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a  b  s  t  r  a  c  t

In  this  work,  we  propose  a simple  and  effective  approach  to build  nanostructured  immunosensor  plat-
forms.  The  one-step  strategy  relies  on  i) the  in  situ  formation  of dithiocarbamates  from  the  reaction
between  carbon  disulfide  and  amine  groups,  present  on  protein  A,  ii) their  attachment  to  gold  nanopar-
ticles  (AuNPs),  and  iii) the  linkage  of  the  modified  AuNPs  to  the  electrode  surface,  which  depends  on the
strong  interaction  between  gold  substrates  and  sulfur  moieties.  AuNPs  and  protein  A are  used to  increase
the  surface  coverage  of  Immunoglobulin  G  (IgG)  and  promote  the  oriented  immobilization  of the  anti-
bodies  on  the  immunosensing  interface.  The  modified  gold  surfaces  with  biomolecules  were  thoroughly
characterized  by  a  combination  of techniques:  UV–vis  spectrophotometry,  conventional  ellipsometry  and
atomic force  microscopy.  The  immunosensor  performance  was assessed  in real-time,  by  surface  plasmon
resonance  and  by the  highly  sensitive  total  internal  reflection  imaging  ellipsometry,  through  the  specific
biorecognition  between  anti-IgG  and  the  immobilized  IgG  molecules.  We  demonstrate  that  the  presence
otal internal reflection imaging
llipsometry

of  AuNPs  improves  the  sensitivity  of the anti-IgG  specific  detection,  whereas  the  presence  of  co-adsorbed
CS2 is  responsible  for blocking  the  undesired  protein  nonspecific  adsorption  to  the  gold  substrate.  Overall,
we  report  a  simple  and innovative  one-step  method,  to  chemically  modify  gold  surfaces  with protein  A
and  AuNPs,  able  to  specifically  detect  antigen/antibody  interactions  with  capability  of preventing  protein
nonspecific  adsorption.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Gold surface modification has been a useful and highly
romising approach for biosensing purposes. One of the most
opular strategies of surface modification are the self-assembled
onolayers (SAM), which form spontaneously, through the

dsorption of molecular compounds to solid surfaces [1]. Using
lkanethiol molecules, highly organized and stable platforms

ith reproducibility and easy preparation can be developed

2–4]. Moreover, alkanethiol molecules containing terminal
unctional groups, such as carboxylic acid moieties, are suit-
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ciences, Beijing, 100190, China.

E-mail addresses: gajin@imech.ac.cn (G. Jin), anaviana@fc.ul.pt (A.S. Viana).
1 These authors contributed equally to the work.

ttp://dx.doi.org/10.1016/j.apsusc.2017.03.180
169-4332/© 2017 Elsevier B.V. All rights reserved.
able to covalently immobilize proteins [5–8]. However, this
method requires the incorporation of an activation step, usually
performed with N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), to attach the protein to
the SAM [8–10]. An approach using the in situ formation of dithio-
carbamates (DTC) to, in only one-step, immobilize compounds with
amine groups to gold surfaces has been developed as an efficient
alternative [11–13]. Briefly, carbon disulfide spontaneously reacts
with amine groups to form DTC through the immersion of gold
substrates in a solution containing CS2 and the compound to immo-
bilize, at room temperature [11,14,15], without the need of adding
several modification and activation steps. DTC have a resonant
bidentate structure along N-C-S2 and establish strong linkages to
gold substrates [16]. This methodology has been used to immobi-

lize a wide range of molecules and biocompounds [13,17–21] and,
importantly, to prepare immunosensor interfaces for the detection
of biological molecules relying on the specific antibody-antigen
reaction. Furthermore, the ability to prevent protein nonspecific

dx.doi.org/10.1016/j.apsusc.2017.03.180
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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dsorption to the biorecognition surfaces has been also demon-
trated [12].

