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Cry1Ab16 is a toxin of crystalline insecticidal proteins that has been widely used in genetically modified organ-
isms (GMOs) to gain resistance to pests. For the first time, in this study, peptides derived from the immunogenic
Cry1Ab16 toxin (from Bacillus thuringiensis) were immobilized as layer-by-layer (LbL) films. Given the concern
about food and environmental safety, a peptide with immunogenic potential, PcL342-354C, was selected for
characterization of the electrochemical, optical, and morphological properties. The results obtained by cyclic
voltammetry (CV) showed that the peptide have an irreversible oxidation process in electrolyte of 0.1 mol-L™!
potassium phosphate buffer (PBS) at pH 7.2. It was also observed that the electrochemical response of the peptide
is governed mainly by charge transfer. In an attempt to maximize the electrochemical signal of peptide, it was
intercalated with natural (agar, alginate and chitosan) or synthetic polymers (polyethylenimine (PEI) and
poly(sodium 4-styrenesulfonate (PSS)). The presence of synthetic polymers on the film increased the electro-
chemical signal of PcL342-354C up to 100 times. Images by Atomic Force Microscopy (AFM) showed that the
immobilized PcL342-354C formed self-assembled nanofibers with diameters ranging from 100 to 200 nm on
the polymeric film. By UV-Visible spectroscopy (UV-Vis) it was observed that the ITO/PEI/PSS/PcL342-354C
film grows linearly up to the fifth layer, thereafter tending to saturation. X-ray diffraction confirmed the presence
on the films of crystalline ITO and amorphous polypeptide phases. In general, the ITO/PEI/PSS/PcL342-354C film
characterization proved that this system is an excellent candidate for applications in electrochemical sensors and
other biotechnological applications for GMOs and environmental indicators.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction charge transfer, hydrogen bonding, and covalent interactions, as well
as Van der Waals forces, are examples of interactions that may occur

Nanotechnology of thin films is a multidisciplinary science that has in self-assembled LbL films [8].

attracted attention around the world owing to the impact that these
films can have in the technology sector [1-3]. Among the thin film
production techniques, layer-by-layer (LbL) self-assembly stands out
because of its versatility, which has enabled applications in the fields
of biomaterials, biosensors, drug/gene delivery, tissue engineering,
implantable materials, diagnostics, electronics, energy, and optics [4-6].

The self-assembly process is characterized by the absence of an ex-
ternal or human influence, as the system takes the most appropriate
conformation according to thermodynamic factors [7]. This configura-
tion is due to the various molecular interactions that can occur between
materials when interleaved as LbL films. Electrostatic, hydrophobic,
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The versatility of the LbL technique has enabled the development of
various devices using a variety of materials, such as proteins [9-12],
conductive polymers [13-15] polysaccharides [14,16,17], and dyes
[18]. Furthermore, LbL peptide-based films were developed for applica-
tions in sensors for thrombin and other proteins of biological interest
[19]. Peptides have also been used in the composition of LbL films for
applications as sensors of heparin [20], vancomycin [21], and other
drugs, or the detection of gas [22]. Another interesting example is the
use of peptide AVPFAQKG to make a sensor capable of directly detecting
the BIR3 domain, which is a protein-linked inhibitor of apoptosis
(XIAP-BIR3) [23]. There are also reports using fluorescent peptides to
detect “tyrosine sulfurylation”, which is an important post-translational
modification of protein-protein interactions in the extracellular space
that is crucial in cell adhesion, cell signaling, immune response, and
recognition of pathogens in host cells [24,25].
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Our research group has pioneered the use of peptides to manufac-
ture biodevices to demonstrate the LbL immobilization of a bioactive
peptide (Dermaseptin 01, DRS-01) for antileishmanial activity assays.
We use an electrochemical biosensor to detect lysing of the membrane
of living cells of Leishmania infantum promoted by the action of the
immobilized peptide [26] Clearly, peptides are potential candidates to
meet the needs of the modern world in relation to diagnosis, disease
monitoring, quality control in industry, and more recently, detection
of genetically modified organisms (GMOs) and food security through
the development of biosensors [27]. In this sense, our group has devel-
oped immunogenic peptides derived from the 5-enolpyruvylshikimate-
3-phosphate synthase (CP4-EPSPS) from Agrobacterium tumefaciens
with in silico prediction [28] based on the structural features of the
enzyme, aiming at further development of antibodies for use in sensors
for the detection of GMOs or environmental sensors. CP4-EPSPS is an
enzyme that decreases the binding affinity to glyphosate, conferring
increased tolerance to the glyphosate herbicide that has been widely
used in GMOs to gain resistance to pests [28].

