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Abstract

Zika virus (ZIKV) infection is an emerging pandemic threat to humans that can be fatal in 

newborns. Advances in digital health systems and nanoparticles can facilitate the development of 

sensitive and portable detection technologies for timely management of emerging viral infections. 

Here we report a nanomotor-based bead-motion cellphone (NBC) system for the immunological 

detection of ZIKV. The presence of virus in a testing sample results in the accumulation of 

platinum (Pt)-nanomotors on the surface of beads, causing their motion in H2O2 solution. Then the 

virus concentration is detected in correlation with the change in beads motion. The developed 

NBC system was capable of detecting ZIKV in samples with virus concentrations as low as 1 

particle/μL. The NBC system allowed a highly specific detection of ZIKV in the presence of the 
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closely related dengue virus and other neurotropic viruses, such as herpes simplex virus type 1 and 

human cytomegalovirus. The NBC platform technology has the potential to be used in the 

development of point-of-care diagnostics for pathogen detection and disease management in 

developed and developing countries.
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Zika virus (ZIKV) is raising significant global social and health concerns. Evidence of an 

increased incidence of microcephaly and other neurological complications such as Guillain–

Barre syndrome during ZIKV outbreaks has been reported in infants.1–3 With the absence of 

specific medications and a preventive vaccine, sensitive and rapid diagnosis of ZIKV 

becomes critical and stays as an urgent public health demand.4,5 Recent developments in 

nanotechnology have further increased the ability to manipulate matter at the atomic and 

molecular scale to build a wide range of nanoparticle systems that possess versatile 

properties and applications.6–8 Catalytic properties of Au, Cu, Fe, and Pt nanoparticles are 

widely reported and have inspired a particularly interesting class of self-propelling catalytic 

motor-like micro/nanostructures.9,10 These structures are capable of converting chemical 

energy into mechanical motion, and three main propulsion mechanisms were reported to 

drive the motion of these materials, including self-electrophoresis, self-diffusiophoresis, and 

bubble thrust.11–14 Spherical particles, wires, rods, tubes, helices, and polymeric assemblies 

are among the most reported motor-like architectures.13–17 Their impressive autonomous, 

powerful, remotely controlled, and ultrafast motion is highly attractive with exciting 

applications in biomedicine and engineering.9,18 Furthermore, the catalytic motors possess a 

structure to function tenability. The addition of functional materials during the fabrication 

process of motors or modifying their surface allow multifunctions with broad applications.
9,19,20 Self-propelling catalytic motor structures have recently been used in chemical and 

biological sensing,16,21 drug delivery,22–25 controlled transport and release of biomolecules,
26,27 cell screening and manipulation,28–31 and waste treatment.32,33
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Motion-based biosensing has attracted considerable attention owing to the fact that the 

motion as a signal readout is simple and potentially offers spatial resolution and real-time 

detections.34,35 Lately, numerous reports described the utilization of motion-based sensors 

for the detection of different nucleic acid and protein targets.26,28,35–39 Although those 

biosensors have demonstrated good performance and potential for target detection, most of 

them rely on using relatively sophisticated optical microscopy systems for tracking the 

changes in the motion and speed of motor structures in the presence of target analytes. Here 

we report an approach for virus detection through monitoring the catalytic-based motion of 

nanostructures under a cellphone optical system, which can have great potential to be used 

in the development of point-of-care diagnostics.

RESULTS AND DISCUSSION

NBC System Design and Development.

This work reports the development of a system for the immunological detection of ZIKV 

using Pt-nanomotors and bead motion monitoring under a cellphone optical system (Figure 

1). In this assay, the applied Pt-nanomotors are specifically designed to interact with ZIKV 

captured on the surface of 3 μm polystyrene (PS) beads, forming a three-dimensional (3D) 

immunocomplex that moves in the presence of H2O2. While loaded on the surface of a 

single-channel microchip, the average motion velocity of the formed immunocomplexes 

(beads-virus-motors) is measured by a cellphone enabled with an optical attachment and a 

motion tracking cellphone application. The average motion velocity of the beads is then 

quantitatively correlated to the virus concentration in the tested sample. The Pt-nanomotors 

were mainly comprised of PtNPs conjugated with anti-Zika virus monoclonal antibody (anti-

