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ABSTRACT: We report the first optical biosensor for the novel and important cardiac biomarker, galectin-3 (Gal3), using the
anti-Gal3 antibody as a biorecognition element and surface plasmon resonance (SPR) for transducing the bioaffinity event. The
immunosensing platform was built at a thiolated Au surface modified by self-assembling four bilayers of poly-
(diallyldimethylammonium chloride) and graphene oxide (GO), followed by the covalent attachment of 3-aminephenylboronic
acid (3ABA). The importance of GO, both as the anchoring point of the antibody and as a field enhancer for improving the
biosensor sensitivity, was critically discussed. The advantages of using 3ABA to orientate the anti-Gal3 antibody through the
selective link to the Fc region were also demonstrated. The new platform represents an interesting alternative for the label-free
biosensing of Gal3 in the whole range of clinically relevant concentrations (linear range between 10.0 and 50.0 ng mL™',
detection limit of 2.0 ng mL™") with successful application for Gal3 biosensing in enriched human serum samples.
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1. INTRODUCTION

Heart failure (HF) is a complex clinical syndrome that occurs
when the heart is unable to pump an adequate amount of blood.
Despite the efforts in prevention, HF is a growing epidemic
associated with staggering morbidity, mortality, and health costs.
Currently, the estimated prevalence of HF exceeds 23 million
people worldwide." Despite its epidemiological relevance, the
diagnosis of HF is challenging because its symptoms are often
nonspecific, and physical examination can be misleading. The
gold standard techniques such as echocardiography require a
well-trained operator and equipment, which are not readily
available in most primary healthcare facilities. As a consequence,
several incidents remain undiagnosed, and therapy is often
delayed until decompensation. Therefore, there is an urgent
need for new biomarkers or biosensing schemes that help to
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diagnose HF, assess the risk of future events, and guide therapy
in community care settings.z'3

Common biomarkers in clinical use include markers of
neurohumoral activation (NT-pro BNP and BNP) and
myocardial damage [cardiac troponin I (cTnl) and cardiac
troponin T (¢TnT), myocardial isoform of creatine kinase (CK-
MB), and myoglobin (Mb)].*"® These markers help to
differentiate HF from other causes of acute dyspnea in the
emergency room as well as to establish short- and long-term
prognosis, although their use as a guide for the treatment
remains controversial.” Despite their usefulness, they fail to
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identify consistently high-risk patients who are more likely to
benefit from advanced therapies. Several small studies have
evaluated the regulation of HF therapy based on BNP-guided
therapy with inconsistent results: in a large, recent study
performed with patients that presented HF with reduced
ejection fraction (HFrEF), the BNP-guided therapy failed to
have any effect in reducing rehospitalization or cardiovascular
mortality.® The limitations of current biomarkers are even more
evident for HF with preserved ejection fraction (HFpEF).
Subjects with HFpEF are older, more obese than their HFrEF
counterparts, and have more comorbidities that may mimic HF
as a cause for their symptoms. An approach based only on BNP
fails to differentiate HFpEF from exercise deconditioning as a
cause of breathlessness in these elderly subjects” and may result
in falsely reduced values in obese patients.'” In this scenario, a
multimarker approach to assess multiple pathophysiological
mechanisms involved in HF is advisable.

Galectin-3 (Gal3), a soluble f-galactosidase-binding glyco-
protein released by activated cardiac macrophages, has been
proposed as a new cardiac biomarker with unique character-
istics.''™'® Gal3 is responsible for initiating a cascade of
profibrotic processes, stimulating the cardiac fibroblasts to
deposit collagen into the extracellular matrix, thereby leading to
cardiac fibrosis and pathological remodeling of the myocardial
structure. Contrary to the natriuretic peptides, Gal3 levels are
more stable with time and usher a more malignant course of the
disease.'* Several clinical studies have demonstrated that Gal3
plasma levels higher than 17.8 ng mL™" are associated with a
significantly increased risk of hospitalization and death.'
Moreover, the combination of BNP and Gal3 is superior in
predicting mortality compared to either of the biomarkers
alone.'® Information provided by each biomarker may in fact be
complementary: in a small study of HF subjects after heart
transplantation (HTx), high-sensitivity cTnT measured 10 days
after HTx provided prognostic information on survival, whereas
Gal3 determined at the same time predicted heart function 1
year after HTx."”

