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Abstract

Zika virus (ZIKV) is a reemerging flavivirus causing an ongoing pandemic and public health
emergency worldwide. There are currently no effective vaccines for Zika infection or specific
therapy. Rapid, low-cost diagnostics for mass screening and early detection is of paramount
importance in timely management of the infection at the point-of-care (POC). The current Zika
diagnostics are laboratory-based and cannot be implemented at the POC particularly in resource-
limited settings. Here, we developed a nanoparticle-enhanced viral lysate electrical sensing assay
for Zika virus detection on paper microchips with printed electrodes. The virus is isolated from
biological samples using antibodies and labeled with platinum nanoparticles (PtNPs) to enhance
the electrical signal. The captured ZIKV-PtNPs complexes are lysed using a detergent to release
the electrically charged molecules associated with the intact virus and the PtNPs on the captured
viruses. The released charged molecules and PtNPs change the electrical conductivity of the
solution, which can be measured on a cellulose paper microchip with screen-printed
microelectrodes. The results confirmed a highly specific detection of ZIKV in the presence of
other non-targeted viruses, including closely related flaviviruses such as Dengue-1 and Dengue-2
with a detection limit down to 101 virus particle/pl. The developed assay is simple, rapid, and cost-
effective and has the potential for POC diagnosis of viral infections and treatment monitoring.
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Introduction

Zika virus (ZIKV) is a member of the Flaviviridae, which was initially limited to sporadic
cases in Africa and Asia. Recently, ZIKV infection poses a serious pandemic threat to more
than 33 countries worldwide causing a myriad of neurologic disorders, which have drastic
consequences in newborns'—. The clinical manifestations of Zika viral infection are similar
to that of other arboviral infections. In addition, the current diagnostic techniques available
for ZIKV are based on reverse transcription-polymerase chain reaction (RT-PCR)7~10 for
nucleic acid detection or enzyme-linked immunosorbent assay (ELISA)11-14 for detecting
antibodies developed against the virus. The presence of secondary antibodies from other
Flaviviral infections leads to cross-reactivity in ELISA-based tests. Nucleic acid detection is
also limited by short time course of infection and technically time-consuming and expensive.
15-18 Thys, the detection of intact virus particles can potentially offer a better alternative for
direct viral load testing without the cross-reactivity of antibodies.

Cellulose paper microchips and electrical sensing are gaining a wide reputation for
developing flexible, low-cost point-of-care (POC) diagnostics.1%-20 Paper microchips have
become increasingly attractive by offering many advantages for biosensing, including
flexibility, portability, simple fabrication and modification, low-cost manufacturing,
biodegradability, minimal consumption of sample and reagents, and multiplexing.21-23 On
the other hand, electrical sensing as a detection modality is simple and sensitive and does not
require bulky components that are usually used in optical and fluorescence-based assays,
which makes it one of the most common sensing modalities used in the development of POC
devices.24-26 So far numerous systems that integrate electrical sensing and paper
microfluidics have been developed for the detection of different diseases and infections,
including human immunodeficiency virus (HIV), hepatitis B virus (HBV), Escherichia coll,
methicillin-resistant Staphylococcus aureus (MRSA) and different cancer biomarkers.27-32

Nanoparticles exhibit versatile optical, electrical, and catalytic properties for diagnostic and
therapeutic applications.33:34 Among different types of nanoparticles, metal nanoparticles
such as Au, Ag, Cu, Fe, and Pt have been widely used in chemical and biological sensing.
Metal nanostructures and composites are easy-to-prepare and characterize, and have
considerable stability and biocompatibility allowing their integration with various biosensing
modalities, including optical, fluorescence, electrochemical, and electrical sensing.3%:36 Of
particular interest in electrical sensing is metal nanoparticles that have been widely
described as electroactive and catalytic materials to label target molecules for signal
amplification[1].37-39 Here, we report a nanoparticle-enhanced electrical sensing approach
that integrates viral lysate impedance spectroscopy and paper microfluidics using platinum
nanoprobes. Virus labeling using metal nanoprobes (/.e., Pt-nanoprobes) improves the
sensitivity and specificity of the detection by increasing the conductivity of the produced
viral lysate for a given viral load. We evaluated the performance of the developed assay for
the specific detection of ZIKV in 1x PBS, plasma, urine, and semen samples. Our results
showed that the developed mechanism effectively detect ZIKV with a detection limit of 101
copies/ul. The specificity of the device was evaluated using closely related flaviviruses such
as Dengue-1 (DENV-1), Dengue-2 (DENV-2), Cytomegalovirus (CMV), and herpes simplex
virus (HSV).
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Results and Discussion

