
Biosensors and Bioelectronics 71 (2015) 420–426
Contents lists available at ScienceDirect
Biosensors and Bioelectronics
http://d
0956-56

n Corr
E-m
journal homepage: www.elsevier.com/locate/bios
Lignin as immobilization matrix for HIV p17 peptide used in
immunosensing

Bianca M. Cerrutti a,n, Marli L. Moraes b, Sandra H. Pulcinelli a, Celso V. Santilli a

a Instituto de Química, Universidade Estadual Paulista, Araraquara, SP, Brazil
b Instituto de Ciência e Tecnologia, Universidade Federal de São Paulo, São José dos Campos, SP, Brazil
a r t i c l e i n f o

Article history:
Received 26 January 2015
Received in revised form
14 April 2015
Accepted 17 April 2015
Available online 20 April 2015

Keywords:
Layer-by-layer films
Immunosensors
HIV
Lignin
Peptides
Impedance spectroscopy
x.doi.org/10.1016/j.bios.2015.04.054
63/& 2015 Elsevier B.V. All rights reserved.

esponding author.
ail address: bicerr@gmail.com (B.M. Cerrutti).
a b s t r a c t

Immunosensors based on electrical impedance spectroscopy (EIS) are increasingly being used as a fast
and potentially low cost method for clinical diagnostics. In this work we fabricated immunosensors by
depositing layer-by-layer (LbL) films made with an antigenic peptide (p17-1) sequence
(H2N-LSGGELDRWEKIRLRPGG-OH) and lignin on interdigitated gold electrodes, which could detect anti-
p17 (HIV, human immune deficiency virus) antibodies (Ab) in phosphate buffered solutions (PBS). The
molecular recognition interaction between the peptide (p17-1) and the specific Ab (anti-p17) yielded
substantial changes in morphology of the with LbL films, with increased roughness according to atomic
force microscopy data. This interaction is behind the high sensitivity of the immunosensor. Indeed, from
the EIS results, we noted that the capacitance increased significantly with the specific Ab concentration,
before getting close to saturation of available peptide sites at high concentrations. Concentrations of
specific antibodies as low as 0.1 ng/mL could be detected and the immunosensors had their activity
preserved for two months at least. The selectivity of the immunosensor was confirmed with two types of
control experiments. First, no changes in impedance were observed when the lignin/peptide LbL im-
munosensor was immersed into a PBS solution containing the non-specific Ab (anti-HCV for Hepatitis C)
antibodies. Furthermore, for sensing units made LbL films of lignin only, the electrical response was not
affected by adding specific antibodies into the PBS buffer. The successful immunosensing for HIV with
antigenic peptides in a lignin matrix is also relevant for valorization of lignin, which is an important
biomass component in the sugar and ethanol industry, and brings the prospect for all-organic, bio-
compatible sensors if implantation is ever required.

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

Immunosensors have become essential devices in clinical di-
agnosis owing to their high sensitivity, selectivity and stability, as
they are based on molecular recognition and lock-and-key me-
chanisms (Hirotsu et al., 2005; Sacanna et al., 2010). Various are
the methods based on immunoessays, but perhaps the most
widespread is the enzyme-linked immunosorbent assay (ELISA)
(Zheng et al., 2012; Gan et al., 2013; Bhimji et al., 2013; Makar-
aviciute and Ramanaviciene, 2013). Generally these methods are
suitable for use in clinical analysis laboratories, but there is
growing interest in immunosensors that can be used in the so-
called point-of-care places. In addition to being useful for diag-
nosing a number of diseases, immunosensors may be applied to
monitor allergenic substances in food safety, and detect pollutants,
chemical and biological warfare agents. Such immunosensors can
exploit either electrochemical (Dhand et al., 2011) or electrical
impedance spectroscopy (EIS) (Mishra et al., 2012; Lu et al., 2012;
Liu et al., 2013) principles of detection, and are normally made
with nanostructured films. Suitable biomolecules capable of mo-
lecular recognition are then required for immobilization in a solid
matrix. Main requirements for an immunosensor are: (i) An ele-
ment capable of molecular recognition; (ii) Immobilization of the
element preserving its activity; (iii) Suitable immobilization ma-
trix; (iv) Method of assembling the components.

