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Abstract

We report a dual-readout, AuNP-based sandwich immunoassay for the device-free colorimetric 

and sensitive scanometric detection of disease biomarkers. An AuNP–antibody conjugate serves as 

a signal transduction and amplification agent by promoting the reduction and deposition of either 

platinum or gold onto its surface, generating corresponding colorimetric or light scattering 

(scanometric) signals, respectively. We apply the Pt-based colorimetric readout of this assay to the 

discovery of a novel monoclonal antibody (mAb) sandwich pair for the detection of an anthrax 
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protective antigen (PA83). The identified antibody pair detects PA83 down to 1 nM in phosphate-

buffered saline and 5 nM in human serum, which are physiologically relevant concentrations. 

Reducing gold rather than platinum onto the mAb–AuNP sandwich enables scanometric detection 

of subpicomolar PA83 concentrations, over 3 orders of magnitude more sensitive than the 

colorimetric readout.

Graphical Abstract

Technologies for the detection of disease biomarkers are key to improving both healthcare 

and biosecurity around the world.1 Immunoassays that use antibodies as target recognition 

elements are the most widely used methods for biomarker detection because of their speed, 

ease of use, and capacity to detect a wide range of biomarkers and biomolecules.2 

Conventional immunoassays conjugate antibodies to fluorophores or enzymes to convert 

target binding to detectable fluorescent or colorimetric signals.3,4 However, these enzymatic 

fluorogenic and chromogenic methods have well-known drawbacks, including low stability, 

pH and temperature sensitivity, and limited sensitivity.5,6

Over the past 20 years, nanomaterials with tailorable physical properties have been 

employed in biomarker assays that compare favorably with the molecular fluorophore or 

enzyme methods on sensitivity.7–10 A variety of nanoparticle-based readouts, including 

colorimetric,11–16 fluorescent,17–23 light scattering,24–26 electrochemical,27,28 and Raman 

scattering,29,30 show promise for the development of high-sensitivity detection systems. 

However, there is a general trade-off between high assay sensitivity and high sample 

throughput.

For example, anisotropic platinum nanoparticles (PtNPs) and Pt-coated gold nanoparticles 

(AuNPs) have been deployed in assays as robust, enzyme-free replacements for horseradish 

peroxidase, where Pt catalyzes the decomposition of H2O2 and oxidation of a chromogenic 

substrate to produce a colorimetric signal.16,31–33 Such assays require only a few hours of 

processing time, can analyze many parallel (96–384) samples, and enable device-free visual 

detection of the target that, in principle, can function in point-of-care or field tests, but their 

limit of detection is typically confined to the nanomolar to picomolar range.16,33

By contrast, scanometric AuNP-based assays have achieved ultrasensitive detection of 

protein and nucleic acid targets by sandwiching the target between two recognition elements, 

one immobilized on a glass slide and one attached to the AuNP.24–26,34,35 Reduction of Ag+ 
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or Au3+ ions from solution onto the AuNPs can amplify the light scattering signal in a laser-

scanning instrument to achieve detection of femtomolar to attomolar concentrations of target 

molecules. However, such assays typically require longer processing times and a specialized 

scanning instrument; while the glass slides can accommodate a multiplexed analysis of the 

biomarkers in each sample, the number of samples that can be analyzed in parallel is limited.

The trade-offs between assay field deployability, sample throughput, and assay sensitivity 

can be reconciled with dual-readout nanoparticle assays, which generate two different types 

of signal from the same constructs. By combining orthogonal detection methods with 

different sensitivities, dual-readout assays can lower the limits of detection and quantitation,
36 expand the dynamic range,37 and enable both high-throughput and ultrasensitive target 

detection.35,38

We present a dual-readout, colorimetric, and scanometric sandwich immunoassay by 

depositing either Pt or Au onto antibody–AuNP conjugates (Scheme 1). The higher-through-

put Pt-based colorimetric readout was used to screen for monoclonal antibody sandwich 

pairs that bind to anthrax protective antigen (PA83), detecting nanomolar concentrations of 

PA83 in both PBS and human serum. The Au-based scanometric readout showed a 1000-fold 

increase in assay sensitivity with the same nanoparticles, enabling the detection of 

subpicomolar PA83 concentrations.

EXPERIMENTAL SECTION

Reagents.

Citrate-capped gold nanoparticles (13 and 40 nm) were purchased from Ted Pella or 

synthesized as previously described.39 The seven screened anti-PA83 antibodies (Ab8240, 

Ab1988, Ab1990, Ab1991, Ab1992, Ab13808, and Ab38725) were purchased from AbCam. 