We report the development of a paper microchip with printed electrodes for ZIKV detection
using nanoparticle-enhanced electrical sensing modality. This approach primarily integrates
three technologies in signal amplification using PtNPs conjugated with antibodies, viral
lysate impedance spectroscopy, and cellulose paper microchip fabrication to allow sensitive
and highly specific detection of virus particles (Figure 1a). The virus particles are initially
captured on the surface of magnetic beads modified with anti-Zika virus monoclonal
antibody (anti-ZIKV mADb) specifically targeting the envelope protein and labeled using
specifically designed Pt-nanoprobes. The Pt-nanoprobes are mainly comprised of spherical
PtNPs modified with anti-ZIKV mAb to allow specific interaction and assembly of PtNPs on
the virus envelope. The formed PtNP-virus complexes were separated through magnetic
separation and the enriched viruses were lysed to release the electrically charged virus
components including nucleic acid and proteins along with PtNPs in the solution. The
electrical conductivity of the solution was then measured through impedance spectroscopy
on paper microchips with printed flexible electrodes. The electrical properties of PtNPs as
metal nanostructures help in enhancing the signal. In the absence of ZIKV particles, neither
virus particles components nor PtNPs exist in the lysis products and tested samples possess
impedance magnitudes that are significantly different than the virus-free control samples
(Figure 1b).

The preparation protocol for Pt-nanoprobes relies on using a bifunctional crosslinker of 3-
(2-pyridyldithio)propionyl hydrazide (PDPH) to allow a directional conjugation of
antibodies to the surface of nanoparticles (Figure 2a). The reduced PDPH molecules bind to
the metallic surface of PtNPs through their terminal thiol group forming PtNPs carrying
hydrazide groups. The free hydrazide groups can react with the carbohydrate residues in the
FC region of antibodies oxidized by sodium periodate. Figures 2a and S1 show the detailed
conjugation protocol used in the preparation of Pt-nanoprobes. Figure 2b shows the
transmission electron microscopy (TEM) and the corresponding size distribution histogram
that confirm that the prepared PtNPs were spherical in shape with an average diameter of
3.940.5 nm. Dynamic light scattering (DLS) and zeta potential techniques confirmed the
stability of the formed PtNPs with an average diameter of 9.9+0.1 nm and negative surface
charge of -14.1+0.6 (Figure S2, 3). To confirm the conjugation of anti-ZIKV mAb to the
surface of PtNPs and the formation of stable Pt-nanoprobes, the Pt-nanoprobes were
characterized using Fourier-transform infrared spectroscopy (FT-IR) and sodium dodecy!l
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) techniques. Figures 2¢ and S4
indicate a considerable similarity between the FTIR spectra of the prepared Pt-nanoprobes
and control sample of anti-ZIKV mAb. The bands appearing at 1720.56 cm™1, 1448.58 cm
-1 1103.31 cm™, 977.94 cm™1, and 837.13 cm™! can be contributed to C=0 stretching, N—
H bending, C-N stretching, C—C stretching, and S-metal bond, respectively.*? These bands
correspond to the thiol-Pt bond formed by PDPH with the surface PtNPs and to amid-I and -
Il characteristic to antibodies coupled to the surface of the PtNPs. On the other hand, SDS-
PAGE results shown in Figure 2d indicate the presence of two protein bands at 50 kDa and
25 kDa for samples prepared with Pt-nanoprobes.*! These two protein bands are
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characteristics of the light and heavy chains of IgG and are similar to the bands that
appeared in the control samples of anti-ZIKV mAb without the presence of PtNPs.