In this study we use the layer-by-layer (LbL) method (Ferreira
et al., 2013; Gasparotto et al., 2013; Aoki et al., 2013), based on
electrostatic attraction of oppositely charged layers, to fabricate
immunosensors. The LbL technique is suitable for biomaterial
processing due to the mild conditions for film fabrication, in ad-
dition to the simple and low cost instrumentation required. Fur-
thermore, adsorption may be driven by H-bonding as well, and
most importantly, some entrapped water is retained which helps
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preserve the structure of the biomolecule. With regard to the
choice of components, suitable matrices for biosensors (including
immunosensors) in LbL films have been chitosan (Sombatsri et al.,
2012; Luo et al., 2013), liposomes (Karlsson et al., 2002; Moraes
et al., 2010), dendrimers (Giannetto et al., 2011; Vieira et al., 2012)
and silk fibroin (Yin et al., 2009; Moraes et al., 2013). Here we
propose to use lignin for immobilizing an antigenic peptide in LbL
films; actually the first time it is used as a matrix for this purpose
to the best of our knowledge.

Lignin imparts mechanical resistance to plants and protects
them against biodegradation and penetration of pathogens. It is
present in the plant cell walls and gives the brown color to paper
in the paper industry. Since it has no repeating unit, lignin is a
biomacromolecule but not a polymer, being based on phenyl
propanic units such as hydroxy phenyl (H), guaiacyl (G), and sir-
ingyl (S), linked mainly by β–O–4 bonds (Cerrutti et al., 2012).
There are two main reasons for choosing lignin as matrix for
biosensors: (a) it is biocompatible, which is important if im-
munosensors should ever be implanted; and (b) the valorization of
the lignin is strategic for countries that produce a lot of biomass. In
Brazil, in particular, large amounts of sugar cane bagasse are
generated in the alcohol and sugar cane industry, and lignin is
mostly burnt to generate energy (Oliverio and Hilst, 2004).

Most immunosensors employ either antigenic peptides or an-
tibodies. Using a peptide is advantageous because of its higher
stability, low cost and easier handling, with its much smaller size.
Here we used an antigenic peptide (p-17) that corresponds to the
specific region of an antigen where molecular recognition of the
specific Ab occurs. We employed an antigenic peptide that plays
the role of an antigen, in order to recognize the Ab specific for HIV,
an Ab of the human immune deficiency virus associated with AIDS
(Acquired Immune Deficiency Syndrome). Here we shall show that
the lignin matrix is able to maintain the secondary α-helix
structure of the peptide essential for molecular recognition. This
feature represents a real advantage with respect to known LbL HIV
immunosensors in which the peptide p-17 needs to be protected
into liposomes (Moraes et al., 2013).
2. Experimental details

2.1. Materials and solutions

Lignin was extracted from sugar cane bagasse using an orga-
nosolv process, developed by the Brazilian company Dedini (Oli-
verio and Hilst, 2004). The lignin solution was prepared with
0.05 g of lignin in 10 mL methanol, at room temperature under
stirring for 15 h, which was then filtered with a Millipore 33 mm
filter and had 90 mL of Milli-Q water added. Since it is rich in
functional groups, with hydroxyls being the most reactive ones,
lignin is capable of H-bonding as indicated in Fig. 1.

