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Abstract

Although surface-enhanced Raman spectroscopy (SERS) is a powerful analytical technique with unbeaten sensitivity, the
capabilities of SERS have been not fully utilized in screening applications because throughput of spectrum detection by
conventional Raman instruments has been restricted due to their single-point measurement manners. Hence, this paper
presents a development of a high throughput Raman screening system that employs a fiber-optic switch and a Raman probe
array. In the system, a 785 nm excitation light is directed into the 1 X 8 broadband optical switching device and selectively
switched to one of 8 output ports connected to the corresponding Raman probe array to deliver the light to samples under
each probe. This optical switching driven probing in sequence allows us to rapidly detect Raman scattering of the multiple
(n=8) samples in array within a short time (~28 s) with decent sensitivity (10~ M). The Raman spectroscopy of the system is
validated by comparing the features of Raman spectra obtained from vitamin C tablets with those from a commercial Raman
microscope and the detection sensitivity is measured with SERS substrates with different concentrations. Then, feasibility
of high throughput screening is tested with a SERS chip array.

Keywords Raman spectroscopy - Surface enhanced Raman spectroscopy (SERS) - High throughput screening (HTS) -

Multi-point measurement - Optical switch

1 Introduction

Raman spectroscopy is a light scattering based chemical
analysis technique. It interrogates an inelastic light scatter-
ing, known as Raman scattering in which photons incident
on a sample lose or gain energy via interaction with vibrat-
ing molecules in the illuminated sample [1]. This energy
shift is spectrally encoded in the detected Raman scat-
tered photons of which spectra reflect information regard-
ing molecular compositions of the sample. Thus, Raman
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spectroscopy can be applied to detect characteristic chemical
fingerprints of versatile substances in any phase (gas, solid,
and liquid) without sample labeling, allowing a wide range
of applications for quantitative chemical analysis, including
blood and drug analysis [2, 3]. Despite of the advantages,
wide-spread application of Raman spectroscopy in real-life
detection has been limited because the normal Raman scat-
tering is intrinsically faint and occurs for one in every 108
scattered photons [4].

Surface-enhanced Raman spectroscopy (SERS) is an
alternative to overcome the limitation of Raman spectros-
copy [5]. SERS detects surface enhanced Raman scatter-
ing, a phenomenon in which inelastic light scattering by
molecules is greatly enhanced (by factors up to 10® or even
larger) when the molecules are absorbed onto corrugated
metallic nanostructures [6]. The enormous enhancement in
Raman intensity is mainly attributed to the excitation of the
localized surface plasmons and the chemical interactions [7,
8]. More specifically, as the metal nanostructures interact
with an electromagnetic wave (incident light), the collec-
tive oscillations of surface electrons (well known as surface
plasmon) are induced, generating very large electric fields
occurred at the sharp apexes and edges in the illuminated
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nanostructures [9]. Chemical enhancement arises from
charge transfer between the plasmonic nanostructure and
the analyte molecules in the vicinity of the nanostructures,
resulting in the enhancement of Raman scattering [10].
Owing to its ultra-high sensitivity, SERS allows for the
structural fingerprinting of low concentration analytes. The
recent technical advances in SERS have reported the achiev-
able enhancement factor as large as 10'* [11], suggesting
the way to detection on the single-molecule level while pre-
serving the main advantages of parent Raman spectroscopy.
Therefore, SERS is considered a very promising option for
routine analytical techniques in vast array fields including
biochemical, biomedical, environmental, and food analyses
[12-17].

