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a  b  s  t  r  a  c  t

Self-assembled  multilayers  of  quaternized  chitosan  (QCHI)  and  gold  nanoparticles  (AuNPs)  were  built  up
on quartz  and  gold  substrates.  To  evaluate  the  effect  of the  surface  coverage  of AuNPs  on  the structural,
optical  and  electrochemical  properties  of  multilayers  prepared  with  different  AuNPs  adsorption  time
were  compared.  UV-Vis  and  AFM  characterization  indicated  that  AuNPs  in  each  bilayer  are  spatially
separated,  and  interparticle  interactions  are  mainly  produced  between  bilayers.  The  complex  refractive
index and  thickness  of  the  QCHI-AuNPs  multilayers  were  properly  determined  using  an  anisotropic  single
layer  model.  The  optical  constants  obtained  were  quite  different  from  those  of bulk gold,  and  their  values
depend  on  the  coverage  of  AuNPs.  The  thickness  per bilayer  of  the structures  present  a progressive
increase  as AuNP’s  coverage  augments,  reaching  a value  close  to  the nominal  AuNPs  diameter  after  60  min
of adsorption.  These  results  indicate  that  the interpenetration  of bilayers  in  the  structure  depends  on  the
surface  concentration  of  AuNPs.  The  charge  transport  through  the QCHI-AuNPs  film  was  studied  using

different  redox  probes.  The  effects  of the  adsorption  time  of AuNPs  and  the  number  of  bilayers  (n)  of the
structure  on  the  charge  transfer  rate  constants,  kct, were analyzed.  The  incorporation  of AuNPs  in  the
structure  produces  an increase  of kct, as  the  adsorption  time  of  AuNPs  rise.  In addition,  the  values  of  kct

were  independent  of  n,  in the  interval  studied  (up to n  =  5), suggesting  that  the  electronic  communication
in  the  multilayered  structure  was  mediated  by  the AuNPs.

©  2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Materials at the nanoscale have received significant atten-
ion in the last few decades because of their interesting and
ell-known properties associated with quantum confinement and

urface energy effects [1]. Extensive research has been reported
bout synthesis [2], functionalization [3] and applications [4,5] of
anoparticles. Among the different types of metal nanoparticles,
old nanoparticles (AuNPs) have been extensively studied because
heir synthesis and functionalization is relatively simple and they
xhibit excellent biocompatibility with biological components.
hese properties make AuNPs very attractive for their applica-

ions in sensors, electrocatalysis and medical diagnostic, among
thers [6]. In order to develop devices that exploit the properties
f AuNPs, they should be anchored in a stable way  on a surface,

∗ Corresponding author. INFIQC, Departamento de Fisicoquímica, Facultad de
iencias Químicas, Universidad Nacional de Córdoba, Ciudad Universitaria, 5000,
órdoba, Argentina; Tel.: +54 351 5353866 int. 53558; fax: +54 351 4334188.

E-mail addresses: ferreyra@fcq.unc.edu.ar, nfferreyra@gmail.com (N.F. Ferreyra).

ttp://dx.doi.org/10.1016/j.electacta.2014.08.109
013-4686/© 2014 Elsevier Ltd. All rights reserved.
which often represents a critical step. In this sense, the construc-
tion of layer-by-layer (LbL) assembled structures with polymers is
quite attractive because of its simplicity, flexibility and effective-
ness [7,8]. The LbL method is well established in forming highly
dense and compact ultrathin films using various kinds of organic
or polymeric materials, with precise control of layer composition
and thickness [9]. Multilayer thin films of gold nanoparticles linked
with cationic polyelectrolytes such as poly(allylamine hydrochlo-
ride) (PAH) [10,11], polyethylenimine (PEI) [12], chitosan [13],
modified chitosan [14], among others [15,16] have been reported.
The morphology of these polymeric-AuNPs self-assembled struc-
tures depends on the environmental conditions, including pH, ionic
strength, temperature, and nature of the ions and co-solvent of the
adsorption medium [17].

AuNPs included in these self-assembled arrays present strong
interactions with the matrix and neighboring AuNPs in the same
layer (intralayer) as well as between layers (interlayer) [18]. These

interactions generate collective surface plasmon resonances (SPR)
controlled by the packing density and the interparticle distances
along with the changing dielectric constant of interparticle media
[19]. For example, Tsukruk and co-workers [20] have reported the

dx.doi.org/10.1016/j.electacta.2014.08.109
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
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abrication of LbL assembled films containing gold nanoparticles
ith control of the aggregation state by the design of multilay-

red films with various combinations of polymers interlayers [20].
ccordingly, assemblies of polymers/gold nanoparticles can be
sed to tune the optical properties providing a cheap and effec-
ive bottom-up approach for fabrication of plasmonic devices to
evelop sensors and biosensors systems [5].

