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Influenza A virus molecularly imprinted polymers and
their application in virus sub-type classification†
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In this work, we apply a molecular imprinting strategy as a screening protocol for different influenza A

subtypes, namely H5N1, H5N3, H1N1, H1N3 and H6N1. Molecularly imprinted polymers for each of

these subtypes lead to appreciable sensor characteristics on a quartz crystal microbalance leading to

detection limits as low as 105 particles per ml. Selectivity studies indicate that each virus is preferably

incorporated by its own MIP. Recognition in most cases is dominated by the neuraminidase residue

rather than the hemagglutinin. Multivariate analysis shows that the sensor responses can be correlated

with the differences in hemagglutinin and neuraminidase patterns from databases. This allows for virus

subtype characterization and thus rapid screening.
Introduction

Only a limited number of cases have been reported where
humans have suffered H5N1 infection.1–5 However, there is a
real risk that a highly pathogenic strain could cause a global
pandemic if it develops the ability to more effectively jump
species via selective mutation.6–11 This is particularly true since
it has been shown in the literature that simple mutations of the
avian virus can lead to avian H5N1 strains more capable of
infecting mammals.12

To face this threat, experiments on highly pathogenic strains
of the H5N1 virus are needed, despite the obvious threat they
pose.13–15 However, there are substantial limitations in per-
forming such experiments, since they must be carried out in a
secure laboratory setting, which is time consuming and
expensive. For instance, conventional morphology studies, or
antibody affinity tests, rely on “live” viruses to obtain reliable
data and have, therefore, to be performed under special safety
regimes.16,17 The determination of the inuenza A virus sub-
types, as well as physical characteristics, including shape, size
or morphology is among the critically important fundamental
experiments.18–21 Cheaper, safer and more convenient methods
to assess these aspects are therefore of obvious attraction.22
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The molecular imprinting technique23–28 is a very versatile
method that has been used in diverse applications29–32 including
molecular sensing,33 antibody screening,34 drug delivery35,36 and
protein27 and virus classication.30,37,38 Molecularly Imprinted
Polymer (MIP) can be created via polymerizing a highly cross-
linked matrix in the presence of a template. This can consist of
individualmolecules ormixtures thereof, proteins or even larger
species including viruses. The imprinting process therefore
results in a “negative” image of the template being imprinted
into the polymer itself. Removing the original template from the
polymer reveals accessible cavities on its surface that retain
selective molecular information regarding both morphological
and functional properties of the template.39 MIPs are both rapid
and relatively inexpensive to produce and offer signicant
potential for use in a screening environment.40 The unique
shape selectivity dened by the original template leads to an
MIP that can potentially allow us to differentiate between even
subtly different molecular systems.41,42

A number of transducer principles can be applied to assess
the extent of binding to an MIP, including quartz crystal
microbalance (QCM),43–45 surface plasmon resonance (SPR)46,47

and electrochemical devices.48–52 In this study we focus on QCM,
a reliable technique that has been widely applied in chemo- and
biosensors.43–45,53,54 They rely on the intrinsic oscillation char-
acteristics of quartz crystals, and the fact that there is a linear
relationship between this frequency and the mass absorbed
onto the crystal surface. Thus, for the quartz/MIP electrodes
used in this study, the oscillation frequency changes depending
on the extent of sample binding to the MIP. In principle, only
the original template is expected to give rise to the same
frequency found for the MIP/quartz system before template
removal. Additionally, species that do not bind, whatsoever, to
the MIPs should not lead to measurable sensor signals. The
J. Mater. Chem. B
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Fig. 1 Schematic of the imprinting protocol used.
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frequency changes between successive binding experiments
according to the Sauerbrey equation.55

D f ¼ �cDm (1)

where Df represents the frequency change depending on mass
loading, Dm refers to mass loading on a QCM. The sensitivity of
the QCM to the addition of mass, c, can therefore be calculated
to be approximately 4.6 Hz per ng of molecule binding in the gas
phase for a device having a resonance frequency of f0 ¼ 10 MHz.
In fact, Sauerbrey equation is only valid in the gas phase. For the
use in the liquid state, the inuence of viscosity and density of
the surrounding liquid has to be considered as described by
Kanazawa and Gordon.56 In our experiment, this nonspecic
inuence is compensated by using a dual-electrode setup. The
signal difference between the two electrodes comes only from
the absorbed mass on the working electrode. Contributions to
the signal from other sources will be comparable on the refer-
ence and the working electrode and so will cancel out.