In screening applications, to fully leverage the powerful
capabilities of SERS, it is essential to improve the
throughput in spectrum detection of the Raman systems.
However, the throughput of the conventional Raman
microscopes has been highly restricted due to their single
point measurement manner, and thus it requires intensive
human labor for testing of multiple samples, resulting in
long screening times of more than tens of minutes to hours
for tens of samples [18, 19]. However, high throughput
screening (HTS) has been used as a key technique to
analyze the number of chemical compounds in the recent
pharmaceutical industry and biomedical researches [20,
21]. In HTS, a combination of microplates containing
96- or 384-wells and plate readers allows for rapid testing
of tens to hundreds of chemical, genetic, or biological
libraries [22]. Hence, the combination of a high throughput
screening with Raman spectroscopy can be effective for the
rapid SERS detection of massive samples. While the HTS-
Raman systems have been developed and commercially
available [23, 24], they still adhere the single-point, one-
by-one detection manners using a slow mechanical x—y
translation stage although it runs automatically, which may
restrict the high throughput SERS detection in practice.
Recently, Kawagoe et al. have successfully demonstrated
parallel Raman detection of hundreds of samples in the
multi-well plate [25]. Despite of significant improvement
in throughput of Raman measurement, however, it needs
the hundreds of customized Raman probes facing each well
for simultaneous detection and high priced two-dimensional
(2D) spectrometer, making it complex and costly.

In this paper, we develop an optical switch based Raman
spectroscopy (OSRS) system for high throughput screening
that combines a fiber-based optical switching device and a
Raman probe array in a confocal Raman microscope. The
optical switch has been employed as a useful multi-port
optical networking connector in the telecommunication
industry owing to its high speed and low-loss optical power
delivering capability on a broad bandwidth [26]. In the
proposed system, the fiber based optical switch is exploited

to selectively switch the Raman probes. In the device, the
input port is mechanically linked to one of the output ports
connected to the corresponding probes, enabling sequential
light transport to each probe in few milliseconds. Thus, the
high-speed optical switching manner allows us to rapidly
detect Raman spectra of the multi-samples in array, useful
for massive workload assay. The system performance as
Raman spectroscopy is validated by measuring Raman
spectra of vitamin C tablets and different SERS substrates.
Then, the system feasibility for high throughput screening
is demonstrated with a SERS chip array.

2 Materials and Methods
2.1 Optical-Switch Raman Spectroscopy

Figure la shows a schematic of the implemented OSRS
setup. The system consists of three main components: a
light source, an array probe with an optical switch, and a
spectrometer. A 785-nm laser diode (I0785SL0O100SA,
IPS Inc.) with a spectral linewidth of 0.2 nm was used as
an excitation light source, and the output beam from the
laser was collimated by passing it through a collimator
(TC25FC-780, Thorlabs Inc.). The power of the collimated
beam was adjusted using a circular variable neutral-density
(ND) filter (NDC-100C-2-B, Thorlabs Inc.). The beam
was deflected 90° by a dichroic mirror (LPD02-785RU-25,
transmission at> 785 nm, Semrock Inc.) and then directed
to an input fiber of a broad wavelength mini optical switch
(FFMU-088S1H229, Agiltron Inc.) via another collimator
(TC25FC-780, Thorlabs Inc.). The optical switch used has
1 x 8 optical channels connected to 0.5-m-long optical fib-
ers with a core diameter of 400 pm, among which one was
used as the input optical channel and the remaining fibers
were used as the output optical channels. The input opti-
cal channel was connected to each output optical channel
by directly coupling a pair of fibers. This was achieved by
moving the input optical fiber using a precision mini-motor
in the switch so that the beam directed to the input channel
could be transferred to the coupled output fiber. The location
of the input fiber was adjusted by the driving circuit, which
interfaced with a PC through a USB connection. Addition-
ally, the eight output fibers were connected to eight identi-
cal small-lens optics (numerical aperture: 0.64, focal length:
4.03 mm) assembled onto an aluminum plate as a multi-
array probe. The beam from the probe was tightly focused
on the sample, which was placed on a translation stage, and
the scattered light (Raman + Rayleigh scattering) from the
sample was collected from the output fiber and redirected to
the input fiber. The light signals with wavelengths exceeding
785 nm were passed through the dichroic filter. The trans-
mitted light signal (Raman signal) was spectrally filtered
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Fig. 1 a Schematic of the confocal Raman spectroscopy equipped with a fiber-based optical switch and b photograph of the implemented system

by two long-pass filters (LP02-785RE-25, Semrock Inc.) to
ensure the suppression of the residual Rayleigh scattering
light. Finally, the filtered Raman signal was detected by a
highly sensitive portable spectrometer (MNL-1009 QE Pro,
Ocean Insight Inc.) to display the Raman spectrum. The sys-
tem operation (optical switching, signal detection, display,
and storage) was fully automated by a customized operating
program written in LabVIEW. Figure 1b shows a photograph
of the OSRS system implemented in the laboratory.

