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Abstract

Nucleic acid amplification-based diagnostics offer rapid, sensitive, and specific means for 

detecting and monitoring the progression of infectious diseases. However, this method typically 

requires extensive sample preparation, expensive instruments, and trained personnel. All of which 

hinder its use in resource-limited settings, where many infectious diseases are endemic. Here, we 

report on a simple, inexpensive, minimally-instrumented, smart cup platform for rapid, 

quantitative molecular diagnostics of pathogens at the point of care. Our smart cup takes 

advantage of water-triggered, exothermic chemical reaction to supply heat for the nucleic acid-

based, isothermal amplification. The amplification temperature is regulated with a phase-change 

material (PCM). The PCM maintains the amplification reactor at a constant temperature, typically, 

60-65°C, when ambient temperatures range from 12 to 35°C. To eliminate the need for an optical 

detector and minimize cost, we use the smartphone’s flashlight to excite the fluorescent dye and 

the phone camera to record real-time fluorescence emission during the amplification process. The 

smartphone can concurrently monitor multiple amplification reactors and analyze the recorded 

data. Our smart cup’s utility was demonstrated by amplifying and quantifying herpes simplex 

virus type 2 (HSV-2) with LAMP assay in our custom-made microfluidic diagnostic chip. We 

have consistently detected as few as 100 copies of HSV-2 viral DNA per sample. Our system does 

not require any lab facilities and is suitable for use at home, in the field, and in the clinic, as well 

as in resource-poor settings, where access to sophisticated laboratories is impractical, 

unaffordable, or nonexistent.
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1. Introduction

In the past decade, there has been a growing interest in developing simple, inexpensive, 

point of care (POC), molecular diagnostic devices for home care, clinic and dental office 

use, individualized medicine and therapeutics, and field testing [1,2]. In particular, there is 

an urgent need for such a technology in resource-limited settings, where laboratory facilities 

and skilled personnel are in short supply [3-5]. Lateral flow strip (immunochromatographic) 

devices have been widely applied to detect various infections such as the human 

immunodeficiency virus (HIV) [6] and tuberculosis [7] as well as to identify drugs of abuse 

[8]. Although lateral flow strips are simple to use, low-cost, and do not require 

instrumentation, they lack the sensitivity and specificity of nucleic acid-based tests and are 

inappropriate in certain cases [9].

Nucleic acid amplification-based assays have a critical advantage over immunoassay-based 

methods because pathogen-associated DNA or RNA can be enzymatically amplified at least 

a million-fold with great specificity, allowing the detection of very few target molecules. 

Moreover, when the target is known, the design of the nucleic acid-based assay is relatively 

simple, inexpensive, and rapid. Currently, polymerase chain reaction (PCR) is the most 

frequently used nucleic acid amplification method that serves as the gold standard and 

confirmatory test for the diagnosis of many infectious diseases [10, 11]. Conventional PCR 

amplification requires, however, elaborate sample preparation and complex thermal cycling, 

which is not amenable to low-cost POC diagnostic applications.
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Over the last decade, microfluidics (“lab on chip”) technology has emerged as a viable 

means for on-site, molecular diagnostics because the technology offers low cost, short test 

times, small sample and reagent volumes, reduced contamination, better containment and 

disposal of infectious material and, most importantly, integration of most, if not all, 

processes from sample preparation to detection in an inexpensive portable device [12-14]. In 

particular, the integration of affordable, microfluidic-based diagnostic devices with the 

ubiquitous mobile phone to perform biomedical tests that would normally require expensive 

laboratory-based instruments and well-trained personnel creates a new paradigm shift for 

health monitoring in resource-limited settings, may foster a revolution in the delivery of 

home care, and may improve the quality of care in clinics by enabling real time, informed 

decisions. Nowadays, mobile phone technology has a growing and pervasive influence on 

our society, with nearly seven billion mobile phone subscribers worldwide and a mobile 

phone penetration rate of 95.5% globally [18]. As a result, when designing new diagnostic 

systems, one can take the availability of cell phones for granted, and exclude the cost of the 

phone when pricing the system. So far, cell phones have been applied for cell analysis [15], 

lateral flow strip’s signal reading [16] and colorimetric detection [17].

