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a b s t r a c t

Influenza vaccine manufacturers lack tools, whatever the involved production bioprocess (egg or cell-
based), to precisely and accurately evaluate vaccine antigen content from samples. Indeed, the gold stan-
dard single-radial immunodiffusion (SRID) assay, which remains the only validated assay for the evalu-
ation of influenza vaccine potency, is criticized by the scientific community and regulatory agencies since
a decade for its high variability, lack of flexibility and low sensitivity. We hereby report an imaging sur-
face plasmon resonance (SPRi) assay for the quantification of both inactivated vaccine influenza antigens
and viral particles derived from egg- and cell-based production samples, respectively. The assay, based on
fetuin-hemagglutinin interactions, presents higher reproducibility (<3%) and a greater analytical range
(0.03–20 mg/mL) than SRID for bulk monovalent and trivalent vaccine and its limit of detection was eval-
uated to be 100 times lower than the SRID’s one. Finally, viral particles production through cell culture-
based bioprocess was also successfully monitored using our SPRi-based assay and a clear correlation was
found between the biosensor response and total virus particle content.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The influenza vaccine manufacturing field is presently strongly
lacking updated, rapid and reliable quantification tools to evaluate
both vaccine lot potency and support new production process
developments via the in-process quantification of bioactive virus
particles.

Presently, influenza vaccine lots release relies on the off-line
gold standard single-radial immunodiffusion (SRID) assay [1]. SRID
requires strain-specific reference sera and antigen reagents to
determine the mg amount of influenza hemagglutinin (HA) antigen
from fragmented virus preparations. The annual preparation of
SRID reagents takes up to 6 months and constitutes critical bottle-
neck for the release of vaccine lots [1–3]. This is why, WHO and
regulatory agencies are strongly supporting the development of
improved influenza vaccine potency assays [4,5] to speed up the
vaccine lot release especially in the case of a pandemic outbreak.
A large set of analytical technologies has been evaluated to
replace or complement SRID. Various immunoassays including
ELISA, latex bead agglutination or slot-blot were developed with
either specific monoclonal antibodies or reference sera to target
influenza antigen epitopes [6–8]. Alternative chromatography-
based strategies, like RP-HPLC and LC-MS, were also proposed to
directly quantify HA content in vaccine preparations [9,10].

On the other hand, current influenza vaccine production mainly
relies on embryonated egg-based technology. Such manufacturing
process is challenged every year by vaccine reformulation, the
reduced production yields of several influenza strains in eggs as
well as the recurrent threat of a new pandemic outbreak [4,5].
Alternative production processes based on cell culture have been
successfully developed in recent years to complement egg-based
technology. Thus several mammalian cell lines were evaluated
and the MDCK cell is now the sole mammalian cell line validated
for the production of FlucelVax� vaccine [11–14]. Nevertheless,
when it comes to optimization and monitoring of such cell-based
processes, manufacturers are presently lacking in-process analyti-
cal tools to follow the virus particle production level. This time,
analytics aims to monitor virus particle release, both infectious
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and non-infectious. Unfortunately, although non-infectious parti-
cles could represent 10–1000 times the number of infectious viral
particles [15,16], standard methods are only quantifying infectious
particles thanks to infectivity assays. Such assays are not appropri-
ated for in-process and on-line monitoring.

As non-infectious particles appear to have a major contribution
in final HA antigen content, several quantification technologies
were evaluated to assess the total viral particles (VP) content for
production process monitoring. Among physical quantification
techniques proposed for VP evaluation, one can cite Nanoparticle
Tracking Analysis (NTA), Tuneable Resistive Pulse Sensing (TRPS),
Flow Virus counter and Field-Flow Fractionation combined to
Multi-Angle Light Scattering (FFF-MALS) [17]. These techniques
present several advantages such as reduced analysis time
(minutes-hours vs. days) and increased reproducibility. Their
weaknesses stand on a low specificity and/or on the absence of
information regarding HA bioactivity. The only assays reported in
the literature able to combine both advantages are quantitative
surface plasmon resonance (SPR) assays [18,19].

SPR is commonly used to characterize biomolecular interactions
and has been extensively used to determine affinity constants of
influenza hemagglutinins toward a large panel of ligands. How-
ever, while SPR has already proven its potential for label-free quan-
titative evaluation of bioactive antibodies and recombinant
proteins produced in cell culture [19,20], very few studies were
performed on the use of SPR-based assay for quantitative evalua-
tion of influenza hemagglutinin antigens or virus particles [2,21].