ZIKV mAb) specifically targeting the envelope protein. The motors move by catalyzing the 

decomposition of H2O2, and thus in the presence of ZIKV, an abundant number of motors 

accumulates on the surface of the beads and induces their motion. In contrast, in the absence 

of virus, the motors did not bind to the surface of beads and remain free in H2O2 solution, 

resulting in a significantly lower motion velocity of beads as compared to when target 

viruses were present in the sample. The cellphone setup used in this study comprises an 

android terminal modified with a cellphone application, a disposable microchip, and an 

optical cellphone attachment. We used a MotoX cellphone (Motorola, XT1575) in 

performing the experiments in this work. The optical cellphone attachment was designed 

using SolidWorks 2016 software and fabricated using a 3D printer (UltimakerII Extended) 

with Ultimaker PLA (polylactic acid) as printing material. The microchip was prepared with 

two main layers of glass slide and poly(methyl methacrylate) (PMMA) that were assembled 

together using a laser-machined double-sided adhesive (DSA) sheet to form a single 

longitudinal channel (Figure S1). The optical attachment includes an inexpensive acrylic 

lens for image magnification, electronics, and a LED light source (Figure S2). A slide holder 

was engraved on the cellphone attachment where the microchip can be inserted into the 

setup and imaged. A customized cellphone application was developed to specifically 

identify beads in the sample and track its movement to measure its velocity and calculate the 

virus concentration. The cellphone application can record videos, enumerate beads, 

automatically calculate their motion velocity, and report the results in ∼2 min (Figure S3). 

The cellphone application is enabled with a user-friendly interface to facilitate the testing 
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process. The developed system was able to record videos of a sample at a rate of 30 frames 

per second (fps) with a maximum effective field-of-view (FOV) of 480 × 360 μm. The 

device was calibrated using a micrometer scale (Figure S4). The resolving power of the 

attachment was tested using micropolystyrene beads (3 μm). We observed that the system 

was able to visualize and detect the motion of the microbeads. The estimated material cost to 

fabricate the cellphone attachment and the used microchip was $3.59 and $0.38, respectively 

(Table S1).

Pt-Nanomotors Preparation and Characterization.

Pt-nanomotors were prepared from PtNPs functionalized with anti-ZIKV mAb following our 

surface chemistry protocol (Figure S5). This protocol relies on using a bifunctional cross-

linker of 3-(2-pyridyldithio)propionyl hydrazide (PDPH) to bind the oxidized antibodies 

through their carbohydrate residues to the surface of nanoparticles (Figure 2a). Transmission 

electron microscopy (TEM) and the corresponding size distribution histogram indicate that 

the synthesized PtNPs are spherical in shape with an average diameter of 4.37 ± 0.986 nm 

(Figure 2b). We performed Fourier transform-infrared spectroscopy (FT-IR) to characterize 

the surface chemistry and antibody immobilization. The conjugation of mAb to PtNPs 

resulted in several peaks in FT-IR analysis that are characteristic for antibodies. Figure 2c 

shows FT-IR spectra of Pt-nanomotors with different bands appearing at 2407.2, 1672.3, 

1533.4, 1315.4, 1907.5, and 862.2 cm−1, which can be assigned to C⩵O stretching, N–H 

bending, C–N stretching, C–C stretching, and S–metal bond, respectively.40,41 These bands 

correspond to the thiol–Pt bond formed by PDPH with the surface of PtNPs and to amid-I 

and -II characteristic of antibodies coupled to the surface of the PtNPs. Ultraviolet– visible 

(UV–vis) analysis of citrate-stabilized PtNPs and Pt-nanomotors (PtNPs modified with 

mAb) confirmed the stability of the synthesized nanomotors, and a strong absorption peak 

was observed at 223 nm, which is associated to the presence of the antibody as a protein 

structure (Figure 2d and Figure S6). On the other hand, the conjugation of antibodies to the 

surface of PtNPs caused retardation in the motion of the formed Pt-nanomotors (PtNPs-

mAbs) compared to non-modified PtNPs when tested on agarose gel electrophoresis, which 

can be attributed to the difference in size and charge density value between PtNPs (no 

antibodies) and the formed nanomotors (PtNPs-antibody conjugates) (Figure 2e and Figures 

S7 and S8).42 The ratio of antibody molecules per nanoparticle was estimated to be 1.792 

± 0.693 antibody molecule/PtNP based on their corresponding absorption values at 223 nm 

(Figure S6 and Supporting Methods). Therefore, approximately 6.38% of the surface of Pt-

nanomotor particle was covered with anti-ZIKV mAb, and 93.62% of the surface of PtNPs 

was available to interact with H2O2 for gas formation. In addition, this ratio of antibody 

surface coverage on Pt-nanomotors allows efficient labeling of the captured virus with 

minimum chance for the formation of large aggregates of beads, which can limit the motion 

of each complex and result in a false negative signal.

Preparation and Characterization of ZIKV-Capturing Beads.