N-Hydroxy succinimide (NHS)-activated 96-well plates (divided into 8-well strips), NHS-

activated glass slides for scanometric detection, aliquots of Ab1992, and EZ-Link Plus-

activated peroxidase kits for horseradish peroxidase-antibody conjugation were purchased 

from Thermo Fisher. All other materials, buffers, and reagents, including platinum and gold 

salts, were purchased from Sigma-Aldrich.

Buffered Solutions.

Blocking solution, used for all blocking and washing steps during mAb–AuNP synthesis and 

PA83 detection assays, contained 1× phosphate-buffered saline (PBS), 1% bovine serum 

albumin (BSA), and 0.02% Tween 20. The platinum deposition solution, used during 

colorimetric detection, contained 10 mM citrate buffer (pH 3), 20 mM L-ascorbic acid, and 2 

mM potassium hexachloroplatinate (K2PtCl6). The colorimetric detection solution contained 

50 mM H2O2 in 3,3′,5,5′-tetra-methylbenzidine (TMB) and was prepared fresh before each 

colorimetric detection experiment. The gold reduction solution contained 10 mM 

chloroauric acid (HAuCl4) with 10 mM hydroxylamine (NH2OH), and was prepared fresh 

before each gold reduction reaction.
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Synthesis of Antibody-Coated Gold Nanoparticles.

Antibodies were noncovalently adsorbed onto the surface of AuNPs, similar to previously 

described methods.40 In a 15 or 50 mL plastic conical tube, a solution of 10 nM of citrate-

capped AuNPs in water (40 nm diameter for dynamic light scattering (DLS) particle size 

measurements; 13 nm diameter for all other experiments) was adjusted to pH 7 using 0.2 M 

NaOH, and Tween 20 was added to a final concentration of 0.02%. Unmodified antibodies 

were added to a final concentration of 15 μg/mL, and the solution was mixed gently by 

inverting the tube 4–6 times. The tube was incubated overnight at room temperature in the 

dark. The mAb–AuNP mixture was then diluted 1:1 with a blocking solution, gently mixed 

by inverting the tube 4–6 times, sealed by capping the tube and wrapping the cap in 

parafilm, and incubated for 3 h in the dark at room temperature. The crude mAb–AuNPs 

were cleaned via two rounds of pelleting (4000 RCF for 30 min at room temperature in 1.5 

mL low-retention plastic tubes), supernatant removal, and resuspension in blocking solution. 

This protocol generates mAh-AuNP nanoparticles that maintain function for at least 3 

months at 4 °C.

Characterization of Antibody-Coated Gold Nanoparticles.

The nanoparticle concentration was measured by UV–vis spectroscopy on a Cary5000 

spectrophotometer (gold absorption peak at 520 nm, extinction coefficient of 2.7 × 10−8 

L/mol/cm). To characterize protein adsorption to the gold surface, particles were twice 

centrifuged at 4000 RCF for 30 min and resuspended in 1× PBS with 0.02% Tween (no 

BSA), and then, absorption at 280 nm was measured via UV–vis. To measure the size of 

mAb-coated AuNPs, mAb–AuNPs were twice centrifuged at 4000 RCF and resuspended in 

1× PBS (no BSA or Tween), diluted to 0.5–1 nM AuNP, and measured in a Malvern 

Zetasizer DLS instrument.

Making Antibody-Coated Wells.

50 μL of 2 mg/mL antibody solution was diluted with an equal volume of 1× PBS (pH 7.5) 

to make 100 μL of 1 mg/mL antibody solution. Then, 10 μL of the 1 mg/mL antibody 

solution was carefully and evenly added to the center of each well in a strip of 8 NHS ester 

modified wells. The strip was incubated overnight in a sealed chamber with a water reservoir 

(roughly 50% humidity). Then, 100 μL of blocking solution was pipetted into to each well 

and gently mixed. After 2 min of incubation, the liquid was removed from the strip. These 

washing steps were repeated twice more. The strips were stored in a humid chamber before 

use to avoid drying them out. For screening, eight antibody-coated 8-well strips were made, 

one for each antibody and a BSA control. For further PA83 detection assays, mAb 1992 was 

functionalized on the NHS-activated surface.

Screening for Antibody Sandwich Pairs.