The developed paper microchip comprises of a cellulose paper substrate assembled together
with a thin transparent plastic sheet by double-sided adhesive (DSA). The fabrication
process of the cellulose paper microchip is simple and can be completed in < 1 h (manually)
following layer-by-layer assembly of plastic and cellulose substrates and screen-printing
electrodes (Figure 3a). A sheet of cellulose paper (0.34 mm in thickness) was sandwiched
between a masking sheet and DSA and patterned through laser cutting to form the required
space for electrode printing. The machined mask-cellulose paper-DSA was sealed with a
thin sheet of plastic (0.1 mm in thickness). Then, 4-finger—like interdigitated electrode was
screen-printed using preoptimized graphene-modified silver nanocomposite ink.2” The
digital image in Figure 3b shows the front and back view of a fabricated paper chip. The
structure of the chip was characterized using optical and scanning electron microscopy
(SEM). Transverse and surface sections of freshly prepared chips showed the layer structure
of the printed electrodes (Figure 3ci, ii). The screen-printed electrode layers were diffused
within the cellulose paper with high resolution, allowing enhanced and efficient contact with
the surface cellulose paper layer. In addition, we evaluated the performance of the cellulose
paper electrodes by impedance spectroscopy using different dilutions from phosphate buffer
saline (1x PBS, pH 7.2). The impedance spectroscopy of 100%, 50%, 10%, 1%, 0.1% and
0% PBS samples diluted in DI water for frequencies between 1 to 20 KHz and 1 V are
shown in Figure 3d. The results showed that the microchip can be used to differentiate
between different concentrations of PBS samples using impendence spectroscopy.

The capture of ZIKV particles on the surface of magnetic beads and the post-labeling step
with Pt-nanoprobes were confirmed using SDS-PAGE and inductively coupled plasma-mass
spectrometry (ICP-MS), respectively. The results of SDS-PAGE analysis show the presence
of several protein bands at 50 kDa and 25 kDa that are characteristics to monoclonal
antibodies and a major band around 79 kDa that is characteristic for the NS3 protein of
ZIKV (Figure 3e).#2 On the other hand, ICP-MS confirmed the accumulation of Pt metal on
the surface of beads in the presence of ZIKV particles, while in the absence of ZIKV the
detected concentration of Pt metal was < 0.01 pug/ml, which is similar to control samples of
non-modified magnetic beads (Figure 3f).

The detection sensitivity and specificity of the system were tested using the target ZIKV and
non-target viruses, including dengue virus (DENV) type-1 and -2, cytomegalovirus (CMV),
and herpes simplex virus-1 (HSV-1). ZIKV particles in different concentrations (10°
particle/pl to 10° particle/pl) prepared in 1x PBS with pH of 7.2 were captured on magnetic
beads and lysed using 1% Triton X-100 solution. The prepared viral lysates were loaded on
4-finger paper electrodes and tested using an LCR meter for impedance measurement at
8000 Hz and 1 V. The results indicated that the tested virus concentration and impedance
magnitudes were inversely proportional and with the increase in the tested virus
concentrations, the impedance magnitude decreased. This could be attributed to the increase
in the concentration of the released charged molecules (/.. viral nucleic acid and proteins)
and PtNPs in the lysis products with the increase in virus concentrations (Figure 4a). The
developed assay showed a detection limit down to 10! particle/ul of ZIKV in PBS,
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considering signal-to-noise ration (S/N) = 3 compared to virus-free control. On the other
hand, the detection specificity of this assay was confirmed by testing samples of ZIKV and
non-target viruses (7.e., DENV-1, DENV-2, CMV, HSV-1) at virus concentration of 10°
particle/ul. The impedance magnitude generated from the target ZIKV was at least 3-times
lower than the impendence magnitudes generated from all other non-target viruses tested (n
= 3, P<0.001) (Figure 4c).

The potential of the developed NP-electrical impedance assay for the detection of ZIKV in
more complex biological samples including human plasma, semen, and urine was evaluated
using samples with different virus concentrations (i.e., 101 particle/pl, 102 particle/ul, 103
particle/ul, 10 particle/ul, and 10° particle/pl) (See methods). The isolated virus particles
were labeled using Pt-nanoprobes and detected on paper microchips through electrical
sensing of viral lysate. The obtained impedance magnitudes indicated that the increase in the
virus concentration results in a significant decrease in the impedance magnitude measured at
8000 Hz and 1 V (Figure 5 a-c). Furthermore, the detection limit of the developed assay for
the detection of ZIKV spiked in plasma, semen, and urine was 102 particle/pl, considering
S/N = 3. In the meanwhile, no obvious change in the impedance magnitude was observed
from virus-free control samples. These results confirm that the developed NP-electrical
impedance sensing mechanism has the potential to be applied to detect ZIKV in the clinical
and patient samples.

