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Abstract

Rapid point-of-care (POC) diagnostic devices are needed for field-forward screening of severe 

acute systemic febrile illnesses. Multiplexed rapid lateral flow diagnostics have the potential to 

distinguish among multiple pathogens, thereby facilitating diagnosis and improving patient care. 

Here, we present a platform for multiplexed pathogen detection using multi-colored silver 

nanoplates. This design requires no external excitation source and permits multiplexed analysis in 

a single channel, facilitating integration and manufacturing.

Lateral flow technology is well-suited to point-of-care (POC) disease diagnostics because it 

is robust and inexpensive, without requiring power, a cold chain for storage and transport, or 

specialized reagents. 1 Multiplexing, the detection of more than one marker in a single strip, 

offers further advantages for increasing speed and lowering costs by screening for multiple 

pathogens simultaneously.2 While traditional lateral flow devices such as pregnancy tests 

screen for a single marker, recent technical advances permit multiplexing by spatial 

separation of lines on a single strip, or branched flow into separate test areas. 3-5 Potential 

disadvantages of multiplexing include non-specific binding and crossover, leading to false 

positive results. Here, we exploit the size-dependent optical properties of silver 

nanoparticles (Ag NPs) to construct a multiplexed lateral flow POC sensor. We conjugate 

triangular plate-shaped AgNPs of varying sizes to antibodies that bind to specific 
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biomarkers, and thus use NP color to distinguish among three pathogens that cause a febrile 

illness. Because positive test lines can be imaged by eye or by using a mobile phone camera, 

the approach is adaptable to low-resource, widely deployable settings.

Noble metal NPs are attractive for lateral flow POC diagnostics because they are visible 

without an external excitation source or emission sensor, and unlike small-molecule dyes, 

resist photobleaching.6-9 In addition, NP molar extinction coefficients typically exceed those 

of dyes by several orders of magnitude (108 vs. 104 M−1cm−1).10 NP surface area is large 

and available for biofunctionalization with an antibody or nucleic acid aptamer that can bind 

to specific targets. More importantly, the colorimetric properties of NPs can be tuned by 

varying shape and/or size.11 Triangular plate-shaped silver NPs (AgNPs) have narrow 

absorbances that are tunable through the visible spectrum,12 resulting in easily 

distinguishable colors. AgNPs were synthesized using a seed-mediated growth method.13 

Growth of the yellow seeds to large AgNPs resulted in color changes from yellow to orange, 

red, blue, and green (Fig. 1a), with expected absorption spectrum shifts (Fig. 1b). Growth 

also resulted in a morphology change from spherical particles to triangular nanoplates (Fig. 

1c-f). The AgNP colors are evident and distinguishable from one another when applied to 

paper and dried (Fig. 1g). TEM imaging (Fig. 1c-f) and dynamic light scattering (DLS, Fig. 

1h, open symbols) confirmed that the NPs had distinct sizes, with mean diameters of 

Dorange= 30 ± 7 nm, Dred = 41 ± 6 nm, and Dgreen = 47 ± 8 nm (Fig. 1g).

AgNPs were prepared for lateral flow chromatography by conjugating antibodies to the NPs. 

Combining antibodies with AgNP in solution results in antibody binding to the AgNP 

mainly by electrostatic adsorption. Antibodies recognizing dengue virus (DENV) NS1 

protein, Yellow Fever Virus (YFV) NS1 protein, and Ebola virus, Zaire strain (ZEBOV) 

glycoprotein GP were used. Ebola belongs to the Filoviridae virus family, while DENV and 

YFV are members of the Flaviviridae family. Our goal was to demonstrate detection 

without cross-contamination. We identified and characterized pairs of monoclonal 

antibodies directed against DENV NS1 (antibodies F4.24 and 8H7.G10, generated in our 

laboratory), YFV NS1 (antibody 9NS1, provided by Dr, Michael Diamond)14 and well as 

ZEBOV glycoprotein (GP) (anti-ZEBOV antibodies, IBT Bioservices). Orange AgNPs, red 

AgNPs, and green AgNPs were conjugated with anti-YFV NS1 monoclonal antibody 

(mAb), anti-ZEBOV GP mAb, or anti-DENV NS1 mAb, respectively. After conjugation, 

AgNP surfaces were backfilled with thiolated PEG (mPEG-SH, MW=5,000) to enhance 

conjugate stability. Upon conjugation, the mean hydrodynamic size increased by ~50 nm 

(Fig. 1h), and the negative charge decreased (Fig. 1i), suggesting successful 

functionalization of the AgNPs with the antibodies.

