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Abstract

Embryo quality is an important determinant of successful implantation and a resultant live birth. Current clinical approaches for evaluating
embryo quality rely on subjective morphology assessments or an invasive biopsy for genetic testing. However, both approaches can be
inherently inaccurate and crucially, fail to improve the live birth rate following the transfer of in vitro produced embryos. Optical imaging offers a
potential non-invasive and accurate avenue for assessing embryo viability. Recent advances in various label-free optical imaging approaches have
garnered increased interest in the field of reproductive biology due to their ability to rapidly capture images at high resolution, delivering both
morphological and molecular information. This burgeoning field holds immense potential for further development, with profound implications
for clinical translation. Here, our review aims to: (1) describe the principles of various imaging systems, distinguishing between approaches that
capture morphological and molecular information, (2) highlight the recent application of these technologies in the field of reproductive biology,
and (3) assess their respective merits and limitations concerning the capacity to evaluate embryo quality. Additionally, the review summarizes
challenges in the translation of optical imaging systems into routine clinical practice, providing recommendations for their future development.
Finally, we identify suitable imaging approaches for interrogating the mechanisms underpinning successful embryo development.

Summary Sentence
This review describes some of the most commonly used optical imaging approaches and explores their advantages, disadvantages, and potential
use for viewing the embryo in the absence of exogenous tags.
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Introduction

Globally, one in every six individuals is affected by infertility
[1]. This is defined as the inability to establish a pregnancy
following 12 months of unprotected sexual intercourse [2,
3]. Assisted reproductive technologies, such as in vitro fer-
tilization (IVF), are frequently used by those struggling with
infertility. There is an apparent year-on-year increase in the
demand for IVF with the number of cycles performed rising
by ~8% each year since 1999 (overall four-fold increase in
number of cycles from 1999 to 2021; Australia/New Zealand
data; [4]). However, the success rate has remained at ~20%
for more than a decade (live births per initiated cycle; [4]). This
poses significant challenges—including financial, emotional,
and physical burdens—for those who use IVF to overcome
infertility. Embryo quality is a key determinant of pregnancy
success in IVF [5]. Presently, the predominant method for
assessing embryo quality involves morphological inspection
by an embryologist. While many studies have sought to corre-
late embryo morphology with IVF outcomes (reviewed in [6]),
the accuracy of this approach is low. This is likely due to mor-
phological assessments being highly subjective with inherent
inaccuracies in the evaluation process [7, 8]. An alternative
approach for assessing embryo quality is preimplantation
genetic testing (PGT). This involves genetic analysis of a small

number of cells (biopsy) taken from the placenta cell lineage of
a blastocyst-stage embryo [9]. However, in some embryos, this
biopsy will fail to diagnose the presence of genetic aberrations
within the same embryo due to mosaicism (a mixture of
cells: a proportion with the expected number of chromo-
somes and a proportion with a deviation in this number) [10,
11]. Additionally, the transfer of biopsied embryos has been
associated with an increased risk of developing preeclampsia,
a pregnancy complication that predisposes the mother and
child to a lifetime increased risk of developing cardiovascular
disease [12]. Therefore, the pursuit of an accurate and non-
invasive method for assessing embryo quality remains elusive:
light-based imaging can fulfill this need.

Light offers an unprecedented route for imaging. The ability
to select wavelengths means we can tune to the excitation of
specific molecules within the sample, offering a high degree of
selectivity. Furthermore, light can reflect and refract at bound-
aries between different substrates (or cells/tissues) in a manner
indicative of the physical properties of the layers in question.
As a result, harnessing and manipulating light presents an
opportunity to investigate both morphological and molecular
changes within living cells, revealing dynamic and diagnos-
tic information on cellular health. This inherent quality has
piqued significant interest in the field of reproductive biology.
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In particular, the potential application of light-based tech-
niques for the assessment of embryo developmental potential.
Historically, embryo imaging has been achieved through label-
based methods, involving fixation and subsequent staining
or labeling (reviewed in [13]). This includes both traditional
histology as well as the employment of exogenous fluorescent
molecules (immunohistochemistry), where different cellular
components can be visualized. For live embryo imaging, the
employment of genetically modified organisms expressing
endogenous fluorescence labels, such as green fluorescence
protein (GFP), is commonly used [14, 15]. All of the above-
mentioned methodologies require the use of exogenous labels
or stains, which may alter the innate biological processes
within cells [16]. Importantly, such approaches are not suit-
able for the early embryo as they may negatively affect via-
bility and downstream development potential. Consequently,
there has been a shift toward label-free imaging to visualize
the preimplantation embryo.

Recent advancements in label-free imaging have enabled the
rapid acquisition of high-resolution images of the embryo,
providing detailed information on morphology as well as
molecular and bio-physical properties [17]. However, repro-
ductive biologists and clinicians may not be aware of the
available optical approaches and their potential for revealing
mechanisms underpinning successful preimplantation embryo
development. In this review, we describe the principles of
the most commonly used optical imaging modalities, evaluate
their merits and limitations, and importantly, assess their
potential to develop into a powerful tool for label-free assess-
ment of embryos. Additionally, we explore how these imaging
techniques may inspire novel research questions previously
hindered by the lack of suitable tools.

