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Abstract 

Lateral flow tests, commonly based on metal plasmonic nanoparticles, are rapid, robust, and low-cost. 

However, improvements in analytical sensitivity are required to allow detection of low-abundance 

biomarkers, for example detection of low antigen concentrations for earlier or asymptomatic 

diagnosis of infectious diseases. Efforts to improve sensitivity often require changes to the assay. Here, 

we developed optical methods to improve the sensitivity of absorption-based lateral flow tests, 

requiring no assay modifications to existing tests. We experimentally compared five different lock-in 

and subtraction-based methods, exploiting the narrow plasmonic peak of gold nanoparticles for 

background removal by imaging at different light wavelengths. A statistical framework and three 

fitting models were used to compare limits of detection, giving a 2.0-5.4-fold improvement. We then 

demonstrated the broad applicability of the method to an ultrasensitive assay, designing 530 nm 

composite nanoparticles to increase the particle volume, and therefore light absorption per particle, 

whilst retaining the plasmonic peak to allow background removal and without adding any assay steps. 

This multifaceted, modular approach gave a combined 58-fold improvement in the fundamental limit 

of detection using a biotin-avidin model over 50 nm gold nanoparticles with single-wavelength 

imaging. Applying to a sandwich assay for the detection of HIV capsid protein gave a limit of 

detection of 170 fM. Additionally, we developed an open-source software tool for performing the 

detection limit analysis used in this work. 
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1 Introduction 

Infectious diseases represent an enormous global health challenge in our increasingly connected 

world. The ongoing COVID-19 pandemic has seen 272 million confirmed cases and 5.3 million deaths 

worldwide at the time of writing (World Health Organization, 2021), and caused enormous economic 

damage (The World Bank, 2020). The HIV pandemic has seen 76 million infections, causing almost 33 

million deaths as of 2019 (UNAIDS, 2020). Early detection is crucial to reducing the impact of 

infectious disease outbreaks, helping to both reduce spread by informing action to prevent onwards 

transmission – 7.1 million people living with HIV are unaware of their status (UNAIDS, 2020), around 

one quarter of SARS-CoV-2 infections are asymptomatic (Buitrago-Garcia et al., 2020); and improve 

individual patient prognosis from earlier treatment (May et al., 2011). 

Absorption based lateral flow assays (LFAs) are among the most common tests used worldwide. They 

are low-cost, easy-to-use, including for self-testing, and can be read by eye, or by a camera or 

smartphone with (Mudanyali et al., 2012) or without a dedicated reader (Loynachan et al., 2018), 

eliminating the need for external equipment (World Health Organization, 2012). However, the 

sensitivity of these tests remains a key challenge, with many unable to detect low levels of biomarkers 

needed for early detection of infectious diseases. This has been emphasised by the low reported 

sensitivities of SARS-CoV-2 LFAs (The University of Liverpool, 2020). 

Ngom et al. (Ngom et al., 2010) found that 75% of LFAs used colloidal gold nanoparticle (AuNP) 

labels. The sensitivity of these tests is limited by the absorption per particle, and the variation of the 

nitrocellulose background (due to its porous structure), which can mask faint test lines generated by 

low levels of biomarkers. The absorption of AuNPs is related to their size, which is limited by two 

factors: AuNPs become less stable, and therefore more difficult to functionalise above diameters of 

~40-50 nm (Laitinen and Vuento, 1996); secondly when the diameter of AuNPs increases above ~100 

nm the plasmonic absorption peak broadens, limiting peak absorption (Cytodiagnostics, n.d.; Link and 

El-Sayed, 1999). 

Various strategies have been used to improve the sensitivity of AuNP-based assays by increasing the 

absorption of the labels, including binding multiple AuNPs using a secondary antibody (Rivas et al., 

2015), binding AuNP aggregates (Hu et al., 2013) and chains (Ruiz-Sanchez et al., 2017) (2.5 and 4-fold 

improvements in sensitivity, respectively), the use of double-layer gold (Choi et al., 2010) (100-fold 

improvement), the use of silver (Rodríguez et al., 2016) (3-fold improvement) and gold (Fu et al., 2012) 

(4-fold improvement) ion deposition for signal enhancement, and AuNP-patterned magnetic 

nanoparticles (Tang et al., 2009) (3-fold improvement over AuNPs). Thermal contrast imaging gave an 

8-fold improvement over conventional optical imaging (Wang et al., 2016). Evans et al. impregnated 

paper membranes with silica nanoparticles to improve colour uniformity, reporting a 2-fold 

improvement (Evans et al., 2014). However, these methods require significant changes to the assay, 

extra steps, or specific readout equipment. In addition, enzymatic nanoparticles have been used to 

amplify readout (Loynachan et al., 2018), but require an additional step. 

The narrow plasmonic absorption peak of 50 nm AuNPs contrasts the absorption of the nitrocellulose 

paper LFA substrate, which absorbs uniformly over a broad frequency range. This work aims to exploit 

this difference to investigate a variety of light frequency-based methods for improving the signal-to-

noise ratio by background removal, applicable to existing LFAs without changing the assay. 

