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Abstract: Deuterium-based isotopic labeling is an important technique for tracking cellular
metabolism with the Raman signals analysis of low-wavenumber (LW) C-D bonds and high-
wavenumber (HW) C-H bonds. We propose and demonstrate a disposable ultra-miniature fiber
probe to detect LW and HW coherent anti-Stokes Raman scattering (CARS) spectra for deuterated
compounds simultaneously and bond-selectively sensing. The 10.78 um diameter disposable fiber
probe, comprised of focusing taper as fiber probe head and time-domain walk-off eliminating fiber
section with designed length, realizes wide-frequency-interval dual Stokes pulse delivering and
focusing. The fiber probe enables quantitative concentration determination with resolution down
to 11 mM. The chemical vibration modes of LW region C-D bonds and HW region C—H bonds
of the mixture samples of organic compounds and their deuterated counterparts in a simulated
cell are simultaneously excited and characterized. The CARS disposable fiber probe introduces a
promising handle for in vivo biochemical detection based on isotopic labeling sensing.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Stable isotope labeling is widely used as a tracer in biological, medical, pharmaceutical, and
environmental fields through the study of metabolic fluxes [1-3]. The stable isotope, specifically
2D, substantially participates in cellular metabolic activities by replacing their primordial isotopes,
and thus cellular metabolic activity can be revealed by monitoring the intracellular conversion
of element ' H to its isotope >D. For example, tracking the glucose uptake in the metabolic
pathways and the diverging allocation of glucose towards the synthesis of various macromolecules
(such as nucleic acids, glycogen, protein, and lipids) can distinguish foam cells from activated
macrophages and vascular smooth muscle cells and have potential significance for unraveling
the pathogenesis of atherosclerosis plaques [4—7]. Stable isotope tracer methods combined
with conventional mass spectrometry (MS) and nanoscale secondary ion mass spectrometry
(nano-SIMS) allow quantification of stable isotope tracers at sub-organelle resolution and show
significant heterogeneity of glucose metabolism in foam cells, macrophages, and VSMCs in
atherosclerosis [8—10]. However, the limitations of atomic weight- and nuclear spin-based
detection mechanisms prevent them from fully and accurately obtaining precise molecular
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structure information and restrict them to only probing the early processes of glucose metabolism,
including fluxes that are taken up or converted to small-molecule metabolites [11,12]. Besides
that, MS and nano-SIMS require special preparation of the sample, such as extraction, enrichment,
or derivatization, which can be time-consuming and introduce potential errors [13]. Nano-SIMS
requires the sample to be placed in a vacuum environment, which may affect the biomorphology
and the activity of the sample [14,15]. The later processes of glucose anabolic products towards
macromolecule synthesis remain a gap to these techniques.

Raman spectroscopy can detect the stable labeled compounds within cells by characterizing
the vibrational modes of the chemical bonds. Benefiting from the label-free and non-destructive
nature of Raman spectroscopy, detection can be performed inside living cells without pre-
processing [16]. The strategy to identify isotopically substituted molecular species is to detect
the frequency downshift of the chemical bonds in the Raman spectra. For the deuterium-based
isotope, the Raman peak downshift from high-wavenumber (HW, 2800-3100cm™!) region
to low-wavenumber (LW, 1800-2300cm™!) region as the C—H bonds are converted to C-D
bonds. The downshift values depend on the specific C-H or C-D vibrational modes that are
being explored, as well as on the nature of the surrounding chemical environment [17]. The
downshift values are typically ~800cm™!. Consequently, the capability to detect a broad Raman
band or wide interval Raman band is crucial. The Raman spectroscopy combined with isotope
labeling can reveal the cellular metabolism by monitoring the changes of the C—H bonds and
C-D bonds and is applied for antibiotic susceptibility testing of infecting bacteria cells [18],
detection of viable but nonculturable bacteria cells [19], tracing the metabolism of lipids and
their storage patterns in eukaryotic cells [20-22]. However, the tiny scattering cross-section of
Raman scattering requires long spectra acquiring time to enhance the signal level, which limits
its real-time monitoring potential.

