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Surface enhanced Raman scattering sensor for
highly sensitive and selective detection of
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The trace detection of toxic compounds in complex matrices is a major concern, in particular when it

comes to mycotoxins in food. We developed a highly sensitive and specific SERS sensor for the detection

of ochratoxin A using a simple rough gold film as a substrate. When adding the analyte, we observed

spectral variations related to the interaction of the analyte with the specific aptamer used as a bioreceptor.

Using a partial least squares regression method, our sensor is able to detect concentrations down to the
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1. Introduction

Ochratoxin A (OTA) is a mycotoxin produced by Penicillium
verruosum, Aspergillius ochraceus and Aspergillius carbonarius.
OTA comprises a dihydrocoumarin moiety linked to a mole-
cule of i-p-phenylalanine via an amine bond (Fig. 1). It is
commonly found in food, especially in cereals and cereal pro-
ducts, coffee, beer, grape juice, wine and pork."” These fungi
can also grow in wet rooms® or in heating pipes.* OTA is
known to be highly nephrotoxic®”’ and it was demonstrated
that it is genotoxic and could thus be carcinogenic.® In
addition the toxin can accumulate in human serum albumin
and afterwards be slowly released in the body for months
after exposure. Its lethal toxicity was studied in rats and the
oral LD50 was found to be 28 mg per kg of body weight.’
Furthermore, OTA is a stable compound that is not destroyed
by common food preparation procedures; hence heating pro-
cesses above 250 °C for several minutes are required to
reduce the toxin concentration.'® Thus, raw and processed
food commodities can be contaminated with OTA'"'> and
humans can be exposed to some extent. Similar problems

“Université Paris 13, Sorbonne Paris Cité, Laboratoire CSPBAT, CNRS, (UMR 7244),
74 rue Marcel Cachin, F-93017 Bobigny, France

PHORIBA Jobin Yvon S.A.S., 231 rue de Lille, 59650 Villeneuve d’Ascq, France
“Institut des Molécules et Matériaux du Mans (IMMM - UMR CNRS 6283),

Le Mans Université, Avenue Olivier Messiaen, 72085 Le Mans cedex 9, France.
E-mail: marc.lamydelachapelle@univ-lemans.fr

“Department of Clinical Laboratory Medicine, Southwest Hospital,

Third Military Medical University, Chongqing 400038, China

This journal is © The Royal Society of Chemistry 2018

picomolar range, which is much lower than the minimum legal concentration allowed in food products.
Moreover, we demonstrate the accurate detection of the analyte in a wide concentration range from the
picomolar up to the micromolar level. The detection was validated with negative detection tests using
deoxynivalenol and bovine serum albumin.
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Fig. 1 (a) Ochratoxine A molecule; (b) SEM image of the SERS substrate;
and (c) scheme of the surface functionalization.

occur with other mycotoxins such as vomitoxin,'? or alkaloids
from Claviceps purpurea.™*

OTA detection is therefore necessary for public health
safety. OTA exposition was evaluated by the European Food
Safety Authority (EFSA) in 2006 and a Tolerable Weekly Intake
(TWI) of 120 ng per kg body weight was derived. The resulting
regulation (123/2005) states that the OTA concentration should
not exceed 5 ppb in cereals, 2 ppb in wine and juices, and 0.5
ppb in infant food. These levels are very low and it means that
the presence of OTA in food should be monitored. An ELISA
test exists today,"” reaching a limit of detection of 0.5 ppb and
giving a linear response up to 10 ppb. This test is thus adapted
to quality control in food. However it implies the use of costly
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monoclonal antibodies and requires a long time for detection.
Other techniques like chromatography exist,"®'” but they
require expensive and heavy equipment.

Alternatively, Surface Enhanced Raman Scattering (SERS) is
a very sensitive method® that has paved the way to individual
molecule sensitivity.'®*! This technique also provides spectral
information that allows label-free identification of the mole-
cules.?” Thus it has proved its ability to detect traces of various
kinds of analytes®® ranging from metallic ions®***> or pollu-
tants”®?” to more complex compounds such as proteins*®*?*® or
even microorganisms®® such as bacteria.