Improvements in signal-to-noise ratio should translate into improvements in limits of detection 

(analytical sensitivity). Although to the best of our knowledge this is the first time this approach has 

been applied to adsorption-based LFAs, ratiometric methods are widely used (Huang et al., 2018), 

including a similar method in a fluorescence-mode LFA with quantum dots, which allowed imaging 
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without optical filters, successfully reducing the excitation intensity variability (Shah et al., 2018). Bond 

et al. (Bond et al., 2013) also used transmission measurements with red and green light emitting 

diodes (LEDs), subtracting the two extinction coefficients to measure haemoglobin levels in blood 

spots on paper. 

In this work the use of image subtraction, and three other techniques using light wavelength 

modulation to employ frequency-based lock-in amplification (analogous to (Miller et al., 2020)) were 

investigated to improve the sensitivity of LFAs, without requiring any modifications to the test itself. 

This would allow integration into existing rapid testing workflows. This method was then extended to 

three plasmonic nanoparticle types, including a composite particle approach, to further improve 

sensitivity. Fundamental limits of detection (LODs) were quantified using a biotin-avidin model assay, 

and the best system was applied to an HIV diagnostic, detecting the p24 capsid protein. 

2 Material and methods 

2.1 Nanoparticle synthesis and conjugation 

2.1.1 PS-AuNP preparation 

250 µL of a 0.15 wt% solution of cationic amine-terminated polystyrene nanoparticles (Ikerlat 

Polymers) in water in a glass vial. This was diluted with 2,250 µL of distilled water. 2,500 µL of citrate-

capped 14.5 nm gold nanoparticles were added rapidly with mixing and incubated at room 

temperature for 1.5 hr to yield polystyrene nanoparticles decorated with gold nanoparticles (PS-

AuNPs). Aliquots were taken for subsequent modification. 

2.1.2 Biotin-conjugated PS-AuNPs 

A 1 mL aliquot of the PS-AuNPs was mixed with 250 µL of 1 mg/mL BSA in PBS was added and 

incubated for 1 hr at room temperature on a microcentrifuge tube shaker at 500 rpm. The particles 

were washed twice by centrifugation at 1,000 rcf for 10 min (an initial resuspension in 1 mL of milli-Q 

followed by a final resuspension in 200 µL). To this suspension, 2 µL of 50 mM EZ-Link NHS-PEG12-

Biotin (Thermo Fisher Scientific) was added and incubated for 30 min at room temperature on a 500-

rpm shaker. Following this, the suspension was washed by centrifugation at 800 rcf (10 min) and 

resuspension in 0.2 wt% β-casein 0.1 wt% Tween 20 (Sigma-Aldrich) in PBS for 3 wash cycles. 

2.1.3 Anti-p24-conjugated PS-AuNPs 

A 1 mL aliquot of the PS-AuNPs was mixed with a premixed solution of 100 µL of HEPES 100 mM pH 

7.4 and 3 µL of 3.55 mg/mL anti-p24 antibody (Capricorn Products, HIV-018-48303). This mixture was 

incubated for 1.25 hr at room temperature. Blocking was performed by adding 200 µL of 2 wt% β-

casein in PBS to this mixture followed by vortexing. This mixture was left for 2 hr at room temperature. 

This mixture was then washed by centrifugation (4 washes at 750 rcf for 10 min) and resuspended in 

0.1 wt% β-casein, 0.1 vol% Tween 20 in PBS each time. The final resuspension was into 100 µL, and 

aliquots were combined as necessary for experiments. 

2.1.4 Particle characterisation 

Particle absorption spectra were measured using a Nanodrop OneC (Thermo Fisher Scientific) to check 

for aggregation and absorption properties. Dynamic light scattering (DLS, Zeta Sizer Nanoseries, 

Malvern Instruments, Ltd.) was used to characterise the hydrodynamic diameter and monodispersity 

of nanoparticles. Monodispersity was also measured by imaging the fluorescence of the PS particles 

using a microscope (Olympus BX-51). Samples for transmission electron miscroscopy (TEM) were 

prepared by drop casting the BSA-biotin PS-AuNPs to a TEM copper grid (CF-400-Cu, Electron 

Microscopy Sciences) which was then dried in air for 30 min. Nanoparticle TEM samples were imaged 
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on a JEOL 2100F Transmission Electron Microscope at 200 kV with a beam current of 101 µA}. TEM 

micrographs were captured with the Gatan Orius SC1000 camera at magnifications of 25,000x and 

60,000x. 

2.2 LFA procedure 

2.2.1 Biotin-avidin model 

Biotinylated 50 and 100 nm AuNPs (Sigma-Aldrich) were serially-diluted in running buffer (PBS, 5 wt% 

BSA 0.05 vol% Tween 20 (Sigma-Aldrich)). PS-AuNPs were diluted in 0.2 wt% β-casein 0.1 wt% Tween 

20 (Sigma-Aldrich) in PBS. 50 µL of resulting suspensions were run on LFAs, printed with poly-

streptavidin test lines (Mologic). 