Experimental

Microchip Fabrication

The microchip was fabricated using cellulose paper substrate with 0.34 mm thickness
(Whatman 3MM Chromatography paper, Whatman™ 30306185, Fisher Scientific). For
electrode screen-printing, the cellulose paper was covered with a masking paper (Mask-ease,
Blick Art Materials; 44908-1003) on the upper surface and with a 80 um-thick double-sided
adhesive (DSA) on the lower surface. This was then machined with laser cutter (Laser
Cutting, VLS2.30 from Universal Laser System) to prepare finger-like integrated electrodes
with 2 mm width and spacing. The power, scan speed, and pulse per inch rate were set at 11
W, 5 mm/s, and 500 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 a thin plastic sheet
(CG5000 - Dual-Purpose Transparency Film) that is 0.1 mm thick. Silver-graphene
nanocomposite ink was prepared by mixing graphene conductive dispersion (Graphene
Supermarket, UHC-NPD-100ML) and silver ink (Engineered Conductive Materials,
CI-1001) with a ratio of 4:1 and used for screen-printing. The printed electrodes were
allowed to dry for less than an hour in an oven at 65 °C.

Pt-nanoprobes preparation and characterization

Pt-nanoprobes used in the labeling step of captured ZIKV were prepared of spherical
platinum nanoparticles (PtNPs) modified with monoclonal anti-Zika virus (ZIKV-Env)
antibody (EastCoast Bio, Inc. North Berwick, ME, USA, Cat# HM325). First, citrate-capped
PtNPs were synthesized using a previously published protocol.*3 The prepared PtNPs were
modified with 3-(2-pyridyldithio)propiony! hydrazide (PDPH) that is freshly reduced by 20
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mM tris(2-carboxyethyl)phosphine (TCEP). For antibody coupling reaction, aliquots of 5 pl
of antibody (9 mg/ml) were mixed with 10 mM of sodium metaperiodate and 0.1 M sodium
acetate (pH 5.5) and incubated at 4°C in dark for 20 min. Then, the oxidized antibody was
added to PDPH activated PtNPs and allowed to react with the oxidized antibody for 1 h at
25 °C. The prepared PtNPs and Pt-nanoprobes were characterized using transmission
electron microscopy (TEM), Ultra violet visible (UV-vis) spectroscopy, Fourier transform-
infrared spectroscopy (FT-IR), Zeta potential (C), and dynamic light scattering (DLS).

Virus capture and labeling with Pt-nanoprobes—Aliquots of magnetic beads
modified with anti-Zika virus monoclonal antibody (anti-ZIKV mAb) were dispensed in a
microcentrifuge tube and the supernatant was removed using a MagnaGrIPTM (MilliPore)
magnetic stand and replaced with 50 pul of ZIKV samples or control (1x PBS buffer, pH 7.2
with no ZIKV). This sample-bead mixture was incubated on a shaker (250 rpm/min) for 30
min at 25 °C. After incubation, the captured virus was mixed with 50 ul of Pt-nanoprobe
solution and incubated for 30 min. The formed Pt-virus-bead complexes were washed 4
times using 10% (v/v) glycerol solution using a fresh tube after each wash.

preparation and electrical testing on-chip

The captured and isolated ZIKV particles and Pt-nanoprobes were lysed in 50 ul of 1% (v/v)
Triton X-100 solution for 5 min. 8 pl of the lysate was loaded on the microchip and
impedance magnitudes were recorded using an LCR Meter (LCR8110G, GWInstek, CA) at
a frequency of 8000 Hz and 1V.

