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This paper reviews the different multimodal applications based on a large extent of label-free
imaging modalities, ranging from linear to nonlinear optics, while also including spectroscopic
measurements. We put specific emphasis on multimodal measurements going across the usual
boundaries between imaging modalities, whereas most multimodal platforms combine techniques
based on similar light interactions or similar hardware implementations. In this review, we limit
the scope to focus on applications for biology such as live cells or tissues, since by their nature of
being alive or fragile, we are often not free to take liberties with the image acquisition times and
are forced to gather the maximum amount of information possible at one time. For such samples,
imaging by a given label-free method usually presents a challenge in obtaining sufficient optical
signal or is limited in terms of the types of observable targets. Multimodal imaging is then
particularly attractive for these samples in order to maximize the amount of measured infor-
mation. While multimodal imaging is always useful in the sense of acquiring additional infor-
mation from additional modes, at times it is possible to attain information that could not be
discovered using any single mode alone, which is the essence of the progress that is possible using
a multimodal approach.

Keywords: Optical microscopy; nonlinear optics; microspectroscopy.

imaging techniques such as fluorescence or histologi-

Label-free imaging implies the measurement of bio-
logical samples such as live cells or tissues without
employing exogenous contrast agents, as opposed to
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cal staining. This requires that the retrieved signal
originates directly from the interaction between the
excitation light and the sample, an interaction which
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can stem from a variety of physical processes, such as
forward- or backscattering, molecular vibrational re-
sponse, nonlinear effects, etc. It is not directly possible
in label-free imaging to achieve the same level of
specificity common in fluorescence imaging where
chemically active probes can be employed to target
specific molecules. Instead, the endogenous inter-
action of light with the observed sample can provide
invaluable information about its structure and mol-
ecular composition, based on the analysis of the
imaging contrast, while enabling the observation of
any specimen without further modification, or inter-
action with additional chemical agents.

The use of multimodal imaging can significantly
increase the amount of information extracted from
a sample, by providing various imaging possibili-
ties, and potentially multiplex measurements of
spatial and chemical distributions in the specimen.
Measuring several different channels in the case
of label-free imaging can however be a challenging
task, for example due to the absence of known
emission spectra on which to base a choice of filters
for spectral separation of modes, or because of
the small cross-section of the observed interaction,
which then provides only a weak signal.

Furthermore, while certain label-free methods
can readily be observed simultaneously thanks to
the use of similar optical configurations, imaging
modalities originating from rather different physical
light-sample interactions can be more challenging
to combine. However, these implementations can
potentially be the most promising candidates in
terms of the quantity and variety of information
which can be extracted from the sample using a
multimodal implementation, thanks to their differ-
ent physical interactions leading to differing sources
of image contrast.

This paper reviews existing label-free imaging
modalities, organized in terms of the type of inter-
action with the sample. We focus in particular
on the multimodal applications which can provide
additional and hopefully simultaneous information
from the sample. Label-free imaging is considered
here in a very broad sense, so that a large variety of
imaging techniques are discussed. The description
of each modality then cannot be exhaustive, as each
label-free mode has an already extensive literature,
and is usually described in reviews of its own.
We therefore focus on the results provided by each
technique, with particular attention to the view of
multimodal imaging, and do not discuss in any

detail the underlying physical processes and tech-
nical requirements of each of them. Similarly, some
recent promising methods that have not yet been
fully validated for biological imaging and currently
employ very specific interactions or are only used for
very specific applications are not necessarily treated
in this paper.

The considered techniques belong in a broad
sense to optical microscopy, i.e., have the ability to
provide an image of the specimen (typically live
cells, tissues or tissue sections), with microscopic
resolution, and with wavelengths typically ranging
in the visible and near infrared range. Furthermore,
multimodal applications are considered in the sense
that each mode can retrieve complementary infor-
mation about the sample in a repetitive way and
within a relatively short amount of time, ideally
simultaneously with the other mode, so that the
measurement is considered to be rapid and
repeatable.

In Sec. 2, the different imaging modalities are
briefly described, by classifying them through their
interaction type with the sample, and by focusing
on the type of measurement and contrast provided
by each mode. Then, in Sec. 3, the different existing
label-free multimodal applications are reviewed,
first within a category, and then between categories.
Then, although we focus on label-free multimodal
techniques, label-based techniques such as fluor-
escence have a tremendous importance in present
microscopy. The combination of label-free tech-
niques with label-based ones are therefore briefly
explored in Sec. 4, with an emphasis on recent
developments in this area.

2. Label-Free Imaging Modalities

In this section, we present briefly the different label-
free imaging methods developed for microscopy.
As mentioned above, the focus of this review is the
multimodal combinations; each individual method
already has an extensive literature and is therefore
only briefly described, with references to existing
literature and reviews. The various imaging mod-
alities are classified under larger categories to sim-
plify the description, where these categories were
chosen to order the different methods through the
type of information and contrast they provide,
along with their general physical interaction with
the sample.
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2.1. Whate light methods

The first microscopy methods historically available
to observe live cells and tissue sections are based
on white light imaging, essentially due to the light
sources available at that time. However, as bio-
logical samples usually exhibit low contrast through
absorption, several methods were developed in
order to retrieve a higher contrast when imaging
these thin preparations. Most of these methods are
relying on additional components to modify the
observed part of light interacting with the sample.
Among these approaches, the most known ones are
phase-contrast microscopy’ and differential inter-
ference contrast (DIC),” which enhance the contrast
by observing phase components through optical
manipulation. Another approach consists in ob-
serving only highly diffractive elements such as
small organelles in the sample with dark-field mi-
croscopy, where the light directly transmitted
through the sample is obstructed, leading to back-
ground-free images of the smaller and highly scat-
tering features in the sample.

