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Improved chemical- and bio-sensing with Surface Enhanced Raman Spectroscopy (SERS) requires
nanostuctures that can be flexibly designed and fabricated with different physical and optical properties.
Here, we present nano-pillar arrays ranging from 200 nm to 600 nm as SERS substrates for mycotoxin
detection that are fabricated by means of two-photon polymerization. We built a nominal shape and
a voxel-based model for simulating the enhancement of the electric field of the nano-pillar arrays using
the Finite-Difference Time-Domain (FDTD) method. A new model was built based on the Atomic Force
Microscopy (AFM) data obtained from the fabricated nanostructures and introduced into a FDTD model.
We demonstrated the enhancement behavior by measuring the Raman spectrum of Rhodamine B
solutions. Both the simulations and experimental results suggest that the 200 nm nano-pillar array has
the highest Enhancement Factor (EF). Besides, we determined the limit of detection of the 200 nm pillar

array by performing Raman measurements on Rhodamine B solutions with different concentrations. The
Received 28th February 2020 detecti limit of 200 il is 055 uM. Finall discriminated 1
Accepted 25th March 2020 etection limit of our nm nano-pillar array is O. uM. Finally we discriminate ppm
deoxynivalenol and 1.25 ppm fumonisin bl in acetonitrile solutions by our SERS substrate in combination

DOI: 10.1039/d0ra019099 with principal component analysis. This versatile approach for SERS substrates fabrication gives new
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Introduction

Surface Enhanced Raman Spectroscopy (SERS) is a surface
sensitive detection technique that can enhance the Raman
scattering of molecules substantially due to the oscillation of
localized surface plasmons by using rough metal surfaces or
nanostructures. Nowadays, SERS has been employed in a variety
of application domains. The enhancement of Raman scattering
makes SERS a powerful tool for chemists to analyse the vibra-
tional and rotational modes of single molecules."” SERS has
also been increasingly utilized in biological research and life
sciences such as cancer diagnostics,>> DNA/RNA identifica-
tion,*® toxin and drug detection.”™* To achieve these detection
goals, SERS substrates with specific surface profiles having
a boosted electromagnetic field under laser excitation should be
considered. Electrochemically roughened metal electrodes have
been used as SERS substrates since 1974, but the low level of
enhancement and lack of reproducibility has restricted their
applications.” Noble metal nanospheres ranging from 10-
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opportunities for material characterization in chemical and biological applications.

200 nm in colloids or as deposition are typical SERS substrates
which can be synthesized by chemical approaches.”*™** Other
kinds of irregularly shaped nanoparticles, such as nano-rod,
nano-triangles, nano-cubes, nano-stars, nano-cookies and
core-shells are increasingly investigated as SERS substrates
since they can generate stronger plasmonic oscillation due to
the sharp tips or edges, therefore resulting in higher Raman
enhancement.’*** However, the repeatability and reproduc-
ibility of SERS measurements with nanoparticles can hardly be
guaranteed because of the inhomogeneity of the particles’
distributions and shapes. Therefore, nano-pillar arrays, hemi-
sphere arrays, triangle arrays, and other periodical nano-
structures have been developed as SERS substrates by means of
electrodeposition® and nanoimprinting lithography**>* to
improve the repeatability and reproducibility. However, these
methods are time consuming and less flexible. To fabricate
these periodic nanostructures with different dimensions, new
polymer or silicon masks must be produced in advance.
Chemical etching provides a fast approach for large area SERS
substrates manufacturing,*>*” but only nano-pillar arrays can be
fabricated with this method.