Beads coated with anti-ZIKV envelope mAb were used to allow specific formation of Pt-

bead virus complexes by the accumulation of nanomotors on the surface of beads in the 

presence of ZIKV. Beads conjugated with anti-ZIKV mAb were prepared using a coupling 

protocol that allows the directional conjugation of antibodies to the surface of beads using 
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adipic dihydrazide (Figure 3a and Supporting Methods). Carboxylated beads were initially 

activated with adipic acid using the well-known 1-ethyl-3-(3-

(dimethylamino)propyl)carbodiimide hydrochloride(EDC)/sulfo-N-hydroxysuccinimide 

(sulfo-NHS) protocol. Then the free hydrazide groups on the surface of the beads were 

directly coupled to oxidized antibodies by sodium periodate and through their carbohydrate 

residue in FC region (Figure S9). The surface activation of beads with adipic acid was 

confirmed using ζ potential and FT-IR techniques. The ζ potential indicated a significant 

decrease to –10.2 ± 2.21 mV in the net negative surface charge of the beads after the 

activation with dihydrazide due to the presence of terminal amine with positive charge 

(Figure S10). FT-IR indicated the presence of 1720.5 and 1666.5 cm−1 vibrations that are 

characteristic for amide-I and -II groups of the adipic dihrydrazide existing on the surface of 

beads (Figure S11).40 For antibody conjugation, UV–vis spectroscopy indicated the 

presence of a strong peak at 223 nm that is specific for antibody used in our study (Figure 

S6). Using a standard curve prepared of different concentrations of anti-ZIKV antibody, the 

number of antibody molecules per each bead was ∼3 × 104 molecule (Figure 3b and Figure 

S6 and Supporting Methods). On the other hand, FT-IR analysis of bead-modified with 

antibodies showed the presence of a cluster of vibration bands at 1343.6, 1508.7, 1711.6, 

and 1920.2 cm−1 and two bands at 2907.9 and 2950.8 cm−1. The peaks at 1343.6, 1508.7, 

1711.6, and 1920.2 cm−1 can be attributed to the amide-I and II characteristic to the 

antibody as protein structures, while the peaks at 2907.9 and 2950.8 cm−1 can be attributed 

to C=O of the carboxyl groups in the PDPH cross-linker used in antibody conjugation 

protocols (Figure 3c). Virus capture and PtNP-virus complex formation on the surface of 

beads were confirmed using sodium dodecyl sulfate polyacrylamide (SDS) gel 

electrophoresis, scanning electron microscopy (SEM), and inductively coupled plasma mass 

spectroscopy (ICP-MS) techniques. SDS gel electrophoresis analysis of the virus captured 

on beads indicated the presence of an intense band at 88.2 kDa that is characteristic to the 

non-structural protein 3 (NS3) of ZIKV and also appeared in the control sample of purified 

ZIKV in PBS (Figure 3d).43,44 SEM analysis of PtNP-virus assemblies on the surface of 

beads indicated that the formed assemblies were 80–100 nm in size and that there were 

approximately 1.2 PtNP-virus complexes per 1 μm2 (Figure 3e). The formed PtNP-virus-

beads complexes were isolated by centrifugation, washed, and tested by ICP-MS technique 

to estimate the concentration of Pt metal on the surface of beads. The results confirmed the 

accumulation of Pt-nanomotors on the surface of beads in the presence of ZIKV at the rate 

of 1200 Pt-nanomotors per bead when 103 virus particles/μL were used in the reaction 

(Figure S12).

Validation of the NBC System Design for ZIKV Detection.

We initially tested the motion induction of PS beads in the presence of virus particles using 

bright-field microscopy. Aliquots of ZIKV-spiked phosphate buffer (PB) with virus 

concentrations of 106 particles/μL were added to antibody-modified beads followed by the 

addition of Pt-nanomotors to allow the formation of PtNP-bead-virus complexes (see 

Methods). The motion of the formed complexes was then tested in 10% H2O2 solution in a 

single channel microfluidic chip under light microscope and using ImageJ software. Figure 

3f,g shows the difference between the motion of beads in the presence and absence of the 

target ZIKV. Using mean squared displacement (MSD) versus time t as a model to assess the 
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motion of beads, we found that the MSD versus time did have a near linear dependence (α = 

1.0), which is typical to the case for random diffusion where α = 1 in virus-free control 

samples. On the other hand, when 106 virus particles/μL was used in 10% H2O2, a power 

dependence with α = 1.4 was observed indicating that the bead motion is specifically 

correlated to the presence of ZIKV (Figure 3f and Movies S1 and S2). The beads in ZIKV-

spiked samples were observed to move with an average velocity of 1.199 μm/sec (Figure 

S13), which was approximately 5.2-times higher than the average velocity of the beads in 

virus-free control samples. These results confirmed the ability of the virus to specifically 

induce the motion of beads when the bead-virus-PtNP complexes were formed. Trajectory 

images of the motions of beads in control ZIKV-spiked samples are shown in Figure 3f. 

Furthermore, we tested the change in the velocity of beads motion upon induction with 

different concentrations of ZIKV (from 0 particles/μL to 105 particles/μL). The results 

confirmed the ability of the virus to induce the motion of beads when assembled with Pt-

nanomotors in 15% H2O2 solution. The velocity of beads motion increased significantly 

with the increase in virus concentrations tested (Figures S14 and S15 and Movies S3–S5). 

The ability of the developed NBC system to track the motion and measure the velocity of 

beads was then validated using samples with different concentrations of ZIKV (n = 40). The 

motion tracking cellphone application was optimized to have a correlation percentage of 

89.11% with the measurements obtained by light microscopy and ImageJ software (Figure 

S16).

