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ARTICLE INFO ABSTRACT

Keywords: Both quartz crystal microbalance with dissipation (QCM-D) and Surface Enhanced Raman Scattering (SERS)
Biosensors, streptomycin stand at the forefront of label-free transducing techniques to trace and monitor biomolecular association events
Aptamer occurring at solid-liquid interfaces. Although these techniques provide highly complementary information on
SQECRMSD thin films’ structure and molecular composition, they have never been simultaneously coupled in a single sensor
Bimodal detection element. We report herein the design of nanostructured gold-coated quartz crystal sensors acting as bimodal
Aptasensor transducer elements to subsequentially or even in parallel and in situ monitor biomolecular recognition events by
Raman spectroscopy QCM-D and SERS. As a proof-of-concept, this bimodal sensor was applied to investigate the interaction between a
Nanostructuration chemisorbed DNA aptamer and a small molecule target, the antibiotic streptomycin. Combined QCM-D and SERS

measurements provided evidence of successful engineering of the aptamer sensing layer as well as thermody-
namic and structural information on the subsequent binding of streptomycin. The QCM-D data enabled the
measurement of a dissociation constant Kp of 23 + 4 nM for the binding of streptomycin to the aptamer with a
number of binding sites roughly equal to one. SERS data confirmed the conformational change of the aptamer
upon interaction with streptomycin and indicated the nucleotides possibly involved in its recognition.

1. Introduction

Quartz Crystal Microbalance with dissipation monitoring (QCM-D)
and Surface Enhanced Raman Scattering (SERS) are both powerful
surface-sensitive analytical techniques widely employed for signal
transduction in biosensing devices. QCM-based biosensors rely on the
piezoelectric properties of quartz crystals which resonance frequency
shifts with surface mass density changes at their surface, enabling real-
time and label-free monitoring of molecules adsorption and bio-
receptor/analyte interaction with a sensitivity in the ng/cm? range
[1-3]. Simultaneous dissipation measurements provide additional in-
formation on the viscoelastic properties of the films deposited at the
sensor surface [4]. QCM-D has been applied to the detection of small

* Corresponding authors.

analytes, but this often requires operating in a competitive format to
overcome the low molecular weight of these analytes [5]. On the other
hand, SERS relies on the strongly amplified Raman scattering by mole-
cules absorbed at the vicinity of metallic nanostructures through the
excitation of localized surface plasmon, allowing an extremely sensitive
detection and identification according to their unique fingerprint. SERS
biosensors typically operate in label-free or label-based configurations
[6]. In the label-free configuration, binding of the target to the immo-
bilized bioreceptor results in a change of band intensity [7-13], signal
reproducibility [14], or band position [15,16] whereas the label-based
formats rely on extrinsic Raman reporters displaying high scattering
cross-sections [17]. Recent examples of SERS biosensors relying on
molecularly imprinted polymers as biorecognition interfaces and Raman
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indicators as signal generators were successfully developed and applied
to the quantitation of environmentally or biologically important pro-
teins [18,19].

QCM-D has been effectively combined with either LSPR (Localized
Surface Plasmon Resonance) or ellipsometry transduction methods to
obtain detailed insights into biological processes like biomolecule
adsorption and interaction kinetics at liquid-solid interfaces. This com-
bination enables simultaneous and real-time monitoring of both acoustic
and optical signals [20-25]. In the same line, a dual LSPR / SERS sensing
platform was implemented and applied to the transduction of
antigen-antibody binding events [26]. Analogously, integrating QCM-D
and SERS modalities into a single sensor element would facilitate the
simultaneous, real-time measurement of acoustic and spectroscopic
signals. This integration would offer complementary data on the mass
and viscoelastic properties (QCM-D) of thin films deposited on the
sensor surface, along with molecular and structural information (SERS)
[27]. Additionally, the molecular basis of ligand/receptor interactions
during biomolecular binding events may be elucidated, given the
sensitivity of SERS band positions to structural changes in the adsorbates
[13].

