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ABSTRACT  In recent years, we have witnessed an unprecedented advancement of light micros-
copy techniques which has allowed us to better understand biological processes occurring during 
oogenesis and early embryonic development in mammals. In short, two modes of cellular imaging 
are now available: those involving fluorescent labels and those which are fluorophore-free. Fluores-
cence microscopy, in its various forms, is used predominantly in research, as it provides detailed 
information about cellular processes; however, it can involove an increased risk of photodamage. 
Fluorophore-free techniques provide, on the other hand, a smaller amount of biological data but 
they are safer for cells and therefore can be potentially used in a clinical setting. Here, we review 
various fluorescence and fluorophore-free visualisation approaches and discuss their applicability 
in developmental biology and reproductive medicine.
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Introduction

The first attempts to magnify objects of interest date back to 
ancient times. The observation that objects appear enlarged when 
seen through a spherical shaped glass vessel was most likely an 
accidental discovery. It took hundreds of years until the first practical 
application of this phenomenon, i.e. eyeglasses, was invented (in 
the 13th century). Then it took another 300 years before the inven-
tion of other aids to vision, a telescope and a microscope (around 
1600, the exact date unknown). The earliest known examples of 
compound microscopes, combining an objective lens positioned 
near the specimen with an eyepiece, appeared in Europe around 
1620. The first microscopic observations of cells were done in 
the 17th century by Robert Hooke (1635-1703) and continued by 
Antonie van Leeuwenhoek (1632-1723) (Bardell, 2004). 

Since the 17th century our understanding of the nature of light 
and ways to harness it in order to visualize the micro-world has 
progressed enormously. Particularly impressive advancement in 
imaging techniques has been made in the recent decades, when 
different types of microscopes utilizing linear and non-linear optics 
have been constructed, allowing us to look into cellular architecture 
deeper than ever before. One of the biological disciplines that 
has profited a lot from the improvement of imaging techniques is 
developmental and reproductive biology of mammals. 

Mammalian oocytes are relatively big cells with a diameter in 
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range of 70-120 mm (at least in species examined so far; Griffin 
et al., 2006). Spermatozoa, in terms of volume, are orders of 
magnitude smaller, but possess a long tail, and therefore reach in 
most mammalian species a total length of 50-100 mm (Cummins 
and Woodall, 1985). Preimplantation embryos are initially the 
same size as oocytes, which means that with every division the 
size of single cells (blastomeres) decreases. At the late blastocyst 
stage embryos start to expand and their growth continues after 
implantation (Fig. 1A). The large size of oocytes and preimplanta-
tion embryos, combined with the cytoplasm that in many species, 
including mouse and human, is translucent, make them an attrac-
tive object for visualisation. Indeed, quite a lot of information about 
oocyte/embryo morphology, such as number of nuclei, cytoplasm 
granulation, size and shape of blastomeres, etc. can be derived 
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simply from bright field images. Even today this kind of imaging 
is used in assisted reproduction to assess quality of gametes and 
embryos (Ebner et al., 2003; Ajduk and Zernicka-Goetz, 2013; 
Omidi et al., 2017 and references therein). 

However, if we wish to look deeper into cellular physiology 
of gametes or embryos and visualise particular molecules or 
organelles, imaging becomes more complicated. Initially, a more 
detailed visualisation of the intracellular structures was limited 
almost exclusively to fixed specimens subjected to immunofluo-
rescence staining, so information about spatiotemporal dynamics 
of cellular processes was difficult to extract. It has been changed 
by two inventions. First, advancements in molecular biology al-
lowed expression of fluorescently-tagged proteins in gametes and 
embryos and therefore visualisation of their dynamic distribution 
in live cells. Second, reliable and easy-to-use time-lapse imaging 
systems have been developed, providing an appropriate environ-
ment for live oocytes and embryos during imaging. Microscopes 
have been combined with environmental chambers that ensure 
the optimal culture conditions, i.e. constant temperature and pH 
of the medium. A significant advancement in microscopy technol-
ogy has also permitted a decrease in illumination (oocytes and 
embryos are very light-sensitive) without sacrificing quality of the 
obtained images. 