The peptide p17-1 sequence H2N-LSGGELDRWEKIRLRPGG-OH
was synthesized and purified by AminoTech P&D. Anti-p17 (spe-
cific Ab) and anti-HCV antibodies (non-specific Ab) were supplied
by Santa Cruz Biotechnology Inc. All materials were used as
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Fig. 1. (a) Structural units of lignin; (b) linkage betwee
received. The peptide aqueous solution was prepared with 0.5 mg
in 1 mL PBS (phosphate buffered saline solution). The stock solu-
tion for the antibodies had a concentration of 0.1 μg/mL in PBS.
Different concentrations were prepared from the stock solution:
0.01 μg/mL, 0.001 μg/mL, 0.0001 μg/mL.

2.2. Layer-by-layer films

The lignin/peptide layer-by-layer (LbL) films were produced
with alternating substrate immersions into solutions of lignin for
15 min and of peptide during 10 min, and in each immersion step
the film was washed with Milli-Q water and dried with a nitrogen
flow. For the films containing only lignin we used the same pro-
cedure without immersion into the peptide solution. Multilayer
growth for lignin/peptide and lignin films was monitored with
UV–vis spectroscopy using a Cary 60 for each bilayer, or layer,
deposited. The substrates for absorption measurements were
made of quartz slides (10 mm�5 mm�2 mm), previously cleaned
in HCl/H2O2/H2O (1:1:6 (v/v)) and NH4OH/H2O2/H2O (1:1:5 (v/v))
hydrophilization solutions, both for 10 min at 80 °C. For im-
pedance spectroscopy, interdigitated gold electrodes were used
with 50 pairs of 10 μmwide fingers, separated by 10 μm from each
other, and area of 10 mm2.

2.3. Detection measurements from electrical impedance spectro-
scopy (EIS)

In the sensing experiments, a Solartron model SI 1260 was used for
measuring electrical impedance in the frequency range from 1 Hz to
1 MHz with 10 points/decade, using an a.c. amplitude of 50 mV. The
sensing units were made with 2-bilayer LbL films deposited onto in-
terdigitated gold electrodes. This 2-bilayer film was chosen in opti-
mization experiments with films varying from 1 to 5 bilayers. We did
not try thicker films because biosensors made with LbL films are most
sensitive when less than 5 or 6 bilayers are deposited since the elec-
trical conductancemay drop in thick films (Moraes et al., 2010). On the
other hand, coverage of the electrodes may be insufficient for just one-
bilayer film, and in the present case the 2-bilayer LbL film was shown
to provide the best tradeoff between thickness and amount of active
biomolecules. The immunoassay experiments were performed by
adding 50 μL of specific antibodies in PBS solution at various con-
centrations (0.0001 μgmL�1, 0.001 μgmL�1, 0.01 μgmL�1,
0.1 μgmL�1) on the sensing unit. In control experiments to test se-
lectivity, a PBS solution and another PBS solution containing a non-
specific Ab (0.1 and 0.001 μgmL�1) were dropped onto the sensing
unit. All the measurements were repeated four times for each sensing
unit. Fig. 2 shows the scheme of the sensor diagram and detection of
specific Ab. Detection based on EIS is similar in many respects to the
electrochemical methods, but has the advantage of not requiring a
reference electrode (Moraes et al., 2010).

2.4. Atomic force spectroscopy (AFM)

The morphology of LbL films deposited on a quartz substrate
(10 mm�5mm�2mm) was studied with AFM using a 5500AC
n lignin units; and (c) lignin in methanol solution.



Fig. 2. Schematic representation of a lignin/peptide bilayer used in the immunosensor: (a) before and (b) after molecular recognition, where the specific anti-p17 antibodies
adsorb onto the immunosensor. The interdigitated gold electrode had 50 pairs of 10 μm wide fingers, separated by 10 μm from each other and an area of 10 mm2.
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Mode III microscope (Agilent Technology). Images with 512�512
pixels were obtained under ambient conditions in the tapping mode
using standard Si cantilevers. The roughness of the film surface is
expressed in terms of the root-mean-square (RMS) value.
2.5. Statistical analyses with multidimensional projection-IDMAP

