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Practical considerations for quantitative and reproducible
measurements with stimulated Raman scattering
microscopy

Stimulated Raman scattering (SRS) microscopy provides
rapid label-free 3D chemical imaging with wide-ranging
applications including histology, pharmacokinetic studies,
and materials characterisation. Currently there is a lack

of standard procedures or reference materials for SRS,
which has important implications on reproducibility and
consistency: such as for the comparison of data from the
same instrument at different times and settings as well as
between instruments and laboratories. This tutorial-style
review presents the most important practical considerations
for sample preparation, instrument set-up, image acquisition
and data analysis to obtain reproducible SRS measurements.
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Stimulated Raman scattering (SRS) microscopy provides rapid label-free 3D chemical imaging with wide-
ranging applications including histology, pharmacokinetic studies, and materials characterisation. SRS
microscopy has seen a steady increase in utilisation since the early 2000s and has become more accessi-
ble due to the increase in availability of facilities, and the development of user-friendly instrumentation.
Although some complete SRS systems are now commercially available, many instruments are home-built
with highly varied laser sources, optics, and detection mechanisms. Signal intensity is also dependent on
the effective spatiotemporal overlap of two (or more) laser beams, thus any drift in alignment can result in
variable performance. Currently there is a lack of standard procedures or reference materials for SRS,
which has important implications on reproducibility and consistency. These concerns are particularly rele-
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vant to the comparison of data from the same instrument at different times and instrument settings as
well as between different instruments and laboratories. This tutorial-style review presents the most impor-
tant practical considerations for sample preparation, instrument set-up, image acquisition and data ana-
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Introduction

Optical imaging methods are of critical importance due to
their non-destructive nature, meaning that they can be utilised
to monitor for example, live cells and chemical or manufactur-
ing processes. Fluorescence imaging has established itself as
an invaluable tool in the life sciences, owing to the excellent
specificity provided by targeted probe labelling coupled with
the high sensitivity afforded by their large absorption cross-
sections. It provides highly valuable insight in widespread
applications, but suffers from drawbacks such as photobleach-
ing, phototoxicity, and challenging quantification." Other
drawbacks include potential changes to the sample under
investigation due to the presence of tags,” and possible de-con-
jugation resulting in uncertainty as to whether the tag is still
bound to the target. Fluorescence imaging also necessitates
the presence of a fluorophore which is not always possible or
appropriate in certain applications, for example at manufactur-
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lysis to obtain reproducible SRS measurements.

ing lines, and in drug delivery studies such as skin per-
meation, where the conjugation of a large probe would perturb
the physicochemical properties and therefore the behaviour of
a small drug molecule. Therefore, there is a need for label-free
imaging techniques for which applications span biology,’
chemistry,* medicine,” and materials characterisation.®’

Raman spectroscopy (RS) provides a chemical fingerprint of
the sample based on the inelastic scattering of light® without
the need for a tag. The frequency difference between the incom-
ing and detected light provides the Raman shift. The Raman
shifts for detected peaks can provide information on the types
of functional groups present in the sample. Raman signal inten-
sity has a linear relationship with concentration of the chemical
species, thus it is possible to elucidate quantitative information
from the data.” Unlike many other chemical characterisation
instruments, such as mass spectrometry and photoelectron
spectroscopy that require ultra-high vacuum to operate, RS can
be performed in ambient environmental conditions and in
liquid with minimal requirements for sample preparation.
However, there are a few limitations of RS. One of the main
shortfalls of RS is its sensitivity, which is poorer than several
other analytical methods. This is because only a very small pro-
portion of the incident light is inelastically scattered (Fig. 1) by
the sample (typically fewer than 1 in a million photons).’

There are several Raman-based methods that can offer
improvements in sensitivity. Resonant Raman scattering

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Raman scattering schematic.

occurs when the incident excitation beam is close in energy to
an electronically excited state of the material under examin-
ation. The frequency resonance can lead to greatly enhanced
intensity of the Raman scattering. A related technique, surface-
enhanced Raman scattering (SERS) involves the use of a rough
metallic substrate to provide a localised surface plasmon (LSP)
which is resonant with the excitation beam and can provide a
signal boost of as much as 10", however despite the increase
in sensitivity, quantitative analysis remains a challenge.'® Tip-
enhanced Raman spectroscopy (TERS) combines SERS
enhancement with scanning probe microscopy (SPM), where
LSP resonance occurs at the apex of a metal probe when
aligned with the excitation beam, to allow Raman mapping at
nanoscale resolution. These enhancement mechanisms
should be considered when elucidating quantitative infor-
mation from RS data, for example the choice of laser source
and the presence of metallic nanostructures that could gene-
rate LSP resonances, which would locally amplify the detected
signal based on their distribution whilst other areas will effec-
tively be silent.

Another disadvantage of RS is the long measurement times
when acquiring images. To generate an image with RS, the
laser beam must be raster-scanned across a sample, in a step-
wise manner, to acquire a spectrum at each pixel. Due to the
long acquisition times required to collect sufficient photons
for adequate signal to noise, generation of large high-resolu-
tion images is extremely time-intensive and is therefore less-
well suited to monitoring dynamic processes than laser scan-
ning confocal fluorescence for example.

These long mapping/image acquisition times can be over-
come using coherent Raman scattering (CRS) microscopy tech-
niques. This article focuses on the application of stimulated
Raman scattering (SRS) microscopy which offers improve-
ments in imaging speed compared to RS. In RS, only one
monochromatic laser source is required to excite the sample
and the inelastically scattered photons are collected at a
different frequency to the incident beam. In SRS and a related
CRS technique, coherent anti-Stokes Raman scattering (CARS)
microscopy, two laser beams are focused on the sample where
the difference in frequency is tuned to match a Raman
vibrational mode of interest. This targeted stimulation of the
vibrational mode increases the Raman scattering by up to 4 or
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5 orders of magnitude and enables rapid imaging"' more than
1000 times faster at a single frequency compared to spon-
taneous Raman microscopes.'> Both SRS and CARS signals are
generated simultaneously by the sample, but they differ in
their detection mechanisms. The SRS process results in a loss
of intensity in one laser beam and a gain in the other beam.
To detect this signal, one of the beams is typically modulated,
and the transfer of this modulation pattern to the second
beam is detected with high sensitivity using a photodiode
detector and lock-in amplifier. In CARS, a new frequency of
light is generated, so it can be simply isolated using optical
filters and detected with a photomultiplier tube. Although SRS
requires a more complicated detection mechanism compared
to CARS, it offers some benefits: the signal is linear with
chemical concentration (CARS has a quadratic relationship
and suffers further complications from a non-coherent back-
ground); SRS images are comparatively free from non-resonant
background signals such as emitted fluorescence."?

