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Abstract

Label-free optical imaging employs natural and nondestructive approaches for the visualisation of
biomedical samples for both biological assays and clinical diagnosis. Currently, this field revolves
around multiple broad technology-oriented communities, each with a specific focus on a particular
modality despite the existence of shared challenges and applications. As a result, biologists or
clinical researchers who require label-free imaging are often not aware of the most appropriate
modality to use. This manuscript presents a comprehensive review of and comparison among
different label-free imaging modalities and discusses common challenges and applications. We
expect this review to facilitate collaborative interactions between imaging communities, push the
field forward and foster technological advancements, biophysical discoveries, as well as clinical
detection, diagnosis, and monitoring of disease.

Editorial Summary

This Review covers a number of label free biomedical imaging techniques, their advantages over
label-based methods and relevant applications.
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Introduction

Biomedical optical imaging refers to multi-point measurement techniques that use light

to capture images of biological samples in vitro or in vivo. Many biomedical samples,
however, do not induce sufficient imaging contrast and important biological details might
be missed in the resulting images. For example, some biological samples, such as cells in
vitro, are optically semi-transparent and induce minimal light absorption, which is one of the
primary sources of contrast in conventional optical imaging, so that only the cell edges can
be scarcely seen in the resulting image. Exogenous labeling agents, such as fluorophores

or specific stains, with chemical properties of binding to specific components in the
biological samples, are widely used to induce the missing imaging contrast. Alternatively,

it is possible to genetically modify the cells, organisms, or the resulting samples to express
fluorescence or other useful optical properties. The former technique is typically used

in both animal studies and in vitro diagnosis, when the sample is disposed shortly after
imaging it, whereas the latter technique is typically used in animal studies only. Any form
of exogenous labeling or genetic madifications is perturbing the natural biological processes,
dynamics, and response of the cells or tissues, degrades the vitality of the sample, and
might be fatal in longer-term longitudinal studies. The use of exogenous labeling often has
confounding factors such as off-target binding, non-specific binding, or incomplete binding,
making quantification and reproducibility a challenge. These are often some of the reasons
why label-based imaging techniques are not recommended for use during in-vivo imaging
for medical diagnosis and therapy, especially in human subjects. Furthermore, label-based
imaging techniques are problematic to use even for in vitro imaging of live human cells
when the sample is needed for further medical treatments, such as when imaging stem cells
for personalized medicine or gamete cells during in vitro fertilization. In all these clinical
settings, the introduction of label-free imaging is easier to perform since it does not require
obtaining expensive and time-consuming approvals of the chemical marker substances as
drugs.

Label-free optical imaging captures the intrinsic properties of the sample, such as the
sample’s refractive index variations, autofluorescence, molecular vibrations, birefringence,
scattering, or absorption properties, to reveal the needed imaging contrast. These techniques
are nonperturbative to the measurement and the following analysis, as long as the optical
energy needed is not so high as to perturb the structure, function, molecular composition, or
physiology of the cells or tissues being measured. Based on the intrinsic source of imaging
contrast mechanism in each label-free imaging technique, the optical setup needs to be
adjusted. A few label-free imaging techniques, such as Zernike’s phase contrast of in-vitro
cells, are rather simple to implement and use, and therefore are widely available to biologists
and clinicians. Most label-free imaging techniques, however, require more complex and
expensive optical setups. For example, if the source of contrast is Raman scattering, one
would need to carefully design the illumination wavelength and intensity of the excitation
source and use an imaging spectrograph to obtain the sample image. This higher degree of
system complexity causes some label-free techniques to be intriguing and inaccessible to
biologists and clinical researchers, leaving the field of label-free imaging to be centralized
around several technology-oriented communities, each of which is leading one or a few
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label-free techniques, while missing important biomedical applications being pursued in
other label-free imaging communities.

The current manuscript attempts to make label-free imaging accessible to cross-community
investigators and users, by first discussing the working principles and special considerations
in selecting the most suitable label-free imaging modality per application (Section 2),
followed by discussing the future challenges of the field, as well as leading biomedical
applications (Section 3).

