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ABSTRACT

Spontaneous Raman microscopy reveals the chemical composition of a sample in a label-free and non-invasive fashion by directly mea-
suring the vibrational spectra of molecules. However, its extremely low cross section prevents its application to fast imaging. Stimulated
Raman scattering (SRS) amplifies the signal by several orders of magnitude thanks to the coherent nature of the nonlinear process, thus
unlocking high-speed microscopy applications that provide analytical information to elucidate biochemical mechanisms with subcellu-
lar resolution. Nevertheless, in its standard implementation, narrowband SRS provides images at only one frequency at a time, which is
not sufficient to distinguish constituents with overlapping Raman bands. Here, we report a broadband SRS microscope equipped with a
home-built multichannel lock-in amplifier simultaneously measuring the SRS signal at 32 frequencies with integration time down to 44 ys,
allowing for detailed, high spatial resolution mapping of spectrally congested samples. We demonstrate the capability of our microscope
to differentiate the chemical constituents of heterogeneous samples by measuring the relative concentrations of different fatty acids in cul-
tured hepatocytes at the single lipid droplet level and by differentiating tumor from peritumoral tissue in a preclinical mouse model of
fibrosarcoma.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/).

APL Photon. 7, 076104 (2022); doi: 10.1063/5.0093946 7,076104-1
© Author(s) 2022

¥2:91:L 1 ¥20c Jequede LL


https://scitation.org/journal/app
https://doi.org/10.1063/5.0093946
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0093946
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0093946&domain=pdf&date_stamp=2022-July-6
https://doi.org/10.1063/5.0093946
https://orcid.org/0000-0001-8951-972X
https://orcid.org/0000-0002-4281-7524
https://orcid.org/0000-0003-4227-570X
https://orcid.org/0000-0002-5836-6211
https://orcid.org/0000-0001-6218-8393
https://orcid.org/0000-0002-6391-0672
https://orcid.org/0000-0002-3359-6205
https://orcid.org/0000-0003-3207-3119
https://orcid.org/0000-0002-0808-112X
https://orcid.org/0000-0002-6468-3010
https://orcid.org/0000-0001-9203-5814
https://orcid.org/0000-0002-1922-0818
https://orcid.org/0000-0002-7437-4262
https://orcid.org/0000-0002-5653-199X
https://orcid.org/0000-0002-2854-8444
https://orcid.org/0000-0003-4825-9612
https://orcid.org/0000-0002-9534-2702
https://orcid.org/0000-0002-6960-5708
mailto:alejandro.delacadena@polimi.it
mailto:dario.polli@polimi.it
https://doi.org/10.1063/5.0093946

INTRODUCTION

Raman microscopy is a powerful technique to image biological
specimens, such as cells and tissues, in a label-free and non-invasive
manner. It measures the vibrational spectrum of the molecules”
contained in a diffraction-limited focal spot, providing direct infor-
mation on the chemical composition and structure of the sam-
ple. Spontaneous Raman (SR) imaging uses the whole information
encoded within the vibrational spectrum as a source of contrast
to distinguish several molecular constituents of living organisms,
delivering maps with high chemical specificity and high spatial res-
olution.” On the downside, SR suffers from very low scattering cross
sections due to its spontaneous nature, resulting in a long pixel
dwell time of ~1 s, which leads to acquisition times of up to sev-
eral hours for a high spatial resolution image.” These hurdles can
be overcome employing coherent Raman scattering,” ~ in either the
coherent anti-Stokes Raman scattering (CARS)'’ or the stimulated
Raman scattering (SRS)'' modality. In particular, SRS is becoming
the technique of choice since, differently from CARS, it shows a lin-
ear dependence on the concentration of resonant molecules'” and is
nearly immune from nonlinear effects unrelated to any vibrational
transition, such as the so-called non-resonant background, that can
distort or even overwhelm the vibrational response of the molecules
under study.'"*

SRS is a third-order nonlinear optical process originating from
the spatiotemporal superposition of two light fields, the pump (at
frequency wp,) and the Stokes (at frequency ws). At the sample
plane, this superposition generates a beating at the pump-Stokes
frequency detuning Q = wpy, — ws. When Q matches a vibrational
mode Qp of a molecule, the resonance induces a coherent energy
transfer between the driving fields and the molecule. This process
enhances the nonlinear signal generation efficiency by many orders
of magnitude with respect to SR, enabling chemically specific label-
free imaging at high acquisition rates.'”'” Because of this nonlinear
light-matter interaction, the molecule reaches a vibrationally excited
state, and simultaneously, the Stokes pulse is amplified (a process
known as stimulated Raman gain, SRG), while the pump pulse is
attenuated (a process known as stimulated Raman loss, SRL)."” SRG
and SRL are small signals (AI) sitting on top of an intense and
fluctuating optical field (I), with AI/I typically ranging from 107*
to 107°. To extract such tiny signals, one beam is modulated at
high frequency (>1 MHz, where the laser noise reaches its mini-
mum values), and the modulation transfer on the other beam is
detected using a lock-in amplifier,'' a resonant circuit,'® or a box-
car integrator.'” Thus, the laser noise is strongly suppressed and the
imaging speed can be increased for a given target signal-to-noise
ratio (SNR).”"

