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Abstract: Coherent Raman microscopy, a rapid, chemical-specific, label-free imaging method,
can be plagued by non-Raman background signals. Existing modulation schemes mitigate these
but none remove all background signals. Here we demonstrate what we believe to be a novel
scheme, chirp modulation stimulated Raman scattering (CM-SRS), based upon modulating
uniquely the relative sign of the quadratic phase (linear chirp) of the input lasers. CM-SRS
removes all non-Raman signals and is linear in both Raman oscillator strength and concentration.
We demonstrate that CM-SRS is highly sensitive, quantitative, and background-free via imaging
of traditionally challenging samples and the small molecule pharmacokinetics of single living
cells.

©2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Optical phase control of coherent broadband pulses, which plays no role in linear optics, is
important in nonlinear optical spectroscopy and microscopy. This is particularly so in Coherent
Raman Microscopies (CRMs), where control over optical phase is used to enhance chemical
specificity, sensitivity and image contrast [1-4]. CRM, comprising a set of nonlinear stimulated
Raman techniques typically requiring as input two ultrashort laser pulses (Pump and Stokes),
is valued for its rapid imaging speed and potential for increased sensitivity [5-9] as compared
with conventional spontaneous Raman scattering. While CRM avoids some background signals
which plague spontaneous Raman microscopy, it is not inherently background free. Rather,
CRM is a third-order nonlinear optical process which competes with a range of nonlinear
optical processes generating background signals. These non-Raman processes, which include
excited state absorption (ESA), thermal lensing (TL), two-photon absorption (TPA), cross-phase
modulation (XPM) and four-wave mixing (FWM), limit CRM imaging in broad ranges of
materials including nanostructures [10,11], minerals [12,13], plants [14,15] and pigments [16,17].
In favourable cases, these non-Raman signals may identify specific species [10,17-19] but this
requires instrument and species-specific calibration. More generally, there has been a global
effort to minimize non-Raman backgrounds in CRM, often using well-known linear optical
modulation transfer schemes developed for telecommunications and optical spectroscopy [20-22].
Canonical examples include amplitude modulation (AM) [23], polarization modulation (PM)
[12] and frequency modulation (FM) [15,24-27]. Unfortunately, none of the existing schemes
simultaneously remove all non-Raman background terms, ultimately limiting the sensitivity and
contrast of CRM and, therefore, its extension to even broader fields of research. Here we propose
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and demonstrate Chirp Modulation Stimulated Raman Scattering (CM-SRS), a nonlinear optical
modulation scheme which completely removes all non-Raman background signals in CRM.

Unlike traditional linear optical modulation, we take advantage of the control over nonlinear
optical processes afforded by the optical phase of coherent broadband pulses [1,28,29]. The
optical phase is commonly expressed as a series expansion about the central carrier frequency,
with the linear term being the frequency, the quadratic term being the chirp, etc. The well-known
frequency modulation (FM) technique is an example of the modulation of the linear phase (i.e.
frequency). An example of quadratic phase control in CRM is termed spectral focussing wherein
the input Pump and Stokes pulses are ‘co-chirped’, meaning that they have identical sign and
magnitude of quadratic phase (chirp). In spectral focussing CRM, the chirp magnitude sets
the instantaneous Pump-Stokes frequency difference and, hence, the effective Raman spectral
resolution [30-33]. Conveniently, Raman spectral scanning is achieved here simply by changing
the time delay between the two pulses. Spectral focussing operates using fixed higher-order phase
terms and, therefore, is not a modulation technique which removes background signals. Rather,
signal recovery in spectral focusing CRM has, to date, been based on traditional linear optical
modulation techniques [12,32,34]. Central to the present work, we note that signal recovery
schemes in nonlinear optical spectroscopies and microscopies, including CRM, can also be
based on the modulation of higher order phase terms. However, nonlinear optical processes also
depend strongly on intensity [35] and, therefore, care must be taken to ensure that any applied
modulations of higher-order phases do not introduce undesired intensity modulations. This
can be achieved by maintaining constant pulse duration during the applied modulation. This,
in turn, is achieved by constraining the higher order phase modulations to even/odd symmetry
about the central carrier frequency. We exemplify this novel approach to signal recovery in
nonlinear optical spectroscopy/microscopy by applying a rapid modulation to the sign - but not
the magnitude - of the quadratic phase (linear chirp) of an optical pulse: maintaining constant
magnitude of the quadratic phase ensures constant pulse duration and, therefore, intensity.