The elucidation of quantitative chemical information pro-
vides crucial insight to many applications from drug discov-
ery," pharmaceutics,">'® materials science,’”” live cell
studies"®" and medical diagnostics.>’ High levels of reprodu-
cibility and consistency across Raman instruments is extremely
important for many of these applications, for example cancer
diagnostics.”® However, there are many parameters affecting
the quality and reproducibility of RS and to an even greater
extent, SRS data. More generally, there are concerns that the
wider scientific community is suffering from a reproducibility
crisis,?® for which metrology and standardisation efforts are
needed to improve confidence in data.”® There are various
levels of reproducibility that need to be met. At a local level, an
instrument in a laboratory should be able to generate data
with acceptable variability from the same sample on different
days and with different operators. This statement implies that
there needs to be a stable reference sample from which the
day-to-day and operator-to-operator variability in key perform-
ance parameters such as intensity, linearity, spatial resolution,
and wavelength can be measured. At a wider level, the compar-
ability of results between different instruments and labora-
tories must be considered and measurements harmonised
through agreed procedures, for example for wavelength and
intensity calibration.

This review presents the most important practical consider-
ations affecting quantitative and reproducible SRS measure-
ments, including sample preparation, instrumentation, image
acquisition and data analysis approaches. For a more compre-
hensive description of the optics and associated mathematics,
readers are encouraged to refer to the specialist books and
journal publications.>*>®

Introduction to optical processes

Irradiation of the sample with a laser beam can result in
numerous optical processes. In addition to Rayleigh (elastic)
scattering, a small proportion of the light can undergo inelas-
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tic scattering. When a single monochromatic laser source is
used, spontaneous Raman scattering occurs, whereas when
two beams are used with a frequency difference matching a
vibrational mode, coherent Raman signals can be generated
from SRS and CARS processes. Several other (non-Raman)
optical processes may also be taking place, and can also
provide complementary information, for example two-photon
excited fluorescence (TPEF) and second harmonic generation
(SHG).”**” These different processes are illustrated in the
Jablonski diagrams in Fig. 2.

In RS, a single exciting photon can result in a range of
emission energies. For SRS there is a transfer of energy
between the pump and Stokes light wavelengths. In CARS, the
anti-Stokes signal is generated at a new wavelength. In TPEF
the two photons are absorbed by the sample and one fluo-
rescent photon is produced. SHG involves two photons of the
same frequency interacting with the sample which combine to
produce one photon of double the energy (half the initial wave-
length). RS signals are generated in an isotropic distribution,
whereas for SRS the signals are propagated more strongly in
the forward direction. For this reason, sensitivity of SRS detec-
tion tends to be significantly improved in the forward com-
pared to backscattered direction, unless the sample is of sig-
nificant thickness.”® Therefore, SRS is commonly performed in
transmission. The complementary multiphoton modalities
such as CARS, TPEF and SHG are typically detected in either
backscattered or transmission.

Instrumentation

Since both SRS and CARS signals are generated simul-
taneously, many microscopes are set up to allow detection of
both signals. Similarly, TPEF and SHG signals are also com-
monly detected in separate channels.

A basic CRS instrument is depicted in Fig. 3 and consists
of:

1. A dual laser source that provides at least two laser beams
of different wavelength with the same repetition rate. The
Stokes beam typically has a fixed wavelength, while the pump
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beam wavelength is tuneable, to target the wavenumbers of
interest.

2. An optical parametric oscillator (OPO) enables the tune-
ability of the pump beam.

3. A modulator that applies a modulation pattern from the
frequency generator to the Stokes beam.

4. A frequency generator generates the modulation fre-
quency for the optical modulator.

5. A delay line, which comprises a mechanical stage and
mirrors, enables the temporal overlap of the pump and Stokes
beams to be optimised.

6. A dichroic mirror spatially combines the pump and the
Stokes beams to create the train pulse.

7. An optical scanner (controlled by the image acquisition
software) typically consists of a pair of galvo mirrors and the
scanning and tube lens. This scanner allows the beam to be
rastered laterally across the sample.

8. An objective lens suitable for the range of wavelengths
being used, i.e. for most multiphoton imaging, a near infrared
transmission-corrected lens.

9. A condenser lens that collects all the forward-propagated
SRS signal and the rest of the light at the sample.

10. Filters that remove the modulated Stokes beam.

11. A detector, usually a silicon photodiode.

12. A lock-in amplifier reads the signal from the diode
using the frequency generator signal as a carrier wave refer-
ence and amplifies the modulated SRS signal.

13. The signal from the lock-in amplifier is read by the PC
and the signal is assigned to the appropriate spatial coordi-
nates in a data array.

14. Photomultiplier tubes (PMTs) are typically used for the
detection of CARS and other complementary multiphoton
signals.

The laser source generates two different wavelength beams
with the same repetition frequency. The wavelength of the
Stokes beam is kept constant (typically between 1000-1100 nm
for most systems). The pump beam passes through the OPO,
which facilitates tuning of the laser wavelength to correspond
to the required wavelength for the beat frequency. Eqn (1)
describes the relation between the pump and Stokes beam

RS SRS CARS SHG TPEF
—— Excited
state(s)
Vitwal Bl L0 B e - -
state(s) o
o,
() (O]
Oppeer | O o, O , , @, @, i-stokes S 2050
e = i
0, O
Vib. Ground

states

state

Fig. 2 Jablonski diagrams for spontaneous Raman, SRS, CARS, two photon excited fluorescence, and second harmonic generation, where  is the
frequency, and subscript ‘s” and ‘p’ indicate the Stokes and pump fields respectively. The green wavy line in TPEF represents relaxation.
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Fig. 3 Simplified schematic of a typical CRS system, which often comprises detection mechanisms for both SRS and other multiphoton imaging

modalities.

wavelengths and the targeted wavenumber stimulated by both
SRS and CARS. The 107 factor is included for use of the most
practical units: the wavenumber, ¥,;, is in ecm™", and the wave-
length, 4, is in nm. Eqn (2) is specific to CARS microscopy and
shows the relationship between the pump and Stokes beam
wavelengths, and the new signal wavelength generated for the
corresponding CARS signal.