A last widely used method is based on polariz-
ation-resolved measurements, which makes it poss-
ible to highlight with high contrast birefringent
materials such as crystals, by indirectly measuring
the change of polarization induced by the sample.?
This method is however limited to specific samples,
since non-birefringent material does not lead to any
contrast.

2.2. Modern linear methods

Most modern linear imaging methods usually rely
on the specific properties of newly developed light
sources, such as long coherence and/or high power,
or more sensitive detectors, leading in a general
sense to linear scattering microscopy.*

In the context of transmission microscopy, most
of the developments aim at improving the sensi-
tivity and specificity of the information retrieved
from weakly absorbing specimens, by for instance
retrieving quantitative values, or improve the image
contrast. One approach in this direction consists
in quantitative phase microscopy (QPM), for which
contrast relies on refractive index values. Several
approaches were developed, involving either coher-
ent,”% partially coherent” or incoherent '’ light.
QPM is typically a full-field imaging technique
which does not involve optical sectioning, although

Multimodal label-free microscopy

recent advances led to three-dimensional (3D)
imaging with these approaches.'*1° The technique
recently found various applications in cell biology
where its quantitative aspect led to the derivation
of biologically relevant indicators.

Reflectance measurements also gained a wide
interest in the past decades, in particular for tissue
imaging, thanks to the development of several
approaches to locate the depth of the measured
information. Reflectance measurements typically
have a contrast based on high refractive index
differences, which induce strong backscattering.
The most noteworthy approach is optical coherence
tomography (OCT), which provides optical sec-
tioning through the coherence gating of wide-band
sources,'®'Y enabling label-free tomography of tis-
sues, with typical penetration depths in the milli-
meter range. While OCT has been relatively slow in
its original implementation, Fourier domain OCT
was shown to have high sensitivity while enabling
faster acquisition times by reducing the scanning
requirements.”’ Its capability of measuring the
intrinsic 3D structure of tissue made this technique
an ideal candidate for clinical applications, such
as observation of epithelium tissue, or ophthalmo-
logic applications with retina observation. Recent
advances have also led to sufficient resolution for
cell imaging,?"?? leading to optical coherence mi-
croscopy (OCM). Other more specialized approa-
ches, such as interference reflection microscopy, are
based on the interference of reflections at multiple
interfaces for studying cell membrane adhesion.?*?*

2.3. Spectroscopic methods

Most interactions between light and a sample
depend on the wavelength. By spectrally separa-
ting scattered or transmitted light, we can often
determine detailed information regarding the sample
composition. Vibrational bonds in the sample can
impart a signature change in the spectrum of
incoming light, and by spectral analysis we gain the
possibility to analyze the molecular compositions in
the sample, which is now becoming possible due to
advances in imaging technology. With vibrational
energies outside the visible region, molecular com-
position can be directly probed using infrared or
near-infrared wavelengths or instead by looking for
the shift in scattered light spectra from vibrational
resonances that underlie the process of Raman
scattering.?” Due to the high resolution and chemical
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specificity, we focus here more on the Raman mo-
dality than IR-based or other modes, which usually
do not possess resolutions for detailed imaging of
cellular structures. With the inherent weakness of
the signal in the Raman imaging mode, stemming
from the low probability of Raman shifted scattered
photons, a number of approaches have been pro-
posed to boost the signals or increase specificity by
using either Raman tags®® or nanoparticles.?”?
However, even with the inherent technical diffi-
culties from low signal levels, Raman imaging where
the entire spectra is captured (known as spon-
taneous Raman imaging) is capable of classifying
cell types,?” locating regions of activity in a cell®’
and determining the dynamic changes in molecular
distribution in a living cell without labeling.*'*? In
practice, a subset of molecules in the sample exhibit
some overlap between the incident light photon
energy and the electronic excitation states of the
molecule. This leads to “resonant” Raman scatter-
ing and boosts the detection sensitivity of Raman
imaging for these molecules.?>® This allows more
refined measurements of some molecules such as
heme-based cytochrome c, which can be tracked
and additionally have the redox state mapped
during important cellular transitions, such as

apoptosis.®* This is illustrated in Fig. 1, where the
heme-based compounds (predominantly located in
cytochrome c in mitochondria) in macrophages is
contrasted with the lipid distribution, enabling the
localization of the two compounds within cells
purely by intrinsic molecular contrast. Resonance
Raman also allows important diagnostics such as
poison toxicity®” and the progression of malaria
parasite infection.?%*” With Raman imaging still in
its relatively early stages, technical advances in
signal detection and processing are likely to make
this mode more and more useful over the next
decade and beyond.