The inherently weak spontaneous Raman signal can be increased by many orders of magnitude
through surface-enhanced Raman scattering (SERS) and coherent Raman scattering (CRS). In
SERS, target stable isotopes are attached to silver or gold surfaces for the enhancement of the
Raman signal, which introduces an external interference in the spectra reproducibility challenge
[23]. CRS, including stimulated Raman scattering (SRS) and coherent anti-Stokes Raman
scattering (CARS), directly enhances the weak Raman signals and offers a nature high specificity
by exploiting the non-linear effect that happens when the frequencies of the two excitation pulses
match with the target chemical bonds. SRS detection mechanism cannot achieve backward
detection while CARS generates both forward and backward signals, making CARS preferred in
endoscopy-like scenarios. The drug response of live cells to deuterated docosanol was investigated
with the multiplex CARS [24]. Nevertheless, the supercontinuum-spectra-based multiplex CARS
has a low energy density in each wavenumber and needs a large total optical power for covering a
broad Raman range, resulting in a limited signal level improvement potential. Switching-CARS
or fast-tunable-frequency-CARS detect Raman signals of two or multiple vibration modes with
higher optical efficiency. LW and HW Raman spectra are detected by switching between two
wavelengths of Stokes pulses at high speed, so the detection is quasi-simultaneity [25,26].
Dual-frequency Stokes pulses are promising to realize true simultaneity. Dual-frequency Stokes
pulses can be generated with the birefringent effect of polarization-maintaining photonic crystal
fiber (PM-PCF) [27-29]. However, the anomalous dispersion and birefringence of the PM-PCF
inevitably introduce a time-domain walk-off for Stokes pulses with large optical frequency
intervals, which require pump pulse to switch between two-time delay line positions or to split
spatially into two-time delay paths. Furthermore, the microscope objective lens is used as a
probe head, making the system bulky, complex, and unsuitable for in vivo detection. Compared
to traditional bulky optic probes, miniature fiber optic probes are smaller, less expensive, and
more suitable for fabricating disposable fiber probes and biomolecule detection [30,31].
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In this paper, we propose and demonstrate an ultra-miniature disposable fiber probe that
simultaneously and bond selectively detects the deuterated compounds’ LW and HW region
CARS spectra. The disposable fiber probe, comprised of focusing taper as fiber probe head and
time-domain walk-off eliminating fiber section, realizes wide-frequency-interval dual Stokes
pulse delivering and focusing, as shown in Fig. 1(b). For selected chemical bonds, the disposable
fiber probe is customized to a suitable length to eliminate the time-domain walk-off of the wide-
frequency-interval dual-pulse. The capability of fiber probes to simultaneously detect LW and
HW region CARS spectra is demonstrated by the characterization of ethanol/benzonitrile mixture
in a simulated cell. The potential of the disposable probe for isotope labeling applications is then
verified by probing compounds and their deuterated counterparts. The all-fiber format probe
compensates the time-domain walk-off of the Stokes wide-frequency-interval dual-pulse without
bulky optics, making the LW and HW region CARS signal detection flexible and cost-effective.
The proposed CARS disposable fiber probe brings one step closer to the practicality of in vivo
biochemical detection combined with stable isotope probing.
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Fig. 1. Schematic diagram of simultaneous bond-selective deuterium-based isotopic labeling
sensing. (b) Schematic diagram of the experimental setup, including CARS excitation source
and detection module. LCVR: liquid crystal variable retarder, PBS: polarization beam
splitter, HWP: half-wave plate, BE: beam expander, FP: fiber-port, PM-PCF: polarization-
maintaining photonic crystal fiber, COL: collimator, M: mirror, ODL: optical delay line, VA:
variable optical attenuator, LPDM: long-pass dichroic mirror, SPDM: short-pass dichroic
mirror, PMT: photomultiplier tube, SPF: short pass filter. (c) The structure of CARS fiber
probe. The fiber probe is made of few-mode fiber and the Lyope is 51.64 cm.

