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instrumentation for spontaneous and coherent Raman scattering microscopic imaging is given with a focus of recent
developments. Third, imaging strategies are summarized including sequential registration with laser scanning microscopes,

line imaging and global or wide-field imaging. Finally, examples of biomedical applications are presented in the context of

single cells, laser tweezers, tissue sections, biopsies and whole animals.

1. Why Raman-based techniques in biomedicine?

Cells and tissues are characterized by a specific dynamic
biochemical composition and molecular structure. In a similar
way, each pathology or cellular abnormality is accompanied by
biochemical and molecular changes, which may also be
dynamic in nature. Optical and spectroscopic techniques that
correlate the biochemical composition, molecular structure,
and its variations with the diagnosis would provide powerful
clinical tools. A variety of optical techniques have been
suggested as a means of imaging in biomedicine, and each of
them has certain advantages, disadvantages and limitations.
To name a few, confocal fluorescence microscopy and
photoacoustic imaging rely upon the specific uptake of dyes.
Offering high sensitivity, specificity and speed, dyes might be
unevenly distributed in cells or tissues and might be toxic.
Label-free imaging techniques such as infrared microscopy (IR),
optical coherence tomography (OCT), confocal reflection (CR),
two-photon excited fluorescence (TPEF), second harmonic
generation (SHG) and third harmonic generation (THG)
imaging have also been proposed. OCT, CR and THG reveal
morphological features but lack chemical contrast for
differential diagnosis. IR microscopy probes
vibrations providing chemical contrast, but spatial resolution is
inferior due to longer wavelength in the mid-IR from 2.5 to 10
um. SHG and TPEF microscopy primarily highlight collagen and
auto-fluorescent species, respectively, and both signals can be
weak or absent in some specimens. This contribution focuses
on Raman-based techniques that fulfil the requirements of
label-free biomedical imaging with following advantages: (i)
molecular vibrations of all constituents are probed
simultaneously without external labels proving a specific
molecular fingerprint; (ii) this information can be obtained at

molecular
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various excitation wavelengths and intensities that are non-
destructive to living organisms, and can be tuned with
resonance measurements to specific chemical species; (iii)
implementation as microscopic technique is capable of
imaging molecular species at submicrometer resolution, as
well as the ability to collect images as a function of depth as
well as space; (iv) coherent Raman scattering (CRS) is coupled
to rapid laser scanning microscopes to collect images at video-
rates and (v) CRS can be combined with other multiphoton
techniques to improve chemical contrast. The potential of
Raman-based techniques in clinical diagnostics has been
proven in many reports that include also combining the
benefits of complementary techniques mentioned above. The
collection of papers in this topical issue will give an overview of
instrumental developments and examples of biomedical
applications. Comprehensive reviews have recently been given
in the context of Raman spectroscopy for biomedical analysis,1
CRS microscopies for clinical and biological studies,” and
molecular pathology via Raman and infrared spectral imaging.3

Furthermore, linear and non-linear Raman approaches have
been combined within the last years with other optical and
spectroscopic imaging techniques (fluorescence, SHG, THG,
OCT etc.) in a multimodal approach for biomedical imaging.
Such a combination of Raman with different contrast
phenomena in one microscopic setting is very beneficial for
improving the diagnostic result of Raman spectroscopy.4

1.1 Early developments

In the last 30 years Raman microspectroscopy has made a
giant leap forward from being a niche technology in analytical
chemistry to a broadly available tool of choice for label-free
sample analysis.5 These improvements are highlighted by
comparison of more recent reports as shown below and older
reports, e.g. Abraham et al. in 1979.° The researchers used a
state-of-the-art custom-build Raman microspectrometer to
investigate biological material, such as the cytoplasm of
multinucleated giant cell of the lymph nodes. The acquisition
for a single Raman spectrum from that sample was about 150
min.; while the acquisition of hyperspectral Raman images was
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not imaginable. Erz et al. mentioned in their review on Raman
spectroscopy7 from 1980, that for some samples it should
technically be possible to acquire Raman spectra in a few
seconds. Due to the enormous developments in laser, detector
and filter technology, today, 35 years later, high-quality Raman
spectra are routinely acquired from biological samples in less
than a second.

1.2 Current state of knowledge

Improved diagnostic methods are needed in various clinical
fields. In the past decade, Raman spectroscopy has evolved as
a versatile bioanalytical tool enabling label-free, chemically
and spatially resolved assessment of cells and tissues at
molecular level. Numerous research groups have reported
proof of concept studies demonstrating the potential of

Raman  microscopic imaging in cytopathology and
histopathology. Raman-based methods can probe
biomolecules such as proteins, lipids, nucleic acids and

carbohydrates within complex matrices without preparation,
even under in vivo condition. The physical mechanism behind
Raman spectroscopy is inelastic light scattering of
monochromatic laser radiation from molecules. As Raman
signals of most biomolecules are relatively weak, intense
excitation lasers and sensitive detection schemes are used. If
the laser wavelength is within the absorption range of
molecules, the red shifted portion of the Raman spectrum
(Stokes signal) can overlap with fluorescence emission. As near
infrared excitation (as does excitation in the deep ultraviolet
(UV)) shows low absorption for most biomolecules, unwanted
contributions from associated fluorescence are minimal.

1.3 Outline to respond to the unmet clinical needs

This contribution describes state-of-the art techniques in
Raman microscopic imaging and current developments to
apply Raman based methods to unmet clinical needs and
translate them into the clinic. Further developments include (i)
improved laser sources for excitation, (ii) dedicated
microscopy techniques that enable automated imaging, (iii)
higher sensitivities down to sub-second exposure time per
spectrum, (iv) image acquisition times of few minutes, and (v)
objective classification routines for diagnosis of cells and
tissues based on Raman data. Because of the complexity of the
latter topic, it will not be covered here and illustrative
examples will be given instead. Like any microscopic imaging
modality, spontaneous Raman and CRS microscopic modalities
would generate field of views (FOVs) that are smaller than
clinical specimens (tissue sections, biopsies, surgical cavity...).
Consequently, protocols need to be developed to combine and
complement existing methods. The fact that images can only
be collected at a maximal depth of penetration of
approximately 100 um (confocal spontaneous Raman) and 500
pum (CRS) also needs to be considered.
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2. Instrumentation for spontaneous Raman
microscopic imaging

A scheme of spontaneous Raman scattering is shown in figure
1. A similar scheme for coherent Raman scattering will be
presented at the beginning of section 3. Because Raman
signals of most biomolecules are weak, Raman microscopic
systems for biomedical applications are optimized for efficient
excitation and collection of inelastically scattered light. The
main components that have not significantly changed in the
last two decades are lasers, which are coupled into
microscopes, and spectrometers with multichannel detectors
for registration of Raman spectra. These components together
with their recent progress are separately described in this
section. A more detailed introduction into practical Raman
spectroscopy is given in a recent textbook.’
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Figure 1: Scheme of spontaneous Raman scattering. The sample is
illuminated by a continuous wave laser generating a small amount of Raman
scattering upon excitation of molecular vibrations. The emission is like that
of a Hertzian dipole and all Raman active vibrations generate scattering,
which adds to the total Raman spectrum. Raman scattering is induced
throughout the beam path.

2.1 Lasers

In general, lasers are ideal excitation sources for Raman
spectroscopy because of their intense, monochromatic and
small divergence, polarized and coherent emission. Particular
properties of excitation lasers in Raman spectroscopy are
wavelength stabilization and narrow bandwidth. The band
width of the excitation laser determines the minimum width of
Raman bands that can be correctly measured. For biological
samples in liquid or solid phase this requirement means that
the band width should be less than 10 cm™ (typically even
smaller than 1 cm'l) as most bands have inherent full width at
half maximum (FWHM) above 10 cm™. As the position of
Raman bands depend on the position of the excitation

This journal is © The Royal Society of Chemistry 20xx
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wavelength, variations will also change the wavenumber of
Raman bands. Calibration procedures use the wavenumber of
well-known Raman scatterers such as the cyclohexane band at
801.3 cm™ to set the wavenumber of the excitation laser to
zero. The standard Raman spectra of eight materials including
cyclohexane were compiled by the McCreey research group 10
If the sample is transparent and non-absorbing which is the
case in gas sensing high intensities of more than 1 W can be
applied. In the biomedical context this has been reported for
breath analysis 1" Here, FWHMs are found below 10 em™. But
this is less relevant for the current topic microscopic imaging.
For cell and tissue samples laser intensity must be kept below
the damaging threshold to avoid carbonization and
phototoxicity in in vivo studies. These unwanted effects also
depend on the wavelength, the optical geometry which
determines the focus size, and the cell or tissue type. Typical
laser powers at the sample are in the range of 10 to 100 mW.
Whereas the wavenumber of Raman bands is independent of
the wavelength of the excitation laser, the scattering intensity
is not. According to the Rayleigh law, 2* = 16 fold more intense
scattering is observed if a VIS laser at 532 nm is used instead of
a NIR laser at 1064 nm for the same excitation power. This
factor further increases to 4° = 256 for a UV laser at 266 nm.
The Raman scattering cross sections of molecular vibrations
also depends on the wavelength. If the excitation wavelength
is close to electronic absorption, then the Raman cross section
is enhanced due to a resonance effect. Common electronic
absorption occurs below 230 nm for peptide bonds and
aromatic amino acids in proteins, near 260 nm for nucleobases
and phenylalanine, near 280 nm for tyrosine and tryptophan,
for porphyrin groups near 440 and 550 nm in e.g. hemoglobin
of red blood cells (erythrocytes), for cytochrome C near 520
and 550 nm in mitochondria, and throughout the visible range
for melanin e.g. in pigmented skin and nevi. In case of
electronic absorption, the damaging threshold is low, the
sample is prone to decomposition, the laser intensity and
exposure time should be reduced, and the Raman signal might
overlap with fluorescence emission.

Popular wavelengths in Raman spectroscopy are 488 and 514
nm emitted by argon ion lasers, 413 and 647 nm by krypton
ion lasers, 532 and 1064 nm by solid state Nd-YAG lasers, 633
nm by helium neon lasers, and 785 nm by diode lasers. Diode
lasers are available for many excitation wavelengths from 660
to 880 nm and became very popular in the last years due to
compact size, good performance to price ratio and user-
friendly operation compared to gas lasers that need water
cooling for high intensity versions. Laser line filters are narrow
bandpass filters that suppress plasma lines in gas lasers or ASE
radiation in diode lasers. Thus, the laser beam is “cleaned” and
possible signals with other wavelengths are removed. NIR
lasers are chosen in most biomedical studies because
electronic absorption and associated fluorescence background
are reduced, and penetration of radiation is maximized.
Shifted excitation and modulated excitation
spectroscopy approaches to separate overlapping
fluorescence from Raman signals. As described above, the
Raman bands shift as a function of the excitation wavelength

Raman
are
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whereas the broad fluorescence emission remains largely
unchanged. Algorithms have been developed to extract the
Raman bands from data sets collected at slightly shifted
wavelengths (1 to 2 nm) It has been reported that
background from other constant signals e.g. ambient light can
also be suppressed in this way.13 Fluorescence suppression
techniques in Raman spectroscopy were reviewed.

2.2 Microscopes

Coupling of Raman spectrometers with microscopes combines
the advantages of maximum photon density for excitation and
maximum photon collection using high numerical aperture
objective lenses. Lasers and Raman detection systems can be
conveniently coupled with microscopes by optical fibers which
combine high stability, flexibility and throughput. If the
microscopes are installed in a shielded chamber, they can be
operated at ambient light and fulfil the laser safety class 1. As
most research-grade microscopes can be adapted for Raman
spectroscopic use, all options are available such as epi (=
illumination through the objective) and dia (= illumination
through the condenser) illumination with CCD cameras for
visible inspection, upright or inverted geometry, motorized x-
y-z translational stage for imaging and autofocus (see section
4) and full range of microscope objective lenses. Depending on
the application, this includes objective lenses with improved
transmission in the UV or NIR range, water or oil immersion
objective lenses with or without cover glass correction. A
pinhole in the detection light path determines the confocality
of microscopes. The core of the collection fiber acts already as
pinhole. A smaller pinhole further improves the confocality at
the expense of the signal throughput. Coupling of single-mode
lasers into single mode excitation fibers enable a minimum
laser spot size for best lateral and axial resolution.

For special applications scanning near field optical microscopes
(SNOM) and atomic forces microscope (AFM) have been
coupled with Raman systemsls. If the AFM tips are
functionalized with plasmonic nanoparticles, so called tip
enhanced Raman scattering (TERS) provides sub-diffraction
limited resolution™. However, these topics are not within the
scope of the current contribution and the interested reader is
referred to reviews for further information™.

2.3 Spectrometers

The dispersive element in spectrometers used in Raman
systems is usually a grating whose line density determines the
spectral resolution and spectral coverage together with the
size of the entrance slit, the distance between grating and
detector (focal length of the spectrometer) and the pixel size
of the CCD detector (see next paragraph). Because the
wavenumber is reciprocal of the wavelength, the wavenumber
axis is not linear. That means for the Stokes shifted portion of
the Raman spectrum, a detector pixel closer to the excitation
wavelength corresponds to a larger wavenumber range than
pixels at higher wavelengths. Interpolation routines have been
developed for linearization. The wavenumber axis needs to be
calibrated by assigning Raman wavenumbers (in cm'l) to pixel
numbers. For such a calibration a light source with known
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emission lines or a compound with known Raman bands can
be used. Narrow band plasma lines of gas lasers that can be
detected after removing the laser line filter have been
recommended to calibrate the
spectrometers'®. Accessories that generate narrow gaseous
emission lines are also available for calibration purposes.
Alternatively, Raman bands of standards compounds with
well-documented positions allow wavenumber calibration.
More details have been publishedlg.

