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Flaviviruses are widespread and cause clinically relevant arboviral diseases that impact locally and as
imported travel-related infections. Direct detection of viraemia is limited, being typically undetectable at
onset of symptoms. Therefore, diagnosis is primarily based on serology, which is complicated by high
cross-reactivity across different species. The overlapping geographical distribution of the vectors in areas
with a weak healthcare system, the increase of international travel and the similarity of symptoms
highlight the need for rapid and reliable multi-parametric diagnostic tests in point-of-care formats. To
this end we developed a bi-parametric serological microarray using recombinant NS1 proteins from Tick-
borne encephalitis virus and West Nile virus coupled to a low-cost, label-free detection device based on
the Reflective Phantom Interface (RPI) principle. Specific sequential detection of antibodies in solution
demonstrates the feasibility of the approach for the surveillance and diagnosis of Flaviviruses.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

The genus Flavivirus of the family Flaviviridae consists of a
number of viruses that are transmitted to humans by arthropod
vectors [1]. Members of this genus include widespread pathogens
of great importance for human health delivered by arthropods such
as Dengue virus, Zika virus, Yellow fever virus, Japanese Encepha-
litis virus, West Nile virus (WNV) and Tick-borne encephalitis virus
(TBEV). Flaviviruses are highly endemic in the tropical and sub-
tropical areas of the world representing a growing risk for travel-
lers and a constant threat to native populations due to the mobility
of the vector and the animal reservoirs [2e4].
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WNV mainly affects birds, but humans and horses become
infected as incidental dead-end hosts causing disease [5]. Of all the
mosquito-borne flaviviruses, WNV has the most widespread
geographical distribution and the largest vector and host range [6].
The United States experienced a dramatic outbreak ofWNV in 1999,
which rapidly spread across the country becoming endemic with
44,000 reported human cases and 1911 deaths (CDC ArboNET
1999e2015). WNV infection is generally asymptomatic with about
20% of patients experiencing mild illness with fever and less than
1% developing serious neurological illness such as encephalitis or
meningitis. No vaccines or drugs are available for humans and
treatment is only supportive for patients with neuro-invasiveWNV.

TBEV is the most prevalent autochthonous Flavivirus in Europe
[7]. Incidence of TBEV in humans overlaps with seasonal peaks of
feeding activity of the ticks in spring. TBEV is maintained in nature
by ticks feeding on small mammals of the forest, while humans are
occasional dead-end hosts, who become infected by a tick bite or by
consumption of raw milk from infected goats. Approximately
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5000e12,000 cases of TBE are reported in Europe each year [8]. As
for WNV, TBEV infection is generally mild, but in some individuals
the infection causes damage to the central nervous system, which
could be fatal particularly in elderly people. Fatality rates are about
1e2% for the Western TBEV subtype, but much higher for the
Eastern subtypes. A prophylactic vaccine derived from inactivated
Western TBEV virions is available but no drugs are licensed for the
treatment of TBEV.

WNV and TBEV distribution overlaps in Europe and both viruses
are a risk in blood transfusions. Serology of these viruses is
complicated by the vaccination for TBEV and by the cross-reactivity
of the envelope E antigens. Both problems are overcome by the use
of the non-structural glycoprotein NS1 as viral antigen for serology
[9]. NS1 has a molecular weight of 46e55 kDa, depending on the
glycosylation state, and can be found in different oligomeric states
and at various cellular locations for specific functions. Intracellular
NS1 is required for virus replication, while secreted NS1, which is
highly immunogenic, plays several roles in pathogenesis. Protein
microarrays coated with NS1 have been shown to discriminate well
among immune sera from infection with various Flaviviruses and
from vaccination leading to the development of a syndrome-based
multi-parametric diagnostic test [10]. However, this study did not
include TBEV NS1 in the array.