2. Materials and methods
2.1. Stokes wide-frequency-interval dual-pulse generation

The wide-frequency-interval dual-pulse is necessary to detect LW and HW region CARS signals
simultaneously. Dual-soliton pulses generated by the PM-PCF (NL-PM-750, NKT Photonics)
can serve as Stokes wide-frequency-interval dual-pulse. The dual-soliton pulses are generated
by injecting linear polarization femtosecond pulses into the PM-PCF. The wavelengths of the
dual-soliton pulses can be tuned by adjusting the optical power and the linear polarization
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orientation of the incident pulses. The details of the Stokes wide-frequency-interval dual-pulse
generation can be found in the Supplement 1 and Ref. [32].

The homemade Stokes wide-frequency-interval dual-pulse CARS excitation setup is shown in
Fig. 1(b). A fiber-based laser source (C-fiber 780, MenloSystems) with a 70 mW average power
output at 100 MHz repetition rate is used. The pulse duration, central wavelength, and spectral
bandwidth are 80.49 fs, 780 nm, and 12.82 nm, respectively. The output laser pulse is split into
pump and Stokes paths using a liquid crystal variable retarder (LCC1113-B, Thorlabs) and a
polarization beam splitter (PBS, PBS052, Thorlabs). A motorized optical delay line (ODL100/M,
Thorlabs) is inserted into the pump path. It is worth noting that the optical delay line needs
no movement during the simultaneous detection of LW and HW region when the disposed
fiber probe length is customized according to selected bonds. The pump and Stokes pulses are
combined by a long-pass dichroic mirror (cutoff wavelength: 900 nm, LPDM900, Thorlabs). In
this manuscript, the center wavelength of the Stokes wide-frequency-interval dual-pulse is tuned
to 948 nm and 1031 nm, respectively, and the spectrum is shown in Fig. 2(a).
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Fig. 2. (a) The wavelength of the Stokes wide-frequency-interval dual-pulse is tuned to
948 nm and 1031 nm, and the wavelength of the pump pulse is 780 nm. (b) An optical time
delay At exists between dual-Stokes pulses generated by the PM-PCEF, and can be eliminated
by the fiber probe. (c) The schematic diagram of the method for measuring At. (d) LW and
HW region CARS signals can be simultaneously excited after pulse-to-pulse alignment.

2.2. Stokes wide-frequency-interval dual-pulse time-domain alignment

The dual-soliton pulses serving as Stokes wide-frequency-interval dual-pulse are temporally
non-overlapping due to the anomalous dispersion and the birefringence effect of the PM-PCF.
Pulse-to-pulse alignment is required to achieve simultaneous LW and HW region CARS signals
detection.

A time-domain walk-off At exits between dual-soliton pulses with different wavelengths, as
shown in Fig. 2(b) and (c), resulting in the pump pulse necessitating being split into two parts
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that temporally overlap with the dual soliton pulse, respectively. The time-domain walk-off
At consists of two parts, 71 and 7,. The time-domain walk-off 71, caused by the anomalous
dispersion of the PM-PCEF, is wavelength-dependent. The birefringence effect of the PM-PCF
causes the time-domain walk-off 75, which can be regarded as wavelength-independent. When
the soliton pulse with a larger wavelength corresponds to the fast-axis of the PM-PCF and the
soliton pulse with a smaller wavelength corresponds to the slow-axis, the relative time-domain
walk-off between dual-soliton pulses is AT, =71 — 75. Otherwise, the relative time-domain
walk-off is ATy, =71 + 72.

The wavelength-dependent time-domain walk-off 71 caused by the anomalous dispersion of
the PM-PCF can be calculated by the general non-linear Schrodinger equation (GNLSE) [33].
The optical time time-domain walk off 7, caused by birefringence is [34]:

BXxL ATb—ATa
= =
c 2

ey

B and Lpcr are the birefringence coefficient and the length of the PM-PCEF, and c is the speed
of light. Adding a suitable length Lyobe of fiber probe with normal dispersion can generate —At
for time-domain alignment, as shown in Fig. 2(b) and (d).

