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Abstract

In this paper, we present the development of a highly sensitive, specific and reproducible
nanobiosensor to detect one specific liver cancer biomarker, the Manganese Super Oxide Dismutase
(MnSQOD). The high sensitivity and reproducibility was reached by using SERS on gold nanostructures
(nanocylinders and coupled nanorods) produced by electron-beam lithography (EBL). The specificity
of the detection was provided by the use of a specific aptamer with high affinity to the targeted protein
as a recognition element. With such sensor, we have been able to observe the SERS signal of the
MnSOD at concentrations down to the nM level and to show with negative control that this detection is
specific due to the use of the aptamer. This latter issue has allowed us to detect the MnSOD in different
body fluids (serum and saliva) at concentrations in the nM range. We have then demonstrated the
effectiveness of our SERS nanobiosensor using aptamer as a bioreceptor for the detection of disease

biomarker at low concentration and in complex fluids.
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INTRODUCTION

Biosensors development is a very active research field since it will pave the way to
new detection methods with improved characteristics (better sensitivity, label free
detection, better selectivity...) and since it can have a wide range of applications
especially in the medical field such as the disease diagnosis, prognosis or monitoring.
Different electrochemical,™ 2 optical®® and mechanical®! technologies have been
developed with success to detect biological agents, such as microbial toxins*? and
pathogens.!® * However, even if such techniques proposed improvements and new
detection strategies, some major drawbacks can be noticed. The fluorescent
techniques need a labeling of the molecules to be detected, which could induce a
change in the biomolecule activity and thus a bias in the detection. Quartz crystal
microbalance (QCM),!! surface plasmon resonance (SPR)® or Enzyme-linked
immunoassay arrays (ELISA)! methods, can only permit the detection of the molecule
when interacting with the biosensor surface but not its direct identification. The
identification, in fact, is done thanks to the use of a bioreceptor at the sensor surface
characterized by a high affinity with the targeted biomolecules but that cannot avoid a
non-specific interaction that gives rise to a signal noise that affects the lower limit of
detection (LOD) typically estimated between 10° M to 10'* M, depending on the
affinity constant of the bioreceptor to the targeted analyte. This drawback can be
overcome by the design of a bioreceptor having higher affinity than the standard anti-
bodies, using, as example DNA aptamers,'® or by the exploiting of spectroscopic
detection methods such as Raman spectroscopy,'® that can provide a direct
identification of the molecule bound to the bioreceptor,'* and then distinguish the

specific analyte from the non-specific ones.



Aptamers are DNA strands that exhibit a higher affinity to proteins than anti-
bodies, they have become increasingly important molecular tools for diagnostics and
therapeutics since they can be synthesized with high reproducibility and purity from
commercial sources, showing a high chemical stability.!* -1 Raman spectroscopy
(RS)? provides a label free spectral signature of the analyte and represents the right
candidate as vibrational technique for a direct identification of the bio-analytes.'® %
Despite the Raman cross section is very low compared to fluorescence (more than 10
orders of magnitude) its sensibility can be improved by exploiting the Surface
Enhanced Raman Scattering (SERS) effect.?* 2° The principle of SERS is based on the
strong interaction between metallic nanoparticles and light (i.e plasmon resonance,
lightning rod effect...) that induces a high local enhancement of the electromagnetic
field at the nanoparticle vicinity.?® The nanoparticle, in turn, acts as an optical
nanoantenna enhancing the Raman scattering of any molecules deposited at the
nanoparticle surface,?’ thus providing a total Raman signal amplification of several
orders of magnitude (up to 10°,% paving the way to the single molecule

sensitivity.2%

Several SERS biosensors architectures have been proposed in the literature.3:-%
Colloidal nanoparticles permit to achieve the detection of the P38 mitogen-activated
protein kinase®® down to 10 M, being also effective for the detection of
biomolecules in body fluids. The detection of folic acid in human serum®’ has been
demonstrated down to 10 M, as well as the detection of prostate-specific antigen in
serum was achieved down to fM concentrations ( ~ 1 pg/mL).%® Unfortunately, these
kinds of SERS biosensor are affected by several drawbacks that can compromise such
systems. Indeed, the colloidal nanoparticles often aggregate together inducing a

