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Abstract: Surface-enhanced Raman scattering (SERS) 
sensors using specific aptamers often show difficulties in 
quantitative analysis because the instable aptamer struc-
tures show fluctuated background signals. In this commu-
nication, we address the quantitative analysis of the SERS 
spectra of manganese superoxide dismutase (MnSOD) in 
different concentrations over the signal arisen from its 
specific aptamer using multivariate statistical analysis. 
MnSOD is a primary antioxidant enzyme protecting nor-
mal tissue against oxidative stress and is known as a can-
cer biomarker. By applying principal component analysis, 
SERS spectra were distinguished when MnSOD was pre-
sent in a specimen even at 10 pm. The relation between 
SERS spectra and MnSOD concentrations calculated by 
partial least-squares regression predicted MnSOD con-
centrations within one order of magnitude. Moreover, 
statistically obtained spectral correlations reveal that 
spectral differences did not originate from additional 
peaks of MnSOD but from the thermodynamic stability 
of the aptamer structures. These results open new paths 

for detection and analytical strategies of SERS-based bio-
sensors using aptamers.

Keywords: SERS; sensor; MnSOD; aptamer; multivariate 
analysis.

1  �Introduction
Improvement of bio-molecular sensing techniques in 
clinical applications is of utmost importance for a better 
diagnosis and a monitoring prognosis of diseases in rising 
populations needing medical care. Easy, fast, inexpensive 
and reliable bio-sensors for various biological markers 
have been developed using different types of detection 
mechanisms such as electrochemistry and optical detec-
tions [1–3]. Among these techniques, surface-enhanced 
Raman scattering (SERS) detections have been gaining 
attention [4–11]. SERS is the phenomenon in which Raman 
scattering efficiency increases drastically at the surface of 
noble metal nanostructures, which arises from a locally 
enhanced electromagnetic (EM) field through an excita-
tion of localized surface Plasmon resonance (LSPR) of 
metal nanostructures [12–15]. The SERS vibration spec-
trum represents physicochemical states of molecules [16] 
with single molecular sensitivity under optical micro-
scopes [17], permitting acquisitions of the spectral signal 
from a small volume of dilute target solutions. Moreover, 
label-free sensing is an important requirement for the 
development of easy and fast bio-sensing systems [18]. 
The SERS technique does not require labeling target mol-
ecules, and it allows the use of a specimen as taken from 
the body.

We recently reported a highly sensitive SERS-based 
manganese superoxide dismutase (MnSOD or also known 
as SOD2) sensing system in body fluids [19]. MnSOD is one of 
the primary antioxidant enzymes protecting normal tissue 
against oxidative stresses, and its activity is linked to the 
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development of various carcinomas [20]. Thus, the MnSOD 
concentration in body fluids is a good bio-marker to provide 
diagnoses for tumor stages [21]. We have specifically detected 
SERS signals from MnSOD in serum and saliva using artifi-
cial oligonucleotides called aptamers, which are designed to 
have a strong affinity with the target molecules. Aptamer is 
becoming an important molecular tool for bio-sensor appli-
cations and an alternative to anti-bodies because of its easy 
synthesis and high chemical stability [22].

In our system, an Au nanocylinder array was fabri-
cated by electron beam lithography (EBL) for exploiting 
SERS. It showed better SERS signal reproducibility than 
chemically synthesized colloidal nanoparticle systems. 
The Au nanocylinder substrate was functionalized by a 
specific aptamer to MnSOD owing to its thiol head group, 
and a sample solution containing MnSOD was deposited 
on the substrate (Figure 1). SERS spectral changes in the 
presence of MnSOD were successfully detected from the 
nm range over the SERS spectrum of the aptamer. However, 
as typical of other SERS sensors using an aptamer, the 
SERS signal from the aptamer was rather strong compared 
to target proteins, and it showed complicated signal vari-
ations even on the EBL SERS substrate. This is because 
nucleotides, components of aptamer, normally have bigger 
Raman cross-sections than proteins, and their long chain 
does not have one fixed structure [23]. The aptamer size is 
also a problem because the localized EM field generated 
by LSPR excitation exponentially decays from the surface 
of metal nanostructures. Therefore, Raman signals from 
the aptamer were enhanced stronger than target proteins 
grafted at a top of the aptamer. Quantitative analysis of 
the mixed SERS spectra of proteins and aptamers is thus 
still a challenge for this type of bio-sensors.