2.4. Nonlinear methods

Nonlinear imaging methods emerged through the
development of high-power pulsed laser sources,
which are necessary to compress the laser power to
the high peak levels required to generate a nonlinear
response. The most well-known imaging application
based on nonlinear phenomena is two-photon exci-
ted fluorescence (TPEF),*® where the excitation is
performed with high power at twice the usual ex-
citation wavelength to generate fluorescence emis-
sion. Nonlinear label-free imaging is also performed

(a) Lipids

(b) Heme/Mitochondria

(c) Overlay

Fig. 1. Label-free Raman imaging of living macrophage MH-S cells, showing two observable components. (a) Lipid band (2850—
2870 cm 1), (b) Heme band (752-758 cm™!), (c) Overlay of both channels.
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by generating signals such as second harmonic
(SHG) or third harmonic (THG), depending on the
symmetry of the target molecules. Due to their co-
herent nature, these signals are typically stronger
in transmission, although some backscattered signal
also exists, along with depolarization and deco-
herence of the signal when measured in depth.?’
They usually produce background-free images be-
cause of the specific requirements for the sample to
generate a significant nonlinear response. Nonlinear
imaging is also characterized by an intrinsic sec-
tioning capability, since a nonlinear response occurs
only where the light is tightly focused. These pro-
perties however impose strict requirements on the
light source itself, primarily to ensure that the suf-
ficient compression of the photon density is reached,
both spatially and temporally.*’

For applying SHG in imaging, only non-
centrosymmetric materials such as collagen*'*? or
microtubules®® provide a response, although the
molecular source of the SHG contrast is not always
clearly known.***> THG does not share the same
intrinsic constraints on materials asymmetry, but
due to phase-matching requirements, it usually
appears at interfaces.’*® The technique is used for
instance to detect lipids in cells,’ image full
embryos”’ or observe brain tissue."!

In addition to coherent processes such as SHG
and THG, nonlinear microscopy also enables mul-
tiphoton excitation even in the absence of dyes,
through two-photon autofluorescence (TPAF).?
Based on a nonlinear process, this approach also
enables 3D imaging, and certain spectral parts of
the autofluorescence response can be linked with
localized molecules.’®** Nonlinear imaging methods
present the advantage of high resolution through
their excitation scheme, while enabling higher depth
penetration of the excitation laser which is located
at a higher wavelength. These combined features
make them valuable for both cell imaging at high
resolution and for tissue imaging, where each tech-
nique strives to image deeper in the sample.

2.5. Nonlinear spectroscopic methods

The development of high-power pulsed lasers also
enabled the addition of spectroscopically resolved
measurements to the nonlinear processes mentioned
above. These techniques utilize the molecular vi-
brations in a biological sample to generate the

Multimodal label-free microscopy

image contrast, which can also provide chemical
information about the sample.

The two most common nonlinear spectroscopy
imaging methods are coherent anti-Stokes Raman
scattering (CARS) microscopy and stimulated
Raman scattering (SRS) microscopy. Both methods
utilize precise excitation beam conditions: usually
two laser beams with different optical frequencies
excite molecules in a sample to a given vibrational
excitation state.””° CARS microscopy detects anti-
Stokes scattering light induced by excitation of the
molecular vibration, highlighting specific molecular
bonds in the sample. SRS microscopy instead uses
the energy transfer between the two laser beams,
which occurs in the presence of a resonant molecular
vibration in the sample. In biological samples, the
vibration of CHy and CHj is usually the optimum
choice for providing contrast in CARS/SRS images,
and these are typically assigned to lipids and pro-
teins, respectively.”” An example of typical contrast
is shown in Fig. 2 for both CARS and SRS imaging,
displaying high contrast images in both lipids and
protein regions.

Compared to spontaneous Raman scattering
outlined in Sec. 2.3, CARS and SRS can produce
strong signals, allowing rapid imaging of biological
samples, with video-rate imaging even demonstrated
for observing living cells and tissues.”®"” The appli-
cation of CARS and SRS microscopy ranges from
cell components like lipid vesicles to tissue diagnosis
like brain tissues. While having significant advan-
tages over spontaneous Raman in terms to signal-to-
noise, both CARS and SRS are subject to limitations
on spectral range and resolution and a further
complication for both is the existence of background
signals unrelated to molecular vibrations. In CARS
microscopy, the background signal comes from non-
resonant four-wave mixing contributing to the ex-
citation of the molecular vibration with a resulting
drop in image contrast. In SRS microscopy, self-
phase modulation and inherent noise from the laser
system affect the image contrast. These factors make
it difficult in practice to detect low concentrations
of molecules by CARS and SRS microscopy.

Practically, Raman imaging is implemented as
one of the three above modes (spontaneous, CARS
or SRS). Even with an understanding of the
physical differences as outlined above, it is not tri-
vial to determine which Raman modality provides
the most useful information for a given sample. Due
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(a) 1446 cm '

(c) 2852 cm ™

(d) 2976 cm ™

—
10 pm

(e) bright field

Fig. 2. (a) CARS and (c) and (d) SRS imaging at two frequencies on HeLa cells, where each image is compared with a bright field
(b) and (e) image taken separately. The red contrast shows lipid structures, while the blue contrast represents proteins.

to their high signal to noise and rapid imaging
capability, CARS and SRS are becoming popular
and provide label-free images of a number of
different samples with the image contrast based on
known vibrational bands. Spontaneous Raman
imaging scattering is usually weaker than CARS or
SRS, but as a trade-off provides the full spectrum of
Raman active vibrations of the molecules in the
sample with higher resolution. Spontaneous Raman
imaging is therefore usually slower but contains
data richer in molecular information compared to
CARS or SRS, where even with recent advances it is
challenging to take a wide range of spectra with
high spectral resolution.