Spectrometers in Czerny Turner design use reflective gratings.
A turret accommodates low resolution grating for large
spectral coverage and high resolution grating for smaller
spectral coverage. Efficient coupling is achieved if the f-
number of the spectrometer is adapted to the numerical
aperture of the collection fiber. Low f-numbers are realized by
lens-based spectrometers. However, the aberrations of lenses
are only corrected for limited wavenumber intervals.
Transmissive holographic gratings combine two gratings in one
optical element®. The first grating disperses the low
wavenumber range onto one portion of the CCD detector,
whereas the second grating is slightly tilted and disperses the
high wavenumber range onto another portion of the CCD
detector. Both ranges are combined to a full spectrum with
approximately twice the spectral resolution compared to a
single low resolution grating for the same spectral coverage. In
the past years, volume phase gratings (VPG) became popular,
in particular for compact spectrometers. VPG consists of a
volume with a periodically change in the refractive index.
Depending on the orientation of the modulation of the
refractive index, VBG can be used to either transmit or reflect
a small bandwidth of wavelengths. Bragg’s law adapted for
volume hologram dictates which wavelength will be diffracted.
The limitation of transmissive holographic gratings and VPG is
that they are more expensive than reflective gratings and they
are designed for a single excitation wavelength. Because such
gratings are mounted in a fixed position, they offer high
stability. The impact of volume phase holographic filters and
grating on the development of Raman instrumentation was
previously reportedu.

wavenumber axis of

2.4 Detectors

Charge coupled device (CCD) cameras are multichannel
detectors that register the Raman spectrum. If the spectral
coverage is smaller than the full spectrum, more than one CCD
exposure at different grating positions are collected and
subsequently combined to a single spectrum. Beside the
spectrometer specifications, the spectral coverage depends on
the number of pixels, and the wavenumber interval per pixel
depends on the pixel size. Common pixel numbers for the
spectral dimension are between 1024 and 2048 each 10-26 um
in size. If a laser spot is dispersed on the CCD, only few pixels
will be required in the second, lateral, dimension and the pixel
number will be generally lower (1 to 400, see also figure 7 in
section 4.2). The illuminated pixels along the lateral dimension
are binned for registration and the non-illuminated are not
registered as they only contribute to the noise. Different
imaging strategies have been developed in the past to utilize

4| J. Name., 2012, 00, 1-3

more pixels in the lateral dimension (see chapter 4). The
sensitivity of a CCD detector which is indicated by the quantum
efficiency (QE = the number of electrons generated per
photon) is wavelength dependent. The intensity axis can be
calibrated using a white light source with a continuous and
known emission spectrum to compensate the response curve
of the detector (QE as function of the wavelength) and slight
variations in pixel sensitivities. It is not only important to have
a high QE, but also the dark signal should be as low as possible.
This dark signal is formed by spontaneous (thermal)
generation of electron-hole pairs in the semiconductor
detector, and involves the introduction of noise. The dark
noise is reduced by cooling. The dark signal (average number
of electrons generated in the detector if the detector is not
exposed to light) can be compensated by subtracting a dark
spectrum from the sample spectrum. Small, handheld Raman
instruments are often equipped with uncooled CCD detectors
with one row of pixels. A drawback is that dead or hot pixels
cannot be corrected. An optimum compromise between low
dark noise and sensitivity is achieved at temperatures between
-65 and -95 °C. This can be realized by liquid nitrogen cooling
down to -196°C plus controlled heating or thermoelectric
cooling. To avoid condensation issues, cooled CCD chips are
hermetically vacuum sealed.

Different detector geometries have been developed for UV,
VIS and NIR wavelength ranges. Front illuminated open
electrode configurations have maximum QE near 50%. The
back illuminated deep depletion configuration offer higher QEs
of more than 90% from the visible to the NIR range. However,
the dark noise is higher than for open electrode CCDs and
etaloning effects might occur and need correction. The QE
dramatically drops towards the band gap of the detector
material — the semiconductor silicon — that corresponds to
wavelengths near 1100 nm. This is one reason for the choice of
785 nm as excitation wavelength. Then the full Raman
spectrum from 0 to 3500 cm™ lies in the wavelength interval
from 785 to 1082 nm which is covered by silicon based CCDs.
With 1064 nm excitation lasers, indium gallium arsenide
detectors are used dispersive spectrometers and
germanium detectors with interferometric Fourier transform
detection schemes.

Because the Raman signals as a result of inelastic scattering is
several orders of magnitude weaker than the elastic Rayleigh
scattering, Holographic Notch filters or dielectric longpass
filters suppress the elastically scattered light of the excitation
laser, improve the dynamic range of the detectors and reduce
the shot noise for better signal to noise ratios. These filters
differ in optical density (typically between OD 4 and 6) and
bandwidth. A small bandwidth allows collecting Raman bands
in the low wavenumber range close to the excitation
wavelength. Recently, VPGs were introduced for efficient
elastic scattering suppression at high transmission and Raman
spectra were collected down to 10 em™ 2. In former times,
this performance could only be achieved with high resolution
double or triple monochromators at the expense of higher
costs and higher Raman signal losses.

in
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Electron-multiplying CCDs (emCCDs) were recently introduced
for Raman microscopic imagingzg. The advantage to amplify
the Raman signal above the background noise level is
particular effective for weak signal levels and at short exposure
times in the millisecond range. The contrast and signal-to-
noise ratio can be improved by repeated image acquisition.
Advancement in the context of detectors for Raman
spectroscopy might arise from the application of CMOS
sensors. Such an active pixel sensor consists of an integrated
circuit containing an array of pixel sensors, each pixel
containing a photodetector an active amplifier. The name is
derived from the construction technology — complementary
metal-oxide-semiconductor (CMOS) — has emerged as an
alternative to CCD image sensors. They offer advantages in
readout speed that has been demonstrated in time-gated
Raman measurements with short laser pulses for fluorescence
suppression24.

3. Instrumentation for coherent Raman scattering

While spontaneous Raman scattering has been extremely
successful in identifying disease related chemical changes, that
are considered as novel endogenous diagnostic markers,
visualizing the distribution of such a molecular marker across
large tissue areas by spontaneous Raman scattering is far too
time consuming for biomedical routine diagnostics due to the
long integration times on the order of seconds per spectrum.

Figure 2: Scheme of coherent Raman scattering (CRS). The sample is
illuminated by short laser pulses of two wavelengths exciting a specific
vibration by stimulated Raman scattering, which results in Raman loss of the
short wavelength pump laser and Raman gain of the long wavelength Stokes
laser. Additional coherent scattering of the excited molecules generates
CARS and CSRS (anti-Stokes Raman scattering — CARS, coherent Stokes
Raman scattering — CSRS, not depicted). CRS is mostly excited in the laser
focus where light intensities are highest and the signals are directional.

This journal is © The Royal Society of Chemistry 20xx

Here, CRS imaging provides a significant speed advantage
enabling real-time visualization of a single Raman marker band
with video rate image acquisition speed. 5,26 Key differences
of CRS are depicted in figure 2. Due to its nonlinear intensity
dependence, the CRS signal generation is confined to the laser
focus and requires pulsed laser excitation in order to reduce
the average power at the sample at high peak powers. The
most common implementation of single band CRS (see figure
12 in section 4.6) visualizes the spatial distribution of a single
Raman active vibration. Today three major implementations of
CRS imaging are used: coherent anti-Stokes Raman scattering
(CARS)27, stimulated Raman scattering (SRS) 2829 3nd — most
recent — the Raman induced Kerr effect (RIKE),30'32 which is,
however, less suited for biomedical imaging of intact tissue,
since the polarization is scrambled during propagation in
tissue. A major difference between CARS and SRS results from
the fact, that both the concentration dependence and the
spectral line shape of single band SRS are identical to
spontaneous Raman. CARS signals differ from spontaneous
Raman due to the nonlinear concentration dependence and
the distortion of the spectral line shape due to interference
with nonresonant background signals from four wave mixing.
The schemes are depicted in figure 4 in section 3.2. However,
the speed advantage of CRS comes at the cost of a significantly
enlarged experimental complexity, particularly the need for
synchronized ultra-fast lasers and laser scanning microscopes
(LSM). Ongoing technical progress particularly in laser
technology utilizing optical fibers will fuel the widespread
application of CRS in life sciences and as a tool for imaging in
biomedicine.*® Additionally CRS imaging requires more
sophisticated routines for data acquisition and processing in
order to extract reproducibly the relevant information, i.e., the
concentration of the marker. Therefore many efforts focus on
the development of image processing routines for CRS data,
e.g., for tissue grading.%37 Thus, fully automated software
tools for online data analysis seem to be possible in the future.
Since reinventing CARS microscopy using collinear beam
geometry in 1999 significant progress has been made in terms
of sensitivity and speed.27 In particular, the improvement in
speed is essential to study molecular dynamics in living
systems. Meanwhile, this improvement comes at the price of
focusing the excitation energy at a single frequency or within a
narrow spectral window. For single frequency excitation, a
speed of 100 ns per pixel has been reached.” * ¥ for
multiplex excitation of SRS in a spectral window of a few
hundred wavenumbers, microsecond per pixel is reached,39
while the complete spectrum can be acquired within 3.5 ms.*°
These features allow high-speed imaging of dynamics and high
throughput single cell analysis. However, in order to realize
routine application in biomedicine, technical barriers must still
be overcome. Easy-to-use, compact and reliable instruments
are needed. In the following we therefore focus on
technological developments, specifically laser sources,
detectors and detection methods. The text is structured as
follows: first we briefly summarize the mechanism of the
different realizations of CRS emphasizing their impact on the
detection and excitation before we discuss in detail technical
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developments, laser sources and detection

mechanisms.

in particular

3.1 Laser sources for CRS

3.1.1 Laser parameters for CRS

The laser sources used for CRS to date are either a single but
spectrally broadband laser source in combination with pulse
shaping“'46 or interferometric tet:hniques.47 Impulsive
stimulated Raman scattering is generated by a train of pulses,
which can be achieved either by pulse shaping“"46 or recently
by using laser frequency t:ombs,48 which is discussed in section
3.1.3. For biomedical applications most CRS approaches
require two actively or passively synchronized ultra-short
lasers of tunable frequency difference that renders the light
source for CRS not only significantly more complex than that
required for spontaneous Raman (see section 2.1), which is in
general a continuous wave (cw-) laser, but also more
demanding than lasers for other multiphoton microscopies,
i.e., second or third harmonic generation and multi photon
fluorescence. In addition, CRS for biomedical application
requires specific laser parameters for efficient signal
generation in tissue due to the physical process of CRS as well
as distinct properties of tissue. Since there are in general
spectrally broadband and narrow imaging schemes for CRS
imaging, which will be discussed in depth in section 4, we will
include the technique the laser source is intended to be used
for. Therefore, suitable laser parameters will be briefly
summarized in the following, with emphasis on hyperspectral
CRS, i.e., the subsequent detection of images at specific Raman
resonances.

The common strategy to (i) efficiently generate nonlinear
signals while (ii) keeping the average power at the sample well
below the threshold of photodamage is to employ pulsed
illumination. Pulsed lasers provide high peak powers on the
~kW level, which is tolerable for sub ns illumination times,
while the average power at the sample is only 30 mw. 95
While sub-ps pulses provide for the same average power
higher peak intensities, their spectral bandwidth exceeds the
width of a single Raman transition. In case of SRS spectral
intensity off the Raman resonance does not result in the
generation of SRS signals. In case of CARS it is even worse: the
ratio of resonant to nonresonant signal is reduced, when the
spectral width of the pulses exceeds the width of the Raman
band.> This is due to the fact that for constant spectral
intensity, the contrast deteriorating nonresonant background
signal increases linearly with the spectral width of the pulse,
while the resonant signal saturates, when the convolution of
the spectral width of both lasers coincides with the spectral
width of the Raman resonance.” Hence, for a fixed laser
bandwidth, the ratio of resonant to nonresonant CARS signal is
fixed, and for narrow bandwidth, this ratio can be high. Hence,
for general application a spectral width corresponding to
narrow Raman resonances on the order of 1 cm™ should be
employed, while for standard application such as to image
intense and spectrally broad resonances within the CH-
stretching spectral region, 10 cm™ are sufficient. The pulse
repetition rate of the laser on the other hand should enable to

6| J. Name., 2012, 00, 1-3

acquire images at the shortest pixel dwell time required, which
is on the order of 100 ns for video rate image acquisition, i.e.,
30 frames per second at 512 x 512 pixels, while for most laser
scanning applications 1 ps pixel dwell time is sufficient. This
corresponds to minimal pulse repetition rates of 1 MHz or 8
MHz for video-rate imaging. 25, 26, 38 However, also the laser
noise should be considered, which is crucial in case of
modulation transfer signal detection as required for SRS and
heterodyned detection of RIKE and CARS. Since the relative
intensity noise (RIN) of lasers is lower at higher frequencies
and usually approaching the shot noise limit above 1 MHz,
high frequency modulation above 1 MHz is beneficial for low
noise and fast SRS. Hence, when high frequency modulation in
the order of 10...20 MHz is employed for Lock-In detection of
SRS signals, laser repetition rates of twice the modulation
frequency, i.e., 20...40 MHz, are required. The laser power at
the sample is limited by linear and nonlinear photo-induced
sample damage. Linear photodamage is due to absorption and
heat dissipation, while the dominant nonlinear damage
mechanism for imaging tissue is due to two photon
absorption. Both strongly depend on the absorption properties
of the tissue, thus the damage thresholds varies across
different types of tissue. Hence, the laser power needs to be
adjusted to the sample of interest, but in general the highest
tolerable powers for video-rate imaging are up to 180 mW
using a high NA-objective,26 while even higher powers up to
250 mW have been reported.56 While the discussion of the
tolerable total power at the sample including its dependence
on pixel dwell time, tissue absorption, excitation wavelength
and pulse duration is beyond the scope of this article, the laser
source for CRS imaging should provide the average power of
200 mW per beam to account for optical losses in the
microscope and other optical equipment, e.g., optical
modulator and optics for beam alignment. Output powers
beyond that are not needed, since sophisticated methods for
power adjustment are required. This is due to the fact, that
reducing the average power by neutral density filters lowers
the nonlinear CRS signals drastically, which is why pulse picking
in order to lower the average power while maintaining the
peak power and nonlinear signal yield per pulse is preferential,
but also more difficult to realize.
For imaging different marker molecules tuning the frequency
difference of pump and Stokes laser is required. Most
important is the spectral coverage of the CH-stretching region
from 2750 to 3000 cm™ enabling fastest imaging and
discrimination of proteins and Iipids,57 while imaging the OH
vibration enables to visualize water diffusion processes.Bg'60
Vibrational labelling requires imaging around 2050 — 2150 em™
using alkyne and deuterium for Iabelling,ss‘ 6164 while the
fingerprint spectral region enables label-free imaging of
proteins by the amid | band at 1655 cm™ or DNA at 785 cm™.
In summary, the following list of laser parameters is useful for
CRS imaging:

e  Repetition rate > 1 MHz

e  Wavelength 700-1100 nm

e  Tuning range 0-3500 cm™

e  Spectral pulse width < 10 cem™

This journal is © The Royal Society of Chemistry 20xx
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e  Pulse duration <<1ns
e Average power of pump and Stokes laser ~200mW
per beam