Conventional SRS  microscopy employs narrowband
(#10-20 cm™') pump and Stokes pulses to image a sample at
a single vibrational frequency, allowing imaging at speeds up to
the video rate, with pixel dwell times as low as #100 ns.”! Notably,
narrowband SRS microscopy working at two vibrational frequencies
resonant to the lipid-rich and protein-rich regions of cells has even
reached the operating room, delivering near-real-time diagnosis of
fresh, unprocessed thin human tissue slices, which reveals structural
features similar to those observed with the conventional cancer
diagnosis, i.e., histopathology examination by hematoxylin and
eosin (H&E) staining.””
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However, narrowband SRS working at just one or two vibra-
tional frequencies is often not sufficient to differentiate chemical
species with overlapping Raman bands, especially within heteroge-
neous systems,” e.g., a tissue or a cell. To exploit the full potential
of SRS, broadband SRS realizations have been proposed to measure
a vibrational spectrum of the sample at each image pixel. Broad-
band SRS can be classified as follows:** (i) hyperspectral SRS, which
combines narrowband pump and Stokes pulses, for single-frequency
SRS, with fast frequency tuning to rapidly build an SRS spectrum
using a serial approach;” " (ii) multiplex SRS, in which one of
the Stokes/pump pulses is broadband and the SRG/SRL spectrum
is recorded by a parallel approach in the frequency domain using a
multichannel detector.

Early experimental demonstrations of multiplex SRS used a
spectrograph to disperse the broadband pulse onto a CCD or CMOS
camera that digitizes the spectrum.’’ * However, these detectors
only operate at low (<20 kHz) repetition rates, a range in which the
noise floor of the laser is high, thus preventing fast imaging. Another
approach consists of replacing the CCD/CMOS digital camera with
a photodiode array. Kobayashi and co-workers’”” coupled the array
with a multichannel lock-in amplifier (M-LIA), a system that worked
at low modulation frequencies (~1 kHz), limiting the sensitivity for
SRS detection. Liao et al.*° instead coupled the photodiode array to
a tuned amplifier (TAMP) array, based on an RLC circuit tuned
to the 2.1 MHz modulation frequency, and managed to measure
SRS spectra containing 16 vibrational frequencies in only 32 us.
However, the electronic components in the TAMP set the modu-
lation frequency of the experiment, a setting that cannot be changed
without re-designing and re-assembling the circuitry of the elec-
tronic instrumentation and might drift after thermal fluctuations
of the passive elements composing the TAMP. Recently, Suzuki
et al’’ used sub-harmonically synchronized, pulse pair-resolved,
wavelength-switched Stokes laser pulses for four-color SRS acqui-
sition, attaining pixel dwell times as low as 210 ns. Despite its
impressive acquisition speed, the approach described in Ref. 37 relies
on a linear decomposition of the hyperspectral SRS data, a fitting
algorithm that requires reference or Raman spectra known prior to
the imaging experiments.

Here, we present a multiplex SRS microscope that incorporates
a novel home-built high-frequency M-LIA.”*”” This electronic sys-
tem is based on a custom integrated circuit, specifically designed
in CMOS technology for Raman spectroscopy applications that
allowed us to integrate several lock-in amplifiers into a single chip.
Thus, we could scale the number of detection channels up to 32
without increasing the dimensions of the detection system. Fur-
thermore, the lock-in technique allows the tunability of both the
modulation frequency and the bandwidth (or integration time) of
the experiments. Consequently, an SRS apparatus equipped with
lock-in detection can maximize the SNR by changing its modulation
frequency.

Our SRS microscope can record modulation transfers as low
as 107, with an integration time of 44 us, delivering, in a single
shot, broadband SRS spectra covering a bandwidth of ¥250 cm™ in
the CH stretching region with high spectral resolution (%15 cm™").
We demonstrate its capabilities in imaging different biological sys-
tems, including HepaRG cells cultivated with different fatty acids
(oleic and palmitic acids), which present minimal biochemical dif-
ferences, and cancer tissue slices. Our results show the superior
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chemical specificity of broadband SRS microscopy over its narrow-
band counterpart and, importantly, demonstrate its potential for
histopathology in revealing the spectral signatures of healthy and
diseased tissues.

METHODS
Optical source for broadband SRS microscopy

The optical source for our broadband SRS microscope starts
with an ytterbium-fiber laser (Coherent, Fidelity HP), delivering
pulses at a central wavelength of 1040 nm with a duration of
140 fs and average powers up to 10 W at a repetition rate of
80 MHz. We employ a 4 W fraction of the fundamental beam
to generate narrowband (~15 cm™ FWHM) Stokes pulses using
a high-finesse Fabry-Perot etalon (SLS optics). An acousto-optic
modulator (AOM, AA Opto-Electronic) modulates the intensity of
these pulses at high frequency in the 1-10 MHz range. In this work,
we present results with a modulation frequency of 1.6 MHz. To max-
imize the modulation contrast, we used the first diffraction order of
the AOM. The remaining 6 W fraction of the fundamental beam is
frequency doubled in a 1 mm-thick lithium triborate (LBO) crystal.
The resulting second-harmonic radiation pumps a home-made opti-
cal parametric oscillator (OPO), delivering broadband pump pulses
for multiplex SRS microscopy. An amplified piezoelectric actuator
(APF710, Thorlabs) controls the cavity length, allowing fine tun-
ing of the pump spectrum. With respect to the previously reported
scheme,”’ here we employ a 3 mm-thick LBO crystal as a nonlin-
ear medium to achieve higher average power (up to 100 mW) and
limit the bandwidth to the region of interest (786-798 nm), which
corresponds to a pump-Stokes frequency detuning in the range of
2916-3107 cm™" (see Fig. S6 in the supplementary material). This
allows us to cover the entire high-frequency CH-stretching Raman
region. Outside the OPO cavity, a prism compressor introduces a
negative chirp (group delay dispersion GDD ~ —12800 fs*) to the
pump pulses to compensate for the positive chirp caused by the high
numerical aperture (NA) objectives of the microscope. This allows
the pump pulses to be close to transform-limited duration at the
sample plane. Thus, all its spectral components reach the sample
simultaneously and are temporally overlapped with the Stokes pulse,
leading to an optimal signal generation efficiency. For imaging, we
put at the sample plane 47.0 mW in the Stokes beam and 20 mW in
the broadband pump beam. After attenuation by the linear scatter-
ing, reflections on mirrors, and dispersion through the grating, we
obtained #100 yW per spectral component of the pump beam at the
detectors plane.