The present work is dedicated to the development of a SPRi-
based assay for the rapid and label-free quantification of both
influenza virus particles and hemagglutinin antigen content in
influenza vaccine preparations. Based on immobilized fetuin, a
protein containing generic sialic acid ligand of hemagglutinin
influenza viruses, we developed a quantitative assay harboring
high specificity and reproducibility with both egg-based influenza
inactivated vaccine and virus particles produced by cell-based sys-
tems. Moreover, attention has been given to the regeneration capa-
bility of the biosensor surface, leading to the further development
of an on-line real-time monitoring system for cell-based virus bio-
production processes [22].
2. Materials and methods

2.1. Reagents

Fetuin from fetal bovine serum, bovine serum albumin, ethyl
dimethyl carbodiimide (EDC), N-hydroxysuccinimide (NHS),
sodium dodecyl sulfate (SDS), polysorbate 20, Triton-X100, bacte-
rial neuraminidase from C. perfringens and trypsin acetylated from
bovine pancreas were purchased from Sigma (Saint Quentin Falla-
vier, France). Sodium acetate buffer and ethanolamine-HCl were
acquired from Sierra sensors (Hamburg, Germany). Zwittergent
3–14 and Phosphate Buffer Saline (PBS) tablets were acquired from
Merck (Darmstadt, Germany). All solutions were prepared using
milliQ water. Oseltamivir carboxylate was purchased from Roche
(Bale, Switzerland). Trivalent inactivated vaccine was purchased
from Sanofi Pasteur (Vaxigrip� 2016/2017, lot #N2A381M, Sanofi
Pasteur, Lyon, France) and recombinant A/California/04/2009
hemagglutinin from Sinobiological (Beijing, China). Madin–Darby
canine kidney cells (MDCK, ATCC CCL34), serum-free Ultra-MDCK
and EMEM media, L-glutamine and penicillin/streptomycin solu-
tions were from Lonza (Amboise, France). Optipro, SFM4Transfx-
293 and 2XMEMmedia, Nobel agar, Coomassie blue and BCA assay
reagents were from Thermo Fisher (Dardilly, France). Bio-beads
SM2were purchased fromBio-RAD (Les Ulis, France). SRID standard
antigen (NIBSC 09/196 and NIBSC 12/114) and polyclonal serum
(NIBSC 14/134) for H1N1 A/California/7/2009 and H3N2 A/Victo-
ria/361/2011 were obtained from NIBSC (http://www.nibsc.org).

2.2. SPR imaging system

SPR imaging experiments were performed using a SPR-2 instru-
ment (Sierra Sensors, Hamburg, Germany). The sensor is based on
Kretschmann configuration and consists in a microfluidic flow cell
and a gold-coated prism functionalized with carboxylic acid groups
(Amine coupling sensor, Sierra Sensors) useful for ligand immobi-
lization. Biomolecular interactions at the surface of the sensor lead
to changes in local refractive index. Recorded images of the flow
cell are processed in order to obtain a numerical signal and gener-
ate sensorgrams expressed in response unit [RU].

Raw SPR data expressed in RU were processed through a cus-
tom MATLAB (The Mathworks, Natick, USA) script for interpolating
and smoothing/despiking. Sensorgrams were obtained by first sub-
tracting the signal from the reference surface to the signal from
sensing surface for each sample in order to obtain standardized
data. Initial binding rates [RU/s] were calculated based on the slope
of the referenced sensorgrams for the first 30 s of the association
phase, while response level was determined as the maximum
response at the end of the association phase.

The limits of detection (LOD) and quantification (LOQ) were
subsequently determined based on the following equations, where
r was the standard deviation of 3 consecutive injections of nega-
tive control sample (0 mg HA/mL):

LOD ¼ 3:3rBLANK

slope
; LOQ ¼ 10rBLANK

slope

The negative control consisted of SPR buffer (PBS Tween 20
0.05%) containing oseltamivir at a concentration of 10 mM for
the analyses of vaccine samples, and EMEM cell culture medium
containing oseltamivir at a concentration of 10 mM for influenza
virus analyses.

Statistical analyses were performed using GraphPad Prism 7
software (GraphPad Software, Inc., La Jolla, CA).

