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a b s t r a c t

Polyethylenimine (PEI)-decorated gold nanoparticles (AuNP) were electrodeposited on conductive sur-
faces in one-step procedure. Solution-state NMR evidenced that chloride from PEI.HCl was partially
exchanged by AuCl4

� prior to AuNP formation. XPS studies indicated the presence of Au� together with
the interaction between AuNP with nitrogen atoms of the PEI polymer. The particle size by DLS was
49 nm. The electrochemical behavior of bare electrode and of glassy carbon electrode modified with PEI-
decorated AuNP was compared using [Fe(CN)6]

3-/4- redox probe, to determine the potential role of the
nanomaterial and of the polymer in the detection of proteins. The most relevant experimental variables
from cyclic voltammetry (CV), square-wave voltammetry (SWV) and electrochemical impedance spec-
troscopy (EIS) were used for the characterization of protein uptake. The adsorption by electrostatic
interaction between the biomolecules and the positively charged polymer (PEIHþ) affected negatively the
current response (Ip) of the probe, especially when the negatively charged protein was involved. This
platform resulted adequate to immobilize proteins and to characterize this process, for further appli-
cations as a tool in bioanalysis or biotechnology.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Surface modification is usually addressed to improve or to
impart new interface properties with biomedical, synthetical or
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(bio)sensing purposes [1e4]. The coverage of gold nanoparticles
(AuNP)with (bio)polymers which can be further functionalized, is a
powerful strategy in the design of platforms with controlled
physico-chemical properties. These composites have good stability
based on dispersive or van der Waals, electrostatic, hydrogen or
covalent bonds [5]. In the broad context of nanostructures appli-
cability, liposomal stabilization [6], efficiency in ion recovery [7],
effectiveness in gene delivery [8], or palladium nanocatalysts ac-
tivity enhancement [9], could be achieved by nanosurface coverage
with amphiphilic/hydrophylic polymers. When the polymer
around the NPs presents amino groups, it can be activated by
means of glutaraldehyde, and linked to basic molecules such as
receptors, antigens or enzymes with analytical or (bio)medical
purposes [10].
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AuNP can be chemically synthesized from HAuCl4 in the pres-
ence of a reducing agent and ionic macromolecules that stabilize
the colloid and prevent from sedimentation [11], or to be used in
biosensing [12e14]. Another approach involves the electrodeposi-
tion of gold nanostructures (AuNS) from HAuCl4 solution on highly
rough electrode surfaces [15], or on polymer-modified surfaces
[16,17]. A one-step electrosynthesis of AuNP decorated with chi-
tosan (CS, a basic polymer) was made by mixing HAuCl4 and CS in
the solutionwhere the working electrode was polarized at negative
potential [18,19].

In this work, we used the one-step strategy of AuNP electro-
deposition and simultaneous modification with a hydrophylic
polymer. The gold nanoparticles (AuNP) modified with linear 87-
kDa polyethylenimine (PEI) were deposited on a conducting sur-
face by application of a reductive potential in the presence of Au(III)
and the polymeric ligand. Then, the attached PEI molecules were
activated with GA in order to immobilize proteins. Bovine serum
albumin (BSA; 66 kDa; isoelectric point: 4.7) and a recombinant
envelope protein of Simian Immunodeficiency Virus (SIVgp120;
predicted molecular mass of 65 kDa, theoretical isoelectric point:
8.11) resulted covalently anchored under this procedure. The
methods selected to monitor the efficiency of surface modification
were cyclic voltammetry (CV), square-wave voltammetry (SWV)
and electrochemical impedance spectroscopy (EIS), which could
reveal diffusion and/or kinetics constrains or enhancement upon
addition of modifier components.

A modified-electrode surface can be able to catalyze the elec-
trochemical reaction of a redox probe present in the measuring
solution, and EIS is a powerful methodology to study these pro-
cesses. One of the relevant measured parameters could be the
charge transfer resistance (Rct), the real component of impedance at
low frequency values. The interaction of the modifying layer with a
biomolecule is expected to cause an increase in Rct as the faradaic
reaction of the redox probe becomes increasingly hindered.
Sometimes the interaction is much complex, affecting also the
diffusion of the probe or even the capacitance of the conducting
surface. The redox probe has to be chosen considering that these
species must have no effects on the stability and the activity of the
electrode assembly. [Fe(CN)6]3�/4� is an outer-sphere redox probe
of somewhat unique surface sensitivity which can generate a
complicated behavior, reason by which the contact time between
this redox couple and gold electrodes must beminimal [20]. SWV is
another frequency dependent electrochemical technique, in which
the enhanced faradic component of the current has both anodic and
cathodic contributions [21]. This is equivalent to using low fre-
quencies to estimate Rct in EIS [22].

The combination of the information collected from these studies
supported the hypothesis of a versatile platform for biomolecules
immobilization and/or sensing. The response to different stimuli on
the modified layer provided the most relevant experimental vari-
ables to evidence interactions between protein and polymeric
ligand. The effect of chemical properties was also studied and the
nature of the interactions was discussed.

2. Experimental

2.1. Reagents

Potassium hexacyanoferrate(II) trihydrate, 98.5e102.0%
(K4Fe(CN)6$3H2O), potassium hexacyanoferrate(III) (K3Fe(CN)6),
hydrogen tetrachloroaurate(III) trihydrate (HAuCl4$3H2O, 99.9%),
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES)> 99.5%, glutaraldehyde solution Grade I 70% wt in H2O,
and bovine serum albumin (BSA; 66 kDa)> 98% were purchased
from Sigma-Aldrich. The linear polyethylenimine hydrochloride
(PEI.HCl) 87 kDa polymer was synthesized according to a previous
report [23].

