amplification of an 85-bp amplicon as quickly as 2.7 s/cycle (Maltezos et 

al., 2010).  It has been shown that by increasing primer and polymerase concentrations, 

biochemical limits can be overcome and thermocycling at 0.8 s/cycle can successfully 

amplify target sequences, as confirmed by gel electrophoresis (Farrar and Wittwer, 2015). 

In this method, thermocycling was conducted by using a motor to flip a glass capillary 

tube, containing a 1-5 µL reaction volume, between two heated water baths maintained at 

the desired temperature.  

In WDM, a 5-10 µL pendant droplet is submerged in heated oil and continuously moved 

so heat transfer occurs by convection (You et al., 2011; Harshman et al., 2013). A 

computational fluid dynamics study showed that thermocycling in this manner can 

theoretically be achieved at 13 s/cycle and amplification was actually demonstrated at 

13.7 s/cycle using an automated 3-axis computer-numerically-controlled (CNC) system 

for droplet positioning (You et al., 2011). PCR amplification with WDM, using a circular 

robotic positioning system, was demonstrated at 8.67 s/cycle (Harshman et al., 2013). 

1.5 Sample Preparation and PCR Inhibition 

PCR can be inhibited in several ways including incomplete cell lysis for DNA extraction, 

interference with DNA capture, DNA degradation, and inhibition of polymerase activity 
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(Wilson, 1997). Sources of PCR inhibitors come from sample matrices such as bodily 

fluids, foodstuffs, environmental samples, and culture media (Wilson, 1997; Rossen et 

al., 1992). Specifically, blood and tissue samples contain inhibitors such as cellular 

debris, bile salts, heparin, and proteins (especially hemoglobin, lactoferrin, and bilirubin) 

(Ra et al., 2001). Typically, PCR workflows have obligatory DNA extraction procedures 

to purify DNA and remove any PCR inhibitors. Sample preparation, including DNA 

extraction, has been previously demonstrated using WDM (You and Yoon, 2012). 

However in general, DNA extraction procedures are not perfectly efficient leading to lost 

targets. Carryover of DNA extraction reagents can also occur, and these reagents can 

inhibit PCR (Rossen et al., 1992). Amplification directly from cell lysates has been 

observed to have increased product specificity and yield when oil overlays are used (oil 

overlays are used to prevent evaporation) (Katzman, 1993). The observed increase in 

specificity and yield result from the action of oil overlays to segregate detergents used for 

cell lysis at the oil-water interface. This segregation minimizes their inhibitory effects 

and disruption of primer annealing specificity. While proteins can act as an inhibitor, the 

most abundant blood protein, albumin, has been shown to facilitate amplification in the 

presence of common inhibitors (Kreader, 1996). In different systems and at different 

concentrations, the same substance can be either an inhibitor or a facilitator (Wilson, 

1997). A good example of this duality is biomolecular adsorption, which can pose a 

challenge to microfluidic PCR strategies and limit PCR efficiency (Zhang and Xing, 

2007). In contrast in WDM, biomolecular adsorption is used advantageously to separate 

contaminant molecules at the oil-water interface. Simultaneously, the adsorption of 

contaminants to the oil-water interface competitively prevents adsorption of critical PCR 

components (Fig. B-3G). While many efforts have been made towards rapid 
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thermocycling, rapid PCR workflows with minimal need for sample purification must 

also be developed to decrease real-world sample-to-answer times. 

1.6 Clinical Infection 

Diagnosis of clinical infection is currently inhibited by the need for time-consuming 

culture-based techniques carried out by trained personnel in a laboratory setting. 

Antibiotics are a class of medical therapeutics that have been particularly misused due to 

a lack of diagnostic information (Lipsky and Berendt, 2000). The diagnostic gold 

standard, blood culture, can be selective for certain pathogens depending on growth 

conditions, is subject to contamination by skin flora, and takes 3-5 days to provide useful 

information (Weinstein and Doern, 2011). The need for empirical, broad-spectrum 

antibiotic therapy is caused by delayed diagnosis. Empirical therapies may be 

unnecessarily broad or inadequately narrow (Lipsky and Berendt, 2000) and can 

complicate the patient’s condition by selecting for antimicrobial resistance (Baumgart et 

al., 2010; Lucignano et al., 2011). Without detailed information about the infection, 

including the presence of antimicrobial resistant bacteria, the physician is unable to 

appropriately prescribe antimicrobial therapy (Lipsky and Berendt, 2000). 

Rapid diagnostic tools to identify the cause of infection are of clinical importance due to 

the high mortality rates (49.7% overall for BSI) (Rice et al., 2013; Balk et al., 2001), 

significant morbidity, high cost of patient care (Kollef et al., 1999; Chakravorty et al., 

2010; Healthcare Cost and Utilization Project, 2010), and rising antimicrobial resistance 

rates (National Nosocomial Infections Surveillance, 2004). Rapid point-of-care detection 

enables early use of targeted antibiotic therapy, reduces morbidity and mortality, allows 
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for timely isolation of colonized patients, and minimizes transmission of antimicrobial 

resistance through the hospital setting (Akova et al., 2012). Recent outbreaks of difficult 

to treat infections have demonstrated that even the most sophisticated medical facilities 

are not invulnerable to the uncontrolled spread of antimicrobial resistance, and have 

highlighted the importance of quickly detecting and isolating infection (Kolata, 2012).  

1.7 Antibiotic Resistance 

In 1960, merely two years after the U.S. Food and Drug Administration (FDA) approval 

of methicillin (a semisynthetic penicillin derivative), methicillin-resistant Staphylococcus 

aureus (MRSA) emerged (Jevons, 1961), demonstrating the rapid rate of bacterial 

evolution in response to a selective pressure (Fig. 9). At the same time, vancomycin, an 

organic compound isolated from soil from Borneo, Indonesia, had also been approved for 

use against penicillin-resistant infections. Vancomycin was not widely adopted due to its 

perceived toxicity until the 1980s (Levine, 2006). Vancomycin has since become the 

standard of care and last resort for treating β-lactam resistant infections (Hughes, 2003; 

Weigel, 2003; Levine, 2006). The bactericidal mechanism of vancomycin is interference 

with the formation of the cell wall by forming complexes with the peptidoglycan 

precursor, D-Ala-D-Ala (Courvalin, 2006). Shortly after use of vancomycin in hospitals 

increased, vancomycin-resistant Enterococcus faecium (VRE) was isolated in Europe 

(Murray, 2000; Uttley et al., 1988). VRE had developed the ability to esterify D-Ala and 

D-Lac to form a depsipeptide, D-Ala-D-Lac, through expression of the ligase-encoding 

gene, vanA. The depsipeptide replaces D-Ala-D-Ala in peptidoglycan synthesis rendering 

vancomycin ineffective due to its 1000-fold decreased affinity for D-Ala-D-Lac (Bugg et 

al., 1991). The suite of genes coding for vancomycin-resistance (vanR) are found on the 
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10.8-kb transposon, Tn1546 (Courvalin, 2006; Weigel, 2003), which can be 

transconjugated from enterococci to S. aureus (Périchon and Courvalin, 2009; Noble et 

al., 1992) by a two-step transfer process including conjugative transfer of the VRE 

plasmid and subsequent integration into the MRSA plasmid (Weigel, 2003; Kos et al., 

2012). This leads to the current impending threat of vancomycin-resistant Staphylococcus 

aureus (VRSA)—currently designated as a concerning hazard by the CDC (Centers for 

Disease Control and Prevention, 2013). VRSA was predicted as early as 1988 by Uttley 

et al., and the transfer of vanR from E. faecalis to S. aureus was demonstrated in the 

laboratory in 1992 by Noble et al. In 2002, as predicted, S. aureus clinical isolates had 

naturally acquired vanR from enterococci. The twelve known Tn1546 acquisition events 

have occured independently and have occurred in the most common lineage of MRSA 

implicated in hospital-acquired infections (HAI) (Kos et al., 2012). The rapid evolution 

of bacteria and the transfer of vanR genes undermine our ability to treat infection and 

indicate an urgent need for innovative technologies to enable widespread surveillance of 

antibiotic resistance dissemination.  

 

Figure 9 

Timeline of important events pertaining to the dissemination of antibiotic resistance. 
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While antibiotic resistance dissemination can be linked to agricultural antibiotic use and 

the problem is compounded by interspecies (animal to human) transfer (da Costa et al., 

2013; Volkmann et al., 2004; Lim et al., 2006; Angulo et al., 2004), the co-existence of 

vanA and mecA in the clinic (Volkmann et al., 2004) is of particular concern. Both drug 

resistant and susceptible Staphylococcus aureus and enterococci are implicated in 

culture-negative infective endocarditis (IE) cases (Brinkman et al., 2013), resulting in 

difficulty in managing the disease and corresponding to significant morbidity and 

mortality despite medical advancements (Baddour et al., 2005). IE predominately affects 

the aortic, mitral and tricuspid valves (Akinosoglou et al., 2012), and traditional 

diagnosis of IE includes transesophogeal echocardiography, blood culture, and heart 

valve tissue culture (Baddour et al., 2005). Due to the importance of rapid diagnosis and 

timely, accurate treatment of IE (Bayer et al., 1998), molecular approaches are of great 

interest, such as gene specific PCR, and broad-range 16S hypervariable region PCR with 

subsequent sequencing, PCR-electrospray ionization mass spectrometry (PCR/ESI-MS), 

or matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-

TOF MS) (Wolk and Dunne, 2011). These approaches have been shown to successfully 

diagnose causative species and antibiotic resistance from heart valve tissue, even in 

culture negative cases (Brinkman et al., 2013; Marín et al., 2007; Gauduchon et al., 

2003), resulting in substantially improved diagnostic outcomes (Breitkopf et al., 2005; 

Vondracek et al., 2011).  

Depending on causative organism (enterococci or staphylococci), drug resistance, and 

patient information, clinicians will prescribe one or a combination of antibiotics including 

penicillin, ampicillin, methicillin, or vancomycin (Giessel et al., 2000; Baddour et al., 
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2005). However, empiric antibiotic therapy is initiated while test results are awaited 

(Baddour et al., 2005), complicating disease management by diminishing protective flora 

and inducing resistance (da Costa et al., 2013). To alleviate the need for such empiric 

therapy, new technologies are being developed to decrease the time to diagnosis. The 

Roche LightCycler can detect 25 clinically important pathogens from whole blood within 

6 hours (Lehmann et al., 2008). Five copies of S. aureus genomic DNA (gDNA) can be 

detected from whole blood using nested PCR with the Cepheid GeneXpert automated 

fluidic sample processing and PCR system (Banada et al., 2012). Lastly, automated 

microscopy of immobilized live bacterial cells growing in channels with varying 

antibiotic conditions can determine susceptibility phenotypes in 4 hours and is not 

confounded by mutated genes, heterogeneous populations, or inducible phenotypes (Price 

et al., 2014). These technologies are getting closer to being able to provide clinicians 

diagnostic information at the time of initial prescription of therapy, but there is still much 

room for improvement. The goal of the work described herein is to decrease sample-to-

answer times to less than ten minutes. 

2. Summary of Work 

2.1 Enhanced Nucleic Acid Amplification with Blood in Situ by Wire-

Guided Droplet Manipulation 

To demonstrate the use of wire-guided droplet manipulation (WDM) to automate the 

polymerase chain reaction (PCR), a reprogrammable apparatus was designed and 

assembled. The WDM apparatus is designed to position a pendant droplet within a heated 

oil environment. The pendant droplet can be ejected or retracted by a motorized syringe, 
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adding flexibility to droplet manipulations. The heated oil is contained in three 

independently regulated chambers arranged in a circle and connected by channels. Each 

of the three chambers corresponds to one of the PCR temperatures: denaturation at 90-

98°C, annealing at 50-70°C, and extension at 70-80°C. The syringe is positioned by a 

rotational motor. The rotational motor and syringe assembly is positioned by a vertical 

motor on a linear bearing. With the three motors, protocols can be performed to load PCR 

mixtures, position pendant droplets within the heated oil, and to remove PCR mixtures 

from the heated oil. This apparatus allows PCR protocols to be performed and to take 

advantage of the unique characteristics of WDM. 

WDM minimizes thermal resistance by convective heat transfer to a constantly moving 

droplet in direct contact with heated silicone oil. PCR amplification of the GAPDH gene 

was demonstrated at a speed of 8.67s/cycle. Conventional PCR was shown to be inhibited 

by the presence of blood. In contrast, WDM PCR provides molecular partitioning of 

nucleic acids and other PCR reagents from blood components, within the water-in-oil 

droplet, to increase PCR reaction efficiency with whole blood in situ. This molecular 

partitioning is evidenced by the higher interfacial tension of PCR mixtures containing 

whole blood compared with PCR mixtures without whole blood. The ability to amplify 

nucleic acids directly from whole blood simplifies pre-treatment protocols and is a step 

towards point-of-care use. The 16s rRNA hypervariable regions V3 and V6 were 

amplified from Klebsiella pneumoniae genomic DNA mixed with whole blood, and the 

detection limit of WDM PCR was determined to be 1 ng/µL or 105 genomes/µL with 

blood in situ. 
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PCR was identified as a preliminary application of WDM due to its widespread use in life 

science research and medicine. The potential impact of PCR by WDM on the diagnosis 

of infections, such as bloodstream infection (BSI) and soft tissue infection, is investigated 

by amplification of hypervariable regions of the Klebsiella pneumoniae 16s rRNA gene 

with whole blood in situ. The 16s rRNA gene is the most commonly used gene in 

taxonomic classification of bacteria (Clarridge, 2004). Specific identification of single or 

multiple 16s rRNA gene hypervariable regions allows phylogenetic placement of bacteria 

to either the species or genus level (Cole et al., 2009; Wang et al., 2007; Liu et al., 2007; 

Sundquist et al., 2007; Huse et al., 2007; Dowd et al., 2008; Wang and Qian, 2009; Liu et 

al., 2008). Amplification of a relatively short PCR amplicon of 200-bp can enable the 

identification of the causative agents in BSI to the species or genus level.  

The V3 and V6 hypervariable primers (Sundquist et al., 2007) used for total bacterial 

content determination with the option for off-device sequencing, have melting 

temperatures (Tm) of 71.3°C and 64.4°C, respectively (as determined by the online toolkit 

OligoAnalyzer 3.1; www.idtdna.com). The V3 primers were designated as the best 

choice for rapid PCR amplification because their higher Tm and %GC content are 

optimal. The optimal extension temperature is between the primer Tm and Tm - 5°C, but 

the optimal extension temperature is 70-75°C, so the maximal extension rate can be 

achieved by choosing primers with a %GC content between 60-80% and a Tm of 70-75°C 

(Montgomery et al., 2014). The V3 primers are also shown to be capable of providing 

phylogenetic placement for 70% of shortlength sequencing reads (100±20-bp) to the 

genus level, and for 40% of reads to the species level for diverse bacterial communities 

(Sundquist et al., 2007). It has been shown that short read sequencing of hypervariable 



 43 

regions within 16s rRNA can perform as well or even better than full length sequencing 

(Wang et al., 2007; Liu et al., 2007; Sundquist et al., 2007; Huse et al., 2007; Dowd et al., 

2008; Liu et al., 2008).  

