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New insight into the aptamer conformation and
aptamer/protein interaction by surface-enhanced
Raman scattering and multivariate statistical
analysis†

Wafa Safar,a Andra-Sorina Tatar,b Aymeric Leray,c Monica Potara,b Qiqian Liu,d

Mathieu Edely,a Nadia Djaker, d Jolanda Spadavecchia,d Weiling Fu,e

Sarra Gam Derouich, f Nordin Felidj, f Simion Astilean, b Eric Finotc and
Marc Lamy de la Chapelle *a,e,g

We study the interaction between one aptamer and its analyte (the

MnSOD protein) by the combination of surface-enhanced Raman

scattering and multivariate statistical analysis. We observe the aptamer

structure and its evolution during the interaction under different

experimental conditions (in air or in buffer). Through the spectral

treatment by principal component analysis of a large set of SERS data,

we were able to probe the aptamer conformations and orientations

relative to the surface assuming that the in-plane nucleoside modes

are selectively enhanced. We demonstrate that the aptamer orien-

tation and thus its flexibility rely strongly on the presence of a spacer

of 15 thymines and on the experimental conditions with the aptamer

lying on the surface in air and standing in the buffer. We reveal for the

first time that the interaction with MnSOD induces a large loss of flexi-

bility and freezes the aptamer structure in a single conformation.

Introduction

Biosensors are designed to specifically detect analytes. The
specificity is provided by multiple and simultaneous bio-

molecular recognition events based on weak interactions,
which give apparent affinity. Aptamers are new bioreceptors
intensively used now in biosensors. They are composed of a
single DNA strand that offers many advantages such as high
affinity versus analytes,1 high stability and highly reproducible
in vitro production with high purity excluding any use of
animals or cells.2–4 Through the self-hybridisation of one part
of its sequence, the aptamer forms a loop structure, exposing
some bases that interact specifically with the analyte due to
electrostatic interactions.

It is of primary importance to understand such inter-
actions to optimize the analyte capture and to improve the
sensing performances as one of the main drawbacks of bio-
sensors is the biological noise due to unspecific interactions
that constrain the detection limit.5 Indeed, as the bioreceptor
can interact with molecules other than its specific target,
non-specific binding can occur and induce a ‘biological noise
floor’. Consequently, the analyte of interest cannot be
detected below this biological noise. In addition, molecular
interactions are the basis of many biological mechanisms. It
is therefore important to have a better understanding of
these phenomena and be able to answer the following
specific questions: How does the interaction take place? Is it
dynamic or static? Is there any specific conformation for the
interaction?

Several techniques can give access to structural information
on biomolecules such as NMR or IR absorption. However, to
have enough signal/noise ratio, they need to study simul-
taneously a large number of molecules either in highly concen-
trated solutions or on large surfaces with high coverage rates.
Thus, such techniques provide average information on the bio-
molecules and cannot observe the interaction at the individual
level due to a lack of sensitivity or a limited spatial resolution.
For instance, NMR needs a large quantity of materials6 (weight
in the milligram range or concentrations in the millimolar
range), whereas for IR absorption, the lateral spatial resolution
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(around 10 μm) is restricted by the diffraction limit in the IR
wavelength range7 (2.5–25 μm).

To obtain a clear insight into the interaction, there is a
need to observe a small quantity of molecules especially if the
interaction is dynamic and the bioreceptor flexible. It can give
rise to several configurations of the interaction through
different structures or conformations.

Surface-enhanced Raman scattering (SERS) can overcome
such limitations. As one vibrational spectroscopy technique
and thanks to the huge Raman signal enhancement,8 SERS
can probe the molecular structure and has paved the way to
single-molecule sensitivity.9–11

It has been demonstrated that SERS enables the obser-
vation and study of DNA strands12 and the detection of
medical targets for clinical applications.13,14 Indeed, the SERS
spectrum is strongly related to the strand sequence and is sen-
sitive to any sequence modification at the single base
level.15–18 It also provides information on the interaction with
a complementary strand (hybridisation),19,20 with exogeneous
agents21 or with the surface (strand orientation).22–24

Alternative complementary methods based on plasmonic
devices were also proposed in the literature to study DNA or
RNA strands in small quantities or even at the individual
strand level. For instance, tip-enhanced Raman scattering
(TERS) was used to identify the RNA strand sequence,25 nano-
pores surrounded by plasmonic bullseye were used to observe
DNA translocation under heating26 or nanopipettes were
designed as supports for SERS or TERS to detect individual
molecules.27

However, even if DNA strands were intensively studied by
SERS, no study was specifically devoted to the aptamer struc-
ture and the influence of its interaction with the analyte on its
conformation. As aptamers were used as bioreceptors in SERS
sensors, their SERS spectrum is known and corresponds essen-
tially to the ones obtained for DNA strands, including the con-
tribution of the nucleosides contained in the sequence, and
their interaction with the analytes was observed in a sensing
objective.28–31 Spectral variations in the aptamer spectra were
detected with an increase of the analyte concentration and
interpreted as an increase of the number of interacting apta-
mers, but no interpretation of the aptamer structure during
the interaction was provided.32,33 Moreover, no study of the
aptamer alone was performed.