Evaluation of the NBC System in ZIKV Detection Using Spiked and Patient Samples.

To evaluate the performance of the NBC assay in Zika detection, we used samples spiked 

with different ZIKV concentrations ranged from 100 particles/μL to 106 particles/μL and 

non-target viruses, including dengue types 1 (DENV-1) and 2 (DENV-2), human simplex 

virus type 1 (HSV-1), and human cytomegalovirus (HCMV). The antibody-modified beads 

were mixed with the samples for virus capture on beads and then incubated with Pt 

nanomotors to allow the formation of bead-virus-NPs complexes. The motion of the beads 

was then monitored in 15% H2O2 solution using the cellphone optical system. Figure 4a 

shows the change in the beads motion velocity (ΔV) caused by the addition of different 

concentrations of ZIKV. The results showed an excellent correlation (r2 = 0.89) between the 

virus concentration and the magnitude of the beads velocity change. Based on S/N = 2.0 and 

S/N = 3.0, the detection limit of the developed NBC assay for testing the target ZIKV in PB 

is down to 1 particle/μL and 10 particles/μL, respectively (Figure S17 and Movies S6–S8). 

Trajectory images of the motions of beads with different ZIKV concentrations as recorded 

by the NBC system are shown in Figure 4b. In addition, the detection specificity of the 

system was tested using the same concentration (106 particles/μL) of the target ZIKV and 

non-starget viruses including DENV-1, DENV-2, HSV-1, and HCMV. Figure 4c presents the 

change in beads velocity (ΔV) with ZIKV, DENV-1, DENV-2, HSV-1, and HCMV. The 

increase in the beads velocity caused by the target ZIKV was significant ( P < 0.0001) 

compared with the change in the velocity of beads caused by the addition of all the non-

target viruses. Figure 4d shows representative digital images of the trajectories of beads in 

the presence of DENV-1, DENV-2, HSV-1, and HCMV. The images indicate a relatively 

slow motion of beads that is comparable to the random diffusion of beads in control samples 

(Figure 4d and Movie S9). To further confirm the potential of the NBC system for virus 
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detection in biological samples, we tested the developed system using urine and saliva 

samples spiked with ZIKV (n = 9) at three different concentrations (i.e., 101 particles/μL, 10 
3 particles/μL, and 105 particles/μL) ( Figure 5a–d). Figure 5a,b shows that the beads 

velocity change increased as the virus concentration in the sample increased and the 

cellphone system was able to detect ZIKV at concentrations as low as 101 particles/μL in 

urine samples. There was a variation in the motion velocity recorded for urine samples with 

relatively high virus concentration (105 particles/μL), which can be explained by the 

variation in the number of captured virus particles to different beads in the presence of high 

salt concentration and unfavorable pH conditions. However, we did not observe significant 

beads velocity change in virus-free control samples. These results confirmed the ability of 

the NBC system for target virus detection and particularly Zika virus in complex biological 

samples such as urine and saliva. Furthermore, we evaluated the performance of the NBC 

system in identifying the ZIKV-infected serum samples compared to the results obtained by 

the standard techniques currently approved by the U.S. Food and Drug Administration 

(FDA) and recommended by the Center for Disease Control (CDC) for qualitative detection 

of ZIKV, including CDC Zika MAC-ELISA (ZIKV IgM detection) and Aptima Zika virus 

assay (ZIKV RNA detection) (Table 1). The results indicated that the accuracy of the NBC 

system in classifying patient serum samples as positive (ZIKV-infected) and negative (non-

infected) compared to CDC Zika MAC-ELISA was 100%, while having a correlation of 

80% to Aptima Zika virus assay.

This work has demonstrated the development of the NBC system for sensitive and specific 

detection of ZIKV by leveraging the advantage of catalytic properties of Pt-nano-motors that 

are prepared with PtNPs modified with antibodies to induce the motion of microbeads in the 

presence of target virus. This study integrates bead motions and cellphone for the detection 

of viruses by using specifically designed Pt-nano-motors. The high sensitivity (1 particles/

μL, S/N = 2) of the NBC system is attributed to the efficient catalytic activity known for the 