2. Comparative analysis

The development and use of label-free imaging can be categorized to cases where labeling
is not allowed and cases where labeling is allowed but label-free imaging provides better
performance. The first type of cases might occur where the sample needs to be used

for treatment after imaging it, for immunotherapy drug testing, and for regenerative
medicine, where specific labeling agents do not exist, for toxicity measurements, for in-vivo
applications, or for clinical applications where point-of-procedure or point-of-care detection,
diagnosis, or guidance is needed, e.g., intraoperative diagnosis such as optical biopsy, and
intra-vital microscopy. The second type of cases is where labeling is allowed, but still
label-free imaging provides better measurements.

A comparison between various label-free imaging techniques is presented in Table 1. The
key criterion that should be considered when choosing a label-free imaging technique per
application is the intrinsic contrast mechanism and physics of the chosen technique, and
its presence in the sample measured, where frequently label-free imaging can provide more
quantitative measurements than label-based imaging. For example, a cell’s integral refractive
index1~6 that can be measured via interference-based phase microscopy (PhM) (Figs. la—
1d) is proportional to the cell dry mass surface density.# This parameter cannot be measured
via stain-based microscopy, in which the stain can indicate the labeled-organelle location but
typically the grayscale value in each point on the image cannot be interpreted quantitatively.
To obtain the three-dimensional (3D) image of an individual cell, with sectioning,
interferometric computed tomography can be used,’-8 where quantitative PhM is performed
from multiple angles to generate the cellular 3D refractive-index map with less than half a
micron resolution (Figs. 1e and 1g).° Polarization microscopy (PolM) is typically used to
analyze optical anisotropy due to molecular order, where the average molecular orientation
is not random. This may occur in biological samples containing extensive membranes, such
as photoreceptors on the retina, or in biological samples containing filament arrays, such

as collagen fibers!0 and the cell mitotic spindles.1! Birefringence, anisotropy of refractive
index, can be observed in sperm cells and oocytes'2. Optical coherence tomography
(OCT)13-15 yses light interference from a partially coherent light to obtain contrast

from the tissue refractive index changes, with capability for optical sectioning and thus

3D imaging of multi-layer tissues ex vivo or in vivo, with a spatial resolution on the

micron scale and a depth of penetration in most tissues on the 1-2 millimeter scale.

Various clinical applications of OCT, including ophthalmic imaging'>-17 coronary artery
disease detection!®19, intraoperative optical biopsy in cancer detection,29-22 endoscopic
evaluation of the gastrointestinal tract,23:24, skin imaging in dermatology?>=27, and blood
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flow imaging in-vivo?8:29 are demonstrated in Fig. 2. Furthermore, phase-variance OCT can
sensitively detect movement, such as in dynamic cells3° or the retinal microvasculature.31:32
Harmonic generation microscopy (HGM) creates imaging contrast based on the high-
order nonlinear susceptibility of the sample. Second-harmonic generation (SHG) occurs at
non-centrosymmetric molecular structures or interfaces and most commonly from fibrillar
structures, such as collagen or elastin in connective tissues, changing dramatically during
carcinogenesis, or myosin and microtubules in muscle fibers and metastatic tumor cells.33-
35 Third-harmonic generation (THG) occurs at interfaces across which there is a large
change in refractive index, such as across a lipid-based biological membrane and the
surrounding aqueous microenvironment.36:37 Auto-fluorescence microscopy (aFM) is
based on measuring fluorescence from endogenous biomolecules, including nicotinamide
adenine dinucleotide phosphate (NAD(P)H), flavin adenine dinucleotide (FAD), tryptophan,
and others. Specifically, NAD(P)H and FAD images indicate the metabolic activity of

cells and tissues. Optical excitation of these biomolecules can occur through single-

photon interactions, but multiphoton interactions in two-photon autofluorescence (2PF),
three-photon autofluorescence (3PF), or higher multi-photon autofluorescence, offer
advantages of higher spatial resolution, higher SNR, deeper imaging penetration with near-
infrared incident wavelengths, and optical sectioning capabilities.3® Simultaneous label-free
autofluorescence multi-harmonic microscopy (SLAM)3° combines 2PF, 3PF, SHG, and
THG all together (see Fig. 3). Multiple investigators have used the intensity values of this
autofluorescence to calculate redox ratios, to characterize the metabolic properties of in vitro
cells, living tissues in vivo, or fresh tissue specimens.4041 Clearly such dynamic metabolic
properties cannot be fully characterized in chemically processed, fixed, and stained sections,
and the use of exogenous dyes or stains would affect the inherent metabolic processes