SERS detection in complex media is a difficult matter and
often requires specific functionalisation to ensure that only
the desired molecule interacts with the gold surface avoiding
parasite Raman rays that may hide the specific spectral fea-
tures of the analyte. In general for biomolecules the natural
choice is a specific antibody.>' However the interest in recent
years on aptamers, a new family of probes, increased greatly.*”
Aptamers, made of oligonucleotides, can have a very high
affinity towards their target and are much cheaper than anti-
bodies. Currently a few applications of this new family of
probes are being used and we focused on this kind of probe
because of these reasons. In addition aptamers are very small
and thus allow getting the target closer to the gold surface,
improving its detection.

B. Galarreta et al®® reported the development of an
aptamer based SERS sensor for OTA. However they reached a
LoD of 50 nM (20 ppb) which is not sufficient for quality
control in food. In addition the authors did not use any block-
ing agent to prevent the non-specific adsorption of the ana-
lytes on the gold surface. Later E.-O. Ganbold et al.** were able
to detect subnanomolar concentrations of OTA (sufficient for
food quality control application) using a labeled aptamer and
a colloidal SERS substrate.

In this paper, we propose a new fast and highly sensitive
method of detection based on SERS and the use of a simple
and cheap nanostructured substrate. We demonstrate that the
statistical analysis allows us to reach picomolar concentrations
with high accuracy and provide structural information on the
OTA/aptamer interaction.

2. Experimental section
2.1. Sample preparation

Ochratoxin A was purchased from Sigma Aldrich and a milli-
molar solution was made in absolute ethanol (99.8%, HPLC
grade from Sigma Aldrich). The solution was subsequently
diluted in a 1 M KCI buffer prepared with Milli-Q water
forming a 100 pM OTA solution. This latter solution was
diluted in cascade in the same buffer down to 10 pM. For the
negative control, 100 pM concentrated solutions of bovine
serum albumin (BSA 98%, Sigma) and deoxynivalenol (DON,
Sigma) were prepared using the same buffer.

The aptamer was bought from Eurogentec. It is made of a
36 base DNA oligonucleotide. The single strand DNA sequence
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is (HS-C6)5’ GAT-CGG-GTG-TGG-GTG-GCG-TAA-AGG-GAG-CAT-
CGG-ACA 3'. This is a sequence used by J. A. Cruz-Aguado®”
and B. Galarreta et al.*®> An alkane chain of six carbons termi-
nated by a thiol is attached to the phosphate located on the 5’
end of ssDNA. This thiol grafts to the gold surface. In addition
a millimolar concentration of 6-mercaptohexanol (MOH)
bought from Sigma Aldrich was prepared in absolute ethanol
to block the surface and avoid any non-specific interaction.

SERS substrates were fabricated by thermal evaporation of
6 nm of gold on a standard microscopic glass slide. This slide
was previously cleaned by dipping for 15 min in acetone fol-
lowed by dipping for 15 min in 96% ethanol under sonication.
As the adhesion of gold on the glass surface is not strong, the
gold deposition results in the formation of gold nanoislands
at the glass surface (Fig. 1). Such an effect occurs for the layer
below the percolation level estimated to be around 10 nm for
gold on glass. The choice of this SERS substrate was guided by
its ease of fabrication and its low cost making it an appropriate
platform for sensor development.

The gold surface functionalisation was done first with a
10 pM concentrated aptamer solution for 48 h. Such a concen-
tration was chosen to ensure a high density of the aptamer
grafted on the gold surface. The sample was subsequently
rinsed with a buffer and then with Milli-Q water. The MOH
solution was then deposited on the aptamer-functionalised
substrate for 1 h to block all the gold surface between the apta-
mers as illustrated in Fig. 1.

2.2. SERS measurements

SERS measurements were all performed using an XploRa
Raman micro-spectrometer from Horiba Scientifics equipped
with an 80x microscope objective with a numerical aperture
(NA) of 0.75. 660 nm excitation (laser diode) was used to excite
the sample. The laser power was adjusted with neutral density
filter at 280 pW. A grating of 1200 lines per mm was used to
obtain a spectral resolution below 6 cm™ in the
200-1800 cm ™" range. The measurement was done in a back-
scattering configuration with three acquisitions of 20 s. After
rinsing each sample of its buffer solution with distilled water
and drying under a nitrogen flow, ten spectra were recorded at
different points randomly distributed on the substrate surface
to obtain sufficient statistical data. For the calibration curve,
all SERS measurements were performed the same day without
changing the acquisition parameters to ensure data consist-
ency among all different concentrations. The negative controls
were performed on other days.

2.3. Statistical analysis

All SERS spectra were baseline corrected using the automatic
function in LabSpec 6, software (Horiba Scientifics) subtracting
an 8th degree polynomial. The same algorithm with exactly
the same parameters was applied to each single spectrum and
no normalisation was performed.