Herein, we wish to provide a proof-of-concept of the first example of
dual QCM-D / SERS biosensor. To this aim, the coupling of SERS and
QCM-D transduction modalities was achieved using meticulously
designed nanopatterned gold-coated quartz crystal sensors for
concomitant bimodal optical and piezoelectric detection of bioreceptor
chemisorption and target binding processes. To demonstrate the use-
fulness of this dual sensing setup, we applied it to the label-free detec-
tion of a small analyte, the antibiotic streptomycin (STR). Streptomycin
is a low molecular weight antibiotic of the aminoglycoside family,
commonly used by veterinarians to treat infections such as mastitis in
cattle. Consequently, streptomycin residues may be present in food
products of bovine origin (meat, milk, cheese), causing potential health
risks to consumers. This concern has prompted the EU to set up a
maximum safety limit for STR of 200 pg/kg in milk and 500 pg/kg in
meat [28]. As a consequence, numerous analytical methods have been
set up to assay STR in foodstuffs [29], some of them using aptamers as
affinity probes in association with electrochemical [30-35], fluores-
cence [36] or colorimetric [37,38] detection. The analytical perfor-
mances of these aptasensors are collected in Table S1. In this context, a
23mer DNA aptamer exhibiting high affinity (Kp = 132 nM) for STR was
introduced [37]. In addition of its high affinity to STR, this aptamer
exhibited an extremely high specificity when tested with other
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antibiotics, namely, gentamicin, amikacin, ampicillin and clindamycin,
and, therefore, appeared to us particularly well suited as affinity capture
agent to design a label-free SERS biosensor. The much smaller size of this
aptamer compared to antibodies should optimally match the short
sensing depth defined by the decay length of the enhanced intensity of
surface plasmon field resonantly excited on metallic nanostructures
(typically 20-30 nm for gold nano-disks on glass substrates) [39,40].
The preparation of the sensing layer comprising a specific DNA aptamer
and a short polyethylene glycol (PEG) was first monitored separately by
QCM-D and SERS. Then, both techniques were applied concomitantly to
investigate the biorecognition between the aptamer and STR and deduce
thermodynamic and structural information on this biomolecular binding
process.

2. Results and discussion
2.1. Bimodal sensor chip design

Fig. 1 shows the geometry of the plasmonic substrate, a scanning
electron microscopy (SEM) image of the nanocylinders, and a repre-
sentation of the envisioned mechanism when the immobilized aptamers
interact with the target, STR. To combine both transduction modes on
the same sensor chip, nanopatterning was applied to commercial quartz
crystal sensors coated with 100-nm thick gold electrodes, Fig. 1a. We
chose plasmonic nanostructures in the shape of periodic arrays of
nanocylinders as the enhanced near-field is localized on a large area of
the nanostructures’ edge and top and not on small hot spots as observed
for coupled or elongated nanostructures for which the hot spots are
restricted to the gaps and the tips, respectively [41,42]. Molecules
adsorbed at the surface have then more chance to be localized inside the
enhanced electric field intensity and, as a consequence, to be detected by
SERS. The optimal design and geometrical parameters (diameter,
height, period) of the nanocylinder arrays were determined from pre-
vious studies [43]. The periodicity, diameter, and height of the nano-
cylinders were optimized in a previous study within our groups [44]. We
found that the highest SERS signal using an excitation wavelength of
785 nm was measured for cylinders diameter of 250 nm, height of 40 nm
at a square grating with a period of 400 nm [44]. Such plasmonic
nanostructures have a higher SERS efficiency than nanostructures on
dielectric substrates and have specific properties as SERS directivity and
more homogeneous near-field enhancement at the gold surface between
the nanostructures [42].

Apt

PEG

Fig. 1. a) Scheme of the plasmonic substrate (grating period: 400 nm, nanocylinder diameter: 250 nm, nanocylinder height: 40 nm). b) SEM image of the nano-
cylinders (scale bar: 200 nm), and c) Representation of the interaction of the immobilized aptamers with STR on the sensor surface.
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Nanopatterning was achieved by Electron Beam Lithography (EBL).
Nine 80 x 80 pmz square areas were produced to form a complete
320 x 320 ym? square zone with a 40 um gap between each zone
(Figure S1). EBL provided excellent control over the nanocylinders’
geometrical parameters, as can be seen on the SEM image in Fig. 1b, and,
in turn, the reproducibility of the SERS signals. When using the 4-mer-
captobenzoic acid (MBA) Raman probe chemisorbed at the surface of
the bimodal sensor, the acquired spectra exhibited highly reproducible
characteristics both in band position and intensity from one spot to
another on the nanostructured area (Table S2), while no signal could be
detected from the flat zones of the sensor chip (Figure S2). The same test
was performed with a 5’-thiolated 23mer DNA sequence immobilized on
the surface. Again, excellent reproducibility of the SERS signals was
observed from one spot to another, both in band position and intensity
(Figure S3, Table S3).