Beyond the high stability, biocompatibility and versatility, the
etection limit is the major concern regarding immunosensors
evelopment. It has to be high enough to allow the detection of
mall target molecules in clinical or environmental samples, usually
resent in trace amounts. Since gold nanoparticles (AuNPs) display
igh surface area with good biocompatibility and singular optical
roperties [19,22,23], they present a possible approach to enhance
he immunosensors efficiency and sensitivity [24–26]. The princi-
le behind the signal enhancement in the optical immunosensors
sing the surface plasmon resonance (SPR) effect, relies on the
hift of the plasmon resonance angle of the gold thin layer, due
o the electronic coupling interaction with the nanoparticles local-
zed surface plasmon wave [27–29]. Furthermore, by using AuNPs
irectly adsorbed on gold surfaces, a proper orientation and distri-
ution of the antibodies can also be achieved. These phenomena,

solated or combined, enable the appearance of large changes in
he SPR signal, increasing the detection sensitivity and therefore,
ecreasing the minimum of detectable molecules [30]. In fact, there
re many studies reporting the functionalization of AuNPs with
pecific antibodies towards the detection of cancer biomarkers
n a sandwich type immunosensor (e.g. prostate specific antigen)
25,26,31,32].

Aiming the preparation of biosensing platforms, we have devel-
ped innovative self-assembly procedures using carbon disulfide
or the robust immobilization of protein A [12], enzymes con-
ugated with AuNPs [34] or iron oxide nanoparticles [33,21], on
at gold surfaces. Hereby, we combine these simple chemical
pproaches to prepare sensitive three-dimensional immunosens-
ng platforms, using the in situ DTC reaction between CS2 and
mine groups of protein A, in the presence of AuNPs. Fig. 1 shows

 schematic representation of the one-pot methodology used in
his work for surface modification, with proposed adsorbates that
re prone to interact with gold: nanoassemblies, CS2 and dithiocar-
amates. Protein A/AuNPs bioconjugates allow the immobilization
f a large amount of immunoglobulin G (IgG) molecules, in an
riented assemble, through the specific interaction with the Fc por-
ion, which enables the recognition by anti-IgG molecules via Fab
ortions [31,35]. This novel nanostructured interface developed for

gG/anti-IgG is versatile and can be easily adapted to detect any
arget molecules of interest through the use of appropriate antibod-
es, including sandwich-based architectures. This pair of antibodies,
sed as a proof of concept, mimics the natural and high specific anti-
en/antibody interaction. A combination of techniques, including
V–vis spectrophotometry, atomic force microscopy (AFM), SPR,
onventional ellipsometry and total internal reflection imaging
llipsometry (TIRIE) was employed to characterize the properties
nd the performance of this newly created platform.

. Experimental

.1. Chemicals

Carbon disulfide, protein A from Staphylococcus aureus and
he antibodies for immunosensing, human IgG and polyclonal
nti-human IgG (H + L) secondary antibody from goat, and casein-
ased blocking buffer (BB) were obtained from Sigma-Aldrich and
sed without further purification. Phosphate buffer saline (PBS,
.01 M phosphate buffer, 0.0027 M potassium chloride and 0.137 M

odium chloride), pH 7.4, obtained from Sigma-Aldrich, with (PBST)
r without 0.05% (v/v) of Tween20, prepared with ultrapure Milli-Q
ater (18.2 M� cm)  was used for the preparation of protein solu-

ions and as a washing solution in SPR and TIRIE experiments.
cience 412 (2017) 455–463

2.2. Preparation of gold surfaces

Two types of gold substrates have been used in this work. For
SPR experiments, polycrystalline gold (50 nm) coated glass slides,
with a uniform granular morphology, purchased from Analytical �-
Systems. Prior to use, the slides were rinsed with water and ethanol
and cleaned in a UV chamber for 45 min. For AFM and ellipsome-
try, thin layer gold surfaces, manufactured by Arrandee, consisting
of a thin film (200 nm)  on borosilicate glass (1.1 × 1.1 cm2) with a
chromium undercoat (2–4 nm)  were used. The surfaces were firstly
flame-annealed to acquire a preferential (111) orientation [13] and
cleaned in piranha solution (H2SO4/H2O2 = 3:1, v/v) and in a UV
chamber for 45 min, as described elsewhere [12,37].

2.3. Synthesis of nanoparticles

AuNPs stabilized by citrate ions, with ca. 20 nm were synthe-
sized by the Turkevich method [23], 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 described [34,38].