As shown in the schematic (Fig. 2a), the components of a lateral flow chromatography assay 

include a sample pad (SP), conjugate pad (CP), nitrocellulose membrane (NC), and wick/

absorbent pad. Each nitrocellulose fluidic pathway has four detection areas: a blank area to 

assess background binding to the NC, a second blank area that can be used to assess non-

specific binding to an unrelated antibody, test area, and positive control area (bottom to top). 

The final component is the absorbent pad, which wicks fluid by capillary action. Conjugated 

AgNP-Ab were pipetted onto conjugate pads (CP) of the lateral flow assemblies, yielding 

orange, red, and green colors. The fourth CP (l-r, Fig. 2a) is brown because it was loaded 
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with a mixture of all three colored AgNPs. Complexes that yield a positive test result are 

shown schematically (Fig. 2b). A “sandwich” is formed when the viral protein ligand (NS1 

or GP) is bound by both the antibody conjugated to the NP, and to the capture antibody 

loaded onto the test area of the nitrocellulose membrane. In a typical run, the sample 

solution containing the antigen (NS1 protein of DENV or YFV; GP of ZEBOV) is loaded 

into the sample pad. The liquid migrates through the CP, where the antigen binds to the 

AgNP-Ab. The AgNP-Ab/antigen complex then wicks through the strip by capillary action. 

As specific AgNP-Ab/antigen complexes flow through the strip, they are captured by the 

antibodies printed at the test line, creating a colored band at the test detection area. A 

positive control detection area is essential to demonstrate that the test ran completely and 

that the reagents were functional. We used positive control antibody that detects the Fc 

region of antibodies coupled to the NP. A colored test area is present at the positive control 

area due to the antibody on the AgNPs binding to an anti-immunoglobulin antibody loaded 

at the positive control detection area. Excess unbound AgNP-Ab flow into the absorbent 

pad.

A limit of detection analysis (LOD) for each of the three viral proteins is shown in Figure 

2c-e. Antibody pairs (conjugated to the AgNP or loaded onto the test detection area) were 

specific to the YFV NS1 protein (orange, Fig. 2c), Ebola GP (red, Fig. 2d) or Dengue NS1 

protein (green, Fig. 2e). The positive control detection area was loaded with anti-mouse 

immunoglobulin antibody to capture any mouse anti-human antibodies. Equal volumes of 

solutions containing the indicated protein concentrations were spiked into human serum 

(human male AB plasma purchased from Sigma Aldrich) loaded onto the sample pads 

(0-500 ng/ml). Positive signals at the positive control detection area confirmed that the test 

ran to completion and that AgNP-Ab were functional. In the absence of antigen, the test line 

was blank, indicating that AgNP-Ab-antigen binding is specific, and that non-specific 

adsorption of the AgNP-Ab to the test line was undetectable. LODs for YFV, DENV, and 

ZEBOV proteins were all in the range of 150 ng/mL. The maximal dengue NS1 serum 

concentration has been estimated to be 15-50 ug/ml15, 16. Therefore, our observed LOD is 

estimated to be 100-300X lower than this value, providing a significant window for early 

detection at lower serum NS1 concentrations. For DENV NS1, the LOD is more sensitive 

than the reported LOD of NS1 protein detected by the paper based lateral flow device.17 The 

values for ZEBOV GP and YFV NS1 levels in human serum after infection have not been 

reported. Three independent measurements made from separate conjugation and antigen 

were repeated for LOD and the results are evaluated by ImageJ (Fig S1). RGB analysis 

using ImageJ further distinguished and characterized the AgNP (orange NPs: R =162 ± 15, 

G = 79 ± 10, B = 60 ± 4; red NPs: R = 219 ± 5, G = 101 ± 8, B = 151 ± 7; green NPs: R = 

104 ± 13, G = 111 ± 15, B = 96 ± 14).

Multiplexed detection was explored using two different platforms. First, conjugate pads 

were prepared by loading with a mixture of orange, red, and green AgNPs conjugated with 

antibodies directed against YFV NS1 (orange), ZEBOV GP (red), and DENV NS1 (green), 

respectively (Fig. 3a). The second (“capture”) antibody directed against the viral protein was 

loaded separately onto individual detection areas of the fluidic paths. The sample pad of 

strip 1 was loaded with human serum only. The signal at each of the detection areas is 

undetectable, demonstrating very low background binding signal. When YFV NS1 (strip 2), 
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ZEBOV GP (strip 3) or DENV NS1 (strip 4) protein was applied to the sample pad, the 

orange, red, and green signals were observed only at the corresponding test detection area 

where the respective capture antibodies were loaded (strips 2-4). Again, background/non-

specific binding at other test detection areas was minimal. When all three proteins were 

combined and applied to the sample pad (strip 5), orange, red, and green signals were 

observed at the position corresponding to the respective capture antibodies. The control 

detection area of each test was brown due to the presence of orange, red, and green AgNPs. 