Three mL of the 500 nM PA83 solution in 1× PBS and 1 mL of the 1 μM BSA solution in 1× 

PBS were prepared. To each of the eight 8-well strips, 50 μL of the 500 nM PA83 solution 

was added. The strips were incubated in the humid chamber for 1 h and then washed three 

times with blocking solution. Next, 50 μL of 10 nM antibody-functionalized nanoparticles 

was added to each well, such that every combination of immobilized antibody and mAb–
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AuNP was tested, along with the BSA negative controls. The strips were incubated in the 

humid chamber for 1 h and then washed with blocking solution three times. During 

incubation, a 4 mL batch of a platinum deposition solution, which uses ascorbic acid to 

reduce Pt(IV) ions onto gold nanoparticles,33 was prepared from stock solutions. Then, 50 

μL of the platinum deposition solution was added to each well. After incubating the strips 

for 1.5 h in the humid chamber, all wells were gently washed five times with DI water, and 

10 mL of a colorimetric detection solution was prepared; 100 μL was added to each well. 

Strips were incubated in a dark humid chamber for 20 min, avoiding light to minimize 

background signals. PA83 detection was assessed qualitatively by eye, imaged on an Alpha-

Innotech FluorChem Q imager, and quantitatively measured via absorbance at 655 nm in a 

Bio-Tek H4 plate reader.

Colorimetric PA83 Detection Curves and Kinetics.

Three 8-well strips were coated with Ab1992, and 5 mL of the AuNPs coated with Ab8240 

were prepared, as described above. A dilution series of PA83 in 1× PBS was prepared, 

comprising 1 mL each of 500, 100, 20, 5, 1, 0.5, and 0.1 nM PA83 as well as a 1 μM BSA 

control. 50 μL of each PA83 concentration and the BSA control were added in triplicate to 

the coated 8-well strips. Incubation, washing, addition of mAb–AuNPs, and platinum 

reduction were performed as described above. Then a colorimetric detection solution was 

added to all wells. The strips were immediately placed in a Bio-Tek H4 plate reader, and the 

absorbance at 655 nm was measured every minute for 25 min. The strips were then 

photographed with an Alpha Innotech FluorChem Q imager under white light.

Serum PA83 Detection Curve.

Triplicate Ab1992-functionalized 8-well strips, and a 5 mL batch of Ab8240-functionalized 

AuNPs were prepared as described above. Human serum solution was prepared by diluting 

human serum 1:1 in 1× PBS. A dilution series of PA83 concentrations (500, 100, 20, 5, 2, 1, 

and 0.5 nM) was prepared by serially diluting 8 μM stock PA83 into a human serum solution. 

The incubation of PA83 dilutions and the control 1 μM BSA in human serum and subsequent 

colorimetric detection were performed as described above. The absorbance at 655 nm was 

quantified by plate reader after 20 min of incubation with the colorimetric detection solution.

Scanometric PA83 Detection.

200 μL of 1 mg/mL mAb 1992 solution was prepared by diluting antibody stock 1:1 in 1× 

PBS. NHS-activated glass slides were divided into 10 wells by the attachment of a rubber 

gasket. Two replicate 5 μL spots of Ab1992 solution were pipetted into each well, and the 

slide was incubated overnight in the humid chamber. The slide wells were then washed three 

times with blocking solution. To determine the scanometric detection range of PA83, a 

dilution series of PA83 concentrations (60 nM, 6 nM, 600 pM, 60 pM, 6 pM, and 600 fM) 

were prepared in 1× PBS and incubated in two replicate wells for 1 h in the humid chamber. 

The wells were washed 3 times with blocking solution and then incubated for 1 h with 10 

nM 8240-modified AuNPs. Wells were washed 3 more times with blocking solution, and 

then, two gold reductions were performed to amplify the signal.25
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To perform gold reductions, the slide was removed from the rubber gaskets. Solutions of 10 

mM HAuCl4 and 10 mM NH2OH were prepared in separate 10 mL syringes. The syringes 

were connected by a T-junction to a single output tube to enable rapid mixing of the 

solutions. Then, 4 mL of a 1:1 HAuCl4/NH2OH mixture was spread evenly over the surface 

of the slide for 30 s, and then, the slide was immersed in a DI water bath to wash the gold 

reduction solution away, gently rinsed with running DI water, and blown dry with N2. The 

gold reduction, washing, and drying steps were repeated once more. The slide was then 

imaged with a Tecan LS Reloaded scanner. Light scattering signal intensities from the two 

replicate spots for each PA83 concentration were quantified by GenePix Pro 6 software. The 

limit of detection was determined using 3.5 sigma above the negative control and fitting the 

data points to a Hill equation.