In addition, electrode/polymer/nanoparticles assemblies
resent interesting electronic and catalytic properties. Understand
he effect of the charge, size and density of nanoparticles, as well
s the thickness of the structures on the efficiency of electron-
ransfer kinetics is required to exploit rationally the properties of
hese systems in sensing and electrocatalysis. Our main goal in
his work is deepen on the relationship between the structural
nd electrochemical properties self assembled structures of gold
anoparticles. In a previous work [14] we evaluate the effect
f quaternized quitosan (QCHI) and gold nanoparticles (AuNps)
ultilayer as platform for the adsorption of glucose oxidase (GOD)

nd we determine the influence of the AuNps in the enzymatic
esponse of the biosensor. In relation with that work, in the
resent publication we extend our studies towards the struc-
ural and electrochemical characterization of QCHI/AuNps self
ssembled multilayers to correlate its physicochemical properties
ith the electrochemical response reported in ref. 14, such as the

mprovement of conductivity, the increment of the oxidation of the
ydrogen peroxide produced by GOD, the higher amperometric
esponse and the better analytical performance of electrodes
odified with self assembled layers of QCHI/AuNps. For this

urpose, in the present contribution we study the properties of
elf assembled multilayer films of quaternized chitosan (QCHI) and
old nanoparticles (AuNPs) to evaluate the influence of the surface
overage of nanoparticles, �AuNPs, on the structural (thickness,
istribution), and optical (refractive index, anisotropy) properties
f the multilayers and correlate them with the electron-transfer
inetics at the modified electrode. QCHI/AuNPS multilayers were
uilt up on quartz and gold substrates employing different AuNPs
dsorption time. The systems were characterized using optical
UV-Vis, ellipsometry), microscopic (AFM, TEM, SEM) and elec-
rochemical techniques (CV, EDR, EIS) and the evolution of the
omplex refractive index and thickness of each structure were
valuated as a function of �AuNPs. The heterogeneous charge
ransfer rate constants of different redox probes were determined
arying two parameters, the adsorption time of nanoparticles
r the number of bilayers of chitosan/nanoparticles. The results
resented in this contribution evidence that the adsorption of
uNPs improves the conductivity of the structure as well as its
lectrochemical reactivity. Both characteristics depend, in turn, on
he structural properties of the chitosan/AuNPs arrays.

. Experimental section

.1. Reagents

Citrate-stabilized gold nanoparticles (AuNPs) with �max =
18 nm,  (11.0 ± 0.7) nm average diameter and 3.72 x 1012 nanopar-
icles mL-1 were from Sigma. The average size of AuNPs was
onfirmed by transmission electron microscopy, see supporting
nformation S1. The sodium salt 3-mercapto-1-propanesulfonate
MPS) was obtained from Aldrich. Quaternized chitosan (QCHI) was
ynthesized as described in reference [21] from chitosan of 190 kDa
olecular weight (Pronova). The average molecular weight of QCHI

as 52.75 kDa and the content of quaternized amine 40.0 mol %.
ther chemicals were of reagent grade and were used without fur-

her purification. All solutions were prepared with ultra-pure water
18 M� cm)  from a Millipore-MilliQ system.
ica Acta 146 (2014) 178–185 179

2.2. Equipments

UV-Vis experiments were performed with a Shimadzu UV1601
Spectrophotometer and a quartz cuvette with a 0.1 cm path length.
Atomic force microscopy (AFM) images were obtained with a Mul-
tiview 1000 Nanonics Microscope using a cantilevered optical fiber
probe of 10 nm of diameter coated with Al. Images were collected
in air using intermittent mode and processed with the WSXM
software [22]. Scanning electron microscopy (SEM) images were
obtained with a Field Emission Gun Scanning Electron Microscope
(FE-SEM, Zeiss, �IGMA model). Ellipsometric experiments were
performed with a Rudolf Research rotating analyzer automatic
ellipsometer (vertical type, 2000FT model), equipped with a 75 W
tungsten lamp as the light source and filters (632.8 and 546.1 nm).
All measurements were performed at an incidence angle of 70.00◦.
A homemade gold electrode of 7 mm of diameter was  used as sub-
strate. The gold electrode was  horizontally mounted in a Teflon
holder and aligned before each experiment. The adsorption of QCHI
and AuNPs was  carried out without variations of the substrate posi-
tion to keep the system alignment. The ellipsometric angles (� and
�) were collected in 5.00 x 10-2 mol  dm-3 phosphate buffer solution
pH 7.40 after each adsorption step. The operator-triggered mode
was employed for taking the measurements. Cyclic voltammetry
(CV) was  performed with a 173 EG&G PAR potentiostat/galvanostat
(Princeton Applied Research, USA) coupled to a 175 EG&G PAR
signal generator and a 7090A Hewlett Packard plotting recorder.
Stationary potential/current curves were obtained at a gold rotat-
ing disk electrode (Radiometer Analytical, EDI101) using a rotation
speed controller (Radiometer Analytical, CTV101). Electrochem-
ical impedance spectroscopy (EIS) experiments were performed
with a Solartron potentiostat/galvanostat (SI 1287) coupled to a
frequency response analyzer Solartron FRA 1260. Measurements
were performed at the open circuit potential with a 10 mV  of ampli-
tude signal in the frequency interval from 10 mHz to 0.1 MHz  was
applied. Gold disk electrodes (Au) of 2 mm diameter (CHI 101) were
used as substrate during the electrochemical experiments. A plat-
inum wire and an Ag/AgCl/3 mol  dm-3 NaCl 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.

