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Introduction 
With at least 154 documented strains [1] and the ongoing 

emergence of new variants to overcome herd immunity [2,3], Human 
Norovirus (HuNoV) is the most common cause of nonbacterial, acute 
gastroenteritis outbreaks worldwide [1,4,5], accounting for more than 
21 million illnesses and hospitalizations, and at least 570 deaths in the 
United States each year (Centers for Disease Control and Prevention, 
2013). NoVs are single-stranded RNA, non-enveloped viruses in the 
Calicivirdae family. They are classified into six genogroups (GI to 
GIV) and further subclassified into genotypes based on their capsid 
sequence [1]. NoV GI.1 was the first isolated genotype and has been 
considered as the prototype virus of the genus, although NoV GII.4 is 
currently the most frequently detected genotype in humans [6]. This 
genetic diversity, combined with a low infectious dose of 18 particles 
or less [7], a myriad of foodborne and waterborne transmission 
routes, a lack of general population immunity [5,8], and an ability to 
survive for a few hours to several weeks without loss of infectivity on 
multiple environmental surfaces [9,10], leads to frequent epidemics of 
NoV in a variety of settings, including schools, military units [11] and 
installations [12,13], prisons [14], restaurants, airplanes [15,16], cruise 
ships, and hospitals. In addition, human-to-human viral transfer is 
common – symptomatic, asymptomatic, and healthy individuals are 
all capable of spreading HuNoV [17], greatly increasing the likelihood 
of widespread infection, especially among high-risk groups like young 
children, the elderly, and immunocompromised individuals [18,19]. 
However, currently, the lack of rapid and sensitive assays for use in 
clinical and point-of-care settings has impeded the progress in the 
control and mitigation of HuNoV infection [5] for meeting the growing 
need to predict and prevent norovirus outbreaks. 

Current approaches for detecting norovirus in clinical and 
environmental samples utilize a combination of electron microscopy 
techniques [20-24], molecular detection assays [7,10,17,25-27] 

and immunological methods [25,28-33]. Each approach strives for 
maximizing sensitivity and specificity while minimizing the time for 
detection [34]. Electron microscopy enables direct visualization of viral 
particles, but the technique is considered ineffective as a diagnosis tool, 
as it lacks efficacy in detecting viral loads in complex matrices [35]. 
Molecular detection methods, namely polymerase chain reaction (PCR) 
and its real time (RT) variants, require skilled operators and specialized 
equipment [20]. Their low detection limits are ideal for screening the 
low viral loads common to contaminated foods and environmental 
samples [35], but the actual assay sensitivity and specificity largely 
depend on the efficacy of the concentration, purification, and nucleic 
acid extraction steps as well as primer selection and amplification 
conditions [8]. In most cases, RT-PCR assays are limited to presence-
absence testing, as residual matrix inhibitors often prevent accurate 
quantification of viral load [8]. Rapid detection methods like enzyme-
linked immunosorbant assays (ELISAs) are economical and facile 
alternatives to the more expensive and technically complex molecular 
detection assays and microscopy techniques [5,20,34]. ELISAs can 
analyze a myriad of pathological samples using multiple screening 
modes and reporter molecules, giving the assay broad versatility, but 
their need for high viral loads [5,27,30] limits the assays’ application 
mostly in clinical settings. Despite their relatively lower sensitivity 
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Abstract
This study designed and evaluated three versatile immuno-based assays for the rapid detection of GI.1 

norovirus virus-like particles at low (0-3.0 μg/mL) levels: 1) enzymatic absorbance-based ELISAs, 2) a fluorescent-
based immunoassay, and 3) a “signal-down” capture ELISA. Variables including controllable variations in assay 
format (indirect or sandwich), assay time, binding sequence, and reporter molecule (fluorophore or enzyme) were 
thoroughly investigated and optimized in all three assays. Selectivity tests in the three-hour absorbance-based 
ELISA using VLPs representing two GI and two GII strains indicated the assays were selective to GI strains over GII 
strains. The three-hour enzymatic absorbance-based assay turned out to be a robust and rapid method capable of 
detecting GI.I VLPs in the range of 0.037 to 0.555 μg/mL, and the three-hour fluorescent immunoassay was capable 
of detecting VLPs in a high concentration range of 0.5-2.0 μg/mL under optimized conditions. The “signal-down” 
capture ELISA was conceptually demonstrated for the detection of VLPs at concentrations in excess of 1.0 μg/
mL, but did not appear to be suitable for quantifying VLPs under its current conditions. The methods reported here 
provide proof-of-concept that various ELISA-type approaches could be further developed to provide robust norovirus 
detection assays having various detection ranges, limits, and linearity. 
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when compared to PCR-based methods [5,20], ELISA-based assays 
have been used to detect norovirus in human stool samples [5,25,36-
43], human sera [29], and food samples [26,31,32,44,45].

