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Abstract

A low-cost and easy-to-fabricate microchip remains a key challenge for the development of true 

point-of-care (POC) diagnostics. Cellulose paper and plastic are thin, light, flexible, and abundant 

raw materials, which make them excellent substrates for mass production of POC devices. Herein, 

a hybrid paper–plastic microchip (PPMC) is developed, which can be used for both single and 

multiplexed detection of different targets, providing flexibility in the design and fabrication of the 

microchip. The developed PPMC with printed electronics is evaluated for sensitive and reliable 

detection of a broad range of targets, such as liver and colon cancer protein biomarkers, intact Zika 

virus, and human papillomavirus nucleic acid amplicons. The presented approach allows a highly 

specific detection of the tested targets with detection limits as low as 102 ng mL−1 for protein 

biomarkers, 103 particle per milliliter for virus particles, and 102 copies per microliter for a target 

nucleic acid. This approach can potentially be considered for the development of inexpensive and 

stable POC microchip diagnostics and is suitable for the detection of a wide range of microbial 

infections and cancer biomarkers.

Keywords

electrical sensing; flexible electronics; paper microfluidics; plastic microfluidics; point-of-care 
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1. Introduction

Advances in point-of-care (POC) diagnostics can potentially set the pace of modern health-

care settings and global health.[1–3] Microchips fabricated in a variety of substrates, 

including silicon, glass, quartz, paper and plastics, have shown great promise in the 

development of POC diagnostics.[4,5] Flexible substrates such as paper and plastics are 

particularly interesting because they offer greater potential for making devices on a cost-

effective basis.[6–11] Several studies have described the use of paper and plastic substrates 

for producing different platforms for the detection of various diseases and analytes using 

multiple colorimetric, fluorescent, electrical, electrochemical, photoelectrochemical, 

chemiluminescence, and electrochemilu-minescence modalities.[9–16] The fabrication 
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process of such platforms relied on different techniques, including photolithography, wax 

printing, inkjet printing, screen printing, spraying, stamping, etching, plotting, and laser 

cutting.[13,17]

Electrical sensing modality is simple and sensitive and does not require bulky components 

that are usually used in optical and fluorescence-based assays, which makes it as one of the 

most common sensing modalities used in the development of POC devices.[8,18] The recent 

advances in developing highly conductive electrode nanomaterials, such as carbon 

nanotubes, graphene, and metal nanoparticles, have greatly enhanced the performance of 

electrical sensing-based POC diagnostics.[19–24] Among these nanomaterials, graphene is 

unique in structure with a single atom layer thick of carbon and has been widely described to 

have extraordinary electrical double layer capacitance, high mechanical strength, high 

carrier electron mobility, high surface-to-volume ratio, and low signal-to-noise ratio.[21,25,26] 

Previous experiments involving deposition of metal structures, such as silver, platinum, and 

gold on exfoliated graphene, have shown that metal–graphene nanocompos-ites can act as 

robust materials for the development of electrical sensing-based diagnostics with enhanced 

electrical conductivity and flexibility.[21,27,28] Using paper and plastic materials for electrical 

sensing-based POC testing is of high interest and can be clinically relevant and economically 

sustainable. However, individually both plastic and paper substrates have drawbacks that 

limit their wide use in microchip fabrication and POC testing. Difficult surface modification, 

hydrophobicity of most plastic materials, and nonspecific adsorption are some of the 

limitations of using plastic substrates when complex biological samples are used, which can 

lead to poor device performance.[9,29,30] Compared to plastic, paper has limited mechanical 

stability and flexibility, making the fabrication of durable chips difficult. In addition, the 

most common method for paper-based microchip fabrication is wax printing, which can be 

time-consuming and is sensitive to temperature changes, thus increasing the manufacturing 

cost and complexity.[13,31] Paper–plastic composites have been developed with enhanced 

flexibility while keeping the properties of both substrates. However, they require complex 

and expensive manufacturing processes.[32–34] Thus, hybrid materials that combine the 

advantages of both paper and plastic without extensive processing or expensive 

modifications can allow the development of high-performance, high-throughput, low-cost, 

and simple POC diagnostics. Here, we developed a microchip with an upper surface made of 

a cellulose paper and a lower back layer of plastic. We adopted this new design for electrical 

sensing of different targets, including liver and colon cancer biomarkers, Zika virus (ZIKV), 

and human papilloma-virus (HPV).

