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model protein. The main goal was to find a relationship between the nature and amount of the gra-
pheneous nanomaterial, the amount of immobilized protein, and the electrochemical and plasmonic
properties of the resulting platforms. The characterization of the grapheneous nanomaterials (graphene
oxide (GO), GO modified with chitosan (CHIT), (GO-CHIT), and chemically reduced GO-CHIT (RGO-CHIT))
was performed by using FTIR, Raman, TGA, Dynamic light scattering (DLS), UV—Vis spectroscopy and -

g?;gt?gﬁse.—derived materials potential measurements. The characterization of the thiolated-gold surfaces modified with the different
Non-covalent assembly nanomaterials and BSA was performed using surface plasmon resonance (SPR), cyclic voltammetry,
Gold platforms electrochemical impedance spectroscopy (EIS) and scanning electrochemical microscopy (SECM). The pH
Electrochemistry of the grapheneous materials dispersions demonstrated to be a critical parameter to control the assembly
Surface plasmon resonance of the nanomaterials and the model protein at the gold surfaces and, consequently, the electroactivity
Protein-based platforms and plasmonics of the resulting platforms. When using GO, the optimum pH is 8.00 while in the case of

GO-CHIT and RGO-CHIT, pHs << pKa,cyjr are the most adequate. We demonstrated that in the case of our
model system, if the detection method depends on the direct quantification of the amount of BSA
immobilized at the platform (like SPR), the use of GO is the best option; while if the detection mode
depends on the changes in the electrochemical response of a redox marker (like EIS), the selected gra-
pheneous material should be RGO.

© 2017 Published by Elsevier Ltd.

1. Introduction attention in different fields due to their multiple applications which
were rocketed after 2010 Nobel Prize on Geim and Novoselov work.

Grapheneous materials, a family of nanostructures that derive These applications include electronics, energy, (bio)sensing, med-
from the stacking of C sp? lattices [1], have received considerable icine and engineering [2—6]. Graphene and graphene oxide (GO)
have been used as nanosupports for a variety of biologically active
agents leading to novel biocatalysts, biosensors, and drug delivery
vehicles. They have been interfaced, modified and/or functionalized
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properties and high transparency; and iv) good biocompatibility,
formation of stable aqueous suspensions, and cheap strategies for
production, among others.

The immobilization of graphene-derived materials at solid
substrates requires strict control not only to take advantage of their
intrinsic properties but also to maximize the loading of material
and to obtain reproducible and appropriate surface distributions to
ensure a good analytical performance of the resulting platforms.
The usual strategies for the immobilization range from simple
drop-casting of a graphenoid dispersion [13—16] to hydrophobic/
specific/electrostatic-mediated layer-by-layer (LBL) self-assembly
[17] or covalent tethering to previously derivatized substrates
[15,18,19].

Different surfaces modified with grapheneous materials have
been successfully used for the development of (bio)sensors
following diverse protocols [6,20,21]; however, most of the re-
ported studies have been focused on the analytical applications of
the proposed grapheneous-modified surfaces rather than on a
critical discussion about the criteria for selecting a given modifi-
cation scheme. There are some reports where the relationship be-
tween the immobilization of a protein and the strategy used for
immobilizing the grapheneous material have been investigated.
Alwarappan et al. have reported an interesting study about the
influence of the number of graphene and glucose oxidase layers on
the electrochemical response of the resulting platform [22]. Zhang
et al. have evaluated the effect of the degree of graphene oxide (GO)
reduction on the activity and amount of non-covalently immobi-
lized enzymes [23] and have demonstrated that, upon increasing
the degree of hydrophobicity of reduced graphene oxide (RGO),
there is an increment in the quantity of immobilized enzyme
although its activity decreases. More recently, Macwan et al. have
demonstrated, through molecular dynamics/experimental studies,
that no significant changes in the structure of avidine were ob-
tained after the interaction with graphene sheets [24].

The association of biomolecules (DNA sequences, proteins) with
graphene-derived nanomaterials is a booming field and is widely
used as strategy for the development of electrochemical and plas-
monic biosensors. In this sense, the design of simple and repro-
ducible methodologies for the preparation of biosensors that
ensures the maximum efficiency in the immobilization of the bio-
recognition molecule and the best analytical performance of the
resulting biosensing platforms, is a critical aspect. On the other
hand, the transduction mode plays a crucial role in the overall ef-
ficiency of the biosensor since the final biosensing signal will crit-
ically depend on the scheme used for the transduction. If it is
indirect, it generally involves the use of a probe like in the case of
electrochemical impedance spectroscopy (EIS) [25,26], and if it is
direct, as in the case of surface plasmon resonance (SPR) [27,28],
one usually monitor an intrinsic signal of the equipment.