2.2. Ex situ monitoring of the sensing layer engineering

The sensing layer was engineered using a previously reported 23mer
ssDNA aptamer serving as the affinity bioreceptor for streptomycin [37].
A poly-T tail was added to the 5 end of the sequence to decrease the
non-specific binding to the gold surface, due to the weak interaction
between thymine and gold, and to act as a molecular spacer for posi-
tioning the streptomycin binding sites at the optimum distance from the
surface [11,45,46]. Thymine is also known for its low SERS cross-section
[47]. The modified aptamer was grafted to the sensor by Au-S bond
thanks to the thiol modifier at the 5’ end that also controlled its orien-
tation with respect to the surface. Such surface engineering was per-
formed on the above-mentioned nanostructured sensor chip but also on
a flat gold surface as reference.

The adsorption of the aptamer on a nanostructured sensor chip was
first monitored in situ by QCM-D and ex situ by SERS (Fig. 2). Immedi-
ately upon injection of the aptamer solution, the resonance frequency F
began to decrease to reach equilibrium after ca. 50 min with a total
change AF of —12 Hz (Fig. 2a). A similar frequency shift was measured
with the flat classical QCM sensor, see Figure S4. A small decrease in the
dissipation (AD = 0.5 10’6; AD/-AF = 0.4 1077) was simultaneously
recorded, indicating the formation of a rigid layer. By applying the
Sauerbrey equation, the surface coverage in aptamer was found equal to
212 ng/cm?, that is 18.5 pmol/cm? Let us note that this calculation
gives the acoustic mass including the hydrodynamically coupled water
molecules so that the surface coverage of the aptamer biomolecules is
most probably overestimated. It was previously calculated that the hy-
dration percentage of a thin film of aptamer amounted 88 % of the total
mass [48]. The sensor was then analyzed ex situ by Raman spectroscopy
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(Fig. 2b, lower trace). The resulting spectrum shows a series of bands
assigned to various vibration modes of the nucleotides (see assignment
in Table S4) with major bands at 418, 998, 1021, 1073 and 1574 em L

To prevent nonspecific binding of the analyte to the bare gold surface
and fill the gaps between the aptamer chains (backfilling), a solution of
short thiol-terminated polyethylene glycol (HS-PEG) was further applied
to the surface [49]. Its chemisorption was monitored by QCM-D during
flowing of the HS-PEG solution over the sensor for 40 min and led to a
total frequency shift AF of —6.7 Hz (Fig. 2a), corresponding to an
acoustic mass uptake of 119 ng/cm?, that is 307 pmol/cm?. These values
give a PEG-to-aptamer mole ratio of 17:1, which should again be taken
with the greatest care since its calculation does not distinguish the water
molecules trapped within the film. The ex situ SERS spectrum of the
surface was measured after HS-PEG chemisorption (Fig. 2b, upper
trace). No additional Raman bands were noticed after PEG adsorption.
Indeed, PEG molecules do not exhibit a strong response in SERS as
previously reported [50]. Furthermore, the absence of variation of the
SERS spectrum after PEG adsorption indicates that it did not influence
the structure and conformation of the aptamer.

2.3. Combined in situ QCM-D/SERS upon engineering of the sensing layer

Thanks to the microfluidic system with a transparent window mod-
ule allowing for optical access to the QCM sensor surface, the formation
of the sensing layer was also monitored by continuous recording of the
resonance frequency and dissipation with parallel recording of the SERS
spectrum from the nanopatterned area of the sensor (50x objective with
a long working distance and a numerical aperture of 0.55). Solutions of
aptamer and PEG were successively flowed over the sensor with a
washing step with running buffer in between. Gradual increase of sur-
face mass density following the grafting of the aptamer strands resulted
in a decrease of the resonance frequency F, as well as a modest increase
of the dissipation D when a plateau was reached after a 60-min reaction
(Fig. 3a). A second decrease in the frequency was recorded upon injec-
tion of HS-PEG following its grafting at the surface of the sensor. The
spikes appearing on the frequency shift trace correspond to the instants
when a SERS spectrum is recorded and probably originate from a ther-
mal expansion upon local heating of the sensor arising from the irradi-
ation with a laser beam.