To the best of our knowledge, till date, there has been only
one novel strategy for the analytical determination of this
protein within clinically relevant concentrations.'® In this recent
work, the authors proposed an electrochemical indirect
immunoassay method based on a composite made from N-
doped graphene nanoribbon-immobilized Fe-based metal—
organic frameworks deposited with Au nanoparticles and a
primary antibody against Gal3 as the biorecognition element.
The sandwich-type electrochemical assay was accomplished by
means of a AuPt—methylene blue nanocomposite with a
secondary anti-Gal3 antibody. Although the proposed immu-
nosensing strategy presented a linear range from 100 fg mL™" to
50 ng mL ™" and a very low detection limit, the assay itself is time-
consuming and requires several steps and expensive reagents.
Hence, simple, sensitive, and one-step methodologies for Gal3
assessment are highly required, and optical biosensors represent
an attractive alternative because of their known advantages and
easiness for designing label-free sensing schemes.'”*’

Surface plasmon resonance (SPR) biosensors, based on the
use of modified surfaces with a biomolecule capable of
recognizing a given target, have shown promising results in
clinical biosensing.”** In this technique, surface plasmon
polaritons of a continuous thin Au film are excited by a polarized
laser source so that the evanescent wave propagates through the
metal/dielectric interface up to hundreds of nanometers.”
Biosensing strategies based on SPR enable fast, real-time, and

label-free analyte detection and provide useful information
about binding kinetics and bioaffinity interactions.”* Current
difficulties for SPR-based biosensors are related to the direct
detection of analytes at extremely low concentrations or with a
small molecular weight.”® In this sense, the incorporation of
plasmonic nanostructures to SPR substrates is an appealing
strategy because of the coupled field increments.”® Graphene-
derived materials represent a novel alternative because of the
high transmittance of the graphene sheet (97.7%) and the high
confinement and high propagation of the surface plasmonic
polaritons.””** These advantages, in addition to their high
biocompatibility and elevated macromolecule-loading capacity,
have made the graphene-derived materials very attractive for the
development of SPR biosensors.”” ™

Recently, we reported a critical study about the noncovalent
immobilization of graphene oxide (GO) and modified
derivatives (GO and chemically reduced GO) at thiolated Au
surfaces as a support for further immobilization of a model
protein.”> We demonstrated that the electrochemical and
plasmonic properties of the resulting platforms are related to
the nature and quantity of the graphene-derived nanomaterial
and the amount of the immobilized protein. Specifically, and for
the purpose of the present work, if the transduction method
depends on the direct quantification of the amount of protein
immobilized at the platform (like SPR), the use of GO is the
most appropriate option.

In this work, we report a novel biosensor (to the best of our
knowledge, the first optical biosensor) for the important and
promising cardiac biomarker, Gal3, using the antibody anti-Gal3
as the biorecognition element and SPR to transduce the
immunosensing event. This label-free biosensor is built at thiol-
modified Au substrates [Au/sodium 3-mercapto-1-propane-
sulfonate (MPS)], followed by the layer-by-layer (LBL) self-
assembly of poly(diallyldimethyl)ammonium (PDDA) and GO
bilayers, covalent attachment of 3-aminephenylboronic acid
(3ABA), and immobilization of the antibody. In the following
sections, we present the characterization of the starting platform
Au/MPS/(PDDA/GO), by scanning electron microscopy
(SEM), electrochemical scanning microscopy (SECM), and
SPR, the SPR study of the immobilization of anti-Gal3, and the
final SPR transduction after Gal3 immunosensing. A critical
discussion about the effect of GO and 3ABA on the overall
performance of the resulting biosensor and the application for
the detection of Gal3 in enriched human serum samples is also
reported.

2. MATERIALS AND METHODS

2.1. Chemicals and Reagents. GO was obtained from Graphenea.
Rat monoclonal anti-Gal3 was purchased from Santa Cruz Biotechnol-
ogy. Human recombinant Gal3 was received from R&D Systems.
PDDA, 3ABA hydrochloride, N-(3-dimethylaminopropyl)-N’-ethyl-
carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS),
ethanolamine (EtNH,), MPS, ferrocene methanol (FcOH), poly-
(acrylic acid) (PAA), 4-mercaptobenzoic acid (4MBA), and bovine
serum albumin (BSA) were purchased from Sigma-Aldrich. Other
reagents were of analytical grade and used without further purification.
All solutions were prepared with ultrapure water (18 MQ cm) from a
Millipore Milli-Q_system.