In this context, we applied a statistical approach, spe-
cifically partial least-squares regression (PLSR), to analyze 

small SERS spectral changes depending on the concen-
tration of MnSOD in a specimen together with the strong 
aptamer signal. PLSR is one of the common multivariate 
techniques for the quantitative analysis of spectral data 
sets [24, 25]. PLSR creates an assumed model and extracts 
spectral features related to supervised variables (e.g. 
concentrations), and is suitable in the system including 
random factors as signal fluctuations of the aptamer in our 
case. Although application of PLSR to analyze spectral data 
sets is not conceptually new, the results demonstrate that 
protein concentrations are predictable even over a fluctu-
ated aptamer signal. More interestingly, this work finds out 
that the signal fluctuation of an aptamer itself would be 
a sensitive indicator of concentrations of target proteins 
through restriction of the aptamer’s structural variations.

2  �Materials and methods

2.1  �Synthesis of the specific aptamer to 
MnSOD

The aptamer with the following sequence was synthesized 
with a 3400 DNA synthesizer (Applied Biosystems, Thermo 
Fisher Scientific Inc., Waltham, MA, USA) and purified 
with oligonucleotide purification cartridges (Applied 
Biosystems): 5′-HS-C6-TT TTT TTT TTT TTT 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′. The spe-
cific sequence to MnSOD was found by the Systematic 
Evolution of Ligands by EXponential enrichment (SELEX) 
method. A thiol group was inserted by using 1-O-(4.4′-
dimethoxytrityl)-hexyl-disulfide, 1′-[(2-cyanoethyl)-(N,N-
diisopropyl)]-phosphoramidite (5′-thiol-modifier C6 S-S 
CE phosphoramidite). All reagents required for solid 
phase oligonucleotides synthesis were purchased from 
Link Technologies (LGC LINK, Bellshill, Scotland, UK). 
The final concentration of the synthesized aptamer was 
determined by measuring absorbance at 260 nm with the 
ND 1000 Spectrophotometer (NanoDrop).

2.2  �Fabrication of Au nanocylinders

Au nanocylinders (diameter: 140  nm, height: 50  nm, 
period: 200 nm) were designed on a glass substrate with 
a 3-nm chromium adhesion layer by EBL following the 
conventional lift-off process. The maximum of the LSPR 
band of fabricated Au nanocylinders is located around 
650  nm (Figure S1), and is red-shifted a few tens of nm 
after functionalization.

MnSOD
(proteins)

Aptamer

Au nanocyclinder

Figure 1: Schematic of the SERS sensor of MnSOD using a specific 
aptamer.
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2.3  �Functionalization of Au nanocylinders

The Au nanocylinder substrate was first cleaned in a UV 
oxygen plasma cleaner for 30 min and rinsed with ethanol, 
and dried by nitrogen flow. Then, the substrate was soaked in 
1 mm of 6-mercapto-1-hexanol (MHO) (Sigma-Aldrich, Lyon, 
France) ethanol solution for 1 h and rinsed by ethanol and 
dried by nitrogen flow. MHO was used as a blocking layer to 
avoid direct adsorption of proteins onto the Au surface. The 
MnSOD aptamer was grafted through an exchange between 
MHO and the aptamer by the deposition of the aptamer 
aqueous solution with a concentration of 10  ng/μl in 1 m 
KCL on the MHO covered substrate for 1 h. After the aptamer 
functionalization, the substrate was kept wet.