2.2. Expression and purification of the recombinant viral surface
protein of SIV (SIVgp120-65 kDa)

The recombinant surface viral protein (the envelope gp120, for
its apparent molecular weight of 120 kDa) was expressed in a
bacterial host (BL21-DE3 competent cells, ThermoFisher) using a
vector (pRSET; Invitrogen™) containing the coding sequence of the
protein. The DNA encoding the SIV gp120 was obtained by PCR
amplification with specific primers from the proviral DNA of
SIV239. The vector used allows the expression of the protein as
fusion with a 6xHis tag (6xHis-SIVgp120), enabling its purification
by immobilized metal affinity chromatography (IMAC) using the
HisPur™ Ni NTA purification Kit (ThermoFisher). Upon cloning and
selection, the construct was sequenced before induction of protein
expression. Several micro-scale tests were performed to determine
the best conditions for the expression and purification steps. The
correct apparent MW along with the quality of the purified protein
was analyzed by SDS-PAGE, stained with Coomassie G-250 Sim-
plyBlue Safe Stain (Invitrogen). After the analysis, the protein that
remained dissolved in imidazole buffer after the purification step,
was dialyzed twice against distilled water. The UV spectrum of the
resulting solution was used to determine the concentration. The
molecular mass as well as the theoretical isoelectric point of the
protein was calculated from its amino acid sequence using the
ProtParam Tools on the ExPASy Server [24]. The predicted molec-
ular mass of the protein resulted in 65 kDa and a theoretical iso-
electric point of 8.11.

2.3. Instrumental

The electrochemistry measurements were performed with a
home-made microprocessor-controlled electrochemical analyzer
with electrochemical impedance spectroscopy module. Experi-
ments were performed in a 10-mL cell with a 7-mm2 GC working
electrode (BASinc), a graphite auxiliary electrode and an Ag/AgCl/
3M KCl reference electrode (BASinc), using 0.100M HEPES buffer
solution brought to pH 6.5. The NMR experiments were performed
at room temperature in a Bruker Ascend-600 spectrometer.

XPS studies were performed on a Physical Electronics spec-
trometer (PHI Versa Probe II Scanning XPS Microprobe) with
scanning monochromatic X-ray Al Ka radiation (100 mm, 100W,
20 kV, 1486.6 eV) as the excitation source, and a dual beam charge
neutralizer. High-resolution spectra were recorded at a given take-
off angle of 45� by a concentric hemispherical analyzer operating in
the constant pass energy mode at 23.5 eV, using a 1400 mm line
(with a 100 mmdiameter of the x-ray highly focused beam) analysis
area. The spectrometer energy scale was calibrated using Cu 2p3/2,
Ag 3d5/2, and Au 4f7/2 photoelectron lines at 932.7, 368.2 and
84.0 eV, respectively. Under a constant pass energy mode at 23.5 eV
condition, the Au 4f7/2 line was recorded with 0.73 eV FWHM at a
binding energy (BE) of 84.0 eV. PHI Smart Soft-VP 2.6.3.4 software
package was used for acquisition and data analysis. A Shirley-type
background was subtracted from the signals. Recorded spectra
were always fitted using GausseLorentz curves. Atomic concen-
tration percentages of the characteristic elements of the surfaces
were determined taking into account the corresponding area
sensitivity factor for the different measured spectral regions.

Electron microscopy images were obtained on a Zeiss Supra 40
and Quanta FEG 250 scanning electron microscopes (SEM). Dy-
namic Light Scattering (DLS) was made with a Zetasizer Nano-Zs,
Malvern Instruments, Worcestershire, UK. Visible spectra were
obtained with an Evolution Array UVevisible Spectrophotometer
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from Thermo Scientific.
Quartz crystal microbalance (QCM) measurements were made

with a Gamry's eQCM 10M instrument using 6-MHz gold-coated
crystals; the series resonant frequency (fs) from Butterworth van
Dyke equivalent circuit model was plotted against time. When a
deposited film is thin and rigid, the decrease in frequency can be
directly correlated to the increase in mass using the Sauerbrey
equation [25].

2.4. Modification of GCE surface and experiment setup

The 3-mm diameter GCE (BASinc) was polished with 0.3-mm
alumina powder, rinsedwith distilled water and ethanol, and left to
dry at room temperature. The PEI-Au solution was made of 1.0mg
of hydrogen tetrachloroaurate(III) trihydrate (HAuCl4$3H2O) and
5.0mg of 87-kDa linear PEI.HCl in 4.0mL of distilled water. The
electrochemical cell was prepared with the GCE, an Ag/AgCl/3M
KCl reference electrode and a graphite auxiliary electrode
immersed in this solution. A constant electrode potential of �1.2 V
vs (Ag/AgCl) was applied for an interval of time under stirring. The
adequate time of depositionwas determined in 45 s. In the absence
of PEI.HCl, an Au0

filmwas electrodeposited on the GC surface after
45 s of polarization.

Then, GCE/AuNP-PEI was rinsed with distilled water, soaked in
10mL of 0.15M NH3 solution for 10min to neutralize the polymeric
eNH2

þe and eNH3
þ sites, and left to dry at room temperature. The

eNH2 groups of GCE/AuNP-PEI were activated with 5.0 mL of 2%
glutaraldehyde (GA) incubated at 4 �C for 30min [10], then washed
with distilled water and left to dry in air at room temperature.
Finally, the electrode surface was covered with 5.0 mL of 2mgmL�1

protein solution (10 mg of protein), incubated for 30min at room
temperature and rinsed with three portions of distilled water.