Although early microfluidic implementations incorporated PCR, the need to cycle the 

temperature complicates instrumentation, reduces reliability, and increases cost. As an 

attractive alternative to PCR, several isothermal nucleic-acid amplification methods such as 

loop-mediated isothermal amplification (LAMP) [19], recombinase polymerase 

amplification (RPA) [20], nucleic acid sequence-based amplification (NASBA) [21], and 

rolling circle amplification (RCA) [22] have been developed. These isothermal nucleic-acid 

amplification processes are more suitable for low-cost, POC diagnostics as they require 

merely a constant temperature incubation, which simplifies thermal control and supporting 

electronics. They consume less power than PCR, without compromising sensitivity [23].

Most isothermal amplification schemes require the heating of the reactants to an elevated 

temperature. Usually, an electrically (grid or battery) powered resistive heater or Peltier 

(thermoelectric) module is used to control the reaction chamber’s temperature, along with 

temperature sensors (thermocouples or RTDs) and electronic temperature control circuitry. 

To eliminate the need for electrical power and electronic circuits, several research groups 

have recently explored the use of exothermic chemical reaction-based heating for isothermal 

amplification. For example, Weigl et al. [24] proposed non-instrumented and/or minimally 

instrumented diagnostic devices heated with an exothermic reaction. Curtis et al. [25] report 

a non-instrumented nucleic acid amplification (NINA) device for HIV-1 detection in whole 

blood. In their device, vials are immersed in a calcium-oxide heat source that is thermally 

coupled to phase change material for temperature regulation. Kubota et al. [26] have 

successfully carried out LAMP amplification of Salmonella enterica DNA in a modified 

teacup by adding a small amount (<150 g) of boiling water. In our earlier work [27], we first 

reported on the use of commercially available Mg-Fe alloy, typically used for heating food 

rations, as the fuel for heating a microfluidic device for E. coli DNA amplification and 

endpoint detection with a camera. In our previous work, the exothermic reaction chamber 

was part of the disposable chip. Recently, Singleton et al. [28] have demonstrated an 

electricity-free heater for bi-plexed LAMP assay of HIV-1 and a ß-actin internal control 
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with lateral flow (NALF) strip for visual readout. However, all the above-mentioned devices 

lack sample processing capabilities. They either require purified nucleic acids [26-28] that 

were isolated from clinical specimens with other instrumentation, typically of the type used 

in a laboratory or operate with unprocessed specimen [25]. In the latter case, a very small 

sample volume, typically a few μl is added to the reaction volume. Naturally, the use of very 

small sample volume severely impairs test sensitivity. Additionally, all the aforementioned 

devices report only endpoint qualitative (positive or negative) test results and do not afford 

quantification. In many cases, however, quantification is desired to monitor disease 

progression and the effectiveness of therapy.

In this article, we describe a simple, inexpensive, easy-to-use, minimally-instrumented, 

smart cup equipped with a smartphone for quantitative molecular detection of pathogens at 

the point of care. The smart cup is powered by an exothermic chemical reaction (‘thermal 

battery’) without any need for external instruments and electrical power to operate and 

control the heater. The heat is generated by reacting magnesium with water in the presence 

of iron. The device temperature is regulated and maintained independent of the ambient 

temperature with the aid of phase change material (PCM). To eliminate the need for an 

expensive detector and minimize detection cost, a mobile phone’s flashlight is used for dye 

excitation and a mobile phone’s camera is adapted for real time fluorescence monitoring of 

the amplification process. The utility of this smart cup is demonstrated by using LAMP to 

amplify HSV-2 virus. This simple and inexpensive smart cup apparatus is particularly 

suitable for use in the field, in resource-poor regions of the world (where funds and trained 

personnel are in short supply), in remote areas without electricity, at home, in clinics, and in 

doctor and dentist offices.

2. Material and methods

2.1. Smart cup design and chemical-heating

An exploded view of the minimally-instrumented, chemically-heated smart cup for rapid, 

quantitative molecular diagnostics is shown in Fig. 1A. The cup consists of four main 

components: a thermos cup body with vacuum insulation (which can be replaced with an 

inexpensive Styrofoam cup), a microfluidic chip holder, a cup lid, and a smartphone adapter. 