2.4  �SERS measurements

The MnSOD solution was prepared by mixing lyophilized 
MnSOD (LF-P0013, SOD2, Human, Abfrontier) in a working 
buffer [50  mm Tris-acetate, 100  mm NaCl, 5  mm MgCl2 
(Sigma-Aldrich) in Milli-Q water and pH = 8.2]. It nor-
mally forms tetramers in the presence of manganese ions 
as in nature, although we have not checked the molecu-
lar weight of MnSOD in the buffer solution. The working 
buffer containing 0, 10 pm, 1 nm and 100 nm concentra-
tions of the monomer MnSOD solution was deposited on 
the aptamer-functionalized gold nanocylinder substrate. 
All SERS experiments were performed on the same sub-
strate under liquid conditions by putting a microscope 
cover slide on the drop of protein solution. The substrate 
was washed with the working buffer after the experiment 
with one concentration, and reused for the following 
experiment with different MnSOD concentrations.

SERS spectra were recorded with a commercial Raman 
microspectrometer (Horiba Jobin-Yvon, Xplora). The excita-
tion laser (λ = 660 nm) was focused through a microscope 
100 ×  objective (Olympus, NA: 0.9), and Raman scattering 
was collected through the same objective. The laser power 
was 0.4  mW at the sample position. For one SERS spec-
trum, signals were accumulated 5 times for 5 s. A baseline 
of raw spectra was subtracted and the treated spectrum was 
normalized using LabSpec 6 (Horiba Scientific, Villeneuve 
D’ascq, France) for all multivariate statistical analysis.

2.5  �Principal component analysis,  
partial least-squares regression  
and cross-validation

When principal component analysis (PCA) is applied to 
the SERS spectrum, the spectrum is regarded as a linear 

combination of principal components [26]. These prin-
cipal components are interpreted as new variables opti-
mally describing the spectrum. A set of weights for each 
principal component in the linear combination char-
acterize a feature of the SERS spectrum. In practice, the 
first principal component (PC1) is chosen to express the 
maximum variability of the spectral data, and the second 
principal component (PC2) is chosen to express the 
maximum variability of the remaining information, which 
is not explained by PC1, etc.

It should be noted here that PCA is a purely mathemat-
ical technique, and the obtained principal components 
are less likely to have direct relations with physicochemi-
cal events. In order to clarify the relation between SERS 
spectra and a presence of MnSOD, covariance was calcu-
lated at each wave number of SERS spectra.

PLSR is a linear regression method that we used to 
predict MnSOD concentrations from weights of spectral 
components [27]. The component is calculated to express 
the maximum variability of the spectrum and also to have 
a linear correlation with the concentration of MnSOD. The 
prediction ability of the PLSR model was estimated using 
the Monte Carlo cross-validation (MCCV) method [28].

PCA and cross-validated PLSR models were performed 
with Matlab (MathWorks, Natick, MA) using homemade 
algorithms based on the algorithm of commercially avail-
able SIMCA software (Umetrics, Umea, Sweden).

3  �Results and discussion
Averaged SERS spectra from the aptamer on a gold nano-
cylinder array with three different concentrations of 
MnSOD are shown in Figure 2. After functionalization of 
the aptamer, all SERS spectra were measured using the 
same substrate in a buffer solution containing 0, 10 pm,  
1 nm and 100 nm MnSOD. The appearance of these average 
spectra is quite similar, and it is almost impossible to find 
clear features linked to concentration changes by eye, 
especially when individual spectral variations in the same 
concentration group are taken into account (Figure S2).

It should be noted that, in our previous report, addi-
tional peaks appeared over the signal of aptamer when 
100 nm MnSOD solution was deposited on the same SERS 
substrate [19], which is reproducible when the SERS signal 
was acquired for a long time more than 1  min. However, 
long-time signal acquisition causes more signal fluctuations 
and thus is not suitable for quantitative analysis. Hence, a 
shorter time signal acquisition for 30  s was employed to 
obtain a stable signal. While the time evolution of SERS 
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signals might be related to thermodynamic fluctuations 
of aptamer and/or MnSOD structures induced by laser 
heating, its detailed mechanisms are still under discussion.