In this work, we report a critical analysis about the influence of
the strategy used to modify gold surfaces with GO, GO modified
with chitosan (CHIT) (GO-CHIT) and chemically reduced GO-CHIT
(RGO-CHIT) at Au surfaces modified with sodium 3-mercapto-1-
propanesulfonate (MPS) on the covalent immobilization of a
model protein, bovine serum albumin (BSA). We payed special
attention on the electrochemical and optical properties of the
resulting platforms and the correlation between the strategies used
to immobilize the grapheneous material, the amount of BSA
immobilized at each platform and the mode of transducing the
signal. In the following sections we discuss the non-covalent as-
sembly of GO, GO-CHIT and RGO-CHIT at Au modified with MPS and
the electrochemical and plasmonic properties of the different
platforms. The different systems were evaluated using cyclic vol-
tammetry; electrochemical impedance spectroscopy (EIS); scan-
ning electrochemical microscopy (SECM); UV—Vis, FTIR, and Raman

spectroscopy; surface plasmon resonance (SPR); thermogravimetry
(TGA); scanning electronic microscopy (SEM) and {-potential/hy-
drodynamic radius measurements.

2. Materials and methods
2.1. Materials and chemicals

Graphene oxide (GO, aqueous dispersion 4 mg mL~!) was ob-
tained from Graphenea. Chitosan (CHIT, 20—300 cP), poly(-
diallyldimethylammonium chloride) (PDDA, 60—180 cP), bovine
serum albumin (BSA), sodium 3-mercapto-1-propanesulfonate
(MPS), 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), N-
hydroxysuccinimide (NHS), glutaraldehyde (Glut) and 2-(N-mor-
pholino)ethanesulfonic acid (MES) were obtained from Sigma-
Aldrich. Other chemicals were reagent grade and were used
without further purification. All solutions were prepared with
ultra-pure water (18 MQ c¢m) from a Millipore-MilliQ system.

2.2. Synthesis of GO-CHIT and RGO-CHIT conjugates

The CHIT solution (2.00 mg mL™!) was prepared in a 0.100 M
MES buffer pH 5.00 by sonication for 2 h in an ultrasound bath. GO
(1.25 mg mL™") was then added to the polymer solution and son-
icated for 2 additional hours to obtain an homogeneous dispersion.
The amidation reaction (Fig. S1) was carried out by adding the
coupling agents [29] EDC (0.076 M) and NHS (0.076 M) to the
dispersion of GO with CHIT. The mixture was sonicated for another
2 h and then was allowed to react overnight under magnetic stir-
ring. The purification of GO-CHIT was performed by centrifuging
the mixture for 1 h at 6000 rpm, discarding the supernatant and
resuspending the pellet in 0.100 M MES buffer pH 5.00. This pro-
cedure was repeated 5 times to remove all the unreacted CHIT.

RGO-CHIT was obtained by reducing GO-CHIT with excess of
NaBHy4. The GO-CHIT and the reducing agent mixture was left to
react for 24 h with the aid of a magnetic stirrer. The purification was
done following the same protocol as for GO-CHIT.

2.3. Modification of gold substrates

The non-covalent immobilization of GO, GO-CHIT and RGO-CHIT
was performed by LBL self-assembly at a thiol-derivatized gold
substrate. The Au surface was modified by immersing for 60 min in
a 2.00 x 1072 M MPS solution (prepared in 1.60 x 10~> M H,S04
solution) and further rinsing with deionized water. The surface
coverage of MPS (I'vps) was obtained by oxidative desorption ex-
periments performed by cyclic voltammetry [30], being I'yips =
(7.89 + 0.02) x107' mol cm™2.

Non-covalent assembly of PDDA/GO and covalent attachment of
BSA (Scheme 1A). Au/MPS was immersed for 15 min in a PDDA
solution (1.00 mg mL~! prepared in 0.050 M phosphate buffer so-
lution pH 7.40). After rinsing with the phosphate buffer solution,
the resulting Au/MPS/PDDA platform was allowed to interact for
30 min with a 0.50 mg mL~" GO dispersion. The evaluation of the
protein loading capacity was performed by covalent immobiliza-
tion of BSA (which served as model protein), to the carboxylate
residues of GO. Au/MPS/PDDA/GO was activated with a 0.050 M
EDC/NHS mixture for 20 min and then left to interact for 30 min
with 1.00 mg mL~! BSA solution (prepared in 0.050 M phosphate
buffer solution pH 7.40).

The pH of GO dispersions was adjusted to the desired value
using concentrated NaOH solution and immediately assembled at
Au/MPS/PDDA.

Non-covalent assembly of GO-CHIT and RGO-CHIT and covalent
attachment of BSA (Scheme 1B). As the tethered polymer CHIT is
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Scheme 1. Procedure for (A) non-covalent assembly of PPDA/GO over Au/MPS; (B) non-covalent assembly of RGO-CHIT (and GO-CHIT) over Au/MPS.

positively charged under the experimental conditions, both GO-
CHIT and RGO-CHIT, were immobilized directly at Au/MPS by im-
mersion for 60 min in a 0.50 mg mL~' GO-CHIT or RGO-CHIT
dispersion. The covalent immobilization of BSA was performed by
coupling with 1.0 %v/v Glut solution (prepared in 1.0 %v/v acetic
acid solution) for 20 min [31]. After rinsing the resulting platform, it
was left to interact for 30 min with a 1.00 mg mL~! BSA solution
(prepared in 0.200 M acetate buffer solution pH 5.00).