N 1 1 A -2
Buipy = 107( _ ) _ 107( Stokes pump) (1)
Apump j'Stokes AStokesﬂpump

1 ipumpﬂStOkes

(2)

)«CARS ="
1pump Astokes

2/1'Stol<es - ﬂpump

SRS is commonly performed as stimulated Raman loss
(SRL) rather than stimulated Raman gain (SRG) for several
reasons. SRL requires more power from the longer wavelength
(Stokes) beam and less power from the pump beam for exci-
tation of the sample, thus resulting in lower power densities
(and photodamage) for the same signal to noise. It is also
easier to align modulators in the fixed path of the Stokes beam
than in the tuneable pump beam. In addition, silicon photo-
diodes tend to have better responsivities for the pump com-
pared to the Stokes beam.>* To perform SRL, the Stokes beam
is modulated (via electro-optical or acousto-optical modu-
lators) to generate a train-pulse. To overlap the beam pulses in
the time domain, the modulated Stokes beam passes through

This journal is © The Royal Society of Chemistry 2022

a delay line. This is a mechanical stage that increases or
reduces the length of the light path so that when both beams
combine spatially, they can be adjusted to overlap the time
domain of the pulses. The combined beam travels through the
scanning module to the objective lens, where it is focused on
to the sample. The forward propagated light from the sample
is collected with a condenser lens. It is important to use a con-
denser with a higher numerical aperture (NA) than the objec-
tive lens in order to minimize spurious signals caused by cross
phase modulation.>* Typically, the Stokes beam is filtered out
from the collected light and the resulting modulated SRS
signal is collected with a silicon diode. The silicon diode is
connected to a lock-in amplifier that discriminates the modu-
lation transfer signal. This signal is amplified and read by the
software.

Many SRS systems are custom-made, but complete commer-
cially available instruments are now available. Custom-made
systems are often constructed to be adaptable and usually
permit flexibility in the beam path and individual com-
ponents, whereas integrated commercial systems tend to be
more enclosed to optimise instrument footprint and improve
safety. Both types of instrumentation should be evaluated in
relation to measurement robustness, comparability, and
repeatability. To achieve reproducible and meaningful SRS
microscopy measurements, instrument settings require careful
optimisation. We provide below a summary of the main hard-

Analyst, 2022, 147, 4642-4656 | 4645
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ware experimental considerations SRS users should be aware
of.

Laser system

In SRS systems used for biological applications, a femtosecond
or a picosecond dual laser source is usually employed.
Femtosecond sources allow for more sensitive SHG and TPEF
imaging due to the higher peak intensity. However, femtose-
cond sources produce poorer SRS spectral resolution due to
the larger bandwidth of shorter pulses, compared to pico-
second lasers. Picosecond sources also impart less photodam-
age to sensitive samples.> Typically, the Stokes beam is in the
near infra-red range (1000 nm to 1100 nm), and the second
beam is usually generated from this source by frequency-dou-
bling, for example 1064 nm Stokes beams are used to generate
532 nm. The wavelength of the frequency-doubled beam is
then tuned using an OPO, generating wavelength ranges
between ~750 nm to ~1100 nm, which corresponds to approxi-
mately 600 em™" to 3500 em™", depending on the wavelength
of the Stokes beam. These wavelengths are selected to enable
improved optical penetration relative to the visible region, due
to lower absorption and scattering by the tissue.

The laser power can be controlled directly from the laser
source and some systems offer the possibility to reduce the
power, using for example a polariser which is controlled by the
microscope software. It should be noted that the laser power
reaching the sample is not the same as at the laser source.
Due to the losses along the optical pathway and depending on
the employed optical elements, a fraction of the initial laser
power may reach the sample. For this reason, it is good prac-
tice to measure the laser power of both laser beams at the
sample prior to use and during troubleshooting. Monitoring
the power over time can help identify when the optical align-
ment is deteriorating, as well as identifying other problems in
the optical path, for example accumulated dust (especially on
an open table system) or damaged optics.

An important factor affecting the laser source stability is
the consistency of the temperature (both internal and external
to the laser). For this reason, the laser systems are coupled to a
chiller unit which maintains the stability of the internal laser
temperature. Even very small changes in the chiller tempera-
ture can significantly affect the laser intensity, so good chiller
maintenance is extremely important. The OPO is extremely
sensitive to environmental factors such as temperature and
vibrations and requires a stable environment for optimal oper-
ation and fine tuning. Alignment can be challenging and time-
consuming. Care should be taken where the microscope tower
and OPO are placed on the same floating table due to the risk
of OPO misalignment caused by large vertical displacements
of the table when using the microscope tower.

For any CRS method it is critical to maintain the spatial
and the temporal overlap of the laser beams. The sensitivity of
the technique is entirely dependent on this overlap which can
drift with time. Therefore, it is prudent to conduct regular
checks of the beam overlap and monitor performance using
well-characterised reference samples of known/expected signal

4646 | Analyst, 2022, 147, 4642-4656
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to noise and keep records. By stipulating a set of consistent
acquisition parameters, it is then possible to ‘quantify’ the
health of the instrument response based on the necessary
detector gain settings to reach a certain intensity value.

For long time-course experiments, or those particularly sen-
sitive to laser-intensity fluctuations, the laser power should be
monitored, for example with a beam-splitter and detector and
the data used to correct the acquired images accordingly.
Laser noise is an important issue that limits the sensitivity of
this technique. A comprehensive tutorial review on laser noise
for SRS microscopy has been published by Audier et al.*°

Detectors

The SRS signal is most often measured using a silicon detec-
tor.>* As is the case for RS, different detectors can exhibit very
different wavelength-dependent quantum efficiencies and
therefore sensitivities across the wavelength ranges used. An
example of a sensitivity response of a silicon photodiode com-
monly used for SRS detection is presented in Fig. 4.>*'
Detector sensitivity is highly wavelength-dependent, and the
response curve can be significantly different for different
models of photodiodes. Therefore, signal intensity vs. wave-
number for the same sample could look quite different when
analysed on different instruments.

