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Abstract

To enable inexpensive molecular detection at the point-of-care and at home with minimal or no 

instrumentation, it is necessary to streamline unit operations and store reagents refrigeration-free. 

To address this need, a multifunctional enzymatic amplification reactor that combines solid-phase 

nucleic acid extraction, concentration, and purification; refrigeration-free storage of reagents with 

just-in-time release; and enzymatic amplification is designed, prototyped, and tested. A nucleic 

acid isolation membrane is placed at the reactor’s inlet, and paraffin-encapsulated reagents are 

prestored within the reactor. When a sample mixed with chaotropic agents is filtered through the 

nucleic acid isolation membrane, the membrane binds nucleic acids from the sample. Importantly, 

the sample volume is decoupled from the reaction volume, enabling the use of relatively large 

sample volumes for high sensitivity. When the amplification reactor’s temperature increases to its 

operating level, the paraffin encapsulating the reagents melts and moves out of the way. The 

reagents are hydrated, just-in-time, and the polymerase reaction proceeds. The amplification 

process can be monitored, in real-time. We demonstrate our reactors’ ability to amplify both DNA 

and RNA targets using polymerase with both reverse-transcriptase and strand displacement 

activities to obtain sensitivities on-par with benchtop equipment and a shelf life exceeding 6 

months.
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Molecular assays utilizing enzymatic amplification of nucleic acids (NA) enable highly 

specific and sensitive detection, among other things, of infectious diseases, drug-

susceptibility, and resistance; genetic disorders; and cancer-related mutant alleles.1–3 NA 

tests (NATs) are the gold standard in clinical laboratories. Since conventional NATs require 

multiple unit operations, their use has been mostly confined to well-equipped centralized 

facilities. Point of care (POC) tests mostly comprise immunoassays carried out with lateral 

flow strips. However, immunoassays often lack sufficient sensitivity and selectivity and, in 

some cases, are inadequate.2 For example, an antibody test for HIV of infants born to HIV-

infected mothers may result in false positives due to the presence of maternal antibodies.4 

Similarly, antibody tests for sexually transmitted diseases or mosquito-borne pathogens5 

may result in false positives since a significant fraction of the population carries antibodies 

to the targeted pathogens while being free of active infection. Moreover, antibody tests 

cannot discriminate between drug-susceptible and drug-resistant pathogens.6

The ability to detect NAs at the POC and at home can compensate for the lack of centralized 

facilities, trained-personnel, and logistic networks in resource-poor settings; empower 

providers to administer evidence-based healthcare; enable personalized therapies; and 

enhance productivity by saving patients the need to travel to centralized facilities.1 Self-

diagnosis at home, such as in the case of chronic diseases, may enable patients to participate 

in their own treatment, modify behavior, and reduce health-care cost. Given the desirability 

of NAT for POC use, many researchers have been investing in efforts to develop such tests.

One approach foregoes enzymatic amplification and utilizes biosensors to detect NAs 

directly, typically by hybridizing target NAs to immobilized probes and detecting the 

presence of captured NAs with various transduction methods.7 Because target NAs are 

typically at low concentrations, among an abundance of host’s NAs, these methods require 

significant sample preparation to reduce background, long incubation times to improve 

sensitivity, and signal amplification. Although the literature is rich with ingenious ideas for 

transduction mechanisms, there are few, if any, POC commercial products for enzymatic 

amplification-free detection of NAs.

In contrast to biosensors, enzymatic amplification takes advantage of nature’s ability to 

amplify selected NAs, rapidly and with high fidelity. Two approaches are used for enzymatic 

amplification outside centralize laboratories. One approach uses fully or partially automated 

instruments that duplicate laboratory procedures in a single “box,” eliminating the need for 

highly trained personnel, while providing detection sensitivities on par with laboratory 

equipment. These instruments tend, however, to be complex, expensive, maintenance-heavy, 

and low throughput—mostly suitable for medical centers;8–10 even the simplest published 

implementation of NAT requires a centrifuge.11

A second approach, dubbed rapid NAT, sacrifices sensitivity for simplicity, forgoing sample 

preparation. A small volume of a minimally processed sample is added directly into the 

reaction mix for enzymatic amplification. To avoid inhibition, the sample volume, typically 

ranging from 1 to 5 μL, must be much smaller than the reaction volume (typically, 10–50 

μL). A small sample volume results in low sensitivity (typically, > 105 target copies/mL). 