Under chirp modulation, two-photon resonant signals may be modulated, including both
electronic and Raman resonances. Signals from sharp two-photon resonances, whether at the sum
(i.e. TPA) or difference (i.e. SRS) frequency, will be significantly modulated whereas signals
from broad resonances will not. More precisely, two-photon resonances spectrally narrower than
the laser bandwidth will produce modulated signals, whereas resonances broader than this will
not. For many samples of interest, this means that the Raman resonant signal will be modulated
whereas non-Raman CRM background signals (TL, XPM, TPA, ESA) will not, enabling their
removal via modulation transfer with lock-in detection. We term this scheme Chirp Modulation
SRS (CM-SRS). While illustrated for SRS, we note that chirp modulation is applicable to other
types of CRM including coherent anti-Stokes Raman scattering (CARS) and coherent Stokes
Raman scattering (CSRS) [26], as well as any other nonlinear optical micro/spectroscopies,
such as sum-frequency generation, where control over higher order optical phases is useful. We
experimentally demonstrate that CM-SRS completely removes all non-Raman background signals,
leading to significantly enhanced Raman sensitivity and contrast, even in complex heterogenous,
strongly absorbing materials. We anticipate that CM-SRS will broaden the applications of CRM
to new classes of challenging samples and materials.

2. Materials and methods

CM-SRS is based upon modification of a spectral focusing AM-SRS setup described previously
[13]. The current setup is shown in Fig. 1. Briefly, a dual output Insight DS + laser (Spectra-
Physics, USA) produced two synchronized outputs at 80 MHz repetition rate. One (here the
SRS Pump beam, blue) is tunable from 680-1300 nm, with a transform-limited pulse duration
of approximately 120 fs across this tuning range. The second output (the SRS Stokes beam,
red) was centered at a fixed wavelength of 1040 nm and has a transform-limited pulse duration
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Fig. 1. CM-SRS setup. 1/2 is a half-wave plate. PBS is polarized beam splitter. BS is a
beam splitter. DM is a dichroic mirror. DS is the delay stage used for scanning the time delay
(Raman shift in spectral focusing) SF11 is 60 cm of AR coated glass. PD is a photodiode.
For details, see the text.

of 220 fs. The Stokes beam was used to generate the requisite co-chirped and contra-chirped
configurations, described below. The tunable Pump output was passed through a half-wave plate
(M2) and polarizing beam splitter (PBS) to control the average power, before being sent to a
variable delay stage (DS, for scanning of the Raman spectrum in spectral focusing) and then to a
dichroic mirror (DM) recombiner (Pump + Stokes). The fixed 1040 nm Stokes output was sent
through a Pockels cell (350-160, Conoptics, USA) modulated at 1 MHz, the driving waveform
for which was provided by a function generator (DS345, Stanford Research Systems, USA). For
AM-SRS implementations, following a PBS, the rejected output (vertical dashed red line) was
blocked and the transmitted output (horizontal dashed red line) was sent to the DM recombiner.
The combined Pump and Stokes beams were sent through 60 cm of SF11glass, thus providing
the co-chirped configuration. To ensure that the magnitudes of the linear chirps of the three
input beams (pump, co-chirped Stokes, contra-chirped Stokes) are well matched, we utilized
the internal, tunable dispersion compensation provided by the Insight laser to achieve chirp
matching at the focus of the microscope. For CM-SRS implementations, the rejected output,
used to generate the contra-chirped beam, was sent through a A /2 plate to rotate the beam to
the same polarization state as the co-chirped output, and then to a grating compressor, followed
by a delay stage to accurately synchronize the two 1040 nm beams. The co- and contra-chirped
Stokes beams were recombined using a 50:50 beam splitter (BS) before being sent to the DM
recombiner and the 60 cm SF11 glass. Note that the grating compressor was adjusted so that
despite the 60 cm of glass the correct contra-chirped configuration (see Fig. 2(a)) was achieved at
the microscope focus. Therefore, by blocking or unblocking the CM-SRS contra-chirped arm,
one can seamlessly switch between AM- and CM-SRS. Importantly: for CM-SRS measurements,
the modulation between the co- and contra-chirped beams is set by the Pockels cell at | MHz rate
in the current implementation. The home-built microscope used galvo mirrors (GVSM002-US,
Thorlabs, USA) connected to a microscope frame (Olympus IX-71). Measurements of DMSO
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Fig. 2. Comparison of AM-SRS and CM-SRS (a) Using a frequency-time plot, it is possible
to visualize how the Raman resolution is changed in AM-SRS between the co-chirped
case (black shapes) compared to the contra-chirped case (red shapes). For co-chirped
AM-SRS, A¢, becomes smaller as the chirp increases whereas for contra-chirped AM-SRS
Acc remains constant as the chirp magnitude increases. (b) Numerical simulation of co-
(black line) and contra-chirped (red line) AM-SRS of DMSO in D,O in the strong (i.e.
background-free) Raman signal regime. (c) Numerical simulation of co- (black line) and
contra-chirped (red line) AM-SRS in the weak (i.e. background dominant) Raman signal
regime. (d) Numerical simulation of CM-SRS; the shape of the spectral response is identical
for both the strong and weak Raman signal regimes. (e¢) Comparison of the deconvolved
CM-SRS response (orange line) and the background-free co-chirped AM-SRS signal from
the strong Raman regime (black line). The linear deconvolution procedure is detailed in the
text. The spectra are numerically offset here in order to permit comparison.