2. Results and Discussion

2.1. Paper–Plastic Microchip Electrodes Design and Fabrication

The developed paper–plastic microchip (PPMC) comprises three-layer hybrid substrates 

prepared of a cellulose paper substrate assembled together with a transparent plastic sheet by 

double-sided adhesive (DSA). The fabrication process of PPMC is simple and leverages the 

advantages of the well-known layer-by-layer assembly and screen-printing protocols. The 

entire process can be completed in <1 h. Figure 1a shows the fabrication process and the 

layers of materials used in this process. Figure S1 (Supporting Information) shows the actual 
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image of a fabricated PPMC. The upper layer of cellulose paper was sandwiched with the 

masking sheet and DSA, patterned by laser cutting technique and then sealed with a thin 

sheet of plastic (0.1 mm in thickness). The electrodes are prepared by the normal screen-

printing protocol using preoptimized gra-phene-modified silver nanocomposite ink. In our 

study, PPMC electrodes were developed with two main designs in order to allow both single 

and multiplexed detection: 1) PPMC with four-finger interdigitated electrodes for single 

target detection and 2) PPMC with two-semi-circular parallel electrodes for multitarget 

detection (Figure 1b and Figure S2, Supporting Information). The detailed structure of both 

designs is shown in Figure 1b. The use of laser cutting allowed accurate patterning and 

screen-printing of electrodes on the surface of the paper substrate as confirmed by optical 

and electron microscopy. Transverse and surface sections of freshly prepared chips showed 

the layer structure of the prepared electrodes (Figure 1c). Specifically, the formed electrode 

layers had an increased contact area with the cellulose paper layer, which can significantly 

enhance the performance of the developed systems. The distribution of electrical field on the 

surface paper layer of electrodes was simulated using COMSOL software to confirm the 

design and potential of the developed chips for electrical impedimetric sensing 

(Supplementary Methods in the Supporting Information and Figure 1d). In addition, we 

evaluated the performance of the prepared PPMC electrodes by impedance spectroscopy 

using different dilutions from phosphate buffer saline (1x PBS, pH 7.2). The impedance 

spectra of 100%, 1%, and 0.01% PBS samples diluted in deionized (DI) water at frequencies 

between 1 and 20 000 Hz and 1 V are shown in Figure 1e,f. The results showed that the 

developed microchip can be used to differentiate between different concentrations of PBS 

samples using impendence spectroscopy. Furthermore, we compared the performance of the 

microchips prepared using (i) our presented approach in screen-printing electrodes within 

the cellulose paper and (ii) the common protocol of screen-printing electrodes on the surface 

of the chip. Figure S3 (Supporting Information) presents the impedance spectra (at 

frequencies between 1 and 20 000 Hz and 1 V) and the impedance magnitudes at 10 000 Hz 

and 1 V of for 100%, 1%, and 0.01% PBS samples tested on PPMC with semicircular 

electrodes prepared by the two different methods (i.e., screen printing on the surface vs 

within the cellulose paper). The results indicated that PPMC with electrodes printed within 

the cellulose paper has better signal resolution when tested under different PBS 

concentrations. In addition, optical microscopy analysis of different sections of microchips 

fabricated by the two different methods showed that the electrodes printed within paper 

using our approach were more uniform and had an actual thickness of 0.171 mm ± 0.0143 

mm, which was four times more than the electrodes formed by the surface screen-printing 

approach (Figure S4, Supporting Information).

2.2. Virus Particles Detection

Virus particle detection is of high importance in early infectious disease detection and 

treatment monitoring. Here, we used PPMC with finger electrodes to detect ZIKV through 

electrical sensing of viral lysate. ZIKV is a newly emerging flavivirus that has been of major 

international public health concern following large outbreaks in the Americas.[35,36] The 

increasing number of studies that confirm the linkage between ZIKV and birth defects calls 

for the urgent need for the development of low-cost, simple, and rapid POC tests. ZIKV 

particles were captured using magnetic beads modified with anti-ZIKV envelope 
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monoclonal antibody (anti-ZIKV mAb) and the virus lysate was prepared using 1% Triton 