2.2.2 HIV capsid antigen detection 

A serial dilution of p24 antigen was performed in a pseudo-serum buffer (fetal bovine serum + 0.1 

vol% Tween 20). 50 µL of these solutions were mixed with 10 µL of a biotinylated anti-p24 nanobody 

(Loynachan et al., 2018), and 10 µL of anti-p24-functionalised PS-AuNPs (0.1 nM). The resulting 

suspensions were run on LFAs, printed with poly-streptavidin test lines (Mologic). After running, 50 µL 

of wash buffer (PBS, 0.1 wt% β-casein, 0.1 vol% Tween 20) was run on the strips. 

2.3 LFA imaging 

LFAs were imaged with a microscope (Olympus BX-51) in brightfield reflection mode at a 

magnification of 5X using a 16-channel LED light source (CoolLED pE-4000) and an sCMOS camera 

(Hamamatsu ORCA-Flash4.0 V3). Images were taken at under illumination from each of the 16 LEDs. 

Image capture at different illumination wavelengths was automated using µManager (Edelstein et al., 

2014). 

To take image sequences under a wavelength-switching light source the light source was controlled 

using a combination of a PC and a microcontroller (Arduino Nano 3.0). The PC USB ‘Virtual Serial Port’ 

interface was used in Matlab to set the LED channels to analogue mode. Two outputs of the 

microcontroller were then connected to the analogue inputs of the light source via the pE-Expansion 

Box (CoolLED), one directly, giving the 5V from the microcontroller, and one via a small transistor 

circuit connected to an analogue voltage source, allowing analogue control of voltage input to the 

second channel of the light source. This meant the reflected intensity of the two channels can be 

matched using a blank strip, giving constant intensity whilst switching wavelength. The 

microcontroller was then programmed to alternate the channels to switch wavelength at a set 

frequency. HCImage Live (Hamamatsu) was used to capture image sequences of 1200 images at a 

sampling rate of 20 Hz and an exposure time of 50 ms. 

2.4 LOD analysis 

Captured images were analysed experimentally by the following five methods: 

(1) Green Illumination: After capturing single images under 525 nm illumination, images were 

normalised by flattening the histogram using the HistrogramTransform function in 

Mathematica (Wolfram). Images were then averaged (mean) across their width (perpendicular 

to the flow) to produce one-dimensional spatial line profiles along the LFA strip (flow 

direction). To remove vignetting (see Figure 4b), a moving average of the mean of the 

negative controls was subtracted from all line profiles. The peak heights were then calculated 

by finding the location of the absolute maximum of the line profile. Different numbers of 

pixels were averaged around this maximum to give the final peak value (Matlab, Mathworks). 

(2) Subtracted: two images were taken under 525 and 660 nm illumination for each strip. 525 nm 

matches the absorption peak for AuNPs, whilst there is little absorption from AuNPs at 
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660nm. The nitrocellulose background (and negative controls) absorbs approximately 

uniformly over both wavelengths. The illumination intensities are tuned to keep the imaged 

intensity of the negative controls equal for the two illumination wavelengths. These resulting 

images were normalised as above, then subtracted (ImageSubtract) to produce a 

difference image, which was normalised again. Peaks sizes were then quantified as in (1). This 

procedure is shown schematically in Supplementary Figure 1. 

(3) Lock-in analysis: 15 s image sequences were captured under wavelength-switching 

illumination, switching between 525 and 660 nm at a rate of 5 Hz. Due to the AuNP and 

background absorptions under each wavelength, described above, this appears to cause the 

test line to flash at 5 Hz, whilst the background remains constant, as shown in the 

Supplementary Animation. Separating the 5 Hz signal from the constant signal, therefore, 

separates the AuNP signal from the background, allowing background removal. This was first 

performed by averaging each image in the sequence to produce a one-dimensional time 

series. A lock-in algorithm was applied to quantify the amplitude of the 5 Hz (modulation 

frequency) component of the time series, corresponding to contribution of the AuNPs to the 

absorption. The lock-in algorithm is described in full by Miller et al. (Miller, 2019; Miller et al., 

2020). This procedure is detailed schematically in Supplementary Figure 2. 

(4) Line-wise lock-in analysis: Image sequences were captured as in (3). Then, each image in the 

sequences was averaged across its width (perpendicular to the test line) to produce a line 

profile along the LFA strip at each time point. This is then two-dimensional dataset (one 

spatial dimension along the strip and time) is then transposed to produce a set of time-series, 

one for each point along the strip. The lock-in algorithm was then applied to each time-series 

to produce a lock-in value (representing the magnitude of the 5 Hz AuNP signal) at each 

point along the LFA strip. These points produce an ‘enhanced line profile’, which was then 

analysed as described in (1). This is detailed in Supplementary Figure 3. 