Two proteins were used to evaluate the efficiency of surface
modification: 66-kDa bovine serum albumin (BSA) and 65-kDa
recombinant surface protein from SIV (SIVgp120). Each protein
was dissolved in distilled water to be dropped on the electrode
surface.

The electrochemical characteristics of the modified electrodes
and their controls were measured by CV, EIS and SWV, in a con-
ventional electrochemical cell containing the three-electrode
arrangement. The electrochemical measurements were per-
formed in 0.100M HEPES (pH 6.5) containing 5.0mM K3[Fe(CN)6]/
K4[Fe(CN)6] (1:1) mixture. The pH value was selected close to
neutrality considering both the optimal electrochemical response
of the redox probe, and the protonation of PEI polymer.

In CV experiments the electrode potential was varied from �0.2
to þ0.8 V vs (Ag/AgCl), at the scan rate of 50 mV s�1 to monitor the
current variation. Square-wave voltammetry (SWV)was carried out
at amplitude of 10 mV, step potential of 1 mV or 5 mV, frequency of
10 Hz, and applied potential difference range from�0.2 toþ0.8 V vs
(Ag/AgCl).

Previous to each EIS experiment, the open circuit potential
(OCP) was measured. This value was then set as the direct current
applied potential difference (DCV) of the EIS measurement,
obtaining 30 data points in the frequency range of 50000e0.25 Hz
with 10 mV of alternate current applied potential difference (ACV)
amplitude. These last parameters were evaluated in a range to
finally select the optimum value for each one. The GCE surface was
regenerated by applying þ1.0 V vs (Ag/AgCl) in 0.1 M HCl solution
for at least 10 min under stirring, preceded and followed by pol-
ishing with 0.3-mm alumina powder.

For SEM, visible and XPS spectroscopic characterization, Indium
Tin Oxide (ITO films) coated glasses (XOP Glass, XOP Física S.L.,
Spain) were used as working electrodes. The material (AuNP-PEI)
was electrodeposited at �1.2 V vs (Ag/AgCl) for 180 s.
For QCM measurements, the Fil-Tech, QI8010, 6MHz gold-
coated crystals were used; AuNP-PEI was electrodeposited
at �1.2 V vs (Ag/AgCl) for 90 s. The modified crystals were washed
three times with 5-mL aliquots of distilled water before assembly;
then the cell was filled with 5mL of distilled water, and later either
NH3 or HCl was added.

3. Results and discussion

AuNPwere deposited on a conducting surface by application of a
reductive potential in the presence of Au(III) and the polymeric
ligand. The visible spectrum of the dark reddish-brown film on the
surface of ITO glasses, exhibited a broad absorption band with a
maximum at 678 nm: the surface plasmon resonance band corre-
sponding to gold nanostructures (Fig. S1). In parallel, the yellow
Au(III)-PEI solution used for electrodeposition became pink, the
typical plasmon resonance band from Au�-NPs was observed at
540 nm together with a zeta-potential value of þ18.5 ± 2.5 mV and
a size distribution of 49.1 ± 1.0 nm from dynamic light scattering
experiments (Fig. S1). The resonance band was also present in a
colloidal solution of Au� stabilized by citrate. In the absence of
dissolved PEI.HCl, the reduction of HAuCl4 brought to the deposi-
tion of a thin film (from blue to golden, according with the thick-
ness) on the GC or ITO substrate. These results indicated that the
positively charged polymeric ligand acted stabilizing the AuNP on
the surface and in solution.

The SEM micrographs in Fig. 1 revealed that AuNP-PEI coating
was uniformly distributed on the conducting substrate, and the
roughness was increased when compared with Au� layer. PEI itself
has an adhesion promoting ability on several surfaces, which would
assist the deposition [26]. In this context, the coverage resulted
affected by PEI chains length: more nuclei were observed on the
surface when the linear chain was larger, and the layer topography
resulted more homogeneous when the polymer was branched
(Fig. S2).

The gold-coated quartz crystals modified with AuNP-PEI were
used to evaluate the film response to pH changes. The addition of
NH3 to the aqueous medium in contact with the modified crystal
induced a sharp increase of the series resonance frequency (fs)
consistent with mass loss from the thin film due to deprotonation
of eNH2

þe and eNH3
þ sites (Fig. S3).

On the other hand, amine groups from PEI chains exposed to
distilled water were expected to be mostly protonated. But the
addition of HCl produced a sharp decrease of fs, indicating that the
mass of the coating increased (Fig. S3). Here, the protonation and
solvation of some remaining amine groups on the surface probably
induced chain stretching by electrostatic repulsion, exposing hid-
den eNHe and eNH2 residues which also accepted Hþ and became
solvated [27].

The basic sites from PEI were protonated even in distilled water
or at pH 6.5 of HEPES buffer, so the PEI layer was treated with NH3
to neutralize Hþ before the activation step. Then, the eNH2 end
groups from the chains were converted to the imine linkeN]Ce in
the presence of GA reagent, introducing aldehyde groups to bind
covalently proteins (Scheme 1). Two biomolecules, with similar
molecular weight (MW) and different acid-base properties, were
tested: a recombinant 6xHis-SIVgp120 (estimated MW of 65 kDa;
estimated isoelectric point: 8.11) and BSA (MW: 66 kDa; isoelectric
point: 4.7). The first one was chosen as a model of antigen to be
immobilized on a sensor surface for antibody recognition. BSA is
usually selected to cover non-specific binding sites on sensor
platforms.

