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a b s t r a c t
This work describes a simple methodology to bio-functionalize ﬂat Au(1 1 1) electrodes through the onestep reaction between gold nanoparticles (AuNPs), carbon disulﬁde and a secondary amine (epinephrine)
and an aminoacid (tryptophan). The process relies on the in situ dithiocarbamate formation between
carbon disulphide and amine groups and also on the strong linkage between sulfur and gold. The redox
behavior of modiﬁed gold with epinephrine or tryptophan, prepared from both ethanolic and aqueous
solutions conﬁrms their covalent immobilization and reveals a signiﬁcant increase of their amount on the
electrode due to the presence of AuNPs. Electrochemical reductive desorption in basic solution provided
qualitative information on the amount of sulfur linked the gold surface and complements the redox
studies. The co-immobilization of an enzyme (glucose oxidase, GOx) and gold nanoparticles, using carbon
disulﬁde has been also tested. The presence of GOx on modiﬁed Au(1 1 1) electrodes has been conﬁrmed
by electrochemical detection of the catalytic oxidation of glucose in the presence of a redox mediator and
through the evaluation of H2 O2 reduction, formed during the catalytic reaction. XPS analysis, topographic
and phase imaging by atomic force microscopy (AFM) further conﬁrmed surface modiﬁcation by AuNPs
and also their functionalization. The successful one-step amine adsorption, in the presence of AuNPs, from
aqueous solutions reveals the potential of this method in the construction of nanostructured biosensing
interfaces.
© 2012 Elsevier Ltd. All rights reserved.