X-100 solution (Figure 2a). The modification of magnetic beads with anti-ZIKV mAb and 

the virus capture was confirmed using sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) analysis (Figure S5, Supporting Information). The results 

indicated the presence of proteins bands at 25 and 51 kDa that is characteristic for IgG 

antibody molecules, while an additional intense band appeared at 87 kDa for samples 

containing captured virus.[37,38] Viral lysates of different ZIKV concentrations (100 particle 

per microliter to 106 particle per microliter spiked in 1x PBS, pH 7.2) were loaded on four-

finger PPMC electrodes and tested using an LCR meter for impedance measurement. The 

results showed that with the increase in the tested virus concentrations, the impedance value 

decreased, which could be attributed to the increase in the presence of charged molecules 

(i.e., viral nucleic acid and proteins) released during the lysis step, correlating with the 

increase in virus concentrations tested (Figure 2b). Following this protocol, we achieved a 

detection limit down to 102 particle per microliter of ZIKV in PBS, considering signal-to-

noise ratio (S/N) = 2 compared to the control (no virus was added). To confirm the 

specificity of this protocol, we measured the impedance values of samples of the target 

ZIKV and non-target viruses, such as dengue virus (DENV) type 1 and type 2, herpes 

simplex virus-1 (HSV-1), and cytomegalovirus (CMV) at the same concentration of 105 

particle per microliter. The impedance magnitude generated from the target ZIKV was at 

least four times lower than the impendence magnitudes generated from all the nontarget 

viruses tested, including DENV-1, DENV-2, HSV-1, and CMV (n = 3, P < 0.001) (Figure 

2c).

2.3. Nucleic Acid Biomarkers Detection

Nucleic acid detection is routinely used to test for diseases and monitoring medical 

treatments. Coupled with loop-mediated isothermal amplification (LAMP), we tested the 

developed PPMC electrodes for nucleic acid testing and genotyping of HPV (Figure 3a). 

HPV is one of the most common sexually transmitted diseases and widely described to be 

the main cause of cervical cancer in women.[39–41] Two sets of primers, each comprising of 

four specific primers, which are specific for two different genotypes of HPV-16 and HPV-18, 

were used for LAMP amplification (Tables S1 and S2, Supporting Information).[42] Two 

independent amplification reactions were performed using the specified set of primers for 30 

min at 60 °C for generating DNA amplicons. The successful LAMP reaction and the 

formation of DNA amplicons in each reaction was confirmed using agarose gel 

electrophoresis. The formed LAMP amplicons in each reaction were simultaneously tested 

on PPMC designed with two detection zones (one was speci-fied for HPV-16 and other for 

HPV-18). Figure 3b shows the results of agarose gel electrophoresis analysis of LAMP 

amplification products. There was no amplification observed for control samples (no HPV 

plasmids were added) while ladder-like amplicons that are characteristic to LAMP were 

observed for both HPV-16 and HPV-18, confirming the spe-cific amplification of the target 

HPV genotype (Figure 3b). The loading of LAMP amplicons to the surface of PPMC 

resulted in a significant decrease in the impedance magnitudes measured at 8000 Hz and 1 

V. The change in the impedance magnitude was inversely proportional to the tested 

concentration of the target HPV plasmid used in the samples of both HPV genotypes tested 

(Figure 3c). Using this approach, the proposed PPMC can detect concentrations as low as 
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102 copies per microliter and 103 copies per microliter of HPV-18 and HPV-16, respectively. 

To confirm the efficiency of this approach to spe-cifically detect HPV, LAMP reactions were 

performed using nucleic acids of different viruses, including human immuno-deficiency 

virus-1 (HIV-1), HSV-1, and CMV. Gel electrophoresis indicated that there were no visible 

amplification products formed with any of the nontargeted nucleic acids (Figure S6, 

Supporting Information). The final LAMP reaction products of nontarget viruses (i.e., 

HIV-1, HSV-1, and CMV) were loaded on the PPMC electrodes along with the amplicons 

generated from the target genotype HPV-16. The results showed that the change in the 

impedance of PPMC electrodes caused by the addition of HPV-16 was significant when 

compared to the addition of nontarget viruses (Figure 3d).