In this paper we present an additive manufacturing method
employing two-photon polymerization to fabricate periodic
nanostructures as SERS sensing platform. Multiple nano-pillar
arrays with different dimensions are printed and character-
ized. This approach allows fast and flexible prototyping of SERS

This journal is © The Royal Society of Chemistry 2020
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substrates.”®*® The use of two-photon polymerization lithog-
raphy can also greatly reduce the complexity and lead time of
nanostructure manufacturing for SERS applications by
computer-aided  design (CAD) and computer-aided
manufacturing (CAM). We simulate the boosting of electro-
magnetic fields for different nano-pillar arrays by the Finite-
Difference Time-Domain (FDTD) method.**** The simulation
output is compared with experimental results of Rhodamine B
(RhB) solutions. In a proof-of-concept experiment, we per-
formed SERS measurements on a mix of fumonisin b1l and
deoxynivalenol. The spectra of these two types of mycotoxins are
analysed with PCA methods and with respect to their vibrational
modes.

Material and methods

Fabrication of nanostructures with two-photon
polymerization

Two-photon polymerization lithography is a novel 3D additive
fabrication technique based on two-photon absorption of photo
resins.*> When an ultrashort laser pulse is highly focused into
the photoresist, it will initiate two-photon polymerization via
two-photon absorption in a small region where the energy is
higher than a threshold. This region is the so called ‘voxel’
which represents the minimum feature size we can achieve by
two-photon polymerization lithography. Typically, the voxel is
defined as an ellipsoid with a specified diameter and aspect
ratio which are determined by parameters such as the physical
and chemical properties of the photoresist, the intensity and
illumination time of the femtosecond laser, the magnification
and numerical aperture of the objective lens for focusing. The
typical resolution of two-photon polymerization is between
150 nm to 200 nm, but a resolution of 52 nm can be realized
under certain circumstances according to the literature.*® By
moving the relative spatial position of the voxel with a galvano-
metric mirror scanner and piezo stages, periodic or perplexing
3D structures can be printed.**

In our process, we employ the Nanoscribe Photonic Profes-
sional GT 3D printer to fabricate our SERS substrates. Fig. 1
shows the schematic diagram of the GT 3D printer. The GT
printer has a 780 nm wavelength femtosecond laser with about
100 fs pulses. The minimum XY feature size we can achieve by
Nanoscribe GT with IP-dip photoresin is about 200 nm. The
typical printing range of it is 300 x 300 pm?, and the accessible
writing area can be up to 100 x 100 mm?®. The 3D printing of an
individual nano-pillar array with an area of 50 pm X 50 pm
takes only 3 to 5 minutes. The fabrication process can be
divided into three steps. First, we use CAD software to design
the nanostructures with nominal shapes, such as the ideal
nano-pillar arrays. These designs can be exported as general
stereolithography (STL) files and be imported to the workstation
of Nanoscribe GT. Next, according to the system parameters of
the 3D printer, such as the magnification of the objective lens,
the type of photoresin and the dimensions of the voxel, the
workstation compiles the STL files into CNC programs which
contain the instructions and parameters the printer will follow.
The workstation runs the CNC programs virtually to simulate
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Fig.1 Scheme of the two-photon polymerization system we used for
manufacturing nanostructures. (AOM: acousto-optical modulator).

the two-photon polymerization process. Finally, the Nanoscribe
GT runs the CNC programs such that the 3D nanostructures are
fabricated. We use a 50x objective lens and IP-dip photoresin
(Nanoscribe, Eggenstein-Leopoldshafen/BW, Germany) for the
two-photon polymerization manufacturing  of  the
nanostructures.

Metrology and simulation

Electromagnetic field enhancement simulation of
nanostructures with FDTD method

Although the assignments of SERS have brought many contro-
versies in literature,® it is generally accepted that the
enhancement of SERS stems from two major mechanisms,
namely chemical enhancement and electromagnetic enhance-
ment. Chemical enhancement corresponds to the intrinsic
properties of the molecule adsorbed on the metallic surface,
including the chemical polarity, chemisorption, orientation
with respect to the surface, etc*®. The chemical mechanism is
explained only in specific occasions with low Raman enhance-
ment contribution, and it occurs jointly with the electromag-
netic enhancement which is much more dominant.?”