While this sensitivity may be orders of magnitude better than what is achievable with 
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biosensors, it is still insufficient in many cases such as HIV viral-load monitoring that 

requires detection of a fewer than 103 virions/mL.

In prior work,12 we demonstrated paraffin encapsulation of PCR reagents in a chip. Here, we 

go much further. We develop a multifunctional reaction chamber that contains a NA 

isolation membrane at its inlet to bind NAs and to decouple sample volume from the 

reaction volume, enabling target concentration. Instead of PCR, we use isothermal 

amplification to reduce processor complexity and a robust polymerase enzyme with both 

reverse-transcriptase and strand displacement activities to eliminate the need for a separate 

reverse transcription step. All reagents for the enzymatic amplification are lyophilized, 

encapsulated with paraffin, and prestored in the reaction chamber, refrigeration-free for 

automated, heat-activated, just-in-time release. Shelf life exceeding at least 6 months is 

demonstrated without a significant deterioration in enzyme activity. Using this approach, we 

demonstrate that a rapid NA test is possible without sacrificing sensitivity for both DNA and 

RNA targets.

EXPERIMENTAL SECTION

Our reaction chamber is fabricated with a plastic substrate. Here, we use poly(methyl 

methacrylate) (PMMA). Panels (i) and (ii) of Figure 1A show, respectively, a three-

dimensional drawing and a photograph of a plastic chip housing two 55 μL reaction 

chambers (including 15 μL reagent storage wells). For additional details, see Section S1 of 

Supporting Information

A silica NA isolation membrane is located at each reaction chamber’s inlet. We13–15 and 

others16 have demonstrated that the silica membrane captures ~80% of 100–50 000 bp long 

NAs in the sample. The silica membrane can be replaced with a membrane from a different 

material, such as Q-Sepharose resin, when capture of shorter (50–150bp) DNA fragments is 

needed.16

All reagents needed for the polymerase reaction and for detection, including dye and 

enzymes, were lyophilized (BIOLYPH, MN), placed in the prefabricated recess in the 

reaction chamber, and coated with paraffin that filled the reagent storage well, leaving a 

reaction chamber with 40 μL volume. Video S1 shows cartoons depicting reagent storage 

and chip operation.

In our experiments to detect DNA, we used saliva (50 μL) spiked with HPV-16 DNA. The 

sample was mixed with 50 μL chaotropic salt (6 M guanidinium chloride) lysis buffer 

(QIAamp MinElute Virus Spin Kit, Qiagen, Germantown MD) and 62.5 μL ethanol; and 

then filtered through the NA isolation membrane. The NAs bound to the membrane while 

the filtrate discharged to waste. Following the manufacturer’s protocol, the membrane was 

washed with 150 μL of an ethanol-based solution (AW1, Qiagen, Germantown, MD), with 

150 μL of a second solution (AW2, Qiagen, Germantown, MD), and dried in air for 30 s to 

remove any remaining ethanol, which is an inhibitor. After the reactors were dried, they 

were filled with DNA-grade water through the NA capture membranes, and the inlet and exit 

ports were sealed with a PCR tape.
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In our experiments to detect RNA, we spiked plasma (140 μL) with HIV virus and mixed the 

plasma with 560 μL of lysis buffer (QIAamp Viral RNA Mini Kit, Qiagen) and 560 μL of 

ethanol, and we pipetted into the multifunctional reactors. Then the membrane was washed 

and dried using the sequence described in the previous paragraph.

The plastic chip was placed vertically in our custom-made, battery-operated portable 

processor14,17 (Supporting Information, Section S2) with the isolation membrane located at 

the lower part of the chip. Upon heating the chip to its operating temperature, the paraffin 

melted and moved out of the way by buoyancy and surface tension forces. The reaction mix 

hydrated and reconstituted, and the polymerase reaction proceeded. The vertical orientation 

of the reaction chamber helped remove the paraffin encapsulation and prevented bubbles 

from accumulating in the imaged part of the reaction chamber and interfering with signal 

acquisition. The paraffin motion also induces advection in the reaction chamber assisting in 

stirring and homogenizing the reaction mix.