In this work, we combine MIPs and QCM for the proof-of-
concept of a screening protocol for inuenza A. To the best of
our knowledge, this is the rst study reporting the successful
creation of inuenza A based MIPs. Five relatively common
virus strains (H5N1, H5N3, H1N1, H1N3 and H6N1) have been
used to create ve unique MIPs. The relative selectivity of the
ve different inuenza A viruses for each of the ve MIPs is then
assessed to ascertain whether such a method is sufficiently
selective to allow for discrimination between the different virus
sub-types. The value of such a method is that it could be quickly
and cheaply employed to characterize the identity of unknown
inuenza A virus samples, or updated with new viruses as they
became known.

Materials and methods

Avian inuenza H5N1 and H6N1 viruses were isolated from an
open-billed stork and duck, respectively. The original stock of
reassortant vaccine virus A/California/7/2009 (H1N1)-like strain
was obtained from WHO Collaborating Centre in CDC, USA.
Reverse genetic H1N3 and H5N3 viruses were obtained from the
National Center for Genetic Engineering and Biotechnology,
Thailand. All viruses were propagated in MDCK cells according
to the standard WHO protocol57 and inactivated with b-pro-
piolactone following a modied CDC protocol (see ESI†) at the
Department of Microbiology, Mahidol University, Bangkok,
which has access to P3 biosafety laboratories. The inactivated
viruses were investigated for HA titer using a hemagglutination
assay and for viral infectivity by passaging in MDCK cells for
6 days.58

Molecular imprinting

The overall strategy for assembling the biosensors used in this
work is shown in Fig. 1: co-polymers used in theMIP production
consisted of 13.0 mg of acrylamide (AMM, purchased from
Acros), 10.6 mg of methacrylic acid (MAA, purchased from
Sigma-Aldrich), 6 mg of methylmethacrylate (MMA, purchased
from Sigma-Aldrich) and 6.3 mg of N-vinylpyrrolidone (VP,
J. Mater. Chem. B
purchased from Sigma-Aldrich) as monomers, mixed with
48 mg of the cross-linker N,N-(1,2-dihydroxyethylene) bisacry-
lamide (DHEBA, obtained from Alfa Aesar). This mixture was
dissolved in 300 ml of dimethylsulfoxide (DMSO, obtained from
Merck in analytical grade) containing 1 mg of 2,20-azobis(iso-
butyronitrile) (AIBN, purchased from Sigma-Aldrich) as initi-
ator. Aerwards, this was followed by pre-polymerization at
70 �C just prior to reaching the gel point in approximately
40 minutes. A template stamp was prepared by dropping 5 ml of
inuenza virus on a bare glass plate which was maintained at
4 �C for 30 minutes to allow for sedimentation and to avoid
interference from the buffer media in the MIP creation process.
Aer this, excess buffer was spun off at 3000 rpm. In parallel,
the polymer was spin-coated onto both QCM electrodes at 3000
rpm to obtain thin layers of 350 to 450 nm thickness. Previous
studies59 showed that bioimprinting takes place strictly on the
surface of the respective polymer, which makes controlling the
layer height down to one nanometer unnecessary. Immediately,
the stamp coated with the template virus was pressed onto the
spin-coated pre-polymer and polymerized under 254 nm UV
light overnight. Finally, the template was removed from the
polymer surface by rinsing it with 10% hydrochloric acid to
denature the virus and then stirred in water at 45 �C for 3 hours
to remove the virus particles le on the surface. This resulted in
cavities on the rigid polymer surface that were ready to be
applied on the QCM as biosensor.