The principal component analysis (PCA) and orthogonal
projection on latent structure (OPLS) analyses were performed
using an in-house MATLAB (2016b) code (Mathworks, Natick,
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MA, USA) based on the Trygg and Wold method.?*® The PCA was
first used in order to detect any confounding factors (spec-
troscopy acquisition day), any outlier samples or any variability
associated with the OTA concentration. The OPLS method was
applied in order to predict the OTA concentration. The quality
of the model is assessed by the correlation coefficient (R,*) and
the predictive coefficient (Qy’). Ry’ = 1 indicates a perfect
description of the data by the model, whereas Q,” = 1 indicates
perfect predictability. The Q> was computed using the (7-fold)
“leave-one-out” cross-validation method. The 7-fold cross-vali-
dation technique consists of randomly dividing the set of data
into 7 subsets of the same size and estimating how each subset
can be correctly predicted using a PLS model calculated using
the remaining 6 subsets. The quality of the subset prediction is
summarized by the parameter Q. Q,” equal to one indicates a
perfect prediction of each subset. Our OPLS model was applied
to predict OTA concentrations in DON and BSA samples. Score
and loadings plots are used to illustrate the results.

PCA is an unsupervised multivariate statistical method
that can help to identify the main sources of variability in a
dataset X comprising a large number of quantitative vari-
ables.*” Each source of variability is summarized by a new vari-
able called the principal component that is a linear combi-
nation of the dataset variables. PLS is a supervised multi-
variate statistical method®® aiming to predict a dataset Y (here
the concentration) using a dataset X (here Raman spectra).*
As for the PCA, the PLS components have to correctly summar-
ize the variability in the studied datasets. OPLS is an evolution
of the classical PLS where the first component is built by trans-
ferring recursively the variability not correlated with Y to
orthogonal components.*® PCA, PLS and OPLS results are sum-
marized in score plots in which each individual is represented
in the space generated by the first components and a loading
plot that represents the weight of each variable in the
component.

3. Results and discussion

The SERS spectrum of the surface functionalisation layer
(aptamer + MOH) is shown in Fig. 2. For comparison the SERS
spectra of aptamer alone and MOH alone are also shown. Each
SERS spectrum corresponds to an average of ten measure-
ments. We could observe the SERS band for each compound.
The band assignments are given in Tables 1 and 2 for MOH
and aptamer respectively.

For MOH, the main bands correspond to the C-H, C-O or
C-C vibrational modes of the alkane chain.

The aptamer is made of a single strand of DNA and thus
exhibits strong characteristic SERS signatures of the oligo-
nucleotides. The assignment of the bands was based on the
work of C. Otto et al.*® who made the analysis of the Raman
and SERS spectra of DNA bases. In particular we can see
bands located in the 1500-1600 cm™" spectral range corre-
sponding to the vibrations of ketones and to some guanine
deformations. After the addition of an MOH blocking layer,
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Fig. 2 SERS spectra of (a) 6-mercaptohexanol (MOH) alone, (b) the
aptamer alone and (c) the aptamer with the MOH blocking layer.
(d) Raman spectrum of ochratoxin A powder.

Table 1 Assignment of the SERS bands of 6-mercaptohexanol

v(em™) Vibration

1436 C-H bending

1300 CH, twisting

1083 C-O stretching

1011 C-C-C stretching

870 C-C—-C stretching

710 O-H out of plane bending
304 Au-S stretching

Table 2 Assignment of the SERS bands of the aptamer

v(em™) Base Vibration

1663 T/G/C C=0O stretching

1590 G N-C-C

1544 G N-C

1443 G N-C

1362 T C-Methyl

1307 A/G N-C

1236 T Cycle stretching

1125 A N-C

1071 Phosphate v (PO,7)

1015 Phosphate P-O-C antisym. stretching
833 T C-C and C-N stretching
718 A Ring stretching

these bands disappear almost completely but the rest of the
spectrum corresponds nearly to the arithmetic sum of the spec-
tral signatures from MOH and the aptamer. The band close to
300 cm™" (304 and 280 for MOH and aptamer respectively)
could be assigned to the gold-sulphur bond ensuring the graft-
ing of the molecule to the gold substrate. We could then con-
clude that both species are properly grafted on the substrate
and that there is probably some conformational or orientation
change for the aptamer when the surface is blocked.