2.3. Surface Modification

2.3.1. Gold modification
Gold electrodes were cleaned before each experiment by pol-

ishing for 6 min  with 0.05 �m alumina, followed by sonication in
deionized water for 5 min, immersion in “Piranha” solution (1:3 V/V
H2O2/H2SO4) for 5 min, and rinsing with ultrapure water. The sur-
faces were stabilized by cycling at 10 V s-1 of scan rate in 0.50 mol
dm-3 sulphuric acid solution between 0.200 V and 1.650 V until a
reproducible voltammogram corresponding to a clean gold surface
was obtained. To check the surface condition and to obtain the
electro-active area, a voltammogram in 0.50 mol  dm-3 sulphuric
acid solution at 0.100 V s-1 was  performed at the end of the cleaning
procedure.

ArrandeeTM glass slides of 11 x 11 mm covered with a gold
deposit were used as substrates for AFM and SEM experiments.
To promote the development of Au (111) planes, the substrates
were annealed in a butane flame during two  minutes, cooled under
constant N2 flux and placed immediately in the dipping solution.

The first step in the preparation of the multilayer was  the
adsorption of MPS  by soaking the substrates for 30 min  in

2.00 × 10-2 mol  dm-3 MPS  solution prepared in 1.6 × 10-3 mol  dm-3

sulphuric acid solution, followed by a careful rinsing with deion-
ized water. The adsorption of QCHI was performed for 20 min
from a 0.50 mg  mL-1 QCHI solution prepared in 5.00 x 10-2 mol
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Fig. 1. Spectral curves of (—) Q/QCHI and (—) Q/(QCHI-AuNPs) obtained with
increasing AuNPs adsorption time from 15 min  to 120 min.
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Fig. 2. A) Spectral curves of Q/(QCHI-AuNPs)n structures built with one to five bilay-
ers,  (—) QCHI external layer and (–) AuNPs external layer. B) Variation of the SPR
positions and intensity of SPR band of individual nanoparticles (�) and the collective
resonances (©) as a function of the bilayer number, n. Measures were performed
80 M.V. Bracamonte et al. / Electr

m-3 phosphate buffer solution pH 7.40. The conditions for the
dsorption of MPS  and QCHI were optimized in previous studies
14]. The adsorption of AuNPs was performed by immersion of
u/MPS/QCHI surfaces in the colloidal solution for a given time.
fter each adsorption step, surfaces were copiously rinsed with
.00 x 10-2 mol  dm-3 phosphate buffer solution pH 7.40. Multi-

ayered films were constructed by alternate immersion of Au/MPS
ubstrates in QCHI and AuNPs solutions. The resulting surfaces are
ndicated as Au/MPS/(QCHI-AuNPs)n, with n being the number of
CHI-AuNPs bilayers.

.3.2. Quartz modification
In order to expose negative charges, the internal surface of a

uartz cuvette, Q, was sonicated in ethanolic solution of NaOH 1.0%
/V  for 20 min. Adsorption of QCHI and AuNPs was performed

lling the cuvette with each solution for a given time. Then, the
olutions were removed, and the cuvette was repeatedly washed
ith 5.00 x 10-2 mol  dm-3 phosphate buffer solution pH 7.40. The

esulting structure with the desired number of bilayers is indicated
s Q/(QCHI-AuNPs)n. In all cases the baseline and spectral curves
ere obtained in 5.00 x 10-2 mol  dm-3 phosphate buffer solution
H 7.40.

