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Abstract 
Surface plasmon resonance (SPR)-based biosensors have emerged as a powerful platform for bioprocess monitoring due to 
their ability to detect biointeractions in real time, without the need for labeling. Paramount for the development of a robust 
detection platform is the immobilization of a ligand with high specificity and affinity for the in-solution species of inter-
est. Following the 2009 H1N1 pandemic, much effort has been made toward the development of quality control platforms 
for influenza A vaccine productions, many of which have employed SPR for detection. Due to the rapid antigenic drift of 
influenza’s principal surface protein, hemagglutinin, antibodies used for immunoassays need to be produced seasonally. 
The production of these antibodies represents a 6–8-week delay in immunoassay and, thus, vaccine availability. This review 
focuses on SPR-based assays that do not rely on anti-HA antibodies for the detection, characterization, and quantification of 
influenza A in bioproductions and biological samples.

Key points
• The single radial immunodiffusion assay (SRID) has been the gold standard for the quantification of influenza vaccines 
since 1979. Due to antigenic drift of influenza’s hemagglutinin protein, new antibody reagents for the SRID assay must 
be produced each year, requiring 6–8 weeks. The resulting delay in immunoassay availability is a major bottleneck in the 
influenza vaccine pipeline. This review highlights ligand options for the detection and quantification of influenza viruses 
using surface plasmon resonance biosensors.
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Introduction

Since the 1918 influenza pandemic (H1N1 “Spanish flu”), 
the influenza virus has been responsible for three major 
pandemics, i.e., those of 1957 (H2N2 “Asian flu”), 1968 
(H3N2 “Honk Kong flu”), and 2009 (H1N1 “swine flu”) 
(Chen et al. 2011; Kilbourne 2006). Following the most 
recent influenza pandemic in 2009, the World Health 
Organization (WHO) made a call for the improvement of 
vaccine production workflows. Despite major improve-
ments on the production end, robust and rapid quality 

control methods are still lacking (Manceur and Kamen 
2015; Thompson et al. 2013). Since 1979, the single radial 
immunodiffusion (SRID) assay has been the gold standard 
for the quantification of influenza particles, due in part to 
its simplicity, reproducibility, and high degree of speci-
ficity (Wood and Weir 2018). The SRID assay relies on 
antibodies to detect the primary antigenic protein, hemag-
glutinin (HA). However, due to the rapid antigenic drift of 
hemagglutinin’s head domain, novel anti-HA antibodies 
need to be produced each season once the dominant strains 
are selected in anticipation of the next influenza season. 
While vaccine production is unaffected, delays in SRID 
assay availability arising from lengthy antibody manufac-
turing process represent a major bottleneck for influenza 
vaccine distribution (Minor 2015). Following the 2009 
H1N1 pandemic, the WHO and other regulatory health 
agencies identified the unavailability of SRID reagents as 
the primary cause of delayed vaccine distribution world-
wide. In the same workshop, these agencies recommended 
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improvements of the SRID assay, as well as the develop-
ment of alternative methods for influenza vaccine quality 
control (Hardy et al. 2011).

Influenza refers to a group of viruses which all belong to 
the Orthomyxoviridae family. There exist four types of influ-
enza viruses, termed influenza A, B, C, and D, though only 
influenza A and B pose a pathogenic threat to humans (Dou 
et al. 2018). The infectious properties of influenza viruses 
are governed by the activity of two major surface proteins, 
hemagglutinin (HA) and neuraminidase (NA), which both 
recognize sialic acid terminated glycostructures, expressed 
on the luminal surface of host epithelial tissue. Human influ-
enza strains preferentially bind to sialic acids linked in an 
α2-6 “bent” conformation, whereas avian strains tend to 
bind to sialic acids linked in an α2-3 “straight” conforma-
tion (Gamblin and Skehel 2010; Silva et al. 2021). Following 
viral entry and viral RNA (vRNA) replication, the neurami-
nidase protein cleaves sialic acid residues to release newly 
replicated influenza virions from the infected host cell (Dou 
et al. 2018; Gamblin and Skehel 2010).

Influenza A viruses (IAV) are further subclassified into 
strains, which are named based on the identity of the HA 
and NA proteins, which in turn reflect genetic and antigenic 
properties. For example, the H1N1 IAV is decorated with H1 
and N1 surface proteins. Other surface proteins include the 
matrix protein 2 (M2) (Dou et al. 2018), as well as proteins 
originating from the membrane of the host cell in which the 
Influenza virion replicated (Hutchinson et al. 2014).

Since HA is the most abundant viral membrane-bound 
protein and the dominant antigen, the quantity of HA is the 
critical quality attribute of influenza vaccine doses and is 
standardized around 15 µg/dose (Minor 2015). The amount 
of NA present for the standard 15 µg/dose of hemagglutinin 
can vary widely, as different influenza strains vary in their 
relative expression of HA and NA (Sultana et al. 2014). 
While influenza vaccination does produce an increase in 
circulating anti-NA, which reduces disease severity, anti-
NA do not inhibit viral infection as effectively as anti-HA 
antibodies (Bright et al. 2009). In a randomly controlled 
trial, various commercially available inactivated influenza 
vaccines were found to produce significant differences in 
circulating anti-NA for vaccinated subjects (Couch et al. 
2012). Due to its greater impact on viral immunogenicity, 
HA is favored as a target for the detection of influenza by 
regulatory health agencies.

The strategies addressed in this review will be focused on 
the detection of fully expressed proteins, as these are the pri-
mary immunogenic structures used in inactivated influenza 
vaccines (IIV), live attenuated influenza vaccines (LAIV), 
and recombinant influenza vaccines (Chen et al. 2020). 
While effective mRNA-based influenza vaccines have been 
demonstrated in animal models (Arevalo et al. 2022), these 
will not be addressed in this review.

The SRID assay has been long favored as it is simple 
to perform, requires no specialized equipment and quanti-
fication by SRID has a good correlation with antigenicity. 
However, this method is time-consuming and is not suitable 
for quantification at all stages of or the production, purifica-
tion, and packaging pipeline, as some cell-lysate contami-
nants or vaccine adjuvants can interfere with HA migration 
through the agarose matrix (Thompson et al. 2013). The 
critical disadvantage of SRID is its reliance on novel anti-
HA antibodies, which can only be produced once the domi-
nant seasonal strain (or pandemic strain) has been identified. 
This disadvantage is shared by other antibody-dependent 
analytical assays, such as the Western blot (Thompson et al. 
2015) or enzyme-linked immunosorbent assays (ELISA) 
(Hashem et al. 2013). This review addresses the various non-
antibody ligands which have been used to detect influenza 
using surface plasmon resonance (SPR) biosensors. These 
ligand choices would be equally valuable for detection using 
other optical (ex. biolayer interferometry analysis) (Carvalho 
et al. 2017; Petersen 2017) or piezoelectric (ex. quartz crys-
tal microbalance) (Lim et al. 2020) biosensors which employ 
immobilized ligands for analyte detection.

SPR biosensors

Surface plasmon resonance is a powerful tool for the detec-
tion of biointeractions in real time, without the need for a 
molecular label. Most popular SPR biosensor designs rely 
on Kretschmann geometry, developed in the late 1960s 
(Kretschmann and Raether 1968).