For expediency and due to its excellent insulating properties, we used a commercially-

available, vacuum-insulated thermos cup body (Thermos, USA) to house our chip holder. 

The smartphone adapter, chip holder and cup lid were fabricated with 3D-printing 

(Dimension Elite 3D printer, Minnesota). These can also be casted from Styrofoam.

PCM with a melting temperature of 68°C (PureTemp 68, Entropy Solutions Inc., Plymouth, 

MN, USA) [29] was used to regulate the chip’s temperature. To improve heat transfer, a 

high thermal conductivity aluminum heat sink was embedded in the PCM. A custom chip 

holder was designed to accommodate our microfluidic chip (inset of Fig. 1B) and interface 

the chip with the heat sink.

To facilitate real time fluorescence emission monitoring, a detection window was formed in 

the center of the cup lid. The smartphone adapter equipped with excitation optical filter 

(MF475-35, Thorlabs Inc.) and emission optical filter (MF530-43, Thorlabs Inc.) was 
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mounted on top of the cup lid. The filters were selected to minimize the overlap between the 

emission and excitation spectra. Fig. 1B is a photograph of our fully assembled chemically 

heated, smart cup equipped with a Samsung Galaxy S3 phone.

In our experiments, a commercially available Mg-Fe alloy pouch (~$0.15 per pouch) (inset 

of Fig. 1A) of the type employed for self-heating meals (Innotech Products Ltd., USA) was 

used in each run. First, the hermetically, heat-sealed pouch is placed on a tray in the chip 

holder (Fig. 1A). Subsequently, the tray is filled with water through the water inlet in the 

cup lid. The water oxidizes the magnesium alloy and induces galvanic corrosion, which is an 

exothermic process. The generated heat is transferred through the heat sink and PCM to the 

chip. Byproducts of the exothermic reaction, such as water vapor and hydrogen gas, are 

vented through small holes in the cup’s lid. Within nearly two hours, part, but not all, the 

PCM melts, maintaining nearly fixed temperature. This amount of time is more than 

sufficient for the LAMP reaction, which typically lasts less than an hour.

2.2. Temperature measurement and calibration

To evaluate the thermal performance of the smart cup, we constructed a calibration chip as 

previously described [30]. With the exception of hosting a thermocouple, the calibration 

chip is identical in all respects to the diagnostic chip. A K-type thermocouple (Omega 

Engineering) was inserted in the amplification reactor through a 1.0 mm diameter hole, 

which was then sealed. The thermocouple wires were connected to a terminal block 

(SCC-68) that interfaced with a National Instruments data acquisition card (PXI-6281). 

Once the chemical, exothermic reaction was initiated by adding water into the tray, the 

temperature was monitored and displayed using Labview™ software (National Instruments, 

Austin, TX, USA).

To examine the effect of the ambient temperature on the smart cup’s temperature, 

experiments were carried out in an environmental oven (Isotemp Vacuum Oven Model 

280A, Fisher Scientific Inc., Pittsburgh, PA) at various oven temperatures. An infrared 

image of the heat sink’s surface heated by our chemical heater (Mg-Fe alloy pouch) was 

taken with an infrared thermography camera T360 (FLIR Systems, Wilsonville, USA) to 

assess temperature uniformity.

2.3. Detection of herpes simplex virus type 2

To demonstrate the applicability of the smart cup for molecular diagnosis of infectious 

disease, we carried out real time quantitative LAMP assay of HSV-2 virus using our custom-

made, microfluidic, diagnostic chip. The diagnostic chip contains three independent, 

multifunctional, isothermal amplification reactors (inset of Fig. 1B) [31]. Each of these 

reactors is equipped with a flow-through Qiagen™ silica membrane (QIAamp DNA Blood 

Mini Kit) at its entry port.

HSV-2 virus samples were prepared by spiking 200 μL of virus transport media (Dulbecco’s 

modified Eagle’s medium (DMEM) containing 5% fetal bovine serum supplemented with 

25 μg/ml vancomycin) with 0, 10, 100 and 1000 plaque forming unit (PFU) HSV-2 as 

determined by plaque assay on Vero cells [32]. Virus lysis buffer (QIAamp DNA Blood 
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Mini Kit) was mixed with the HSV-2 containing virus transport media in 1:1 ratio. Then, 

200 μL of ethanol was added.

