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Abstract

Nanoparticle-enhanced assays read by high-magnification dark-field microscopy require time-

intensive analysis methods subject to selection bias, which can be resolved by using low 

magnification dark-field assays (LMDFA), at the cost of reduced sensitivity. We have simulated 

and experimentally validated a tunable linker-based signal amplification strategy yielding 6-fold 

enhanced LMDFA sensitivity.

Gold nanoparticles are now in relatively widespread use for a variety of applications due to 

several useful physicochemical properties. Substantial effort has also been devoted to 

developing gold nanoparticle-based biosensors for noninvasive and targeted tumor diagnosis 

and treatment1–6, but there are no widespread clinical applications for such approaches due 

to a trade-off between sensitivity and usability. We have previously described an automated 

low magnification dark-field assay (LMDFA) that reduces operator time and eliminates the 

selection bias associated with high magnification nanoparticle detection assays7,8. However, 

LMDFA has a different set of issues, including a greater susceptibility to signal artifacts, 

which can contribute to the reduced analytical sensitivity of this assay. LMDFA captures the 

signal of the entire assay well, but this means that nonspecific signals arising from sample 

contaminants or surface imperfections are also captured and can, therefore, cause artifacts 

that lower the signal-to-noise ratio (SNR) of the assay. LMDFA signal artifact effects can be 

attenuated through the use of an image processing algorithm7, but this process can reduce 

assay sensitivity, and new approaches are needed to improve LMDFA sensitivity.

In this study, we report the development of a linker-based signal amplification approach that 

can be employed to increase the sensitivity of LMDFA detection. Nanoparticles created 

using noble metals can enhance scattering by surface plasmon resonance9 and a pair of such 

closely spaced nanoparticle can produce “dimer” plasmons that can further enhance the 

scattering effect10. Simulations performed to determine optimal space between proximity 
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nanoparticles were validated by experimental approaches, which determined that linker-

based signal amplification could produce a six-fold increase in LMDFA signal, while 

retaining all the that advantages of a standard LMDFA, enhancing its potential for 

translation to clinical applications.

Theoretical modeling and simulation for amplification.

Light scattered from AuNRs is subject to plasmonic enhancement when the distance 

between two or more AuNRs falls below the threshold for the formation of a local plasmon 

effect. In LMDFA, this distance is determined by the distance between two or more target 

molecules, and thus depends upon their relative expression on a target cell or vesicle or their 

surface accumulation upon capture from a sample of interest. The plasmonic effect used in 

LMDFA should, however, be capable of direct enhancement by linking other AuNRs to an 

AuNR already bound to the target protein, cell or vesicle to amplify this specific signal 

(Figure 1a). The linker approach adds two extra binding steps to the existing LMDFA 

approach: one to bind the linker to an AuNR already bound to a target immobilized on the 

detection well surface and a second to bind additional AuNRs to the first AuNR through its 

conjugated linkers. The length of the linkers used in this approach is critical to control the 

distance between the AuNRs in these assemblies and thus nanoplasmon formation and 

signal enhancement.

Finite-difference time-domain (FDTD), Mie approximation (T-Matrix), and finite element 

method (FEM) analyses are the most common methods used to compute the scattering of 

electromagnetic radiation by metallic nanoparticles11. FDTD calculates field vector 

components in a given instant in time, and Fourier transfer near-field solution to the 

frequency domain and propagated into the far-field by surface or volume integration. FDTD 

simulation confirmed the scattering enhancement of proximity nanoparticles (Supporting 

Information, Figure S1), but could not be used to conduct large-scale simulations due to the 

computing demands required to handle the complexity of such calculations. Mie 

approximation (T-Matrix) significantly simplifies the solution of the Maxwell equations by 

considering the scattering of light arisen from spherical objects. However, while it is 

possible to approximate the scattering from ellipsoid objects12, this is not suitable for 

nanorods with complex spatial configurations. FEM solves the scattering problem by 

discretizing the Helmholtz equation to balance the computational complexity and is suitable 

for large-scale AuNR simulations.