1. Introduction
Gold nanoparticles have been extensively and successfully
used to build tridimensional biosensing interfaces with improved
biorecognition sensitivity [1–3]. The large surface/volume ratio
allied to the unique optical/electronic properties of nanoparticles is the motors for the increased research in this ﬁeld. Due to
these characteristics AuNPs have a strong adsorption capability
and high catalytic efﬁciencies, and are used as electron transfer
mediators to amplify the rate of electron transfer between enzymes
and electrodes in biosensors [4–9]. Commonly, the preparation of
nanostructured electrodes for catalysis or biosensor applications
comprehends several steps, namely (i) gold surface modiﬁcation
with thiols or dithiols derivatives [10]; (ii) incubation with AuNPs;
(iii) reaction with a second sulfur derivative containing a suitable
terminal group to establish a covalent bond with the catalyst or
biomolecule [11,12]; and (iv) one more intermediate activation
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step with for example EDC/NHS is also required for covalent binding
[13].
Recently, the authors have reported [14] that a simple one-pot
methodology in the presence of CS2 could be used for the direct
immobilization of glucose oxidase on ﬂat Au(1 1 1) surfaces, with
preservation of its biological activity. These results were complemented and supported by the efﬁcient one-step immobilization of
either a primary (dopamine) or a secondary (epinephrine) amine,
and also an aminoacid (tryptophan). Several studies have demonstrated that in situ formation of a dithiocarbamate through the
prompt reaction between carbon disulﬁde and amines (mainly
secondary) [15–18] could be useful for the formation of stable selfassembled monolayers with similar properties of those of thiol
derivatives on gold [10]. The main structural feature of dithiocarbamates monolayers is the electron resonance between nitrogen,
carbon and sulfur [19,20], which is claimed to be responsible for a
strong interaction with the gold substrate, due to an appropriate
overlapping of metal and adsorbate molecular orbitals. In addition,
it was also demonstrated that in situ dithiocarbamates could be
also formed on colloidal gold [15,21,22] and electrodeposited gold
nanoparticles [23].
The novelty of the work described here regarding previous
studies with thiolated SAMs, or with in situ dithiocarbamates on
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gold, is the simple one-pot methodology, in ethanolic or aqueous
solutions, employed to build nanostructured electrodes, involving
CS2 , AuNPs (with ca. 22 nm diameter) and compounds containing amines (epinephrine and tryptophan). Glucose oxidase was
the enzyme chosen to reveal the potential of this simple method
to immobilize biomolecules from aqueous medium. The modiﬁcation of AuNPs was investigated by UV–vis spectroscopy and atomic
force microscopy (AFM) on mica surfaces. Epinephrine and tryptophan covalent attachment has been conﬁrmed through their redox
behavior and XPS analysis, while the biological activity of immobilized GOx was evaluated toward glucose oxidation. AFM imaging of
gold modiﬁed electrodes further conﬁrmed the presence of functionalized AuNPs.
2. Experimental
2.1. Chemicals
Carbon disulﬁde (Acros Organics), epinephrine (Sigma–Aldrich),
tryptophan (Sigma–Aldrich), HAuCl4 ·2H2 O, sodium citrate (Alfa
Aesar), sodium hydroxide (Fluka), sulfuric acid (Pancreac), phosphate buffer saline (PBS) (8.0 mM Na2 PO4 (Merck); 1.14 mM
KH2 PO4 (Merck); 138 mM NaCl (Merck) and 2.7 mM KCl (Merck);
pH 6.8) and absolute ethanol (Riedel-de Häen) were all analytical grade and used without further puriﬁcation. Glucose
oxidase from Aspergillus niger (GOx, Type X–S, lyophilized powder,
100,000–250,000 units/g, Sigma–Aldrich) was also used without further puriﬁcation procedure, d(+)glucose from Merck and
ferrocenedicarboxylic acid were obtained from Sigma–Aldrich.
Glucose solution was allowed to come to mutarotation before
its employment, which was prepared in PBS (pH 6.8) and left at
4 ◦ C overnight to allow the equilibration of the anomers. Ultrapure water was obtained from a MILLI-Q A10 Gradient puriﬁcation
system (18 M cm at 25 ◦ C) and used to prepare all the aqueous
solutions.
2.2. Thin layer gold electrodes and nanoparticle synthesis
The substrate used for monolayer preparation was a gold ﬁlm
(200 nm) deposited on borosilicate glass (pre-layer of chromium,
2–4 nm) from ArrandeeTM . The surface was cleaned with piranha
solution (3:1 mixture (v/v) of H2 SO4 :H2 O2 ), rinsed with ultra-pure
water and ethanol, and ﬂame annealed, leading to a predominant
(1 1 1) crystallographic orientation and a surface roughness of 1.2.
The morphologic characterization of bare gold surfaces has been
previously described [14,24]. The citrate-stabilized gold nanoparticles (AuNPs/citrate) were synthesized by the Turkevich method
[25,26], using 5.0 mol HAuCl4 in 19 mL of boiling water and 2 mL
of 0.5% sodium citrate, prepared according to the procedure previously reported [27]. The colloidal suspensions were characterized
by TEM [27], UV–vis and AFM, and stored in the dark at 4 ◦ C. Modiﬁcation of synthesized AuNPs/citrate in the colloidal suspension
with CS2 , CS2 /epinephrine, CS2 /tryptophan and CS2 /glucose oxidase was performed by mixing 250 L of colloidal suspension with
0.5 mM of CS2 and 0.50 mM epinephrine/tryptophan and 0.50 mM
CS2 /GOx (0.1 mg/ml).
2.3. Electrode modiﬁcation
Au(1 1 1) electrodes have been modiﬁed using one-step method.
Au in contact with a mixture of (i) AuNPs/citrate (4 nM), CS2 (1 mM)
and epinephrine or tryptophan (0.1 M) in ethanol or aqueous solutions, during 16 h (RT, 22 ◦ C); and (ii) AuNPs/citrate (4 nM) with
CS2 (1 mM) and glucose oxidase (1 mg/mL) during 16 h, in aqueous solution at 4 ◦ C. The AuNPs concentration was chosen based
on a previous study [27] concerning Au(1 1 1) modiﬁcation with