Sum frequency generation (SFG) microscopy has
also been applied to image and analyze materials
at surfaces.’*"%? In SFG microscopy, infrared laser
light and visible wavelengths are incident on a
sample. SFG is strongly induced when the sample
absorbs the incident IR light, and can be used to
investigate the sample molecules. Since SFG (like
SHG mentioned above) is a second-order nonlinear

optical effect, interfaces or non-centrosymmetric
structures in the sample are the main targets of the
observation.

2.6. Hybrid methods

In addition to the purely optical methods presented
in the sections above, recent developments showed
the utility of hybrid methods, where the excitation/
detection is not performed purely by optical means.
In particular, photoacoustic microscopy (PAM)
emerged as a promising method for deep tissue
imaging.%%%* This approach relies on the transient
mechanical strain which appears through the tissue
dilation induced by the absorption of light, which
is then detected as ultrasound waves. Through
proper tomographic reconstruction algorithms, this
measurement can lead to three-dimensional images,
whereas the hybrid measurement approach can
provide deeper penetration in tissue.%”

Even though the original feature of merit in
PAM was its high penetration depth, imaging at
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cellular resolution has also been demonstrated by
employing high-aperture optics, both in trans-
mission®® and reflection.®” By employing an exci-
tation wavelength in a suitable absorption range,
this approach could be used to image cell nuclei®® or
cytochromes.®” Similarly, measuring a chosen range
of acoustic frequencies can for example provide in-
formation about cell morphologies.”™

The heating effects of the excitation light can also
be measured through photothermal imaging, which
detects the local modifications of the refractive
index.”" While this approach has often beem used
with nanoparticles to enhance the heating effects,”
measurement have also been applied to living
organisms’® and cells, making it possible for example
to image mitochondria”™ or intracellular heme.”

2.7. Technical aspects of combining
label-free modes

To enable multimodal imaging, we need to be able to
record several types of images, which can require very
different hardware components for each mode, mak-
ing the whole multimodal setup overly complex.
However, certain modes share some similarities in
setup requirements. Several recently developed mi-
croscopy techniques such as nonlinear methods in
Secs. 2.4 and 2.5 are based on similar physical prin-
ciples. They then rely on laser-scanning schemes, with
high peak power excitation, and sensitive detectors,
such as photo-multiplier tubes (PMT). Nonlinear
spectroscopic methods also require adjustable laser
sources, such as optical parametric oscillators (OPO).

On the other hand, modes based on spectroscopy
(see Sec. 2.3) typically involve narrow excitation
lines and wide-band spectrally resolved detection,
thus limiting the excitation light sources, and gen-
erally require spatially resolved detectors (line or
two-dimensional) to enable spectral measurements.
Multimodal Raman implementations have, for ex-
ample, been limited by the requirement to allocate
nearly the entire emission wavelength range to the
spectroscopic detection.

Finally, OCT relies on wide-band sources, since
the spectral width determines the resolution along
the optical axis, so that sources such as super-
luminescent diodes (SLD) or temporally compressed
pulses are usually employed. On the contrary, QPM
relies on narrow sources with sufficient coherence to
generate interferograms, or relies on specific detec-
tors or actuators.

Multimodal label-free microscopy

Aside from allocating spectral or wavelength ran-
ges for each mode, the physical layout of the setup
can make multimodal implementation difficult. The
majority of recent microscopy techniques rely on epi-
detection schemes, which simplifies the suppression
of background light. However, some coherent tech-
niques such as QPM are based on transmission, and
nonlinear coherent processes such as SHG and THG
can be detected in either direction but exhibit a
stronger signal in the forward direction.

Together, these aspects imply that while some
imaging modes can be combined using similar hard-
ware and measurement procedures, the fact of com-
bining others requires significantly extending the
hardware of the setup, due to major technical
differences.

2.8. Signal separation approaches

Multimodal label-free imaging can be challenging,
as there is a need to separate the information
retrieved from the various modes. Without using a
specific contrast agent with a known optical re-
sponse, the separation can be performed only by
exploiting either specific features of the illumination
source itself, or by using known properties of the
intrinsic optical response for a given mode.

In practice, the main optical properties which we
can exploit to separate modal information are the
wavelength and polarization or other coherence
properties of the emitted light. Spectrally narrow
band modes can be readily separated by edge or
bandpass filters if the modal spectra do not overlap.
This approach then works well when the spectral
responses are known and non-overlapping, for ex-
ample harmonic generation or the selection of a
resonant band in nonlinear spectroscopy.

Similarly, orthogonal polarizations can easily be
separated by employing polarizing optics, to either
separate or recombine polarization states to image
optical responses which preserve polarization, or to
generate specific excitation patterns for polariz-
ation-dependent phenomena.

Other separation schemes are based on the modu-
lation of the signal, in order to separate a signal band-
width from another. The modulation can be performed
in the spatial domain, which is suitable for techniques
employing coherent detection, or in the temporal
domain, where the excitation source is modulated.

The separation approaches described here imply
that white light-based methods are generally not
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suitable for simultaneous multimodal imaging, as
they are usually unpolarized with a wide spectral
bandwidth, so that it is usually complicated to se-
parate other signals from white light-based methods.