The amplification process was monitored, in real time, with an inexpensive USB fluorescent 

microscope (AM4113T-GFBW Dino-Lite Premier, AnMo Electronics, Taipei, Taiwan) 

interfacing with our custom-made processor.14,17 The images were analyzed with custom-

written software that computed spatially averaged fluorescent emission intensity as a 

function of time and the threshold time (T1/2) required for the intensity to reach half its 

saturation value.

RESULTS AND DISCUSSION

Reagent Release.

To better understand reagent release and hydration, we dried food coloring in the reagent 

storage well, filled the well with paraffin, filled the reaction chamber with plain water, and 

monitored the reaction chamber during heating. Figure 1B and Video S2 show the dye 

release and hydration. When the chamber is heated, the paraffin melts. Since the paraffin is 

lighter than water, it floats to the top of the vertically positioned chip (Figure 1B (ii)), 

occupying the chamber’s upper part. The dye hydrates (Figure 1B (iii)) and spreads rapidly, 

driven by advection. The paraffin serves here a second function; its motion helps stir and 

homogenize the reaction mix. The chamber is darker at the position of the recess and the 

position of the NA capture membrane due to the greater liquid thickness at these locations. 

Here, we oriented the chamber vertically; it suffices, however, to tilt the chamber with 

respect to the horizontal.

Next, we monitored the effects of sample and wash solutions flows on the paraffin-

encapsulated lyophilized reagents placed in the chamber’s recess (Video S3, bright field) 

and verified that these liquid flows do not disturb the paraffin-encapsulated reagents.

DNA Detection with our Multifunctional Amplification Reactor.

To demonstrate our multifunctional reaction chamber’s operation, we used 50 μL saliva 

spiked with HPV-16 gDNA. Detection of HPV-16 in oral fluids is of interest for early oral 

cancer diagnostics - the frequency of which is increasing.18,19 We carried out Loop 

Mediated Isothermal Amplification (LAMP)20 with the polymerase enzyme OmniAmp 
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(Lucigen) that has both reverse transcriptase and strand displacement activities.21 We used 

the six primers (Lucigen) listed in Table S1, newly and specifically designed for the 

temperature range 66–74 °C. Additional details and the workflow associated with this test 

are described in Supporting Information Section S4.

After DNA binding to the NA isolation membrane and membrane washes, the reaction 

chamber was filled with DNA-grade water, sealed, placed vertically in our portable custom-

made processor,14,17 and monitored. Prior to heating, the paraffin encapsulation reflects 

green light (Figure 2A, time = 0, and Video S4). See Supporting Information section S3 for 

discussion. When the reaction chambers were heated to above ~45 °C, the paraffin melted 

and floated away, the reagents were hydrated and stirred, and the green reflection from the 

paraffin disappeared (Figure 2A, 3 min). Our reagent-storage method provides “hot-start” 

amplification. No reaction can take place until the reagents have been constituted. In the 

presence of targets, amplification proceeds and the test chamber lights up, typically within 

10–50 min (depending on target concentration). In the absence of targets (negative-control), 

the chamber remains dark (Figure 2A, 35 min).

Figure 2B depicts the normalized fluorescence emission intensity I =
I − Imin

Imax − Imin
 as a 

function of time when the sample comprises 0 (no-target control), 2, 20, and 200 HPV-16 

gDNA per μL. In the above, I is the emission intensity (au). With the exception of the 

negative control, all tests were positive, producing a signal. Our experiment indicates assay 

sensitivity better than 2 DNA copies per μL of sample. When desired, sensitivity can be 

improved by increasing sample volume.

Figure 2C depicts the threshold time (T1/2), defined as the time it takes for emission 

intensity to reach half its saturation value (Imax), as a function of target concentration. The 

threshold time decreases linearly with the log of target concentration. When the sample 

volume is 50 μL, the data correlates with the expression:

T1/2 ∼ 39.3 − 10.3log c (1)

where c is the number of DNA molecules in a μL of sample. The variance of the threshold 

time decreases as the concentration increases. This is partially due to the difficulty of 

preparing reproducible samples at very low target concentrations. The results obtained with 

our chip are comparable to the ones obtained with benchtop experiments (Supporting 

Information Section S6).