consecutive layers of dithiols and nanoparticles. The ﬂat gold electrodes were also modiﬁed by reaction between CS2 (0.1 M) and
epinephrine or tryptophan (0.1 M) in ethanol or aqueous solution,
during 16 h, at room temperature. Following the immobilization,
the electrodes were thoroughly washed with ultra-pure water, in
order to remove any physically adsorbed particles, and dried under
a nitrogen ﬂow.
2.4. Electrochemical measurements
Cyclic voltammetry was performed using a PARSTAT 2263
electrochemical work station (Perkin Elmer). A one-compartment
Teﬂon cell was employed, ﬁtted with a saturated calomel electrode (SCE) and a platinum foil, as reference and counter-electrode,
respectively. The geometric area of the working electrode
(0.57 cm2 ) was deﬁned by an O-ring. The electrolyte solutions were
degassed for at least 20 min, with nitrogen (99.99997%) prior to
each experiment.
2.5. XPS characterization
XPS analysis were carried out using a Microlab 310 F (Thermo
Electron-former VG Scientiﬁc) with a Mg (monochromated)
anode, a concentric hemispherical analyzer and was operated at
under pressures lower than 5 × 10−9 mbar, using an Al radiation
(monochromator). The XP spectra were obtained in CAE mode
(30 eV) and accelerating voltage of 15 kV. The peak quantiﬁcation
was determined after ﬁtting, using a Gaussian–Lorentzian product
function and the algorithm was based on the Simplex optimization
(Avantage software).
2.6. Morphological characterization
The morphology of modiﬁed electrodes with AuNPs was characterized by Tapping mode AFM, in ambient conditions, using a
Nanoscope IIIa Multimode AFM (Digital Instruments, Veeco), and
etched silicon tips (∼300 kHz). Images of AuNPs/citrate before and
after modiﬁcation in colloidal suspension were acquired by placing a drop of the colloidal suspension onto freshly cleaved mica
for 15 min, rinsing with water and drying with pure N2 .
3. Results and discussion
3.1. One-step immobilization of in situ dithiocarbamates/AuNPs
on Au(1 1 1)
Fig. 1a and b shows, respectively, the cyclic voltammograms
obtained upon the reaction of epinephrine and tryptophan with CS2
in ethanol, in the presence of Au(1 1 1) substrate, with or without
the addition of AuNPs. Table 1 compiles the electrochemical data
obtained from the cyclic voltammograms shown in Fig. 1. The redox
response of epinephrine and the linear dependence of both anodic
and cathodic peak currents on the sweep rate (inset of Fig. 1a) conﬁrm the stable linkage of epinephrine to the electrode surface and
clearly indicate that its redox process is not controlled by diffusion.
It is veriﬁed that in the presence of AuNPs epinephrine oxidation
and reduction peaks are nearly symmetric, with a half-wave potential negatively shifted regarding the one observed for modiﬁed
Au(1 1 1) in the absence of AuNPs [14], indicating a slight facilitated electron transfer. Surface coverages were estimated based
on the integration of the oxidation processes, considering that two
electrons are transferred during the reversible electrochemical conversion of the hydroquinone/quinone forms of epinephrine [14,29].
The addition of AuNPs into the reaction resulted in a great increase
of epinephrine surface concentration (based on Au (1 1 1) electrode
area) from 1.3 × 10−10 to ca. 4.0 × 10−10 mol cm−2 , demonstrating
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Fig. 1. Cyclic voltammetry of CS2 /epinephrine and CS2 /tryptophan reaction on Au surface, in the presence and absence of AuNPs, from ethanolic (a) and (b) and aqueous (c)
and (d) solutions: 0.1 M H2 SO4 ,  = 50 mV s−1 . Inset: peak current density vs. scan rate for the modiﬁed electrodes in the presence of AuNPs.

the efﬁciency of this one-step procedure. As discussed in a previous
work [14], the redox behavior of tryptophan in solution or immobilized is not straightforward. In most surfaces a single oxidation peak
is detected, which is due to an irreversible 2e− reaction with the
formation of an extremely reactive methylene–imine intermediate [30–33], giving rise to species that cannot be electrochemically
reduced on the reverse scan. This explains the non-symmetrical
responses obtained in the cyclic voltammograms of Fig. 1b, which
consistently show a much larger oxidation peak than its reduction

counterpart. Notwithstanding, the linearity between the peak current and the sweep rate observed for Au/AuNPs/CS2 /tryptophan
(Fig. 1b), expected for a non-diffusional controlled electron transfer, conﬁrms the adsorption and stability of the aminoacid on the
surface. It is also clear from the surface coverage values presented
in Table 1, in similarity with the behavior observed for epinephrine,
that more tryptophan molecules (per Au(1 1 1) geometric area)
could be immobilized in the presence of AuNPs. The lower coverage obtained for tryptophan modiﬁed electrodes regarding those

Table 1
Half-wave potential, E1/2 , peak potential separation, Ep , and surface coverage,  , values obtained from the cyclic voltammograms of modiﬁed electrodes shown in Fig. 1.
Modiﬁed electrodes
CS2 /epinephrine
AuNPs/CS2 /epinephrine
CS2 /trytophan
AuNPs/CS2 /tryptophan
a

Potential vs. SCE.