Current commercial NoV detection kits are in principle analogous 
to ELISAs, usually coupling lateral flow immunochromatography 
with colorimetry. For example, the RIDA® QUICK Norovirus test 
(R-Biopharm AG) uses a mixture of anti-norovirus monoclonal 
antibodies to test for GI and GII noroviruses in human stool. Color 
variations at the test and control lines on the test strip confirm the 
presence or absence of the viruses, with high (96%) accuracy. The 
ImmunoCard STAT!® Norovirus (Meridian Bioscience, Inc.) and the 
SDBIOLINE Norovirus (Standard Diagnostics, Inc.) assays apply the 
same principle and use color changes at test and control lines to detect 
GI and GII HuNoV in human feces. ALL.DIAG’s NOROTOP+® test can 
simultaneously detect antigens in both genogroups with high (>90%) 
sensitivity and specificity. Although these kits can provide a rapid 
(15-30 min) preliminary test of presence or absence of HuNov, none 
of them can quantify viral load in suspect foods and environmental 
samples. 

Using norovirus GI.1 (Norwalk) virus-like particles (VLPs) as 
a model viral system, the objective of this study was to develop and 
evaluate several ELISA-based assays for rapid detection of varying 
concentrations of GI.1 VLPs (0.037-3.7 μg/mL). HuNoV VLPs are 
replication-incompetent, macromolecular protein assemblies with 
capsid structures and antigenic properties resembling those of innate 
norovirus particles [46-48]. They have been used in many research 
laboratory studies as a model of HuNoV for developing detection 
methods or evaluating inactivation methods for HuNoV. In this study, 
we first designed a conventional three-day ELISA derived from a 
previously published protocol used for recognition of norovirus and 
VLPs using a peptide displaying bacterial phage [28]. In the designed 
ELISA method here, in place of the bacterial phage, monoclonal 
antibody to GI.I VLP (mAb 3901) was used for target recognition, which 
was a mechanistically different recognition process than the phage 
display. The final signal detection was realized by using a horseradish 
peroxidase (HRP)-conjugated secondary anti-mouse IgG antibody and 
its subsequent enzymatic reaction, leading to a product detectable by 
absorbance. Through the optimization of binding and blocking time, 
this ELISA was then modified so that it could be completed in three 
hours, effectively reducing the assay time without compromising assay 
sensitivity. To further simplify the three-hour assay, a fluorophore 
was used as an alternative reporter molecule, where an Alexa Fluor® 
488-conjugated secondary anti-mouse IgG antibody was used in place 
of the HRP-conjugated secondary antibody. Lastly, a “signal-down” 
capture ELISA was designed, in which the mAb 3901 was used as a 
capture antibody and the HRP-conjugated secondary anti-mouse IgG 
antibody as the detection antibody, and the binding of VLP to mAb 
prevented the access of detection antibody to the mAb, resulting in 
a reduced absorbance signal. This study describes the assay designs, 
their optimization, and compared the performances of all three assay 
configurations. 

Experimental
VLPs, antibodies and chemicals 

Stock solutions of GI.1 VLPs and monoclonal anti-GI.1 VLP 
antibody (mAb 3901) at 3.7 and 2.2 mg/mL, respectively, were 
obtained from Doctor Robert Atmar’s laboratory at the Baylor College 
of Medicine (Houston, TX). Stock solutions of GI.6 (2.8 mg/mL), 
GII.2 (4.3 mg/mL), and GII.4 (1.3 mg/mL) VLPs were also acquired 