(5) Pixelwise lock-in analysis: Image sequences were captured as in (3). The three-dimensional 

dataset was reshaped to produce a set of time-series, one for each pixel of the camera field-

of-view. Lock-in analysis was then applied to each time-series to produce a set of lock-in 

values, one for each pixel. These were then reconstructed into an ‘enhanced image’, which was 

analysed as in (1). This is detailed in Supplementary Figure 4. 

The same LFA strips were used for the five methods, to compare the data capture methods 

experimentally without introducing additional variation. The peak sizes from each of these methods 

were used to calculate the LODs using an extended version of the method presented by Holstein et al. 

(Holstein et al., 2015). For each of the five data capture methods, three fitting models were compared: 

the Langmuir adsorption model (Supplementary Equation 1), the four-parameter logistic regression 

(Supplementary Equation 12), and five-parameter logistic regression (Supplementary Equation 25 

(Dunn and Wild, 2013)). Before analysis, log-transformations of concentration and peak size were 

performed (log(Peak Size + 2)). The method was also extended to include a G test (’t Lam, 2010) to 

exclude outlier variances when calculating the average variance for the positive peak sizes. This 

hypothesis test assumes the variances should be constant, and not vary with signal or concentration. 

To ensure that the variance was constant, a log transformation was performed to normalise the 

variance across different signals and concentrations. 

2.5 LOD software tool 

The software tool was developed using the Matlab App Designer in Matlab 2021a. It includes code 

from (Brewer, 2021; Cobeldick, 2021; Danz, 2021; Trujillo-Ortiz, 2021a, 2021b) 
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3 Results and Discussion 

An illustration of the principle is shown in Figure 1. Plasmonic nanoparticles, such as gold 

nanoparticles, are commonly used in LFAs, where they bind via a sandwich assay to the nitrocellulose 

substrate. Figure 1a shows a sandwich assay used here for the detection of the HIV capsid protein. The 

accumulation of nanoparticles at the test line generates a coloured line due to the wavelength-specific 

absorption of plasmonic nanoparticles. In the case of the nanoparticles used here, light is strongly 

absorbed in the green region, generating a red-coloured test line in the presence of a target 

biomarker, whilst nitrocellulose absorbs over a broad wavelength-range. In Figure 1b, their respective 

spectra are plotted along with the 525 and 660 nm LED spectra and the camera quantum efficiency. 

Multiplying gives the resultant spectra, showing strong absorption under green illumination but not 

red by the AuNPs, and absorption under both wavelengths by the nitrocellulose. This difference was 

exploited to remove the background absorption of the nitrocellulose substrate from the images. 

The simplest method was performed by imaging under 525 and 660 nm illumination, and taking the 

difference of the resulting normalised images (Figure 1c). Although higher wavelengths would give 

slightly lower gold nanoparticle absorption, 660 nm is convenient due to the wider availability of LEDs 

and camera sensors. This principle was then extended to frequency-based lock-in amplification by 

using a light source whose wavelength switches between 525 and 660 nm at a fixed modulation 

frequency of 5 Hz, as shown in Supplementary Figure 2. 

 

Figure 1: Principle of two-wavelength background subtraction. a An illustration of the LFA: plasmonic nanoparticles 

are immobilised on a nitrocellulose membrane in the presence of the HIV capsid protein. Nanoparticles used in this 

paper are 50 and 100 nm gold nanoparticles (AuNPs), and 530 nm polystyrene-AuNP composite particles. The strip 

is imaged under two different light frequencies, both of which are absorbed and reflected similarly by the 

nitrocellulose, but only one of which is strongly absorbed by the gold nanoparticles, allowing for subtraction of the 

background by various methods. Modelling of the relative absorption of AuNPs and nitrocellulose under 525 and 

660 nm illumination is shown in b. Multiplying their absorption spectra (dash-dotted lines) by the LED spectra 

(dashed lines) and the camera quantum efficiency spectrum (dotted lines) gives the relation absorption under each 

illumination condition (solid lines). c The principle of two-wavelength image subtraction. Two images are taken 

under two different illumination wavelengths: 525 nm, matching the peak light absorption of AuNPs, and 660 nm, 
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where there is minimal absorption from AuNPs. The nitrocellulose background absorbs uniformly at both 

wavelengths. Pixelwise subtraction of the two images gives a difference image with background and background 

variation removed, improving signal-to-background ratio, and therefore analytical sensitivity. 

3.1 Comparison of data capture methods and fitting models 

A biotin-avidin model was used to test the fundamental LODs of five data capture methods in an 

idealised assay. The high affinity of the biotin-avidin interaction and accessibility of reagents make this 

an ideal system for benchmarking the performance of classes of nanoparticle, independently of 

specific assay and binding rate considerations. A serial dilution of 50 nm AuNPs (standard for AuNP 

LFAs) was run on LFAs, binding directly to a poly-streptividin test line, as shown in Figure 2a. The five 

data capture methods were tested experimentally on the same LFA strips to remove this as a source of 

variation. Figure 2b-f shows results of the five data capture methods described in Section 2.4. All the 

methods measure peak size in the same way from the line profile, which eliminates analysis bias 

between methods, except (d), where the output from the lock-in analysis is already a single value 

analogous to peak size. 

