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Purpose: Human noroviruses (HuNoVs) are the main cause of non-bacterial acute gastroenteritis. Due to antigenic diversity, the 
discovery of ligands that can sensitively and specifically detect HuNoVs remains challenging. Limited by laboratory culture, no 
vaccines or drugs have been developed against HuNoVs. Here, we screened nucleic acid aptamers against the widespread HuNoV 
GII.4 and emerging HuNoV GII.17.
Methods: After ten rounds of sieving for HuNoV GII.4 and GII.17 virus-like particles (VLPs), eight ssDNA aptamers were generated 
and characterized for each genotype.
Results: Four of the eight aptamers generated for GII.4 VLP had dissociation constants (Kd) less than 100 nM, and all aptamers for 
GII.17 VLP had Kd less than 10 nM. All aptamers bound to their targets in VLP concentration-dependent manner. Two aptamers (AP4- 
2 and AP17-4) were selected for enzyme-linked aptamer sorbent assay (ELASA) and further analysis. Binding affinity was enhanced 
as the concentration of both aptamer and VLPs increased. The specificity of the aptamers was verified by ELASA and dot blotting. 
AP4-2 and AP17-4 were able to differentiate HuNoV from other diarrhea-causing pathogens or unrelated proteins (P < 0.0001). VLP/ 
porcine gastric mucin (PGM) binding blockade assays revealed that AP4-2 and AP17-4 blocked the binding of HuNoV VLPs to PGM. 
VLP internalization inhibition assays showed that at a concentration of 0.5 µM, both AP4-2 and AP17-4 effectively inhibited 
attachment and internalization of HuNoV VLPs into 293T cell (P < 0.05). Cell viability assays confirmed that aptamers did not 
induce cellular toxicity.
Conclusion: AP4-2 and AP17-4 showed strong affinity and specificity for their target VLPs and represent promising candidates for 
HuNoV capture and detection. This is the first study to demonstrate that aptamers can effectively inhibit HuNoV VLPs from binding to 
or entering cells, thus providing a new concept for the treatment of HuNoVs.
Keywords: human norovirus, SELEX, aptamer, diagnostics, therapeutics

Introduction
Human noroviruses (HuNoVs) belong to the Caliciviridae family and the Norovirus genus. These viral particles exhibit 
an icosahedral symmetric structure (T = 3), are 25–40 nm in diameter,1,2 and possess a viral genome containing 
approximately 7.5–8.3 kb positive-sense single-stranded RNA. HuNoVs are the main pathogen that causes non- 
bacterial acute enteritis in humans, with approximately 685 million diarrheal episodes occurring each year globally, 
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resulting in 900,000 hospitalizations and more than 200,000 deaths.3 HuNoVs are highly contagious and environmentally 
stable,4–7 and can be transmitted by human-to-human, foodborne, waterborne and environmental routes.8 Most cases are 
caused by the GII.4 genotype in the GII gene group,9 which is associated with more than 50% of outbreaks globally.10 

Beginning in the winter of 2014/2015, experienced the emergence of the GII.17 strain (GII.17 Kawasaki) that was able to 
escape population immunity in Asia, thus resulting in widespread outbreaks in China and Japan and even replacing GII.4 
in some areas.11,12 In immunocompetent subjects, norovirus usually causes acute and self-limiting infections. However, 
immunocompromised subjects or the recipients of solid organ transplants (SOTs) can develop more severe and some-
times chronic noroviral infections, with viral shedding that can last for weeks to years.13,14 However, due to the diversity 
of HuNoV antigens and the difficulty of culturing these particles under laboratory conditions, there are currently no 
vaccines or drugs against HuNoVs.15

Despite the fact that HuNoVs were discovered over 50 years ago, none of the cell lines developed for this virus have 
been cultured successfully in the laboratory.16,17 Although stem cells or tissue-derived human intestinal organoids or 
human intestinal enteroids have been shown to be effective in culturing HuNoVs,18 these practices are limited to some 
specific genotypes19,20 and are expensive and demanding. Consequently, these methods have yet to be commonly utilized 
for vaccine development and drug screening. HuNoVs virus-like particles (VLPs) are morphologically and antigenically 
similar to real HuNoVs isolated from feces2,21–25 and can be generated by various expression systems, including 
baculovirus,26 Escherichia coli,27 and vesicular stomatitis virus (VSV),28 which now play an important role in the 
development of vaccines for HuNoVs.

Since the infectious dose of HuNoVs is <100 copies,29,30 accurate and sensitive detection is vital if we are to prevent 
outbreaks. There are three main detection methods for HuNoVs: (1) observation by transmission electron microscopy, (2) 
real-time reverse transcription polymerase-chain reaction (RT-qPCR)-based amplification of gene fragments at the ORF1/ 
ORF2 junction of the HuNoVs genome,31–34 and (3) antibody-based enzyme-linked immunosorbent assay (ELISA).35 Of 
these, transmission electron microscopy provides clear observation of the morphology of typical HuNoVs particles, but is 
limited by high equipment requirements and running costs. RT-qPCR is highly sensitive but viral pre-processing, such as 
RNA extraction, takes a long time, and may produce false negatives for low concentrations of HuNoV in samples. 
Furthermore, because detection is only aimed at specific fragments of genes rather than full-field sequences, some gene 
fragments with no capsid wrapping may also be defined as pathogenic, thereby overestimating the infectivity of a given 
sample.36 ELISA provides good portability; however, due to the broad antigenicity of HuNoVs, this method is 
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disadvantaged by low levels of sensitivity.35,37,38 Some candidate ligands for HuNoVs, such as histological blood group 
antigens (HBGAs) and porcine gastric mucosal proteins (PGMs) react with some, but not all, types of HuNoVs. In the 
current study, the inactivation of Norwalk virus GI.1 in oysters by high-pressure treatment, as estimated by PGMs 
combined with RT-qPCR, compared favorably with the results of parallel human challenge studies.39,40 However, PGMs 
are not applicable for practical testing due to their complex composition, which features HBGAs,41,42 peptides,43 and 
single-chain antibodies.44