being measured. Time correlated single-photon counting*2 and, more recently, fast direct
sampling techniques*3 can capture the fluorescence lifetime, or the decay time of the
fluorescence emission, in fluorescence lifetime imaging microscopy (FLIM). The decay
profile offers another label-free contrast parameter that is sensitive to many of the micro-
environmental conditions surrounding the autofluorescent molecules, such as chemical
composition, pH, and any perturbation to these.** Label-free hyperspectral imaging is
able to capture the contiguous spectrum for each pixel in the image over a selected
wavelength bandwidth, for detecting physiological changes by their absorption, reflectance,
or scattering spectral signatures, with limited molecular specificity. Hyperspectral imaging
can detect endogenous tissue chromophores such as hemoglobin, melanin, water, and
collagen content.*® Specifically, in IR-absorption microscopy (IRAM), characteristic
molecular vibrations of cell and tissue constituents are excited by absorption of radiation
with wavelengths between 2.5 and 50 um (4000-200 cm™1). The introduction of tunable
quantum-cascade lasers has made IR excitation with a high photon density possible, partially
compensating for the appearance of strong IR water absorption bands in the IR spectra

of biomedical samples that mask other relevant bands.#6-48 Photothermal IR microscopy

is based on the non-radiative transformation of absorbed energy into heat, allowing sub-
micrometer spatial resolution. Using mid-IR illumination, the absorbed heat leads to local
expansion and refractive index change of the sample, which can be detected in the visible
range and yield to better lateral resolution than classic IR spectroscopy.49:°0
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Raman microscopy (RM) is based on the detection of inelastic Raman scattering via
molecular vibrations that are specific for chemical bonds inside the molecule, i.e., lipids,
carbohydrates, pigments, DNA, RNA, proteins, etc.>1~>4 Linear (spontaneous) Raman
spectroscopy is characterized by intrinsically small scattering cross-sections, which makes it
challenging to acquire hyperspectral Raman images of large tissue areas. This disadvantage
can be overcome by using nonlinear coherent Raman scattering, including coherent
anti-Stokes Raman scattering (CARS)%® (see Fig. 4, as combined with SLAM®6:57) and
stimulated Raman scattering (SRS).%8:5% These techniques enhance the intrinsically weak
Raman signal and avoid the appearance of a large autofluorescence background, but have
reduced molecular selectivity because they can image only one or a few characteristic
Raman bands. Photoacoustic tomography (PAT)®0 provides 3D imaging based on the
photoacoustic effect. When light is absorbed by molecules and converted to heat, an
acoustic wave is generated due to thermoelastic expansion. The acoustic wave is detected
with negligible scattering to form a high-resolution tomographic image. Consequently,

PAT combines optical contrast of molecular absorption and ultrasonic resolution despite
optical diffusion, providing multiscale high-resolution structural and functional imaging®1-
63 in-vivo at depths beyond the optical diffusion limit (~1 mm in the skin). In focused
scanning PAT,%* the acoustic focusing of an ultrasonic transducer or the optical focusing

of an objective lens provides lateral resolution, whereas the acoustic time of flight offers
axial resolution. In photoacoustic computed tomography, usually hundreds to thousands

of unfocused ultrasonic transducers receive photoacoustic waves in parallel. An inverse
reconstruction algorithm®® is used to reconstruct a tomographic image. Whereas the first
mode costs less, the second mode provides greater speed and more uniform spatial
resolution. PAT is capable of in-vivo imaging®-70 as well as in-vitro imaging’! at

multiple length scales ranging from subcellular organelles to human organs or small-animal
organisms’2 with the same contrast origin (see Fig. 5).