Principle of label-free imaging approaches

Label-free imaging techniques exploit the interplay between
light and matter [18]. This interaction can provide insight into
intricate biological processes within cells that are often con-
cealed when using standard light microscopy. Consequently,
label-free imaging presents an enticing avenue for the evalua-
tion of cellular health and function. Label-free techniques can
be divided into two broad categories based on the information
they reveal: morphological or molecular. These mainly refer
to the source of contrast in the respective imaging tech-
niques employed. In this review, we will focus on label-free
imaging technologies such as optical coherence tomography
(OCT), digital holographic microscopy (DHM), and differ-
ential interference contrast (DIC) microscopy that generate
a high-contrast image of morphological changes by utilizing
the interaction between underlying cellular structures and
the illuminating light. In essence, the path of light can be
altered as it traverses through the sample. The change in the
light path is dependent on the inherent physical properties
of the sample. Furthermore, we also describe fluorescence
microscopy such as confocal microscopy, fluorescence lifetime
microscopy (FLIM), hyperspectral microscopy, and light sheet
microscopy that achieve high-contrast images based on the
fluorescence emitted by exogenous (labels) or endogenous
molecules (autofluorescence). Raman spectroscopy also relies
on endogenous fluorophores but uses the inelastic scattering
of light (a shift in the energy of photons as light interacts with
intracellular molecules) to provide a unique fingerprint of the
chemical composition of cells.

Historically, autofluorescence from cells was considered
background fluorescence, contributing to and contaminat-
ing the signal captured from specific fluorescence tags or
stains [19]. More recently, researchers have taken advan-
tage of such autofluorescence by exploiting a wide range of
endogenous fluorophores that are associated with cellular
function, such as amino acids, vitamins, lipids, and metabolic
cofactors [20]. To date, advancements in microscopy tech-
niques have shed new light on the potential for autofluo-
rescence to reveal the inner biochemistry of living cells in a
spatio-temporal manner [21, 22]. For example, the naturally
fluorescent metabolic cofactors—nicotinamide adenine din-
ucleotide (NADH), nicotinamide adenine dinucleotide phos-
phate (NADPH) and flavin adenine dinucleotide (FAD)—
may be used to non-invasively measure cellular metabolism
[23]. As embryo metabolism is intimately associated with
viability [20], exploiting the fluorescence signals from these
metabolic cofactors has shown to be a valuable and non-
invasive indicator of embryo quality [22, 24]. Here, we review
existing studies that use label-free optical approaches to image
embryos, categorizing them based on the type of informa-
tion they provide—morphology or molecular (summarized in
Graphical Abstract and Table 1).

Morphology-based imaging
Optical coherence tomography

Optical coherence tomography (OCT) is a low-coherence
imaging modality that operates on the principle of inter-
ferometric detection of near-infrared light (the interaction
of light waves to measure miniscule changes) [25]. It sends
light into cells/tissue and captures the light that is reflected
back from within the sample (backscattered light; Figure 1).
Prior to light being sent into the sample, it is split into
two beams: one passes through the sample, while the other
(reference beam) does not. The interference patterns resulting
from the combination of the reference and sample beams can
be used to construct high-resolution cross-sectional images
of the sample, revealing subsurface structures up to a few
millimeters in depth [26]. This can be achieved in a number
of ways (time and Fourier domain OCT) with the chosen
approach dependent upon the sample being imaged (reviewed
in [27]). Each approach has different advantages such as ease
of implementation, imaging speed, penetration depth, and
detection sensitivity [27]. Clinically, OCT has been widely
employed for detecting structural abnormalities in biological
tissues. It has seen exceptional success not only in the area of
ophthalmology (retinal imaging) [28] but also for cardiology
(vascular imaging) [29-31] and dermatology [32, 33]. The use
of OCT is ideal for these applications as it does not require the
addition of any contrast agents, allowing this system to image
in real time without causing tissue damage.

Furthermore, in addition to structural information, OCT
may capture functional information. A prime functional
extension is Doppler OCT, which detects blood flow velocity
[34]. In the context of developmental biology, OCT has been
used to study cardiac, vascular, and neural development in
post-implantation embryos (reviewed in [35, 36]). However,
as OCT primarily relies on the backscattering of light from
the sample, a challenge often arises due to insufficient contrast
between different tissue types or structures, which may then
require contrast agents. Near-infrared light can be used
to increase imaging depth, though this may still remain
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Figure 1. Optical coherence tomography records backscattered light from different cell/tissue layers to form a 3D morphological image. It can work in
the temporal or Fourier domain. Image on the right shows ovulated murine cumulus oocyte complexes within the oviduct. Schematic was created using
BioRender.com. Image on the right adapted from [157] [CC-BY-NC-ND 4.0 License].

problematic for highly scattering specimens where the light
is deviated from its straight path. This limits the information
obtained from imaging to the first couple of millimeters of
tissue [33]. Excitingly, imaging depth may be increased using
new approaches that illuminate the sample and subsequently
collect the backscattered light from a separate path [37].

