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Abstract

Rapid and sensitive point-of-care diagnostics are of paramount importance for early detection of 

infectious diseases and timely initiation of treatment. Here, we present cellulose paper and flexible 

plastic chips with printed graphene-modified silver electrodes as universal point-of-care diagnostic 

tools for the rapid and sensitive detection of microbial pathogens or nucleic acids through utilizing 

electrical sensing modality and loop-mediated isothermal amplification (LAMP). We evaluated the 

ability of the developed paper-based assay to detect (i) viruses on cellulose-based paper 

microchips without implementing amplification in samples with viral loads between 106 and 108 

copies per ml, and (ii) amplified HIV-1 nucleic acids in samples with viral loads between 10 fg 

µl−1 and 108 fg µl−1. The target HIV-1 nucleic acid was amplified using the RT-LAMP technique 

and detected through the electrical sensing of LAMP amplicons for a broad range of RNA 

concentrations between 10 fg µl−1 and 108 fg µl−1 after 40 min of amplification time. Our assay 

may be used for antiretroviral therapy monitoring where it meets the sensitivity requirement of the 

World Health Organization guidelines. Such a paper microchip assay without the amplification 

step may also be considered as a simple and inexpensive approach for acute HIV detection where 

maximum viral replication occurs.
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A paper microchip with printed graphene-modified silver nano-composite electrodes was 

developed for microbial pathogen detection. Human immunodeficiency virus-1 (HIV-1) was 

captured on cellulose paper substrates functionalized with anti-gp120 antibody and captured 

viruses were detected through the electrical sensing of viral lysate. Utilizing the loop-mediated 

isothermal amplification (LAMP) technique to amplify the nucleic acids of the target pathogen 

enhanced the sensitivity of the paper microchip.

Introduction

Infectious diseases are one of the top three causes of death globally.1 It is estimated that 

there will be 13 to 15 million deaths annually due to infectious diseases by 2050,2 more than 

half of which will occur in developing countries.3 The development of effective, rapid, 

sensitive, and low-cost point-of-care (POC) diagnostics is critical for infectious disease 

management in developed and developing countries. Recently, various classes of paper- and 

plastic-based materials have opened a new paradigm in developing a wide range of low-cost 

and disposable biosensing devices with significant potential for field applications in 

resource-limited settings.4–9 Such devices are easy-to-fabricate, mass-producible, 

disposable, and inexpensive and can be integrated with various detection modalities, such as 

fluorescence,10–12 electrochemical,13–15 photoelectrochemical,16 

electrochemiluminescence17, 18 and colorimetric.19–21

Electrical sensing-based modalities are insensitive to light intensity and do not require bulky 

components usually used in optical-based assays and have been used extensively in 

developing POC biosensing assays.4, 22–29 Such platforms utilize various conductive 

electrode materials including gold, carbon, silver or graphene. Of particular interest is silver 

that is highly conductive, stable, and flexible.30, 31 Similarly, graphene, a single atom layer 

thick two-dimensional allotrope of carbon, has also an extraordinary electrical double layer 

capacitance,32 high mechanical strength,33 high carrier electron mobility,34 high surface-to-

volume ratio,35, 36 and low signal-to-noise ratio.37 Graphene has been used in the 

development of optical,38 electrochemical,39 and field effect transistor sensors40 for 

pathogen detection by leveraging its high carrier electron mobility34 and low signal-to-noise 

ratio.37 Silver/graphene nano-composites may provide a robust biosensing material for 

developing diagnostics with an electrical sensing modality,41 as silver/graphene nano-
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composites showed high electrical and thermal conductivity and flexibility in comparison 

with graphene alone.42, 43

Herein, we developed and tested paper microchips with printed graphene-modified silver 

electrodes (GSEs) for virus and nucleic acid detection (Fig. 1). The schematic of exploded 

and integrated paper chip with graphene-modified silver electrodes for virus detection is 

shown in Fig. 1A(i and ii).

Electrodes can be printed on cellulose and plastic substrates with different electrode 

geometries and configurations (Fig. 1A(iii–v)). The scanning electron microscopy (SEM) 

image of fabricated graphene-modified silver electrodes is shown in Fig. 1A(vi). In the 

presented detection method, HIV-1 is captured on-chip using an anti-gp120 antibody 

immobilized on the surface of paper substrates (Fig. 1B(i)) and captured viruses are then 

washed on-chip to remove the non-target cells, viruses, and molecules (Fig. 1B(ii)). 