PtNPs used in the preparation of Pt-nanomotors in our study. We specifically used PtNPs 

with ∼4.4 nm in diameter in the preparation of nanomotors to allow maximum accumulation 

of nanoparticles on the surface of virus particles captured on the beads, which leads to 

efficient induction of the motion of beads even at low concentrations of viruses. We further 

controlled the ratio of anti-ZIKV monoclonal antibody at ∼1.8 antibody molecules per 

nanomotor to preserve the catalytic activity of the motors without affecting their efficiency 

to interact with captured viruses on the surface of the beads. This optimum antibody 

concentration per PtNP further prevents the formation of aggregates during assay. Due to the 

limitation in visualizing nanomotors (<1000 nm in all dimensions) using cellphones even 

with advanced optics, beads that are micrometer in size are used in the NBC system to allow 

visualization of the motion change using a low-cost cellphone-based optical sensor. In our 

system, we used 3 μm PS beads with a density of 1.1 g/cm3 to minimize the effect of gravity 

forces on the beads and to increase the efficient detection time. Large beads can be easily 

observed using a cellphone with the aid of simple optical accessories. However, on the 

negative side, larger beads can experience larger hydrodynamic resistance in the solution, 

which demands a higher amount of nanomotors to cause a significant and detectable bead 

motion change. Also, it was necessary to use highly uniform beads that are within ∼0.16 μm 

variation in size to avoid any effect on the velocity of beads because of size variation (Figure 

Draz et al. Page 7

ACS Nano. Author manuscript; available in PMC 2019 November 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



S18). It is worth mentioning that the use of microparticles allows a highly specific motion-

based detection because of the absence of background signal from samples. This can further 

help the expansion of our system for point-of-care testing by eliminating the need for 

nanomotors separation or washing before motion testing with a cellphone. Furthermore, the 

capture of targets on beads has been known for long time to allow direct sample testing 

without the need for pretesting sample preparation steps, making the NBC system 

advantageous over the standard polymerase chain reaction (PCR)-based techniques currently 

recommended for ZIKV testing. Monoclonal antibodies that target the surface envelope 

protein and can recognize different ZIKV strains (PRVACB59, H/PF/ 2013, and MR 766, 

Figure S19) were used in the preparation of both nanomotors and virus-capturing beads to 

allow highly specific detection of ZIKV. A combination of monoclonal and polyclonal 

antibodies is commonly used in capturing and labeling steps of immunoassays. Here, we 

used a monoclonal antibody in the preparation of nanomotors and beads to limit the 

formation of Pt-nanomotor bead complex in the presence of surface antigen of the virus and 

to improve the efficiency of the developed system for virus particle detection, which is 

critical for accurate detection of ZIKV infection (Figure S20). In addition, our antibody 

immobilization scheme allows a directional conjugation of antibodies to the surface of beads 

and nanoparticles through their FC region. The directional conjugation of antibodies helps to 

preserve the full activity of antibodies. It also allows highly specific interaction with the 

target with high avidity due to the full accessibility of Fab regions that interact with the virus 

on the surface of particles. The long-term shelf life and stability of the disposables used in 

antibody-based point-of-care diagnostics are also important. Freeze-drying the surface 

chemistry can prolong the stability and shelf life of the disposables. Others have 

demonstrated long-term shelf life for target detection on plastic chips and showed that 

antibodies immobilized on-chip were stable for more than 200 days.45

CONCLUSIONS

Mobile health technologies have the great potential to transform the current paradigm in the 

management of infectious diseases particularly in resource-limited settings.46–50 The work 

reported in this manuscript shows how nanotechnology, microfluidics, and cellphones can be 

potentially used to effectively address early detection of Zika virus infection at the point-of-

care. We have demonstrated the feasibility and usefulness of a cellphone system for motion-

based detection of target viruses using the catalytic activity of nanomotors. The results of 

this study indicate that the NBC system can allow rapid and simple viral load testing and 

could potentially be used in immunoassays that require simple and rapid identification of 

viruses. The NBC system has the potential to be used for broad applications in infectious 

disease diagnosis and treatment monitoring.

METHODS

Virus Culture and Isolation.

Zika virus PRVABC59 isolated by the U.S. Center for Disease Control (CDC) from a ZIKV-

infected patient who traveled to Puerto Rico in 2015 (NCBI accession no. KU501215) was 

used in this study. Virus stock was received from CDC and propagated in the Vero cell line 
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c6/36 following the standard protocols.51 Cells were grown until confluence was reached. 

Then the growth medium was discarded, and fresh media was added and warmed up to 

33 °C. Virus was then added to the cells and incubated at 5° angle for 1 h in the incubator at 

33 °C. DMEM-5 was again added and incubated for 6 days at a slant angle of 20° in an 

incubator at 33 °C. The virus was harvested by centrifuging the cell culture media at 4000 × 

g for 30 min at 4 °C. The supernatant was then collected and aliquoted into separate vials 

containing 500 μL each.

Virus Purification and Quantification.

Zika virus particles were purified by centrifugation on sucrose gradients.52 24 mL of virus 

supernatant was loaded into an ultracentrifuge tube, and 7 mL of 20% sucrose solution was 

slowly added to the bottom of the tube. The tubes were then centrifuged for 3.5 h at 100,000 

× g and 4 °C. Then the formed virus pellet dried upside-down inside the biosafety cabinet at 

room temperature for 20 min. The virus was suspended in DMEM-30 and quantified by RT-

PCR using a Zika Real Time RT-PCR Kit (MyBiosource, Inc., San Diego, CA, USA).

Microchip Fabrication.