2.4. Gold modification

Gold slides were immersed into a mixed solution containing
1 mM CS2 and 50 �g/mL protein A in PBS for 2 h at 4 ◦C. In the
experiments with nanoparticles the prepared aqueous suspension
of AuNPs has been added to the former mixture to a final con-
centration of 4 nM,  and left to incubate during 16 h at 4 ◦C. The
concentrations used in this study were selected based on previous
works [12,34,38]. As shown in Table S1 and Fig. S1 (in Supple-
mentary material), ellipsometric and AFM data reveal that higher
incubation time (16 h) was  required to prepare nanostructured
electrodes with high density of nanoparticles. After the modifica-
tion, the substrates were abundantly rinsed with PBS and water.
The concentrations of CS2, protein A, AuNPs and the reaction time
were kept constant in all the experiments.

2.5. Surface plasmon resonance

SPR measurements were carried out in a BIOSUPLAR400 T com-
pact SPR sensor manufactured by “Analytical �-Systems” coupled
to a peristaltic pump from ISMATEC at a flow of 50 �L/min. After
the modification, the gold slides were mounted onto the SPR equip-
ment and 0.1 mg/mL  IgG was pumped into the system and left
to incubate for, approximately, 1 h. After PBST washing, a block-
ing step was performed with BB and, after a new PBST washing,
0.1 mg/mL  anti-IgG was delivered into the cell. SPR experiments
were conducted after a stable baseline was acquired. Data shown
are the representative behavior of at least 3 independent experi-
ments and are presented as absolute differences in resonance units
(RU). The signal noise level was determined to be ≤1 RU.  The IgG and
anti-IgG concentrations were kept constant in all the experiments,
unless noted otherwise.

2.6. UV–vis spectrophotometry

UV-vis spectrophotometry was  performed using a UV-2600
spectrophotometer (Shimadzu), under the absorbance mode, over

a scanning range from 200 to 800 nm with 2 nm intervals. The char-
acterization was  performed before and after the functionalization
of the AuNPs with CS2 and protein A, for 2 h in aqueous solution,
under stirring.
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Fig. 1. Schematic diagram of the IgG immobilization strategy used in this work. AuNPs were mixed in the solution containing CS2 and protein A to modify the gold surface
and  the performance of the immunosensor interface was  evaluated directly through the biorecognition of anti-IgG. Given the spontaneity of the methodology it is expected
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hat  several sulfur species can interact with the gold surface, as proposed in the s
epresented with the same relative orientation. Due to the complex nature of the S
as  decided to use dotted lines to describe the linkages to the gold surfaces, in sim

.7. Atomic force microscopy

AFM measurements were performed in air at 23 ± 1 ◦C, using
 Multimode Nanoscope IIIa microscope (Digital Instruments,
ruker) in tapping mode at a scan rate close to 1.6 Hz. For this
urpose, etched silicon probes (TESP, with a resonance frequency
lose to 300 kHz, Bruker) were used. Au(111) modified substrates
ere imaged before and after incubation with 0.1 mg/mL  IgG and

.1 mg/mL  anti-IgG for 1 h each. All images were obtained after
horoughly rinsing with PBS and water and drying under N2 flow.

 set of, at least, 3 independent experiments was  performed for
ach system. Images of citrate stabilized-AuNPs, before and after
odification with CS2 and protein A in colloidal suspension, were

cquired by placing a drop of the colloidal suspension onto freshly
leaved mica surface for 20 min, rinsing with water and drying with
ure N2.

.8. Conventional ellipsometry

Ellipsometric measurements were performed in air at an
ncidence angle of 70◦ using a SE 400 Ellipsometer (Sentech Instru-

ents) equipped with a He-Ne laser (632.8 nm). To obtain the
ptical parameters of the bare gold, a two-phase model was  used
nd to estimate the thickness of the protein layer, a three-phase
odel was employed, as reported in the literature [12,39], fixing

he real part of the refractive index at 1.5 [40]. The low extinction
oefficient values (k) obtained in the measurements, except when
uNPs were attached to the surface, indicate the presence of nearly

ransparent films, as expected for thin organic layers [18]. The mod-
fied gold surfaces were incubated with 0.1 mg/mL  IgG and anti-IgG
n PBST for 1 h at room temperature. Before the measurements, they

ere rinsed with PBS and water.