2.3. Proteins immobilization

For immobilization purpose, proteins were used in a concentra-
tion of 200 mg/mL in 10 mM sodium acetate buffer, pH = 4.5. Immo-
bilization protocol was performed directly within the flow cell of
the SPR-2 apparatus. Briefly, a surface activation solution com-
posed of 0.2 M EDC and 0.05 M NHS was applied at a flow rate of
25 mL/min on the surface of a SPRi sensor for 4 min. Then, fetuin
solution was injected for 4 min (25 mL/min). In parallel, sensor ref-
erence surface (see Fig. 1B) was functionalized with control pro-
teins, either BSA or truncated fetuin (without terminal sialic acid
moiety). Remaining activated carboxylic acid functions of the sen-
sor surface were then deactivated using 1 M ethanolamine injec-
tion for 3 min.

2.4. Protein surface density

According to the average density of proteins (i.e. qprot �
1.35 � 10�21 g�nm�3) the minimum volume of a globular protein
can be calculated based on the following formula [23]:

Vprot [nm3] =MWprot/(qprot � NA), where NA being Avogadro
number.

Thus, assuming fetuin can be modeled as a globular protein of
48.4 kDa, calculated Vfetuin is 59.5 nm3 and fetuin diameter
4.8 nm, leading to a maximum theoretical fetuin surface density
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of 5.43 � 1010 molecules/mm2. Similarly, assuming bovine serum
albumin can be modeled as a globular protein of 66 kDa, calculated
VBSA is 81 nm3 and BSA diameter 5.3 nm, leading to a maximum
theoretical BSA surface density of 4.42 � 1010 molecules/mm2.

The mean SPRi signal obtained during fetuin and BSA immobi-
lization were 1340 RU and 870 RU, respectively. The measured
responses can be converted into protein surface density using the
classical correspondence where 1 response unit (RU) corresponds
to approximately 1 pg/mm2 [24]. Therefore, surface densities of
1.66 � 1010 molecules/mm2 and 7.9 � 109 molecules/mm2 were
calculated for fetuin and BSA, respectively.

2.5. SPRi assay

Running buffer for all experiments was composed of PBS con-
taining 0.05% (v/v) of Tween 20. A constant running buffer flow
rate of 25 mL/min was used during all experiments while tempera-
ture in the measurement chamber was maintained at 15 �C. Sam-
ple injection flow rate was fixed to 5 mL/min for 6 min. This low
flow rate favors conditions of mass transport limitation (MTL)
enabling the determination of initial binding rates (dR/dt), which
are proportional to analyte concentration [25]. Regeneration of
the biosensor surface was performed through the injection, at a
flow rate of 25 mL/min, of 25 mL of PBS containing 0.25% (v/v) of
SDS. The neuraminidase inhibitor oseltamivir carboxylate was
added to all samples at a concentration of 10 mM, to prevent cleav-
age of sialic acid residues from the fetuin-functionalized sensor.

2.6. Preparation of split-inactivated virus from ovoculture

Pandemic Influenza viral strain NYMC X-179A (reassortant
A/H1N1/California/07/2009, NIBSC 09/216) was used for the
production of split-inactivated virus. A stock production of
Triton-fragmented H1N1 influenza virus was realized by ovoculture
on 11-day-old embryonated hen’s eggs. Allantoic fluid was
harvested 72 h post-infection, concentrated by ultracentrifugation
(UC) and purified through 25–60% sucrose gradient UC. Visible virus
band was collected and layered onto PBS buffer before a final UC.
Pellets were re-suspended before virus fragmentation with 0.5%
Triton-X100 detergent for 1 h at 37 �C and dialyzed against PBS.
Removal of detergent was achieved thanks to Bio-beads SM2 resin.
After beads removal, samples were inactivated with 0.01% formalde-
hyde for 72 h at 20 �C. This preparation was calibrated using SRID
assay and constituted our reference samples. Split-inactivated virus
stored at 2–8 �C remain stable for several months [26].