Understanding such an interaction is highly relevant as it
was observed that for the same active sequence, the interaction
depends strongly on the presence of a spacer or the grafting
method when the aptamer is immobilised on a surface.34–36

As the aptamer is a macromolecule made of a long chain of
nucleosides, it is flexible37 and could present different struc-
tural configurations when it is alone or when it is in inter-
action. To probe this complexity, one should screen the
different configurations experienced by the aptamer under
specific conditions and determine their effects on the aptamer
structure.

To obtain a clear and relevant insight, we propose to
combine the following two approaches: the mapping of a SERS

surface covered by aptamers and the statistical analysis
of spectral data. The former allows us to measure the SERS
spectra on a very large number of reduced areas (surface
around 1 µm2) containing a few aptamers. We should then
be able to screen a sufficient number of situations related
to all the potential structural conformations of the aptamers.
In addition, the latter allows us to extract all the
structural information and discriminate the different contri-
butions present in the spectral data depending on the surface
location.

Our methodology was applied to one aptamer specific to
manganese superoxide dismutase (MnSOD), an oxidoreductase
that induces the dismutation of superoxide anions in oxygen
and hydrogen peroxide and is known to be a biomarker of
some cancers.38 We were able to observe different structures
and orientations of the aptamer in relation to the SERS surface
depending on its interaction with MnSOD. We interpret this
structural and orientation dispersity as evidence for the flexi-
bility of the aptamer under different experimental conditions
(in air or in buffer) and of the structural constraints induced
by the interaction.

Results and discussion

Two aptamers, Apt-wT and Apt-w/oT, were used. Both have the
same active sequence for MnSOD capture, but in the Apt-wT,
we included a sequence of 15 thymines at its 5′ end to increase
the distance of the active sequence from the gold surface. Both
aptamers also include a thiol group at their 5′ end to graft the
aptamer on the gold nanoparticle surface (Fig. 1a).

The aptamers in the buffer solution (PBS buffer 10×: 1.37 M
sodium chloride, 0.027 M potassium chloride, and 0.119 M
phosphate buffer) are deposited on the surface of arrays of
gold nanocylinders (Fig. 1b and c) whose geometrical para-
meters were optimised for the SERS measurements at
633 nm.8,39–41 After 12 h of incubation, the surface is washed

Fig. 1 (a) Principle of the SERS experiments. The gold nanocylinders
are covered by aptamers alone (left) or interacting with MnSOD (right).
(b) Scheme of the SERS substrate (P: array period, D: nanocylinder dia-
meter and h: nanocylinder height). (c) SEM image of the nanocylinder
array (P = 340 nm, D = 140 nm and h = 50 nm, scale bar: 1 µm).
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with the buffer solution to remove all the aptamers not grafted
on the nanocylinder surface and is dried.

SERS mapping including several tens of points (one or
several maps of several tens of points with a step of 1 µm, a
theoretical spatial resolution of 860 nm) is performed, and
one SERS spectrum is recorded on each point. Such mappings
were performed under different conditions: in air after surface
drying and in the buffer solution. In this latter case, a drop of
the buffer solution was deposited on the substrate. More than
350 spectra were recorded under the four conditions (see
Experimental for more details).

The same procedure was applied to study the interaction of
apt-wT with MnSOD in the buffer solution. Different concen-
trations of MnSOD (1 nM, 10 nM, 100 nM and 1000 nM) were
deposited to observe the influence of the MnSOD interaction
on the aptamer structure. This concentration range was
chosen as the affinity constant for the aptamer vs. MnSOD and
was calculated to be 330 nM.28 Then, our experiments cross
over this affinity constant and we could observe the interaction
not only under low event conditions at low concentrations but
also close to the saturation for the highest concentration.

All the spectral data (more than 700 spectra for all con-
ditions and concentrations; the whole sets of spectra are
shown in Fig. S1 and S2†) were analyzed by principal com-
ponent analysis (PCA) to understand the wide spectral vari-
ations observed in the mapping. We obtained a sufficient
number of data to extract relevant information on spectral vari-
ations to identify the key spectral components and determine
the contribution of different bands in the spectral variations.
Our objective is to determine whether the observed variations
are simply related to intensity modification or to more
complex variations depending on the experimental conditions
(air or buffer), on the presence of the thymine spacer or on the
interaction with MnSOD.