The rapidity of PCR offers the potential to identify bacteria without blood culture. The 

automation and rapid heat transfer aspects of WDM minimize the skilled man-hours 

needed to diagnose pathogens causing infection (eg. in BSIs). Molecular partitioning 

further simplifies diagnosis by eliminating sample purification and decreasing the 

concern for inefficient extraction procedures. The application of WDM for rapid, 

automated detection of bacterial DNA from whole blood may have an enormous impact 

on the clinical diagnosis of infections in bloodstream or chronic wound/ulcer, and patient 

safety and morbidity. 

2.2 Innovative Real-Time PCR Using Interfacial Effects to Enable Low 

Threshold Cycle Detection and Inhibition Relief 

Unfortunately, sample-to-answer information within the clinical decision making window 

to forego empiric therapy (<10 min) has yet to be realized. Towards this aim, we have 

developed a novel droplet-based real-time PCR method that relies on interfacial effects 

for droplet actuation, protein compartmentalization and amplification sensing. While the 

fluid dynamics required for droplet actuation in automated rapid assays have been studied 

extensively, sensing modalities have been limited to fluorescence, colorimetric, surface 

plasmon resonance, or electrochemical detection. The approach presented in this work 

not only allows for repeated droplet actuation without surface fouling. More importantly, 

it makes sensitive detection at early PCR thermal cycles possible by an innovative 



 44 

sensing modality based on interfacial effects. Because of this innovation, detection of 

PCR amplification as early as the third thermal cycle is achieved. In this study, we 

demonstrate the ability of our methodology, droplet-on-thermocouple silhouette real-time 

PCR (DOTS qPCR), to provide the following important features: 1) thermocycling times 

that are as fast as 28 s/cycle; 2) elimination of evaporation by silicone oil immersion of 

the reaction droplet; 3) stabilization of the droplet-on-thermocouple by interfacial 

tension; 4) compartmentalization of contaminating proteins at the oil–water interface, 

thereby relieving their inhibitory effects on PCR; 5) sub-picogram limit of detection; and 

6) detection of amplification in 3 min 30 s. The performance of the method has been 

demonstrated using 16S rRNA gene V3 hypervariable region and vanA gene 

amplification for bacterial load determination and resistance gene detection. With these 

targets, DOTS qPCR could be used for the point-of-care molecular diagnosis of 

infections. 

In the DOTS qPCR device, a looped thermocouple acts as a functionalized wire for 

WDM, providing internal droplet temperature feedback for reproducible droplet 

temperature control. The looped thermocouple also increases the contact area between the 

droplet and the wire, meaning that the work of adhesion is increased and the droplet 

manipulations are robust. The droplet-on-thermocouple is connected to a motor arm, 

which positions it within a semicircular channel filled with heated oil. The oil is heated 

from both ends by two proportional-integral-derivative (PID) controlled heaters to the 

temperature extremes (45–50°C and 100–105°C). A heat gradient is established between 

the two ends with temperatures between the two extremes being represented. At the 

midpoint of the channel, a viewing window allows macroscopic imaging of the droplet by 
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a smartphone camera with an attached lens. The droplet height is measured from these 

images every 5 thermal cycles, and the change in droplet height is used for amplification 

detection. The change in droplet height is dependent upon the initial DNA amount (N0) of 

the reaction. A droplet height decrease threshold is established, and the corresponding 

threshold cycles are calculated. This threshold method allows a log-linear relationship to 

be established between the logarithm of the initial DNA amount and the threshold cycle. 

This relationship can be used for real-time quantification of bacterial genomic DNA in 

the concentration range, 1.5 × 102–1.5 × 105 genomic copies. 

Rapid thermocycling is conducted by continuously moving the droplet within the heated 

oil. This continuous movement enhances heat transfer since it provides forced convection 

between the droplet and the oil. Convective heat transfer is governed by the equation, q = 

h(T∞ - Tobject), where q is heat flux, h is the heat transfer coefficient, T∞ is the temperature 

of the surrounding medium (the oil), and Tobject is the temperature of the object being 

heated (the droplet). This means that increasing the temperature difference (T∞ - Tobject) 

will further increase the rate of heat transfer. Greater temperature differences are 

achieved by positioning the droplet at oil temperatures that are higher than the desired 

droplet temperature for heating and that are lower than the desired droplet temperature 

for cooling. The risk of droplet temperature overshoot is mitigated by the droplet 

temperature feedback. 

Towards diagnosis of infective endocarditis, heart valves were excised from a porcine 

heart, sectioned, inoculated with vancomycin-resistant Enterococcus faecium (VRE), and 

ground using a micro-mortar and -pestle. The liquid phase of the inoculated tissue after 
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grinding, was pipetted directly into the PCR mixture without further purification. The 

addition of this tissue contamination caused the interfacial tension of the PCR mixture to 

increase. This interfacial tension increase indicates that the interfacial composition of the 

droplet has been changed by the addition of the tissue contamination. Since tissue 

proteins should be adsorbed at the oil–water interface, they are effectively eliminated 

from PCR (interfacial compartmentalization) along with their inhibitory effects.  

Compared to DOTS qPCR, commercially available real-time PCR systems that rely on 

fluorescence detection have substantially higher threshold cycles and require expensive 

optical components and extensive sample preparation. Due to the advantages of low 

threshold cycle detection we anticipate extending DOTS qPCR technology towards 

trending biological research applications such as single cell and single nuclei analysis. 

Our work is the first demonstrated use of interfacial effects for sensing of reaction 

progress and could further the goal of point-of-care pathogen detection. Use of DOTS 

qPCR has the potential to provide clinicians with diagnostic information about infections 

in the clinic or operating room at the time of initial antibiotic prescription, without 

extensive sample preparation or laboratory infrastructure. 

3. Impact and Future Directions 

Droplet microfluidics is a subfield of microfluidics in which microdroplets of liquid 

move through microchannels in a continuous oil phase. At the microscale, reaction 

kinetics are enhanced by rapid mixing and efficient heat transfer (Schneider et al., 2013). 

Droplets can be easily and reproducibly generated by several different well-described 

methods, namely co-flow, cross-flow, flow-focusing, and metering (Christopher and 
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Anna, 2007). Cross-flow is widely used for its relative simplicity of implementation 

using a t-junction (Garstecki et al., 2006). Much attention has been paid and progress 

made on the subject of rapid on-chip thermocycling, and droplet microfluidics have been 

at the center of much of this progress (Zhu et al., 2012). Conversely, innovations have 

been lacking in the area of increased sensitivity for low threshold cycle detection. PCR 

detection strategies have been restricted to fluorescence or even product confirmation by 

gel electrophoresis.  

In traditional qPCR, the fluorescence threshold is 1011 molecules/µL, requiring 103 initial 

targets and 30 thermal cycles to reach threshold in 10 µL of reaction volume. Traditional 

qPCR has the potential drawbacks of non-specific products from contaminating DNA, 

primer dimers, and PCR bias (Marcy et al., 2007). The need for a large number of 

amplicons for detection and the problem of non-specific amplification makes single-

molecule amplification and analysis difficult in microliter reaction volumes. Thus, 

nanoliter sized reaction volumes are the key for single-molecule detection by PCR 

(Kalinina et al., 1997), and many droplet microfluidics have been developed towards this 

application (Zhu et al., 2012). Droplet microfluidics provide the benefit of rapid 

thermocycling by efficient heat transfer of discrete, single-molecule reactors without 

surface fouling, cross-contamination, or loss of PCR template. 

Applications of droplet microfluidics include absolute quantification by droplet digital 

PCR (Hindson et al., 2013), high-throughput screening especially for single cell gene 

expression analysis (Sanchez-Freire et al., 2012), next-generation DNA sequencing, and 

quantitative and sensitive detection of rare mutations. Existing detection strategies in 
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droplet microfluidics include capillary electrophoresis, fluorescence, and flow cytometry 

(Zhu et al., 2012). Droplet digital PCR (ddPCR) is an end-point approach. First, droplets 

are generated, then PCR thermocycling is conducted, and finally fluorescence is 

measured from the droplets. The interfacial tension of reaction droplets has been found to 

decrease dramatically upon DNA amplification in the presence of SYBR Green I (Fig. B-

6E). Interfacial partitioning of sample contaminants has also been shown to increase 

reaction efficiency (Harshman et al., 2013), and this effect will be amplified by higher 

surface area to volume ratios. In microfluidics, viscous and interfacial forces dominate, 

and these forces are the basis for several microfluidic strategies to measure the interfacial 

tension between liquids. Some of these strategies are capillary rise (Ghatee et al., 2014), 

sessile droplet contact area in EWOD (Choi et al., 2014), geometrical confinement 

(Dangla et al., 2013), and surface energy trapping (Abbyad et al., 2011; Dangla et al., 

2011). By using one these microfluidic strategies to monitor interfacial tension, a droplet 

microfluidic device can be design for quantitative real-time PCR. 

We have designed and fabricated a droplet microfluidic device with a t-junction for 

droplet generation and an array of 15 surface energy traps (Fig. 10). The channel height 

(h) is 55.45 µm and the t-junction channel widths (w) are 100 µm. The surface energy 

trap diameters (d) to test are 50, 75 and 100 µm with a height (e) of 73.14 µm. Droplets 

are generated by co-flow in the t-junction (Fig.  11), and they flow as liquid plugs, with 

dimensions L, w and h, downstream to the test chamber where they relax to pancake 

droplets with radius, R (Fig. 12).  
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Figure 10 

Droplet microfluidic device design consisting of a t-junction for droplet generation and an array of 15 

surface energy traps and rails. The rails are configured such that droplets can be loaded onto the surface 

energy traps in the loading direction. During flow in the testing direction, droplets that are dislodged from a 

trap will be guided away from downstream droplets by the rail. The rails in this configuration ensure that 

upstream droplet behavior do not influence downstream droplets. 

 

Figure 11 

Still image from an optical microscope video of the t-junction droplet generator with liquid plugs flowing 

downstream towards the test chamber. 
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Figure 12 

Liquid plugs, with dimensions L, w and h, exit the channel to the test chamber where they relax to pancake 

droplets with radius, R.  

Pancake droplets are trapped at the surface energy trap (Fig. 13) due to an anchoring 

force (Eq. 8). The anchoring force (Fγ) is dependent on the liquid interfacial tension, the 

channel height and the dimensionless function S(b), where b is equal to the ratio of 

channel height and the trap diameter (Dangla et al., 2011). 

)(
2

bhSF π
γγ =  Equation 8 

At some critical flow rate (QC), the drag force (FD; Eq. 9) will be equal to the anchoring 

force, and the droplet will be dismounted from the trap (Fig. 13).  

h
URFD

224πµ
=   Equation 9 
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For known QC values, the interfacial tension of the droplet can be calculated (Eq. 10).  

γ =
48µUR2

h2S(b)  Equation 10
 

Since interfacial tension decreases upon PCR amplification with SG, a threshold flow 

rate (QT) will be able to be established that is equivalent to a real-time PCR FT value. 

Regardless of N0, all droplets will be dislodged at the same threshold flow rate, but the 

dislodging event will occur after different amounts of thermocycling (Fig. 14). A 

standard curve can then be constructed of initial copy number versus threshold cycle (Fig. 

15). 

 

Figure 13 

The pancake droplet is held on the surface energy trap due to the anchoring force (Fγ) until the drag force 

(FD) exceeds the anchoring force at the critical flow rate (QC).  
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Figure 14 

Theoretical plot of QC against Cn at different N0 values. The threshold flow rate is set such that all droplets 

with different N0 will be dislodged at the same flow rate and a CT value can be calculated.  

 

Figure 15 

Theoretical standard curve of the logarithm of the initial copy number versus the threshold cycle in 

amplification when the droplet was dislodged from the surface energy trap. 
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Towards the use of this technique to detect deadly viruses, such as Ebola, that exist at 

very low copy numbers prior to symptomatic phases of the illness (Towner et al., 2004), 

a Citrus tristeza virus (CTV) model was developed (Weng et al., 2007). Total RNA 

extracted from a citrus plant infected with CTV was reverse transcribed and amplified by 

PCR (Fig. 16). 

 

Figure 16 

Gel electropherogram of the 233 bp CTV amplicon amplified by RT-PCR. 

The increased sensitivity of interfacial tension to detect amplification compared to 

fluorescence (Fig. B-6) will further increase the value of nanoliter droplets toward 

analysis of single molecules. The droplet microfluidic device is a robust platform for 

monitoring interfacial tension changes over the course of PCR thermocycling. This 

methodology could be adapted to high-throughput applications. With the implementation 

of on-chip thermocycling, this methodology can be used for real-time quantification as 

opposed to the end-point analysis that is typical of other droplet PCR methods.  
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Abstract 

There are many challenges facing the use of molecular biology to provide pertinent 

information in a timely, cost effective manner. Wire-guided droplet manipulation (WDM) 

is an emerging format for conducting molecular biology with unique characteristics to 

address these challenges. To demonstrate the use of WDM, an apparatus was designed 

and assembled to automate polymerase chain reaction (PCR) on a reprogrammable 

platform. WDM minimizes thermal resistance by convective heat transfer to a constantly 

moving droplet in direct contact with heated silicone oil. PCR amplification of the 

GAPDH gene was demonstrated at a speed of 8.67 sec/cycle. Conventional PCR was 

shown to be inhibited by the presence of blood. WDM PCR utilizes molecular 

partitioning of nucleic acids and other PCR reagents from blood components, within the 

water-in-oil droplet, to increase PCR reaction efficiency with blood in situ. The ability to 

amplify nucleic acids in the presence of blood simplifies pre-treatment protocols towards 

true point-of-care diagnostic use. The 16s rRNA hypervariable regions V3 and V6 were 

amplified from Klebsiella pneumoniae genomic DNA with blood in situ. The detection 

limit of the V6 region by WDM PCR was 1 ng/µL, compared to the detection limit of 10 

ng/µL for conventional PCR. The application of WDM for rapid, automated detection of 

bacterial DNA from whole blood may have an enormous impact on the clinical diagnosis 

of infection and patient safety and morbidity.  

Keywords: PCR, infection, 16s rRNA, molecular partitioning 
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1. Introduction 

The conventional wisdom of molecular biology tells us reagents should be handled with 

pipettes, and reactions should be conducted in plastic tubes or micro titer plates. A 

recently emerging technique known as, wire-guided droplet manipulation (WDM), offers 

a radically different format for conducting experiments, reactions and assays. In WDM, a 

wire or needle tip manipulates microliter-sized droplets in a hydrophobic milieu. The 

attributes of this revolutionarily different format will address some of the challenges 

facing the use of conventional techniques and provide solutions toward the development 

of automated, sample-to-answer, point-of-care systems with potential applications in 

medicine, life science research, forensics, veterinary diagnostics and disease control in 

the developing world.  