The impedance data were treated with a multidimensional
projection technique, referred to as Interactive Data Mapping
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Fig. 3. (a) UV–vis spectra for LbL films onto quartz substrates containing 6 layers of lignin
vs number of layers and bilayers for the lignin (circle) and lignin/peptide (square) films
three measurements.
(IDMAP) (Moraes et al., 2010; Volpati et al., 2011). This technique
has been shown suitable for visualization of sensing data as re-
ported in (Moraes et al., 2010; Siqueira et al., 2010; Paulovich et al.,
2011; Oliveira et al., 2012). With IDMAP an initial mapping of the
data instances is performed, which is then improved by using the
Force Scheme strategy (Moraes et al., 2010; Minghim et al., 2006).
With the latter, placement is improved by mimicking a mass-
spring system with attraction and repulsion forces, in a similar
fashion to well-known graph-layout approaches. Such procedures
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, respectively. The error bars were obtained by taking the standard deviation from



Fig. 4. (a) Dielectric loss and capacitance magnitude versus frequency for a lignin sensing unit into solution with different concentrations of specific Ab. The loss is defined as
the conductance divided by the angular frequency, and has dimension of capacitance; (b) Capacitance and dielectric loss response of a sensing unit (immunosensor) made
with a lignin/peptide LbL film, immersed into PBS solutions containing different concentrations of specific antibodies. The capacitance Cp was obtained from the real (Zʹ) and
imaginary (Zʹʹ) parts of the impedance as Cp¼� Zʹʹ/[ω(Zʹʹ2þZʹ2)].
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in multidimensional projections are aimed at preserving the si-
milarity of data instances (i.e. samples) in the original data space
when they are projected onto the 2-dimentional plot. Further
details about the IDMAP technique can be found in (Paulovich
et al., 2007; Ha et al., 2008; Worch et al., 2012).
3. Results and discussion

3.1. Layer-by-layer films of lignin and lignin/peptide

Lignin is capable of forming H-bonding, which allowed us to
produce multilayer films with neat lignin. That is to say, lignin
layers were adsorbed on top of previously grown layers and LbL
films with 5 or 6 layers could be built, as shown in Fig. 2. Ob-
viously, adsorption in this case is not driven by electrostatic at-
traction since the molecules were all negatively charged, with a
zeta potential of �20.4 mV for lignin solution. The absorbance
spectra for 6-layer LbL films of lignin and lignin/peptide, shown in
Fig. 3a, display a band centered at 280 nm, assigned to the π–πn
electronic transition from phenyl groups of the lignin. For lignin
films its intensity increased linearly with the number of
Fig. 5. Visualization of the electric impedance curves usin
immersion steps as indicated in Fig. 3b. The linear increase allows
one to conclude that a similar amount of lignin is deposited in
each layer (Volpati et al., 2011; Alessio et al., 2008; Gomes et al.,
2013) which is surprising for a film with predominating secondary
interactions (see below). For the lignin/peptide film, growth in
Fig. 3b appears to be exponential as in many LbL films made with
biomolecules (Gomes et al., 2013; Lavalle et al., 2002), which is
probably due to the presence of secondary H-bonding interactions.

The observed behavior is consistent with two regimes most
found for growth in LbL films which are the linear and exponential
regimes (Gomes et al., 2013; Lavalle et al., 2002). For films with
highly charged polyelectrolytes, adsorption may be driven by
electrostatic attraction and a linear increase in mass or thickness is
observed (Boudou et al., 2010). When there are secondary inter-
actions such as H-bonding film growth may be exponential. To
establish a priori which type of growth will be observed for a given
system is not straightforward because several parameters may
affect the growth mechanisms. For instance, Lavalle et al. (2002)
reported changes from linear to exponential growth for some
systems merely by altering ionic strength and/or temperature. We
mentioned above that the linear growth for the LbL films con-
taining only lignin was surprising because to our knowledge there
g the Multidimensional Projection Technique IDMAP.



Table 1
Summary of the literature on biosensors to detect analytes related to HVI-1 virus. In addition to the detection method we include the target material (analyte), concentration
range and detection limit.