In the assembly step, most of biomolecules interact with PEI,
either covalently or by means of electrostatic or weaker forces. But
some molecules could diffuse deeper into the polymer layer and



Fig. 1. SEM micrographs and photographs of electrodeposited Au� layer (A) and AuNP-PEI 87 kDa (B) on Indium Tin Oxide-coated glass substrate. The electrodeposition was made
at �1.2 V vs (Ag/AgCl) during 180 s under convection.

Scheme 1. Chemical modifications performed in the AuNP-PEI system deposited on the GCE surface.
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reach the AuNP surface, staying directly adsorbed on it. These in-
teractions in the modifier layer would affect the response of the
anionic redox probe ([Fe(CN)6]3�/4�) used in electrochemical
characterization, altering its diffusion from the bulk solution to-
wards the electrode surface, and eventually the electron transfer
kinetics. By this reason, three different electrochemical techniques
were used to put in evidence the presence of the proteins in the
modifier layer, together with the strength of interaction.
Fig. 2. Panoramic XPS spectra for the ITOf (A), ITOf-Au (B) and ITOf-Au-PEI (C) systems.
3.1. XPS and NMR studies

In order to study the chemical modification performed in the
surface of glassy carbon electrodes with PEI and AuCl4H, ITO films
(ITOf) were modified in the same way that the GCE. In this way, the
surface chemical composition can be easily analyzed by XPS. The
results are shown in Fig. 2 and Table 1. The ITOf present their typical
chemical composition related to different indium and tin oxides
together with 17.5wt% of carbon and some residual copper
(<0.01wt%) content as in reported ITOf [28]. Additionally, the gold
content (22.6wt%) was demonstrated when the reduction potential
was applied in the presence of HAuCl4 as a consequence of the
reduction from Au3þ to Au0 with the concomitant deposition of a



Table 1
Atomic composition and elemental analysis (wt% in parentheses) for the indicated samples determined from XPS.

Sample C 1s N 1s O 1s Si 2p Cl 2p Fe 2p Cu 2p In 3d Sn 3d Au 4f

ITOf 46.3 (17.5) e 30.3 (15.3) 6.5 (5.7) <0.01 e <0.01 15.6 (56.4) 1.3 (5.1) e

ITOf-Au 51.5 (19.5) e 14.9 (7.5) 21.3 (18.8) <0.01 <0.01 e 7.2 (26.1) 1.5 (5.4) 3.7 (22.6)
ITOf-Au-PEI 51.8 (25.6) 4.4 (2.6) 9.3 (6.1) 28.3 (32.8) 0.9 (1.3) <0.01 e 2.6 (12.4) 0.9 (4.3) 1.8 (14.9)
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gold surface over the ITOf. The chemical modification of the ITOf can
clearly be observed from the panoramic XPS spectra where the
signals corresponding to Au 4f, Au 4d and Au 4p are present and
well resolved in comparison with the atomic composition of the
unmodified ITOf (Fig. 2).

The Au 4f XPS spectrum for the ITOf modified with AuCl4H
shows Au 4f7/2 and Au 4f5/2 lines at 83.6 and 87.2 eV with a FWHM
of 0.8 corresponding to Au0 [29e31], respectively (Fig. 3). When the
PEI.HCl polymer was used during the chemical surfacemodification
of the ITOf a slightly shift and widening of the Au 4f lines to higher
binding energies occurred at the same time that the visualization of
the N 1s signal gave evidences of the immobilization of the polymer
structure together with the gold particles. In this sense, the changes
of the Au 4f binding energy indicate the interaction between AuNPs
and amine groups of the PEI polymer [32]. The N 1s signal presents
Fig. 3. Deconvolution and comparison of the XPS Au 4f spectra for the ITOf-Au (A and A0) an
for the ITOf-Au-PEI system (C).
two components at 398.9 (31%) and 400.1 eV (69%) assigned to
nonprotonated nitrogen atoms of the PEI polymer as well as to the
nitrogen atoms that interact with the gold nanoparticles, respec-
tively [23,33,34]. Moreover, the Au 4f XPS spectrum for the ITOf-Au-
PEI films presents two Au 4f7/2 lines at 84.2 and 85.4 eV corre-
sponding to Au0 (93%) and Au3þ (7%) species, respectively, which
explains the increment in the FWHM of the entire Au 4f7/2 line.
Also, the chloride content can be inferred from the contribution of
the PEI.HCl material and not fromHAuCl4 since in the ITOf modified
with Au0, the Cl 2p signal was undetected. Particularly, the shift and
the increment in the FWHM to 1.2 for the Au0 contribution at
84.2 eV was attributed to the chemical interaction of the gold
particles with PEI.

