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ABSTRACT

Biofunctional multimodal plasmonic nanostructures suitable for multiplexed localized surface
plasmon resonance (LSPR) biosensing have been created by DNA-directed immobilization (DDI)
of two distinct multifunctional biohybrid gold nanoparticles. Gold nanoparticles (AuNP) of
distinct sizes, and therefore showing distinct plasmon resonant peaks (RP), have been
biofunctionalized and codified with two different single stranded-DNA (ssDNA) chains. One of
these oligonucleotide chains has been specifically designed to direct each AuNP to a distinct
complementary oligonucleotide strands. Scanning Electron Microscopy (SEM) has been used to
demonstrate selective immobilization of each AuNP on distinct spots. The second ssDNA chain
of the AuNPs provides the possibility to introduce by hybridization distinct types of bioactive
molecules or bioreceptors, on a reversible manner. In this work, hapten-oligonucleotide
bioconjugate probes, with sequences complementary to the second ssDNA linked to the AuNP,
have been synthesized and used to create multiplexed hapten-biofuncionalized plasmonic
nanostructures. The oligonucleotide probes consist on anabolic androgenic steroid haptens
(AAS) covalently linked to specifically designed oligonucleotide sequences. The biofunctionality
of these plasmonic nanostructures has been demonstrated by fluorescent microarray
immunoassay and LSPR measurements, recording the shift of the RP produced after the
antibody binding to the corresponding hapten-oligonucleotide probes immobilized on the
nanostructured surface. Preliminary data show that this approach could allow manufacturing
multifunctional multimodal LSPR chips for multiplexed analysis of different substances reaching
very good detectability. Thus, small molecular weigh, analytes such as stanozolol (ST,) could be
detected at concentrations in the low nM range. The results here presented open the door for
an easy way to construct site-encoded multiplexed multimodal LSPR sensor transducers,
combining the DDI strategies with multimodal biohybrid nanoparticles showing distinct optical

properties.

KEYWORDS: DNA-gold nanoparticles, hapten-oligonucleotide bioconjugates, DNA-directed
Immobilization (DDI), Localized Surface Plasmon Resonance (LSPR), multifunctional plasmonic

nanostructures, multiplexed biosensor, Anabolic-Androgenic Steroids (AAS).
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1. INTRODUCTION

Nanoparticle-based optical biosensors, like those based on the localized surface plasmon
resonance (LSPR) principle, have proven to be suitable for the quantitative detection of chemical
2015; Willets and Van Duyne 2007;Kreuzer, 2008 #22; Zhao et al. 2006). LSPR is an optical
phenomenon generated when an incident photon or electromagnetic field such as light interacts
with a metal nanoparticle producing the collective oscillation of the conductive electrons at their
nanostructures interact with a light beam, part of the incident photons are absorbed and part
are scattered in different directions. Consequently, optical spectroscopy is the simplest method
to detect the LSPR on metal nanostructures (Willets and Van Duyne 2007). The LSPR spectral
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position is highly dependent on the composition, size or shape of the nanoparticles, as well as
Sonnichsen et al. 2005; Yamamichi et al. 2009). Typical materials for plasmonic applications are
noble metals, especially silver and gold; despite silver displays more intense LSPR bands than

gold, the higher chemical stability of gold nanostructures has favored its preferential application
LSPR multiplexed platforms can be accomplished through non-planar (in solution) and planar
(nanostructured surfaces) arrays. Non-planar multiplexed arrays (see reviews (Anker et al. 2008;
Hu et al. 2006; Mannelli and Marco 2010; Mayer and Hafner ; Petryayeva and Krull 2011)), in
which the biomolecular interaction with the targets takes place in solution, can be prepared by
combining nanoparticles of different sizes (30-120 nm)(Yu and Irudayaraj 2007), shapes
(nanospheres, nanorods, nanocages, nanostars, etc.), materials (single metal, nanoshells or
alloys) or through self-assembly of plasmonic nanoparticles which allows expanding the library
However for immunosensing applications separation of the biocomplexes formed on top of the
nanoparticle surface is usually required. Moreover, the multiplexing capability of these systems
is often limited by the number of nanoparticles showing distinct RPs and their bandwidths which
often lead to overlapped signals. Planar arrays, as solid-phase immunoassays, can facilitate
separation of the biocomplexes and removal of interfering sample matrix components providing

at the same time increased multiplexed capabilities based on site codification of the

bioreceptors. Thus, a LSPR planar microarray chip combining nanoparticles of different RPs
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would allow dual identification of the targets based on the location and also on the nanoparticles

optical properties.