We first studied the two aptamers alone in air and in the
buffer. The mean spectra for the four situations are shown in
Fig. 2a and b. One can observe strong differences between Apt-
wT and Apt-w/oT, whereas only an intensity decrease is
observed between air and buffer conditions. For both apta-
mers, the Raman features can be assigned to the bands of the
different bases that compose the DNA strand and to the P–O
bands from the DNA backbone (see Table S1† for a detailed
assignment; a comparison with the classical Raman spectrum
can be found in ref. 33). The Apt-wT Raman spectra are domi-
nated by the T band contributions (strong bands at 1370 and
1250 cm−1), whereas the Apt-w/oT Raman spectra are domi-
nated by the A and G bands (strong bands between 1400 and
1700 cm−1) (Fig. 2). It is known that the Raman intensity
strongly depends on the type of bases with the following distri-
bution: IA ≫ IG > IC ≃ IT.

23 Thus, as the Apt-wT spectra are
dominated by the T bands, we assume that the signal from the
other bases is less enhanced and we observe the bases closest
to the gold surface. This is in agreement with the enhanced
field extension estimated to be around 10 nm with litho-
graphed nanostructures and with an exponential decrease at
the power ten.42 Thus, we essentially observe the T spacer in

Apt-wT with a few contributions from P–O and the first bases
of the active sequence. For Apt-w/oT, with the absence of the T
spacer, we observe a mix of different contributions from the
bases but dominated by the A and G bands as they are the
most enhanced.

Fig. 2 (a) Average SERS spectra of the aptamer with the T spacer (apt-
wT) recorded in air (green spectrum) or in the buffer (blue spectrum), (b)
average SERS spectra of the aptamer without the T spacer (apt-w/oT)
recorded in air (black spectrum) or in the buffer (red spectrum) and (c)
average SERS spectra of the aptamer with the T spacer (apt-wT)
recorded in the buffer for different concentrations of MnSOD (black
spectrum: 0 nM, red spectrum: 1 nM, green spectrum: 10 nM, blue spec-
trum: 100 nM, orange spectrum: 1000 nM).
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Some large signal variations are observed in SERS mapping
in air or in the buffer. Such variations are too large to be
simply due to enhancement fluctuation on the surface (repro-
ducible SERS substrate with a small deviation of the signal) or
due to the plasmon resonance shift (Fig. S3†). To have a better
understanding of such signal modifications, we performed an
analysis of the whole set of data including the Raman spectra
obtained for the two aptamers in air and in the buffer. The
results are presented in Fig. 3. Two main components can be
extracted. Their contribution to the spectral features is very
high as they represent more than 85% of the whole com-
ponents (Fig. S4†) and highly relevant to the spectral vari-
ations. PC1 is dominated by the T and P–O bands, whereas
PC2 is dominated by the A and G bands (Fig. 3a). The other
components (PC3 and higher components) have limited con-
tributions (less than 5%, as shown in Fig. S4†) and can then

be neglected in the clustering analysis. In order to demon-
strate this assumption, we represented the PCA analysis using
the PC3 component in Fig. S5.† One can notice that the con-
sideration of this component does not provide any further
information or better clustering of the dots. Moreover, PC3
does not exhibit more bands or different features from PC1
and PC2 and thus does not provide further details on the spec-
tral variations.

For Apt-wT in air or in the buffer (Fig. 3b), the dots are per-
fectly aligned at an angle of 15–20° from PC1 for small values
of PC1 (below 104) with a negligible contribution of PC2 and
then start to diverge with a larger dispersion, especially in air
(green dots). Thus, in the buffer, the SERS spectra are then
largely dominated by the T bands, whereas in air, for a large
contribution of the T bands, the green dots are more dispersed
along PC2 (with even some positive values for PC2), indicating
that the A and G contributions are no more negligible. Such
intensity increase can be interpreted as a higher number of
bases in the enhanced field and then as an aptamer closer to
the gold surface.

Even if the dot distributions in air or in the buffer have
similar behaviours, the dot spreading along PC1 largely
decreases in the buffer, meaning that the buffer spectra experi-
ence much lower intensity variations than air ones and air
spectra are much highly enhanced compared to buffer ones.

For apt-w/oT (Fig. 3b), the dots are nearly aligned accord-
ingly to PC2, indicating a large contribution of the A and G
bases with a limited contribution of the T bases, in accordance
with the composition of apt-w/oT. The same conclusion as that
for apt-wT can be pointed out: the dots are a little bit more
spread out along the PC2 direction in the case of air relative to
that in the buffer.

It is already demonstrated that for a negatively charged gold
surface, the DNA strand interacts mainly through the nucleo-
side side and not through its backbone formed by the phos-
phate group.12 Thus, the SERS spectra are dominated by the
base features as effectively observed by a smaller intensity for
P–O bands. Second, the SERS intensity is not only determined
by the distance to the gold surface, meaning a higher signal
for bases closer to the surface, but also by modified Raman
selection rules as the enhanced vibration modes are those
whose motions are perpendicular to the surface.43 As the
nucleosides are planar structures, their SERS intensity strongly
depends on their orientation relative to the gold surface.24