3. Multimodal Label-Free Imaging

A large amount of multimodal applications have
been developed in the various fields covered in this
review, where the different possibilities provide nu-
merous possible combinations. A summary of the
various applications can be found in Table 1, in
which the various reports are classified in order to
show the different multimodal applications which
have been achieved. A simple list of combinations
without redundancy would only require half of
the table. However, even the claim that two modes
have been combined can be an oversimplification.
Some reports use two complete independent and
simultaneous modes, and some instead combine the
measurement concepts of two modes, generating a
signal on its own. We therefore separated the table

into each one half where the implementation uses
independent modes (lower-left table, “Combined
multimodal”) or by combining measurement prin-
ciples (upper-right table, “Combined concept”).

As examples, where for instance an OCT-like
signal is measured from the SHG would be listed as
conceptual multimodal, while an experiment where
SHG and CARS signals are measured indepen-
dently would be listed in the combined multimodal
section. Reports are further classified into one of
the following categories: not done; done but not
simultaneous; simultaneous; and well-established.
These designations are meant to be organizational
and not a judgment on the value of the work.

In addition to the modes described in Sec. 2, the
table also contains a line for polarization-resolved
measurements, where each mode can possibly be
extended to measure various polarization states.
Furthermore, we also added another mode, denoted
as absorption spectroscopy (AS). While this app-
roach has not been discussed previously since it is
usually not used for imaging purposes, we employ this

Table 1. Overview of current state of multimodal implementations. The table aims to show which modes have to date been
combined and to what degree the multimodal combination was successful. The lower-left region of the table shows where the
two modes were combined using simultaneous and independent measurement of both modes information. The upper-right part
of the table shows where the two modes are multimodal in concept but do not provide two separate modes independently.

Combined concept

QPM OCT AS Raman SHG THG TPAF CARS SRS PAM
Pol. ©88789 ©93,95 « o 109 ©42,83 D84,85 « D144 % %
QPM % o 132 D131 « D76.,99,194 « « I:|146
oCT x ot x glos < « gl49 o “
AS » “ “ " 5354 167,168
Raman o120 g2e il X X X x
SHG " 101,105,106 » gl12 N “ “
THG X X X X X X
TPAF 5% I:|102,175 5% I:|178 « % E]169
CARS D147,148 52 5% o 162,163 ©137 ©143 ©77 % %
SRS x X X X x x x 9 gl70,171
PAM X g OllEE X X X X X x x

Combined multimodal

Notes: x not done, ¢ not simultaneous, 0 simultaneous, ® well established.

Pol.: polarization, QPM: quantitative phase microscopy, OCT: optical coherence tomography, AS: absorption spectroscopy,
SHG: second-harmonic generation, THG: third-harmonic generation, TPAF: two-photon autofluorescence, CARS: coherent
anti-Stokes Raman spectroscopy, SRS: stimulated Raman spectroscopy, PAM: photoacoustic microscopy.
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denomination to classify imaging modes which have
been extended to spectrally resolved measurements.

3.1. Nonlinear multimodal
tmplementations

Multimodal applications based on different non-
linear phenomena are presented first. One of the
most established label-free multimodal implemen-
tations, possess several characteristics making them
ideal for multimodal use. The same optical con-
figuration can often lead to multiple nonlinear
effects, such as simultaneous SHG, THG and TPAF,
which are located at different wavelength ranges
in the optical spectrum, making them easy to filter.
In particular, when the measurement configuration
allows for more demanding modes such as THG,
which requires higher temporal compression, other
nonlinear signals such as SHG or TPAF are also
emitted and can be readily measured. With a large
number of applications already established, per-
forming an exhaustive review of all applications is
beyond the scope of this article. Fortunately, several
reviews already adequately cover this field.*>""

In addition to these combinations which have
been well established in the past years, more specific
use has also been made of multimodal nonlinear
responses, such as combining several harmonics of
autofluorescence,”® characterizing cell types such as
cancerous cells through their nonlinear responses,”
differentiating several tissue types in mucosa®’
or performing in vivo imaging of complete small
organisms.”V:81:52

Due to the coherent state of the harmonic gener-
ation, polarization-resolved measurements are also
possible, and work well in particular for SHG, where
the non-symmetric requirements makes it very sen-
sitive to the polarization state of the excitation
beam.*?%3 Due to its strong sensitivity to local mol-
ecular arrangement, the intensity of THG is also
dependent on the incoming polarization, which can
be used to probe crystal orientations®* or assess lipid
orientation in cells.®

3.2. Linear multimodal
implementations

Linear microscopy methods have not often been
combined with other linear methods, as the main
modes in this category all possess rather different
technological requirements and measurement

Multimodal label-free microscopy

approaches, making it not trivial to combine them,
for example transmission by QPM and back-scat-
tering measurement by OCT.

Within linear imaging, QPM has been combined
with confocal reflectance, making it possible to
estimate the cell size and solve the ambiguity of
QPM between cell height and refractive index.®¢
QPM has also been simultaneously combined with
incoherent imaging (bright field microscopy or
autofluorescence) by employing the spatial modu-
lation properties of QPM.%"

Several applications enabling polarization-
resolved measurement with QPM have been repor-
ted. QPM is well suited to this combination due to
the possibility of selecting the measured polari-
zation through the state of the reference beam.
Simultaneous extraction of the polarization infor-
mation has been performed either through spatial
modulation,*>® or with microarrays.”’ More com-
plicated implementations can even allow the ex-
traction of all Stokes parameters instead of two
orthogonal polarization states.”!