For RS, intensity calibration reference materials have been
developed by the National Institute of Standards and
Technology (NIST) and documentary standards are available
describing these procedures.*>*® However, the calibration
reference standards produced by NIST work are based on
emitted fluorescence which is not detected by SRS. There
remains a need for calibration samples to measure SRS detec-
tor responses. Information on the relative intensities of refer-
ence materials such as polystyrene can provide some useful
insight. These can be compared to the ASTM E1840-96 stan-
dard which lists the peak positions and relative intensities.**
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Fig. 4 Typical SRS detector responsivity vs. wavelength (FDS1010

silicon photodiode, Thorlabs).*>® Typical wavelengths used are
1000-1100 nm for the Stokes and 700—900 nm for the pump beams.
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Fig. 5 shows RS spectra acquired with different excitation
sources (left) and an SRS spectrum (right) acquired from a
sample of polystyrene sheet. The spectra have been normalised
to the highest intensity peak but are not corrected for relative
intensity. Large differences in relative intensity across the
spectra are observed between different excitation sources in RS
and with SRS. The most common reason for these discrepan-
cies is differences in detector responsivity (such as that shown
for SRS in Fig. 4) and similarly, reduced CCD response at
longer wavelengths in spontaneous Raman spectroscopy. In
addition, differences in the OPO output power across the wave-
length range used can also strongly impact SRS data.

An additional consideration is the detector driving voltage
and the gain used which are adjustable. These parameters
should be carefully recorded and kept consistent when direct
comparison of data sets is required, e.g. in dosed vs. control
samples. However, due to the difference in sensitivity across
the Raman spectrum, and different signal intensities between
samples, it may not be possible to find a gain setting that
works well for all targeted wavelengths. One solution is to
group the wavenumbers of interest into lower and higher
signal intensities, ensure settings are consistent within each
group, and that the wavenumbers requiring direct comparison,
such as an on-resonance vs. off-resonance control, are acquired
within the same group with consistent settings.

Signal to noise will vary between detectors and optimisation
to minimise electronic noise may be necessary, especially
when targeting weak signals.”**"

Lock-in amplifier

For comparable SRS measurements, uniform settings of the
lock-in amplifier are required. The main settings include:

+ Phase

- Time constant
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« Sensitivity

+ Channel offset

It is not useful to attempt to prescribe the ‘best’ settings
because these will be instrument and sample dependent.
However, for sets of experimental work where the data needs
to be directly comparable, such as time-dependent studies or
comparing treated vs. untreated samples, it is critical to keep
these settings consistent. Altering the sensitivity setting will
result in incomparable data sets. For complete/built-in systems
these settings are usually pre-set and the user can only alter
the phase as this is sample dependent. More detailed infor-
mation can be found in a publication by Zada et al., who
describe the effects of various lock-in amplifier settings on
SRS signal and image formation, and their freely available
simulation programme for SRS imaging.*®

Image formation: sample vs. beam scanning

Most SRS microscopes utilise galvo-mirrors for scanning the
beam across the sample. One important consideration is that
the transmission of the galvo scanners may not be uniform
across the whole wavelength range used, which can cause a
slight relative signal loss at certain wavelength ranges. Instead
of scanning the laser beams across the sample, some systems
have a fixed laser path and instead the sample stage is moved.
Most piezo stage scanning systems are more restricted in
terms of the maximum field of view and image acquisition is
typically slower compared to laser-scanning systems.

The uniformity of the signal intensity across the field of
view should be checked using a reference sample. Samples
with distinctive patterns such as grids can also be useful to
check there are no distortions in the resulting images (see ESI
Fig. S17 for an example).

SRS

0.8 4
0.6

0.4

0.24

Normalised Raman intensity (a.u.)
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T T T T T
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Fig. 5 Uncalibrated spectra obtained from a polystyrene sheet using RS with a range of excitation sources (left), compared to SRS (right). The
spectra have been normalised to the highest intensity peak but have not been corrected for wavelength-dependent sensitivity. The SRS spectrum
was acquired with 0.2 nm steps of the pump laser wavelength (2 ps pulse width).
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Filters

Since many instruments are set up to perform multiple
imaging modalities, a series of different filters may be incor-
porated throughout the optical path, particularly when other
multiphoton techniques are being performed in parallel.
Careful selection and knowledge of the properties of these
filters is required to ensure they do not result in accidental
partial selectivity of a wavelength-dependent proportion of the
signal leading to biased results. Filters should be regularly
cleaned following the manufacturers guidelines and inspected
before use for scratches or defects.

Lenses

The incident light is focused onto the sample using an objective
lens, and the forward propagating light is usually collected in
transmission using a condenser lens, however for thick, scatter-
ing samples SRS can also be detected in a backscattering geo-
metry.*® High NA lenses are required for the best spatial resolu-
tion and result in better sensitivity since they collect a greater
proportion of the light. It should be noted that the pairing of a
condenser with a lower NA than the objective lens can introduce
spurious signals from cross-phase modulation arising from the
Kerr effect,*” so this should be avoided. It is also extremely
important that the condenser position is laterally aligned with
the objective lens, and that the height is optimally focused, as
this strongly impacts the signal intensity.

As for other optical microscopy techniques such as two
photon fluorescence microscopy, spatial resolution is diffrac-
tion-limited. Depending on the choice of lenses, the spatial
resolution can reach 500 nm laterally, and approximately one
micron in the axial direction. However, efforts are underway to
overcome the diffraction limit, and further discussion can be
found in the future perspectives section.

The potential maximum depth or 3D volume that can be ana-
lysed will depend on the maximum working distances of the
lenses. Typically, higher NA lenses have shorter working distances,
and thus a trade-off is often required in choosing the lenses that
will give the optimum quality imaging within the constraints of
the necessary working distance prescribed by the experimental
requirements. The best performing lenses tend to require oil or
water-immersion media. This can introduce practical challenges,
such as ensuring that the immersion oil does not contaminate
the sample or any water-immersion lenses. Retaining sufficient
water on aqueous immersion lenses for lengthy experiments can
be challenging due to the rate of evaporation. Practical solutions
include water pumps to top up the lens water, and the use of syn-
thetic media which mimics the refractive index of water but is less
volatile and is retained in sufficient volume for many hours.