Thus, when the strand is parallel to the surface, the bases are
perpendicular to the surface, exhibiting a large enhancement
of their in-plane modes. Inversely, when the strand is perpen-
dicular to the surface, the bases are parallel to the surface,
inducing a strong decrease of the SERS signal of the in-plane
modes. As the features observed in the SERS spectra of both
Apt-wT and Apt-w/oT and PC1 and PC2 are assigned to in-
plane modes, we could assume that SERS intensity variations
are related to the DNA strand orientation (Fig. 2 and 3): an
intensity increase is relevant to a strand more parallel to the
surface (strand “lying” on the gold surface), whereas a decrease
is relevant to a strand more perpendicular to the surface

Fig. 3 (a) Principal components for the analysis of the aptamer with
and without the T spacer in air and in the buffer (blue curve: PC1 and
orange curve: PC2), (b) PC scores for the aptamer with and without the
T spacer in air and in the buffer (black dots: aptamer without the T
spacer in air, red dots: aptamer without the T spacer in the buffer, green
dots: aptamer with the T spacer in air, blue dots: aptamer with the T
spacer in the buffer). The dashed arrows indicate the aptamer orien-
tations from “standing” to “lying” strands.
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(“standing” strand). Thus, the SERS intensity is a direct probe
of the strand orientation and the statistical SERS variation is
relevant to the orientation dispersity and heterogeneity on the
gold surface.

Let us first focus on the Apt-wT alone. As already noticed,
the dot dispersion is largely higher for the aptamer in air than
in the buffer. Thus, in air, the aptamer is mostly “lying” on the
surface, whereas it is more often “standing” in the buffer solu-
tion. The aptamer exhibits different behaviors in air and in the
buffer as different kinds of interactions could occur inside the
aptamer layer. Indeed, in air, the interactions are dominated
by the van der Waals forces, whereas in the solution, the main
forces are related to electrostatic repulsions through the
Dujarguin–Landau–Verwey–Overbeek (DLVO) interactions.
Under our experimental conditions, the distances between two
strands in the monolayer can be estimated to be around 2 and
4 nm (for a strand size estimated between 25 and
30 nm).35,44,45 In air, the distances are too large for van der
Waals interactions. The strands have then the possibility to lie
on the surface, inducing a large SERS signal. On the contrary,
in the buffer, the repulsive forces occur on larger distances
and the strands should stand mostly perpendicular to the
surface. Under both conditions, we observe a wide range of
conformations from “standing” to “lying” strands with various
distributions from buffer to air conditions (Fig. 4).

For Apt-w/oT, the dot distribution is more compact and is
nearly identical between air and buffer. The conformations
seem to be less dispersed and more fixed, with the strands
having a similar orientation distribution in both cases. Apt-w/
oT have fewer possibilities of orientation than Apt-wT. This
reveals that Apt-w/oT can adopt a fewer number of confor-
mations and is less flexible than Apt-wT. The T spacer should
give larger flexibility to the aptamer and allow it to reach more
conformations. Such observation is in agreement with other

studies concerning the incorporation of a spacer at the extre-
mity of the aptamer. First, molecular dynamics calculations
provide the following estimation of the length for different
numbers of T bases in the spacer sequence: 3.2 nm for 6 T and
5.6 nm for 20 T.46 In our case, we could estimate the spacer
length to be around 4 nm. Thus, such a length is large enough
to avoid interactions of the aptamer active sequence with the
gold surface and provide higher flexibility to the aptamer. In
this sense, such an increase of flexibility has an impact on the
targeting ability of the aptamer. Thus, it was already proposed
that the incorporation of a spacer, such as several thymine
bases, at the extremity of the aptamer sequence maximises the
efficiency of the aptamer targeting ability46–48 as it can render
the active sequence more accessible to its analyte. For
instance, it has been demonstrated that the incorporation of
12 T greatly improves the detection sensitivity (an increase of
nearly 10 times).47

After deposition of MnSOD on the SERS substrate, the
mean apt-wT Raman spectra exhibit the same features with
slight band broadening (Fig. 2c), but the SERS intensity of the
features assigned to the T base and P–O continuously
decreases when the concentration increases. As already
noticed, the enhancement extension in SERS is limited to the
first nanometers from the gold surface42 and the contribution
of the analytes located at a distance higher than 3 nm is lower
than one-tenth of the SERS spectrum. Thus, we can assume
that when MnSOD is interacting with the aptamer, it is located
at a distance higher than 3 nm, and as a consequence, the
MnSOD contribution is negligible and not observable in the
SERS spectrum. Moreover, the estimated distance between two
aptamers is lower than 4 nm (see the Experimental section for
more details). As MnSOD has a larger size (estimated to be
around 5 nm), we can also assume that the steric hindrance
does not allow it to have direct access to the gold surface and
will not allow the observation of its SERS spectrum. This
access to the gold surface could only be considered when
MnSOD replaces the aptamer. However, this latter one is
grafted on the gold surface through a S–Au bond that is largely
stronger than the electrostatic interaction. The replacement of
the aptamer by MnSOD would mean the breaking of such S–
Au bond, which is highly unlikely. Then, a very few numbers of
proteins could be directly in contact with the gold surface and
not be observable in SERS.