.4. Fundamentals of Ellipsometry

Ellipsometry is a method widely used to study the character-
stics of thin films onto modified surfaces [23–25]. This technique

easures the change in polarization state of light reflected from
he surface of a sample in terms of the ellipsometric angles � and

 [26].
The values of the ellipsometric angles � and � cannot be

irectly converted into the refraction index and thickness depth
rofile of the film, rather, a model-based iterative procedure is used
o fit the experimentally measured � and � values. In the present
aper, we used a single-layer film model with anisotropic optical
roperties (ASLM) to analyze �-� evolution during the construc-
ion of (QCHI-AuNPs) multilayers at Au/MPS. The experimental data
ere fitted using the Simplex method [27]. From the fitting proce-
ure, the complex refractive index, written in terms of its real part,

 (refractive index), and imaginary part, k (extinction coefficient),
s ň = n – i k [26] were obtained. The optical constants of parallel
extraordinary) and perpendicular (ordinary) direction, referred as
or, kor, next and kext, as well as the thickness for each experimental
oint, were determined [23].

. Results and discussion

.1. UV-Vis characterization

Fig. 1 shows the UV-Vis spectra of Q/QCHI (dashed lines) and
/(QCHI-AuNPs) (solid lines), obtained by increasing the contact

ime of the colloidal solution with the surface from 15 to 120 min.
fter the adsorption of AuNPs, one broad band is observed that cor-
esponds to the SPR of the AuNPs [28]. In comparison with AuNPs
n solution, the adsorption on the polymer produces a red-shift of

 nm as consequence of the difference of the dielectric constant
f both medium. By other way, �max presents also a progressive
ed-shift from 525 nm (15 min) up to 545 nm at 60 min. This shift
s a consequence of the variation on the dielectric constant of the

edium and can be explained by the Effective Medium Theory [29].
uNps are embedded in a matrix and are therefore subject to aver-

ge polarization field due to the matrix and the particles, and the
actor responsible for the red-shift is the volume fraction of gold
anoparticles included in the medium that depends on the AuNps
dsorption time.
in 0.100 mol  dm-3 phosphate buffer solution pH 7.40. Adsorption time: 20 min  for
QCHI and 60 min  for AuNPs.

The plot of the maximal absorbance (Absmax) versus the square
root of the adsorption time presents a good linear relationship
(R2 = 0.996) up to 90 min, which indicates that AuNPs adsorption on
Q/QCHI surface follows a diffusion-controlled kinetics in the early

stages [28], (Figure S2 of supporting information).

For the multilayer construction, 20 min  and 60 min  of adsorp-
tion time were selected for QCHI and AuNPs, respectively. Fig. 2A
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ig. 3. A) AFM images and cross-section plots of Au/MPS/(QCHI-AuNPs) surfaces 

u/MPS/(QCHI-AuNPs)2 surface built with 30 min  of AuNPs adsorption.

hows UV-visible absorption spectra of Q/(QCHI-AuNPs)n multi-
ayers with 1 to 5 bilayers, dashed lines correspond to structures
nded in QCHI and solid lines to those ended in AuNPs. Clearly,
he extinction increases with the number of bilayers, being this
ffect associated to the increment of AuNPs adsorbed. In addi-
ion, a widening of the bands is also observed. To evaluate this
oint, the spectra were analyzed following the procedure described
y Schiffrin and coworkers [30], which consider two main con-
ributions: the SPR band that could be attributed to individual
anoparticles and the collective resonances due to interactions
etween closer nanoparticles (Figure S3 of supporting informa-
ion). Fig. 2B presents the variation of the intensity and position
f both contributions as a function of n. The intensity for each con-
ribution, evaluated at the corresponding value of �max, increases
inearly with the number of bilayers, indicating that the amount of
uNPs adsorbed during each adsorption cycle is constant. Due to

he surface coverage of AuNPs is mainly dependent on the coverage
f QCHI, these results indicate a good reproducibility of the alter-
ate adsorption methodology of QCHI and AuNPs. The position of
he band at 570 nm is almost constant, while the corresponding to
he inter-particle resonances shifts up to 660 nm as n increases.
imilar results have been reported for AuNPs in self-assembled
ultilayers with the polycation PEI and PAH [12,20], and were

ttributed to interactions between neighboring particles that pro-
uce a red shift of �max.
.2. Microscopic characterization