The microfluidic device consists of three layers: PMMA (3.175 mm; McMaster-Carr, 

8560K239) that contains the inlets and outlets of microchannels, double-sided adhesive 

(DSA) sheet (80 mm; 3M, 82603) that includes a single microfluidic channel, and a glass 

slide (25 × 75 mm; Globe Scientific, NJ, USA). The microchip design was initially prepared 

using the vector graphics editor CorelDraw X7 software. Then, the DSA and PMMA were 

cut using the VLS 2.30 CO2 laser cutter (Universal Laser systems AZ) with the laser power, 

speed, and pulse per inch of 93%, 2.3%, and 1000, respectively, for PMMA and 20%, 15%, 

500, respectively, for DSA. All the materials used in the microchip preparation, including 

PMMA, DSA, and glass slides, were cleaned with ethanol, H2O2, and DI water using lint-

free tissues. The DSA was then peeled off of one side and was applied to the clean side of 

the PMMA. After ensuring that the DSA was added properly, the other side of the DSA was 

peeled off and was stuck on to the precleaned glass slide.

Nanomotor Preparation and Characterization.

Platinum nanomotors that specifically recognize 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 no. HM325). The synthesis protocol 

begins with PtNPs synthesis followed by antibody coupling to the surface of the PtNPs. 

PtNPs were synthesized using a modified method from literature.53 All glassware used were 

cleaned with aqua regia and ultrapure water. 36 mL of a 0.2% solution of chloroplatinic acid 

hexahydrate was mixed with 464 mL of boiling DI water. 11 mL of a solution containing 1% 

sodium citrate and 0.05% citric acid was added followed by a quick injection of 5.5 mL of a 

freshly prepared 0.08% sodium borohydrate solution, containing 1% sodium citrate and 

0.05% citric acid. The reaction continued for 10 min, and the formed nanoparticles solution 

was gradually cooled down to room temperature. The formed PtNPs were modified with 3-

(2-pyridyldithio)-propionyl hydrazide (PDPH) freshly reduced by 20 mM tris(2-

carboxyethyl)phosphine (TCEP). For antibody coupling reaction, aliquots of 5 μL of 

antibody (7 mg/mL) were mixed with 10 mM of sodium metaperiodate and 0.1 M sodium 
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acetate (pH 5.5) and incubated at 4 °C in the dark for 20 min. The oxidized antibody was 

washed by using filtration column unit (Amicon Ultra-15 Centrifugal Filter Unit, cat. no. 

UFC903008) and then added to PDPH activated PtNPs and allowed to react with the 

oxidized antibody for 1 h at room temperature. The formed Pt-nanomotors were washed by a 

dialysis membrane using phosphate buffer for 3 h with mild stirring at 4 °C. The prepared 

PtNPs and Pt-nanomotors were characterized using transmission electron microscopy 

(TEM), ultraviolet–visible (UV–vis) spectroscopy, Fourier transform-infrared spectroscopy 

(FT-IR), ζ potential, and dynamic light scattering (DLS).

Beads Modification and Characterization.

ZIKV was captured on the surface of 3 μm PS beads and labeled with Pt-nanomotors. The 

protocol used for this step involves three main reactions: (1) Polystyrene beads activation 

with adipic acid. In this reaction, 20 μL of Sperotech-SPHERO carboxyl beads with 1% w/v 

was diluted in 200 μL of 0.05 M 2-(N-morpholino)ethanesulfonic acid (MES) pH 5.0, then 

activated using EDC-NHS coupling reaction by adding 100× molar concentration of adipic 

acid dihydrazide. The reaction mixture was incubated at room temperature with agitation for 

20 min. After the reaction, the activated beads were washed twice with MES buffer. (2) 

Anti-ZIKV monoclonal envelope antibody oxidation using sodium periodate following the 

described protocol in the previous section. (3) Oxidized coupling to the surface of hydrazide 

beads. The surface area of beads was calculated and the concentration of antibody was 

adjusted in a way that it covers 20%, 40%, 80%, and 100% of the beads. After optimization, 

the ratio of antibody covering the beads was optimized to be 40%. Antibody was added to 

the activated beads and was incubated for 2.5 h on the shaker 150 rpm. Excess antibody was 

washed twice. PBS was used as storage buffer for the modified beads and kept in dark at 

4 °C. The prepared beads modified with anti-ZIKV antibody were characterized using UV–

vis spectroscopy and FT-IR techniques.

Bead Motion Cellphone Assay.