Moreover, as shown in Fig. S3,† the deposition of MnSOD
on the SERS substrate induces only a slight shift of the
plasmon resonance (estimated to be around 10 nm for the
highest MnSOD concentration). Such a shift cannot explain
the large signal decrease. Indeed, as demonstrated in ref. 40,
with such a kind of nanostructures (nanocylinders), a shift of
the plasmon resonance of 10 nm will induce a decrease in the
Raman signal of around 10% and no more than 20%.

We performed PCA of the whole set of data including the
aptamer alone and all the MnSOD concentrations. The first
component, PC1 (Fig. 5a), has a high weight since it represents
more than 70% of the whole components (Fig. S4†). It is domi-
nated by the aptamer SERS spectra alone with main contri-

Fig. 4 (a–d) Schemes of the aptamer orientation for Apt-wT (a and b)
and Apt-w/oT (c and d) alone in the buffer (a and c) and in air (b and d)
and (e–f ) schemes of the aptamer orientation for Apt-wT interacting
with MnSOD at different concentrations (e: low concentration, f: high
concentration).
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butions from T and P–O as previously described. PC2 does not
exhibit specific features with a strong decrease of the bands
assigned to the aptamer.

The distribution of the spectra is very wide between PC1
and PC2 (Fig. 5b), but one can observe a clear trend in the
evolution of the dot distribution according to the MnSOD con-
centration. For the aptamer alone, the dots are nearly aligned
with limited dispersion around the alignment, exhibiting a
similar behavior than in the previous comparison with Apt-w/
oT. At the opposite, for the largest MnSOD concentration, the
dots are all concentrated in a small area with very low dis-
persion. For intermediate concentrations (from 1 to 100 nM),
there is high dispersion of the dots. However, one can notice
some evolution of the distribution when the concentration
increases. For 1 nM, a large number of dots are aligned with
the aptamer alone with a deviation of some dots. When the
concentration increases, the dots are more and more deviated

from the aptamer alone with a decrease of the PC1 contri-
bution and become closer to the PC2 axis. There is a tilting of
the dots from PC1 to PC2. To explore this assumption, we cal-
culated the angular dot distribution for the different concen-
trations (0° corresponding to PC1 axis and 90° to PC2 axis). To
avoid any confusion, we represent the absolute values of the
angles in Fig. 6a. We observe an increase of the median angle
with the MnSOD concentrations from 20° for the aptamer
alone to 90° for the largest MnSOD concentration with a fast
variation around the affinity constant (330 nM).

We also observed much higher dot dispersion along PC2
for the 3 lowest concentrations (below the affinity constant)
compared to the two extreme values (0 and 1000 nM) corres-

Fig. 6 (a) Angular dispersion of PCA dots for the aptamer with the T
spacer in interaction with different concentrations of MnSOD (apt-wT
wet: 0 nM, apt-wT wet + MnSOD 1 nM: 1 nM, apt-wT wet + MnSOD 10
nM: 10 nM, apt-wT wet + MnSOD 100 nM: 100 nM, apt-wT wet +
MnSOD 1000 nM: 1000 nM) and (b) intensity ratio between the band at
1370 cm−1 and the band at 595 cm−1 for the aptamer with the T spacer
in interaction with different concentrations of MnSOD (apt-wT wet: 0
nM, apt-wT wet + MnSOD 1 nM: 1 nM, apt-wT wet + MnSOD 10 nM: 10
nM, apt-wT wet + MnSOD 100 nM: 100 nM, apt-wT wet + MnSOD 1000
nM: 1000 nM). For each figure, the red line corresponds to the median
(50% of the population), the blue box to the quartile deviation (±25% of
the population around the median), the black lines to 1.5 times the quar-
tile deviation and the red dots to the outliers. For both figures, the
dashed arrows indicate the aptamer orientations from “lying” to “stand-
ing” strands.

Fig. 5 (a) Principal components for the analysis of the aptamer with the
T spacer in interaction with different concentrations of MnSOD (blue
curve: PC1 and orange curve: PC2) and (b) PC scores for the aptamer
with the T spacer in interaction with different concentrations of MnSOD
(black dots: 0 nM, red dots: 1 nM, green dots: 10 nM, blue dots: 100 nM,
yellow dots: 1000 nM). The dashed arrow indicates the aptamer orien-
tations from “lying” to “standing” strands.
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ponding to the lack of interaction or the saturation of the
aptamer (Fig. 5b). Thus, PCA gives evidence for a continuous
transition between the aptamer alone and the saturated situ-
ation that is directly related to the SERS intensity variation and
more especially with the decreasing contribution of PC1 and
the T bases to the SERS spectra.