According to the electromagnetic enhancement hypothesis,
the interaction of incident light with the metallic surface of
a SERS substrate will generate oscillations of localized plasma
dipoles, thereby boosting the electromagnetic field in the region
near the surface.*® The boosted region is interpreted as a ‘hot-
spot’ of the SERS substrate. The electromagnetic enhancement
factor, or single-molecule enhancement factor (SMEF) for
a molecule located at the hotspot can be expressed in the
|Er|?|Es|* approximation:*

Eioe(0r) 1 Eioc(wr)[
SMEF (wg, ws) = |E: (wR)lzl 1 (Q)R)2|
|E0(wR)| |Eloc(ws)|

where wg, is the frequency of incident light, and wg is the Stokes

frequency of Raman radiation enhanced by the local field.
Normally, the Stokes frequency wsg is close to the incident

frequency wg. The expression can further be simplified to:

|E100(wR)|4
|Eo(wr)[*

SMEF =
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Fig. 2 (a) Drawing of a nominal shape model, and (b, c and d) electric
field distribution of the 200 nm, 400 nm and 600 nm pillar arrays using
the nominal shape model and simulated by the FDTD method.

This implies that the SMEF is proportional to the 4™ power of
the local field, which provides a simple estimation to mimic the
SERS performance via a numerical approach. In this paper we
verify the feasibility of two-photon polymerized SERS substrates
both theoretically with the FDTD method supported by
Lumerical software and experimentally with Rhodamine B
detection.

The key parameters of the nano-pillar arrays are the height
(H) and diameter (D) of each pillar, and the pitch (P) between
them, as shown in Fig. 2(a). In a preliminary study the resolu-
tion of two-photon polymerization, pillar arrays with an aspect
ratio of 1, i.e. having identical values of height, diameter and
pitch, are considered for a range from 200 nm to 600 nm. We
build three different simulation models and investigate them
for their FDTD electromagnetic solutions, whereby each model
corresponds to one step of the nanostructure manufacturing
process. The first nominal shape model consists of cylindrical
pillars, whereas the second is a voxel-based model, in line with
the 3D printing process flow of two-photon polymerization
manufacturing, and the third model reflecting the true fabri-
cated shape as measured by Atomic Force Microscopy (AFM).

Fig. 2(a) and 3(a) are illustrations of nano-pillar arrays for the
nominal shape model and the voxel-based model, respectively.
Fig. 2(b, ¢ and d) show the induced electric field |E|/|E,| with
200 nm, 400 nm and 600 nm nano-pillar arrays in the nominal
shape model under 785 nm excitation after FDTD simulations.
Fig. 3(b, ¢ and d) show the induced electric field |E|/|E,| with
200 nm, 400 nm and 600 nm nano-pillar arrays in the voxel-
based model under 785 nm excitation after FDTD simula-
tions. Here E, is the amplitude of the excitation electric field,
and E is the amplitude of the induced electric field. In the
nominal shape model, the leading enhancement of the electric
field appears in the edge of the nanostructures. Basically, such
perfect shapes are difficult to obtain via two-photon polymeri-
zation. In contrast, we notice that the voxel-based model gives
rise to complex discrete shapes with cavities and bulges on top
of a smoother profile. These complex structures induce
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Fig. 3 (a) Drawing of a voxel-based model, and (b, c and d) electric
field distribution of the 200 nm, 400 nm and 600 nm pillar arrays using
voxel-based model and simulated by the FDTD method.

extended hotspot sections and higher electric field values in
general. But it should be mentioned that the complex structures
may also destruct the enhancement in some local areas which
we will discuss later. The maximum electric field of the 200 nm
pillar array in both the nominal shape model and the voxel-
based model is larger than the ones of the 400 nm and
600 nm pillar-arrays, suggesting that 200 nm pillar array has
a higher SMEF according to our FDTD simulations.