In the present review we wish to discuss how mammalian 
gametes and preimplantation embryos can be visualized either in 

research or a clinical setting. In general, we distinguish two modes 
of imaging: requiring fluorescent labels and fluorophore-free. Fluo-
rescence microscopy, in its various incarnations, is used almost 
exclusively in research, as it is very effective in visualizing cellular 
processes in a great detail, but brings an increased risk of photo-
damage. Fluorophore-free techniques provide, on the other hand, 
lower amount of biological information but are considered safer for 
cells and therefore are used mainly, although not exclusively, in a 
clinical setting. What parameters define usability of different imag-
ing techniques? What are their advantages and limitations, current 
applications and future perspectives? These are the questions we 
address below (see also the summary in Table 1).

Not just a pretty image – fluorescence microscopy

Fluorescence microscopy exploits the phenomenon that certain 
molecules (fluorophores) immediately after light absorption emit 
light with spectrum shifted towards longer wavelengths. In fluores-
cence microscopes the sample is illuminated by light of a defined 
wavelength close to the peak of the excitation spectrum of either 
intrinsic fluorophores present in the sample (autofluorescence) or 
of fluorescently labelled proteins (or other molecules). Then, the 
light emitted by the fluorophores is detected. This mode of action 
is its main advantage and, at the same time, its greatest vice. It 
allows to examine with a submicrometer resolution localization of 
fluorescently labelled molecules, organelles or whole cells and, 
if combined with time-lapse imaging, also their spatiotemporal 
dynamics and functions. Therefore it is a great source of informa-
tion about various biological processes occurring in cells, tissues 
or even whole organisms. On the other hand, high-intensity light 
required for fluorescence microscopy is damaging to cells, both 
through its direct effect on biological macromolecules (especially 
the near-UV range that can induce DNA damage), and through 
fluorophore photobleaching. Each time a fluorescent sample is 
illuminated, a fraction of the fluorophore population is destroyed 
and free radicals and other highly reactive breakdown products 
are generated. The degree of phototoxicity differs depending on 
the fluorophore e.g., fluorescent proteins tend to be less phototoxic 
compared to chemical fluorescent dyes because the reactive part 
of the protein responsible for emitting light and sensitive to photo-
bleaching is contained within a rigid beta-barrel structure (Kremers 
et al., 2011). The only certain way to reduce photobleaching and 
associated photodamage is to reduce the irradiation exposure by 
limiting exposure time and light intensity as much as possible while 
retaining a sufficient signal-to-noise ratio required for the specific 
experimental questions. 

We can distinguish two types of fluorescence imaging: widefield 
epifluorescence microscopy and confocal microscopy. Widefield 
illumination allows for a faster (and therefore less damaging) im-
age acquisition - the entire field of view is excited at once with light 
produced by a lamp (e.g. mercury, xenon, tungsten or LED) and 
filtered by an excitation filter. However, the in-focus features are 
obscured by a blur from out-of-focus regions of the sample, and 
this limits the quality of the image if the sample thickness is more 
than 15–20 mm. On the other hand, in laser scanning confocal mi-
croscopy (LSCM) an image is generated by a focused laser beam 
scanning across the sample and the emitted fluorescence is filtered 
by a confocal pinhole, suppressing out-of-focus light and allowing 
for optical sectioning of thick samples and significantly improving 
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Fig. 1. The main stages of preimplantation development of a mam-
malian embryo. (A) Fertilization of an oocyte arrested in metaphase of 
the 2nd meiotic division induces completion of the oocyte’s meiosis and 
activation of embryonic development. During the next few days (e.g. 4-5 
days in mouse, 5-6 days in human), the embryo undergoes a series of mitotic 
divisions (so-called cleavage divisions) that transform the 1-cell embryo 
(zygote) into a multicellular structure: first, a morula, containing approx. 16 
cells, and then a blastocyst, built of tens of cells forming a sphere with a 
cavity inside. A blastocyst stage is the last one that can be easily cultured 
outside the female body, as blastocysts need to implant in the uterus to 
develop further. (B) In a blastocyst we can distinguish an inner cell mass 
(ICM), i.e. a group of cells that give rise to the future embryo proper and 
some of the extraembryonic membranes, and a trophectoderm (TE), a 
layer of cells surrounding the ICM and the blastocyst cavity, that will form 
a foetal part of the placenta.
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Type of microscopy Main features References
Fluorescence microscopy
Widefield fluorescence •	 Lateral resolution of ~200 nm