3.1.2 Solid state lasers for CRS
Lasers for CARS as the oldest realization of CRS imaging have
evolved from dye lasers®® to Titanium-Sapphire (Ti:Sa) lasers
pumping optical parametric amplifiers (OPA) or optical
parametric oscillators (OPO) at 250 kHz-repetition rate when
introducing CARS microscopy using a collinear illumination
scheme and high numerical aperture objective lenses.”” For
imaging applications, higher repetition rate lasers need to be
used, i.e., lasers of several MHz repetition rate. Here
synchronized Ti:Sa-Lasers (i) offer the widest spectral
tuneability of laser materials from 700-1000 nm, (ii) allow
accessing the full Raman spectrum from 0-4000 cm'l, (iii)
provide high peak and average power and finally (iv) are
available with pulse durations from 100 fs to a few ps.
However, tight synchronization of two independent lasers is
challenging. For this purpose the laser signals are monitored at
the fundamental pulse repetition rate and at a higher
harmonic frequency. The fundamental frequency is used for
coarse alignment, while the high harmonic signal allows to
precisely lock the phase of two fs or ps-oscillators. The whole
system is complex and requires fast and precise motion of
several mirrors within the cavity.67'69 Obviously active
synchronization is difficult to maintain for long measurements,
rendering passive synchronization as used in OPAs or OPOs
beneficial. While first OPAs and OPOs were suffering from low
conversion efficiencies when pumping with the SHG of a Ti:Sa-
Laser in the UV,70 highly efficient sources were developed
utilizing either SHG of a ps Nd-Vanadate laser at 532 nm or the
Ti:Sa-Laser directly for OPO pumping.zs‘ 7173
Commercially available laser-OPO systems provide a tuning
range of 700-4000 cm'l, several 100 mW average power for
signal and idler, 80 MHz repetition rate for fast imaging
application and high spectral resolution of 3.5 cm™.?®
Therefore these sources are currently state of the art.
Nevertheless, there are demanding and exciting applications
requiring two separate synchronized lasers, as described in the
following.
3.1.3 Highlight - Frequency comb CRS
By using two synchronized frequency comb lasers coherent
Raman spectra covering 200-1400 em™ can be simultaneously
measured within 14.8 ps at 4 cm™ spectral resolution. This
approach enables to detect all spectral elements over a wide
bandwidth and with high resolution on a single photodetector
without moving parts. CARS spectra covering 1200 cm™
containing 300 spectral points and a maximum SNR of 210
have been recorded within 14.8 us, and imaging has been
demonstrated. The method is limited by the refresh rate of the
interferogram to 50 pixels / second.’® Still, high costs,
instrument size and alignment issues are a serious concern for
routine use of these lasers. Therefore research has focused on
the development of more compact sources, which do not need
regular maintenance.
3.1.4 Hybrid systems based on solid state lasers and optical
fibers

emission
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One strategy is to use compact and maintenance free fiber
lasers to pump a standard OPO-system in order to reduce the
size and to increase the overall conversion efficiency.74 OPOs
pumped by Yb fiber lasers are commercially available.”
Instead of using a fiber laser to pump an OPO, alternatively
passive optical fibers can be used to substitute the OPO for
frequency conversion. Here, nonlinear frequency conversion
processes in these fibers are employed in order to generate
spectrally separated which are
inherently synchronized to the pump laser. Multiple fiber

emission wavelengths,
based frequency conversion processes can be employed:
supercontinuum (SC) generation,76‘ 7 soliton self frequency
shift (SSFS) 78 7% and four wave mixing (FWM).SO' 81 photonic
crystal fibers (PCF) are due to their high nonlinearity and many
design parameters tailoring the fiber’s dispersion
characteristics, i.e., spacing, size and geometry of the hole
structure, particularly attractive for efficient frequency
conversion. First applications exploited the spectral
broadening in PCFs for multiplex CARS, i.e., spectral imaging.
Supercontinua (SC) from PCFs enable the acquisition of CARS

spectra and spectral images covering 800 to 4000 cm™.7® 828

for

However, without a spectral detection the spectral resolution
and thus contrast of SC based sources is poor, unless imaging
strategies like spectral focusing are used (see section 4.6.4).

SSFS as another mechanism for frequency conversion in optical
fibers has several advantages in comparison to SC. First, the
output is more stable resulting in a defined spectral and
temporal pulse shape. Second, the conversion efficiency of the
pump pulse to the redshifted soliton pulse is significantly
higher. Conversion efficiencies of 80% have been reported, but
the conversion efficiency is decreasing for longer wavelength
generation.78 Third, the soliton spectrum is not as broad as an
SC spectrum, hence the spectral energy density is significantly
higher due to the lower spectral width. While spectral tuning is
not possible and not needed in case of SC, spectral tuning of
the soliton output can be realized by varying the input power,
e.g., from 1000-3000 em™ However, the spectral width of the
soliton is on the order of several 100 cm™ and therefore
exceeding the Raman line width. This results in poor spectral
resolution when combining a 160 cm™ Ti:Sa-pulse and 90 em™
spectral width soliton from a PCF for CARS imaging.88 When
using spectral focusing of a 27 fs Ti:Sa laser and a 45 fs soliton
generated in a PCF, tuning across the bandwidth of the pulses
of 400 cm™ has been achieved at 8 cm™ spectral resolution,
while the system enables to access the spectral range of 500-
3000 cm™.®® Alternatively the spectral resolution can be
improved by either using a spectrograph or subsequent
spectral compression of the soliton as will be discussed later.”®
In contrast to SC and SSFS, four wave mixing (FWM) allows
generating spectrally narrow emission similar to parametric
conversion employed in periodically poled lithium niobate
(PPLN) crystals in an OPO. Hence, substituting the PPLN in an
OPO by a PCF results in a fiber-OPO (FOPO).90 Since the
spectral separation between the pump laser and the
generated signal and idler can be much smaller than in
conventional OPOs, a larger part of the Raman spectrum can
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be covered by such a source without the need for a second
OPO for imaging resonances below 700 em B3T3

Before presenting all-fiber based light sources for CRS, another
compact alternative will be briefly introduced.

3.1.5 Microchip-fiber laser

Microchip lasers potentially enable to realize ultracompact
lasers for CRS imaging. In contrast to the aforementioned
lasers, microchip lasers emit ns pulses at lower repetition rate.
In 2008 CARS imaging using a Q-switched Nd:YAG microchip
laser operating at 1064 nm has been demonstrated. The laser
emits 8 pJ pulses at 6.6 kHz repetition rate with <1 em™
spectral resolution and <1 ns pulse duration. A part of the laser
is used as pump laser, another fraction is used for frequency
conversion in a PCF generating broad band emission covering
2000 cm'l, which is used as Stokes beam.’® While imaging of
single cells by multiplex CARS has been demonstrated, the
imaging speed has been limited by the low repetition rate of
the laser to 300 ms. However, recently 30 ms per pixel have
been realized using a 27 kHz laser.>? While microchip lasers are
very compact, they are not suited for fast biomedical imaging
application. Alternatively, fiber lasers combine a small
footprint with high peak power and repetition rate for fast
imaging application. The current developments in this field are
summarized in the following section.

3.1.6 Fiber laser for CRS

When compact and robust light sources are needed, fiber laser
technology is most promising. Due to the large surface to
volume ratio, fiber lasers are thermally very robust and
insensitive to temperature changes or humidity. Fiber lasers
provide extraordinary gain and an excellent spatial beam
profile. In order to realize an all-fiber laser source for CRS
imaging, there are two strategies: (i) synchronizing two fiber
lasers or (ii) using a fiber laser to pump a passive fiber utilizing
fiber based frequency conversion processes for generating a
synchronized emission at a spectrally separate wavelength.

For the first case there are only a limited number of active
fibers available, doped with Yb, Er or Tm. Hence, by
synchronizing these lasers, only a part of the Raman spectrum
can be covered. Yb fiber lasers are tunable from 1000-1100
nm, whereas the tuning range of Er is in the range from 1500-
1600 nm and Tm can be tuned from 1800-2100 nm. Hence,
only the combination of Yb and Er fiber lasers allows accessing
the C-H-stretching vibrations directly. An all-fiber laser source
combining synchronized Yb and Er-fiber-oscillators has been
used for CARS imaging.93 However, for technical reasons
excitations wavelengths in the NIR are disadvantageous, since
sensitive detectors as CCDs or PMTs available for the VIS do
not exist for the NIR. Furthermore, well
microscope optics are also not available for the NIR. Here
nonlinear frequency conversion processes in optical fibers
allow generating light in a much broader wavelength range
than active fibers. These fiber based frequency conversion
processes are supercontinuum (SC) generation, soliton self-
frequency shift (SSFS) and four wave mixing (FWM). SC is a
combination of nonlinear processes like self-phase
modulation, FWM and SSFS leading to a huge spectral
broadening of the initial pulse at the cost of low spectral

corrected NIR-
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power and higher noise. Hence, SC is primarily used to
generate a broadband Stokes pulse for detection of the CARS
spectrum.76' 8286, 94 % SSFS has been used to generate a
synchronized output at longer wavelengths for CARS imaging
in the CH-stretching spectral region.96 60 fs pulses of an
Erbium doped Raman shifted fs fiber laser are used to pump
an ultra-high nonlinear fiber (UHNLF) at 810 nm generating
solitons at 1053 nm, which corresponds to 2850 em™ Spectral
tuning from 1000 to 1100 nm is realized by adjusting the input
power such that the tuning range of 2500-3200 cm™ covers the
CH-stretching Raman resonances. Since the soliton generation
is closely related to material constants of the optical fiber, the
soliton is spectrally as broad as 80 cm™. Also the total power is
limited to 1.5 mW. By employing spectral focusing, the spectral
resolution can be increased at the cost of lowering the peak
intensity.97 By adding second order dispersion using a grating
pair, the pulse durations of a 1036 nm 185 fs pump pulse and
of a 70 fs Stokes pulse generated by SSFS in a photonic crystal
fiber (PCF) are increased to 1.9 and 3.8 ps, respectively,
enabling CARS and SRS imaging of polystyrene beads at 1000
em™ with 15 cm™ spectral resolution.”®

In order to improve the spectral resolution, subsequent
spectral compression by SHG can be employed.99 The output
of an Er-laser is split and amplified in two Er-amplifiers. One
output is directly frequency doubled by SHG and used as
pump-laser for CARS imaging at 775 nm, the other output is
frequency shifted by SSFS in a UHNLF. A specially designed
periodically poled Lithium-Niobate crystal (PPLN) is used for
frequency doubling a spectral fraction of the UHNLF-emission.
Tuning is realized by adjusting the PPLN from 850 to 1100 nm,
which corresponds to 1100 — 3800 cm™. The output power of
the tunable Stokes varies across the tuning range from 5 to 20
mW-99, 100

Hence, while SC and SSFS enable spectral tuning, both the
output power and the spectral resolution are lower
comparison to solid state lasers. However, there is a fiber
based mechanism for frequency conversion, which enables the
generation of intense, spectrally narrow and tunable laser
radiation: degenerate four-wave mixing (FWM).101 Here, an
intense pump pulse generates in a specially designed photonic
crystal fiber a shorter wavelength signal and a longer
wavelength idler by FWM. The dispersion of the PCF
determines the spectral separation of signal, pump and idler,
which can be tailored by the geometry of the fiber. The
complete Raman spectrum is accessible; and spectral tuning
can be realized. Tuning of signal and idler wavelength is
accomplished by changing the pump laser wavelength.
Furthermore, the three spectral components of the residual
pump laser and FWM signal and idler offer three different
combinations for CRS: signal-pump, and idler-pump for CSR
imaging at different excitation wavelength, and signal-idler for
imaging high wavenumber Raman resonances. Since all three
wavelengths are emitted from a single fiber end, they are
perfectly aligned, significantly reducing the need for
adjustment. Even an all-fiber setup is possible.102 However,
signal and idler pulses are on the order of 30 cm'l, thus;
spectrally broader than the pump beam, since the FWM

in
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generation starts from quantum noise.’®> While the spectral

resolution of 30 cm™ limits the image contrast, it is possible to
reduce the spectral width towards the transform limit by two
strategies: using an external seed laser or a feedback cavity.

LMA-Fiber
Fiber MOPA HWP #1
) R
.................. \== HWP #3 T "
$ A
Hl— ¥ Outcoupler

Delay stage Y

Delay line, ~275m
Figure 3: Experimental setup of a FOPO based on FWM for high

spectral resolution CARS imaging.103

(Reprinted with permission from
T. Gottschall, T. Meyer, M. Baumgartl, B. Dietzek, J. Popp, J. Limpert
and A. Tinnermann, Optics Express, 2014, 22, 21921-21928. Copyright

2014 Optical Society of America.)

First, the FWM process can be seeded by a spectrally narrow
external seed laser within the spectral window of signal or
idler for FWM generation. In order to circumvent the problem
of synchronization, a cw laser source can be used, since mW of
cw power suffices. By applying this concept using 1.6 W from a
54 MHz Yb fiber laser with 7.7 ps pulse duration in
combination with a tunable diode laser, 166 mW of signal at
1.8 ps duration and 1 nm spectral width (18.5 cm'l) have been
realized.® In this work, the laser was tunable across the C-H-
stretching region from 2650 to 2950 em™ by changing the
wavelength of the Yb pump and the seed laser at an overall
conversion efficiency of 10%. In order to realize even higher
spectral resolution, longer pulse durations have to be used.
Using a Ti:Sa-laser for seeding the FWM signal generated from
a 140 ps Yb pump laser, 33 mW of signal power at 0.8 cm®
spectral resolution have been achieved for 65 ps signal pulse
duration, which is close to the transform limit of 0.5 cm™. Due
to the broad tuning range of the Ti:Sa seed the laser is tunable
across the complete Raman spectrum.101

Alternatively, self seeding with a spectrally narrow portion of
either the generated signal or idler emission can be used to
decrease the spectral width of the FWM emission. This is
beneficial, since there is no need for a second tunable laser
source, such that the tuning range is not limited by the seed
laser. Furthermore, the conversion efficiency is higher and the
relative intensity noise (RIN) reduced with respect to the OPA,
which is crucial for SRS imaging.81 By fiber integration of the
FOPO, also a more compact and robust laser source can be
realized.®" ' When using a 46 MHz Yb laser, 140 mW signal at
8 cm™ spectral resolution has been generated using 850 mW
of pump power corresponding to 13-20% conversion efficiency
within the tuning range from 2740-3150 cm™. While the
output power can be increased further to 200 mW, this results
in an increase of the laser noise. Furthermore, for stable
operation filtering of the idler feedback is required.81 Using a
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laser with 750 kHz repetition rate of 40 ps pulses an even
higher conversion efficiency of 38 % has been
demonstrated.’®® 180 mW of signal power at 1 cm™ spectral
resolution has been generated. The system is depicted in
figure 3.

Hence, FOPOs based on degenerate FWM are very promising
light sources even in comparison to conventional state of the
art OPOs ideally suited for biomedical application: the FWM
emission can cover the complete Raman spectrum at a
spectral resolution, repetition rate and peak power, which is at
least comparable to solid state lasers and OPOs. Furthermore,
signal and idler wavelengths close to the pump wavelength can
be generated, while OPOs using PPLNs cannot generate light
close to the pump wavelength. Finally, the sources can be fully
fiber integrated in the near future, resulting in a very compact
and maintenance-free laser.

3.1.7 Continuous wave (cw) laser configurations for CRS

A significant complication of CRS microscopy is due to the
need to synchronize two lasers. However, if a pulsed laser is
combined with a cw laser source, there is no need for
synchronization, rendering this approach particularly simple
and robust. In a spectroscopic application, a broadband few
cycle Ti:Sa-laser was used to illuminate the sample, while a 532
nm cw laser was used to detect spontaneous and coherent
Raman signals.104 The overall CARS signal yield was 2% of the
total signal. To increase the efficiency of CARS signal
generation, higher repetition rate lasers can be used.
However, when the pulsed laser is not illuminating the sample,
no CRS signal will be generated, resulting in either relatively
high light levels on the sample or low signal yield.