2.3. Reagents and materials

The samples used in the experiments, benzonitrile (Catalog No. B803712), ethanol (Catalog No.
E809061), cyclohexane (Catalog No. C804200), acetone-d6 (Catalog No. A800097), methanol
(Catalog No. M813907), and methanol-d4 (Catalog No. M812878), were purchased from
Macklin Biochemical Co., Ltd. (Shanghai, China). Cyclohexane-d12 (Catalog No. C-70391 G)
was purchased from Heowns Biochemical Technology Co., Ltd. (Tianjin, China). Acetone
(Catalog No. 0000184) was purchased from Rionlon Chemical Co., Ltd. (Tianjin, China).

For quantitative key-selective identification, samples were prepared by mixing benzonitrile
and ethanol in different proportions. Because benzonitrile possesses two independent Raman
resonances in LW and HW Raman spectra, while ethanol possesses Raman resonances only in
HW Raman spectra. For stable isotope labeling application, the samples used in the experiments
included three organic compounds, cyclohexane, acetone, and methanol, and their deuterated
counterparts, cyclohexane-d12, acetone-d6, and methanol-d4. The cyclohexene/cyclohexene-d12
mixture, acetone/acetone-d6 mixture, and methanol/methanol-d4 mixture are prepared by directly
incorporating organic compounds into the corresponding deuterated counterparts.

2.4. Fiber probe design and fabrication process

The disposable fiber probe used in the experiments is made of graded-index few-mode fiber
(FMF, FM GI-4, YOFC). The core and cladding diameters of the FMF are 23 um and 125 pm,
respectively. Compared to other solid core fibers, the four-wave mixing signal of the FMF signal
does not interfere with the measurement of the C-H bonds CARS signals [35].

The disposable fiber probe is fabricated into an adiabatic taper by the hydrogen/oxygen flame
brushing technique. The adiabatic taper possesses a smooth taper-transition region, allowing the
excitation pulses to remain in fundamental mode. The process steps are: (1) removing the coating
layer of the FMF and fixing it to the fixture; (2) Continuous heating and stretching of the FMF to
the proper length using a flame; (3) finding and measuring the diameter of the thinnest position
of the FMF, and slicing it into two parts by using the fiber splicing system (LDS 2.5, 3SAE). The
structure of the disposable fiber probe is shown in Fig. 1(c). The 7 mm long, 10.78 um diameter
fiber probe head is fabricated by the hydrogen/oxygen flame brushing technique, and the Lyope is
51.64 cm.
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3. Experimental results

3.1.  Time-domain walk-off measurement

The schematic diagram of the method for measuring At is shown in Fig. 2(d). For the measurement
of At, the benzonitrile with two independent Raman resonant peaks at 2230 cm™! and 3073 cm™!
is used as the standard sample. For the 2.81 m PM-PCF used in our experiments, the wavelength-
dependent coefficient of time-domain walk-off is 0.137 ps/nm [36]. The time-domain walk-off
71 of the Stokes wide-frequency-interval dual-pulse with wavelengths of 948 nm and 1031 nm,
respectively, is 11.371 ps.

The CARS signals collection system is shown in Fig. 3(a). The pump pulses and Stokes wide-
frequency-interval dual-pulse are focused on the samples by the 20X objective lens (N20X-PF,
Nikon). The forward CARS (F-CARS) signals are collected by another objective lens, filtered out
from the excitation pulses by a short-pass filter (cutoff wavelength 750 nm, FESHO750, Thorlabs),
and detected by a photomultiplier tube (PMT, PMMO02, Thorlabs). The measured CARS signals
of benzonitrile without a normal dispersion medium are shown in Fig. 3(b). The relative optical
delay is calculated to be At, =3.15 ps, and A1, =19.6 ps. Thus, the optical time delay 75 is
8.225 ps, and the birefringence coefficient of PM-PCF is 8.78 x 1074,