•	 Axial resolution of ~500 nm
•	 Image acquisition of 10-1000 Hz 
•	 Blur caused by the out-of-focus light 
•	 Large field of view 
•	 Photodamage/ bleaching outside of the imaged area

Ettinger and Wittman, 2014
Sanderson et al., 2014

Laser scanning confocal •	 Lateral resolution of  ~200 nm 
•	 Axial resolution od ~100 nm 
•	 Relatively low imaging speed (~0.5-10 Hz with galvanometer scanners and 10-30 Hz with resonant scanners) 
•	 Small field of view
•	 Photodamage/bleaching outside of the imaged area (in z axis) 
•	 Adaptation of image size vs. imaging speed 
•	

Ettinger and Wittman, 2014
Jonkman et al., 2014
Sanderson et al., 2014

Spinning disc confocal •	 Lateral resolution of  ~200 nm 
•	 Axial resolution od ~100 nm 
•	 High imaging speed (1000 Hz)
•	 Lower illumination – reduced photobleaching
•	 Non-uniform illumination profile compromising quantitative imaging techniques 
•	 Fixed magnification
•	 Non-adjustable pinhole size preventing optimization of optical sectioning and resolution

Graf et al., 2005
Oreopoulos et al., 2014
Sanderson et al., 2014

Two-photon •	 Lateral resolution of ~250 nm 
•	 Axial resolution od ~150 nm 
•	 Penetration depth higher than in one photon microscopy
•	 Low background signal (no excitation outside the focal plane)
•	 Low photobleaching and phototoxicity
•	 Signal to noise ratio lower than in one photon microscopy
•	 A pulsed laser required

Denk et al., 1990
Helmchen and Denk, 2005
Sanderson et al., 2014

Superresolution •	 Lateral resolution: SIM – 50-100 nm, STED - < 50 nm, STORM - ~ 20-30 nm, PALM - < 20 nm
•	 Axial resolution: SIM – 50-100 nm, STED - ~ 150 nm, STORM - ~ 50 nm, PALM - ~ 30 nm
•	 Low imaging speed: SIM, STED - 0.05-0.1 Hz, STORM – 0.5-1 Hz
•	 In SIM and STED traditional dyes may be used, but STORM and PALM require special fluorophores
•	 Technically complicated (STED)
•	 STORM and PALM limited to fixed cells, SIM compatible with fixed and live cell imaging

Hell and Wichmann, 1994
Heintzmann and Jovin, 2002
Betzig et al., 2006
Rust et al., 2006
Hein et al., 2008
Yamanaka et al., 2008
Leung and Chou, 2011
Allen et al., 2013
Fiolka, 2014
Sanderson et al., 2014
Shtengel et al., 2014

Light sheet •	 Axial and lateral resolution of 300 nm 
•	 Imaging speed of ~ 15 Hz 
•	 Illumination only in the focal plane  
•	 Can be easily combined with SIM
•	 Matches resolution of confocal microscopy only after deconvolution
•	 Produces huge data-sets - difficult data storage and analysis

Voie et al., 1993
Keller and Stelzer, 2008
Santi, 2011
Weber et al., 2014

Fluorophore-free microscopy
Differential interference contrast / 
Phase contrast

•	 Lateral resolution of ~ 200 nm
•	 Axial resolution of ~ 500 nm
•	 No fluorophore required
•	 Provides low amount of biological information 

Salmon and Tran, 1998
Centonze Frohlich, 2008

Polarized light •	 Lateral resolution of ~ 200 nm
•	 Axial resolution of ~ 500 nm
•	 No fluorophore required
•	 Only birefringent structures can be visualised

Oldenbourg and Mei, 1995
Inoue, 2002
Oldenbourg, 2013

Harmonic generation •	 Axial and lateral resolution of 500-700 nm (for second harmonic generation) and 400 nm (for third harmonic generation) 
•	 Imaging speed of 0.4-4 Hz
•	 No energy deposition in the sample
•	 No fluorophore required
•	 High penetration depth
•	 Sensitive to optical aberrations
•	 Only certain types of structures can be visualized