Because the LMDFA analyzes the scattering of light from AuNR, which peaks at 650 nm, 

the FEM simulation was performed using a 650 nm incident light source, modeling variable 

distances between two AuNRs (25 × 60 nm). PEG was not included in the simulation since 

it does not deleteriously affect AuNR or AgNR scattering at 650nm13–15. Scattering 

intensity at the center of these two particles (Figure 1b) was maximized when they were 

separated by 30 nm (Figure 1c). In agreement with FDTD simulation results, FEM 

simulation (Figure 1c) revealed that AuNR proximity caused maximized plasmonic 

scattering enhancement without a spectral aggregation shift16 when the distance-to-diameter 

was ≈ 1.2. Since the LMDFA uses a halogen lamp with a 200 to 800 nm emission spectrum, 

scattering intensity produced by different AuNR separations was measured across this 
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illumination spectra (Figure 1d). The sum of the scattering intensity from all wavelengths 

was then used to evaluate scattering enhancement under halogen illumination, which 

reached a maximum when AuNRs were separated by 40 nm (Figure 1e), confirming the 

optimal spacer distance required to maximize scattering intensity without spectral shift was 

similar when using halogen illumination. Simulations of both single wavelength and broad-

spectrum illuminations indicated that there were marked declines in scattering intensity 

when particle separations exceeded 50 nm, and defined the maximum separation between 

the primary and secondary AuNRs for our amplification approach. Based on this 

observation, 2000 Da biotinylated PEG polymers (~20 nm long) were analyzed for their 

ability to amplify LMDFA signal in conjunction with streptavidin-conjugated AuNR.

To analyze how LMDFA signal should increase with particle abundance, a scaled-up 

simulation was constructed to mimic the accumulation of AuNRs on the LMDFA slide 

(Figure 1f). In this simulation, AuNRs were illuminated with a 200–800 nm light source 

positioned below the slide, and the scattered signal was detected at an angle perpendicular to 

the slide surface. Scattering intensity linearly correlated with the number of particles on the 

slide (Figure 1g), supporting the rationale for linking secondary particles to the biomarker 

probe to produce signal amplification.

Linker selection for signal amplification.

Three different linker approaches were analyzed for their ability to connect AuNR particles 

to maximize scattering intensity: the binding between an avidin-conjugated AuNR and a 

biotinylated AuNR (Figure 2a) and between AuNR-AV particles linked by PEG400 and 

PEG2000 polymers biotinylated at their termini (Figure 2c). The absorbance spectra of 

AuNR samples were analyzed in the presence and absence of AuNR aggregation as a 

surrogate for enhanced scattering, since the Mie theory indicates that nanoparticle scattering 

intensity negatively correlates with the absorbance of the nanoparticle sample17. The first 

linking strategy involves streptavidin- and biotin-modified AuNR to form the “dimer”. 

Mixtures of AuNR-AV and AuNR particles exhibited reduced absorbance relative to either 

nanoparticle alone (Figure 2b), but this effect produced only a modest increase (1.15-fold) in 

AuNR scattering. Incubation of AuNR-AV with bis-biotin functionalized PEG2000 (Biotin-

PEG2000-Biotin), however, produced a marked decrease in AuNR absorption (Figure 2d) 

corresponding to an increase in AuNR scattering. Nonsignificant absorption changes (Figure 

2d) observed upon mixing AuNR-AV and PEG2000, indicated an AuNR dimerization 

requirement for this change, and that PEG did not promote non-specific AuNR interaction or 

directly reduce sample absorption.

AuNR particles were next incubated with dilutions of biotinylated PEG400 and PEG2000 to 

analyze the effect of polymer length and concentration on AuNR-AV absorbance. Both PEG 

polymer lengths decreased AuNR absorbance in a concentration-dependent manner with 

good linear correlation (Figure 2e–h), but PEG2000 exhibited a better dynamic response 

(slope of −0.34 vs −0.18) than PEG400, where reduced absorption reflects enhanced 

scattering according to Mie theory. The greater absorption change observed in experiments 

using PEG2000 versus PEG400 as the linker may be explained by nearest neighbor 

interactions due to the rapid decay of electronic overlap between bands in adjacent 
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nanoparticles, as proposed by Remacle et al18. This observation can also be explained by the 

scattering simulation result shown in Figure 1c and e. According to Mie theory, absorption, 

extinction, and scattering coefficient changes produced upon linker addition should follow 

Δσabs = Δσext − Δσsca. AuNR interactions mediated via the PEG400 linker should exhibit a 

<20nm spacing, resulting in lower AuNR scattering, and thus lower absorption than 

PEG2000 linkers.