Captured viruses can be detected through the electrical sensing of viral lysate (Fig. 1B(iii 

and iv)) or LAMP amplicons (Fig. 1C(i and ii)).

Results

Electrode and paper substrate materials

We first analyzed and optimized the effect of the electrode material on the electrical 

response of the paper chips. We tested 4 different electrode materials, including (i) silver 

ink, (ii) carbon ink, (iii) 20% (w/w) graphene-modified silver, and (iv) 20% (w/w) graphene-

modified carbon electrodes. The electrical responses of the prepared electrode materials 

were tested using different serial dilutions of 1× PBS (100%, 10%, 1%, 0.1%, 0.01%, 

0.001% and 0%) spiked in DI water. We performed impedance spectroscopy of the samples 

on paper chips with printed electrodes for frequencies between 1 Hz and 1 MHz (Fig. 2). We 

observed a maximum impedance change in the samples due to the presence of electrically 

charged biomolecules for frequencies below 10 kHz. We chose 10 kHz for our 

quantifications and statistical analysis as we observed the lowest signal-to-noise ratio and 

the highest impedance change at this frequency (Fig. 2). The least diluted detectable PBS 

sample on paper chips with carbon (Fig. 2A and B, p < 0.05, n = 3) and silver (Fig. 2C and 

D, p < 0.05, n = 3) electrodes was 100% PBS based on statistical analysis of the impedance 

magnitude of the samples at 10 kHz. There was no significant difference between the 

impedance magnitude of 10%, 1%, 0.1%, and 0.01% PBS samples and DI water at 10 kHz 

(Fig. 2A and B, p > 0.05, n = 3).

Fig. 2E and F show the electrical response of the paper chips with graphene-modified carbon 

electrodes when diluted PBS samples were used. The least diluted PBS sample that was 

detected using paper chips with graphene-modified carbon electrodes was 1% PBS (Fig. 2E 

and F, p < 0.0001, n = 3). We observed that paper chips with printed graphene-modified 

silver electrodes demonstrated the optimum sensitivity as the lowest diluted PBS sample that 

was detected on these paper chips was 0.01% PBS (Fig. 2G and H, p < 0.05, n = 3).

We also evaluated the effect of the cellulose paper material on the electrical response, 

stability, and reproducibility of the paper chips with printed electrodes using a cellulose 
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paper pad and Whatman chromatography paper substrates that are usually used in 

developing paper-based microfluidics.44 The impedance magnitude of the samples on 

cellulose-based paper substrates can significantly change due to sample evaporation at room 

temperature. The sample evaporation rate is dependent on the material and thickness of the 

cellulose-based substrates. Considering the time required for signal readout in our system 

(1–2 min), we evaluated the effect of sample evaporation at room temperature on the 

impedance results when Whatman paper and paper pad substrates were used for detection. 

We observed that samples rapidly evaporate on Whatman paper compared to paper pad 

substrates which may be attributed to the thickness of these paper substrates. Whatman 

paper substrates are thinner compared to paper pad substrates. The impedance magnitude of 

DI water samples (100 µl) at 10 kHz on a cellulose paper pad and Whatman chromatography 

paper over a period of 10 minute incubation time is shown in Fig. S1A and B,† respectively. 

The cellulose paper pad showed a consistent impedance magnitude signal for the DI samples 

during the 10 min incubation time, whereas the impedance magnitude of the samples on 

Whatman chromatography paper chips changed significantly during the same time period 

(Fig. S1†). The electrical signal instability on Whatman chromatography paper chips may be 

due to the rapid sample evaporation on these relatively thinner substrates.

Electrode geometry design

The increase in the electrode surface area is directly correlated to the detection sensitivity of 

the paper chips.45 We evaluated the effect of the number of interdigitated finger electrodes 

on the sensitivity of the paper chips through measuring the impedance magnitude of diluted 

PBS samples on chips with 2, 3, and 4-finger electrode arrays named Maze 2, Maze 3, and 

Maze 4, respectively. The least possible diluted PBS sample that was detected with Maze 2 

chips was 10% PBS (Fig. 3A and B, p < 0.001, n = 3). The sensitivity of Maze 3 chips to 

detect diluted PBS samples was relatively higher than Maze 2 chips (Fig. 3C and D, 0.01% 

PBS, p < 0.001, n = 3) with a clear separation between electrical signals for 100%, 10%, 1% 

and 0.1% PBS samples (Fig. 3E and F, p < 0.001, n = 3). We were able to detect 0.001% 

PBS using Maze 4 paper chips (Fig. 3E and F, p < 0.001, n = 3). These results suggest that 

increasing the number of interdigitated finger electrodes could improve the detection limit of 

the paper chips.