HPV-16 gDNA Detection: Comparison with a Rapid-Test.

Next, we compare the performance of our multifunctional amplification reactor with that of 

a rapid-test, wherein 40 μL diluted, filtered, and preheated saliva sample was directly added 

to lyophilized reagents.22 The rapid-test workflow is described in Supporting Information 

Section S7.
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Figure 2D depicts the rapid-test normalized fluorescence emission intensity I  as a function 

of time when the sample consists of 0 (no-target, negative control), 24, 240, 2400, and 24 

000 HPV-16 gDNA per μL of saliva. Samples with 24 HPV-16 gDNA or less per μL tested 

negative, suggesting sensitivity between 24 and 240 target molecules per μL sample–at least 

1 order of magnitude worse than our multifunctional reactor. This is hardly surprising given 

that the rapid test operates with a diluted sample while our multifunctional amplification 

reactor does the opposite; it concentrates the sample.

Figure 2E depicts the rapid-test threshold time as a function of target concentration. The 

threshold time increases linearly as the log of the target concentration decreases. Rapid-

test’s threshold times are significantly greater than that of our multifunctional amplification 

reactor. For example, in the presence of ~200 target molecules per μL of sample, the rapid-

test’s and the multifunctional amplification reactor threshold times are, respectively, 35 and 

15 min (Figure 2C,E). The better performance of the multifunctional reactor is attributable 

to (i) the concentration function of the NA isolation membrane that allows larger sample 

volumes than possible with the rapid-test and (ii) the multifunctional amplification reactor 

allows us to wash the membrane to remove inhibitors—something that cannot be done with 

the rapid-test.

To assess the rapid-test’s reduced amplification efficiency as compared to the 

multifunctional reactor, we consider a sample with 240 molecules per μL. The rapid-test’s 

threshold time is 33 min (Figure 2E). If the same sample was processed with our 

multifunctional reactor, the threshold time would be 14.8 min (eq 1). The extra 18.2 min in 

the rapid-test’s threshold time is attributable to the lower rapid-test’s amplification 

efficiency, plausibly due to the presence of inhibitors. In summary, our multifunctional 

reactor has several advantages over rapid-tests. It can operate with much greater sample 

volumes, providing greater number of target molecules for the amplification process, and it 

provides higher amplification efficiency by enabling target purification.

Detection of RNA Targets with our Multifunctional Amplification Reactor.

In this section, we demonstrate that the multifunctional reactor can be used to detect RNA 

targets. Since the OmniAmp enzyme (Lucigen) has both reverse-transcriptase and strand-

displacement activities, we can process RNA targets in a single step without a separate 

reverse-transcription prior to amplification.21,23,24 We experimented with two RNA targets: 

HIV-1 clade C (common in Africa) and MS2 bacteriophage RNA that is often used as a 

positive RNA control in molecular tests.

For HIV RNA detection, we used our custom-designed universal (strain-independent) 

primers25 (ACeIN-26, Table S1) developed to detect HIV subtypes A, B, C, D, and G. We 

spiked 105, 104, and 103 HIV-1 subtype C virions (Zambia, ZAM18, GenBank: L03705.1, 

SeraCare Life Science) in 140 μL human plasma.

Figures 3A and 3B depict, respectively, the amplification curves and the threshold time as 

functions of target concentration. The threshold time increases linearly as the log of the 

number of targets decreases. The assay can readily detect less than 1000 virions in the 

sample (140 μL). This sensitivity is not a limitation of our multifunctional reactor but the 
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result of our use of a “universal” assay25 that was purposely designed to amplify a plethora 

of different HIV strains. Additionally, our assay’s efficiency suffers because we used 

primers (available in our lab) optimized for the lower LAMP temperature of the OptiGene 

enzyme (63 °C) instead of primers optimized for our actual reaction temperature of 68 °C 

(OmniAmp enzyme, Lucigen). Because in some cases the actual HIV strain may not be 

known a priori, there is a benefit to an assay that can detect multiple strains even at the 

expense of sensitivity. Previously, we demonstrated a higher sensitivity of about 10 virions 

per reaction with optimized and specific primers to a particular HIV strain.26

As a second target, we experimented with MS2 bacteriophage RNA. We prestored MS2 

LAMP primer set (Table S1) with our reaction mix. Figure 4 depicts an example of an 

amplification curve when the reactor operated with ~270 target copies added directly into 

the reaction chamber. The corresponding threshold time is about 11 min. In the next section, 

we use the MS2 RNA target to study the shelf life of the reaction mix.