Concern about food safety and the environment has stimulated in-
terest in establishing sensitive means to detect GMO. An important
group of proteins is insecticidal crystal proteins (ICPs) such as Cry1Ab
toxin. Cry1Ab is a toxin from Bacillus thuringiensis that was incorporated
to GMO maize to confer resistance to the European corn borer (Ostrinia
nubilalis). This toxin was detected in maternal and fetal samples during
pesticide exposure studies associated with genetically modified foods
[29]. In addition, the effect of genetically modified crops on ecosystems
has been a focus of environmental risk assessment studies, considering
that insecticidal proteins, such as Cry1Ab, can pass into the aquatic
environment [30].

Therefore, the aim of this work was the immobilization of the
PcL342-354C peptide, derived from the Cry1Ab protein, in the form of
LbL films for future applications in GMO sensors. Previously four pep-
tides from the Cry1Ab protein were selected through in silico analysis;
after studies of the solubility in aqueous media and the structural char-
acteristics determined by circular dichroism, the PcL342-354C peptide
was chosen for further study of new materials and nanodevices. Initially,
film construction was studied to analyze the peptide immobilization
conditions and electrochemical behavior. Subsequently, LbL films of
this peptide interspersed with natural or synthetic polymers were
constructed with the aim of amplifying the electrochemical signal of
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the peptide for the development of new materials and future biosensors.
Finally, the system was characterized using various morphological
and spectroscopic techniques such as Atomic Force Microscopy
(AFM), UV-Vis, X-ray diffraction (XRD), and Fourier Transform Infrared
Spectroscopy (FTIR). The system proposed here proved to be feasible
and relevant for future applications in GMO sensors and other biotech-
nological applications.

2. Materials and methods
2.1. Peptide synthesis

Cry1Ab16 protein sequence was retrieved from the NCBI database
(access number AAK55546) (Fig. 1A). Peptides were selected by in silico
evaluation based on their sequence and immunogenicity. Peptides were
manually synthesized using a solid phase approach with Fmoc/t-butyl
chemistry [31]. Peptide elongation was carried out in polypropylene
syringes fitted with a polyethylene porous disk. Solvents and soluble re-
agents were removed by suction. A Rink amide MBHA resin (Peptides
International) was used for the synthesis of the peptides. A Cys residue
was incorporated at the C-terminus to allow subsequent coupling. Sam-
ples were treated with trifluoroacetic acid/triisopropylsilane/water
(TFA/TIS/H,0) (95:2.5:2.5) to remove the protecting groups. Peptide pu-
rification was carried out using an analytical RP-HPLC system (Shimadzu
Prominence instrument, Shimadzu Co.) equipped with a reverse-phase
(RP) chromatographic column (Kinetex 5 um Cqg, 50 x 21.20 mm,
Phenomenex). Each peptide was dissolved in H,0:CH3CN (6:4) and
subjected to RP-HPLC using a gradient of CH3CN, starting with H,O
(0.1% TFA) and increasing to 100% CH3CN over 60 min at a flow rate of
1.0 mL/min. The peptides were monitored at 216 and 280 nm. The
formula (Az15 — Agas) x 144 (ug/mL) was applied for peptide quantifica-
tion [32]. Purity and molecular mass determination of the synthetic
peptides were performed using a MALDI-TOF/TOF mass spectrometer
(UltrafleXtreme, Bruker Daltonics) [33].