Nanostructured planar arrays can be fabricated using advanced lithographic techniques like
electron beam lithography (EBL) or focused ion beam (FIB). These techniques permit an accurate
control of the size, shape and spatial distribution of the nanoparticles, allowing manufacturing
a wide variety of two dimensional (2D) or quasi-three-dimensional (Q3D) metal nanostructures
(nanoholes, nanopillars, nanocrescents, etc.) with particular enhanced plasmonic properties
Lietal. 2015; Lv et al. 2015; Zhou et al. 2016). However, these techniques are expensive and the
patterned regions are small, which difficult the development of applications raising at the same
time the cost of potential commercial sensing devices based on those nanostructures.
Alternatively, LSPR planar arrays can also be constructed by immobilizing colloidal nanoparticles
onto solid supports through different chemistries. Different synthetic approaches have been

reported to obtain a wide variety of nanoparticle shapes (nanospheres, nanorods, nanostars,

1995; Kreuzer et al. 2008; Kreuzer et al. 2006; Yamamichi et al. 2009). However, these
approaches lack of the necessary flexibility to create LSPR sensing surfaces in which different

nanoparticles have to be immobilized selectively on different sites.

DNA-directed immobilization (DDI), based on the self-organizing capabilities and the highly
specificity of the DNA hybridization, allows immobilizing potentially any type of biomolecule
onto a DNA-biofunctionalized surface (see (Meyer et al. 2014; Seymour et al. 2015; Tan et al.
2014) for recent review papers), including small organic molecules. Thus, we have reported the
possibility of manufacturing multiplexed hapten-microarrays by hybridizing hapten-
oligonucleotide probes with complementary ssDNA strands immobilized on distinct spots of a

nanoparticles using DNA biofunctionalized nanoprobes (Loweth et al. 1999; Peschel et al. 2002;
Reichert et al. 2000; Wolfgang and Taton 2003). However, to our knowledge no examples exist
on the use of DDI to create nanostructured surfaces with plasmonic properties for biosensing

applications. With this scenario, we report here for the first time the development of a
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multiplexed (multiple target analytes) and multimodal (multiple RPs) LSPR biosensor using
biofunctional plasmonic nanostructured chips manufactured on a DNA microarray using DDI to
address distinct multifunctional AuNPs to predefined positions of a surface. As a proof of

concept, we have used these chips to detect Anabolic Androgenic Steroids (AAS) for which

immunoreagents are available in our laboratory (Salvador et al. 2007; Salvador et al. 2008, 2009; [codigo de campo cambiado W

Tort et al. 2012b; Tort et al. 2009).
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mercaptoethyl)-hexaethylene glycol (m-PEG-SH) was supplied by Polypure. Chloroauric acid (Estados Unidos)

Con formato: Fuente: +Cuerpo (Calibri), 11 pto, Inglés

(HAuCls:3H,0), trisodium citrate (Na3Ce¢HsO7-2H,0) and N-hydroxylamine from Sigma-Aldrich® t
\|_(Estados Unidos)

were employed for the synthesis of gold nanoparticles (AuNPs). Glycerol and Tris Base were Con formato: Fuente: +Cuerpo (Calibri), 11 pto, Inglés

\ (Estados Unidos)

employed for the final suspension of the synthesized AUNP-DNA conjugates. NaN3 was used as Con formato: Fuente: +Cuerpo (Calibr). 11 pto, Inglés

preservative of the final conjugates. DL-dithiothreitol (DTT) was purchased from Sigma-Aldrich®. ( (Estados Unidos)

Con formato: Fuente: +Cuerpo (Calibri), 11 pto, Inglés

2.2. _ Buffers | (Estados Unidos)

Con formato: Fuente: +Cuerpo (Calibri), 11 pto, Inglés
(Estados Unidos)

{Con formato: Fuente: +Cuerpo (Calibri), 11 pto, Inglés

and the pH was 7.5. PBST was PBS with 0.05% Tween 20. Printing buffer consisted of 150mM \\\ Con formato: Parrafo de lista, Sangria: Izquierda: 0 cm,
WA Primera linea: 0 cm, Esquema numerado + Nivel: 2 + Estilo

sodium phosphate (pH 8.5) with 0.01% sodium dodecyl sulphate (SDS). Hybridization buffer was ' | de numeracion: 1, 2, 3, ... + Iniciar en: 1 + Alineacion:

\\\\\\ Izquierda + Alineacién: 0,63 cm + Sangria: 1,4 cm

10 mM TRIS, ImM EDTA, 1M NaCl (pH 7.2). The final washing buffer was saline-sodium citrate \\\\{ Con formato: Fuente: +Cuerpo (Calibri)

buffer (SSC) (15 mM NaCl + 1.5 mM sodium citrate, 0.05% SDS; pH 7.5). Disulfide cleavage buffer \\{ Con formato: Fuente: +Cuerpo (Calibri), 11 pto
{Con formato: Fuente: +Cuerpo (Calibri), 11 pto, Inglés

was 170 mM phosphate buffer (pH 8.0). Final reconstitution buffer of the AUNP-DNA conjugates (Estados Unidos)

e e o Jo ¢ o o A G o A J G A . 0 L)

5



was 20% glycerol, 20 mM Tris base, 0.05% NaNs. For LSPR measurements the slides were washed

with 0.3M ammonium acetate, pH 7.0.