Let us now explain such a result in the context of the orien-
tation of the aptamer as determined previously and apply this
assumption to the Apt-wT/MnSOD interaction. For the highest
MnSOD concentration, the PC1 intensity and thus the T base
contribution become very low, which means that the aptamer
must have the preferential orientation perpendicular to the
gold surface. Moreover, the dots are concentrated, meaning
that there are few spectral variations and therefore few vari-
ations of the orientation. The aptamer loses its flexibility and
freezes in a fixed conformation. The interaction with MnSOD
selects a specific aptamer conformation and fixes it (Fig. 4f).

For the other concentrations, the dot dispersions indicate
large heterogeneity of the aptamer conformations but with an
evolution going from a highly flexible aptamer when alone to a
frozen interacting aptamer. When MnSOD concentrations are
lower than the affinity constant, the uptake rate of aptamers
with the protein must be largely lower than 50% (1 and 10 nM)
or close to but lower than 50% (100 nM). Some of the aptamers
are therefore alone, while others are involved in the
interaction.

As the affinity constant of MnSOD with the aptamer has
been measured at 330 nM, the two concentrations of 100 nM
and 1000 nM surround the affinity constant value, revealing
two completely different behaviors. Indeed, at 1000 nM, the
aptamer layer is saturated. In this situation, all the aptamers
should have similar conformations with close structures and
exhibit a nearly unique SERS spectrum, inducing reduced dis-
persion of the dots in PCA. On the contrary, at 100 nM (or for
lower concentrations), less than 50% of the aptamers are inter-
acting with one MnSOD molecule. This means that a large
variety of aptamer conformations from the aptamer alone and
the aptamer in interaction are observable, inducing a large
variation of SERS signals and high dispersion of the dots in
the PCA. Such reasons explain the large difference in the clus-
tering behavior for these two concentrations.

The spectral and angular variations are therefore represen-
tative of the occupancy rate of the aptamers. We could deter-
mine the rate of aptamers interacting with MnSOD (occu-
pation rate) using the median angle of each concentration
(Table S2†). If we assume that the median angle of 20° corres-
ponds to a rate of 0% (no MnSOD) and that the median angle
of 90° corresponds to a rate of 100% (aptamer layer satur-
ation), we find the occupation rates (Table S2†) close to what
we could expect. The angular dispersion of the dots on the
PCA provides a mapping of the aptamer/MnSOD interaction.

We can also propose a spectral probe to determine whether
MnSOD is interacting with the aptamer. For this, we use the
intensity ratio between two aptamer features: the 1370 cm−1

band assigned to the T base, whose intensity strongly depends
on the aptamer orientation (therefore on the interaction), and

the 595 cm−1 band assigned to the cytosine cycle deformation.
We choose this latter band as its intensity is nearly constant
with the MnSOD concentration (Fig. S8†) even if it is weak,
whereas the former one exhibits a large modification of its
intensity with an increase of the MnSOD concentration
(Fig. S8†). This ratio can then be used to monitor the evolution
of the relative intensity of the 1370 cm−1 band and can be rele-
vant to the modification of the aptamer conformation during
the interaction. A decrease of the I1370/I595 ratio can be
observed when the MnSOD concentration increases (Fig. 6b).
The median value follows the Langmuir law reflecting the
molecular interaction, whereas the dispersion of values indi-
cates the interaction distribution. This latter can also be
related to the high flexibility of the aptamer alone and the
aptamer interacting with low concentrations of MnSOD (up to
10 nM). On the contrary, the interaction with a large amount
of MnSOD (100 nM and 1000 nM) induces a reduction in the
dispersion value and confirms the loss of flexibility and fix-
ation of the aptamer in a specific and rigid conformation
during the interaction.

Conclusions

In this paper, we exploited Raman spectroscopy to study the
structure of aptamers alone and aptamers interacting with pro-
teins and SERS to access a small number of molecules at the
same time. SERS surface mapping allows the observation of
large spectral variations that can be treated using PCA. We
were able to correlate the spectral variations with the aptamer
orientation relative to the gold surface. We demonstrated that
the aptamer orientation depends on the experimental con-
ditions (“standing” aptamer in the solution and “lying”
aptamer in air). Such orientation variations also depend on
the presence of a T spacer that provides higher flexibility to
the aptamer.

During the interaction with MnSOD, the aptamer flexibility
is highly reduced and the MnSOD interaction freezes the
aptamer conformation. The aptamer is then a highly flexible
molecule that can experience various conformations to recog-
nise MnSOD, but the aptamer is blocked in a specific confor-
mation to capture MnSOD. Our experience provides evidence
for the dynamics of the aptamer/protein interaction that goes
largely beyond the simple key/lock model. By mapping the
interaction, we think that it will be possible to observe its
spatial dispersion and the MnSOD surface coverage. Finally,
the determination of spectral parameters allows us to identify
the interaction and obtain a deep insight into the interaction
mechanisms.