2.2. Far-UV circular dichroism
To estimate the secondary structure of the peptides, far-ultraviolet

circular dichroism (far-UV CD) spectroscopy was carried out. The
absorbance of circularly polarized light was measured in different
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Fig. 1. (A) 3-D structure of the Cry1Ab16 protein obtained by homology modeling [61], showing the location of the four peptides selected in the study. (B) PDB secondary structure models
were obtained using the Web resource PEP-FOLD (http://bioserv.rpbs.univparis-diderot.fr/cgi-bin/PEP-FOLD). The peptides were synthesized with a C-terminal cysteine for subsequent
coupling to a carrier protein for antibody production feasibility and/or coupled nanoparticles for other applications. (C) Polyelectrolytes: polycation (PEI polyethylenimine) and
polyanion (PSS, poly(sodium 4-styrenesulfonate). (D) Chitosan (p-glucosamine and N-acetylglucosamine monomers). (E) Agar (3-(1-3)-D and a-(1-4)-L linked galactose residues).
(F) Sodium alginate (alginic acid is a linear copolymer with homopolymeric blocks of (1-4)-linked 3-p-mannuronate (M) and the C-5 epimer of ai-L-guluronate (G) residues).
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peptide solutions. The analysis of the CD data is based on a basic princi-
ple: the CD spectrum can be expressed as a linear combination of the
spectra of the individual secondary structure components. The parame-
ters were obtained using three of the most popular methods: CONTIN/
LL [34], SELCON3 [35] and CDSSTR [36]. Far-UV CD spectra were obtain-
ed using a JASCO ] 815 spectropolarimeter. The measurements were
performed under a nitrogen gas flow of 8 L/h at a temperature of
20 °C, which was controlled by a Peltier system (JASCO). The spectra
were recorded between 190 and 240 nm, using a 100 mm cell path
length. The peptides were dissolved in Milli-Q water at a concentration
of 100 uM with various concentrations of 2,2,2-trifluoroethanol (TFE).
The scan speed was 50 nm/min, the response time was 1 s, and the
bandwidth was 1 nm. The spectra were converted to molar ellipticity
residue half by using the relationship: [e] / e(10 x ¢ x n x d), where
[o] is the molar ellipticity (degrees-cm?-dmol~'), e the ellipticity
(millidegrees), n is the number of peptide bonds, c is the molar concen-
tration, and d the length of the cell (cm). The spectra were fitted using
the above routines by setting the reference protein to SDP48, which is
composed of 48 proteins, 43 soluble and 5 denatured.

2.3. Electrochemical characterization

Electrochemical measurements were performed using an Autolab
PGSTAT204 potentiostat/galvanostat and a three-electrode electrochem-
ical cell with a capacity of 10 mL. A platinum plate (area 1.0 cm?) and
silver/silver chloride (Ag/AgCl) were used as the auxiliary and reference
electrodes, respectively. LbL films deposited onto indium tin oxide (ITO)
(area 1.04 cm?) were used as the working electrode. All the experiments
were performed in ambient atmosphere at 22 °C in an electrolytic
solution of 0.05 mol-L~' H,SO,4 or 0.1 mol-L~! potassium phosphate
buffer solution (PBS) (pH 7.2).

24. Layer-by-layer film preparation

The LbL films prepared in this work were based on electrostatic in-
teractions between polyelectrolytes, as described by Decher [37]. In an
attempt to improve the electrochemical signal of the peptide, it was
combined with other polymeric materials in the form of a bilayer film.
Chitosan (Fig. 1D) and polyethylenimine (PEI) (Fig. 1C above) were

tested as positive polyelectrolytes (polycation), whereas agar (Fig. 1E),
alginate (Fig. 1F), and poly(sodium 4-styrenesulfonate (PSS) (Fig. 1C
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below) were tested as negative polyelectrolytes (polyanion). The prep-
aration process of the films is shown in Fig. 2. Initially, a previously
cleaned ITO substrate, which is a ternary composition of indium, tin,
and oxygen in varying proportions [38] was immersed in a solution of
the polycation or polyanion for 5 min. ITO is one of the most widely
used transparent conducting oxides because of its two main properties:
electrical conductivity and optical transparency, as well as the ease with
which it can be deposited as a thin film. Subsequently, the substrate was
washed in ultrapure water to remove the non-adsorbed material, there-
by yielding a monolayer film of the polycation or polyanion. Then, the
monolayer-modified substrate was immersed in a solution PcL342-
354C (Table 1 and Fig. 1B), for 5 min, and then rinsed in ultrapure
water. The deposition time was tested and was found to allow a good
response in electrochemical systems. Each wash step was preceded by
a N, drying step.