In the case of OCT, the coherent tomography
principle has been combined with dark-field illumi-
nation to enhance the image contrast of cell prep-
arations.”” Polarization-resolved OCT has also been
reported, fully characterizing the polarization state
of the backscattered beam,”*“° or used to measure
the birefringence of the sample at high speed.”

Due to the coherent nature of the detection of
imaging modes such as QPM and OCT, several
applications have been reported to combine coher-
ent processes such as SHG and interferometric
approaches. Combined SHG-QPM was first repor-
ted for nanocrystals,”” before being applied to
polarization-resolved measurements,”>”? and bio-
logical specimens.”%!%" Figure 3 shows an example
of the coherent detection of the SHG emitted by a
mouse tail section, where it is possible to identify
the enhanced SHG signal in amplitude due to
coherent detection, along with its corresponding
phase information.

Similarly, OCT has been combined with SHG
measurements,'?"1? and the first SH-OCT mea-
surements have been reported on collagen layers'%
and rat tendon.!* Multimodal imaging of both
fundamental and SH-OCT were later reported for
various types of tissue.'’>1%6 Due to their sensitivity
to tissue structures, and being label-free, this type of
multimodal imaging is likely to become increasingly
clinically relevant in the future.
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Fig. 3. Mouse tail dermis and epidermis. (a) Bright field image, (b) Overlay of (red) cross-polarization image showing phase
retardation caused by the birefringence of collagen and (blue) SHG amplitude (normalized), (c) phase (wrapped) reconstructed from a
single hologram. All images present the same region of the specimen and scale bars are 10 ym. Adapted with permission from Ref. 76.

3.3. Spectroscopic multimodal
tmplementations

Spectroscopic imaging possesses features that make
it not trivial to implement in multimodal appli-
cations. The wide wavelength range complicates
spectral filtering, and often, low-intensity signals
(especially in vibrational spectroscopy) can prevent
the simultaneous measurement with other modes
which would swamp the vibrational response signal.
Raman imaging was for example recently combined
with autofluorescence in sequential measurements
to accelerate the detection of tumors by combining
the faster but less specific fluorescence with the
slower but highly specific spectroscopic signal.'”

Polarization-resolved Raman is known to provide
selectivity in the vibrational response with molecular
orientation, such as for DNA molecules.'"® This app-
roach has been recently implemented in an imaging
mode'" to enhance selected chemical responses or to
attain z-resolved polarization measurements.''” The
Raman scattering process itself can be generated by
two-photon processes''! although it is generally much
easier to implement with the use of nanostructures''?
or by the addition of nanoparticles to generate sur-
face-enhanced Raman scattering (SERS).! %114

Due to their similar measurement configurations
(laser scanning with detection of backscattered
light), Raman and OCT have been combined in
order to retrieve both the 3D structure and the vi-
brational spectrum, either with point-measurements
in Raman,''%!1% or with imaging in both modalities
through sample scanning.''”

As OCT employs wide-band light sources to
generate optical sectioning, an extension denoted as

spectral OCT (S-OCT) consists in resolving spec-
trally the measurement to obtain both the 3D
structure through OCT, as well as the absorption
spectra.®!'® This approach has been reported for
both temporal'' and Fourier domain'?"-'?! S-OCT,
leading to different performances,'*> which are also
dependent on the employed compensation pro-
cedures.'?> The spectroscopic measurement can
typically lead to various invaluable information
such as blood oxygenation.'**

Despite their fundamental differences in imaging
principle, Raman has also been combined with
QPM. This has been performed either through suc-
cessive measurements (i.e., not simultaneous),'?” or
by employing a narrow spectrum source outside the
Raman response for simultaneous measurements.'2°
This is illustrated in Fig. 4, where simultaneous
QPM and Raman of live cells enable the comparison
of the elastic scattering along with the inelastic vi-
brational spectra. The combination of the two
modes allows the Raman chemical information to
determine which molecules contribute to the phase
signal, while the phase information can track how
the cell is changing during the slower Raman image
acquisition and compensate for motion blur.

Spectroscopic applications are not extensive in
QPM, but some reports studied applications with
2-3 discrete wavelengths,'?"'?% allowing for ex-
ample intracellular refractive measurements based
on dispersion,'?” or quantification of hemoglobin
concentration.'” More recently, full spectroscopic
measurements have been achieved in QPM on
samples on reflective surfaces in a configuration
similar to S-OCT,*! or by employing a sweeping
source.'??
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Fig. 4. Simultaneous QPM and Raman measurements on MH-S macrophage (a)—(f) and HeLa (g) and (h) cells. The source of
image contrast are (a) c-h stretching band (2935-2955cm~!), (b) cytochrome C band (740-780cm™!), (c) lipid band (2860—
2880 cm~!), (d) and (g) phase, (e), (f), (h) Overlay images. The phase dynamic range is given in radians, and scale bars are 5 ym.