After understanding whether a certain intrinsic property exists in the sample, which will lead
to the selection of the label-free imaging method as reviewed above, other key parameters
should be considered. As shown in Table 1, these include the target imaging depth, spatial
resolution, and acquisition time. Selection of these parameters requires knowledge in the
physics of the optical system and the contrast mechanism. As a rule of thumb, there is

a tradeoff between obtaining a high resolution and a large imaging depth. For example,
PAT offers a variable tradeoff between imaging depth and spatial resolution due to the
ultrasonic physics. The ultrasonic attenuation coefficient is approximately proportional

to the ultrasonic frequency while the ultrasonic spatial resolution in length is inversely
proportional to the ultrasonic frequency. Within the reach of diffuse light in biological
tissues, the ratio of the imaging depth to the spatial resolution is approximately constant

on the order of 200, resulting in the dashed line shown in Fig. 5g. As another example,

the lateral resolution limit in time-domain OCT is proportional to the wavelength of the
light source divided by the numerical aperture of the imaging system, whereas the depth of
focus (imaging depth range) is proportional to the wavelength of the light source divided
by the square of the numerical aperture of the imaging system; thus, earning a smaller
resolution limit comes at a cost of significantly decreasing the depth of focus. The axial
resolution in time-domain OCT, on the other hand, is proportional to the square of the
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central wavelength of the light source divided by its wavelength bandwidth. Thus, increasing
the central wavelength will damage both the lateral and axial resolutions, but will increase
the imaging depth range.

Exogenous fluorescence labeling agents tend to photobleach under high excitation powers,
resulting in a variable and often unpredictable time-dependent loss of imaging contrast.
When rapid imaging is needed, the number of fluorescence photons might be too small to

be detected, resulting in low single-to-noise ratio. Thus, label-free imaging can be beneficial
for imaging very rapid dynamic phenomena where fluorescence imaging fails. Depending
on the speed of the dynamics, one might prefer label-free imaging techniques that do

not require sample scanning, such as PhM, PolM, FLIM or optical parametrically gated
microscopy.”3

Of course, the system construction and use complexity as well as its overall cost are
additional considerations. Nonlinear label-free nonlinear imaging techniques, such as HGM,
RM, etc., typically require the use of ultrashort (femtosecond or picosecond) optical pulses
with sufficient peak power to induce these nonlinear effects in biological samples, which
are generally weak and require more complex imaging systems with ultrafast lasers. Recent
development of turn-key high-intensity ultrashort lasers in label-free imaging resulted in
significant improvements in penetration depth, optical resolution, and acquisition speed.
For example, simultaneous absorption of two or three photons leads to high localization

of the autofluorescent light (2PF and 3PF, respectively) or the high harmonic generation
signal, since such nonlinear absorption processes can only take place in an extremely small
volume. Multi-photon imaging using near-IR femtosecond lasers is also characterized by
high penetration depths. However, nonlinear imaging approaches might require higher
illumination intensity. Attention must be given to maximizing the optical power to
generate a larger signal, while minimizing it to avoid damage to the cells and tissues

due to photothermal or photomechanical effects. The interplay of several factors should be
considered in the optical power optimization. These include the pulse energy, which relates
to the laser repetition rate per a given optical power; the pixel dwell time, which relates to
the scanning speed; the illumination wavelengths, where the IR regime close to the visible
is preferable than the visible regime due to lower photon absorption; and the illumination
pattern, which relates to the laser irradiance per sample space and the exposure times

per each sample position. This tradeoff can be managed by utilizing increasingly sensitive
optical detectors and optical signal amplification to detect the weak harmonic generation
signals for imaging.”3

3. Future challenges

Label-free imaging utilizes endogenous intrinsic signals rather than specific exogenous
markers, while displaying both morphology and chemical composition, and presenting

no confounding factors associated with targeting, no biochemical perturbations, and no
potential toxicity. Therefore, it allows rapid clinical translation, without drug approvals, as
well as imaging of fresh tissues, even in-vivo. In addition, it allows recording new forms

of contrast and extracting new features, which cannot be obtained when using exogenous
markers, and thus it can provide high dimensionality for Al analysis. Specifically, label-free
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imaging can provide structural, functional, and metabolic imaging, especially with highly
multiplexed and multimodal imaging that is based on multiple contrast mechanisms and
physics. Despite these great advantages, the main disadvantage of label-free imaging is
limited sources of endogenous contrast. For some of the methods, this might result in lower
molecular specificity and weak signals with less clear origin. For these methods, optical
energy deposition may occur when using higher incident energy/power while attempting to
compensate for the weaker signals. Furthermore, for exogenous labeling and in most cases,
the same hardware system can be used to image various biological molecules. The burden
of system complexity is then shifted to chemistry. In contrast, typically for each label-free
imaging method, a specific hardware system must be tuned to image various molecules,
prompting the development of multi-modal imaging systems. Accordingly, the challenges in
the field of label-free imaging and possible future solutions are discussed below.