from the Atmar laboratory and used for assay specificity tests. Goat 
anti-mouse IgG (H+L) antibody labeled with horseradish peroxidase 
(HRP) (0.5 mg/mL) was purchased from Abcam (Cambridge, MA). 
Goat anti-mouse IgG (H+L) antibody labeled with green-fluorescent 
Alexa Fluor® 488 dye (2.0 mg/mL) was purchased from Invitrogen (Life 
Technologies, Grand Island, NY). Phosphate buffered saline (PBS), 
pH 7.4, was prepared in-house from a 1X (0.01 M) PBS recipe (Cold 
Spring Harbor Protocols) using NaCl, KCl, Na2HPO4, and KH2PO4, 
all purchased from Fisher Scientific. TweenTM 20 and SuperBlock 
T20 (PBS) Blocking Buffer were purchased from Fisher Scientific and 
Thermo Scientific, respectively.

The conventional three-day ELISA 

The initial three-day ELISA was derived from an ELISA for VLP 
detection originally developed at the Baylor College of Medicine 
[28], which coupled overnight VLP immobilization and colorimetric 
detection using a peptide-displaying M13 phage and HRP-labeled 
M13 phage antibody and an enzyme-linked reaction for absorbance 
measurement. In this three-day ELISA, we adopted the overnight 
immobilization of VLPs, but replaced the peptide-displaying bacterial 
phage with the anti-GI.1 VLP monoclonal antibody 3901 (mAb 3901), 
and prolonged the blocking time to overnight. Figure 1A illustrates the 
three-day ELISA developed in this study, in which sequential overnight 
immobilization of VLPs and overnight blocking were applied, and 
followed by a cascade reaction using mAb 3901 and HRP-labeled anti-
mouse IgG antibody for developing absorbance measurements. The 
assay was performed in medium-binding 96-well polystyrene plates 
(CostarTM 3591; Corning Incorporated, Corning, NY) by directly coating 
the wells with 50 μL aliquots of GI.1 VLPs at concentrations ranging 
from 0 to 1 μg/mL (0.037, 0.185, 0.37, 0.555, 0.74, and 0.925 μg/mL) or 
from 0 to 3.7 μg/mL (0.037, 0.204, 0.47, 2.04, and 3.7 μg/mL) overnight 
at 4°C. Aliquots of 50 μL of 0.01 M PBS were used as blanks. Following 
the overnight coating, each well was washed with 100 μL of 0.01 M PBS 
twice and filled with 100 μL of SuperBlock T20 (PBS) Blocking Buffer 
(Thermo Scientific). After the overnight blocking at 4°C, each well was 
rinsed with 100 μL of 0.01 M PBS containing 0.05% (v/v) TweenTM 20 
(PBS-T) twice, and then filled with 50 μL of 0.0002 mg/mL mAb 3901 
anti-GI.1 VLP antibody solution and incubated for 60 min at 37°C. 
The wells were washed with 100 μL of PBS-T twice and loaded with 
50 μL aliquots of HRP-labeled goat anti-mouse IgG antibody (0.0001 
or 0.0002 mg/mL). Following another 60 min incubation at 37°C, each 
well was washed with 100 μL of PBS-T twice and further reacted with 
100 μL of TMB (3,3’,5,5’-tetramethylbenzidine) Peroxidase Substrate 
Microwell Substrate System (KPL, Gaithersburg, MD), a soluble 
chromogenic substrate for the HRP enzyme. After a 10-min reaction 
at room temperature, 50 μL of Stop Solution (KPL, Gaithersburg, MD) 
was added to each well to stop the enzymatic reaction. The plate was 
immediately read at 450 nm using a SpectraMax® M5 microplate reader 
(Molecular Devices, Sunnyvale, CA) equipped with the SoftMax Pro 
5.4 software package.

The three-hour ELISA

More rapid assays are an ongoing goal of immunological and 
molecular-based methods for detecting foodborne pathogens [34] 
because timely identification of the etiological agent can help mitigate 
both the financial impact and size of an outbreak [49]. The three-hour 
ELISA used the same principle as the three-day assay with the coating 
and blocking steps both modified to 1 h at room temperature (Figure 
1A). Also, to improve VLP adhesion to the well bottom during the VLP 
binding step, the plate was agitated for 5 min using a Fisherbrand fixed-
speed nutating shaker every 30 min. All concentrations and volumes 
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of GI.1 VLP, mAb 3901 anti-GI.1 VLP antibody, and HRP-conjugated 
goat anti-mouse IgG antibody remained identical to the three-day 
method. The performance of the assay was compared to the three-day 
ELISA. 