Detection method Target material Concentration range Detection limit Reference

QCMn gp 41 5–200 ng/ml 2 ng/mL Lu et al. (2012)
Fluorescent p–24 4–20 ng/mL – Biancotto et al. (2009)
Amperometric p–24 0.01–60 ng/mL 0.0064 ng/mL Kheiri et al. (2011)
DPVn p–24 0.001–10 ng/mL 0.5 pg/mL Gan et al. (2013)
CVn HIV -1 VLP 0.6–375 pg/mL – Lee et al. (2013)
EISn p–17 0.1–100 ng/mL – Present work

n QCM: Quartz Crystal Microbalance, DPV: Differencial Pulse Voltammetry, CV: Cyclic Voltammetry, EIS: Electrical Impedance Spectroscopy.
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has been no report of such behavior for growth governed by
H-bonding. Nanostructured lignin films have indeed been pro-
duced with the Langmuir–Blodgett (LB) technique (Pasquini et al.,
2005; Pereira et al., 2007), but the mechanisms for growth should
be different from those in LbL films. With the data reported here,
we cannot identify the reasons for the differences in film growth,
since this might only be achieved if a systematic study on ad-
sorption of lignin films, under varied experimental conditions, is
performed, which is outside the scope of the present article. For
the lignin/peptide LbL film, growth is exponential according to
Fig. 3a, then indicating that H-bonding in addition to electrostatic
interactions should occur. The importance of electrostatic inter-
actions is inferred from the negative zeta potential for the lignin
solution (�20.4 mV) and positive potential for the peptide at pH
5.0, whose isoelectric point is 8.74. H-bonding should be expected
from the lignin structure as discussed in connection with Fig. 1.

This surface characterization of the LbL films is complemented
with an AFM analysis, whose images are discussed in Section 3.3.

3.2. Immunosensing with electrical measurements

Fig. 4a shows that the electrical properties of a sensing unit
containing only lignin (therefore it is not an immunosensor) are
almost unaffected by adding specific antibodies to the PBS solu-
tion. Indeed, the dielectric loss peak and the capacitance, which
correspond to the real and imaginary parts of the admittance,
respectively, did not change significantly in the presence of spe-
cific Ab. For instance, the capacitance at 10 Hz for PBS is 181 nF
while for 0.1 μg mL�1 of specific Ab it is 180 nF. As one should
expect the electrical properties were not modified significantly if
there are no specific interactions between lignin and the Ab.

In contrast, the electrical response changed strongly for the
sensing unit (immunosensor) containing the peptide (Fig. 4b),
where both capacitance and maximum of dielectric loss curves
depended on the specific Ab concentration. Upon increasing the
Ab concentration the capacitance increased significantly at fre-
quencies lower than 5 kHz. At 10 Hz, for example, capacitance
increased from 40.6 nF for PBS to 50.0 nF as the concentration of
Ab solution increased from 0.0 to 0.1 μg mL�1. The dielectric loss
peak (1/R) at E14 kHz also increased. Such behavior is typical of
Fig. 6. AFM images of the lignin/peptide sensing unit before (a)
increased film conductance with increasing electrolyte con-
centration, providing further evidence of adsorption of charged
species onto the sensing unit (Taylor and Macdonald, 1987). In the
present case, it could be argued that the change in the electrical
properties of the lignin/peptide sensing unit arises from adsorp-
tion of the specific Ab onto the sensor, which was actually con-
firmed with AFM measurements to be mentioned later on. For
concentrations above 0.1 μg mL�1 the changes in the electrical
response became increasingly small owing to saturation of ad-
sorption sites. In Fig. S1 in the Supporting Information we show
the original plots for the modulus of the impedance versus fre-
quency for the data in Fig. 4b. The high sensitivity is illustrated by
plotting the capacitance at 100 Hz versus concentration in Fig. S2,
where the capacitance is seen to vary exponentially with the
concentration, as in a Langmuir adsorption isotherm (Langmuir,
1918).