Multichannel lock-in detection for broadband SRS
microscopy

A sketch of the experimental setup is reported in Fig. 1(a). To
reduce the effects induced by the laser noise and increase the imag-
ing speed, we equipped our system with in-line balanced detection
(IBD).*! IBD is based on the generation of two co-propagating repli-
cas of the same laser pulse, called the signal and reference, which
undergo the same attenuation/scattering upon propagation through
samples presenting spatial variations of transmission. Thus, IBD
guarantees automatic (passive) balancing of the powers of the sig-
nal and reference. A birefringent YVO, plate placed on the pump
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beam before the microscope generates the two orthogonally polar-
ized replicas, with a relative time delay of ~4.9 ps. Since this delay
is much larger than the pulse duration and the Stokes pulse is over-
lapped in time and polarization with only the signal pulse, the SRS
signal will only occur on the signal pulse. The pump/reference and
the Stokes beams are combined with a dichroic mirror and sent to a
home-built upright microscope, in which they are focused on the
sample with a water-immersion objective [Chromatic aberration-
Free (CFI) Plan Apo IR 60XC WI, NA = 1.27, Nikon]. At the
focal plane of the microscope, the sample is raster scanned with
a piezo stage (P-517.3CL, Physik Instrumente). Upon propaga-
tion through the sample, a high-numerical aperture objective (CFI
Apo Lambda S 60x Oil, NA = 1.4, Nikon) collects the transmit-
ted light. Then, the Stokes beam is filtered out, while the pump
beam propagates through a polarizing beam splitter (PBS) cube that
separates the reference and the signal replicas. Finally, two inde-
pendent steering mirrors guide the signal and reference to their
corresponding photodetector arrays. An electronic subtraction of
the voltages generated at the two detectors enables us to remove
the common laser noise, thus reaching close to shot-noise-limited
sensitivity.

To measure the spectra of the reference and the signal beams
for broadband SRS with IBD, the two photodiodes are replaced
by two photodiode arrays (model A5C-35 from OSI Optoelectron-
ics), each containing 32 pixels of 1 mm width and 3.9 mm height.
Before the PBS, the pump spectrum is dispersed using a high-
throughput diffraction grating with 1850 grooves/mm in the Littrow
configuration (model T-1850-800 s, LightSmyth Technologies) and
imaged onto the detector plane using a lens with a focal length of
500 mm [L1 in Fig. 1(a)] such that the resulting dispersion of the
reference/signal beams at the detector plane is ~0.5 nm/mm, corre-
sponding to 7.8 cm ™' /mm, i.e., 7.8 cm ™' /pixel. This linear dispersion
is adequate to resolve the spectral features of the investigated sam-
ples, as Raman linewidths in the solid phase are typically broader
than 10 cm™. To calibrate the frequency axis of the system, we
employed the reported vibrational peaks of solvents measured by
SR spectroscopy. Fitting the SRL peak of DMSO centered around
2919 cm™! to a Lorentzian curve, we estimated the full-width at half-
maximum spectral resolution of our system as ~15 cm™" (see the
supplementary material).

While SRS does not suffer from the non-resonant background
as CARS, it may undergo spurious nonlinear effects that are over-
lapped with the pure resonant vibrational signal. The main pro-
cesses that distort an SRS spectrum are nonlinear transient absorp-
tion and cross-phase modulation (XPM). 12244 Both effects alter the
pump beam and contribute to the SRL signal. Transient absorption
occurs through resonant electronic transitions, while XPM occurs
via changes in the sample refractive index experienced by the pump
beam due to third-order nonlinear interaction with the Stokes. XPM,
in concert with the finite NA of the collection objective, clips the
pump beam and leads to substantial spurious SRL. The tissue scat-
tering, the grating, and the limited dimensions of each pixel in the
detector array could further exacerbate the effects of XPM. Because
our system operates with near-infrared excitation, it avoids reso-
nant transitions of biomolecules and, hence, transient absorption. In
addition, our microscope collects the pump beam with a microscope
objective whose NA (NA = 1.4) is larger than that of the excitation
objective (NAe = 1.27). We noticed that this combination removed
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FIG. 1. Broadband SRS microscopy based on multi-channel lock-in detection: schematic representations of (a) the optical setup, (b) the electronic instrumentation composing
a single channel, and (c) the data hypercube generated by SRS, which consists of an entire SRS spectrum per pixel, allowing one to form SRS maps at different vibrations.
OPO: optical parametric oscillator, AOM: acousto-optic modulator, A/2: half-wave plate, DM: dichroic mirror, PBS: polarizing beam splitter, M-LIA: multichannel-lock-in
amplifier, CL: cylindrical lens, PD: photodiode, L1: spherical lens, INA: instrumentation amplifier, LPF: low-pass filter, ADC: analog to digital converter, and FPGA: field-

programmable gate array.

any major contribution stemming from the XPM to the SRL sig-
nal. To further reduce the XPM effects, each pump replica, namely,
the signal and reference, is focused on its corresponding detector
array through a cylindrical lens. The axes of the cylindrical lenses
are parallel to the detector array. This configuration redirects any
slightly divergent spectral components of the pump along the long
axis of each photodiode (which is orthogonal to the cylindrical lens
axis), preventing spurious contributions to the SRL signal. There-
fore, our system minimizes the spurious non-vibrational signals,
guaranteeing authentic Raman spectra.

