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a b s t r a c t

Nanostructured films prepared by Layer-by-Layer technique and containing silk fibroin, antigenic peptide
NS5A-1 derived from hepatitis C virus (HCV) NS5A protein and YVO4:Eu

3þ luminescent nanoparticles,
were utilized in sensing of hepatitis C. Detection system exploits the biorecognition between the anti-
body anti-HCV and the antigenic peptide NS5A-1 through changes in luminescence properties. Films
deposition was monitored by UV–vis Absorption and Fluorescence Spectroscopy measurements at each
bilayer deposited. The Eu3þ luminescence properties were evaluated in the presence of anti-HCV for
optical detection of specific antibody and anti-HIV used as negative control. Significant changes in
luminescence were observed in the presence of anti-HCV concentrations. A new immunosensor platform
is proposed for optical detection of hepatitis C.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Hepatitis C virus (HCV) infects 170 million people worldwide
[1,2]. It causes severe liver disease, ranging from chronic hepatitis
to cirrhosis and even hepatocellular carcinoma. HCV is an envel-
oped virus that contains a single-stranded RNA genome of positive
polarity. It has been classified within the genus Hepacivirus in the
family Flaviridae; its uncapped genome is proximately 9600
nucleotides-long [3,4].

Hepatitis C is transmitted by blood, occurring most often
through blood transfusions [5]. Contamination can also occur
through the use of injecting drugs, accidents with sharp instru-
ments such as needles, scissors, scalpels, blades and toenail pliers
when not correctly sterilized, tattoos, piercings, hemodialysis
procedures and by sexual contact [6,7].

Several methods for detection of hepatitis C, although quite
sensitive, require time, a complex processing of the samples,
special equipments, and not rarely, are highly costly [8]. In general,
the goal of a detection strategy is the simplicity of the analytical
methodology to a practical level and routine, with a minimum
demand of operator skills. Thus, detection methods that have
performances comparable to traditional have been developed,
.

such as amperometric immunosensors, chemiluminescent, col-
orimetric as well as optical immunosensors [7–9].

The methods which employ optical immunosensors are based
on changes in the optical properties of the system used, by mea-
suring absorption, emission, reflection, scattering, light diffusion,
interference, diffraction and refraction [10]. Therefore changes of
one or more of the properties: wavelength, amplitude, phase, or
polarization are evaluated [11].

Quantum dots (QD), organic luminophores and lanthanide ions
containing nanoparticles containing have been used as optical
probes materials for biosensors [12]. The current trend in the field
of optical biosensors is to develop sensitive devices based on
nanostructures and exploring the functionalization of lanthanide
ions (such as luminescent probes) to systems for molecular
recognition [12,13].

Immobilization of antigenic peptides in nanostructured films
has been promising for the development of immunosensors
[14,15]. The molecular recognition of antigenic peptide by anti-
bodies leads to selectivity of assays based on immune principles
without the requirement to use other complex molecules [16–18].
Recently, our group reported an electrochemical immunosensor
for HCV that explores biorecognition between an antigenic peptide
(PPLLESWKDPDYVPPWHG) derived from the HCV NS5A-1 protein
and anti-HCV [19], where the peptide was immobilized into Layer-
by-Layer (LbL) films, alternated with silk fibroin (SF). Using cyclic
voltammetry, it was possible to detect the anti-HCV antibody for
concentrations between 0.01 and 0.2 μg mL�1.
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In this work, the molecular recognition of the antibody by the
antigenic peptide was performed by photoluminescence spectro-
scopy measurements. For that YVO4:Eu3þ nanoparticles have been
used as luminescent markers on nanostructured films for the
detection of hepatitis C. The peptide NS5A-1 (PPLLESWKDP-
DYVPPWHG) derived from hepatitis C virus (HCV) NS5A protein
together with the nanoparticles was immobilized via Layer-by-
Layer (LbL) method [20] onto silk fibroin (SF). SF, a biopolymer
extracted from natural silk produced by Bombyx mori, is a bio-
material that has been widely studied due to the unique combi-
nation of mechanical, structural, and biocompatible properties
[21–23].
Fig. 2. Photoluminescence spectrum (LbL film containing 5 bilayers of
SF/NS5A-1þYVO4:Eu3þnanoparticles; λEXC¼280 nm). Inset: increase of the emis-
sion at 334 nm (characteristic of SF and NS5A-1) and 619 nm (characteristic of
nanoparticles YVO4:Eu3þ) for the LbL obtained films as a function of the number of
deposited layers.
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2. Materials and methods