After two-photon polymerization fabrication, we employ
a 20 nm thick Au layer with a sputtering coater. The fabricated
nano-pillar arrays are characterized with Scanning Electron
Microscopy (SEM) and Atomic Force Microscopy (AFM). Some of
the nano-pillar arrays are shown in Fig. 4. Each of the periodic
nanostructure arrays has an effective area of 50 pm x 50 um
and a 1 pm thick base layer to increase the adhesion to the silica

Pillarr D400

H400

DO O
209200 °

Pillar D600 H600

Fig. 4 Morphologies of 200 nm, 400 nm and 600 nm nano-pillar
arrays. Measured with SEM (column 1 and 2) and AFM (column 3).
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Tablel Dimensions of nano-pillar arrays measured with SEM and AFM
(all units in nm)“

Pillar/nm Height Diameter Pitch

200 179.7 £ 50.5 217.3 £+ 38.1 228.8 £+ 36.1
300 275.3 £ 54.5 287.5 = 21.8 304.5 £22.4
400 431.1 &= 76.9 381.9 &+ 35.2 358.0 &+ 32.0
500 564.4 £ 67.6 474.0 = 43.0 473.0 £ 46.6
600 625.0 £ 96.2 579.4 £ 35.2 573.1 £+ 32.3

% The average and standard deviation for each pillar array are obtained
over the measurements within a 20 pm by 20 pm area.

glass and its stability. The silica glass has been silanized with 3-
(trimethoxysilyl)propyl methacrylate before two-photo poly-
merization to furtherly improve the adhesiveness. The periodic
lines visible in both the SEM and AFM images are due to
a stitching process that was used during the 3D fabrication.
This effect should not deteriorate the SERS signal in the
experiments as the detection area is within the center area of
each block, but will be avoided by systematic optimization of
the two-photon polymerization process in future work.

We obtained the morphological characteristics of the nano-
pillar arrays based on a comprehensive analysis of SEM
images and AFM data, shown in Table 1. The measured values
of height, diameter and pitch are in good agreement with the
designed values. Although the homogeneity of the 200 nm
nano-pillar array looks visually less than the ones of the 400 nm
and 600 nm nano-pillar arrays, the standard errors of the
height, diameter and pitch of the different nanostructures
caused by the fabrication errors are similar according to the
SEM and AFM measurements. We also notice that, although the
heights of the 200 nm and 300 nm structures are still within the
confidence interval of the measurements, they are a little bit
smaller than the nominal values. This is probably due to the
limit of the AFM probe which cannot reach the bottom of the
trough when the pitch is very narrow. We build the fabricated
shape model based on the 3D data obtained from the AFM.
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Fig. 5 (a) Drawing of a nominal shape model, and (b, c and d) electric
field distribution of the 200 nm, 400 nm and 600 nm pillar arrays using
the fabricated model and simulated by the FDTD method.
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We performed the FDTD simulation on the fabricated shape
model and investigated its electromagnetic enhancement. Fig. 5
illustrates the fabricated shape model and the simulated elec-
tric field of one cross-section of 200 nm, 400 and 600 nm nano-
pillar arrays. Unlike the other two models in which the periodic
pattern and induced hotspots are homogeneously distributed,
the fabricated model shows a poorer uniformity of the hotspots
because the oscillation of localized plasmonic dipoles is much
more intricate due to fabrication errors. In this case, the loca-
tion of molecular adsorption and the detection area are of great
importance from a practical point of view. For instance, if
a molecule is adsorbed on the region of the middle pillar in the
Fig. 5(c), a stronger Raman scattering will be induced compared
to the other regions.