Nucleic acid aptamers are a class of 20–80 mer single-stranded DNA (ssDNA) or RNA screened from a highly 
diverse starting library of synthetic oligonucleotides artificially synthesized by Systematic Evolution of Ligands by 
Exponential Enrichment (SELEX).45–47 Aptamers exhibit high affinity and specificity for target molecules; are easy to 
prepare, label and modify; have good levels of stability, and are cost effective.48–51 Over recent years, a large range of 
nucleic acid aptamers targeting specific viruses, antibiotics and small molecules have been identified and applied to 
clinical diagnosis and therapy.52–54 Previous studies have reported aptamers against different norovirus targets, including 
VLPs, the P domain, and VPg.55–60 These previous studies mainly focused on investigating the affinity of aptamers to 
their targets, but did not explore their potential ability to neutralize HuNoV infections, largely due to limitations in 
evaluation methodology. In vitro ligand-binding blocking methods are difficult to simulate the real cell environment, and 
real animal models are expensive and difficult to perform in many laboratories. However, previous studies by Qiao61 and 
Kimura62 reported a splitting NanoLuc luciferase (Nluc)-based surrogate infection/neutralization assay against HuNoV in 
2022, thus making it possible to investigate the efficacy of inhibitors against HuNoVs at the cellular level.

In the present study, we generated nucleic acid aptamers against HuNoV GII.4 and GII.17 VLPs by SELEX screening 
and verified their affinity and specificity by BioLayer interferometry, dot blotting, and enzyme linked aptamer sorbent 
assay (ELASA). In addition, we validated the potential ability of these candidate aptamers to neutralize HuNoVs 
infection by VLP/PGM binding blockade assays (in vitro) and at the cellular level by split Nluc-based surrogate 
infection/neutralization assays.

Materials and Methods
Cells, Plasmids, Antibodies and VLPs
SF9 (insect ovary) cells, 293T (Human embryonic kidney) and Caco2 (human colorectal adenocarcinoma) cells were 
obtained from Chinese Academy of Sciences Cell Bank (Shanghai, China). SF9 cells were cultured in Sf-900 II SFM 
(Gibco) at 28°C to express HuNoV VLPs. The VP1 fragments of HuNoV GII.4 strain Hu/GII.4/DBM15-156/2015 
(GenBank ID: MG786781.1) and HuNoV GII.17 strain Hu/GII.P17_GII.17/KR/2015 (GenBank ID: 38168209) were 
inserted into the pFastBac1 plasmid (Thermo Fisher Scientific, Waltham, MA) to generate HuNoV GII.4 VLP and 
HuNoV GII.17 VLP by the Bac-to-Bac baculovirus expression system. To generate HiBiT-VLPs, we introduced the 
HiBiT tag (VSGWRLFKKIS) into the N-terminus of the HuNoV VP1 fragment by point mutation and used the same 
expression system as described above. The obtained VLPs/HiBiT-VLPs were negatively stained with 2% aqueous uranyl 
acetate and morphologically analyzed by transmission electron microscopy (TEM) (JEM-1400Flash, JEOL, Japan). The 
generation of VLPs was verified by Western blotting (WB) with previously prepared rabbit anti-GII.4 VLP and rabbit 
anti-GII.17 VLP polyclonal antibodies, and fusion of the HiBiT tag was verified by Nano-Glo HiBiT blotting (Promega, 
Madison, WI). We used the same method to generate a series of HuNoV VLPs and corresponding HiBiT VLPs: 
GII.4 New Orleans (GenBank ID: LC177654.1), GII.4 Sydney (GenBank ID: KR904228.1), GI.3 (GenBank ID: 
MZ021600.1), GII.2 (GenBank ID: NC_039476.1), GII.3 (GenBank ID: KY442319.1), GII.6 (GenBank ID: 
LC790056.1). When constructing pFastBac1 plasmids containing these HuNoV VP1 sequences, a His tag was inserted 
into the C-terminus of the VP1 sequence, and detection of these VLPs and HiBiT VLPs were carried out by WB (anti-His 
monoclonal antibody) and HiBiT blotting. The obtained VLPs were diluted with phosphate buffered saline (PBS) and 
stored at −80°C to await experimentation.

To generate 293T cells that were able to stably express LgBiT protein, we inserted the LgBiT gene into the pCDH- 
CMV-MCS-EF1-Puro plasmid, thus generating LgBiT-pCDH-CMV-MCS-EF1-Puro. Then, 293T cells were transfected 
with LgBiT-pCDH-CMV-MCS-EF1-Puro, psPAX2, and pMD2.G. After two days, the supernatant was harvested, 
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centrifuged at 12,000 rpm for 5 min and filtered through a 0.22 μm syringe filter to generate a lentiviral vector encoding 
LgBiT. Two days after infection with the lentiviral vector, 293T cells were maintained in Dulbecco’s modified Eagle’s 
medium (DMEM) (Gibco) with 10% fetal bovine serum (FBS) (Gibco) and 2 μg/mL of puromycin, thus generating 
293T-LgBiT cells. qRT-PCR and the 2− ΔΔCt method63 were used to detect the relative expression of LgBiT mRNA in 
293T-LgBiT cells; primer information (β-actinF, β-actinR, LgBiTF, LgBiTR) is provided in Supplemental Table 1.61 WB 
was used to detect the expression of LgBiT protein in cells; for this, we purchased an anti-LgBiT monoclonal antibody 
(mAb) from Promega (Cat# N7100).

Selection of Aptamers by SELEX
The ssDNA library consisted of constant region on both sides (5’-CAGGGGGACGCACCAAGG-(N)40- 
ATCACGCAGCACGCGGGGTCATGG-3’) with a 42mer random region in the middle, which was synthesized by 
Shenggong (Shanghai, China). We labelled the target protein (HuNoV GII.4 and GII.17 VLPs) with Biotin using 
a Thermo Scientific™ EZ-Link™ NHS-PEG4-Biotin kit. Then, the magnetic particles coupled with the target protein 
were added to a micro-library and incubated at room temperature for 90 min. After rotation and mixing, 50% of the total 
volume was aspirated into two 1.5 mL tubes and adsorbed onto magnetic racks for 1–2 min. Each tube was washed with 
0.5–1.0 mL of Buffer-A (PBSTM, 1×PBS, 1 mm MgCl2, 0.05% Tween 20) until the wash solution became clear and did 
not contain unbound aptamer microbeads. The two tubes of beads were then mixed and washed twice with 500 µL of 
Buffer-B (PBSTM, 1X PBS, 1 mm MgCl2, 0.05% (V/V) Tween 20, 2 mg/mL bovine serum albumin (BSA)). Finally, the 
tubes were re-centrifuged with 50 µL of Buffer-B.