Intact virus particle detection

HIV-1 particles spiked in PBS and plasma were initially captured on the surface of Maze 4 

chips with graphene-modified silver electrodes using an immobilized monoclonal anti-

gp120 antibody. We used two methods for antibody immobilization: (i) the streptavidin–

biotin coupling protocol and (ii) the covalent crosslinking of the antibody to cellulose fibers. 

The substrate surface was then blocked using 5% (v/v) BSA solution in DI water. The 

captured viruses were washed using DI water to remove electrically conductive solutions 

from the paper chip (Fig. S2†). The captured viruses were then lysed using 50 µl of 2% 

Triton X-100 diluted in DI water. As shown in Fig. 4A and B we were able to detect HIV-1 

in spiked PBS samples with virus concentrations of 107 copies per ml and 108 copies per ml 

(p < 0.05, n = 3). The negative control was virus-free 1× PBS samples. The impedance 

magnitudes for viral lysate samples were significantly lower in comparison with the negative 

control. We were able to detect HIV-1 in spiked plasma samples with virus concentrations of 
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107 copies per ml and 108 copies per ml (Fig. 4C and D, p < 0.05, n = 3). We also evaluated 

the effect of the antibody immobilization mechanism on the sensitivity of the paper chips. 

The detection limit of the paper chips with a covalently bound antibody was one order of 

magnitude lower for HIV-spiked plasma samples compared to the detection limit of paper 

chips with a physically adsorbed antibody (Fig. 4E–H). We were able to detect HIV in 

spiked PBS and plasma samples with virus concentrations as low as 106 copies per ml (Fig. 

4F and H, p < 0.05, n = 3). In addition, these results showed that the covalent-based antibody 

immobilization provided a more efficient surface chemistry on-chip for repeatable and 

robust target capture and detection.

Nucleic acid detection

In order to enhance the sensitivity, we integrated LAMP-based nucleic acid amplification 

with the on-chip electrical sensing method. A set of previously designed primers for 

amplification of the Tuf gene in E. coli46 and p24 in HIV-147 was used for the LAMP-based 

amplification of target nucleic acids (Table S1†). The amplification reaction relied on the 

consumption of primers and deoxynucleoside triphosphates (dNTPs)48 which accumulate 

non-precipitated magnesium pyrophosphate and protons49 thereby reducing the sample 

electrical conductivity.50 The reduction in the sample electrical conductivity is correlated to 

the concentration of the target nucleic acid.49 To optimize the electrical detection of LAMP 

amplicons, we first evaluated the impedance magnitude change of amplified E. coli DNA 

(Tuf gene) compared to DNA-free negative control DI samples. We observed that the 

maximum impedance magnitude change occurs in a range between 1 kHz and 100 kHz and 

we set 1 kHz for impedance measurement analysis (Fig. S3†).

A sample with 1 ng µl−1 of E. coli DNA concentration in DI water was amplified for 60 min 

using a benchtop LAMP assay and the impedance magnitude of the amplified target was 

then measured at 1 kHz on a plastic chip with printed electrodes at room temperature (Fig. 

5A).

The impedance magnitude of amplified E. coli (DNA 20 ± 0.03 kΩ) was significantly 

different than the impedance magnitude of the DNA-free control samples (422.6 ± 7.58 Ω). 