2.7. Preparation of influenza virus from cell culture

Cell-based production of influenza virus was performed using
Madin–Darby Canine Kidney cells (MDCK Lonza, ATCC CCL34).
Table 1
Detailed description of the reference samples used in the present study. * TIV: Trivalent I
vaccine based on vaccine SRID titer provided by the manufacturer. � HA content provided

Technique TIV Vaccine*

Trivalent, purified, inactivated
and fragmented virus

Split-inactivated H1N1 vi
H1N1 X-179A produced by
ovoculture, purified and fra

SRID [mg HA�mL�1] 90y 239

Neuraminidase assay
[nmol 4-Me�h�1�mL�1]

900 3000

Total Particles
[particles�mL�1]

1.15 � 1011 1.58 � 1012

Infectious titer
[PFU�mL�1]

Non-infectious Non-infectious
Cells were grown in T-flasks 175 cm2 in serum-free Ultra-MDCK
medium supplemented with L-glutamine and penicillin/strepto-
mycin until reaching 70–80% confluence (approximately 105

cells/cm2). For infection, influenza viruses from H1N1 pandemic
NYMC X-179A strain (reassortant A/H1N1/California/07/2009,
NIBSC 09/216)) were inoculated at a multiplicity of infection
(MOI) of 10-4 virus/cell determined by TCID50 assay (see next
paragraph). Infection was performed in serum-free EMEM medium
supplemented with L-glutamine, penicillin/streptomycin at a con-
centration of 100 U/mL and 1 mg/mL Trypsin. Virus production
were harvested and clarified by 10 min low-speed centrifugation
at 2000g before SPRi analyses. Control cell cultures were treated
using identical protocol except for virus infection.

For the evaluation of viral production kinetics, cultures were
sampled daily, clarified by 10 min low-speed centrifugation at
2000g and stored at �80 �C before analysis.

2.8. Titration of infectious viral particles (IVP)

Infectious titer (IVP/mL) of influenza virus particles were quan-
tified by tissue culture infectious dose at 50% (TCID50) and plaque
forming units (PFU) assays. For PFU assay, confluent MDCK cells
were plated in 6-well tissue culture plates, inoculated with
800 mL of cell culture supernatant serially diluted (1:10) in EMEM
medium, and incubated 1 h at 37 �C under continuous shaking.
Cells were washed with EMEM medium and overlaid with 1.1%
Nobel agar previously mixed 1:1 with 2x MEM containing in addi-
tion 200 U/mL of penicillin-streptomycin and 2 mg/mL Trypsin. The
plates were then incubated for 3 days at 37 �C, 5% CO2 before visual
examination of cytopathic effect. Infectious titer protocol was
already decribed in Petiot et a. 2017 [12].

2.9. Quantification of total viral particles (VP)

Total particles were quantified by Tunable resistive pulse sens-
ing technique (TRPS) using qNano Gold (IZON Science, Lyon,
France). Analyses were performed using TPU membranes with a
tunable nanopore of 150 nm (NP150). Prior analyses, samples were
diluted at 1/5 in PBS buffer.

2.10. Quantification of hemagglutinin (HA) antigen content

HA concentration in split-inactivated lot of H1N1 virus has been
determined by Single Radial Immunodiffusion assay (SRID) accord-
ing to standard protocol with calibrated standard antigen (NIBSC
09/196) and polyclonal serum (NIBSC 14/134) of A/Califor-
nia/7/2009 [27]. Standard antigen and samples were incubated
with a final concentration of 1% Zwittergent 3–14 for 30 min at
room temperature, diluted at 1:1; 3:4; 1:2; 1:4 and loaded in trip-
licate into wells. Gels were incubated for 20 h at 22 �C to enable
nactivated Vaccine Vaxigrip� 2016–2017 (lot #N2A381M). y HA content of influenza
by NIBSC.

rus

gmented

NIBSC influenza reference reagents 09/
196 (H1N1) and 12/114 (H3N2)
Partially purified, inactivated, freeze-dried
virus

H1N1 virus
H1N1 X-179A produced in
MDCK cell culture

37 (H1N1) �

79 (H3N2) �
N.A.

N.A. 80

N.A. 1.71 � 1010

Non-infectious 4.5 � 107
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antigen migration, then washed with PBS, dried and stained in
Coomassie blue. Precipitating rings were measured using ProtoCol
3 (SYNBIOSIS), and HA content was determined in mg/mL with the
parallel line bioassay method by comparison of obtained dose-
response curves of the samples with those of the standard antigen.

3. Results and discussion

The present study aimed at developing and validating the use of
a SPRi-based assay for the characterization and quantification of
influenza virus and antigen production (egg or cell-based process).
In order to fully validate the developed analytical system, various
preparations (trivalent vaccine, monovalent split-inactivated and
whole influenza viruses) have been used and characterized (HA
antigen content by SRID, neuraminidase activity and total or infec-
tious particles counting), as described in Table 1.