The electronic instrumentation of the broadband SRS micro-
scope consists of a multi-channel differential readout system based
on the lock-in technique. We have already introduced this board

APL Photon. 7, 076104 (2022); doi: 10.1063/5.0093946
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previously for the simple case of four channels.’”” In this work,
we extend this concept implementing balanced detection to simul-
taneously acquire the SRS spectrum over 32 different vibrational
frequencies, effectively moving from multi-spectral to hyper-spectral
SRS microscopy. Figure 1(b) illustrates a simplified scheme of the
architecture of the system. Two silicon photodetector arrays mea-
sure the optical power of the spectral components of the signal and
reference replicas. A pre-amplifier circuit [module 1 in Fig. 1(b)],
coupled with the output of a photodiode, amplifies the current gen-
erated by the photodiode and separates the modulated signal (V)
from the voltage (V) proportional to the average power incident
on the photodiode. An amplifier array, presented in Fig. 1(b) with
H(s), carries out the splitting of the AC and DC components of the

7,076104-4
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photo-induced current at each photodiode (see details in Ref. 45).
The digitized value of V4, is stored, as it is necessary for the normal-
ization of the SRS signal, i.e., Va/ V4. ocAI/I. Module 2 in Fig. 1(b)
implements the analog subtraction of the signal and reference mod-
ulated signals V. to reduce, up to 32 dB, the common-mode laser
noise of the pump beam. The noise characterization of the setup
is presented in Fig. S5 in the supplementary material. A CMOS
demodulator [module 3 in Fig. 1(b)] shifts V4 from the modulation
frequency of the Stokes beam to the baseband or DC.

Note that microcircuit integration of modules 1-3 allows us
to scale the number of detection channels. An instrumentation
amplifier converts the differential signal of the demodulator to a
single-ended signal, which is subsequently low-pass filtered with a
time constant of 10 ys [see module 4 in Fig. 1(b)]. Finally, the fil-
tered signal is digitized and normalized with V. and transferred
to the computer (module 5). An FPGA (Xilinx, Artix-7) adjusts the
demodulation clock for each channel, controls the raster scanning
of the sample, synchronizes the SRS readings with their corre-
sponding coordinate on the sample plane, and manages the serial
communication with the computer.

Cell culture and treatment

Human hepatic HepaRG cells were seeded on transparent glass-
bottomed dishes (Willco Wells) in proliferation medium [William’s
E medium with GlutaMAX (Gibco), supplemented with 10% FBS
(Hyclone II GE), 1% penicillin/streptomycin (Sigma), 5 ug/ml
insulin (Sigma), and 0.5 yM hydrocortisone hemisuccinate (Sigma)].
Cells were seeded at high density (1 x 10° cells/cm?®) and left
untreated or treated 24 h after seeding for 5 days with a combina-
tion of sodium oleate 250 yM (Sigma) + sodium palmitate 100 yuM
(Sigma), diluted in complete proliferation medium. Both sodium
oleate and sodium palmitate stock solutions were prepared dissolv-
ing in 99% methanol at a concentration of 100 mM. After treatments,
cells were fixed with 4% paraformaldehyde (diluted in 1x PBS)
(Sigma).

Tissue preparation

Specimens used for SRS imaging were obtained from the
transplanted MN/MCAL1 cell fibrosarcoma mouse model.*® Briefly,
the MN/MCAI1 cell line was cultured in RPMI-1640 medium
supplemented with 10% fetal bovine serum, 1% L-glutamine,
and 1% Pen/Strep. Before inoculation, cells were detached with
Trypsin/EDTA and washed and diluted in saline solution. 50 ul
containing 10° MN/MCAL1 cells was injected intramuscularly in
the mouse hind leg. Three weeks after tumor cell injection, mice
were sacrificed and tumor tissues were collected and fixed in 4%
PFA overnight at 4 °C. Subsequently, tumor tissues were dehydrated
by incubation in PBS + 40% sucrose solution overnight at 4°C
and finally embedded in an Optimal Cutting Temperature (OCT)
compound.

6 pm thickness frozen sections were cut with a cryostat,
mounted inside two glass coverslips (24 x 50 mm, 1.5, 170 gm thick-
ness; cat. Number D-38116, Menzel-Glaeser), and then sealed with
an optimal cutting temperature compound and stored at —20°C
prior to acquisition. After H&E staining, slides were scanned with
a DotSlide BX virtual slide scanner (Olympus) equipped with an
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apochromat 2x/N.A. 0.085 objective. OlyVIA image software (ver-
sion 3.5, Olympus) was used to acquire in the entire section
and to identify the regions of interest correspondent to the
tumor-peritumoral interface areas.

Chemometrics of hyperspectral SRS data

We extracted concentration maps and spectral profiles from the
SRS hyperspectral cubes using a chemometric method popularized
by Taule and colleagues called multivariate curve resolution (MCR)
analysis.”"* For this approach, we assumed that our experimental
data matrix D, the unfolded SRL hypercube, is a linear combination
of the concentration C and the spectral profiles S of the chemical
constituents of the sample, i.e, D = CST + E. Here, E is a matrix con-
taining the experimental error, while the superscript T indicates the
matrix transpose. As an initial step to separate C and S, we obtained
the main components of a singular-value decomposition of our spec-
tral data and used them as the initial guesses of the pure spectra S.
Having defined the initial estimates of the pure spectra, we could
calculate C = DS(STS) ™! and ST = (CTC)'CTD. These new values
of C and S were then optimized with an alternating least-squares
(ALS) algorithm. Since SRS spectra do not change the sign, i.e., they
do not turn negative, we constrained the alternating least-squares
algorithm to deliver only positive results. The optimized C and S
allowed us to construct a new matrix D* = CST, which was then con-
trasted against the original data D. We iterated these steps until the
difference between D* and D was less than an arbitrary threshold
value. Plots of C and S reveal the chemical images of the concentra-
tions and spectral profiles of the chemical constituents of the sample,
respectively.