2.5. Atomic Force Microscopy

Representative films were examined using AFM. The analysis was
carried on the samples in vibrating (tapping) mode. Imaging was per-
formed using a TT-AFM instrument (AFM Workshop). All images were
collected at 512 pixel resolution for a 4 x 4 pm area, and at least three
different areas were examined per sample. Representative data are
shown. The images have been processed, analyzed, and displayed
using Gwyddion 2.29 software. The roughness values shown are for
the 4 x 4 um areas and represent the roughness average (Ra) values
[39].

2.6. Spectroscopic and diffractometric characterization

2.6.1. UV-Vis absorption spectra of LbL films

To record the absorption spectra, LbL films were prepared in a simi-
lar manner on an ITO surface. One side of the ITO surface was coated
with black paint prior to use to block out incidental light and allow
the absorption spectrum of the LbL film located over the aperture to
be recorded accurately. The absorption spectra of LbL films were record-
ed using a UV-Vis absorption spectrophotometer (Evolution 300).

2.6.2. FTIR spectroscopy
The FTIR transmittance spectra were collected using a Shimadzu

IRAffinity-1 spectrometer in the spectral range from 3500 to 2500 cm™ ..

Bilayer film
representation

Wash

Bilayer film

Fig. 2. lllustration of the LbL film deposition process.
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Table 1

Chemical and structural characteristics of the peptides used in this work.
Peptide name  Amino acid sequence ~ Monoisotopic mass  pl* GRAVY®
PcH77-91C LVQIEQLINQRIEEFC 1976.30 4.25 0.100
Pt282-292C GSAQGIEGSIRC 1178.35 599 —0.083
PcH538-551C  HTSIDGRPINQGNFC 1659.82 6.74 0.755
PcL342-354C  GNAAPQQRIVAQLC 1469.71 8.25 0.007

2 Reference [62].
b GRand AVerage of hYdropathicity (GRAVY) [63].

2.6.3. X-ray diffraction

XRD data were obtained at the IFSC/USP X-ray crystallography labo-
ratory using a Rigaku Rotaflex diffractometer equipped with a graphite
monochromator and rotating anode tube, operating with Cu Ko, 50 kV,
and 100 mA. Powder diffraction patterns were obtained in step
scanning mode (26 = 10-60°, step of 0.02°, and 1 s/step). The study of
crystalline ITO film phases was obtained by comparison with pure In,0s.

3. Results and discussion
3.1. Cry1Ab16 protein and peptide selection

The protein sequence corresponding to Cry1Ab16 (cry protein fam-
ily) was retrieved from the NCBI database (access number AAK55546).
Cry1Ab16 is a 6-endotoxin produced by B. thuringiensis AC11 (H14).
The entire primary sequence of this protein is composed of 1155
amino acids. The EXPASy PeptideCutter tool [40] was used to submit
Cry1Ab16 to an in silico cleavage site prediction using trypsin and
chymotrypsin for high (HS) and low (LS) specificity.

A cleavage site map and table of cleavage site positions were
analyzed and peptides with sequences between 10 and 30 amino

- 0 y
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acids were selected for compositional analysis. The four selected pep-
tides after theoretical digestion were chosen by considering the anti-
body production capacity using in silico analysis, such as structure
determination of epitopes and T-cell epitope prediction. The solubility
in aqueous systems and the prediction of the secondary structure
were also used to select the peptide of choice, which is discussed in
Section 3.2. The nomenclature of the peptides considers the positioning
characteristics of the sequence in the native protein and how the pep-
tide was generated. For example, PcL 342-354C: P = peptide; cL = chy-
motrypsin LS; 342-354 position in the native protein, and C = cysteine
amino residue at the C-terminus (Table 1 and Fig. 1B).

3.2. Far-UV circular dichroism

In biophysics, helicity is closely related to antibacterial activity [41].
Here, we present a secondary structural study for Pt282-292C, PcL342-
354C, PcH538-551C, and PcH77-91C in different buffer systems. The re-
sults of the CD spectra fitting are shown in Fig. 3. The best fitting of these
data was obtained using the CONTIN/LL software, which is plotted for
different solutions of these peptides in Fig. 3, with detailed results in
Tables S1-S4 in the Supplementary material.