WDM allows for efficient heating and cooling of reactions by maximizing the heat 

transfer coefficient. The heat transfer mode is convection as the droplet is moved 

continuously in a temperature controlled hydrophobic fluid. The thermal resistance is also 

minimized by direct contact of the droplet with the heated fluid. In conventional 

techniques, the plastic wall of the micro titer plate creates a thermal isolation barrier. 

Another consequence of the aqueous droplet interfacing with the hydrophobic fluid is 

molecular partitioning. Molecular partitioning can be leveraged in WDM to separate 

components of a complex sample matrix such as human whole blood. Erythrocytes will 

be lysed and release hemoglobin into the extracellular environment when exposed to 

temperatures above 70°C for longer than 0.3 seconds (Fildes et al., 1998). The 

phospholipids that make up the erythrocyte membranes will dissociate and become an 

ideal surfactant to adsorb to the oil-water interface due to their relatively small size, polar 



 71 

head group, and hydrophobic fatty acid tails. Static self-assembly of lipids into 

membranes is a well-known phenomenon (Whitesides and Grzybowski, 2002; Jones and 

Chapman, 1995) and has been utilized to create lipid bilayers at the interface of sessile 

droplets (Poulos et al., 2010). Proteins differentially adsorb and denature at the oil-water 

interface depending on properties such as size, surface hydrophobicity, and surface 

charge (Li et al., 2012; Keerati-u-rai et al., 2012, Tubio et al., 2004). Other investigators 

have shown the utility of this molecular self-assembly at oil-water interfaces to 

specifically control aggregation of droplets in emulsion (Hadorn and Boenzli, 2012) and 

to create amphiphilic nanoparticles (Andala et al., 2012). 

Controlled manipulations of droplets for the miniaturization of chemical and biological 

analysis, referred to as droplet or digital microfluidics, can be utilized. Several methods 

have been demonstrated, most notably magnetofluidics (Egatz-Gómez et al., 2006) and 

electrowetting (Cho et al., 2003a). While these methods may seem potentially useful, 

they are associated with complications in fabrication and operation that prohibit their 

widespread adoption. In magnetofluidics, paramagnetic nanoparticles are necessarily 

suspended in the reaction mixture to control droplet movement with an external magnetic 

field (Egatz-Gómez et al., 2006; Ohashi et al., 2007). These particles can cause reaction 

interference (Yoon and Kim, 2012) and add an extraneous cost to the procedure. Devices 

designed for control of droplet movement by electrowetting-on-dielectric (EWOD) use a 

dielectric layer to create charge separation on the surface (Cho et al., 2003a; Yoon and 

Garrell, 2003). Dielectric breakdown of this layer will lead to electron tunneling and 

failure of the device after sustained use (Cho et al., 2003b; Chang et al., 2006). There 

have been some efforts in conducting chemical and biological analysis, including PCR, in 
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straight microchannels (Zhang and Xing, 2007), but these devices are not reconfigurable 

and must be designed for a single dedicated use. In procedures such as PCR, where 

cyclical heating and cooling is necessary, plug flow is required to avoid axial dispersion 

of molecules (Chen et al., 2005) and creation of a heat gradient across microchannels. 

The speed at which reactions can be performed is limited by the need to maintain plug 

flow. 

WDM can be applied to standard protocols and is easily reprogrammable for different 

uses. Serial dilution, vibrational mixing, sample concentration by high-speed 

centrifugation, DNA extraction (lysing, precipitation, washing and rehydration) and rapid 

thermocycling can all be automated by WDM (You and Yoon, 2012). The principles of 

droplet manipulation can be easily integrated into the existing ideology of scientific 

automation using a commercially available robotic pipetting system. Automation, 

reprogrammability, ease of use, and robustness are essential features of all-in-one, 

sample-to-answer systems to be used at the point-of-care, making WDM ideal for use in 

such rapid molecular diagnostic systems.  

We have identified PCR as a preliminary application of WDM and have designed and 

fabricated a dedicated apparatus for conducting PCR by WDM in an automated manner. 

We have investigated its potential impact on the diagnosis of infections, such as 

bloodstream infection (BSI) and chronic wound and ulcer infections, by amplification of 

hypervariable regions of the Klebsiella pneumoniae 16s rRNA gene with blood in situ. 

The 16s rRNA gene is the most commonly used gene in taxonomic classification of 

bacteria (Clarridge, 2004). Specific identification of single or multiple 16s rRNA gene 
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hypervariable regions allows phylogenetic placement of bacteria to either the species or 

genus level (Cole et al., 2009; Wang et al., 2007; Liu et al., 2007; Sundquist et al., 2007; 

Huse et al., 2007; Dowd et al., 2008; Wang and Qian, 2009; Liu et al., 2008). 

Amplification of a relatively short PCR amplicon, 200-bp, will enable species to genus 

level identification of the causative agents in BSI. The extreme sensitivity of PCR 

eliminates the need for slow blood culture. The automation and rapid heat transfer of 

WDM minimize the skilled man-hours needed to diagnose the BSI. The molecular 

partitioning further simplifies the diagnosis by eradicating the need for sample 

purification and decreases the concern for inefficient extraction procedures. 

Clinical diagnosis of infection is currently inhibited by the need for growth-based, time-

consuming techniques carried out by trained personnel in a laboratory setting. Blood 

culture has the tendency to be selective for certain pathogens, is subject to contamination 

by skin flora, and is unable to provide useful information until 3-5 days later (Weinstein 

and Doern, 2011). Delayed diagnosis creates the need for empirical, broad-spectrum 

antibiotic therapy which may be unnecessarily broad or inadequately narrow (Lipsky and 

Berendt, 2000) and creates a selective pressure towards development of antimicrobial 

resistance (Baumgart et al., 2010; Lucignano et al., 2011). The lack of information about 

the presence of antimicrobial resistant bacteria disables the physician to appropriately 

prescribe antimicrobial therapy (Lipsky and Berendt, 2000). 

Rapid diagnostic tools to identify the cause of infection are of extreme clinical 

importance due to the high mortality rates (49.7% overall for BSI) (Balk et al., 2001; 

Rice et al., 2013), significant morbidity, extreme cost of patient care (Kollef et al., 1999; 
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Chakravorty et al., 2010; HCUP, 2009), and rising antimicrobial resistance rates (NNIS 

System, 2004). Rapid, point-of-care detection enables early use of targeted antibiotic 

therapy, to reduce morbidity and mortality, and timely isolation of colonized patients, to 

minimize transmission of antimicrobial resistance through the hospital setting (Akova et 

al., 2012). A recent outbreak of Klebsiella pneumoniae has shown that even the most 

sophisticated medical facilities are not impervious to the spread of antimicrobial 

resistance and has highlighted the need to quickly isolate the infection (Kolata, 2012).  

2. Materials and Methods 

2.1. Polymerase Chain Reaction 

PCR reaction mixtures were prepared on ice immediately prior to thermocycling. The 

reaction mixture contained Promega GoTaq® Green Master Mix, forward primer (10 

µM), reverse primers (10 µM), purified target DNA and nuclease free water (in the ratio 

5:1:1:1:2). Purified K. pneumoniae strain Z026 genomic DNA (1 ng/µL) was obtained 

from Zyptometrix and a synthetic GAPDH oligonucleotide (50 ng/µL) was obtained from 

Integrated DNA Technologies. For the reactions containing whole blood, one part 

nuclease free water was replaced with 10% whole blood. Whole blood was stored 

refrigerated in a BD Vacutainer® CPT™ Cell Preparation Tube with Sodium HeparinN 

(BD Bioscience; 8362834). The MJ Research PTC 150 Minicycler was used for 

conventional thermocycling. A superficial layer of mineral oil (Sigma; M5904) was used 

to avoid evaporation. Universal primers were chosen to amplify the V3 and V6 

hypervariable regions of the 16s rRNA gene from bacteria (Sundquist et al., 2007). The 

V3 primers, 338F (5’- ACT CCT ACG GGA GGC AGC AG -3’) and 534R (5’- ATT 
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ACC GCG GCT GCT GG -3’), amplify a 196-bp region. The V6 primers, 907F (5’- 

AAA CTC AAA KGA ATT GAC GG -3’) and 1073R (5’- ACG AGC TGA CGA CAR 

CCA TG -3’), amplify a 166-bp region (Sundquist et al., 2007). The PCR conditions for 

the 16s rRNA gene primers were  98°C for 3 min, 30 cycles of 98°C for 30 s, 58°C for 30 

s, and 72°C for 40 s, followed by extension for 10 min at  72°C. A 143-bp sDNA 

oligonucleotide served as the GAPDH gene target. The concentration of the GAPDH 

target in the PCR reaction mixture was 1010 copies/µL. The sequence of forward primer 

was 5’- ACATCGCTCAGACACCATG -3’ and the reverse primer was 5’- 

TGTAGTTGAGGTCAATGAAGGG -3’. The PCR conditions for the GAPDH gene 

primers were 94°C for 4 min, 30 cycles of 94°C for 20 s, 56°C for 30 s, and 72°C for 30 

s, followed by extension for 10 min at 72°C. 

2.2. WDM Thermocycling Apparatus 

The droplet thermocycling apparatus consists of a rotationally translatable syringe mount 

(Fig. 1). The syringe plunger is automated by a 12V linear stepper motor (MPJA; 

18313MS) residing in the rotating frame. Electrical connection is made to the rotating 

frame by a through bore slip ring (Keyo Electric Co.; KYH12) to avoid tangling of wires. 

The entire rotational assembly is translated vertically by a bipolar stepper motor 

(Phidgets; NEMA 17) connected to a lead screw. The vertical movement is stabilized and 

guided by two 20 mm linear ball bearings on chrome plated shafts (330.2 mm length) 

(VXB Ball Bearings). The function of the three motors is automated by a 

reprogrammable Arduino Mega microcontroller and Easydriver stepper motor controllers 

(Sparkfun Electronics). There are three heated silicone oil (Fisher Scientific; S159) baths; 

each is independently maintained by a proportional-integrative-derivative (PID) 
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controller within ±0.25°C of the temperatures required for denaturation, annealing or 

extension (You et al., 2011). The PID controller consists of an Arduino Uno 

microcontroller, PID algorithm programming, and a custom transistor circuit. The heating 

element is a flexible heater (All Flex Heaters; P0225-RA100) fixed to the bottom of each 

chamber. The temperature is monitored using DS18B20 1-Wire temperature sensors and 

is displayed on a serial-enabled liquid crystal display (LCD) (Sparkfun Electronics). The 

baths are connected by thin channels, and oil is prevented from mixing by a flexible 

plastic film (3M transparency sheets) at the entrance and exit of each bath. The oil 

temperature set points are adjustable by buttons activated by the user. The entire system 

was powered by a 0–30 V, 3 A bench-top power supply and a 2 A bench-top power 

supply (MPJA). The WDM thermocycling apparatus was designed using SolidWorks 

computer aided design software, and custom components were fabricated by rapid 

prototyping using acrylonitrile butadiene styrene (ABS) polymer (Dimension uPrint SE). 

2.3. WDM Thermocycling 

The sample is loaded into a single-use, Luer-Lok, 15-guage blunt needle tip (Jensen 

Global; JG15-0.5X) by the user with a button controlling the syringe plunger movement. 

First, 15 µL of mineral oil are drawn into the needle. Subsequently, 15 µL of the PCR 

reaction mixture are drawn in. The mineral oil prevents water in the reaction mixture 

from evaporating into the chamber of the syringe and helps to minimize the expansion of 

the air in the syringe chamber during heating. During the PCR protocol, the syringe 

needle is positioned by the vertical motor so the 304 stainless steel tip is submerged 2.5 

mm into the oil. The 8 µL pendant droplet is then automatically dispensed and moved at 

an average velocity of 7.2 mm/s to allow for convective heat transfer between the oil and 
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the droplet. The maximum velocity was set below the threshold of the droplet to fall due 

to excessive drag. Before the syringe moves to the next oil bath, the droplet is drawn into 

the needle with 5 µL of silicone oil below the reaction mixture to prevent loss during the 

movement between oil baths (Supplementary Material 1). A several hundred millisecond 

pause is necessary due to the delayed response of the droplet to the syringe. Remaining at 

the same height, the syringe is rotated to the next oil bath and the process continues for n 

cycles. When all cycles have been completed, the syringe is moved upward by the 

vertical motor so the sample can be collected in a tube by the user. The oil set point 

temperatures for amplification of V3 were 95°C, 52°C and 70°C and for V6 they were 

98°C, 50°C and 70°C. For both V3 and V6, the reaction mixture was denatured for 6.9 s, 

annealed for 10.5 s and extended for 18.3 s. The oil set point temperatures for 

amplification of the GAPDH oligonucleotide were 94°C, 58°C and 69°C and 

thermocycling speed was 8.67 s/cycle. 

2.4. Thermocycling Temperature Profile Measurement 

The conventional PCR temperature profile was measured by submersing a thermocouple 

in water (20 µL) with a superficial layer of mineral oil (10 µL) inside a polypropylene 

PCR Tube (Fisher Scientific; 14230225). The tube was placed in the heater block of the 

MJ Minicycler. The PCR conditions were 94°C for 30 s, 55°C for 40 s, and 72°C for 40 

s. The droplet PCR temperature profile was measured by mounting a thermocouple 

coaxially inside the syringe needle tip, locating it at the normal position of the reaction 

droplet. The oil set point temperatures were 104°C, 55°C, and 72°C and the cycle time 

was 37 s/cycle. In both cases, a temperature reading was taken every second. 
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2.5. Gel Electrophoresis 

The PCR products were analyzed using gel electrophoresis. 3% w/v agarose gel (Sigma; 

A0169) in 1x tris-acetate-EDTA (TAE) buffer (Invitrogen; 24710-030) were prepared 

and run at 120 V for 30-50 min with an electrophoresis power supply (Fischer Scientific; 

FB200). 1 kb-plus ladder (Invitrogen; 10787) was used as a standard for fragment sizing. 

Gels were stained with ethidium bromide (Sigma; E1510) and imaged under UV light. 

Gel images were analyzed using ImageJ (U.S. National Institutes of Health). Gel band 

intensities were measured and normalized to the background. The one-sample t-test with 

a 95% confidence interval was used to determine if the gel band intensity was 

significantly different from the background.  

2.6. Interfacial Tension Measurements 

Interfacial tension measurements were made with an FTÅ 200 contact angle and 

interfacial tension analyzer (First Ten Ångstroms). Measurements were taken after the 

pendant droplet had been hanging for 150 seconds. 