In the Kretschmann configuration, a sensor chip, consist-
ing of a thin film of gold or silver, sits atop a prism. On 
the opposite side, the sensor surface, a dielectric medium 
provides an adequate milieu for biointeractions and also 
contributes to detection due to its specific optical proper-
ties (Maurya and Prajapati 2016). During detection, an 
incident beam of light scans across the metal film from 
beneath the sensor surface and excites electrons from the 
metal into oscillation clouds known as plasmons. Due to 
plasmon generation, the light reflected off the sensor chip 
is of lower intensity. The angle of the reflected light beam 
at which the peak intensity dip occurs is known as the SPR 
angle. The SPR angle is a function of the refractive index 
of the dielectric medium above the surface and therefore of 
the concentration of matter in proximity (300 nm) of the 
surface (Fig. 1, top).

Onto the surface of an SPR sensor chip, the ligand is 
covalently immobilized or reversibly captured. During the 
association phase, the analyte is injected into the flow cell. 
As analytes interact with ligands and mass accumulates at 
the surface, the refractive index of the dielectric medium 
changes, resulting in a shift in the SPR angle, expressed 
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in arbitrary resonance units (RU). Plotting RU versus time 
provides an insight on kinetics of biomolecular interac-
tions between the surface-bound ligand and the injected 
analyte (Damborsky et al. 2016; Gaudreault et al. 2021; 
Helmerhorst et al. 2012; H. H. Nguyen et al. 2015) (Fig. 1, 
bottom). Alternative signal generation methods and sensor 
chip designs, intended to increase sensitivity, are beyond 
the scope of this review (Puiu and Bala 2016).

Beyond these basic principles, each SPR experiment is 
designed to satisfy the experimenter’s objectives. For any 
given ligand-analyte pair, the assay configuration, ligand 
immobilization method, ligand density, analyte flow rate, 
analysis temperature, and reference surface design can be 
modified to accomplish the desired objectives. This review 
will focus specifically on the selection of SPR ligands for 
the detection of influenza. The ligands presented can be 
separated into two broad classes. “Hook” ligands bind to 
influenza via the ligand’s binding domain (Fig. 2, left), 
while “bait” ligands capture influenza by presenting a tar-
get for the viral surface protein hemagglutinin, mimicking 
the infection mechanism (Fig. 2, right).

The primary advantage of SPR biosensors is their 
autonomy and high throughput, thanks to the implemen-
tation of efficient liquid handling systems in most commer-
cial SPR biosensors. Detection by SPR occurs in real time 
as the biointeraction is occurring, resulting in very short 
analysis times compared to methods like SRID (Khurana 
et al. 2014). While SPR biosensors can be used for ana-
lyte detection in crude samples, this approach requires a 
more careful SPR surface design (i.e., non-fouling matrix, 
highly specific ligand) to prevent the generation of non-
specific signals (Couture et al. 2013). Compared to micro-
plate (ELISA) or gel-based (SRID, Western Blot) methods, 
SPR analysis is very expensive due to the high cost of the 
biosensor and of the disposable sensor chips.

Fig. 1   Top schematic representation of the flow cell, prism, and light 
emission and detection system in the Kretschmann configuration. 
Bottom: phases of a SPR sensorgram, overlaid with the ligand-ana-
lyte interactions taking place

Fig. 2   Summary of “hook” and “bait” ligands suitable for the detec-
tion of influenza using SPR biosensors
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Oligonucleotides

Oligonucleotide ligands detect vRNA from lysed viruses 
and are favored for diagnostic or screening purposes. 
To obtain strong signals, the concentration of vRNA is 
amplified via reverse-transcription polymerase chain reac-
tion (RT-PCR), and the amplified vRNA is subsequently 
injected over a surface bearing a complementary oligonu-
cleotide ligand. The main advantage of oligonucleotide 
ligands is their high specificity for the complementary 
vRNA sequence, which enables the detection of vRNA in 
complex biological samples (Shi et al. 2015).

However, vRNA analytes have a relatively low molecu-
lar weight and would therefore produce weak signals in 
SPR biosensors as the SPR signal is proportional to the 
accumulation of mass at the sensor surface (Gaudreault 
et al. 2021). To overcome this limitation, one approach 
is the inclusion of a tag, like biotin, to the terminus of 
the amplified vRNA product. Following the initial vRNA-
RNA interaction, a molecule with specificity toward the 
tag, streptavidin in this example, can be injected to amplify 
the specific signal (Shi et al. 2015) (Fig. 3).

Another disadvantage of vRNA-based detection is that 
only live attenuated influenza vaccines (LAIV) containing 
complete vRNA sequences can be analyzed. Inactivated 
influenza vaccines (IIV) contain damaged vRNA, whose 
molecular weight as well as specificity for the immobilized 
oligonucleotide would be highly inconsistent, depending on 
the inactivation strategy employed. Recombinant vaccines 
are devoid of complete vRNA strands (Herrera-Rodriguez 
et al. 2019) and thus are unsuitable for this oligonucleotide-
based approach. Due to the need for vRNA amplification, 
this method is not suitable for in-line detection.

Anti‑HA2 antibodies

While the globular HA1 “head” domain exhibits rapid 
antigenic drift, the HA2 “stalk” domain, which anchors 
HA to the viral envelope, is more conserved over time 
and across influenza A subtypes (Fig. 4). These conserved 
regions are attractive targets for “universal” anti-HA anti-
bodies, resistant to antigenic drift and shift. Anti-HA2 
antibodies have been proposed as treatments for severe 
influenza infections, as they are thought to inhibit viral 
attachment, fusion to the lysosome, and release of newly 
replicated virions. In the interest of this review, anti-HA2 
antibodies would also be valuable for quantification, as 
they would not require seasonal updates.

Anti-stalk domain antibodies are usually not pro-
duced following an immunization with an IIV, as HA1 

Fig. 3   Schematic representation of signal amplification using a bio-
tin tag to recruit a high molecular weight protein (e.g., streptavidin). 
(0) The baseline, where only the immobilized ligand is present at the 
surface. (1) Binding of the low molecular weight biotin-tagged ana-
lyte. Since the SPR signal is proportional to mass accumulated at the 
surface, the resulting signal is weak. (2) Binding of a high molecular 
weight protein (streptavidin) to the biotin tag, resulting in an analyte-
specific signal amplification

Fig. 4   3D conformation of the homo-trimeric hemagglutinin protein 
from influenza A H1N1. In blue, the HA1 “head” domain, suscepti-
ble to rapid antigenic drift and the target for immunodetection in the 
traditional SRID assay. In red, the HA2 “stalk” domain, whose struc-
ture is less susceptible to antigenic drift. Protein Data Base ID: 3HTO 
(Lin et al. 2009)
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is more immunogenic (Krammer 2016). The most con-
served region, and thus most attractive target for a uni-
versal anti-HA2 antibody, is the fusion peptide. This 
sequence is found at the N-terminus of the HA2 domain 
and is highly conserved across all influenza A subtypes 
(Gerhard et al. 2006). Production of universal antibodies 
specific this structure was achieved via animal immuniza-
tion using synthetic peptides which have the same amino 
acid sequence as the fusion peptide. These universal stalk-
reactive antibodies effectively detect recombinant HA 
and final vaccine formulation from multiple IAV strains, 
though signal strength varied from strain to strain (Chun 
et al. 2008; Manceur et al. 2017). Though quantification 
was demonstrated with ELISA (Chun et al. 2008) and slot-
blot assays (Manceur et al. 2017), quantification was not 
demonstrated using SPR biosensors. However, antibodies 
have been widely used as SPR ligands.