The results showed [6],p of PcL342-354C to be
—3373.15 degree-cm?-dmol ~ ! in the presence of 40% TFE to mimic a
hydrophobic environment [42], indicating that the peptide formed a
typical o-helical fold in hydrophobic environments such as
biomembranes (Fig. 3 and Table S1). Using these CD studies and taking
into consideration the solubility of the peptides in aqueous media
(Table 1, GRAVY index), only the PcL342-354C peptide is further
considered in this study for the construction of new materials for
biotechnological applications. These characteristics and the size of this
sequence can lead to successful production of antibodies.
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Fig. 3. Circular dichroism studies of peptides in aqueous solution and 10, 20, and 40% 2,2,2-trifluoroethanol. (A) Pt282-292C, (B) PcL342-354C, (C) PcH538-551C, and (D) PcH77-91C.
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3.3. Electrochemistry characterization

3.3.1. PcL342-354C monolayer films

For a better understanding of the electrochemical response of
PcL342-354C, the adsorption time of this peptide on ITO was tested
(Fig. 4A) using a 0.05 mol-L™" H,S0, solution as the electrolyte. These
conditions were chosen based on literature [26,43] that describes
electrochemical studies of peptide Dermaseptin 01 using similar
conditions. Fig. 4A shows the influence of adsorption time of PcL342-
354C on the final response of the monolayer film obtained. Fig. 4B
shows the results in another electrolytic medium (0.10 mol-L™! PBS),
which is one of the most biologically compatible buffers [44].

With increasing adsorption time, there was a corresponding in-
crease in faradaic current density of the monolayer film of the peptide
(Fig. 4A). The optimal time of 5 min is in accord with related studies
[26,43]. Only 5 min of adsorption time is sufficient the peptide adsorb
in electrode surface, thus enabling a good electrochemical response.
For all adsorption times tested, PcL342-354C exhibited an irreversible
oxidation process at + 1.1 V vs. Ag/AgCl in the H,SO, electrolyte.

Fig. 4B shows that the electrolyte employed in the electrochemical
characterization of PcL342-354C, with the peptide monolayer obtained
with 5 min of the adsorption time, has an important effect on the oxida-
tion potential of this peptide. The process observed at 4+ 1.1 V vs. Ag/AgCl
in the acidic medium shifted to lower potential values when employing
PBS as the supporting electrolyte. In PBS (pH 7.2), the oxidation process
was at +0.87 V, whereas in PBS (pH 8.0) it was at 4+ 0.83 V (Fig. 4B). It is
noteworthy that in PBS (pH 7.2), the oxidation process of PcL342-354C
appeared more defined. For this reason and because PBS (pH 7.2) is bio-
logically compatible buffer [44], this electrolyte was used in the following
studies.

Fig. 5 shows the results obtained from the investigation of the mech-
anism that governs the electrochemical response of PcL342-354C.
Fig. 5A shows the cyclic voltammograms obtained for the peptide at
different scan rates (v). Fig. 5B shows a linear relationship between
the peak current (ip) of the oxidation process of PcL342-354C and the
scan rate. This relationship indicates that the peptide is thermodynam-
ically stabile under the experimental conditions employed [45]. This
correlation also suggests that charge transfer at the electrode/electrolyte
interface occurs in a regular manner and that the electrochemical
processes are governed by charge transfer processes due to the ratio be-
tween ip and v had a correlation coefficient of R? = 0.998 [46,47]. These
results also suggest that the peptide is strongly adsorbed on the electrode
surface [48].

3.3.2. Bilayer films containing natural or synthetic polymers intercalated
with PcL342-354C

Subsequently, we attempted to improve the electrochemical signal
of PcL342-354C. Initially, we investigated the intercalation of this pep-
tide with natural biopolymers, such as chitosan (cationic biopolymer),

25

Adsorption time (min)

—_—
2.0 3

—5
1.5 —1ITO

-2

1.04

ij pA cm

0.5

0.0

08 1.0 12

EN vs Ag/AgCI

A 04 06

1.4

A. Pldcido et al. / Materials Science and Engineering C 61 (2016) 832-841

6
5]
4]
3
24

i LA cm

14

04

A

-1 T T T —— T
04 05 06 07 08 09 10 1.1 12 13
E/N vs Ag/AgCI

2
R=0.998

2
n

i pA cm’

20 40 60 80 100 120 140 160 180
v,mVs’'

Fig. 5. (A) Influence of scan rate on the electrochemical response of PcL342-354C.
(B) Linear correlation between the peak current of the oxidation process of PcL342-354C
and the scan rate. All measurements were carried out in 0.1 mol-L~" PBS (pH 7.2).

agar, and alginate (anionic biopolymer). Many studies in the literature,
including those of our research group, have shown that natural poly-
mers are excellent candidates for construction of sensor devices because
these polymers improve the electrochemical stability of the system,
promote better adsorption of the electroactive material, and allow con-
trol of the film thickness by the number of layers adsorbed [14,16,17,49,
50]. Furthermore, these polysaccharides are inexpensive, abundant,
easy to isolate and purify, and environmentally compatible [51].