spectra and HepG2 cells used a 60x, 1.2 NA water objective (UPlanSapo, 60x, 1.2 NA, Olympus,
Japan) whereas measurements of sweet potato and pine stem samples used a 20x, 0.75 NA air
objective (UPlanSapo, 20x, NA 0.75, Olympus, Japan). In all cases, forward propagating light
was collected using an objective lens (LUMPIlanFI/IR, 40x, NA 0.8 water immersion, Olympus,
Japan). Collected light was filtered (BrightLine 850/310, Semrock, USA and 1064-71 NF, Iridian,
Canada) to remove the Stokes light before being sent to a photodiode (PD, FDS10X10, Thorlabs,
USA) operating under reverse bias. The photodiode signal was filtered using 1 MHz bandpass
REF filter (#3128, KR Electronics, USA) before being amplified by a transimpedance amplifier
(DHCPA-100 Femto Messtechnik, GmbH, Germany). The output of the amplifier was sent
to a lock-in amplifier (UHFLI, Zurich Instruments) which was referenced to the Pockels cell
drive signal. Typically, a 20 ps time constant was used. All data collection and drive of the
galvanometer mirrors were synchronized using Scanlmage [36]. For all measurements, the power
in each 1040 nm arm of the AM and CM-SRS was 50 mW before the microscope. For the DMSO
measurements, the tunable arm was set to 796 nm central wavelength with an average power of
100 mW before the microscope. For the sweet potato measurements, the tunable arm was set to
898, 912, and 929 nm central wavelengths with 50 mW average power. For measurements of
HepG2 cells, the tunable beam was set to a central wavelength of 800 nm with average power of
50 mW for measurements around a Raman shift of 2850 cm™!, whereas a central wavelength of
844 nm with an average power of 100 mW was used for measurements around a Raman shift of



Research Article Vol. 32, No. 18/26 Aug 2024/ Optics Express 31301 |
Optics EXPRESS A N \

2230cm™!. To acquire Raman spectra, the time delay between the pump and Stokes beams was
scanned so as to vary the instantaneous frequency difference between the lasers.

3. Results and discussion
3.1.  Theory and simulation

In spectral focusing CRM, femtosecond Pump and Stokes input pulses are co-chirped with
both the sign and magnitude of their quadratic phase terms set equal so that their instantaneous
frequency difference remains constant across their spectral width: the chirp magnitude determines
the effective Raman spectral resolution. A frequency-time representation of co-chirped spectral
focusing CRM is shown (black) in Fig. 2(a). The effective Raman spectral resolution, Ac,, is the
projection (dashed black lines) onto the frequency axis. As long as the chirps are held equal, by
using adaptive optics to correct for higher order phase terms [37], the achievable Raman spectral
resolution increases with chirp magnitude and can be optimized for a given sample [31]. There
is, however, a “worst” possible Raman resolution in spectral focusing: transform-limited pulses
yield an effective resolution determined by the convolution of the broadband input pulse spectra.
Interestingly, this same “worst” resolution is achieved if the two input beams have the same
magnitude but opposite signs of quadratic phase (linear chirp), as illustrated in red in Fig. 2(a),
with the effective spectral resolution, A¢¢ indicated by the dashed red lines. We term this scheme
contra-chirped, distinguishing it from the co-chirped case. In CM-SRS, we rapidly modulate
between these two schemes, where the sign but not the magnitude of the relative chirp is changed,
causing the effective Raman spectral resolution to modulate between A¢, and Acc while keeping
all other laser parameters invariant. Non-Raman background terms, using standard spectrally
integrated detection, are insensitive to the sign of the chirp and are therefore subtracted, resulting
in background-free Raman-resonant signals.