Sun et al., 2004 
Watanabe et al., 2010
Cox, 2011

Optical coherence microscopy •	 Axial and lateral resolution of 1-2 µm
•	 Imaging speed of approx. 3 Hz per 3D image (depending on the volume size), 100 kHz-10 MHz linear
•	 Low energy deposit: infrared light illumination and short exposures per beam position on the sample.
•	 No fluorophore required
•	 Very well suited for a volumetric imaging
•	 Produces huge data-sets - difficult data storage and analysis
•	 Requires significant amount of data processing 
•	 Requires sophisticated algorithms to obtain uniform resolution in the whole imaging volume

Hoeling et al., 2000
Latrive and Boccara, 2011
Liu et al., 2014
Karnowski et al., 2017

Raman spectro-microscopy •	 Axial and lateral resolution of 1 µm
•	 Imaging speed of 50 Hz
•	 Allows label-free analysis of the sample chemical content 
•	 Only molecules with a vibrational spectrum can be imaged

Zumbusch et al., 2013 

TABLE 1

THE MAIN FEATURES OF VARIOUS MICROSCOPY TECHNIQUES
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three-dimensional (3D) spatial resolution. LSCM has however few 
limitations. A laser beam is deflected by a pair of galvanometer 
mirrors (see Box 1) and scans the sample pixel by pixel in a linear 
raster mode, which slows down the image acquisition to typically 
500 ms to 2 s per image, depending on the image dimensions. 
Moreover, the sample is subjected to a relatively high irradiation 
in order to increase the emitted signal, as only part of the emitted 
light (only the fluorescence produced in the focal plane) is directed 
to the detector; the rest is rejected by the confocal pinhole. The 
third disadvantage is depth of penetration, which with 100 mm is 
significantly better than in widefield microscopy, but still not suf-
ficient in certain applications (Canaria and Lansford, 2010; Ettinger 
and Wittman, 2014). 

The issue of a slow scanning speed in LSCM has been at least 
partially addressed by an introduction of resonant scanning mirrors 
(Box 1) that are capable of gathering images at 15 to 30 frames 
per second (fps) for 1024x1024 pixels or 512x512, respectively, 
or even up to 420 fps for smaller images. 

Spinning disc confocal microscopy (SDCM), on the other hand, 
presents a solution to the specimen irradiance issue. Instead of 
slow raster scanning, in SDCM the excitation light is spread over 
thousands of pinholes that scan across the specimen rapidly (Pe-
tran et al., 1968) and are registered simultaneously with charge-
coupled device (CCD) cameras, which are more sensitive than 
photomultiplier tubes or avalanche photodiodes used in LSCM 
(Box 1). This greater detection sensitivity reduces the exposure 
times required in SDCM experiments and diminishes the amount 
of irradiance that reaches each particular point in the sample and 
inflicts markedly less photobleaching compared to LSCM. Addi-
tionally, due to a parallel detection with CCD cameras, it permits 
a much faster image acquisition. These features make SDCM 
especially well-suited for live-cell imaging. However, quantitative 
imaging techniques, like colocalization or Förster resonance en-
ergy transfer (FRET), are often compromised by the non-uniform 
illumination profiles of SDCM. SDCM lacks also the ability to adjust 
the pinhole size to optimize the optical sectioning or resolution 
(Oreopoulos et al., 2014). 

Two-photon microscopy (2PM) also solves some issues of tra-
ditional LSCM. In 2PM microscopy, two near-infrared photons are 
absorbed simultaneously by a fluorophore that normally absorbs 
a shorter wavelength of light (Denk et al., 1990). As in LSCM, the 
image is obtained by raster scanning the focused beam over the 
sample while collecting the emitted fluorescence into a detector. 
Since two-photon absorption is non-linear and occurs dominantly 
in the focal volume, where high photon densities are reached, 2PM 
has an intrinsic 3D resolution without the need of a detection pinhole. 
In turn, the efficiency of signal acquisition is improved, since light 
generated in the focal volume and subsequently scattered within 
the sample is not rejected. Moreover, compared to LSCM, 2PM 
imaging benefits from a lower cellular toxicity (as near-infrared 
light utilized in 2PM interacts less with biological samples) and 
a superior depth of penetration (also due to the usage of near-
infrared light) (Denk et al., 1990, Canaria and Lansford, 2010). It 
can be combined with a resonant scanning mode to increase the 
speed of image acquisition.