Some internal contrast mechanisms used in label-free imaging are not specific to certain cell
organelles, receptors on cell membranes, or biomolecules. For these techniques, obtaining
label-free specificity is a great challenge. For example, the refractive index of the cell
nucleus might be close or even lower than that of the cell cytoplasm.’® Therefore, it is
difficult to determine the nucleus boundaries via refractive-index-based label-free imaging
techniques; whereas this is a relatively simple task when exogenous labeling agents are
used. Recent Al-based approaches have enabled virtual tissue and cell staining,”>~78 also
referred to as computational staining, or virtual histology. In this case, a deep neural
network is trained on label-free and label-based images, so that after training, the network
can take a label-free image of the same type used for training and make it look as

if the sample has been chemically labeled. These techniques have been shown to be

useful for virtual histopathology of tissue slices and individual cells in vitro, avoiding
standardization problems that might occur when using chemical staining, as well as
providing virtually stained images when chemical cell staining is not allowed, such as during
in-vitro fertilization.”® These Al-based methods work as long as the label-free images can
sufficiently define, in a collective manner, the basis for training the deep network, even if in
the single-image level, virtual staining cannot be done in a first sight. Al can also help in
identifying the source of label-free signal, or even discern between several sources of signals
when multimodal label-free imaging is implemented. Specifically, automated interpretation
of label-free hyperspectral datasets with Al instead a naked eye opens new possibilities

in the derivation of secondary data and conclusions from the primary information.”® We
believe that in the near future, with increasing computational processing power and fast
acquisition and imaging techniques, these Al-based techniques will be more widely used

to obtain in-vivo virtual staining as well.8%:81 Furthermore, intensive cross-fertilization
between photonics and Al is expected to enable new technological concepts in the field of
label-free imaging, allowing new hardware-based Al-integrated systems.

Obtaining label-free nanoscopy, meaning imaging nano-scale objects without exogenous
chemical labeling, is another great challenge yet to be addressed. Far-field optical
microscopy is typically restricted by the diffraction of light to approximately 200-500
nm. So far, the main advances have been achieved by super-resolved fluorescence
microscopy, such as stimulated emission depletion (STED) and localization microscopies
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(PALM/STORM),82 which resulted in the 2014 Nobel Prize in Chemistry. These techniques
enabled label-based nanoscopy of biological cells utilizing specific nanoscale fluorescence
emitters. On the other hand, overcoming the far-field diffraction limit without cell labeling
is extremely challenging due to the low number of photons originating from unlabeled
nanoscale objects, especially when performing rapid 3D imaging. Preliminary label-free
super-resolution results have been demonstrated for quantitative phase imaging83 and Raman
spectroscopy,84:85 as well as by using photoacoustic® and photothermal®” effects. Another
potential approach to obtain label-free nanoscopy is label-free localization of nanoparticles.
Specifically, interferometric scattering microscopy (iISCAT)88 allows label-free localization
of nanoparticles as small as 5 nm, including viruses and proteins, via recording their
scattering signal. Mass photometry has been used together with iSCAT to record specific
protein assembly and disassembly.89:90 As the size of the nanoparticles detected decreases,
the signal to noise ratio decreases exponentially, requiring extremely sensitive detectors

to allow full-field imaging. Finding stochastic or switchable mechanisms of the scatterers,
similarly to fluorophores in PALM and STOM, which can be activated naturally during
label-free imaging, might allow transforming label-free localization techniques into label-
free nanoscopy techniques. Of course, future approaches also might utilize a combination
of experimental label-free optical techniques with computational optics or with Al-based
methods.