Experimental
Chemicals

The aptamer for MnSOD was purchased from Eurogentec and
dispersed in PBS buffer (pH = 7.4). Manganese superoxide dis-
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mutase (MnSOD) was purchased from Ab Frontier (LF-P0013,
Superoxide Dismutase 2, Human, Euromedex).

Aptamers

The following two sequences were used for the aptamer:
5′HS-(C6)-TTTTTTTTTTTTTTTT-CTTCTCTAGCTGAATAACC-

GGAAGTAACTCATCGTTTCGATGAGTTACTTCCGGTTATTCAGC-
TAGAGAAG 3′

and
5′HS-(C6)-CTTCTCTAGCTGAATAACCGGAAGTAACTCATCGT-

TTCGATGAGTTACTTCCGGTTATTCAGCTAGAGAAG 3′.
The first one is called Apt-wT, and the second one is Apt-

w/oT.
The active sequence that captures MnSOD is composed of

71 bases from the first C at the 5′ end to the last G at the 3′
end. It forms a loop that will interact specifically with MnSOD.
The aptamer was designed by the SELEX method in order to
define the active sequence that has the highest affinity for
MnSOD. More details can be found in ref. 28. The affinity of
this aptamer toward MnSOD was measured by a quartz crystal
microbalance (QCM) at 330 nM, as already published in ref.
28. In Apt-wT, a spacer of 15 thymines is included at the 5′ end
to increase the distance of the active part of the aptamer from
the gold surface.

Based on the dynamics calculations done on different
numbers of T bases in the spacer sequence,46 we estimate the
spacer length to be around 4 nm. Such a length is large
enough to avoid interactions of the aptamer active sequence
with the gold surface but is small enough to keep the aptamer
in the enhanced field to provide the SERS signal. 15 T was
then chosen to get a good compromise between these two
parameters.

To graft the aptamer onto the gold surface, a thiol group
was also included at the 5′ end to form a S–Au bond and
immobilise the aptamer on the SERS active surface.

Nanostructures

For the SERS measurements, we used some arrays of nanocy-
linders (Fig. 1) produced by electron beam lithography on
glass substrate covered with a thin film of ITO (80 nm). The
nanocylinders have a diameter, D, of 140 nm and a height, h,
of 50 nm. The array period, P, is fixed to 340 nm in both direc-
tions to have a gap between the nanocylinders of 200 nm in
order to avoid any short-range coupling.

Deposition of aptamers and MnSOD on the nanocylinder
surface

The aptamers and the MnSOD proteins are dissolved in 10×
PBS buffer (1.37 M sodium chloride, 0.027 M potassium chlor-
ide, and 0.119 M phosphate buffer) with a pH of 7.4. This
neutral pH was chosen to avoid any influence of the pH on the
interaction process. Indeed, if the pH is changed, the polarity
of the solution will also change, inducing potentially a modifi-
cation of the electrostatic interactions between the aptamers
and consequently a modification of their structure or the dis-
tance between them on the gold surface.

The aptamer concentration is fixed at 100 µM. For MnSOD,
four solutions are prepared with the following concentrations:
1 nM, 10 nM, 100 nM and 1000 nM.

For each molecule and concentration, 10 µl of solution is
deposited on the nanocylinder surface. The surface is incu-
bated for 12 h and then rinsed with distilled water to remove
all the molecules not interacting with the surface. If any
ungrafted aptamers are still present on the nanocylinder
surface, they should be much less in number than the grafted
aptamers. Indeed, as the ungrafted molecules are bonded to
the gold surface with weak interactions, we expect that
washing flux will remove a large majority of the ungrafted apta-
mers. Thus, their contribution, if any, should be negligible in
the SERS signal.

The aptamer is first grafted on the surface and MnSOD is
deposited in an increasing concentration. The effectiveness of
aptamer grafting and MnSOD deposition and its interaction
with the aptamer was monitored by the shift of the plasmon
resonance measured at each step of the process (Fig. S3†).

Plasmon resonance measurement

The plasmon resonance was measured using an Xplora Raman
spectrophotometer (Horiba Scientific). The nanostructures are
illuminated by a halogen lamp located below the SERS sub-
strate, and the transmitted light is collected using a 10× micro-
scope objective with a low numerical aperture (0.25) to avoid
the collection of the scattered light. A reference spectrum is
recorded without the nanostructures (only the glass substrate).
The plasmon resonance is then calculated by dividing the
transmitted spectrum of the nanostructure with the reference
spectrum to remove the lamp contribution and the optical
transfer function of the spectrometer.