3.1. SPRi assay optimization

The main steps toward the development of an effective SPRi
assay is the optimization of sensing and control layers, but also
the study of the possible regeneration of these surfaces and their
operational lifetime. The sensing layer chosen in the present study
is a covalently immobilized fetuin glycoprotein bearing oligosac-
charides with a-2,3- and a-2,6-linked terminal sialic acid residues
[28]. Two different negative control layers were evaluated, one
composed of immobilized albumin from bovine serum (BSA) and
one composed of fetuin treated with bacterial neuraminidase
allowing for cleavage of a-2,3, a-2,6 or a-2,8 terminal sialic acid
Fig. 1. Control and sensing SPRi surfaces. A: Schematic representation of the two
distinct measurement zone of the SPRi biosensor flow cell: control (grey) and
sensing (red) layers; white arrow: analyte flow; grey arrows: buffer flow. Glycan
structures were added on fetuin (PDB 3APX) according to published data [28].
Terminal sialic acid moieties (purple diamond) are removed by bacterial neu-
raminidase (NA) in-situ before processing samples. B: SPRi response obtained for
the control and sensing surfaces with TIV vaccine (10 mg HA/mL, n = 3). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
linkage. This second control surface corresponds to a cropped
fetuin structure, close to the asialofetuin structure, known for
inducing no specific binding of HA [29–31]. Both sensing and con-
trol surfaces are present in a single flow cell (Fig. 1A).

These three surfaces were prepared through the covalent graft-
ing of each protein via amide bound formation between the gold
chip surface modified with carboxylic acid groups (thioctic acid)
and available primary amino groups of proteins. Fetuin grafting
pH conditions were optimized to reach a maximal amount of sialic
acid residues available for hemagglutinin binding. Indeed, protein
grafting on the surface in flow conditions requires a contact
between the surface and the protein, which is highly dependent
upon the isoelectric point of the protein and then the pH of the
immobilization solution. Optimum fetuin surface coverage of
1.66 � 1010 molecules/mm2 was found using a grafting pH of 4.5.
This coverage compares well with the theoretical maximum cover-
age of 5.43 � 1010 molecules/mm2 calculated using protein size
and comparing with immobilization SPRi signal (see Materials
and methods for calculation).

Assay specificity was first assessed using monomeric recombi-
nant HA (A/California/04/2009). No specific interaction was
observed when the protein was injected through the biosensor
(data not shown). Our results were in accordance with previous
studies [2,18] and confirm the HA binding to sialic acid residues
requires bioactive trimeric form of antigen [30,32], thus validating
our fetuin-based SPRi assay that aims to detect functional hemag-
glutinin. In this context, commercial Trivalent Inactivated Vaccine
(TIV, Vaxigrip� 2016–2017, presented in Table 1) was used as a cal-
ibrated standard for bioactive HA antigen to determine the perfor-
mances of the SPRi assay.

Fig. 1B depicted the biosensor responses when TIV vaccine
(10 mg HA/mL) interacted with the different surfaces. BSA control
surface was not able to hinder the non-specific interactions with
the injected sample, leading to a poor specific to non-specific signal
ratio of 6.4. On the contrary, cropped fetuin surface was shown to
be a more reliable control surface, leading to a non-specific signal
ratio of 41. Moreover, we here confirmed our fetuin-based SPRi
assay is particularly suited for the evaluation of vaccine potency
as the response is specifically based on hemagglutinin interactions
with sialic acid-terminated glycans.

Regeneration solution composition was also optimized to
achieve a complete releasing, between each sequential injection,
of the glycan-bound HA. Classically proposed regeneration solu-
tions [33] such as glycine 0.1 M, HCl 10 mM or 100 mM, NaCl
1 M and 0.25% (v/v) SDS in PBS were then evaluated. The best
results were obtained using injection of 25 mL of a regeneration
solution composed of 0.25% (v/v) SDS in PBS (Supplementary Infor-
mation 1). Example of the signal recovery is presented in Fig. 2A
where SPRi baseline was recovered between each of 5 successive
injections of TIV vaccine antigen (10 mg/ HA mL).