One of the most important features of an immunosensor is
specificity. In addition to verifying that incorporation of specific
antibodies affected the electrical response of the lignin/peptide
immunosensor but not of a lignin sensing unit, we measured the
impedance for the immunosensor in the presence of anti-HCV
antibodies, which are specific for Hepatitis C disease. In this con-
trol experiment, the dielectric loss and the capacitance curves al-
most coincided with the curves for the PBS solution and therefore
the curves are omitted. This indicates the lack of specific interac-
tion between the peptide and the non-specific (anti-HCV) anti-
bodies. When this same electrode coated with the lignin/peptide
LbL film was exposed to a specific Ab solution, large changes in
capacitance and loss curves were observed, as in the experiments
discussed in Fig. 4b.

To confirm the distinguishing ability of immunosensors is a
difficult challenge when data are collected from a large number of
samples. If impedance spectroscopy is used as the principle of
detection, measurements with many samples will lead to many
curves, whose proper visualization may require special methods.
Here we employed a multidimensional projection technique, re-
ferred to as Interactive Document Map IDMAP (Moraes et al.,
2010), to display each curve from the impedance spectra into a
single point in the 2-Dimensional project space. With IDMAP all
spectra similar in the original space are placed close in the
and after exposure to (0.1 μL mL�1) specific Ab solution (b).



B.M. Cerrutti et al. / Biosensors and Bioelectronics 71 (2015) 420–426 425
projected space. In other words, two similar capacitance curves
will be represented by two points placed close to each other on the
2D plot. Fig. 5 shows that the data points for the lignin unit sensor
with no peptide are clustered together and the same applies to the
data obtained with the non-specific Ab (anti-HCV). On the other
hand, very good distinction was obtained with the samples of the
specific Ab (anti-p17) measured with the immunosensor contain-
ing the p17 peptide. This is shown in the left hand side in Fig. 5,
thus representing a confirmation of the immunosensor selectivity.

The lowest concentration of specific Ab used in our experi-
ments, 0.0001 mg mL�1, is comparable to the detection limit of
most biosensors based on electrical or electrochemical such as
amperometric, and electrochemical immunosensors for determi-
nation of alpha-feto protein in human serum (Giannetto et al.,
2011), and for detection of HIV1 and HIV2 (Gan et al., 2013;
Biancotto et al., 2009; Kheiri et al., 2011; Wang et al., 2007), and
immunosensors for detecting the avian influenza virus, whose
signal was maximized in impedance measurements (Wang et al.,
2007). This lowest concentration is still higher than the limit of
detection of fluorescence-based immunosensors (Zheng et al.,
2012; Gan et al., 2013; Moraes et al., 2013; Biancotto et al., 2009;
Kheiri et al., 2011; Wang et al., 2007; Lee et al., 2013) or biosensors
with optimized, more complex architectures (Gan et al., 2013;
Bhimji et al., 2013; Kheiri et al., 2011). A direct comparison with
the results published in the literature is shown in Table 1. The
performance of our immunosensor based on impedance spectro-
scopy can obviously be optimized by testing other architectures or
even using other statistical approaches to treat the data, but our
interest here has been to demonstrate that low-cost, easy-to-use
immunosensors can be an important alternative for point-of-care
diagnosis.

We also tested the lifetime of the immunosensor, by perform-
ing experiments where detection of the specific Ab was realized
with sensing units stored in a PBS solution and under ambient
environment in a refrigerator at 8–6 °C for up to 60 days. The
immunosensors prepared 1, 3, 5, 10, 20, 30, 40, 50 and 60 days
before the actual measurement with the specific Ab-containing
PBS solutions all led to significantly different electrical responses
for three concentrations, in comparison to pure PBS. By way of
illustration we show in Figs. S3 and S4 in the Supporting In-
formation the data for an immunosensor used 60 days after its
fabrication. These results confirm the preservation of the p17 ac-
tivity, which is superior to many enzyme-based immunosensors,
whose lifetime is normally limited to 4�6 weeks.