The aptamers obtained were separated from the magnetic particles by NaOH and Tris-Cl. The aptamers were then 
desalted with an equilibrium filtration column, and the resulting filtrate was subjected to PCR amplification and 8–10% 
non-denaturing polyacrylamide electrophoresis. Following separation, the gel was recovered and ssDNA was concen-
trated using isopropanol to be used as a secondary library for the next round of screening.

We performed 10 rounds of positive sieving for HuNoV GII.4 and GII.17 VLPs, respectively. Finally, the initial fluid 
from round 1 and the fluid from the final round were taken for high-throughput unidirectionally sequenced using Illumina 
Miseq. Next, the data arising from forward sequencing were cut using cutadapt v1.12 to retain only the middle portion of 
the sequences. Secondary structure folding analysis and ∆G prediction for the candidate aptamer sequences were 
performed with the DNA Mfold online server (http://mfold.rna.albany.edu/).64

Aptamer-Mediated Dot-Blotting
HuNoV GII.4 VLP and HuNoV GII.17 VLP were diluted with PBS to a range of concentrations (0.5 mg/mL, 0.25 mg/ 
mL, 0.125 mg/mL, and 0.0625 mg/mL) and then 2 µL of each was spotted onto a nitrocellulose membrane (pore size: 
0.45 µm; Fisher Scientific Suwanee, GA, USA). For specificity validation experiments, a series of control solutions 
(PGM, E. coli lysate, Caco2 lysate, EV71, coronavirus S protein, and astrovirus) were diluted to 0.5 mg/mL with PBS, 
and PBS was used as a negative control. The membrane was left at room temperature for 40 min to dry and then were 
immersed in phosphate buffered saline with Tween 20 (PBST) solution containing 5% Bovine Serum Albumin (BSA), 
incubated at room temperature for 30 min, and then washed three times with PBST (5 min per wash). Cy5-labelled 
aptamers were diluted to 100 nM with PBST and the membrane was placed in aptamer solution, and incubated at 37°C in 
the dark. Following 1 h of incubation, the membrane was washed five times with PBST (5 min per wash). Finally, the 
membrane was removed and immediately analyzed for fluorescence with a multifunctional biomolecular laser imaging 
system (Typhoon 9500, USA).

Determination of Dissociation Constants
Binding affinities between aptamers and GII.4/GII.17 VLPs were determined by the BioLayer Interferometry (BLI) 
technique. HuNoVs VLPs were first formulated into 300nM (for GII.4 VLP), 150 nM, 75 nM, 37.5 nM and 18.75 nM 
(for GII.17 VLP) solutions and candidate biotin-labelled aptamers were diluted to 100 nM with binding buffer (PBST + 
5 mm Mg2+). The SA biosensors, modified with streptavidin, were placed in pre-wetted buffer (PBS + 5 mm Mg2+) and 
soaked for 10 min. Next, PBST (for baseline equilibrium, “Baseline 1”), 100 nM bio-Aptamer (for binding, “loading”), 
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PBST (for baseline equilibrium, “Baseline 2”), different concentrations of protein solution (for aptamer-protein binding, 
“association”), and PBST (for dissociation, “dissociation”) were added sequentially to a black 96-well plate.

Affinity assay experiments were then performed using the Molecular Interactor Fortebio Octet RED96 (USA), and the 
analysis steps were set up in the instrument software: “Baseline 1” was set up for 60s; “Loading” was set up for 300 s; 
“Baseline 2” was set up for 300 s; “Association” was set up for 900 s, and “Dissociation” was set up for 900 s. The assay 
was performed at an analytical speed of 1000 rpm and an assay temperature of 37°C. All data were acquired in Fortebio 
Data Acquisition 6.4 and analyzed in Fortebio Data Analysis 6.4 to determine the binding dissociation constant Kd. The 
binding and dissociation curves were aligned, and a 1:1 model was selected for global curve fitting to perform the process 
that yielded in the binding dissociation constant Kd.

ELASA
The ELASA was performed in a manner that was similar to the ELISA method.43,65 In this particular experiment, 
antibodies were replaced with biotin-labelled aptamers. HuNoV GII.4 and GII.17 VLPs were first diluted to an 
appropriate concentration with inclusion buffer (Shenggong, Shanghai, China). Then, 100 μL of diluted VLPs solution 
was added to each well of a flat-bottomed polystyrene 96-well plate and left overnight at 4°C to allow coating. After 
three washes with 300 µL of PBST, 100 µL of PBST containing 5% skimmed milk and 10 nM of a mixture of unrelated 
DNA oligonucleotides [Listeria monocytogenes primers hlyQF/R and L23SQF/R] (Supplemental Table 1)66 was added 
to each well and left at 37°C for 1 h. Similarly, after three washes with PBST, 100 μL of biotinylated aptamers was added 
to each well and incubated for 1 h at 37°C. After removing excess aptamers, the wells were washed three times with 
PBST, and 100 µL of ELISA-grade rabbit anti-biotin-horse radish peroxidase (HRP) labelled antibody (1:5000) 
(Shenggong, Shanghai, China) was added to each well and incubated for 1 h at 37°C, followed by three more washes. 
Next, 100 µL of 3,3′,5,5′-tetramethylbenzidine (TMB) peroxidase substrate was added to each well. After 10 min at 
37°C, the reaction was stopped by adding 50 µL of 1 M phosphate. Then, we measured the absorbance at 450 nm with 
a microtiter plate instrument (BioTek Epoch, USA). The negative control did not feature a VLP coating on the plates, and 
the affinity of the aptamer was determined by the ratio of the optical density (OD) value of the test group to the OD value 
of the negative control (T/N ratios). In accordance with a previous study,67 T/N ratios <2.0 were considered to indicate 
low or no binding (-); ratios between 2.0 and 5.0 were considered to indicate low binding (±); ratios between 5.0 and 10.0 
were considered to indicate moderate binding (+); and ratios >10.0 were considered to indicate strong binding (++).