Assay lifetime was also assessed through 20 successive cycles of
TIV vaccine antigen (10 mg HA/mL) injection and consecutive
regeneration. As depicted in Fig. 2B, a linear decrease of the biosen-
sor response was observed (slope = �9.7 RU/injection; R2 = 0.87).
This decrease was attributed to a surface degradation during
regeneration rather than to a sialic acid cleavage by influenza neu-
raminidase, as the neuraminidase inhibitor oseltamivir carboxylate
was systematically added to each sample. A correction factor was
then applied to all subsequent experiments, adjusting the mea-
sured biosensor response with the calculated decrease slope.

Finally, reproducibility of the assay was evaluated (Fig. 2C). The
relative standard deviation (RSD) of the response was calculated
based on 7 consecutive injections of TIV vaccine antigen (10 mg
HA/mL) and regeneration. The high reproducibility of our assay
was then demonstrated with RSD of 3% and 1.3% calculated
based on initial binding rate and response level, respectively.



Fig. 2. Evaluation of sensor stability and assay reproducibility. A: Biosensor raw data obtained following 5 consecutive injections of TIV vaccine antigen (10 mg HA/mL) with
consecutive regeneration. B: Operational stability of the fetuin sensing layer toward multiple regenerations using 0.25% (v/v) SDS in PBS. C: Reproducibility of the biosensor
signal following several injections of TIV vaccine antigen samples (10 mg HA/mL, n = 7).
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As a comparison, relative standard deviation of the classic SRID
assay for influenza HA quantification is at best 6%, while the
average RSD of Vaxarray sandwich immunoassay system has been
estimated to 8% [2,6]. The RSD obtained are also in accordance with
a previous study proposing SPR-based assay for influenza antigen
quantification (2–5% for antibody-based SPR) [21]. Thus, after
having validated the specificity of our regenerable sensor toward
HA antigen and its excellent reproducibility, we further evaluated
its sensitivity and applicability for sensing hemagglutinin present
in different bioprocess-derived samples.
3.2. SPRi assay performances

To evaluate the sensitivity of our assay toward influenza
hemagglutinin antigen, SPRi signals acquired following the injec-
tion of different concentrations of TIV commercial vaccine were
used to build calibration curves (Fig. 3A). Linear dynamic range
of the assay together with its limit of detection and limit of quan-
tification are presented in Fig. 3C. These parameters were deter-
mined using both the initial binding rate (RU/s) and the
biosensor response (RU). Linearity of the response was shown to
be optimum when the analytical parameter used to build the cali-
bration curve was the initial binding rate. Indeed, linear regression
parameters of R2 = 0.999 and R2 = 0.98 were calculated for initial
binding rate and response, respectively. The assay was also shown
to offer a large dynamic range with a linear response within three
orders of magnitude, between 0.03 and 20 mg HA/mL. These results
shall be compared to the dynamic range commonly obtained for
SRID assay, i.e. between 3 and 36 mg HA/mL [34], demonstrating
the superiority of the presently developed fetuin-based SPRi which
offers 100 times higher sensitivity. Our SPRi assay also reveals to
be superior to other alternative quantification methods proposed
in the last decade as it presents much lower sensitivity with still
a broad analytical range allowing for quantification of various
types of samples (3.4–44 mg HA/mL for latex agglutination assay
[8]; 1–15 mg HA/mL for antibody-based SPR assay [4]; 0.5–45 mg
HA/mL for biolayer interferometry (BLI) [18]). The sole study
achieving similar sensitivity and linear range than the one pre-
sented in this work used a biotinilated receptor homolog to quan-
tify pandemic HA between 0.33 and 30 mg HA/mL [4].
The assay performances were further evaluated by comparing
the response obtained for different formulations of HA produced
in egg: (i) TIV vaccine commercial formulation, equally composed
of antigens from H1N1, H3N2 and B strains [35], and (ii) a split-
inactivated partially purified H1N1 influenza virus. This compar-
ison enable us to evaluate the impact of both antigen formulation
valence (monovalent or multivalent) and purity on the association
and dissociation kinetics of the sensor surface.