Influence of fabrication errors

During the actual fabrication process, displacement of voxel
tracks and distortion of the voxel shape is inevitable due to
mechanical vibrations and the accuracy of the printing device,
fluctuation of the femtosecond laser power, a change of envi-
ronmental temperature, etc. To understand the influence of
fabrication errors, we performed FDTD simulations considering
changes of pitch, height and diameter values of the nano-pillar
array, as shown in Fig. 6. For a 400 nm pillar array, a pitch of
50 nm less (b) than the original design (a) will increase the
amplitude of the electric field from 7 to 7.5, whereas 100 nm less
pitch (c) will increase the amplitude of the electric field to 9.6.
As a result, according to the |Ej(wg)|* approximation, the
SMEF for 400 nm pillar array with 50 nm and 100 nm
displacement in pitch are 1.3 times and 3.5 times more than
that of the original, respectively. The errors in the height of the
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Fig. 6 Electric fields of 400 nm pillar array in voxel-based model
without (a) and with fabrication errors (b—i). 50 nm and 100 nm closer
pitch (b and c) increase the electric field. 50 nm height error (d) and
100 nm height error (e) of one pillar, and all pillars with 50 nm height
error (f) have little impact on the electric field. Diameter errors due to
displacement of different adjacent layers (g—i) have big impact to the
relocation and intensity change of electric fields, as these also reduce
the pitch values.
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pillar will also change the distribution and intensity of the
electric field (d, e and f). If there is a displacement between two
adjacent layers in the fabrication process, the diameters of the
pillars will be different than our expectation. In some cases, the
electric field pattern is similar to that of the pitch errors (g and
h), while in other cases the distribution of hotspots is totally
relocated from the troughs to the top areas (i). The simulation
results indicate that the SMEF of the nano-pillar arrays is more
sensitive to horizontal fabrication errors than to vertical errors.

In addition to the errors of the macro profile, the substruc-
tures such as nano-cavities, bulges or spikes on top of the
nanostructures may result in much more complex enhance-
ment patterns.

Results and discussion
SERS enhancement analysis

To experimentally verify the enhancement factors of the two-
photon polymerized SERS substrates, we prepared 10 pM
Rhodamine B solutions in ethanol and water respectively and
performed Raman measurements utilizing a confocal Raman
microscope (Bruker Optics - Senterra). This spectrometer is
equipped with a 785 nm laser which is the same wavelength as
has been used in our FDTD simulations. The experimental
enhancement factor, or the analytical enhancement factor (AEF)
can be calculated according to the following equation:*

AEF = (Isgrs/Nsers)/(Iref/ Nref)

where Isgrs and Iger are the intensities of the SERS signal and
conventional Raman signal respectively. Nggrs stands for the
number of molecules that induce a SERS signal, and Ngr is the
number of molecules that generate normal Raman scattering.
The chemical structure of Rhodamine B is shown in Fig. 7(a).
We placed 30 puL of the Rhodamine B ethanol solution on the
SERS substrates, and measured the Raman spectra in the dry
state under a 2.5 mW excitation with a 50x objective lens, as
show in Fig. 7(b). We can estimate the Ngsggrs With reference to
the laser spot size and deposition area under the assumption
that the Rhodamine B molecules are evenly delivered on the
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Fig. 7 (a) Chemical structure of RhB; (b) scheme of SERS measure-
ment; (c) average Raman spectra of 10 uM RhB obtained with 200 nm
pillar arrays under a 785 nm wavelength and 2.5 mW laser excitation
with 1 second integration time. The dashed lines refer to the upper and
lower range of the spectra. Average spectrum is obtained over 16
measurements.
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Table2 The intensities and peak assignments of main Raman bands of
Rhodamine B“

40-42

Literature Raman (cm ™! SERS (em™')  Assignment

619 S 622.5 S 629.5 S v(aromatic C-C)
965-980 W 978 W 969 W d(ethylene C-H)
1065-1085 W 1080 M 1086 M é(aromatic C-H)
1130 W 1115 W 1126 W é(aromatic C-H)
1199 M 1198 S 1203 S d(aromatic C-H)
1284 S 1281 S 1287 S 5(C-C)

1360 S 1359 S 1363 S v(aromatic C-C)
1508 S 1508 S 1511 S y(aromatic C-C)
1591 W 1595 W 1600 S y(C=C)

1644 S 1647 S 1652 W v(aromatic C-C)

@ y: stretching, 6: deformation; W: weak; M: medium; S: strong.