2.1. Materials

Synthetic peptide NS5A-1 was purchased from Bio-Synthesis
Inc. The sequence PPLLESWKDPDYVPPWHG was purified and
isolated by HPLC with purity 490% and sequence confirmed by
mass-spectral analysis, as described by Bio-Synthesis Inc. The
NS5A-1 solutions were prepared with purified water from Milli-Q
system at concentration of 0.5 mg mL�1. The antibody specific to
HCV (anti-HCV) was obtained from Santa Cruz Biotechnology Inc.
Each vial contained 100 μg in 1.0 mL which was diluted in phos-
phate buffered saline solution (PBS, pH 7.4) solution, in con-
centrations 0.002 to 1 μg mL�1.

2.2. YVO4:Eu nanoparticles

Luminescent nanoparticles of YVO4:Eu3þ were prepared in two
steps following the procedure described in the literature [24,25].
In the first step, sodium orthovanadate (Na3VO4) was prepared by
the reaction of sodium oxide (Na2O) with sodium metavanadate
(NaVO3) at 600 °C for 24 h in nitrogen atmosphere [24]. In the
second step, aqueous solutions (1 mol L�1) of Y(NO3)3 (9 mL) and
Eu (NO3)3 (1 mL) were mixed in order to obtain a molar ratio Y:
Eu¼90:10. A volume of 5 mL of sodium citrate solution
(2 mol L�1) was added to the mixture. A white precipitate (lan-
thanide citrate) was immediately formed and, still under stirring,
50 mL of Na3VO4 solution (0.2 mol L�1) were added. The reaction
medium became transparent and was stirred and heated to 60 °C
for 45 min leading to the formation of nanoparticles of YVO4:Eu3þ

stabilized by citrate ions. Subsequently the solution was cooled
and dialyzed against Milli-Q water for 72 h [25].

A nanoparticles suspension with concentration 0.1 mmol L�1

was used for the preparation of the LbL films. The nanoparticles
suspension was mixed with the peptide solution, forming a single
solution in 1:1 volume/volume with a final concentration of
Fig. 1. The technical procedure LbL (Layer by Layer). 1 and 3 represent, respectively,
the SF solution and the NS5A-1þYVO4:Eu3þnanoparticles solution. 2 and 4 repre-
sent Milli-Q water used for washing and removal of weakly adsorbed molecules.
0.1 mmol L�1 for the nanoparticles and 0.5 mg mL�1 for the
peptide.
2.3. Silk fibroin (SF)

10 g of cocoons were boiled during 30 min in 2 L of the
0.02 mol L�1 Na2CO3 solution in order to remove the sericin. For
each 10 g of the silk yarn 100 mL of CaCl2/CH3CH2OH/H2O (1:2:8)
solution were added and the solution heated at 60 °C for dis-
solution. This solution was then dialyzed against Milli-Q water
using a cellulose acetate membrane at room temperature for 48 h.
After this procedure, SF was centrifuged three times at 20,000 rpm
for 30 min at room temperature to remove impurities and aggre-
gates and was stocked at 5 °C [26]. The concentration of SF in the
final solution was 4% in weight. For the preparation of the LbL
films SF-NS5A-YVO4:Eu3þ the SF solution was diluted to 0.1%
(weight/volume).
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Fig. 3. PLE spectrum of the LbL film containing 5 bilayers fibroin/NS5A-
1þnanoparticles of YVO4:Eu3þ (black curve) and PLE spectrum of the aqueous
suspension of YVO4:Eu3þ nanoparticles. Inset – zoom of the spectral region from
385 to 480 nm (red curve). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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2.4. Immobilization of SF/NS5A-1þ YVO4:Eu
3þby Layer-by-Layer