In order to explore the interaction between the polymer and the
gold particles, solution-state NMR studied were done and the
d ITOf-Au-PEI (B and B0) systems, respectively. Deconvolution of the XPS N 1s spectrum



Fig. 4. 1H NMR spectra for the PEI.HCl in D2O (A) and PEI.HCl in the presence of HAuCl4 in D2O (B) together with their corresponding magnification of the NMR signals (A0 and B0).
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results are shown in Fig. 4. The ethylene segments resonate as a
well-defined signal at a proton chemical shift of 3.54 ppm in D2O,
however, the main NMR signal was shifted to 3.63 ppm with the
appearance of three new proton signals at 3.72, 3.78 and 3.84 ppm
in the presence of Au3þ (which represent a 30% of area related to
the main signal). Also, 2D HSQC NMR spectrum of the Au3þ-PEI
sample allowed to know that the protons at 3.72/3.84 and 3.78 ppm
are bound to the carbons at 50.1 and 61.6 ppm in comparison with
the PEI polymer at 43.4 ppm. With these results, the AuCl4� ions
were partially exchanged with the chloride anions of the proton-
ated amino groups of the polymer material resulting in new proton
and carbon resonance signals prior to the formation of Au0-PEI
nanoparticles, which may also explain the shift in the Au 4f7/2 line
from 83.6 eV in ITOf-Au to 84.2 eV in ITOf-Au-PEI surfaces.
3.2. Electrochemical characterization of the surface modified with
PEI and SIVgp120

The modification process of the conducting GC surface was
characterized by CV, SWV and EIS to record the changes of the
electrode behavior before and after each step. The immobilization
of AuNP, PEI, GA and the proteins, produced changes in the inter-
facial charge, capacitance, resistance, mass and thickness at the GC
surface, which in turn had a direct effect on the diffusion and/or the
electron transfer reaction of the redox probe at the modified
surfaceeelectrolyte solution interface.
3.2.1. Cyclic voltammetry (CV) experiments
The CV variables Ip, Ep and DEp obtained with and without the

proteins were comparatively analyzed to determine if the attach-
ment of the biomolecules to the modified electrodes could be
evidenced by this method (see Comment 1).

Cyclic voltammograms and data of the 5mM [Fe(CN)6]3-/4-

redox probe with different electrodes and the protein SIVgp120 are
exhibited in Fig. S4, Table S1 and Table 2. The potential difference of
peak-to-peak (DEp) at bare GCEwas significantly higher thanDEp at
any of the modified electrodes [35].

The immobilization of AuNPs with PEI on GCE provided a
considerable increase in the anodic (Ipa) and cathodic (Ipc) peak
currents from [Fe(CN)6]3-/4- (by an average of 3.2-fold and of 4.4-
fold, respectively). However, the presence of GA and/or SIVgp120
could not be distinguished.
On the other hand, DEp resulted more sensitive to detect the
attachment of SIVgp120. Comparatively, the GCE/AuNP-PEI-GA
assembly (free of protein) exhibited the best condition for probe
electron transfer. When SIVgp120 was added to the AuNP-PEI
modifier, the DEp values increased (p< 0.01), indicating some de-
gree of Au surface passivation determined by the adsorbed protein
molecules. The effect on kinetics was even more notorious when
the SIVgp120 was covalently attached to the AuNP bymeans of PEI-
GA. SIVgp120 adsorption was detected at pH 6.5, even if both PEI
and the protein were positively charged (see Comment S2) [36]. In
this way, the uptake of SIVgp120 by the modifier layer and the
nature of the interaction (covalent binding or adsorption) could be
evidenced by CV technique through the variable DEp.
3.2.2. Square-wave voltammetry (SWV) experiments
The diffusion layer of the probe in SWV is not renewed between

SW potential cycles. So, this technique was expected to bring in-
formation about the modified GCE surface qualitatively different
from the CV approach [21].

Again, both kinetics and diffusion of the probe involved in the
electrochemical reaction were improved by surface modification
with AuNP-PEI and evidenced by SWV (Fig. S5 and Table S2). The Ip
increase after surface modification was over 8-fold, probably as a
consequence of higher electrocatalytic surface area and anion
preconcentration (Table 2).

With this technique, the Ep values of GCE/AuNP-PEI-GA and
GCE/AuNP-PEI-GA-SIVgp120 (or GCE/AuNP-PEI-SIVgp120) were
similar (p> 0.01) but the Ip values resulted significantly different
(p< 0.01). These changes in current intensity would be associated
to the effects of SIVgp120 on the diffusion layer of the probe.

The electrostatic attraction and other interactions between the
PEIHþ sites in chains and the anionic redox couple would be more
intense in the absence of SIVgp120, because the anionic groups of
the protein (-COO-) could compensate the PEIHþ sites in some
extent, shielding them from [Fe(CN)6]3�/4�. The AuNP-PEI-GA as-
sembly would reach a higher charge density than AuNP-PEI-GA-
SIVgp120 (where partial shielding had place), acting as better
anion preconcentrator (see Comment S3). The consequences were
higher dC values across the diffusion layer and the corresponding
increase in Ip response for the probe at GCE/AuNP-PEI-GA (see
Comment S4).

The Ep value from SWV was not a sensitive variable to detect



Table 2
CV and SWV response of [Fe(CN)6]3-/4- redox probe using different modified electrodes. In all cases (even in the absence of HAuCl4), the electrodes were polarized during
45 s at �1.2 V vs (Ag/AgCl) for preparation. Six replicates were made in each case.