3. Results 

3.1. Assembly and Operation of WDM PCR Apparatus 

Figure 1 shows the schematic diagram of the WDM PCR apparatus that we have 

designed, fabricated, and assembled, utilizing 3D printing and Arduino microcontroller 

technologies. The operation of this apparatus for PCR thermocycling is shown as a video 

in Supplementary Material 2 (Fig. A-S2). 
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3.2. Convective Heat transfer Allows Rapid Heating and Cooling of 

PCR Mixture 

The differences in heat transfer between WDM thermocycling and conventional 

thermocycling are illustrated in Figure 2. In WDM thermocycling, the droplet is in direct 

contact with the heated silicone oil (Fig. 2b). The droplet is continuously moved in the 

heated oil, and heat transfer is by convection. Heat transfer by convection is more 

efficient than conduction due to decreased thermal resistance. The thermal resistance of 

heat transfer to the reaction mixture is also reduced by eliminating the barrier of the 

plastic tube. Our apparatus (Fig. 1) contains three heated silicone oil baths, all connected 

with continuous channels, each independently maintained at one of the three temperatures 

necessary for PCR. The droplet is sequentially moved in between each heated oil bath, 

and there is no need to wait for heating or cooling of the oil. In conventional 

thermocycling, a metal heating block is heated up and cooled down to each temperature, 

serially. Between denaturation temperatures and annealing temperatures, the heater block 

can take up to 30 seconds to cool (Fig. 2c). This cooling time is completely eliminated in 

our system, as illustrated by the nearly vertical temperature profile between each reaction 

phase in Figure 2d. The conventional PCR temperature profile (Fig. 2c) shows that each 

target temperature is reached momentarily and then heating or cooling to the next 

temperature resumes. The WDM PCR temperature profile (Fig. 2d) shows that the target 

temperature is reached almost instantly and then maintained for the majority of that phase 

of the reaction. The large dT/dt seen by WDM accounts for the ability to thermocycle at 

extremely fast speeds. 
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3.3. Blood Increases Droplet Interfacial Surface Tension (IFT) 

Pure nuclease-free water has the highest interfacial tension (71.5 mN/m), shown in Figure 

3. The high IFT of pure water reflects the strength of hydrogen bonding forces between 

water molecules which have a net attractive force pointing towards the center of the 

droplet. The interfacial tension decreases as contaminants are added to the mixture and 

the interactions between water molecules at the interface are disrupted.  The IFTs for the 

solutions of bovine serum albumin (BSA) (1.5 µg/µL) and sodium heparinized human 

whole blood (WB) are 60.8 and 53.1 mN/m, respectively. The pure PCR mixture has the 

lowest IFT (34.1 mN/m). The addition of WB to the PCR mixture causes an increase in 

IFT from the pure PCR mixture. The relatively high IFTs of BSA and WB result from the 

presence of proteins (predominantly hemoglobin, albumin, immunoglobulins, and 

fibrinogen) which are large and partially charged. The relative hydrophobicity of these 

proteins is much more intense than that of small molecules such as deoxyribonucleotides 

(dNTPs), DNA primers, and PCR amplicons. When large molecules such as proteins 

adsorb to the interface, they leave large gaps in between them where water molecules can 

interact creating a strong, albeit dampened, center pointing force. The PCR mixture on 

the other hand contains an extraordinarily high concentration of dNTPs and DNA 

primers. dNTPs contain a negatively charged phosphate group and an aromatic 

pyrimidine or pyrimidine-imidazole ring which can participate in hydrogen bonds. DNA 

primers are similarly structured with a phosphate backbone and exposed nucleobases. 

Adsorption of small molecules, such as dNTPs, DNA primers and ions, to the interface 

causes complete exclusion of water molecules and disruption of attractive forces 

responsible for high IFT.  The depressed IFT of pure PCR mixture signifies that there is 

electrostatic repulsion occurring as a result of the negative charge of the phosphate 
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backbone of DNA. The addition of 10% WB to the PCR mixture causes the IFT to rise to 

38.6 mN/m. This increase in IFT is evidence that components of blood are replacing 

dNTPs and primers at the interface and decreasing the disruptive interfacial effect. The 

PCR components that are replaced by the blood components at the interface become free 

in solution and available to participate in the PCR reaction. 

3.4. Whole Blood Increases the Reaction Efficiency in WDM 

Thermocycling 

Rapid species level identification of bacteria can be accomplished with a single 

hypervariable region of the 16s rRNA gene (Chakravorty et al., 2007; Bertilsson et al., 

2002; Stöhr et al., 2005; Yang et al., 2002; Wada et al., 2010) and the V1, V3 and V6 

regions are the most frequently used for analysis of clinical specimens (Liu et al., 2008; 

Siddiqui et al., 2011; Claesson et al., 2009).  We demonstrated amplification of the V3 

and V6 regions, the combination of which provides increased specificity of downstream 

phylogenetic placement (Chakravorty et al., 2007). The V3 hypervariable region of the 

16s rRNA gene was detected from K. pneumoniae genomic DNA by WDM and 

conventional thermocycling. Samples of pure DNA, DNA with 10% WB, DNA with 

10% WB augmented with 1.5 µg/µL BSA, or DNA with 1.5 µg/µL BSA were 

thermocycled (Fig. 4a). (Since 1 µL of sample is mixed with 9 µL of PCR reagent, the 

effective WB concentration in the droplet was effectively 1%.) The DNA concentration 

for amplification of the V3 region was 1 ng/µL. The K. pneumoniae genome is 5.26 Mbp 

(Shin et al., 2012. The calculated concentration was 105 genomes/µL. All samples are 

diluted to 1:10 in the final PCR reaction mixture volume. 



 82 

For the amplification of the V3 region by WDM thermocycling, the reaction efficiency 

was increased with 10% WB in situ compared to pure DNA (Fig. 4a & 4c), as quantified 

by the normalized band intensity.  The samples with 10% WB augmented with 1.5 µg/µL 

BSA in situ and with 1.5 µg/µL BSA in situ showed decreased reaction efficiency 

compared to pure DNA. 

For the amplification of the V3 region by conventional thermocycling, the reaction was 

inhibited with 10% WB in situ and with 10% WB augmented with 1.5 µg/µL BSA in situ 

compared to pure DNA (Fig. 4a & 4c). 

Whole blood increases the reaction efficiency for WDM thermocycling, while BSA 

causes a decrease in reaction efficiency. The phospholipids from blood cell membranes 

act as an ideal surfactant and replace the more polar PCR components, such as primers 

and dNTPs, at the interface. Albumin, the predominant blood protein, does not provide 

this beneficial interfacial effect and does not improve reaction efficiency. 

The negative template control (NTC) showed no band in either thermocycling method, 

indicating that cross-reaction contamination is not an issue associated with repeated use 

of the WDM thermocycling apparatus. The sample is confined to the disposable needle 

tip, which is not reused, and never comes into contact with the syringe chamber. The 

silicone oil was reused without causing contamination between reactions due to the 

unfavorable interaction between DNA and silicone oil. 
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3.5. WDM Thermocycling Enables Amplification Directly from Whole 

Blood 

The V6 hypervariable region of 16s rRNA gene from K. pneumoniae genomic DNA was 

thermocycled with 10% WB in situ (1% of the total reaction volume) by WDM and 

conventional thermocycling. The DNA concentration for amplification of the V6 region 

was 1 ng/μL corresponding to a concentration of 105 genomes/µL. Bands for the expected 

product were detected for all samples by WDM thermocycling while complete inhibition 

of the reaction was observed for conventional thermocycling with 10% WB in situ (Fig. 

4b & 4d). The same conventional thermocycling protocol yielded amplification from pure 

DNA. Multiple samples conducted with the same conditions are shown in Figure 4b 

demonstrating the reproducibility of WDM thermocycling. 

3.6. PCR Detection Limit with 10% Whole Blood in Situ 

The detection limit of conventional and WDM PCR methods with 10% WB in situ were 

determined by amplification of K. pneumoniae genomic DNA and 16s rRNA V6 region 

primers, shown in Figure 5. For conventional PCR with 10% WB in situ, the detection 

limit was 10 ng/µL gDNA. For WDM PCR with 10% WB in situ, the detection limit was 

1 ng/µL gDNA. By conventional PCR the average, normalized band intensity for 10 and 

1 ng/µL gDNA were 2.7 ± 0.4* and 1.07 ± 0.07, respectively. By WDM PCR, the 

average, normalized band intensity for 10, 1 and 0.1 ng/µL gDNA were 3.0 ± 0.2*, 1.52 ± 

0.05* and 0.99 ±0.01, respectively. (An asterisk (*) is used to denote statistical 

significance by a one-sample t-test where α = 0.05 and tcritical = 3.182.) 
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3.7. Extremely Fast Amplification Demonstrated for Clean and Dirty 

Samples 

A synthetic, single stranded oligonucleotide representing the GAPDH gene was amplified 

using extremely fast cycle times of 8.67 seconds from 100% WB (diluted to 10% with 

PCR reagents in the final reaction volume), and from pure DNA (Fig. 6). This cycle time 

enables the completion of 20 cycles in 2 min 53 s and of 30 cycles in 4 min 20 s. The 

GAPDH target oligonucleotide is 143-bp in length, which is much smaller than the K. 

pneumoniae genome. The small size of the GAPDH target and high copy number (1010 

copies/µL) enabled extremely fast amplification from 100% WB and from pure DNA.  

4. Discussion 

We have investigated the impact of the unique attributes of wire-guided droplet 

manipulation (WDM) for conducting PCR. Extremely fast, convective thermocycling 

was achieved by continuous movement of a microliter-sized droplet in direct contact with 

heated silicone oil. These improvements in heat transfer efficiency enabled the 1-2 hours 

required for conventional thermocycling to be reduced to 3-5 minutes.  

Sodium heparinized whole blood (WB) has a relatively high interfacial tension (IFT), 

53.1 mN/m. The high IFT of WB indicates there is ordered self-assembly of blood 

components at the oil-water (hydrophobic-hydrophilic) boundary. Phospholipids are 

amphiphilic molecules and an ideal surfactant to interact at the oil-water interface. PCR 

mixture has a depressed IFT, and when 10% WB is added to PCR mixture, the IFT is 
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increased. This increase in IFT shows that the small negatively charged molecules which 

are abundant in the PCR mixture are replaced at the interface by blood components. 

WDM has increased reaction efficiency with blood in situ as a result of molecular 

partitioning at the oil-water interface. WB acts to passivate the surface of the droplet 

which minimizes the adsorption of the PCR components to the interface and leaves a 

higher proportion of the DNA, primers, DNA polymerase, dNTPs and ions free at the 

soluble core of the droplet where they can react more efficiently. This molecular 

partitioning enabled us to amplify DNA with WB in situ, using WDM, while WB was 

shown to inhibit the reaction by conventional thermocycling. 

The types of molecular interactions at the oil-water interface have a large effect. The 

reaction efficiency is not improved with the addition of 1.5 µg/µL BSA despite its high 

IFT, 60.8 mN/m. This can be explained by the large size and surface properties of BSA 

molecules. When BSA adsorbs to the interface, large spaces are left in between 

neighboring molecules because of molecular size (67 kDa) and electrostatic repulsion 

(BSA is negatively charged at pH = 8.5, the buffering pH of GoTaq® Green Master 

Mix). In the case of blood, phospholipids and other smaller components will fill gaps 

between the larger proteins. With phospholipids absent, the PCR reactants are adsorbed 

to the interface in these gaps reducing reaction efficiency.  

The V3 and V6 hypervariable regions of the 16s rRNA gene were successfully amplified 

from the Klebsiella pneumoniae genome with whole blood in situ. Extreme speed was 

demonstrated by amplification of the GAPDH gene at very high copy numbers, 1010 
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copies/µL, in the presence of 100% WB, at a speed of 8.67 sec/cycle. This extreme speed 

highlights the potential for WDM to be used in a rapid, point-of-care system.  

We consistently observed blood protein aggregation in conventionally thermocycled 

reactions to such an extent that the aggregates of denatured blood proteins would obstruct 

our micropipettes making it challenging to transfer such samples to a gel for 

electrophoresis. In contrast, the blood formed no such aggregates during WDM 

thermocycling. Possible explanations for this lack of protein aggregation include 

continual mixing and the kinetics of heating. Since the droplets are drawn and ejected 

from the needle tip between each phase of each cycle, the aggregates may be dissociated 

into smaller pieces that are not observable and allow for pipetting. Since heating is rapid 

in WDM, the blood is not exposed to the high temperatures for as long, decreasing the 

amount of denaturation. 

We have demonstrated that WDM can be employed to amplify DNA with whole blood in 

situ. The proteins that usually aggregate in conventional PCR causing inhibition have 

little effect on WDM PCR. The phospholipids from the cellular membranes act as an 

ideal surfactant, stabilize the droplet and the reaction efficiency is increased. These 

characteristics open up new application areas for PCR assays to be used. Potential 

application areas for WDM PCR include direct amplification and detection from tissue 

biopsies, preserved tissue specimens, cell cultures, and bacterial cultures. With the 

additional, inherent benefits of increased speed and automation, these assays can be 

conducted routinely in clinical care providing physicians with actionable results at the 

time of initial treatment prescription, leading to improved patient outcomes. 
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7. Figures 

 

Figure A-1 

Important components include the wire-guided droplet manipulation apparatus, the pendant droplet in oil 

and molecular schematic at the oil-water interface. (a) Mechanical, motor-driven apparatus for automated 

syringe movement and droplet dispensing. The reaction chamber consists of three independently heated 

silicone oil baths maintained at each temperature necessary for PCR: 95°C (denaturation), 50-60°C 

(annealing), and 72°C (extension). (b) The reaction droplet hanging from the syringe needle, continuously 

moving in the heated oil bath. (c) Schematic of molecular portioning by self-assembly at the oil-water 

interface. 
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Figure A-2 

Heat transfer schematic highlighting the differences between WDM and conventional PCR, and the 

temperature profiles for conventional and WDM thermocycling. (a) In WDM PCR, the reaction mixture is 

submerged in a heated silicone oil bath as a pendant droplet and is moved continuously. Heat transfer is by 

convection, and the droplet is in direct contact with the heated oil. (b) In conventional PCR, the reaction 

mixture is contained in a small plastic tube, which is in contact with a metal heating block. Heat transfer is 

by conduction, and the plastic tube thermally insolates the reaction mixture from the heating block, causing 

inefficiency. (c) The conventional PCR temperature profile, measured by submerging a thermocouple in 

water in a plastic PCR tube in the heater block. It takes up to 30 seconds for the heating block to cool from 

the denaturation temperature to the annealing temperature, whereas this transition takes less than a second 

in WDM. (d) The WDM PCR temperature profile, measured by placing a thermocouple at the end of the 

syringe needle and thermocycling as usual.  
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Figure A-3 

Interfacial tension of pendant droplets in contact with air (an ideal hydrophobic medium). The composition 

of the droplets was varied and are as follows nuclease-free water, 1.5 µg/µL BSA in nuclease-free water, 

sodium heparinized WB, PCR mixture with 10% WB, and pure PCR mixture. The PCR mixture contains 

GoTaq Green MM, primers, K. pneumoniae genomic DNA (1 ng/µL), and nuclease-free water.  
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Figure A-4 

(a) Gel electrophoresis results for the amplification of the V3 hypervariable region of K. pneumoniae rRNA 

gene from genomic DNA using WDM thermocycling (left) and conventional thermocycling (right). (Lane 

1) Pure DNA (Lane 2) pure DNA in 10% WB (Lane 3) 10% WB augmented with 1.5 µg/µL BSA (Lane 4) 

1.5 μg/µL BSA. (Lane 5) negative template control (NTC) (Lanes 1-4) Genomic DNA concentration is 1 

ng/µL added to all PCR mixtures. (b) Gel electrophoresis results for the amplification of the V6 

hypervariable region of K. pneumoniae rRNA gene from 1 ng/µL genomic DNA with 10% WB in situ. 