QCM preparation and measurement

Dual gold electrodes were generated on an AT-cut quartz wafer,
15.5 mm in diameter and 168 mm in thickness with screen-
printing, using a procedure as described in previous work.60 The
electrode diameter on the sample side was 5 mm and 4 mm on
This journal is ª The Royal Society of Chemistry 2013
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the other side (see ESI†). The QCM electrodes were connected to
a home-built oscillator circuit read out by a frequency counter
(Agilent 53131A). Measurement data were transferred to a PC via
a GPIB USB interface via a custom-made LabView routine. All
measurements were carried out in stop-ow mode at room
temperature and were made in triplicate for the two separate
MIPs produced for each virus type.
Characterization

The MIPs were veried by a Veeco Nanoscope IVa Atomic force
microscope (AFM). All AFM images were operated in contact
mode using a Veeco SNL-10 silicon tip with a spring constant of
40 Nm and onset pressure corresponding to differential signal
1 V on a photodiode.
Fig. 2 AFM images of (a) the H1N3 influenza A virus used as a template, (b) the
corresponding H1N3 based MIPs at 200 nm resolution. The MIP cavities in the
latter have been found to be between 80 and 120 nm in diameter, which is
the expected size of influenza A.62–64 Also illustrated is the structure of the MIP
with (c) and without template bound (d) displayed at 2 mm resolution. The white
spots present in the template bound structure (d) are indicative of bound virus
(some bound virus is marked by dark arrows).
Results and discussion
Synthesis and structural characterization of MIPs

MIPs were prepared using the polymerization protocol adapted
from our previous work on glycoproteins.61 The rationale
behind this is that approximately 80% of the inuenza virus
surface is made up of the glycoproteins hemagglutinin (HA) and
neuraminidase (NA). Initial co-polymers consisted of AAM,
MAA, MMA and VP as monomers. However, the resulting MIPs
were not capable of differentiating between the 5 different virus
sub-types. This led to the modication of that monomer system
by including VP as an additional monomer resulting in a
dramatic increase in the selectivity displayed by the MIP for the
inuenza A virus sub-types. The sensitivity and selectivity of
the method was further rened by adjusting the ratio between
the different monomers and the cross-linker.

However, the rst step in the imprinting experiments, of
course, consisted of verifying the imprinting process using
AFM. Fig. 2 shows the AFM images of a representative MIP
(H1N3) produced in this study: images were recorded for the
virus templates (Fig. 2a), the imprinted MIP/virus following
polymerization (Fig. 2b) and a blank, and non-imprinted poly-
mer (NIP) formed without a template (Fig. 2c). Finally, in
Fig. 2d, an image of a MIP having been exposed to a H1N3
suspension aer template removal is shown. Obviously, the
layer has re-incorporated virus particles from its environment,
as marked by red circles.

The size distribution of the inuenza A virus shown in Fig. 2a
was found to be between 80 and 120 nm, which corresponds
well to the values found in the literature.62–64 This is also
comparable to the diameters of the pores found on the MIPs
illustrated in Fig. 2b, further suggesting that the MIP generation
process was successful. The ability of the bare MIPs (Fig. 2c) to
re-bind the inuenza A virus following the template removal
was also conrmed based on the AFM image in Fig. 2d. Fig. 2d
shows a much larger number of white spots of �100 nm in
diameter, which is indicative of bound virus.
Fig. 3 A typical outcome of an MIP QCM experiment. Also shown for compar-
ison is the response of a non-imprinting polymer (NIP). The initial baseline signal
of the unoccupied MIP is recorded in buffer solution. Absorption to the MIP is
characterized by a drop in frequency on exposure to virus solution. In the inset,
the effect of virus concentration with frequency is given (r2 ¼ 0.98).
Inuenza-A sensitivity of MIPs

Following conrmation of the successful imprinting procedure,
each of the ve MIPs was coated onto the gold electrodes of a
This journal is ª The Royal Society of Chemistry 2013
dual-electrode QCM. To act as a reference, one channel con-
tained a non-imprinted polymer (NIP) so as to assess the
inuence of the surrounding environment (i.e. pH, temperature
and nonspecic polymer–virus interactions), while the second
contained the inuenza virus derived MIP.