Fluorescence microscopy, both widefield and confocal, has be-
come an indispensable tool in cell biology of mammalian gametes 
and embryos: in the last 20 years it is difficult to find a publication 
without data acquired by one of these imaging techniques. Even 

simple observations regarding localization of certain molecules/
organelles in gametes or blastomeres may have deep scientific 
consequences, as they indicate asymmetries inside and between 
cells and reflect their differentiation status (Ajduk and Zernicka-
Goetz, 2016; White et al., 2018). Combined with time-lapse imag-
ing equipment, advanced image analysis, and, last but not least, 
molecular biology and micromanipulation techniques allowing 
expression of fluorescently tagged proteins in gametes and em-
bryos, fluorescence microscopy revealed how oocytes react on 
a molecular level to fertilization (e.g., Cuthbertson and Cobbold, 
1985; Saunders et al., 2002, Madgwick et al., 2006; Ajduk et al., 
2011), how oocyte and blastomere divisions are regulated both 
temporarily and spatially (e.g., Schuh and Ellenberg, 2008; Ajduk 
et al., 2014, 2017; Strauss et al., 2018), or how developmental 
fates of blastomeres within the embryo are decided (e.g., Morris 
et al., 2010; Parfitt and Zernicka-Goetz, 2010; Anani et al., 2014; 
Samarage et al., 2015). Additionally, a repertoire of phenomena 
that can be examined with fluorescence microscopy is extended 
by accompanying quantitative methods such as Förster resonance 
energy transfer (FRET), fluorescence recovery after photobleaching 
(FRAP) or fluorescence decay after photoactivation (FDAP). FRET 
relies on a distance-dependent energy transfer between two light-
sensitive molecules: if both molecules are in a very close proximity, 
an excited donor fluorophore may transfer energy to an acceptor 
fluorophore that starts emitting light. FRET-compatible sensors 
has been applied to follow intracellular dynamics of small molecule 
signal mediators (e.g., cGMP, cAMP, InsP3, NO) in gametes and 
embryos (Manser and Houghton, 2006; Shirakawa et al., 2006; Shu-
haibar et al., 2015; Mukherjee et al., 2016) or interactions between 
proteins in a sperm head, an oocyte spindle or embryonic nuclei 
(Baluch et al., 2004; Baluch and Capco, 2008; Bogolyubova et al., 
2013; Andrews et al., 2015). FRAP, on the other hand, determines 
kinetics of diffusion through tissues or cells. Fluorophores in the 
region of interest are bleached with a high intensity laser beam, 

Box 1. An engineering toolkit

Avalanche photodiode – a highly sensitive photodetector that 
converts light into electricity. It utilizes a photoelectric effect and 
avalanche multiplication of the photocurrent.
Charge-coupled device (CCD) – a photodetector composed of an ar-
ray of capacitors that accumulate electric charge during light exposure 
proportionally to the light intensity. The accumulated charge is next 
changed to voltage, digitized and used to form images.
Galvanometer scanning mirrors – a system for laser beam deflec-
tion. It uses a mirror mounted on an actuator that changes its rotary 
orientation according to the magnetic field created when electric cur-
rent flows through an electromagnetic coil. It allows for fast, precise 
and controlled positioning of the laser beam, and, as a result, creation 
of almost arbitrary beam trajectories on the microscopic samples. 
Photomultiplier tube – an extremely sensitive detector of light, 
capable of increasing the current produced by the incident light by 
several orders of magnitude. Used to detect low light (even single 
photons) at very low noise levels.
Resonant scanning mirrors – a system for laser beam deflection, 
in which the mirror oscillate with a fixed frequency (a resonant 
frequency). It offers higher scanning speeds at a cost of reduced 
positioning control. Often combined with a standard galvanometric 
mirror for fast raster scanning trajectories.
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and a diffusion rate of still-fluorescent probes from other parts of 
the sample into the bleached area are measured. FRAP is used in 
research on cell-to-cell communication in ovarian follicles (Santiquet 
et al., 2012), dynamics of oocyte/embryo cytoskeleton (Azoury et 
al., 2008; 2011) and chromatin (Bošković et al., 2014; Ooga et al., 
2016; Ooga and Wakayama, 2017) or mobility of specific molecules 
within sperm plasma membranes (Schröter et al., 2016; James et 
al., 2004). FDAP acts reversely to FRAP: laser beam photoacti-
vates fluorophores in the region of interest and then a rate of their 
translocation out of the region is analysed. This method was used 
to examine dynamics of interactions between transcription factors 
and chromatin in blastomeres (Plachta et al., 2011). 