One of the important factors in such quantitative assays is the amplification time.46, 51–53 We 

set the amplification time at 40 min which was previously optimized for the quantification of 

amplified E. coli DNA (Tuf gene)52 and p24 HIV-1 RNA53 using LAMP and RT-LAMP 

methods. Fig. 5B shows the normalized impedance magnitude of E. coli DNA-spiked 

samples with concentrations from 0.1 fg µl−1 to 10 ng µl−1 with a sensitivity of 10 fg µl−1 

(Fig. 5B, p < 0.05, n = 4). The gel images of E. coli DNA and HIV-1 RNA samples are 

shown in Fig. S4.† Following the same protocol, we detected different concentrations of 

HIV-1 RNA through the impedance magnitude measurement of LAMP amplicons using 

primers targeting p24 on both plastic and cellulose substrates (Fig. 5C and D). There was a 

linear relationship between the normalized impedance magnitude of the LAMP amplicons 

and the initial concentration of HIV-1 RNA. The sensitivity of the assay was 10 fg µl−1 for 

both plastic and cellulose paper Maze 4 chips.
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Specificity evaluation

We evaluated the specificity of the assay in detecting target pathogens. The impedance 

magnitude of the PBS samples spiked with herpes simplex virus (HSV) and cytomegalovirus 

(CMV) was not significantly different than virus-free control samples (Fig. 6A) (p > 0.05, n 
= 3). The impedance magnitude of the HIV-spiked PBS samples was significantly different 

than virus-free control samples (p < 0.05, n = 3). We were also able to specifically detect 

HIV-1 in spiked plasma samples. Similarly, the impedance magnitude of the mixture of HSV 

and CMV spiked in plasma samples was not significantly different than virus-free control 

samples (Fig. 6B, p > 0.05, n = 3), whereas the impedance magnitudes of the HIV-spiked 

plasma samples as well as the mixture of HIV-1, HSV, and CMV samples were significantly 

different than virus-free control samples (Fig. 6B, p < 0.05, n = 3). These results showed that 

HIV-1 was specifically captured and detected on paper chips functionalized with the anti-

gp120 antibody.

We also evaluated the paper chip assay in detecting target amplified nucleic acids through 

the electrical sensing of LAMP amplicons. The normalized impedance magnitude of 

amplified E. coli DNA samples was significantly different compared to the normalized 

impedance magnitude of non-target DNA samples including S. aureus DNA, Salmon testes, 

and HSV DNA on plastic Maze 4 chips (p < 0.001, n = 6, Fig. 6C). The normalized 

impedance magnitudes of S. aureus DNA, Salmon testes, and HSV DNA samples were not 

statistically different than pathogen-free control samples (p > 0.05, n = 6, Fig. 6C). The 

normalized impedance magnitude of amplified HIV-1 RNA samples was significantly 

different than the normalized impedance magnitude of non-target pathogens including CMV 

RNA, E. coli DNA, Salmon testes DNA, and S. aureus DNA (p < 0.001, n = 6, Fig. 6D). The 

normalized impedance magnitudes of CMV RNA, E. coli DNA, Salmon testes DNA, and S. 
aureus DNA samples were not statistically different than the negative control (p > 0.05, n = 

6, Fig. 6D).

Discussion and conclusions

Here, we demonstrated on-chip virus capture and detection using antibody-coated cellulose 

paper and plastic microchips with printed graphene-modified silver inks. The anti-gp120 

antibody was immobilized on the surface of chips through (i) the streptavidin–biotin binding 

of biotinylated antibodies and streptavidin-coated chips, and (ii) the covalent crosslinking of 

antibodies on aldehyde-modified cellulose paper chips.

The presented microchip technology has the potential to be used for viral load testing and 

more specifically for antiretroviral therapy (ART) monitoring. We demonstrated that the 

developed cellulose paper and plastic chips with printed graphene- modified electrodes can 

capture and detect intact HIV-1 through the electrical sensing of viral lysate in samples with 

viral loads between 106 and 108 copies per ml. This simple and inexpensive method can 

potentially be used for acute HIV-1 detection where virus replication and shedding is at its 

maximum level.54 We also showed that the sensitivity of the assay could be enhanced 

through integrating the LAMP technique with the printed-paper chips in order to amplify the 

target nucleic acid and enhance the electrical signal. We were able to achieve a sensitivity of 

10 fg µl−1 (1000 RNA copies per reaction) for HIV-1 detection. The sensitivity of 10 fg µl−1 
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shows the ability of the presented LAMP-based assay for HIV detection to initiate ART and 

monitor the treatment (104 to 105 copies per ml)47 when samples with a volume of 25 µl are 

used. Increasing the sample volume to 100 µl can also increase the sensitivity of our assay to 

cover a broader range of virus concentrations between 103 and 108 copies per ml.47 

Therefore, the LAMP-based paper microchip can potentially be used as a diagnostic tool for 

HIV-1 detection to initiate ART as well as ART monitoring specifically in developing 

countries. We were able to specifically detect amplified HIV-1 RNA and E. coli DNA on-

chip.