change in the SERS enhancement and influencing the reliability of the detection. Such



technique is also restricted to water-soluble nanoparticles or molecules. To overcome
these disadvantages, the design of well-controlled SERS substrates produced by

lithographic methods have been proposed.®*

Nanosphere lithography (NSL) or Electron Beam Lithography (EBL) are well
known to provide nanostructures with good controlled size, shape and spacing
parameters at the nanometric scale, allowing the control and tuning of the localized
plasmon resonances and the optimization of the SERS efficiency.® 40 41 42 van
Duyne’s group has demonstrated that sensors produced by NSL are suitable for the
detection of glucose,*® also in vivo,** or bacillus anthracis.*® SERS substrates
produced by EBL permitted the detection of pure proteins like as Bovine Serum
Albumine (BSA), lysozym, RNase, myoglobin at concentrations down to the
attomolar.*® 4’ The possibility to functionalize colloidal metal nanoparticles with
aptamers so to obtain a highly specific SERS sensor has been demonstrated on
trombin (LOD of 1 nM in presence of complex biofluids),*® adenosine triphosphate
(LOD of 12.4 pM),*® vasopressin (LOD on the order of 5.2 pU/mL).*® These
experimental demonstrations in addition to predictions related to a better optimization
of the limit of detections clearly show that the SERS spectroscopy can be a very
powerful tool for the detection of biomolecules. However, the binding between the
targeted molecules and the bioreceptor is crucial to catch the analyte close to the
surface and thus to enhance its Raman signature. The sensitivity of the detection is
then related to both the high enhancement induced by the nanoparticles and the
affinity of the bioreceptor with the analyte. To reach the lowest detection limit, one
the most significant parameters is to have an optimized SERS substrate that provides
the highest enhancement factor and a bioreceptor exhibiting a high affinity with the

analytes in order to have higher probability to capture them at the nanostructure



surface. Moreover, since the identification is done thanks to the specific spectral
signature of analytes, the detection is not done only through the biorecognition event
induced by the bioreceptor but also with the Raman spectrum. This implies that the
detection is not disturbed by nonspecific interaction with the bioreceptor (that will be

directly identified using the SERS).

For a complete affirmation of the SERS spectroscopy as new viable alternative
tool, however, detection of a larger class of biomarkers is necessary proving that
detection thresholds can be better with respect to the best ones reached by the
classical techniques as ELISA (tipically 10° — 10® M) or high-performance liquid

chromatography fluorescence (HPLC) (107 M).

Manganese superoxide dismutase (MnSOD or SODZ2) is one of the primary
antioxidant enzymes, capable to maintain intracellular reactive oxygen species (ROS)
and redox balance for the cell equilibrium, while protecting normal tissue against
oxidative stress.® 52 Mukhopadhyay et al. observed an increased expression of
MnSOD gene in cancerous cell lines.>® Increased activity of MnSOD and of its levels
in sera have also been correlated to severe chronic liver diseases and can lead to
enhance malignant transformation inducing the development of various carcinoma.®”
%0 The measurement of the MnSOD concentration in body fluids is then of primarily
importance to monitor the clinical course and also the stages of tumors®® and provide
a diagnosis and a prognosis of the disease at its earliest stage. The most common
method used for the MnSOD detection is the immuno-assay and more especially the
ELISA test. Under optimum conditions, the sensitivity of ELISA assays permit the
detection of 2-200 ng (10°-10" mol/I) of purified MnSOD. The detection threshold of

such technique is thus in the range of the micromolar. Moreover, the ELISA is a



highly time-consuming technique since it is necessary to wait for several hours to

obtain a quantitative result.