The pH of GO-CHIT/RGO-CHIT dispersions was adjusted to the
desired value using concentrated NaOH solution and immediately
assembled at Au/MPS.

2.4. Apparatus and procedure

UV—Vis experiments were performed with a Shimadzu UV1601
spectrophotometer and a quartz cuvette of 0.1 cm path length. For
exposing the negative charges of the quartz silicate groups (and
therefore emulate the negative charge density of Au/MPS surface)
the cuvette was treated for 20 min in an ultrasound bath with 1.0%
w/v NaOH solution (in 59% v/v ethanol aqueous solution).

Scanning electron microscopy (SEM) images were obtained with
a Field Emission Gun Scanning Electron Microscope (FE-SEM, Zeiss,
=IGMA model).

The FTIR spectra were obtained with a 200X-ATR-V (Interspec-
trum) spectrophotometer using an ATR Miracle cell with Ge crystal
window. Raman spectra were acquired with a LABRAM-HR Horiba
Jobin-Yvon confocal microscope Raman system. The laser excitation
and power were 632.8 nm (He—Ne) and 1.7 mW, respectively.
Dynamic light scattering (DLS) and {-potential measurements were
performed using a Beckman Coulter Delsa Nano C equipment.
Thermogravimetric (TGA) measurements were carried out with a
Shimadzu DTG-60 thermoanalyzer, between 25 and 800 °C (heat
rate: 10 °C min~') under N5 atmosphere.

SPR measurements were done with a single channel AUTOLAB
SPRINGLE instrument (Eco Chemie). The SPR sensor disks (BK 7)
were mounted on a hemicylindrical lens through index-matching
oil to form the base of a cuvette. Sample solutions (60 pL) were
injected manually into the cuvette. The measurements were carried
out under non-flow liquid conditions at (25 + 1) °C.

Scanning electrochemical microscopy (SECM) images were ob-
tained with a CHI900 bipotentiostat (CHInstruments) using a
home-made carbon fiber (diameter ~ 10 pm) as the ultramicro-
electrode (UME) probe. SECM feedback mode was selected to
obtain images of each modified surface using a 5.00 x 1074 M
ferrocene methanol (FcOH) solution. The UME and the substrate
potentials were held at 0.500 V and 0.000 V during the acquisition

of the images and the UME scan rate was 10.0 pm s~ . The SECM
surface plots are depicted by normalizing the current of the UME at
the surface (it) with the steady-state current of the UME positioned
far from the substrate (ir).

Electrochemical experiments were performed with an Autolab
PGSTAT 128 N potentiostat (Metrohm Autolab B.V.) equipped with
a FRA 32 M module. Cyclic voltammetry (CV) experiments were
carried out at a scan rate of v = 0.050 V s~ L. Electrochemical
impedance spectroscopy (EIS) was conducted using 2.00 x 107> M
quinone (Q)/hydroquinone (H2Q) solution as redox probe (pre-
pared in 0.100 M phosphate buffer solution pH 7.40) at open circuit
potential (o.c.p., c.a. 0.070 V), with a potential amplitude of 10 mV
from 10° to 1072 Hz. Gold disk electrodes of 2 mm diameter
(CHInstruments 101) were used as substrate during the electro-
chemical experiments. A platinum wire and an Ag/AgCl/NaCl (3 M)
electrode (Model RE-5B, BAS) were used as counter and reference
electrodes, respectively. The reported potentials are referred to this
reference electrode. All experiments were performed at room
temperature.

3. Results and discussion
3.1. Characterization of GO, GO-CHIT and RGO-CHIT

Fig. 1A depicts the FTIR spectra of CHIT, GO, GO-CHIT and RGO-
CHIT. CHIT spectrum shows two characteristic bands at 1650
(amide 1) and 1592 cm~! (amide 1I), corresponding to the C=0
stretching and N—H deformation, respectively. The bands around
1450—1200 and 1200-900 cm ! correspond to C—H and O—H de-
formations and C—O tensions, respectively. GO spectrum displays
bands at 1734 cm~! (C=0 stretching at GO borders), 1626 cm™!
(conjugated C=C stretching), 1169 cm~! (phenol C—0O stretching),
and 1049 cm~! (epoxy C—O—C stretching). The covalent modifica-
tion of GO with CHIT shifts the amide I and II bands to lower
wavenumbers (1639 cm~! and 1544 cm ™, respectively) due to the
new amide bonds formed between NH; groups of CHIT and COOH
residues of GO. The band corresponding to C=0 bonds of GO still
appears in the spectrum of GO-CHIT (shifted to 1721 cm™') indi-
cating that, after the covalent modification, some carboxylic groups
remained unreacted. The spectrum of RGO-CHIT shows the amide |
and amide II bands (at 1643 and 1540 cm™!) while the one corre-
sponding to the unbonded C=0 groups disappears as a conse-
quence of the reduction with NaBHy4 [32].