An advantage of SRS is its linear scaling with concentration which, absenting non-Raman
background signals, allows for quantitative imaging. To illustrate this for CM-SRS, we numerically
modeled [31,38] spectral focusing AM-SRS of dimethyl sulfoxide (DMSO) in the CH region
(~2900 cm™!) and included a weak non-Raman background chosen to simulate XPM, often
a major contributor to background in SRS microscopy. Here, we modeled the process using
wavelength tuning as opposed to delay-tuning used in spectral focusing and scaled the pump
intensity to account for the changing overlap experienced in our experimental implementation of
spectral focusing. We set the co-chirped spectral resolution to ~20 cm™!, the contra-chirped to
~120cm™!. Guided by experiment [12], we investigated two regimes: (i) strong Raman signals
corresponding to 10% (v/v) DMSO in D;0; (ii) weak Raman signals corresponding to 0.1%
(v/v) DMSO in D;0. In the strong signal case, co-chirped AM-SRS yields a high-resolution
spectrum shown by the black curve in Fig. 2(b), essentially the spontaneous Raman spectrum of
DMSO. Contra-chirped SRS provides poor spectral resolution and a largely featureless spectrum,
the red curve in Fig. 2(b). In the weak signal case, Fig. 2(c), both the co-chirped (black) and
contra-chirped (red) AM-SRS spectra are largely featureless, due to the dominant non-Raman
background obscuring the Raman spectrum. The CM-SRS spectrum, Fig. 2(d) (orange), is the
difference between the co- and contra-chirped spectra: note that both the strong and weak signal
CM-SRS spectra are identical up to a linear concentration-dependent scale factor and therefore
we show only one case here.

Importantly, the CM-SRS spectrum yields the same chemical-specific information as would
the completely background-free AM-SRS Raman spectrum. We examined the unusual CM-SRS
spectral line shape, Fig. 2(d), via an analytic expression for the generated third order polarization,
assuming Lorentzian Raman resonance line shapes and Gaussian laser pulse spectra. Using
a standard formulation [31,38], the generated 3rd order polarization, PO can be shown (see
Supplement 1) to be given by the convolution of a Lorentzian Raman resonance with an effective
(i.e. chirp dependent) Gaussian excitation (i.e. Pump-Stokes difference frequency) spectrum:
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this convolution is a Voigt lineshape. For the co-chirped case, the Gaussian excitation has an
effective spectral width given by:

Alaser\/5
V1 + a?

whereas for the contra-chirped case, excitation Gaussian effective spectral width is independent
of the chirp magnitude:

Ac, = )]

ACC = Alalser\/§ (2)

where Ay, is the spectral width of both the pump and Stokes and « is the effective chirp
parameter. As expected, the effective spectral resolution is superior for the co-chirped case
(Ac, < Acc) and the contra-chirped spectral resolution is the same for all chirp magnitudes a.
Importantly, the non-Raman terms are independent of the sign of the chirp and thus are effectively
removed by CM-SRS, as shown in Supplement 1. To elucidate this point and to clarify the linear
deconvolution procedure, we present below a simplified discussion of CM-SRS signal generation.
In standard AM-SRS, the co-chirped spectrum is given by:

SCo(w) = Gco * Sraman(w) + B(w) = Sam(w) 3)

where Syp(w) is the usual AM-SRS spectrum, G, is a Gaussian excitation spectrum having
a co-chirp dependent spectral width given by Eq. (1), Sraman(w) is the spontaneous Raman
spectrum and B(w) is the sum of all non-Raman background signals, assumed to be independent
of the sign of the chirp. In the strong Raman signal regime, the background B(w) may become
negligible and, therefore, the strong signal AM-SRS spectrum should be linearly proportional to
the spontaneous Raman spectrum. For the contra-chirped case, we have:

Scc(w) = Gee * Sraman(w) + B(w) “4)

where Scc(w) is the contra-chirped AM-SRS spectrum, G is a Gaussian excitation with a
spectral width given by Eq. (2) and is independent of the chirp magnitude. The non-Raman B(w)
terms are as in Eq. (3). In CM-SRS, we dynamically subtract of Eq. (4) from (3) to generate:

Scm(w) = (GCo - Gee) * SRaman(w) 5

where Sy (w) is the CM-SRS spectrum. We note several important aspects of Eq. (5). First, the
CM-SRS spectrum is linearly proportional to the spontaneous Raman spectrum and thus can
be used directly to quantitatively measure concentrations without the need for deconvolution.
Furthermore, just as is the case for AM-SRS, there is no coherent interference between Raman
resonances (see Supplement 1, Fig. S1). Second, the CM-SRS spectrum has no background
term, independent of the Raman signal strength. Third, for an isolated Raman resonance, the
lineshape is expected to exhibit a central peak with symmetric negative signals on either side,
as in Fig. 2(d). Fourth, if a background-free AM-SRS spectrum can be recorded (for example,
in the strong Raman signal regime), then CM-SRS permits recovery of the background-free
AM-SRS spectrum under all experimental conditions. This, in turn, requires use of the CM-SRS
deconvolution kernel, obtained from the instrument response function /RF. Assuming that the
background term can be effectively neglected in the strong Raman signal regime, the AM-SRS
spectrum becomes:

SAMStrong(w) = Gco * SRaman(W) (6)

then
F{SAMStr()ng (U.)) }

F{SRaman} = F{GC }
0

@)
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where F{} is the Fourier transform. Upon substitution of Eq. (7) into the Fourier transform of
Eq. (5), we obtain:

F(Swson@)) = FIScu(@)) it — = FiSeu(@}FURE) — ®)

{GCO - GCC}

where IRF is the sample-independent instrument response function for CM-SRS. In practice,
the CM-SRS spectrum should be measured on the same sample as Sapsirong(w). To illustrate
this point, in Fig. 2(e) we show the deconvolved CM-SRS spectrum of Fig. 2(d) overlaid with
the strong Raman signal AM-SRS spectrum (i.e. the background-free AM-SRS spectrum) of
Fig. 2(b). The deconvolved CM-SRS spectrum (orange) and the strong Raman signal AM-SRS
spectrum of Fig. 2(b) (black) are effectively identical, absenting noise, and are artificially offset
here to distinguish them.

A few limitations of CM-SRS can also be deduced from an examination of the above equations.
First, we note that the CM-SRS signal is always slightly lower than the AM-SRS signal, since
the subtraction of the contra-chirped beam in CM-SRS always entails the subtraction of a small
resonant component. Therefore, if the limiting concern is noise, it may be preferable to apply
standard AM-SRS, since the signal-to-noise ratio will be slightly higher. However, if the limiting
concern is background signals, then CM-SRS is demonstrably superior, as detailed here. Second,
if the AM-SRS spectrum is recovered using deconvolution, noise and incomplete background
removal are concerns, as is the case for all deconvolution procedures. Smoothing or filtering can
be used to reduce noise but will result in poorer spectral resolution in the recovered spectrum; in
systems for which AM-SRS measurements are difficult, this is likely an acceptable compromise.
Third, CM-SRS assumes that the background signal is not phase coherent with the desired signal.
While valid for SRS imaging, this assumption fails if the CM approach is applied to CARS
microscopy and full background subtraction cannot be achieved (see Supplement 1, Fig. S2 for
further discussion).

Finally, the above analysis provides a framework for discussing the effects of spectral width
of the Raman-resonant and non-Raman background terms on the recovered signals. We have
made two assumptions: 1) the Raman resonance is narrow relative to the laser bandwidth;
2) the background signals are not very strongly chromatic. Given we use femtosecond lasers
in CM-SRS, the first assumption holds for many Raman modes of interest but not all (water,
for example). When this assumption is violated, the relative difference between the co- and
contra-chirped AM-SRS contributions becomes increasingly small and the CM-SRS signal
strength concomitantly decreases. The retrieved Raman lineshapes, however, remain unaffected,
albeit with reduced signal-to-noise ratios. The second assumption is a significant relaxation of a
requirement for FM-SRS: in FM-SRS it is assumed that the non-Raman background is achromatic
over the modulation range of the center wavelength of the lasers of interest (100s-1000 cm™"),
whereas in CM-SRS we require that the background be achromatic only over the narrow bandwidth
of the excitation laser (~80 cm™'), a much relaxed constraint.

3.2. Experimental results

We experimentally demonstrated CM-SRS using a modified spectral focusing AM-SRS mi-
croscope wherein the instantaneous frequency difference follows the time delay between the
input lasers, mapping linearly onto Raman frequency. Conventionally, scanning the time delay
between the input pulses measures their cross-correlation: therefore, the non-Raman signals
in spectral focusing AM-SRS will not appear flat but rather will follow the known spectral
cross correlation between the two input pulses. In CM-SRS, where all non-Raman signals
are dynamically subtracted, this is not a concern. In the simulations above we assumed, for
calculational simplicity, that the central (difference) frequency was tuned rather than scanning
the time delay between the input pulses. However, in spectral focusing SRS, the time delay
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scan is equivalent to tuning the instantaneous difference frequency plus a phase shift. Since
the latter does not modify the CM-SRS spectral response, this validates the simulations. To
further verify that this subtraction of non-Raman background can be achieved experimentally,
we measured the cross-correlation of the co- and contra-chirped Stokes beams with the pump
using non-degenerate two-photon excited fluorescence (TPEF). We observed that the co- and
contra-chirped TPEF signals are nearly identical (see Supplement 1, Fig. S3), despite the lack
of corrections to the higher-order (i.e. beyond quadratic) phases. Indeed, when performing a
CM-SRS measurement on such a sample, the non-Raman signals were completely subtracted,
resulting in a null signal as expected.