SRS workflow and experimental
planning

SRS generates images quickly, but for single wavenumber at-
a-time systems the generation of spectra is quite slow. In
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contrast RS generates spectra quickly for a single point but
takes a long time to generate images. Therefore, it is practi-
cal to acquire individual ingredient or component spectra
with RS to inform the choice of wavenumbers to target for
SRS imaging. However, care should be taken to check the
position of the peak maxima by tuning in small increments
a few fractions of a nm either side of the expected peak posi-
tion. Small changes in peak position could be caused by
differences in the chemical micro-environment between the
reference compounds compared to the complex mixture, in
addition to differences in RS compared to SRS instrument
wavenumber position calibration. Performing SRS imaging
slightly off the peak maxima will result in significant
reduction in the signal to noise. A more complete cali-
bration assessment of the system can be performed using
reference materials such as polystyrene, for which the peak
positions (and relative intensities, as described earlier) can
be compared to those published in documentary
standards.?*

Once the calibration between the RS and SRS systems have
been checked, RS spectra can be used to inform the choice of
Raman shift to tune the SRS system to facilitate rapid imaging
at that wavenumber. Fig. 6 shows example RS spectra of water
and petrolatum (left), and the Raman shifts selected for SRS
imaging of a formulation containing both these ingredients,
which have been overlaid to form a composite SRS image
(right).

When choosing peaks for SRS imaging based on RS
spectra, there are several important considerations: the
first is a possible difference in detector sensitivity across the
wavenumber ranges. Typically, lower wavenumber peaks
in the fingerprint region may look relatively more intense
in RS compared to SRS due to differences in detector
quantum efficiency and instrument sensitivity with
wavelength.

Secondly, in addition to performing imaging at the selected
wavenumbers of interest, it is necessary to also acquire control
images at nearby ‘off-resonance’ wavenumbers where no
Raman signal is expected. Although SRS has a minimal non-
resonant background there can be some non-Raman contri-
butions to the signal such as two photon absorption, photo-
thermal lensing and cross-phase modulation.?® These contri-
butions are typically observed across a broad wavenumber
range compared to the sharp Raman bands, and thus can be
identified by tuning away from the Raman bands. The selec-
tion of the off-resonance wavenumbers is of great importance.
For the reasons described above, it is best to select a wavenum-
ber as close as practically possible to the on-resonance contrast
wavenumber of interest. This can prove challenging in
complex samples for which there are many peaks with few
areas of baseline-level signal. Due to the issues of differing
instrument sensitivity across the full range of wavenumbers, it
may be necessary to select multiple off-resonance wavenum-
bers to complement the on-resonance wavenumbers through-
out the range of the wavenumbers probed. This is particularly
critical when spurious signals are present and must be sub-
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Fig. 6 RS to SRS workflow. Step (1) Acquire RS spectra of the individual ingredients. Step (2) Select wavenumbers of peaks corresponding to the
components of interest, ideally positions which do not overlap with other components, in addition to at least one off-resonance wavenumber as a
control. Step (3) tune the SRS system to the corresponding wavenumbers to acquire contrast for each peak in turn.

tracted prior to the extraction of quantitative information
through image analysis.

When considering image acquisition parameters, most vari-
ables will affect the signal, noise, and parasitic signals
measured. It is best practice to optimise all parameters for a
representative sample, and then apply the same settings con-
sistently across samples for which comparable data is
required. The instrument response may change over time, so
for direct comparisons between samples, they should be
measured as close together in time as is practically possible.
Consider also monitoring the fluctuations in laser power (see
Instrumentation section).

Optimising the detector gain settings can be challenging,
due to the large range of signal to noise in SRS data (especially
during hyperspectral imaging, see later). It is important to
ensure that the detector is not saturated at any point during
the data acquisition. This can be easily checked using a look
up table (LUT) which has a different colour scheme for the
highest and lowest values of the bitmap, for example the
‘HiLo’ LUT in software such as Image] or Fiji. Saturated pixels
provide limited quantitative information because the true
signal magnitude is truncated. Generally for this reason, it is
most practical to start with the sample and wavenumbers that
will give the highest signal first, for example a dosed sample;
optimise all settings for that sample, and then keep everything
perfectly consistent to repeat the acquisition on the control/
placebo treated sample, and at wavenumbers that exhibit lower
intensity signals.

Sample considerations

SRS microscopy can be applied to a wide range of sample
types and formats. This section contains some useful tips for

This journal is © The Royal Society of Chemistry 2022

sample preparation and considerations for elucidation of
quantitative information.

Sample thickness and optical properties

As for all optical microscopies, scattering and absorption of
the beam by turbid samples occurs as a function of depth,
leading to an attenuation in the signal intensity. In addition,
the focal volume also increases with depth, particularly in the
axial direction,* and the spatial resolution worsens, as is the
case for RS.* Therefore, the overall sample thickness and
optical properties ultimately impact the magnitude and
quality of the detected signals.?® To compare between samples
such as tissue sections, for example, the sections should be
cut to the same nominal thickness and mounted in a consist-
ent manner. When performing 3D analyses, signal attenuation
with sample depth due to these losses must be corrected for.
Please refer to the data analysis section for more information.
Factors that affect the efficiency of the light transmission
through the sample include the presence of optical clearing
agents that change the refractive index of the sample. These
may be intentionally applied to reduce scattering to increase
signal intensity allowing deeper measurements,*"**> or they
may be an unintentional consequence, for example excipients
in a topical drug formulation which in addition to providing a
vehicle for drug delivery, also affect the optical properties of
the tissue. Common examples of molecules with optical clear-
ing properties include urea, triton-x100, propylene glycol and
glucose.*™** Refractive index changes for example in layered
samples, or naturally occurring RI heterogeneity in tissues
impart large effects on light scattering and thus the signals
detected.”® Van der Kolk et al.** have shown using finite-differ-
ence time-domain simulations that even modest differences in
the refractive index (within a range consistent with biological
samples) can lead to signal enhancements of up to an order of
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magnitude, in addition to perturbations of a feature’s per-
ceived position by up to 1 pm.