2.2. Preparation of the Biosensing Surface. The Au SPR disk
(BK?7) was modified ex situ by covering the surface with a 2.00 X 1072
M MPS solution (prepared in 1.60 X 107> M H,SO,) for 60 min. The
procedure for assembling PDDA and GO is the same as in our previous
work.> Briefly, 1.00 mg mL™! PDDA solution was assembled at Au/
MPS through interaction for 15 min. After rinsing, the Au/MPS/PDDA

DOI: 10.1021/acsami.8b03039
ACS Appl. Mater. Interfaces 2018, 10, 23501—23508



ACS Applied Materials & Interfaces

Research Article

0.10 M EDC
0.10 M NHS
OH

. %
Au/MPS/(PDDA/GO), T

” —OH
Au/MPS/(PDDA/GO),

oM
> Ethanolamine 2

i HO~NH,

Au/MPS/(PDDA/GO), Au/MPS/(PDDA/GO),

/3ABA /3ABA
?&, f% |0.10 mg mL!
;g, " | anti-Gal3
7.
o %é?&
&b @,
6o 3 1‘%’-’
SR <
% % Gal3
Au/MPS/(PDDA/GO), Au/MPS/(PDDA/GO), Au/MPS/(PDDA/GO),

/3ABA/anti-Gal3/Gal3

/3ABA/anti-Gal3

/3ABA/anti-Gal3

Figure 1. Schematic illustration of the construction of Gal3 immunosensor at the Au/MPS/ (PDDA/GO), platform.
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Figure 2. (A) SPR sensorgram obtained during the consecutive LBL self-assembly of five bilayers of 1.00 mg mL ™' PDDA (blue arrow) and 0.50 mg
mL™" GO (red arrow). Rinsing solutions: 0.050 M phosphate buffer solution pH 7.40 (grey arrow) or water (dark yellow). (B) Change in the SPR
angle (Afgpy) after each adsorption of PDDA or GO at Au/MPS obtained from the SPR sensorgram shown in (A). (C) UV—vis spectra obtained at
quartz/(PDDA/GO), for n = 1 (black line), 2 (red line), 3 (green line), 4 (blue line), and S (magenta line) for the final PDDA (dashed line) or GO
(full line) layer. The inset depicts the GO surface coverage (I'go) as a function of , obtained from the final GO layer UV—vis spectra using ¢ (GO, 230
nm) = 49.0 mL mg™" cm™. (D) SECM feedback plots obtained at Au/MPS (a) and Au/(PDDA/GO), forn=1(b),2 (c), 3 (d), 4 (e), and S (£), using

5.00 X 10™* M FcOH as a redox probe.

surface was allowed to interact with 0.50 mg mL™" GO solution for 30
min. The Au/MPS/(PDDA/GO), multilayered system was obtained
by repeating these adsorption steps n times.

The immunosensing platform was constructed by following the
procedure shown in Figure 1. After the assembly of PDDA/GO
multilayers, the carboxylate residues of GO were activated with an
EDC/NHS mixture (0.100 M prepared in 0.050 M phosphate buffer
solution pH 7.40) for 20 min. After rinsing, the surface was left to
interact with 0.050 M 3ABA solution for 30 min to allow the amidation
reaction to take place with the amine groups of 3ABA. The unreacted
carboxylate groups of GO were quenched by adding 1.0 M EtNH,
solution (the pH was adjusted to 8.30) for 15 min. The anti-Gal3
antibody was immobilized by adding a 0.10 mg mL™" anti-Gal3 solution
(prepared in 0.100 M phosphate buffer saline pH 7.40) for 40 min. For
blocking the nonspecific adsorption sites, the Au/MPS/ (PDDA/
GO),/3ABA/anti-Gal3 platform was left to interact for 30 min with
2.0% BSA solution (prepared in 0.100 M phosphate buffer saline pH

7.40). Finally, the detection of Gal3 was performed by interaction with
the protein for 60 min. After Gal3 interaction, the platform was rinsed
with 0.100 M phosphate buffer saline pH 7.40 + Tween 0.050 v/v %.