(Lanes 1-4) Four replicates by WDM thermocycling. (Lanes 5-8) Four replicates by conventional 
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thermocycling. (c) Normalized band intensities from the gel images in (a) for comparison between WDM 

and conventional thermocycling under different conditions.(d) The averaged, normalized intensity for the 

four replicates by WDM and conventional thermocycling in (b). The WDM intensity is significant (t = 

11.54) and the conventional intensity is not significant (t = 1.01) by the one-sample t-test (α = 0.05, tcritical = 

3.182). 

 

Figure A-5 

Detection limits of conventional and WDM PCR determined with V6 region primers and serial dilutions of 

K. pneumoniae genomic DNA. Three replicates were thermocycled and analyzed for each concentration 

and by each thermocycling method to determine significant detection. Conventional PCR detected 10 

ng/µL (t = 4.5) but failed to detect 1 ng/µL (t = 1.01) with 10% WB in situ. WDM PCR detected 10 ng/µL 

(t = 9.6), 1 ng/µL (t = 11.54), but failed to detect 0.1 ng/µL (t = -0.50) with 10% WB in situ. The detection 

limit of conventional PCR with 10% WB in situ was 10 ng/µL. The detection limit of WDM PCR with 

10% WB in situ was 1 ng/µL. 
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Figure A-6 

Gel electrophoresis results for the amplification by WDM thermocycling of the GAPDH gene (50 ng/µL) in 

100% WB (left) and purified DNA (right). The GAPDH gene (1010 copies/µL in the PCR reaction mixture) 

was amplified in 4:20/30 cycles with WB diluted to 10% v/v of the final reaction volume. GAPDH gene 

was amplified from pure DNA in 2:53/20 cycles and 4:20/30 cycles. These results were obtained at a speed 

of 8.67 sec/cycle. 
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Figure A-S1 

Schematic of droplet microfluidics depicting the droplet withdrawn (left) and the droplet dispensed (right). 

Mineral oil (red) is drawn into the needle tip above the PCR reagents (green) to avoid evaporation and air 

expansion. 5 µL of silicone oil (blue) are drawn into the syringe when the droplet is withdrawn to prevent 

reagent loss.  The opening of the needle tip is submerged below the surface of the silicone oil to prevent 

reagents from sticking to the outsides of the needle. 

 

Figure A-S2  

Operation of WDM PCR apparatus video can be found at http://dx.doi.org/10.1016/j.bios.2013.08.057. 
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Abstract 

Molecular diagnostics offer quick access to information but fail to operate at speeds 

required for clinical decision-making. Our novel methodology, droplet-on-thermocouple 

silhouette real-time polymerase chain reaction (DOTS qPCR), uses interfacial effects for 

droplet actuation, inhibition relief, and amplification sensing. DOTS qPCR has sample-

to-answer times as short as 3 min 30 s. Towards diagnosing infective endocarditis, we 

demonstrate the following: reproducibility, differentiation of antibiotic susceptibility, 

sub-picogram limit of detection, and thermocycling speeds of up to 28 s/cycle in the 

presence of tissue contaminants. Langmuir and Gibbs adsorption isotherms are used to 

describe the decreasing interfacial tension upon amplification. Moreover, a log-linear 

relationship with low threshold cycles is presented for real-time quantification by 

imaging the droplet-on-thermocouple silhouette with a smartphone. DOTS qPCR 

resolves several limitations of commercially available real-time PCR systems, which rely 

on fluorescence detection, have substantially higher threshold cycles, and require 

expensive optical components and extensive sample preparation. Because of the 

advantages of low threshold cycle detection, we anticipate extending this technology to 

biological research applications such as single cell, single nucleus, and single DNA 

molecule analyses. Our work is the first demonstrated use of interfacial effects for 

sensing reaction progress, and it will enable point-of-care molecular diagnosis of 

infections. 

Keywords: antibiotic resistance, infective endocarditis, real-time PCR, interfacial tension, 

inhibition relief, emulsification, rapid molecular diagnostics, point-of-care, sample-to-

answer 
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1. Introduction 

Two years after the U.S. Food and Drug Administration (FDA) approved methicillin, 

methicillin-resistant Staphylococcus aureus (MRSA) emerged (1). This rapid emergence 

demonstrates the speed of bacterial evolution in response to selective pressures. 

Vancomycin is the standard of care and last resort for treating MRSA (2–4), but 

vancomycin-resistant enterococci (VRE) have also appeared. VRE contain a 10.8-kb 

transposon, Tn1546 (2, 5), which carries the ligase-encoding gene vanA (6). Tn1546 has 

transconjugated from enterococci to MRSA on at least 12 independent clinical occasions 

(3, 7–9), resulting in vancomycin-resistant Staphylococcus aureus (VRSA) (10). Because 

of its low incidence, VRSA is currently designated as a “concerning threat” by the U.S. 

Centers for Disease Control and Prevention (CDC) (11). Currently, streptococci, 

enterococci, and Staphylococcus aureus are the three most common causative agents of 

infective endocarditis (IE) (12). VRE and MRSA co-exist in clinics (13), especially in 

severe IE cases (14), and more than one-fourth of MRSA isolates from IE cases show 

tolerance to vancomycin (15). Despite medical advancements, this microbial ecology 

impedes disease management and results in increased levels of morbidity and mortality 

(16). The rapid emergence of vancomycin-resistant bacteria undermines our ability to 

treat serious infections and highlights the urgent need for technological innovation to 

allow widespread surveillance of antibiotic resistance dissemination. 

Traditional methods of IE diagnosis include transesophogeal echocardiography and 

culture of blood heart valve tissues (16). Because rapid diagnosis of IE followed by 

immediate and directed therapy represents the best standard of clinical care (17), there 

has been great interest in molecular diagnostics, including gene-specific polymerase 
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chain reaction (PCR) and 16S rRNA hypervariable region PCR (18). Although these 

approaches have been shown to substantially improve diagnostic outcomes (14, 19–22), 

empiric antibiotic therapy has to be initiated while the test results are awaited (23). 

Empiric therapy is guided by practical experience and is administered before a definitive 

diagnosis has been made. However, empiric therapy can complicate disease management 

by diminishing the protective flora and selecting for resistance (24). To alleviate the need 

for empiric therapy, new technologies are being developed to decrease the time required 

for diagnosis. For example, the Roche LightCycler can detect 25 clinically important 

pathogens from whole blood within 6 h (25), the Cepheid GeneXpert can quickly detect 

S. aureus genomic DNA from whole blood (26), and the Accelerate ID/AST system can 

identify causative pathogens and determine susceptibility phenotypes within 4 h (27). IE 

presents a unique opportunity for the implementation of rapid molecular diagnostics 

because the vegetations have highly concentrated, slow-growing bacterial populations 

compared with bacteremia (16). However, the presence of PCR inhibitors in biopsy 

samples, obtained through valve excision or by endoscopic bioptome, presents challenges 

to PCR-based tests. 

Within the clinical setting, a physician’s decision-making window is generally less than 

10 min, which often leads to empiric rather than targeted therapy. Therefore, a specific 

challenge within this context is matching the sample-to-answer time with the decision-

making time. As participants in this race against bacterial evolution, we have developed a 

droplet-based real-time PCR device. Our novel method relies on interfacial effects for 

droplet actuation, PCR inhibitor compartmentalization, and amplification sensing. 

Droplet actuation for conducting PCR has been previously achieved by employing 
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electrowetting-on-dielectric (EWOD) principles (28) and by using lab-on-a-chip 

platforms with droplets flowing in microchannels (29). Another similar technique has 

used a nanostructured surface to minimize surface fouling and enable repeated droplet 

actuation (30). Although the fluid dynamics required for droplet actuation in automated 

rapid assays have been studied extensively, sensing modalities have been limited to 

fluorescence, colorimetry, surface plasmon resonance, and electrochemistry. In our 

approach, repeated droplet actuations are achieved without surface fouling, and sensitive 

detection at early PCR thermal cycles is made possible by an novel sensing modality 

based on interfacial effects.  

In this study, we demonstrate the ability of our methodology, droplet-on-thermocouple 

silhouette real-time PCR (DOTS qPCR), to provide the following important features: 1) 

thermocycling times that are as fast as 28 s/cycle; 2) elimination of evaporation by 

silicone oil immersion of the reaction droplet; 3) stabilization of the droplet-on-

thermocouple by interfacial tension; 4) compartmentalization of contaminating proteins 

at the oil–water interface, thereby relieving their inhibitory effects on PCR; 5) sub-

picogram limit of detection; and 6) detection of amplification in 3 min 30 s. In DOTS 

qPCR, amplification is detected by measuring the decrease in droplet volume caused by 

the changing interfacial composition. This innovative qPCR detection method  enables 

detection as early as the fourth thermal cycle, which is unachievable by the measurement 

of fluorescence that qPCR has relied upon for decades. The performance of our method is 

demonstrated here using the 16S rRNA gene V3 hypervariable region and the vanA gene 

for amplification. Most importantly, DOTS qPCR has a sample-to-answer time within the 

physician’s decision-making window, allowing for informed decision-making. 
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2. Results 

2.1. The Droplet-on-Thermocouple Silhouette Real-Time PCR (DOTS 

qPCR) Device 

We designed the DOTS qPCR device (Figs. 1A,B) to be readily deployed as a point-of-

care diagnostic tool and to epitomize simplicity, small form factor, mobile integration, 

and disposability. The droplet-on-thermocouple (DOT) (Fig. 1C) is submerged in a 

heated oil environment and is positioned by a motor (Figs. 1D–F and Movies S1–S4). 

The oil is contained within a semicircular channel with two heaters, located at 0° and 

180°, which maintain the two temperature extremes (45–50°C and 100–105°C). A heat 

gradient is established along the channel with temperatures between the two extremes 

being represented (Fig. 2A). From room temperature (25°C), the steady state of the heat 

gradient is established within 10 min of commencing temperature ramping using 

proportional-integral-derivative (PID) control of the heater power (Fig. 2B). At the 

midpoint of the channel, a viewing window allows macroscopic imaging of the droplet by 

a smartphone camera with an attached lens. The oil temperature at this window is 70°C. 

The internal temperature of the droplet is continuously monitored by a thermocouple, 

which is bent such that the thermocouple junction is positioned inside the droplet (Fig. 

1C). The position of the droplet within the heat gradient is accurately controlled using 

real-time feedback of its internal temperature.  

Non-specific amplification is avoided by dispensing the droplet onto the thermocouple 

loop at the 50°C region of the gradient. Rapid thermocycling is then conducted by 

continuously moving the droplet within the heated oil until the desired temperature is 
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reached (Figs. 1D–F and Movies S3, S4). This continuous movement enhances the 

thermal transfer since it provides forced convection between the droplet and the oil (31). 

By this technique, droplet ramp rates up to 12°C/s and oil ramp rates up to 32°C/s are 

achieved (Fig. 2C). Thermal cycle times range from 28 to 48 s, depending on the desired 

mode of operation. The thermocycling temperature profiles indicate that reaction 

temperatures are consistently achieved in each cycle (Fig. 2C). The droplet temperatures 

at each phase are 90.4 ± 0.2°C for denaturation, 68.4 ± 0.2°C for extension, and 60.2 ± 

0.2°C for annealing. The accuracy of the temperature control is ensured by real-time 

droplet temperature feedback.  

In order to decrease thermal cycle times, offsets between the oil temperature and the 

desired droplet temperature (Toil – Tdroplet) are used to enhance convective heat transfer. 

Convective heat transfer is governed by the equation, q = h(T∞ - Tobject), where q is heat 

flux, h is the heat transfer coefficient, T∞ is the temperature of the surrounding medium 

(the oil), and Tobject is the temperature of the object being heated (the droplet). To achieve 

the temperature offsets, the droplet is positioned at oil temperatures higher than the 

desired droplet temperature during heating and at oil temperatures lower than the desired 

droplet temperature during cooling (Fig. 2C). Greater offsets yield a more rapid rate of 

heat transfer, and droplet temperature feedback is used to mitigate the risk of overshoot. 

Using this thermocycling strategy, we observed reproducible amplification of the 

hypervariable region V3 of the 16S rRNA gene from 7 pg purified Klebsiella 

pneumoniae genomic DNA (equivalent to 1.4 × 103 genomic copies) at thermocycling 

speeds of 48 s/cycle (Fig. 2D). The coefficient of variation of the three band intensities, 

representing three separate amplifications, is 4.0%, indicating a high degree of 
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consistency between measurements. The absence of a band for the no template control 

(NTC) (Fig. 2D) indicates that the device is not susceptible to contamination, which 

could lead to false positives. 

2.2. Interfacial Adsorption of Contaminating Tissue Proteins 

A porcine model for IE was developed (32) (Fig. 3F). Excised heart valve tissue punches 

(6 mm diameter sections) (Fig. 3G) were sterilized, inoculated with vancomycin-resistant 

Enterococcus faecium (VRE), and ground using a micro-mortar and -pestle. The liquid 

phase of the tissue after grinding had a protein concentration of 1.6 ± 0.1 mg/mL (Fig. 

3A). The interfacial tensions (γ) of the PCR cocktail with the purified target and the PCR 

cocktail with the tissue-contaminated target were measured with a First Ten Ångstroms 

(FTÅ) 200 contact angle and interfacial tension analyzer, and the interfacial tensions 

were 25.55 mN/m and 27.60 mN/m, respectively (Fig. 3B). A free-body force diagram 

illustrates the direction of the forces acting on the droplet-on-thermocouple (Fig. 3C). 

Because of the interfacial tension force Fγ, a droplet of the PCR mixture can be 

suspended on the thermocouple loop. In fluorescence qPCR, tissue proteins inhibit 

amplification of the 16S rRNA gene V1–V2 hypervariable regions and the antibiotic 

resistance gene vanA from intact VRE. Therefore, the threshold cycles (Ct) are shifted 

upward by 1.6 cycles for the 16S rRNA V1–V2 reaction and by 5.4 cycles for the vanA 

reaction (Fig. 3D). In DOT thermocycling, these tissue proteins should be adsorbed at the 

oil–water interface, so that contaminating proteins are effectively eliminated from the 

PCR (interfacial compartmentalization). However, Taq polymerase should not be 

adsorbed at the oil–water interface. Therefore, the diffusion amounts of the relevant 

blood and tissue proteins (33) to the oil–water interface were calculated for comparison 
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with the diffusion of Taq polymerase (Fig. 3E). The following proteins were included in 

the calculation, with the corresponding molecular weights and diffusivities: albumin (94 

kDa, 6.1 × 10-7), immunoglobulin-G (150 kDa, 4.0 × 10-7 cm2/s), fibrinogen (340 kDa, 

2.0 × 10-7 cm2/s) (34), fibronectin (450 kDa, 0.9 × 10-7 cm2/s) (35), collagen type I (282 

kDa, 0.78 × 10-7 cm2/s) (36), tropoelastin (65 kDa, 4.6 × 10-7 cm2/s) (37), and Taq 

polymerase (94 kDa, 4.7 × 10-7 cm2/s) (38). As shown in Figure 3G, the adsorbed 

amounts of albumin and fibrinogen are several orders of magnitude greater than that of 

Taq polymerase. 