The LODs for each data capture method were calculated by extending an existing framework (Holstein 

et al., 2015) to three models: the Langmuir adsorption model (Supplementary Equations 1-11), the 

four-parameter logistic regression (4PL, Supplementary Equations 12-24), and five-parameter logistic 

regression (5PL, Supplementary Equations 25-39 (Dunn and Wild, 2013)). These three models were 

fitted to all five data capture methods, as shown in Supplementary Figure 5. The suitability of the three 

models was then compared using the root mean squared errors (RMSE) to evaluate goodness of fit; 

the small-sample corrected Akaike Information Criterion (AICc), which uses the goodness of fit and 

number of model parameters to choose the best model, considering overfitting and underfitting; and 

likelihood ratio tests. Fitting model selection was performed by the following steps: 

(1) The AICc was used to compare all three fitting models. This is necessary because the Langmuir 

model is not nested, whilst the likelihood ratio test is only suitable for comparing the nested 

4PL and 5PL models. The resulting values are shown in Supplementary Table 1. All three 

models gave very good RMSEs with all five datasets. The AICc values showed the 4PL to be 

better than or equal to the other models in four of the five capture methods. For the lock-in 

method, shown in Figure 2d the 5PL model gave a better AICc, but this was not considered 

consequential because the RMSE was similar, and this data capture method gives the worst 

LOD. 

(2) The (nested) 4PL and 5PL fitting models were then separately compared for each of the data 

capture methods using likelihood ratio tests. Likelihood ratio test p-values were non-

significant (Supplementary Table 1), indicating that the 5PL is not a significantly better model 

by goodness of fit so 4PL should be chosen as it uses fewer parameters. This held for all the 

methods except the lock-in method, agreeing with the AICc values. 

(3) We proposed to include a G test (’t Lam, 2010) to exclude outlier variances from the LOD 

calculation. A comparison of LODs with and without this step is shown in Supplementary 

Table 2 showing no significant differences between LODs. 

As a result of these three comparisons, the 4PL model with a G test was used for all subsequent 

analysis, including the fits and LODs in Figure 2. 

Supplementary Table 3 lists detection limits and confidence intervals corresponding to Figure 2 for 

each data capture method, along with p-values from two-tailed t-tests comparing to the green 

illumination single image method. The best LOD is given by the image subtraction method, with an 

LOD of 16 fM compared to 87 fM for the green illumination; a 5.4-fold improvement (Figure 2g), and a 

p-value of 7.9x10-7 denoting the difference is significant. The subtraction, line-wise and pixelwise 
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methods give similar LODs, as demonstrated by ANOVA with the Turkey HSD post-hoc test: p-values 

of 0.65, 0.99 and 0.34 for comparisons of the line-wise and subtraction, pixelwise and line-wise, and 

pixelwise and subtraction methods. The subtraction method was chosen for simplicity: it does not 

require a time-varying light source, and is fastest as it requires the capture of only two images. 

Despite the similar methods the lock-in has a significantly worse LOD than the line-wise and pixelwise 

methods. This is because the negative controls give a small background signal (as seen in 

Supplementary Figure 2a), obscuring low-concentration samples. This is a result of inhomogeneity 

between nitrocellulose strips, leading to small changes in the relative mean absorption under different 

illuminations. In the line-wise and pixelwise methods, enhanced line profiles are generated to find the 

peak size: a differential measurement between the test line and background (nitrocellulose strip). This 

means this background signal is subtracted, as the lock-in transformation is linear, giving just the test 

line value. A further comparison was performed between green illumination and greyscale, which is 

commonly used, shown in Supplementary Figure 6. Greyscale gave a worse LOD than green 

illumination (116 fM), although the difference is not significant (p-value = 0.34 from two-tailed t-test). 

These LOD improvements require no modification to existing tests using plasmonic nanoparticles, 

allowing for two complementary readout methods: strips can be read by eye under ambient light; and 

if a reader is present, they can be read in subtraction-mode, improving LOD. The background 

subtraction also increases the dynamic range by the same factor as the LOD improvement by 

considering the two linear regions, before and after subtraction. 

During image analysis, different number of pixels can be averaged along the strip (perpendicular to 

the test line), affecting LOD (Supplementary Figure 7). Green illumination analysis gives the best LOD 

at around 15 pixels, the approximate width of the test line using a biotin-avidin model, as expected. 