Sensorgrams and corresponding association and dissociation
constants calculated using 1:2 association-dissociation model (glo-
bal fitting in kinetic-limited conditions) are given in Supplemen-
tary Information 2. TIV vaccine interaction with the immobilized
fetuin evidenced higher dissociation constants than the freshly
split H1N1 virus sample. This affinity decrease has previously been
documented and characterized, and was attributed mainly to dif-
ferences in quaternary structures between HA antigens and in
the degree of chemical modifications between reference reagents
and vaccine samples [2,6]. Thus, the present assay also has the
potentiality to characterize vaccine virus production and a comple-
mentary study was performed about the interaction of H1N1 and
H3N2 viruses with the present biosensor. NIBSC reference reagents
(Table 1) for H1N1 and H3N2 strains were injected and the corre-
sponding signals recorded. Results are presented in Fig. 3B. One
more time, the biosensor was able to characterize interactions
between immobilized fetuin and HA from two other different
strains with clear variations in kinetic behaviors.
3.3. SPRi analysis of cell culture-derived influenza virus samples

The secondary objective of the study was to demonstrate the
potential of SPRi fetuin-based assay to quantify virus particles pro-
duction level in cell culture crude samples. It was therefore manda-
tory to properly distinct between specific binding and non-specific
adsorption of cell culture derived impurities on sensor’s surface
[36]. Indeed, cell culture crude samples contain various compo-
nents which might interfere with the SPRi surface, i.e. the biologi-
cal product of interest (viral particles in our case), cells and debris
that shall be removed during the clarification step, and a variety of
either process- or product-related impurities. It was then neces-
sary to investigate the effect of cell culture media and cell



Fig. 4. Evaluation of SPRi assay performances with cell culture-derived influenza
virus. A: Calibration curve for H1N1 virus produced in MDCK cell culture (harvest
time: 48 h.p.i.) according to infectious viral particles (n = 2). B : Analytical
parameters determined for H1N1 virus based on initial binding rate determination,
rBLANK = 0.001 RU/s (nBLANK = 3).

Fig. 3. Evaluation of SPRi assay performances with TIV vaccine and NIBSC reference reagents. A: Calibration curves for TIV vaccine (n = 3). B: Sensorgrams obtained for the
analysis of H1N1 and H3N2 reference reagents. C: Analytical parameters determined for TIV vaccine based on initial binding rate determination, rBLANK = 0.003 RU/s
(nBLANK = 3).
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culture-derived impurities on the response of our fetuin-
functionalized surface.

A limited number of mammalian cell platform are currently in
use for large-scale influenza virus production in the literature.
Among them, MDCK cell line is the sole cellular platform currently
in use for commercial vaccine manufacturing (Flucelvax�,
Sequirus). Thus, first part of this evaluation consisted in injecting
selected fresh culture media (EMEM, Ultra-MDCK, Optipro and
SFM4TransFX) onto the fetuin-functionalized surface. These media
were chosen for their use in reference cell-based influenza virus
production described in the literature [37,38]. From this study,
only SFM4TransFX demonstrated a strong non-specific response
(Supplementary Information 3, Fig. S3-left) excluding it from the
list of potential media useful for SPRi detection of cell culture prod-
uct. Then, upon the selected media giving only negligible SPRi non-
specific response (bellow 5 RUs), EMEM documented as a suitable
media for the production of influenza virus using MDCK cells, was
then selected for all subsequent experiments.

Then, the effect of the MDCK side-products was evaluated
through the injection of clarified samples from non-infected MDCK
cell cultures in EMEM medium. As can be seen in Supplementary
Information 3, Fig. S3-right, even if a clear increase of the non-
specific signal was observed (from 1.4 to 5 RUs), this signal was
still found to be negligible and permitted to validate the use of
MDCK culture in EMEM medium for potential SPRi detection of
influenza virus during bioprocess.

These preliminary measurements being performed, the SPRi
assay was used to evaluate virus concentration in samples from
cell-based bioprocesses. H1N1 virus samples harvested at 48 h
post-infection (hpi) were quantified on both SPRi sensor and refer-
ence assays, namely infectivity assay (PFU) and total particles
counting (TRPS). The 48hpi sample was used to build calibration
curve and to evaluate biosensor performances and linearity of
the response for total influenza virus particles (Fig. 4). As detailed
in Fig. 4B, the SPRi assay offered a limit of detection of 1.8 x 105

PFU/mL and a limit of quantification of 5.3 x 105 PFU/mL. The linear
response was confirmed among a 2-log analytical range, allowing
to reach 107 PFU/mL. Considering standard production kinetics
obtained for cell-based influenza productions, such results allow
to envision the in-process monitoring of influenza production in
cell-based bioprocess from its early production phases up to its
maximal production level.