overall SERS substrate. The reference measurements are con-
ducted by analyzing the Raman scattering of a Rhodamine B
aqueous solution since water gives very weak Raman back-
ground. We calculated the Nger inside the interaction probe
volume of the 50x objective lens under the same excitation.
However, we must be aware that the local AEF with inhomo-
geneous distribution of the molecules may be different than the
overall AEF of the SERS substrate, which may be influenced by
parameters such as the uniformity of the nano-pillar array, the
adsorption of the molecules and the surface tension of the SERS
substrate. Fig. 7(c) shows the SERS spectra of Rhodamine B on
a 200 nm nano-pillar array. Rhodamine B molecules present
distinct enhancement features at 629 cm™!, 1203 cm?,
1287 cm™ ', 1363 cm™ ', 1511 cm™ " and 1600 cm ™. The peaks of
the Rhodamine B's spectra correspond to the molecular vibra-
tional modes as listed in Table 2.

The Raman peak of Rhodamine B at 1363 cm™ ' shows the
highest intensity. Therefore, we calculate the AEF correspond-
ing to the Iggrs and Igerat 1363 cm™ . Fig. 8 is the comparison of
enhancement factors for the three different models obtained by
FDTD simulations and the experimental results. A maximum
enhancement factor closes to 10 is achieved by our 200 nm
nano-pillar array. It is reasonable that smaller structures give
rise to a higher enhancement as they can induce stronger
oscillation of localized surface plasmons. The voxel-based
model shows the best consistency with experimental results.

[ Nominal Shape Model

[ Voxel-based Model
[IFabricated Shape(AFM) Model
[ Experimental Result

10000

8000

6000

4000

Enhancement

2000

200 300 400 500 600
Dimension (nm)

Fig. 8 Comparison of enhancement factors for the different models
obtained by FDTD simulations and the experiments. The average and
standard deviation of each enhancement factor are obtained over 16
measurements on different detection area for a nano-pillar array.
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Fig. 9 Comparison of 10 uM RhB Raman spectra on different
substrates and the Raman spectrum of pure RhB.

However, one interesting phenomenon we can observe is that
the experimental EFs are larger than the simulated EFs except
for the 200 nm and 300 nm voxel-based models. This can be
explained by the relocation and intensity changes of hotspots
due to the fabrication errors mentioned before. It is hard to
predict the precise influence of the fabrication errors over the
entire SERS substrate, but we believe that the FDTD simulation
of the fabricated shape model can give rise to a better reflection
of SERS performance if an AFM with higher resolution and
smaller probe size can be used. In addition, because the major
boosted electric field of them is generated in the edge area, the
EFs of the 300 nm to 600 nm nano-pillar arrays in the nominal
shape model show less differences.

We also performed benchmark measurements of Rhodamine
B with two types of commercial SERS substrates from Silmeco
(Copenhagen, Denmark) and Horiba, Ltd (Kyoto, Japan) respec-
tively, see Fig. 9. The enhancement factor of our 200 nm pillar
array is two orders of magnitude less than that of Silmeco's 10° EF,
which can be proven by the spectra. It's noteworthy that our SERS
substrate is comparable with Horiba's substrate and performs
even better with a higher sensitivity. Therefore, our two-photon
polymerized SERS substrate can be used as a powerful tool to
study the vibrational modes of molecules.

Additionally, other types of periodic nanostructures, including
nano-hemisphere arrays and nano-grids are printed by two-
photon polymerization as well, as shown in Fig. 10. But the
Raman performance of these SERS substrates is less than that of
the nano-pillar arrays both in simulations and experiments.
Therefore, in our later experiments we utilize the 200 nm pillar
arrays.

Fig. 100 SEM images of 200 nm, 400 nm and 600 nm hemisphere
arrays (a—c) and nano-grids with 200 nm, 400 nm and 600 nm spacing
(d-f).