VLP/PGM Binding Blockade Assays
Pretreated PGM III (SIGMA, Japan) was first diluted to 2.5 mg/mL with PBS and then 100 μL was added to each well of 
a flat-bottomed polystyrene 96-well plate. After coating overnight at 4°C and three washes with PBST, 100 μL of PBST 
containing 5% BSA was added to each well and incubated at 37°C for 1 h. Next,100 μL of 10 μg/mL HuNoV VLPs only/ 
HuNoV VLPs + aptamers (bound 1 h ahead at 37°C) was added to each well and incubated at 37°C for 1 h to allow VLPs 
binding. Then, we added 100 µL of rabbit anti-VLP antibody (1:2000) and HRP-conjugated anti-rabbit IgG (1:5000) per 
well sequentially and incubated at 37°C for 1 h. After five washes, 100 μL of 3.3′,5,5′-TMB peroxidase substrate was 
added and the reaction terminated by 50 µL of 1 M phosphoric acid. A microtiter plate instrument was used to measure 
the absorbance at 450 nm. A negative control was generated by replacing VLPs with PBS although antibodies were 
added in the same manner as for the experimental group. Data were expressed as the blocked percentage of VLPs binding 
to PGM III by the aptamers.

HiBiT-VLP Internalization Inhibition Assays
As described previously,61 3×104 293T-LgBiT cells were seeded per well into 96-well plates and incubated overnight at 
37°C. The following day, cells were placed at 4°C for 1 h; then, the medium was removed and washed once with PBS. 
Next, 100 µL of Opti-MEM/Opti-MEM + HuNoV VLPs (1.5 μg/mL)/Opti-MEM + HuNoV VLPs (1.5 μg/mL) + 
aptamers (bound previously for 1 h at 37°C) were added into each well, respectively, and then incubated at 4°C for 
1 h. After washing with PBS, Opti-MEM containing NanoGlo Live Cell Substrate (Promega) was added to each well and 
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incubated at 37°C for 1h. A GloMax®20/20 Luminometer (Promega, USA) was used to measure the cellular luciferase 
signal.

Cell Viability Assays
To investigate the effect of aptamers on cell viability, we treated cells with different concentrations of aptamers for 
24 h and assayed the lactate dehydrogenase (LDH) activity exhibited by cells using a Cytotoxicity LDH Assay Kit-WST 
(DOJINDO, Japan). In brief, 3×104 293T-LgBiT or Caco2 cells were seeded into each well of a 96-well plate one day 
before the experiment. Then, the medium was removed and fresh medium/medium + aptamer was added. In addition, we 
set up corresponding controls in accordance with the manufacturer’s instructions; 24 h later, 100 µL of working solution 
was added to each well (10 µL of lysis buffer was added in advance to the positive control wells and incubated for 
30 min). The samples were then incubated for 30 min at room temperature in the dark and the reaction was then stopped 
by adding 50 µL of stop solution. Immediately thereafter, the absorbance at 490 nm was measured with a microplate 
reader and the results were expressed as follows: cell activity rate = 1 - cell damage rate (%).

Statistical Analysis
Statistical analysis of the data was performed using GraphPad Prism version 9. Experimental data were compared 
between two groups with t-tests. When different concentrations of aptamers were involved, we used one-way analysis of 
variance (ANOVA) to analyze differences between each concentration and the control group. Statistically significant 
differences are indicated by *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Results
Screening of Aptamers
After 10 rounds of screening, 10522372 and 1348564 valid sequences were obtained for HuNoV GII.4 and GII.17 VLPs, 
respectively. High-throughput unidirectional sequencing of these sequences revealed a high number of repetitive but 
valid sequences; Supplemental Table 2 lists the top 50 occurrences of screened sequences for HuNoV GII.4 and GII.17 
VLPs and their base counts. Most of these sequences were 40–45 bases in length, although a few of sequences were less 
than 30 bases in length. Eight valid sequences were selected based on the number of occurrences for subsequent 
experiments, and ∆G prediction for these candidate aptamers was performed using the DNA Mfold online server. 
Analysis revealed that the ∆G values for the eight aptamers against HuNoV GII.4 VLP ranged from −5.55 to −11.99, 
while the ∆G values of the eight aptamers against HuNoV GII.17 VLP ranged from −2.85 to −13.64 (Table 1). Generally, 
a lower ∆G value indicates that a given aptamer has a more stable secondary structure.

Selection of ssDNA Aptamer Candidates
First, we used the DNA Mfold online server to predict the secondary structure of aptamers targeting HuNoV GII.4 and 
GII.17 VLPs (Figure 1A and B and Supplemental Figure 1). Sequence comparison of the aptamers was also performed to 
look for a commonly occurring stem-loop structure, which needs to satisfy the number of bases greater than or equal to 
six and appear in all eight candidate aptamers, and we found 1–3 varied in size stem loop structures in these aptamers. 
Next, we used Snapgene to analyze aptamer sequences and identified some common motifs (≥6 bases in length) that 
played a role in the formation of stem-loops. And we performed BioLayer interferometry (BLI) and dot blotting using 
these aptamers. BLI results (Figure 1C and D and Supplemental Figure 2) showed that the Kd of the four aptamers 
targeting the GII.4 VLP were all <100 nM, while the Kd of the other three aptamers ranged from 123 to 3380 nM. In 
addition, the Kd of all aptamers against GII.17 VLP were <10 nM. Dot blotting results (Supplemental Figure 3) showed 
that all of the aptamers against HuNoV GII.4 VLP exhibited binding to HuNoV GII.4 VLP, with a clear binding site 
observed at a VLP concentration of 0.25 mg/mL. For the AP4-2 aptamer, a binding site was also observed at a VLP 
concentration of 0.125 mg/mL. All aptamers targeting HuNoV GII.17 VLP, with the exception of AP17-3, exhibited 
binding to HuNoV GII.17 VLP; comparative analysis showed that AP17-4 and AP17-8 exhibited better binding to low 
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concentrations of VLP. Combining these key results (∆G, Kd and dot blotting), we selected AP4-2 and AP17-4 for 
subsequent experiments.