Notably, one must here take into account the discrepancy
between the mechanisms involved in plaque forming units (PFU)
determination and the present biosensor. Indeed, PFU assay is only
impacted by the presence of infectious viral particles, whereas our
fetuin-based assay quantifies both infectious and non-infectious
viral particles as long as they harbor bioactive HA. In our case, from
the sample harvested at 48 h post-infection, PFU and TRPS quan-
tification allowed to calculate a VP/IVP ratio of 380 (Supplemen-
tary Information 4). It is then clear that the SPRi biosensor signal
obtained shall be considered only as an indirect detection of IVP
(or PFU) through the detection of the total VP concentration.
Indeed, only 1/380 of the observed interactions are induced by



Fig. 5. Influenza virus production kinetics determined by SPRi in MDCK cell
culture-based bioprocess from 23 to 96 h post-infection. Insert: correlation
between SPRi biosensor response and total viral particles concentration determined
by TRPS (n = 3 for SPRi analysis and n = 2 for TRPS analysis).
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IVP presence and these interactions correspond to SPRi signals near
the apparatus’ detection limit (0.1 RU). Additionally, in terms of
total viral particles the limit of detection was 6.5 � 107 VP/mL,
which makes SPRi as sensitive as other (e.g. NTA) quantification
techniques used for total viral particles analysis [17].

3.4. SPRi at-line monitoring of influenza virus production kinetics

VP titer is one of the main parameter of interest regarding viral
vaccine production, as one ultimately wants to evaluate total anti-
gen content in the production process. Indeed, the last set of exper-
iments herein documented is an attempt to demonstrate the
potential of the SPRi assay for its later on-line implementation
for monitoring of virus particle production. H1N1-infected and
mock-infected cell cultures were harvested at regular intervals
from 23 to 96 h post-infection. Collected samples were further
clarified and injected undiluted onto the fetuin-based biosensor
(‘‘at-line” [22]). For the sake of comparison, all samples were also
quantified by reference infectivity assay (PFU) and total particles
counting (TRPS). The experimental results are presented in Fig. 5,
where each point corresponds to the net SPRi response between
infected and control culture. As can be seen, a clear evolution of
the biosensor signal was obtained with a SPRi response that levels
off at 40 h post-infection. This stabilization of the total virus parti-
cle content was also observed using TRPS measurements (Supple-
mentary Information 4). Fig. 5-insert presents the correlation
between the measured SPRi signals and the TRPS measurements.
A linear correlation (R2 = 0.95) was found between the two tech-
niques, proof of the usefulness of the developed technique for
cell-based vaccine production monitoring.
4. Discussion

We here presented an assay for the rapid and label-free quan-
tification of influenza virus particles and bioactive hemagglutinin
in bioprocess-derived samples, i.e. egg-based and cell-based bio-
processes. The method is based on affinity capture of hemagglu-
tinin antigen by sialic-acid terminated glycans present at the
surface of the fetuin-functionalized sensor, which addresses the
challenge of producing updated strain-specific sera or antibody
reagents required for SRID. Sensor regeneration strategy allows
for running multiple sequential analysis on the same sensor, while
the use of fetuin glycoprotein provides a panel of sialylated a-2,3
and a-2,6 glycans offering specific ligands for influenza HA
quantification without discriminating between influenza strains.
The assay was shown to offer better analytical performances than
SRID or other assays recently developed for influenza vaccine
potency evaluation and requires low analyte volume (<100 mL).
The high sensitivity and wide analytical range (0.03–20 mg HA/
mL) provide the possibility to evaluate bioprocess samples with
low HA titers. Sample time processing was 10 min while SRID turn-
around time is usually 2–3 days [4].

The assay was also shown to have the potentiality to be directly
applied to cell-based bioprocess monitoring. Several cell culture
media showed that they induced no non-specific binding, which
opens the way to work with different cell lines. Also, a minimum
sample pretreatment (cell/supernatant separation through 2000 g
centrifugation) was required before analysis, which might in a near
future be implemented on-line using membrane and/or acoustic
filtration for sample pretreatment [39]. This SPRi quantitative
assay reveals a highly valuable process analytical technology
(PAT) approach as it opens the path to the evaluation of influenza
vaccine production consistency and robustness with the quantifi-
cation of total virus particles along the production and purification
processes. It is also a technology potentially allowing the
evaluation of HA antigen total particles content of new cell
culture-based influenza vaccine under development (e.g.
Virus-like Particles vaccine). Indeed, such processes generally offer
lower productivity regarding upstream process step.
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