To directly compare experiment with simulation, we measured the CM-SRS spectrum of
DMSO in D,O in the C-H stretch region as a function of concentration. In Fig. 3, we show
the strong (10% v/v DMSO) and weak (0.1% v/v DMSO) Raman signal regimes. In the
strong Raman signal regime, we separately recorded co-chirped and contra-chirped AM-SRS
spectra, Fig. 3(a). Co-chirped AM-SRS (black) provides a high-resolution spectrum, whereas
contra-chirped AM-SRS (red) yields a low-resolution spectrum. Based on these measurements,
we estimate our co-chirped AM-SRS resolution to be ~25cm™" and our contra-chirped AM-SRS
resolution to be ~80 cm™!. In Fig. 3(b), the weak Raman signal (0.1% v/v DMSO) regime, both
the co-chirped (black) and contra-chirped (red) AM-SRS spectra are largely featureless being
dominated by non-Raman background. In CM-SRS, we modulate at high frequency between
the co- and contra-chirped case, yielding the CM-SRS spectrum in Fig. 3(c) (orange) shown for
the strong signal regime. The CM-SRS spectrum is the dynamic subtraction of two AM-SRS
spectra. In the strong signal regime, this is demonstrated by subtracting—post measurement—the
co-chirped (black) and contra-chirped (red) spectra of Fig. 3(a). The result of this ‘static’
subtraction is shown in blue in Fig. 3(c). The SRS spectrum constructed from the difference
between sequentially recorded scans (blue) is nearly identical to the CM-SRS spectrum (orange),
with small differences attributed to residual low frequency noise which is removed by the high
frequency modulation of CM-SRS. Similarly, as shown in Fig. 3(d) (orange), CM-SRS yields a
Raman-resonant spectrum even in the weak signal regime. However, the demonstration that this is
equivalent to the ‘static’ difference spectrum was not possible in the weak signal regime since the
AM-SRS spectra were dominated by non-Raman processes and low-frequency noise. Importantly,
we can deconvolve CM-SRS spectra to recover background-free AM-SRS Raman spectra. We
obtained a deconvolution kernel in the strong Raman regime using AM-SRS and CM-SRS
spectra and applied it to the weak-signal CM-SRS spectrum, yielding the retrieved spectrum in
Fig. 3(d) (grey) which is equivalent to a background-free AM-SRS spectrum. To show this, we
assumed, as is conventional, that co-chirped AM-SRS spectrum of Fig. 3(a) (black) is linearly
proportional to concentration and can scaled down (here by a factor of 100) serving as a proxy
for the spontaneous Raman spectrum in Fig. 3(d) (black). The deconvolved CM-SRS spectrum
(grey) and predicted spontaneous Raman spectrum (black) very closely agree, demonstrating
that CM-SRS yields spontaneous Raman spectra in even the weak signal limit. Note, while hard
to discern, the second (small) peak of DMSO centered at 2993 cm™! is not visible above the
noise in Fig. 3(d); as such, this peak is not recovered in the deconvolved spectrum, highlighting
the well-known fact that the deconvolution procedures cannot improve signal-to-noise ratios,
typically somewhat worsening them.

An advantage of SRS over CARS microscopy is its linear scaling with concentration. As
CM-SRS is linearly proportional to the Raman cross-section, its signals should scale linearly
with concentration. We compared co-chirped AM-SRS with CM-SRS over a very wide range of
DMSO concentrations (in D,0), shown in Fig. 3(e). At high concentrations, both AM-SRS and
CM-SRS scale linearly. At lower concentrations, AM-SRS becomes dominated by non-Raman
backgrounds, no longer tracking sample concentration. In contrast, the CM-SRS signal varies
linearly with concentration to very low values. In this proof-of-concept implementation, the
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Fig. 3. Experimental demonstration of CM-SRS. In all figures, experimental signals are
directly related to the measured strength of the modulation signal on the lock-in amplifier
and are thus on a fixed scale. (a) Measurement of 10% (v/v) DMSO in D, 0 using co- (black
line) and contra-chirped (red line) AM-SRS. (b) Measurement of 0.1% (v/v) DMSO in D,O
using co- (black line) and contra-chirped (red line) AM-SRS. (c) Measurement of 10% (v/v)
DMSO in D0 using CM-SRS (orange line). As a point of comparison, the independently
recorded signals in (a) were subtracted and are shown (co-AM)-(contra-AM) (blue line). (d)
Measurement of 0.1% (v/v) DMSO in DO using CM-SRS (orange line). The deconvolution
of that signal is shown as the grey line. As a point of comparison, the co-chirped AM-SRS
signal from (a) is scaled by 100 and shown a black line. (e) Strength of signal on a fixed
intensity scale for AM-SRS (black dots) and CM-SRS (orange dots) as a function of DMSO
concentration. The orange dashed line is a linear least-squares fit to the CM-SRS data.

absolute detection limit (4.2 mM) in CM-SRS is seen here to be an order of magnitude lower
than in AM-SRS, limited here by laser power and detector saturation. Thus, absolute sensitivity
limits in CM-SRS should be comparable to other modulation schemes such as PM-SRS and
FM-SRS which also remove cross-phase and thermal lens modulation background.