RGB values of the control detection area indicated that all three colors of AgNPs were 

present (Supporting Information). The clear signal and low background/non-specific binding 

in each of the tests demonstrate effective multiplexed detection using mixtures of conjugated 

AgNPs with single capture antibodies loaded at the detection areas.

We next tested multiplexing by loading a single membrane detection area with a mixture of 

capture antibodies. The rationale of this approach is to reduce the number of test detection 

areas from three (Fig. 3a) to one (Fig. 3b). The three monoclonal capture antibodies were 

mixed at equimolar concentrations and then printed onto a single detection area on the test 

strip. Conjugate pads were again loaded with a mixture of the three AgNP-Ab conjugates. 

The predicted result of the experiment was that the single test detection area would be 

orange if YFV NS1 were present, red if ZEBOV GP were present, or green if DENV NS1 

were present. Indeed, data are consistent with predicted results (Fig. 3b, strips 2-4). When all 

three proteins were mixed, the detection area was brown due to the mixture of orange, red, 

and green nanoparticles. RGB analysis was used to quantify the test line colors (Fig. S2 and 

S3), and the results showed that the values were similar to those of the individual AgNPs 

used in the lateral flow (Fig. 2c-e). The RGB value of each test is plotted in three axes (R, G, 

and B) (Fig. 3c). Each antigen detection forms an ellipse and none of ellipses overlap with 

the others, indicating that non-specific binding was not detected and that AgNP-Abs could 

bind without crossover reactivity. These data strongly suggest that multiplexed detection can 

be achieved in a single test line, which can facilitate miniaturization by increasing the 

number of targeted antigens in a given strip. This detection configuration could reduce test 

strip dimensions and simplify device design, potentially reducing material costs.

Conclusions

In summary, AgNP optical properties can be utilized for multiplexed POC diagnostics for 

infectious disease using their size-tunable absorption spectra. Distinguishing the color of the 

test lines can distinguish between different biomarkers, which can be achieved in a variety 

of formats including mobile phone apps.18-20 LODs for the biomarkers of each disease were 

150ng/mL. This type of design is ready for multiplexed detection with reduced device 

dimensions and cost.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
AgNPs for multiplexed detection. a) Vials of AgNPs during stepwise growth and b) their 

corresponding absorption spectra. TEM images of c) Ag seeds, d) orange AgNPs, e) red 

AgNPs, and f) green AgNPs. Scale bars: 50nm. g) Green, red, and orange (top to bottom) 

AgNPs on nitrocellulose paper. h) DLS and i) zeta-potential of AgNPs before and after mAb 

conjugation.
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Fig. 2. 
Individual testing of YFV, ZEBOV, and DENV using AgNPs. a) L-R, lateral flow strips 

with conjugate pads (CP) loaded individually with orange, red, and green AgNPs conjugated 

to mAbs (strips 1-3); the conjugate pad in strip 4 is loaded with a mixture of the three 

AgNP-Ab conjugates and is therefore brown in color. The NC strip is 20 mm X 3 mm. b) 

Schematic of the sandwich assay. AgNPs of each color are specific to a pathogen marker 

protein. Orange, red, and green AgNPs were conjugated with mAbs specific to YFV NS1, 

ZEBOV GP, and DENV NS1, respectively. (c)-(e) Limit of detection (LOD) of YFV NS1, 

ZEBOV GP, and DENV NS1 using the different AgNP-Abs. The YFV NS1, ZEBOV GP, 

and DENV NS1 antigen is purchased from the Native Antigen company, IBT Bioservices, 

and ProSpec, respectively. Test and control antibodies were printed in lines spaced by 2.5 

mm using 50 nL droplets at a 0.5 mm pitch (Digilab MicroSys) at 2 mg/mL onto HiFlow 

Plus nitrocellulose membrane (240 s/cm flow rate; Millipore). The repeated LOD results are 

presented as Supporting Information (Fig S1).
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Fig. 3. 
Multiplexed detection using AgNPs. a) Antibodies for viral proteins were printed on 

individual detection areas. A mixture of AgNP conjugated to anti-DENV NS1, anti-ZEBOV 

GP, and anti-YF NS1. When each of the infectious diseases is detected, the corresponding 

AgNPs forms a colored band at the specific line. b) Biomarkers are combined and printed 

into a single test line, which has a band of a different color depending on the antigen 

present: YFV: orange; EV: red; DV: green. The concentration of each antigen was 150 

ng/mL. c) The RGB value of each antigen detection was plotted as an ellipse in 3D. The 

center of the ellipse is the mean RGB value and the length of the axes is the standard 

deviation. The standard deviations d calculated by Anova analysis on the order of 10−4 and 

that the differences between the test line relative to the control experiment (mock) are 

statistically significant. P values are <0.0005.
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