For comparison, the immunosensing platform was also constructed
at a gold surface derivatized with 4-mercaptobenzoic acid (4MBA) and
at the Au/MPS surface modified with four PDDA/PAA self-assembled
bilayers (Figure S1B,C). For the first platform, an Au disk was modified
by covering the surface for 60 min with 1.00 X 10> M 4MBA ethanolic
solution and further rinsing with absolute ethanol and deionized water.
For Au/MPS/(PDDA/PAA),, the self-assembly was performed by four
consecutive adsorption cycles as in the case of (PDDA/GO),, using
1.00 mg mL™' PDDA and 0.50 mg mL~' PAA solutions.

2.3. Apparatus and Procedures. SPR measurements were
performed with a single channel Kretschmann configuration Autolab
SPRINGLE from Eco Chemie, using BK7 Au sensor disks. Sample
solutions (60 uL) were injected manually into the cuvette. All
measurements were carried out at (25 # 1) °C under stagnant
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conditions. Note that in the scanning-angle configuration of the
SPRINGLE instrument,** the angle scale (y-axis in sensorgrams) is
relative and the relevant parameter is the change in the SPR minimum
angle (Afgpp).

SECM images were obtained with a CHI900 bipotentiostat
(CHInstruments) using a glass-embedded carbon fiber (diameter =
10 ym) as the ultra-microelectrode (UME) probe. Images in the SECM
feedback mode were taken using 5.00 X 10™* M FcOH as the redox
probe. The UME and Au-modified substrate were held at 0.500 and
0.000 V, respectively, and the UME scan rate was 20.0 ym s™*. The
SECM surface plots are depicted as the ratio between the UME current
at the surface (i) and the steady-state one when positioned far from the
substrate (irq,).

Ultraviolet—visible (UV—vis) experiments were performed with a
Shimadzu UV1601 spectrophotometer and a quartz cuvette of 0.1 cm
path length. The procedure for activating quartz negative charges for
LBL self-assembly is the same as the one described in a previous work.>

SEM images were obtained with a field emission gun scanning
electron microscope (Zeiss, ZIGMA model).

3. RESULTS AND DISCUSSION

3.1. Characterization of Au/MPS/(PDDA/GO), Films:
Optical and Electrochemical Properties and Protein
Loading. In this section, we present the optical (SPR and
UV—vis spectroscopy), electrochemical (SECM), and micros-
copy (SEM) characterization of the LBL assembly of (PDDA/
GO), films at Au/MPS and how this supramolecular
architecture affects the surface loading of a model protein for
further development of the immunosensing platform.

One of the main advantages of SPR-based platforms is the
ability to visualize the immobilization steps/binding events in
real time. Figure 2A presents the sensorgram obtained during
the self-assembly of five (PDDA/GO) bilayers at Au/MPS.
After every assembly step of PDDA or GO, the surface was
washed with the corresponding medium, either 0.050 M
phosphate buffer solution pH 7.40 or water, respectively. The
SPR angle (Ospr) increases after each adsorption cycle,
indicating that there is an effective immobilization of PDDA
and GO. Figure 2B depicts the changes in the surface plasmon
angle (Afgpy), taken as the difference of Opy before and after the
interaction with PDDA or GO and washing of the surface. It can
be observed that the increment of Afgpy is not the same for each
layer, the differences being more evident as n increases,
especially in the case of GO. It is important to remark that
these changes in the SPR signals during the building of the
supramolecular assembly are not due to a limitation of the
technique because SPR relies on the propagation of the Au
evanescent wave into the solution up to 200 nm, and our
platform is far below this value, considering that the thickness
per GO assembled layer ranges between 0.85 and 10.9 nm.*>*°
Because SPRis sensitive to changes in the refractive index of the
film in contact with the Au surface, the nonregular profile of
Al with n can be attributed to the immobilization of less
amount of material and/or to the change in the optical
properties of the successive layers.””*” To elucidate this effect,
we performed UV—vis experiments after each PDDA and GO
adsorption step at an activated quartz cuvette (Figure 2C).
Because PDDA does not absorb in the wavelength region under
investigation (dashed lines), the surface coverages of GO (I'go)
can be obtained directly from the GO extinction maxima at 230
nm (full lines) because of the 7—z* transition of the conjugated
C=C bonds. The linear variation of I';y with the number of
(PDDA/GO) bilayers (showed in the inset) indicates that the
amount of GO immobilized is proportional to #, in agreement
with other reported GO self-assemblies.””*® These results