RESULTS AND DISCUSSION

Assay Overview.

The dual-readout sandwich immunoassay begins with the immobilization of one set of 

antibodies (Ab1) via lysine conjugation onto an N-hydroxy-succinimidyl-ester (NHS)-

modified surface (either in a 96-well plate for colorimetric detection or on a glass slide for 

scanometric detection). In parallel, we synthesized Ab–AuNP conjugates by mixing and 

incubating a second set of antibodies (Ab2) with AuNPs in a buffered solution. Strong Ab2 

adsorption to AuNPs proceeds through electrostatic, hydrophobic, and cysteine–gold 

interactions,40 after which the AuNP–Ab2 conjugates are blocked by incubation in a bovine 

serum albumin (BSA) solution and cleaned via centrifugation (Scheme S1), generating 

monodisperse nanoparticles that can bind selectively to the antibody’s antigen (Figure S1). 

We incubated the Ab1-modified surface with samples to capture the target molecule and 

then washed the surface with a BSA solution to block nonspecific binding. The solution of 

Ab2–AuNP conjugates is then incubated on the surface, generating an Ab1–PA83–Ab2–

AuNP sandwich structure. Incubation with a reducing agent (ascorbic acid) in a platinum 

salt solution selectively reduces Pt onto the nanoparticles, resulting in colorimetric detection 

with signal amplification. This process forms a Pt shell on the AuNPs, which catalyzes the 

splitting of hydrogen peroxide and subsequent oxidation of the chromogenic dye 3,3′,5,5′-
tetramethylbenzidine (TMB) to yield a blue color that can be quantified on a plate reader.33 

To achieve scanometric detection, the Ab1–PA83–Ab2–AuNP sandwich is generated on an 

NHS-activated glass slide. Incubation in a solution of Au3+ salt with a reducing agent 

(hydroxylamine) selectively reduces gold onto the nanoparticles. After washing, the light 

scattering from the gold on the slide is quantified in a Scano-miR instrument.

Screen for Anti-PA83 Monoclonal Antibody Sandwich.

To evaluate the scalability of the assay’s colorimetric readout method, we screened 

monoclonal antibodies of anthrax protective antigen to discover pairs that could function in a 

sandwich assay. Because of PA83’s role as an exotoxin protein expressed early during 

anthrax infections and because PA83 levels track levels of bacteremia in anthrax animal 

models,41 PA83 has been used for years as a biomarker for the early detection of anthrax.
17,42–46 While many anti-PA83 monoclonal antibodies are commercially available and a few 

anti-PA83 monoclonal antibody sandwich pairs have been reported,47 no sandwich pairs of 
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monoclonal antibodies for PA83 are commercially available, potentially limiting the long-

term reproducibility of any given PA83 immunoassay.48,49

We addressed this by investigating 7 different anti-PA83 antibodies from Abcam (Ab8240, 

Ab1988, Ab1990, Ab1992, Ab13808, and Ab38725), immobilizing each of them in 8-well 

rows to form an 8 × 8 well array on an NHS-modified 96-well plate. After washing with a 

BSA blocking solution, all wells were incubated with 500 nM PA83 and washed with 

blocking solution again. We then incubated each 8-well row pairwise with 7 different mAb–

AuNP conjugates to generate all possible Ab1–PA83–Ab2–AuNP sandwiches. After washing 

again with blocking solution, a Pt salt solution was reduced onto the immobilized particles. 

We gently rinsed the wells with DI water, and then incubated them with TMB and 50 mM 

H2O2. One mAb pair, Ab8240 and Ab1992, gave a colorimetric and UV–vis absorbance 

signal that was 20-fold higher than the BSA control and 8-fold higher than any other 

antibody pair (Figures 1 and S2). Although the initial screen indicated that immobilized 

Ab8240– and Ab1992–AuNP generated a greater colorimetric signal than immobilized 

Ab1992– and Ab8240–AuNP, further experiments showed that both antibody pair 

orientations in the sandwich gave a similar detection sensitivity (Figure 2). To validate the 

obtained antibody pair, we tested them in a standard ELISA. #Ab1992 and #Ab8240 readily 

detected PA83 in an ELISA, while other antibody pairs either displayed no response above 

the background or only responded to higher PA83 concentrations (Figure S3).

Colorimetric PA83 Detection in Phosphate-Buffered Saline.