3.3. Investigating the mechanism of detection with AFM

With regard to sensing and biosensing, atomic force micro-
scopy (AFM) has mostly been used to characterize sensing units
(Moraes et al., 2010; Volpati et al., 2011; Gomes et al., 2013), but
there are cases in which surface probe microscopies are employed
as part of the sensing itself. This is especially true with atomic
force spectroscopy measurements where force curves can assist in
confirming the selectivity of biosensors (Steffens et al., 2014) and
even relate the nanomechanical properties of bacteria detected
with electrochemical impedance spectroscopy (Liu et al., 2013).
We used AFM to verify whether the morphology of the sensing
unit was affected by the detection measurements, particularly
because in immunosensing one does expect strong adsorption of
the analyte. We noted considerable changes in film morphology
when the specific Ab was made to interact with the sensor con-
taining the peptide p17-1, which is attributed to adsorption. Fig. 6
shows AFM images revealing a marked difference between a neat
lignin/peptide unit sensor and one such film exposed to specific
Ab. After adsorption of the Ab, film surface was densely populated,
with the film roughness increasing to 18.4 nm, to be compared
with 9.5 nm for the neat lignin/peptide film. In contrast, no sig-
nificant change in morphology and roughness was observed after
exposing sensing units to non-specific Ab, confirming the expected
absence of adsorption (images not shown). Such changes in mor-
phology are consistent with the literature (Moraes et al., 2010;
Alessio et al., 2008; Gomes et al., 2013; Steffens et al., 2014).
4. Conclusion and perspectives

We were successful in the preparation of a selective im-
munosensor for HIV whose high sensitivity arises from adsorption
of the anti-p17 (specific Ab), for which lignin was proven suitable
as immobilization matrix. The architecture for optimized perfor-
mance was a simple 2-bilayer LbL film deposited onto inter-
digitated gold electrodes. The selectivity of the immunosensor
made with lignin/peptide bilayers was demonstrated with im-
pedance spectroscopy measurements and atomic force microscopy
images in two types of control experiments. In the first, the elec-
trical response of a sensing unit containing lignin only was not
affected when it was exposed to PBS solutions containing the
specific Ab. In the second type of control experiment, we de-
monstrated that the electrical response and surface morphology of
the immunosensor containing the lignin/peptide LbL film were not
affected by exposure to PBS solutions of a non-specific Ab (anti-
HCV). Here we employed only one type of lignin, but one may
predict that lignins obtained from other sources and/or via other
experimental extraction procedures should also amenable to
function as matrix for the LbL films. This statement is based on the
fact that lignin is used as matrix, with no active role in the de-
tection mechanisms, and on the literature (Balogh et al., 1992;
Vallejos et al., 2011), according to which the overall lignin prop-
erties in terms of the functional groups do not vary significantly by
changing the type of lignin. In summary, we demonstrated the
feasibility of producing immunosensors with the LbL deposition
method, using neat lignin as immobilization matrix, again sup-
porting the valorization of this abundant, inexpensive agricultural
byproduct. Most importantly, the immunosensors produced point
to the possibility of obtaining all-organic, biocompatible devices.

The strong, irreversible adsorption of the specific Ab onto the
LbL film used for immunosensing means that the sensing units
cannot be reused. This is not actually a limitation since one does
not expect to reuse the sensing units in clinical diagnostics. An-
other advantage of the immunosensors made with peptide p-17 is
the lifetime of 60 days at the least, which is superior to the usual
one for enzyme-based biosensors. Though the performance of the
immunosensor based on impedance spectroscopy could still be
optimized, the lowest concentrations detected are already suffi-
cient for blood tests in real settings, since the sensitivity is com-
parable to results reported with the ELISA method (Kheiri et al.,
2011; Lee et al., 2013).
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