One of the critical aspects in the early detection of infectious diseases and efficient treatment 

monitoring is rapid and inexpensive viral load testing at the POC, which can potentially 

enhance treatment expansion in developing countries where there is limited laboratory 

infrastructure and trained staff.55 Of particular interest is ART monitoring for HIV-infected 

patients that has shown great promise in suppressing the HIV disease, prolonging life in 

HIV-infected patients, and reducing the disease transmission rates.56 One of the major 

challenges in the field is the lack of affordable and rapid diagnostic assays for HIV detection 

and viral load testing, which causes restricted access to ART in resource-limited settings.57 

Among the different HIV diagnosis methods, viral load testing seems to be the most 

accurate way of effectively monitoring treatment, detecting ART failure, and enabling 

alternative medication changes based on the World Health Organization (WHO) 

consolidated guidelines.58, 59 The current nucleic acid-based and rapid HIV diagnostic tools 

in the developed countries are complex, expensive, time-consuming, and laboratory-based, 

and cannot be easily transferred to developing countries.4 In addition, the available assays 

for quantifying p24 and CD4+ cells in the whole blood of patients lack the ability to 

effectively monitor disease treatment and to detect ART failure.60–64 Thus, there is an urgent 

and unmet clinical need for the development of accurate, low-cost, and rapid diagnostic tools 

for routine viral load testing in resource-limited settings.65–69

We developed a diagnostic platform for viral load testing by integrating paper-based 

microfluidics, the LAMP technique, and electrical sensing. Electrical sensing is an attractive 

modality that is insensitive to light intensity and can be integrated with miniaturized lab-on-

chip platforms without the need for bulky components usually required in optical-based 

systems for developing portable biosensors.29, 70–73 Paper and plastic substrates are also 

appropriate materials for developing POC assays being disposable, flexible, inexpensive, and 

light.74–77 The LAMP technique is a promising mechanism for amplifying target nucleic 

acids with a great potential to be used in the development of POC molecular diagnostics.48 

Compared to other isothermal amplification methods, LAMP provides relatively higher 

sensitivity and specificity, faster amplification, higher stability, and lower complexity.78–80 It 

has the ability to specifically amplify target nucleic acids in complex biological samples 

without the inhibitory issues usually observed in PCR-based methods.81

The material cost per test in our presented method is ~$2 (Tables S2 and S3†). Our LAMP-

based assay time can take up to 60 min in a laboratory setting including 10 min sample 

preparation, 40 min LAMP process, and 10 min electrical signal readout and analysis. The 

assay time when no nucleic acid amplification was involved, was less than 40 min including 
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30 min incubation for virus capturing, 5 min for washing and virus lysis, and 5 min for 

electrical signal readout and analysis.

Compared to the electrochemical sensing modality for nucleic acid detection, electrical 

sensing does not require any redox molecules or cumbersome redox concentration 

optimization to perform the assay.49 The current microchip platform has the potential to be 

integrated with a handheld impedance meter to measure the impedance magnitude at a single 

frequency, which makes it more suitable for POC pathogen detection and viral load testing. 

This biosensing platform has the potential to be used for the detection and quantification of 

other viruses as it has well-described primers for RT-LAMP amplification or capturing 

antibodies for an immuno-viral test.

Experimental

Reagents

Nuclease-free deionised (DI) water (11-05-01-04) was purchased from Integrated DNA 

Technologies (IDT, Coralville, IA). Phosphate buffer saline (PBS) was obtained from Life 

Technologies (Grand Island, NY). Triton X-100, streptavidin from Streptomyces avidinii, 
bovine serum albumin (BSA), and potassium periodate (KIO4) were purchased from Sigma-

Aldrich (St Louis, MO). Biotinylated (ab53937) and non-biotinylated (ab21179) anti-gp120 

polyclonal antibodies were purchased from AbCam (Cambridge, MA). Cellulose paper pad 

(CFSP203000) was obtained from EMD Millipore (Billerica, MA). Whatman 

chromatography paper (3001-861) was purchased from GE Healthcare (Little Chalfont, 

UK). Materials for electrode fabrication including silver paste (cl-1001), carbon paste 

(cl-2001), and graphene paste (UHC-NPD-100 ML) were obtained from Engineered 

Materials Systems (Delaware, OH), and Graphene Supermarket Inc. (Calverton, NY), 

respectively.