Above this, the LOD worsens, before plateauing at ~150 pixels. This is a trade-off between averaging 

more pixels to reduce the blank (negative control) variation, and reducing positive test line values by 

including background pixels in the average. This effect is less evident when using background removal 

methods, because, although the positive signal is still reduced by averaging more pixels, the more 

consistent background gives a larger reduction in the variance of the blanks, reducing the cutoff, so 

the LOD is less affected. 
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Figure 2: Fundamental LODs for 50 nm AuNPs on LFAs, using a model biotin-avidin interaction with five data 

capture methods. a A schematic of the assay: 50 µL suspensions of biotin-functionalised AuNPs were run at different 

concentrations on poly-streptavidin-functionalised LFAs, binding directly at the test line. Strips were subsequently 

imaged and quantified using five methods: b imaging under green (525 nm) illumination, then averaging across the 

strip width in the normalised image to generate a line profile. The peak height gives the test line intensity. This 
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method was used as the gold standard in this work; c a subtraction of normalised images taken under green and red 

(660 nm) illumination, analysed as in b; d taking an image sequence under 5 Hz wavelength-modulated 

illumination (see Figure 1c), and applying a lock-in algorithm to the mean of each frame of the sequence to quantify 

the amplitude at 5 Hz of the resulting absorption signal; e averaging each frame across the width of the test strip to 

generate a 2-dimensional time-series of line profiles, then applying the lock-in algorithm to each point of the line 

profile to generate an ‘enhanced line profile’. This profile is then analysed as in b; f applying the lock-in algorithm to 

each pixel of the image sequence to generate an ‘enhanced image’, which is then quantified as in b. The resulting 

dilution series are plotted in b-f (circles show means, with standard deviations and crosses show individual 

measurements; n=6 for negative controls, n=3 for positives) and fitted to 4PL curves (Supplementary Equation 12), 

shown as solid lines, with 95% confidence intervals shaded. LODs for each were then calculated using a modified 

version of the method outlined by Holstein et al. (Holstein et al., 2015) (see Materials and Methods). Dashed lines 

show the cut-offs and LODs, and dotted lines show the 95% confidence intervals of the LODs. LODs and confidence 

intervals are also listed in Supplementary Table 1. g The best LOD was achieved using the subtraction method in c, 

so this dilution series was plotted against the green illumination (b, used as the gold standard), giving LODs of 16 

and 87 fM, respectively, a 5.4-fold improvement. h The 4PL fits for all five capture methods are plotted along with 

cut-offs and LODs. 

3.2 Comparison of different nanoparticles 

Having chosen a data capture method, the sensitivity of three different plasmonic nanoparticles were 

tested. 50 nm AuNPs (used previously) were first compared with 100 nm AuNPs as larger particles 

have a higher absorption per particle (Khlebtsov et al., 2019), so should give a better LOD. 

Supplementary Figure 8 shows the dilution series for 100 nm AuNPs for the five data capture 

methods, with LODs summarised in Supplementary Table 4. Again, the subtraction method gives the 

best LOD, with other background subtraction methods following the same order as with 50 nm 

AuNPs, although the improvement is reduced across all methods (3.5-fold for subtraction compared 

to 5.4-fold with 50 nm AuNPs). The wider absorption peak of the larger particles, shown in 

Supplementary Figure 9, leads to increased relative absorption in the red channel, so reduces the 

improvement. Increasing AuNP size beyond this leads to absorption peak broadening 

(Cytodiagnostics, n.d.; Link and El-Sayed, 1999) reducing the peak absorption, and limiting their use 

for improving LOD. To generate a much larger particle, whilst maintaining the narrow plasmonic peak, 

a composite particle was designed, comprising a 500 nm polystyrene core decorated with 15 nm 

AuNPs (530 nm PS-AuNPs), as shown in Figure 1a (right-most particle). The AuNP decoration density 

was tuned to maximise AuNPs per bead, whilst maintaining adequate separation to retain the 

plasmonic peak. Additionally, the large particle size can be beneficial for reaction kinetics, as there are 

more binding sites per particle (Gasperino et al., 2018). 

Dynamic light scattering is shown in Figure 3a, showing a monodisperse population. Figure 3b and 

Supplementary Figure 9 show the absorption spectra of the three particle-types in solution and 

immobilised on nitrocellulose: there is some peak broadening in the PS-AuNPs due to plasmon 

coupling of the 15 nm AuNPs (in close proximity), as well as the addition of the broad absorption 

resulting from the large PS core. Figure 3c-d show transmission electron micrographs of these 

composite particles, showing the even distribution of AuNPs over the surface of the PS beads. 

Monodipsersity was also shown using fluorescence microscopy (Supplementary Figure 10 and 

Supplementary Video). 
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Figure 3: Characterisation of 500 nm polystyrene beads decorated with 15 nm AuNPs (PS-AuNPs). a Dynamic light 

scattering of 530 nm polymer-AuNP composite particles (n=3). This gives a mean polydispersity index of 0.049; a Z-

average of 586 nm; and intensity and number means of 617 and 582 nm, respectively. Intensity and number plots 

were fitted to the skewed exponential: 𝑁(𝑥) =
𝑒𝑥𝑝(

−(𝑥−𝜇)2

2𝜎2 )erfc(
−𝛼(𝑥−𝜇)

√2𝜎
)

√2𝜋𝜎
, plotted here, to find the peak diameters, giving 

584 and 528 nm, respectively. These numbers are all within the expected range of hydrodynamic diameter. b 

Comparison of absorption spectra for PS-AuNPs and the AuNP seeds. A small blueshift and broadening of the 

plasmonic peak can be seen in the PS-AuNPs, as well as the addition of the broadband absorbance of the large PS 

core. c-d Transmission electron micrographs of the PS-AuNPs, showing the distribution of AuNPs (dark colour) on 

the surface of the PS beads (lighter colour). 