We used our custom-made microfluidic chips [30, 31]. These chips contain an array of 

multifunctional reaction chambers, each 22 μL in volume. Each chamber is equipped with 

one nucleic acid isolation (Qiagen™ silica) membrane at its inlet. For each test, 250 μL 

lysate was filtered through the isolation membrane of one of the amplification reactors. The 

nucleic acids bound to the membrane. Subsequent to the sample introduction, 150 μL of 

Qiagen wash buffer 1 (AW1) was injected into the chip to remove any remaining 

amplification inhibitors. Then, the silica membrane was washed with 150 μL of Qiagen™ 

wash buffer 2 (AW2), followed by air-drying for 30 seconds. Witness that our chip performs 

the function of nucleic acid isolation and concentration and does not require a separate 

elution step, all of which are typically carried out with benchtop spin columns. Another 

advantage of the chip is that the sample volume is decoupled from the reaction volume. 

Relatively large sample volumes can be filtered through the membrane enabling one to 

obtain high sensitivity.

Next, 22 μL of LAMP master mixture which contains all the reagents necessary for the 

LAMP, and 0.5 × EvaGreen@ fluorescence dye (Biotium, Hayward, CA), was injected into 

each reactor through its inlet port. The inlet and outlet ports were then sealed using 

transparent tape to minimize evaporation and contamination during the amplification 

process. The primers and their respective concentrations for HSV-2 DNA amplification 

were the same as previously described [33].

2.4. Smart cup operation and real time fluorescent quantitative detection

To activate the chemical heater in our smart cup, 7.5 mL of tap water was introduced into 

smart cup through the water inlet in the cup lid. The Mg-Fe immediately reacted with the 

water and produced heat. After approximately 10 minutes, once the heat sink’s temperature 

exceeded 60°C, the microfluidic chip was inserted into the chip holder. Then, the 

smartphone was initiated to record in real time the fluorescence emission from the reactors. 

The phone camera acquired an image once every min over a time interval of 60 min. After 

the test run, the exothermal reaction products contained in the pouch and the microfluidic 

chip were discarded, while the other components, including the thermos cup body, cup lid, 

PCM, heat sink, adapter and holder were retained and reused. The images obtained with 

smartphone camera were analyzed with MATLAB™ and the normalized and the average 

fluorescence intensity signal for each reactor were extracted from each image.

3. Results and discussion

3.1. Chemical heating and amplification reaction

Although there are various exothermic chemical reactions that can generate heat [24, 27, 

34], we selected the Mg-Fe alloy because of its high efficiency, safety, low cost, and 

availability. The Mg-Fe alloy is commercially available in a pouch, known as flameless 

ration heater (FRH) and is designed to heat ready to eat meals (MREs). We used the 

commercially available FRH without any modifications. When water is added to the FRH 
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(inset of Fig. 1A) in the absence of PCM, the exothermic chemical reaction proceeds rapidly 

and the pouch surface temperature may exceed 90°C within several seconds. This is, 

however, not desired in our application. We need the smart cup to maintain the LAMP assay 

mixture in the microfluidic chip at a temperature ranging from 60 to 65°C for the duration of 

the amplification process [19]. To regulate the temperature of the amplification reactors, we 

take advantage of a PCM with a melting temperature of 68°C. The exothermic reaction heats 

the PCM to its melting temperature. As long as the PCM is only partially melted, its 

temperature remains fixed at its melting temperature. Due to thermal resistance between the 

PCM and the chip, the LAMP reactor temperature was slightly lower, and maintained within 

the desired range.

Our experiments indicate a potential risk of false-positive when the microfluidic chip was 

slowly heated, possibly due to non-specific priming at low temperatures. To avoid a non-

specific amplification, we insert the chip into the cup after about 10-minute pre-warming, 

after the cup has reached its desired temperature. In future implementations, we will pre-

store the amplification reagents, encapsulated in paraffin, in the amplification reactors as we 

have previously described [35]. The encapsulating paraffin will melt and the reagents will 

get hydrated only when the reactor has reached its operating temperature, assuring a hot-

start and eliminating the possibility of premature priming. With this dry storage scheme, the 

chip can be inserted into the cup without waiting for the cup to warm up.