2.3. Amplification Performance of Droplet-on-Thermocouple (DOT) 

Thermocycling 

Vancomycin-resistant Enterococcus faecium (VRE) and vancomycin-sensitive 

Enterococcus faecalis (VSE) were successfully distinguished based on amplification of a 

377 bp segment of the vanA gene directly from bacterial culture using DOT 

thermocycling (Fig. 4A). This band was absent for the no template control (NTC) sample. 

A sub-picogram limit of detection (LOD) was established for amplification of the 196 bp 

16S rRNA V3 amplicon from 0.7 pg K. pneumoniae genomic DNA (equivalent to 1.4 × 

102 genomic copies) at 48 s/cycle (Fig. 4B). Moreover, the plasmid-mediated antibiotic 

resistance gene vanA was amplified directly from the inoculated heart valve tissue (Fig. 

4C lane 1). The inoculum contained 7 × 105 colony-forming units (CFU) of VRE, which 

is in the concentration range relevant to IE vegetations (39). The inoculated heart valve 

tissue was ground with micro-mortar and -pestle, and the liquid phase was pipetted 

directly into the PCR cocktail without further purification. Despite inhibitions observed 

on the fluorescence qPCR instrument, amplification in the presence of protein 
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contamination was achieved, because of interfacial compartmentalization (40). The 16S 

rRNA V3 region was successfully amplified from the inoculated heart valve tissue at 

thermocycling speeds of up to 28 s/cycle or 14 min/30 cycles (Fig. 4C lanes 2–4). 

2.4. Real-Time Detection by Analysis of Droplet-on-Thermocouple 

Silhouette 

We observed that PCR amplification in the presence of SYBR Green I (SG) by DOT 

thermocycling is accompanied by a change in droplet volume, which is measured as a 

change in droplet height from the initial value before thermocycling. The change in 

volume is observed through the viewing window at the 70°C region of the heat gradient. 

Images are captured by the smartphone camera every 5 cycles (Fig. 5B), and the droplet-

on-thermocouple silhouette is used for droplet height measurements. During the early 

thermal cycles, the decrease in droplet volume is dependent on the initial DNA amount 

(N0) of the reaction (Fig. 5A).  

In Figure 5A, the percent decrease in droplet height is plotted against the cycle number 

(Cn) for N0 values ranging from 1.5 × 102 to 1.5 × 105 genomic copies. The error bars of 

the droplet height measurements represent the overall device noise, which was 

determined by loading consecutive 7.5 µL droplets onto the thermocouple loop, 

positioning the droplet-on-thermocouple at the viewing window, imaging the droplet with 

the smartphone camera, and measuring the standard error of the droplet height 

measurement. The detection threshold (4.8% decrease in droplet height) is also plotted in 

the figure to illustrate how Ct can be calculated by linear interpolation between two 
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measured values. The threshold value of 4.8% was chosen to optimize the R2 value of the 

standard curve linear regression. 

2.5. Decrease in Interfacial Tension During Amplification in the 

Presence of SYBR Green I  

To compare the interfacial tension of PCR mixtures during amplification with the signals 

from gel electrophoresis and fluorescence qPCR, the following experiments were 

performed. First, a PCR with 1.5 × 104 genomic copies was conventionally thermocycled 

with SG in increments of 5 thermal cycles, and the amplification was analyzed by gel 

electrophoresis (Fig. S1A). Another PCR with the same N0 (1.5 × 104 genomic copies) 

was similarly thermocycled but in the absence of SG (Fig. S1B). A third PCR lacking 

target DNA (NTC) was thermocycled with SG, and no amplification was detectable by 

gel electrophoresis even after 30 thermal cycles (Fig. S1C). The band intensities on the 

gel electropherograms were quantified at the expected product length (196 bp), 

normalized to the band intensity at C0, and plotted against Cn (Fig. 6A). DNA 

amplification was detected after 20 thermal cycles by gel electrophoresis and after 21.11 

± 0.06 thermal cycles by fluorescence (Fig. 6B) for the reactions with N0 of 1.5 × 104 

genomic copies. No amplification was detected for the NTC reaction with SG by gel 

electrophoresis or by fluorescence.   

The interfacial tension γ during the three different reactions was measured every 5 

thermal cycles with a First Ten Ångstroms (FTÅ) 200 contact angle and interfacial 

tension analyzer. The change in interfacial tension with respect to the interfacial tension 

at C0 (dγ/γ0) was plotted against Cn (Fig. 6C). The interfacial tension of the SG reaction 
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with amplification decreased by 21% by C10, after which it remained nearly constant. On 

the other hand, the interfacial tension of the SG NTC reaction increased by 6% at C5 and 

thereafter subsequently fluctuated within 4% of no change. The interfacial tension of the 

reaction with amplification but without SG increased by 11% at C5 and then increased to 

19% by C30. The only reaction condition that resulted in an appreciable decrease in the 

interfacial tension as a function of Cn was the combination of SG and an increasing DNA 

concentration (Fig. 6C). Interestingly, after DNA amplification by PCR in the presence of 

SG, colloidal suspensions within the oil phase were observed by light microscopy (Fig. 

7A). These water-in-oil droplets have a volume of 0.5–4.2 fL and a corresponding 

diameter of 1–2 µm. 

2.6. Low Threshold Cycle Detection by DOTS qPCR 

In order to establish a standard curve, the logarithm of the initial DNA amount [log(N0)] 

is plotted against the threshold cycle Ct in Figure 8. The threshold cycle is defined as the 

theoretical fractional thermal cycle at which the detection threshold is reached. The 

detection threshold for DOTS qPCR (Fig. 8A) was set at a 4.8% decrease in droplet 

height, and the Ct values were calculated by linear interpolation between two measured 

values. For fluorescence qPCR (Fig. 8B), the detection threshold was set at 1.0, and the 

Ct values were calculated using the StepOne Real-Time PCR software (Applied 

Biosystems; 4376374). The Ct values for DOTS qPCR and fluorescence qPCR for N0 

values ranging from 1.5 × 102 to 1.5 × 105 genomic copies and for NTC are reported in 

Table 1.The linear relationship between the initial DNA amount and the threshold cycle 

for DOTS qPCR was determined to be log(N0) = – 0.48Ct + 6.6, with an R2 of 0.981. The 

similar linear relationship for fluorescence qPCR is log(N0) = – 0.24Ct + 9.4, with an R2 
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of 0.996. On average, quantification by DOTS qPCR can be done 17.53 cycles earlier 

than is possible using fluorescence qPCR. At a thermocycling speed of 48 s/cycle, DOTS 

qPCR can detect 1.5 × 105 genomic copies of bacterial DNA in 2 min 30 s and 1.5 × 102 

genomic copies in 7 min 10 s, whereas a negative result can be confirmed in 11 min 31 s. 

3. Discussion 

With DOTS qPCR, real-time quantification of nucleic acids is possible for 1.5 × 105 

genomic copies of bacterial DNA within 3 min 30 s (2 min 30 s for thermocycling and 1 

min for sample preparation/loading). The enabling features of our novel methodology 

stem from interfacial effects, with the droplet stability ensured by the centrally acting 

interfacial tension (γ) forces. While miscellaneous tissue components are found to inhibit 

fluorescence qPCR (Fig. 3D), minimal sample preparation is necessary with DOT 

thermocycling because these inhibitory components are sequestered at the oil–water 

interface (Fig. 3E). The surrounding oil environment also prevents droplet evaporation. 

To achieve accurate thermocycling, reaction droplets are positioned within the oil heat 

gradient by a feedback-controlled motor, and thermal cycle times are as short as 28 s 

(Fig. 4C). Furthermore, PCR amplification is detected during the early cycles because 

changes to the interfacial composition lead to a decrease in droplet volume. Therefore, 

DOTS qPCR does not require extensive thermocycling to reach the detection threshold 

(Fig. 5). 

3.1. Inhibition Relief by Interfacial Adsorption of Contaminant Proteins 

The increased γ observed upon the addition of contaminant proteins to the PCR mixture 

(Fig. 3B) represents a change in the interfacial composition of the droplet due to protein 
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diffusion to the interface (Fig. 3E). Because of their relatively high concentrations and 

diffusivities, the relevant blood and tissue proteins will diffuse to the interface before the 

Taq polymerases. Proteins are known to adsorb strongly at (41) and stabilize (42) the oil–

water interface by a three-part process (Fig. 7B a–c)—enhanced by thermal induction of 

unfolding (43)—1) protein adsorption, 2) conformational change, and 3) aggregation 

(44). This process follows the Vroman effect (34, 45) and has been widely studied 

because of its implications in pharmaceutical and food industries. Moreover, Taq 

polymerase is thermally stable and will not become denatured during heating, whereas 

tissue proteins are not stable at PCR temperatures and will become denatured. Protein 

denaturation exposes hydrophobic residues, which increases the affinity of the protein for 

the oil–water interface (44). Without the oil–water interface, the presence of protein 

inhibits PCR (Fig. 3D). The interfacial adsorption described here relieves PCR inhibition 

and offers the potential to eliminate DNA isolation from the PCR workflow. 

3.2. Association of SYBR Green with DNA to Render Amplicons 

Hydrophobic 

Interfacial tension is responsible for droplet-on-thermocouple stability because the 

centrally acting force Fγ maintains the droplet shape (Fig. 3C). The structure of SYBR 

Green I (SG) and its interaction with dsDNA are well-established (46). SG intercalates 

the DNA minor groove via its phenylquinilinium and benzothiazole aromatic systems, 

and the positively charged benzothiazole interacts electrostatically with the negatively 

charged phosphate groups of dsDNA. In addition, the dsDNA/SG complex is stabilized 

by the positively charged dimethylaminopropyl group, which extends along the minor 

groove for 3–4 base pairs. The overall size of the SG binding site is equal to 3.4 bp or 
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11.5 Å. Unbound SG is an amphiphilic molecule containing positively charged propyl 

groups as well as aromatic rings. Therefore, when SG intercalates dsDNA, the positively 

charged SG partially neutralizes the negatively charged phosphate backbone of dsDNA. 

When dsDNA is amplified, the dsDNA/SG complex is formed, which has high affinity 

for the oil–water interface. As the dsDNA/SG complex concentration increases, the 

interfacial tension decreases markedly (Fig. 6C). 

3.3. The Role of the dsDNA/SG Complex in DOTS qPCR 

Before PCR amplification, high-motility proteins with low interface affinity adsorb 

reversibly and are subsequently displaced by proteins that have high concentration, 

higher affinity for the interface, and lower motility; this is known as the Vroman effect 

(34, 41). In DOT thermocycling, the dsDNA concentration is exponentially increased by 

PCR, and the relatively hydrophobic dsDNA/SG complex accumulates. Adsorption of the 

dsDNA/SG complex at the interface causes proteins to desorb, dramatically decreasing 

the interfacial tension. As the interfacial tension decreases, the entropy penalty of 

interaction between oil and water decreases as well (Fig. 7B). Because higher surface 

area to volume ratios are permitted when the surface energy is decreased, droplets with a 

volume of 0.5–4.2 fL separate from the droplet-on-thermocouple and become emulsified 

in the oil phase (Fig. 7A).  

As shown in Figure 5, the decrease in interfacial tension, which leads to a decrease in the 

droplet-on-thermocouple volume, is dependent on N0 of the reaction, because Nt is 

reached at earlier cycles for reactions with higher N0. There is a log-linear relationship 

between N0 and the threshold cycle (Ct): log(N0) = – 0.48Ct + 6.6. This relationship can 
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be used to quantify unknown N0, in the range of 1.5 × 102 to 1.5 × 105 copies of bacterial 

genomic DNA. Typical clinical concentrations for IE range from 107–109 CFU/g of 

vegetated heart valve tissue (16, 19, 39) with inocula ranging from 104–109 CFU (39). 

The quantitative range of DOTS qPCR is a good match for this clinical situation, 

considering the sample preparation method, sample size, and the limit of detection of 1.5 

× 102 genomic copies. 

3.4. Comparison of Interfacial Tension Detection with Fluorescence 

Detection 

Figure 6 shows that interfacial tension can be used to detect PCR amplification at earlier 

thermal cycles than can be achieved with fluorescence or gel electrophoresis. PCR 

amplification is described by Eq. 1 (47, 48), where E is the reaction efficiency, Cn is the 

number of cycles, N0 is the initial number of amplicons, and Nn is the number of 

amplicons after n cycles. 

 (1) 

In the case of fluorescence detection, a threshold (Ft) can be chosen to calculate the 

corresponding threshold cycle (Ct). The number of amplicons at Ct (Nt) is the same for 

any N0. We therefore use Nt to compare the DOTS qPCR and fluorescence qPCR 

detection techniques. The standard curves for both the methods are presented in Figure 8. 

For both the methods, Nt is calculated from the intercept in the log-linear equation (Eq. 2) 

of the standard curve (47, 48). 

nC
n ENN )1+(= 0
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logN0 = −Ct log(E +1)+ logNt  (2) 

SG fluorescence is increased by 1000 times upon forming a complex with dsDNA (46), 

but this fluorescence signal is not detectable by fluorescence qPCR until 1.28 × 1010 

amplicons are present. In contrast, the detection threshold in DOTS qPCR is reached at 

3.96 × 106 copies (Fig. 8A). 

For interfacial tension detection, we may assign Nt a physical meaning by using the 

Langmuir adsorption isotherm equation (Eq. 3), where θ is the fractional coverage (θ = 

Γ/Γmax), Γ is the adsorbed amount, Γmax is the amount adsorbed at saturation, C is the 

equilibrium concentration, and Kads is the equilibrium constant for adsorption/desorption. 

  (3) 

The Langmuir adsorption isotherm equation describes the filling of available surface sites 

as a function of concentration. As the equilibrium concentration increases with each 

thermal cycle, a similar saturation effect is seen in the interfacial tension with respect to 

the cycle number (Fig. 6C). To apply this interfacial adsorption to interfacial tension, we 

must consider the energy associated with molecular adsorption. For this purpose, we turn 

to the Gibbs adsorption isotherm at constant temperature (Eq. 4), where γ is the interfacial 

tension, Γ is the adsorbed amount, and µ is the chemical potential. 