Electrode DEp (CV) and Ep (SWV) vs (Ag/AgCl)/mV Ip (SWV)/mA Normalized Ip

GCE 343± 16 and 404± 101 2.9± 0.9 0.09
GCE/AuNP-PEI-GA 112± 3 and 208± 2 33± 4 1.00
GCE/AuNP-PEI-GA-SIVgp120 142± 5 and 206± 6 24± 1 0.72
GCE/AuNP-PEI-SIVgp120 134± 4 and 210± 3 25± 2 0.75
GCE/AuNP-PEI-GA-SIVgp120a 114± 4 and 266± 100 31± 3 0.94

a The step of reaction with GA was made at room temperature instead of 5 �C.
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differences arising from the attachment of SIVgp120 to GA or PEI
(p> 0.01), whereas the DEp obtained from CV gave evidence of the
nature of protein binding (see Comment S5). The PEI chains (MW:
87 kDa) would be acting as spacer between SIVgp120 and AuNP,
under the SW pulsed perturbation. This barrier combined with the
SW potential pulse would prevent the electrode from fouling by the
protein (see Comment S6).
3.2.3. Electrochemical impedance spectroscopy (EIS) experiments
EIS is an effective method to evaluate the interfacial properties

of the modified conducting surfaces [37]. The pinhole degree and
the thickness of the organic layer on the surface determine the
permeability and electron transfer of the redox probe [15]. In EIS,
the electron transfer reaction of 5mM [Fe(CN)6]3-/4- at the elec-
trode interface was the rate-determining step at the bare GCE
(Fig. S6).

Upon surface modification with AuNP-PEI platform, the exper-
imental data fitted well to the Randles' equivalent circuit model
(Fig. S6), indicating a mixed electron transfer and diffusion control
mechanism for the [Fe(CN)6]3�/4� reaction. The modification with
gold nanoparticles enhanced the rate of electron transfer for the
redox probe, which was evidenced by the dramatic decrease of the
charge transfer resistance (Rct) after AuNP-PEI electrodeposition
step [13].

About the layers with protein, the low Rct values (Table 3)
indicated that the GCE/AuNP-PEI-GA-SIVgp120 system was not
passivated by SIVgp120, since PEI acted as spacer under this kind of
pulsed perturbation. In the particular case of Rct from GCE/AuNP-
PEI-SIVgp120, the absence of the bifunctional GA caused a poor
retention of the protein by PEI, which reached the AuNP surface in
some extent and adsorbed on it, slowing the electron transfer rate
of the probe.

The equivalent circuit for the modified cells under study did not
include a pure capacitor, because this element did not behave
ideally in these systems. Instead, a constant phase element (CPE)
was included, which incorporates the Helmholtz double layer and
surface roughness or heterogeneity of the electrode.

The impedance (Z) of a CPE has the form:
Table 3
Estimated parameters from impedance spectra of Fig. S6, and standard error % (SE%) usi

Estimated Parameter GCE/AuNP-PEI-GA-SIVgp120 GCE/

Rct/ohm 425
(SE%: 23)

413
(SE%

Aw/ohm s�1/2 3319
(SE%: 8.5)

4178
(SE%

Q/mF 5.19
(SE%: 13)

57.3
(SE%

a 0.699
(SE%: 2.9)

0.427
(SE%
ZCPE ¼ Q�1ðjuÞ�a (1)

Q becomes equal to capacitancewhen a is 1. For a CPE, the exponent
is less than one [37]. In the systems under study, the bare GCE
behaved almost ideally (a close to 1), at the time that Q was the
smallest in the absence of nanoparticles. Both GCE/AuNP-PEI-GA-
SIVgp120 and GCE/AuNP-PEI-SIVgp120, in which the protein was
present, behaved as electrochemical capacitors and were described
as CPE with parameters of similar value. In the case of GCE/AuNP-
PEI-GA, the estimated capacitance (reflecting the density of
bound anions from the buffer and probe) was higher because there
was no shielding of the positive sites on PEI by proteins.

The [Fe(CN)6]3�/4� diffusion mass transport under alternating
applied potential difference was influenced by the presence of
SIVgp120 (either covalently bound or not) on the AuNP-PEI sub-
strate. The Warburg diffusion coefficient (Aw) adopted similar
values in these cases with SIVgp120, but increased a 25% when GA
was the last compound of the modifier layer. In GCE/AuNP-PEI-GA
assembly, the positive charge density on PEI chains was higher,
probably inhibiting the [Fe(CN)6]3�/4� diffusion under the small
amplitude sinusoidal perturbation.
3.3. Effect of the AuNP deposition time

The electro-deposition time of AuNP was increased from 45 s to
180 s in order to fill in the film on GCE. The relevance of the density
of AuNP-PEI layer could be analyzed by comparing the responses of
the probe at GCE/AuNP-PEI-GAwith different deposition times. The
CV experiments showed an increase of Ip values with longer times,
being consistent with a higher electroactive surface area and the
more efficient preconcentration of the redox couple (Fig. 5). The
DEp also presented an increase, probably associated to fouling
arising from higher amounts of PEI. The chains of the positively
charged polymer bound to AuNP should be extended as a conse-
quence of the electrostatic repulsion, but if the density of molecules
were high, some of them could be partially adsorbed on Au surface.
This effect was also observed in SWV experiments: the Ep shifted
towards higher values on filling the GCE surface with NP and
ng the Randles' model for equivalent circuit. Redox probe: [Fe(CN)6]3�/4�.