Fig. 1B displays the TGA curves for CHIT, GO, GO-CHIT and RGO-
CHIT. The three profiles show a weight loss around 100 °C is
associated to the removal of water ab/adsorbed in the samples. The
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Fig. 1. FTIR spectra (A) and TGA curves (B) for CHIT (—), GO (—), GO-CHIT (—), and RGO-CHIT (—).

TGA curve for CHIT shows a 60% weight loss at 302 °C related to the
thermal and oxidative decomposition of the polymer backbone
[33]. The TGA profile for GO displays a mass loss of 33% at 211 °C
which is associated to the pyrolysis of labile oxygen groups [34,35].
Both processes can be clearly discriminated in the derivative TGA
curves presented in Fig. S2. The higher thermal stability evidenced
by the lower mass loss at c.a. 210 °C and the weight loss at 280 °C
observed in the TGA profile for GO-CHIT (decomposition of CHIT)
are clear indications of the covalent functionalization of GO with
CHIT. The spectrum of RGO-CHIT shows a lower weight-loss mass at
210 °C due to the partial removal of oxygen-containing- groups
after the reduction of GO-CHIT and the corresponding contribution
around 300 °C due to CHIT.

The comparison of the UV—Vis spectra for GO, GO-CHIT and
RGO-CHIT provides additional evidences of the covalent modifica-
tion of GO with CHIT and further reduction of GO (Fig. S3). The
spectrum of GO displays two extinction bands at 234 and 305 nm,
corresponding to the ® — = transition of C=C conjugate bonds
and C=0 bonds, respectively [36]. The covalent attachment of CHIT
to GO changes the dielectric constant of GO surroundings,
upshifting the extinction bands of GO-CHIT spectrum by c.a. 9 nm.
Upon the reduction to RGO-CHIT, the band corresponding to C=C
bonds presents a bathochromic shift (to 260 nm) as 7t conjugation
increases [36].

Figure S4 displays the Raman spectra for GO, GO-CHIT and RGO-
CHIT and Table S1 summarizes the wavenumbers and intensity
ratio for D and G bands. The covalent modification of GO and RGO
with CHIT promotes the stability of the dispersions by preventing
the re-stacking of the sheets, producing a downshift of the 2D band
[37,38] of GO-CHIT and RGO-CHIT compared to GO. Upon reduction
of GO-CHIT, D and G bands shift to lower wavenumbers due to
restauration of graphitic C sp? lattice [34]. The increment of Ip/Ig
ratio from GO-CHIT to RGO-CHIT (Table S1), reveals that upon
treatment of GO-CHIT with NaBH4 RGO-CHIT sp2 domains size in-
creases. As stated by Ferrari et al. [39,40], Ip/I; decreases when sp2
carbon hexagonal structure starts to disappear.

3.2. Characterization of gold surfaces modified with dispersions of
GO, GO-CHIT and RGO-CHIT and BSA

In the previous section we have demonstrated the effective
covalent functionalization of GO with CHIT and further reduction to
obtain RGO-CHIT. In this section we discuss the non-covalent
immobilization of GO, GO-CHIT and RGO-CHIT at Au/MPS and the

covalent binding of the model protein, BSA, at the resulting Au-
modified surfaces.

Fig. 2 depicts the SPR profiles obtained during the non-covalent
immobilization of PDDA and GO (A), GO-CHIT (B) and RGO-CHIT (C)
at Au/MPS, and the covalent attachment of BSA at each of the
resulting platforms. The fast increase of SPR angle (0spg) observed
after the immobilization of the different grapheneous materials
either to the positively charged PDDA (A) or to the negatively
charged MPS (B and C), is indicative of a rapid and efficient
adsorption. The interaction of the different platforms (Au/MPS/
PDDA/GO, Au/MPS/GO-CHIT and Au/MPS/RGO-CHIT) with
1.00 mg mL~! BSA also produces an important and fast increase of
Ospr as a consequence of the covalent attachment of the protein to
the carboxylic groups of GO through EDC/NHS chemistry (A) or to
the amine groups of CHIT through the use of Glut (B and C). The
change in the SPR angle before and after the attachment of BSA and
careful washing of the surface (AOspr), is related to the mass of
protein immobilized at the surface [41]. Therefore, these AOspg let
us to obtain the surface coverages of the protein (I'gsa) at the
different platforms, being 8.21 x 1072, 314 x 1072 and
4.46 x 10~'2 mol cm~2 at Au/MPS/PDDA/GO, Au/MPS/GO-CHIT and
Au/MPS/RGO-CHIT, respectively.