 (4) 

CK
CK

θ
ads

ads
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=

∑−= ii µdγd Γ
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From the Gibbs adsorption isotherm, we can see that the interfacial tension (γ) is sensitive 

to the adsorbed amount (Γ) and the change in the interfacial tension (dγ) will be zero 

when Γmax is reached. The Langmuir and Gibbs adsorption isotherms allow us to define 

Nt for DOTS qPCR as the amount of DNA amplicons necessary to cause a sufficiently 

large decrease in interfacial tension that results in a fractional volume loss of 4.8%. 

3.5. Impact of DOTS qPCR on Medical Diagnostics and Biological 

Research 

The reduction in interfacial tension upon DNA amplification in the presence of SG 

causes a fractional loss of volume because femtoliter-sized water droplets become 

emulsified in the oil phase. Moreover, the logarithm of N0 scales linearly with the 

fractional thermal cycle at which the percent decrease in droplet height reaches the 4.8% 

threshold. This relationship can be used for quantification in a manner identical to 

fluorescence qPCR but at a lower threshold cycle (Fig. 8). Quantification by DOTS 

qPCR can be accomplished in less than 4 thermal cycles and takes 2 min 30 s (3 min 30 s 

including sample preparation/loading). Fluorescence qPCR systems require excitation 

and emission band-pass filters, a dichroic mirror, an expensive light source (tungsten-

halogen lamp or argon ion laser), a sensitive detector (typically photomultiplier tube), a 

completely dark environment, and an external computer. In contrast, the DOTS qPCR 

detection system is composed of a single lens and a smartphone under ambient lighting. 

Furthermore, disposability is a necessary feature of medical diagnostics. All components 

of the DOTS qPCR device that come into contact with the sample—the semicircular 

channel, motor arm, thermocouple, heating element, and silicone oil—are inexpensive 

(less than $20 for all components) and disposable.  
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PCR is widespread in biological research and medical diagnostics. While all users could 

benefit from the increased assay speed, our methodology could have an immediate 

impact on patients for whom time is truly of the essence. Therefore, we have 

demonstrated DOTS qPCR to diagnose tissue infection, which could result in informed 

clinical decision-making and a decreased loss of life. We anticipate extending this 

technology to biological research applications such as analyses from single cells, single 

nuclei, and single molecules (49). These applications require greater than 40 thermal 

cycles to reach the fluorescence detection threshold, and excessive thermocycling can 

decrease specificity by amplifying low-level background contamination and non-specific 

targets. Therefore, low threshold cycle detection would improve the analysis of these 

small samples. 

Our work is the first reported use of interfacial effects to detect PCR amplification. This 

is an important technical advancement, not only because of the simplicity of the 

thermocycler and detection apparatus, but also because it enables detection at low cycle 

numbers. Because of its extremely high speed, DOTS qPCR can be used unlike any 

existing technique for tissue infection diagnosis—in the clinic or operating room before 

initial prescription of therapy. With DOTS qPCR, infection diagnosis will be timely and 

surveillance of antibiotic resistance will be convenient and widespread. 

4. Materials and Methods 

4.1. Polymerase Chain Reaction (PCR) 

There are two different thermocycling modalities and two different real-time detection 

modalities that are reported in this work. The thermocycling modalities are termed 
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conventional thermocycling and droplet-on-thermocouple (DOT) thermocycling. The 

real-time PCR (qPCR) modalities are termed fluorescence qPCR and droplet-on-

thermocouple silhouette (DOTS) qPCR. There were three different target samples used. 

Vancomycin-sensitive Enterococcus faecalis (VSE, ATCC© 33186™) and vancomycin-

resistant Enterococcus faecium (VRE, Enterococcus ATCC© 700221™) were 

propagated according to the procedure outlined in the ATCC product sheet to 108 

CFU/mL, pelleted by centrifugation at 6000 × g (where g is the acceleration due to 

gravity) for 10 min, re-suspended in 100 µL molecular grade water, and heat-killed at 

95°C for 15 min. Purified Klebsiella pneumoniae strain Z026 genomic DNA was 

purchased from ZeptoMetrix.  

Three primer sets were used. The plasmid-mediated antibiotic resistance gene vanA was 

targeted by the vanA primers (13): F: 5’-TCT GCA ATA GAG ATA GCC GC-3’ and R: 

5’-GGA GTA GCT ATC CCA GCA TT-3’. The vanA amplicon is 377 bp in length. The 

amplicon length and primer pairing were confirmed by mapping to the VRE vanA gene 

(accession number AB247327) (50). The 16S rRNA gene was targeted at the 

hypervariable regions V3 and V1–V2. The V3 primer sequences are F: 5’-ACT CCT 

ACG GGA GGC AGC AG-3’ and R: 5’-ATT ACC GCG GCT GCT GG-3’, yielding an 

amplicon length of 196 bp (51). The V1–V2 primer sequences are F: 5’-AGA GTT TGA 

TCM TGG CTC AG-3’ and R: 5’-CYI ACT GCT GCC TCC CGT AG-3’ for an 

amplicon length of 353 bp.  

The PCR recipe varies by modality, but the standard PCR recipe was used for most 

experiments and should be assumed unless otherwise noted. The standard PCR cocktail is 
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composed of the following components: PCR master mix [GoTaq Green Master Mix 2x 

(Promega; M7122), GoTaq Colorless Master Mix 2x (Promega; M7132) or Fast SYBR 

Green Master Mix 2x (Applied Biosystems; 4385612)], forward and reverse primers (10 

µM), target, and nuclease-free water; the components are in the proportion 5:1:1:3, 

respectively. The target proportion is increased for the heart valve tissue biopsy by 

reducing the water content. The real-time detection modalities (fluorescence qPCR and 

DOTS qPCR) use modified PCR cocktails. 

3.2. Design and Fabrication of DOTS qPCR Device 

The mechanical aspects of the device were designed using the computer-aided design 

software SolidWorks, and the custom parts were 3D printed out of acrylonitrile butadiene 

styrene (ABS) polymer using Dimension uPrint SE. Nickel-chromium heating wire 

(Omega; NI60-010-200) with a resistance per length of 22.15 Ω/m was wound in a 

serpentine manner and pressed between two 25 × 19 mm sections of double-sided 

solvent-resistant tape (McMaster-Carr; 75955A672). The tape ensures that the wire does 

not make self-contact. The final resistance of the heater was 10 Ω. Single-sided adhesive 

Teflon tape (McMaster-Carr; 8711K22) was applied to the top surface of the heater 

assembly to minimize fouling. A heater was bent into each end of the semicircular 

channel and secured with quick-cure glue (Gorilla Glue; 39038). The ends of the heater 

wire were connected to the PID controller via copper wire. A 36-gauge type K 

thermocouple (Omega; 5TC-TT-K-36-36) was mounted 5 mm above the surface of both 

heaters to serve as feedback control. The PID controller was custom designed to regulate 

the 7.5 V, 0.75 A heater power supply. The channel was filled with 8 mL silicone oil 

(Santa Cruz Biotechnology; sc-215854A) before every sample, and the channel was 
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washed extensively with sodium hypochlorite, ethanol, and deionized water between 

samples. For real-world use, the following components of the device are disposable and 

meant for one-time use: the semicircular channel, motor arm, thermocouple, heating 

element, and silicone oil. The set temperatures at the heat gradient extremes (101°C and 

50°C) were equilibrated to steady state within 10 min of commencing temperature 

ramping. A heat gradient was established between the temperature extremes and verified 

by a thermocouple traveling at 17.6°/s around the semicircular channel. All temperatures 

between the two set points were represented.  

A thermocouple for droplet suspension was bent into a loop with a diameter of 3 mm, and 

the thermocouple junction was bent downward below the center of the loop. The 

thermocouple loop was mounted on the motor arm such that it was completely 

submerged below the surface of the oil. The thermocouple loop provides droplet 

temperature feedback and records the droplet temperatures. Each thermocouple was used 

only for a single sample, after which it was discarded to avoid contamination and non-

specific amplification. A miniature motor (NMB Technologies; PG15S-D20-HHB9) with 

0.176° step angle was fixed concentric to the semicircular channel. The motor was 

powered by the microcontroller (Arduino Mega) power supply and controlled by a motor 

controller circuit assembly (Sparkfun Electronics; Easydriver). The zero position 

corresponds to the site of the viewing window and was calibrated using an IR photogate. 

An optically transparent fused silica window (Edmund Optics; #45-309) separates the oil 

from the lens of the smartphone camera. This window creates a view into the channel at 

the 70°C region of the heat gradient. An adjustable lens tube (ThorLabs; SM05V05) 
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containing an N-BK7 plano-convex lens (ThorLabs; LA1560) focuses the image on the 

smartphone camera (Apple iPhone 4) at a focal point 22.7 mm from the back planar 

surface of the lens. The lens tube was connected to the smartphone via a custom designed 

smartphone housing that aligns the lens with the smartphone camera. 

3.3. Conventional Thermocycling 

Conventional thermocycling was conducted using the MJ Research Minicycler. One 

cycle consists of the following three phases: denaturation for 30 s at 95°C, annealing for 

30 s at 58°C, and extension for 40 s at 72°C. In order to analyze samples at increments of 

5 cycles for 0–30 cycles, seven replicate PCR cocktails were prepared. The zero-cycle 

sample was not thermocycled, and the remaining six samples were thermocycled for 5 

cycles at a time. One sample was removed from the thermocycler every 5 cycles and 

stored in a 4°C refrigerator. For samples that were continuously cycled for 30 cycles, a 3 

min initial denaturation step at 95°C and a 10 min final extension step at 72°C were 

added. 

3.4. Droplet-on-Thermocouple (DOT) Thermocycling 

Using a micropipette, 5–10 µL of PCR cocktail were dispensed onto the thermocouple 

loop such that the droplet was completely submerged in the heated oil. The droplet was 

dispensed with the motor arm positioned at the low-temperature region, to avoid non-

specific extension before initial denaturation and annealing. PCR protocols were 

programmed for automatic device operation, and the device could be run in multiple 

modes. The droplet position can be determined either by predefined temperature mapping 

or by real-time temperature feedback. For temperature feedback, the thermocouples 
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mounted on the motor arm measure the oil and droplet temperatures. The device is 

reprogrammable to allow for different PCR protocols. Under typical thermocycling, the 

droplet is never held stationary so that the continuous movement enhances heat transfer 

by convection. 

3.5. Gel Electrophoresis 

The PCR products were analyzed by gel electrophoresis. For amplicons between 100 bp 

and 500 bp, 3% w/v agarose gel (Sigma; A0169) in 1x tris-acetate-EDTA (TAE) buffer 

(Invitrogen; 24710-030) was used. A 1 kb Plus DNA ladder (Invitrogen; 10787) was used 

as the length standard, and 4 µL of sample were added to each lane. An electrophoresis 

power supply (Fischer Scientific; FB200) provided a potential of 120 V for 40 min. The 

gels were stained with ethidium bromide (Sigma; E1510), washed with 1x TAE, and 

imaged under UV irradiation. The images were analyzed with ImageJ software (U.S. 

National Institutes of Health). 

3.6. Real-Time PCR on a Fluorescence qPCR Instrument and Standard 

Curve Construction 

A real-time PCR (qPCR) standard curve was constructed on the StepOne Real-Time PCR 

System (Applied Biosystems; 4376374). The PCR cocktail contained 25 µL of Fast 

SYBR Green Master Mix (Applied Biosystems; 4385612), 1 µL of forward and reverse 

primers (10 µM each), 1 µL of target DNA, and 23 µL of nuclease-free water, for a total 

volume of 50 µL. The thermocycler was programmed for 40 cycles of 95°C for 

denaturation and 60°C for annealing, followed by the dissociation protocol. PCRs were 

run in triplicate for each initial target amount (N0) using 10-fold serial dilutions of the 
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Klebsiella pneumoniae strain Z026 genomic DNA from 1.5 × 102 to 1.5 × 105 genomic 

copies. The number of genomic copies was estimated using a genomic mass of 5 fg. A 

fluorescence threshold (Ft = 1.0) was chosen within the exponential phase of 

amplification, and the Ct values were calculated using the StepOne software. The 

logarithm of N0 was plotted against the average Ct value for each N0, and a trend line was 

established for this plot using linear regression analysis: log(N0) = – 0.278 Ct + 12.1. The 

slope [–log(E +1)] was used to calculate the slope-derived efficiency (ES
 = 89.5%), and 

the y-intercept [log(Nt)] was used to determine the number of amplicons at Ft (Nt = 1.15 × 

1012 copies). 

3.7. Porcine Model for Infective Endocarditis 

A porcine heart was procured from the University of Arizona College of Agriculture and 

Life Sciences Food Products and Safety Laboratory (USDA FSIS; M966-P19049-V966). 

The aortic, mitral, and tricuspid valves were excised from the heart under sterile 

conditions, and 6 mm circular sections were cut using a skin biopsy punch. To ensure 

sterility, the valve sections were incubated overnight on a 12-well tissue culture plate in 

antibiotic-containing M199 tissue culture media at 4°C. For cryopreservation, the valve 

sections were transferred to M199 tissue culture media with 10% v/v glycerol. The 

cryovials were transferred into a Nalgene 1°C freezing container, and this was placed in a 

–40°C freezer overnight. After freezing, the cryovials were transferred to a freezer box. 

To prepare the tissue samples for PCR, the valve sections were thawed, the tissue culture 

media was removed, and the tissue was washed twice with nuclease-free water. The 

sections were inoculated with 10 µL of vancomycin-resistant Enterococcus faecium 

(VRE, ATCC© 700221™) in nuclease-free water at 109 CFU/mL, and then 10 µL of 
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nuclease-free water was added. Debridement was simulated by grinding the inoculated 

tissue with a micro-mortar and -pestle (BioMasher II) for 1 min. The liquid phase of the 

ground tissue was used as the PCR target without further purification. To evaluate the 

inhibition effect of the tissue contamination, the Applied Biosystems ABI Prism 7000 

Sequence Detection System was used, and the Ct values were calculated with an Ft of 1.0. 

3.8. Protein Quantification 

The Bradford assay (Quick Start Bradford Protein Assay, Bio-Rad) was used to 

determine the protein content of the tissue sample after grinding. Standard curves were 

created for the assay using bovine serum albumin (BSA) and gamma globulin. The 

protein content of the tissue sample was estimated as a range using the BSA standard 

curve as the lower limit and the gamma globulin standard curve as the upper limit. BSA 

has a higher affinity for the Bradford dye than gamma globulin. 