In the works presented above, detection using these 
antibodies was achieved following denaturation with urea 
to expose the fusion peptide domain, which is otherwise 
obstructed by the HA1 “head” domain. Since pretreatment 
is necessary, these antibodies would be unsuitable for in-line 
monitoring. For the same reason, they would not provide 
information on the concentration of conformationally active 
HA, which is relevant for immunogenicity.

Aptamers

Aptamers are short, single-stranded oligonucleotide 
sequences that adopt 3D conformations to interact with 
biomolecules. Aptamers display specificity and affinity 
for their biological partners on par with antibodies. The 
conventional process of aptamer design is known as sys-
tematic enrichment of ligands by exponential enrichment 
(SELEX). Herein, an initial oligonucleotide pool (IOP) con-
sisting of nearly every nucleotide sequence of a given length 
(30–80 bp) is incubated with a solid-phase target analyte. 
Due to competition for the analyte protein, the aptamers with 
the greatest affinity for the analyte will remain bound, while 
those with weaker or null interactions will be washed away. 
Following an elution step, the aptamers with high affinity 
are amplified by PCR. The cycle of competitive binding 
and amplification continues only few aptamers remain, and 
whose affinities for the analyte have reached the nM-pM 
range (Lakhin et al. 2013).

SELEX-derived aptamers have been employed in numer-
ous SPR assays for the detection of influenza A (Bai et al. 
2012; Gopinath and Kumar 2013; Gopinath et al. 2006a; 
Misono and Kumar 2005; Nguyen et al. 2016; Wang et al. 
2013) and B (Gopinath et al. 2006b). HA-specific aptam-
ers have displayed superior specificity to antibodies when it 
comes to differentiating between IAV subtypes (Wang et al. 

2013) and have been used for the detection of influenza viri-
ons in complex biological samples (Bai et al. 2012). Their 
binding affinity for HA is comparable with antibodies and 
can be further increased through chemical modifications. In 
one work, aptamers constructed using 2′fluoropyrimidine 
in place of pyrimidine base pairs displayed a thermody-
namic dissociation constant (KD) on the femtomolar scale 
(KD ~ 10−14 M) (Gopinath and Kumar 2013). Using high 
affinity ligands is beneficial as it lowers the limit of detec-
tion for SPR assays (Schuck and Zhao 2010).

One of the biggest advantages of aptamers is their speci-
ficity, which can be enhanced via negative SELEX or coun-
ter SELEX. In this approach, the aptamers are first incubated 
with the non-target contaminants that may be present in the 
final sample (ex. host-cell proteins). The aptamers which 
display no specificity for these non-targets are then collected 
and then used for a conventional SELEX-based aptamer 
selection. The result is a highly selective aptamer that can 
distinguish between different IAV subtypes (V. T. Nguyen 
et al. 2016) or even within the same subtype from different 
seasons (Gopinath and Kumar 2013; Gopinath et al. 2006a). 
Aptamers designed in this fashion are good candidates for 
detection in crude mediums, as they can be intentionally 
designed to show no specificity for host-cell proteins.

One disadvantage of aptamers is the presence of amine 
functional groups in guanine, adenine, and cytosine, mak-
ing them unsuitable for amine coupling via carbodiimide 
chemistry. Aptamers require capture tags, which are com-
monly biotin (Bai et al. 2012; Nguyen et al. 2016; Wang 
et al. 2013), or poly-adenine tail (Gopinath and Kumar 2013; 
Gopinath et al. 2006a, b; Misono and Kumar 2005). These 
tags are used for capture of aptamers to surfaces functional-
ized with streptavidin or poly-thymine tails, respectively.

Lectins

Lectins are non-catalytic sugar-binding proteins which play 
a role in cellular signaling and adhesion via interactions 
between sugar structures and the lectin’s carbohydrate rec-
ognition domain (CRD) (Van Breedam et al. 2014). Since 
HA is a glycoprotein (An et al. 2013), lectins are attractive 
candidates for detection in SPR biosensors.

The main advantage of lectins is their indifference toward 
the antigenic drift of the HA head domain. However, there is 
significant variability in viral glycosylation patterns. Since 
protein glycosylation is achieved via the combined actions 
of host-cell glycotransferases and glycosidases (Schjoldager 
et al. 2020), the glycosylation patterns of biomanufactured 
HA will depend largely on the cell lines and culture condi-
tions in which the viruses replicate (An et al. 2013). For 
reliable detection using lectins, strict control of culture con-
ditions and medium components is required. Host-cell gene 
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modification or addition of glycosylation inhibitors could 
be used to further control glycosylation and improve con-
sistency from batch to batch (Butler and Spearman 2014). 
Control of glycosylation in vaccine production could be a 
valuable research avenue, as HA glycosylation has been 
demonstrated to play an important role in protein folding, 
stability, pathogenicity, and affinity for sialic acid decorated 
glycostructures. Certain HA glycosylation patterns are also 
associated with increased innate immune response from an 
infected host (York et al. 2019) and must be entirely avoided.

Due to the reliance on host-cell machinery for HA gly-
cosylation, identical influenza strains can bind differently to 
lectin surfaces depending on the production platform (Opitz 
et al. 2008). Due to interlot variability of HA glycosylation, 
as well the presence of multiple glycans within the same 
glycostructure, multiple lectin candidates can viably act as 
ligands for the same influenza batch (Mandenius et al. 2008). 
Tight control of glycosylation upstream is critical to the reli-
ability of lectin biosensors for HA detection.

Since SPR biosensors only detect the accumulation of 
mass near the surface and the specificity of lectins toward 
sugars as opposed to protein structures, lectin biosensors 
would be unable to distinguish between HA and similarly 
glycosylated host-cell proteins. Lectins would be better 
suited for HA glycosylation analysis in purified samples, 
rather than HA quantification in crude cell lysates.

Sialic acid decorated surfaces

The most common ligand choice for the detection of influ-
enza is a sialic acid decorated surface. In this approach, sialic 
acid residues serve as “bait” for viral HA proteins and pre-
sent a surface that mimics the natural infection mechanism.

The affinity between HA and a single sialic acid residue 
is in the mM-µM range. Due to the trivalency of HA, as well 
as high density of HA on the viral membrane (Luo 2012), 
influenza virions display multivalent binding, increasing 
the affinity to the low nM range (Kosik and Yewdell 2019). 
Additionally, IAVs display a preference for tissues which 
express a high density of sialic acid terminated glycostruc-
tures such as the respiratory lumen in humans and swine 
or the enteric lumen in avian species (Gamblin and Skehel 
2010). This “cluster effect,” wherein multivalency increases 
apparent affinity of lectin-sugar interactions, is a feature of 
most animal, plant, and viral lectins (Van Breedam et al. 
2014; Varki et al. 2009a). To exploit this cluster effect, sialic 
acid tends to be immobilized at a high density on SPR sur-
faces. One major disadvantage is that sialic acid decorated 
surfaces are susceptible to degradation by neuraminidase, 
which cleaves sialic acids from host surfaces to enable 
release of the newly replicated influenza virion.