Fig. 3 shows a standard response curve for a QCM MIP
experiment over time, and the linear relationship between the
logarithm of virus concentrations and frequency (r2 ¼ 0.98)
J. Mater. Chem. B
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Fig. 4 Selectivity pattern of different influenza strain MIPs. Note that the highest
signal for each MIP was always the signal from the virus used as the template and
the nearest neighbours were those sharing the NA type.
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(Fig. 3, inset). The sensor signal in Fig. 3 still shows some dri
in both channels but the difference between the MIP channel
and the reference remains constant aer about 20 minutes
following sample injection at the lower sample concentrations.
A fully horizontal response was only achieved aer 3–4 h due to
slow sedimentation of the virus, thus a time point of 40 minutes
following injection was used as the standard. A logarithmic
relationship can be expected with sensor measurements
including samples covering several orders of magnitude of
concentration due to saturation effects on the polymer surface.
This, of course, does by no means contradict our previous
statement that a QCM generally responds to mass changes in a
linear way. One can see that at any given time the MIP signal
substantially exceeds that of the NIP, providing further
corroborating evidence for the success of the imprinting
approach. On reaching equilibrium between the MIP layer and
surrounding sample solution, the ratio of the MIP/NIP signals is
at least ve-fold. Although it would of course be desirable to
have no unspecic effects on the NIP at all, this in reality cannot
be achieved. This is also corroborated by recent studies showing
that good-quality MIPs usually consist of polymers that also
have some non-specic interaction with the respective
template.65 For each experiment, the MIP/NIP dual electrode
system is rst immersed in phosphate buffer PBS (1 mM, pH
7.2) until constant reading is reached. The PBS solution is then
removed from themeasuring chamber containing both samples
and is ushed with 75 ml of virus sample. The chamber is then
completely lled with the virus sample and monitored until a
constant QCM signal is obtained. Before the MIP can be reused
to assess a new virus solution, the previous virus solution is
washed out from the chamber seven times, once with 10% of
acetic acid, four times with water and two times with PBS
solution. Only aer the QCM signal has returned to its original
baseline, a new experiment is started. Furthermore, measure-
ments show that the noise level of the QCM sensors immersed
in the virus samples is typically around 5 Hz. At 5� 105 particles
per ml the sensor response is 75 Hz leading to a limit of
detection of 105 particles per ml following the IUPAC standards.
Even though this does not reach the sensitivity levels obtained
by modern PCR techniques due to the absence of amplication
steps, it shows the very high potential of such MIPs for
screening and rapid testing purposes once the concept has been
proven (which is the aim of the current paper).
Inuenza-A selectivity of MIPs

The use of MIPs to rapidly assess the identity of an unknown
inuenza A virus strain would be highly desirable. To obtain the
proof of concept of such amethod we have therefore undertaken
sensor studies with a set of ve common inuenza A virus
strains: H5N1, H1N1, H1N3, H6N1 and H5N3MIPs were created
for each virus strain. Each of the 5 virus strain MIPs was then
exposed to all ve solutions containing one virus subtype each.
Within these experiments we used solutions containing 2 � 107

particles per ml. In all cases (Fig. 4), the virus sub-type used to
create the MIP yielded the highest relative frequency change.
This frequency shi is then used as the reference for all other
J. Mater. Chem. B
virus subtypes and assigned a value of 100%. A value of 0%
indicates that no frequency change can be observed. Fig. 4a
shows a reproducibility study undertakenwith twoMIPswith the
same template in ve virus strains. Those MIPs were exposed to
all virus types. Analysis of the results shows that they are highly
reproducible (r2 ¼ 0.99), further supporting the power of these
systems for screening purposes: The standard error was found to
be 3.1% for the 50 different experiments. We therefore report the
95% condence intervals (SE*2) in Fig. 4b–f.

The selectivity results obtained at virus concentrations of
particles per ml displayed in Fig. 4b–f show that the virus used
as a template to create the MIP in any case shows 100%
response. No other virus reaches such a value for any given MIP.
This is also true the other way round: no MIP yields higher
sensor response for any given virus than towards its own
template. For example, H1N3 leads to a sensor effect of 100%
for its own MIP, while for the MIP belonging to the structurally
related virus, H5N3, it displays a frequency change of �80%.
This value is well outside the 95% condence intervals of the
experimental method allowing us to denitively identify H1N3.
For MIP templates with H5N1, H6N1 and H1N1, respectively,
much smaller frequency changes of between 40 and 50% are
observed. This result indicates that H1N3 can bind reasonably
strongly to all MIPs produced here, but more strongly to MIPs
based on a template sharing the same neuraminidase (NA)
domain, namely N3. In contrast to H1N3, the H5N3 virus shows
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 Principal components analysis bi-plot showing the inter-relationship
between the descriptors (green squares corresponding to theMIPmeasurements)
and the influenza sub-type under investigation (black triangles). The PCA model
fits 2 components, describing 88.2% of the total variation found in the 50 indi-
vidual experiments (PC1 ¼ 64.8% and PC2 ¼ 23.4%). Note, clear separation
between the sub-types can be seen. For H1N1 and H6N1 this can be done by an
analysis of the absolute magnitude of the MIP input descriptors (i.e. correlation is
the same, but larger values observed for H6N1).