demonstrate that the nonuniform variation of Afgpp with
(PDDA/GO), is due to the change in the optical properties of
the successive layers and not due to the immobilization of a
smaller amount of PDDA/GO. Figure 2D displays the SECM
profiles obtained at Au/MPS/(PDDA/GO), using FcOH as a
redox mediator. There is a decrease in the average ir/ir o, with
the increase of n, indicating a more difficult charge transfer of
FcOH as the amount of PDDA/GO at the electrode surface
increases, as expected considering that GO-modified electrodes
are characterized by slow electron-transfer processes (see also
Table S1). The change of average ir/ir o, with the number of
PDDA/GO bilayers presents a trend similar to the one observed
for Afqpy, although the effect is less pronounced.

The SEM images displayed in Figure S2 for Au/MPS/
(PDDA/GO), with n = 1—5 reveal that the supramolecular
architecture grows irregularly in terms of Au coverage. Au/
MPS/(PDDA/GO) and Au/MPS/(PDDA/GO), images show
some regions with uncovered Au surface, whereas for n > 3, the
surface tends to be fully covered. Considering that the deposited
mass of GO after each step is almost constant, these results
indicate that for low n, the electrochemical and plasmonic
properties change as a consequence of the incomplete Au
coating, in agreement with the abrupt changes in ir/it . As n
increases, the platform presents the final properties of a fully
GO-exposed surface, once again following the less pronounced
changes in ir/iy . This nonuniform change in the platform
properties with increasing number of GO films deposited is due
to its high aspect ratio, which causes interpenetration of the
successive layers, as already suggested in other studies.””*’

Because the goal of optimization of Au/MPS/ (PDDA/GO),
is to maximize the capacity for immobilizing a biosensing
protein, we evaluated by SPR the immobilization of BSA, as a
model protein, by covalent attachment at Au/MPS/(PDDA/
GO), through EDC/NHS chemistry. Figure S3 presents the
variation of BSA surface coverage (I'gss) at Au/MPS/(PDDA/
GO), as a function of n (obtained from independent
experiments). I'ggs grows with (PDDA/GO), until n = 4 and
remains almost constant thereafter. Considering the SECM and
SEM results previously described and the I'gg, versus n plot, the
interpenetration of GO sheets with the increment of n is highly
probable,” reducing the availability of carboxylate anchoring
points of the platform able to bind the protein, and
consequently, I'ys, stops to increase. It is interesting to note
that I'gg, does not follow the same trend as I'(, indicating that
the protein loading depends on the final structure of the
resulting Au/MPS/(PDDA/GO), supramolecular architecture
and is not proportional to the amount of assembled GO.
Therefore, the platform selected for the construction of the Gal3
immunosensor is Au/MPS/(PDDA/GO),.

3.2. Construction of the Imnmunosensing Platform: Au/
MPS/(PDDA/GO),/3ABA/Anti-Gal3. Figure 3A shows the
SPR profiles obtained during the assembly of the immunosens-
ing platform at Au/MPS/(PDDA/GO),. The building starts
with the activation of GO —COOH groups through the EDC/
NHS chemistry, followed by the derivatization with 3ABA,
quenching of nonreacted —COOH groups with EtNH, before
the oriented binding of anti-Gal3 to the platform, and blocking
of nonspecific adsorption sites with the BSA concentrated
solution. The analytical signal was obtained from the change in
Ospr before and after Gal3 addition and rinsing with Tween +
buffer solution (inset of Figure 3A). In this particular case, after
addition of 50.0 mg mL™" Gal3, Afgp, was (85 + 5) m°.
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Figure 3. (A) SPR sensorgram obtained during the activation of Au/
MPS/(PDDA/GO), with EDC/NHS (orange arrow), covalent
immobilization of 3ABA (blue arrow), quenching with EtNH, (green
arrow), oriented binding of anti-Gal3 (red arrow), blocking of
nonspecific adsorption sites with 2.0% BSA (magenta arrow), and
interaction with Gal3 target (black arrow). The inset shows Afgr
obtained after addition of Gal3, used as the analytical signal. (B) SPR
sensorgram obtained during the activation of Au/MPS/ (PDDA/GO),
with EDC/NHS (orange arrow), covalent immobilization of anti-Gal3
(red arrow), quenching with EtNH, (green arrow), blocking of
nonspecific adsorption sites with the BSA concentrated solution
(magenta arrow), and interaction with Gal3 target (black arrow). The
insets show the response to Gal3 in different scales.