The NBC system assay relies on the induction of the bead motion in the presence of target 

virus due to the formed bead-virus-PtNP complex. The working protocol comprises three 

main steps: (1) Virus capture on the surface of beads. 5 μL of the antibody-modified beads 

were added to a 1.5 mL centrifuge tube, 10 μL of ZIKV was added, and the final volume 

was made up to 100 μL with 100 mM phosphate buffer (pH 7.2). The sample was incubated 

for 20 min with mild shaking (150 rpm) at room temperature and washed twice with 

phosphate buffer to remove all non-captured viruses from the sample. (2) Pt-beads-virus 

complex formation. 20 μL of prepared Pt-nanomotors were added to the centrifuge tube and 

incubated for 20 min with mild mixing. The sample was washed 3 times using phosphate 

buffer to remove all free nanomotors. (3) Motion testing using the cellphone system. H2O2 

solution (30%) was mixed with equal volume of the prepared Pt-bead-virus complex 

solution. 10 μL of the mixture was loaded on the microfluidic device, and the motion of the 

beads was measured using the developed cellphone system. The capture of ZIKV on the 

surface of beads was confirmed using SDS gel electrophoresis and SEM techniques. The 

induction of the beads motion in the presence of ZIKV was initially tested using bright-field 

light microscopy technique. Videos of virus-free control and ZIKV-spiked samples (106 

particles/μL) were recorded under light microscopy using Snagit at 10 frames per second. 
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Then videos were analyzed using ImageJ and MtrackJ plug-in to calculate the velocities of 

beads.

Detection Performance of the NBC System.

We evaluated the sensitivity of the NBC system using serially diluted ZIKV-spiked PB 

samples with virus concentrations ranging from 100 particles/μL to 106 particles/μL. 10 μL 

of each virus concentration was tested using our bead motion testing protocol, and 10 μL of 

the formed reaction mixture was loaded into the microchip and were immediately tested 

with the cellphone. This process was repeated for all of the samples with different virus 

concentrations. One positive control with ZIKV and without nanomotors was included in all 

of the three trials. The specificity of the developed NBC assay was tested using ZIKV and 

non-target viruses, including DENV-1, DENV −2, HCMV, and HSV-1 at 106 particles/μL 

using the same protocol.

Cellphone Optical System and Software.

The cellphone setup was designed using Solid Works 2015 software and 3D printed with a 

3D printer (Ultimaker Extended II) using Ultimaker PLA (polylactic acid) as printing 

material. The setup was designed to record the videos using the cellphone rear camera. The 

optical cellphone attachment has an LED, electronics and switches, and lenses for image 

magnification. The electronic switch on the optical system is used to turn on and off the light 

source when needed. A Moto X smartphone (Motorola, XT1575) was used in this work. A 

microchip holder was engraved on the cellphone optical attachment for microchip 

manipulation and positioning. The cellphone application was designed using Android 

Studio. The cellphone application records a video of the sample for 2 min at 30 frames per 

second. The detection algorithm identifies the beads and tracks their motion to calculate the 

velocities. The virus concentration is calculated based on the bead motion change in the 

sample. The cellphone application is enabled with a user-friendly interface that can be 

operated by a lay user.

System Evaluation Using Spiked and ZIKV-Infected Patient Samples.

To evaluate the NBC system, we used ZIKV-spiked synthetic urine and artificial saliva 

samples with virus concentrations of 101 particles/μL, 103 particles/μL, and 105 particles/μL. 

ZIKV-infected serum patient samples (n = 10) purchased from Boca Biolistics, LLC 

(Pompano Beach, FL, USA) were also used for system evaluation. Each spiked sample was 

tested using our bead motion testing protocol for performance testing of NBC system.

Statistical Analyses.

Statistical analyses were performed using OriginPro 2015 (OriginLab Corporation, 

Northampton, USA) and GraphPad Prism software version 5.01 (GraphPad Software, Inc. 

La Jolla, CA, USA). Data were collected and analyzed using software, and each data point 

represents the average of a total of three independent measurements.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic of the NBC system for virus detection. (a) Operating the NBC system loaded 

with a sample. The operating NBC comprises three main components: (i) 3D printed optical 

attachment, (ii) single channel microchip for sample loading and visualization, and (iii) 

cellphone terminal. The detection protocol starts by capturing virus on the surface of 3 μm 

beads modified with anti-Zika virus monoclonal antibody (anti-ZIKV mAb) and assembling 

with Pt-nanomotors to form the Pt-ZIKV-bead complex. The Pt-nanomotors are prepared of 

spherical platinum nanoparticles (PtNPs) coupled with anti-ZIKV mAb. The presence of Pt-

nanomotors on the surface of beads induces their motion in 15% hydrogen peroxide (H2O2) 

solution. The change in the beads velocity can be analyzed using the NBC system through a 

motion tracking cellphone application. (b) Motion tracking application interface and data 

processing. Based on the detected change in the velocity of the beads, the concentration of 

the virus in the tested samples is detected, and a report for ZIKV infection is generated.
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Figure 2. 
Pt-nanomotor preparation and characterization. (a) Schematic presentation of the protocol 

used in the preparation of Pt-nanomotors. Oxidized anti-ZIKV mAb was conjugated to the 

surface of PtNPs using a bifuctional cross-linker of 3-(2-pyridyldithio)propionyl hydrazide 