Differential interference contrast microscopy

Differential interference contrast (DIC) microscopy, also
known as Nomarski interference contrast microscopy, is an
approach that produces images with pseudo-relief, creating
the appearance of three-dimensional (3D) structures with
enhanced contrast [38]. The pseudo-relief effect is achieved
with bright and dark regions generated in the final image that
correspond to variations in the optical path length, which
reveals underlying surface topography. More specifically, this
works by using polarized light to illuminate the specimen.
Polarization is a property of a transverse wave such as light.
In the case of light, it denotes the plane of oscillation of
the electric and magnetic fields, which is perpendicular to
the direction of propagation of the beam. In DIC, light is
separated into two orthogonally polarized beams which are
sheared (displaced) with respect to one another. Both beams
then pass through the sample, adjacent to one another, and
will traverse different optical path lengths where the specimen
differs in refractive index or thickness. The beams are
subsequently recombined (interfered) to create an image with
enhanced contrast and depth perception, though typically, this
is not quantitative. This technique is well established and may
be implemented on brightfield microscopes. This technique
is most commonly used for observing live, unstained, and
transparent biological specimens [39]. Therefore, the label-
free nature of DIC gives promising indications of suitability
for observing detailed cellular changes over time, such as
cellular growth. Indeed, DIC has been widely utilized to
study the development of rat neurons [40], mouse stem
cells [41], plant cells [42], breast cancer cells [43], and
mouse embryonic cells [44]. However, although DIC can be
employed to study cell biology without the need for exogenous
tags, it cannot provide further details about underlying
molecular changes within cells, thereby limiting its utility for
widespread adaptation of this technique for assessing embryo

quality. Thus, DIC may be informative when integrated with
other imaging techniques for a comprehensive understanding
of embryo development, beyond observing morphological
changes alone.

Digital holographic microscopy

Digital holographic microscopy (DHM) is an advanced imag-
ing technique that utilizes the principles of holography to
capture detailed 3D information about samples with high
precision [45]. The holograms are generated by recording the
interference pattern from two interacting laser beams: one
that passes through a specimen (object beam) and another
that does not (reference beam) (Figure 2). Holograms contain
information about both the shift in amplitude (intensity)
and phase (linked to the optical path length/delay) of the
light waves as they pass through the specimen [46]. The
additional phase information acquired offers information for
a more detailed understanding of the specimen and even
applies to biological objects that appear transparent. This
approach is quantitative and allows for the investigation of
bio-physical information such as the dynamics of cellular
growth, measurement of cell thickness, and refractive index
[47]. The measurement of refractive index (indicative of how
much light slows down and changes direction when it passes
through a sample) is particularly intriguing for evaluating
the biological health of a sample. In contrast to the use of
DHM, the conventional refraction of light has been used to
determine the refractive index of discarded human oocytes
when placed between optical fibers [48]. However, this study
reported exceedingly high refractive index values (average
refractive index = 1.8), well beyond what might be expected in
cells or tissues (range of 1.3-1.5) [49]. Further, this approach
failed to provide spatial and temporal information of the
oocyte, potentially omitting developmentally important infor-
mation. On the other hand, we recently demonstrated the
capability for DHM to spatiotemporally determine refractive
index within mouse preimplantation embryos in response
to variable intracellular lipid content (Figure 3; [50]). The
presence of such lipids altered the refractive index of the
embryo. As intracellular lipids act as an energy reservoir
during embryo development, the ability of DHM to detect
the associated changes in refractive index may be indicative
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with a reference beam.

of embryo viability. This demonstrates the potential of DHM
to be a label-free diagnostic for embryo quality.

Time-lapse microscopy

Time-lapse microscopy is an imaging technique that employs
brightfield microscopy equipped with a camera to capture
images of a specimen at pre-defined time intervals. It is
typically performed within a controlled environment to main-
tain optimal culture conditions for the viability of the speci-
men, including temperature, humidity, and gas concentrations.
Time-lapse microscopy is well documented in the literature,
playing a pivotal role in the study of various aspects of
cell behavior [51, 52], morphological changes [53, 54], and
responses to drug treatment [55-57]. Notably, time-lapse
microscopy removes the need for human intervention during
the culture process and obviates the need for the removal of
the specimen from its culture environment for visual inspec-
tion. Through uninterrupted recording, time-lapse microscopy
can capture and analyze dynamic morphological changes of
an embryo during preimplantation development. Time-lapse
microscopy is perhaps the most well-known and widely uti-
lized imaging technique for assessing preimplantation devel-
opment of human embryos [58, 59]. However, there is a lack
of high-quality evidence that the use of time-lapse microscopy
to select embryos for transfer improves the live birth rate [60-
62]. This may stem from limitations in the morphological

and developmental information obtained, such as the timing
of cleavage-stage divisions and blastocyst formation. These
may not be reliable indicators of successful implantation
or live birth post-embryo transfer. It could also be due to
differences in embryo culture conditions/media formulations,
limited datasets, and the metrics (e.g. pregnancy rate vs. live
birth rate) used to develop algorithms for predicting IVF
success [63]. As such, accurately predicting embryo develop-
mental potential using time-lapse microscopy alone remains a
challenge.