Spontaneous Raman spectroscopy

Spontaneous Raman measurements were performed with
a home-built confocal Raman microspectroscopy setup using a
continuous-wave diode laser (Cobolt AB, Flamenco, Solna, Sweden)
centered at 660 nm to drive the Raman signals. The pump beam
was guided to a commercial microscope (IX73, Olympus Europa
SE & Co. KG, Hamburg, Germany) with a single-edge dichroic
beamsplitter (Di03-R660-t1-25x36, Semrock, Inc., Rochester, NY,
USA). A dry/air 50x objective (MPLFLN50X 50%/0.80 NA, Olym-
pus) focused the pump light on the samples, and in turn, it collected
the backscattered Raman photons, guiding them back to the dichroic
beamsplitter. A long-pass (664 nm) edge filter (LP02-664RU-25,
Semrock, Inc.) removed the residual pump light, transmitting the
Raman signal. Finally, a lens (f = 35 mm, AC254-035-B-ML, Thor-
Labs, Newton, NJ, USA) focused the Raman scattering on the
entrance slit of a spectrometer (Isoplane 160, Teledyne Prince-
ton Instruments, Trenton, NJ 08619 USA) equipped with a 1200
grooves/mm grating, which is coupled with a front illuminated CCD
(Pixis 256, Teledyne Princeton Instruments, Trenton, NJ 08619
USA). The excitation power for all the spontaneous Raman exper-
iments was kept at 50 mW. Each spontaneous Raman spectrum
shown in Fig. 2 was obtained by averaging three spectral acquisi-
tions with an integration time of 10 s; the spectra were pre-processed
by subtracting the baseline (polynomial curve with degree 8). To
calibrate the wavenumber axis, toluene and argon-mercury bands
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FIG. 2. Broadband SRS spectroscopy of solvents: stimulated Raman loss spectra
of reference solvents: (a) acetone, (b) ethanol, (c) isopropanol, and (d) methanol
acquired with an integration time of 44 us for the entire spectrum. The black solid
curves are the corresponding spontaneous Raman spectra.

(AvaLight-CAL (-Mini)—Avantes BV, Apeldoorn, The Nether-
lands) were used. The spectral intensity was corrected using a
tungsten halogen light source with a known emission spectrum
(Avalight-HAL; Avantes BV, Apeldoorn, The Netherlands).

RESULTS
Broadband SRS micro-spectroscopy

The experimental setup is shown in Fig. 1(a) and presented
in detail in the Methods section. The optical source for our broad-
band SRS microscope starts with an ytterbium-fiber laser (Coherent,
Fidelity HP), delivering pulses at a central wavelength of 1040 nm
with a duration of 140 fs and average powers up to 10 W at a repeti-
tion rate of 80 MHz. We employ a 4 W fraction of the fundamental
beam to generate narrowband (FWHM, =15 cm™"') Stokes pulses
using a high-finesse Fabry-Perot etalon (SLS optics). An acousto-
optic modulator (AOM, AA Opto-Electronic) modulates the inten-
sity of these pulses at a modulation frequency of 1.6 MHz. The
other fraction of the laser pumps an OPO that delivers broadband
fs-pulses. To further increase the SNR and approach the shot-noise
limit, we use balanced detection’”"” (see Fig. 1 in the supplementary
material). In particular, we employ a variant of balanced detection,
namely, in-line balanced detection (IBD; Fig. 2 in the supplementary
material),*! in which both the signal and reference beams propagate
collinearly through the sample with perpendicular polarizations and
the reference pulse is suitably anticipated in time with respect to the
probe so that it does not undergo SRL. Since the two beams follow
the same optical path, they experience equal attenuation due to the
local absorption and scattering of the sample, thus providing an all-
optical auto-balancing when raster-scanning the specimen. After the
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sample, the narrowband Stokes pulse is filtered out, while the sig-
nal/reference pulse replicas are imaged using two cylindrical lenses
on two 32-channel photodiode arrays whose outputs are sent to the
signal and reference inputs of the M-LIA. The conceptual working
principle of the M-LIA is sketched in Fig. 1(b) and described in detail
in the Methods section and in Ref. 39.

Our broadband SRS microscope allows recording three-
dimensional hyperspectral datacubes, datasets that consist of SRS
spectra at 32 vibrational frequencies for each x-y position of a
sample [see Fig. 1(c)]. These data offer true chemical contrast
because they enable disentangling and spatially localizing different
chemical species within heterogeneous specimens with overlapping
vibrational spectra.

We first characterized the system performance by measuring
the SRL spectra of different solvents, namely, acetone, ethanol, iso-
propanol, and methanol at an integration time of 44 ys. As shown in
Fig. 2, the SRL spectra of these reference solvents (data points) are
in good agreement with their corresponding SR spectra (black solid
line) and display a comparable frequency resolution. However, the
spontaneous Raman spectra in Fig. 2 not only are in full agreement
with tabulated Raman values but also have enough spectral resolu-
tion to reveal both the peaks and ratios of the Raman traces in the
CH stretching, thereby providing authentic Raman spectra for vali-
dating our SRS system. We then tested the sensitivity of our system
by measuring the SRL spectra of a set of DMSO/water solutions at
various relative concentrations from 100% to 0%. We found that the
system can detect the SRS spectra of DMSO at concentrations down
to 1%, corresponding to 140 mM (see Fig. 3 in the supplementary
material), at an M-LIA integration time of 1.3 ms.