AuNP-PEI-GA GCE/AuNP-PEI-SIVgp120 GCE

: 3.5)
935
(SE%: 6.3)

1.82� 105

(SE%: 4.0)

: 1.1)
3341
(SE%: 3.4)

e

: 2.6)
4.75
(SE%: 5.9)

0.240
(SE%: 2.3%)

: 0.8)
0.700
(SE%: 1.3)

0.906
(SE%: 0.50)



Fig. 5. Cyclic voltammograms obtained for a 5mM [Fe(CN)6]3�/4� solution in 0.100M
HEPES buffer, pH 6.5, using GCE and other modified electrodes interacting with pro-
teins. The electrodeposition time is indicated in the legend in parentheses. Rate scan:
50mV s�1.
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polymer (Fig. 6).
An outstanding difference between the CV and SWV results is

that Ip value was no significantly altered using the pulsed tech-
nique. Meanwhile CV voltammograms showed marked increase of
Ip values with the denser modifier. Further research should be done
to clarify this difference [21].
Fig. 6. Square-wave voltammograms obtained for a 5mM [Fe(CN)6]3�/4� solution in
0.100M HEPES buffer, pH 6.5, using GCE and other modified electrodes interacting
with proteins. The electrodeposition time is indicated in parentheses. Experimental
conditions: step: 5mV, frequency: 10 Hz, amplitude: 10mV.

Table 4
Estimated parameters from impedance spectra of Fig. S7 and standard error % (SE%) usin

GCE/AuNP-PEI-GA-BSA GCE/AuNP-PEI-GA

Rct/ohm 472
(SE%: 4.1)

388
(SE%: 26)

Aw/ohm s�1/2 2346
(SE%: 11)

2578
(SE%: 15)

Q/mF 12.1
(SE%: 10)

136
(SE%: 4.9)

a 0.592
(SE%: 3.0)

0.409
(SE%: 3.5)
About EIS experiments presented in Figs. S6 and S7, the capac-
itance Q increased with deposition time, most likely due to the
evolution of the surface morphology. Aw underwent a significant
decrease at longer deposition times, meaning that the resistance to
diffusion was lower and the rate control had a lower contribution
from mass transport (Tables 3 and 4). Again, the abundance of PEI
molecules might have induced the stretching of the positive chains
of polymer due to electrostatic repulsion, facilitating the transport
of [Fe(CN)6]3�/4� through the insulating layer under this confor-
mation (Scheme 1).
3.4. Electrochemical characterization of the surface modified with
PEI and BSA

Then, BSA was selected as model protein, and was covalently
attached to the modifier layer obtained with the longest electro-
deposition time. The CV studies indicated that DEp, Ipa and Ipcwere
not sensitive variables to detect kinetic or diffusion changes with
the redox probe upon BSA covalent attachment (Fig. S8; see
Comment S7). But making an overall analysis, these Ipa and Ipc
values resulted significantly enhanced by the denser layer when
compared with the response using AuNP-PEI-GA-SIVgp120 layer.
This appears as an evidence of the probe preconcentration effect
and the importance of the density of positive sites on polymer
chains (Fig. 5).

SWV studies gavemore significant information about changes in
the AuNP-PEI-GA environment upon BSA uptake (Fig. S9). Ip
(p< 0.01) and Ep (p< 0.05) values indicated that the presence of
BSA in the modifier layer affected both diffusion and (in lower
extent) the kinetics of [Fe(CN)6]3-/4- redox probe, making a differ-
ence with the basic SIVgp120 molecule (Table 5). The Ep values for
redox probe were higher in the experiments with AuNP-PEI-GA(-
BSA), when compared with the BSA adsorbed on AuNP-PEI; the
bifunctional GA could have brought some degree of surface
passivation.

The probe diffusion in the insulating layer was dependent on
dC/dx, and C' was expected to be lower in the presence of BSA, as
was Ip. The Ip value resulted especially lower in the case of non-
covalent interaction (AuNP-PEI-BSA), where the negatively
charged BSA seemed to strongly affect the probe preconcentration
efficiency of the layer.

On the other hand, the covalent binding of BSA did not produce a
marked change of Ip. A possible explanation could be a low effi-
ciency of the reaction between PEI-GA and BSA. In this dense
modifier, GA could have been acted as crosslinker of neighbor PEI
chains, leaving a relatively low quantity of aldehyde groups from
chains available for the reaction with BSA.

These results indicated that Ep and Ip values from SWV were
sensitive to GA reaction and to the presence of BSA, distinguishing
the nature of the interaction. In an overall picture, SW voltammo-
grams did not evidence the preconcentration efficiency as function
of the density of positive sites in the layer (Fig. 6). Instead, this type
g the Randles model for equivalent circuit. Redox probe: [Fe(CN)6]3�/4�.

GCE/AuNP-PEI-BSA 0min in buffer GCE/AuNP-PEI-BSA 30min in buffer

2774
(SE%: 2.6)

10548
(SE%:2.5)

3226
(SE%: 5.1)

3748
(SE%: 14)

1.85
(SE%: 5.2)

0.998
(SE%: 3.6%)

0.784
(SE%: 0.87)

0.843
(SE%: 0.60)



Table 5
CV and SWV responses of [Fe(CN)6]3-/4- redox probe using different modified electrodes.

Electrode CV SWV

DEp/mV Ipa/mA Ipc/mA Ep vs (Ag/AgCl)/mV Ip/mA

GCE 343± 16 17± 3 12± 1 404± 101 2.9± 0.9
GCE/AuNP-PEI-GA 141± 2 93± 3 98± 3 226± 8 35.6± 0.7
GCE/AuNP-PEI-GA-BSA 145± 6 91.7± 0.2 100.0± 0.4 241± 3 30.57± 0.07
GCE/AuNP-PEI-BSA 181± 2 52.4± 0.2 42.8± 0.3 210± 10 14.7± 0.7
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of perturbation put in evidence the presence of the proteins by the
shielding effect, and the penetration by fouling of the NP surface.