Characterization of Aptamer Affinity
ELASA is similar to ELISA except that the antibody-binding antigen was replaced with biotin labelled aptamers 
(Figure 2A). Different concentrations of HuNoV GII.4 VLP and HuNoV GII.17 VLP were pre-coated on plates, and 

Table 1 Aptamer Sequences and ΔG Value Obtained for HuNoV GII.4 and GII.17 VLPs, 
Respectively

Name Variable Region Sequence ΔG

AP4-1 AACAGACGAAACTGTGATAGACGAACACCAAGGAAGTGAGC −6.78

AP4-2 AACACGACAACCCTGTGACCAACGAACCACACCAAAGTGGGC −8.31

AP4-3 AACACGACCCACGTTCGCCTCCCACAGCCCATCAATGTGGGC −11.01
AP4-4 AACACGACATACCTGTGCGAGACACAGACCACCAAGGTGGGC −11.99

AP4-5 AAGCCCACGGCCGTTCGCCAGCCACAGCCCACCAATGTCGTG −5.55

AP4-6 AAGCCCACATCGCTGTGACCACCGAACCCCACCACCGTCGTG −6.62
AP4-7 AACACGACGCACCTGTGTTGGACGAACCACAAGCCTGTCTTG −8.56

AP4-8 AACACGACAGTCGTTCGGGAGTCACAGCCATACACAGTCGTG −11.23
AP17-1 AAGCCCACTTCGCTGGATTCACGAACTCCAGCAGAGTCGTG −10.79

AP17-2 GGGGGAAGCCCCACGGTTCGAAGGCCACAGTACGGGGATGTGGGC −12.41

AP17-3 GGACAGCGAACTATGAGCTTGTGGAC −2.85
AP17-4 GGAACACGACCCGTCTGTGGCCATCACAGTACAGCATCGTCGTG −13.64

AP17-5 AACACGACTGAGCTCTGAAAGACGAACGTCACTGAAGTCGTG −11.51

AP17-6 CACGACCGATGTTCGAGCAACGAACTACGCCAATGTGGGC −10.33
AP17-7 GGAAGCCCACACTTCTGTGGCCAACACAGGACATGGTGGTCGTG −10.68

AP17-8 GGAAGCCCACCTACCTGTGGAAGGTCAAACCTCACGGACGTCGTG −11.29

Figure 1 Secondary structure prediction and Kd values of candidate aptamers AP4-2 and AP17-4. Secondary structure prediction of (A) AP4-2 and (B) AP17-4, some 
common motifs (≥ 6 bases in length) occurring in the aptamers for HuNoV GII.4 and GII.17 VLPs are marked by different colored boxes and the number of occurrences is 
listed. Binding and dissociation curves and Kd values of (C) AP4-2 and (D) AP17-4.
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experiments were performed with different concentrations of biotin-labelled AP4-2 and AP17-4, respectively. As shown 
in Figure 2B and C, when the concentration of coated VLPs increased and the aptamer concentration remains the same, 
the T/N of AP4-2 and AP17-4 increased consequentially. When the concentration of encapsulated VLPs was fixed, for 
AP4-2, the T/N ratio gradually increased with increasing aptamer concentration and peaked at a concentration of 1.0 μM, 
thus indicating saturation. For AP17-4, the T/N ratio increased with increasing aptamer concentration and did not plateau 
even at an aptamer concentration of 2.0 μM.

Characterization of Aptamer Specificity
The specificity of AP4-2 and AP17-4 was verified by dot blotting and ELASA. As shown in Figure 3A–D, Cy5-labelled 
AP4-2 efficiently bound HuNoV GII.4 VLP on nitrocellulose membranes at a concentration of 0.125 mg/mL. The 
detection limit for AP17-4 was even lower at 0.0625 mg/mL of HuNoV GII.17 VLP. Meanwhile, AP17-4 showed weak 
binding to the Caco2 cell lysate, comparable to a binding strength of 0.125 mg/mL of HuNoV GII.17 VLP, although 
much lower than that of 0.25 mg/mL of HuNoV GII.17 VLP. Similar to the dot blotting results, the results derived from 
ELASA (Figure 3E and F) showed that the T/N was 3–4 for both AP4-2 and AP17-4, whereas the T/N of the four other 
pathogens (E. coli, EV71, coronavirus S protein, and astrovirus) was close to 1, thus indicating that AP4-2 and AP17-4 
did not/almost did not react with these diarrhea-inducing pathogens (P < 0.0001). Collectively, these results show that 
these two aptamers exhibited excellent specificity.

Aptamer-Mediated VLP/PGM Binding Blockade
As shown in Figure 4, as the concentration of AP4-2 and AP17-4 increased, the HuNoV GII.4 and GII.17 VLPs bound to 
the PGM encapsulated on the bottom of the plate decreased accordingly. When the concentration of AP4-2 reached 
2.5 µM, it blocked approximately 70% of the HuNoV GII.4 VLP binding to PGM; the same concentration of AP17-4 
blocked approximately 40% of the HuNoV GII.17 VLP. This indicates that the two aptamers are both able to block the 
binding of HuNoV VLPs to the receptor in vitro.

Aptamer-Mediated Inhibition of VLP Internalization
As shown in Figure 5A, unlabeled GII.4 VLP, GII.17 VLP and newly generated HiBiT GII.4 VLP and HiBiT GII.17 
VLP were all recognized by the antibody, and bands for HiBiT GII.4 VLP, HiBiT GII.17 VLP were slightly higher due to 
successful fusion with HiBiT. HiBiT blotting revealed that only HiBiT GII.4 VLP and HiBiT GII.17 VLP were 
recognized, and that these bands were located at the same molecular size as HuNoV VLPs (~57 kDa) (Figure 5B). 
TEM analysis further showed that GII.4 VLP, HiBiT GII.4 VLP (Figure 5C) and GII.17 VLP, and HiBiT GII.17 VLP 

Figure 2 Affinity analysis of aptamers for targets. (A) ELASA schematic diagram. T/N of (B) AP4-2 and (C) AP17-4 at different HuNoV GII.4 and GII.17 VLP concentrations (1.5 μg/ 
mL, 3.0 μg/mL and 10 μg/mL) and different aptamer concentrations (0.01 μM, 0.1 μM, 1.0 μM, 1.5 μM and 2.0 μM). The data are reported as means ± SEM of triplicate wells.
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(Figure 5D) were all spherical particles with a diameter of 40–45 nm, thus demonstrating that the introduction of HiBiT 
had no effect on the assembly of the HuNoV VLPs.61 qRT-PCR (Figure 5E) and WB (Figure 5F) results confirmed the 
expression of LgBiT in 293T cells at the gene and protein levels.