To demonstrate that CM-SRS enhances Raman contrast in complex, heterogeneous, strongly
absorbing media, we imaged traditionally challenging samples: plant materials. These are
generally highly colored and therefore present a great challenge to CRM, generating strong
non-Raman background at all Raman shifts. We first imaged the distribution of 3-carotene in plant
material: its strongly chromatic nonlinear response can cause challenges for FM-SRS techniques
[15]. To demonstrate the power of CM-SRS, we imaged a thin slice of sweet potato (Ipomoea
batatas) rich in 3-carotene and other phytochemicals. The Raman spectrum of 3-carotene [39,40]
is characterized by peaks near 1150 and 1520 cm™'. Using AM-SRS, we recorded images with
high spatial contrast at different Raman shifts. However, the AM-SRS image has significant
background. We show in Fig. 4(a) an AM-SRS image recorded at 3 different peaks, 1150 cm™!
(cyan), 1520 cm™! (magenta) and 2850 cm™! (yellow). As can be seen, there is significant overlap
in the different channels. Additionally, there are significant signals at all Raman shifts, even off
resonance (see Supplement 1, Fig. S4). Thus, the apparent ‘Raman spectrum’ as measured by
AM-SRS is dominated by non-Raman background which, as a function of time delay in spectral
focusing AM-SRS, appears as a Gaussian spectral cross-correlation (see Supplement 1, Fig. S4).
CM-SRS of the same thin section, shown in Fig. 4(b), demonstrates chemical-specific contrast
and vibrationally resolved Raman spectra, permitting spatial segmentation of two different
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carotenoids (magenta and cyan). Shown in yellow in Fig. 4(b) is CM-SRS in the CH-Raman
region near 2850 cm™!, showing the spatial distribution of starches and sugars in the sample.
The segmentation-associated CM-SRS spectra of the two phytochemicals are shown in Fig. 4(c)
(deconvolved Raman spectra are shown in Supplement 1, Fig. S4), thus demonstrating the
chemical-specific imaging power of hyperspectral CM-SRS, even in samples with very large
non-Raman background signals.

()
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Fig. 4. CM-SRS of sweet potato (a) Co-chirped AM-SRS of sweet potato recorded at three
different Raman shifts: 1150 cm™! (cyan), 1520 cm™! (magenta) and 2850 cm™! (yellow).
(b) CM-SRS image of sweet potato at the same Raman shifts as the AM-SRS image. (c)
Average CM-SRS for all the pixels identified as carotenoid 1 (magenta line) or carotenoid 2
(cyan line). Pixels were identified based on intensity threshold masks. Pixels could only be
assigned to one group and were assigned based on spectral similarity.

In our second demonstration of CM-SRS, we imaged an even more heterogeneous colored
sample: a pine stem slice. Using AM-SRS, shown in Figs. 5(a)-(c), we recorded high spatial
contrast images at Raman shifts of 1362, 1519 and 1602 cm™!, respectively. Despite the high
spatial contrast, the AM-SRS image intensity does not vary with Raman shift. A false-colored
RGB merge of Figs. 5(a)—(c), Fig. 5(d), reveals the same spatial intensity distribution as each of its
components: AM-SRS offers no chemical contrast in this sample. CM-SRS shows image spatial
variation with Raman shift, as seen in Figs. 5(e)-(g). This permitted chemical-specific image
segmentation: the segmentation-associated CM-SRS Raman spectra and their deconvolutions are
shown in Supplement 1, Figs. S5 and S6. Additionally, we find that the AM-SRS spectra from
the same regions are dominated by non-Raman backgrounds, as seen in the AM-SRS spectra
Supplement 1, Fig. S7. In Fig. 5(h), we show the resultant RGB merge, demonstrating the highly
detailed, chemical-specific imaging capabilities of CM-SRS in complex, heterogeneous, strongly
absorbing media.