Solvent

E1/2 (V)a

Ep (V)

 ox (×10−10 )/(mol/cm2 )

Organic
Aqueous
Organic
Aqueous
Organic
Aqueous
Organic
Aqueous

0.57
0.52
0.53
0.52
0.43
0.52
0.51
0.43

0.02
0.05
0.05
0.05
0.14
0.16
0.12
0.15

1.3
0.7
4.0
2.0
0.8
0. 3
1.1
0.9
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of epinephrine, must be related with the higher reactivity between
secondary amines and carbon disulﬁde, as reported before [17] and
also conﬁrmed in our previous work [14].
Since our main purpose is the direct attachment of biomolecules,
which often requires aqueous environments, the one-step immobilization of epinephrine and tryptophan was also tested in buffered
aqueous solutions, and the representative voltammograms are presented in Fig. 1c and d, respectively. It can be veriﬁed that the
attachment of both epinephrine and tryptophan is more effective in
ethanolic solutions than in aqueous, probably due to the low solubility of CS2 in the more polar solvent. Notwithstanding, it is clearly
observed, that the presence of nanoparticles leads to a substantial increase in the peak currents for both compounds (Table 1), as
veriﬁed when the immobilization was performed in ethanolic solutions. The linear relationship between current density and sweep
rate was also observed for both modiﬁed electrodes, in the presence of AuNPs, however for tryptophan this proportionality is only
achieved up to 50 mV s−1 (inset of Fig. 1d), which indicates a more
complex electron transfer during tryptophan redox process. It is
worth noting that the loss of linearity between current and sweep
rate for larger potential scan rates is not associated with a loss
of immobilized tryptophan molecules, as veriﬁed through consecutive potential cycles. Estimated values for electrode coverages
(based on geometric area and using the same methodology to integrate ill-deﬁned peaks, such as those of tryptophan) are remarkably
higher in the presence of gold nanoparticles, either from ethanolic
or aqueous solutions. This ampliﬁcation effect is a direct consequence of a larger available area for adsorption when the AuNPs
are present. The electrochemical data conﬁrm the applicability of
this one-pot procedure to adsorb amine compounds, and shows the
potential applications on the single-step adsorption of proteins on
a gold surface, since they contain a large number of primary and
secondary amine groups.
In order to prove the important role of CS2 on the stability and
strong linkage of epinephrine to AuNPs, the 2nd and the 10th cycle
of a Au (1 1 1) surface after exposure to ethanolic solutions of CS2 ,
AuNPs and epinephrine, or to AuNPs and epinephrine have been
recorded (Fig. S1a, Supplementary Materials). While in the presence of CS2 the effect of potential cycling on the redox response
of epinephrine is minimum, the same behavior is not true in the
absence of CS2 . The low amount of physically adsorbed molecules
responsible for the reversible redox process (Fig. S1b, Supplementary Materials) on the 2nd cycle does not preclude the appearance
of the characteristic peak for the chromium oxidation on the 10th
cycle, arising from the instability of the bare Au/Cr thin layer electrodes after consecutive potential scanning in 0.1 M H2 SO4 . It is
worth noting that this process is only detected on bare gold after
multiple potential cycling. It is thus obvious that CS2 is playing a
crucial role in the stability of the adsorbed compounds and AuNPs,
most probably promoting a covalent bonding between epinephrine
and gold surfaces.
The redox behavior discussed in Fig. 1 was complemented with
electrochemical reductive desorption studies, commonly used
to characterize alkanethiol SAMs on gold, since it can provide
relevant information on their organization, packing and stability
[24,34,35]. The cyclic voltammograms shown in Fig. 2 correspond
to the electrochemical stripping of SAMs formed from only CS2 or
CS2 and AuNPs, prepared in ethanolic (Fig. 2a) or aqueous (Fig. 2b)
solutions, respectively. Fig. 2a shows a single sharp reduction
peak at −0.92 V, assigned to desorption of both sulfur atoms of
CS2 from ﬂat Au(1 1 1), while a broader peak at slightly lower
potentials (−0.98 V) with a shoulder (−0.89 V) can be denoted in
the presence of AuNPs, indicating that distinct sulfur environments
coexist in the 3D assembly. When Au(1 1 1) is modiﬁed in aqueous
solution with nanoparticles and CS2 , a similar conclusion can be
withdrawn from the electrochemical data (Fig. 2b), where two