Molecular-based optical imaging
Standard wide-field fluorescence microscopy

The term “fluorescence” originated from a discovery first
made by Sir George Stokes in 1852 [64]. Stokes observed
that certain substances, particularly a solution of quinine
had the remarkable property of absorbing ultraviolet (UV)
light and subsequently emitting visible light [65]. This pivotal
observation laid the foundation for the field of fluorescence
microscopy, where light emission from fluorescent molecules
can be used to form an image depicting the localization and
quantity of those molecules. This basic principle underlies all
forms of fluorescence imaging. For fluorescent imaging of bio-
logical processes, there are a plethora of methods that either
fluorescently tag recombinant proteins of interest (e.g., green
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[CC-BY 4.0 Licensel].

fluorescent protein) or use exogenous fluorescent molecules
(e.g., immunohistochemistry or fluorescent dyes).

While these methods have been advantageous in biological
discovery, they are limited when considering their application
to living embryos: the exogenous labeling may negatively
impact subsequent development. It was not until the late 20th
century that the potential of autofluorescence, the intrinsic
fluorescence exhibited by particular molecules within cells,
began to be explored and recognized for its informative value.
In this case, light emitted from endogenous fluorophores in
the cell could be measured directly. Early investigations into
autofluorescence aimed to measure the dynamic aspects of
metabolic reactions using a fluorometer to detect blue fluo-
rescence in cells [66], which we now know to be NAD(P)H.
However, this early one-photon approach had limitations,
notably its reliance on blue or UV light for excitation, which is
not ideal for imaging biological specimens due to the potential
risk of photodamage [67]. Alternatively, the use of two-
photon excited fluorescence (TPEF) microscopy overcomes
this limitation [68, 69]: by using near-infrared light, the risk
of photodamage is reduced. TPEF has the added benefit of
increasing light penetration into the sample, allowing inves-
tigation into deeper layers of tissues. It works by allowing
molecules to be excited through the simultaneous absorption
of two near-infrared photons, each with half the energy and
double the wavelength of traditional UV light. While TPEF
microscopy has exciting possibilities, it also presents chal-
lenges as high-resolution 3D images are difficult to obtain due
to weak signals from the use of longer wavelengths [70]. The
inability to obtain high-resolution images in 3D impedes the

use of this modality for imaging the developing embryo—itself
a 3D structure.

Raman spectroscopy

Raman spectroscopy is an advanced analytical technique that
provides detailed information about the molecular compo-
sition and vibrational characteristics of a sample [71]. This
technique relies on the principle of inelastic scattering, a
phenomenon that occurs when monochromatic light interacts
with a sample and the energy shift is indicative of the molec-
ular composition of the sample (Figure 4). This interaction
allows Raman spectroscopy to capture a unique “molecular
fingerprint” corresponding to the alterations in biomolecules
such as lipids, carbohydrates, deoxyribonucleic acid (DNA),
and proteins [72]. Consequently, Raman spectroscopy enables
direct evaluation of organelle structures and dynamic bio-
chemical processes within living cells [73]. With the well-
established knowledge that metabolism is linked to embryo
quality, Raman spectroscopy may be an innovative tech-
nique to investigate the relationship between metabolomic
profile and embryo quality. Confirming this, previous stud-
ies have demonstrated the ability of Raman spectroscopy
to predict the developmental potential of human embryos
through the analysis of metabolic by-products in spent culture
media [74-76].

The use of Raman spectroscopy to assess embryo quality
via spent culture media may appear indirect, but this approach
avoids potential damage inflicted to the developing embryo
during the imaging process. Raman spectroscopy, as with
many optical approaches, is limited in terms of penetration
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location within the cell investigated [top spectra from a lipid-rich (dark cytoplasm) area; middle spectra taken from a (light) cytoplasm region; and the
bottom from within the nucleus]. Schematic was generated using BioRender.com. Figures adapted from [79] [CC-BY 4.0 License].

depth and has issues with regard to signal strength [77].
Specifically, the probability of light undergoing Raman scat-
tering is very low, with typically only 1 in 10¢ or 107 photons
being Raman-scattered. Thus, in order to generate sufficient
signal, high illumination powers or increasing acquisition time
is required. However, the use of high illumination power may
induce photodamage to the embryo, negatively impacting its
viability. One study demonstrated that Raman spectroscopy
could distinguish between low- and high-quality mouse
embryos based on the distinct variations in their Raman
spectral signals [78]. However, despite efforts to minimize
phototoxicity, the study did not put forward a comprehensive
experimental validation that Raman imaging did not affect
embryo viability. Conversely, another study that performed
Raman spectroscopy directly on mouse embryos reported
a null impact on the ability of embryos to develop to the
blastocyst-stage [79]. Having said that, the authors observed
a significant reduction in the number of cells within resultant
blastocyst-stage embryos from the Raman-imaged group
compared to the non-imaged, control group. A reduction in
cell number may adversely impact implantation potential and
pregnancy outcomes, which was not assessed in the study. This
suggests that in its current form, Raman spectroscopy may not
be compatible with live embryo imaging and warrants further
investigation to address its inherent limitations.