To test the selectivity of the ELISA assay, the absorbance signals of 
three other VLPs (representing GI.6, GII.2, and GII.4) were examined 
at six concentrations (0.037, 0.185, 0.370, 0.555, 0.740, and 0.925 μg/
mL) and compared to that of the GI.1 VLPs. The selectivity test was 
performed under the same conditions for all GI and GII strains, 
which used 0.0002 mg/mL mAb 3901 and 0.0001 mg/mL HRP-labeled 
secondary anti-mouse IgG antibody, and all other test conditions 
remained identical to the three-hour method for GI.1 VLP detection. 

The three-hour immunoassay with fluorescence detection	

The fluorescence detection method was derived from the three-hour 
ELISA method by replacing the HRP-labeled anti-mouse secondary 
antibody with a fluorophore-labeled (Alexa Fluor® 488) anti-mouse IgG 
antibody, so that fluorescence intensity was immediately quantified 
following the addition of secondary antibody to the test wells. Figure 1B 
illustrates the detection principle. The assay was performed in CostarTM 
3603 96-well black clear-bottom plates (Corning Incorporated, 
Corning, NY) by direct coating of GI.1 VLPs at concentrations ranging 
from 0 to 3 μg/mL (0, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 μg/mL). Opaque 
walls prevented crosstalk between samples in neighboring wells. 
Various concentrations (0, 0.002, 0.004, and 0.008 mg/mL) of mAb 
3901 anti-GI.1 VLP antibody and Alexa Fluor® 488 goat anti-mouse 
IgG antibody at 2.0 or 5.0 μg/mL were tested to optimize the assay. 
Following a 1-hour incubation with the fluorophore-labeled secondary 
antibody, each well was rinsed with 100 μL of PBS-T solution twice, 
filled with 50 μL of 0.01M PBS, and read on a PHERAstar microplate 
reader (BMG LABTECH, Cary, NC) equipped with a 485/520 filter and 
the PHERAstar analytical software package. 

The “signal-down” capture ELISA 

Figure 1C illustrates the “signal-down” capture ELISA, in which 
overnight immobilization of mAb 3901 anti-GI.1 VLP antibody in the 
wells was followed by sequential capture of GI.1 VLPs and the reaction 
with HRP-labeled anti-mouse IgG antibody for developing enzyme-
linked absorbance measurement. The assay was performed by initially 
coating the wells of a sterile CostarTM 3591 96-well plate with 0.0002 
mg/mL mAb 3901 anti-GI.1 VLP antibody solution overnight at 4°C. 
Following the coating, each well was rinsed with 100 μL of PBS-T twice 
and then filled with 50 μL of G1.1 VLPs ranging from 0 to 3.7 μg/mL 
(0.037, 0.204, 0.37, 2.04, and 3.7 μg/mL). The plate was incubated for 
120 min at room temperature, with periodic rocking after 30 min 
using a 5/25 min (shaking/resting) cycle and a Fisherbrand fixed-speed 
nutating shaker to facilitate VLP adhesion to the immobilized primary 
antibody. Each well was rinsed with 100 μL of PBS-T twice to remove 
unbound VLPs and then filled with 50 μL of 0.0001 mg/mL HRP-
conjugated goat anti-mouse IgG antibody solution. Following a 60 min 
incubation at 37°C, all wells were washed with 100 μL of PBS-T twice 
and reacted with 100 μL of TMB solution for 10 min. Stop Solution (50 
μL aliquots) was added to each well to quench the peroxidase reaction, 
and the plate was read immediately at 450 nm using the SpectraMax® 
M5 microplate reader. 

Results and Discussion 
The conventional three-day and three-hour ELISAs 

Figure 2A shows the results of the three-day ELISA for detecting 

Figure 1: Schematic illustrating the binding sequence of virus-like particles 
(VLPs), mAb 3901 anti-GI.1 VLP antibody, and HRP-conjugated or Alexa 
Fluor® 488 goat anti-mouse antibody in the (A) three-day and three-hour 
ELISA, (B) three-hour immunoassay with fluorescence detection, and (C) 
“signal-down” capture ELISA methods.