obvious stripping peaks can be clearly denoted. Besides, there is
also a great increase in the reduction currents and therefore on the
amount of sulfur detached from gold when AuNPs are present.
The electrochemical desorption of a cadmium dibutyl dithiocarbamate (dibutylDTC) [36] SAM formed on Au (1 1 1) from ethanolic
solution exhibits one major reductive peak (Fig. S2, Supplementary Materials) at the same potential value than that obtained for a
pure CS2 SAM shown in Fig. 2a (Table 2). It is veriﬁed that dithiocarbamates of distinct chain lengths, having different organizations on
the surface, exhibit peak desorption potentials ranging from −0.75
[14] to −0.92 V, which cover the values obtained in this study for
the in situ dithiocarbamates formed on gold (Fig. 3a and b). This
indicates that a S2 C N resonance structure does not dictate per se
the stability of monolayers on gold (regarding a CS2 linkage), since
the aliphatic chains or aromatic – stacking interactions among
adsorbates may impart additional stability to the self-assembled
monolayers. The reductive desorption of monolayers formed from
the reaction between CS2 and epinephrine or tryptophan in ethanolic solutions, either in the presence or absence of AuNPs, is shown
in Fig. 3a. In all cases the reduction potentials are slightly positively
shifted from that of pure CS2 SAMs, exhibiting broader desorption peaks, which supports the formation of dithiocarbamates on
gold. There is a clear increase of the cathodic peak intensity when
the electrodes are modiﬁed in the presence of AuNPs, as also
conﬁrmed through the charge involved in the reduction process,
and therefore on the total amount of immobilized sulfur on the
gold surface. As depicted from Table 2, sulfur concentration for
the modiﬁed electrodes without AuNPs (estimated based on the
Au(1 1 1) geometric area), assuming the involvement of one electron per each sulfur atom desorbed, are close to those expected for
√
√
a packed alkylthiol ( 3 × 3)/R30◦ overlayer structure at Au (1 1 1),
7.6 × 10−10 mol cm−2 [24]. In organic solution, the increase on the
amount of adsorbed aminoacid due to the presence of nanoparticles, obtained from its redox response (Table 1) agrees with the
augment in sulfur coverage (ca. 25% increase, Table 2). However, for
epinephrine modiﬁed electrodes with AuNPs, the increase in sulfur
surface concentration is considerably smaller than that detected for
epinephrine oxidation in the same systems. Electrochemically, the
detected sulfur atoms should be the ones directly adsorbed to the
ﬂat surface, plus a possible small contribution from sulfur species
attached to the AuNPs in the close vicinity of the electrode [37], also
reduced during desorption. Taking into account that the presence
of AuNPs causes only a small increase in sulfur coverage (Fig. 3a) but
a noticeable increase on epinephrine oxidation currents (Fig. 1a),
the data indicates that a large part of epinephrine molecules must
be stably attached to the AuNPs.
When ﬂat Au(1 1 1) electrodes are modiﬁed with tryptophan
(Fig. 3b) in aqueous solutions, in the presence of AuNPs, a single
and well-deﬁned reduction peak is obtained with a potential value
close to those observed for layers prepared in ethanol (Table 2).
This indicates that the presence of AuNPs signiﬁcantly improves
the amount of sulfur on the surface (as observed in Fig. 2b), and
also of tryptophan molecules in agreement with the voltammetric responses of Fig. 1d and Table 1. This effect is also observed for
epinephrine modiﬁed electrodes, although the current increase is
not as signiﬁcant, since DTCs are formed in aqueous environment
with this compound (containing a secondary amine) in the absence
of AuNPs (Fig. 1c). The citrate ions that stabilize the AuNPs are
likely to increase the CS2 solubility in water, near the gold surfaces,
promoting the adsorption of sulfur species (CS2 or DTC).
XPS analysis was performed on Au (1 1 1)/AuNPs/CS2 ,
Au(1 1 1)/CS2 /epinephrine and Au (1 1 1)/AuNPs/CS2 /epinephrine
aiming to characterize the surface bonds established during
the one-step modiﬁcation. Fig. 4 shows the ionization of S2p
expected to be present when dithiocarbamates are adsorbed
on gold. The S2p ionization for Au(1 1 1)/CS2 /epinephrine and
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Fig. 2. Cyclic voltammograms of modiﬁed gold electrodes with CS2 , in the presence and absence of AuNPs, from ethanol (a) and aqueous (b) solutions: 0.1 M NaOH;
 = 20 mV s−1 .
Table 2
Reduction peak potentials, Epred , and surface coverage values obtained from the cyclic voltammograms of modiﬁed electrodes shown in Fig. 3.
Modiﬁed electrodes