Fig. 6 Principal components analysis bi-plot showing the interrelationship
between theMIP% change in response (red) and sequence similarity between the
H (purple, underlined) and NA (blue, underlined) domains of the five different
influenza-A sub-types. The influenza sub-types under investigation are denoted
as green squares. The PCAmodel fits 2 components, describing 78.4% of the total
variation (PC1 ¼ 54.9% and PC2 ¼ 23.6%).
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much lesser affinity to MIPs imprinted with viruses containing
the N3 domain. H5N3 shows a 100% frequency change for its
own MIP, but <50% response across all other MIPs, including
H1N3. This suggests that the hemagglutinin domain (HA) more
substantially contributes to selectivity in this case. On the other
hand, H5N1 virus particles have been found to bind more
strongly to the MIP template with species containing the N1
domain, with negligible binding (<20%) for those of the N3
domain. H1N1 and H6N1 display very similar sensor responses
on the different polymers, differing substantially only at their
own respective MIPs. In these cases however, we see that both
viruses do not bind strongly to either H5N1- or H1N3-basedMIP
suggesting that in this case both the H and the N domains are
critical in governing recognition.

It can also be seen that each virus sample shows a strikingly
different prole over the 5 different MIPs, in essence corre-
sponding to a unique bio-molecular ngerprint. Thus both the
response% compared to the standard and the overall prole
across multiple MIPs could be used to denitively identify an
unknown virus. For determining the constituents of a virus
mixture, a single sensor of course is not sufficient. However,
combining these MIPs in a sensor array, in conjunction with
multivariate statistical analysis might prove useful. This would
then also allow for quantifying viruses more accurately, because
a single sensor could naturally only achieve this in the case
where it was clear beforehand that a sample contains only one
virus subtype. The value of the unique MIP ngerprint can be
realized based on an analysis of the cross-screening results
using principal components analysis (PCA). The inter-correla-
tion between the response values obtained for the different virus
samples for each MIP is graphically illustrated in the loading bi-
plot shown in Fig. 5. In this plot, the descriptor loadings and the
scores associated with the observations are displayed together to
facilitate interpretation. The results for two MIPs with the same
template are presented separately to help illustrate the sensi-
tivity of themethod. Briey, the principal components consist of
linear combinations of the original input variable, with each
component being orthogonal to each other. On the loading bi-
plot, descriptors and observations located close to each other on
a given principal component are correlated (unless close to the
origin). Descriptors or observations at the opposite ends of a
particular component are inversely correlated.

The two-dimensional results displayed in Fig. 5 are a rela-
tively simple way to represent the multiple measurements dis-
played in Fig. 4. Analysis of the correlation underlying the data
(2 components describing 88.2% of the data) shows that the
MIP results can lead to effective separation of the 5 different
virus samples from one another. The information contained in
component 1 describes 64.8% of the total variation in the
dataset. It is found to primarily describe the separation between
the group consisting of H6N1, H1N1 and H5N1 and that of
H5N3 and H1N3. While component 1 also separates H5N3 and
H1N3 to a degree, it is primarily related to the structural
differences arising from the NA domain. This is consistent with
the reports of Jin et al.,66 who suggested that the type of the NA
domain has a larger inuence on the shape of inuenza virus
particles than HA.
This journal is ª The Royal Society of Chemistry 2013
Component 2 describes an additional 22% of the variation in
the dataset. It allows us to separate both H5N1 and H1N3 from
each other, and the group consisting of H1N1, H6N1 and H5N3.
Separation between H1N1 and H6N1 is less effective using the 2
J. Mater. Chem. B
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components from PCA. This is simply because that the two
viruses display a highly correlated response for all the MIPs
investigated here, as already shown in the discussion of Fig. 4e
and f. The key to differentiating between these viruses is their
relative response over each other's MIP. It is also worth noting
that the PCA results clearly show that H5N1 and H5N3 are
essentially inversely correlated (found at extreme ends on both
axes in Fig. 5). This suggests that the selectivity of a given MIP is
not simply an additive effect due to its respective NA and HA
domains.