Laser scanning confocal microscopy

Laser scanning confocal microscopy, a variant of optical imag-
ing, relies on point-by-point illumination, typically delivered
by a high-power laser. This laser-induced point excitation
generates intense fluorescence along the focal profile [80].
Fundamentally, confocal microscopy achieves sharp, focused

information, at one point of illumination through spatial
filtering [80]. This process effectively eliminates out-of-focus
light, thereby enhancing the signal-to-noise ratio in the final
image (Figure 5A). This fluorescence microscopy approach
facilitates rapid, non-invasive exploration of changes in cel-
lular morphology and the underlying biochemistry of the cell.

Historically, confocal microscopy stands as one of the
earliest and most commonly used imaging modalities adapted
for embryonic imaging, alongside methods such as ultrasound
biomicroscopy, micro-magnetic resonance imaging, and
micro-computed tomography [35]. However, all of these
imaging systems struggle with limitations in imaging speed,
spatial resolution, and image contrast, particularly when
capturing dynamic biological processes, such as metabolism
and morphokinetics [81-83]. Despite these limitations, con-
focal microscopy has remained a widely employed approach
for studying developmental processes in different cell types,
including human cornea [84, 85] and lung tissue [86], as
well as mouse and hamster embryonic cells [87-89]. Many of
these studies employed exogenous tags or molecular probes as
direct indicators of cellular architecture or biochemistry, such
as Mitotracker for mitochondria, Lysotracker for lysosomes,
and 4/,6-diamidino-2-phenylindole (DAPI) for the nucleus.
However, reliance on staining and fluorescence tags can
render the labeled cells non-viable for long-term assessments
due to the potential toxicity of these agents or the need for
fixation [16].

Furthermore, the application of fluorescence tags raises a
fundamental issue—the risk of photobleaching due to sensi-
tivity of the tags to light exposure. This sensitivity can lead
to fluctuating or degrading signal levels, potentially result-
ing in false-positive or false-negative outcomes. Additionally,
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Figure 5. (A) shows the principle of epifluorescence microscopy, specifically the case for confocal microscopy. A laser is focused to a point on a sample.
The resultant fluorescence from the focal point is captured by the very same microscope objective, passes through a pinhole, and is collected on a
camera. An image in 3D can be captured in this way by point scanning the beam. At each point the light field passes through the sample above and below
the plane of interest (compare to light sheet imaging). (B) Light sheet imaging illuminates a given plane of a sample with scattered or fluorescent light
collected by a second microscope objective (detection objection) placed orthogonally to the one used for illumination. Light only illuminates the (focal)
plane of interest [contrast this with confocal microscopy in (A)]. As such, the light dose is much lower than that for epifluorescence/confocal microscopy.
The sample or illumination beam may be scanned to generate a 3D image. Representative autofluorescence images of murine blastocyst-stage embryos
taken at an illumination wavelength of 405 nm are shown on the right and are false-colored for clarity. Schematic was generated using BioRender.com.

phototoxicity is another concern typically associated with
most confocal imaging systems [90] due to exposure to high-
energy light sources and relatively slow imaging acquisition
speeds, which can have adverse effects on embryo health [91-
93]. Past studies have demonstrated that exposure to laser
scanning confocal microscopy negatively impacts embryo via-
bility by: (1) inhibiting embryo development to the blastocyst
stage; (2) increasing the production of reactive oxygen species,
which damages DNA integrity; and (3) increasing the number
of apoptotic cells [89]. Importantly, the detrimental effects of
laser exposure on cellular architecture and fluorescence tag
detection hinge on the duration, intensity, and wavelength
of the laser employed [90]. Overcoming these significant
challenges related to fluorescent probes and laser power usage
in visualization is paramount for the development of laser
scanning confocal microscopy that is a safe and accurate
diagnostic tool for embryo quality.

Fluorescence lifetime microscopy

Fluorescence lifetime microscopy (FLIM) is an advanced
imaging modality that provides quantitative information
about cellular and molecular processes [94, 95]. It operates
on a different principle than simply recording fluorescence
intensity. FLIM operates via the excitation of fluorescent
molecules, typically with a laser, and measures the time
taken for the molecules to transition from the excited state
back to the ground state—their decay rate [94, 95]. This