As our knowledge about cells extends, the need for a higher 
resolution, providing even more detailed information about mo-
lecular processes and interactions in cells, increases as well. The 
spatial resolution of traditional fluorescence microscopes is limited 
by diffraction to approximately 200 nm in xy-dimensions and 500 
nm along the optical axis. In the last 15 years we witnessed the 
emergence of various superresolution fluorescence methods, i.e. 
techniques that break the diffraction limit (see Box 2) and image 
samples at length scales considerably lower than the wavelength 
of visible light. In some of them, such as photoactivated localiza-
tion microscopy (PALM) (Betzig et al., 2006) and stochastic optical 
reconstruction microscopy (STORM) (Rust et al., 2006) the dif-
fraction limit is overcome by taking advantage of photoswitchable 
molecules that can be stochastically switched on and off depending 
on the wavelength of the incident light. By imaging only a small 
fraction of non-overlapping, stochastically activated fluorophores 
at a time and localizing their positions, subdiffraction images can 
be reconstructed with approximately 20 nm lateral and 50 nm axial 

resolution. However, these so called single molecule localization 
microscopy methods generally have poor temporal resolution and 
are typically performed on fixed cells due of the necessity of ac-
quiring large image sequences in order to faithfully reconstruct the 
sample at high resolution (reviewed in Allen et al., 2013). Despite 
this limitation, they have been used to image mammalian gametes/
embryos, especially to visualize 3D ultrastructure of spermatozoa 
(Chung et al., 2014; Gervasi et al., 2018) or chromatin structure in 
oocytes (Prakash et al., 2015; Agostinho et al., 2018). An alternative 
scanning-based approach, stimulated emission depletion (STED) 
microscopy, uses a second laser with an engineered doughnut 
shape de-excitation spot to reduce the area where the fluorescence 
induced by the excitation laser occurs. It effectively increases the 
resolution of the point-scanned image (Hell and Wichmann, 1994) 
and has been applied in sperm research (Ito et al., 2015). Another 
popular superresolution approaches rely on structured illumination 
to break the diffraction barrier (Fiolka, 2014). In the widefield ap-
proach called structured illumination microscopy (SIM), a number 
of patterns of spatially modulated excitation light is superimposed 
on the sample while imaging. As a result, sample features that are 
normally beyond the resolution of the microscope appear in the 
form of Moiré pattern (Box 2) and become detectable. Through a 
rotation and translation of the illumination patterns, followed by a 
numerical image reconstruction procedure, superresolution images 
are obtained at approximately half of the diffraction limit. Structured 
illumination techniques are compatible with both fixed- and live-cell 
imaging and have been used to examine mechanism of an acro-
some reaction or interactions between sperm and microvesicles 
(Al-Dossary et al., 2015; Sharif et al., 2017). 

Although techniques mentioned above are sufficient for most 
experimental set-ups when gametes or preimplantation embryos 
are considered, they are not always suitable for larger specimens. 
Therefore, to extend research to peri- and postimplantation stages 
and follow processes such as gastrulation or organogenesis an-
other approach has to be taken. Light sheet microscopy (LSM), 
also known as a selective plane illumination microscopy (Huisken 
et al., 2004, Keller et al., 2008), is compatible with low-NA, low 
magnification, and long-working-distance objectives. In this tech-
nique, paths of illumination and fluorescence light detection are 
decoupled and are perpendicular to each other. The sample is 
illuminated with a sheet of light formed by optics with a low-NA, 
as compared to optics in the detection path, and the fluorescence 
is generated in a few mm thick slice, which is then imaged with the 
higher NA optics and recorded by a CCD camera. In this unique 
optical arrangement, unlike in typical confocal microscopy, opti-
cal sectioning is achieved directly across the entire plane and the 
image is recorded in a single exposure. Each pixel of the CCD 
camera collects photons for the entire duration of the exposure 
time, up to tens of milliseconds. In contrast, in a standard confocal 
microscope, the scanner needs to move from one pixel to the next 
and can only rest in each point for few microseconds. Hence, the 
parallel recording of all pixels in LSM is much more efficient and 
the local excitation intensity can be kept very low. In combination 
with fast and sensitive cameras, it enables rapid acquisition of large 
image datasets while still offering a superior signal-to-noise ratio 
and minimal phototoxicity (Weber et al., 2014). LSM has a lower 
spatial resolution compared to standard confocal microscopy, but 
when combined with a multiview approach (when a number of light 
illumination directions is used) almost isotropic resolution is achiev-