In this study, we present a new high specificity, high sensitivity SERS
nanobiosensor for the detection of MnSOD. The nanobiosensor combines the high
sensitivity offered by gold nanoantennas produced by EBL3® ®2 with the high
specificity offered by the functionalization of the sensor surface with thiolated
aptamers. We demonstrate that thanks to the large enhancement of the local Raman
radiation we are able to accomplish label free detection of MnSOD with nanomolar
sensitivity in addition to a high selectivity guaranteed by a functionalization with
aptamers specifically designed to capture a target protein. We prove the high
sensitivity of our nanobiosensor concept by detecting pure protein solutions with
nanoantennas featuring two different shapes, namely nanorods dimers and individual
nanocylinders, and using two excitation wavelengths in the visible (660nm) and in the
NIR (785nm). We validate the specificity of our biosensor with negative controls on
BSA. Finally, we demonstrate the detection of this MnSOD at low concentration in

two different body fluids, such as sera and saliva.
RESULTS AND DISCUSSION
Aptamers for MnSOD.

Potentially, three different recognition elements for detection of MnSOD could be
employed for fabrication of affinity assays: antibodies, F(ab”). fragments of
antibodies and DNA aptamers. Antibodies are comparatively larger then F(ab").
fragments and DNA aptamers. The size of an antibody is close to 5 nm whereas it is
around 2 nm for a F(ab”). and even lower for an aptamer (estimated to be close to 1
nm). Analytes captured through antibodies on the surface on nanoantennas would

then stay too far away from the metal surface for efficient amplification of the Raman



signal resulting in loss of sensitivity. F(ab"). fragments are smaller than the whole
antibodies inducing a lower distance between the analyte and the nanoantenna
surface. But the procedure for generation of F(ab”). fragments by breaking the S-S
bonds leaves them partially denatured. Therefore, each batch of F(ab”), fragments
shows different apparent affinity constants. The production of DNA with DNA
synthesizer is much more convenient and reproducible than the cleavage of antibodies
to produce F(ab’). fragments. On another hand, each batch of DNA aptamers
produced with a DNA synthesizer has equal affinity to their target molecules, hence

DNA aptamers were employed in this work.

Thiolated aptamers specific for MnSOD (5"- HS- (-O-CH2-CH2- O-)s TT TTT

[TTTTTTTT TTC TTC TCT AGC TGA ATA ACC GGA AGT AAC TCA TCG
TTT CGA TGA GTT ACT TCC GGT TAT TCA GCT AGA GAA G-3') are
prepared by automated solid-phase oligonucleotide synthesis in a 1 uM scale (see
Methods). The success of the functionalization process is fundamental to maximize
the specificity and the sensibility of our sensor. For this aim we used a quartz
microbalance (QCM) to determine the affinity of the aptamer to the MnSOD and the
surface coverage. We have established a functionalization protocol, schematically
illustrated in Sl, Figure S1, divided in 4 steps that are applied for both QCM and

subsequent SERS experiments on the nanoantennas (for more details see Sl, S-2).

Specific SERS detection of MNSOD

Two different geometries of gold nanoantennas have been fabricated by EBL (see see
Experimental Section) and exploited to test our nanobiosensor (1): dimers of nanorods
(@) with length L = 100 nm, width w = 60 nm, height h = 50 nm and gap G = 20 nm,
and individual nanocylinders (b) with diameters D = 140 nm, height of 50 nm. The

nanoantennas are arranged in arrays separated by 200 nm to one another in both



directions of the plane. The diameters of the nanocylinders (140 nm) have been
chosen so to match the excitation wavelength of 660 nm with the optimized position
of the plasmon resonance and thus to reach the highest SERS enhancement. The

nanorod dimers were designed to be excited at 785 nm.%?

1pm

Figure 1: (a, c) Schematic illustrations of the two different plasmonic devices
adopted in the present work. The characteristic geometrical parameters are reported
(i.e. nanorods length L, width w and gap G; nanocylinder diameter D). Representative
scanning electron microscopy (SEM) images of the nanorod dimer arrays and

nanocylinders are shown in (b, d), respectively.

Protein detection

The nanoantennas have been functionalized following a protocol similar to that used
for the QCM measurements (see Figure S1, for more details see Sl, S-3). Considering
an average surface close to 6 nm? occupied by one aptamer, if we assume that the
surface functionalization is similar for flat gold surface and gold nanostructures, we
can estimate that a nanocylinder with a diameter of 140 nm is covered by 6 x 10° of

aptamers whereas a nanorod dimer is covered by 7 x 10° aptamers. The target protein



is finally captured by immersing the functionalized nanoantennas in a buffer solution
(Tris-HCI 50 mM, NaCl 100 mM, MgCI2 5 mM, pH 8.2) of MnSOD at various
concentrations for 1 h, followed by rinsing with buffer and drying under nitrogen
flow.