Shelf Life.

Commonly used reverse-transcriptase enzymes are labile and may lose activity when dry-

stored.21 We examined the amplification efficiency of our paraffin-encapsulated, lyophilized 

reagents as a function of storage duration, using the threshold-time as a figure of merit. 

Lyophilized reagents, including the enzyme, MS2 LAMP primer (Table S1), and dye were 

encapsulated with paraffin in our microfluidic chips and put aside for storage under ambient 

conditions (without refrigeration or humidity control and with our chips inlet and exit open). 

The chips were retrieved after various storage durations and tested with purified MS2 RNA.

Figure 4A depicts the amplification curves of 0.5 fg (~270 copies) of MS2 RNA and 

negative (no-target) control obtained with our multifunctional reactors and 180 days on-chip 

dry-storage. The presence of MS2 RNA is readily detectable in ~11 min. Figure 4B depicts 

the threshold-time T1/2 (blue-rhombus) of the amplification curves of 0.5 fg (~270 copies) 

MS2 RNA as a function of storage duration (weeks). For comparison, we also carried out a 

few experiments with refrigerated reagents, a benchtop PCR machine, and the same target 

concentration (red-squares). The threshold-time of both chip and benchtop are similar, 

indicating no obvious diminution of reverse-transcriptase and strand displacement activities, 

resulting from lyophilization, paraffin-encapsulation, storage, and rehydration. Our data 

indicates that our dry reagents are stable during a relatively long storage. In the absence of 

the paraffin-cladding, the dry reagents hydrate rapidly when in air (Supporting Information 

Section S8).

CONCLUSIONS

Centralized laboratories routinely use enzymatic amplification of NAs as the method of 

choice to detect causative agents, drug-resistance, and genetic disorders. It is desirable to 

facilitate molecular tests at the POC to alleviate shortages of centralized facilities in 

resource-poor settings; enable health-personnel to provide evidence-based disease 

management; and enable patients to participate in their own care.
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In centralized laboratories, molecular tests require numerous unit operations with benchtop 

instruments, dedicated space, and highly skilled personnel. To adapt molecular testing for 

POC, it is necessary to reduce the number of unit operations, remove cold chains, and enable 

operation by minimally trained personnel. Various strategies have been proposed to meet 

these objectives: enzymatic amplification-free biosensors, automated-equipment, and rapid 

NAT that forego sample preparation at the expense of reduced sensitivity.

As an attractive alternative, we propose a relatively inexpensive NAT for use at the POC. We 

integrate multiple functions into the amplification reaction chamber to streamline unit 

operations and simplify flow control. Our multifunctional chamber includes NA isolation-

membrane at its inlet to capture NA from the sample and decouple sample-volume from 

reaction-volume. One can operate with sample volumes far exceeding the reaction volume to 

achieve desired sensitivity while retaining a small reaction volume and small reagent 

consumption.

All reagents needed for polymerase amplification and detection are lyophilized, 

encapsulated in paraffin, and prestored, refrigeration-free in the reaction chamber for 

prolonged shelf life. When the microfluidic chip is heated to its operating temperature, the 

paraffin melts, moves out of the way, and the reagents are hydrated. Because the paraffin is 

lighter than water, it induces circulation in the reaction chamber, assisting in the 

homogenization of the reaction mix without a need for external stirrers. Although 

microfluidic chips with dry-stored reagents have been reported before,27–30 they typically 

dry store reagents on membranes and require flow streams to controllably reconstitute the 

reagents.28 Our method enables temperature-triggered release of reagents, just-in-time, 

streamlining flow control.