Since the LAMP process is highly efficient, it can amplify low abundance targets to 

detectable quantities in less than an hour. LAMP products have been detected directly by 

visual observation of end-point turbidity or fluorescence emission [36, 37]. Here, we use the 

fluorescence emission of the intercalating dye Eva® Green to monitor the LAMP process in 

real time. To eliminate the need for an extra excitation light source, we use the flashlight of 

the smartphone with an excitation optical filter. The fluorescence emissions from the 

reactors were recorded in real time with the smartphone camera. To block any background 

emission from the heat sink, black 3M Scotch electrical tape was used to cover its surface.

In our experiments, the cellphone acquired images once every minute for an hour, 

consuming less than 5% (~1400 J) of the cellphone battery’s energy per test (Samsung 

Galaxy S3 SIII Li-ion Battery energy capacity: 7.98Wh). This energy consumption can be 

further reduced by reducing the frequency and duration of image collection. Since the cell 

phone energy consumption is insignificant, we did not attempt to optimize its energy 

consumption.

How does the cellphone energy consumption compare to the energy required to heat the 

reactors? The heating needs depend on the ambient temperature, the insulation, and device 

design and are difficult to estimate with precision. In our experiments, the heating value of 

the flameless ration heater (one Mg-Fe alloy pouch) is estimated in excess of 43kJ, which 

far exceeds the energy consumed by the cellphone-based detection. Given that we rely on 

dry storage [35], there is no energy consumption associated with a cold chain.

Here, we used Samsung Galaxy S3 smartphone. Clearly, the smart cup, with minor 

modifications, can accommodate other cellphones. Although the cost of the phone is not 
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trivial, since cellphones are ubiquitous in the third world and their cost is continuously 

declining, it would be reasonable to assume that the cellphone is available to the testers and 

that its cost can be excluded from the cost of the test.

3.2. Evaluation of the effect of the ambient temperature

To operate at various ambient temperatures, it is necessary to isolate the microfluidic chip’s 

temperature from ambient conditions. To evaluate the performance of our PCM thermal 

control, we monitored the reactor’s temperature at different ambient temperatures. To this 

end, we carried out our experiment in an environmental oven with both cooling and heating 

functions. Fig. 2A depicts the amplification reactor’s temperature as a function of time at 

different oven (ambient) temperatures, ranging from 12 to 35 °C. In Fig. 2A, time zero 

coincides with the instant when water was added into the smart cup. Once water has been 

introduced into the smart cup, it takes less than 10 minutes for the reactor’s temperature to 

reach ~60 °C. The higher the ambient temperature is, the shorter the ramp time is. When the 

ambient temperature increased from 12 to 35 °C, the amplification reactor temperature 

increased from 60 to 65 °C and was maintained at a nearly uniform level for well over an 

hour, which is longer than necessary to amplify target molecules to detectable levels. Since 

the LAMP reaction operates efficiently over a relatively broad temperature range (i.e., 

60-65°C) [19], the temperature range maintained by the smart cup is adequate.

To evaluate temperature uniformity of our heating system, a thermograph of the chip 

holder’s surface was taken with an infrared camera. The three reactors of the microfluidic 

chip, located within the dashed square, showed excellent temperature uniformity (Fig. 2B).

3.3. Real time quantitative detection of HSV-2 virus

Herpes simplex virus (HSV) is a ubiquitous and contagious human pathogen that causes a 

variety of diseases [38]. World wide, approximately 500 million people are infected with 

HSV-2 with 23 million new infections annually [39]. Of those infected with HSV-2, 81.1% 

are unaware of their infection [40]. Primary HSV-1 or HSV-2 genital infection in the mother 

at the time of delivery can cause life threatening, disseminated disease in the newborn [41].