An even simpler approach is using two cw lasers directly. While
the nonlinear signals are weaker when using cw illumination
with low peak power, SRS imaging has been successfully
demonstrated, since SRS depends only on the square of the
excitation power. Since the SRS signal is detected by a
modulation transfer mechanism, cw lasers offer the advantage
of potentially being much more stable, i.e., less noisy, allowing
much smaller modulations to be detected. As a proof of
principle, air bubbles immersed in the organic solvent
dimethylsufoxid (DMSO) were imaged by SRS by combining the
SHG of Nd:YVO4 at 532 nm as pump laser with a 633 nm
HeNe-Laser as Stokes to image the spatial distribution of the
3000 cm™ Raman band of DMSO utilizing 4 kHz modulation of
the pump beam by a chopper and 100 ms integration time per
pixel. While this proof of concept experiment is too slow and
not sufficiently sensitive for fast imaging application, further
improvements are possible.105

By combining a tunable cw diode laser emitting at 765-781 nm
with a Stokes laser at 982 nm, SRS imaging from 2620 to 2880
cm™? has been realized. In order to remove electronic
background signals, a dual modulation scheme has been
employed. As expected, the signal level of cw SRS is 1300 times
smaller as compared to 80 MHz lasers and 5 ps pulse duration
of similar average power. Nevertheless, liver tissue has been
imaged using 1 ms pixel dwell time, which is still significantly
slower compared to pulsed lasers offering video rate image
acquisition.106
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To overcome this problem, the cw laser can be electronically
This allows
generating a synchronized pulse train. In a first realization, a

modulated. so-called time-lens approach
cw laser operating at 1064 nm was synchronized to a 76 MHz
Ti:Sa-laser of 2 ps pulse duration generating 240 mW of output
power and 1.7 ps pulse duration with only 50 fs timing jitter.
While synchronization across 0.8 ns is achieved using
electronic delays, two Yb amplifiers and dispersion
compensators are needed to generate transform limited
powerful pulses.107 This concept is when
additionally modulating the current of the laser diode directly
at lower frequency of 2.29 MHz for Lock-In SRS detection,
resulting in an improved extinction ratio and higher output

power up to 400 mW. Detection of 28mM DMSO has been
108

improved,

demonstrated.
An exciting concept based on NIR cw lasers enabling fast
spectral imaging is described in the following.

3.1.8 Highlight — Time encoded Raman imaging

The detection of a large fraction of the Raman spectrum using
simple all-fiber laser sources has been recently demonstrated
utilizing time encoded Raman imaging (TICO). Here fast
wavelength sweep cw probe lasers are used providing a
spectral coverage of 750-3150 cm™ at 0.5 cm™ spectral
resolution. 32 point spectra were recorded in 636 ps, hence
only 19 us per spectral point. In order to improve the
generation of the SRS signal, the cw lasers were modulated
resulting in ns-excitation pulses. In principle, transform limited
spectral resolution below 0.01 cm™ can be achieved. SRS
imaging of lignin and olive oil at 2.5 us per spectral position
and 157 ps per spectrum in the range of 1675-1575 ecm™ has
been demonstrated, while the acquisition of high quality
Raman spectra is possible within 250 ps per spectral point 109,
While CRS requires sophisticated light sources for efficient
signal generation, the demands on the microscope and
detectors vary according to the method, which will be
presented in the following.

3.2 Laser scanning microscopes

Depending on the specific method of CRS the details of
microscope and detectors can vary significantly, as illustrated
in figure 4 for SRS, CARS or RIKE. Additionally there are major
differences according to the imaging strategy with respect of
the acquisition method for single Raman-band CRS images and
for hyperspectral CRS images. In this section we will focus on
the equipment for single Raman band CRS imaging using a
collinear illumination scheme by laser scanning the sample and
the acquisition of hyperspectral data by sequential image
acquisition at different Raman resonances.

Due to the coherent nature of the CRS signals and the higher
signal vyield laser
scanning microscopes (LSM) are routinely employed enabling
fast imaging by coherent Raman microscopy for selected

in comparison to spontaneous Raman,

Raman resonances. CRS images can be acquired as fast as with
video rate image acquisition, which corresponds to pixel dwell
times of ~100 ns per pixel and total exposure times of fractions
of seconds per image.zs’ 26 3% 10 o the acquisition of
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complete spectra by multiplex-CRS, longer integration times
are needed, such that often stage scanning is employed.

/

Figure 4: Scheme of CARS (a), SRS (b) and RIKE (c) microscopy experiments.
For CARS experiments two synchronized lasers and an appropriate short
pass filter are needed, rendering CARS the simplest implementation of CRS.

SRS requires in addition an optical modulator and a lock-in detector, while
for optical heterodyne RIKE additional polarizers are needed.

For CRS imaging, any commercial laser scanning microscope
can be used in combination with a suitable light source
presented in the preceding section. Since often NIR lasers are
employed, multiphoton laser scanning microscopes offer the
best optics for chromatic correction and high throughput of
the NIR laser beams. However, there are a few differences in
contrast to LSMs used for multiphoton fluorescence. First, CRS
microscopes are equipped with large area non descanned
detectors in forward direction, since the CRS signals are
predominantly emitted in the propagation direction of the
laser. This is due to the fact, that the laser itself is detected in
case of RIKE and SRS, while due to the phase matching
condition the CARS signal is most efficiently generated in
forward direction. Second, high numerical aperture (NA)
condensers provide the highest collection efficiency and
minimize image artifacts in SRS by photothermal and position
dependent interference effects. The key element for CRS
imaging using an LSM is the illumination optics consisting of
scan and tube lens and the microscope objective. The scan and
tube lens are used to image the steered laser beams on the
galvanometric mirror surface onto the back focal plane of the
microscope objective. The microscope objective focuses the
laser beams to a diffraction limited spot in the specimen. In
contrast to multiphoton imaging methods utilizing a single NIR
laser, the need for two synchronized lasers results in much
tighter specifications on the chromatic aberrations of these
optical elements, since any longitudinal or lateral chromatic
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aberration reduces the overlap of the focal spots of pump and
Stokes laser, which results in a significant reduction of the CRS
signal. The best performance is possibly offered by systems
specifically designed for CRS microscopy.ln‘ 12 However, there
is currently no microscope equipment for biomedical
applications available, which operates further in the NIR than
1100 nm.

For live cell and tissue imaging high NA water immersion
objectives are routinely used offering high spatial resolution
and collection efficiency of the CRS signals in backward
direction. The best chromatic correction provide to date
special NIR objectives, which are designed for multiphoton
application, offering high NIR transmission.’™> 1 However,
due to different concepts in the optical design it is usually not
possible and not recommended to combine objectives and
microscope platforms of different manufacturers. This is due
to the fact, that first the tube length and thus the focal length
of the tube lens is different for the major manufacturers.
Second and even more important, the chromatic aberrations
are corrected differently, which is why combining optics from
different manufacturers can result in over or under-correction
of chromatic aberrations in the specimen plane, which is
usually not tolerable for CRS microscopy.

In order to improve the performance of the microscope when
using wavelengths beyond the color correction range of the
objective and microscope, separate telescopes in pump and
Stokes beam path can be used to adjust the divergence of both
beams in order to focus them to the same focal plane. 25,115,116
However, this adjustment is wavelength dependent and
complex.

Since pulsed excitation lasers used for CRS provide peak
intensities and wavelengths employed for multiphoton
microscopy, the LSMs can be equipped with beam splitters and
filters to simultaneously register other multiphoton modalities
such as second and third harmonic generation (SHG, THG) and
two or three photon excited fluorescence (TPEF, 3PEF).117
While there is no big difference in the common LSM layout,
the detectors for RIKE and SRS are completely different in
comparison to CARS and multiphoton fluorescence. The
different detectors for CRS imaging will be presented in the
following section.

3.3 Detectors

3.3.1 Single channel detectors

Depending on the specific technique, different detectors are
used for CRS microscopy, which is due to the different signal
strengths. While CARS relies on the detection of few photons
generated at the anti-Stokes frequency, heterodyne RIKE and
SRS require the detection of a small modulation transfer of
only 10™...10° from one onto the other laser after passing the
sample. Here a large dynamic range of the detector is essential
in order to precisely detect all photons in the laser beam.

Thus, for CARS sensitive detectors like photomultiplier tubes
(PMT) or avalanche photodiodes are employed.68 PMTs
combine high gain of up to 108, a fast response in the range of
ns and a large active area up to several cm? for non-descanned

This journal is © The Royal Society of Chemistry 20xx

Chemical Society Reviews

detection with quantum efficiencies up to 40%, which is
almost comparable to CCDs. Due to the longer excitation
wavelengths in the NIR, often NIR enhanced PMT detectors are
used. But PMTs are only sensitive to wavelengths up to 920
nm. 8 Hence, the limited spectral response is a major reason
why NIR lasers far in the NIR cannot be used for CARS
microscopy. Here, avalanche photodiodes (APD) provide
additional spectral response up to 1150 nm and peak quantum
efficiencies of 85%, but the active area is max 1 cm? and the
gain is lower in comparison to PMTs. While APDs are fast, the
large area versions are slower than PMTs with response times
of ~45 ns, which is not sufficient to temporally resolve pulses
from an 80 MHz pulse train. However, they can be used in
photon counting mode for the detection of sparse photons.119

For SRS and RIKE PMTs or APDs are not suited due to their low
saturation light levels. Here diodes are employed, which
enable the detection of high power laser beams without
attenuation. In this case, the highest signal to noise ratio can
be achieved. To maximize the saturation current, large area
photodiodes are used with 1 cm? active area, which enable
detecting ~50mW of laser light, when the whole area is evenly
illuminated. However, in order to detect the small modulation
induced by SRS or RIKE, a sensitive lock-in amplifier has to be
used.” ' standard instruments usually do not permit fast
imaging due to minimum time constants of 20 uszs or0,8 us,lzo
which is why for video rate SRS custom design lock-in
amplifiers are used.’® 1! However, there are other detection
methods in order to improve the detection of SRS and RIKE
signals. One such technique is balanced detection.3® 2% 122
Here, the laser is split. One part is passing the sample and the
other fraction is not. Both beams are then detected by two
parallel photodiodes allowing to remove relative intensity
noise of the laser, which is particularly important for fiber
lasers, which are noisier than solid state lasers.’t 32
Alternatively, also a collinear illumination scheme can be used,
in which the laser is split in two and one fraction delayed in
time by almost the pulse separation, which enables cancelling
the RIN noise of the laser when Fourier-transforming the
signal.121 Another approach is using tuned amplifiers.123 In
contrast to a Lock-In amplifier, which serves as an electronic
bandpass filter for the detector signal at the modulation
frequency, the tuned amplifier is a resonant circuit at the
readout of the photodiode, which strongly amplifies signals of
the modulation frequency by orders of magnitude. The system
achieves similar performance as a Lock-In, but is much smaller.
Hence, tuned amplifiers offer a strategy for multiplex SRS. In
the following section we will introduce detectors for spectrally
broadband CRS.

3.3.2 Multichannel detectors

The simultaneous detection of a broad spectral range by CRS
can be realized most effectively for CARS, while the need for a
Lock-In amplifier complicates the multiplex-SRS and RIKE
detection, since multichannel Lock-In amplifiers are not widely
used and complex devices. A few concepts are limited to slow
scanning due to modulation frequencies below 100 kHz.***
Recently, multiplex SRS has been realized using a 16 channel
diode array. Tuned amplifiers are integrated in the read-out
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circuit of the diode array enabling the simultaneous detection
of 16 spectral channels.® In principle, SRS can be also detected
without Lock-In by subtracting accumulated signals when the
modulated beam is off from signals, when the beam is on. This
enables the measurement of SRS spectra within 20 ms using a
fast CMOS array using 54200 individual frames.””®> But the
need for fast and extensive data processing in order to extract
the small fluctuations caused by SRS is currently not
competitive with other approaches. Especially since the data
transfer of 10° frames takes another 5 minutes, thus, much
longer than data acquisition of only 20 ms acquisition and 20
ms per spectrum is not faster than advanced realizations of
multiplex CARS.

Multiplex CARS is therefore the most widely used modality for
the simultaneous detection of signals from multiple Raman
resonances, requiring detectors known from spontaneous
Raman spectroscopy. The major difference is the collection of
CARS signals in forward direction, Using a fast electron
multiplying charged coupled device (EMCCD) enables the
detection of CARS spectra of biological samples covering 470
to 3800 cm™ at less than 13 cm™ spectral resolution within 3.5
ms pixel dwell time.*°

4. Raman signal acquisition strategies

Raman microspectroscopy has become a versatile tool in
biomedical research covering a wide range of applications on
the small scale, such as the identification of single prokaryotic
cells and eukaryotic cells, analysis of mechanical stress in cells,
cell sorting, investigation of cellular compartments and
intracellular changes, but also on larger scale, such as tissue
histopathology, and in vivo cancer detection. Due to this great
variety of applications many different Raman signal acquisition
strategies have been developed. Confocal Raman
spectroscopy, Laser-Tweezers Raman spectroscopy (LTRS),
point-scanning Raman microscopy, line-scanning Raman
wide-field illumination, and multi-foci
illumination, are all common approaches to acquire Raman

microscopy,

signal of biological samples. The right choice of acquisition
modality is key to generate strongest Raman signals, to
maximize suppression, produce
interpretable and reproducible data. In this part we will review

background and to
different acquisition modalities for Raman spectroscopy and
will include suggestion for possible applications.

4.1 Confocal Raman microspectroscopy

In the most elementary implementation of Raman
spectroscopy a monochromatic Gaussian excitation beam is
focused by an objective lens into the sample plane, generating
a Raman signal from the specimen. The signal is collected by
the same objective lens, and after passing some optical
elements imaged onto the entrance slit of a spectrometer.
After passing a dispersive element the signal is collected by a
detector.®® This was the standard configuration of Raman
spectroscopy for a long time, and was sufficient for the

analysis of bulk samples. In bulk samples molecular
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compounds are homogenously distributed in a volume much

larger than the focal volume, and typically at high
concentrations, so that background contributions from sample
127-129

medium and substrate do not obscure the Raman signal.
In biological samples, however, the molecules are present at
low concentrations and are heterogeneously distributed at
sampling Moreover, background
contributions and sample autofluorescence inherent from the

macroscopic volumes.
sample or from exogenous molecules can easily overwhelm
the weak Raman signals. A confocal approach that allows
optical sectioning of the sample and reduces out of focus
contributions came as an obvious solution to this problem.
When an objective lens focuses the excitation light to a
diffraction-limited volume a Raman signal is generated not
only in the focal volume, but also anywhere along the path of
the excitation light, which includes the sample embedding
media, the sample substrate, and even the optical elements,
contributing to the total detected signal. While, in bulk sample
the amount of Raman signal from the sample is typically much
larger than the background contributions, for tiny sample
volumes, such as single cells, the out-of-focus contributions
can easily overwhelm the Raman signal from the focal volume.
Figure 5 shows a schematic drawing of such a confocal
arrangement.