   

GI.1 VLPs in a broad concentration range (from 0.037 to 3.7 μg/
mL). The absorbance signal continuously increased with increasing 
VLP concentration up to a concentration >1.0 µg/mL, after which 
the signal became saturated. This trend led to a closer examination 
of the absorbance signal in relation to VLP concentration in the low 
concentration range (<1.0 μg/mL). Figure 2B shows the results for 
detection of VLPs in a narrower concentration range (from 0.037 to 
0.925 μg/mL) using two different concentrations of HRP-labeled anti-
mouse IgG antibody (0.0001 and 0.0002 mg/mL). For both antibody 
levels, the absorbance signal continuously increased with increasing 
VLP concentration until it exceeded 0.555 μg/mL. Although the 0.0002 
mg/mL secondary antibody concentration generated a greater signal 
for each evaluated VLP concentration, the overall linear range between 
the absorbance signal and the VLP concentration for both cases 
was the same (0.037 to 0.555 μg/mL), and the use of 0.0001 mg/mL 
secondary antibody solutions generated a better correlation between 
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the absorbance signal and the VLP concentration (R2 = 1.0 vs. R2 = 
0.95). The linear regression equations were y = 2.262 × - 0.075, and 
y = 3.145 x + 0.045, using the 0.0001 and 0.0002 mg/mL secondary 
antibody, respectively. The limits of detection (LOD) for the two assay 
conditions were calculated using 3blankLOD x σ= ±  , which were 
0.153 μg/mL and 0.015 μg/mL, respectively. Though the linear ranges 
for both cases were sufficient for quantifying VLPs, the use of 0.0001 
mg/mL secondary antibody solution appeared to be a more cost-
efficient and material-saving assay.

Next, the investigation focused on reduction of the ELISA assay time 
to detection. By reducing the VLP immobilization time to 1 h at room 
temperature and the blocking time to 1 h at room temperature, the total 
assay time could be reduced to 3 h. Figure 2C shows the results of the 
three-hour ELISA for the detection of VLPs in the concentration range 
of 0.037 to 0.925 μg/mL, using 0.0001 and 0.0002 mg/mL secondary 
antibody levels. Similar to the three-day ELISA, the absorbance 
signal continuously increased with increasing VLP concentration for 
both secondary antibody concentrations, and the linear relationship 
between the absorbance signal and the VLP concentration was found 
in the range of 0.037 to 0.555 μg/mL The linear regression equations 
were y = 1.836 x - 0.0029 with R2 = 0.98, and y = 2.802 x + 0.0784 with 
R2 = 0.998, for 0.0001 and 0.0002 mg/mL secondary antibody levels, 
respectively. The detection limits were calculated to be 0.164 μg/mL 
when 0.0001 μg/mL secondary antibody was used, and 0.046 μg/mL 
when 0.0002 μg/mL secondary antibody was used. The results indicated 
both detection conditions allowed sufficient linearity and linear range 
for quantifying VLPs. 

Comparison between the three-day and three-hour ELISAs 
showed that the magnitude of the absorbance signal for any given VLP 
concentration was slightly lower in the latter assay, but the overall 
linearity, the linear range, and the detection limits were not affected by 
the reduction of VLP coating time and blocking time. The three-hour 
ELISA assay effectively shortened the assay time, while still yielding 
comparable detection limits compared to the 3-day assay. The shorter 
assay was a robust and rapid method for detecting GI.1 VLPs in the low 
concentration range of 0.037 to 0.555 μg/mL. Other researchers have 
developed ELISAs for VLP detection using variable antigen ranges. 
Esseili and coworkers reported an assay for GII.4 VLP that can detect 
0.05-2.50 μg (50 μL aliquots of 1, 5, 10, 20, and 50 μg/mL VLPs) [31], 
while Ghandi et al. [32] created an ELISA assay for GI.1 VLP that used 
100 μg (100 μL aliquots of 1.0 μg/mL total protein) [32]. The GI.1 VLP-
based ELISA developed at the Baylor College of Medicine – the basis 
for the assays developed in this study – used 0.63, 1.25, 2.5, and 5 μg 
in the initial antigen binding step [28]. Our results demonstrated that 
the three-hour ELISA is a sound alternative to the more time-intensive 
three-day method by reducing the antigen-binding and blocking 
steps without loss of assay sensitivity and detection range, and it is 
comparable to other ELISA methods reported in literature. 