information can then be used to construct the fluorescence
decay curve (lifetime; Figure 6), which is unique to the
individual fluorescent molecules present within a sample that
could not be elucidated with intensity-based fluorescence
microscopy alone, such as laser scanning confocal microscopy.
The contrast for imaging is based on the lifetime of individual
fluorophores rather than their emission spectra, which is
affected by the environment of the fluorophore. This allows
for a more sensitive approach to detect autofluorescence
as it enables discrimination between fluorescent molecules
integral to embryo metabolism that share similar spectral
characteristics such as bound- and free-NADH, enabling
differentiation of NADH from NADPH [96]. Therefore, this
imaging approach has the potential for label-free imaging
of dynamic molecular processes in the embryo. Indeed, past
studies have shown that FLIM was able to detect spatio-
temporal changes in autofluorescence originating from the
cytoplasm and mitochondrial regions in human [97, 98] and
mouse embryos [99, 100] (Figure 6; [98]). However, FLIM
requires a measurement of the time between sample excitation
by a pulsed laser and the arrival of the emitted photon at
the detector that may lead to increased complexity and cost
of the system, which requires specialized lasers, detectors,
and software [94]. Therefore, this may limit the accessibility
of FLIM to researchers with limited resources and hinder
adoption into clinical practice. Furthermore, as FLIM relies
on the detection of individual photons emitted as excited
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molecules decay back to their ground state, the signal level
detected is often very weak, this impacts image quality and
requires longer acquisition times [94]. As such, like confocal
microscopy, FLIM is prone to inducing photodamage and the
photobleaching of fluorophores and may limit its ability to
perform long-term monitoring of dynamic processes in live
embryos [94].

Hyperspectral microscopy

Hyperspectral microscopy, an emerging imaging modality,
holds significant promise for exploiting cellular autofluo-
rescence to assess embryos. This approach adopts a mul-
tispectral strategy, utilizing multiple low-power excitation
photodiodes to capture fluorescent signals. Hyperspectral
microscopy has the unique capability to detect light signals
spanning the visible light spectrum, ranging from 380 to
780 nm (from UV to near-infrared) [101]. This contrasts with
traditional confocal imaging, which typically employs two-
channel excitation wavelengths, capable of capturing fluores-
cence from two molecules with distinct spectral properties
(e.g. endogenous metabolic cofactors NAD(P)H and FAD;
[102]). Hyperspectral microscopy has the capacity to compre-
hensively explore cellular metabolism [103] due to its unique
capability to simultaneously capture a broad range of spec-
tral information or “fingerprint” from multiple endogenous
fluorescent molecules (Figure 7). Indeed, extensive studies
have been conducted demonstrating that autofluorescence
imaging with hyperspectral spectroscopy can discern sub-
tle differences in metabolic signatures within and between
cells. Notable examples include its successful detection of
collagen, flavin, free NADH, and retinoids in different bio-
logical samples such as olfactory cells [104], articular car-
tilage tissue [105], benign and invasive melanoma [106],
and pathological hallmarks of Alzheimer’s disease in reti-
nal tissue [107-109]. Given its ability to detect autofluores-
cence and its use of low-power photodiodes, hyperspectral
imaging holds promise as a non-invasive means to assess
embryo health. Indeed, hyperspectral microscopy has been
effectively employed to detect changes in the endogenous

metabolic co-factors NAD(P)H and FAD in bovine [110-112]
and mouse [24] embryos. Recently, we demonstrated the capa-
bility of hyperspectral microscopy to spatially detect changes
in autofluorescence related to metabolic activity within mouse
blastocyst-stage embryos [24]. Excitingly, we showed that
such changes in cell autofluorescence could be used to dis-
criminate between euploid and aneuploid embryos (cells with
an expected vs. unexpected number of chromosomes, respec-
tively). These studies demonstrate the potential of label-free
imaging to not only assess embryo viability but also obtain
information on their ploidy status. Therein lies the intriguing
opportunity to explore the capacity for such label-free imag-
ing approaches to predict downstream development outcomes
in the same embryo.

Despite the benefits of hyperspectral microscopy for imag-
ing the embryo, there are concerns regarding the potential
for light-induced photodamage. These apprehensions were
addressed in our recent study, which demonstrated the safety
of hyperspectral imaging for embryos [24]. Using a mouse
model, we found no adverse impact on embryo developmen-
tal competence following exposure to hyperspectral imaging,
specifically in their ability to develop to the blastocyst stage
and generate healthy offspring following their transfer to
pseudopregnant recipients. Our follow-up study on imaging
the mouse oocyte demonstrated equivalent levels of safety:
imaged and non-imaged oocytes had comparable rates of
fertilization, development to the blastocyst-stage and post-
transfer outcomes [113].

One noteworthy limitation of hyperspectral microscopy
when using an epifluorescence approach [24] is the difficulty
in generating a 3D image of the sample. This limitation is
substantial when considering the imaging of embryos. As
embryonic development is a highly dynamic process occur-
ring in 3D, assessments limited to static 2D images may
fail to capture information on critical developmental events.
Therein lies the need for further development of hyperspectral
spectroscopy. Employing an integrative strategy could be the
key to addressing this need. Considering this, an alterna-
tive approach might involve the integration of hyperspectral
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Images adapted from [135] [CC-BY 4.0 License].

imaging with a modality that enables rapid, volumetric imag-
ing of the embryo.