Confocal Signal Detection
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Figure 5: Schematic of confocal signal detection. The excitation light is
focused to the sample plane. The generated Raman signal is collected by the
same objective lens and separated from the excitation light by a dichroic
beam splitter, and imaged onto the aperture. The in-focus generated signal,
in red, can freely pass the aperture. Signal generated below the focus, in
green, and signal generated above the focus, in blue, are rejected by the
aperture.

An infinity corrected objective lens focuses the excitation light
into the sample plane. A signal is generated in the focal
volume, but also above or below the focal volume. The
objective lens collects the all signal contributions, and after
being separated from the excitation source imaged into the
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conjugated image plane, where an aperture is located. Usually
this aperture is a pinhole, but also a slit or multimode fiber is
possible. Only beams that are originated in the focal volume
can pass the aperture, all other contributions are rejected.
While the first confocal scanning microscope was described
and patented by Minsky in 1957,130 the first commercial
implementation of a confocal laser-scanning microscope,
according to Inoué and PawleyBl, was reported not until 1987.
It does not come as a surprise that after the great success of
confocal laser-scanning microscopy in biology, a translation of
this approach to Raman spectroscopy would prove beneficial.
In a key publication Puppels et al. in 1990 have shown that the
implementation of confocal Raman microspectroscopy allowed
them to acquire Raman spectra of cytoplasmic and nuclear
regions of eosinophilic granulocytes and chromatid of
metacentric Chinese hamster lung metaphase
132 This publication started a paradigm change
microspectroscopy of biological samples,
underlining that it is indeed possible to acquire label-free
information from diffraction-limited volumes of single cells. It
is important to note that confocality in Raman
microspectroscopy has already been used before that, e.g.
Abraham et o:l.,6 but the degree of confocality was much worse
than present in the paper by Puppels and colleagues. In a
follow-up publication the researchers characterized in depth
different confocal parameters of their Raman microscope,
achieving a lateral resolution of 0.45 + 0.05 um and an axial
resolution of 1.3 + 0.1 um.133 Tabaksblat et al. described a
simple theoretical model for a confocal signal detection and
showed that the experimental results of confocal Raman signal
detection of thin polymer films follows their theoretical
model.®* Besides showing that polymer films could be
resolved in depth along the optical axis with a resolution of 3
um, the researchers were also able to show that the
fluorescence signal could effectively be suppressed by a factor
of 10 using a confocal setup. De Grauw et al. used Gaussian
beam theory introduced by Wilson 135 to describe the axial
resolution of a confocal Raman setup and compared it to
experimental results.’*® The approximation was determined
‘for samples larger than the beam diameter and thicker than
the confocal parameter of high numerical aperture objectives’,
which applies to a majority of biological samples such as
eukaryotic cells, tissue sections and others. It was shown that
the simplified Gaussian model to theoretically describe
confocality is in excellent agreement with the experimental
data for circular and slit apertures.
While the principles of confocal Raman spectroscopy and
microscopy are very well defined, the practical
implementation according to Everall,137 is frequently not at
pair with reality. Everall has identified some key issues that can
lead to misinterpretation of the depth information in confocal
Raman spectroscopy. One of the major problems occurs from
spherical aberrations when using metallurgic objective lenses.
These objective lenses are specifically designed to image
opaque surfaces, not transparent materials. Though, not
mentioned in the publication, this can specifically apply to
unstained histopathological tissue slides which are

cell
chromosome.
for Raman
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investigated with air objective lenses. The spherical
aberrations occur because of a mismatch between air and
sample interface. When a depth profile is acquired the
excitation light is focused much deeper into the sample.
Hence, the mechanical translation of objective or sample along
the z-axis when focusing into the specimen does not
correspond to the shift of the focus position. It is larger than
the reduction of the sample-objective distance. This can
delude to believe that the sample is thinner than it actually
is.2% In optical microscopy it is widely known that spherical
aberrations can be greatly reduced by matching the refractive
index of the immersion media of the objective lens with the
refractive index of the sample. This reduces the phase
mismatch between the sample and the objective lens and can
be achieved by using an oil-immersion or water immersion
objective lens.

Nowadays, Raman microspectroscopy of biological samples,
such as single prokaryotic and eukaryotic cells, or cellular
compartments can rarely be found in a not-confocal
configuration. It is important to emphasize that confocality is a
very precisely defined property, and the implemented
aperture should be the size of the conjugated image of the
focal spot. Confocality of a system is bound to the
magnification of the focal spot; hence, when the objective lens
is changed to a different magnification it has to be
accompanied by a change in the size of the aperture, and vice-
Frequently it can be seen that people are more
interested in having a large signal rather than high confocality,
and optimize the system for that, forgetting that with this
confocal properties are reduced and out-of-focus background
contributions are increased.

versa.

4.2 Laser-Tweezers Raman spectroscopy (LTRS)

Manipulation of micro-sized particles using optical pressure
forces has been first reported by Ashkin in 1969, and rapidly
gained broad popularity in physical and biological sciences.’*®
When light passes under tight focusing conditions — such as in
microscopes with high numerical aperture objectives — from a
medium with a low refractive index into a particle with a high
refractive index the particle experiences a radiation force due
to the change of momentum of the photons; this also occurs
when the photons exit the particle. When a linear light
gradient is applied across a dielectric particle, as depicted in
figure 6a, the net force F,., resulting from the change in
momentum of photons acting on the particles will point in the
direction of highest optical intensity. This is because the
number density of photons is highest; as a result the total
momentum change will be greatest. This gradient force, which
acts on the particle, will move it along the gradient. In case of a
Gaussian illumination profile that is typical used in optical
microscopy the highest intensity is in the center of the
illumination beam, radially decreasing. By applying the same
consideration it can see that the forces acting on the particle
equalizing each other, resulting in a net force F,.; that keeps
the particle stable and central inside the beam acting as an
optical trap, figure. 6b. Optical tweezers have found a wide

J. Name., 2013, 00, 1-3 | 13



rermical Society Reviews

ARTICLE

range of applications in biomedical research, because they
uniquely allow force measurements on the order of pN,
something that was previously not possible.“o'142 Especially,
the investigation of molecular motor proteins, such as myosin,
kinesin, dynein, and forces, which are exhibited in ribosomal
RNA translation, have benefited from this approach, see
review Capitanio and Pavone.**?
Laser Tweezers
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Figure 6: A linear intensity gradient is applied across a dielectric particle. The
light is diffracted when it enters the particle, and when it exits the particle.
Because the momentum of the light is conserved the particle is experiencing
a force. The change in the momentum is higher for higher intensities,
resulting in a gradient force (A). A Gaussian illumination profile is used. The
net resulting force F., keeps the particle stable in the center of the beam.
When a Raman signal is generated from one focal volume it is imaged into
one horizontal line on the CCD detector (B). When two or more focal spots
are generated the signal for each spot is imaged into separated vertically
displaced locations on the CCD detector (C).
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In the simplest arrangement LTRS is used to probe one cell at a
time, resulting in low throughput, and making it unsuitable for
many biomedical applications. One possible approach to
increase the throughput in LTRS is by multiplexing the number
of traps created in the sample plane. Each focal spot is
subsequently imaged on different vertical positions of the CCD
detector and the spectral information from each trap can be
acquired simultaneously, see figure 6c. A multiplexing
approach for cell manipulation without Raman spectroscopy
has already been shown by Misawa et al. in the early 907s.M*
The first implementation of a dual-trap for Raman
spectroscopy was done by Q. Li et al., by splitting a beam with
a conventional 50/50 beam-splitter, and recombining them at
a slight angular separation.145 The setup was used to
investigate budding yeast cells and Bacillus spores over an
extended period of time. One of the major disadvantages with
this approach is that both traps are steered by the same pair of
galvo-scanning mirrors, making the trap inflexible for
sophisticated manipulations. This approach was quickly
superseded by a new implementation from the same group,
where the laser beam is rapidly scanned over the particles
located in the sample plane. € nstead of creating multiple
traps through beam-splitting the system uses a time-sharing of
optical traps. The beam moves so rapidly over the particles
they are trapped in a fixed position without being constantly
exposed to the excitation. Up to 10 cells could be captured
with this approach. The signal from each trap is than vertically
displaced on a CCD detector using an additional galvo-scanning
mirror. Almost simultaneously Rui et al. developed an identical
approach of time-sharing optical traps, and used it for the
investigation of RBCs.'*

There are two major limitations of the time-sharing
approaches: the number of particles that can be trapped is
limited; the CCD detector that detects the traps has only a
finite horizontal dimension, so that for a high number of
particles an overlap between the spectra will become
unavoidable. Kong and Chan solved these problems by first
using a spatial-light modulator and creating a large number of
steerable traps, and instead of imaging the spectra on the CCD
detector only in the vertical dimension, the spectra were also
imaged in the horizontal dimension on the CCD detector.*”’
The overlapping spectra were retrieved with high fidelity using
a mathematical approach. Currently, up to 20 traps can be
evaluated simultaneously, with prospects of more than 100.

A detailed review on LTRS can be found elsewhere & *°_ A
very detailed protocol on the implementation of a LTRS setup
combined with fluorescence and phase-contrast microscopy
was written by Kong et al. 130

4.3 Point-scan and Multi-focal Raman Imaging

In many biomedical applications single-point spectra provide
sufficient information to properly characterize samples. In
many applications, however, especially when dealing with
highly heterogeneous samples, such as single cells or
histopathological tissue sections this approach does not always
suffice, and can provide imprecise or erratic information. For

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Page 15 of 30

example, cellular changes that occur in the nucleus can be
quite different to changes that occur in the cellular periphery
and could be missed by a single-point measurement.
Therefore, the application of Raman spectroscopy in imaging
mode is of great importance to properly characterize the
sample.

The first Raman imaging microscope was proposed and
implemented by Delhaye and Dhamelincourt in 1974."" In this
path-setting contribution the researchers developed and
compared three different implementations for Raman
mapping. The first approach utilizes the scanning of a
diffraction-limited spot across the sample; a point detector
detects a single vibrational band, and the image of the sample
is reconstructed. The second approach rapidly scans a spot
along a line; the generated signal from that line is detected at
once on a multichannel detector. The third approach uses a
wide-field illumination of the sample; the signal of a selected
Raman vibration is imaged on a multichannel detector. Until
today, each of the suggested acquisition methods is still in use
as suggested, or with a few modifications.

The simplest implementation for Raman mapping, which is
also most commonly used, is the raster-scanning of the focal
spot over the sample, creating a hyperspectral data set from
any position. Typically the objective lens remains stationary,
whereas the sample is located on a motorized translational x-y
stage, which is raster-scanned across the focal spot with a
predefined point dwell-time, see figure 7 (left). The Raman
signal for every point position is individually detected. A great
advantage of this approach is, besides providing diffraction-
limited optical resolution, the common implementation in a
confocal geometry. This the acquisition of 3-
dimensional images with full vibrational information from any

allows

recorded point of the sample plane. According to the Nyquist
theorem the step size in point scanning mode should be two or
three times smaller than the laser spot size to give optimum
lateral resolution. Decreasing the step size from 1 um to 0.5
um or 0.33 pm increases the number of spectra in a 2-
dimensional image by a factor 4 or 9, respectively. Due to the
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typically small Raman scattering cross-section and the
resulting low signal yield, the total exposure time to collect
Raman images in this acquisition mode is relatively long which
is not compatible with high throughput and time-resolved
imaging applications of biological samples. One possible
modification to improve the signal acquisition is, similar as in
LTRS, by using multifocal acquisition. Okuno and Hamaguchi,
developed a multifocal imaging approach by creating multiple
beamlets, using a micro-lens array.152 After passing an 8 x 8
pinhole mask the beamlets are imaged into the sample plane.
The generated signal is imaged onto a rectangular arranged 8 x
8 fiber bundle that is rearranged into a line on the other side
and attached to a spectrometer. Each focal spot is than imaged
to a different horizontal location on the CCD camera, akin to
multi-focal trapping. This allows the acquisition of 48 spectra
simultaneously, and improves the data acquisition by the same
number. Kong et al. implemented a scanning approach with
galvo-mirrors where a beam Gaussian beam is scanned over
the sample plane, and the generated Raman signal is projected
onto different position of the CCD detector using a third galvo-
mirror.**°
The researchers suggest that this approach results in a 40
times signal speed improvement, while maintaining high
confocality. In a follow-up publication the researchers were
able to achieve a parallel acquisition from 80 different
locations in the sample plane. 3 An implementation of
multifocal Raman imaging generated by a spatial light
modulator (SLM) was implemented by Qi and Shih.*** The
setup allowed acquiring spectra from up to 30 particles in
parallel, and can be used for Raman imaging. A modification of
this setup by the same group would theoretically allow an

acquisition 1000 micrometer sized spots in paraIIeI.155

4.4 Line-scan Raman Imaging

One way to increase the acquisition speed of Raman imaging is

by acquiring a Raman signal along a line excitation. There are

two common ways to generate a line in the sample plane.

Today, the most common is by inserting a cylindrical lens into
Wide-Field lllumination

Line — 9 Wide-Field
HHlumination — S Illumination
Profile - -3 Profile

~ o
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Figure 7: Point-scanning imaging acquisition generates the signal by a Gaussian beam and the sample is raster-scanned in x and y by

a motorized translational stage. For line scanning the Gaussian beam is transformed by cylindrical lens and a line profile is imaged

into the sample plane. The sample is typically translated in one dimension. In wide-field illumination an expanded Gaussian beam
covers a large portion of the sample. A selected Raman band is imaged at once on a CCD detector.
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the beam path before the beam enters the objective lens. Due
to the cylindrical lens shape a Gaussian beam will be
transformed into a line profile, which is subsequently imaged
into the focal plane by the objective lens. The Raman signal is
generated along every position of the line profile and imaged
on the slit of the spectrometer and detected on the CCD
Every horizontal pixel line on the detector
corresponds to a spatial position in the sample plane. The line
size from which the signal is generated is in first approximation
only limited by the focal length of the cylindrical lens and the
available excitation power to generate a detectable signal. The
damage threshold of the sample is also of consideration. The
second option to generate a line excitation is by rapidly
moving a focal spot using a galvo-mirror along a line. The
generated Raman signal is, without passing the galvo-mirror,
imaged on the slit of the spectrometer. Because the signal is
non-descanned the different position of the spot along the line
in the sample plane are imaged to different positions of the
CCD detector.

Eysel and Sunder implemented the first line excitation for the
investigation of colored solids, in 1980. However, the sample
was not mapped, but allowed a sampling of a large portion of
the sample at once. Viers et al. have also implemented the
cylindrical lens approach to generate a line-profile, and used
this approach to create hyperspectral maps of micro
engineered zirconia.”® Ivanda and Furic’ implemented a line-
focus approach in a Raman microspectrometer and provided a
theoretical description for the line formation.” Drumm and
Morris also used a line excitation scheme to investigate the
two-dimensional distribution of polystyrene samples. Most
importantly, the researchers introduced principal component
analysis as a data analysis tool for hyperspectral data.’® One
of the problems with line-excitation is that the generated line
follows a Gaussian profile, resulting in a high intensity in the
center of the line and low intensity towards the edges. While it
is possible to correct for it by intensity calibration for the
uneven illumination profile, it can lead to some problems with
the data interpretation. Christensen and Morris corrected the
uneven illumination by introducing a Powel lens prior the
cylindrical lens.®® A Powel lens creates a top-hat profile of a
Gaussian beam, resulting in a quasi-even intensity profile along
the line, with a maximum intensity variation of + 5 %. De
Grauw suggested that, specifically for biological samples, the
implementation of a line scanning based on point scanning can
be more advantageous over a line generated by a cylindrical
lens.’® The premier advantage is that the focal spot is
diffraction limited, hence providing a better optical resolution,
which is crucial for a large variety of biological samples. Bone
and polytene chromosome were measured, however, the
signal was acquired only along the line, and not in imaging
mode.