The construction of the different architectures was also evalu-
ated by electrochemical techniques using FcOH as redox marker.
Fig. 3A displays the peak potential separation (AEp) for
5.00 x 1074 M FcOH obtained from CV experiments performed
after each step during the non-covalent immobilization of GO, GO-
CHIT and RGO-CHIT at Au/MPS and the covalent attachment of BSA
at the different platforms. CVs were performed at a scan rate of
0.050 V s~ ! and are shown in Fig. S5. Upon the modification of Au
with MPS, AE,, increases because of surface blockage produced by
the thiol. The adsorption of PDDA at Au/MPS generates a positively
charged film that electrostatically repels the oxidation product of
FcOH, FcOH® ™, generating an increment of AEp. The self-assembly
of GO at Au/MPS/PDDA produces the opposite effect due to the
screening of PDDA positive charges by GO. At variance with the
immobilization of GO at Au/MPS/PDDA, the assembly of GO-CHIT at
Au/MPS produces an increment of AE,, due to the blocking effect of
the tethered-polymer. In the case of Au/MPS/RGO-CHIT, in spite of
the presence of the polymer, the assembly of RGO-CHIT produces a
decrease of AEp, from (127 + 4) mV to (93 + 4) mV associated with
the improvement in the charge transfer kinetics of the redox probe
due to the restoration of the sp? character of the graphitic network
after reduction of GO-CHIT with NaBH4 [42]. The covalent
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Fig. 2. A) Sensorgram obtained during the assembly of PDDA (.|,) and GO (4), activation
with EDC/NHS (1) and covalent immobilization of BSA (1). Black arrows indicate the
addition of phosphate buffer solution for rinsing the loosely bound materials. B)
Sensorgram obtained during the assembly of GO-CHIT (4), coupling with Glut (1) and
covalent immobilization of BSA (1). The other arrows indicate the addition of phos-
phate buffer solution (1), 1% v/v acetic acid () and 0.200 M acetic acid solution pH 5.00
(1) for rinsing the loosely bound materials. C) Sensorgram obtained during the as-
sembly of RGO-CHIT (1), coupling with Glut (1) and covalent immobilization of BSA (1).
The other arrows indicate the addition of phosphate buffer solution (1), 1% v/v acetic
acid (1) and 0.200 M acetic acid solution pH 5.00 (1) for rinsing the loosely bound
materials.

immobilization of BSA at any of the three platforms sluggish the
FcOH charge transfer, rising AE,, effect that is more or less pro-
nounced depending on the amount of the model protein at the gold
surface (as it will be discussed in the following paragraphs).

SECM feedback images were also used to evaluate the different
architectures with FcOH as redox mediator. Fig. 3B shows the
normalized currents (ir/it) of UME at Au (a), Au/MPS/PDDA (b)
and Au/MPS/PDDA/GO (c). The modification of Au with MPS and
PDDA produces a decrease in the normalized currents due to the
presence of the thiol and the positive layer of PDDA. The adsorption
of GO at Au/MPS/PDDA restores ir/it to values close to bare Au
electrode. SECM surface plot of Fig. 3C displays the profiles of the
normalized currents for Au (a) and Au/MPS/GO-CHIT (b). As in the
case previously described, the platform shows a relatively homo-
geneous local electroactivity although, at variance with the
immobilization of GO at Au/MPS/PDDA, the incorporation of GO-
CHIT produces a decrease in ir/it. compared to bare Au, due to
the blocking effect of the CHIT polymeric chains, in agreement with
the voltammetric results previously described. Unlike the relatively
smooth response obtained for Au/MPS/PDDA/GO and Au/MPS/GO-
CHIT, the SECM profile of Au/MPS/RGO-CHIT (Fig. 3D) reveals areas
with considerably different electroactivity, with it/ir o, values lower
and higher than that for bare Au, demonstrating a non-
homogeneous distribution of RGO-CHIT on the surfaces. The
average irfit, values are higher than that obtained with bare Au
which is in consonance with the improvement observed in the
voltammetric experiments after incorporation of RGO-CHIT. In
conclusion, SECM and CV results showed that, from the electro-
chemical point of view, the most reactive surface is Au/MPS/RGO-
CHIT mainly due to the characteristics of RGO.

3.3. Effect of the pH of the grapheneous materials-dispersions on
the construction of the platforms

To facilitate the understanding of the immobilization of BSA at
Au/MPS/PDDA/GO, Au/MPS/GO-CHIT and Au/MPS/RGO-CHIT and
taking into account the acid-base characteristics of GO and CHIT, we
studied the effect of the pH used to prepare the nanomaterials
dispersions on the dispersability and stability of GO, GO-CHIT and
RGO-CHIT.

Fig. 4 displays the variation of the hydrodynamic radius and ¢-
potential as a function of the pH of the dispersions. GO colloidal
dispersions are charge-stabilized [43,44], therefore, at low pHs the
carboxylic groups of GO are protonated, decreasing the hydrophi-
licity of the sheets [45], inducing aggregation and increase in the
radius (Fig. 4A). As the pH increases up to pH 8.00, the deproto-
nation of the carboxylic groups produces a decrease of {-potential
and, therefore, of the hydrodynamic radius, due to the increase of
GO negative charges density. The minimum in {-potential and hy-
drodynamic radius observed at pH 8.00 is associated with the
screening of the negative charges of GO while adjusting the pH
[44—46] as a result of the increase in the ionic strength. Unlike GO,
GO-CHIT and RGO-CHIT have positive values of {-potentials
(Fig. 4B) since the colloidal charge-stabilization comes from the
ammonium groups of CHIT polymeric chains (pKa,cyir ranges be-
tween 4 and 6 depending on the length and degree of deacetylation
[47,48]). When the pH increases, the {-potentials become lower and
the hydrodynamic radius increases due to the deprotonation of the
—NHj; residues of CHIT that decreases the positive charge density of
the colloid and the polymer chains roll up and form aggregates
through van de Waals and hydrogen bonding interactions. In fact,
above pH 6.00 the dispersion is not stable and it precipitates once
suspended the ultrasound treatment.