The development of virological diagnostic tests based on point-
of-care testing (POCT) is gaining momentum, particularly following
the recent dramatic outbreaks of viruses such as Ebola and Zika.
POCTcould in fact be the only option in resource-limited settings or
during an outbreak when centralized diagnostic facilities are lack-
ing [11,12]. POCT ranges from lateral-flow based mono-parametric
strips to more sophisticated devices capable of multi-parametric
analysis and data processing/communication [13,14]. Typical re-
quirements of a POCT system are ease-of-use, short time-to-result
and portability. To this aim, label-free detection methods can
offer intrinsic advantages relative to more standard colorimetric or
fluorescence approaches, because they provide real-time mea-
surement of molecular binding without the need of additional re-
agents or washing steps [15,16]. In this work, we took advantage of
a recently developed multi-spot immunoassay based on a novel
optical label-free detection method called Reflective Phantom
Interface (RPI). In this method, molecular binding is measured by
the analysis of images of the light reflected by an interface with a
very low reflectivity in aqueous solutions. Ligands interacting with
receptors spotted on this surface induce an increase of reflected
intensity that provides the readout of the assay without any kind of
secondary labelling [17]. Most interesting, the analysis can be
performed by a simple device composed by a smartphone with a
portable cradle add-on containing only the disposable cartridge
and a few optical components, hence devoiding costly electronics
or microfluidic components [18]. Assays based on RPI detection
were previously demonstrated for the detection of diagnostic bio-
markers [17,19], DNA single-base mismatch [20,21] and viral
infection in crude plant extracts [22]. Here we show that the RPI
technology could be applied to a bi-parametric assay for the
simultaneously detection of antibodies against WNV and TBEV NS1
in human serum providing a proof of principle for its application as
a multi-parametric diagnostic assay for Flavivirus infections.

2. Materials and methods

2.1. Reflective Phantom Interface method

The principle of the RPI technology relies on the measurement
of the intensity of light reflected by a planar interface with very low
reflectivity. The binding of molecules in solution on specific probes
immobilized on the sensing surface is directly quantified from the
Please cite this article in press as: G. Tagliabue, et al., A label-free immu
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increase of reflected intensity without the need of fluorescent or
colorimetric markers. The condition of weak reflectivity can be
achieved by using a plastic material with refractive index similar to
that of water [17] or by a glass prism with an optimized anti-
reflective coating [19]. In this work, we exploited the glass RPI
substrate embedded in a plastic 1-cm cuvette. RPI chip for anti-NS1
antibody detection were produced by ProXentia (Italy). The glass
slides were coated with a multifunctional copolymer, which pro-
vided the reactive groups suitable for immobilizing the probes and
simultaneously prevented nonspecific adsorption [23]. Viral and
control proteins were immobilized in spots of 150e200 mm diam-
eter by a non-contact dispensing system (sciFLEXARRAYER S3;
Scienion AG, Germany). The chip surface was illuminated by the
collimated light of a LED source with wavelength centered at
450 nm and the image of the reflected light was acquired by a CCD
camera. The measured brightness of each spot was converted into
the surface density of molecules at the interface as described pre-
viously [19]. The measured increase of surface density on the spots
provided a quantitative and real-time measurement of the amount
of captured target molecules, which depends on their concentra-
tion in the sample solution.

2.2. Viral antigens and antibodies

TBEV strain Neudoerfl NS1 (TBEV-NS1) and WNV strain NY99
NS1 (WNV-NS1) recombinant proteins from human cell lines were
obtained from the Native Antigen Company (product codes TBEV-
NS1-100 batch #15052110 and WNV-NS1-100 batch #248215,
respectively). The IgG2ak monoclonals anti-Langat virus NS1 clone
5D9 [24] (TBEV-Ab) and anti-WNV NS1 clone 22-NS1 [25,26]
(WNV-Ab) were obtained from BEI Resources (product codes
#NR-40304 and #NR-10145, respectively). As a negative control, we
used either bovine serum albumin (BSA) or recombinant his-tagged
eritropoietin (EPO). An irrelevant anti-mouse monoclonal antibody
was used as binding control. Certified HIV/HBV/HCV free human
serum AB from Euroclone (ECS0219D) was used for some
experiments.