The surface morphology of Au/MPS/(QCHI-AuNPs)n structures
as examined by AFM. Fig. 3 shows the images and cross section
ed with (a) 15 min, (b) 30 min  and (c) 60 min of AuNPs adsorption time and (d)

plots of one bilayer varying the AuNPs adsorption time. A homo-
geneous distribution of AuNPs at the modified substrate and a
decrease of uncovered areas are observed as the adsorption time
of AuNPs increases. The average heights are 6.5 nm,  6.5 nm and
8.0 nm for the images (a), (b) and (c), respectively, while the
root-mean-square roughness (rms) are 2.5 nm,  2.9 nm,  and 3.4 nm,
respectively. Height and rms  values of Au/MPS/QCHI structures
were 5.5 nm and 1.7 nm,  respectively. From these results it can be
conclude that AuNPs are embedded in a rough layer of QCHI, and
the empty zones of the modified surface are gradually covered as
the AuNPs adsorption time increases. Despite of the images a to c
present well-defined boundaries between neighboring AuNPs, the
xy plane and the cross section plots show significant higher dimen-
sions of AuNPs compared to its average diameter. This is a common
AFM artifact associated with tip dilation of lateral dimensions of
nanoscale objects [31] and could lead to estimate an artificially
higher value of AuNPs surface concentration making difficult to
determine quantitatively the surface density of AuNPs [20]. To com-
plement the AFM analysis and to evaluate the distribution of AuNps
without the effect of enlarged lateral dimension, SEM images were
also obtained (Figure S4 of SI). In the micrograph, isolated AuNPs
are seen as bright spots and it is evident that low coverage and
homogeneous distribution of AuNPs are obtained, indicating the
absence of AuNPs aggregation.

The height and rms  of Au/MPS/(QCHI-AuNPs)n multilayers built
using 30 min  of AuNPs adsorption time were also determined. Fig. 3

(d) shows the image for the adsorption of two bilayers. The heights
obtained for structures with one, two and three bilayers of QCHI-
AuNPs were 6.5 nm,  8 nm and 10 nm while the rms  were 2.9 nm,
3.1 nm and 5.0 nm,  respectively. The height and roughness increase
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Table 1
Optical parameters of Au/MPS/(QCHI-AuNPs)n structure prepared with 30 min  of
AuNPs adsorption time.

Opticala parameter nor kor next kext

632.8 nm 1.595 0.415 2.290 ∼ 0

analysis performed with 15 min  of AuNps adsorption time (not
shown) we  determined ňord = 1.375– i 0.041 and ňext = 1.612– i 0.00.
From the comparison of the results obtained at 15, 30 and 60 min  is
clear that as �AuNPs increases, a rise of the extinction coefficient
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Fig. 5. �-� plots obtained at 632.8 nm during the assembled of (QCHI-AuNPs)n
est fit obtained with the anisotropic single layer model. The arrows indicate the
irection of the thickness increase. Electrolyte: 0.100 mol  dm-3 phosphate buffer
olution pH 7.40. Adsorption time: 20 min  for QCHI and 30 min  for AuNPs.

ith the number of bilayers, but the increment of height is lower
han the diameter of AuNPs, indicating that bilayers are interpen-
trated.

.3. Ellipsometric characterization

The optical characteristics of self-assembled structures are
trongly dependent on the adsorption conditions of AuNPs. Ellip-
ometric response (� and �)  is very sensitive to changes in the
urface morphology, thickness, and refractive index of the sam-
le. Consequently, variations of the complex refractive indices for
ifferent AuNPs surface concentrations are expected [32,33]. We
valuate the optical properties and thickness of (QCHI-AuNPs)n

ultilayers prepared with 15 min, 30 min  and 60 min  of AuNPs
dsorption time. For each adsorption time of AuNps, the variation
f �-� angles during the assembly construction were measured at
wo different wavelengths, 632.8 nm and 546.1 nm. Then, each plot
as fitted considering a simple layer model and the optical param-

ters and thickness of the film were obtained. As the thickness is a
roperty of the film, measurements at two different wavelengths
nd their corresponding fits allowed us evaluating the correctness
f the determined thickness and to calculate average values.

Fig. 4 shows the �-� evolution during the step-by-step assem-
ly of QCHI-AuNPs multilayer on Au/MPS surface at (A) 632.8 nm

nd (B) 546.1 nm.  The nanoparticles were adsorbed for 30 min
nd the measurements were done in 5.00 x 10-2 mol  dm-3 phos-
hate buffer solution pH 7.40. Each symbol corresponds to the
xperimental value of the bilayers 1 to 26 for the structure ended
546.1 nm 1.646 0.471 1.919 0.241

a Fits with ASLM. Optical parameters for the solvent were no = 1.333 and ko = 0.000.