Analyst, 2018, 143, 339-345 | 341
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Finally a Raman spectrum was acquired for OTA powder
(Fig. 2d). This reference spectrum exhibits a strong and sharp
band located at 992 cm™" assigned to the deformation of the
monosubstituted aromatic ring, a doublet located at
1265 cm ™' assigned to the secondary amine and the
1668 cm™" band assigned to the vibrations of cetone.

3.1. Ochratoxin detection

A series of 10 spectra was first acquired on the substrate func-
tionalised by the aptamer and the MOH in the absence of
OTA. Then a 10 pM concentrated OTA solution was deposited
on the substrate and incubated for 45 minutes. After rinsing
the substrate a series of 10 spectra was again acquired. The
same procedure was subsequently applied with a ten times
higher concentration until reaching the concentration of
100 pM. In Fig. 3 the baseline corrected average spectra for
each OTA concentration, going from zero (bottom black spec-
trum) to 100 pM (top dark blue spectrum) are presented.

We can see that the spectral variations are small when
increasing the OTA concentration. However, we can observe
that some band intensities decrease when the OTA concen-
tration increases (1083, 833 and 710 em™') due to the inter-
action of OTA with the aptamer. In addition it also seems that
a broad band appears in the 1600 cm™" region for high OTA
concentrations. This may be due to the vibrational modes of
OTA itself, or due to the conformational changes of the
aptamer. In this latter case, the vibrations that were not visible
without the blocking layer could be observed again. In
addition the interaction between the MOH blocking layer
alone and the OTA was tested and no spectral variations (data
not shown) were observed in the MOH SERS bands on adding
OTA, indicating that we only observe a specific interaction in
the presence of the aptamer.

In summary we can say that the presence of OTA has an
influence on the SERS signal and makes its detection possible.
However the most significant spectral features of OTA such as

1 " 1 1 1 n 1 L 1 " 1 L 1
1000 -
5 BOO_WW
3 ]
> W\/\w
> 600
2 MM&M
= WWM
£ 400
@ +1nM
7 MMWWJM
o 200
+ 10 pM
+OM
04

T T T T T T T T T T
800 1000 1200 1400 1600 1800
Raman Shift (cm™)

— T
200 400 600

Fig. 3 Average SERS spectra for each OTA concentration. Bottom black
curve is the null concentration, and then the concentration increases for
stacked spectra up to 100 pM for the top dark blue spectrum.
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the 992 cm™ band are not visible, except maybe for the
1600 cm™" region. This non-observation of the OTA features
may be due to its interaction with the aptamer which could
induce drastic changes in the spectral signature of the OTA.

3.2. PCA analysis

To extract the maximum information from our spectra, we first
used the principal component analysis to treat all our data.
The score plot showing the values of the first two components
(T, and T,) for each spectrum is presented in Fig. 4. Each dot
corresponds to one spectrum and is colored depending on the
concentration of OTA. This score plot indicates that there is a
clear correlation between the second component T, rep-
resented in the x axis and the concentration (colored dots)
when below 100 nM.

This is an indication that the concentration has an influ-
ence on the spectral features even if it is not clearly visible on
the spectra (Fig. 3).

To understand the spectral sources of variability, we plotted
the rescaled loadings of both principal components. They give
access to the spectral ranges which vary for all the spectra.

The first component T, is not correlated with the concen-
tration (Fig. 5). It exhibits large oscillations of the spectral
intensity. Such oscillations could be related to the baseline
subtraction which leaves some smooth polynomial residues in
the SERS spectra. The algorithm for the baseline subtraction
probably has to be improved in the future.

The second component T, corresponds clearly to spectral
variations induced by the modification of the concentration.
This component is negatively correlated with the intensities of
the 1083, 870 and 710 cm™" SERS bands and positively corre-
lated with the 1665 cm™" band. This implies that the relative
intensity of these bands is related to the concentration. Only
these three bands tend to disappear when the concentration
increases whereas the other aptamer band located in the
1100-1500 cm ™' range remains unchanged. Thus the observed
correlation is not related to the desorption of the aptamer but
to the modification of the aptamer conformation induced by
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Fig. 4 PCA score of each spectrum for the T; and T, components. The
colors correspond to the actual OTA concentrations from 0 to 100 pM
(color scale on the right).
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its interaction with the OTA. Without any monitoring, the PCA
analysis is able to find a component correlated with the con-
centration and we demonstrate that the presence of OTA
creates significant and detectable spectral variations.