3.4. Nonlinear spectroscopy
multimodal timplementations

Compared to linear spectroscopy, nonlinear tech-
niques such as CARS are easier to combine with
other modes, as the spectral range they utilize is
usually smaller. In particular, since the laser source
required for nonlinear spectroscopy is similar to the
sources used for the other one of nonlinear processes
mentioned above, many different combinations are
available, and CARS has been extensively combined
with phenomena such as SHG, THG or TPAF.7"133
CARS-SHG has been used for several different
samples, such as Caenorhabditis FElegans,'** the
central nervous system,'®” or skin,'*% as shown for
example in Fig. 5 where CARS and SHG have been
measured simultaneously on cardiomyocyte cells.
CARS has also been used along with TPAF for
skin imaging'®"!'*® or small organism imaging.'*’
As several excitation sources are required for
CARS, other nonlinear frequencies such as SFG
can be implemented directly, and possibly simul-
taneously.'*” Similarly, comparative imaging of col-
lagen with SFG and SHG has been shown.'*! When
employing several nonlinear combinations, the
measurement of up to four simultaneous modes
could be demonstrated,'**!** opening new possibi-
lities for the derivation of complementary infor-
mation from each independent mode.
Polarization-resolved CARS could also be per-
formed,'** as well as interferometric detection of
CARS,**116 hoth leading to background-free sig-
nals, thus overcoming one of the main drawbacks of
this technique. Combining CARS and interferometric

Fig. 5. Simultaneous SHG (blue) and CARS (red, 1446 cm 1)
signals measured on cardiomyocyte cells, displaying the mem-
brane of the cell and its inner structure (respectively).

detection also led to holographic CARS ima-
ging.'*"14® Recent reports also demonstrated the
capability of detecting backscattered CARS signals
with OCT configurations.**’

By employing broadband sources, spectral win-
dows have been observed with CARS,'"" leading to
enhanced vibrational spectroscopy over a limited
spectral band in cells'”! and tissues.'®?> Some ap-
plications also report wide-band spectral imaging
with multiplexed CARS, at some cost in signal-
to-noise.'?%19* Multiplexed SRS was also demon-
strated recently, either by rapidly sweeping the
pump excitation,'”!%% or by multiplexing different
frequencies temporally.'®” On the other hand, the
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combination of SRS with other modalities has not
yet been reported to our knowledge, as the measure-
ment scheme of SRS is based on temporal modu-
lation, which makes it less ideal for combination with
other methods employing constant intensity.

Linear and nonlinear Raman spectroscopy have
been compared in several reports,'”®'%? but due to
the large difference in measurement principle, and
that both modalities probe similar vibrations, no
simultaneous measurements were performed. Ad-
ditionally, most applications employ CARS as an
imaging technique, while until recently, Raman was
nearly always implemented as a nonimaging spec-
troscopy technique measured at one point.'6%16!
Some recent reports present measurements per-
formed sequentially on the same samples, either on
brain slices'®? or on fixed cells.'%?

3.5. Hybrid methods

The measurement approach of PAM, ideal for tissue
imaging, makes it very convenient for combination
with OCT, in order to retrieve two types of contrasts
(scattering and absorption) resolved in depth.'%* The
combination could be made simpler by employing the
same excitation source for both OCT and PAM.'%> A
similar approach could be employed to demonstrate
the combination of PAM with reflection confocal
microscopy for live cell measurements.'%¢

As the source of contrast of PAM is based on
absorption, its extension to spectroscopic measure-
ment is straightforward by spanning the wave-
length of the excitation source, leading to functional
imaging to measure for example the oxygen satur-
ation in blood vessels, water concentration, or DNA
and lipids in cells.!67168

The detection principle of PAM could also be used
with nonlinear optical processes such as two-photon
absorption for high spatial resolution.'®® The combi-
nation of PAM with nonlinear effects such as SHG/
THG is however not directly possible as these methods
are based on a coherent generation of a secondary
optical signal. Vibrational modes could also be
measured with PAM by employing stimulated Raman
excitation, leading to n vivo molecular contrast.' 17!

4. Recent Developments in
Combination with Labeled Modes

While this review focuses on label-free modalities,
labeled imaging has of course had an enormous

impact on the field of microscopy and driven many
important discoveries in biology and other fields.
With the extensive use of contrast agents, label-free
modalities have also been coupled with the use of
dyes, and in particular fluorescent labels. This sec-
tion aims at briefly mentioning the main application
trends in which this type of coupling is applied,
without claiming to be exhaustive. For some of
these particular applications, the coupling between
label-free methods and contrast agents brings new
opportunities.

Linear methods have been coupled with fluo-
rescence, essentially with the aim of adding func-
tional information to the existing imaging mode.
QPM has been used with linear fluorescence either
sequentially,'”® or simultaneously with spectral'”
or spatial®” filtering schemes. For OCT, laser scan-
ning aimed mainly for tissue, the measurement
approach makes it less suitable for coupling with
linear fluorescence, although applications have been
shown successful with pump-probe approaches.'™
OCT is, however, ideal for coupling with TPEF,
where the same source can be used for both
modalities.! ™77

Spectroscopic methods such as Raman imaging
are not easily coupled to fluorescence, due to their
wide band and weak signal which makes the sep-
aration complicated. For this reason, most appli-
cations measure the two modalities sequentially,
staining the sample after having already measured
the Raman spectrum.®’ This approach is feasible
but clearly allows only one chance to obtain the
Raman measurement and multimodal tracking of a
cell response would not be possible. Simultaneous
measurement could also be demonstrated with
TPEF, where the fluorescence is situated at higher
energy than the Raman scattering.! "7

Nonlinear methods and spectroscopic ones such as
CARS have been extensively used with TPEF, thanks
to their similar measurement protocols.*?77>180,181
These approaches have also been combined with light
sheet microscopy®? or fluorescence lifetime imaging.'*?