.9. Total internal reflection imaging ellipsometry

As previously described [41,42], the TIRIE system, which is
ased on an imaging ellipsometer under the total internal reflection
ode, uses the evanescent wave to detect several physical, chem-

cal and biochemical processes at the interfaces, as a real-time and
abel-free tool operating in a null and off null mode. A SF10 glass

lide coated with a thin gold film (30 nm)  is used as a substrate
or TIRIE biosensing. A SF10 glass prism is tightly coupled to the
lass side of the substrate, by an index matching oil, and the thin
old film side of the substrate contacts with the tested solutions
e. The representations are not to scale and, for simplicity, all the antibodies were
nds, in particular in the adsorption of CS2 and proposed Au-SCS-AuNPs entities, it

 with published work for other sulfur adsorbates [36].

through a microfluidic system, designed for microarray biosensor.
The probe beam passes perpendicularly through a polarizer and a
compensator (a quarter wave plate), into the glass prism and finally
onto the gold film. When the incident angle is larger than the crit-
ical angle of total reflection, the beam is not transmitted through
the gold film into the solution and a total internal reflection phe-
nomenon occurs with the appearance of an evanescent field on the
surface of the gold film. The deposition of protein layers on the
gold surface alters the evanescent field, so that the polarized state
of reflection is changed. In this case, the analysis of the polarized
state of reflection will provide information about the amount of
immobilized proteins on the biosensor surface. Moreover, the fact
that the decay distance of evanescent field propagating into the
layers on gold surface is about 100 nm,  makes the solution concen-
tration disturbance almost negligible on the image. The reflection
beam passes through an analyzer and is focused by an imaging
lens on a charge couple device (CCD) camera. A series of images
with information on the subsequent protein layers interaction is
then recorded by the TIRIE system. The reflection intensity is rep-
resented in grayscale and the changes in the grayscale value reflect
the variations of mass surface concentration on the interface. A
higher grayscale value implies a larger mass surface concentration.
For the same protein layer, the grayscale value is nearly propor-
tional to the mass surface concentration of the protein layer within
the range of 0–10 nm [41]. Compared with the SPR technique, TIRIE
not only acquires the light intensity information like SPR response,
but also provides the ellipsometric phase sensitive results, leading
to achieve higher sensitivity [43,44]. 0.1 mg/mL IgG and anti-IgG
solutions in PBST and BB were injected in situ, during the exper-
iment. Before and after measurements, the modified gold slides
were rinsed with PBST and water to remove any weakly bounded
molecules.

3. Results and discussion

3.1. Formation of DTC/AuNPs assemblies in colloidal suspension

Our methodology is based on the one-step gold substrate mod-
ification with a solution containing CS2, protein A and AuNPs. In
order to prove the biofunctionalization of the AuNPs, the reac-

tion was  followed first in solution, by UV–vis spectrophotometry
(Fig. 2). The CS2 aqueous solution presents a typical peak near
315 nm [12] and protein A at 280 nm,  due to the presence of the
phenylalanine and tyrosine residues in its structure [45]. AuNPs
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ig. 2. UV–vis absorption spectra of AuNPs (ca. 20 nm), CS2, protein A and of a mix-
ure of protein A and CS2 at 0 min  and 120 min in aqueous solution. Grey line spectra
hould be read in the left yy axis and the black line spectra in the right yy axis.

olloidal suspension shows the typical SPR band around 530 nm,
n agreement with the reported behavior for AuNPs stabilized by
itrate ions with ca. 20 nm of diameter [23,33,34,46]. The two  DTC

bsorption characteristic peaks appear at ca. 260 nm and 290 nm,
epending on the nature of the amine groups involved in its forma-
ion [12,19,47]. Upon 2 h of incubation with CS2 and protein A, the
uNPs absorption band at 530 nm exhibits a slight displacement to

ig. 3. AFM topographic images of mica after drop casting of AuNPs (a) before and (b) a
rofiles of representative areas are depicted below the corresponding topographic image
he  topographic image presented in (b).
cience 412 (2017) 455–463

higher wavelength, pointing to an increase in the average size of
the AuNPs [33]. The appearance of a new absorption band between
260 and 290 nm can be assigned to the DTC formation by means
of the several types of amine groups present in protein A that can
react with CS2. This reaction is corroborated by the consumption of
CS2 through the disappearance of its band at 315 nm. Overall, the
results confirm the presence of protein A with DTC linkages as well
as their interaction with nanostructured gold surfaces.