This journal is © The Royal Society of Chemistry 2020
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Fig.11 Calibration curves of the 200 nm nano-pillar array showing the
peak intensities at 629 cm~*, 1287 cm ™' and 1363 cm ! with respect to
the RhB concentrations (a). Molecules can easily adsorb on the SERS
substrate in the low concentration condition (b), but a thick layer of
molecules with high concentration will restrain the SERS signal (c). The
RhB molecules cover both the nanostructures and the surrounding flat
surfaces, for which the interaction of molecules with nanostructures
has changed the color of the RhB from red violet to green under white
light illumination due to a higher reflectivity at the green light band.

SERS substrate calibration

In order to further evaluate the performance of our two-photon
polymerized SERS substrates, we measured the Raman spectra
of Rhodamine B with different concentrations from 0.5 uM to
1000 puM. The calibration curves of the peak intensity with
respect to the concentration are shown in Fig. 11(a). The peak
intensity rises as the concentration increases, but the rate of
increment gradually falls off. From a certain threshold of
concentration, the peak stops increasing and starts to decrease.
Because the SERS effective area is just within a few hundred
nanometers, the number of hotspots is limited. The molecules
can quickly fill the hotspots of the SERS substrate and emit
enhanced Raman scattering under the low concentrations.
However, as the concentration increases, the number of
remaining hot spots begins to decrease with the accumulation
of molecules on the metallic surface. And eventually a thick
layer is formed that prevents the SERS signal underneath. This
can be proved by the microscope images of the original SERS
substrate and the SERS substrate with 1 mM Rhodamine B
deposition in Fig. 11(b and c).

The detection limit of our 200 nm pillar array for Rhodamine
B is estimated to be 0.55 uM (5.7 ppm) according to the linear
regression of the calibration curve in the low concentration
region.”

Application
Mycotoxin detection

SERS is an ideal technique for biochemistry and toxicology
because of its low laser intensity, short integration time and
small sampling volume required. As proof of concept for our
two-photon polymerized SERS substrate, we tested two types of
mycotoxins, deoxynivalenol (DON) and fumonisin b1 (FUM).
Deoxynivalenol, also known as vomitoxin, is a metabolite of
fusarium graminearum which can cause anorexic effects on
metabolite of fusarium

humans.*”* Fumonisin is a

RSC Adv, 2020, 10, 14274-14282 | 14279
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Fig. 12 Raman spectra of 1 ppm DON and 1.25 ppm FUM obtained
with our 200 nm pillar array SERS substrate under a 785 nm wave-
length and 2.5 mW laser excitation with 1 second integration time. The
solid line refers to the average spectrum and the shaded area refers to
the standard error over 10 measurements. The concentrations of
mycotoxins are close to the detection limit of our SERS substrates and
therefore it is difficult to recognize the mycotoxins directly.

verticillioides, one of the most prevalent seed-borne fungi
associated with maize.** Long-term intake of fumonisin
contaminated food can greatly increase the risk of esophageal
cancer. According to the EU's Mycotoxins Factsheet,* the limit
of deoxynivalenol in unprocessed cereals is 1.25 ppm, and the
limit of fumonisin in unprocessed maize is 4 ppm. We
measured the Raman spectra of 1 ppm deoxynivalenol and
1.25 ppm fumonisin b1 in acetonitrile with the same equipment
under the same excitation as for Rhodamine B. The average
spectra of fumonisin b1 and deoxynivalenol obtained with our
200 nm pillar arrays are shown in Fig. 12.