3.9. Interfacial Tension (γ) Measurement 

The interfacial tension was measured by the pendant droplet method on an FTÅ 200 

contact angle and interfacial tension analyzer. Pendant droplets were extruded from an 

18-gauge blunt needle tip (Jensen Global; JG18) with an inside diameter of 0.9652 mm, 

and interfacial tension measurements were made at droplet equilibration at 2, 4, and 6 

min after extrusion. The average interfacial tension, along with the standard error, was 

plotted. 
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3.10. Visualization of Emulsified Femtoliter Droplets 

The miscibilities of the thermocycled PCR cocktails were characterized by light 

microscopy to determine the volume of emulsified droplets of the PCR mixture in the oil 

phase. A 40 µL PCR cocktail containing 4 ng of K. pneumoniae genomic DNA and Fast 

SYBR Green Master Mix was conventionally thermocycled for the amplification of the 

16S rRNA V3 amplicon with a 40 µL silicone oil overlay. Following thermocycling, the 

oil and water were vortex mixed and allowed to settle. Then, 5 µL of the oil phase was 

pipetted onto a glass microscope slide and covered with a coverslip to be visualized by 

light microscopy. 

3.11. Droplet-on-Thermocouple Silhouette Real-Time PCR (DOTS 

qPCR) 

Real-time detection of PCR amplification was achieved by analyzing the droplet-on-

thermocouple silhouette during thermocycling. A special PCR cocktail was formulated to 

aid in the visualization of the droplet-on-thermocouple silhouette. This cocktail contains 

Fast SYBR Green Master Mix, GoTaq Green Master Mix, forward and reverse primers 

(10 µM), target, and nuclease-free water in the proportion 5:1:1:1:2. For 0–15 cycles, the 

droplet was positioned in front of the viewing window, which is located at the 70°C 

region of the heat gradient. The image of the droplet was captured by a smartphone 

camera (Apple iPhone 4) every 5 cycles, and the droplet height at the center was 

determined by analysis with the ImageJ software. The percent decrease in droplet height 

with respect to the droplet height at cycle zero was plotted against the cycle number. 
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6. Figures and Tables 

 

Figure B-1  

Droplet-on-thermocouple silhouette real-time PCR device. (A) The droplet-on-thermocouple silhouette 

real-time PCR (DOTS qPCR) device showing all components: semicircular channel with PID-controlled 

heaters positioned at both ends, feedback thermocouples mounted 5 mm above the heater surface, motor 

arm with looped thermocouple mounted for droplet suspension in heated oil, viewing window at the center 

of the channel, and lens tube to focus and magnify the droplet image onto the smartphone camera. All 

components are disposable after one use except for the motor, lens tube, and smartphone. (B) Alternate 

view showing the droplet-on-thermocouple moving to the low temperature side of the heat gradient. (C) 

Two thermocouples mounted on the motor arm. The straight thermocouple is used for oil temperature 

measurement, and the looped thermocouple holds the droplet and measures the droplet temperature. (D, E) 

Still images of the submerged droplet moving back and forth continuously at the low-temperature region. 

The thermocouple junction is inside the droplet to monitor the reaction temperature. Droplet temperature 

feedback is used by the motor program to accurately position the droplet in the heat gradient. The still 

images are screen captures from the supplementary video showing device operation (Movie S3). (F) Still 
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image of the droplet moving away from the low-temperature region after completing annealing, to be 

positioned at a warmer region corresponding to the optimum temperature for Taq polymerase extension of 

the PCR amplicon. 

 

Figure B-2 

Thermal characteristics and reproducibility of device. (A) Temperature color map of the heat gradient 

established between heaters with a maximum of 100°C on the left and a minimum of 45°C on the right. (B) 

Heat ramping of the two extreme temperature regions from 25°C to equilibrium within 10 min. (C) 

Representative thermocycling profile of the internal droplet temperature and surrounding oil temperature. 

Desired temperatures are consistently achieved even at sub-minute cycle times. The temperatures at each 

phase are 90.4 ± 0.2°C for denaturation, 68.4 ± 0.2°C for extension, and 60.2 ± 0.2°C for annealing. 

Droplet ramp rates up to 12°C/s and oil ramp rates up to 32°C/s are achieved by moving the droplet within 

the heat gradient. (D) Gel electropherogram showing the results from three successive trials (lanes 1–3) to 

amplify the 196 bp 16S rRNA V3 amplicon from 7 pg purified K. pneumoniae genomic DNA (equivalent 

to 1.4 × 103 genomic copies) and a no template control (NTC) sample. The thermocycling speed was 48 
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s/cycle, and 30 cycles were conducted. The band intensities in lanes 1–3 have a coefficient of variation of 

4.0%. 

 

Figure B-3  

Interfacial tension and fluorescence qPCR inhibition of the IE model. (A) Protein concentrations of the 

aortic, mitral, and tricuspid valve sections excised from a porcine heart and ground using a micro-mortar 

and -pestle. The total protein concentration of the tissue model is 1.6 ± 0.1 mg/mL. (B) Interfacial tensions 

(γ) of clean and contaminated PCR mixtures are 25.55 mN/m and 27.60 mN/m, respectively. (C) Free-body 

force diagram with the interfacial layer shown in clear. The forces on the droplet include the interfacial 

tension force (Fγ), the buoyancy force (FB), the weight of the droplet (Fmg), and the thermocouple force 

(FTC). (D) Fluorescence qPCR amplification curves for 16S rRNA hypervariable regions V1–V2 and vanA 

gene from intact vancomycin-resistant Enterococcus faecium (VRE) with and without tissue contamination. 

The Ct values for 16S rRNA V1–V2 without tissue, 16S rRNA V1–V2 with tissue, vanA without tissue, 

and vanA with tissue are 28.4, 30.0, 34.0, and 39.4, respectively. The tissue contamination inhibits 

fluorescence qPCR, as seen by the upward shift of 1.6 cycles for the 16S rRNA V1–V2 target and 5.4 
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cycles for the vanA target. Additionally, NTC samples for each primer set are plotted. (E) Protein diffusion 

to the interface is calculated based on typical blood and tissue concentrations using diffusivities from 

literature and Fick’s equation. For comparison, the diffusion of Taq polymerase to the interface is also 

calculated. (F, G) The porcine heart, from which heart valves were excised, sectioned, inoculated, ground, 

and used as the PCR target. 

 

Figure B-4 

Specificity, limit of detection, and speed of DOT thermocycling. (A) Gel electropherogram showing the 

differentiation of vancomycin-resistant Enterococcus faecium (VRE) and vancomycin-sensitive 

Enterococcus faecalis (VSE) by multiplexed amplification of the 377 bp vanA amplicon directly from 

bacterial culture. Simultaneous thermocycling was achieved by mounting three droplets on different 

thermocouples on the same motor arm. Lane 1: 1-kb plus DNA ladder; lane 2: VRE; lane 3: VSE; lane 4: 

no template control (NTC); and lane 5: 1-kb plus DNA ladder. (B) Gel electropherogram showing the limit 

of detection at the sub-picogram level by amplification of the 196 bp 16S rRNA V3 amplicon from 0.7 pg 

K. pneumoniae genomic DNA (equivalent to 1.4 × 102 genomic copies) at the speed of 48 s/cycle. Lane 1: 

1-kb plus DNA ladder; and lane 2: 0.7 pg gDNA. (C) Gel electropherogram showing rapid amplification of 

the 16S rRNA V3 amplicon and vanA amplicon in the presence of tissue contaminants in 30 cycles. Lane 1: 

vanA amplified at 40 s/cycle (20 min) from 7 × 105 CFU VRE inoculated to valve tissue; V3 amplified 

from 7 × 105 CFU VRE inoculated to valve tissue, lane 2: at 40 s/cycle (20 min); lane 3: at 32 s/cycle (16 

min); lane 4: at 28 s/cycle (14 min); and lane 5: 1-kb plus DNA ladder (see Fig. 2D for V3 NTC result). 
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Figure B-5 

Decrease in droplet height against cycle number. (A) Real-time detection of 16S rRNA amplification 

during early cycles by DOTS qPCR at a thermocycling speed of 48 s/cycle. Percent decrease in droplet 

height is plotted against Cn for amplifications from 750, 75, 7.5, and 0.75 pg genomic DNA (1.5 × 105, 1.5 

× 104, 1.5 × 103, and 1.5 × 102 genomic copies, respectively) and no template control (NTC). Error bars 

represent overall device noise. A 4.8% threshold for detection is also plotted. The threshold was chosen to 

optimize the R2 value of the linear regression shown in Figure 8. (B) Smartphone camera images of the 

droplet-on-thermocouple submerged in oil. Images were taken every 5 thermal cycles and used to 

determine the droplet height. 
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Figure B-6.  

Interfacial tension during DNA amplification in the presence of SYBR Green. Three reactions with 

different conditions were thermocycled in increments of five cycles. The reaction conditions were 1) 75 pg 

K. pneumoniae genomic DNA (1.5 × 104 genomic copies) with SYBR Green I (SG) to amplify the 16S 

rRNA V3 amplicon (196 bp), 2) 75 pg K. pneumoniae genomic DNA (1.5 × 104 genomic copies) without 

SG to amplify the 16S rRNA V3 amplicon (196 bp), and 3) no template control (NTC) with SG. The 

samples were analyzed by gel electrophoresis (Fig. S1). (A) Band intensities at the 196 bp region of the gel 

images were quantified, normalized to the intensity at C0, and plotted against Cn. The product band is first 

detected at C20, and no product band is detected for the NTC. (B) Fluorescence qPCR amplification curve 

for the 16S rRNA V3 amplicon (196 bp) amplified from 75 pg K. pneumoniae genomic DNA (1.5 × 104 

genomic copies) and NTC. The Ct value is 21.11 ± 0.06. (C) The interfacial tensions of the PCRs were also 

analyzed with an FTÅ (First Ten Ångstroms) 200 contact angle and interfacial tension analyzer. The 

percent change in interfacial tension, dγ/γ0 = (γ0 – γn)/γ0, is plotted against Cn. The γ of the reaction with 

DNA and SG decreases by 21% by C10 and remains the same thereafter. The γ of the reaction with DNA 
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but without SG increases by 11% by C5 and then further increases to 19% by C30. The γ of the SG NTC 

reaction increases by 6% by C5 and fluctuates within 4% thereafter.  

 

Figure B-7  

Femtoliter water-in-oil droplets after DNA amplification with SYBR Green. (A) Bright-field 

microscope image showing water-in-oil droplets stabilized by dsDNA/SG complexes. The droplets range in 

diameter from 1–2 µm and in volume from 0.5–4.2 fL. These femtoliter droplets are observed in the oil 

phase following DNA amplification with SG. (B) Molecular schematic illustrating adsorption at the oil–

water interface: a) protein adsorption initially stabilizes the droplet; b) proteins undergo conformational 

change; c) proteins form networks; d) PCR produces dsDNA amplicons; e) SG intercalates dsDNA, 

forming hydrophobic complexes; f,g) dsDNA/SG complexes replace the surface-bound proteins because of 

high interfacial affinity and high concentration (Vroman effect); h) adsorption of dsDNA/SG complexes 

decreases interfacial tension, and colloidal suspensions become energetically favorable. Femtoliter water 

droplets are emulsified in the oil phase, decreasing droplet-on-thermocouple volume. 
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Figure B-8 

Real-time PCR standard curves for DOTS qPCR and fluorescence qPCR. (A) DOTS qPCR standard 

curve for 16S amplification of the V3 amplicon from Klebsiella pneumoniae genomic DNA, in the range of 

1.5 × 102 to 1.5 × 105 genomic copies. A trend line is fitted to the data by linear regression analysis: log(N0) 

= – 0.48Ct + 6.6; R2 = 0.981. In DOTS qPCR, the Ct values for NTC and 1.5 × 102, 1.5 × 103, 1.5 × 104, and 

1.5 × 105 genomic copies are 14.4 ± 0.4, 9.0 ± 0.6, 7.5 ± 0.4, 4.6 ± 0.3, and 3.1 ± 0.2, respectively. (B) 

Fluorescence qPCR standard curve for 16S amplification of the V3 amplicon from Klebsiella pneumoniae 

genomic DNA, in the same range. A trend line is fitted to the data by linear regression analysis: log(N0) = – 

0.24Ct + 9.4; R2 = 0.996. In fluorescence qPCR, the Ct values for NTC and 1.5 × 102, 1.5 × 103, 1.5 × 104, 

and 1.5 × 105 genomic copies are 32.4 ± 0.1, 29.88 ± 0.03, 25.28 ± 0.07, 21.11 ± 0.06, and 17.66 ± 0.04, 

respectively.  
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Table B-1  

Threshold cycles for DOTS qPCR and fluorescence qPCR. Uncertainties have been determined as the 

standard error of repeated measurements for DOTS qPCR and as the standard error of triplicate 

experiments for fluorescence qPCR. 

N0 (genomic copies) DOTS qPCR Ct Fluorescence qPCR Ct 
1.5 × 105 3.1 ± 0.2 17.66 ± 0.04 
1.5 × 104 4.6 ± 0.3 21.11 ± 0.06 
1.5 × 103 7.5 ± 0.4 25.28 ± 0.07 
1.5 × 102 9.0 ± 0.6 29.88 ± 0.03 
NTC 14.4 ± 0.4 32.4 ± 0.1 

 

 

Figure B-S1 

Gel electrophoresis of PCR amplification at different cycle numbers. (A) Gel electropherogram of 16S 

rRNA V3 amplicon (196 bp) amplified from 75 pg K. pneumoniae genomic DNA (1.5 × 104 genomic 

copies), conventionally thermocycled in increments of five cycles with SYBR Green I (SG). (B) Gel 

electropherogram of 16S rRNA V3 amplicon (196 bp) amplified from 75 pg K. pneumoniae genomic DNA 
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(1.5 × 104 genomic copies) without SG. (C) Gel electropherogram of a no template control sample 

thermocycled with SG. 

 

Movie B-S1 

DOTS qPCR device operation. This movie demonstrates DOTS qPCR operation. The motor arm with the 

mounted thermocouple loop submerged beneath the surface of the oil is positioned at the low-temperature 

region of the heat gradient. A 5–10 µL droplet of PCR cocktail is positioned on the thermocouple loop 

using a pipette, and the thermocycling program is initiated. (Movie B-S1 is available in the supplementary 

materials.) 
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Movie B-S2 

Droplet imaging by smartphone. Before the first thermal cycle, the droplet is positioned in front of the 

viewing window, and an image of the droplet-on-thermocouple silhouette at cycle zero is captured by the 

smartphone camera. The droplet then moves to the high-temperature region for the initial denaturation. 

(Movie B-S2 is available in the supplementary materials.) 

 

Movie B-S3 

Close-up view of convective heating. Close-up view of the droplet being cooled at the low-temperature 

region of the heat gradient, for the annealing phase of the reaction, after initial denaturation. (Movie B-S3 

is available in the supplementary materials.) 
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Movie B-S4 

Whole-device view of a complete thermal cycle. This movie shows a whole-device view of the droplet 

going through a complete thermal cycle. It moves from the low-temperature region for annealing, then to 

the 72°C region for extension, and finally to the high-temperature region for denaturation. Thermocycling 

repeats in this fashion until the fifth thermal cycle, when another image of the droplet-on-thermocouple 

silhouette is taken for analysis and quantification of the initial target concentration. (Movie B-S4 is 

available in the supplementary materials.) 