AFM imaging was  used to characterize the morphology of AuNPs
colloidal suspension before and after biofunctionalization with CS2
and protein A (Fig. 3). Protein A from Staphylococcus aureus is a
single-chain polypeptide with a Stokes Radius of 5 nm [48], and
thus diameters between 30 and 40 nm should be expected for
AuNPs with ca. 20 nm modified with 1 molecule and fully covered
with Protein A, respectively. Fig. 3a presents an image of freshly
synthesized AuNPs and a corresponding size histogram showing an
average diameter of 21 ± 5 nm.  Upon the reaction with CS2 and pro-
tein A, the AuNPs tend to form small aggregates, clearly depicted
in Fig. 3b and 3c, that were not visualized before and should be
assigned to the presence of bionanoconjugates. Overall, a broader
particle size distribution was obtained, shifted to larger diameters,
with an average value of 31 ± 8 nm,  clearly indicating the biofunc-
tionalization with protein A. The smaller structures with ca. 16 nm
aggregates of protein A directly adsorbed to the mica surface.

fter reaction with CS2 and protein A (750 × 750 nm2, Z = 15 nm). The topographic
, as well as the size distribution histograms. (c) Detail (300 × 300 nm2, Z = 15 nm)  of
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ig. 4. AFM topographic images of (a) bare gold, (b) gold modified with CS2, protei
nti-IgG (1 × 1 �m2, Z = 15 nm). Below each topographic image, the topographic pro

.2. Optical and morphological characterization of the
mmunosensor assembling

Upon the modification of the gold substrate with a solution con-
aining only CS2 and protein A, an organic layer is readily formed
ith an estimated average optical thickness of 1.77 nm (Table 1),

ssuming a three-phase model [49,50] and a refractive index of 1.5
40]. It can be seen that it is the ellipsometric parameter � that

ostly contributes to the thickness change, since the parameter
 has only slightly changed after the surface modification. How-

ver, when AuNPs are also included in the deposition solution, the
ecrease in parameter � is accompanied by a significant change in
arameter � (cf. Table S1 and Fig. S1c, Supplementary Material),
hich can be attributed to the presence of the nanostructured gold

n the substrate. In the absence of AuNPs, k values remain low (from
.047 to 0.145), revealing that the organic films formed are nearly
ransparent, as expected for thin protein layers [18]. The addition
f the AuNPs to the system make difficult the use of conventional
llipsometry at a fixed wavelength, since their optical properties
re profoundly distinct from those of bulk gold surfaces [40]. In
act, several studies performed with films of AuNPs have pointed
ut that its nonmetallic optical and electronic properties [51,52],
llied with the variation of its refractive index in the SPR region, pre-
lude the use of conventional effective medium approaches based
n averaging the optical properties of bulk materials [40]. Taking
his into account and, as confirmed by the drastic variation in the

 value after the introduction of the AuNPs, the optical parameters
df and k) were not estimated for this step. However, after further
ncubation of the surface with both IgG and anti-IgG, the � val-
es become closer to those obtained in the absence of AuNPs and
herefore the three-phase model may  be again employed. Actually,
fter thickness estimation, the k values are close to 0, similarly to
hose obtained in the absence of AuNPs, revealing that the optical
roperties of the layers are mainly due to outer layers of the biolog-

cal components, which are also expected to form nearly optically
ransparent layers.

The morphology of modified gold surfaces was  characterized
y AFM (Fig. 4). After incubation with CS2, protein A and AuNPs
Fig. 4b), the gold surface shows small granular features that should

orrespond to protein A molecules adsorbed to the gold surface via
S2. For comparison with modified interfaces, an image of a bare
old substrate is shown in Fig. 4a, exhibiting the preferred crystal-
d AuNPs, (c) after further immobilization of IgG and (d) posterior incubation with
f representative areas are depicted.