The influence of the pH of the grapheneous materials disper-
sions on their assembly at Au/MPS was evaluated through the
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Fig. 3. A) Peak potential difference (AE;) obtained from CV experiments using 5.00 x 10~ M FcOH as redox probe. The first part corresponds to the modification of Au with MPS,
common for the three strategies. The second, third and fourth blocks of bars are for the modification of Au/MPS with PDDA/GO, GO-CHIT and RGO-CHIT and the subsequent binding
of the model protein, respectively. Supporting electrolyte: 0.100 M phosphate buffer solution 7.40. v = 0.050 V s~ . B) SECM feedback plots obtained at Au (a), Au/MPS/PDDA (b), and
Au/MPS/PDDA/GO (c). C) SECM feedback plots obtained at Au (a), and Au/MPS/GO-CHIT (b). D) SECM feedback plots obtained at Au (a), and Au/MPS/RGO-CHIT (b). SECM conditions:
Eume = 0.500 V, Egupstrae = 0.000 V, scan rate = 10.0 um s, redox probe = 5.00 x 10~ FcOH solution, supporting electrolyte = 0.100 M phosphate buffer solution 7.40.

resulting local electrochemical properties. Fig. 5A shows SECM
surface plots for Au/MPS/PDDA after the assembly of GO disper-
sions of different pHs. As the pH of the dispersion increases, there is
an increment in the normalized currents up to pH 8.00, to decrease
thereafter. This maximum is connected with the minimum in GO ¢-
potential profile and is related to a higher density of carboxylate
groups and a better GO dispersion. Fig. 5B displays the SECM im-
ages for Au/MPS/GO-CHIT using GO-CHIT dispersions of different
pHs. At more acidic pHs, the normalized currents are smaller than
that obtained at bare Au as a consequence of the blocking effect of
the polymer and the presence of protonated amine residues. As the
pH of the dispersion increases the normalized currents also in-
crease due to the deprotonation of CHIT (although remain smaller
than the normalized current at bare Au electrode). SECM surface
plots for RGO-CHIT (Fig. 5C) shows that when the dispersion is
prepared at pHs close to the pka of CHIT, lower and non-
homogeneous ir/ir values are observed, due to the poor dispers-
ability of RGO-CHIT and formation of aggregates at the surface.
Conversely, the profile at pH 2.00 presents it/iT values higher than
those for bare Au and shows a more homogeneous response since
the protonated nature of CHIT grafted chains facilitates the inter-
action with the underlying negative charges of Au/MPS. These re-
sults demonstrate that, even considering the blocking effect of the
CHIT that modifies RGO, when the dispersability of RGO-CHIT is
optimal (pH < pKa), the electroactive behavior of the RGO is the one
that prevails.

Since the variation in the pH of the grapheneous materials
dispersions produces important changes in the morphology and
electrochemical reactivity of the platforms, we also evaluated the

influence of the pH of the dispersions on the immobilization of BSA.
Fig. 6A shows the effect of the pH of GO dispersions assembled at
Au/MPS/PDDA on I'gsp (obtained from SPR experiments). The
higher amount of GO carboxylate groups obtained with the in-
crease of the dispersion pH increases the number of protein
anchoring points producing an increment in I'gsa up to pH 8.00. At
pH > 8.00 I'gsp decreases in the same way as the {-potential
behavior (Fig. 4A). In the case of GO-CHIT (Fig. 6B), the increase of
pH produces a decrease in the amount of BSA attached to Au/MPS/
GO-CHIT due to a lower amount of anchoring points as a conse-
quence of the poor dispersability of RGO-CHIT, as it was previously
described. The profile of I'gsa versus pH obtained for the assembling
at Au/MPS/RGO-CHIT (Fig. 6C), is similar to the one observed for Au/
MPS/GO-CHIT.