Figure 3 shows the images, also acquired with an integra-
tion time of 44 us, of a sample constituted by 6 ym poly(methyl
methacrylate) (PMMA) and 10 ym polystyrene (PS) microbeads
placed between two coverslips and soaked in a mixture of olive
oil and dimethyl sulfoxide (DMSO). All the imaging experiments
were carried out with 47.0 mW in the Stokes beam and 20 mW in
the pump beam (~100 yW per spectral component). Panels (a)-(d)
show four of the 32 SRS images of the hyperspectral datacube at
individual vibrational frequencies, chosen in correspondence to the
most prominent peaks of the species of the sample [see gray bars
in Fig. 3(f)]. We analyzed the data using the multivariate curve
resolution-alternating least squares (MCR-ALS) algorithm,"”**7"**
which decomposes the hyperspectral SRS datacube for the hetero-
geneous sample into a sum of spectra of the pure components
[Fig. 3(f)] weighed by their concentration maps [Fig. 3(¢)] (see the
Methods section). The SRS spectra of the chemical constituents
of the sample are in very good agreement with their SR counter-
parts, confirming the potential of hyperspectral SRS microscopy
for the identification and localization of chemical species of a
heterogeneous sample.

SRS mapping of fatty acids in hepatocytes

We next applied our imaging platform to map biochemi-
cal species within cultured cells. In particular, we investigated the
uptake of saturated (palmitic) and unsaturated (oleic) fatty acids,
which, depending on the diet, have been proved to influence cellular
metabolism, toxicity, and morphology, playing an important role in
metabolic diseases and cancer. Previous studies’ ™’ reported that,
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FIG. 3. Chemical imaging with broadband SRS microscopy. The broadband SRL imaging of a heterogeneous mixture of 10 um PS and 6 um PMMA beads immersed in
olive oil and DMSO. Panels (a)-(d) show SRL images at the indicated Raman shift, corresponding to the peak of olive oil, DMSO, PMMA, and PS vibrational response
[gray bars in (f)], respectively. (e) Concentration map of the four components and (f) corresponding SRL spectra, retrieved from the experimental data with MCR-ALS. The
dashed lines in (f) correspond to spontaneous Raman spectra, traces that use the same color code as (e). The composite image of () uses the color code of (f). Imaging

settings: 250 x 250 pixels; M-LIA time constant, 44 us; and scale bar, 50 ym.

relative to cells dosed with saturated fatty acids, cells treated with
unsaturated ones produce more and larger lipid droplets and exhibit
more pronounced structural deformations. Given the strong chem-
ical similarity of oleic acid (OA, Ci1sH3405) and palmitic acid (PA,
Ci16H3203), fast and label-free discrimination is a challenge. As an
in vitro model system, we used HepaRG cell lines, well-established
human bipotent progenitor cell lines, capable of differentiating as
either early hepatic progenitor cells or completely mature human
hepatocytes.”” These cell lines serve as a model to assess drug
metabolism and to study differentiation processes, carcinogenesis,
and infections. We incubated HepaRG cells in a culture medium
containing OA and PA fatty acids and imaged them with broadband
SRS microscopy [ ]. The images show chemical heterogeneity
on the sub-micrometer scale, revealing several species with differ-
ent vibrational resonances simultaneously occupying the interaction
volume. This is clearly visible by looking at the red curves in

and , showing the SRS spectra at the yellow “x” and “+” marks
of (a), respectively.

The overlap between the vibrational bands of OA and PA
makes it difficult to evaluate their respective concentrations by
narrowband SRS. To extract the chemical content of the images,
we first obtained the pure SRS responses of OA and PA by con-
volving their SR spectra with the spectral instrumental response
function (see the Methods section) of our SRS microscope. Then, we

considered a third component that includes the remaining chemical
species (dominated by the contribution of the water buffer) derived
by averaging the SRS spectra of regions outside the cells. These three
spectral components are shown in . Finally, we fitted the
SRS spectrum of each pixel of the datacube with a linear super-
position of these three fixed spectral components using a variable
concentration coefficient for each of them. As an example, the dot-
ted curves in and depict the results of this fit for the
pixels labeled as “x” and “+” in (a). From the weights of the com-
ponent spectra, it is evident that OA [yellow curve in ]is
the main component in Pixel x, whereas PA [green curve, ]
dominates the contribution in Pixel +. The weights of the oleic and
palmitic components on each pixel of the image allowed us to con-
struct concentration maps of those chemical species [see

and ]. These images indicate that oleic droplets are larger than
the palmitic droplets. shows a map of the difference
between the normalized intensity of the oleic and palmitic concen-
tration maps. Note that when the absolute contribution of OA(PA)
to a specific pixel is larger than that of PA(OA), the color of that
pixel tends toward red (blue). On the other hand, a pixel is col-
ored in white if the absolute contribution of PA and OA is the
same. From , we can see that most of this figure is colored
in yellow, meaning that the concentration of OA dominates over
that of PA.
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FIG. 4. Mapping fatty acid uptake in hepatocytes by broadband SRS: broadband SRS imaging of HepaRG cells grown in a culture media containing OA and PA fatty acids.
(a) Typical SRL image of the cells at a single vibrational frequency (2845 cm="). (b) and (c) Concentration maps of OA and PA, respectively. (d) Difference between the
normalized concentration maps of OA and PA. For better visualization, we excluded from the analysis those pixels with a weak SRS signal (sum of the spectral intensities of
OA and PA below an arbitrary threshold value), colored in black in (d). (e) Spectral components used for the linear superposition: buffer (blue), OA (yellow), and PA (green).
(f) and (g) Spectral information of the pixels labeled as x and + in (a), respectively: measured SRS spectra (red) and linear combination (black dotted curves) of the spectral
components shown in (€). OA, PA, and buffer contributed 82%, 13%, and 5%, respectively, in the fit shown in (f), while for the fit in (g), they contributed 21%, 63%, and 16%,
respectively. (h) Histogram depicting the fractional concentration of PA within the PA-OA mixture in the cells: PA/(PA + OA). Imaging settings: 286 x 286 pixels; M-LIA time

constant, 1.2 ms; and scale bar, 20 ym.