Occasionally, avian influenza strains acquire specific-
ity for α2-6 linked sialic acid residues. The sudden shift 
introduces highly pathogenic influenza strains to the human 
immune system (Chen et al. 2011; Stencel-Baerenwald et al. 
2014). Sialic acid terminated ligands are effective ligands for 
the detection of avian influenza strains that have acquired 
interspecies infectivity, as was the case for the 2009 H1N1 
“swine flu” pandemic (Suenaga et al. 2012). A number of 
approaches toward sialic acid decorated surfaces have been 
reported.

Sialylated glycoproteins

Naturally occurring sialylated glycoproteins are effective 
bait ligands for influenza detection. Since sialic acid ter-
minated glycans fall under the category of “complex type” 
glycans, these glycoproteins are only expressed in higher 
order organisms, such as vertebrates (Varki et al. 2009b). 
Complex-type glycans are usually branched. Branching, in 
combination with the potential for multiple glycosylation 
sites on a single protein, contributes toward the cluster effect.

In one work, sialylated human serum glycoprotein protein 
α1-AGP, bearing 5 potential N-glycosylation sites, was suc-
cessfully used to detect HA from a human influenza strain 
(Mandenius et al. 2008). In another work, bovine serum 
fetuin, a glycoprotein bearing both α2-3 and α2-6 linked 
sialic acid residues, was used to quantify the HA present in a 
vaccine lot. More impressively, this same surface design was 
selective enough to detect H1N1 in a clarified cell super-
natant. In the same work, the authors reported no binding 
between immobilized fetuin and monomeric recombinant 
HA, likely due to the absence of avidity binding. An ade-
quate reference surface was prepared with asialofetuin, to 
subtract the signals arising from non-specific interactions 
(L. Durous et al. 2019). The main advantage of sialylated 
glycoproteins is their commercial availability and their indif-
ference to antigenic drift and shift. However, these naturally 
occurring ligands are less well controlled, with respect to 
their glycosylation, compared to synthetic alternatives.

Synthetic glycoconjugates

Synthetic sialylated ligands are highly versatile tools, as 
they can be precisely designed to accommodate specific 
experimental requirements. One approach to the construc-
tion of synthetic glycoconjugate ligands is the conjugation 
of a glycan to a carrier protein (Mandenius et al. 2008), 
which can be covalently coupled to an SPR surface. Other 
groups opt for entirely synthetic glycans constructed onto 
a PAA (polyacrylamide) backbone which carries a biotin 
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tag for immobilization to streptavidin (Khurana et al. 2014; 
Suenaga et al. 2012).

The advantage of synthetic glycans compared to naturally 
occurring glycoproteins is that their structure can be cus-
tomized depending on the specific parameters of the assay. 
For example, the apparent affinity of the HA-glycan inter-
action can be fine-tuned by changing the conjugation ratio 
of the glycan on the carrier protein(Mandenius et al. 2008). 
While high affinity ligands have a lower limit of detection, 
medium–low affinity ligands are more suitable for in-line 
applications, as these surfaces would not require surface 
regeneration steps (Mandenius et al. 2008).

The synthetic approach also provides the ability to control 
the attachment orientation of the terminal sialic acid, for the 
detection of avian or human influenza strains. One such strat-
egy involved selective use of either α2-3-sialyltransferase or 
α2-6-sialyltransferase to control the linkage of sialic acid 
to the subterminal galactose residue (Narla and Sun 2012). 
Alternatively, linkages for which no influenza strains display 
specificity, like α2-8 attachment, can be produced and used 
as reference ligands to construct “blank slide” control sur-
faces (Khalenkov et al. 2023).

Sialoglycolipids

To further emulate physiological conditions, sialoglycan 
decorated lipid monolayers can be immobilized to hydro-
phobic sensor chips. In one work, naturally sialylated bovine 
brain lipid neomembranes were immobilized to a SPR sen-
sor chip. While the surface successfully interacted with 
injected IAV, the sialoglycolipids were highly susceptible 
to degradation neuraminidase, giving rise to baseline drifts 
over the course of repeated injection cycles (Critchley and 
Dimmock 2004).

Perspectives/conclusion

The development of novel, antibody-independent influenza 
quantification assays is critical for the improvement of the 
vaccine distribution pipeline and will reduce the time to 
vaccine availability by weeks in a pandemic scenario. 
Among the alternative strategies proposed by regulatory 
health agencies following the most recent influenza pan-
demic, SPR biosensors have already been demonstrated 
to be powerful tools for in-line and off-line monitoring 
of biomanufacturing. To adequately replace SRID, SPR 
assays for influenza detection will require highly selective, 
high affinity ligands immobilized to the sensor surface. 
Crucially, these ligands must either be rapidly produced 
once a dominant influenza strain has been identified or 
must target structures other than the HA1 “head” domain 

and therefore be independent of influenza’s rapid antigenic 
drift. For in-line applications, surface designs should also 
consider reduction of non-specific binding from contami-
nants present in complex solutions such as cell culture 
medium. Additionally, SPR quality control assays should 
be aimed at multiple stages of the vaccine production pipe-
line, from crude in-line samples to final vaccine formula-
tions in the presence of adjuvants.

Sialic acid terminated “bait” ligands, particularly syn-
thetic ones, are the most versatile option for influenza detec-
tion. The primary advantages of these ligands are unaffected 
by antigenic drift and shift of HA and can thus be prepared 
in advance of dominant strain identification. By mimick-
ing the conditions necessary for influenza infection, these 
ligands selectively recognize HA which expresses the cor-
rect conformation and therefore which has immunogenic 
potential. It is also suitable for use in crude samples, though 
additional measures should be taken to reduce non-specific 
binding. Synthetic ligands or glycoconjugates are favora-
ble to naturally occurring sialylated glycoproteins, as they 
provide more avenues for optimization via affinity tuning 
(Mandenius et al. 2008).

To date, SRID remains the gold standard method for 
influenza quantification. Much of the effort to replace SRID 
was motivated by the 2009 pandemic. Recently, few novel 
approaches have emerged. Much of the efforts regarding 
influenza quality control by SPR involve the integration of 
these biosensors in-line (Laurent Durous et al. 2023) or for 
pharmacokinetic evaluation of influenza drugs which inhibit 
the actions of viral proteins (Liu et al. 2023; Ma et al. 2024). 
The influenza vaccine distribution pipeline will also benefit 
from lessons learned during the recent COVID-19 pandemic 
(Buchy et al. 2021; Scala et al. 2023).

SPR biosensors have been used in the development and 
monitoring of vaccines and drugs which protect against 
other viral infections, including HIV, malaria, SARS, hepa-
titis C (Hearty et al. 2010), and more recently for SARS-
CoV-2 (Szunerits et al. 2022). Many of the reported ligand 
options reported here can be applied in these other viral 
vaccine pipelines, though the specific approaches are outside 
the scope of this review.