LAMP reagents

LAMP assays were performed targeting the Tuf gene of E. coli and p24 gene in HIV-1 RNA. 

For E. coli assay, 20 µl of the master mix contained 2.5 µl of 10× polymerase thermopol 

buffer (New England Biolabs, Beverly, MA), 0.75 µl of 100 mM MgSO4 (New England 

Biolabs), 1 µl of 10 mM dNTP, 3.2 µl of 5 M betaine (Sigma-Aldrich), 1 µl of 8000 U ml−1 

Bst polymerase, (New England Biolabs), dNTP (Bioshop, Canada), 0.2 µl of 20 µM outer 

primers (F3, B3) (final concentration of 0.2 µM), 1.8 µl of 20 µM inner primers (FIP, BIP), 

and 0.8 µl of 20 µM loop primers (LF, LB). All primers were synthesized and purchased 

from Integrated DNA Technologies (Coralville, IA). The primer sequences were selected 

based on previously published work.46, 82 Finally, 5 µl of target DNA was added to the 

reaction mix. LAMP reaction was performed at 65 °C on the benchtop and the amplicon was 

detected on-chip.

For p24 gene RT-LAMP amplification in HIV-1 RNA previously designed primers47 were 

used. The whole primer sequences are shown in Table S1.† 25 µl of the reaction mix consists 

of 2.5 µl of 10× thermopol polymerase buffer, 2.5 µl of 100 mM MgSO4, 1.4 µl of 25 mM 

dNTP, 0.2 M of 5 M betaine, 1 µl of 8000 U ml−1 Bst polymerase, 0.042 µl of 15 U ml−1 RT 
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AMV enzyme (New England Biolabs), 0.2 µl of 20 µM F3, B3 outer primers (final 

concentration of 0.2 µM), 1.8 µl of 20 µM inner primers FIP and BIP (final concentration of 

1.6 µM), and 0.8 µl of 20 µM loop primers LF, LB (final concentration of 0.8 µM). The 

remaining reaction sample was filled with HIV-1 target or DI water. LAMP reaction was 

performed on benchtop assay at 60 °C and the amplicons were detected on-chip using 

electrical sensing.

HIV culture

HIV-1 samples were cultured from peripheral blood monoclonal cells (PBMCs). PBMCs 

were isolated from HIV-1 using the Ficoll-Hypaque density gradient cell configuration. The 

obtained sample was stimulated by phytohemagglutinin (PHA) for a 3 day period and co-

cultured with HIV-1 positive PBMCs. Then, samples were incubated at 37 °C in the 

presence of 5% of CO2. P24 titer measurement was carried out on the supernatant of the co-

culture sample with ELISA (Perkin Elmer, NEK050b). When p24 in the sample reached the 

level of 20 ng ml−1, the co-culture process was stopped. The stock concentration of the 

sample was 108 copies per ml. The viral load test was performed by using a Roche-COBAS 

AmpliPrep TaqMan HIV-1 v2.0 system which was located in the microbiology laboratory at 

Brigham and Women’s Hospital (BWH).4

Chip fabrication

Electrodes were screen-printed on various flexible plastic and cellulose-based paper 

substrates. An electrode mask was cut into the desirable geometry and sizes on Mask-Ease® 

(Melissa & Doug, Wilton, CT) using a CO2 laser cutter. The mask sheet was attached on top 

of the substrate and conductive ink was smeared precisely on the surface of the mask to get 

electrodes of uniform thickness.83 In fabricating the microchips on plastic flexible 

substrates, a 2 mm thick poly(methyl methacrylate) PMMA sheet was engraved, with a 

power, speed and pulse per inch (PPI) of 85, 35 and 500, respectively. For cutting the 

PMMA, power, speed and PPI were set at 80, 5 and 1000, respectively. The printed 

electrodes were placed on a hotplate at 90 °C overnight (12 h), the mask was peeled off, and 

the substrate was then cut into pieces.

For the wax paper chip fabrication, a Xerox Color Qube 8580 wax printer was used. The 

wax pattern design was printed on both sides of the paper pads. Then the wax paper was 

placed into an oven at 90 °C for 20 min, the paper was flipped and incubated again for 

another 20 min to provide a consistent wax barrier to fill across the thickness of the paper 

pad (Fig. S5†).