CS2

Dibutyl-DTC
a

CS2 /epinephrine

CS2 /tryptophan

a

a

AuNPs/CS2 /epinephrine

AuNPs/CS2 /tryptophan

Organic

Aqueous

Aqueous

Organic

Organic

Aqueous

Organic

Organic

Aqueous

Epred vs. SCE/V

−0.92

−0.90

−0.90

−0.88

−0.90

−0.8

4.3

1.7

6.4

5.2

−0.73
−0.96
0.7
1.6

−0.90

 red (×10−10 )/(mol cm−2 )b

−0.70
−0.97
1.3
1.4

8.2

7.0

a
b

6.0

Ref. [14].
Total sulfur surface concentration (assuming one electron per each sulfur atom).

Au(1 1 1)/AuNPs/CS2 /epinephrine exhibits one typical metalsulfur bond (Au-S), characterized by the S2p3/2 and S2p1/2 doublet
with an electron binding energy (BE) of 162.7 eV for S2p3/2 (164 eV
for Sp1/2 ). The BE values are in agreement to those reported
for in situ prepared dithiocarbamates [15,19], slightly higher
than those of pure dithiocarbamates (Sp3/2 ∼ 162 eV [19]), but
still lower than free unbounded thiols or disulﬁdes (ca. 163.7 eV
[38,39]). Likewise reported for 2D and 3D (with nanoparticles)
short alkanethiolate self-assembled monolayers on gold [40], the
S2p BE is almost identical for epinephrine modiﬁed electrodes
with or without AuNPs. The XP results of Au (1 1 1)/AuNPs/CS2
also reveal only one sulfur–gold species with a binding energy for

S2p3/2 of 162.2 eV with the typical spin–orbit separation of 1.2 eV
[41]. It is worth to note that neither unbound sulfur nor nitrogen
containing species could be detected in this sample. In contrast,
both epinephrine samples show N1s ionizations with binding
energies of 400.9 eV, which are values close to those reported for
C N bond in DTC SAMs [15,19,42].
Because of the low amount of deposited molecules, the signal to background ratio of the XPS measurements, does not allow
an accurate identiﬁcation of the binding energies for the Au S
bond from DTC or CS2 in the same sample, or even a possible AuNP S C S Au(1 1 1) linkage, that could be established in
the presence of nanoparticles. Notwithstanding, the qualitative

Fig. 3. Cyclic voltammograms of modiﬁed gold electrodes with (a) CS2 /epinephrine and CS2 /tryptophan, in the presence and absence of AuNPs, from ethanol; (b)
CS2 /tryptophan, in the presence and absence of AuNPs, from aqueous solutions: 0.1 M NaOH;  = 20 mV s−1 .
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Fig. 4. S2p XPS spectra of modiﬁed gold surfaces.

information provided by the binding energies conﬁrm a strong coupling with a covalent character between sulfur and gold surfaces for
all studied samples.
The morphology of the modiﬁed Au (1 1 1) electrodes upon
the reaction between AuNPs, CS2 and epinephrine (Fig. 5a) from
ethanol solutions, or tryptophan from both ethanolic (Fig. 5b) and
aqueous (Fig. 5c) medium, were characterized by AFM. Typical
gold monoatomic terraces are still visualized together with gold
nanoparticles with average diameters of 34 ± 7 nm, 33 ± 6 nm and
30 ± 8 nm, respectively, indicative of functionalization of pristine

AuNPs/citrate (with average diameters of 22 ± 6 nm, Fig. 6a) during
the deposition process.
Colloidal AuNPs/citrate were modiﬁed in a mixture of CS2 and
epinephrine or tryptophan (in the absence of Au (1 1 1) surface)
from ethanolic solutions, to assess the in situ dithiocarbamate formation on nanoparticles, and characterized by UV–vis spectroscopy
(Fig. S3, Supplementary Materials) and AFM. The topographic
images, corresponding proﬁles and size distribution histograms
are presented in Fig. 6. The UV–vis spectrum corresponding to the
AuNPs stabilized by citrate ions reveals a characteristic plasmon
resonance band centered at 522 nm (Fig. S3, Supplementary Materials) [27], which agrees with the reported behavior for particles with
ca. 20 nm of diameter [26–28], corroborating the sizes depicted in
Fig. 6a. In contact with only CS2 the AuNPs tend to form small aggregates (average sizes of 23 ± 6 nm) of undeﬁned shapes (Fig. 6b).
However, upon the reaction with CS2 /epinephrine (Fig. 6c) and
CS2 /tryptophan (Fig. 6d) there is a signiﬁcant increase of the average diameters up to 55 ± 13 nm and 60 ± 12 nm, with globular
shapes.
It is worth noting that the average diameter of the functionalized AuNPs attached to the gold surface is smaller than those
obtained when the reaction takes place in colloidal suspension
(Fig. 6) in the absence of Au(1 1 1) electrode, but still larger when
compared to the AuNPs/citrate diameters. The very fast reaction
between AuNPs, CS2 and epinephrine or tryptophan, and consequent adsorption to the gold surface should avoid the aggregation
of AuNPs. Due to the spontaneity of the one-step methodology,
the areas in AFM imaging which are AuNPs free should be covered with CS2 molecules or by dithiocarbamates formed from
the reaction between CS2 and epinephrine or tryptophan. Once
CS2 molecules are adsorbed on gold, the exposed carbon atoms
are no longer reactive toward amine functions in solution. This