In many biologically relevant systems, low analyte concentration leads to weak Raman
responses, a general challenge to SRS imaging. Here, we demonstrate single cell pharmacokinetics
at the few mM level, shown in Fig. 6. Many pharmaceuticals are small molecules used in low
concentrations at therapeutic levels. Being small, traditional fluorescence labeling schemes are
generally inapplicable. Raman (vibrational) labels, however, can be introduced via chemical
substituents with resonances in the cellular “quiet” region [41,42] of the Raman spectrum. Here,
we studied real-time single cell pharmacokinetics of HepG2 cells exposed to a small molecule
ice recrystallization inhibitor (IRI), Raman-labeled with a cyano group (inset in Fig. 6(c)).
Previous work [43] demonstrated that this class of IRIs is effective at the ~10’s mM level
but can be cytotoxic at higher concentrations. For the IRI used here, we could not resolve an
AM-SRS spectrum even at the highest safe concentration. We note that, in this experiment, a
high NA illumination objective was required in order to ensure intracellular concentration was
measured, as opposed to compound adhered to the cell surface. As is well known, a mismatched
NA of the illumination and collection lenses exacerbates XPM background in AM-SRS. In
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Fig. 5. AM-SRS and CM-SRS of pine stem. (a) AM-SRS of pine stem recorded at
1362cm™!. (b) AM-SRS of pine stem recorded at 1519 em~!. (c) AM-SRS of pine stem
recorded at 1602 cm™!. (d) RGB merge of (a)-(c) with (a) in green, (b) in red and (c) in blue.
The image looks like a grey-scale image because all colors are present with nearly identical
intensities in all pixels. (¢) CM-SRS of pine stem recorded at 1362 cm~ L. (f) CM-SRS of
pine stem recorded at 1519 cm™ L. (g) CM-SRS of pine stem recorded at 1602 em~L. (h)
RGB merge of (e)-(g) with (e) in green, (f) in red and (g) in blue. In this case, spatial
variation is clearly visible.

contrast, CM-SRS revealed a cyano resonance at ~2290 cm™!, with no background signals (see
Supplement 1, Fig. S8(a)). For kinetics study, HepG2 cells were incubated in a 35 mM solution in
cell media and imaged as a function of exposure time. To quantify the pharmacokinetics, the cells
were rinsed in fresh media before imaging in order to remove IRI signals from the surrounding
media. Initially, no IRI was seen inside the cells. After a few hours’ exposure, the drug became
confined within the cells. To verify that the drug was uniformly spread within the cells, cell
boundaries were imaged at 2850 cm~! (CH-region) using AM-SRS, the drug distribution being
measured via CM-SRS at the 2290 cm™' cyano resonance. Images of CH region AM-SRS
and cyano CM-SRS, at four hours exposure, are shown in Fig. 6(a) and Fig. 6(b), respectively
(for additional representative images of the cyano CM-SRS signals at other time points, see
Supplement 1, Fig. S8(b)-(d)). Using CM-SRS, we quantified the pharmacokinetics, shown in
Fig. 6(c), of intracellular IRI concentration over 5 hours, whereupon the intra and extracellular
concentrations roughly equalized at 35 mM. We anticipate that, as sensitivities continue to
improve, CM-SRS may become a useful method for more general label-free, molecule-specific
studies of single cell pharmacokinetics.
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Fig. 6. Pharmacokinetics in living cells. (a) AM-SRS image of HepG?2 cells recorded at
2850cm™!. (b) CM-SRS image of HepG?2 cells recorded at 2290 em™!. This image was
recorded 4 hours post IRI exposure and media rinse. (c) Time-dose response of IRI in HepG2
cells. Each data point was measured for at least 3 fields of view. Error bars are the corrected
sample standard deviation. Inset: Chemical structure of the IRI used in these experiments.

4. Conclusion

Coherent nonlinear optical processes can be controlled and modulated using techniques which
extend beyond the linear optical methods originally developed for radar and subsequently applied
to optical spectroscopy and telecommunications. By modulating higher order (i.e. quadratic
and above) optical phases with a specific symmetry constraint (maintaining constant intensity),
it will be possible to apply nonlinear microscopies to an ever-increasing range of samples and
applications areas. We demonstrated here that rapid modulation of exclusively the sign of the
quadratic phase can remove background signals in CRM, enabling chemical-specific imaging
even in samples where background nonlinear optical processes are strongly dominant. This may
become particularly valuable for electronic resonance-enhanced CRM [44—46]. In principle,
both FM-SRS (and SR-GOLD) [27] and CM-SRS may be sensitive to frequency-dependent
nonlinear background signals near resonances. In CM-SRS, the sum-frequency (i.e. TPA)
spectrum is also modulated between broad and narrow bandwidth. Importantly, in CM-SRS,
this spectral variation is very narrow, within the laser bandwidths. Since most electronic spectra
of condensed phase molecules are broad and featureless, barring the exceptional case of TPA
at a sharp origin band, we expect that CM-SRS is relatively immune to such electronic effects.
CM-SRS retrieves the chemical identity of the species under study in a background-free manner
and opens high-sensitivity, quantitative CRM measurements to new fields of study, including
plant biology, material science, mineralogy and others.
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