lographic (111) orientation and displaying the typical triangularly
shaped monoatomic terraces [37]. The larger globular structures
are assigned to the modified AuNPs, as proposed in Fig. 1, where
the sulfur moieties of CS2 (or DTC) should be involved in the sta-
ble attachment of AuNPs to the gold surface. This type of linkage
was previously supported by electrochemical reductive desorption
studies and X-ray photoelectronic data analysis [34]. Moreover, to
prove the crucial role of CS2 interlinking AuNPs to gold, AFM images
of Au(111) incubated with only AuNPs, or in presence of CS2 were
acquired (Fig. S1, Supplementary material). It is clearly evident that
in the absence of CS2 (Fig. S1 a), only residual AuNPs stay linked to
the substrate after the washing step. In contrast, when CS2 is added
(Fig. S1 b and 1c, after 2 and 16 h, respectively), a significant amount
of AuNPs is attached to the substrate. These results strongly indicate
that the presence of the AuNPs in the immunosensing platform is
due to the interaction of CS2 with both the substrate and the AuNPs,
which is conceivable due to the high strength of S-Au bonds, in the
order of covalent linkage [53,54], instead of only a weak physical
interaction. Also, the topography of the modified substrate with
only CS2 and protein A [12] is substantially different from Fig. 4a,
where it is possible to distinguish small globules set apart and well
distributed, assigned to protein A co-adsorbed with CS2.

The modified gold surface was  further incubated with IgG solu-
tion, resulting in an optical thickness increase to 6.71 nm in the
presence of AuNPs, while in their absence the increase was only to
3.63 nm (Table 1). Since the thickness values obtained by conven-
tional ellipsometry are correlated with the surface area covered by
the protein molecules [55], IgG in this case, the higher thickness
obtained when the AuNPs are incorporated in the system suggests,
besides their successful immobilization, a higher amount of IgG
adsorbed to the gold surface. Thus, the addition of the AuNPs to the
solution used to modify the gold substrate enhanced the IgG spe-
cific immobilization on previously immobilized protein A at the
surface. The presence of IgG molecules is clearly confirmed by AFM
imaging and cross section (Fig. 4c), which reveals a high amount
of larger globular structures than those assigned to the nanoconju-
gates depicted in Fig. 4b.

The capability of IgG to capture the anti-IgG was further eval-
uated by incubating the gold substrate containing the IgG, already

immobilized, with an anti-IgG solution. Upon this step, the sur-
face thickness increase was estimated in 5.6 nm in the presence
of AuNPs and in only 3.3 nm without nanoparticles. Once more, the
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Table 1
Ellipsometric parameters (� and �)  of the IgG and anti-IgG immobilization on the modified gold surfaces. The thickness values (df) were estimated as described in the
Experimental section. The thickness variation (�df) was  calculated after the incubation of both IgG and anti-IgG solutions for each modified surface. aValues reported in [12].

Modified surfaces � (◦) � (◦) df (nm) �df (m) k

Aua 43.76 ± 0.03 109.5 ± 0.1 – –
Au/CS2/Protein Aa 43.61 ± 0.01 107.58 ± 0.04 1.77 ± 0.07 – 0.145 ± 0.007
Au/CS2/Protein
A/IgGa

43.63 ± 0.01 105.68 ± 0.02 3.63 ± 0.09 1.9 ± 0.2 0.076 ± 0.003

Au/CS2/Protein
A/IgG/Anti-IgGa

43.66 ± 0.01 102.42 ± 0.07 6.9 ± 0.2 3.3 ± 0.3 0.047 ± 0.004

Au  43.69 ± 0.02 109.1 ± 0.2 – –
Au/CS2/AuNPs/Protein
A

43.1 ± 0.20 106.5 ± 0.4 – – –

Au/CS2/AuNPs/Protein
A/IgG

43.40 ± 0.04 103.6 ± 0.2 6.71 ± 0.07 – 0.122 ± 0.001

Au/CS2/AuNPs/Protein
A/IgG/Anti-IgG

43.46 ± 0.05 98.55 ± 0.05 12.32 ± 0.07 5.6 ± 0.1 0.081 ± 0.001
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Table 2
Anti-IgG/IgG ratio by each modified gold surface. The values were calculated by the
variations of the SPR data presented in Figs. 5 and 6.

Modified surfaces Anti-IgG/IgG

Au/CS2 –
Au/CS2/Protein A 1.6
Au/CS /AuNPs/Protein A 2.1
ig. 5. Real-time SPR curve of a gold surface modified with only CS2, showing the
bsence of interaction with anti-IgG and BB.

ubstrate modified with AuNPs was able to capture a higher amount
f anti-IgG than that prepared in the absence of AuNPs. The ellip-
ometric results are corroborated by the AFM image (Fig. 4d), since
arger globular structures were formed due to the anti-IgG/IgG spe-
ific interaction. The presence of AuNPs, besides improving the
urface coverage by protein A, allows to promote the IgG oriented
mmobilization by avoiding steric hindrance effects. Therefore,

 proper IgG orientation results in an increase of the anti-IgG
etection and then, high sensitivities can be achieved using this

mmunosensor platform.