A comparison of the three particles is shown in Figure 4 giving LODs of 87, 18 and 4.2 fM, for 50 nm 

AuNPs, 100 nm AuNPs, and 530 nm PS-AuNPs, respectively, under green illumination; and 16, 5.1 and 

1.7 fM using subtraction. Supplementary Table 5 shows all three improvements are significant (p-

values <10-6). ANOVA with Turkey HSD post-hoc tests gives significant differences between all three 

particle types with p-values of 2.9x10-8, 1.3x10-15 and 7.1x10-13 for green illumination, and 5.2x10-7, 

1.4x10-15 and 8.7x10-10 for the subtraction method. 

The best improvement is given by the 50 nm AuNPs (5.4-fold), followed by the 100 nm AuNPs (5.4-

fold), then the 530 nm PS-AuNPs (2.5-fold). The increased absorption of the PS-AuNPs under red 

illumination due to the broad absorption of the polystyrene beads and peak broadening of the 

decorate AuNPs shown in Supplementary Figure 9 accounts for this difference. This is reflected in 

Supplementary Table 6, where the ratio of green to red absorption for the PS-AuNPs is 5-fold lower. 

Example normalised images under green and subtracted illumination are shown in Figure 4b and d, 

respectively. The smoothing and reduction of background variation allows the test line to be visible at 

lower concentrations. Vignetting seen in the green illumination images is also removed by this 
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method, as well as artefacts such as dust or dark spots, useful in environments where there is lower 

uniformity of the lighting, or visual contamination of the strip. 

The PS-AuNPs give the best LOD in both green illumination and subtracted methods. The 

combination of the PS-AuNPs with background removal gives an overall LOD improvement of 58-fold, 

a scale that would be very difficult to achieve by adapting the binding molecules or assay design. In 

contrast to simple AuNPs, where there is a fundamental limit at ~100 nm, this composite approach 

allows future further improvements by adapting the particles, as modelled in Supplementary Figure 11 

and Supplementary Discussion. The LOD can be improved by using larger nanoparticles to decorate 

the polystyrene core particles, and larger polystyrene core could be used (increasing the number of 

nanoparticles per bead). Nanoparticle form can be tuned to higher OD per area taken on the surface 

of the bead, such as gold nanorods or silver nanoparticles. This approach can also be used to tune the 

absorption peak wavelength to match the optical sensor, sample or substrate used to maximise 

sensitivity for specific applications. For example, silver nanoparticles absorb strongly in the blue 

region, more optimal for a mobile phone camera Bayer filter due to the greater separation between 

the blue and red channel spectra than between green and red. The magnitude of the improvement 

using subtraction over green illumination should scale with the difference in total absorption under 

the two illuminations. These values are shown in Supplementary Table 6, giving, as expected, the best 

normalised difference with the 50 nm AuNPs, followed by the 100 nm AuNPs, then the PS-AuNPs. 

Reproducibility of the capture methods was investigated by calculating individual LODs for each of 

three measurement replicates of the same dilution series (Supplementary Figure 12 and 

Supplementary Table 7). Comparing individual measurement replicates to the full dataset gave non-

significant p-values (0.14 < p <0.99), indicating that the capture methods are reproducible. 

 

Figure 4: Comparison of different nanoparticles. LODs using three different nanoparticles measured with the model 

biotin-avidin interaction, as shown in Figure 2a. a A comparison of the three nanoparticles, 50 nm AuNPs, 100 nm 

AuNPs, and 500 nm polystyrene beads decorated with 15 nm AuNPs (530 nm PS-AuNPs), under green (525 nm) 
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illumination. Serial dilutions are plotted as circles with their respective means and standard deviations (AuNPs: n=6 

for negative controls, n=3 for positives; and PS-AuNPs: n=9), crosses showing individual points, and 4PL fits 

(Supplementary Equation 12) plotted as lines with shaded 95% confidence intervals. This gives LODs of 87, 18 and 

4.2 fM for 50 nm AuNPs, 100 nm AuNPs, and 530 nm PS-AuNPs, respectively. Example normalised images are 

shown in b. c A comparison of the same three nanoparticles measured using the normalised subtraction of images 

taken with green (525 nm) and red (660 nm) illumination. This gives LODs of 16, 5.1 and 1.7 fM for 50 nm AuNPs, 

100 nm AuNPs, and 530 nm PS-AuNPs, respectively. Example normalised, subtracted images are shown in d. The 

removal of vignetting and contaminants (seen in b) is demonstrated by these subtracted images. 