2.2 Raman Data Acquisition

The overall procedure for Raman data acquisition using the
optical switching is illustrated as a flow chart in Fig. 2a. In
briefly, the spectrometer and optical switch are activated and
initiated, during which the input optical fiber in the opti-
cal switch is physically situated to the first (i =1) output
optical The overall procedure for Raman data acquisition
using optical switching is illustrated in Fig. 2a. Briefly, the
spectrometer and optical switch are activated and initiated,
during which the input optical fiber in the optical switch is
physically placed at the first (i=1) output optical channel
(“home” channel, corresponding to ready mode). Next, for
optical switching, a command to connect the input optical
fiber to the next (i =2) output optical channel is sent to the
driving circuit of the optical switch, where the input fiber is
moved and coupled to the adjacent output fiber by the mini-
motor in 500 ms. The completion of the channel switching
is confirmed by a Boolean indicator in the system operating
program (lighting of a green lamp in Fig. 2b). Immediately
after the green lamp turns on, the Raman signal from the
probe connected to the i-th output optical fiber is detected
by the spectrometer and displayed (Fig. 2b). If the current
i is not equal to 8 (total number of output channels), i is
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increased to i+ 1 (i=3), and the channel conversion of the
neighboring output fiber, followed by the Raman spectra
detection and display, is repeated until i is 8. Thus, Raman
data from the eight samples in the array are sequentially
acquired and displayed within a few seconds (total switch-
ing time is 4 s +integration time depending on the samples)
(Fig. 2c). The acquired Raman dataset is saved in a CSV
format on the PC for analysis. These procedures (channel
switching, data acquisition, and display) are shown in Video
S1.

2.3 Raman Data Calibration

The Raman data measured by our system can be affected
by two strong background signals. The first is a fiber
background (FB) signal due to Raman scattering coming
from the fiber core material (silica) as the laser beam
propagates along the fiber channels in the optical switch [27].
The other is a fluorescence signal emitted from the sample
excited by the laser beam. These signals are comparable
to or even stronger than the sample Raman signal and can
cause a misleading readout of the actual sample’s Raman
data. Thus, to remove the background signals, the acquired
Raman data are corrected via two simple numerical steps,
as explained in the following paragraph.

The first step is to utilize the sample-free FB signal to
remove the FB signal from the sample data. The sample-
free FB signal is the fiber’s Raman signal acquired with no
sample, and its spectrum is static. We found that the peaks
of this Raman signal are dominant even with the sample.
Considering that the Raman signal intensity is positively
correlated with the laser power and integration time [28],
the FB signal from the sample data is removed by rescaling
the intensities of the Raman peaks of the sample-free FB
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Fig.2 a Flowchart of how Raman data are acquired using the OSRS
system. b Sequence for channel switching and data acquisition, corre-
sponding to the blue dotted box in (a). ¢ Front panel of the LabVIEW

signal to those of the sample data and then subtracting them.
For example, Fig. 3a shows the sample-free FB signal (red)
and the sample Raman data (black). From the FB signal, we
selected the main peak at 487 cm™! as a reference peak for
rescaling, which is distinct and far from the sample spec-
tra (600-1800 cm™"). Then, the FB signal was numerically
rescaled with a scale factor (intensity ratio of the peaks at
487 cm™") as follows:

Ipeakmmplfat487cm*1
IRescaledFB = I X 1pp
peakppat487cm=!

where Iy, .04 g T€Presents the rescaled FB signal (red in
Fig. 3b) and I represents the original FB signal before res-
caling (black in Fig. 3b). As shown in Fig. 3b, the rescaled
FB signal is well-matched with the FB signal in the sample
Raman data. Thus, after the subtraction of the rescaled FB
signal, the sample’s Raman spectrum remains on the broad
and smooth emission spectrum resulting from the fluores-
cence of the sample, as shown in Fig. 3c. The emission
spectrum is then easily removed via polynomial fitting as a

operating program (top: before measurement, bottom: after measure-
ment), with which eight monitors sequentially display the Raman
spectrum for each channel (channels 1-8)

second step (Fig. 3d), yielding the Raman spectrum of only
the sample (Fig. 3e).