Another challenge is in-vivo label-free imaging. Being able to ignore a patient’s natural
dynamics, such as respiratory or cardiac motion, is a challenge of any in-vivo imaging
technique. While some label-free imaging techniques, such as OCT and PAT, are regularly
used for in-vivo imaging, other techniques, such as PhM, are more challenging to implement
in vivo mainly due to the low-photon generation and collection, and the scattering properties
of tissues, which yield noisy images that are hard to interpret, as well as the fact that some
of these techniques are typically implemented in transmission mode rather than reflection
mode. Fiber-based label-free imaging via various catheters, endoscopes, and needle
probes has made techniques with limited imaging penetration depths of several millimeters,
such as OCT, relevant for deep in-vivo imaging, utilizing portable imaging systems in
clinical environments such as the operating room.%1:92 To avoid ex-vivo examination of
fixed and stained tissue samples by a pathologist, in-vivo endoscopy can be performed.
Specifically, new approaches are needed for a reliable intraoperative tissue diagnosis when
time-consuming procedures cannot be used, with clear preference to label-free imaging
approaches. As another example, clinically usable Raman fiber probes in combination

with field-deployable compact Raman microscopes and endoscopes have been used for
intraoperative detection of tumors.54:93 Still, future innovations are needed in the beam-
delivery devices, such as hand-held probes, fiber-optic based catheters and endoscopes,

and needle-based probes, which will permit high-resolution label-free nonlinear optical
imaging at deeper sites within the human body. The implementation of such a nonlinear
multimodal imaging approach for in-vivo tissue screening requires new endo-spectroscopic
probe concepts, which is a major technological challenge.94 On-chip implementations
might also reduce the complexity of the optical systems and make label-free imaging
techniques more attainable for direct clinical in-vivo or in-vitro uses. For example, photonic
integrated waveguide gratings were recently used for on-chip OCT,% and nanophotonic
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waveguides were used to excite and collect signals in close vicinity of a waveguide for
on-chip RM.%6 Efficient on-chip implementations typically require advanced fabrication
techniques, which are expected to be further improved in the future. Specifically, recent
advances in optical metasurfaces®”-9 might bring to new efficient on-chip implementations
of various label-free imaging techniques.

Since each label-free imaging technique might be based on a different overall contrast
mechanism, as well as provide different quantitative values, multimodal imaging methods
are beneficial. One can think of two end-member strategies for this combination of different
label-free imaging methods. On one end, imaging modalities with similar acquisition

speed and resolution can be combined, all of which are efficiently excited by the same

laser source and can be detected in parallel. Specifically, SLAM microscopy38 offers
precise spatiotemporal correlation of 2PF and 3PF, SHG, THG, and even CARS through
single-shot excitation of ultrafast pulses from a supercontinuum source, followed by fast
parallel detection for each of these modalities, as demonstrated in Figs. 3 and 4, presenting
convincing potential for label-free cancer identification, even in vivo. A future focus in this
field is investigating the dynamic living tumor-tissue microenvironment without perturbative
dyes or stains, as well as being able to do this in real-time at point-of-care sites. For
example, the potential for label-free cancer diagnosis via label-free imaging of extracellular
vesicles in situ with single-vesicle spatiotemporal resolution has been demonstrated in
tissue, serum, and urine.56:100 |n contrast, all other current methods require extraction of
tissue and isolation of vesicles, while losing the spatiotemporal context of these vesicles
and their signatures of cancer. The fact that there is no drug (exogenous marker) involved
enables rapid translation to clinical studies, trials, and eventually use. More examples

for applications of interest for label-free multimodal imaging include characterizing the
metabolic dynamics in neurons and astrocytes, and label-free detection of neural activity
and connectivity in neuronal cultures via rapid FLIM, OCT, and other multimodal
techniques,101.102 |abel-free detection and characterization of amyloid-beta plaques in brain
tissue slices via 3PF and THG,193 and tumor-boundary label-free detection via combined
SHG, 3PF, and CARS during surgery. For the latter application a major step forward would
be the implementation of spectroscopic-guided ablation combined with an endoscopel® in
a seek-and-treat manner, allowing real-time monitoring of the ablated tissue features. The
co-registered multimodal image datasets are ideally suited for high-dimensional Al analysis
and correlations between the various contrast mechanisms and the underlying physics.10°
On the other end, imaging modalities of different imaging speed and tissue penetration can
be synergistically combined, so that a fast but chemically less specific method provides an
overview on the tissue volume, while a slower, molecule-specific second method is used to
classify tissues detected by the faster modality in suspicious areas. One such approach would
be to combine OCT or FLIM with RM.?1,22,106