method

The films were deposited onto quartz substrates previously treated
with a 1:1:5 solution of NH4OH:H2O2:H2O for 10 minutes at 70 °C, and
then with a 1:1:6 solution of HCl:H2O2:H2O for 10 minutes at 70 °C.
The deposition of the films on quartz substrates was conducted using
the LbL method, Fig. 1. The substrate was immersed in SF solution 0.1%
for 10 minutes and in NS5A-1þYVO4:Eu3þnanoparticles solution
0.5 mgmL�1 for 10 min. After each step of deposition the film was
washed with Milli-Q water to remove poorly adsorbed molecules and
dried gently with flow nitrogen. By repeating this procedure, the
desired number of SF/NS5A-1þYVO4:Eu3þnanoparticles layers
could be obtained. All the experiments were performed at room
temperature.

2.5. Luminescence

The luminescence study was based on the photoluminescence
excitation (PLE) and photoluminescence (PL) spectra recorded at
room temperature (300 K) using Horiba Jobin Yvon fluorometer
(Spex Fluorolog-3) in front face data collection mode (22.5), with a
450 W Xenon lamp as the excitation source coupled to a SPEX-
Fluorolog 3 spectrometer with 0.22 nm double monochromators.
Slits of 0.5 nm were currently used in all spectra.
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Fig. 5. PL spectra of 5 bilayers films in the presence of (a) anti-HCV and (b) anti-
HIV. Black curves in PBS and red curves in the presence of the antibodies. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
3. Results and discussions

3.1. Immobibilization of SF/NS5A-1þ YVO4:Eu
3þ

Fig. 2 shows the PL spectrum obtained under 280 nm excitation
for a film containing 5 bilayers of SF (immobilization matrix) and
NS5A-1þYVO4:Eu3þ nanoparticles. A broad emission band is
observed peaking at 334 nm and assigned to the fibroin and
peptide luminescent amino acid residues (tyrosine and trypto-
phane). Narrower bands observed in the range of 570–710 nm
regionwere assigned to Eu3þ 4f–4f transitions arising from the 5D0

excited state to the 7FJ manifold (J¼0, 1, 2, 3 and 4). The inset
shows the film growth in accordance with each deposited layer,
following the emission maximum of the fibroin and peptide band
at 334 nm and the Eu3þ one at 619 nm. The almost linear behavior
observed for the 334 nm band indicates that the nanoparticles do
not alter the growth of SF/NS5A-1 LbL film. Concerning the 619 nm
the linear increase is due to the adsorption of nanoparticles at each
layer deposited.

Fig. 3 shows the PLE spectrum of the 5 bilayers film with the
emission being monitored at 619 nm. A broad band is observed
ranging from 250 to 350 nm and peaking at around 280 nm. Fig. 3
also shows the PLE spectrum obtained for an aqueous suspension
of YVO4:Eu3þ nanoparticles. Characteristic Eu3þ narrow bands are
observed in the range of 350 nm to 470 nm with the two main
bands at 394 nm (7F0,1-5L6) and 464 nm (7F0,1-5D2). This Eu3þ

bands region is zoomed in the inset for clearer observation. A
broader band is observed peaking at around 300 nm, assigned to a
composition of the O2—Eu3þ and the O2—V5þ charge transfer
states, which efficiently populate the Eu3þemitting states [27,28].
Just the broad band is observed for the composite film suggesting
Fig. 4. Schematic representation of the LbL film SF/NS5A-1þYVO4:Eu3þnanopa
that the Eu3þ emission is efficiently excited through the already
mentioned charge transfer states together with the aromatic
amino acids present in the medium and which absorption occurs
at that spectral region. This efficient antenna mechanism is mostly
due to the resonance involving amino acids excited states and
O2—Eu3þ and the O2—V5þ charge transfer states since the direct
excitation of Eu3þ by tyrosine or triptophane amino acids is
known to be rather inefficient [29]. This antenna effect will in fact
present a key hole in the sensing properties presented hereafter.