@ | CARS avcitatior carion and defaction modole |

CARS excitation source and detection module |

Sample : Lsrio 5

(b) ——948 nm @ fast axis 1031 nm @ slow axis
L AT =T+ T, :

948 nm @ slow axis 1031 nm @ fast axis
T T

—_~ o

) At=1-1,

>
T

=
%
T

o
2N
T

|

5 10 15
Time Delay (ps)

= =
= ~
A e—— e

Normalized Intensity (a.u.
=
-

h
20

Fig. 3. (a) The experimental setup for measuring optical time delay At. SF10: SF10
dispersion glass rod, OBJ: objective lens. (b) The measured optical time delay At without
normal dispersion medium.

The normal dispersion medium SF10 glass rod is then added to the Stokes path to verify if the
time-domain walk-off could be reduced or even eliminated. For Stokes wide-frequency-interval
dual-pulse with wavelengths of 948 nm and 1031 nm, the time-domain shift introduced by the
SF10 glass rod is —0.08225 ps/cm. SF10 glass rods with lengths Lggjo being 5 cm, 10cm, 15 cm,
and 20 cm are inserted in sequence, and the measured time-domain walk-off At, is 2.75 ps,
2.35 ps, 1.92 ps, and 1.50 ps under corresponding glass rod lengths, while Aty is 19.18 ps,
18.77 ps, 18.42 ps, and 18.00 ps, as shown in Fig. 4. The measured results demonstrate that the
time-domain offsets A, and Ay, decrease as the Lgg; increases.

3.2. Disposable fiber probe simultaneously detects LW and HW region CARS spectra

The experimental system is established according to Fig. 1(b) and the photograph of the disposable
fiber probe is shown in Fig. 5(a). The spectral focusing method is applied in CARS signals
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Fig. 4. The measured CARS signals of benzonitrile when adding 0 cm, 5 cm, 10cm, 15 cm,
and 20 cm SF10 glass rods into the system.

measurement to improve the spectral resolution. The chirped pump pulses and Stokes wide-
frequency-interval dual-pulse generated by the CARS excitation source are injected into the
disposable fiber probe through a collimator (PAF-X-7-B, Thorlabs). Different Raman vibration
spectra can be measured when the different frequency components of the pump and Stokes
wide-frequency-interval dual-pulse overlap. LW and HW region CARS spectrum can be obtained
by shifting the optical delay line to shift the pump pulse in time. The disposable fiber probe
outputs the tightly focused pulses to irradiate the sample and excite the F-CARS signal. The
generated F-CARS signals of samples are collected by an FMF and filtered out from the excitation
pulses by a short-pass filter (cutoff wavelength 750 nm, FESH0750, Thorlabs). A short-pass
dichroic mirror (SPDM, cutoff wavelength: 650 nm, SPDM650, Thorlabs) is added to the signal
collection side to separate the simultaneously generated LW and HW region CARS signals
system. The reflectance of SPDM for anti-Stokes light with wavelengths less than 646 nm and
the transmittance of anti-Stokes light with wavelengths greater than 660 nm are both greater
than 90%. The LW region CARS signal (<2400 cm™") is reflected by the SPDM and detected
by PMT1, while the HW region CARS signal (>2700cm™") is transmitted by the SPDM and
detected by PMT2. The signal from the PMT is sent to a data acquisition card (NI 6356, National
Instruments). The input range is +2 V and the ADC resolution is 16 bits.