Principal component analysis (PCA)

The concentrations of mycotoxins are close to the detection limit
of our SERS substrates. Therefore, it is difficult to recognize the
DON and FUM directly by comparing the spectra, although there
are some distinguishing peaks present, such as the 1452 cm™"
and 1140 cm ™" peaks of the DON spectrum, and the 873 cm ™" and
1775 cm™* peaks of the FUM spectrum respectively. We employed
Principal component analysis (PCA) towards a set of Raman
spectra observed to discriminate them.” After PCA trans-
formation, we find that the first three principal components

3" Principal Component

W oan
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LA Srmm——. ‘ 3 1 il
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Fig. 13 (a) Spectra of DON and FUM are clustered by the scores of the
second and third principal components; (b) the coefficients (loadings)
of second and third principal components of the mycotoxin spectra
observed.
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Table 3 The characteristic peaks and assignments of main Raman
bands of FUM and DON according to PCA?

48-50

Literature SERS
Mycotoxin (em™) (em™) Assignment
FUM 760 754 ¥(C-C)
868 873 ¥(C-0-C)
1460 1466 8(-CH,)
1488 1482 8(C-H)
1776 1775 »(C=0)
DON 780 787 »(0-H) + »(C-H)
855 852 »(C-H)
923 927 »(~CH,) + »(C-H)
1139 1140 ¥(C-H)
1293 1287 »(C-H)
1430 1435 8(C=C) + 1(~CH,)
+»(C-H)
1449 1452 ¥(-CH,)

@ y: stretching, 6: deformation.

represent 85.9% of the variance, and the two mycotoxins can be
clearly distinguished by the second and third principal compo-
nents, as shown in Fig. 13(a). Raman spectra of DON and FUM
show good repeatability with groups of replies, which allow to
detect sensible between-sample differences.

By analyzing the coefficients of the second and third prin-
cipal components which contains fingerprint Raman shifts
information of the two mycotoxins, as shown in Fig. 13(b),
combined with literature results, we obtained the characteristic
peaks of the two mycotoxins and the corresponding assign-
ments, see Table 3.

Conclusions

We designed and fabricated a series of nano-pillar arrays as
SERS substrates ranging from 200 nm to 600 nm by using two-
photon polymerization and gold sputtering. To verify the
feasibility of these nano-arrays as SERS substrates, we setup
a nominal shape model, a voxel-based model, and simulated
the induced electric field under 785 nm excitation alongside the
nanostructures with the FDTD method. We characterized the
morphologies of the different nano-pillar arrays from
a comprehensive analysis of SEM images and AFM 3D data. The
fabricated shape model based on AFM data is defined as input
for the FDTD simulations to determine the induced electric
field. The single molecule enhancement factor (SMEF) of
different models are calculated based upon the FDTD results.
We estimated the experimental enhancement factor (AFE) by
analyzing the Raman scattering of 10 pnM Rhodamine B solu-
tions in ethanol and water. A maximum enhancement factor
closes to 10" is achieved with the 200 nm pillar array. Bench-
mark measurements have shown that obtained results of our
two-photon polymerized SERS substrates are comparable with
the ones obtained with the commercial SERS substrates. We
compared the experimental enhancement factor with the
SMEFs obtained using different models for FDTD simulations,
finding that the voxel-based model gives the best consistency

This journal is © The Royal Society of Chemistry 2020
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with experimental results. In addition, we analyzed the reasons
for the differences between simulations and experiments.

Moreover, we evaluated the detection limit of the 200 nm
nano-pillar array SERS substrates using different concentra-
tions of Rhodamine B solutions and found the limit to be 0.55
uM. To demonstrate the proof-of-concept of our SERS
substrates in an application, we detected the Raman spectra of
1 ppm deoxynivalenol and 1.25 ppm fumonisin b1 solutions.
The two types of mycotoxin are discriminated by principal
component analysis (PCA). Our two-photon polymerized nano-
pillar arrays pave the way for fast prototyping of SERS
substrates for biochemical and toxicological research.

The limitation of two-photon polymerization is the restricted
structure-sizes of the nano-pillar arrays. But the enhancement
factor of the SERS substrates can still be increased by opti-
mizing the nanostructures. Increasing the homogeneity of the
nanostructures should be further investigated with respect to
parameters such as the optimization of femtosecond laser
power fluctuations, the photoresins and the voxel path
compiling.
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