The intensity maps of OA and PA shown in and 4(c),
respectively, also help to quantify the fractional uptake of triglyc-
erides. depicts a histogram that represents the (relative)
concentration of PA within the PA-OA mixture in the cells, i.e.,
PA/(PA + OA). Note that the last bin, which corresponds to 100%
PA, is close to zero, signifying that HepaRG cells tend not to uptake
PA only. In striking contrast, the first bin, which represents 100%
OA, is among the most populated, indicating that the cells avidly
absorb OA in the absence of PA. Since we provided the HepaRG cells
2.5x excess of OA with respect to PA (see the Methods section), the
dominant fractional concentration in should be 1/(1 + 2.5)
~ 0.28. Critically, the histogram shows a broad distribution centered
around this value, revealing that the co-presence of OA facilitates
the uptake of PA. Therefore, the histogram in demonstrates
the potential of our broadband SRS approach to not only distinguish
and quantify different chemical species within heterogeneous bio-
logical samples but also elucidate biochemical mechanisms at play
in cells.

These findings go beyond previous observations based on con-
ventional imaging techniques, such as confocal fluorescence micro-
scopy, that rely on the emission of lipophobic dyes to determine
the lipid droplet accumulation in cells. Our results not only
re-emphasize the potential of coherent Raman imaging techniques
to study lipid droplets™® but also demonstrate the capability of
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broadband SRS microscopy to target and localize different fatty acids
intracellularly, especially when chemical differences are minimal,
quantifying the PA-OA interplay ruling the lipid uptake.

Broadband SRS microscopy for spectral
histopathology

SRS microscopy allows mapping important biochemical con-
stituents of tissue, resulting in chemical images that can enhance
the accuracy of disease diagnoses. This chemical specificity,
alongside the fast imaging rates of SRS microscopy, holds promise
to deliver prompt and accurate histopathologic diagnoses even in
the operating room. So far, such studies have employed nar-
rowband SRS microscopy, targeting the CH, and CHj stretching
modes at 2845 and 2930 cm ™', respectively. The contrast pro-
duced by the CH, vibration reveals lipids, typically scattered within
the cytoplasm of the cells and in the extracellular matrix. The
CH3 signal shows similar cytoplasmic features as CH,, but it con-
tains an additional contribution from proteins so that the differ-
ence between the CH3 and CH; images highlights the protein-rich
cell nuclei. Dual-frequency SRS microscopy thus enables “virtual
histopathology” by providing, in a completely label-free manner,
images that are in good agreement with standard H&E stained tis-
sue sections.”® This approach has been applied to brain cancer,
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a malignancy that shows rapid tumor cell proliferation within a
lipid-rich environment, facilitating the detection of CH,/ CH; >0
signatures.

Broadband SRS microscopy has the potential to improve diag-
nostic accuracy by performing spectral histopathology, i.e., extract-
ing information on the chemical composition of the sample over
a broad vibrational spectrum, which goes beyond the morpholog-
ical information provided by H&E or virtual histopathology that
assesses the lipid and protein concentrations by measuring SRS
images at just two vibrational frequencies.””"*** To demonstrate

the applicability of our SRS system for this purpose, we used an
in vivo transplantable mouse model of fibrosarcoma. MN/MCA1
fibrosarcoma cells were intramuscularly injected into WT mice [see
Fig. 5(a)]. Three weeks after tumor cell injection, tumor tissues
were collected and prepared as described in the Methods section.
We specifically analyzed the interfaces between tumoral and peritu-
moral regions [see Figs. 5(b) and 5(c)]. Multiplex SRS hyperspectral
datacubes of unstained frozen tissue sections, acquired at 32 paral-
lel channels, were compared with the H&E image of the adjacent,
sequential tissue slice [Fig. 5(d)]. Both contrasts revealed differences
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FIG. 5. Identification of mouse fibrosarcoma embedded in healthy tissue. (a) Cancer cells were injected into a mouse model to induce fibrosarcoma. (b) Bright-field image
of a tissue slice labeled with H&E. (c) A zoom-in into an interface between tumor and peritumoral regions. In (c) and (d), the dotted-red and dotted-green lines enclose the
cancerous and peritumoral regions, respectively. (d) Tissue portion investigated and discussed in the text. (e)—(g) SRS images at three different frequencies of a pristine
sample corresponding to a sequential slide of the sample shown in (b)—(d). (h) Concentration maps of the SRS hypercube obtained by the MCR-ALS chemometric analysis.
(i) Mean SRS spectra of peritumoral (blue) and tumoral (black) tissue. (j) Pure spectra obtained by MCR-ALS. In both (h) and (j), species 1 and 2 are colored in green and
red, respectively. The scale bar in (c) is 1000 um, while the scale bar in (d)-(h) is 100 #m. Imaging settings for (e)(h): 2288 x 572 pixels and M-LIA time constant, 1.2 ms.
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between the peritumoral regions, delimited by connective tissue,
and the spindle-shaped cells characteristic of fibrosarcoma®” in the
tumor area. Note that, even though the H&E and SRS images do
not originate from the same tissue slice, there is not a substantial
structural mismatch between the two contrasts that could hinder our
comparison.

Figures 5(e)-5(g) show exemplary SRS images extracted from
the datacube at three selected vibrational frequencies. Since each
pixel of our images contains an entire vibrational spectrum, we could
distinguish neoplastic and peritumoral tissue based not on morpho-
logical but on chemical information provided by the SRS spectrum.
Figure 5(i) shows in blue the average of the SRS spectra from all the
pixels within the healthy part of the tissue and in black the corre-
sponding average spectrum from the diseased portion. Note that the
spectra from both regions display a peak around 2930 cm™. How-
ever, the spectrum of the peritumoral tissue has a more pronounced
peak around 2850 cm™.