Fig. 5. AFM images (750 mm × 750 nm) of modiﬁed gold electrodes with (a) AuNPs/CS2 /epinephrine (ethanol, z = 20 nm), and AuNPs/CS2 /tryptophan from (b) ethanol,
z = 20 nm and (c) aqueous, z = 42 nm solutions. AFM proﬁles and size distribution histograms are displayed below each image.
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Fig. 6. AFM topographic images (750 nm × 750 nm; z = 15 nm) of mica after drop casting of AuNPs/citrate before (a) and after reaction with: CS2 (b), CS2 and epinephrine (c)
and CS2 and tryptophan (d). AFM proﬁles and size distribution histograms are displayed below each image.

means, for instance, that the excess of epinephrine molecules
in solution do not interact with adsorbed CS2 to form more
dithiocarbamates.
3.2. One-step immobilization of glucose oxidase-functionalized
AuNPs
Glucose oxidase has been chosen to prove that biomolecules,
that possess a large number of aminoacids, can be also immobilized
through the one-pot reaction with CS2 in the presence of nanoparticles. Fig. 7a shows the electrochemical responses of modiﬁed
Au(1 1 1) surface with only CS2 , CS2 /glucose oxidase, CS2 /AuNPs
and also with CS2 /AuNPs/glucose oxidase in PBS solution, containing 0.1 mM ferrocenedicarboxylic acid and 0.50 mM glucose.
The enzymatic catalytic mechanism of glucose oxidase toward
glucose, using ferrocene derivatives as electron-mediators is well

known and widely reported [14,43–45]. The cyclic voltammogram
obtained for CS2 SAM on Au (1 1 1) exhibits a reversible redox process with E1/2 = 0.40 V with a Ep = 70 mV at a scan rate of 5 mV s−1 ,
assigned to the ferrocenedicarboxylic oxidation/reduction process.
When the Au(1 1 1) is modiﬁed with CS2 and AuNPs, the electrochemical signal increases, probably due to the larger surface area
available for soluble ferrocene to be electrochemically oxidized
and reduced. A catalytic response with a similar oxidation current
increase is observed for the gold surface exposed to CS2 and glucose
oxidase. However, the greatest change in the electrochemical signal of ferrocene mediator is observed for Au(1 1 1) modiﬁed with
AuNPs/CS2 /glucose oxidase. A signiﬁcant increase of the oxidation
peak of mediator regarding its reduction counterpart was developed as a consequence of the enzymatic oxidation of glucose by
GOx, revealing the successful immobilization of the enzyme on the
surface of the electrode.