2.3. _ Materials and Instruments, +. _ - | Con formato: Fuente: +Cuerpo (Calibri), 11 pto, Negrita,
RN Inglés (Estados Unidos)
\ N

NAP-5 columns (Sephadex G-25) were purchased from Pharmacia Biotech. COSTAR® 96 well UV |
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and solutions were measured with a 540 GLP pH meter and a LF 340, conductimeter (WTW, Unidos)

Weilheim, Germany), respectively. The immobilization of the capture amine-oligonucleotides on
the glass slides in spots (100 um) was performed with a BioOdissey Calligrapher MiniArrayer

(Bio-Rad Laboratories, inc. USA). Fluorescent measurements were recorded on a ScanArray” Gx

PLUS (Perkin Elmer, USA), using a green laser with an optical emission filter at 543 nmwith5um - {Con formato: Color de fuente: Automatico ]
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measured by F543_Mean-B543 (Mean Cy3 foreground intensity minus mean Cy3 background

intensity). Fluorescence intensity values are expressed in relative fluorescence units (RFUs) as
average and standard deviation of at least 10 replicate spots in three replicate wells. The
characterization of the AuNPs was performed using a PHILIPS CM30 transmission electron
microscope (TEM) and a UV-vis spectrophotometer. The nanostructured surfaces were
characterized using an ultra-high resolution electron microscopy (NovaNano SEM 230, FEI
Company) of the Nanotechnology platform at the Parc Cientific de Barcelona. The optical setup
consisted of an inverted microscope (Nikon, Ti-U). The extinction spectra of the gold colloids
were measured by conventional dark-field spectroscopy (Dry DF Condenser, NA=0.90-0.80). The
sample illumination was performed with a halogen lamp (100 W). The light scattered by the
particles was collected by an objective lens (x10 with NA = 0.3 and working distance of 1.6 mm),
fiber-coupled to a multimode fiber (fiber diameter = 400 um) and sent toward a CCD-cooled
spectrometer (Shamrock SR-303i, Andor). The competitive curves were analyzed with a four
parameter logistic equation using the software SoftmaxPro v4.7 (Molecular Devices) and
GraphPad Prism v 6 (GraphPad Software Inc., San Diego, CA) according to the following formula:
Y=[(A - B)/1-(x/C)°] + B, where A is the maximal fluorescence, B is the minimum fluorescence,

C is the concentration producing 50% of the difference between A and B (or ICs), and D is the
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solution, by UV-Vis spectrometry and by TEM, taking several pictures of each batch of particles.
The size of these nanoparticles was assessed measuring the diameters of a significant number
of nanoparticles (n=50) supplied by TEM images. A mean size of 18.8 + 2.4 nm (13% dispersion)
was obtained with a concentration of 7:1011 AuNP mL?, estimated considering the initial
amount of Au (50 pg mL?) and assuming a quantitative reduction (Au3+ a Au0) (see figure 1S in
the Supporting Information (SI) document)

AuNP40 were synthesized following the N-hydroxylamine reduction method developed by

Brown (Brown et al. 1999) and also employed by Haiss (Haiss et al. 2007), using the AuNP20 as

,,,,,,,,,,,,,,,,,,,,,,,,,,, A

seeds. In this procedure, additional Au3+ is reduced at room temperature on the surface of the
seeds increasing their diameter. A mean size of 40.3 + 3.3 nm (n=50, 8 % dispersion) was
obtained according to TEM analysis at a concentration of 7-10'° AuNP mL? (see figure S1 in the

Sl document)

2.5. Synthesis _of the AuNP20-Nsup/Nidown and AuNPA0-Nsup/Nydown, Biohybrid<
Multifunctional Nanoparticles

The oligonucleotide sequences coupled to the gold nanoparticles of 20 nm (AuNP20) and 40 nm \\‘

\
A\
(AuNP40) are listed in Table S1. The coupling of the oligonucleotides to the AuNPs was carried

out following the procedures described by Taton (Taton 2001) and Hill (Hill and Mirkin 2006).
First of all, the potential oligonucleotide oxidized fraction, with 5’-disulfide functionality, was
reduced by adding a solution of 0.1 M DTT (DL-dithiothreitol in disulfide cleavage buffer, 100 uL)
to the lyophilized oligonucleotide sample (5 nmols), kept at RT for 2-3 h and purified with a NAP-
5 column. A UV-visible spectrophotometer at 260 nm was used for monitoring the elution of the
DNA and to determine the concentration using the Beer’s Law ( A=¢.c.l). Then, thiol-terminated
oligonucleotides (1.25 nmols of a 1:1 mixture of N;downSH and NsupSH for the AuNP20 and 0.5
nmols of a 1:1 mixture of N.downSH and NsupSH for the AuNP40), were added to the
corresponding gold colloidal solutions (5 mL, AuNP20: 7-10'! nanoparticles mL* and AuNP40:
7-10% nanoparticles mL?). The mixtures were then incubated overnight (12 h) at RT protected
to the light. Multiple small additions of 1M NaCl and 0.1M phosphate buffer (PB) were
performed to reach 0.1 M NaCl and 10 mM phosphate buffer concentrations, and then, the
biohybrid nanoparticles were incubated for 12 h more at RT. Afterwards, the mixtures were
centrifuged, and the biohybrid AuNPs (red oil) were resuspended in 1 mM m-PEG-SH (5 mL)
solution for 1 h. Finally, the biohybrid AuNPs were centrifuged two times in water, and after the
third centrifugation, they were resuspended in the final reconstitution buffer (1 mL) 5 times
concentrated. The biohybrid nanoparticles were stored at 42C protected to the light until use.
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1. DNA microarray: Epoxysilane activated slides were prepared in the laboratory by deeping the+ - - 7 Con formato: No ajustar espacio entre texto latino y
asiatico, No ajustar espacio entre texto asiatico y nimeros