Aldehyde-modified cellulose paper

Cellulose paper was modified with KIO4 for covalent crosslinking of the antibody on the 

surface of the paper.84 3 M KIO4 was prepared in DI water. Paper pads and Whatman 

chromatography paper were soaked in KIO4 solution at 65 °C for two hours. The substrates 

were then washed off three times with DI water by inserting the paper into the water 

container. After the washing step, the paper chip was dried out using a paper towel and was 

kept in a desiccator for 12 h.
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Antibody immobilization and virus detection on cellulose paper

Biotinylated anti-gp120 antibody was non-covalently immobilized on the surface of paper 

substrates using streptavidin. 50 µl of streptavidin was added onto the paper chip with 5 min 

of incubation. Then, 50 µl of biotinylated anti-gp120 antibody with the concentration of 225 

µg ml−1 was applied to the paper chip followed by 30 min of incubation. 100 µl of the HIV-

spiked sample was added to the chip and incubated for 30 min. The chip was washed several 

times according to the optimized protocol (Fig. S2†) followed by adding 100 µl of 2% Triton 

X-100 diluted in DI water. Then the impedance of the chip was measured for frequencies 

between 1 Hz and 1 MHz using a LCR meter (LCR8000G, GW Instek, Taiwan). For the 

covalent binding of the non-biotinylated anti-gp120 antibody on the aldehyde functioned 

cellulose paper,84 50 µl of 225 µg ml−1 concentration was applied to the paper chip and the 

aforementioned procedure for virus detection was repeated accordingly.

LAMP amplified target detection

25 µl of LAMP amplicon was added on both the flexible substrate chip and cellulose paper 

and the impedance magnitude of the amplicon was detected at 1 kHz.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
(A) Cellulose and plastic paper chips with graphene-modified silver electrodes in the (i) 

exploded and (ii) integrated modes. (iii) A Maze 4 paper chip, (iv) waxed-modified Maze 4 

paper chip, (v) plastic paper chip with printed flexible electrodes, (vi) Scanning Electron 

Microscopy (SEM) of graphene-modified silver electrodes printed on a cellulose substrate. 

The scale bar is 200 µm. (B) Detection mechanism without nucleic acid amplification. (i) 

Intact viruses are captured on the paper chip using anti-gp120 antibody. (ii) The paper is 

washed with a low electrically conductive solution to remove the electrically conductive 

background. (iii) Captured viruses are then lysed. (iv) HIV-1 nano-lysate is detected through 

on-chip impedance measurement. (C) Virus detection mechanism with the LAMP technique 

and electrical sensing. (i) Target HIV nucleic acids are amplified using the RT-LAMP 

method. (ii) The LAMP amplicons are then detected through on-chip impedance magnitude 

measurement.
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Fig. 2. 
Electrode material optimization on cellulose paper chips. Impedance spectroscopy (A) and 

impedance magnitude at 10 kHz (B) of diluted PBS samples on cellulose paper chips with 

carbon electrodes. 100% PBS showed significantly different impedance magnitudes 

compared to the DI water sample. Impedance spectroscopy (C) and impedance magnitude at 

10 kHz (D) of diluted PBS samples on cellulose paper chips with silver electrodes. The least 

diluted PBS sample that was detected using chips with silver electrodes was 10% PBS. 

Impedance spectroscopy (E) and impedance magnitude at 10 kHz (F) of diluted PBS 

samples on cellulose paper chips with graphene-modified carbon electrodes. The least 
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diluted PBS sample that showed significantly different impedance magnitudes compared to 

DI water was 1% PBS. Impedance spectroscopy (G) and impedance magnitude at 10 kHz 

(H) of diluted PBS samples on cellulose paper chips with graphene-modified silver 

electrodes. The least diluted PBS sample with significantly different impedance magnitudes 

compared to DI water is 0.01% PBS. All error bars are a standard error of mean (SEM) 

based on repeating each experiment three times (n = 3).
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Fig. 3. 
The effect of the graphene-modified silver electrode design on the sensitivity of the paper 

chip. (A, B) Impedance spectroscopy and magnitude at 10 kHz of diluted PBS samples on 