Sample preparation

When elucidating chemical distributions through SRS
imaging, careful consideration must be given to the sample
preparation methods used prior to analysis. Ideally tissue
should be fresh or fresh-frozen with minimum processing.
Tissue or cells that have been chemically fixed and embedded
may have an altered local biochemical profile. Similarly, the
use of optimum cutting temperature or other chemical mount-
ing or embedding media may alter the chemical composition
and may interfere with the chemical species under investi-
gation. Performing SRS on tissue embedded in paraffin,
requires its prior removal. This process, however, can also strip
lipids from the local microenvironment of the sample.

When performing quantitative measurements, the potential
impact of the chemical microenvironment should be con-
sidered. For example, the presence of species which may result
in changes to hydrogen bonding that could impact signal
intensity or peak position. Depending on the nature of the
sample and the information sought, it can be beneficial to
ensure optimum hydration by the inclusion of some water or
phosphate buffered saline soaked filter paper in contact with
the edge of the sample, as this will improve heat dissipation
and permit a slightly higher laser power to be used without
causing detectable damage.

Sample mounting and environmental control

Due to the short working distance of most high NA lenses
used for SRS imaging, samples are commonly mounted on (or
between two) thin glass coverslips. Environmental sample
control can be challenging due to the short working distance
requirements, since many commercially available microscopy
environmental chambers will be too thick to image through.
Alternative solutions include temperature-control of a larger
enclosure that also incorporates the lenses (although this can
negatively impact the optics).

The thin glass coverslips can be prone to flexing during
imaging, for example over time with temperature changes
including the warmth of the incident beam, and from surface
tension of lens immersion media, particularly when using
more viscous oils. A practical solution is to clamp the coverslip
(s) between a securing rigid frame to prevent axial movement
drift. When mounting samples between glass coverslips,
ensure the sample makes good contact with both slides to
avoid creation of airgaps. This would introduce a change in
the refractive index leading to signal losses and potentially
spurious background contributions. Sample hydration can be
an important factor in many applications. Consider the
extreme case of two tissue sections, cut to the same thickness,
but one is dehydrated, while the other remains fully hydrated:
loss of water from the tissue will essentially reduce the thick-
ness of the tissue slice, and consequently concentrate the
remaining molecular species within the probe volume.
Effective air-tight sealing of sections between coverslips,
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coupled with low laser power can help to minimise sample de-
hydration (which may also affect the refractive index and
thermal properties). Maintaining good hydration also helps
dissipate heat generated during imaging and reduced sample
damage. Sample movement can cause quite complex data ana-
lysis challenges, for example trying to overlay images acquired
consecutively at different wavenumbers. The issue of dehydra-
tion of tissue sections during imaging leading to shrinkage
between frames is common. Similarly, many samples undergo
motion for example droplets within emulsions or even live
organisms such as cells and small creatures. In some cases,
movement can be reduced by cooling the sample, but often
this is not possible or feasible; since many lenses are water-
immersion, for example, freezing the sample would also freeze
the lens immersion water. Alternative solutions are to increase
the image acquisition speed such that the movement is no
longer on a comparable timescale or apply techniques such as
image registration to create the composite image (see data
section).

Chemical sensitivity and specificity

A common misconception is that SRS offers improved sensi-
tivity of detection relative to RS. While it is true that the stimu-
lated excitation increases scattering efficiencies relative to
spontaneous Raman by up to 4 or 5 orders of magnitude, the
technical limitations defining the limit of detection (LOD) are
fundamentally very different: in RS the LOD is predominantly
limited by the number of generated photons, whereas in SRS
the LOD is predominantly limited by the shot noise of the
laser. As is the case for RS, the limit of detection in SRS varies
strongly with the Raman cross section for the specific func-
tional group. For example, the limit of detection using SRS
microscopy for retinol was measured at 50 pM, whereas for
methanol it was 5 mM (targeting their vibrational modes at
1595 ecm ™" and 2840 cm ™ respectively, corresponding to pump
beam wavelengths of 909.6 nm and 817.1 nm respectively, with
a 1064 nm Stokes beam)."?

There have been few direct comparisons between the sensi-
tivity of SRS relative to RS, and of course the exact values will
depend on laser power and acquisition parameters. However,
there are values reported in the literature for both RS and SRS
detection of methanol, for which the LOD was measured to be
in the range of 0.99 mM to 4.2 mM with confocal RS,** and
5 mM with SRS."® However, it should be noted that these LODs
were determined using different vibrational modes (C-O
stretching at 1019 cm™ for RS and CH, stretching at
2840 cm ™" for SRS).

Raman provides a ‘chemical fingerprint’ through the
characteristic vibrational modes of molecules. However, due to
overlapping peaks and similarity in peak positions the speci-
ficity of Raman is not as good as some analytical methods
such as mass spectrometry. This means that for highly
complex samples, it may sometimes be impossible to separ-
ately identify the molecule of interest from other species in a
complex sample matrix e.g. tissue or formulated products that
may contain multiple different ingredients. One solution is to
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increase the chemical specificity of the target molecule using a
functional group modification or tag. For example, deuteration
is an effective way to shift a C-H bond vibrational signal into
the ‘silent’ region of the Raman spectrum (1800-2800 cm™’;
where typically there are few endogenous signals in most bio-
logical samples). The drawbacks include high cost of the
reagents or requirement for chemical synthesis, and that the
technique would no longer be non-invasive since samples
would not be analysed in their native state.

There are also many researchers developing Raman tags
which contain functional groups offering improved chemical
specificity such as alkyne moieties which are detected in the
biological silent region.**” These can also be designed to
offer improvements in sensitivity as well as specificity.
Although one of the main advantages of SRS is the offer of
label-free imaging, such labels are typically less perturbing
than large fluorescence probes and do not photobleach.

Where chemical specificity is a challenge, but tagging is not
possible, advanced data methods such as spectral unmixing
may provide a means of unravelling signals from overlapping
spectral components (see the Data section for further
information).