3.2. Optical detection

Sensing measurements were carried out in the presence of
different contents of anti-HCV antibody. The specific interaction
antigen-antibody in the nanostructured films is represented
schematically in Fig. 4. Solutions of anti-HIV antibody were used in
order to check for false-positive tests.
rticles showing specific recognition in the presence of anti-HCV antibodies.
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Fig. 6. Eu3þ 619 nm normalized emission intensity (I/I0, where I0 is the initial PL
intensity in the absence of the antibody) as a function of the anti-HCV
concentration.
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Fig. 7. PLE spectra obtained for the LbL film containing 5 bilayers of fibroin/NS5A-
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PBS solutions with anti-body concentrations 0, 0.01, 0.02, 0.1,
0.2 and 1 μg mL�1 were used. Fig. 5(a) shows PL spectra of the film
in the absence and presence of anti-HCV antibodies. When no
antibody is present the spectrum shows the broad emission due to
the SF and NS5A-1 at about 330 nm and the narrow Eu3þ bands.
The spectrum is dominated by the broad band. When anti-HCV
was added the adsorption of anti-HCV antibodies through specific
recognition of the antigen lead to a relative increase for the Eu3þ

emission at 619 nm. Fig. 5(b) shows spectra obtained upon addi-
tion of anti-HIV. No enhancement is observed confirming the
specificity of the optical detection for hepatitis C.

The mechanisms for antigen-antibody interaction and the
energy transfer process anti-HCV-sensing film are still unclear.
Nevertheless the PL intensity increases with the anti-HCV con-
centration. Fig. 6 shows the PL intensity (normalized by the PL
intensity observed in the absence of the antibody) as a function of
the anti-HCV content and in fact an asymptotic behavior is
observed, showing a limiting value. The curve indicates the
emission increases with increasing concentration of anti-HCV in
the range of 0 to 0.01 μg mL�1, that is, the antibody can be
detected even at low concentrations. Above that concentration
value, a tendency to saturation is observed indicating most prob-
ably that all recognition sites were probably filled.

The same behavior was observed before for electrochemical
similar sensors [19]. Interesting enough a multifunctional behavior
is observed. The nanostructured films could be used in both
electrochemical and optical detection.

Fig. 7 shows PLE as a function of the concentration of anti-HCV.
The relative increase in the excitation band intensity confirms the
increasing efficiency of energy transfer process from the anti-HCV
amino acids to the vanadate nanoparticles. Most probably, the
increasing number of tryptophan and/or tyrosine amino acids at
the neighborhood of Eu3þ ions leads to the increasing PL intensity.

Fig. 8 shows the relative increase observed for the broad exci-
tation band. It shows the evolution of the intensities ratio between
the broad band at 280 nm and the intrinsic Eu3þ band at 464 nm
(which is rather observed in Fig. 7 due to low intensity) with the
anti-HCV concentration The pronounced emission intensity and
the sensitivity to low anti-HCV concentration allow proposing
these nanostructured films as a new luminescent sensing
platform.
4. Conclusions

Self-assembled LbL films composed of silk fibroin as immobi-
lization matrix for the NS5A-1 (HCV) peptide together with
YVO4:Eu3þ nanoparticles have been used to identify anti-HCV
macromolecules in solution.

An efficient energy transfer process involving amino acids
tyrosine and triptophane, present in both antigenic peptide and
anti-body, and the nanoparticles vanadate groups lead to
enhanced Eu3þ emission. Specificity was tested by using anti- HIV
as a probable false-positive target. Moreover these new optical
immunosensors can be easily processed in low-cost devices by
using UV-LEDs and visible photodetectors.
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