slides on a 10% (w/v) NaOH solution for 1h at RT, followed by a derivatization with a 2.5% (v/v)
3-glycidoxypropyltrimethoxysilane (GPTMS) solution in anhydrous ethanol for 3h at RT. Then,
the capture oligonucleotide chains (Ns.downNH; and NyodownNH, at 200 pg/mL in printing
buffer) were spotted onto the epoxy-activated slides in a controlled humidity chamber at 60%
and maintained for 3h at RT. The DNA funcrionalized slides could be stored until use for about 1
month at 4 2C on a dry chamber. 2. Immobilization of the multifunctional DNA AuNP. The
printed slides were placed on a microplate microarray Arraylt® hardware system allowing 96-
well formatted experimentation with up to four glass substrate slides (Telechem International
Inc.). The system is provided of a silicon gasket that demarcates 24 wells for slide. On each well,
there was a microarray with a defined number of spots, depending of the experiment. Before
starting, the slides were washed four times with PBST and afterwards, the biohybrid AUNP-DNA
(AuNP20-N3up/Nidown, AuNP40-Nsup/N2down or both) were added onto the microarray (100
uL/well) at different concentrations (from 10'° to 10%? nanoparticles/mL, depending on the
conjugate and on the assay), incubated for 30 min at RT, washed and dried. Under these

conditions the slides could be stored at 4 2C on a dry chamber for more than 1 month, although

in most of the experiments, the slides were immediately used or the day after for the assays., - {Con formato: Fuente: +Cuerpo (Calibri) ]
2.7. Fluorescent Microarray Immunoassay, - Con,formato: Fuente: +Cuerpo (Calibri), 11 pto, Negrita,
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General Protocol. A solution of the corresponding hapten-oligonucleotide bioconjugate (8-N;up, | Con formato: Pérrafo de lista, Sangrfa: Izquierda: 0 cm,
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hG-Nup, 13-Nsup or FQ-Naup, 1 pg/mL in hybridization buffer), or an equimolar mixture of ' | 4e numeracion: 1. 2, 3’?” + Iniciar en: 1 + Alineacion:
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them, was added (100 pL/well) to the corresponding microarray wells of a glass slide where the ye - 9 -
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multifunctional biohybrid AuNPs had been immobilized. For certain control experiments the (Estados Unidos)

slides had been functionalized with just the NxdownNH. oligonucleotides. The mixture was
incubated for 30 min at RT and rinsed with PBST. Then, a solution of the corresponding specific
antiserum (As147, As170, As138 or As172 diluted 1/1000 in PBST), or a mixture of them, was
added (100 pL/ well) to the corresponding microarray wells and incubated for 30 min at RT.
Following, the slide was washed again with PBST and finally, an anti-lgG-TRITC solution (1/250
in PBST) was added (100 uL/well). After an incubation of 30 min at RT, the slide was washed with
the final washing buffer, dried with N, and read with the scanner.

Competitive Assay. Solutions of the standards (0.064-1000 nM ST or/and THG in PBST) were
added to the microarray wells (50 uL/well in PBST), treated with the hapten-oligonucleotide
conjugates and washed as described before, followed by the corresponding antiserum (As147
diluted 1/2000 and As170 diluted 1/1000 in PBST 50 uL/well) and processed as described above

(see figure 3S on the SI).
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consideration i) the necessity to direct the particles selectively onto defined spots of a DNA !

preparation of nanoparticles biofunctionalized with two different ssDNA strands. {Conformator Espacio Antes: 0 pto ]

Oligonucleotide sequences generically named NyupSH and N,downSH (where, Nx or Ny, means

a particular oligonucleotide sequence, and the term up or down, is used to describe the relative

position on the hybridization event, see Figure 1Figure-1) were designed and synthesized with [(:édigo de campo cambiado W

the necessary SH functionality to bind the AuNP. NyupSH had to be complementary to the
oligonucleotide strands (NxdownNH.) previously immobilized on the spots of the glass surface
(DNA microarray), and N,downSH had to be complementary to biomolecule-N,up bioconjugates

addressed to specifically recognize the analytical targets.