SERS mapping

SERS mapping is performed using an Xplora Raman spectro-
photometer (Horiba Scientific) equipped with an Olympus
microscope. We used a HeNe laser (638 nm, 1.4 mW) and a
100× microscope objective (numerical aperture = 0.9) to reach
a theoretical spatial resolution of 860 nm. The spectral resolu-
tion is 2 cm−1. For each molecule and concentration, we
recorded several tens of points on the SERS surface by per-
forming one or several maps of several tens of points with a
step of 1 µm (the exact number of points is given in S1 and
S2†). We did not perform exactly the same number of points to
have a random distribution of the studied aptamers alone or
in interaction. The accumulation time was adapted to each
condition in order to get an exploitable signal/noise ratio (Apt-
wT in air: 5 s, Apt-wT in buffer: 45 s, Apt-w/oT in air: 15 s, Apt-
w/oT in buffer: 30 s, Apt-wT + 1 nM of MnSOD: 40 s, Apt-wT +
10 nM of MnSOD: 40 s, Apt-wT + 100 nM of MnSOD: 40 s, Apt-
wT + 1000 nM of MnSOD: 60 s).

For one spot, we excite a limited number of nanocylinders
(between 6 and 7). Each nanocylinder has a whole surface of
37 400 nm2. From previous studies performed under similar
conditions, the coverage rate of a single DNA strand monolayer
was determined to be in the range between 3.7 × 1013 strands
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per cm2 and 6 × 1012 strands per cm2 for DNA strands de-
posited on gold flat surface35,44,45 or on colloidal nano-
particles,35 which corresponds to a distance between two
strands in a 2D square-packed monolayer of around 2 and
4 nm, respectively. If we take an average distance of 2.8 nm
between 2 aptamers, we probed around 4800 aptamers per
nanocylinder and thus around 31 000 aptamers per spot.
These numbers are the upper limit as the whole nanocylinder
surface is not SERS active or a large part of the surface has a
limited contribution to the SERS signal.49 One can then
assume that in one spot we probe effectively a few thousands
of aptamers. On a whole map of 100 spots, it makes few hun-
dreds of thousands of aptamers probed, which gives access to
large distribution and a relevant insight into the aptamer con-
formations and allows a statistical analysis of the data.

The mappings in air were performed directly on the dry
surface. For the measurement in the buffer solution, a drop of
buffer (10 µl) was deposited on the substrate and a glass slice
(thickness of 180 µm) was deposited above to avoid the evapor-
ation of the solution, forming a thin film of around 100 µm in
thickness. This latter thickness (t ) is estimated using the
volume of the buffer (V = 10 μl) deposited on the substrate
surface and the approximative size of the drop formed on the
substrate surface (S ≈ 1 cm2) after the coverage by the glass
slice. In this case, the thickness is calculated as t = V/S ≈
100 μm.

Before principal component analysis, the baseline of all the
Raman spectra was corrected using the automatic function of
Labspec 6 software (Xplora Raman spectrophotometer, Horiba
Scientific). During the PCA treatment, all the spectral data
were normalised compared to the accumulation time and laser
power.

The excitation laser polarisation was linear and parallel to
the substrate surface. We assume that this parameter has little
influence on our SERS measurements because the aptamers are
grafted onto the whole surface of the nanocylinders (on top and
edges) and it is therefore not possible to define a clear polaris-
ation direction with respect to the orientation of the aptamers.
The aptamers are therefore considered to be randomly distribu-
ted with respect to the polarisation of the excitation laser. In the
discussion, we have therefore only considered the orientation of
the aptamers with respect to the surface of the nanocylinder
and not with respect to the laser polarisation direction.

The reference Raman spectrum of the buffer was also
recorded under similar conditions (accumulation time: 130 s,
laser power: 16 mW) and is shown in Fig. S7.† As no signal of
the buffer can be recorded in the solution, the buffer has been
dried on the substrate and the signal was recorded on a crystal
formed on the substrate surface.

Principal component analysis (PCA)

PCA is a well-established multivariate analysis technique that
reduces the dimensionality of a matrix of data to few principal
components, which can be visualized graphically, with
minimal loss of information. In this representation, the new
variables also called principal components are uncorrelated

and they correspond to a linear combination of the original
ones. Computationally, PCA consists of finding the eigenvalues
and eigenvectors (also called PC scores and PC loadings,
respectively) of the covariance matrix. Before calculating the
covariance matrix, experimental SERS spectra were first cor-
rected in order to take into account the fact that the exposition
time, the laser intensity and the Raman shift range were not
constant between each experimental series. These corrected
spectra were then centered, signifying that the mean of each
spectrum was subtracted. The PC loadings and PC scores of
each corrected spectrum were resolved by using a homemade
program written in MATLAB (version R2018a, The
MathWorks). The PC scores of the first and second PC load-
ings were finally plotted. In this representation, each point
corresponds to one corrected SERS spectrum.

We have represented in Fig. S1 and S2† the whole sets of
baseline-corrected SERS spectra recorded with the aptamers
alone (Apt-wT and Apt-w/oT) in air and in the buffer and with
Apt-wT in the buffer interacting with different concentrations
of MnSOD. The main visible variations are due to intensity
fluctuations that can be explained by the fact that the enhance-
ment factor is not exactly identical when the laser is focused
on different positions of the SERS substrate. These variations
of SERS spectra are also visible in PCA representation with the
presence of a branch that has already been attributed to
enhancement factor variations.50
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