3 Results and Discussion
3.1 Raman Signal Measurement

The performance of the proposed system for Raman spec-
troscopy was tested with chemical compounds and SERS
chips. We selected a vitamin C (ascorbic acid) tablet as a
testing sample because it is well-standardized in size and
chemicals, easy to align and probe. Moreover, Raman spec-
trum of the vitamin C has been commonly reported in many
previous literatures [29, 30], which can be used as a refer-
ence for Raman spectra obtained by the proposed system.
The 785-nm laser beam was focused on the tablet with an
optical power of 8.2 mW for 3 s. Figure 4a shows the Raman
spectrum of vitamin C measured by one of the eight probes
in the OSRS system, which was spectrally analogous to the
Raman signal of the same sample measured by a commercial
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Fig.3 Numerical calibration of the sample Raman data to remove Raman signal of fiber and emission spectrum due to sample fluorescence

confocal Raman microscope (HEDA, Weve Inc.) with the
similar experimental condition (laser wavelength: 785 nm,
laser power: 8 mW, lens NA: 0.64, exposure time: 3 s) The
spectral shape in Fig. 4a was consistent with those reported
in the previous Raman spectroscopy papers [29, 30], where
the peaks at 623 cm™!, 1122 ecm™!, and 1656 cm™! are
assigned to the C—C, C-O-C, and C =C stretching vibra-
tions, respectively. Moreover, the peaks at 1257 cm™! and
1315 cm™! are attributed to the C-O-H and CH bending
bonds, respectively. These results indicate that the Raman
signal was detected by the OSRS system.

Serial measurements were conducted for all (n=8) probes
using the optical switch. The data acquisition took ~28 s,
including the switching time (0.5 s) and integration time
(3 s) for each channel. Figure 4b presents the Raman
spectra of the vitamin C tablets placed under each probe,
showing similarities in terms of the spectrum and magnitude
despite minor differences in the intensities of the main
peaks at 623 em™!, 1121 em™, 1256 em™!, 1315 cm ™, and
1657 cm™! (Fig. 4¢). This small ripple in the intensities may
be due to sample misalignment or the non-flat sample stage
inducing different focal beam powers onto the samples.
However, the results indicate uniform performance in
Raman detection for all channels.

9\ Springer <KBCS

3.2 System Sensitivity Measurement

To evaluate the SERS signal sensitivity of our system, we
used four well-estimated SERS chips based on an Au-nano-
particle-internalized nanodimple substrate [31], which was
freely donated. To generate the SERS output of the sub-
strate, malachite green isothiocyanate (MGITC), which
is commonly used as a surface-bound Raman reporter,
was topically applied to the SERS chips. In our experi-
ment, four SERS chips with different MGITC concentra-
tions (ranged from 1077 M to 10~* M) were fabricated,
and their SERS signals were measured using the OSRS
system. The SERS spectra for the MGITC solutions of dif-
ferent concentrations are shown in Fig. 5a. As the MGITC
concentration increased, the intensity of the SERS signal
increased. The main Raman peaks of the SERS spectra at
915em™, 1171 em™, 1293 em™, 1363 ecm™, 1391 cm™!,
and 1582 cm™! are attributed to the ring-breathing, in-plane
benzene v9, phenyl-N + C-C stretching, in-plane C—C and
C-H stretching, and in-plane phenyl ring stretching and
bending vibrations, respectively [32, 33]. Most of the six
peaks were observable for low concentrations of 10”7 M. The
SERS intensities at 915 cm™, 1171 ecm™, 1391 cm™', and
1582 cm™! were plotted with respect to the MGITC concen-
tration (Fig. 5b). High linearity between the SERS intensity
and MGITC concentration was observed above 1076 M for
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all the peaks (R*=0.9726 at 915 cm™!, 0.9913 at 1171 cm™!,
0.9899 at 1391 cm™', and 0.97 at 1582 cm™"). The result
shows that the system can provide the SERS measurements
in analyte concentrations as low as 1077 M, representing the
detection sensitivity.