SERS experiments are performed using an Xplora spectrometer from Horiba
Scientific (see Methods). First measurements have been targeted at determining the
SERS background on the bare nanoantennas®®* and from the SERS generated by the
functionalization layer (DNA, and DNA + 6-MOH). As shown in Figure 2 (black
line), the signal from the bare antennas (after plasma ozone cleaning) is almost flat
with only some vibration peaks of the CaF. substrate appearing.® Much stronger

signal is observed on antennas coated with the aptamer (Figure 2, red line).
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Figure 2. SERS spectra of the gold nanorods dimers (Aexc=785 nm) after ozone
plasma cleaning (black line), after functionalization with thiolated DNA aptamers (red
line) and after the addition of a further blocking layer of 6-MOH (blue line). Data are

shown without any background subtraction.
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Strongest signal is observed at 1000 cm™ (C-O stretch in deoxyribose),®® ¢7 1234 cm™
(Thymine, Ring-CHj Stretching),%® %8t and 1380 cm™ (Thymine, Guanine)®: 676973
with less intense peaks at and 715 cm™ (Adenine),% 7376 850 cm™ (sugar vibration),®
1125 cm? (PO, backbone),® " and smaller contributions at 1075 cm™ (PO
backbone),®® 87 7 1234 cm™ (Thymine),®® ¢ 70 1301cm™ (Cytosine),®® 70 74 77
1450cm (Cytosine, Thymine),%7-%% 78 1556cm™ (Adenine),% ™ 1580 cm™ (Adenine,
Guanine).%% 68.69.75.7 The peaks positions agree with the literature on SERS of DNA
and DNA bases, while the relative enhancement intensities of the single peaks turns
out to be substrate-dependent (materials, shapes).®® 67 6% 70.75 The surface blocking
with 6-MHO (blue curve) does not shift the DNA vibrations, neither provides new
peaks to the spectrum, but only yields some increase of the continuum background. A
slight decrease of the DNA peaks intensity is observed. Since the MOH has a thiol
group as well as the aptamer, it is in competition with the aptamer, and some could be
removed from the gold surface. This could explain the intensity decrease. A good
reproducibility of the DNA spectra is observed in terms of position of the peaks,
intensity along the surface, etc. independently from the nanoantennas shapes and
sizes. Spectra acquired on the flat gold surfaces, present on the same substrate and
undergone to the same binding process, display only a flat background with no signal
from DNA. The noise level associated to this background can be used to provide a
lower limit estimate of the SERS enhancement. On the nanoantenna dimers we find
enhancements higher than 103 in agreement with what measured using dyes
molecular probes.

After MnSOD deposition, it is possible to detect locally some high SERS signal of the

biomarker using the nanorod dimers substrate. 3 (red line) shows the SERS spectrum
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of MnSOD at a concentration of 107 M compared to the signal of the
functionalization layer (DNA + MOH). Together with the DNA signal (highlighted by
the dashed boxes) new, intense vibrational peaks are observed at 1140 and 1150 cm™
(aliphatic side chain CHs bending), 1350 cm™ (CH: bending), 1460 cm™ (CH2 non-
aromatic bending), 1536 cm™ and in the 1605 — 1650 cm™ range (Phe, and Amide |
region). Most of these peaks, together with other smaller contributions, match the
vibrations of MnSOD already detected on lyophilized powder with conventional
Raman techniques (see Sl, Erreur ! Source du renvoi introuvable.).® These results
prove that the functionalized nanostructures allow to detect MnSOD via its enhanced

Raman signal. The amide 111 bands are also observable between 1240 and 1300 cm™.
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Figure 3: (red line) SERS spectrum of MnSOD after incubation of the

functionalized nanoantenna dimers sample with a solution with protein at
concentration 107 M (Lexc=785 nm). In addition to the spectral features (highlighted

by the dashed boxes) arising from of the SERS of the functionalization layer (black
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line), we can see new peaks due to the protein whose position is labeled. Spectra are
shown after the continuum background removal and offset vertically for clarity

reasons.