Fig. 7. Cyclic voltammograms of modiﬁed electrodes (a) in 0.1 mM ferrocenedicarboxylic acid in PBS solution containing 0.50 mM glucose, at 5 mV s−1 and (b) CS2 /AuNPs
and AuNPs/CS2 /GOx in PBS containing 1 and 35 mM of glucose, at 50 mV s−1 .
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Fig. 8. AFM images (750 nm × 750 nm) of (a) modiﬁed gold electrodes with AuNPs/CS2 /GOx; ztopography = 15 nm; zphase = 40◦ ; and of mica upon drop casting of AuNPs modiﬁed
with glucose oxidase (z = 15 nm) in the presence (b) and absence (c) of CS2 . AFM proﬁles and size distribution histograms are displayed below each image. The histogram in
Fig. 8b was ﬁtted with a bimodal Gaussian distribution.
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The biological activity of the modiﬁed electrodes with AuNPs
and GOx toward the oxidation of glucose was also tested by following the reduction of H2 O2 formed during the catalytic reaction
in the absence of a redox mediator. Fig. 7b shows the cyclic
voltammograms obtained for gold modiﬁed with AuNPs/CS2 and
AuNPs/CS2 /GOx in a PBS solution saturated with O2 , in the presence of 1 and 35 mM of glucose. There is an increase of the cathodic
process intensity at ca. −0.550 V vs. SCE, assigned to the reduction
of H2 O2 [46], when the glucose concentration increases from 1 to
35 mM. In the absence of GOx, for both glucose concentrations studied, this reduction process could not be detected. Thus, conﬁrming
that glucose oxidase is still active upon one-step immobilization on
gold surface.
AFM topographic and phase imaging of the modiﬁed electrodes
with AuNPs/CS2 /glucose oxidase are presented in Fig. 8a. It is possible to observe that ﬂat Au(1 1 1) electrodes are covered by small
granular features of ca. 20 nm which are attributed to adsorbed
enzymes via CS2 on the surface. In addition, larger globules with
ca. 40 ± 6 nm, exhibiting a higher contrast in the phase imaging,
are assigned to bio-functionalized AuNPs with glucose oxidase,
supporting the one-step functionalization of AuNPs and adsorption on gold surface. Fig. 8b and c corresponds to AFM images
of mica with casted AuNPs modiﬁed with glucose oxidase in the
presence and absence of CS2 , from PBS solutions, respectively. The
bio-functionalization of AuNPs with CS2 /GOx (Fig. 8b) in aqueous solutions is supported by the increase of the size of AuNPs,
where some large aggregates with distinct shapes can be clearly
depicted (histogram ﬁtted to a bimodal Gaussian distribution with
two maximum at 42 and 75 nm), as well as by a slight shift of the
plasmon resonance band wavelength to 530 nm (Fig. S3, Supplementary Materials). It is noteworthy to observe, that in the absence
of CS2 , gold nanoparticles have similar diameters to the pristine
AuNPs/citrate (Fig. 8c), indicating that this small molecule plays
crucial role in the bio-functionalization process.
In similarity with the previously discussed in Section 3.1, modiﬁed AuNPs with GOx on gold electrodes present smaller diameters
and less irregular shaped particles than those observed on mica
shown in Fig. 8b, that should be a consequence of AuNPs adsorption
onto Au(1 1 1).

4. Conclusions
It was demonstrated that both epinephrine, a secondary amine,
and tryptophan could be successfully immobilized together with
AuNPs on a ﬂat gold electrode, using a one-pot reaction with CS2 . A
signiﬁcant increase in the amount of immobilized epinephrine and
the aminoacid due to the presence of AuNPs is achieved when the
reaction is prepared either from ethanolic or aqueous solutions. The
addition of nanoparticles has revealed to be particularly relevant
to increase the coverage of the aminoacid prepared from aqueous
solutions, as conﬁrmed by the redox studies in acidic medium and
also through the total amount of sulfur atoms reductively desorbed
from the electrode surface.
XPS analysis of modiﬁed gold with AuNPs/CS2 /epinephrine,
CS2 /epinephrine and AuNPs/CS2 reveal only one ionization in the
S2p region, assigned to sulfur–metal bond. Ionizations at higher
binding energies typical of free unbound sulfur species were not
detected in any sample.
The bioactivity of modiﬁed electrodes with glucose oxidase
through CS2 , together with AuNPs on ﬂat Au(1 1 1), has been
attested toward the oxidation of glucose. For the same amount of
substrate the oxidation current of the redox mediator (ferrocenedicarboxilic acid) is greatly increased when the enzyme is attached
to the nanostructured electrode. Furthermore, it was possible to
detect in a saturated O2 solution, the reduction peak of H2 O2 , which
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increases with glucose concentration, formed during the catalytic
reaction, demonstrating that immobilized GOx preserve its biological activity. The morphological characterization of the electrodes by
AFM supported the feasibility of this simple methodology, where
the modiﬁed AuNPs, with increased diameters regarding pristine
citrate stabilized AuNPs appeared distributed on the electrode surface.
The data here reported shows the potential applications of this
simple procedure to the preparation of electrochemical and/or
optical biosensing surface from aqueous solutions. Optimization
studies (e.g. effect of pH, surfactant addition, AuNPs concentration)
will be carried on to further increase the amount of surface conﬁned
bio-functionalized AuNPs.
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