3.3 SERS Measurement

To perform the SERS measurements of various analytes, five
chemical reagents were used: Rhodamine B (RhB, Junsei
Chemical), Rhodamine 6G (R6G, Sigma—Aldrich), mala-
chite green chloride (MG, Supelco Inc.), 1,2-di(4-pyridyl)
ethylene (BPE, Sigma—Aldrich), and 3,3'-diethylthiadicarbo-
cyanine iodide (DTDCI, Sigma—Aldrich). The RhB (479 ng/
mL), R6G (479 pg/mL), and DTDCI (5.18 pg/mL) powders
were diluted in deionized water, and the MG (364.9 pg/mL)
and BPE (182 pg/mL, 5% methanol in water as solvent)
powders were synthesized in methanol at a concentration
of 1 mM. Next, the compounds were dropped (10 pL of
solution) onto SERS chips with an Au-coated zinc oxide
(ZnO) vertical nanorod substrate [34] and evaporated via
the drop-casting method prior to the SERS measurements
using the OSRS system. The SERS signals were obtained
with a 10-mW laser power for 3 s. The unique SERS patterns
of the respective molecules can be clearly distinguished by
their narrow bands, as shown in Fig. 6a, and are similar to
those previously reported [35-39]. In the RhB spectrum, the
peaks at 1280 cm™), 1356 cm™!, and 1507 cm™! are attrib-
uted to the C—C bridge stretching and aromatic stretching
[35]. The bands at 1359 cm™! and 1507 cm™! are from aro-
matic C—C stretching in R6G [36]. The peaks at 1174 cm™,
1397 cm™!, and 1615 cm™" in the MG spectrum are assigned
to the in-plane vibrations of the C—H ring, N-phenyl stretch-
ing, and C—C ring stretching, respectively [37]. The peaks at
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Fig.6 a SERS signals of five types of Raman labeling compounds
(RhB, R6G, MG, BPE, and DTDCI) that were deposited on the SERS
chips. b Pseudo-colormaps of the Raman spectral intensities in (a),
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1199 cm™!, 1606 cm™!, and 1638 cm™! in the BPE spectrum
correspond to the in-plane vibrations of the C-H ring, pyri-
dyl ring C—C stretching, and vinyl C=C stretching, respec-
tively [38]. To visually identify the spectral characteristics of
the sample, the spectrum is presented as a pseudo-colormap
in Fig. 6b. The colors indicate the normalized magnitudes of
the spectral intensities; the hotter color regions correspond
to the main Raman peaks (red-shaded bars) of the samples
in Fig. 6a. The results indicate that the proposed system
can detect and identify the SERS signals of the different
compounds.

3.4 SERS Array Measurement

We evaluated the massive testing feasibility of the system
by fabricating an SERS array sensor (152 mm X 52 mm)
comprising 24 SERS chips uniformly arranged in a 3 X8
(rows X columns) two-dimensional (2D) array on silica glass.
One of the five reagents (DTDCI, BPE, MG, R6G, and RhB)
in Fig. 6 was randomly selected and deposited on the indi-
vidual SERS chips. Then, the fabricated 24 SERS chips
were arranged with 8 chips per row on a three-axis transla-
tion stage under the Raman probes of the OSRS system, as
shown in Fig. 7a. The distance between adjacent SERS chips
was equal to the pitch of the Raman probe array (17 mm),
allowing the laser beam to be focused on the center of each
chip’s substrate. The SERS measurement for the 1st line
was conducted by sweeping the laser beam along the Raman
probes, after which the sensor was forward-shifted for the
next line measurement by using the translation stage. The
total measurement time for each line was 28 s. Figure 7b—d
present the colormaps of the Raman spectra measured from
the SERS chip array in the 1st, 2nd, and 3rd lines, respec-
tively. The colormaps exhibit the characteristic sample
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where the hot narrow bands in the map correspond to the main peaks
of the Raman spectrum
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patterns of the Raman bands, distinguishing the reagents
on the SERS chips. This result indicates that the proposed
Raman system can rapidly detect and identify multi-variable
single target molecules on metallic nanostructures.