Meanwhile, SERS spectra recorded at different time points (Fig. 3b)
display bands assigned to the aptamer (compare Figs. 2b and 3b). Next,
the integrated intensities, normalized to the highest value, of the main
Raman bands at 998 and 1021 cm™* were plotted as a function of time
(Fig. 3c). A progressive increase of both Raman bands intensity was
recorded during the aptamer injection step while it remained nearly
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Fig. 2. a) Time dependence of frequency shift and dissipation measured by QCM-D upon successive injections of aptamer (5 uM) and PEG (50 uM) in running buffer
at 40 pL/min. b) SERS spectra measured ex situ after successive chemisorption of aptamer (Apt) and PEG (Apt + PEG). Spectra were normalized to Raman band

at 418 cm L.
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Fig. 3. a) Time dependence of frequency shift and dissipation measured by QCM-D upon successive injections of 5 uM aptamer and 50 pM PEG in running buffer at
40 pL/min. Variations are shown for the 7th overtone. b) SERS spectra measured in situ at t = 37 min (black trace), 83 min (light blue trace) and 182 min (gray
trace). ¢) zoom on the spectra shown in b) and time dependence of integrated intensities of Raman bands at 997 (triangles) and 1021 em~ ! (circle) during aptamer
and PEG chemisorption. Intensities are normalized to the highest intensity of each band.

constant during the PEG injection step. Consequently, we can assume
that there was no decrease in the number of aptamer strands after PEG
grafting. In other words, no exchange between the PEG molecules and
the aptamer strands took place.

2.4. Combined QCM-D / SERS Streptomycin aptasensing

Prior to the parallel detection with QCM-D and SERS, the biosensor
surface was exposed to an aqueous solution of streptomycin (800 nM)
and analyzed ex situ by Raman spectroscopy (Figure S5). No extra bands
appeared after the interaction with STR. By having a closer look at the
aptamer bands position, we observed that the band at 1074 cm ™' un-
derwent a statistically significant shift (~ 1 cm ™}, Figure S5, low panels)
upon exposure to streptomycin solution while the bands at 998 and
1021 cm™! remained unchanged.

This experiment was repeated using the bimodal QCM / SERS
configuration. Solutions of STR ranging from 50 nM to 1000 nM were
serially flowed over the aptamer-modified sensor surface separated by
washing steps with running buffer. Resonance frequency F and dissi-
pation D were continuously monitored by QCM-D (Fig. 4) with inter-
mittent recording of SERS spectra.

Each injection of STR gave rise to an abrupt decrease of the reso-
nance frequency F associated with a decrease of the dissipation D. These
reproducible changes clearly result from increasing compactness of the
biomolecular layer that might result from a change of conformation of
aptamer when recognizing its target. Flowing of running buffer gave the
opposite trends, i.e. an increase of both dissipation and frequency. We

interpret these findings by the reversible binding of STR to the immo-
bilized aptamer and a change of the viscoelastic properties of the film
that becomes slightly more rigid upon binding of STR and goes back to
its original state upon STR dissociation during buffer flowing. This
behavior differs from the QCM-D detection of tyramine binding to its
aptamer for which an increase of both resonance frequency and dissi-
pation was measured as a result of water expulsion from the capture
layer [48,51]. The frequency shift was plotted as a function of STR
concentration (Fig. 4, bottom panel). Data points were fitted according
to the Langmuir isotherm which gave a dissociation constant Kp of 23
+ 4 nM and a AF of 0.83 £ 0.06 at saturation. Let us note that this value
of Kp is noticeably smaller than the one previously reported for the
23mer DNA aptamer [37]. This difference may be due to the way both
Kp’s were measured. The limit of detection is visibly below 50 nM
(29 pg/L). The value of AF at saturation is in good agreement with the
binding of one molecule of STR per immobilized aptamer (calculated AF
= (18.5 x10712 x582)/17.7 x 10~° = 0.61 Hz). The analytical perfor-
mances of our aptasensor in its piezoelectric transduction mode compare
well with those reported in ref. [37].