Spiked sample preparation and testing

Plasma was prepared by centrifuging 10 ml fresh whole blood (Research Blood
Components, LLC, Brighton, MA, USA) at 2500 rpm for 15 min while semen samples were
purchased from California Cryobank Inc., Los Angeles, CA, and USA. ZIKV samples were
prepared with final virus concentrations of 101 particle/ul, 102 particle/ul, 102 particle/l,
10 particle/ul, and 10° particle/ul. Each spiked sample was tested using the developed paper
microchip using the previously described protocol for electrical sensing.

Statistical analyses

The collected data were analyzed using OriginPro 2015 (OriginLab Corporation,
Northampton, USA) and GraphPad Prism software version 5.01 (GraphPad Software, Inc.
La Jolla, CA, USA). Each data point represents the average of a total of three independent
measurements.

Conclusions

This work has demonstrated the development of impedance electrical sensing assay for
sensitive and specific detection of ZIKV lysate on paper microchip. This is the first study of
integrating PtNPs with paper microfluidics for virus lysate detection to improve electrical
sensing of viruses. The Pt-nanoprobes were specifically designed to have ultra-small
metallic core of _4-nm PtNPs and dense surface layer of monoclonal antibodies for
capturing ZIKV particles. The relatively small size of PtNPs allowed efficient labeling of the
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surface of ZIKV particles with a diameter of approximately 50 nm. In addition, the 4-nm
PtNPs are comparable in size to viral proteins and nucleic acid and they would act as small
charged molecules that easily flow and migrate within the paper chip matrix (with pore size
of 1um), allowing rapid and efficient electrical signal detection. Furthermore, the antibody
conjugation to the surface of PtNPs for Pt-nanoprobes preparation was performed using a
multistep protocol that allows directional binding of antibody molecules through their FC
region. The directional conjugation of antibodies preserves the full activity of antibodies and
allows highly specific interaction with the target with high avidity. Generally, the integration
of PtNP-based labeling with viral lysate electrical sensing has the following advantages: 1) It
allows an enhanced detection sensitivity that is at least 10-times higher than the direct lysate
virus sensing (without Pt-nanoprobes addition) (Figure S5). 2) It improves the specificity
and reliability of the detection by limiting the false positive results. This is of particular
importance for ZIKV infection where immuno-based detections of ZIKV are usually limited
with cross-reactivity with closely related flaviviruses. 3) It allows the detection of relatively
small sized viruses such as ZIKV, which is a limitation of the viral lysate electrical sensing
approach.

Furthermore, we developed the paper chip using chromatography paper substrates with
0.34mm thickness to increase the volume of the loaded sample and to reduce the sample
evaporation rate on-chip, which allowed efficient and stable impedance signal measurement
(~1 min). In addition, such thick surface layer of paper allows better diffusion and contact
with the surface of the electrodes that are screen-printed within the paper layer of the chip.
The material cost to perform one test with the presented approach is less than $2 including 6
cents for the paper, 2 cents for the plastic sheet, less than 1 cent for DSA, 10 cents for the
electrodes, 80 cents for magnetic beads, and less than 1 dollar for antibodies. This cellulose
paper-plastic-based system have several advantages over other paper-based or plastic-based
systems previously developed for electrical sensing including improved contact between the
printed electrodes and the cellulose substrate, increased detection area exists between the
printed electrodes and the sample due to the fact that conductive inks do not fully develop in
the cellulose paper and reduced non-specific interaction due to surface hydrophobicity in
plastics. Compared to recently reported paper-based assays for virus detection, our assay is
simple, sensitive and can be used for viral load testing without the need to nucleic acid
amplification (Table S1).

We have demonstrated the feasibility of the developed NP-electrical sensing-based
mechanism for ZIKV detection in human plasma, urine, and semen samples. The reported
sensing mechanism has a great potential and can be applied using different types of metal
nanoparticles (such as gold and silver nanoparticles) and electroactive nanostructures for
broad applications in microbial infection screening and treatment monitoring at the POC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic illustration of the developed nanoparticle-enhanced electrical sensing of
Zikavirus (ZIKV) on paper microchip