Having discovered an antibody pair with high selectivity for PA83, we explored its ability to 

colorimetrically detect PA83 in PBS. Reaction conditions, including the H2O2 concentration 

(20–100 mM), Pt reduction time (10–120 min), and PA83 and mAb–AuNP incubation times 

(15–60 min), were varied to maximize the colorimetric response to PA83 and minimize the 

background signal (Figures S4–S6). Additionally, 1 h PA83 and mAb–AuNP incubation 

steps, a 120 min Pt reduction step, and 100 mM H2O2 concentrations in the TMB/H2O2 

solution produced the largest response to the lowest [PA83] relative to the background signal. 

The colorimetric readout provides the ability to detect PA83 over the 1 to 500 nM dynamic 

range (Figure 3 and S7), with a visual detection of 1 nM PA83 after a 20 min incubation and 

a colorimetric detection of 1 nM PA83 within 2 min of adding TMB in a plate reader.

PA83 Detection in Human Serum.

One of the primary advantages of sandwich assays is their ability to specifically detect 

analytes in a complex solution, like bodily fluids. Therefore, we tested the ability of the 

antibody pair to detect PA83 in human serum over the 0.5 to 100 nM range in 1:1 

PBS:human serum samples (Figure 4). To determine the utility of the antibody sandwich, we 

attempted direct PA83 detection with a single mAb, by incubating PA83-spiked serum 

samples in unblocked NHS-modified wells, before adding the mAb–AuNP conjugate. After 

a 20 min incubation in the colorimetric detection solution, the mAb sandwich displayed a 

dose response from 10 to 100 nM PA83, while the single mAb failed to detect any PA83 

concentration, thereby demonstrating the importance of the sandwich assay for detecting 

PA83 in complex, physiologically relevant solutions. In a blinded test of colorimetric PA83 

detection in a 1:1 PBS:serum, we further improved the colorimetric detection of PA83 to 5 
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nM by allowing the final incubation in the colorimetric detection solution to run overnight. 

Because the serum is diluted 1:1 in PBS, these experiments demonstrate detection down to 

10–20 nM PA83 (830–1660 ng/mL) in whole serum. This is within the physiological range 

of PA83 concentrations observed in the serum of rabbits (1–100,000 ng/mL) and guinea pigs 

(1–5000 ng/mL) during the progression of inhalational of anthrax.50 However, the PA83 

concentrations detected by this colorimetric assay correspond to more advanced stages of 

anthrax rather than the early, potentially treatable stage, at least in these two animal models, 

so more sensitive methods of signal amplification and detection are desirable to make an 

assay that could potentially enable early diagnosis and successful treatment of anthrax.

Scanometric Detection of PA83.

Although the colorimetric mAb–AuNP sandwich was successfully used to screen for and 

discover an antibody sandwich pair that could detect pathogenically relevant concentrations 

of PA83, assay sensitivity to even lower concentrations could potentially enable earlier 

diagnosis and successful treatment. This is particularly important for anthrax, as the 

expression of protective antigen facilitates the endocytosis of the lethal factor and edema 

factor toxins required for disease progression.51,52 We therefore sought to determine 

whether measuring the scanometric readout of the sandwich immunoassay increased 

detection sensitivity (Figure 5). Ab1992 was functionalized on an NHS-activated glass slide 

and incubated first with PA83 and then with Ab8240–AuNP, with blocking steps in between. 

A gold reduction solution was added to the slide to amplify the gold signal. Scattering light 

of a 633 nm laser across the slide was collected in a Scano-miR instrument (Figure S8) and 

quantified with GenePix software. The scanometric assay detected PA83 at concentrations 

ranging from 600 fM to 60 nM in PBS with 1% BSA and 0.02% Tween, with a limit of 

detection of 550 fM. This is over 1000 times more sensitive than the Pt-based colorimetric 

assay of PA83 in the same solution. These results underscore the observation that the gold 

reduction and scanometric readout is a general strategy for increasing the sensitivity of 

antibody sandwich assays. This could be particularly useful for biomarkers of an infection 

such as PA83, for which early identification of the pathogen can be critical for successfully 

treating the disease.53

CONCLUSION

The dual-readout sandwich immunoassay presented here enables both a device-free visual 

and colorimetric analysis of samples as well as highly sensitive scanometric target detection. 