The disposable fiber probe is fabricated with normal dispersion fiber, which is comprised
of focusing taper as fiber probe head and time-domain walk-off eliminating fiber section for
precise alignment of the Stokes wide-frequency-interval dual-pulse. The length of the optical
fiber is customized according to the specified Stokes wide-frequency-interval dual-pulse based
on the selected chemical bonds. The disposable fiber probe delivers the CARS excitation pulses
into the sample directly and closely, making it particularly suitable for in vivo testing. The
time-domain shift coefficient caused by FMF (FM GI-4, YOFC) is —0.735 fs/(nm-cm). When
the 1031 nm Stokes pulse corresponds to the fast-axis of the PM-PCF and the 948 nm Stokes
pulse corresponds to the slow-axis, 51.64 cm FMF can align the Stokes wide-frequency-interval
dual-pulse generated by the 2.81 m PM-PCF, and realize simultaneous LW and HW region CARS
detection. The end of the FMF is fabricated into an adiabatic taper as a disposable fiber probe
head using the hydrogen/oxygen flame brush technique. The length of the fiber probe head is 7
mm, and the end diameter is 10.78 um, as shown in Fig. 5(b).

To demonstrate the ability of the disposable probe to measure down to a single cell, an
80 um outer diameter hollow glass microbubble fixed on a hold fiber served as the simulated
cell to be detected. A 10 um diameter injector injects different liquids simulating cytoplasm
into the simulated cell. The disposable probe is mounted on a three-dimensional manipulator
to point at the simulated cell, and delivers the CARS excitation lights to the simulated cell.
The micrograph of the fiber probe probing a simulated cell is shown in Fig. 5(c) and (d). We
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Fig. 5. (a) Photograph of the disposable fiber probe setup, including a quick connector and
the fiber probe. The excitation pulses are coupled into the end of the fiber probe via the quick
connector. (b) Micrograph of the fabricated fiber probe head. The excitation pulses transmit
in the fiber probe and finally focus by the 10.78 um diameter probe head. The disposable
probe probing a (c) empty and (d) filled simulated cell. The simulated cell is fixed on a hold
fiber, and the filled contents in the simulated cell are injected by a micropipette (not shown
in the diagram). (e) The outer diameters of the fiber probes at different positions. (f) The
diameters of tapered optical fiber probes.

fabricated ten tapered optical fiber probes with 7 mm length. The outer diameters of the fiber
probes at different positions are shown in Fig. 5(e), and the fabricated fiber probes are relatively
uniform. The infrared camera of the fiber splicing system has a measurement accuracy of 1 um,
and thus the measured diameters of fiber probes at the 7 mm position are all about 11 pm. The
actual diameters of tapered optical fiber probes are measured by the microscope, as shown in
Fig. 5(f). The fabricating accuracy is 0.5 um. The reproducibility of the fiber probes indicates
the feasibility of mass production. We placed the fiber optic probe in the air medium and
captured the cross-sectional imaging of 780 nm, 948 nm, and 1031 nm laser spot output from
the disposable fiber probe. The cross-sectional imaging and the intensity profiles are shown
in Fig. 6. The spot size of the 780 nm, 948 nm, and 1031 nm laser spot is 9.93 um, 10.32 um,
and 10.41 um. The size of the focused spot using fiber probe is relatively large compared to the
traditional objective-based probes, making the sensitivity relatively low. Future work will reduce
the fiber probe end size and spot size to improve the excitation pulse intensity and the CARS
signal intensity.

We first demonstrate the capability of the disposable probe to simultaneously detect LW and
HW region CARS signals by injecting an ethanol, a benzonitrile, and a 1:1 ethanol/benzonitrile
mixture into the simulated cell. The measured LW and HW region CARS spectra of the samples
are shown in Fig. 7(a). When the ratio of ethanol and benzonitrile is 1:0, the measured CARS
spectrum is shown as the solid red line in Fig. 7(a). In the HW region, the Raman resonance
peak of ethanol at 2876 cm™" is visible, while the Raman resonance peaks at 2927 cm™! and
2973 cm™! of ethanol are displayed in one peak due to the limited resonance spectral resolution
of our present CARS system and the weak energy of the Raman resonance peak at 2973cm™!.
The disposable probe measure Raman resonance spectra with a resolution of ~50cm~'. The
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Fig. 6. The cross-sectional imaging and the intensity profile of (a) 780 nm, (b) 948 nm, and
(c) 1031 nm laser spot output from disposable fiber probe. The background medium is air.