So far all of the presented realizations of line-scanning Raman
microscopes were published before the millennium. In recent
years due to advancements in CCD detector technology new
line-scanning microscopes were developed with stunning
results for single cell imaging. Hamada and colleagues
developed a line scanning microscope, utilizing a cylindrical

camera.
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lens, and used a laser with a 532 nm excitation wavelength to
study single living cells, detecting a signal over a spectral range
from 600 cm™ to 3000 cm™. The researchers were able to
perform time-laps images of living cells during cytokinesis. Due
to the 532 nm excitation they were able to show the
distribution of cytochrome c in single living cells, which
corresponds to the distribution of cellular mitochondria.'®*
Oshima et al. have acquired Raman images of iridocytes in an
eye, the spine, and the surrounding muscles of a living medaka
fish.'®2 This was the first report of spontaneous Raman imaging
of a living animal. Qi and Shih developed a line-scanning
Raman microscope and rapidly imaged bacterial spores and
aggregations of microalgae.163 The researcher also utilized a
Powell’s lens to overcome the uneven illumination along the
line profile. The researchers were able to acquire over 150
hyperspectral images of spores and algae over an area of 80 x
80 um in one hour. Schie et al. have also implemented line-
scanning approach and used it to investigate drug-induced
changes in living cells.’®*

A very common misperception about line-scanning microscopy
is that it increases the acquisition speed when compared to
point-scanning microscopy. However, for the same
illumination power, and keeping other parameters identical,
the integrated Raman signal from a line excitation will be
identical to the Raman signal from a point excitation. The
speed advantage of the line excitation comes into play when
samples with a limited intensity threshold are used. Because,
in comparison to point-ilumination in line-illumination the
intensity is distribute over a much larger area, allowing using
higher excitation powers, and hence, reducing the total signal
acquisition time.

4.5 Wide-field Imaging

In wide-field imaging, also known as global imaging, the
sample is illuminated at once and the Raman signal of a
selected band is detected on a 2-D detector. The implemented
systems differ primarily in their approach to select the Raman
band of interest, which is recorded by the imaging detector. In
the simplest approach this is done by narrow-band filter. This,
however, is the least flexible approach, because the detection
of different vibrational bands requires a manual switching of
filters. A further possibility is the selection of vibrational bands
using a grating.165 After the introduction of accusto-optic
tunable filter (AOTF) to wide-field Raman imaging by Treado et
al. this approach for band selection is more frequently used.®®
The first implemented AOTF already provided a wavelength
resolution of 2 nm, corresponding to 50 ecm™ at an excitation
wavelength of 513 nm. Today, AOTFs with much better
resolution of < 0.5 nm in the visible range, and 2 nm for the
NIR are available. Besides AOTFs liquid-crystal tunable filters
(LCTF) have also been implemented to select vibrational bands
of interest'®. Schluecker et al. used an AOTF-based wide-field
imaging system and compared the performance of point, line,
and wide-field imaging modalities, showing that wide-field
provides best fidelity images for shorter acquisition times.'®®
However, the SNR is better for point and line-scanning Raman
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imaging. The switching rate for AOTF are in the low MHz
regime, while for the LCTF in the kHz regime, which is more
than adequate for imaging of most biological samples. There
are a few implementations of wide-field Raman imaging using
AOTFs and LCTF for a variety of chemical analysis, such as
graphene169 or explosives”o. However, this approach has not
found broad interest in the biomedical Raman community, yet.
Possible reasons could be the high illumination power that is
needed, the low damaging threshold, low signal yield from
biological samples, and low transmission of tunable filters, in
particular for small bandwidths near 5 em™ for high spectral
resolution. The spectral features that are critical for the
identification of cells are very minute; hence, spectral
undersampling could easily remove important information,
making an analysis impossible. Moreover, background
contributions are more difficult to correct when only a few
spectral data points are available. Another problem with wide-
field imaging, which is not related to biological samples, is the
resulting uneven illumination of the sample plane, where the
signal is highest along the optical axis and decreases
significantly of axis.

4.6 Imaging strategies for CRS microscopy

The imaging strategies for coherent Raman methods differ
from spontaneous Raman imaging (i) first due to the need of
two or more synchronized excitation lasers, (ii) second the
coherent and directional emission of the CRS signals, (iii) third
by signal magnitude and (iv) by the amount of spectral data
points. Therefore, while the faster imaging method of laser
scanning is usually employed, in addition to different
illumination and detection geometries
multispectral data acquisition strategies have been developed.
In this section we will first summarize the different excitation
and detection schemes and discuss their application to
biomedical imaging. Afterwards, strategies for sample
scanning will be summarized and finally the different
approaches for the acquisition of multispectral data are
summarized.

4.6.1 CRS lllumination Strategies

also several

Historically, the first CARS microscope as the first implementation
of CRS imaging was developed in 1982 by Duncan et al. utilizing a
Box-CARS illumination configuration depicted in figure 8. CARS is a
four-wave mixing (FWM) process, which requires a phase-matching,
i.e.,, momentum conservation, between the four interacting waves.
To satisfy this phase-matching condition the Box-CARS geometry is
used. This means that the excitation beams, which are used to
generate a CARS signal, pass the imaging lens at spatially separated
locations and are focused into the sample at an angle to each other.
The generated CARS signal exits the sample at a different angle than
the excitation light. For image acquisition the laser beam was
steered by a pair of galvo-mirrors and focused into the sample
plane by a microscope objective achieving a field of view of 200 um.
By underfilling the back aperture of the objective lens the focal spot
diameter was 10 um, hence not diffraction limited. Hence, in the
pioneering work the distribution of deuterated water in onion-skin
cells was visualized at low spatial resolution.® Zumbusch et al.
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recognized that under a tight-focusing condition, which is achieved
through high-NA objective lenses, the phase-matching condition is
met.” Therefore, the beam propagation can be collinear for
illuminating the sample. Mostly, pump and Stokes laser are

collinear and co-propagating as depicted in figure 8.

Due to the high NA objective lens the generated wave vector cone
contains a large combination of wave vectors that satisfy the phase
matching condition in forward direction, while at the same time the
short interaction length reduces destructive interference. This is
due to the fact, that CARS, RIKE and SRS are non-linear effects.
Therefore, the signals are predominantly generated in the focal
volume, where the excitation intensities are highest. Thus, to detect
CRS signals there is no need for a confocal pinhole, since there are
virtually no out-of-focus signals, in contrast to spontaneous Raman.
However, the fact, that the signal is mostly generated in forward
direction is disadvantageous for imaging thick tissue samples, which
is relevant in the context of biomedical applications like
intraoperative imaging for surgical guidance. Here, the detection of
signal in backward direction needs to be employed, which is called
epi-detection. In the following, the different detection schemes of
CRS signals will be briefly discussed.

Box-CARS collinear-CRS

Ve

co-propagating

counterpropagating
= A . J

Figure 8: Overview of the different illumination schemes used for CARS and other CRS
imaging modalities. The CARS signal is blue, pump laser and Raman loss yellow, Stokes
and Raman gain are depicted in red. To satisfy the phase-matching condition for CARS
at long interaction lengths and low maghnifications, the Box-CARS geometry is used (a).
Pump and Stokes-Laser are focused into the sample at an angle to each other for phase
matching. Alternatively using high-NA objectives, a collinear illumination scheme is
employed (b), since the wave-vector distribution at the focus under the tight focusing
condition fulfils the phase-matching condition. Here, pump and Stokes laser are either
co-propagating (b), which results in CARS generation in the forward direction, or
counter-propagating, generating CARS in the backward direction (c). The counter-

propagating illumination scheme is employed in widefield-CARS microscopy.

4.6.2 CRS Detection Strategies

In general, it is possible to detect single band CRS signals in
epi-direction using either a non-descanned or a descanned
detector or a non-descanned detector in forward direction as
depicted in figure 9. Due to the different nature of the signals,
the detectors in general but also the optics for epi-detection of
CARS and SRS are different. Since the CARS signal is a coherent
addition of dipole fields, it is emitted equally strong in forward
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and in backward direction for very thin samples. Volkmer et al.
have shown that while the forward CARS signal increases
quadratically with a thicker sample, the epi-generated signal

. . . . 171
decreases with an increasing sample thickness.
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Figure 9: (a) Overview of detection schemes used for single-band CARS and other
CRS imaging modalities. Using the common illumination scheme, the CRS signals
are predominantly emitted in forward direction and detected by a large area
non-descanned detector (1). (a) For CARS imaging of thick tissue samples, epi-
detection is employed, using either a non-descanned large area detector (2) or a
descanned detector (3) and appropriate filters (4). (b) Epi-SRS requires a
polarizing beam splitter (1) and a quarter wave plate (2) changing the
polarization of incoming and backscattered lasers by 90°, such that the Raman
loss signal is passing the filter (3) and detected on a large photodiode (4). (c)
Alternatively, a large area diode detector (2) is covered by a filter (3) and directly

attached to the objective (1) for the detection of scattered laser photons.

This is primarily due to the increasing phase mismatch in the
backward direction of signal generation and the resulting
destructive interference, when utilizing the most common
collinear illumination with co-propagating pump and Stokes
lasers as depicted in figure 8. Since the epi-signal is typically
generated from small structures or interfaces but not from the
bulk medium which generates a strong non-resonant
background in forward-direction, the epi-signal allows for high-
contrast imaging of small structures depicted in figure 10.
Forward and epi-CARS images of lipid droplet accumulations in
adipocytes differ. Epi-CARS highlights small lipid droplets.
However, when imaging ~100 um thick samples, the major
contribution to the epi-signal are back-scattered and back
reflected photons, which were initially generated in forward
direction.”® In order to realize epi-SRS detection, two
approaches have been realized.”® First, the backscattered
laser can be separated by polarization using a quarter wave
plate and a polarizing beam splitter to change the polarization
of excitation and back-reflected laser light by 90°. The
polarizing beam splitter directs the backscattered light onto
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the detector (figure 9 b).121 Alternatively, the Raman-Loss

signal is detected using scattered photons only. Here, a large
area photodiode covered with a filter to reflect the Stokes
laser is directly attached to the objective lens. A hole in the
center of the diode allows the excitation light to pass (figure 9

t:).26 This design enables video-rate SRS imaging in epi-
direction, but requires custom designed coated diode-
detectors.

Schie et al. implemented an approach to detect both forward
and epi- generated CARS signal on the same detector.’? The
forward generated signal was collected by a condenser lens,
temporally delayed, and reflected back into the objective lens.
The epi-generated signal was collected by the same objective
lens. Both signals were detected on the same avalanche photo
diode, and sampled by a time-correlated single photon
counting (TCSPC) board. Due to the temporal separation of the
arrival time, it was possible to separate the signals though time
gating, figure 10.
Forward CARS

Epi-CARS

Combined

10 pm

Figure 10: Forward and epi-CARS images of lipid droplet accumulations in
adipocytes. Both signals were detected simultaneously on the same
detector. Due to the temporal separation between the two signals in this
specific arrangement, the signals were detected by an avalanche photo
diode and separated based on their arrival time using time-correlated single
photon counting (TCSPC)."” (Reprinted with permission from I. W. Schie, T.
Weeks, G. P. McNerney, S. Fore, J. K. Sampson, S. Wachsmann-Hogiu, J. C.
Rutledge and T. Huser, Optics express, 2008, 16, 2168-2175. Copyright 2008
Optical Society of America.)
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For biomedical imaging applications, epi-detection is by far the
preferred detection scheme. In addition, high-speed image
acquisition is crucial in order to follow fast processes in living
organisms in real time, e.g., trafficking of lipid droplets.110
Therefore the next paragraph will focus on imaging strategies.
4.6.3 Sample scanning strategies for CRS imaging

While Duncan at al. already used fast laser scanning in 1982,66
Zumbusch et al. and Hashimoto et al. used a piezo-activated
translational stage to scan the sample over the excitation
beam with a pixel dwell time of 10 ms for implementing CARS
microscopy in the collinear beam geometry.”’ 73 While
sample scanning by piezo-activated translational stages has
the advantage to operate the objective lens on the optical axis
for best optical performance, this scanning method is slow and
unsuitable for living biological samples. The imaging speed can
be significantly improved through laser-scanning microscopy
(LSM), using a pair of fast-scanning mirrors.

In LSM a pair of scanning mirrors steers the excitation beams
by changing the deflection angle. Scan and tube lens
subsequently image the beams on the back aperture of the
objective lens. While the beam remains stationary on the back
aperture of the objective lens, it changes the entrance angle.
This change in angle on the objective back aperture results in a
change of the focal position in the focal plane (figure 11). An
excellent overview on constructing a steerable beam can be
found by Fédllman and Axner.t™* Cheng et al. implemented a
LSM for CARS microscopy of biological samples.175 Using this
approach, the acquisition times for eukaryotic cell could be
reduced to ~ 10 s which was a significant improvement in
comparison to piezo-stage scanning. Today LSM is the most
common implementation for CARS microscopy. There are two
implementations of galvo scanners, which differ in the scanner
of the fast axis. Nonresonant laser scanners routinely used in
LSMs provide scanning speeds of up to 1200 lines per second,
but the angular deflection is linear in time and the line scan
speed can be changed. Resonant scanners on the contrary are
much faster, e.g., 8-12 kHz, enabling video rate image
acquisition.26 However, the scanner can only operate at a fixed
line frequency and the scanner motion is sinusoidal. Therefore,
the scanner is used in the central angle range, where the
motion is nearly linear. An alternative fast scanning option has
been implemented by Evans et al. In-vivo video-rate CARS
microscopy in epi-direction has been realized using a polygon-
scanning mirror®2. In polygon mirror scanning the fast axis is
sampled by polygon mirror allowing a very rapid scanning
along on dimension, while a galvo-scanning mirror translates
the beams of the slow axis. The deflected beam is imaged by
scan and tube lenses onto the back aperture of the objective
lens. Each deflection angle corresponds to a spot position in
the sample plane (figure 11). Evans used this approach for in-
vivo imaging of lipid rich structures such as sebaceous glands,
adipose tissue, and corneocytes in the ear-skin of a living
mouse at a pixel dwell time of 160 ns. The same scanning
method is also used by other groups for fast imaging.38

A different approach to increase the imaging acquisition speed
was proposed by Minamikawa et alt’® using a multi-focus
illumination. The researchers created multiple foci using a
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micro-lens array. By spinning the micro-lens array and imaging
seven beamlets into the focal volume the researchers achieved
an acquisition speed of 30 fps for polystyrene beads and 10 fps
for Hela cells. An increased number of beamlets is expected to
further increase the multiplex effect and faster acquisition
rates.