Fig. 6 shows the electrochemical response of PcL342-354C after
intercalation with chitosan (Fig. 6A), agar (Fig. 6B), and alginate
(Fig. 6C) in the form of LbL films containing one or two bilayers. For
comparison, the response of the monolayer film containing only the
peptide is also shown.

Fig. 6A shows that chitosan reduces the electroactivity of the
peptide. The current obtained for the ITO/chitosan/PcL342-354C film

4 Electrolytic medium
|—170
—— PBS pH 7.2
3] PBS pH 8.0
——H,SO,pH 1.7 087V
§ 2
<
SR
04
B o4 06 08 10 12 14
EN vs Ag/AgCI

Fig. 4. (A) Influence of adsorption time of PcL342-354C on the ITO electrode in an electrolytic medium of 0.05 mol-L™! H,SO,. (B) Influence of the electrolyte (0.05 mol-L~! H,SO, or
0.1 mol-L~! PBS) on the response of PcL342-354C. All measurements were performed using a new modified electrode for every measurement (v = 50 mV-s~ ).
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Fig. 6. Influence of (A) chitosan (chit.), (B) agar, or (C) alginate (alginate) and the number
of bilayers on the electrochemical response of PcL342-354C. All measurements were
carried out in 0.1 mol-L~ ! PBS (pH 7.2),v = 100 mV-s~ .

was lower than that obtained for the PcL342-354C monolayer film, and
the current further decreased with increased numbers of bilayers on the
film (ITO/(chitosan/PcL342-354C),). This behavior suggests that chito-
san reduces the affinity of the peptide for the electrode, hindering
charge transfer between the peptide and electrode/electrolyte interface.
This is supported by the results showed in Fig. 6B and C with anionic
polymers. PcL342-354 is a positively charged peptide (+ 1 net charge).
Because of this, there was probably lower adsorption of PcL342-354C
because of charge repulsion between chitosan and the peptide, resulting
in its adsorption only through secondary interactions [52].

When agar or alginate (negative biopolymers; Fig. 6B and C, respec-
tively) where used, the current density obtained for the bilayer films
were similar to that recorded for the monolayer film containing only
the peptide, even when the number of bilayers was increased. It is
noteworthy that even without an improvement in the electrochemical
response of PcL342-354C, when we used these seaweed polymers, the

peptide response was not suppressed and remained at the same current
level observed for the film containing only the peptide. Therefore, it is
interesting to note that these films are biocompatible systems, contain-
ing a new peptide that is still little explored, which opens prospective
studies for application of these films in other biotechnology areas.

In a further attempt to improve the electrochemical response of
PcL342-354C, the peptide was intercalated with polymers widely
used for this purpose, such as PEI and PSS [53-56]. Considering that
PEI and PSS have, respectively, positive and negative charges, the film
was adsorbed according to the electrostatic interaction mechanism
[37]. PEI was used to give the substrate a positive charge for better ad-
sorption of PSS, whereas PSS was used to increase the adsorption of
PcL342-354C and consequently the electrochemical signal of the
peptide.

Fig. 7 shows the response of the ITO/PEI/(PSS/PcL342-354C), film
containing one or two (n = 1 or 2) adsorbed bilayers. For comparative
purposes, the responses of the film without the peptide and the film
containing only the peptide are also shown. The ITO/PEI/PSS film did
not show any redox process within the potential range investigated.
On the other hand, when the peptide was adsorbed, an oxidation
process was observed at 4+ 1.27 V, which can be directly assigned to
the response of the peptide immobilized in the LbL bilayer structure
containing PEI and PSS. In this case, the current observed was 100
times higher than that recorded for the peptide adsorbed directly on
ITO (Fig. 7, inset). Furthermore, the joint presence of PEI and PSS
increased the electrochemical stability of the adsorbed peptide, as a
greater potential must be applied to achieve oxidation. Moreover, the
oxidation process was observed for several consecutive cycles only
when PEI and PSS were used. The system proposed here is very promis-
ing for future applications in GMO sensors; therefore, we undertook a
more thorough characterization of this film.