absence of Raman resonance peaks in the LW region is consistent with the spontaneous Raman
scattering spectrum of ethanol. When the ratio of ethanol and benzonitrile is 0:1, the measured
CARS spectrum is shown as the solid blue line in Fig. 7(a). The Raman resonance peak of
benzonitrile can be seen at 3073 cm™! in the HW region and 2230 cm™! in the LW region, which
is consistent with the spontaneous Raman scattering spectrum of benzonitrile. When the ratio of
ethanol to benzonitrile is 1:1, the Raman resonance peaks of benzonitrile and ethanol in the LW
and HW regions are detected simultaneously, as shown by the solid green line in Fig. 7(a). The
intensity of Raman resonance peaks at 2230 cm~! in the LW spectra 330 and 3073 cm~! in the
HW spectra 13073 increased as the ratio of benzonitrile in the mixture increased, As shown by the
solid blue line in Fig. 7 (b) and (c). The intensity of Raman resonance peaks at 2876 cm™! in the
HW spectra I5376 decreased as the ratio of ethanol in the mixture decreased, as shown by the
solid red line in Fig. 7(c). The peak intensities at 2230 cm™!, 2876 cm™', and 3073 cm™! varied
by 16.4mV, 18.5mV, and 26 mV, respectively, over the 50%~100% concentration range. A
linear fitting is executed in the concentration range of 50~100%, and the calculated measurement
resolution of the peaks at 2230 cm™!, 2876 cm™! and 3073 cm™! is 0.186% (18 mM), 0.165%
(28 mM) and 0.117% (11 mM), as shown in Fig. 7(b) and (c). Our probe is simple to fabricate,
cost-effective, and has a wide detection range.

Then, we move to organic compounds and their deuterated counterparts to demonstrate the
capability of the disposable probe for stable isotope labeling applications. The number in the
name of the deuterated counterparts represents the number of ' H replaced by D in a single
molecule. For example, in a single cyclohexane-d12 molecule, twelve ! H are substituted by D,
and twelve C—H bonds in cyclohexane are substituted by C—D bonds. Three organic compounds
and their deuterated counterparts are utilized as samples and injected into the simulation cell.
Figure 8(a) shows the measured CARS spectra of the cyclohexane/cyclohexane-d12 mixture
injected into the simulated cell. Two Raman resonance peaks exist in the HW spectra, the
Raman resonance peak at 2853 cm™! represents symmetric CH, stretching vibration, and the
other Raman resonance peak contains 2923 cm™! and 2938 cm™' represents asymmetric CH,
stretching vibration in the cyclohexane. The replacement of ' H by 2D in cyclohexane-d12
results in a decrease in the molecular vibrational frequency. Three Raman resonance peaks
exist in the LW region CARS spectra, two Raman resonance peaks at 2155 cm™! and 2200 cm™!
represent asymmetric CD; stretching vibration, and the other peak contains the Raman resonance
at 2083cm™! and 2106 cm™! represents symmetric CD, stretching vibration. Figure 8(b) shows
the measured CARS spectra of the acetone/acetone-d6 mixture injected into the simulated cell.
In HW spectra, the Raman resonance peak at 2921 cm™! represents symmetric CH3 stretching
vibration in the acetone. In the LW spectrum, two Raman resonance peaks representing symmetric
CD; vibration in acetone-d6 are at 2111 cm™! and 2184 cm™!. Figure 8(c) shows the measured
CARS spectra of the methanol/ methanol-d4 mixture injected into the simulated cell. Two
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Fig. 7. a) The measured LW and HW region CARS spectra of the ethanol (red trace),
benzonitrile (blue trace), and 1:1 ethanol/benzonitrile mixture (green trace). (b) CARS signal
intensity of /5730 in the mixture and theoretical fitting curve as a function of benzonitrile
fraction in benzonitrile/ethanol mixture. (c) CARS signal intensity of />g7¢ and I3¢73 in the
mixture (red and blue triangle) and theoretical fitting curve (red and blue solid line) as a
function of benzonitrile fraction in the benzonitrile/ethanol mixture.