As proof-of concept, we focused on AAS, a particular family of steroids used illegally as doping
agents in sportive competitions to improve athletic performance, and as growth-promoters in
farms to increase meat production. Immunochemical determination of AAS takes place under
competitive configurations due to their small molecular size (see figure 3S in Sl). Previously, we

already demonstrated the possibility to simultaneously quantify AAS on a multiplexed ELISA

[Tort et al. 2012b) and on a hapten microarray created on a glass surface by DDI using hapten- [Cédigo de campo cambiado W

oligonucleotide probes as competitors (Tort et al. 2009). In this work, we have followed the [Cédigo de campo cambiado J

same approach, but immobilizing those hapten-oligonucleotide probes (hapten-N,up
bioconjugates) on the AuNPs surface through the hybridization with their complementary ssDNA
chains to obtain a multifunctional hapten biofunctionalized nanostructured surface. Stanozolol
(ST) and tetrahydrogestrinone (THG) were selected as model target analytes and the

corresponding hapten-oligonucleotide probes, 8-N;up and hG-N,up, were designed to hybridize



the N,downSH oligonucleotides of the 20 and 40 nm AuNP size biohybrid multifunctional
nanoparticles (AuNP20 and AuNP40), respectively. Additional hapten-oligonucleotide probes
13-Nsup and FQ-Nsup, for Boldenone (B) and Fluoroquinolones (FQ), respectively, were
synthesized and used for control experiments (see table S1 for information on the

oligonucleotide sequences)

with  NsupSH and Ni;downSH (AuNP20-Nsup/Nidown), being this last oligonucleotide
complementary to the 8-N;up hapten-oligonucleotide probe, and Ns;upSH complementary to the
NsdownNH; of the DNA microarray. In a similar manner, for THG, AuNP40 were functionalized
with NaupSH and NdownSH (AuNP40-Nup/N.down), being the last oligonucleotide sequence
complementary to the hapten-oligonucleotide probe hG-N,up, and NsupSH complementary to

NsdownNH; oligonucleotide sequence of the DNA microarray (see Table 1¥able-2 for a summary

of the oligonucleotide sets and immunoreagents employed and table S1 for information on the
oligonucleotide sequences). Additionally, so-called negative AuNP20 nanoparticles were
prepared for control experiments containing only the Ni;downSH strand, and therefore

theoretically unable to bind to the DNA microarray.

3.2.  Preparation of biofunctional nanostructured surfacesbybD,

AuNP20-Nsup/N:down biohybrid nanoparticles were used on a first instance to demonstrate the+ |

viability of the immobilization approach by SEM. For this purpose, solutions of distinct
concentrations of biofunctionalized nanoparticles were added to microarrays spotted with
immobilization only occurred on those spots where the complementary strand (NsdownNH5)
had been previously immobilized, and no unspecific adsorption was observed outside the spots.
Moreover, the particle density was clearly dependent on the concentration of the nanoparticles
in the solution used while the distribution became more homogeneous as lower was the
was assessed, by hybridizing these nanostructures with the ST hapten-oligonucleotide probe (8-
Niup) and running a non-competitive fluorescent immunoassay on Ns;downNH,-DNA
spots where the AUNP20-Nsup/N:down nanoparticles and the positive control (N3: 13-Nsup for
B) had been added, while no signal was recorded on the microarrays incubated with negative

AuNP20-DNA. These experiments confirmed the selective immobilization of the AuNP20-
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Nsup/Nidown through DDI on the glass microarray substrate. The positive control (N3) was used

to check the biofunctionality of the NsdownNH,-DNA microarray.

3.3. Multimodal biofunctional plasmonic nanostructures for AAS «

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, A ___

The next goal was to achieve multimodal plasmonic nanostructured surfaces immobilizing
selectively on different sites of a DNA microarray nanoparticles showing different RPs. For this
purpose, solutions containing mixtures of AuNP20-Nsup/Ni;down and AuNP40-N,up/N>down,
were added to glass slides printed with 5x4 spot microarrays, but in which 5x2 had been spotted
with NsdownNH; (for ST) and 5x2 with NsdownNH; (for THG). The SEM images could confirm that
each multifunctional biohybrid nanoparticle was immobilized on their specific location of the
B). As before, the biofunctionality of these substrates containing multifunctional gold
nanoparticles of different sizes (AuNP20 and AuNP40) was assessed by non-competitive
fluorescence immunoassay by adding the hapten-oligonucleotide probes, 8-N;up (ST) and hG-
N2up (THG) followed by the corresponding specific antisera (anti-ST, As147 and, anti-THG,
As170) and anti-IgG-TRITC. In parallel, and as before, positive controls were run to check the
correct immobilization of the capture oligonucleotides on the slide: control N3, for NsdownNH.
(followed by 13-Nsup and As138), and control N4, for NsdownNH; (followed by FQ-Nsup and
anti-FQ antiserum, As172). The results demonstrated that the nanostructured chip created by
DDI, containing two types of nanoparticles, was biofunctional and that the response was
selective for each target on the corresponding spots (see figure S2 in the SI document). Hence,
i) the nanoparticles were appropriately located on the corresponding sites of the microarray, ii)
the hapten-oligonucleotide probes had been appropriately hybridized on the right
multifunctional AuNPs matching the DNA sequence and jii) the antibodies selectively bound to

their targets in the corresponding locations of the microarray chip.