Sample damage

When selecting the laser power and image acquisition para-
meters, care must be taken to ensure the sample is not
damaged during the analysis. The type of laser system used
will also be a contributing factor, including the wavelengths,
pulse length, and the average vs. peak power. Different chemi-
cal species and sample types will vary in their threshold for
damaging laser exposure. Typical factors include the level of
hydration or means of heat dissipation. Although there will
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always be a trade-off between signal to noise and sample
damage, there are some parameters that can be optimised. For
example, the total number of pixels in the image: reducing the
pixel number in an image reduces the total exposure time (for
example, a 256 x 256 image requires a quarter of the total laser
exposure compared to a 512 x 512 image). Similarly, line or
frame averaging accumulations can be applied instead of
increasing the laser power to improve the signal to noise.

Typical signs of sample damage include changes to the
image over repeat image frames at the same wavenumber. In
particular, the appearance of bright spots which increase in
intensity and size over time. These signals typically remain
when imaging at off-resonance wavenumbers. Additional care
should be taken when the sample contains strong absorbers
such as pigments or metallic particles: not only do these
sample types absorb more power from the laser and therefore
induce local damage, they also tend to exhibit high levels of
parasitic signals in the resultant SRS images, owing to pro-
cesses such as two photon absorption and photothermal
lensing.*®

However, these signals can be useful, for example allowing
the visualisation of metal particle distribution (although
without any chemical specificity). An example is presented in
Fig. 7, which shows a section of rat skin that contains metal
particles.

Data considerations
Data management and record keeping

Performing SRS microscopy involves many degrees of freedom
in terms of instrumentation and image acquisition settings.

1

Fig. 7 SRS and SHG microscopy composite image of a rat skin section containing metallic particles. SRS contrast for CH, stretching at 2850 cm™" is
shown in red, and off-resonance signals at 2770 cm™ are overlaid in cyan hot, revealing the distribution of the metal particles based on their strong
signals due to absorption and photothermal lensing. Collagen (green) is visualised using SHG. The scale bar represents 100 pm.
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Although commercial microscopes often save most of the
image acquisition parameters in the metadata, these are not
comprehensive. For example, the choice of condenser lens,
and immersion media, details of the sample preparations and
observations/measurements relating to the laser power, its
fluctuation, spatial and temporal overlap of the beams,
environmental conditions, and any modifications to the beam
path should also be recorded in detail (refer to the checklist in
the ESI}).

Image processing

Several image processing steps may be required to generate the
useful image outputs. Raw SRS images usually contain some
spurious signal contributions, for example from two photon
absorption or photothermal lensing. These are particularly sig-
nificant in samples containing strong absorbers such as dyes,
pigments and metal particles. If quantitative information is to
be extracted from images, these spurious signals must first be
removed. This can be achieved by subtracting the spurious
signals captured in an ‘off-resonance’ image from the corres-
ponding ‘on-resonance’ image in a pixel-by pixel manner, for
example using the ‘Image calculator’ plugin in FIJI/Image]/ICY
software.’® However, extreme caution should be exercised.
Firstly, as discussed previously, the off-resonance wavelength
should be as close as possible to the on-resonance image.
However, this can prove challenging, especially in the finger-
print region of complex samples, where there may be large
numbers of peaks clustered together. Secondly, if the on- and
off-resonance images are acquired sequentially, there could be
small translational drifts in the sample position, for example if
the sample is motile, or is dehydrating on the timescale of the
measurement. If such movement has occurred, image regis-
tration can be performed to correct for this. This requires
some common features, either native to the sample or fiducial
markers, between the images to be registered. Images from
other modalities acquired simultaneously in separate channels
such as TPEF or SHG can also provide information for more
robust registration. Image registration may also need to be
applied to create image composites comprising different wave-
number contrasts which have been acquired sequentially.
Finally, images requiring direct comparison (such as a time
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series, or a treated vs. untreated control sample) should be dis-
played with the same image brightness and contrast settings.

Generation of SRS spectra from hyperspectral image stacks

SRS spectra can be generated by acquiring SRS images sequen-
tially at very small increments in wavelength of the pump
beam (such as 0.1 nm, depending on the spectral resolution of
the system) to generate a stack of images that span a wavenum-
ber range of interest. Alternatively, hyperspectral datasets can
be acquired more rapidly using spectral focusing, which
involves a chirped femtosecond laser source.>® Once this stack
of images has been acquired, regions of interest (ROIs) can be
selected using image analysis software. From these ROIs, SRS
spectra are generated by plotting integrated ROI SRS signal
intensity against the wavelength of the pump beam or wave-
number difference between the pump and Stokes beam.
Sometimes it can be helpful to generate a maximum intensity
projection of all the images in the wavelength stack, to visual-
ize all the features in one single image and ensure no impor-
tant features have been missed. An example is displayed in
Fig. 8.

Care must be taken when generating SRS spectra from
hyperspectral image stacks, as there are several potential pit-
falls. If there is any movement of the sample during the acqui-
sition, features of interest can move within the field of view
throughout the stack, so these translations must be corrected
for before selecting a ROI to plot the SRS intensity vs. wave-
number. Correcting each image that represents contrast at a
single wavenumber can be difficult, particularly for complex
samples where each image corresponds to different chemical
components.

Hyperspectral data and multivariate data approaches

SRS generates spectra for which the Raman signals should be
consistent with those acquired using RS. However, they can
have different non-Raman signal contributions: in the case of
RS, a fluorescence background may be present, whereas SRS
images do not contain emitted fluorescence contributions, but
may contain spurious signals from processes such as two-
photon absorption, photothermal lensing or cross-phase
modulation.
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250 ——ROI2
——ROI3

200
150
100 +

50 4

Mean SRS signal intensity within ROI

0 T T T T T
1000 1100 1200 1300 1400 1500 1600 1700
Raman shift (cm™)

Fig. 8 Hyperspectral SRS imaging schematic (left); maximum intensity projection of a hyperspectral SRS stack acquired by recording SRS images of
the sample with 0.1 nm increments in wavelength of the pump beam (middle); resulting SRS spectra generated from the ROIs indicated (right).
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In RS the fluorescence background typically is removed
using a polynomial fitting method or other approaches such
as small window moving average or wavelets such as Mexican
hat (Ricker).”’ > Data pre-treatment include cosmic ray spike
removal, denoising, normalisation, data centering and binning
etc. It should be noted that this may have a significant effect
on any multivariate analysis that may be performed
subsequently.’*

For SRS, when the sample exhibits no spurious signals, the
minimum signal value can be subtracted for each wavenumber
if the field of view contains a region without Raman signals,
acting as a local control. When spurious signals such as
absorption artefacts are present across multiple wavenumbers
including off-resonance, they should first be removed. Care is
required when spurious signals present themselves in only
part of the spectral window, as this can be related to local
photothermal damage during hyperspectral scanning or long
laser exposures.