It is widely known that EIS is a powerful tool for the detection of
protein binding processes at electrodes surfaces. Hence, we per-
formed EIS experiments for Au/MPS/PDDA/GO (Fig. S6), Au/MPS/
GO-CHIT (Fig. S7) and Au/MPS/RGO-CHIT (Fig. S8) before and af-
ter the assembling of BSA using 2.00 x 10> M Q/H»Q as redox
probe (prepared in a 0.100 M phosphate buffer solution pH 7.40).
This couple is adsorbed at sp? carbon during electron transfer [49)]
and, in this way, is sensitive to the surface blockage/coverage.
Fig. 6D depicts the total resistances (R) obtained at Au/MPS/PDDA/
GO (orange bars) and Au/MPS/PDDA/GO/BSA (purple bars), from
the corresponding EIS spectra fittings (equivalent circuits and a
short explanation of how R was obtained can be found in the
Supporting Information). In consonance with previous results, the
smallest value of R is obtained when the pH of GO dispersion is 8.00
because, even when GO is an electrical insulator, its ko is higher
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Fig. 4. GO (A) and GO-CHIT/RGO-CHIT (B) dispersion pH dependence of {-potential
(@, left axis) and hydrodynamic radius (@, right axis).

than that of the subjacent Au/MPS/PDDA layer. The covalent
immobilization of BSA at Au/MPS/PDDA generates an increment in
R at all pHs due to the surface blockage and reaction kinetics hin-
dering (purple bars). Therefore, at pH 8.00 the maximum mass
loading of BSA generates the highest increment in R for Q/H>Q. The
variation of R for Q/H,Q before and after BSA immobilization was
also evaluated at Au/MPS/GO-CHIT (Fig. 6E). At pH 2.00, even when
GO-CHIT is an electrical insulator, since its kg is higher than that for
Au/MPS layer, the R is the smallest and the main responsible is the
assembly of a larger amount of nanomaterial under these condi-
tions (orange bars). As the pH of the GO-CHIT assembled dispersion
increases, the amount of immobilized dispersion is reduced and the
total R increases due to the incomplete coverage of the passivated
Au/MPS surface. The assembly of BSA produces important changes
in R at lower pHs because the density of amino groups and the
amount of BSA linked to the platform are maximum and generates
the largest difference in R (Fig. 6E, purple bars). As the pH increases,
the blockage of the surface by the aggregation of CHIT functional-
ized nanomaterials is the most important effect (compared to the
blocking effect of the protein) and the change in R is smaller. As the
pH increases, the presence of lower amount of GO-CHIT at the
surface and, consequently, lower protein coverage, produce smaller
changes in R. Regarding RGO-CHIT (Fig. 6F, orange bars), the profile
of R with the pH of the assembled dispersion is similar to the one
obtained for Au/MPS/GO-CHIT although the absolute values are

A 1.4

Fig. 5. A) SECM surface plots obtained at Au/MPS/PDDA and Au/MPS/PDDA/GO after
the assembly of 0.50 mg mL~! GO dispersions at various pH: 6.00, 8.00 and 9.00. B)
SECM surface plots obtained at Au and Au/MPS/GO-CHIT after the assembly of
0.50 mg mL~! GO-CHIT dispersions at various pH: 6.00, 4.00 and 2.00. C) SECM surface
plots obtained at Au and Au/MPS/RGO-CHIT after the assembly of 0.50 mg mL~! RGO-
CHIT dispersions at various pH: 6.00, 4.00 and 2.00. Table S2, S3 and S4 (in the sup-
porting information) shows the average values for each condition of Au/MPS/PDDA/
GO, Au/MPS/GO-CHIT and Au/MPS/RGO-CHIT, respectively. SECM conditions as in
Fig. 3B—D.

smaller because of the higher C sp?/sp? ratio and conductive nature
of RGO. The covalent immobilization of BSA makes the total R to
increase due to surface blockage (Fig. 6F, purple bars). Since the
platform assembled at pH 2.00 is the one with the highest amount
of RGO-CHIT (and largest density of —NH, groups), it is the one with
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Fig. 6. First row. BSA surface coverages (I'gsa) as a function of graphene-derived dispersion pH assembled at Au/MPS for GO (A), GO-CHIT (B) and RGO-CHIT (C). I'gsa was obtained
from independent SPR experiments at each condition, through A6spr due to the covalent immobilization of the model protein. Second row. Resistance dependency with graphene-
derived dispersion pH assembled at Au/MPS for GO (D), GO-CHIT (E) and RGO-CHIT (F). The total resistances were obtained by fitting the EIS spectra in 2.00 x 10> M Q/H,Q
solution with a capillary membrane-equivalent circuit. Orange bars correspond to R, values before BSA covalent immobilization at the platforms and purple bars, to the values after
tethering the model protein. EIS spectra and equivalent circuit used to fit the data are depicted in Figs. S6—8, in the Supporting Information. Measurement conditions: E4c = 0.c.p.
(c.a. 0.070 V), amplitude = 10 mV, frequency range = 10° to 102 Hz, supporting electrolyte = 0.100 M phosphate buffer solution 7.40.

the largest change in R. In summary, lower pHs favor the assembly
of RGO-CHIT at Au/MPS and the attachment of BSA at Au/MPS/RGO-
CHIT, amplifying the changes in R.

3.4. Final comparison: grapheneous material versus transduction of
the model protein assembly

Table 1 presents the most relevant results obtained for the
different platforms regarding SECM surface reactivity, SEM images,
grapheneous-materials coverages, I'gsa, and the percentage of in-
crease of R.