However, such a strong signal from the protein has not been observed on the whole
nanoantennas surface. This can be attributed to the fact that the MnSOD is not
distributed homogeneously and its adsorption is non-uniform on the nanobiosensor
surface. In order to get rid of such problem and be able to detect the MnSOD up-take
on the surface especially at the lowest concentrations, we have established a
measurement protocol in which 10 spectra are recorded at different points of the
nanobiosensor surface and an average spectrum is calculated, giving information on
the presence of the MnSOD. Measurement points were chosen randomly on all
surface patterns.

Sensitivity

Any assessment is carried out using, as reference, the SERS signal of MnSOD in the
spectral bands highlighted in Figure . Experiments to establish the limit of detection
(LOD) have been done at decreasing concentrations from 1uM to 10 nM using both
nanorods (Figure 4a) and nanocylinders (Figure 4b). To get rid of non homogenous
absorption of the aptamer on the nanoantennas (which would have straightforward
consequences on the quantity of MnSOD captured by the nanobiosensor) we plot the
spectra normalized to the most intense peak of DNA at 1380 cm™. In such a way
spectra on different substrates, acquired under different experimental conditions can
be compared. MnSOD is clearly detected down to 100 nM using both substrates.

The protein SERS spectra show new features with respect to the functionalization

layer (also shown in the figures). Main differences arise in the 1490 — 1670 cm™
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region, where the characteristic bands of aromatic aminoacids (Tyr, Phe), Amide Il
and Amide | occur. The signal in this region is much broader than the one of DNA
with the appearance of peaks at 1490, 1540, 1610, 1650 cm™. Less intense spectral
signatures of MnSOD are detected also at 1350, 1155 and 754 cm™ (on both
substrates) and at 935, 905 and 679 cm™ (using the nanorods). This could be given to
the different enhancement that different vibrational modes can experience, especially
when the chemical enhancement plays a role.8 All these new bands are comparable to
the ones observed in the case of high SERS enhancement (Figure 3) and, even if their
relative intensity can be different, the MnSOD signal turns out to be well reproducible
with the different concentrations and substrates. However, all these differences are
smoothed on the average spectrum. This is confirmed since whatever the
nanostructure or the excitation wavelength used, the SERS signal did not exhibit
relevant changes in the Raman modes (position as well as relative intensity) with the
MnSOD concentration. Reducing the MnSOD concentration to 10 nM, we still
observe a clear increase of signal in the 1490 — 1670 cm™ region (Figure 4b), proving
that our nanobiosensor can attain such LOD. However, at such low concentration, we
observed a clear vibrational fingerprint of the protein only using the nanocylinders
substrate. In this experimental condition, we believe that the inhomogeneity of the
MnSOD uptake starts playing an important role, suggesting that longer incubation
times, more dense surface sampling or simply nanoantennas with higher enhancement

factor are needed to improve sensitivity and reproducibility.
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for clarity.
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Moreover, in the case of the nanorod dimers, one can notice that the MnSOD
signal is lower than in the case of the nanocylinders and the specific MnSOD features
are less visible. First, the geometry of the nanostructure can influence the orientation
and position of the aptamer on the nanostructure surface and then on its ability to
detect the MnSOD. Second, the enhancement comes essentially from the gap between
two nanorods whereas it comes from a larger surface with the nanocylinders. As a
consequence, there are less active sites on the dimer surface than on the nanocylinder
surface. The probability of capture of MnSOD is lower, and then it is more difficult to
observe the MnSOD at lower concentration. Both effects can affect the SERS signal

of the MnSOD and explain the differences observable with both geometries.

Our data suggest that we reach a saturation of the SERS surface for a concentration
of 100 nM. This saturation level can be explained by the effective surface with which
the MnSOD can interact. Indeed, from QCM we have been able to calculate that the
Kd is in the range of 300 nM. This value means that half of the aptamers are occupied
by a MnSOD protein at this concentration on a flat gold surface. But the surface
available with a nanorod dimers or a nanocylinder on a glass substrate is twice or four
times lower than the one of the equivalent flat gold surface, respectively. The number
of available aptamers is then lower on the SERS substrates and the SERS surfaces are

saturated for lower MnSOD concentration as observed experimentally.