In discussion, the measurement time of the proposed
system was ~ 28 s including the data acquisition and display
for the multiple samples (n=38) in array, corresponding
to the screening time of ~3.5 s (0.5 s switching time+3 s
integration time) per sample. Since the screening is mainly
limited to the integration time, the measurement time can be
significantly shortened to 12 s for 8 samples by decreasing
the exposure time to 1 s at the expense of the intensity levels.
Furthermore, the switching time can be also decreased by
using digital MEMS-driven fiber optic switches, in which
the on/off switching between output ports is achieved by
thermally activated digital micro-mirror movements within
10 ms [40]. For a standard 96-well plate, therefore, the
system is expected to screen all wells (n=96) within a few
minutes considering the mechanical translation of the well
plate, which is much faster compared to the conventional
Raman microscopes (> several tens of minutes for tens of
samples) [25].

In this work, the detection sensitivity of proposed sys-
tem was estimated to be 1077 M, the lowest concentration
in the MGITC SERS substrates provided, which is compa-
rable to the previous results obtained using the commercial
Raman systems [41]. Improvement in the sensitivity (less
than 10~ M) would be possible with high quality SERS
substrates with a very low detection limit (LOD) for specific
molecules [42, 43]. Furthermore, the use of lens with the
higher NA more than 0.6 (the corresponding magnification
is typically 40 ~ 100) may increase the Raman signal levels
for the sample optical power, compromising of the shorter
working distance [44].

We have observed the strong Raman spectral
background generated in the silica cores of the excitation
and collection fibers in the fiber-optic switch and probe,
which could be effectively removed from the measured
spectra using the simple numerical method (Fig. 3).
There have been the technical approaches to avoid the
high silica background. Instead of the lone fiber used for
both excitation laser delivery and Raman signal collection,
multiple, bundled silica fibers have been used in the fiber-
optic probe to separate the excitation and collection paths
[45, 46]. Konorov et al. have proposed a multi-fiber probe
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based on a hollow-core photonic-crystal fiber (PCF)
surrounded by three silica-core collection fibers [47].
Because the excitation beam is transmitted through air
hole (10-20 pm in diameter) inside the hollow-core of
PCEF, the silica Raman scattering can be much reduced.
However, the multi-fiber configuration may lead to the
increased size and complexity of the system. Raml et al.
have demonstrated Raman spectroscopy using a single
crystal sapphire fiber [48]. Because of its narrow Raman
bandwidth close to the excitation laser wavelength, the
background Raman spectrum remains localized, and the
sample Raman spectra can be easily identified.

The proposed system may be also utilized for high
throughput fluorescence based immunoassay [49]. To
achieve both SERS and immunoassay on the single
platform, the modification in the current system is
considered. For example, two single wavelength lasers
(785 nm laser for SERS, visible laser for immunoassay)
would be used as excitation light sources for Raman
scattering and fluorescence emission [50], respectively.
Moreover, a wavelength division multiplexer (WDM)
combiner would be needed to deliver the two laser beams
into the optical switch for sample illumination, and
an additional optical component such as a broadband
beam splitter would be placed between the WDM and
the Raman dichroic mirror to deflect the fluorescence
emission signals. In the detection part, a photomultiplier
tube (PMT) would be added for the fluorescence signal
detection.

4 Conclusion

We have developed a fiber-optic switch based Raman
spectroscopy to tackle the limitation in throughput of
conventional Raman instruments. Our experiments
demonstrated its feasibility for high throughput screening
of multi-variable chemical molecules. The developed Raman
system can be further improved in terms of the form factor,
analytical capability, and full automation for its application
to clinical and point-of-care settings, being currently
underway as a near future work. With the SERS sensors,
therefore, the proposed approach would be an alternative
tool for high throughput Raman screening of SERS-active
samples, including DNA, microRNA, proteins, blood, and
bacteria.
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