Beam is pivoting
on the rear apperture
of the objective lens

Mirror Scanning
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Figure 11: Laser-scanning microscopy as the most common implementation
of CARS imaging. A pair of galvo-mirrors is used to steer the excitation
beam. Two relay-lenses image the scanning entrance aperture on to the
back aperture of the objective lens. Because the beam is at rest in the
entrance aperture, in the conjugated plane the beam is pivoted on the
entrance aperture of the objective lens resulting in beam scanning in the
object plane. In scanning with a polygon mirror the fast axis is replaced by a
rapidly rotating polygon mirror allowing faster acquisition speeds as with
galvo-scanning mirrors.

Heinrich et al. presented the first implementation of a wide-
field CARS geometry for CARS imaging acquisition.177 To satisfy
the phase-matching condition the approach uses counter-
beam propagation of the pump beam and the Stokes beam
depicted in figure 8. The Stokes beam is coupled through a
conventional objective lens, whereas the pump beam is
imaged into the sample plane through a dark-field condenser
lens. With this configuration an effective area of 60 um2 could
readily be imaged with an exposure time of 60 s using a high
power ns-pulse excitation laser source delivering 0.5 mJ of
energy in the sample plane. In a follow-up publication the
researchers acquired readily fair-quality CARS images of lipid
vesicles from a single shot corresponding to an exposure time
of 3 ns'’® and from cellular lipid droplet accumulations.!”®
Toytman et al. implemented a similar wide-field approach and
were able to acquire images of polystyrene beads with an
acquisition time of 1 ps, and lipid-rich myelin sheaths.™®®
Despite the rapid imaging advantage the utilized power in the
sample plane are still of concern for living biological samples.
In the same publication Toytman compared the total fluence
for their wide field approach on myelin sheaths, which was 10
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Jcm"z, to the fluence for a LSM-CARS acquisition, which is
around 0.3 Jem™. Furthermore, so far epi-detection is not yet
possible with wide-field CARS, but required for imaging thick

samples.
Heuke and coworkers developed a theoretical and
experimental implementation for Bessel-beam CARS

. R . - . 181
illumination for an axial profiling of multi-layer structures.

Using numerical data they were able to show that it is possible
to reconstruct a depth profile of a structured sample using the
Bessel-beam by solving the inverse scattering problem. This
work could lead to rapid 3-D profiling of the sample without
the need for focal changes.

Fast imaging of biological samples acquiring 30 frames per
second has been realized using intense C-H or O-H stretching

25, 26, 121 . L
however, the chemical contrast is limited,

vibrations,
when only single Raman resonances are used. For a chemical
characterization of complex biological samples and the
identification of several marker molecules, either several
selected®® resonances or a spectral region need to be used.”!
In the following section different strategies for the acquisition
of multi-spectral data will be summarized.

4.6.4 Multispectral imaging strategies

In order to acquire spectral data using CRS, there are two
strategies: hyperspectral and multiplex imaging depicted in
figure 12 (see also section 3.2). Hyperspectral imaging is based
on single band CRS. The sample is illuminated with two
synchronized lasers generating CARS, Raman gain and Raman
loss, when the difference frequency of both lasers matches a
Raman-active vibrational frequency of molecules present in
the laser focus (figure 12 a). By subsequent image acquisition
at different Raman resonances, which is realized by tuning the
frequency difference between pump and Stokes-laser,
hyperspectral imaging is realized (figure 12 b). Here, images at
different Raman resonances are acquired. The advantage of
hyperspectral imaging relies on its experimental simplicity,
since no spectrometer is needed. Furthermore, the signals can
be collected in epi-direction, which is important for in vivo
imaging.

However,
imaging speed, since OPO-systems require several seconds for
wavelength changes, thus several minutes for a hyperspectral
37, 73, 182, 183 Therefore, fast implementations of

scanning the laser wavelength is restricting the

image stacks.
hyperspectral Raman imaging depend on fast wavelength
scanning laser sources. Using a fast wavelength-swept fiber
laser, CARS spectra covering 150 cm™ can be acquired within
1.2 ms.”® Novel laser concepts (see also section 3.1) will
significantly increase the speed of wavelength sweeps. Using
the tuning range of an Yb-laser, Ozeki et al. realized 2800-3100
cm™ hyperspectral imaging of tissue acquiring 91 images
within 30 seconds using a custom build wavelength scanner
consisting of a grating for dispersing the laser beam and a
galvoscanner.121 By applying the method of spectral focusing
introduced by Hellerer et al® Fu et al. acquired 60 frames
from 2810 and 3088 cm™ at 1.12 s/frame acquisition speed34
184, Recently, using a special laser for time encoded Raman SRS
spectra covering 100 cm™ where acquired within 157 pus
onIy.109
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Figure 12: Overview of methods for the acquisition of spectral data. (a)
single band CRS, left illumination, right detection. (b) Hyperspectral
Raman imaging is sequential scanning of several Raman resonances,
(c) while the simultaneous acquisition of CRS spectra in every pixel is
called multiplex CRS. (d) Spectral focusing enables high spectral
resolution imaging and fast spectral tuning by changing the pulse delay

utilizing broad band pulses which are equally chirped.

In contrast, multiplex CRS imaging relies on the acquisition of
CRS spectra at each pixel as introduced in 2002.'%° Except for
one approach using tuned amplifiers for multiplex SRS* and
multiplex RIKE,30 multiplex CARS is predominantly used and
manifold biomedical applications have been reported.lgs"194
Here, the sample is illuminated with broadband lasers in order
to acquire a significant part of the Raman spectrum. With this
method, CARS spectra of biological samples have been
acquired within 3.5 ms covering 600-3400 em™.*° While
multiplex CARS provides broad spectral coverage, forward
detection is not possible in thick tissue specimen, while using a
spectrograph prohibits the detection of non-ballistic scattered
signal photons. Furthermore, the spectral line shapes are

This journal is © The Royal Society of Chemistry 20xx

Page 20 of 30



Page 21 of 30

distorted due to interference effects, such that phase retrieval
methods are needed in order to extract the Raman spectrum.
Here, two approaches based on the maximum entropy method
and the Kramers-Kronig relations have been reported.lgs' 196
Since an in-depth description of broadband CARS microscopy
approaches is beyond the scope of this review, further details
on multiplex-CARS imaging can be found in recent reviews.'**
7 Further implementations of broadband coherent Raman
imaging include broadband single pulse CARS in combination
with pulse shaping techniques, which are currently
experimentally too complex for biomedical applications.“"%'
198

Another technique using broad band laser pulses is called
spectral focusing depicted in figure 12d. This method
combines the advantages of hyperspectral and multiplex CRS
imaging enabling fast spectral scanning and high spectral
resolution imaging by using broad band lasers and a point
detector, hence circumventing the need for a spectrograph. In
order to increase the spectral resolution the broadband laser
pulses are equally chirped, such that the spectrograms of both
pulses are parallel, which can be achieved either by using a
pulse stretcher®” %8 or by passing both pulses through a thick
piece of glass.%’ 199-201 Hence, when both stretched pulses
overlap in time, the high frequency components of the Pump
pulse overlap with the high frequency components of the
Stokes pulse only, such that the actual spectral resolution is
improved to that of a transform limited pulse of the pulse
duration of the chirped pulse.201 Spectral tuning covering the
spectral width of the pulses is simply achieved by changing the
pulse delay. Hence, this concept allows adjusting the spectral
resolution from 5 to 400 cm™, when combining a 60 fs Ti:Sa
pump with a SC from a PCF. A tuning range from 2500 — 4100
cm™ has been realized.’® However, when the spectral
resolution is increased, the peak intensity is reduced by the
same factor. This approach provides a simple method to adapt
the spectral resolution and peak power to the specific needs of
the imaging experiment.

5. Biomedical applications
5.1 Cell studies

Before Raman imaging studies of single cells are presented, a
typical Raman image of fibroblast cells is presented in figure
13. The data were taken from a paper about the detection of
stress induced changes at the subcellular level by Raman
microscopyzoz. The data set was collected with a step size of 1
pm. The Raman spectral contributions of aqueous buffer were
removed by subtracting an average spectrum of the
surrounding medium. The cell spectra were segmented by k-
means cluster analysis into groups according to their similarity.
The plot of the cluster membership function indicates the cell
nuclei (red) of two adjacent cells, the cytoplasm (blue) and
lipids droplets (green) that are not fully resolved at this
resolution. More than 40 bands are labelled in the mean
cluster spectra. Spectral contributions are assigned to proteins,
lipids and nucleic acids as summarized in table 1.

This journal is © The Royal Society of Chemistry 20xx

Chemical Society Reviews

1004
1655

Raman Intensity

wn
& 8 }
. Q© e 7S \

S \ \
[V
T T T T T
600 800 1000 1200 1400 1600 1800

Wavenumber (cm™)

Figure 13: Raman image of single fibroblast cells: K-means cluster analysis
segments the data set into cell nuclei (red), cytoplasm (blue) and lipid
droplets (green). Bands are labelled in mean cluster spectra (shifted to avoid
overlap).

Some bands overlap and can be assigned to more than one
component. Because peptide groups and aliphatic groups in
amino acids are abundant in proteins, these bands dominate.
Bands of aromatic amino acids are well resolved due to the
small bandwidth. Most intense lipids bands are due to fatty
acids chains, in particular between 1000 and 1700 em™.
Prominent nucleic acid bands are assigned to the phosphate
backbone and nucleobases. They are usually less intense than
protein and lipid bands in cells and tissues (see 5.3). Usually,
the cell number of Raman imaging cell studies are low because
data acquisition by spontaneous Raman scattering is relatively
slow. Using state-of-the-art instrumentation acquiring 1000
spectra per image at a step size of 0.5 um and with 0.5 s
exposure time gives typical total exposure times of more than
10 min (500 s plus additional time for moving the sample or
scan the laser and saving the spectrum). The cell number
ranged from six to study changes in stressed cells in 2006 as
shown in figure 13202, 48 to classify tumor cells in 2010°® and
70 to monitor the lipid uptake in macrophages in 2012.%

An interesting feature in the paper about identification and
differentiation of single cells by Raman imaging203 was the
classification of four cell types: leukocytes from peripheral
blood, leukemia cells OCI-AML3, and breast cancer cells MCF7
and BT-20. Many papers just reported the distinction of two
cell types which does not exploit the full potential of the
Raman fingerprint property. The advantage to collect Raman
images instead of single spectra per cell (as presented in 5.2) is
that the data encompass intra-cell variations as presented in
figure 13. If only one spectrum per cell is collected, intra-cell
variations that occur for different positions within the cells
might overlay with inter-cell variations that are specific for
each class.
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Table 1: Assignment of typical Raman bands from cells and tissues.
Abbreviations: lipid (L), phospholipid (LP), protein (P), nucleic acid (N),
backbone (bk), deformation (def), phenylalanine (Phe), tyrosine (Tyr),
tryptophan (Trp).

Assignment Bands (cm'l)
L Cholesterol 607, 700, 1440, 1674
P Phe 622, 1004, 1030, 1159, 1208, 1607
P Tyr 644, 830, 855, 1175, 1617
N Thymine 667, 757, 780, 1277
N Guanine 680, 1490, 1580
L N(CHs)s 716, 875
N Adenine 727, 1490, 1580
P Trp 757, 1159, 1340, 1555, 1617
N Cytosine, bk 785
N Bk (RNA) 812
p Peptide C-C, | 898, 935
L C-C chain 1065, 1129
PL | PO, 1090
N Bk (PO,%) 1093-1100
P Amide Il 1255
L C=CH 1265
L CH, def. 1300, 1440
P CH; def. 1320, 1450
N CH, 1422
P Amide | 1655
L Cc=C 1660
L C=0 1740

Raman spectra of lipids share many similarities, in particular, if
they differ by just few alkene groups (CH,) in fatty acid
moieties. A strategy to monitor the uptake of a defined lipid
class is to introduce deuterium labels. The higher mass of
deuterium compared to hydrogen shifts the positions of
hydrocarbon vibration to lower wavenumbers. This strategy
was employed to monitor the time-resolved uptake of serum-
albumin complexed palmitic acid, oleic acid, cholesterol®® and
arachidonic acid®® in macrophages.

A versatile and powerful approach in single cell studies is the
combination of fast CRS imaging with chemically highly
selective Raman spectroscopy, which ideally complement each
other.”® The combination of SRS with spontaneous Raman
spectroscopy enabled the identification of cholesterol ester as
a marker for aggressive prostate cancer.”%” This finding was not
possible with single color CARS or SRS imaging, nor with
Raman spectroscopy alone. Similarly, the combination of CARS
microscopy and Raman spectroscopy has been applied to
study lipid droplets in individual cells. 2% 2% First, CARS imaging
was used to resolve individual lipid droplets in single cells at
high speed. Then, Raman spectra of these droplets were
collected in order to determine the lipid composition. The fatty
acids palmitic acid and oleic acid were distinguished by
characteristic Raman bands of carbon double bonds and the
lipid composition was determined by asymmetric least squares
fitting of pure fatty acid spectra. These studies clearly
demonstrate the benefit of combining Raman spectroscopy
with CRS imaging to address important biomedical problems.
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5.2 Laser tweezers Raman studies

The application of laser-tweezers offers a large number of
advantages in Raman microspectroscopy (see also section 4.2).
Besides allowing micromanipulation of single cells and
measurements of mechanical properties accompanied by
chemical information in single cells, optical tweezers also allow
a rapid cell sorting after a spectroscopic identification.
Moreover, because the position of the trap can be moved
along the z-axis, a further reduction of background
contributions from substrates can be achieved. The group
around Y. Q. Li implemented the first laser-tweezers Raman
spectroscope to differentiate between red blood cells (RBCs)
and yeast cells, 2% 3nd was instrumental in establishing LTRS
as an valuable tool in the Raman field. In a follow-up
publication by the same researchers LTRS was combined with
shifted-excitation differences to reduce glass background
contributions.”*! The system was used to study heat-induced
protein degradation in trapped E. coli cell and the
improvement of background correction through shifted
excitation was shown on RBCs and on yeast cells. The
characterization of E. coli cells and bacterial spores with LTRS
has also been done by others, showing superb differentiation
between different strains.”*” **> Chan et al. have shown
excellent separation of individually trapped leukemia T and B
cells of healthy patients and leukemia patients, resulting in
average cell classification accuracies of 90 % and 95 % for
healthy and leukemia patents, respectively.214 LTRS has also
been used to investigate the effects of cell fixative on the
molecular information of single ceIIs;215 the effects of
chemotherapeutic induced effects in cells 216; and monitoring
of apoptotic and necrotic stages in cell 27 Besides singe cells,
Tang et al. also investigated swelling properties of viable
mitochondria. **® Fore et al. have shown that leukocytes are
commonly trapped by their nuclei,219 which could potentially
result in a bias when using cells that have smaller nuclei or
presence of other dense cellular compartments, such as
intracellular lipid droplets.