To try and illustrate the link between the experimental MIP
selectivity and the structural similarity between the NA and HA
domains, we further analyzed a combined dataset containing
the MIP selectivity data and the HA and NA sequence similarity
data as obtained from nucleotide sequence (Fig. 6). The PCA
results showed that there was a strong correlation between the
MIP responses: The two-component model shows essentially
the same separation as seen in Fig. 5. It also shows that the NA
based similarity descriptors dominate component 1 and the HA
based similarity descriptors dominate component 2.
MIP-based virus identication assays

The proof-of-concept results presented here clearly indicate that
a useful screening protocol can be developed for inuenza-A
using an MIP based method. Furthermore, the results suggest
that we do not necessarily need to produce MIPs for all possible
inuenza A sub-types. It appears that the use of a subset of MIPs
would allow researchers to quickly categorize the respective
virus sub-type as long as it is a combination of the already
known HA and NA domains. For example, let us consider the
use of just two of the MIPs for screening the ve viruses under
investigation here. An H1N3- and an H5N1-based MIP would
allow us to selectively identify all 5 virus samples based on their
frequency changes (Table 1). The use of measurements from an
H1N3 based MIP would allow us to selectively separate H1N3
and H5N3 from the other N1 based virus samples (i.e. Df
measurements lying beyond the 95% condence margins). Use
of the H5N1 based MIP in conjunction with the H1N3 MIP
would allow us to selectively identify H5N1, H1N1, and again
H1N3. H6N1 can be differentiated from the others based on the
fact that it displays Df values below 20% in both MIPs, unlike
any other virus sub-type.
Table 1 The average Df/Hz values obtained for all 5 virus samples at two
differentMIPs. From these two results it is possible to selectively identify each virus
sample. With the use of a much larger pool of MIP samples, a more selective bio-
molecular fingerprint could be constructed to better identify the full range of
influenza A viruses. * Indicates virus results that can be discriminated from others
with greater than 95% confidence

Virus H1N3 MIP H1N1 MIP

H1N3 100%* 37%*

H5N3 41%* 17%
H5N1 13% 56%*

H1N1 16% 100%*

H6N1 14% 17%

J. Mater. Chem. B
Conclusions

Inuenza H5N1 poses a considerable threat to the global pop-
ulation meaning that more rapid or reliable methods to screen
for specic inuenza types are desirable. In this work we assess
the utility of an MIP technique for use in a screening protocol
for inuenza A. Five virus strains were used to design MIPs to
facilitate easier handling of the proteins, and the rapid and
accurate characterization of sub-types.

Our results show the feasibility of using inuenza A virus
MIPs as an alternative, rapid way to screen for sub-type selec-
tivity in unknown samples. For all MIPs synthesized for this
study, the virus sub-type used to create the MIP yielded the
highest relative frequency change in the QCM experiment. It
was also demonstrated that each virus sub-type showed a
strikingly different prole over the 5 different MIPs, corre-
sponding to a unique bio-molecular ngerprint. Thus both the
response% compared to the standard, and the overall prole
across multiple MIPs, could theoretically be used to denitively
identify an unknown virus. Analysis of the experimental results
using the multivariate PCA method shows that the origin of the
different binding responses is primarily due to the NA domain,
consistent with the reports of Jim et al.66 However the selectivity
of a given MIP is not simply an additive effect due to its
respective NA and HA domains given that the Df values of H5N3
and H5N1 are essentially inversely correlated.

Finally, the results presented here that a useful screening
protocol could be developed for inuenza-A using an MIP based
method. Furthermore, the results suggest that we do not
necessarily need to produce MIPs for all possible inuenza A
sub-type viruses to identify all sub-types. It appears that even
using a small subset of MIPs could allow us to quickly categorize
the sub-type. Further studies are now ongoing to assess the
reliability of the method to further sub-types, as well as viruses
expressed in different expression systems.
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