.3. Evaluation of the immunosensor performance

The ability of a gold substrate modified with only CS2 to prevent
onspecific adsorption of anti-IgG was firstly tested, in real-time,
y SPR, since it is known that IgG molecules extensively adsorb
n bare gold surfaces [8]. In the absence of protein A and IgG, the
dsorption of anti-IgG on gold with CS2 is clearly inhibited (Fig. 5),
ince the SPR signal after a washing step with PBST has not changed.
o further confirm the surface ability to inhibit protein nonspecific
dsorption, a BB casein based solution was also injected into the cell
nd, after rinsing with PBST, the resulting optical signal increase is
lso negligible, meaning that almost no casein molecules adsorb to
he surface. This confirms that CS2 molecules are covering all the
urface, establishing a strong interaction with gold, since in this

ase, the carbon atom loses its reactivity towards protein amine
roups and does not form DTC linkages [13], preventing physical
nd chemical undesired adsorption.
2

Au/AuNPs/Protein A 0.8

IgG specific immobilization and further anti-IgG capture were
also monitored through real-time SPR experiments as a way to test
the immunosensor platform performance. As presented in the pre-
vious section, gold slides were modified, in one-step, with a mixed
solution containing i) CS2 and protein A, and ii) CS2, protein A and
AuNPs. Initially, both were injected with the IgG solution and later
washed with PBST. In first case, the signal increase is 180 RU (Fig. 6a,
grey curve), while in presence of AuNPs, it is 200 RU (Fig. 6a, black
curve). This difference suggests that the presence of AuNPs results
in the immobilization of higher amount of IgG, through the pro-
tein A, due to the larger amount of this latter bioreceptor, as firstly
demonstrated by the ellipsometric results (Table 1).

After the addition of the anti-IgG solution, the SPR signal
increase of the modified gold substrate containing AuNPs is 430
RU, while with the surface modified with only CS2 and protein A
the SPR signal rise is just 280 RU. By comparing both SPR responses
and taking into consideration that anti-IgG does not adsorb non-
specifically to CS2 modified surfaces, it is clear that the combination
AuNPs/CS2/protein A is responsible for the improvement of the IgG
orientation and distribution at the surface, so that the steric con-
strains are low, enabling the specific detection of a larger amount
of anti-IgG. This is proved by the higher anti-IgG/IgG ratio, that
improves from 1.6 to 2.1 (Table 2), achieved in the absence and
presence of AuNPs, respectively. Overall, using our strategy, a well-
organized sensing surface can be assembled. IgG and anti-IgG were
applied in our study as proof of concept, in order to mimic  the
natural and high specific antigen/antibody interaction. Using this
pair of antibody/antigen, we were able to show that the developed
immunosensing platform is efficient in detecting small amounts of
target molecules, anti-IgG in the current illustrative approach.

When gold surfaces are modified with a mixed solution con-
taining protein A and AuNPs, without CS2 (Fig. 6b), the SPR signal
increase is 364 and only 279, for IgG and anti-IgG respectively. This
indicates that, in spite of a large amount of IgG is adsorbed on the
surface, a much lower anti-IgG/IgG ratio (Table 2) is obtained for
this sensing surface when compared to that attained in the presence

of CS2. Actually, in the absence of CS2, the nonspecific adsorption
is not prevented and thus the oriented immobilization of IgG can-
not be ensured, since IgG molecules can adsorb to protein A and
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F  surface modified with (a) CS2 and protein A (grey curve) and mixed with AuNPs (black
c  6.6 nM and 66.0 mM with a gold surface modified with CS2, protein A and AuNPs.
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Fig. 7. Grayscale curve showing the interaction of IgG and anti-IgG with gold surface
modified with CS2 and protein A mixed with AuNPs.
ig. 6. Real-time SPR curves showing the interaction of IgG and anti-IgG with gold
urve) and (b) only protein A mixed with AuNPs. (c) Interaction of IgG and anti-IgG

lso directly to the gold surfaces (flat and nanoparticles). In this
atter case, the specific biorecognition events should be reduced.