in AuNPs, the line is the calculated curve with the parameters
obtained from the best fitting obtained with the ASLM. The good
agreement between the calculated curves and the experimental
�-� data validates the ASLM proposed and allowed us to obtain
accurate values of n and k for normal and parallel directions to
the surface. Table 1 summarizes the optical parameters obtained
at 632.8 nm and 546.1 nm.  The complex refractive indices at both
wavelengths are quite different from that of bulk gold (ň = 0.197–
i3.45 at 633 nm)  [15]. This notorious variation is attributed to the
low �AuNPs of the structures studied. The difference between ňord
and ňext determined at both wavelengths as well as the values
significantly high of kord indicates that the interparticle interac-
tions in the vertical direction (i.e., the out-of-plane interactions) are
different from those in the lateral direction (i.e., the in-plane inter-
actions), producing the optical anisotropy of the film. The relatively
high values of the extinction coefficients are in agreement with the
SPR position band in the UV-Vis experiments. Anisotropic proper-
ties of polymers/AuNPs multilayers have been previously reported
by Z. Qi et al. for multilayer thin films of gold nanoparticles and
the protein myoglobin (AuNPs/Mb) [34]. Under the experimental
conditions employed for the authors, very weak out-of plane inter-
actions between NPs of different layers was observed, ascribed to
the limited numbers of NPs/Mb bilayers. The authors also indicated
that closely packed multilayer films with higher number of NPs lay-
ers could enhance the out-of plane interactions, and finally make
the film optically anisotropic [34].

Optical properties and thickness of (QCHI-AuNPs)n multilay-
ers prepared with 15 min, and 60 min  of AuNPs adsorption time
were also evaluated. Fig. 5 shows the �-� plots of Au/MPS/(QCHI-
AuNPs)n multilayers for 60 min  of AuNPs measured at 632.8 nm.
From the fit we  determined the complex refractive indexes,
ňord = 1.427– i 0.416 and ňext = 2.913 – i 0.178. Form the the same
multilayer at Au/MPS surface with 60 min of AuNps adsorption time; (�) experi-
mental points and (—) best fit obtained with the anisotropic single layer model. The
arrows indicate the direction of the thickness increase. Electrolyte: 0.100 mol dm-3

phosphate buffer solution pH 7.40. Adsorption time: 20 min for QCHI and 30 min for
AuNPs.
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Fig. 7. A) Nyquist plot obtained at (�)  Au/MPS; (�) Au/MPS/QCHI and
Au/MPS/(QCHI-AuNPs)1 built with (�) 15 min; (�) 30 min  and 60 min  (♦) of AuNPs
adsorption time. The inset shows the circuit used for fit. B) Variation of Rct as a
function of the end assembled layer. Experimental conditions: 1.0 x 10-3 mol dm-3
nd  632.8 nm as a function of the bilayer number of structures built using (©)
5  min, (�) 30 min  and (�) 60 min  of AuNPs adsorption time; (–) linear fit of the
xperimental results.

nd refractive index is observed, being more evident the effect
n next. The increase of the extinction coefficient can be under-
tood considering the variation of the intensity and position of the
PR absorption band [32]. The increase of k value at 632.8 nm is
ttributed mainly to interparticle interactions, which are favored
s �AuNPs increases. The values obtained are comparable to those
eported by E. S. Kooij et al. for AuNPs self-assembled [33] and mul-
ilayers of AuNPs and the protein myoglobin, ňor = 1.702 – i 0.43
34], systems with low surface coverage of AuNPs.

Additionally, from the fitting procedure, the bilayer thicknesses
ere obtained. Fig. 6 shows the average thickness determined from

he measurements at 546.1 and 632.8 nm as a function of the num-
ers of bilayers of structures built using 15 and 30 min  of AuNPs
dsorption time. Both sets of data evidenced a linear thickness
rowth. However, the mean thickness per layer is 3.0 nm and 4.5 nm
or the multilayers built using 15 min  and 30 min  of AuNPs adsorp-
ion time, respectively. Because of the AuNPs nominal diameter is
11.0 ± 0.7) nm,  these results clearly indicate the occurrence of a
ronounced interpenetration of layers, in agreement with the con-
lusions obtained in section 3.2. This effect is more evident when
he structures are built with lower AuNPs surface coverage (shorter
dsorption times). The adsorption of AuNPs on the polymer layer
eaves empty spaces available for adsorption of more AuNPs during
he following bilayer deposition. This effect has been also demon-
trated by A. Dobrynin et al using dynamic simulation [35]. As the
dsorption time increases, the �AuNPs per layer augment and the
ensity of the empty spaces decreases. Under saturation conditions,
he interpenetration of bilayers is reduced and the mean thickness
er layer could reach a value close to the AuNPs diameter. In agree-
ent with this tendency, experiments performed using 60 min  of
uNPs adsorption time allowed us to determine an average thick-
ess increase of around 10 nm per bilayer (squared symbols in
g. 6).