Acknowledgements  The authors would also like to thank Benoit Liber-
elle and Jimmy Gaudreault for critical proofreading of the manuscript. 
All figures were created with BioRender.com.

Author contribution  BS: primary research and writing of the manu-
script. AK: conception of the review topic and critical reviewing of 
scientific content. GDC: research supervision and critical reviewing 
of scientific content. OH: research supervision, funding acquisition, 
and critical reviewing of scientific content.

Funding  This work was supported by the Fonds de Recherche Nature 
et Technologies (FRQNT), grant number PR-300890, the Natural Sci-
ences and Engineering Research Council of Canada (stipends allocated 
to Benjamin Serafin via the NSERC-CREATE PrEEmiuM program) 



	 Applied Microbiology and Biotechnology         (2024) 108:307   307   Page 8 of 10

(NanoBio Technology Platform) and its main funding partner, the 
Canada First Research Excellence Fund.

Declarations 

Competing interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

An Y, Rininger JA, Jarvis DL, Jing X, Ye Z, Aumiller JJ, Eichelberger 
M, Cipollo JF (2013) Comparative glycomics analysis of influ-
enza hemagglutinin (H5N1) produced in vaccine relevant cell 
platforms. J Proteome Res 12(8):3707–3720. https://​doi.​org/​10.​
1021/​pr400​329k

Arevalo CP, Bolton MJ, Le Sage V, Ye N, Furey C, Muramatsu H, 
Alameh MG, Pardi N, Drapeau EM, Parkhouse K, Garretson T, 
Morris JS, Moncla LH, Tam YK, Fan SHY, Lakdawala SS, Weiss-
man D, Hensley SE (2022) A multivalent nucleoside-modified 
mRNA vaccine against all known influenza virus subtypes. Sci-
ence 378(6622):899–904. https://​doi.​org/​10.​1126/​scien​ce.​abm02​
71

Bai H, Wang R, Hargis B, Lu H, Li Y (2012) A SPR aptasensor 
for detection of avian influenza virus H5N1. Sensors (basel) 
12(9):12506–12518. https://​doi.​org/​10.​3390/​s1209​12506

Bright RA, Neuzil KM, Pervikov Y, Palkonyay L (2009) WHO meet-
ing on the role of neuraminidase in inducing protective immunity 
against influenza infection, Vilamoura, Portugal, September 14, 
2008. Vaccine 27(45):6366–6369. https://​doi.​org/​10.​1016/j.​vacci​
ne.​2009.​02.​084

Buchy P, Buisson Y, Cintra O, Dwyer DE, Nissen M, Ortiz de Lejarazu 
R, Petersen E (2021) COVID-19 pandemic: lessons learned from 
more than a century of pandemics and current vaccine develop-
ment for pandemic control. Int J Infect Dis 112:300–317. https://​
doi.​org/​10.​1016/j.​ijid.​2021.​09.​045

Butler M, Spearman M (2014) The choice of mammalian cell host and 
possibilities for glycosylation engineering. Curr Opin Biotechnol 
30:107–112. https://​doi.​org/​10.​1016/j.​copbio.​2014.​06.​010

Carvalho SB, Moleirinho MG, Wheatley D, Welsh J, Gantier R, Alves 
PM, Peixoto C, Carrondo MJT (2017) Universal label-free in-
process quantification of influenza virus-like particles. Biotechnol 
J, 12(8). https://​doi.​org/​10.​1002/​biot.​20170​0031

Chen JR, Ma C, Wong CH (2011) Vaccine design of hemagglutinin 
glycoprotein against influenza. Trends Biotechnol 29(9):426–434. 
https://​doi.​org/​10.​1016/j.​tibte​ch.​2011.​04.​007

Chen JR, Liu YM, Tseng YC, Ma C (2020) Better influenza vaccines: 
an industry perspective. J Biomed Sci 27(1):33. https://​doi.​org/​
10.​1186/​s12929-​020-​0626-6

Chun S, Li C, Van Domselaar G, Wang J, Farnsworth A, Cui X, 
Rode H, Cyr TD, He R, Li X (2008) Universal antibodies and 
their applications to the quantitative determination of virtually 
all subtypes of the influenza A viral hemagglutinins. Vaccine 
26(48):6068–6076. https://​doi.​org/​10.​1016/j.​vacci​ne.​2008.​09.​015

Couch RB, Atmar RL, Keitel WA, Quarles JM, Wells J, Arden N, Nino 
D (2012) Randomized comparative study of the serum antihemag-
glutinin and antineuraminidase antibody responses to six licensed 
trivalent influenza vaccines. Vaccine 31(1):190–195. https://​doi.​
org/​10.​1016/j.​vacci​ne.​2012.​10.​065

Couture M, Zhao SS, Masson JF (2013) Modern surface plasmon reso-
nance for bioanalytics and biophysics. Phys Chem Chem Phys 
15(27):11190–11216. https://​doi.​org/​10.​1039/​c3cp5​0281c

Critchley P, Dimmock NJ (2004) Binding of an influenza A virus to a 
neomembrane measured by surface plasmon resonance. Bioorg 
Med Chem 12(10):2773–2780. https://​doi.​org/​10.​1016/j.​bmc.​
2004.​02.​042

Damborsky P, Svitel J, Katrlik J (2016) Optical biosensors. Essays 
Biochem 60(1):91–100. https://​doi.​org/​10.​1042/​EBC20​150010

Dou D, Revol R, Ostbye H, Wang H, Daniels R (2018) Influenza A 
virus cell entry, replication, virion assembly and movement. Front 
Immunol 9:1581. https://​doi.​org/​10.​3389/​fimmu.​2018.​01581

Durous L, Julien T, Padey B, Traversier A, Rosa-Calatrava M, Blum LJ, 
Marquette CA, Petiot E (2019) SPRi-based hemagglutinin quanti-
tative assay for influenza vaccine production monitoring. Vaccine 
37(12):1614–1621. https://​doi.​org/​10.​1016/j.​vacci​ne.​2019.​01.​083

Durous L, Padey B, Traversier A, Chupin C, Julien T, Blum LJ, Mar-
quette CA, Rosa-Calatrava M (2023). Petiot E. https://​doi.​org/​10.​
1101/​2023.​03.​16.​532923

Gamblin SJ, Skehel JJ (2010) Influenza hemagglutinin and neurami-
nidase membrane glycoproteins. J Biol Chem 285(37):28403–
28409. https://​doi.​org/​10.​1074/​jbc.​R110.​129809

Gaudreault J, Forest-Nault C, De Crescenzo G, Durocher Y, Henry O 
(2021) On the use of surface plasmon resonance-based biosen-
sors for advanced bioprocess monitoring. Processes 9(11):1996. 
https://​doi.​org/​10.​3390/​pr911​1996

Gerhard W, Mozdzanowska K, Zharikova D (2006) Prospects for uni-
versal influenza virus vaccine. Emerg Infect Dis 12(4):569–574. 
https://​doi.​org/​10.​3201/​eid12​04.​051020