The development of these label-free imaging modalities also offers the advantage of
longitudinal imaging, such as fast imaging capturing dynamics over time periods of
seconds, or longer time-lapse imaging over periods of minutes to hours. Without the
concerns of dye photobleaching, potential toxicity, and perturbative changes to the biological
processes under investigation, these label-free imaging modalities can be used to explore
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various time-dependent cellular activities and biological functions, such as rapid sperm
dynamics® and neural activity,101 cell-death processes,02 and intercellular communications
via extracellular vesicles and organelle trafficking.>6:194 Future opportunities remain for
using these unique dynamic nonperturbing features of label-free biomedical imaging for
discovering new biological principles as well as new biomarkers indicative of disease.

Finally, the measurability of new characteristics of the light field, beyond the intensity
distribution, opens new conceptual and technological possibilities for biomedical research.
New light sources generating noise-free quantum states might yield future label-free
imaging methods that rely on the correlations between photons and detector systems.108.109

To conclude, when compared to label-based imaging, label-free imaging wins in studying
live biological processes in cells and tissues, where exogenous markers perturb the

biology studied, especially in longitudinal studies or monitoring. In the near future, label-
free imaging will clearly win for in-vivo applications in general and for intraoperative
diagnosis in particular, where using exogenous markers is both time consuming and requires
regulations and safety approvals that may take years to obtain. We thus expect that in spite
of the challenges in the field, yet to be addressed, label-free imaging will become more and
more attractive and popular for both biological assays and clinical applications.
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Comparison of imaging methods of human sperm cells. a, Label-free bright-field imaging,
presenting low-contrast where the cell inner content cannot be seen. b, Label-based
bright-field imaging (not allowed in human in-vitro fertilization). c, Label-free differential
interference contrast (DIC) microscopy, a qualitative PhM method. d, Label-free quantitative
PhM, where the colorbar on the right represents optical path delay values in nm.8 e-f, High-
resolution label-free dynamic 3D imaging of a sperm cell swimming freely, acquired by
interferometric computed tomography. Reproduced from Ref. 9. e, A single frame from the
3D motion, revealing the internal structure of the sperm cell. f, Overlay of 15 frames from
the 3D motion. g, The sperm cell head 3D refractive-index profile from various perspectives.

RI referred to refractive index.
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Figure 2.
Label-free optical coherence tomography (OCT) applications. a, Ophthalmic OCT of the

human retina (cross-section) delineating individual retina layers. b, Computational adaptive
optics to correct optical aberrations in the human eye to enable en face OCT of individual
photoreceptors in the mosaic. Reproduced from Ref. 17. c, Fiber-optic catheter-based radial
OCT of the human coronary artery to assess stent apposition, compared to intravascular
ultrasound (greyscale image). Reproduced from Ref. 19. d, Intraoperative OCT for surgical
oncology guidance. 3D images of human lymph nodes reveal increased scattering following
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metastatic involvement. Reproduced from Ref. 21. e, OCT of human skin, revealing
architectural differences from atopic dermatitis. Adapted from Ref. 27. f, 3D OCT of
mouse embryonic development, with real-time functional assessment of cardiac dynamics.
Reproduced from Ref. 29.
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Figure 3.
Image atlas obtained by simultaneous label-free autofluorescence multiharmonic (SLAM)

microscopy of various normal and cancer tissues from fresh, unstained human and rat biopsy
specimens, in vivo and ex vivo, showing various endogenous contrast channels. Yellow: 2PF
of FAD, Blue: 3PF of NAD(P)H, Green: SHG of fibrous structures (collagen), Magenta:
THG of lipid-aqueous interfaces. Other colors appear based on the relative color mixing
between the overlaid channels. Scale bars represent 25 pm.
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Figure 4.
Single-shot label-free multimodal nonlinear imaging (SHG, THG, CARS, 2PF, 3PF). Using

a single fiber-laser pumped photonic crystal fiber source to generate supercontinuum
illumination, along with parallel multi-channel photomultiplier tube detectors, multiple
nonlinear processes can be excited in tissue simultaneously and detected to generate a
spatially and temporally co-registered label-free image of tissue microstructure, molecular
composition, function, and metabolism. Adapted from Ref. 56. Multimodal images, radar
plots, and spectra for normal and tumor tissues can be found in Ref. 57.
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Figure 5.