2.4. Cancer Biomarker Detection

The developed PPMC was tested for the detection of alpha-fetoprotein (AFP) and 

carcinoembryonic antigen (CEA) that have been identified as biomarkers of hepatocellular 

carcinoma (HCC) and colorectal cancer (CRC), respectively. HCC and CRC are among the 

most common types of cancers in humans and represent around 8.0% of total cancer cases 

reported in 2017 with five year survival rates, thus its early detection is critical.[43–45] PPMC 

designed with two semi-circular electrodes and two detection zones modified with 

biomarker specific mono-clonal antibodies was used for multiplex detection of AFP and 

CEA (Figure 4a). The modification with antibodies was followed with a blocking step using 

bovine serum albumin (BSA), which allowed for specific capture of the target protein 

biomarkers and its specific detection by measuring the impedance magnitude. The testing 

protocol starts by direct capturing of the target proteins from the tested samples followed by 

impedance measurement using an LCR meter (see the Experimental Section). The surface 

modification with antibody and capture of the target protein were confirmed using Fourier-

transform infrared spectroscopy (FT-IR) and SDS-PAGE. Figure S7 (Supporting 

Information) illustrates the generated FT-IR spectra of unmodified and oxidized cellulose 

paper used in the preparation of PPMC electrodes. The peak at 1683 cm−1 corresponds to 

stretching vibration of C=O group in oxidized paper, which confirms the oxidation of 

cellulose paper and the formation of aldehyde groups on the surface of papers ready for 

covalent conjugation of the antibodies.[46] We used CEA as a model to test the efficiency of 

the developed PPMC to capture the target antigen. Figure 4b shows the SDS-PAGE analysis 

of CEA captured on PPMC modified with anti-CEA monoclonal antibody. The results 

indicated the presence of bands around 25 and 50 kDa in lane 2 corresponds to the 

covalently immobilized CEA antibody on the surface of PPMC, and in lane 3 the band at 

180 kDa corresponds to captured CEA and at 90 and 190 kDa corresponds to BSA on the 

surface of the chip.[47] The image of full gel with the bands of pure CEA and anti-CEA 

proteins tested is shown in Figure S8 (Supporting Information). To test the sensitivity and 

specificity of the developed protocol for testing protein biomarkers using PPMC, we used 

serial dilutions of the target CEA and AFP antigens (1 ng mL−1 to 1 mg mL−1 in PBS) and 

nontarget common blood biomarkers, such as glucose, ascorbic acid, and P53. The results 

indicated that the increase in AFP and CEA concentrations resulted in significant decrease in 

impedance magnitude at 10 000 Hz and 1 V through the designated testing zone for each 

target (Figure 4c). The impedance measurements of AFP and CEA on the PPMC exhibited a 

detection limit of 102 ng mL−1 for both targets using the multiplex detection format. 
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However, this detection limit can go down to 10 ng mL−1 and 1 ng mL−1 for CEA and AFP, 

respectively, when the PPMC was used to capture single antigen in both detection zones 

(Figure S9, Supporting Information). On the other hand, the decrease in the impedance 

caused by nontarget analytes (i.e., glucose, ascorbic acid, and P53) was insignificant 

compared to the decrease in impedance magnitude measured in the presence of the target 

AFP antigen (Figure 4d). Figure 4e shows the impedance magnitudes measured for different 

concentrations of CEA and AFP spiked in plasma samples using the proposed protocol. The 

results indicated a significant decrease in the impedance magnitude with the increase in the 

concentrations of both CEA and AFP. Following S/N = 2, this protocol allowed the 

multiplex detection of the target antigens with concentrations down to 102 ng mL−1. To 

further confirm the potential of the developed PPMC for quantitative detection of targets in 

biological samples, plasma samples (n = 7) spiked with different concentrations of CEA and 

AFP were tested and the concentration of target antigen was calculated using the results of 

previous plasma testing with known antigen concentrations as presented in Figure 4e. The 

results in Table 1 indicate a good correlation between the expected (from Figure 4e) and 

measured values with a maximum error <7% of the expected values. These results confirm 

the potential of the developed protocol using PPMC for multiplex quantitative impedance 

based detection of biomarkers.