Raman resonance peaks exist in the HW region, the Raman resonance peaks at 2835 cm™!
and 2945 cm™! represent symmetric CHj3 stretching vibration CH3 degenerate stretching in the
methanol, respectively. While two Raman resonance peaks exist in the LW spectra, the Raman
resonance peaks at 2075cm™~! and 2255 cm™! represent symmetric CD; stretching vibration CD;
degenerate stretching in the methanol, respectively [37]. For each CARS spectra, smoothing has
been performed using the moving-average method. Overall, Fig. 8 shows that the disposable
fiber probe can simultaneously detect the CARS signals of C—D bonds and C—H bonds in the
samples. We can simply exchange another fiber probe for different chemical bond sensing with a
suitable length to connect to the system.

Figure 9 shows the LW and HW region CARS spectra of the cyclohexane/cyclohexane-d12
mixed solutions with 2:8 (solid black line), 3:7 (solid red line), and 4:6 (solid green line) mixing
ratio. We took the RMS of the first 30 data points with no signal as the noise signal. In the LW
region, the signal-to-noise ratios (SNR) are 14.13 dB, 9.50dB, and 4.3 dB, respectively; in the
HW region, the SNRs are 15.08 dB, 9.24 dB, and 2.53 dB, respectively. The SNR of the CARS
signal for C—H bonds in the HW region is higher than that for C-D bonds in the LW region. This
is due to the fact that the susceptibility of the C—H stretch vibration is about 50% higher than
that of the C—D stretch vibration [38]. CARS signal intensity correlates with the intensity of
excitation light. Future work will explore non-linear optical amplification methods to amplify the
power of Stokes pulses to improve detection resolution and sensitivity.
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4. Conclusion

In conclusion, an ultra-miniature disposable fiber probe that can simultaneously and bond-
selectively detect LW and HW spectra of deuterated compounds is proposed and demonstrated.
A few-mode fiber with normal dispersion is utilized and fabricated into the disposable fiber probe
to deliver and align the Stokes wide-frequency-interval dual-pulse. The excitation pulses are
focused by the disposable probe head, which is fabricated by the tapering process. The LW and
HW region CARS signals of the samples are excited by the interaction of pump pulses with
Stokes wide-frequency-interval dual-pulse. The time-domain walk-off excites between the Stokes
wide-frequency-interval dual-pulse generated by the PM-PCF and is calculated and measured
by characterizing standard samples. The fiber probe head with a 10.78 um diameter focuses the
excitation pulses to the simulated cell, simultaneously detecting the Raman resonance signals of
the ethanol/benzonitrile mixture in the LW region and HW region with an interval of ~850 cm™".
The measurement resolution of the Raman peaks at 2230 cm™", 2876 cm™" and 3073 cm™" is
0.186% (18 mM), 0.165% (28 mM), and 0.117% (11 mM). Subsequent compounds and their
deuterated counterparts probe experiments demonstrate their potential for application to isotopic
labeling. Subsequent detection of compounds and their deuterated counterparts demonstrated
the ability of the disposable fiber probe to resolve different C—D and C—H vibrational modes
and its potential for application to stable isotope labeling. Although we currently use collection
fiber to collect the forward CARS signal, single-ended detection can be realized by collecting
backward CARS signals and specially designed fiber. True intracellular isotope-labeled sensing
can be achieved by increasing the intensity of pump light and Stokes light and thus the resolution.
The simultaneous LW and HW region CARS disposable fiber probe combined with stable
isotope labeling could be applied to tracking lipid metabolism in atherosclerosis plague, mapping
intravascular lipid distribution, and developing drugs and monitoring treatments in the future.
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