Subsequent competitive fluorescence immunoassays performed in the same type of microarrays
demonstrated that the biofunctionality of the nanostructured surface allowed quantification of the
selected target analytes (ST and THG, added as a 1:1 mixture at different concentrations) with a
detectability in compliance with the minimum required performance limits (MRPLs) established by
the World Anti-doping Agency (WADA), and comparable to that obtained using these

Tort et al. 2012b) and fluorescent microarray immunoassay (Tort etal. 2009)).,

Figure SFigure—5 shows the calibration curves obtained for ST and THG employing these
multifunctional nanostructured surfaces and the tables in the right side show the analytical
parameters. The microarray pictures in the left side show how the fluorescence response was

observed, for each concentration, only on the corresponding spots of each microarray.
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1-1.3.4. Multimodal multiplexed LSPR sensing

Next experiments were addressed to demonstrate the LSPR biosensing potential of these DDI-
created multifunctional multimodal nanostructured surfaces. On a first instance the AuNP20-
Nsup/Nidown and AuNP40-Njup/N.down biofunctionalized chips were characterized for their
LSPR spectra, recording the scattered light of the different sites of the microarray chip. Since the
difference in the LSPR peak of spherical nanoparticles is very similar, both sites of the chip
colored dotted lines), red-shifted in respect to the usual RP of bared nanoparticles (520-530 nm,
data not shown) due to the change in the refractive index of the nanoparticle surrounding media
hapten-oligonucleotide probes produced an additional shift to higher wavelengths (see Figure
4Figure—4 C, black dotted lines). The shift was greater for the AuNP40-Nup/N.down
biofunctionalized chips probably due to the higher number of hapten-oligonucleotide probes
captured by these particles. For biosensing purposes these RP spectra were the offset of the
measurements. It should be mentioned that one of the main problems encountered on these
experiments was related to the presence of salt residues remaining from the buffer solutions on
the surfaces, which strongly scattered the light masking the one scattered by the nanoparticles,
and that the problem was solved washing the slides with care with 0.3 M ammonium acetate

experimental section.

These multiplexed multimodal chips were exposed then to blank samples (no analytes) and to
samples containing mixtures of ST and THG (1000 nM) together with the antibodies (ST, As147
and THG, As170). After a short incubation time, the chips were washed and the LSPR spectra
were recorded. In this case a significant blue shift (towards lower wavelengths, about 23 and 35
nm for THG and ST, respectively) of the LSPR spectra was observed when the samples did not
contain analyte due to the binding of the specific antibodies to the hapten-oligonucleotide
C, bold colored lines). In contrast, no significant shift was observed when the chips were exposed
to ST and/or THG solutions at 1000 nM concentration, indicating that a complete inhibition of
the antibody binding to the chip had taken place due to the presence of high concentrations of
Since these results already pointed to the high detectability that could be accomplished with
these chips, a preliminary LSPR calibration experiment was performed in buffer by measuring a

set of ST calibrators on AuNP20-Nsup/N:down (8-N1up) biofunctionalized nanostructured chips.
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A dose-dependent relationship was obtained when plotting the shift of the RP of the chips that
that, under non-optimized conditions, ST concentration values down to 2 nM could still be
distinguished from zero in these experiments (statistically significant at P < 0.05 with a

confidence level of 95%).

Therefore, the results shown in this paper demonstrate that DDI may be used to manufacture
multiplexed multimodal plasmonic nanostructures with a high potential for highly sensitive LSPR
biosensing applications. At this point it should be noticed that with the equipment used in this
work, the intensity of the signal recorded on the 20 nm AuNP spots was very low. More intense
and narrower peaks, and consequently much better and reproducible results, could be obtained
using nanoparticles of a greater size (about 80 nm), since contribution of scattering to the
nanorods). Another aspect that would need to be optimized is the distribution of the
nanoparticles in the surface chip during the different fabrication batches, which lead to certain
variability regarding LSPR response. Moreover, in the actual sensor configuration shown in this
paper, a final washing step with distilled water would remove not only the oligonucleotide

probes, but also the nanoparticles from the surface. Thus, there will be necessary to explore

alternative strategies to provide stronger stability to the first hybridization step (N.down- _

Gamasa et al. 2015) have reported formation of selective, reversible and highly thermostable
DNA interstrand cross-links based on the reversible imine chemistry concept. This approach
would allow dehybridizing the hapten-oligonucleotide conjugates without removing the gold
nanoparticles from the surface, to use the multimodal nanostructured chip on further analysis
with the same or a different set of N,up biomolecular probes, being also possible to recover the

DNA microarray when required to immobilize a distinct set of multifunctional nanoparticles.