Before discussing the analytical performance of the resulting
immunosensor, it is relevant to demonstrate the importance of
using 3ABA to orientate the immobilization of the biorecogni-
tion element. It is known that boronic acid can bind moieties
with 1,2- or 1,3-cis-diol groups and form five or six-membered
cyclic boronate esters (Figure $4).*' Therefore, considering that
antibodies present an oligosaccharide residue in the Fc region
and in order to preserve the biological activity of anti-Gal3 and
improve the sensitivity of the biosensor,** we used 3ABA to
orientate the antibody tethered to the platform. We also
compared the interaction of Gal3 with a platform obtained by
direct immobilization of anti-Gal3 through EDC/NHS
chemistry without site-specific binding [Au/MPS/(PDDA/
GO),/anti-Gal3]. Figure 3B shows the sensorgram for the direct

immobilization of anti-Gal3 at Au/MPS/(PDDA/GO), and the
interaction of the resulting platform with 50.0 ng mL™" Gal3.
Aflgpy after interacting with Gal3 was (40 + 6) m°, that is, less
than the half of the signal obtained at Au/MPS/(PDDA/GO),/
3ABA/anti-Gal3 (Figure 3A), demonstrating that boronic acid-
saccharide-mediated immobilization of anti-Gal3 provides a
more efficient biosensing performance. Anti-Gal3 surface
coverage(Iyui.as) for the oriented and non-oriented strategies,
obtained from the correspondingAfgpy, were (5.91 + 0.08) X
107* and (7.9 + 0.1) X 107 mg cm™ respectively. This
reinforces the fact that the increase in the signal after adding
Gal3 when 3ABA is present is not due to an increment in the
amount of immobilized anti-Gal3, because I, ; c.i3 at Au/MPS/
(PDDA/GO), is even higher than at Au/MPS/(PDDA/GO),/
3ABA.

At this point, it is relevant to evaluate the importance of the
presence of GO on the performance of the bioanalytical
platform. To clarify this matter, we assayed the immobilization
of 3ABA at another source of carboxylate groups, that is, a self-
assembled monolayer of 4MBA thiol (the scheme is shown in
Figure S1B). 3ABA was covalently attached to Au/4MBA
through the carboxylate residues of 4MBA. Figure 4A displays
the response of Au/MPS/(PDDA/GO),/3ABA and Au/
4MBA/3ABA during the immobilization of anti-Gal3. Afgpy
obtained after binding anti-Gal3 to Au/4MBA/3ABA was 22
times smaller than Afgpy at Au/MPS/(PDDA/GO),/3ABA
(Figure 4A). As a consequence of this poor immobilization of
anti-Gal3 at Au/4MBA/3ABA, further addition of 50.0 ng mL™!
Gal3 (Figure 4B) shows almost no Afgpg. The amplification
effect of GO on Ogpy can be due to two factors: (i), the increase
of the attached biomolecules (anti-Gal3 in this case) due to its
large surface area and the high carboxylate residue density; and
(i), the increase of the electromagnetic field.”** To know
which is the prevalent effect, PDDA multilayers were assembled
with PAA instead of GO (the scheme is shown in Figure S1C).
The selection of PAA was made taking into account that it has a
density of 1.39 X 107° mol of carboxylate groups per mg of
material, almost 4 times higher than that of GO (3.81 X 10~ mol
of —COOH per mg of material). SPR experiments demonstrate
that the self-assembly of (PDDA/PAA), at Au/MPS immo-
bilizes 2.19 ug cm™ of PAA, which gives a —COOH surface
density of 30.9 nmol cm ™2, whereas at Au/MPS/(PDDA/GO),,
the —COOH surface density is 14.8 nmol cm ™ Figure SS shows
the sensorgrams obtained for the immobilization of anti-Gal3
and Gal3 at Au/MPS/(PDDA/PAA),/3ABA using the same
conditions as those for the GO-based immunosensor. Afgpy of
(85 + 3) and (14 + 2) m° were obtained after interaction with
anti-Gal3 and Gal3, respectively. Thus, upon antibody binding
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Figure 4. SPR sensorgrams for the immobilization of anti-Gal3 (A) and Gal3 target (B) at Au/MPS/(PDDA/GO),/3ABA (a) and Au/4MBA/3ABA