To investigate whether AP4-2 and AP17-4 could reduce VLPs binding or enter 293T-LgBiT cells by pre-binding to 
HiBiT GII.4 VLP and HiBiT GII.17 VLP, we first bound different concentrations of the aptamers to corresponding VLPs 
at 37°C for 1 hour, and then inoculated the mixtures into pre-cooled 293T-LgBiT cells which were then incubated at 4°C 

Figure 3 Specificity analysis of aptamers for targets. Dot blotting results of (A) AP4-2 and (B) AP17-4 for target HuNoV VLPs versus other unrelated pathogens/proteins. 
Datametric rendering of dot blotting points of (C) AP4-2 and (D) AP17-4 using ImageJ. Comparison of T/N of (E) AP4-2 and (F) AP17-4 to target HuNoV VLPs versus 
unrelated viruses/proteins using ELASA (****, P < 0.0001). The data are reported as means ± SEM of triplicate wells.

Figure 4 The capacity of blocking interaction between HuNoV VLPs and PGM III of (A) AP4-2 and (B) AP17-4 by ELISA. The data are reported as means ± SEM of triplicate 
wells.
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for 1 h to allow the VLPs to attach to the cell surface. PBS-washed cells were then left at room temperature for 1 h to 
allow the entry of VLPs. Subsequently, the cells were re-washed with PBS and a Nano-Glo live cell substrate was added 
and incubated for 1 h to detect Nluc activity. As shown in Figures 5G and H, no HiBiT VLPs were added to the cells in 
the blank control group; therefore, fluorescence values were very low after adding the Nano-Glo live cell substrate. The 

Figure 5 Generation of HuNoV HiBiT VLPs, 293T-LgBiT cell, and probing the blocking function of aptamers on VLPs internalised cells. (A) WB of GII.4 VLP, HiBiT GII.4 VLP, 
GII.17 VLP, HiBiT GII.17 VLP using polyclonal antibodies against HuNoV GII.4 VLP and HuNoV GII.17 VLP. (B) HiBiT blotting of GII.4 VLP, HiBiT GII.4 VLP, GII.17 VLP, HiBiT 
GII.17 VLP. Transmission electron microscopy of (C) GII.4 VLP (left), HiBiT GII.4 VLP (right) and (D) GII.17 VLP (left), HiBiT GII.17 VLP (right). (E) mRNA expression levels 
of LgBiT relative to β-actin in 293T and 293T-LgBiT cells were determined by qRT-PCR. (F) LgBiT expression levels in 293T and 293T-LgBiT cells were detected by WB with 
anti-LgBiT antibody, β-actin served as an internal control. Effects of (G) AP4-2 and (H) AP17-4 on HuNoV GII.4 and GII.17 VLPs cell internalisation. The data in the bar 
graphs are reported as means ± SEM of triplicate wells (*0.01 ≤ P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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two groups featuring HiBiT VLPs without aptamers had fluorescence values of 4.5–8.5 × 104, respectively, thus 
demonstrating that HiBiT-VLPs successfully attached and entered 293T-LgBiT cells and interacted with LgBiT protein. 
Following the addition of aptamers, the luciferase signals arising from both groups reduced as the aptamer concentration 
was increased; furthermore, both groups showed a significant difference from the positive control group at an aptamer 
concentration of 0.5 µM (P < 0.05). At the highest aptamer concentration (2.5 µM), AP4-2 reduced the fluorescence 
value by 30% while AP17-4 reduced the fluorescence value by 49%. Collectively, these results indicate that AP4-2 and 
AP17-4 bound effectively to HiBiT GII.4 VLP and HiBiT GII.17 VLP and inhibit the binding or entry of VLPs into cells.

To investigate whether aptamers in this study were spectrally responsive, we expressed a series of HuNoV VLPs and 
HiBiT HuNoV VLPs, including two strains of GII.4: GII.4 New Orleans and GII.4 Sydney, and GII.2, GII.3, and GII.6: 
which have been common in recent years, and GI genome group represented by the GI.3 (Supplemental Figure 4A and B). 
Dot blotting showed that AP4-2 and AP17-4 bound to HuNoV VLPs of these genotypes (Supplemental Figure 4C). 
Meanwhile, AP4-2 and AP17-4 showed a significant inhibitory effect on the binding and internalization of all tested HiBiT 
HuNoV VLPs (Supplemental Figure 4D and E).

In order to exclude the toxic effect of high concentrations of aptamers on cells and the potential for cell death and 
a consequential reduction in fluorescence values, we next determined the viability of 293T-LgBiT cells and Caco2 after 
1 day of treatment with different concentrations of AP4-2 or AP17-4. Analysis showed that even the highest aptamer 
concentration had no negative effect on cell viability (Figure 6A and B), thus indicating that both AP4-2 or AP17-4 were 
harmless to cells.

Discussion
Nucleic acid aptamers are known as chemical antibodies and play an important role in the diagnosis and treatment of 
many diseases.48 Previous studies have generated aptamers against certain genotypes of HuNoVs and murine norovirus 
(MNV) by screening against different targets. Similar to other studies, we generated aptamers combining HuNoV GII.4 
and GII.17 VLPs by the SELEX method and introduced multiple screens to identify the nucleotide sequence with the best 
binding ability. We chose HuNoV GII.4 because this is the most widely spread genotype globally.68 In addition, unlike 
other studies, we screened and characterized aptamers for HuNoV GII.17, which is new but widespread in Asia. 
Furthermore, we evaluated the ability of the candidate aptamers to block VLPs binding on putative receptors and 
cells, and found that the number of bound VLPs decreased significantly with increasing aptamer concentration, thus 
implying that these aptamers may be able to block the infection process for HuNoVs.