3.4. Spectroscopic and diffractometric characterization

Absorption in the UV-Vis region allows the formation of an LbL film
to be monitored because the absorbance that occurs at a characteristic
wavelength for the absorbing molecules in the film is related to the
thickness of the film (Beer-Lambert law), and indicates the continuity
of the adsorption process in each adsorption stage [52]. In this sense,
we studied the growth kinetics and formation of the ITO/PEI/(PSS/
PcL342-354C),, film (Fig. 8A). PSS absorbs in the region near 300 nm
[57] and was therefore chosen to monitor film formation. It should be
noted that the peptide used in the film does not absorb significantly
in the UV region because there are not aromatic amino acids in the
sequence (e.g., tryptophan and tyrosine).

— ITO

6004 —— ITO/PcL342-354C
ITO-PEIPSS
500 —— ITO-PEI(PSS/PcL342-354C)
—— ITO-PEI (PSS/PcL342-354C)2
400 4
o ossv
g 300 -
<
= 2004
100
04

04 06 08 10 12 14 16
EN vs Ag/AgCI

Fig. 7. Influence of ITO modified with a film of PEI/PSS and the number of bilayers of PSS/
PcL342-354C on the electrochemical response of the film. The inset shows an expanded
view of the response of the ITO/PcL342-354C film. All measurements were carried out
in 0.1 mol-L~! PBS (pH 7.2),v = 100 mV-s~ .
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Fig. 8. (A) UV-Vis spectra showing the growth of the film with increasing numbers of
bilayers (n) of ITO/PEI/(PSS/PcL342-354C),,. The inset shows the relationship between
the absorbance at 305 nm and the number of bilayers adsorbed. (B) FTIR spectra with
characteristic bands identified. (C) XRD patterns with the main hk! indexes identified.

Fig. 8A shows the UV-Vis spectra recorded consecutively after the
adsorption of each bilayer in ITO/PEI/(PSS/PcL342-354C),,. The absorp-
tion increased linearly (Fig. 8, inset) to the fourth bilayer adsorbed.
Apparently, five bilayers was saturated the system, leading to a change
to a flatter slope, indicating the impossibility of adsorbing more than
five bilayers. The FTIR spectra of these films are presented in Fig. 8B,
and show O-H stretching vibrations at 3280 cm ™! and C-H stretching
of the aliphatic chain at 3000-2800 cm~ . In Fig. 8C, XRD diffractograms

are shown, and we can conclude that the ITO film crystallizes in a cubic
bixbyite structure (In;O3). The XRD method is a rapid analytical tech-
nique primarily used for phase identification of crystalline materials
and can provide information on unit cell dimensions. The observed 26
peaks are associated to the (211), (222), (411), and (440) planes, corre-
sponding to inorganic crystal structure database (ICSD) file number
50,846 [58]. The high intensity of the (222) plane demonstrates the
preferential growth direction of the ITO films and is dependent of the
deposition conditions.