3. Conclusions

Integrated micro/nanosystems with electronic and fluidic elements have broad applications 

in medicine and biology including POC diagnostics for disease detection and treatment 

monitoring. Paper/plastic-based microdevices with printed electronics offer mass 

producibility of such systems with less complexity in design and manufacturing compared to 

traditional micro total analysis systems. Currently developed paper-based systems with 

screen-printed electronics benefit from the advantages of either cellulose fibers or plastic 

substrates. Here, we presented a new category of hybrid paper-based systems with printed 

electronics by seamlessly integrating cellulose and plastic substrates to overcome some of 

the major limitations in traditional paper-based systems such as poor contact adhesion 

between the electrode and cellulose paper, reduced fluid flow due to hydrophobicity of silver 

or carbon electrodes, and limited surface area between the printed electrode and the sample 

on cellulose substrates. Such a hybrid microchip fabrication method offers high-resolution 

screen printing of the electrodes with a relatively simple manufacturing process and higher 

surface contact area between the electrodes and the sample compared to the traditional 

paper-based manufacturing. This work demonstrates a major progress toward the 

development of low-cost, simple paper-based micro-chips with electrical sensing modality 

by uniquely integrating the hydrophobicity, flexibility, and durability of plastic substrates, 

wicking property of cellulose substrates, and durable screen printing of conductive inks on 

plastic substrates.

This platform garners the benefit of the unique wicking properties of paper to greatly help 

sensitive and efficient sample electrical testing.[8] In addition, the cellulose fibers with 

known chemical structure allow feasible and cost-effective surface modification with 

specific antibodies with the flexibility and stability of plastics.[9,15] The presence of plastic 

tightly bound to the paper allowed efficient and high-resolution screen printing of the 
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electrodes completely through the paper rather than just over the surface of paper, increasing 

the contact between the tested samples and electrodes, which directly enhances the detection 

sensitivity and analytical performance of the developed microchip. In addition, the stability 

of the hybrid substrates allowed better control over the electrode design and geometry during 

the fabrication process. Using the PPMC platform with two different electrode designs, we 

were able to develop paper/plastic-based devices with printed electrodes for the detection of 

multiple bio-targets, including liver and colorectal cancer biomarkers, ZIKV, and LAMP-

based HPV amplicons. The platform developed in our study is simple, easy to fabricate, and 

cost effective and can be adopted to develop more complex systems for rapid and sensitive 

multiplex detection of biomarkers using portable electric devices.

4. Experimental Section

PPMC Electrodes Fabrication and Characterization

The fabrication of PPMC combines layer-by-layer assembly and screen-printing protocols. 

Each electrode is prepared of a surface layer of cellulose paper substrate (Whatman 3MM 

Chromatography Paper, Fisher Scientific) and a lower layer of thin transparent plastic sheet 

(0.1 mm thickness, CG5000-Dual-Purpose Transparency Film) assembled together by a 

DSA that is 80 μm thick. The paper with the DSA and mask was cut using a laser cutter 

(Laser Cutting, VLS2.30 from Universal Laser System). The power, scan speed, and pulse 

per inch rate were set at 11 W, 5 mm s−1, and 500 pulses per inch, respectively, with the 

laser at a height of 3.175 mm. After removing the protective layer from the other side of the 

DSA, the paper was attached to the transparent plastic sheet. Then a silver/ graphene 

nanocomposite ink prepared by mixing graphene conductive dispersion (Graphene 

Supermarket, UHC-NPD-100ML) and silver ink (Engineered Conductive Materials, 

CI-1001) in the ratio of 4:1 was used for screen printing the electrodes over the laser 

machined mask layer followed by a drying step for 45 min at 60 ºC. PPMCs were designed 

with two electrode geometries to allow single and multiplex target detection. The first type 

was designed with four-finger integrated electrodes for singleplex detection of virus particles 

using a cellulose paper substrate that is 0.34 mm thick. The second type was designed with 

semicircular parallel electrodes with two detection zones for multiplex detection for nucleic 

acid and cancer biomarkers using cellulose paper substrate that is 0.18 mm thick. The 

prepared PPMC electrodes were characterized using optical and scanning electron 

microscopy and impedance spectroscopy using different concentrations of 1x PBS. In 

addition, the electrical filed distribution on the surface of electrodes with both geometries 

was simulated using COMSOL 5.3 software (see the Supporting Information).