CONCLUSIONS

Multimodal plasmonic nanostructured surfaces have been created through DNA-directed
immobilization of multifunctional biohybrid gold nanoparticles through simple DNA
hybridization. These surfaces have been characterized by SEM, fluorescence and LSPR. The fact

that AuNP with different optical properties and functionalities could easily be selectively
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immobilized on different sites of a surface opens the possibility to develop sophisticated

plasmonic nanostructures combining nanoparticles of different sizes, shapes or composition.

The results shown in this paper are a demonstration of the potential of DDI to develop a label-
free multiplexed multimodal LSPR immunosensor platforms. This approach takes advantage of
the well-established DNA microarray manufacturing procedures by easily converting them on
LSPR chips, by just hybridizing the surface with the corresponding set of multifunctional
biohybrid nanoparticles. The approach here presented uses oligonucleotide encoded AuNPs for
directing immobilization (series NyupSH) on a DNA microarray but also for further specific
biofunctionalization (series N,downSH) with oligonucleotide codified bioreceptors whose DNA
sequence is complementary (series N,up). Therefore, it can be considered as a universal
approach for manufacturing multiplexed LSPR chips with different sets of bioreceptors
depending on the application. In this work, as proof-of-concept, we have addressed the
detection of small organic molecules such as the AAS, and for this purpose, we have hybridized
the immobilized nanoparticles with hapten-N,up probes. Preliminary results obtained indicate
that detectability achieved can be in the same order as other immunochemical detection
systems using labels or amplification approaches. Although in this case identification of the
target analyte has only been possible because of the use of site-encoded chips, due to the close
RP of the spherical nanoparticles used, the approach could also be used for immobilizing sets of
nanoparticles differing on shape or material, and therefore showing distinct plasmonic
properties, which would allow developing chips with a dual identification mode based on the
site codification and on the RP. Future challenges of this research would be focused on the
development of more robust LSPR biosensors and also on demonstrating the possibility to

regenerate these biofunctional nanostructured surfaces.
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FIGURE LEGENDS

Figure 1: Multifunctional biohybrid nanoparticles. Left: General scheme showing the distinct

strands which are shown as wave lines of two distinct colors for selective functionalization with
the corresponding hapten and immobilization on the DNA microarray. Each oligonucleotide
sequence is identified as Nx plus the words down or up. The oligonucleotide series down are
designed to hybridize with the corresponding hapten-oligonucleotide conjugate bearing the
complementary oligonucleotide sequence. The oligonucleotide series up is designed to hybridize
with the complementary oligonucleotide sequence immobilized on the DNA microarray chip for
site codification of the AuNPs Right: of AUNP-DNA probes prepared and employed in this work;
Right-Top: AuNP20-Nsup/N:idown called positive, designed to detect ST, are 20 nm size gold

nanoparticles biofunctionalized with NsupSH, complementary to Ns;dowNH, oligonucleotides

immobilized on the chip, and Ni:down, complementary to the hapten oligonucleotide probe 8- - {cOn formato: Color de fuente: Automatico

Niup; Right-Middle: AuNP20-N;down called negative, lacking the oligonucleotide chain that
hybridizes with the DNA-chip; Right-Bottom: AuNP40-Njup/N.down also called positive,
designed to detect THG, are 40 nm AuNP biofunctionalized with NaupSH, for hybridization with

the NsdownNH; oligonucleotides of the DNA chip, and NdownSH, for hybridization with the

hapten oligonucleotide probe hG-N,up. See Table 1Fable—2 for additional information of the \/Cédigo de campo cambiado

= T = Y e e L

oligonucleotide sets used and Table S1 for the oligonucleotide sequences.

Figure 2Figure—2: Surface electron microscopy (SEM) images of nanostructured surfaces | codigo de campo cambiado

prepared by the DNA-directed immobilization of the AuNP20-Nsup/N:down nanoprobes. A: { Con formato: Fuente: Negrita

Microscope images of one microarray chip, printed with a 5x4 spot matrix of N3;dowNH,
oligonucleotides. The enlarged microscope image in the right, shows the edge of one of the
spots, where it can be noticed that there is no unspecific absorption outside the spots, and that
the gold nanoparticles have been immobilized selectively inside the spots where its
complementary oligonucleotide strand was previously immobilized. B: Spot SEM images of
AuNP microarrays prepared using different concentrations of AuNP20-N3up/Nldown

nanoprobes. It can be shown how the isolated AuNP density can be controlled.