Precise assignment of aptamer SERS peaks is not easy 
because four bases have peaks at similar positions, and an 
aptamer spectrum was not defined as a simple sum of com-
posed nucleotides spectrum but depended on its sequence 
[29]. Moreover, the conventional Raman spectrum of the 
aptamer has many more peaks compared to its SERS spec-
trum (Figure S3). The difference between the conventional 
Raman and SERS spectra could be explained as follows. 
Only the part of the aptamer close to the gold surface was 
detected in SERS, whereas the whole part of the aptamer 
contributes in the normal Raman spectrum. Indeed, the 
three main peaks of the aptamer around 1000, 1240 and 
1390 cm−1 are very similar to that of the 14-thymine part of 
the aptamer used as a spacer between the thiolated alkane 
chain and functional polynucleotides to facilitate its immo-
bilization on the Au surface (Figure S4). Given that the 
thymine spacer has the most contribution in the aptamer 
signal, three main peaks can be assigned to the rocking, 
stretching and bending mode of C5-methyl in a thymine 
base, respectively [30]. The rest of the aptamer sequence 
probably causes the fluctuation of signals depending on 
how it interacts with the gold surface.

In order to classify the SERS spectra of aptamer with 
different concentrations of MnSOD, PCA was first applied 
for 40  spectra (10  spectra for each group). The weights 
of PC1 and PC2 in each spectrum are plotted as a score 
plot in Figure 3A. The spectra acquired in the absence 
of MnSOD tend to have positive contribution of both PC1 
and PC2. In contrast, the spectra acquired in the presence 
of MnSOD are more likely to have negative contribution 
of either PC1 or PC2. Hence, the score plot visually dis-
criminates the spectra in the absence of MnSOD from the 
ones in the presence of MnSOD along the axis from upper 
right to lower left. The covariance between the presence 
and absence of MnSOD is shown in Figure 3B. The covari-
ance with high correlation coefficient (in yellow to red) 
indicates a spectral region strongly related to the pres-
ence of MnSOD, which elucidates that the aptamer SERS 
spectra shifted to a lower frequency when MnSOD was 
present in a solution. We repeat that the variation of peak 
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frequency was observable depending on sample posi-
tions and over time (Figure S2), which could be caused by 
a structural fluctuation of aptamer. Thus, the frequency 
shift is thought to be due to the stabilization of aptamer 
structures by coupling with MnSOD. To be more precise, 
thermal motion of the thymine spacer would be restricted. 
A slight decrease of full-width at half-maximum of the 
main aptamer peaks was observed and supported this 
hypothesis. Self-stabilization of aptamer in a buffer was 
also examined, and no spectral shift was confirmed after 
incubation for 3 h in the buffer without MnSOD.

With regard to the spectral difference depending on 
MnSOD concentrations, their plots are located square to 
the axis along the difference between the presence and 
absence of MnSOD. This orthogonality indicates that the 
increasing concentration of MnSOD has a different effect 
on their SERS spectra from the spectral shift. Moreover, 
the 30 points of three groups with MnSOD are mostly 

superimposed. The other analytical technique is neces-
sary to discriminate these spectra.

To characterize the spectra from different MnSOD 
concentrations quantitatively, PLSR was performed for 
30  spectra from the concentrations of 10 pm, 1 nm and 
100 nm. The PLSR creates a model which relates MnSOD 
concentrations to an SERS spectral component from their 
linear correlation. On the basis of the Langmuir-Freundlich 
surface adsorption model, a number of MnSOD interacted 
with aptamers at Au nanocylinders surface increased pro-
portional to the logarithm of the MnSOD concentrations in 
a specimen solution [31]. Thus, we applied the logarithm 
of the concentrations in the solution as effective concen-
trations for PLSR.