3. Results

The sensing surface of the RPI glass slide was spotted with re-
combinant TBEV NS1 andWNVNS1 at a concentration of 0.5 g/l and
0.25 g/l and BSA or recombinant EPO at 0.5 g/l in PBS (Phosphate-
buffered saline solution pH 7.4) using about 100 nL per spot. The
prism was inserted into a standard 1-cm plastic cuvette and
immersed in the incubation buffer (150 mM NaCl, 1% BSA and
50 mM Tris-HCl pH 7.6). After thermal equilibration, increasing
concentrations of antibodies were added to the solution in the
cuvette under continuous stirring to provide efficient mixing. The
binding of the antibodies with the immobilized probes was quan-
tified by the analysis of the RPI images, acquired by a simple optical
set-up fabricated on an optical breadboard. The sensing surfacewas
illuminated by the LED and the reflected light was acquired by the
CCD camera (Fig. 1a and b). The device enables to analyze about 70
spots of different probes on the same RPI chip. In this work, each
type of spot was present in multiple copies, from 6 to 15 (Fig. 1c),
and the signal from the spots of the same kind was averaged in
order to increase the signal-to-noise ratio. Upon the addition of the
target antibodies, the brightness of the corresponding probe spots
started increasing with time. As represented in Fig. 1d, the rate of
this curve is related to the kinetics of the molecular recognition
process and the asymptotic value provides the amount of bound
molecules at equilibrium. In practice, the signal of each spot was
converted into the amount of molecules adhering on the surface as
described in Ref. [19] and the resulting binding curve was fitted
noassay for Flavivirus detection by the Reflective Phantom Interface
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with an exponential growth function to extract the amplitude and
rate.

In order to characterize the interaction parameters with TBEV-
NS1 and WNV-NS1 antigens, increasing concentrations of anti-
bodies were added in the measuring cuvette. Alternated additions
of TBEV-Ab and WNV-Ab were performed to evaluate the possible
cross interaction between the two types of antigens. Fig. 2 reports
the behavior of the surface density measured on different spots as a
function of time. A marked change of slope is observed only when
the concentration of the corresponding antibody is increased,
hence demonstrating negligible cross interaction. Moreover, the
binding is observed only on TBEV-NS1 and WNV-NS1 spots,
whereas no signal is measured on the surface regions outside the
spot or on the control spots of BSA, both represented by black lines
in the figure. This confirms the negligible amount of non-specific
interaction on the sensing surface. Fig. 2 also shows larger ampli-
tudes of the binding curves for WNV-NS1 spots relative to TBEV-
NS1. This indicates a larger availability of antigen recognition sites
on the spot surface. Similarly, for both interactions, larger spotting
concentrations of antigen yielded larger values of surface density,
although the scaling is not proportional e i.e. a two-fold increase of
spotting concentration yields a smaller increase of surface density.
This indicates that the spotted surface is close to a full monolayer of
antigen molecules. The inset of Fig. 2 reports an enlarged view of
the binding curves at the smallest concentrations, from 0.5 ng/ml to
23 ng/ml, This figure indicates that the spots of WNV-NS1 yielded a
detectable change of slope relative to the baseline signal at anti-
body concentrations as low as 0.5 ng/ml.