(b) platforms. Other conditions and concentrations as in section 2.2.
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Figure S. (A) SPR sensorgrams obtained at Au/MPS/(PDDA/GO),/3ABA/anti-Gal3 for the addition of different concentrations of Gal3: 9.0, 15.0,
24.0, 36.0, and 50.0 ng mL™". Each sensorgram corresponds to an independent experiment. (B) Calibration plot for Gal3 quantification. Each point is

an average of three different experiments.

at the higher —COOH density surface Au/MPS/(PDDA/
PAA),/3ABA, it gives a signal even 8.4 times smaller,
demonstrating that the main effect of GO is the increase of
sensitivity due to its optical properties.

Another important aspect to evaluate when developing a
biosensing platform is the nonspecific adsorption of the target.
To demonstrate that the response for Gal3 is only due to
immune recognition, a control experiment was performed at a
surface without the antibody (Au/MPS/(PDDA/GO),/3ABA)
(Figure S6). After quenching 3ABA sites with ethylene glycol
and blocking nonspecific sites with BSA, Afgpy obtained for the
addition of 50.0 ng mL™! Gal3 was minimum, showing a
negligible unspecific interaction of Gal3 with the platform.

3.3. Analytical Performance of the Gal3 Immunosen-
sor. Figure SA presents the sensorgrams for the addition of
different concentrations of Gal3. The plot of Afgpy as a function
of Gal3 concentration (Figure SB) shows a linear dependency
between 10.0 and 50.0 ng mL™}, with a detection limit of 2.0 ng
mL™" (taken as 3.3 times the standard deviation of the blank
signal divided by the sensitivity). Even when the detection limit
is higher than the one recently proposed for the electrochemical
quantification of Gal3,"® our biosensor offers the advantage of a
faster one-step detection with a linear range that includes Gal3-
relevant clinical concentrations (17.8—25.9 ng mL™") com-
parable to the commercially available enzyme-linked immuno-
sorbent assay kit.**®

The selectivity of the designed biosensor was examined
through the interaction of the biosensing platform with the main
proteins present in human serum: 40.0 mg mL™" human serum
albumin, 15.0 mg mL™" immunoglobulin G (IgG), 150.0 mg
mL~" haemoglobin, and 3.0 mg mL™" transferrin (Figure S7).
The interference percentages of the different proteins relative to
Afbgpp for 50.0 ng mL™" Gal3 addition were 0.3, 11.4, 0.0, and
1.2%, respectively. The results indicate that the platform is
highly selective, with interference percentages acceptable from
the analytical point of view, especially considering that these
serum proteins were added in a huge excess compared to Gal3
(mg mL™" vs ng mL™", respectively).

To evaluate the usefulness of Au/MPS/(PDDA/GO),/
3ABA/anti-Gal3 bioplatform for further analytical applications,
we performed recovery assays using 1:3 diluted human serum
samples enriched with 30.0 ng mL™" Gal3. The recovery of Gal3
SPR signal was 108%, showing that our biosensor could be used
for early determination of cardiovascular disease risk in clinical
laboratory real samples.
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4. CONCLUSIONS

In summary, we reported the first optical biosensor for the
quantification of the new cardiac biomarker Gal3 using the
antibody anti-Gal3 as the biorecognition element and the GO-
enhanced SPR methology for transducing the immunological
interaction. We presented a critical evaluation of the basic
platform, Au/MPS/(PDDA/GO),, as the initial step in the
construction of the immunosensing layer, demonstrating the
advantages of using GO in its double role of antibody anchor
point and amplifier of the SPR response and 3ABA as the
orientating element for the biorecognition molecule. In fact, the
role of GO as the enhancer of the analytical signal makes our
biosensing scheme highly advantageous because the amplifica-
tion is attained in the starting platform without any
postamplification step once the antibody—antigen reaction
occurred, and the use of 3ABA highly contributes to enhancing
the specificity of the anti-Gal3 platform. The resulting biosensor
proved to be useful for the highly sensitive and selective label-
free detection of Gal3 in the whole range of clinically relevant
concentrations, with successful application for the quantification
in enriched human serum samples. The new design represents a
competitive alternative for the quantification of this new and
important cardiac biomarker.
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