In addition to fluorescent tags, label-free approa-
ches have been coupled to contrast agents such as
nanocrystals or nanoparticles,'®? especially for SERS
measurements.'%*

Fluorescence imaging is the collection of inherently
incoherent emission, and resolving the fluorophores
along the optical axis requires specific measurement
schemes, such as confocal microscopy,'®” or nonlinear
excitation with TPEF. Another approach based on
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coherent detection of the fluorescent emission has also
been proposed recently, where labels can be located in
3D through the estimation of their phase. This
approach has been reported with optical scanning
holography (OSH), where an interferometric pattern
is generated in the object plane with specimen scan-
ning, %157 or through self-reference, either in the
time or Fourier domain.'®® Another approach, fluor-
escence incoherent color holography (FINCH),
employs an inline interferometric scheme coupled to
phase-shifting methods to enable full-field 3D acqui-
sition of fluorescence without needing to scan the
object. 189190

While Raman spectroscopy presents several
challenges for being coupled with fluorescence

Multimodal label-free microscopy

imaging, it was demonstrated recently that specific
tags can be employed to enable simultaneous
Raman microspectroscopy along with functional
labels measurement by the creation of specific
Raman tags which vibrationally resonate within the
Raman silent region, thus being spectrally inde-
pendent of the spectroscopic measurement.?%'?! An
example of this principle is shown in Fig. 6, where
live HeLa cells have been loaded with an alkyne
molecule as a contrast agent, which gradually ac-
cumulates in the cell nuclei.

SHG is mainly a label-free imaging modality,
whose contrast originates from non-centrosymmetric
materials such as collagen or fibers. However, if an
SHG-active material is introduced into a sample,

(a) control

(b) 3 hr

(c) 9 hr

(d) 12 hr

(e) 14 hr

(f) 21 hr

Fig. 6. Time-course Raman images of HeLa cells cultured with alkyne labels, which emit in the Raman silent region (2123 cm™!).
The overlay was constructed with 749, 2123 and 2849 cm~! bands, shown respectively as blue, red and green. Reprinted with
permission from Ref. 26. Copyright (2011) American Chemical Society.
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very strong signals can be retrieved. SHG-active
nanocrystals can therefore be exploited and can be
accurately located in three-dimensions because of
the nonlinearity in the excitation scheme,'”? pro-
viding a signal strong enough to be detectable
within living tissue.'”® These labels were in par-
ticular used with coherent detection of SHG to
enable highly resolved imaging in turbid media such
as tissue,'”* where the nanocrystals are used as re-
ferences to compensate for the inherent scattering of
the specimen.!9%-196

The observation of fluorescent labels in nonlinear
regimes is usually performed through TPEF, but
it could be demonstrated that in particular con-
ditions, SHG can also be employed with significant
benefits. In the case of dyes attached to the cell
membrane, the symmetry can be locally broken so
that a spatially selective signal can be measured,
contrarily to TPEF which is emitted by the whole
cell.'?” Additionally, it is possible to linearly relate
the SHG intensity emitted by the dyes to the
membrane potential.'”® This approach therefore
provides a pure optical means of measuring the
membrane potential of excitable cells such as myo-
cytes or neurons,'”” with several choices of dyes,?"’
which is of great interest to cell biologists.

5. Conclusion

This paper reviewed the current state of the field for
label-free multimodal imaging. As stated, combin-
ing label-free methods ranges from simple to highly
complex, depending on the type of modes to be
combined. The complexity results from attempting
to combine modes which rely on very different
physical interactions and/or compete for spectral
bandwidth, but it is often precisely these combi-
nations which provide the most useful information.
Label-free imaging itself is increasingly being re-
cognized as a challenging but worthwhile endea-
vour. The advantages of label-free imaging go
beyond the obvious fact that it does not modify
the sample; the retrieved signal originates directly
from the observed specimen without requiring
any assumption of which additional tags should be
inserted, as in case of label-based imaging. As an
example, by not labeling the sample and instead
using Raman imaging we are not forced to make
assumptions regarding the expected changes or
targets of interest during a reaction in a living cell.

Instead, the technical challenge becomes the low
amount of emitted signals, even as the emitted in-
formation is rich in molecular details.

Several examples described in this review
demonstrated the innovative capability of combin-
ing label-free modes, such as the multiple contrast
which can be obtained in nonlinear imaging, the
possibility of overcoming inherent limitations of
techniques such as suppressing the background of
CARS with an interferometric approach, or the
capability of retrieving the information about dif-
ferent physical processes in a simultaneous manner
with for example SHG-OCT or QPM/Raman sim-
ultaneous capabilities. Even when employing labels,
the advantage of employing a label-free approach
was shown for instance through the additional
specificity of SHG over TPEF when observing cell
membranes.

As such, the implementation of simultaneous
modes can be an elegant solution to technical issues
or biological problems, if done in a manner that does
not disturb the original mode (i.e., independently
and possibly without labeling). It is also possible,
as mentioned, to generate fundamentally new in-
formation from the combination of non-redundant
and complementary modes. From the comparisons
done in this paper, and the attempt to generally
categorize the entire field of multimodal im-
plementations, we hope to highlight what might be
possible, and to encourage further progress.
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