Multiscale label-free photoacoustic imaging of molecular absorption. a, Photoacoustic
pathology. Left: photoacoustic microscopic image of a breast cancer specimen without
staining. Right: conventional histologic image of the same breast cancer specimen with
hematoxylin and eosin staining. Adapted from Ref. 71. b, In-vivo whole-body photoacoustic
image of a rodent acquired in full-ring detection geometry. Adapted from Ref. 72. c,

In-vivo 3D photoacoustic images of human extremities. Adapted from Ref. 67. d, Single-
breath-hold photoacoustic image of the breast acquired in full-ring detection geometry.
Adapted from Ref. 68. e, Photoacoustic image of the breast acquired in hemispherical
detection geometry. Adapted from Ref. 69. f, Functional photoacoustic image of the human
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brain acquired in hemispherical detection geometry (left) versus functional MRI image
(right). Adapted from Ref. 70. g, Graph illustrating the scalability in photoacoustic imaging.
Imaging ranges indicated on the graph: (1) Low-frequency photoacoustic tomography; (2)
Photoacoustic macroscopy; (3) Acoustic-resolution photoacoustic microscopy; (4) Optical-
resolution photoacoustic microscopy; (5) Submicron photoacoustic microscopy; (6) Sub-
wavelength photoacoustic microscopy; (7) Super-resolution photoacoustic microscopy.
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Table 1.

Summary of key performance characteristics of major label-free biomedical imaging approaches

Method  Spatial Imaging Speed Main source of  Main applications System In vivo? Clinically
resolution depth contrast complexity widely
and cost avaialble?
PhM Sub um Tens of AAAA Refractive index  Cell structure * No Yes
pum
PolM Sub pm Tens of ekl Birefringence Cell and tissue * Yes Yes
um structure (membranes (togther
and filament arrays, with other
e.g., collagen fibers; methods)
cell spindle)
OCT Several pm Several HAAK Refractive Tissue structure; *x Yes Yes
mm index, speckle/ blood circulation;

phase variance, biomechanics
Doppler, strain
and shear stress

HGM Sub pm Sub mm faleid High-order Cell and tissue FAAA Yes No
nonlinear structure SHG:
susceptibility Non-centrosymmetric

structures and fibrillar
structures, such

as collagen or

elastin in connective
tissues, or myosin

and microtubules

in muscle fibers
THG: Interfaces and
optical heterogeneities,
such as lipid-based
biological membranes

aFM Sub pm Sub mm faleied Endogenous Cell and tissue il Yes No
fluorochromes structure, NAD(P)H,
FAD, keratin and
elastin; redox;
metabolic dynamics

IRAM Several ym  Sub mm HAAK Absorption Endogenous tissue w* Yes No
chromophores
(hemoglobin, melanin,
water and collagen)

RM Sub pm Sub mm * (linear) Raman Selective macro- ** (linear) Yes No
kel scattering of molecular vibrations of =~ **#**
(nonlinear)  molecular lipids, proteins, DNA, (nonlinear)
vibrations etc.
PAT Scalable: Scalable: HAAK Absorption Cell and tissue FAAA Yes No
sub um — Sub mm - structure; vasculature
tens of pm tens of
mm

PhM: Phase microscopy; PolM: Polarization microscopy; OCT: optical coherence tomography; HGM: Harmonic-generation microscopy; SHG:
Second-harmonic generation; THG: Third-harmonic generation; aFM: Auto-fluorescence microscopy; IRAM: IR-absorption microscopy; RM:
Raman microscopy; PAT: photoacoustic tomography. Rapid acquisition speed (****) refers to obtaining more than ten Mega-voxel/s in reasonable,
clinical attainable resources.

Note: the table refers to the common version of each method.
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