As the number of sieving rounds increased, the number of nucleic acid aptamer sequences bound to the target VLPs 
decreased and the binding rate increased. Finally, we generated eight aptamers against HuNoV GII.4 and GII.17 VLPs. 

Figure 6 Effect of aptamers on cell viability. Effect of treatment of 293T-LgBiT and Caco2 cells with (A) AP4-2 and (B) AP17-4 for one day on viability as determined by 
cytotoxicity LDH assay. The data are reported as means ± SEM of triplicate wells.
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Sequence analysis against the aptamers revealed a number of common motifs that are widely present in the aptamers 
targeting GII.4 VLP. These motifs are involved in constituting important stem-loop structures that are important for the 
implementation of aptamer functionality, including tight binding to the target.69 We compared the sequences of AP4-2 
and AP17-4 with previously published aptamers against noroviruses that target whole viruses, VP1 and P domain, 
respectively (Supplemental Table 3), and found that the aptamers we obtained did not share motifs (≥5 bases in length) 
with these aptamers (Supplemental Figure 5). We also performed ELASA against GII.4 VLP and GII.17 VLP by 
combining AP4-2 and AP17-4 with some of the published aptamers and found that the aptamers we obtained had similar 
or better affinity (date not shown).

The ∆G of these aptamers ranged from −5.55 to −13.64, similar to those previously reported for aptamers against 
norovirus, with the exception of AP17-3, probably due to the inability of its apparently small number of bases to form 
a stable secondary structure. BLI and dot blotting revealed a strong capacity for these aptamers to bind to VLPs. The Kd 

of the four aptamers for GII.4 VLP were all <100 nM while the Kd of all aptamers for GII.17 VLP were all <10 nM. 
When considering FDA-approved aptamers, the Kd for Pegaptanib ranged from 49 to 130 pM,70 the Kd for thrombin- 
binding aptamer ranged from 25 to 200 nM,71 and the Kd for adenosine/ATP aptamer was approximately 6 µM;72 

compared to these previously described aptamers, our aptamers exhibited a high level of target affinity. The Kd of the 
published aptamers against norovirus are generally in the range of tens to hundreds nM, thus AP4-2 and AP17-4 showed 
comparable or stronger target affinity for the target than the published aptamers against norovirus.

As the concentration of coated VLPs increased, the T/N values for AP4-2 and AP17-4 also increased, as determined 
by ELASA. At a VLPs concentration of 10 μg/mL, 1.0 µM of AP4-2 and AP17-4 exhibited high binding affinity to the 
target VLPs. In addition, AP4-2 appeared to reach a plateau at a concentration of 1.0 µM; further increase in 
concentration did not enhance the T/N value; this pattern has been reported previously.55 AP17-4 exhibited excellent 
binding potential, because even when the aptamer concentration reached 1.5 or 2.0 µM, its T/N value continued to 
increase and did not appear to reach a plateau. This indicates that the binding ability of AP17-4 to GII.17 VLP was 
stronger than that of AP4-2 to GII.4 VLP, consistent with the Kd values; these findings may be caused by the force 
between the secondary structure of aptamer and the target.

Considering that the absence of saturation peaks for AP17-4 in ELASA may be due to non-specific binding,73 and in 
order to explore whether these two aptamers would be specific when applied to the actual detection of HuNoVs, we 
conducted dot blotting with a series of other viruses/viral proteins or unrelated proteins that might interfere with our 
results. We found that the binding affinities of AP4-2 and AP17-4 to these interference groups were similar to the 
negative control, consistent with the ELASA results. However, we also found that the binding ability of AP17-4 to 
0.5 mg/mL Caco2 cell lysate was comparable to that of 0.125 mg/mL GII.17 VLP; this may have been due to the 
complex protein composition in Caco2 cells. In other studies, when investigators used the aptamers for testing actual 
stool samples, other impurities in the original stool samples caused non-specific binding; thus, the original samples 
needed to be diluted by 100–500-fold.44,57

RT-qPCR is the most commonly used technique to detect clinical samples, but as mentioned above, this method may 
overestimate the actual infectivity by including fragments of genes or genomes that are not included in the capsid.36,74 

Ligand-based detection techniques can be very predictive of the amount of infectious HuNoV or MNV particles in 
a sample and have been used previously to investigate viral inactivation by different treatments, including ethanol, 
chlorine, heat, and high-pressure.39,40,75–77 An aptamer can exert similar characteristics to the receptor when binding to 
the norovirus capsid; in a previous study, Moore et al78 compared the M6-2 aptamer for GII. 4 huNoV with HBGA and 
a commercially available antibody against the GII gene group, and found when evaluating the effect of heat treatment on 
the activity of the target VLPs. Therefore, the aptamers we generated could theoretically be applied to an actual assay by 
binding and enriching the HuNoVs capsid in samples; this could then be followed by RT-qPCR to confirm that the 
amplified gene fragments are capsid-coated and infectious, thus improving the accuracy of detection.

The aptamers previously generated by Faircloth et al against Norwalk and Tulane VPg exhibited better affinity for the 
target and are considered to represent potential therapeutic agents as the VPg protein is involved in key functions of viral 
replication; however, these aptamers have yet to be validated experimentally.79 Aptamers do have potential as 
a therapeutic agents when compared to antibodies or other small molecules because they are smaller and bind more 
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readily to the surface of target proteins, in addition to being highly stable and active over a wide temperature range.80 

More importantly, once the sequence of an aptamer has been determined, the differences between synthesized batches are 
likely to be almost negligible.

VLP/PGM binding blockade experiments are unavoidable when evaluating the blocking effect of an antibody against 
HuNoVs. Similarly, in the present study, AP4-2 and AP17-4 bound HuNoV GII.4 and GII.17 VLPs in a concentration 
gradient-dependent manner, thereby blocking their binding to PGM, thus suggesting that our aptamers may exhibit 
functionality similar to that of antibodies.