3.3. Quantitative PLS model

After the PCA analysis, we decided to create a model to predict
the concentration of OTA based on the partial least squares
regression method. The aim is to find a predictive component
(Tprea) maximising its variation with the concentration and
another linearly independent component (orthogonal one,
Torth), Maximising the variation that is not correlated with the
concentration. The score plot of these two components is pre-
sented in Fig. 6. We can observe a very good separation of the
different concentrations (coded with colors) along Tpreq. We
can also notice that this score plot is similar to that of PCA.
The loading plots of PCA and OPLS (not shown here) are also
very similar. The T, is similar to the T of PCA whereas Tpreq
corresponds to T,. This is a good indication of the robustness
of the model. Thus the fit is performed using only one signifi-
cant component (Tpeq) and the baseline correction does not
affect the concentration prediction.

Concentration
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Fig. 6 OPLS analysis score plot. Each point represents one spectrum in
the subspace generated by the predictive (Tyeq) and first orthogonal
(Tortn) components. The different concentrations are indicated with
colors (color scale on the right).
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Fig. 7 OPLS plot. (a) Fit with all spectra, (b) 7-fold cross validated
model and (c) concentration prediction for the negative control (DON:
triangles and BSA: circles). The dot colors correspond to the compound
concentration indicated in the color bar in the right. For each dot, the
horizontal dashed line indicates the difference between the predicted
concentration and the actual one.

In Fig. 7a and b the concentrations predicted by the OPLS
model are presented. All spectra are colored and sorted by
their actual concentration in OTA. When all spectra are used to
make the model (Fig. 7a), the fit is almost perfect (R, =
0.990). To validate the model, we used the 7-fold cross vali-
dation technique and predicted again the concentration for all
spectra (Fig. 7b). In this case the fit is still very significant
(Qy* = 0.897). This indicates that the created model is robust
and does not depend on the dataset. In addition, with the
cross validated model, we can see a saturation of the signal for
concentrations higher than 1 pM. This is expected since the
aptamer has a strong affinity to the target. Hence all aptamer
sites are saturated for concentrations of OTA higher than 1 uM
and the SERS signal does not increase further.

Using the cross validated model, we can ascertain the con-
centration with an error of approximately one decade. This
large uncertainty is due to the fast SERS acquisition (1 minute)
which gave us noisy spectra. This means that the quantifi-
cation of the OTA concentration can be easily improved if we
increase the accumulation time or by using a macro Raman
spectrometer that could enable the acquisition of an averaged
spectrum with a higher intensity and a better signal to noise
ratio. However we demonstrated that our SERS sensor is highly
sensitive with a detection of OTA down to the pM range and
that we can detect OTA with good accuracy on a wide concen-
tration range from the pM to the pM.

3.4. Negative controls

To ensure the specificity of our detection, we performed a
negative control using potential contaminants in the food
matrices. We tried to detect two other compounds: (i) the deoxy-
nivalenol (DON), another common mycotoxin known as vomi-
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toxin, and (ii) the bovine serum albumin (BSA), a big protein
that has strong affinity to the gold surface. The SERS substrates
were still functionalised with the aptamer and the surface
blocked by MOH. SERS acquisition was performed before and
after adding a 100 pM concentrated solution of DON or BSA. No
clear differences were observed on the raw spectra (data not
shown). We analysed these spectra using our OPLS model.
Since there may be small spectral variations from one batch to
another, we performed a correction known as the batch correc-
tion. It consists of subtracting the average spectrum of the null
concentration from all spectra from the batch and to add after-
wards the average null concentration spectrum from the batch
used to create the model. This method is commonly used in
statistical analysis and allows an accurate analysis of the spec-
tral variations inside a given batch. We can see in Fig. 7c that
for both cases (DON and BSA) the predicted concentration of
OTA using the model is zero (red triangles and red circles for
DON and BSA respectively). Thus our sensor is not sensitive to
non-targeted molecules even at very high concentrations. This
demonstrates the high specificity of the detection.

4. Conclusion

Picomolar detection of OTA was achieved using a simple and
cheap SERS substrate involving a rough gold surface being
functionalised with a specific aptamer. The analysis of the
spectral variation of the SERS signal using powerful statistical
methods (OPLS and PCA) allows sensitive, and quantitative
detection over a wide concentration range from the pM to the
M level. We also demonstrated that our sensor is not sensitive
to non-specific molecules (DON and BSA), indicating that our
detection is selective through the use of a specific aptamer.
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