We further examined the selectivity of the assay using VLPs 
corresponding to three other HuNoV strains, including GI.6, GII.2, 
and GII.4. Figure 3 shows the results of the selectivity test for the 
3-h ELISA. Although GI.6 VLPs could be detected at concentrations 
higher than 0.185 μg/mL and showed a linear relationship between 
absorbance signal and concentration, signal intensity for the GI.6 VLP 
was much lower (>50% less) than that of GI.1 VLPs. Both GII VLPs 
displayed no absorbance signals across the evaluated concentration 
range, suggesting the ELISA method was predominately selective for GI 
strains over GII strains. This was not an unexpected result considering 
that the selectivity of the ELISA method relied essentially on the 
specificity of mAb 3901, and in fact, a previous study has reported that 

Figure 2: Performance of the three-day ELISA. (A) Plot of the absorbance 
signal against VLP concentration using a broad range of VLP concentrations 
(0.037 to 3.7 μg/mL) and 0.0005 mg/mL HRP-labeled secondary antibody; (B) 
Absorbance values and the linear range obtained in using VLP concentration 
ranging between 0.037 to 0.925 μg/mL; and (C) Absorbance values and the 
linear range obtained using the three-hour ELISA for detection of GI.1 VLPs in 
the same concentration range as the 3-day ELISA. Two different concentration 
levels (0.0001 and 0.0002 mg/mL) of HRP-label secondary antibody were used 
in (B) and (C). The concentration of primary mAb 3901 anti-VLP antibody used 
in all assays was the same (0.0002 mg/mL).
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mAb 3901 recognized a single epitope that was found in the majority of 
GI HuNoV but not GII strains [50].

The three-hour immunoassay with fluorescent detection 

On the basis of the 3-h ELISA, we further investigated whether 
the use of a fluorophore as the reporter molecule on the secondary 
antibody could improve the assay performance. Figure 4 shows the 
results of GI.1 VLP detection in the range of 0.5 to 3.0 μg/mL using the 
three-hour immunoassay with fluorescent detection, using 0.002 mg/
mL mAb 3901, and two different concentrations Alexa Fluor® 488 goat 
anti-mouse antibody (2.5 and 5.0 μg/mL). The 2.5 μg/mL secondary 
antibody level unexpectedly generated a higher fluorescence signal at 
each VLP concentration than that using 5.0 μg/mL secondary antibody. 
This might be due to the higher molecule concentration in the 5.0 μg/
mL solution that actually inhibited mass transport of the secondary 
antibody to the surface-immobilized primary antibody, which has been 
observed in a previous study [51]. Although at both secondary antibody 
levels the fluorescence intensity increased with the increasing VLP 
concentration, only the 5.0 μg/mL secondary antibody level generated 
a sufficiently linear relationship across the tested VLP concentrations 
(ranging from 0.5 to 2.0 μg/mL); it also had a detection limit of 0.313 
μg/mL. However, the fluorescent signal appeared to be saturated at 
high VLP concentrations (>2.0 μg/mL), which could be due to the self-
quench phenomenon that commonly occurs in fluorescence detection 
at high concentrations of analyte.

The “signal-down” capture ELISA 

The “signal-down” capture ELISA detected VLPs by trapping them 
between the capture and detection antibodies, i.e. the mAb 3901 anti-
VLP and the HRP-labeled anti-mouse IgG antibodies. In the absence 
of VLPs, the detection antibody freely binds to the capture antibody, 
yielding a high absorbance signal via the TMB-HRP enzymatic 
reaction. The presence of VLPs occupied some of the binding sites 
of the capture antibodies, reducing the binding of the detection 
antibody thus lowering the absorbance signal, which was expected to 
be correlated to the amount of captured VLPs. This design simplified 
the assay by reducing the number of requisite antigen-antibody and 
antibody-antibody interactions.	