3.3 Antigen detection: HIV capsid protein 

To demonstrate the two-part approach of composite particles with background subtraction in a real 

assay, PS-AuNP composite particles were used to detect the HIV capsid protein in model serum (Gray 

et al., 2018), as shown in Figure 5a. Figure 5b shows the resulting plot of the strips, using both green 

illumination and subtraction capture methods, giving LODs of 350 and 170 fM, respectively, a 2.0-fold 

improvement, similar to the improvement measured using the biotin-avidin model (Figure 4, 

Supplementary Table 5). Due to larger variances, the p-value for the improvement here is 2.2x10-1, 

however combining the two p-values gives 3.4x10-5 and 2.5x10-4 using Fisher's combined probability 

test and a weighted Z-test, respectively, suggesting the improvement is significant. As discussed, there 

is further scope for future improvements to these composite particles. A comparison with other 

published LFA-based p24 assays is shown in Supplementary Table 8. 

Figure 5c shows green illumination and subtracted images for these p24 strips. Due to the lower-

affinity binding components compared to biotin-avidin (Loynachan et al., 2018), the test lines are 

wider and more uniform (Zhan et al., 2017), so a larger number of pixels was averaged to find the 

peak size (Supplementary Figure 7d).  

 

Figure 5: Detection of the HIV capsid protein, p24. a A schematic of the assay: p24-containing samples are mixed 

with 530 nm PS-AuNPs conjugated with anti-p24 antibodies, and biotinylated VHH anti-p24 (variable domain of 

camelid heavy-chain-only antibody), forming a sandwich complex. This complex is then run on LFAs, where the 

biotin-modification binds to a poly-streptavidin test line. b A dilution series of p24 was run of LFAs, and imaged with 
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both green and red illumination (n=3). A comparison of the green and subtracted methods is plotted here, giving 

LODs of 350 and 170 fM (8.5 and 4.2 pg/mL), respectively, a 2.0-fold improvement. Inverted triangles mark the 

lowest measured concentration that is significantly different from the negative controls for each capture method: 31 

and 7.8 pg/mL, by ANOVA. c Example images of both green illumination and subtracted images of the p24 LFA 

dilution series. These images also demonstrate the removal of vignetting and contamination, as previously, 

particularly evident in the 160 fM images, where the impact of two fibrous contaminants is greatly reduced. 

A user-friendly, open-source software tool was developed. The tool can be used to fit LODs to data 

using the three models described herein, plot single and multiple-dataset graphs, and perform two-

tailed t-tests to compare LODs, as shown in Supplementary Figure 13. 

4 Conclusions 

Here we have shown that a range of simple background removal methods using two illumination 

wavelengths can give 2.0-5.4-fold improvements in LOD of plasmonic nanoparticle-based LFAs, 

depending on the ratios of the absorption at the two wavelengths. In contrast to other methods, this 

technique requires no modifications to existing LFAs using plasmonic nanoparticles, and indeed the 

strips can continue to be read by eye, adding a reader if available, conveying an improved LOD, for 

example to verify negatives and weak positives. This improvement in LOD gives, in turn, the same 

improvement in the dynamic range by quantifying images before and after subtraction. These analysis 

methods could be performed using a standard lateral flow reader, or smartphone camera using either 

a dedicated attachment (Mudanyali et al., 2012) using specific LEDs, or ambient light, filtered with the 

camera’s Bayer filter. This would allow these methods to be used in a variety of settings including low-

resource or point-of-care settings. 

Combining with composite PS-AuNP particles gave a further 11-fold improvement in sensitivity over 

for a total improvement in sensitivity of 58-fold over 50 nm AuNPs under green illumination, without 

adding assay steps. This gave LODs of 1.7 fM with a biotin-avidin model, and 170 fM (4.2 pg/mL) for 

the detection of an HIV antigen. The combination of background subtraction with these highly-

tuneable composite particles allows for optimised assays suiting a variety of formats and sensors. 

Background subtraction could also in future be used with enzymatic LFAs (Loynachan et al., 2018), 

when generating a chromogen with a sharp absorption peak. 
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Highlights 

Sub-picomolar lateral flow antigen detection with two-wavelength imaging of composite 
nanoparticles 

Benjamin S. Miller, Michael R. Thomas, Matthew Banner, Jeongyun Kim, Brian Chen, Qingshan Wei, Derek K. 
Tseng, Zoltán S. Göröcs, Aydogan Ozcan, Molly M. Stevens, Rachel A. McKendry 

• Background removal to improve the sensitivity of absorption-based lateral flow tests. 

• Two-wavelength imaging conveys 5.4-fold improvement with gold nanoparticles. 

• Composite polymer beads decorated with gold nanoparticles improve sensitivity. 

• Combined 58-fold improvement over 50 nm gold nanoparticles with conventional imaging. 

• Application to HIV capsid protein detection gives 170 fM limit of detection. 
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