(a) Virus particles are captured on magnetic beads modified with ZIKV envelope
monoclonal antibody (anti-ZIKV mAb) followed by labeling with specific Pt-nanoprobes
(PtNP-mADb against ZIKV) forming Pt-virus complexes on the surface of magnetic beads.
The Pt-virus complexes are isolated and the viral lysate/PtNPs are released using 1% Triton
X-100 solution. The prepared viral lysate/PtNPs is loaded on paper microchip with screen-
printed graphene-silver electrode (GSE). (b) Representative impedance magnitude
measurements for ZIKV-spiked (red line) and virus-free control (black line) samples. The
presence of the virus and PtNPs results in a significant change in the impedance magnitude
due to the released charged viral components (/.¢e., nucleic acid and proteins) and PtNPs.
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Figure 2. Pt-nanoprobe preparation and char acterization
(a) Schematic illustration of the preparation reaction of Pt-nanoprobes. Oxidized anti-Zika

virus monoclonal antibody (anti-ZIKV mAb) was conjugated to the surface of PtNPs using
3-(2-pyridyldithio)propionyl hydrazide (PDPH). PDPH has a thiol group that binds to PtNPs
surface and a hydrazide group that binds to the free aldehyde group in the FC region of the
oxidized antibody. The digital images confirm the stability of the prepared Pt-nanoprobes.
(b) TEM micrograph and particle size distribution histogram of the prepared PtNPs. (c) FT-
IR analysis results of PtNPs (non-modified, no antibody) and Pt-nanoprobes (PtNP-
antiZIKV mAb). (d) SDS-PAGE analysis of PtNPs and Pt-nanoprobes (Pt-mADb).
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Figure 3. Paper microchip fabrication and ZIKV capture and labeling with Pt-nanoprobes
(a) Paper microchip fabrication protocol. The chip is prepared with a layer of cellulose paper

(0.34 mm thickness) added to the surface of a plastic sheet by a DSA. The electrode is
screen-printed on the cellulose paper using graphene-silver nanocomposite ink and then
dried for 30 — 40 min at 65 OC. (b) Digital image of the prepared cellulose paper microchip.
(c) SEM of the surface of the paper microchip (i) and bright-field microscopy of transverse
section of the paper chip (ii). CP is cellulose paper, DSA is double-sided adhesive, E is
electrode and PS is plastic sheet. (d) Average impedance magnitude spectra over a range of
frequencies up to 20 KHz for different dilutions of 1x phosphate-buffer saline (PBS), pH 7.2
on the developed paper microchip. Column chart shows the correlation between the
impedance magnitudes of different 1xPBS dilutions measured at 8 KHz and 1 V. (e) SDS-
PAGE shows different protein bands confirming the capture of ZIKV on magnetic beads
(MB). (f) Pt metal weight measured by ICP-MS confirms the labeling of ZIKV particles
captured on magnetic beads using Pt-nanoprobes.
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Figure 4. Performance evaluation of the developed nanoparticle-enhanced electrical sensing
protocol of ZIKV on paper microchip

(a) Schematic shows the effect of the addition of viral lysate and PtNPs on the electric
properties of paper microchip. (b) The detection sensitivity of ZIKV on the developed paper
microchip. Different concentrations of ZIKV (101 particle/ul to 105 particle/ul) were
prepared in 1x PBS and captured using magnetic beads. (c) Evaluation of the specificity of
the paper chip in detecting ZIKV in the presence of non-target viruses, including dengue
virus-1 and -2 (DENV-1 and -2), cytomegalovirus (CMV), and human simplex virus-1
(HSV-1). The results showed a significant decrease in the impedance magnitude of ZIKV
samples compared with the tested non-target viruses. The tested virus concentration was 105
particle/ul. Error bars are standard deviations from a total of three independent
measurements.
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Figure5. Detection of ZIKV in different biological fluids using the developed NP-enhanced
electrical sensing on paper chip

(a) ZIKV detection in human plasma. (b) ZIKV detection in semen. (c) ZIKV detection in
urine. ZIKV spiked in biological samples (101 particle/ul to 105 particle/ul) was isolated
using magnetic beads and labeled with Pt-nanoprobes. The captured viruses were lysed and
added to paper microchip for impedance measurement. The decrease in the impedance
magnitude indicates the potential of the developed techniques for ZIKV detection in
complex biological samples with a limit of detection down to 102 particle/ul. The number of
the columns indicates the number of the trials performed. Error bars are standard deviations
from a total of three independent measurements.
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