However, in vitro binding does not imply a potential antiviral effect. In a previous study, fucoidan and 2′- 
fucosyllactose were both reported to bind to the HuNoVs capsid at the same pockets with HBGA, although the results 
of viral suppression assays performed in zebrafish showed that only fucoidan, but not 2′-fucosyllactose, inhibited the 
replication of HuNoVs in zebrafish larvae.81 Some aptamers been shown to exhibit antiviral activity against other viruses, 
thus indicating that their activity is primarily derived from the inhibition of target protein activity.82–84 Some specific 
aptamers, such as an RNA aptamer for the RIG-I protein, can exert antiviral activity by inducing an innate immune 
response.85 While not utilizing real HuNoVs, Ayyar et al86 found that GII.4 Sysd VLP inhibited the replication of fecal 
isolate HuNoV GII.4 in a dose-dependent manner in intestinal organoids, thus proving the validity of HuNoV VLPs as 
a viral surrogate for infection modelling studies. Considering the high cost of culturing organoids, the significant 
handling requirements, and the possible effects of interfering factors (eg, bile acids and microorganisms) in the culture 
medium, we used the split Nluc-based surrogate infection/neutralization assay developed by Qiao et al61 to evaluate the 
infection-blocking functionality of AP4-2 and AP17-4 at the cellular level. This represents a very promising approach 
that requires only the insertion of an 11 amino acid HiBiT tag into the pFasrBac1 plasmid constructed to express HiBiT- 
VLPs. This small tag had no effect on the self-assembly and immunogenicity of VLPs. Cells were also induced to 
express the LgBiT protein by transient or lentiviral infection; when the HiBiT-VLPs were adsorbed and entered the cells, 
the HiBiT reacted with LgBiT and emitted a detectable luciferase signal upon addition of the substrate. In a previous 
study, Qiao et al61 reported that the neutralization of VLP-HiBiT entry of 12 mouse antisera detected by this method 
showed correlated well with classical VLP/PGM blockade assay. In the current study, we found that AP4-2 and AP17-4 
reduced the luciferase signal of HuNoV HiBiT-VLPs in a concentration-dependent manner; we hypothesize that this 
effect was caused by the aptamer binding to HuNoV VLPs and inhibiting their ability to bind to the cell surface receptor.

To explain why a single aptamer can react with multiple genotypes HuNoV VLPs, we performed structural prediction 
and simulated docking of HuNoV GII.4 VP1 with AP4-2 and HuNoV GII.17 VP1 with AP17-4, and the results showed that 
both AP4-2 and AP17-4 bind at the position of the outer shell structural domain of VP1 (S-domain, consisting of 221 
residues at the N-terminal), which is relative conservative during the HuNoV evolution1 (Supplemental Figure 6A and D). 
We also found several possible docking sites in MOE software (Supplemental Figure 6B and E) and mutated the base of 
AP4-2 and AP17-4 according to previously published methodology (Supplemental Figure 7A and B).87 The mutated 
aptamers were subjected to ELASA experiments. It was found that base 18(A) and base 19(C) are important for AP4-2 
binding to GII.4 VLP, and mutating the bases of these sites separately resulted in a 32.01% and 34.06% decrease in affinity, 
respectively (Supplementary Figure 6C). The base 44(G) is important for AP17-4 binding to GII.17 VLP, and the base 
mutation of this site resulted in a 36.78% decrease in affinity (Supplementary Figure 6F). Notably, mutation of bases 8(G) 
and base 11(C) of AP17-4 respectively, both resulted in slightly increased affinity for GII.17 VLP. We performed secondary 
structure prediction of the aptamers after mutation of AP17-4 bases (Supplemental Figure 8). The results show that 
mutating base 8(G) or base 11(C) respectively does not cause significant changes in the secondary structure of aptamers, 
and the major stem-loop structure is retained. However, mutation of a single base of 44(G) results in a significant reduction 
of one of the loops and a significant lengthen in one of the stem structures of the aptamer. Stem length and ring size are vital 
for aptamer-binding targets.88 We hypothesize that base 44(G) is important for maintaining the normal stem-loop structure 
of the aptamer, which in turn affects the binding effect to the target, in contrast to mutations on either 8(G) or 11(C), which 
did not cause significant changes in spatial conformation of AP17-4, and therefore had little effect on the affinity between 
the AP17-4 and the VP1 protein.

Furthermore, cell viability assays demonstrated that AP4-2 and AP17-4 were not toxic to cells, thus confirming the 
significant potential of developing AP4-2 and AP17-4 as anti-HuNoV agents. We also explored the stability of AP4-2 and 
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AP17-4 based on previously reported method89 and found both AP4-2 and AP17-4 displayed good stability at 37°C in 
cell culture medium containing 10% FBS. According to the images of gel electrophoresis and PAGE, AP17-4 could still 
exhibit clear bands after 72 h of incubation, while AP4-2 showed gradual dispersion of the bands after 24 h of incubation, 
indicating the degradation (Supplemental Figure 9). We hypothesize that the greater stability of AP17-4 is related to its 
more complex secondary structure and more stem-forming base pairs,90,91 which is also manifested in the lower ΔG 
value of AP17-4 (ΔG = −13.64) than AP4-2 (ΔG = −8.31). The stability of aptamer can be improved by modifying the 
bases, such as systematically replacing the natural nucleotides with 2’-OMe or 2’-F nucleotides to generate xeno nucleic 
acids.70

Conclusion
In this study, we generated two ssDNA aptamers with high affinity to HuNoV GII.4 and GII.17 VLPs. Neither of these 
aptamers reacted with other pathogens that may cause diarrhea or with non-relevant protein, thus providing the basis for 
the development of an aptamer-based detection technique for HuNoV. In addition, these aptamers blocked the binding of 
VLPs to PGM and effectively inhibited the attachment and internalization of VLPs into cells, thus suggesting that they 
could be applied against HuNoVs infections in a similar manner to other aptamers reported previously.92,93 We also 
demonstrated that both two aptamers can react with numerous genotypic subtypes HuNoV VLPs and can inhibit the 
binding and entry of these VLPs into cells. This is the first report of the generation of aptamers by screening with HuNoV 
GII.17 VLP and the first demonstration of the therapeutic efficacy of aptamers targeting HuNoVs. In future studies, we 
will further explore the specific sites of binding for the two aptamers and optimize the aptamer sequences with the aim of 
better exploiting their functions for detection and therapy.
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