The amplitude and the rate of each binding curve measured
after the addition of the antibody to a final concentration c was
extracted from the fitting with a exponential growth function.
Fig. 3a reports a set of data measured for WNV-Ab and the fitting
curves. The extracted asymptotic value of the exponential functions
Fig. 1. Design of the RPI method. (a) Schematic representation of the RPI sensing surface
surface of a glass RPI chip. The analysis of the image of the reflected light enables a quantific
antibodies to the surface immobilized proteins. (c) RPI image of the surface spotted with
trehalose (Tt) or PBS buffer (Ts), anti-mouse antibody (A e positive control protein) and EPO
Schematic drawing of the binding curve and the parameters extracted from the analysis.
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seq is reported in Fig. 3b (blue circles). These data are fitted with a
sigmoidal curve given by

seq ¼ s0

1þ Kd
c

(1)

fromwhich the value of the saturation surface density s0 and of the
dissociation constant Kd is obtained. Analogously, the rates of the
binding curves provide information on the kinetic rate constants
for association, kon and dissociation, koff, where Kd ¼ koff/kon. As
previously described [19], a rather robust approach to obtain the
kinetic parameters from the binding curves at low concentrations is
based on the analysis of the slope of the initial linear increase after
the sample addition, Gi ¼ s0konc. The values of Gi extracted from the
data of Fig. 3a are reported in Fig. 3c. From the linear fit of this
values we extracted the rate constant kon, whereas koff was esti-
mated as koff ¼ konKd. The interaction parameters obtained from
different experiments are reported in Table 1. The dissociation
constants are all in the range 10e100 pM. For WNV-NS1, similar
values are observed when using trehalose buffer or PBS buffer in
the spotting solution. In contrast, a higher affinity is obtained with
TBEV-NS1 spotted with buffer without trehalose. A similar trend is
also observed for the maximum surface density s0 estimated at
high concentration. The maximum values of s0 reported in Table 1
correspond to about 109 antibodies on a surface of 1 mm2, or about
108 antibodies per spot. A smaller value of surface density is
measured on TBEV-NS1 spotted with trehalose added to the PBS
buffer. In general, all the considered interactions display rather high
affinities (low values of KD), which are primarily ascribed to the fast
association kinetics, as indicated by kon values in the range 2$107 -
6$107 s�1M�1.

The molecular recognition performance of WNV-Ab and TBEV-
Ab antibodies was studied also in human serum. RPI sensing
and the optical set-up. Recombinant viral proteins are covalently immobilized on the
ation of the molecular layer. (b) The reflected light intensity increases upon binding of
WNV-NS1 in buffer with trehalose (Wt) or PBS buffer (Ws), TBEV-NS1 in buffer with
(E � negative control protein). The spot diameter is between 150 mm and 200 mm. (d)

noassay for Flavivirus detection by the Reflective Phantom Interface
7), http://dx.doi.org/10.1016/j.bbrc.2017.05.025



Fig. 2. Binding curves of specific antibodies to NS1 antigens. Increasing concentrations of WNV-Ab and TBEV-Ab are added alternately in the measuring cuvette containing the RPI
chip spotted with WNV-NS1 and TBEV-NS1 at 0.5 g/l (blue: WNV; red: TBEV) and 0.25 g/l (cyan: WNV; magenta: TBEV) in the presence of trehalose. The black lines report the signal
obtained from BSA and from circular areas surrounding the spots. The curves represent the behavior averaged on all spots and circles of the same kind. Antibodies were added one
after the other as indicated by the arrows (blue: WNV-Ab; red: TBEV-Ab). The approximate final concentration reached in the cuvette after each addition is reported. The cor-
responding precise values are 0.54, 3.71, 22.7, 136.9, 826.6, 5005 ng/ml for WNV-Ab and 0.57 3.89 22.5139.7831.8 4965 ng/ml for TBEV-Ab.
Inset: enlarged view of the early time points of the curves. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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chips spotted with WNV-NS1,TBEV-NS1 and EPO as negative con-
trol were pre-incubated with 50% serum and then increasing con-
centrations of antibodies were added to the solution in the cuvette.
Fig. 4a and b report the behavior observed adding WNV-Ab and
TBEV-AB, respectively. Several differences are present relative to
the experiments performed in buffer. In general, the amplitudes of
the binding curves are significantly smaller. Through the analysis
described above, this effect is ascribed to larger values of the kD,
which in the presence of serum is found to be in the range
0.5e2 nM, as reported in Table 2. The estimated surface density s0
at high concentrations is somewhat smaller when the antigens
were spotted with trehalose but maintain values similar to those
observed in buffer. For what concerns the kinetics of the antibody-
antigen interaction, in serum the observed values of kon were
remarkably smaller, in the range 0.2$107 s�1M�1 e 2$107 s�1M�1.
This suggests that the smaller strength of the interaction in serum
can be primarily ascribed to the slower kinetics for association.