.4. Electrochemical characterization

The electrochemical response of K3[Fe(CN)6]/K4[Fe(CN)6] and
errocene methanol (FcMOH) redox probes at different surfaces was
tudied. Cyclic voltammetry (CV), rotating disk electrode (RDE) and
IS were used to evaluate the effect of �AuNPs on the charge transfer
rocess and the electrochemical response as a function of the num-
er of adsorbed bilayers and to complement and verify the results
reviously reported in 14.
Fig. 7A shows the Nyquist plots obtained at Au/MPS,
u/MPS/QCHI and Au/MPS/QCHI-AuNPs with different AuNPs
dsorption time. Measurements were performed in the pres-
nce of 1.00 x 10-3 mol  dm-3 equimolar solution of K3[Fe(CN)6]/
K3[Fe(CN)6]/K4[Fe(CN)6] equimolar solution prepared in phosphate buffer pH 7.40
ionic strength (©) 0.1 and (�) 0.2.

K4[Fe(CN)6] prepared in 5.00 x 10-2 mol  dm-3 phosphate buffer
solution pH = 7.40. The spectra were fitted using the Randles cir-
cuit presented in the inset, were Rs, W,  Rct, Cdl are the solution
resistance, the Warburg impedance, the charge transfer resistance
and the double layer capacity, respectively. Compared to bare gold
(not shown), the resistance increases when MPS  is adsorbed due
to the negative charges of the sulfonate groups. On the contrary,
the assembly of QCHI produces a decrease of Rct due to the electro-
static attraction between the polycation and the negatively charged
redox probe. After the adsorption of the citrate stabilized AuNPs,
an increase of Rct is observed as the adsorption time of the particles
augment. This effect is produced by the negative charges exposed
on the surface that repels the redox couple [36]. Fig. 7B shows the
values of Rct of (QCHI-AuNPs)n multilayers determined from exper-
iments performed in phosphate buffer solution pH 7.40 with ionic
strength 0.1 (empty symbols) and 0.2 (full symbols). In the first case,
the reversion of charge produced at the electrode surface after the
adsorption of the polycation and the anionic AuNPs is evidenced in
the zigzag response of Rct observed during the alternative immo-
bilization of QCHI and AuNPs layers. Under high ionic strength, the
ions of the supporting electrolyte produce external charge compen-

sation and reduce the electrostatic repulsion between the modified
surface and the redox probe. Consequently, a smooth variation of
Rct is observed during the alternate adsorption of the polycation
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Table 2
Charge transfer constants of K4[Fe(CN)6] determined from EDR experiments.

Surface kct
a/10-2 cm s-1

Au 0.7
Au/MPS 0.4
Au/MPS/QCHI 0.01
Au/MPS/(QCHI-AuNPs) 15 minb 0.08

60 minb 1.4
120 minb 3.0
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xperimental conditions: a1.00 x 10-3 mol  dm-3 K4[Fe(CN)6] prepared in 0.500 mol
m-3 Na2SO4 solution. bAuNPs adsorption time.

nd AuNPs, and the resistance remains practically constant as the
umber of bilayers increases.

In order to analyze the effect of AuNPs on the charge trans-
erence rate of [Fe(CN)6]3− and FcMOH, RDE experiments we
erformed under high ionic strength conditions. The heteroge-
eous charge transfer constants, kct, were determined at bare gold
nd after the adsorption of MPS, QCHI and AuNPs (see figure S5
f supporting information). The values of kct for [Fe(CN)6]3− cal-
ulated from the Tafel’s plots [37] are presented in Table 2. The
endency observed for [Fe(CN)6]3− is in agreement with reported
esults for FcMOH in our previous work [14]. Besides, in order to
alidate the results, cyclic voltammograms using the calculated
alues of kct of FcMOH [14], were simulated. From the simula-
ions, (Figure S6 A to C of supporting information), theoretical
alues of peak potential separation, �Eptheor, were obtained and
ompared with experimental results, �Epexp, from cyclic voltam-
etry experiments. A good correlation between both values was

bserved verifying the values of kct. From the analysis of the results
btained with both redox couples, it is clear that, regardless of
harge and hydrophobicity of the redox probe, the adsorption of
uNPs produces an increase of kct. The values of kct are also depend-
nt on the �AuNPs.