Detection of Virus Particles on PPMC Electrodes

The testing protocol starts by virus particles capture using magnetic beads modified with 

anti-ZIKV monoclonal antibodies from EastCoast Bio, Inc. North Berwick, ME, USA (see 

the Supporting Information). The magnetic beads in 50 μL of antibody-conjugated magnetic 

beads solution were concentrated using MagnaGrIP magnetic stand (Millipore) and then 

mixed with 50 μL of ZIK sample for virus capture. This reaction mixture was incubated on a 

shaker at 25 rpm for 30 min at room temperature followed by four washing steps using 10% 

v/v glycerol to remove any electrically conductive solution present in the sample. After 
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washing, glycerol solution was completely removed and 50 μL of 1% v/v Triton X-100 for 

virus particle lysis. The lysis reaction was kept for 5 min at room temperature and then the 

magnetic beads were isolated and the virus lysate was collected for impedance 

measurements. An amount of 8 μL of the lysate was loaded on four-finger PPMC electrodes 

and impedance magnitudes were recorded using an LCR meter (LCR8110G, GW Instek, 

CA) at 8000 Hz and 1 V.

Detection of Nucleic Acid on PPMC Electrodes

DNA plasmids with HPV genome (i.e., HPV-16 and HPV-18) were used to confirm the 

potential of PPMC electrodes for multiplex detection of nucleic acid and genotyping. The 

target plasmid was first amplified with independent LAMP reactions using two different sets 

of primers (each comprises four specific primers for each genotype). Serial dilutions of each 

plasmid (100, 101, 102, 103, 104, 105, 106 copies per microliter) were prepared and amplified 

using the specific set of LAMP primers (see the Supporting Information). The generated 

LAMP amplicons were detected on PPMC with semi-circular electrodes in which each 

electrode contains two detection zones marked by HPV-16 and HPV-18. An amount of 4 μL 

of the amplicons formed for each genotype was added to the specified testing zone. PPMC 

electrodes loaded with LAMP amplicons were washed with deionized water to remove any 

excess electrolytes from LAMP reaction (Figure S10 in the Supporting Information shows 

the presence of DNA on the chip using fluorescence microscopy). Then the impedance was 

measured for each testing zone at 8000 Hz and 1 V by adding 4 μL of deionized water to the 

center of the testing zone. The detection specificity of this protocol was tested using the 

nucleic acid of different nontarget viruses including HIV-1, HSV-1, and CMV.

Detection of Protein Markers on PPMC Electrodes

Cancer biomarkers of AFP and CEA antigens were used to test PPMC electrodes for 

multiplex protein detection. For this assay, PPMCs with semi-circular electrodes that are 

modified with monoclonal antibodies against CEA and AFP were used (see the Supporting 

Information). The target antigens were captured on PPMC with semi-circular electrodes by 

adding 4 μL of the target antigen to the specific detection zone and incubated for 30 min at 

room temperature. The chip was washed with deionized water and then the impedance of 

each detection zone was measured at 10 000 Hz and 1 V. In all the measurements, 4 μL of 

deionized water was loaded on the first well of the chip and impedance values were 

measured after 1 min. After the initial measurement of impedance, another 4 μL of 

deionized water was loaded again on the second detection zone of the tested PPMC 

electrode. The detection specificity was tested by performing a series of experiments using 

nonspecific targets, including glucose, ascorbic, and P53 in clinical range (10–700 ng mL
−1). In addition, different concentrations of the target CEA and AFP (10 000, 1000, 100, 10, 

and 1 ng mL−1) spiked 1 × PBS were tested to evaluate the detection sensitivity of the 

developed assay.

Testing of PPMC Electrodes for Quantitative Detection of Biomarkers in Plasma

Fresh whole blood sample was purchased from Research Blood Components (Boston, MA). 

Plasma was separated from the blood by centrifuging the whole blood for 15 min at 2500 

rpm using Eppendorf centrifuge 5417R. The obtained plasma was pipetted into a clean 
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Eppendorf tube. Different concentrations of AFP and CEA were spiked in the plasma and 

then the proteins were captured on the surface of modified chips. After 30 min incubation, 

the chips were washed with deionized water and kept to dry. The aforementioned procedure 

for protein detection was repeated accordingly.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
PPMC fabrication and characterization. a) Fabrication of PPMC system using the screen-

printing protocol coupled with layer-by-layer assembly. b) Digital images of PPMC 

developed with interdigitated four-finger electrodes for singleplex detection and two-semi-

circular electrodes for multiplex detection. c) Optical and electron microscopy images of the 

transverse section and the top surface of a fabricated PPMC device, showing the detailed 

layer structure and organization of electrodes. CP: cellulose paper; E: electrode; and PS: 

plastic sheet. d) Electrical field simulation of PPMC designed with finger (top) and semi-

circular (down) electrodes. Impedance spectroscopy of different dilutions of phosphate 

buffer saline (1x PBS, pH 7.2) tested over a range of frequencies between 1 Hz and 20 KHz 

using PPMC with e) finger and f) semi-circular electrodes.