The F/D ratio was also calculated to have a better insight into the
changes in the viscoelasticity of the biomolecular layer during STR
aptasensing, the obtained data were plotted as a function of STR con-
centration and are also shown in Fig. 4, bottom panel. Interestingly, this
plot followed the same trend as the frequency change, indicating that
the viscoelastic properties of the layer can be used to monitor STR
aptasensing. Langmuir isotherm was used to fit these data points and
gave a dissociation constant Kp of 31 + 6 nM, consistently with the one
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Variations are shown for the 7th overtone. Bottom panel: Dose-response curves established from the frequency shift data depicted above (Complete regression

parameters are given in Table S6).

obtained by plotting the frequency change dose-response curve.

The Raman spectra acquired concomitantly in situ with the QCM-D
measurements are shown in Fig. 5, upper panel. The primary finding
from these data is a progressive decrease in the intensity of the Raman
bands with the addition of increasing STR concentrations, reaching a
30 % reduction at the highest concentration, i.e., 1000 nM (see
Figure S6). This decrease can be correlated to the modification of the
aptamer’s organization on the sensor surface during its interaction with
STR, which would induce a shift of some nucleotides away from the
plasmonic field and thus a reduced SERS effect. In what follows, we
concentrate our effort on three relevant bands, 998, 1074, and
1573 em ™.

Focusing now on the three bands of interest and plotting the shift of
their maxima as a function of STR concentration (Fig. 5, lower panel),
we observe, as was the case ex situ, that the position of the band at
998 cm ! is not affected by successive additions of STR. In contrast, the
band at 1573 cm ™! and, to a lesser extent, the one at 1074 cm’l, are
more significantly disturbed during the interaction with STR. The
observed variations are modest and do not seem to follow a trend since,
for the band at 1573 cm™}, the shifts are initially positive and then
negative, but they are significant, especially considering the stability of
the band at 998 cm L. Such spectral shifts might be related to structural
modifications of the aptamer when interacting with its specific target.
Since the band at 1573 cm™! is generally assigned to adenine and
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Fig. 5. Top panel: SERS spectra measured in situ after exposure to increasing concentrations of streptomycin in running buffer (0 — 1000 nM from top to bottom).
Bottom panel: Evolution of the band shift for three Raman bands: 998 cm™!, 1074 cm™!, and 1573 cm™?, versus the STR concentration. Each dot corresponds to the
average value of the spectral parameter and the error bars correspond to the highest and lowest values (the corresponding data are collected in Table S5).

guanine bases [47,52], it might indicate that the binding of STR involves
interaction with these bases. This observation agrees with the 23mer
aptamer - STR complex 3D model established by computational methods
by Soheili et al. that identified A14, G16, A17, T18, and C19 as being
involved in the binding of STR. Thus, the slight variations observed on
the SERS spectra let us get an insight into the interaction process be-
tween the aptamer and its ligand. Another important feature to consider
when looking at these Raman spectra is the full width at half maximum
(FWHM), expected to be modified upon interaction with the target. The
evolutions of the FWHM (Figure S7) are also modest but consistent with
the observations regarding the wavenumber shifts, i.e. no evolution for
the band at 998 cm™! while the band at 1573 cm™! is modified during
the interaction and undergoes broadening then narrowing for high STR
concentrations. To conclude on SERS measurements, the results are
clearly less informative than those provided by QCM-D, especially
regarding the analytical parameters as no clear trend was observed be-
tween STR concentration and Raman bands shift. Nevertheless, the
modifications that some Raman bands undergo while others remain
unaffected make it conceivable to identify the bases involved in the

molecular recognition process between the aptamer and its analyte. In
the case of the aptamer/STR couple investigated here, the disturbance
caused to the Raman signal made quantification impossible, but in our
future work, we plan to target couples for which the expected response
could induce a more stable Raman shift that could be quantified
experimentally.