Selectivity

In order to demonstrate the specificity of the nanobiosensor we have performed two
control experiments. First, we check that proteins different from MnSOD do not give
any SERS signal. Second, we show that the blocking agent (MOH) alone is not
capable to bind MnSOD. For the first test we incubate the nanoantennas

functionalized with aptamer in a Bovine Serum Albumin (BSA) solution at a

16



concentration of 10 uM, i.e. 100 times higher that the one at which we detect
MnSOD. As shown in Figure , no significant changes are observable between the
SERS signal given by the nanobiosensor after incubation with BSA (red line) and the
SERS signal from the aptamer+MOH layer only (black line), even if the BSA
concentration is high enough to saturate the sensor surface. If any interaction had
occurred between the BSA and the aptamer, we should have observed some additional
signal on the SERS spectrum in spectral zones, such as Amide I, Amide I, Amide IlI,
aromatic amino-acids, specific of proteins, where the contribution of MnSOD is

observed (dashed boxes in Figure 5), which is not the case.
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Figure 5: Negative control experiment. The SERS spectrum on gold nanorods
dimers (Lexc=785 nm) after incubation with BSA 10° M (red line) does not show
specific differences with respect to the SERS from the aptamer+MOH layer (black
line) in the spectral zones in which the proteins feature their vibrational signal (dashed

boxes). Spectra are offset vertically for clarity reasons.
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This demonstrates that the non specific binding does not occur with using
MnSOD-aptamers to functionalize the nanoantennas and, in addition, that no
unspecific binding occurs between BSA and the 6-MOH blocking agent. Same
negative results (see Sl, S-5, Figure S3) are found when we functionalize the
nanoantennas with 6-MOH only and incubate with MnSOD. This second control
experiment excludes, as for BSA, any strong unspecific interaction between the
blocking layer (6-MOH), and the MnSOD and supports the fact that the capture of the
MnSOQOD is only due to the presence of aptamers on the surface without any significant

role played by 6-MOH.

The previous results demonstrate that the designed nanobiosensor is specific and

that the MnSOD can be detected at low concentrations.
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Figure 6: MnSOD detection in body fluids. (a, red line) SERS signal of MnSOD in
serum at 10® M compared that of the aptamer (black line) using gold nanocylinders
(Lexc=660 nm). (b, red line). Spectrum of MnSOD in saliva at 10® M compared that of

aptamer (black line) on gold nanorods dimers (Aexc=785 nm).

Detection in body fluids

For further evaluation of the nanobiosensor performances, the detection of
MnSOD in complex biological media (saliva and sera samples) has been tested. The
MnSOD concentrations are 108 M in both saliva and serum, as measured by ELISA.
The protocol for the MnSOD deposition is the same as the one used for the pure

MnSOD except that the pure MnSOD solution is replaced by the body fluid.

Figure 6a shows the SERS signal from one sample of serum (a, red line) using
nanocylinders and excitation wavelength at 660 nm and (Figure 6b, red line) from one
sample of saliva using nanorod dimers and excitation at 785 nm. The black lines in (a,
b) represent the reference spectra of the functionalization layer (aptamer and 6-MHQO)
before the deposition of the body fluids. In the spectra of serum and saliva strongest
signal increase is observed in the 1450-1650 cm™* band, comparable to what
observed with pure MnSOD solutions (Figure 4). One can also notice a slight
difference between both spectra since a band located at 1400 cm™ is only observable
on the saliva spectrum. However, this band can be assigned to the COO— streching
(see Sl, Table S1 and Figure 3) and is due to the presence of the MnSOD. Such small
variations between these spectra can be explained by the protein environment. saliva
and serum are complex media that can slightly affect the protein structure and as a
consequence the SERS signal. In the case of nonspecific binding of other proteins

present in the body fluids, we should observe some other bands due to different
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spectral signatures compared to the MnSOD one. The Raman will not be
systematically at the same position and with similar relative intensity whatever the
media used (pure MnSOD or body fluids). Since both body fluids contain the same
MnSOD concentration, we could also compa