Light sheet fluorescence microscopy

Recent advances in fluorescence-based microscopy have
highlighted the growing superiority of light sheet microscopy
(sometimes termed selective plane illumination microscopy).
This approach offers exceptional advantages such as high
image acquisition speed, low background-to-signal ratio,
and minimal photobleaching and photodamage [114, 115].
The underlying principle of light sheet imaging involves
illumination and detection through two separate and distinct
objectives placed in an orthogonal orientation [116]. As a
result, the excitation of the sample is restricted only to the
imaging plane, using a thin sheet of light for illumination
[117, 118] (Figure 5B). Consequently, light sheet imaging is
well suited for fast, volumetric imaging of large specimens
while minimizing light exposure [119]. This contrasts with
other 3D imaging approaches such as confocal microscopy,
where image acquisition is slow and the entire sample is
illuminated for each optical section [120], thus making the
light dose delivered to the sample prohibitively high. Light
sheet microscopy has demonstrated its capability to capture
the dynamics of small molecules; protein localization [121];
calcium ion signaling [122]; and oligonucleotide molecules
within large, living organisms [123]. The application of
light-sheet microscopy in the field of embryology is an
emerging area of interest [124]. Studies have previously
demonstrated the ability of light sheet microscopy to elucidate
the dynamics of morphogenesis and embryogenesis in mouse
[117, 125, 126], drosophila [127], and zebrafish [128, 129]
with remarkable spatial and temporal resolution. However,
it is important to note that these studies relied on genetically
modified species expressing exogenous fluorescence reporters,
such as GFP, and thus are not considered label-free imaging.
More recently, there has been an increased interest in
exploring the potential of light sheet microscopy for label-
free imaging of cellular autofluorescence.

Several studies have now demonstrated the ability for label-
free light sheet microscopy to assess metabolic activity in
numerous pathological conditions including cancer [130-
132] and neurological diseases [133, 134]. Recently, we
demonstrated the first use of light sheet microscopy to detect
a dynamic shift in metabolism during the preimplantation

development of mouse embryos (Figure 8; [135]). This
approach enabled rapid volumetric imaging of cellular
autofluorescence from the embryo, which was achieved
using a single excitation wavelength of 375 nm. This is
in contrast with confocal microscopy, which requires dual
wavelengths to excite NAD(P)H and FAD separately. Due
to the judicious choice of wavelength, we were able to co-
excite NAD(P)H and FAD equally. Further, due to the use of a
hardware-based approach to separate the fluorescence signals
emitted by NAD(P)H and FAD, we obviate the need for large
post-processing power normally required in conventional
hyperspectral microscopy [24]. Collectively, the use of light
sheet metabolic imaging provides opportunities for high-
throughput imaging of embryos to study development spatio-
temporally and may serve as a valuable diagnostic tool for
embryo quality.

Future directions
Use of advanced optical imaging together with
artificial intelligence

One significant challenge associated with label-free optical
imaging is the vast amount of data that it generates. Large
amounts of data and the capacity to analyze may impede
clinical adoption of label-free optical imaging methods,
particularly in clinics or medical facilities with limited
resources. Artificial intelligence (AI) has the potential to
mitigate this challenge. In the context of optical imaging,
AT offers the capacity to process and analyze large amounts
of data within a short time frame, obviating the need for long-
term storage. Examples of combining Al with optical imaging
include: (1) its use with optical coherence tomography to accu-
rately and automatically detect diabetic retinopathy [136];
(2) integrating Al with Raman spectroscopy to accurately
diagnose and classify brain tumors [137, 138]; and (3) the use
of Al with hyperspectral imaging to accurately and rapidly
diagnose esophageal cancer [139]. In clinical IVF, there are
multiple instances where Al might aid in improving the ability
to predict live birth, such as gamete and embryo selection, and
the development of personalized fertility medicine (reviewed
in [63]). In recent years, the use of Al in analyzing time-lapse
images has shown promise for sperm selection [140], assessing
oocyte viability [141], and in predicting embryo develop-
mental competence and pregnancy [142-148]. However,
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Figure 8. Autofluorescence profile of preimplantation mouse embryos as detected by hyperspectral light-sheet microscopy. Hyperspectral light sheet
microscopy was able to detect dynamic changes in metabolism during preimplantation embryo development and the distribution of highly metabolically
active sites within embryos. Scale bar =20 um. Images adapted from [135] [CC-BY 4.0 Licensel.

time-lapse microscopy together with Al does not improve live
birth rate [149]. Consequently, more studies are warranted
where much larger data sets are included to improve accuracy.

Additionally, there remains the potential of employing Al
alongside optical imaging approaches. This integrative strat-
egy could offer unique advantages, from improving the res-
olution of captured images to automated tracking of cellular
features during development [150]. This may enhance accu-
racy in predicting embryo developmental potential when using
optical imaging and uncover subtle biological phenomena that
might otherwise remain undetected. Collectively, the rapidly
growing and pervasive field of Al represents a powerful and
exciting opportunity for the reproductive biology field and the
IVF industry.