Signal amplification in LMDFA.

The above simulations and experiments suggested a feasible linker-based amplification 

strategy. To apply this scheme to an LMDFA, we employed a multi-step approach (Figure 

3ab) where primary AuNR-AVs bound to the biotinylated antibody immobilized on the 

assay well surface, as a surrogate to a target biomarker. These AuNR-AVs were then 

incubated with bis-biotin labeled PEG linkers and then hybridized with AuNR-AVs to 

induce AuNR dimerization. This approach resulted in 6-fold LMDFA signal amplification 

versus that detected from wells incubated with primary AuNR-AVs alone (Figure 3c). 

Analysis of a serial dilution of surface-bound primary AuNR-AV particles that were 

evaluated as a surrogate for a biomarker dilution (Figure 3d), found that linker-medidated 

AuNR-AV dimerization increased LMDFA signal detected at low AuNR-AV concentrations 

to distinguish samples that did not differ when analyzed without secondary AuNR-AV 

addition.

These results indicate that this approach can improve the LMDFA detection limit. 

Normalization of the LDMFA signal in the low concentration samples to the background 

sample (Figure 3e) revealed that this linker amplification approach also significantly 

increased the slope of LDMFA signal in response to concentration (0.17 vs 0.03) without 

affecting variability (R2; 0.82 vs 0.77), suggesting that amplification can improve the 

sensitivity of LMDFA for more precise quantitation of low concentration samples.

Conclusions

We have previously described an automated LMDFA approach that can detect exosomes 

derived from malignant or infected cells in serum samples for pancreatic cancer and TB 

screening7,8.

The use of LMDFA in these studies solved critical issues for clinical translation of 

nanoparticle-based assays, by reducing the operational complexity and bias associated with 

quantification of nanoparticle signal by high magnification image analysis, at the cost of 

reduced sensitivity.

Results of this study confirm our simulation-based hypothesis the sensitivity of LMDFAs 

can be enhanced by a linker-mediated approach to amplify the nanoplasmonic signal from 

nanoparticle probes bound to the assay target. While further refinements may be possible to 

further improve the sensitivity and throughput of LMDFAs, this study offers proof-of-

principle data that this linker-based amplification strategy can extend LMDFA sensitivity. 

Moreover, the streamlined nature of this assay and its readout suggest that such LMDFAs 

could be of useful in both research and clinical settings.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Modeling and simulation. a) LMDFA amplification scheme. Simulated b) heat map and c) 

intensity plot of scattering intensity versus distance between AuNR pairs with 650nm 

incident light source. Graph of d) the scattering intensity spectrum and e) its summed 

intensity versus distance between AuNR pairs under broad spectrum (200–800 nm) 

illumination. Simulation of the scattering signal generated under 200–800 nm illumination 

showing the f) scatter distribution from an AuNR array (see Figure S2 for details) and g) 

scatter intensity versus AuNR number in this the array.
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Figure 2. 
a,b) AuNR avidin-biotin signal amplification schemes and UV-IR absorption spectrum of the 

unlinked and linked AuNR particles. c,d) AuNR-AV PEG-biotin signal amplification 

scheme and UV-IR absorption spectra. e,g ) UV-IR absorption spectra and f,h) 650 nm 

scattering intensity detected with AuNR-AV mixed with bis-biotin PEG400 and PEG2000 

linker dilutions, respectively. Data points represent mean ± SE, n = 4.
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Figure 3. 
a) SEM images of unlinked and linked AuNR. b,c) LMDFA amplification scheme and 

comparison of signal from single and dimerized AuNR-AVs. d) LMDFA response from 

serially diluted primary AuNR-AVs bound to the surface of the assay well with or without 

hybridization to a fixed concentration of secondary AuNR-AVs after incubation with bis-

biotin PEG2000 linker, where the response at low primary AuNR-AV concentration (small 

boxed region) is background-normalized and regraphed to e). Data points represent mean ± 

SE, n = 4.
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