4. Discussion

In recent years, we are witnessing a transition in healthcare
systems worldwide to decentralize the practice of healthcare
outside of traditional settings. This transition is due to several
factors including dramatic outbreaks of pathogenic viruses, which
have exerted pressure to bring diagnosis and care directly to those
in need. Indeed, POCT may represent a realistic solution to over-
come the diagnostic gap in resource-limited countries and for
implementing quick and capillary surveillance of large geographic
areas for nascent infectious disease outbreaks [12]. Another
important transition is towards the development of automatic
multi-parametric syndrome-based assays for a quick anamnestic
response. Therefore, efforts are being conducted to develop new
concept devices that include these two demands in a user-friendly
Please cite this article in press as: G. Tagliabue, et al., A label-free immu
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robust format with a good adherence to the principles of ASSURED
(Affordable, Sensitive, Specific, User friendly, Rapid and robust,
Equipment free, or minimal, and Deliverable to end users) [11].

In this context, here we demonstrated the feasibility of the RPI-
based test to detect the presence of antibodies towards the NS1
protein of Tick-borne encephalitis virus and West Nile virus. The
detection system is based on a low-cost, label-free technology that
has the potential of combining accuracy, rapidity and ease-of-use.
The measurement is performed directly, without the need of
washing steps or the addition of reagents. The time-to-result is
limited by the intrinsic kinetic of themolecular recognition process,
and therefore depends on the concentration to be detected. As
shown in the inset of Fig. 2, in the case of WNV-Ab detection in
buffer, about one hour can be required to clearly discriminate
0.5 ng/ml from the background, whereas a fewminutes are enough
to detect 23 ng/ml.

There is limited data available on the precise quantification of
antigen specific antibodies at the serum level. Human antibody
serum levels were quantified in immunized samples showing anti-
tetanus toxoid specific levels variable from an average concentra-
tion of 5 mg/ml [27] up to 20 mg/ml [28]. Similar results have been
obtained with anti pneumcoccal specific antibodies. Keeping in
mind that usually serum samples are assayed at a typical 1:100 up
to 1:1000 dilution the specific antibody serum concentration is
compatible with the detection limit of the test. Although no direct
antibody quantification data are available for WNV infection the
analysis of the frequency of circulating B cells post immunization
[29] is in keeping with studies showing that concentration of
specific antibodies are proportional to the frequency of specific
memory B cells, pointing to a serum antibody titers compatible
with the assay also for WNV and other flaviviruses [27].