Here, we carried out the reagent-encapsulation in situ. The reagents can also be encapsulated 

outside the cassette to form paraffin-coated beads. This allows the flexibility of maintaining 

a bead library targeting diverse pathogens and an inventory of generic cassettes to be 

customized prior to use for any desired test.

Our multifunctional chamber can operate with various sample matrices. When the sample is 

saliva, it can be mixed with a lysis buffer and introduced directly into the cassette. When the 

sample is blood, it is desirable to filter only plasma through our reaction chamber. This can 

be accomplished with an appropriate frontend such as our high-capacity, electricity-free, 

POC plasma-separator.31,32

For our experiments with HPV, we designed new HPV LAMP primers for the OmniAmp 

enzyme and demonstrated that we can detect 100 HPV DNA molecules per reaction. This 

compares favorably with FDA-approved commercial tests such as Qiagen (reported 

sensitivity of 1000 DNA virions/reaction).33 Our HIV tests with our universal, assay, 

capable of detecting multiple HIV strains, demonstrated a sensitivity of 1000 copies per 

reaction. This is a high sensitivity for HIV screening, enabling infection detection during the 

seroconversion period and in infants born to HIV-infected mothers.4 Our sensitivity suffers, 

however, because of the use of universal primers designed to detect multistrains of HIV at a 

lower LAMP temperature (OptiGene enzyme, 63 °C) than we used here (68 °C). For viral 
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load monitoring when the HIV strain is known, we can achieve much greater sensitivity 

(e.g., 10 virions/reaction) by operating with primers specific to the known HIV strain.26 In 

summary, our POC system can provide performance nearly on par with benchtop equipment.

The reproducibility of our point of care device is somewhat lower than that of our benchtop 

equipment. In the presence of 100 templates in the sample, the relative scatters in the 

threshold times of the benchtop (Figure S4) and chip experiments (Figure 2C) are, 

respectively, ±10% and ±33%. These scatters in the threshold times decline as the template 

concentration in the sample increases. This scatter in threshold time can be attributed, in 

part, to statistical variations in target concentration in the sample, in particular, at low 

concentrations. In the future, we will investigate whether improvements in heating 

uniformity and in reagent stirring can improve reproducibility. It is worth noting, however, 

that 100 templates/(50 μL sample) is a very low viral load. To put things in perspective, the 

FDA-approved laboratory-based test for carcinogenic HPV is reported33 to have analytical 

sensitivity ranging from 1000 to 5000 copies/reaction. In most cases of clinical significance, 

the template concentration is likely to be orders of magnitude greater and the scatter in the 

data much smaller than at low target concentrations. And, of course, we can improve 

sensitivity by increasing sample volume.

In its current implementation, our microfluidic chip requires a few pipetting operations 

(Figure S3). In the future, we will prestore wash solutions and water in blisters mounted on 

the cassette. Because the wash solutions and water do not require refrigeration, long shelf 

life is possible. The blisters can be activated either manually or with a mechanical or 

electrical actuator to discharge liquids through the reaction chamber.

Once sample introduction and wash steps have been concluded, the cassette needs to be 

incubated. Here, we used an inexpensive battery-powered, homemade processor. The 

processor can be further simplified or eliminated altogether. To reduce cost, the ubiquitous 

smartphone can be used for fluorescent dye excitation (with the phone’s flashlight); for 

signal monitoring (with the phone’s camera), analysis, and reporting;34 and to power our 

heater. If necessary, the smartphone can also provide vibrations to improve reconstituted 

reagents’ mixing.35

For additional cost savings, the need for excitation can be eliminated by replacing the 

fluorescent reporter with excitation-free reporters such as visible light-emitting luciferous 

molecules fueled by polymerase byproducts.36 Furthermore, visual-monitoring of 

amplification products is also possible, eliminating the need for a detection device. One can 

use leuco crystal violet (LCV) dye that changes from colorless to violet in the presence of 

dsDNA.15 Alternatively, since the polymerase process releases protons, amplicon production 

can be correlated with a change in reactor’s pH and detected as a change in color of litmus 

paper or litmus dye, either of which can be included with the reaction mix.37 Both change of 

color of the LCV and the litmus paper/dye are detectable with the unaided eye. When we 

detect amplicons by eye, a processor is needed only for temperature control.