Gopinath SC, Kumar PK (2013) Aptamers that bind to the hemagglu-
tinin of the recent pandemic influenza virus H1N1 and efficiently 
inhibit agglutination. Acta Biomater 9(11):8932–8941. https://​doi.​
org/​10.​1016/j.​actbio.​2013.​06.​016

Gopinath SC, Misono TS, Kawasaki K, Mizuno T, Imai M, Odagiri T, 
Kumar PKR (2006a) An RNA aptamer that distinguishes between 
closely related human influenza viruses and inhibits haemagglu-
tinin-mediated membrane fusion. J Gen Virol 87(Pt 3):479–487. 
https://​doi.​org/​10.​1099/​vir.0.​81508-0

Gopinath SC, Sakamaki Y, Kawasaki K, Kumar PK (2006b) An effi-
cient RNA aptamer against human influenza B virus hemagglu-
tinin. J Biochem 139(5):837–846. https://​doi.​org/​10.​1093/​jb/​
mvj095

Hardy S, Eichelberger M, Griffiths E, Weir JP, Wood D, Alfonso C 
(2011) Confronting the next pandemic–workshop on lessons 
learned from potency testing of pandemic (H1N1) 2009 influenza 
vaccines and considerations for future potency tests, Ottawa, Can-
ada. Influenza Other Respir Viruses 5(6):438–442. https://​doi.​org/​
10.​1111/j.​1750-​2659.​2011.​00250.x

Hashem AM, Gravel C, Farnsworth A, Zou W, Lemieux M, Xu K, 
Li C, Wang J, Goneau MF, Merziotis M, He R, Gilbert M, Li X 
(2013) A novel synthetic receptor-based immunoassay for influ-
enza vaccine quantification. PLoS ONE 8(2):e55428. https://​doi.​
org/​10.​1371/​journ​al.​pone.​00554​28

Hearty S, Conroy PJ, Ayyar BV, Byrne B, O’Kennedy R (2010) Surface 
plasmon resonance for vaccine design and efficacy studies: recent 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1021/pr400329k
https://doi.org/10.1021/pr400329k
https://doi.org/10.1126/science.abm0271
https://doi.org/10.1126/science.abm0271
https://doi.org/10.3390/s120912506
https://doi.org/10.1016/j.vaccine.2009.02.084
https://doi.org/10.1016/j.vaccine.2009.02.084
https://doi.org/10.1016/j.ijid.2021.09.045
https://doi.org/10.1016/j.ijid.2021.09.045
https://doi.org/10.1016/j.copbio.2014.06.010
https://doi.org/10.1002/biot.201700031
https://doi.org/10.1016/j.tibtech.2011.04.007
https://doi.org/10.1186/s12929-020-0626-6
https://doi.org/10.1186/s12929-020-0626-6
https://doi.org/10.1016/j.vaccine.2008.09.015
https://doi.org/10.1016/j.vaccine.2012.10.065
https://doi.org/10.1016/j.vaccine.2012.10.065
https://doi.org/10.1039/c3cp50281c
https://doi.org/10.1016/j.bmc.2004.02.042
https://doi.org/10.1016/j.bmc.2004.02.042
https://doi.org/10.1042/EBC20150010
https://doi.org/10.3389/fimmu.2018.01581
https://doi.org/10.1016/j.vaccine.2019.01.083
https://doi.org/10.1101/2023.03.16.532923
https://doi.org/10.1101/2023.03.16.532923
https://doi.org/10.1074/jbc.R110.129809
https://doi.org/10.3390/pr9111996
https://doi.org/10.3201/eid1204.051020
https://doi.org/10.1016/j.actbio.2013.06.016
https://doi.org/10.1016/j.actbio.2013.06.016
https://doi.org/10.1099/vir.0.81508-0
https://doi.org/10.1093/jb/mvj095
https://doi.org/10.1093/jb/mvj095
https://doi.org/10.1111/j.1750-2659.2011.00250.x
https://doi.org/10.1111/j.1750-2659.2011.00250.x
https://doi.org/10.1371/journal.pone.0055428
https://doi.org/10.1371/journal.pone.0055428


Applied Microbiology and Biotechnology         (2024) 108:307 	 Page 9 of 10    307 

applications and future trends. Expert Rev Vaccines 9(6):645–664. 
https://​doi.​org/​10.​1586/​erv.​10.​52

Helmerhorst E, Chandler DJ, Nussio M, Mamotte CD (2012) Real-time 
and label-free bio-sensing of molecular interactions by surface 
plasmon resonance: a laboratory medicine perspective. Clin Bio-
chem Rev 33(4):161–173

Herrera-Rodriguez J, Signorazzi A, Holtrop M, de Vries-Idema J, 
Huckriede A (2019) Inactivated or damaged? Comparing the 
effect of inactivation methods on influenza virions to optimize 
vaccine production. Vaccine 37(12):1630–1637. https://​doi.​org/​
10.​1016/j.​vacci​ne.​2019.​01.​086

Hutchinson EC, Charles PD, Hester SS, Thomas B, Trudgian D, Mar-
tinez-Alonso M, Fodor E (2014) Conserved and host-specific 
features of influenza virion architecture. Nat Commun 5:4816. 
https://​doi.​org/​10.​1038/​ncomm​s5816

Khalenkov AM, Norton MG, Scott DE (2023) Method for screening 
influenza neutralizing antibodies in crude human plasma and its 
derivatives using SPR. Heliyon 9(5):e15651. https://​doi.​org/​10.​
1016/j.​heliy​on.​2023.​e15651

Khurana S, King LR, Manischewitz J, Coyle EM, Golding H (2014) 
Novel antibody-independent receptor-binding SPR-based assay 
for rapid measurement of influenza vaccine potency. Vaccine 
32(19):2188–2197. https://​doi.​org/​10.​1016/j.​vacci​ne.​2014.​02.​049

Kilbourne ED (2006) Influenza pandemics of the 20th century. Emerg 
Infect Dis 12(1):9–14. https://​doi.​org/​10.​3201/​eid12​01.​051254

Kosik I, Yewdell JW (2019) Influenza hemagglutinin and neuramini-
dase: yin(-)yang proteins coevolving to thwart immunity. Viruses 
11(4):346. https://​doi.​org/​10.​3390/​v1104​0346

Krammer F (2016) Novel universal influenza virus vaccine approaches. 
Curr Opin Virol 17:95–103. https://​doi.​org/​10.​1016/j.​coviro.​2016.​
02.​002

Kretschmann E, Raether H (1968) Radiative decay of non radia-
tive surface plasmons excited by light. Zeitschrift Fur Natur-
forschung Part a-Astrophysik Physik Und Physikalische Chemie, 
A 23(12):2135–3000. https://​doi.​org/​10.​1515/​zna-​1968-​1247

Lakhin AV, Tarantul VZ, Gening LV (2013) Aptamers: problems, solu-
tions and prospects. Acta Naturae 5(4):34–43

Lim HJ, Saha T, Tey BT, Tan WS, Ooi CW (2020) Quartz crystal 
microbalance-based biosensors as rapid diagnostic devices for 
infectious diseases. Biosens Bioelectron 168:112513. https://​doi.​
org/​10.​1016/j.​bios.​2020.​112513