A few multivariate data analysis approaches for hyperspec-
tral SRS imaging are briefly described which are also utilised
for RS.”> Multivariate data approaches can be broadly separ-
ated into 2 categories: methods that don’t require previous
spectral knowledge (unsupervised), and methods that require
some previous knowledge (supervised). Either approach may
be appropriate depending on the nature of the data and the
information sought. Unsupervised techniques include:

- Non-negative matrix factorization (NMF);*®

- Principal component analysis (PCA);>®

- Vertex component analysis (VCA);>*>’

+ N-finder;>®

« Factorization into spectra and concentrations of chemical
components (FSC?);>°

« Spectral phasor analysis.

The most commonly used supervised technique for chemo-
metric purposes is multivariate curve resolution (MCR) which
can retrieve the spectral profiles of the components of interest
within the spectral volume, in other words resolve the spectral
volume to determine the spectral components.®> NMF and
MCR are based on similar concepts, the main difference being
that NMF creates the components in a volumetric matrix
without prior knowledge, whereas for MCR the volumetric
matrix is resolved into pre-existing components.

These methods may be used with clustering methods such
as K-means, agglomerative hierarchical cluster analysis.®® The
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specific technique selection is driven by the nature of the
sample and the quality of the spectral information as well as
the desired application. When the sample does not contain
significant spurious signals and has not undergone physical
changes/movements then hyperspectral methods can be
applied directly.

Quantification

In some applications such as drug delivery studies it is desir-
able to convert the gray scale intensity values in SRS images
into an absolute chemical concentration. This is non-trivial
and requires very careful design of a range of calibration
samples of known concentration. The samples should have
consistent optical properties and thickness compared to the
sample under investigation. By preparing samples that have
been spiked with known concentrations (resulting in a homo-
geneous chemical distribution through the sample matrix), a
traditional calibration curve can be generated by imaging
them in turn with identical acquisition parameters and plot-
ting the known chemical concentrations vs. their respective
average SRS signal intensities, i.e. the average gray scale values
for a defined region.

Similarly, quantification of particles (number per unit area
or volume) may be possible.®*®® However, this presents con-
siderable challenges, especially for sub-spatial resolution-sized
particles. Care must be taken when analysing particles in
liquids which are likely to move during the measurement, in
particular, those which may be affected by optical trapping.®®
In addition, thermal and other potentially spurious signal con-
tributions may be present.®”

As described earlier, when acquiring 3D image stacks there
is a loss of signal with depth into the sample due to scattering
and absorption and depending on the nature of the sample,
potentially other phenomena. Where quantitative information
is sought, this attenuation must be corrected for. There are
many publications that address optical scattering and correc-
tion methods;*®°® however, accurate correction depends on
many sample-dependent factors and can be quite complex,
especially for inhomogeneous sample types. One practical
solution to validate the corrected result, is to compare a
Z-stack of a 3D sample with the X-Y image of a physical cross-
section of the sample, prepared for example using a micro-
tome or cryostat. In this manner, all depths of the sample can
be imaged within the sample optical plane and the signals

<+——>

Physical sectioning

Illustration of ‘optical sectioning’ of a 3D sample which suffers from signal attenuation with depth (left); vs. a physical cross-section of a

sample for which all depths can be analysed in the same optical plane (right).
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compared to those in the 3D image stack (Fig. 9). In this way, a
correction factor can be assessed and then applied to the 3D
samples of similar properties.

Conclusions and future perspectives

Coherent Raman techniques are finding utility in diverse
fields, although the biomedical sector remains a core appli-
cation. The first diagnostic clinical tools based on SRS are
under development>® and commercially integrated solutions
are now available,”””! broadening the accessibility to a wider
pool of researchers and medical professionals, compared to
experimental optical set ups.

While SRS becomes more widely employed, new challenges
and technology developments are continuously being pro-
posed;”* such as simultaneous stimulated Raman gain and
loss detection for eliminating the need for a separate off-reso-
nance image.”” Other important technologies include broad-
band CRS to enable faster data collection.”* Challenges yet to
be solved include much needed improvements in sensitivity,
faster detectors with lower noise, and more stable laser
sources. Efforts towards super resolution SRS microscopy are
also underway,”” employing a range of different mechanisms
including saturated SRS,”® near-resonance enhanced visible
SRS,”” and stimulated Raman excited fluorescence.”®

As SRS transitions into a mainstream analytical and clinical
method, standardisation of acquisition protocols and data
formats allowing the transferability and comparability of data
between different platforms is necessary. This will require the
development of reference samples and procedures to ensure
data quality and reproducibility, identified as the number one
priority at an SRS workshop held at the National Physical
Laboratory in November 2021. It will also facilitate greater data
utility in studies where comparison to other imaging methods is
required, such as mass spectrometry, fluorescence, super-resolu-
tion, and electron microscopy. As described earlier, one solution
to the sensitivity limit is the development of Raman-active tags;
by sacrificing the labelfree nature of the approach, better
specific sensitivities are accessible. For example, Tipping et al
reported up to two orders of magnitude improvement in Raman
activity with increased conjugation of their biorthogonal tags.*®

New technological and data treatment methods will facilitate
imaging at a greater penetration depth.*® In addition, new
approaches for chemometrics will be utilised to maximise the
chemical information available, and in real-time. These factors,
together with the fact that it provides complementary infor-
mation to other multiphoton methods, makes CRS a promising
tool for in vivo diagnostics as it can be easily corroborated with
traditional methods but while providing additional molecular
information through robust chemometrics approaches.
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