(PDPH) that has a terminal thiol group bound to the metal surface of PtNPs on one side and 

a terminal hydrazide group bound to the free aldehyde group in the oxidized carbohydrate 

residue of antibody on the other side. The images show no color change or visible turbidity 

in the PtNP samples, indicating the stability of the prepared Pt-nanomotors. (b) TEM 

micrograph and particle size distribution histogram of the prepared PtNPs. (c) FT-IR 

spectrum of the prepared Pt-nanomotors showing several characteristic peaks for protein at 

1795.7 cm−1, 1672.3 cm−1, and 1533.4 cm−1. (d) UV–vis absorption spectra of PtNPs and 

the prepared Pt-nanomotors. A strong absorption peak at 260 nm was observed with Pt-

nanomotors, confirming the conjugation of antibodies to the surface of PtNPs. (e) Agarose 

gel electrophoresis of PtNPs and PtNP-mAbs (Pt-nanomotors).
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Figure 3. 
Virus capture and induction of beads motion by Pt-nanomotors. (a) Schematic presentation 

of surface modification of PS beads with anti-ZIKV mAb. (b) UV–vis absorption values at 

223 nm for beads with and without antibody modification. (c) FT-IR spectrum of the 

prepared anti-ZIKV mAb-modified beads, showing several peaks characteristics for protein 

at 1711.6, 1508.7, 1343.6, and 2907.9 cm−1. (d) SDS gel electrophoresis for ZIKV captured 

on the surface of antibody-modified beads. M: protein marker; Bead-mAb + ZIKV: virus 

captured on beads modified with anti-Zika mAb; ZIKV: Zika virus prepared in phosphate 

buffer saline at 105 particles/μL. (e) SEM analysis of beads with Pt-virus complexes. (f) 

Motion analysis of beads in the presence and absence of the target ZIKV tested under bright-

field light microscopy using 200× magnification. (g) Representative images of motion 

trajectories of beads in the presence and absence of ZIKV under light microscopy.
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Figure 4. 
Evaluation of the NBC system for ZIKV detection. Sensitivity testing of the NBC system for 

ZIKV detection: (a) the change in bead motion magnitude in the presence of different 

concentrations of ZIKV (from 100 particles/μL to 106 particles/μL); (b) trajectory images of 

the motion of beads in the control sample and samples with different concentrations of 

ZIKV. Specificity testing of the NBC system for ZIKV detection: (c) the change in bead 

motion magnitude due to ZIKV and non-target viruses, including herpes simplex virus type 

1 (HSV-1), human cytomegalovirus (HCMV), and dengue virus (DENV) types 1 and 2 were 

measured. The tested virus concentration for samples in the specificity evaluation was 106 

particles/μL; (d) trajectory images of the motion of beads in the presence of ZIKV and other 

non-target viruses. Error bars are standard deviations from a total of three independent 

measurements.

Draz et al. Page 18

ACS Nano. Author manuscript; available in PMC 2019 November 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
ZIKV detection in biological samples using the NBC system. (a) Detection of ZIKV spiked 

in urine samples with virus concentrations of 101 particles/μL, 103 particles/μL, and 105 

particles/μL. (b) Trajectory images of beads motion recorded for ZIKV-spiked urine 

samples. (c) Detection of ZIKV-spiked saliva samples with virus concentrations of 101 

particles/μL, 103 particles/μL, and 105 particles/μL. (d) Trajectory images of beads motion 

recorded for ZIKV-spiked urine samples. Error bars are standard deviations from a total of 

three independent measurements.
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Table 1.

NBC System Evaluation Using ZIKV-Infected Patient Serum Samples (n = 10)
a

CDC Zika MAC-ELISA
b

Aptima Zika virus assay
c

NBC system
d

Patient no. sample ISR value sample S/Co value sample V (μm/s)

1 positive 13.86 positive 18.51 positive 0.272

2 positive 14.96 negative 0.00 positive 0.253

3 positive 21.32 positive 31.91 positive 0.432

4 positive 3.78 positive 20.59 positive 0.208

5 positive 18.98 positive 32.91 positive 0.439

6 positive 17.25 negative 0.00 positive 0.372

7 positive 18.07 positive 33.09 positive 0.475

8 positive 14.14 positive 19.39 positive 0.246

9 positive 2.55 positive 17.18 positive 0.140

10 negative 0.60 negative 0.00 negative 0.065

a
The cellphone results were compared with the results obtained by the standard lab-based tests recommended for ZIKV detection.

b
Zika immune status ratio values (Zika ISR). Reading of ≥1.80 is positive and ≤1.60 is negative as defined by the manufacturer.

c
Signal-to-cutoff value (S/Co). Reading of >1.0 is positive and <1.0 is negative as defined by the manufacturer.

d
V is the velocity magnitude. Reading of ≥0.086 is positive and <0.086 is negative, considering S/N = 2 and the average velocity of control samples 

(no ZIKV) is 0.07 ± 0.008 μm/s.
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