Lin T, Wang G, Li A, Zhang Q, Wu C, Zhang R, Cai Q, Song W, Yuen 
KY (2009) The hemagglutinin structure of an avian H1N1 influ-
enza A virus. Virology 392(1):73–81. https://​doi.​org/​10.​1016/j.​
virol.​2009.​06.​028

Liu C, Zhang Y, Li P, Jia H, Ju H, Zhang J, Ferreira da Silva-Junior E, 
Samanta S, Kar P, Huang B, Liu X, Zhan P (2023) Development 
of chalcone-like derivatives and their biological and mechanistic 
investigations as novel influenza nuclear export inhibitors. Eur J 
Med Chem 261:115845. https://​doi.​org/​10.​1016/j.​ejmech.​2023.​
115845

Luo M (2012) Influenza virus entry. Adv Exp Med Biol 726:201–221. 
https://​doi.​org/​10.​1007/​978-1-​4614-​0980-9_9

Ma Z, Qin Y, Wang X, Zhang G, Zhang X, Jiang H, Tian Z (2024) 
Identification of chemical compounds of Schizonepeta tenuifolia 
Briq. and screening of neuraminidase inhibitors based on AUF-
MS and SPR technology. J Pharm Biomed Anal 237:115787. 
https://​doi.​org/​10.​1016/j.​jpba.​2023.​115787

Manceur AP, Kamen AA (2015) Critical review of current and emerg-
ing quantification methods for the development of influenza vac-
cine candidates. Vaccine 33(44):5913–5919. https://​doi.​org/​10.​
1016/j.​vacci​ne.​2015.​07.​104

Manceur AP, Zou W, Marcil A, Paquet E, Gadoury C, Jaentschke 
B, Li X, Petiot E, Durocher Y, Baardsnes J, Rosa-Calatrava M, 
Ansorge S, Kamen AA (2017) Generation of monoclonal pan-
hemagglutinin antibodies for the quantification of multiple strains 

of influenza. PLoS ONE 12(6):e0180314. https://​doi.​org/​10.​1371/​
journ​al.​pone.​01803​14

Mandenius CF, Wang R, Alden A, Bergstrom G, Thebault S, Lutsch 
C, Ohlson S (2008) Monitoring of influenza virus hemaggluti-
nin in process samples using weak affinity ligands and surface 
plasmon resonance. Anal Chim Acta 623(1):66–75. https://​doi.​
org/​10.​1016/j.​aca.​2008.​06.​005

Maurya JB, Prajapati YK (2016) Influence of dielectric coating on 
performance of surface plasmon resonance sensor. Plasmonics 
12(4):1121–1130. https://​doi.​org/​10.​1007/​s11468-​016-​0366-3

Minor PD (2015) Assaying the potency of influenza vaccines. Vac-
cines (basel) 3(1):90–104. https://​doi.​org/​10.​3390/​vacci​nes30​
10090

Misono TS, Kumar PK (2005) Selection of RNA aptamers against 
human influenza virus hemagglutinin using surface plasmon reso-
nance. Anal Biochem 342(2):312–317. https://​doi.​org/​10.​1016/j.​
ab.​2005.​04.​013

Narla SN, Sun XL (2012) Immobilized sialyloligo-macroligand and 
its protein binding specificity. Biomacromol 13(5):1675–1682. 
https://​doi.​org/​10.​1021/​bm300​3896

Nguyen HH, Park J, Kang S, Kim M (2015) Surface plasmon reso-
nance: a versatile technique for biosensor applications. Sensors 
(basel) 15(5):10481–10510. https://​doi.​org/​10.​3390/​s1505​10481

Nguyen VT, Seo HB, Kim BC, Kim SK, Song CS, Gu MB (2016) 
Highly sensitive sandwich-type SPR based detection of whole 
H5Nx viruses using a pair of aptamers. Biosens Bioelectron 
86:293–300. https://​doi.​org/​10.​1016/j.​bios.​2016.​06.​064

Opitz L, Zimmermann A, Lehmann S, Genzel Y, Lubben H, Reichl 
U, Wolff MW (2008) Capture of cell culture-derived influenza 
virus by lectins: strain independent, but host cell dependent. J 
Virol Methods 154(1–2):61–68. https://​doi.​org/​10.​1016/j.​jviro​
met.​2008.​09.​004

Petersen R (2017) Strategies using bio-layer interferometry biosen-
sor technology for vaccine research and development. Biosensors 
7(4):48. https://​doi.​org/​10.​3390/​bios7​040049

Puiu M, Bala C (2016) SPR and SPR imaging: recent trends in devel-
oping nanodevices for detection and real-time monitoring of bio-
molecular events. Sensors (Basel) 16(6):870. https://​doi.​org/​10.​
3390/​s1606​0870

Scala MC, Marchetti M, Superti F, Agamennone M, Campiglia P, Sala 
M (2023) Rational design of novel peptidomimetics against influ-
enza A virus: biological and computational studies. Int J Mol Sci 
24(18):14268. https://​doi.​org/​10.​3390/​ijms2​41814​268

Schjoldager KT, Narimatsu Y, Joshi HJ, Clausen H (2020) Global 
view of human protein glycosylation pathways and functions. 
Nat Rev Mol Cell Biol 21(12):729–749. https://​doi.​org/​10.​1038/​
s41580-​020-​00294-x

Schuck P, Zhao H (2010) The role of mass transport limitation and 
surface heterogeneity in the biophysical characterization of mac-
romolecular binding processes by SPR biosensing. Methods Mol 
Biol 627:15–54. https://​doi.​org/​10.​1007/​978-1-​60761-​670-2_2

Shi L, Sun Q, He J, Xu H, Liu C, Zhao C, Xu Y, Wu C, Xiang J, 
Gu D, Long J, Lan H (2015) Development of SPR biosensor for 
simultaneous detection of multiplex respiratory viruses. Biomed 
Mater Eng 26(Suppl 1):S2207-2216. https://​doi.​org/​10.​3233/​
BME-​151526

Silva CAT, Kamen AA, Henry O (2021) Recent advances and current 
challenges in process intensification of cell culture-based influ-
enza virus vaccine manufacturing. Can J Chem Eng 99(11):2525–
2535. https://​doi.​org/​10.​1002/​cjce.​24197

Stencel-Baerenwald JE, Reiss K, Reiter DM, Stehle T, Dermody TS 
(2014) The sweet spot: defining virus-sialic acid interactions. Nat 
Rev Microbiol 12(11):739–749. https://​doi.​org/​10.​1038/​nrmic​
ro3346