To test the suitability of our minimally-instrumented, smart cup for point-of-care, nucleic 

acid-based amplification tests, we chose HSV-2 virus as a model analyte and carried out 

viral DNA extraction and amplification process in our custom-made, microfluidic chip (inset 

of Fig. 1B). To evaluate the sensitivity of our device, we compared performance of chip-

based LAMP assay in our smart cup and in a benchtop thermal cycler, amplifying known 

concentrations of HSV-2 viral DNA. The results obtained with our smart cup were similar to 

the ones obtained with a Peltier Thermal Cycler PTC-200 (Bio-Rad DNA Engine, Hercules, 

CA, USA). In each case, we obtained a sensitivity of less than 100 copies/reaction of HSV-2 

viral DNA (Table 1).

The Video in Supporting Information shows real time fluorescence monitoring of three 

multifunctional reactors with 420, 42 and 4.2 PFU HSV-2 virus. The higher the target 

concentration, the earlier the amplification reactor lights up. Fig. 3A depicts the fluorescence 

emission intensity as a function of time when the sample contains 420 (n=3), 42 (n=3), 4.2 

(n=3) and 0 (negative control, n=3) HSV-2 copies. The fluorescence intensity of the 
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negative control (no target) remained nearly constant throughout the entire detection period, 

indicating negligible primer-dimer production. We define the threshold time (Tt) as the time 

that elapses from the start of the enzymatic reaction until the fluorescent intensity increases 

above a preselected baseline level. Fig. 3B depicts the threshold time Tt (min) as a function 

of the viral DNA concentration (C) on a semi-log plot. In the range 4.2 < C < 420 PFU per 

sample, the threshold time Tt decreases nearly linearly as a function of log (C). The data 

correlates well with the formula Tt =44.4-6 log (C), where Tt is expressed in minutes. 

R2=0.96. The experiment indicates that the smart cup is suitable for nucleic acid 

amplification, and that the use of a simple threshold time measurement provides reasonable 

target quantification.

4. Conclusions and Outlook

We designed, constructed, and tested a simple, inexpensive, water-activated, chemically 

heated, minimally-instrumented smart cup for nucleic acid amplification and detection. The 

device utilizes the exothermic reaction between Mg-Fe alloy and water as the heat source 

without any need for electrical power to operate and control the heater. The amplification 

reactors’ temperature is regulated with a phase change material and maintained at the 

desired level (60-65°C), suitable for LAMP-based amplification, independent of the ambient 

temperature, over ambient temperatures, ranging from 12°C to 35 °C. LAMP is just one 

example of an isothermal amplification process. With proper modifications, our smart cup 

can be adapted to accommodate other isothermal amplification schemes such as Nucleic 

Acid Sequence-based Amplification (NASBA) [21, 42], Strand Displacement Amplification 

(SDA) [43], Self-Sustained Sequence Reaction (3SR) [44], and Rolling Circle Amplification 

(RCA) [45].

To demonstrate the utility of our device for molecular diagnostics, we amplified HSV-2 

viral DNA and consistently detected down to 100 copies per sample. The sensitivity of our 

device is comparable to that of state of the art, benchtop thermal cyclers. Furthermore, we 

quantitatively detected the HSV-2 virus with our smart cup in combination with our custom-

made, microfluidic, diagnostic chip.

To maintain low system cost, we monitored the amplification results with the ubiquitous 

smartphone. We used the smartphone flashlight to excite the fluorescence dye, eliminating 

the need for a separate light source. The dye emission was detected with the smartphone 

camera without a need for optical instrumentation. We needed, however, to include optical 

filters to prevent a significant overlap between the excitation and emission spectra. By real 

time monitoring of the emission with the smartphone camera and transmitting the data to a 

laptop computer for processing, we were able to obtain amplification curves and threshold 

times for quantifying the number of target molecules in the sample. In the future, we will 

program the smart phone for image processing, data analysis and communications to 

eliminate the need for a separate computer.

Although a low cost lateral flow immunochromatographic, antibody-based point of care test, 

utilizing serum and blood samples, for HSV-2 infection is available [46], such immunoassay 

approach provides only limited information about the state of the disease. The lateral flow 
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test is not designed to detect presence of herpes simplex virus; it detects anti-HSV antibody 

that develops after HSV infection, therefore the lateral flow test is not useful for detecting 

primary infection as it takes 2-3 weeks for anti-herpes antibodies to develop. The antibody 

test also remains positive for many years after infection; therefore, it is not useful to identify 

subjects undergoing a flare in their infection, which is a common manifestation of herpes 

infection. The advantages of a nucleic acid amplification-based test are that it detects the 

presence of the virus itself, which is a better indicator of active state of disease than 

antibodies.