Previous work on dual-readout Pt-coated AuNP detection strategies used the local surface 

plasmon resonance (LSPR) of AuNPs to detect them colorimetrically and therefore required 

the careful deposition of only a few layers of Pt atoms onto the AuNPs to avoid disrupting 

their LSPR.37 In this approach, the Pt-based colorimetric readout is more sensitive than the 

Au-based colorimetric detection. By contrast, our assay demonstrates much greater 

sensitivity through the gold-based readout than the Pt-based one, highlighting the value of 

the gold amplification step and scanometric detection method. The subpicomolar 

scanometric readout’s detection sensitivity is comparable to other ultrasensitive 

nanoparticle-based PA83 assays employing europium nanoparticle-based fluorescence and 

silver nanoparticle-enhanced fluorescence.17,44
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One way to improve this assay would be to reduce the time required to get a colorimetric 

readout. This could be achieved by increasing the concentration of K2PtCl6 and shortening 

the incubation time during the platinum deposition step. The platinum metal precursor 

solution used in this work is based on prior research into the synthesis of colloidally stable 

Au@Pt nanostructures.32 However, in our assay, the colloidal stability of the immobilized 

AuNPs after Pt deposition is unimportant; what matters is that Pt is specifically deposited 

only on the AuNPs.

Another approach to minimize time-to-readout could be to conjugate antibodies directly to 

peroxidase-mimicking nanoparticles,54 which are capable of both catalytic H2O2 splitting 

and nucleation of gold particle growth from reduced ions. Gold nanoclusters (AuNCs), for 

instance, can catalyze the splitting of O2 and subsequent oxidation of TMB when 

illuminated with visible light.55 Alternatively, anisotropic platinum nanoparticles (PtNPs) 

can split H2O2 and oxidize TMB without a reduction step and have been functionalized with 

immunoglobulins to create model immunoassays.16 If PtNPs could serve as nuclei for gold 

reduction then mAb–PtNPs could provide even more rapid device-free colorimetric antigen 

detection, while still enabling highly sensitive scanometric detection with the same particles.

The colorimetric detection readout developed in this work has a similar sensitivity to 

colorimetric immunoassays employing the enzyme horseradish peroxidase (e.g., ELISA). 

Another H2O2-decomposing enzyme, catalase, has been combined with gold NPs to achieve 

ultrasensitive visual detection of protein biomarkers.57 However, in contrast to most 

enzymes, Pt remains catalytically active across a wide range of temperatures and pH’s,16 

broadening the range of applications and potentially enhancing the field deployability of 

similar colorimetric assays. Although less sensitive than the scanometric readout, in 

principle, the colorimetric readout could be employed in pairwise device-free screens to 

discover pairs of recognition elements, such as antibodies, aptamers, or hyper-stable 

designer protein binders,58 while the scanometric detection method can be used to 

significantly increase the sensitivity of any discovered sandwich pairs. These paired 

recognition elements, like the anti-PA83 mAb pair discovered using the colorimetric readout, 

could serve as practical tools for the sensitive, specific, and reproducible detection of 

anthrax and other disease biomarkers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Heatmap of a pairwise screen of seven commercial anti-PA83 antibodies for binding and 

detection of PA83 in a sandwich assay. Each column contains a different Ab immobilized in 

the well, while each row is incubated with a different mAb–AuNP nanoparticle. Ab1992 and 

Ab8240 form a sandwich pair and detect PA83 in both orientations (blue and red).
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Figure 2. 
Sandwich assay performs device-free PA83 detection in either antibody orientation. (a) 

Detection of PA83 in PBS with immobilized Ab1992– and Ab8240–AuNP. (b) Detection of 

PA83 in PBS with immobilized Ab8240– and Ab1992–AuNP.
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Figure 3. 
Visual and colorimetric detection of PA83. (a) Triplicate visual detection of PA83 after 1 h of 

Pt reduction and 20 min of TMB/H2O2 reaction. Control condition: 1 μM BSA. (b) Kinetics 

of PA83 detection with TMB/H2O2.
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Figure 4. 
Detection of PA83 in serum. (a) Detection of PA83 spiked into 1:1 PBS:human serum with a 

single Ab (blue) and with the sandwich mAb pair (red). (b) Blind detection of nanomolar 

PA83 in human serum. (*p < 0.01, Student’s t-test).
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Figure 5. 
Scanometric detection of PA83 via gold reduction onto mAb–AuNP sandwich. (a) 

Quantification of scanometric PA83 detection using 633 nm light scattering. (b) Detection of 

subpicomolar concentrations of PA83.
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Scheme 1. 
Dual-Readout AuNP-Based Immunoassay to Detect Anthrax Protective Antigen
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