3. Conclusions

In conclusion, we have designed and fabricated bimodal sensor chips
allowing label-free, in situ transduction of molecular binding kinetics by
QCM-D and Raman spectroscopy in parallel. These sensors were suc-
cessfully applied to monitor in real-time the construction of a sensing
layer comprising a DNA aptamer and the subsequent capture of its
corresponding ligand, the low molecular weight antibiotic, strepto-
mycin. The formation of the sensing layer translated into a decrease in
the resonance frequency of the sensor and the presence of a series of
bands characteristic of the aptamer in the SERS spectra measured ex situ
(in the dry state) or in situ (in solution). The capture of the streptomycin
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target resulted in the concentration-dependent, reversible decrease of
the resonance frequency as well as an unexpected decrease in dissipa-
tion. This piezoelectric response was accompanied by a modest shift of
some of the Raman bands on the SERS spectra measured during the
capture of streptomycin. Thus, the simultaneous combination of
acoustic and optical transduction allowed the detection of a low mo-
lecular weight analyte and gave insight into the interactions between the
bioreceptor and its target. Our next endeavors will include computa-
tional modeling studies that will help us predict Raman band shifts when
the target interacts with its aptamer, select aptamer/ligand pairs that are
most likely to induce the greatest spectral variation and subsequently
apply them in the dual system.

4. Experimental part
4.1. Chemicals

4-mercaptobenzoic acid (MBA), thiol-terminated polyethylene gly-
col (HS-PEG; HS-(CH,CH;0)g-H; MW = 386.5 g.mol 1), MgCl,, NaCl,
Tris.HCl and streptomycin were purchased from Sigma Aldrich. All
molecules were diluted in running buffer consisting of 20 mM Tris.HCI,
0.1 M NacCl and 5 mM MgCl,, pH 6.0.

4.2. Aptamer

The streptomycin aptamer with the following sequence 5-HS-
(CHp)6-TTTTTTTTTTTTTTGCGCGCCCTAGGTACGATCGCGC-3' was
purchased from Eurogentec.

4.3. Surface nanopatterning

The arrays of gold nanocylinders were produced by electron beam
lithography using a scanning electron microscope (Pioneer, Raith)
directly at the surface of commercial QCM gold-coated sensor chips
(Biolin). The electron beam was used to produce the nanocylinder
gratings on a film of poly(methyl(methacrylate) (PMMA) (thickness =
140 nm) deposited on the gold surface of the QCM-D chip by spin
coating. The PMMA development was done for 60 s in a solution of 1:3
methyl isobutyl ketone: isopropanol (MIBK/IPA). In the final step, to
produce the nanocylinders, a gold layer with a thickness of 40 + 3 nm
was deposited on the PMMA mask by vacuum thermal evaporation. The
PMMA was then removed by a lift off process in acetone to obtain the
gold nanostructures.

4.4. QCM-D measurements

QCM-D measurements were performed at 20°C on a QSense E4
(Biolin Scientific) equipped with a peristaltic pump (Ismatec IPC-N 4)
with flow rate set at 40 uL/min. The quartz crystal is excited at its
fundamental oscillation frequency (5 MHz) and its harmonics. An
airflow is first injected inside the QCM cell to stabilize the frequency.
After 2 h, the running buffer is injected to stabilize the frequency in
solution. Upon stabilization, ~ 1h, a 5uM solution of aptamer in
running buffer is flowed over the QCM sensor during 60 min, followed
by 5 min rinsing with running buffer. Next, a 50 uM solution of HS-PEG
is injected during another 60 min, followed by a final rinsing with
running buffer to yield the final bimodal aptasensor. For the strepto-
mycin binding step, a 50 nM solution of streptomycin is injected for
45 min followed by injection of running buffer for 20-30 min. This
sequence is repeated with the 100, 200, 400, 600, 800 and 1000 nM
solutions of streptomycin. The AF and AD at the 7th overtone are shown.

4.5. SERS measurements

SERS measurements of MBA and aptamer in dry conditions were
performed with an Xplora spectrometer (Horiba Scientific) at 785 nm as
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excitation wavelength. Chemisorption of MBA was done by dipping the
sensor in a 1 mM MBA solution in ethanol for 24 h to form a self-
assembled monolayer at the gold surface. The SERS signals were
recorded in a backscattering configuration with an 80X objective having
a numerical aperture of 0.8.

4.6. QCM-D / SERS measurements

Simultaneous QCM-D / SERS measurements were done with a
QSense El1 instrument (Biolin Scientific) equipped with a window
module (see Figure S8) to irradiate the nanostructured surface with a
laser and collect the SERS signal. The QCM cell is then placed on a linear
translation stage to position the cell in the three directions x, y, and z,
and to be able to focus the Raman excitation laser at the QCM chip
surface. The SERS measurements were done at 785 nm using a Raman
Analyzer RXN1 microprobe (Kaiser Optical System) with a long-distance
50X objective and a numerical aperture of 0.55.
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