Maze 2 (A, B), Maze 3 (C, D), and Maze 4 (E, F) chips. The least diluted PBS samples that 

showed significantly different impedance magnitudes compared to DI on Maze 2, Maze 3, 

and Maze 4 chips were 10% PBS, 0.01% PBS, and 0.0001% PBS, respectively. All error 

bars are SEM based on repeating the experiments three times (n = 3).
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Fig. 4. 
HIV-1 capture and detection using cellulose paper microchips with graphene-modified silver 

electrodes. (A–D) Virus capture and detection using on-chip physical antibody 

immobilization. (A) Impedance spectroscopy of viral lysate for frequencies between 1 Hz 

and 10 kHz. (B) Impedance magnitudes of viral lysate samples at 10 kHz. We were able to 

detect HIV-1 in spiked PBS samples with concentrations of 107 copies per ml and 108 copies 

per ml. (C) Impedance spectroscopy of viral lysate samples in HIV-spiked plasma samples. 

(D) Impedance magnitude of viral lysate in HIVspiked plasma samples at 10 kHz. (E–H) 

Virus capture and detection using the on-chip covalent immobilization of anti-gp120 

antibody. (E) Impedance spectroscopy of viral lysate samples in HIV-spiked PBS. (F) 

Impedance magnitude of viral lysate samples in HIV-spiked PBS at 10 kHz. The impedance 

magnitude of viral lysate samples in HIV-spiked PBS with a viral load of 106 copies per ml 

was significantly different than virus-free control samples. (G) Impedance spectroscopy of 

viral lysate for HIV-spiked plasma. (H) Impedance magnitude of viral lysate for HIV-spiked 

plasma samples at 10 kHz. The impedance magnitude of the viral lysate of the HIV-spiked 

plasma with a viral load of 106 copies per ml was different than the virus-free control.
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Fig. 5. 
Detection of nucleic acids on plastic- and cellulose-based chips. (A) Impedance magnitude 

of the E. coli LAMP amplified product after 60 min and negative control (DI water) at 1 

kHz. (B) Normalized impedance magnitude of the LAMP E. coli amplified product after 40 

min amplification on a plastic-based chip (Maze 4). Z and Z0 are the impedance magnitudes 

of the sample at 40 min and control, respectively. The sensitivity of this chip was 1 fg µl−1. 

(C) Normalized impedance magnitude of the HIV-1 LAMP amplified product at 1 kHz using 

a plastic Maze 4 chip. The sensitivity of this plastic chip for HIV detection was 10 fg µl−1. 

(D) The electrical response of cellulose paper chips for capturing and detecting HIV. The 

sensitivity of the cellulose paper chip was 10 fg µl−1.
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Fig. 6. 
Specificity evaluation in a cellulose paper chip. (A) The normalized impedance magnitudes 

of the viral lysate of CMV- and HSV-spiked samples were not significantly different than the 

virus-free control (p > 0.05, n = 3), however the normalized impedance magnitude of the 

viral lysate of HIV-spiked PBS samples was significantly different than the control (p < 

0.05, n = 3). (B) The normalized impedance magnitude of the mixture of CMV and HSV in 

spiked plasma samples was not significantly different than the control (p > 0.05, n = 3), 

however the normalized impedance magnitude of the viral lysate of HIV-spiked plasma was 

significantly different than the control (p < 0.05, n = 3). (C) Specificity test for E. coli 
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detection. The normalized impedance magnitude of samples spiked with S. aureus and 

Salmon testes was not significantly different than the pathogen-free control (p > 0.05, n = 3), 

but the normalized impedance magnitude of LAMP E. coli products was significantly 

different than control samples (p < 0.05, n = 3). (D) Specificity test for LAMP HIV-1 

detection. The normalized impedance magnitude of HIV-1 LAMP amplicons with an initial 

concentration of 1 ng µl−1 was significantly different than the control (p < 0.05, n = 3), but 

the normalized impedance magnitude of LAMP-based amplified HCV RNA, S. aureus 
DNA, E. coli DNA, and S. aureus DNA was not different than the control (p > 0.05, n = 3).

Safavieh et al. Page 21

Nanoscale. Author manuscript; available in PMC 2017 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical abstract
	Introduction
	Results
	Electrode and paper substrate materials
	Electrode geometry design
	Intact virus particle detection
	Nucleic acid detection
	Specificity evaluation

	Discussion and conclusions
	Experimental
	Reagents
	LAMP reagents
	HIV culture
	Chip fabrication
	Aldehyde-modified cellulose paper
	Antibody immobilization and virus detection on cellulose paper
	LAMP amplified target detection

	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6