Figure 5A shows the results of the capture ELISA for the detection 
of GI.1 VLPs in the concentration range of 0 to 3.7 μg/mL using two 
concentration levels of capture antibody. At 0.0002 mg/mL mAb 3901 
anti-GI.1 VLP antibody, the absorbance value steadily decreased from 
0.664 ± 0.121 at 0 mg/mL GI.1 VLPs to 0.374 ± 0.028 at 2.04 μg/mL 
G1.1 VLPs (Figure 5A), confirming the assay worked as expected. The 
consecutive percentage changes in absorbance for VLPs at 0.037, 0.204, 
and 0.37 μg/mL were 19.7%, 12.6%, and 2.1%, respectively. The use of 
a lower concentration of capture antibody (0.0001 mg/mL mAb 3901 
anti-GI.1 VLP) was expected to lower the baseline signal (in the absence 
of VLPs), thus to generate a greater percent reduction in absorbance 
signal at each evaluated VLP concentration. The results showed that, 
while the absorbance signal decreased as VLP concentration changed 
from 0 to 2.04 μg/mL, further validating the “signal-down” capture 
ELISA as a method for detecting VLPs, the consecutive percent 
changes in absorbance for VLPs at 0.037, 0.204, and 0.37 μg/mL were 
22.8%, 15.9%, and 4.3%, respectively. As expected, these percentages 
were slightly greater compared to the results obtained using 0.0002 mg/
mL capture antibody. In both cases, the minor increase in absorbance 
value from 2.04 μg/mL GI.1 VLPs to 3.7 μg/mL G1.1 VLPs was possibly 
due to oversaturation of VLP binding during the capture step, leading 
to poor overall binding. The tests also showed no difference in the 
resulting signals when the blocking step was performed after capture 
antibody immobilization or after VLP capture. 

Further analysis of the results demonstrated the linear relationship 
between the reduction in absorbance and the logarithmic value of VLP 
concentration in the range of 0.037 μg/mL to 2.04 μg/mL. As expected, 
the highest VLP concentration of 3.7 μg/mL fell outside the linear 
range for both primary antibody concentrations (Figure 5B), making 
reliable quantification implausible at high VLP concentrations due to 
oversaturation during the binding step. Regardless, the results yielded 
two linear regression equations in the detection of VLPs in the range 
of 0.037 to 2.04 μg/mL: y= -0.0903 x + 0.4063 with R2 = 0.99 and the 
detection limit of 14.4 μg/mL VLPs, when 0.0002 mg/mL capture 
antibody was used, and y = -0.0448 x + 0.2298 with R2 = 0.94 and the 
detection limit of 0.00058 μg/mL at 0.0001 mg/mL capture antibody 
level. 

Okame et al. [33] developed a cross-reactive sandwich ELISA for 
detection of multiple GI and GII strains with a similar lower detection 
limit (0.0024 μg/mL) [33], but their assay required five antibodies (four 
primaries and one labeled secondary). Conversely, the capture ELISA 
presented in this study needed only one primary (for capture) and one 
labeled secondary antibody (for detection), drastically reducing assay 
time and reagent need. On the whole, the “signal down” assay showed 
large standard deviations; a narrow range of absorbance change across 
the range of VLP concentrations tested (at 0.0001 mg/mL secondary 
antibody level); and poorer detection limits relative to the other assays. 
At this point, it would be a poor choice for quantitative detection of 
VLPs and should be considered as a “proof-of-concept” that may merit 
additional optimization.

Comparison of detection ranges and sensitivities 

The results indicated that all assays were capable of detecting GI.1 
VLPs, but each assay had different detection ranges and sensitivities 
(Table 1). Of all the ELISA-derived methods developed in this study, 
the 3-h ELISA appeared to be the best choice for rapid detection of 
GI VLPs in the low concentration range of 0.037 to 0.555 μg/mL, 
effectively providing more rapid detection without losing analytical 
sensitivity when compared to the 3-day assay. The use of the fluorescent 
reporter molecule yielded a sufficient linear relationship between the 

Figure 3: Comparison of assay selectivity for various GI and GII VLP strains. 
All strains were evaluated using 0.0002 mg/mL mAb 3901 primary antibody 
and 0.0001 mg/mL HRP-labeled anti-mouse secondary antibody.
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Figure 4: Comparison of fluorescence signal intensity as a function of GI.1 VLP 
concentration and associated linear regressions obtained by the immunoassay 
using two different levels of Alexa Fluor® 488 goat anti-mouse IgG antibody 
concentrations (2.5 and 5.0 μg/mL). The mAb 3901 anti-GI.1 antibody used in 
the assay was at 0.002 mg/mL.