Suenaga E, Mizuno H, Penmetcha KK (2012) Monitoring influenza 
hemagglutinin and glycan interactions using surface plasmon 

https://doi.org/10.1586/erv.10.52
https://doi.org/10.1016/j.vaccine.2019.01.086
https://doi.org/10.1016/j.vaccine.2019.01.086
https://doi.org/10.1038/ncomms5816
https://doi.org/10.1016/j.heliyon.2023.e15651
https://doi.org/10.1016/j.heliyon.2023.e15651
https://doi.org/10.1016/j.vaccine.2014.02.049
https://doi.org/10.3201/eid1201.051254
https://doi.org/10.3390/v11040346
https://doi.org/10.1016/j.coviro.2016.02.002
https://doi.org/10.1016/j.coviro.2016.02.002
https://doi.org/10.1515/zna-1968-1247
https://doi.org/10.1016/j.bios.2020.112513
https://doi.org/10.1016/j.bios.2020.112513
https://doi.org/10.1016/j.virol.2009.06.028
https://doi.org/10.1016/j.virol.2009.06.028
https://doi.org/10.1016/j.ejmech.2023.115845
https://doi.org/10.1016/j.ejmech.2023.115845
https://doi.org/10.1007/978-1-4614-0980-9_9
https://doi.org/10.1016/j.jpba.2023.115787
https://doi.org/10.1016/j.vaccine.2015.07.104
https://doi.org/10.1016/j.vaccine.2015.07.104
https://doi.org/10.1371/journal.pone.0180314
https://doi.org/10.1371/journal.pone.0180314
https://doi.org/10.1016/j.aca.2008.06.005
https://doi.org/10.1016/j.aca.2008.06.005
https://doi.org/10.1007/s11468-016-0366-3
https://doi.org/10.3390/vaccines3010090
https://doi.org/10.3390/vaccines3010090
https://doi.org/10.1016/j.ab.2005.04.013
https://doi.org/10.1016/j.ab.2005.04.013
https://doi.org/10.1021/bm3003896
https://doi.org/10.3390/s150510481
https://doi.org/10.1016/j.bios.2016.06.064
https://doi.org/10.1016/j.jviromet.2008.09.004
https://doi.org/10.1016/j.jviromet.2008.09.004
https://doi.org/10.3390/bios7040049
https://doi.org/10.3390/s16060870
https://doi.org/10.3390/s16060870
https://doi.org/10.3390/ijms241814268
https://doi.org/10.1038/s41580-020-00294-x
https://doi.org/10.1038/s41580-020-00294-x
https://doi.org/10.1007/978-1-60761-670-2_2
https://doi.org/10.3233/BME-151526
https://doi.org/10.3233/BME-151526
https://doi.org/10.1002/cjce.24197
https://doi.org/10.1038/nrmicro3346
https://doi.org/10.1038/nrmicro3346


	 Applied Microbiology and Biotechnology         (2024) 108:307   307   Page 10 of 10

resonance. Biosens Bioelectron 32(1):195–201. https://​doi.​org/​
10.​1016/j.​bios.​2011.​12.​003

Sultana I, Yang K, Getie-Kebtie M, Couzens L, Markoff L, Alterman 
M, Eichelberger MC (2014) Stability of neuraminidase in inacti-
vated influenza vaccines. Vaccine 32(19):2225–2230. https://​doi.​
org/​10.​1016/j.​vacci​ne.​2014.​01.​078

Szunerits S, Saada H, Pagneux Q, Boukherroub R (2022) Plasmonic 
approaches for the detection of SARS-CoV-2 viral particles. Bio-
sensors (Basel) 12(7):548. https://​doi.​org/​10.​3390/​bios1​20705​48

Thompson CM, Petiot E, Lennaertz A, Henry O, Kamen AA (2013) 
Analytical technologies for influenza virus-like particle candidate 
vaccines: challenges and emerging approaches. Virol J 10:141. 
https://​doi.​org/​10.​1186/​1743-​422X-​10-​141

Thompson CM, Petiot E, Mullick A, Aucoin MG, Henry O, Kamen AA 
(2015) Critical assessment of influenza VLP production in Sf9 and 
HEK293 expression systems. BMC Biotechnology, 15(1). https://​
doi.​org/​10.​1186/​s12896-​015-​0152-x

Van Breedam W, Pohlmann S, Favoreel HW, de Groot RJ, Nauwynck 
HJ (2014) Bitter-sweet symphony: glycan-lectin interactions in 
virus biology. FEMS Microbiol Rev 38(4):598–632. https://​doi.​
org/​10.​1111/​1574-​6976.​12052

Varki A, Etzler ME, Cummings RD et al (2009a) Discovery and Clas-
sification of Glycan-Binding Proteins. In: Varki A, Cummings 
RD, Esko JD et al (eds) Essentials of Glycobiology, 2nd edn. 
Cold Spring Harbor (NY): Cold Spring Harbor Laboratory Press; 

2009. Chapter 26. Available from: https://​www.​ncbi.​nlm.​nih.​gov/​
books/​NBK19​23/

Varki A, Freeze HH, Gagneux P (2009b) Evolution of Glycan Diver-
sity. In: Varki A, Cummings RD, Esko JD et al (eds) Essentials of 
Glycobiology, 2nd edn. Cold Spring Harbor (NY): Cold Spring 
Harbor Laboratory Press; 2009. Chapter 19. Available from: 
https://​www.​ncbi.​nlm.​nih.​gov/​books/​NBK19​42/

Wang R, Zhao J, Jiang T, Kwon YM, Lu H, Jiao P, Liao M, Li Y 
(2013) Selection and characterization of DNA aptamers for 
use in detection of avian influenza virus H5N1. J Virol Meth-
ods 189(2):362–369. https://​doi.​org/​10.​1016/j.​jviro​met.​2013.​
03.​006

Wood JM, Weir JP (2018) Standardisation of inactivated influenza 
vaccines-learning from history. Influenza Other Respir Viruses 
12(2):195–201. https://​doi.​org/​10.​1111/​irv.​12543

York IA, Stevens J, Alymova IV (2019) Influenza virus N-linked gly-
cosylation and innate immunity. Biosci Rep, 39(1).https://​doi.​org/​
10.​1042/​BSR20​171505

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.bios.2011.12.003
https://doi.org/10.1016/j.bios.2011.12.003
https://doi.org/10.1016/j.vaccine.2014.01.078
https://doi.org/10.1016/j.vaccine.2014.01.078
https://doi.org/10.3390/bios12070548
https://doi.org/10.1186/1743-422X-10-141
https://doi.org/10.1186/s12896-015-0152-x
https://doi.org/10.1186/s12896-015-0152-x
https://doi.org/10.1111/1574-6976.12052
https://doi.org/10.1111/1574-6976.12052
https://www.ncbi.nlm.nih.gov/books/NBK1923/
https://www.ncbi.nlm.nih.gov/books/NBK1923/
https://www.ncbi.nlm.nih.gov/books/NBK1942/
https://doi.org/10.1016/j.jviromet.2013.03.006
https://doi.org/10.1016/j.jviromet.2013.03.006
https://doi.org/10.1111/irv.12543
https://doi.org/10.1042/BSR20171505
https://doi.org/10.1042/BSR20171505

	Antibody-independent surface plasmon resonance assays for influenza vaccine quality control
	Abstract 
	Key points
	Introduction
	SPR biosensors
	Oligonucleotides
	Anti-HA2 antibodies
	Aptamers
	Lectins
	Sialic acid decorated surfaces
	Sialylated glycoproteins
	Synthetic glycoconjugates
	Sialoglycolipids
	Perspectivesconclusion
	Acknowledgements 
	References