In EIS experiments, the presence of BSA affected the kinetics of
the probe and then Rct values, especially when the protein was
directly adsorbed on AuNP-PEI layer. This non-covalent interaction
of BSA also produced diffusion constrains to the probe (Fig. S7 and
Table 4).

The departure from a pure capacitor behavior was more evident
in the GCE/AuNP-PEI-GA system, getting closer to the electronic
behavior upon BSA addition, just as in the case of SIVgp120
interaction.

The increase of Q in the GCE/AuNP-PEI-GA system vs GCE was
clearly due to a higher density of PEIHþ in the insulating layer. ButQ
dramatically decreased in the presence of adsorbed BSA, a nega-
tively charged globular biomolecule capable of penetrating the
dielectric layer and exchanging anions with the PEIHþ sites of the
expanded chains.
3.5. BSA desorption in buffer HEPES

The GCE/AuNP-PEI was put in contact with BSA solution, and
then the electrochemical response of the modified electrode was
tested to determinate if BSA had been uptaken. The decrease of Ip
for GCE/AuNP-PEI-BSA when compared with GCE/AuNP-PEI-GA
was a strong evidence of BSA interaction.

BSA from the aqueous solution could interact with PEIHþ by
means of the ionized groups. In this case, the counter anion chlo-
ride had to be exchanged by the eCOO- of the protein, which was
the only solute in that medium. Later, the GCE/AuNP-PEI-BSA was
put in contact with HEPES buffer, and the reversible exchange re-
action could take place releasing BSA. Some of the free protein
molecules must have diffused inside the layer towards the AuNP,
and stayed attached to the surface. As a consequence, two over-
lapping peaks could be detected by SWV using a potential step of
5mV. The peak at 430mV vs (Ag/AgCl) would correspond to the
probe sensing the situation of BSA adsorbed to the conductive
interface (AuNP in this case), and the peak at 220mV would indi-
cate the presence of some regions on the AuNP surface free of BSA,
or even the fraction of BSA still interacting with PEI in the dielectric
layer (Fig. S10).

EIS results were consistent with the permeation of BSA and
fouling of the AuNP surface (high Rct), also slowing down the mass
transport of the probe (high Aw). The protein released from the PEI
chains would form a dielectric barrier on the nanoparticles which
had features of a pure electrical capacitor (a closer to 1) (Fig. S11
and Table 4).
4. Conclusions

AuNP decorated with PEI were successfully electrodeposited on
conductive surfaces. The detection of the plasmonic resonance
broad band indicated that the gold film was nanostructured in the
presence of the linear polymer with 49 nm-size nanostructures.
The electrostatic interaction between AuCl4� and PEIHþ evidenced
by solution-state NMR, contributed to the electrodeposition of
AuNP instead of an Au� continuous surface. This difference was also
observed in the photographs. XPS spectra evidenced the immobi-
lization of the polymer on AuNP, and QCM results exhibited the
polymer response to pH changes. SEM micrographs showed
changes in surface topology caused by polymer chain length.

The most relevant experimental variables of three electro-
chemical techniques to evidence surface interactions were inves-
tigated. The redox probe activity monitored by SWV and CV put in
evidence the surface changes after each modification step. The
preconcentration of the probe and the increase of electrode surface
areawere evidenced by comparing the responses at GCE/AuNP-PEI-
GAwith different deposition times. The CV experiments showed an
increase of Ip values with longer times, which was not evident with
SWV.

Instead, SW experiments put in evidence the presence of the
proteins. The adsorption of SIVgp120 or BSA on GCE/AuNP-PEI
induced a marked decrease of Ip values, probably due to the
shielding effect of the biomolecules on the positively charged
polymer. It was more notorious with negatively charged BSA on the
denser polymeric layer. The covalent binding of the proteins pro-
duced the same effect on the diffusion of the probe.

With SWV, we could infer that the protein in the modifier was
spaced by PEI from the electrode interface, especially in the case of
positively charged SIVgp120. However, BSA reached the NP surface,
inducing some degree of fouling.

With EIS methodology, four parameters estimated from Ran-
dles' equivalent circuit gave enough information to evidence the
protein binding and the nature of this interaction. Clearly, the
modifiers with SIVgp120 had similar Aw, Q and a values, but the Rct
was significantly higher when the protein was just adsorbed on
AuNP-PEI indicating some degree of fouling. The absence of protein
was characterized by higher capacitance (Q) and a significant de-
parture from the ideal element, together with higher Aw due to
diffusion constrains under small sinusoidal perturbations.

The CGE/AuNP-PEI-GA system with higher amount of AuNP-PEI
presented less diffusion constrain and higher Q values. The high
density of positive sites could induce chain expansion by means of
repulsive electrostatic forces, facilitating the mass transport of the
probe towards the NP surface. The capacitance was significantly
affected by the adsorption of negatively charged BSA, which could
penetrate the dielectric layer and reach the NP surface. Chloride
counter ions of PEIHþ sites might have been exchanged by eCOO-

from BSA, and the interaction of the polymer with the anionic
probe resulted inhibited by this biomolecule. The covalent binding
of BSA to GCE/AuNP-PEI-GA could be evidenced by a decrease in Q
value.

The desorption of BSA from the modifier dielectric layer could
be monitored by SWV and by EIS. Those biomolecules electrostat-
ically retained in the layer were exchanged by the anion of the
HEPES buffer, and diffused in all directions. Some of them reached
the NP conductive surface and adsorbed on it, inhibiting the
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electron transfer of the probe.
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