   
Method R2 Value

Linear  Range 
(μg/mL)

Detection Limita

(μg/mL)
Three-Day (3-d) ELISA 0.95-1.0 0.037-0.555 0.153 (L1)b; 0.015 (L2)c

Three-Hour (3-h) ELISA 0.98-0.998 0.037-0.555 0.164 (L1); 0.046 (L2)

Three-Hour (3-h) Fluorescent 
Immunoassay

0.9985 0.5-2.0 0.313 (L2)

“Signal-Down” Capture ELISA 0.94-0.99d 0.037-2.040 0.00058 (L1); 14.4 (L2)

aDetection limit was calculated using 3BlankLOD X δ= +  with 99% confidence 
level.
bL1 denotes the lower primary (3-d, 3-h ELISA) or secondary (3-h immunoassay) 
antibody employed in the assay. 
cL2 denotes the higher primary (3-d, 3-h ELISA) or secondary (3-immunoassay) 
antibody employed in the assay.
dR2 values were the coefficient between the absorbance signal and the logarithmic 
value of VLP concentration.

Table 1: Correlation Values, Ranges, and Limits

fluorescence signal and the VLP concentration in the range of 0.5 to 
2.0 μg/mL, at the optimized test condition (0.002 mg/mL mAb3901 
and 5.0 μg/mL). Velappan and coworkers showed that fluorescent 
and enzymatic immunosorbant assays were equally effective as plate 
screening methods [52]. In our study, although the 3-h traditional 
enzymatic ELISA showed greater analytical sensitivity, the fluorescent 
assay was able to detect a broader VLP concentration range. It may 
be that using a combination of the enzymatic and fluorescent-based 
immunoassays might result in combined low assay detection limits 
and wider detection concentration ranges. The “signal-down” capture 
ELISA was able to detect VLP but further optimization is necessary. 
For example, manipulating the orientation of the immobilized capture 
antibody might improve assay performance. 

The usefulness of an assay is significantly determined by its 
specificity and sensitivity for the target antigen [4]. The specificities of 
all the methods tested in this study were mechanistically dependent on 
the specificity of the primary antibody, which in this case was specific 
to GI but not GII HuNoV strains. It can be inferred that the specificity 
of the fluorescent assay and the “signal-down” capture ELISA would 
be similar to the 3-h ELISA, although studies are underway to confirm 
this. Of course, additional optimization could improve each method, 
and further validation is needed by examination of fecal extracts 
derived from HuNoV infected individuals and direct comparisons to 
other established methods.

Conclusions 
In this study, three versatile immuno-based assays for rapid 

detection of GI.1 norovirus virus-like particles in the concentration 
range of 0-3.0 μg/mL were designed and evaluated. Controllable 
variations in assay format (indirect or sandwich), assay time, binding 
sequence, and reporter molecule (fluorophore or enzyme) were 
thoroughly investigated and optimized in all three assays. The study 
demonstrated that adjusting both the time and temperature of the 
antigen binding and blocking steps in enzymatic-based ELISA gave rise 
to rapid, reliable assays that could detect the same concentration range 
of VLPs (0.037 to 0.555 μg/mL) as a more time-intensive alternative. 
Use of a fluorophore instead of an enzyme labeled secondary antibody 
allowed the development of a robust method for quickly detecting a 
broad range of higher VLP concentrations (0.5 to 2.0 μg/mL). While 
in need of additional optimization, a “signal-down” approach was also 
demonstrated. This developmental work adds to the knowledge needed 
to develop rapid and sensitive assays for HuNoV detection in clinical 
and point-of-care settings [5]. Eventually, such assays may also be 
relevant to detection of HuNoV in contaminated food and water. Such 

Figure 5: Performance of the “signal-down” capture ELISA. (A) Absorbance 
values for the detection of GI.1 VLPs in the range of 0 to 3.7 μg/mL, using two 
different concentrations of the capture antibody (0.0001 and 0.0002 mg/mL 
mAb 3901 anti-VLP antibody). (B) Linear regression between the absorbance 
signals and the logarithmic values of GI.1 VLP concentrations ranging from 
0.037 to 2.04 μg/mL. Both assays used 0.0001 mg/mL HRP-conjugated goat 
anti-mouse IgG antibody.
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methods may ultimately contribute to the reduction of the HuNoV 
disease burden. 
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