Utilization of label-free imaging for clinical in vitro
fertilization

Label-free imaging techniques have the potential to revo-
lutionize IVE. Specifically, such imaging approaches may
improve the selection and ranking of developmentally
competent embryos for transfer, thus improving the chance
of a live birth outcome. These non-invasive approaches also
reduce the risks associated with an invasive biopsy, a current
clinical gold-standard assessment that does not improve,
and may even decrease, live birth rate [151]. For example,
optical imaging techniques such as DHM offer a non-invasive
means to assess the biophysical properties of an embryo and
in the absence of exogenous tags, revealing subtle changes
in refractive index that may be indicative of developmental
potential. Additionally, the use of hyperspectral and light
sheet microscopy to measure cellular autofluorescence and

metabolism in situ may provide additional information on
developmental potential. An important consideration in
the development of any of these imaging technologies is
their suitability for the clinical environment. In considering
these novel technologies, these systems will need to reach a
competitive price point and have a relatively small footprint
due to the limited bench space available within clinics.
Currently, time-lapse microscopy is the only imaging modality
integrated into and used by IVF clinics. It provides a stable
culture environment while offering capacity for long-term
monitoring of preimplantation embryo development within a
confined space on the bench. Despite its integration, whether
time-lapse microscopy alone can improve IVF outcomes—
implantation and live birth— remains debatable [152]. Therein
lies an opportunity to explore other forms of advanced
imaging modality for improving IVF outcomes. In the
future, these imaging modalities in isolation, or in suitable
combination, may aid embryologists in ranking and selecting
embryos for transfer, ultimately improving the success rate
from IVE

Application of label-free imaging to select in
vitro-produced embryos in agriculturally important
species

Apart from clinical IVE, non-invasive assessments of embryo
quality by optical imaging could also benefit the livestock
industry. The International Embryo Transfer Society recently
reported a 31.5% increase in the transfer of in vitro-produced
(IVP) cattle embryos in 2021 compared to 2020 [153]. How-
ever, the efficiency of IVP is still far from optimal, with
pregnancy rates remaining below 50% [154]. One of the key
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hurdles faced by the livestock industry is the lack of accu-
rate technologies to select good-quality embryos for trans-
fer to recipient cows. To date, the critical assessment of
cattle embryos prior to transfer continues to rely on the
subjective analysis of morphology by trained embryologists.
This reliance on traditional techniques could be due to the
cost and challenging logistics of adopting modern analytical
technologies in the livestock industry [155]. Therefore, there
exists an untapped opportunity to provide the field with a
cost-effective, simple-to-use, and accurate selection tool for
predicting which embryos will result in a live birth. Mov-
ing forward, a more extensive evaluation of optical imaging
as an assessment tool for cattle IVF is warranted and will
require additional refinement and validation to demonstrate
the association between developmental potential and post-
transfer outcomes.

Summary of the potential of label-free optical
imaging approaches

Label-free imaging approaches may play a crucial role in
various biological research contexts, each offering unique
advantages depending on the specific requirements of the
study. Raman spectroscopy is particularly useful when
detailed information about molecular composition is needed
without the introduction of exogenous labels. It is employed
in diverse applications such as studying cell and tissue
composition, detecting changes in biomolecular structures,
and investigating cellular responses to various stimuli. Light
sheet microscopy, with its ability to provide optical sectioning
and reduced phototoxicity, is ideal for live imaging of large
specimens or dynamic processes. This technique is frequently
used in developmental biology, neuroscience, and embryology,
capturing high-resolution 3D images of biological samples
without the need for labels. Optical coherence tomography
excels in imaging biological tissues with high resolution
and depth penetration, making it valuable for visualizing
structural details in tissues and monitoring changes over
time. Digital holographic microscopy, on the other hand,
offers label-free, quantitative, and non-invasive imaging,
making it suitable for studying the biophysical properties
of living cells. Each of these label-free imaging approaches
contributes uniquely to the biologist’s toolkit, allowing
for a comprehensive understanding of diverse biological
phenomena. Separately, there is a strong case for moving
to multimodality using optical imaging approaches. As an
example, Raman can be combined with optical coherence
tomography to offer both molecular and morphological
imaging in unison [156]. Although the concept of using
multimodal imaging has been used in other areas of biology,
the exciting prospect of using this in the field of reproductive
biology would provide an unprecedented view of developing
embryos in their natural state.

Conclusion

The field of label-free optical imaging in the context of embryo
assessment is poised for exciting developments and discover-
ies. These advancements hold the promise of revolutionizing
our understanding of embryo development and improving
the success rate of IVE. One of the most exciting prospects
is the potential to develop an integrated label-free imaging
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approach. By combining different imaging modalities, such as
hyperspectral imaging with light sheet microscopy, scientists
could simultaneously obtain information on dynamic changes
in morphology together with cellular metabolism in a spa-
tiotemporal manner. Further, the merit for using Al to analyze
and handle large imaging datasets holds great potential to aug-
ment or replace current data analysis methods, thus reducing
subjectivity and enhancing the accuracy of assessing embryo
quality.

Label-free imaging has the potential to bridge the gap
between biologists, engineers, and clinicians, fostering new
collaborative efforts across diverse fields. These cooperative
ventures may lead to the exploration of novel avenues for not
only the embryo but also across a wide range of other cell
types, such as other reproductive cell types and tissues. This
could lead to the discovery of novel mechanisms and factors
influencing gamete/embryo development that were previously
hindered by the lack of suitable tools. Excitingly, the use of
label-free optical imaging to reveal the inner workings of the
embryo may subsequently inform the development of novel
and accurate diagnostics for clinical IVE ultimately aiding
those affected by infertility.
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