oreover, the unspecific adsorption of anti-IgG on unmodified gold
annot be excluded. These results clearly demonstrate the powerful
ombination of CS2, protein A and AuNPs to prevent the undesired
onspecific adsorption of proteins and promote the proper orienta-
ion of the IgG molecules, without the need of external agents. The
xperiments were performed using IgG and anti-IgG 100.0 �g/mL,
orresponding to a molar concentration of 660.0 nM.  To assess
he platform sensitivity, we reduced the antigen concentration to
6.6 nM)  (Fig. 6c) and for such a small anti-IgG concentration, the
latform maintains the capability to detect the anti-IgG specifically.

The performance assay of the developed interface was also con-
ucted using TIRIE (Fig. 7). Compared to conventional ellipsometry,
IRIE biosensor is performed under the total internal reflection
ode, hence observing the dynamic process of the biomolecules

nteraction. Its working principle, as explained in detail in the
xperimental section, is based on the specific interaction of target
olecules with ligands on the surface (nonspecific adsorption must

e avoided), which results in an increase of the surface density,
uantitatively measured by density changes in grayscale values col-

ected on a CCD camera. Thus, the grayscale reflects the dynamics
f the biomolecular interactions over the time, similarly to SPR, but
ith higher sensitivity [43,44,56].

The modified gold substrate with CS2, protein A and AuNPs was
sed as the sensing surface for the IgG immobilization and, for this
tep, a grayscale variation of 2680 is measured. Even after the wash-
ng step with PBST and the further injection with BB solution, the

rayscale value remains unchanged, indicating a specific immobi-
ization of IgG to the protein A molecules, as well as a blocking effect
f the protein nonspecific adsorption. Finally, the anti-IgG detection
as followed, and a variation of 8480 is detected in the grayscale
value. This significant grayscale increase represents an anti-IgG/IgG
ratio of 3.2, which corresponds to more than 2 anti-IgG molecules
linked per each IgG, which is in agreement with the fact that the
anti-IgG (secondary antibody) can react with several sites on the
IgG (primary antibody) [18]. Furthermore, this evidence is corrob-
orated by previous results obtained for covalently adsorbed IgG on
SAM [8], proving that this is a proper platform to monitor the anti-
IgG detection by properly oriented IgG and, therefore, to be used as
an immunosensor.
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. Conclusions

In this work, we present a new surface modification approach,
o be employed in the development of immunosensing platforms,
ased on the simple incubation of gold substrates with carbon
isulfide, protein A and AuNPs. The functionalization of AuNPs
ith protein A, through the DTC formation, was confirmed by
V–vis spectrophotometry, whereas AFM imaging proved the over-
ll size increase of AuNPs bioconjugates. By combining the surface
haracterization techniques, ellipsometry and AFM, we  clearly
emonstrated that flat gold surfaces can be functionalized with
rotein A nanostructures in only one-step. A proper orientation
nd distribution of IgG on the surface was revealed by the specific
nd sensitive detection of anti-IgG followed by real-time SPR. The
S2 molecules that should co-adsorb together with bionanoconju-
ates during the one-pot reaction, explain the unique ability of this
nterface to block the protein nonspecific adsorption, as demon-
trated also by SPR measurements. The addition of AuNPs to the
old surface modification reaction resulted in a higher anti-IgG/IgG
atio, than that obtained for gold modified with only CS2 and pro-
ein A, revealing the potentiality of the platform to be employed
n the immunosensors development. The immunosensing capa-
ility of the novel nanostructured interface was further validated
y TIRIE, a high throughput optical technique for the detection
f biomolecular interactions. Our one-step method to prepare the
iorecognition layer, presents a simple and low-cost strategy to
odify gold surfaces, avoiding the use of i) previous modifica-

ion of the substrate, or the antibodies, or the nanoparticles, ii)
xtra steps requiring coupling agents for protein covalent linkage,
nd iii) blocking agents to inhibit the protein nonspecific adsorp-
ion. As proof of concept, we tested the platform performance
y using the IgG/anti-IgG pair. However, it can be applied to any
ntibody/antigen detection, including those requiring competitive
ssays and/or sandwich configurations. Therefore, this versatile
trategy presents high potential to be employed in the development
f immunosensor interfaces.
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