To extract molecular concentration maps and spectral pro-
files from the SRS hyperspectral cubes, we employed both K-means
analysis”*” (see Fig. 4 in the supplementary material) and MCR-
ALS. For the latter approach, we used the first three components
of singular value decomposition as an initial guess for the con-
centrations C and the spectral profiles S. These three components
accounted for the characteristic spectra observed in the peritumoral
and tumoral tissue and the experimental noise. After convergence
of the algorithm, the obtained concentration maps and the pure
spectral components of the resolved species are shown in Figs. 5(h)
and 5(j), respectively. Note that species 1 (colored in green) is dis-
tributed over the connective tissue, showing a spectrum evocative of
the SR spectrum of lipidic species in the CH region. Species 2 (col-
ored in red), however, is diffused across the cancerous region and
manifests an associated spectrum reminiscent of the SR spectrum of
proteins.””*

The spectra and concentration maps extracted with MCR-ALS
suggest that the tumor contains a high concentration of proteins
and few lipidic species. This finding is consistent with the nature
of malignant tumors containing cells whose biochemical and struc-
tural characteristics differ from those detectable in peritumoral
cells. Tumorous cells are characterized by a high proliferation rate
and exhibit an abnormal nucleus-cytoplasm ratio. Consequently,
tumorous cells within the same lesion vary in size and show an
increased nuclear content, clustering into a tumor that is chemi-
cally homogeneous and rich in proteins. Furthermore, to infiltrate
into healthy connective tissue, the fibroblasts employ an abnormally
protein-rich extracellular matrix.”””" Thus, the tumor lesion has an
excess of proteins that contributes to the CHs contrast. MCR-ALS
analysis also implies that the peritumoral tissue is packed with lipids
and exhibits lower proteinic features. Compared to the tumor, the
surrounding connective tissue is chemically more heterogeneous, as
it contains an abundance of collagen and different cell types scaf-
folded within the extracellular matrix. Although these components
are not lipid-rich structures, their joint CH, content leads to a higher
lipidic contribution relative to that observed in the fibrosarcoma.
Our observations are also in line with previous reports employ-
ing narrowband SRS microscopy that, through the ratio between
the CH3 (protein) and CH> (lipid) contrasts, inferred a higher con-
centration of proteins in tumorous tissue compared to peritumoral
areas.”” However, the broadband nature of our approach not only
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allows rigorous spectral analysis but also increases the chemical
specificity of SRS microscopy.

DISCUSSION

In this article, we presented a novel broadband SRS micro-
scope featuring a differential multi-channel lock-in detection. We
challenged the chemical specificity of our system by mapping hepa-
tocytes dosed with an excess of fatty acids whose chemical structures
are subtly distinct. In particular, we cultured HepaRG cells within
a mixture of oleic and palmitic acids and mapped their distribution
within the cells. We found that both lipidic species are absorbed by
the cells. However, cells uptake more easily oleic acid than palmitic
acid. While this is qualitatively in line with previous research on fatty
acid homeostasis, here we quantify the relative contributions to a
single droplet.

We demonstrated that our technology also enables spectral
histopathology, delivering results consistent with the conventional
H&E histological analysis. In fact, the chemical specificity and sen-
sitivity of broadband SRS microscopy, assisted by chemometric
analysis, allowed us to identify the main biochemical species within
the analyzed regions, providing a solid biochemical ground for the
discrimination of healthy regions from cancerous lesions of tissue
sections of mouse fibrosarcoma. Specifically, we observed that the
tumor contains a high concentration of proteins and few lipidic
species, a consequence of the increased nuclear content of the fibrob-
lasts, cells agglomerated into a neoplasm chemically homogeneous
and rich in proteins. We also noticed that the healthy connective
tissue is packed with lipids and exhibits lower proteinic features
because, relative to the tumor, it is more chemically heterogeneous,
which contains a wealth of collagen and different cell types scaf-
folded within a healthy extracellular matrix. The collective CH,
content of the constituents of the healthy tissue leads to a higher
lipidic contribution relative to that observed in the fibrosarcoma.

Future work will use this approach to investigate cellular
dynamics in vivo and follow pathological processes ex vivo in both
the fingerprint and CH stretch regions with an increased (up to
128) number of detection channels thanks to the scalability of the
M-LIA architecture. Since our technology efficiently rejects laser
noise, it is well suited for compact, turn-key fiber lasers’’" that,
although noisy, can generate broadband pulses, granting access to
several molecular vibrations of cells and tissues simultaneously. Qui-
eter laser sources, however, would lead to shorter integration times,
down to hundreds of ns, thus enabling broadband SRS microscopy
at video rates.

CONCLUSION

We have introduced a multiplex SRS microscope, incorporat-
ing a broadband optical source, a compact 32-channel integrated
high-frequency lock-in amplifier, and in-line balanced detection to
suppress laser noise. This microscope is able to acquire SRS spectra
over the entire CH stretching region with high spectral resolution
(~15 cm™) and high acquisition rates (44-1300 ys integration time),
combining the detailed spectral information of SR spectroscopy with
the high acquisition speed of SRS. We have demonstrated the poten-
tial of our approach for chemical imaging of biological samples in
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a label-free and non-invasive fashion, and we foresee that the com-
pactness of our detection chain paves the way for the integration of
broadband SRS into the clinics, introducing a technology that will
complement and enhance the traditional histopathology workflow
for tissue diagnosis.

SUPPLEMENTARY MATERIAL

See the supplementary material for a description of balanced
detection and its variant in-line balanced detection, the spectro-
scopic characterization of the system, the K-means analysis of broad-
band SRS data of fresh tissue samples, the assessment of the noise
canceling capabilities of the system, and a brief description of the
optical source of the setup.
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