3.5. Atomic Force Microscopy

AFM was used to examine the morphology and quantify the surface
roughness of the films produced. The ITO substrate was first studied as a
control, and then the process of LbL film was examined to observe the
effect of the number of bilayers adsorbed. Representative images are
shown in Fig. 9. The microstructures observed for ITO are well-known
features that have been previously observed by AFM [14,39]. The struc-
tures shown in Fig. 9A consist of flat “islands”, each covering an area of
100 nm? to 1 um? and consisting of small globular grains (<40 nm) that
are above globular-like grains located on a lower level. The ITO/PEI film
in Fig. 9B is very similar to that of ITO; however, this film has a smoother
appearance, probably because the interstices between the flat “islands”
are filled, as can be clearly seen in the 3D AFM images in the Supplemen-
tary material (Fig. S1). In the ITO/PEI/PSS film in Fig. 9C, the ITO
structure was still visible, though very small granular additions
(approximately 50 nm) started to be observed. On the other hand,
after the adsorption of the peptide in the ITO/PEI/(PSS/PcL342-354C)
film (Fig. 9D), the granular morphology of ITO was no longer observed,
and the film showed a fibrous, uniform pattern. The immobilized
peptide formed self-assembled nanofibers with diameters ranging
from 100 to 200 nm, which is very similar to that described in AFM stud-
ies of other peptides [59]. The two-bilayer film of ITO/PEI/(PSS/PcL342-
354C), showed a similar morphology to that of the bilayer film, though
it is apparent that a greater amount of peptide is adsorbed (Fig. 9E). In
the five-bilayer film (Fig. 9F) further fibrous aspects are observed;
however, the features are somewhat disguised, probably due to several
interleaved layers of PSS/PcL342-354C, which corroborates the UV-Vis
results, where it was difficult to absorb further bilayers. The roughness
of the film surfaces was also studied. In Fig. 10, the average value of sur-
face roughness and the calculated deviation for each sample are shown.
AFM is essential for studying surface roughness (Ra or average devia-
tion) on the nanoscale, with resolution far exceeding that of other stylus
and optical based methods [60]. ITO had an average roughness of 2.2 +
1.7 nm, which is very close to what has been reported elsewhere
[14,39]. No significant differences were found (p < 0.01) between the
roughness of ITO and that of the ITO/PEI and ITO/PEI/PSS films. Howev-
er, ITO/PEI/PSS was significantly (p < 0.01) rougher when compared to
ITO/PEL All films containing the peptide had higher surface roughness
than that of ITO. However, there was no difference between the surface
roughnesses of the films with one, two, or five bilayers (Fig. 10) when
compared at a 1% significance level. In general, all the films were soft
and are ideal surfaces for biotechnological applications.

4. Conclusions

LbL films containing the PcL342-354C peptide derived from the
protein Cry1Ab16 were successfully obtained through a simple and eco-
nomical method. The isolated peptide showed electrochemical behavior
similar to that of other peptides described in the literature. It was ob-
served an irreversible oxidation process in electrolyte of 0.1 mol-L™!
potassium phosphate buffer (PBS) at pH 7.2. In addition, electrochemical
response mechanism of the peptide was elucidated to be a purely ad-
sorptive process. Among the natural polymers tested to optimize the
electrochemical signal of PcL342-354C, chitosan proved impracticable,
probably because of its positive charge. On the other hand, the negatively
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Fig. 9. Dynamic-mode AFM images of glass surfaces covered with (A) ITO, LbL films of (B) ITO/PEI, (C) ITO/PEI/PSS, (D) ITO/PEI/PSS/PcL342-354C, (E) ITO/PEI/(PSS/PcL342-354C),, and
(F) ITO/PEI/(PSS/PcL342-354C)s. All images are 4 x 4 um in x and y.

charged natural polymers (agar and alginate) did not increase the signal
of the peptide, but had no adverse effects. When combined in a multilay-
er structure, the synthetic polymers PEI and PSS surprisingly promoted

an increase of the current density of the PcL342-354C process up to
100 times for ITO/PEI/(PSS/PcL342-354C). The AFM results showed
that the adsorbed peptide formed self-assembled nanofibers with
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Fig. 10. Comparison of the Ra values of the surfaces of (A) ITO, (B) ITO/PEI, (C) ITO/PEI/PSS, (D) ITO/PEI/PSS/PcL342-354C, (E) ITO/PEl/(PSS/PcL342-354C),, and (F) ITO/PEI/(PSS/PcL342-354C)s.
*Statistically significant differences from ITO (p < 0.01).
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diameters ranging from 100 to 200 nm on the polymeric film and very
homogeneously distributed. UV-Vis spectra showed that the film in-
creased linearly up to the fifth bilayer, after which this system reached
saturation. The X-ray diffractograms revealed that the films contained
an amorphous phase related to the peptides and diffraction peaks due
to preferred orientation along the (222) direction of crystalline ITO.
In general, the thorough characterization of the ITO/PEI/(PSS/PcL342-
354C) film showed that this system is not only homogeneous and low
cost, but is also reproducible, which opens prospects for future applica-
tion of this film in electrochemical sensors for GMOs and environmental
biosensors, among other biotechnological applications in the food safety
area.
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