While multiplexing the number of traps that can capture cells
in parallel can help for stationary located cells in a sample dish,
the sorting of a large number of cells remains non-trivial with
this approach. A viable option to improve sorting of cells is to
use microfluidic devices. Microfluidic chips have been used for
cell trapping experiments early on in LTRS. Ramser and co-
workers used LTRS in a microfluidic device to investigate
oxygenation properties of trapped red blood cells that were
exposed to different chemical environments delivered through
the microfluidic channel.””® The first true Raman activated cell
sorting (RACS) was implemented by Lau et al., showing with a
proof-of-principle experiment that cells, B cell lymphoma and
T cell lymphoblast, can be identified in an microfluidic
environment, and sorted into different chambers.”** The
researcher used a trap-and-release approach and determined
the relation of trapping power to flow velocity for beads and
leukemia cells. With a trapping power of up to 25 mW @ 785
nm, cells could be trapped at fluidic velocities of ~ 400 um/s.
The flow inside the chip, however, was not easily controllable
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due to the use of a gravity injection system. Dochow and
colleagues developed an advanced microfluidic chip, where a
microfluidic pump controls the flows inside the chip. Cells
were trapped by a laser with 1070 nm excitation, the Raman
signal, however, was probed by a 785 nm laser.*? In contrary
to a conventional implementation LTRS the optical trap was
built propagating geometry. The trapping
geometry was tested in a square quartz capillary on three

in a counter

different cell-types, with an overall cell identification accuracy
of ~ 92 %. In the microfluidic chip the overall cell identification
accuracy was ~ 95 %. In a follow-up publication Dochow et al.
have improved on the design, by implementing a quartz
window on the microfluidic chip, trapping individual cells
manually with the 1070 nm laser, and acquiring Raman spectra
of trapped cells with the 785 nm laser.??®

5.3 Tissue and biopsy studies

Before examples of Raman imaging studies of tissue sections
are presented, a typical Raman image of brain tissue is shown
in figure 14. The data were taken from a paper about high
resolution Raman microspectroscopic imaging of brain
tumors®**. The small step size of 2 um in combination with
decomposition of the data matrix by vertex
component analysis enabled to distinguish cell nuclei, brain

bilinear

tissue and microcrystals that were formed by oversaturating
conditions during the drying process.

VCA identifies the most dissimilar spectral components and
uses them for reconstruction of the data sets with non-
negativity constraints, that means both the components and
the abundances are positive. Among the advantages of the
described VCA implementation are that no preprocessing was
required normalization or
smoothing) and results are chemically significant. Comparison

(such as baseline correction,

of the microcrystal component with a reference spectrum
reveals that the microcrystals are composed of cholesterol.

The tissue component contains spectral contributions of lipids
and proteins. The cell nuclei component contains spectral
contributions of proteins and nucleic acids similar as for nuclei
in single cells shown in figure 13. The absence of the band near
680 cm™ and the shift of the phosphate backbone band to
1098 cm™ are consistent with structural distortions of B-DNA
due to drying. The cell nuclei abundance plot coincides very
well with the H&E staining of the tissue section after the
Raman data acquisition. In follow-up studies, non-dried brain
tissue sections were immersed in aqueous buffer during
Raman imaging. This prevents drying induced artefacts such as
crystallization and denaturation of biomolecules. Eight Raman
images from five specimens were combined and analyzed by
VCA and the related algorithm N-FINDR. Beside proteins, lipids,
nucleic acids and buffer, cholesterol ester and carotene were
identified®**. 39 Raman images were collected from six glioma
brain tumor specimens with tumor grade ranging from WHO ||
to WHO IV?®. The abundance plots of the cell nuclei were
processed by an image segmentation procedure to determine
the average nuclei size, the number of nuclei and the fraction
of nuclei area. The latter two morphological parameters
correlated with the malignancy. A combination of bilinear
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decomposition and non-negativity constrained linear least
squares fitting was introduced to assess chemical parameters.
Whereas the protein content was almost unchanged, nucleic
acid content, lipid content and lipid to protein ratios correlated
with the malignancy.
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Figure 14: Raman image of brain tissue section: vertex component analysis
decomposes the data set into cell nuclei (red trace), tissue (blue) and
microcrystal (green). Bands are labelled in component spectra (shifted to
avoid overlap). Images display the abundance of each component (from
bottom to top): microcrystal, tissue and cell nuclei that correlate well with
tissue section after H&E staining.

Diagnostic prospects of Raman imaging were demonstrated for
the the primary brain
metastases In a considerable number of cases,
metastases cause clinical symptoms before the primary tumor,
and screening by imaging modalities, histopathology and
immunohistochemistry fails to give accurate findings. Because

determination of tumor of

224 .
. brain

Raman spectra provide molecular fingerprints of tissues, this
approach provides complementary information. First, cluster
membership maps of Raman images were correlated with
consecutive H&E stained tissue sections to annotate the
clusters. Second, the confirmed cluster assignments trained a
support vector machine (SVM) to distinguish normal brain,
necrosis, carcinoma and other tissues in Raman images of 22
specimens. Then, a second level SVM discriminated brain
metastases of bladder carcinoma, lung carcinoma, mamma
carcinoma, colon carcinoma, prostate carcinoma and renal cell
carcinoma.

Long exposure times are also limiting factors in Raman imaging
of tissues. To overcome this problem, autofluorescence was
suggested as a sensitive but
prescreening and selecting regions of interest for subsequent
Raman spectroscopic assessment®?®. This combination has
been demonstrated for basal cell carcinoma in skin tissue

low specific technique for

sections and enabled accurate detection of tumor margins.
In principle, CRS is another candidate to speed up data
acquisition in tissue studies.
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5.4 Whole organ and animal studies

Raman systems coupled to fiber probes usually collect a single
spectrum per exposure, even if multiple fiber cores are used.
For fiber optic Raman imaging (i) anaesthetized small animals
are moved by a x-y stage 227, (ii) the probe is moved over a
region of interestzzg, (iii) a fiber array is coupled to a multi-
channel Raman spectrograph229 or (iv) individual fibers in an
imaging bundle are subsequently addressed by a scanning
device **. Approach (i) was experimentally realized by a
lensed fiber probe that focused the 785 nm laser excitation
onto a spot of 120 um. Images were sequentially collected in a
raster scan mode with 100 um step size and 4 second exposure
time per spectrum. Brain tumors and tumor margins were
detected under a cranial window in an in vivo murine model by
Raman imaging. A bi-modal probe was introduced in approach
(ii) for simultaneous fluorescence lifetime and Raman imaging.
The probe was also tested on mouse brain. Both modalities
showed contrast for bone, brain tissue and blood vessels. The
FLIM setup operated at an acquisition rate of 10 kHz. As
Raman imaging with short exposure time of 20 ms gave poor
quality spectra, integration time was increased to 1 s for
additional spectra at selected points. The array in approach (iii)
encompassed 20x20 fibers which enable simultaneous
acquisition of 400 individual Raman spectra with exposure
times down to 1 second. A key element was a multichannel
spectrograph with a large array CCD detector that was
developed for astronomical applications. Approach (iv)
designed CARS imaging fiber probe consisting of 10000
coherent light guiding elements preserving the spatial
relationship between the entrance and the output of the fiber.
The scanning procedure can be shifted from the distal to the
proximal end of the fiber probe. This offers a convenient
solution towards CARS and other multiphoton endoscopy.

Strategies were described for small animal optical imaging
based on Raman spectroscopy and Raman-active
nanoparticlesBl‘ 232 Because spontaneous Raman scattering is
a weak process, surface enhanced Raman scattering (SERS)
nanoparticles (NPs) and single-wall carbon nanotubes (SWNT)
were used to demonstrate deep tissue, whole body Raman
imaging, NP pharmacokinetics, multiplexing, and in vivo tumor
targeting using a system adapted for small animal Raman
imaging. SWNTs show intense resonance enhanced Raman
signal. Tumor targeting was reported for tripeptide RGD
functionalized SWNTs?!. After intravenous injection, Raman
imaging commenced over the next 172 hours and revealed
increased accumulations of RGD-SWNTs in tumor as opposed
to plain-SWNTs. If reporter molecules are bound to gold of
silver NPs, the Raman signals of the reporter molecules can be
sensitively detected. Different reporter molecules give
fingerprint-like SERS spectra which offer extremely high
multiplex capability using a single wavelength of excitation.
Such NPs were applied to a Raman-based strategy for
multiplexed molecular imaging232. 326 fM concentration of
SERS-nanoparticles were detected and ten variations of co-
localized SERS nanoparticles could be unmixed. Another
feature of the presented noncontact Raman endoscope was
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that it has been designed for efficient use over a wide range of
working distances from 1 to 10 mm.

The group of Gellermann et al. published a series of papers
about Raman imaging detection of the macular carotenoid
pigment that is present at high concentration in the retina of
human eye5233. Instead of NPs or SWNTs, carotenoids can be
sensitively detected by Raman spectroscopy under resonant
excitation that means near electronic excitation at blue
wavelengths. The experimental Raman imaging setup routed
light from a mercury arc lamp via a fiber bundle into a light
delivery and collection module. The light is spectrally filtered
at 488 nm with a 1 nm bandpass filter and imaged onto a 4
mm diameter spot centered on the fovea of an excised
eyecup. The light scattered back from the retina is filtered at
the C=C stretch band near 1524 cm™ (527 nm in the case of
488 nm excitation) and imaged onto the 375x241 pixel array of
a CCD camera. This setup without a laser for excitation and
spectrograph for dispersion is quite unusual for Raman
imaging.

Ji et al. previously demonstrated that in vivo SRS imaging in
reflection mode with solid state lasers and free-space optics is
feasible in simulated surgical conditions in mice bearing
human gliomas where blood, dissected and/or coagulated
tissue and movement associated with respiratory and cardiac
cycles are present 234 gRs microscopy differentiated healthy
brain tissue from tumor-infiltrated brain based on
histoarchitectural and biochemical differences. Differentiation
was achieved by different lipid to protein content that were
assessed by SRS signals at 2930 and 2845 em™. A linear
combination method extracted the lipid and protein
distributions from two-channel SRS images and displayed them
as color-coded images that visualized cell bodies as well as
extracellular structures.

5.5 Vibrational labelling techniques for biomedical applications

While label-free tissue analysis is the key strength of Raman based
imaging techniques, the specificity for differentiating biomarkers,
which share many structural elements, e.g., lipids and proteins, is
limited. In order to trace a specific molecule, labelling is required.
While the key technique for labelling is fluorescence, small
molecules like water cannot be labelled efficiently, since the
fluorescent tag increases the molecular size and weight, hence its
diffusion properties, but also other properties like acidity and
reactivity. Here vibrational labelling is advantageous, since common
labels like alkyne and deuterium are very small and hence preserve
the molecules’ properties. Hence, studies of cellular hydrodynamics
rely on monitoring the uptake and release of heavy water.”®*°
In order to maximize the contrast, the marker band resides in the
vibrationally silent region of the Raman spectrum around 2200 cm’
! This approach enables the background free detection of the
molecular marker in low concentrations. Alkyne tagging has been
employed to study the distribution and synthesis of DNA, RNA,
proteins, phospholipids and triglycerides.se’ 62,63 Multiplexing can be
realized by using isotope labelling of the alkyne tag, such that three
different tags can be detected in the range from 2048 to 2125 cm’

188 Alternatively, substituting hydrogen by deuterium shifts the

This journal is © The Royal Society of Chemistry 20xx
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strong CH-stretching vibration to 2100 cm-1, while the chemical

61, 62, 64, 184, 204, 235

behaviour is almost not affected. In figure 15 the

uptake of CD-labelled lipids by macrophages is monitored over time
to study the intracellular lipid metabolism in macrophages.

S | & ¥
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Figure 15: Raman images to study the intracellular lipid metabolism in
macrophages. The uptake of deuterium labelled lipids is monitored over
time by Raman imaging (red). Upper row 30min, second row 6 h, third row
24 h, fourth row 30 h.2* (Reprinted with permission from C. Matthaus, C.
Krafft, B. Dietzek, B. R. Brehm, S. Lorkowski and J. Popp, Anal. Chem., 2012,
84, 8549-8556. Copyright 2012 American Chemical Society.)

5.6. CRS imaging of drug delivery systems

Another important biomedical application requiring fast label-free
imaging is studying the uptake and distribution of drugs, since the
efficacy of a medical treatment highly depends on the delivery of
the drug to the target structure. Since many drugs are small, label-
free or labelling with small tags is required, in order to preserve the
transport properties of the drug.m‘ 235282 The 5o far reported
manifold applications include drug delivery to the skin,uo’ 23
monitoring changes upon dissolution and the impact of the
composition on the drug release B72H The complex of Raman
imaging of drug delivery systems has been reviewed recently.241

5.7 CRS imaging for label-free histopathology

Another important application of CRS is the label-free visualization
of tissue pathologies.m’ 244,285 RS enables to visualize the
morphology and the chemical composition of tissue, either using
CRS alone or in combination with other nonlinear imaging
modalities like second harmonic generation (SHG) and two photon
excited fluorescence (TPEF) as shown in figure 16. Here,
hematoxylin and eosin stained tissue sections are compared to
label-free multimodal CARS-SHG-TPEF imaging of the identical
section displaying the colon of a mouse. CARS has been performed
at 2850 cm™ to visualize the lipid distribution (red channel). Areas
as large as 1 cm? can be analyzed within minutes. The capability to
investigate native tissue is promising for intraoperative imaging in
the future.

This journal is © The Royal Society of Chemistry 20xx
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Figure 16: Comparion of an H&E stained image (left) with a multimodal
nonlinear image (right) combining CARS at 2850 cm™ (red), SHG (blue) and
TPEF (green) of the colon of a mouse. The label-free multimodal image
reproduces the tissue morphology similarly accurate as compared to the
H&E stained image.

6. Conclusions

The field of spontaneous and coherent Raman scattering
microscopy extensively expanded within the last twenty years.
The current contribution focused on developments in
instrumentation and methodologies that are prerequisites for
new applications. As the number of papers is already too large
for a comprehensive summary — even if limited to imaging for
biomedical applications — the reader is referred to recent
reviews that summarized other reviews and relevant papers.
Unmet needs exist in particular in biomedicine, clinical
diagnosis and health care. Such applications are extremely
challenging for Raman-based techniques due to high demands
in sensitivity, specificity, throughput and lateral resolution. CRS
techniques are expected to overcome some of the challenges
in the future once the instrumentation is less complex. For this
reason, CRS laser sources were presented in more details.
Spontaneous Raman instrumentation already matured to a
level that can be translated to hospitals soon. Important links
that are still under development and that were not covered
here are automated algorithms for data processing and
classification. The society CLIRSPEC, and the networks
CLIRSPEC and Raman4clinics were
collaboration between groups, elaborate standard operating
procedures, and design experiments for proper validation.
Most of the authors of this topical issue are involved in these
initiatives and the interested research community is welcome
to join this exciting topic.

launched to foster
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