Figure 3Figure—3: Selectivity of DNA-directed immobilization of AuNP demonstrated by ( codigo de campo cambiado

fluorescence immunoassay. A: Graph showing the relative florescence units (RFUs) recorded {.con formato: Fuente: Negrita

after performing the immunoassay on DNA microarrays previously exposed to positive (AuNP20-
N3up/Nidown) and negative AuNP20 (AuNP20-N;down). 13-Nsup was used as positive control
to ensure performance of DNA-microarray manufacture and of the fluorescence immunoassay.
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As expected the positive AUNP20 and control N3 provided significant fluorescence, while the

negative AuNP20 did not. B: Fluorescent images of the 5x2 microarray matrices (NsdownNH)

corresponding to the above mentioned experiments. C: Schemes of the experimental conditions, - ’[COH formato: Color de fuente: Automatico

showing the on each case the oligonucleotide codified AuNPs and the antibodies used. The
oligonucleotide sequences are indicated on top of each scheme. For the antibodies As147,
against ST, is shown in blue and As170, for THG, is shown in green. The red antibody is antilgG-

TRITC. Results shown are the average of the signal recorded in 4 different microarrays.

Figure 4Figure—4: Multiplexed LSPR microarray chip for_simultaneous determination of - {Codigo de campo cambiado
stanozolol (ST) and tetrahydrogestrinone (THG). A: Scheme of the multiplexed LSPR {con formato: Fuente: Negrita

immunosensor chip showing how specific antibodies against ST and THG bind to their

corresponding hapten previously immobilized on the surface of the nanostructured chip surface

or to the free analyte. As147, against ST, is shown in blue and As170, for THG, is shown in green - {cOn formato: Color de fuente: Automéatico

B: SEM images of the multifunctional nanostructured surface prepared through DNA-directed
immobilization of a cocktail of distinct AuUNP-DNA nanoprobes (AuNP20-N3up/N1down and
AuNP40-N,up/N.down) on different spots of a 5x4 microarray chip. The SEM images
demonstrate the selectivity of the approach, showing how the AuNP20 (top, for ST detection)
and AuNP40 (bottom, for THG detection) have been addressed to the corresponding spots
where their corresponding complementary DNA chains have been previously immobilized. C:
Graphs of the scattered light recorded on the different sites of the chip where the two types of
multifunctional nanoparticles have been immobilized. The colored dotted lines shows the LSPR
spectra of the multifunctional LSPR chip resulting from immobilizing the two AuNP-DNA
nanoprobes and the black dotted lines are the LSPR spectra after hybridization with the
corresponding hapten-oligonucleotide probes. The colored bold lines show the LSPR spectra
recorded after exposing the chip to a solution containing a cocktail of specific antibodies in the
absence of the target analytes (maximum antibody binding). The colored light lines are the LSPR
spectra recorded under the same conditions but in this case the solution contained THG and ST

at 1000 nM (complete inhibition of the antibody binding to the LSPR chip).

7777777777777777777777777777777777777777777777777777777 <+~ ~ 7| Con formato: Normal, Justificado, Espacio Antes:
Automatico, Después: Automatico, Interlineado: 1,5 lineas

‘ ( Codigo de campo cambiado

Figure SFigure-5: Results from the evaluation of the biofunctionality of the multifunctional

nanostructured chips by fluorescence immunoassay. After hybridization with a cocktail of the ST

and THG hapten-oligonucleotide probes (8-N;up and hG-N,up, respectively) the chips were used  _ - {cOn formato: Color de fuente: Automatico
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to run calibration curves using fluorescent labelled secondary antibodies. In these experiments,
different microarray slides were used to run the ST or the THG fluoroimmunoassays. A: Pictures
of the microarray slides used on the calibration experiments and showing how the fluorescence
only appears on the corresponding spots of the slide for each analyte and that the intensity is
dependent of the analyte concentration. B: Calibration graphs for ST (top) and THG (bottom).
Negligible background signal was recorded on the spots where the contrary hapten-
oligonucleotide had been hybridized. C: Tables showing the analytical features of the microarray
ST (top) and THG (bottom) fluorescence immunoassays. Each data point corresponds to the
average of 30 spots. The results show that the LSPR multiplexed chip is biofunctional and shows

excellent analytical features.

response of distinct chips to the presence of distinct concentrations of ST. The values shown are
the average and standard deviation of measurements made in 5 different chips with a 5x4 spot
microarray matrix of AuNP20-N3up/Nldown (8-Nlup). The asterisk indicates a statistical

significance of P < 0.05 (confidence level 95%).
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Table 1: List of all the reagents employed in the multiplexed studies.

(/ Codigo de campo cambiado

DNA AuNP-DNA Hapten-
JARGET Microarray DNA /As{ Con formato: Color de fuente: Automatico
(down series)  (up series) (down series) (up series)
Stanozolol (ST) NsdownNH; NsupSH Ni:downSH 8-Nyup Aslé_l{ Con formato: Color de fuente: Automéatico
Tetrahydrogestrinone (THG)  NsdownNH: NaupSH NzdownSH hG-Naup /ASzl?[ Con formato: Color de fuente: Automatico
Control N3 NsdownNH, 13-Nsup ASJ-?{ Con formato: Color de fuente: Automatico
Control N4 NsdownNH, FQ-Nasup As17 con formato: Color de fuente: Automatico

o )
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