The data reported in Fig. 4 indicate that the sensitivity decreases
when the detection is performed in 50% human serum, where
noassay for Flavivirus detection by the Reflective Phantom Interface
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Fig. 3. Extraction of the interaction parameters from the binding curves. (a) The figure shows the binding curve (blue) obtained for WNV-NS1 spotted at 0.5 g/l in the presence of
trehalose upon addition of WNV-Ab at the indicated concentrations (arrows). The black curve superimposed to the data represents the fitting with exponential growth functions,
fromwhich the rate and the amplitude of the binding is extracted. (b) Equilibrium surface density (blue dots) obtained from the data of panel (a) and fit with the pseudo-first order
binding model of Equation (1) (black curve), from which the equilibrium dissociation constant KD is obtained. (c) Slope of the binding curve immediately after the concentration
increase (blue dots) and linear fit, from which the value of the kinetic constant for binding kon is obtained. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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higher concentrations than those observed in buffer are required to
achieve similar amplitudes of response. To note, however, that
serum is normally diluted at least 1:100 for standard immunolog-
ical assays and these data represent an extreme situationwith a 1:2
dilution. Comparing the interaction parameters reported in Table 1
(buffer) and 2 (serum), theweaker signal response is ascribed to the
larger KD in serum, which in turn is primarily due to the smaller kon.
Please cite this article in press as: G. Tagliabue, et al., A label-free immu
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A possible origin of this difference can be the presence of weak
competing interactions between the antibodies and some serum
component. It must be noted that the tested antibodies were
developed in mice, while natural human antibodies targeting
WNV-NS1 or TBEV-NS1 could provide different interactions with
serum. A complete characterization of the detection performance of
the proposed label-free array will require further tests to be
noassay for Flavivirus detection by the Reflective Phantom Interface
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Table 1
Binding parameters obtained in buffer.

Antibody Spotting protocol Surface density (ng/mm2) KD (pM) koff
(10�3 s�1)

kon
(107 s�1M�1)

TBEV Trehalose 0.25 g/l 0.06 104 5.1 5.6
Trehalose 0.5 g/l 0.09 100 5.4 5.8
PBS 0.24 22 1.2 5.5

WNV Trehalose 0.25 g/l 0.20 55 1.7 3.2
Trehalose 0.5 g/l 0.28 56 1.5 2.9
PBS 0.25 77 1.8 2.3

Table 2
Binding parameters obtained in serum.

Antibody Spotting protocola Surface density (ng/mm2) KD (pM) koff
(10�3 s�1)

kon
(107 s�1M�1)

TBEV trehalose 0.06 1730 18 1.04
PBS 0.28 990 2.6 0.26

WNV trehalose 0.03 1480 24 1.62
PBS 0.38 593 3.2 0.54

a Antigens are immobilized using a spotting concentration of 0.5 g/l.

Fig. 4. Binding curves on WNV-NS1 and TBEV-NS1 spots in serum. After equilibration with 50% serum, increasing amounts of WNV-Ab (a) or TBEV-Ab (b) are added in cuvette. The
time of addition and the corresponding concentrations are indicated by arrows. The curves correspond to the RPI signal measured on spots of WNV-NS1 with PBS buffer (blue),
WNV-NS1 with trehalose (cyan), TBEV-NS1 with PBS buffer (red), TBEV-NS1 with trehalose (magenta), EPO (green). The curves represent the behavior averaged on all spots of the
same kind. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

G. Tagliabue et al. / Biochemical and Biophysical Research Communications xxx (2017) 1e76
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performed on real infected human blood samples.
An additional feature observed for some of the measured

binding curves in serum is the drift of the signal as a function of
time. This effect becomes clear on the spots not involved in the
specific interaction with the target antibody in solution, i.e. red,
magenta and green curve in Fig. 4a and blue, cyan and green curve
in Fig. 4b. These drifts could be ascribed to the instability of the
non-specific adhesion of serum components on the surface, either
within the spotted regions or on the surrounding areas, and at the
end limits the accuracy of the analysis for long measuring times.
However, these data shows that the drift of the signal can be
considered linear for time intervals of at least one hour, and
therefore they can be easily compensated by considering the
behavior of the baseline signal acquired before the addition of the
sample.

To conclude, in this work we propose the use of the RPI tech-
nology applied to the serology of Flavivirus infections. We
demonstrate that a protein array of the NS1 viral antigens allows
the specific and simultaneous detection of antibodies to TBEV and
WNV in solution. Such an assay could be easily convertible into a
POCT format for multi-parametric syndrome-based diagnostics
possibly taking advantage of the widely available smartphone
technology [18]. Such promising data for sensitivity and specificity
need to be confirmed on human samples from infected patients and
robustness could only be assessed in a field trial.
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