The electrochemical response reported here and in reference
4 are in agreement with the theory of Chazalviel and Allongue
ecently report that describes theoretically a mechanism for the
anoparticle-mediated electron transfer [38]. The theory sug-
ested that effective nanoparticle-mediated electron transfer is
xpected, with distant independent rate of electron transfer, as
ong as exchange current density across an organic layer (OL) on
he metal/OL/metal (J1) assembly is much larger than that on a

etal/OL (J0) assembly. The theory was applied to OL of self assem-
led monolayers (SAMs) of of alkane thiols and not conductive
olymer layers. The higher current density, J1, is attributed to the
igh density of states on the other metal, to which the poten-
ial is not applied, in this case the nanoparticle. More recently,
ooding and coworkers evaluated experimentally the theory and
etermined the thickness of the OL beyond nanoparticle-mediated
lectron transfer is expected to be affected [39,40].

The efficient AuNPs-mediated electron transfer (ET) of Au/QCHI-
uNPs electrodes is in agreement with the theory and explains the

mprovement of conductivity and the increment of the oxidation of
he hydrogen peroxide reported in reference 14. As consequence,
he electrodes modified with self assembled layers of (QCHI/AuNPs)
s platform for the adsorption of GOD presentedhigher amper-
metric response and the better analytical performance than
lectrodes without AuNPs [14].

The electrochemical response of FcMOH on self-assembled
u/MPS/(QCHI-AuNPs)n structures built with 60 min  of AuNPs
dsorption time was also analyzed to evaluate the ET at the mul-
ilayer. No variations of the peak current and �Epexp and ipa

alues were observed as the number of bilayers n of (QCHI-
uNPs) increases at least in the range analyzed n = 5 (Figures S7
f supporting information). Using �Epexp values, cyclic voltam-
ograms were simulated and a value of kct ∼ 2 x 10-2 cm s-1
ica Acta 146 (2014) 178–185

was determined, (Figures S8 of supporting information). Consid-
ering that under the experimental conditions used the successful
construction of the multilayers has been demonstrated by UV-
Vis spectroscopy and ellipsometry, and the thickness increase was
determined, the charge transfer should occur via a nanoparticle-
mediated pathway. In an opposite way, a decrease of peak current
and an increment of �Epexp should be expected as the thickness
of the structure increases. Because kct for FcMOH is independent of
the multilayer thickness and is similar to the value determined at
Au, we conclude that AuNPs acts as channels that favor the elec-
tronic conduction through the multilayer [41]. Similar results were
also obtained with K3[Fe(CN)6] (not shown). These results sug-
gest that the intra or interlayer interaction of AuNPs promotes the
electronic conduction between the AuNPs and the electrode sur-
face, in agreement with previous reports of polyelectrolytes/AuNPs
systems [42–44].

4. Conclusions

Multilayer films containing citrate-stabilized gold nanoparti-
cles and QCHI were built on quartz and MPS-functionalized gold
substrates. A diffusion-controlled process is observed in the early
stages of AuNPs adsorption on the QCHI-modified surface. UV-Vis
and AFM characterization indicated that AuNPs in each bilayer
were spatially separated between them. The interparticle inter-
actions were mainly produced between bilayers as a result of
the interpenetration of the structure. The surface coverage and
the coupling between particles depend on the adsorption time of
AuNPs. The refractive indices for the (QCHI-AuNPs)n multilayers
were properly determined using an anisotropic single layer model.
The optical constants were quite different from those of bulk gold
and their values vary with the AuNPs surface coverage. The thick-
ness per bilayer of the structures present a progressive increase as
�AuNPs augments, reaching a value close to the nominal nanopar-
ticles diameter after 60 min  of adsorption. These results indicate
that the interpenetration of bilayers in the multilayer depends
on �AuNPs.

The incorporation of AuNPs in the structure produces an
increase of the heterogeneous charge transfer rate constant of
redox probes and their values were dependent on the �AuNPs.
The efficient AuNPs-mediated ET at Au/QCHI-AuNPs electrodes
explains the improvement of conductivity and the increment of
the oxidation of the hydrogen peroxide reported in reference 14.
The electrodes modified with (QCHI/AuNPs) as platform for the
adsorption of GOD presented higher amperometric response and
a better analytical performance than electrodes without AuNPs.
In relation to the multilayers, the kinetic constant of the charge
transfer process was  independent of the number of bilayers of
QCHI-AuNPs, (in the range studied up to n = 5), and similar to
the value determined at Au. These results indicate that the elec-
tronic conduction through the multilayer should be mediated by
the AuNPs and favored by their distribution in the structure mak-
ing evident that polymer/nanoparticles assemblies represents an
important strategy for develop of electrochemical sensors and a
biosensors.
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