The first row of the table displays SEM images of the different
platforms. They reveal that Au/MPS/PDDA/GO is the platform that
possesses the most homogeneous coverage of the surface. How-
ever, in all cases is possible to distinguish the graphenoid sheets
with their jagged edges and irregular facets. A good interconnec-
tion between the different graphenoid sheets is also evident for the
three surfaces, in agreement with the SECM surface plots presented
in the second row. The SECM plots show the highest ir/ir, for Au/
MPS/RGO-CHIT, demonstrating that among the three platforms, it is
the most electroactive platform due to restoration of C sp? network
after the reduction with NaBH4. This is supported by the fact that
R¢t is the lowest for Au/MPS/RGO-CHIT platform (note the resis-
tance values of Fig. 6D—F).

The coverage values calculated by UV—Vis spectroscopy (third
row of Table 1) are in agreement with the coverages shown in SEM
images: Au/MPS/GO-CHIT and Au/MPS/RGO-CHIT contain about
half of nanomaterial than Au/MPS/PDDA/GO, and they present
almost the half of I'gsa, clearly demonstrating the direct connection
between nanomaterial coverage and protein loading.

Consequently, for the development of biosensors where the
recognition layer is a protein and the detection method is direct and
depends on the amount of immobilized protein (SPR, for example),
one has to optimize how the assembly conditions/methodology
affect the platform's protein loading. For our case, as Au/MPS/
PDDA/GO has the highest availability of protein anchoring points, is
the chosen one.

The last row of Table 1 presents the change of R for Q/H,Q before
and after BSA immobilization. The platform that possesses the
highest change is Au/MPS/RGO-CHIT, however, it is not associated
with the amount of immobilized nanomaterial or I'gsa, since Au/
MPS/PDDA incorporates about twice as much GO than RGO-CHIT at
Au/MPS, and I'gsa is almost the half of the one obtained at Au/MPS/
PDDA/GO. The higher change in the R is due to the conductive
nature of RGO-CHIT that makes it more sensitive to surface
blockage. Therefore, for the development of biosensors where the
transduction is based on the changes of the electrochemical prop-
erties of an inner-sphere redox marker (as in the case of EIS), one
has to optimize the methodology to maximize the differences in
charge transfer without and with the protein insulating layer. In our
analyzed systems, this accomplished with the Au/MPS/RGO-CHIT
platform.

4. Conclusions

We reported here the importance of performing a rational se-
lection of the graphene-derived materials (GO, GO-CHIT or RGO-
CHIT) and the conditions for their incorporation at gold surfaces
for the successful immobilization of BSA (taken as model protein).
We demonstrated the importance of the pH of the grapheneous
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Table 1

General comparison of the most relevant results for each strategy: Au/MPS/PDDA/GO, Au/MPS/GO-CHIT, and Au/MPS/RGO-CHIT.

PDDA/GO

GO-CHIT

RGO-CHIT

Surface morphology (SEM)

Surface electroactivity
(SECM)*

1.080
1.131

0 20 40 60 &
x/ipm
Nanomaterial surface 6.90 x 1074 3.78 x 1074 364 x 1074
coverage”/mg cm 2
['gsa/mol cm—2 9.18 x 10712 433 x 10712 550 x 10712
R percentage increase“ 269 110 821

2 SECM images depicted in previous sections, presented in 2D.

b Obtained through the assembly of PDDA/GO, GO-CHIT or RGO-CHIT at an activated quartz cuvette. The assembly was performed in the same fashion as over the Au
substrates. Nanomaterial coverages were obtained after recording the UV—Vis spectra, using the extinction coefficients ¢ previously calculated from dispersions of known
concentrations at the maximum of absorption. (GO, 230 nm) = 49.0 mL mg~! cm~. ¢(GO-CHIT, 232 nm) = 22.4 mL mg~! cm~'. ¢(RGO-CHIT, 258 nm) = 22.0 mL mg~' cm~".

¢ Calculated as [R(with BSA) — R(without BSA)]*100/R(without BSA).

materials dispersions in two crucial aspects: i) the amount of
nanomaterial and BSA attached at the gold surfaces, and ii) the
electrochemical and plasmonic properties of the resulting plat-
forms. The other critical aspect we studied here, intimately related
to the amount of nanomaterial and protein coverage, is the
importance of performing a rational selection of the technique used
for transducing the signal according to the characteristics of the
platform. These results demonstrated that the knowledge of basic
information of a nano-bio-platform based on grapheneous-
materials and proteins, going from the immobilization of the
grapheneous-nanomaterial step to the final transduction scheme is
essential to further obtain biosensing platforms with good analyt-
ical performance.

For our system (immobilization of BSA at Au/MPS/PDDA/GO, Au/
MPS/GO-CHIT and Au/MPS/RGO-CHIT) we demonstrated that, if the
detection method depends on the direct quantification of the
amount of BSA immobilized at the platform, the use of GO is the
best option while if the detection mode depends on the changes in
the electrochemical response of a redox marker, the use of RGO is
the most appropriate.
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