Draz et al. Page 12

Adv Funct Mater. Author manuscript; available in PMC 2018 November 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
ZIKV particle detection using PPMC with finger electrodes. a) Schematic presentation of 

the developed PPMC-based assay for ZIKV particle detection through electrical sensing of 

viral lysate. Magnetic beads (MBs) modified with anti-ZIKV monoclonal antibody (anti-

ZIKV mAb) were used to capture virus particles. The captured viruses on MBs were washed 

with a low electrically conductive solution, lysed using 1% Triton X-100, and loaded onto 

the paper microchip for impedance measurements. b) Impedance magnitude of viral lysate 

for samples with different virus concentrations at 8000 Hz and 1 V. c) Impedance magnitude 

of viral lysate for samples spiked with ZIKV, dengue virus (DENV) type 1 and type 2, 

cytomegalovirus (CMV), and herpes simplex virus-1 (HSV-1) at 8000 Hz and 1 V. Error bars 

represent standard error of the mean calculated of at least three independent trials.
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Figure 3. 
HPV nucleic acid detection and genotyping using PPMC with semi-circular electrodes. a) 

Schematic presentation of the developed PMMC-based nucleic acid assay for HPV DNA 

detection. Loop mediated isothermal amplification (LAMP) technique was used to amplify 

the target HPV DNA using a set of four specific primers (see Table S2 in the Supporting 

Information) for each tested genotype by independent reactions and the formed amplicons 

were loaded on PPMC for impedance measurements. b) Gel electrophoresis of LAMP 

amplification products generated from different concentrations of HPV DNA template. 

LAMP reaction was performed using tenfold serial dilutions of HPV DNA template (1 × 100 

copies per microliter to 1 × 106 copies per microliter). M: 1-kb DNA ladder marker; NC: 

negative control (without target DNA template). c) Impedance magnitude of LAMP 

amplicons prepared from different concentrations of target HPV templates at 8000 Hz and 1 

V. For each concentration, the impedance magnitude was initially measured for LAMP 

amplicons of HPV-16 loaded on one of the testing zones and then for LAMP amplicons of 

HPV-18 loaded on the other testing zone. d) Impedance magnitude of LAMP amplicons 

prepared from the target HPV-16 and nontarget viruses and genotype of human 

immunodeficiency virus-1 (HIV-1), herpes simplex virus-1 (HSV-1), and cytomegalovirus 

(CMV). Error bars represent standard error of the mean calculated of at least three 

independent trials.
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Figure 4. 
Protein detection using PPMC with semi-circular electrodes. a) Schematic presentation of 

the PMMC-based protein assay for the detection of carcinoembryonic antigen (CEA) and α-

fetoprotein (AFP) cancer biomarkers. The cellulose paper surface of the chip was modified 

with antibody to allow specific capturing of target antigen CEA or AFP on the 

corresponding detection zone. After capturing, the impedance magnitude was measured 

sequentially for each detection zone to determine the presence or absence of each target. b) 

SDS gel electrophoresis for PPMC modified with anti-CEA monoclonal antibody and 

captured CEA on-chip. M: protein marker; mAb: monoclonal antibody; BSA: bovine serum 

albumin. c) Impedance magnitude of different concentrations of target antigens at 10000 Hz 

and 1 V. For each concentration, the impedance magnitude was initially measured for CEA 

captured on one of the testing zones and then for AFP captured on the other testing zone. d) 

Impedance magnitude of the target AFP antigens and nontarget biomarkers, including 

ascorbic acid, glucose, and tumor protein P53. e) Impedance magnitude of plasma samples 

spiked with different concentrations of the target AFP and CEA antigens. Error bars 

represent standard error of the mean calculated of at least three independent trials.
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Table 1

Detection of AFP and CEA spiked in human plasma samples.

Impedance (Ω)

Antigen Concentration [ng mL−1] Expected Measured Error [%]

AFP 10 000 71 778 77 161 6.97

1000 91 711 97 849 6.27

100 111 644 120 336 7.22

10 131 577 129 288 1.74

1 151 510 159 630 5.09

CEA 10 000 115 190 118 849 3.08

1000 163 464 158 129 3.26
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