The PLSR model was created using all SERS spectra 
in the presence of MnSOD, and by applying the created 
model to the individual spectrum again, we calculated 
fitted MnSOD concentrations (Yfit). In Figure 4A, Yfit 
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obtained from each spectrum is represented in line in 
order of 10 pm, 1 nm and 100 nm from the top. The spectra 
are fitted into a correct concentration range within one 
order of magnitude. Ry

2 represents the proportion of the 
concentration variance explained by the PLSR model. A 
value of Ry

2 = 0.935, which is close to 1, indicates that the 
30 spectra are well fitted by the model. In Figure 4C, the 
covariance between three MnSOD concentrations shows 
that a small shoulder at slightly higher frequency of the 
peak at 1000 cm−1 has a negative correlation with increas-
ing concentration. This shoulder should become more sig-
nificant with an increase in MnSOD concentrations if this 
peak is originated from the SERS peak of MnSOD, namely 
ring stretching of phenylalanine around 1000 cm−1.

Therefore, we consider that the interaction between 
MnSOD and aptamer results in this spectral change through 
the stabilization or alternation of orientation of the spacer 
thymine part with respect to the gold surface. MCCV was 
finally carried out to verify the reliability of the created 
model for unknown samples (Figure 4B) [28]. In this method, 
we first divided our data, and one part was used to create 
a model. Then, the created model predicts the other part. 
This procedure was repeated several times with different 
patterns of data sets, and the mean value of all the MnSOD 
concentrations predicted for each spectrum is represented 
as Ycv in Figure 4B. Qy

2 is an indicator of the predictability 
of the model and Qy

2 = 1  means perfect predictability. The 
plots obtained during the cross-validation procedure were 
dispersed in an order of magnitude less accurate than the 
fitting plots, and did not well represent the real concentra-
tions. However, the Q2 value over 0.5 is indicative of a good 
ability of the model to predict concentrations [32]. The accu-
racy of the model can be improved by employing more than 
three MnSOD concentrations and expanding the number of 
acquired spectra for each concentration.

4  �Conclusions
In conclusion, multivariate statistical analysis was suc-
cessfully performed to define the characteristics of the 
SERS spectra of the aptamer and MnSOD in different con-
centrations. PCA detected the presence of MnSOD even at 
10 pm by the spectral shift. Further shift was not observed 
in the higher MnSOD concentrations, implying that large 
amounts of aptamers at the Au surface had interacted with 
MnSOD at 10 pm. Such efficient interaction is unlikely to 
occur at this low concentration, and therefore there could 
be a mechanism that accumulates proteins at a laser focal 
point, for instance, by optical pressure or micro convec-
tion by laser heating [33, 34]. Next, PLSR could extract the 

spectral component depending on MnSOD concentrations 
and clearly distinguish them. The calculated correlation 
between SERS spectra and MnSOD concentrations dem-
onstrated that PLSR would be a useful technique for the 
calibration of protein concentrations from the fluctuated 
SERS spectra of the protein-aptamer system. This work 
also pointed out that structural variations of aptamer 
that resulted from interactions with proteins could be a 
sensitive indicator to study concentrations of proteins in 
a specimen. This viewpoint would enable us to overcome 
an intrinsic problem of the small protein signal using 
aptamer in the SERS-based detection system.

At the present stage, we have not understood well 
how the coupling with MnSOD and the increase of its 
concentration modifies aptamer structures and flexibility. 
More insights for such interactions enable us to create a 
more accurate model to calculate MnSOD concentrations 
in a specimen. We are going to address MnSOD-aptamer 
interactions by means of a time-resolved single-protein-
level SERS experiment, which reveals individual protein/
aptamer behavior hidden by signal averaging in time and 
among multiple proteins/aptamers.
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