Can we operate instrument-free? The isothermal amplification process can be incubated by 

placing the cassette on a hotplate. A single hot-plate can incubate many cassettes. 
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Alternatively, energy sources other than a battery or grid power can be used. Incubation heat 

can be provided, for example, with an exothermic chemical reaction such as the interaction 

of magnesium alloy with water.34 This heating method has been long-used by hikers to 

warm ready-to-eat-meals. Temperature-control can be provided with a material that changes 

phase (e.g., from solid to liquid) at the desired incubation temperature. Nature mandates that 

as long as the phase-change material coexists in two-phases, the temperature remains fixed

—independent of the ambient temperature. Since the magnesium alloy and phase change 

material are inexpensive and can be housed in a disposable Styrofoam cup or in the cassette 

itself,38 the entire molecular detection system (cassette and processor) can be rendered 

disposable, like the ubiquitous lateral flow strips, but with much greater capabilities.

Another highly desired attribute for POC systems is multiplexing. Most current POC 

molecular detection devices focus on single target detection. In many endemic regions, there 

are multiple causative agents that induce similar initial symptoms but require diverse disease 

management strategies. Moreover, coinfections may mask symptoms and may require a 

therapy different than the one mandated by a single infection. Evidence-based health care 

requires testing for multiple causative agents. Our multifunctional reactor provides the core 

elements for a two stage isothermal amplification assay capable of codetecting many 

different targets in a single sample.39

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) A plastic chip with two multifunctional amplification reactors. (i) A three-dimensional 

rendering of the multifunctional reactor’s cross-section, showing two amplification 

chambers with a cut through one of the chambers. Each chamber houses a NA binding 

membrane at its inlet and stores paraffin-encapsulated dry reagents (OmniAmp Pol 

polymerase, primers and dye). (ii) A photograph of the plastic chip. (B) The operating 

principle of reagent release illustrated with food coloring. (i) Prior to heating. (ii) As the 

chip is heated to its operating temperature, molten paraffin floats up and away, allowing 

reagents to hydrate. (iii) Food dye dissolves in water. (iv) The dye diffuses to the NA binding 

membrane. Video S2 features paraffin melting and food coloring release.

Song et al. Page 13

Anal Chem. Author manuscript; available in PMC 2019 January 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
(A) Fluorescence images illustrating reagent hydration and release (Video S5). Before the 

beginning of the heating process (t < 0), the lyophilized reagents are encapsulated with 

paraffin and isolated from the liquid in the reaction chamber. In 3 min after the start of 

heating, the paraffin encapsulation melts and floats away, the reagents are hydrated, and the 

polymerase reaction proceeds. At 35 min, clear fluorescence emission is evident in the test 

chamber (20 HPV-16 DNA copies/μL in 50 μL saliva) and absent in the negative (no target) 

control chamber. (B) Real time amplification curves with 200, 20, and 2 HPV-16 DNA/μL 

spiked in 50 μL saliva, obtained with our multifunctional reactor. (C) Threshold time as a 

function of target concentration. (D) Rapid test (see Section S4). Amplification curves of 

LAMP with 24000, 2400, 240, and 24 HPV-16 DNA /μL in saliva with minimal sample 

preparation and processed with a benchtop PCR machine. (E) The threshold time of the 

rapid test as a function of target concentration.
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Figure 3. 
RT-LAMP of HIV clade C with our multifunctional reactor. (A) Amplification curves of 140 

μL human plasma laden with 105, 104, 103, and 0 (negative control) HIV (subtype C) 

virions. (B) The threshold time as a function of target concentration. The error bars indicate 

the scatter of the data (N = 3).
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Figure 4. 
Evaluation of on-chip dry reagents’ shelf life. (A) RT-LAMP of MS2 in a multifunctional 

chip after 180 days of storage. Inset: a photograph of a test (positive control) and a negative 

(no target) control after 6 months of storage. (B) The threshold time T1/2 for MS2 RNA (0.5 

fg, ~ 270 copies) as a function of storage duration (weeks) in a multifunctional chip stored at 

ambient conditions (blue rhombus) and benchtop (red squares) operating with wet reagents 

stored at −20 °C.
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