Our smart cup technology can be used in delivery rooms to screen mothers suspected of 

primary genital herpes infection even in developed nations. The smart cup allows testing for 

the presence of herpes simplex virus in the vaginal canal by rapid nucleic acid amplification. 

In contrast, the conventional PCR test for HSV is expensive and may take 24-48 hours in 

hospitals equipped with PCR machine for HSV-1/2 diagnosis in developed nations and may 

take weeks in resource limited settings. Rapid smart cup test can also be useful when 

encephalitis is suspected. A quick diagnostics, followed by intervention with antiviral drugs, 

may control the infection faster and reduce health care cost.

For future field application, further modifications and improvements of the device will 

include on-chip pre-storage of liquid reagents (lysis buffer, wash buffer, and water) in a 

pouch format as we have previously described [12, 13]. The pouch can be actuated by an 

electricity-free, spring-driven, timer-actuator [5] or by a finger [13]. Another improvement 

includes dry storage of LAMP/RT-LAMP reagents in the isothermal amplification reactors 

[35]. The dry stored reagents will be encapsulated with paraffin to protect them from the 

various solutions transmitted through the reactor. The paraffin will melt and move out of the 

away when the amplification reactor is heated to the isothermal amplification temperature 

(e.g., 60°C), allowing the hydration of the reagents. This storage scheme eliminates the need 

for a cold chain.

The integrated, minimally-instrumented, smart cup can be operated at the point of care with 

little training or technical skill while performing all the necessary steps from sample 

introduction to detection. With appropriate modifications of the reagents, the system can be 

used to detect various infectious diseases, monitor the health of individuals, provide a trigger 

for the administration of expensive or dangerous medications, and facilitate monitoring 

water and food quality. The device is suitable for use in the field, in resource-poor regions, 

especially in areas without reliable electric power, in remote areas, or at home.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• An inexpensive, mininally-instrumented, smart cup is developed for molecular 

diagnostics.

• Smart cup takes advantage of exothermic chemical heat for nucleic acid 

amplification.

• Smartphone is used for real-time fluorescence quantitative detection.

• A limit of detection of 100 copies of HSV-2 DNA is achieved.

• Smart cup is very suitable for point of care diagnostics.
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Fig. 1. 
(A) Exploded view of smart cup for minimally-instrumented, point-of-care molecular 

diagnostics. The smart cup consists of a thermos cup body, a 3D-printed cup lid, a chip 

holder, and a smartphone adapter. Inset is a photograph of Mg-Fe alloy pouch ($ 0.15 per 

pouch) used as a heating source. (B) A photograph of a fully assembled, smart cup equipped 

with a Samsung Galaxy S3 smartphone. Inset is a photograph of an integrated microfluidic 

chip containing three independent, multifunctional, isothermal amplification reactors for 

nucleic acid extraction and amplification.

Liao et al. Page 16

Sens Actuators B Chem. Author manuscript; available in PMC 2017 June 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
(A) The amplification reactor’s temperature as a function of time when the ambient 

temperature varied between 12 °C to 35 °C. (B) A thermograph of the heated surface of the 

microfluidic chip holder taken with an infrared camera (T360). The three reactors of the 

microfluidic chip are located within the dashed square.
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Fig. 3. 
(A) Real-time monitoring of LAMP amplification of transport media samples spiked with 

420 PFU per sample (curve 1), 42 PFU per sample (curve 2), 4.2 PFU per sample (curve 3), 

and 0 PFU per sample (curve 4) (negative control). (B) The threshold time Tt (in minutes) is 

depicted as a function of the HSV-2 concentration (expressed in terms of PFU per sample) 

(n = 3).
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Table 1

HSV-2 LAMP assay in our minimally-instrumented, smart cup and in a benchtop thermal cycler. The table 

documents the number of positive results normalized with the number of tests.

Samples Benchtop thermal cycler Smart cup

1,000 copies/reaction 3/3 3/3

100 copies/reaction 3/3 3/3

50 copies/reaction 2/3 2/3

0 (negative control) 0/3 0/3
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