Box 2. An optical glossary

Birefringence – an optical property of some materials, where a refrac-
tive index of a material depends on the polarization and direction of light.
Diffraction limit – the principal limit of optical resolution for a given 
optical system, the minimal spot size the system can produce when 
all aberrations are neglected. The spot size is proportional to the 
wavelength (shorter wavelengths give better resolution) and inversely 
proportional to the numerical aperture of the objective lens (higher 
NA gives better resolution). 
Moiré pattern – a low frequency fringe pattern that appears when 
two fringe patterns with higher and similar frequencies, differing in 
orientation, alignment or frequency distribution, are overlaid.
Interference fringe – a result of superposition of two beams of 
coherent light. Due to constructive and destructive interference, it 
consists of alternated bright and dark bands.
Raman scattering – an inelastic scattering of photons that causes the 
scattered photon to have different energy than the incident photon. In 
so-called Stokes Raman scattering the scattered photons have lower 
energy, while in anti-Stokes Raman scattering the scattered photons 
have higher energy than the incident photons. This phenomenon can 
be used in spectroscopy, as the spectrum of scattered light depends 
on the scattering molecules.
Refractive index – describes how fast light propagates through a 
material. It is calculated as a ratio between speed of light in a vacuum 
and in the examined material.
Second / third harmonic generation – a nonlinear optical phenom-
enon, where a single photon with a shorter wavelength (and doubled 
or tripled energy) is created from two or three low energy photons.
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able, making the images susceptible to deconvolution (Verveer 
et al., 2007). LSM is best suited to follow dynamic developmental 
processes in postimplantation embryos and foetuses (Ichikawa et 
al., 2014; Udan et al., 2014; Belle et al., 2017), although there are 
also reports describing its use for preimplantation embryos (Strnad 
et al., 2016; de Medeiros et al., 2016).

No label, no cry – fluorophore-free microscopy

Although fluorescence microscopy has provided us with an 
enormous amount of information regarding cellular structure and 
molecular processes occurring in cells, it is inevitably burdened 
with a risk of inflicting photodamage. The risk can be minimized 
by optimization of the imaging set-ups, so it does not disturb ex-
perimental procedures, but even then it still remains unacceptable 
in some applications, such as quality assessment of gametes and 
embryos in assisted reproduction. Therefore, in addition to optimiz-
ing fluorophore-based approaches, label-free optical techniques 
are also developed. 

Many linear label-free optical microscopy techniques have been 
widely used for decades, a good example being differential interfer-
ence contrast (DIC) microscopy and phase contrast microscopy. The 
contrast in these techniques relies on refractive index differences 
in the sample (Box 2). They introduce phase shifts between light 
scattered by the sample and the unaltered illumination light that 
diversify intensity of the detected signal (Zernike, 1935). They are 
used in assisted reproduction laboratories to visualize morphology 
of gametes and developing embryos, aiding to select those of the 
highest developmental potential. The oldest, but still very popular 
in in vitro fertilization (IVF) clinics, procedure of gamete/embryo 
scoring is based simply on static ‘snapshot’ observations: gametes/
embryos are screened for specific morphological features at certain 
time-points of their culture. In case of oocyte scoring, parameters 
such as cytoplasm granulation, size of the previtaline space, pres-
ence of the 1st polar body or morphology of the zona pellucida are 
analysed. In sperm assessment, morphology of the sperm nucleus, 
acrosome, neck and tail, as well as number and size of vacuoles 
in the sperm head, are usually taken into consideration. After 
fertilization, embryos are graded according to morphology of the 
cytoplasm and pronuclei, including number and distribution of the 
nucleoli (at 1-cell stage), number and size of the blastomeres, an 
extent of fragmentation (at selected developmental time-points), 
and, at a blastocyst stage, presence of a blastocoel, a uniform, 
epithelial-like trophectoderm layer and size of an inner cell mass 
(Fig. 1B) (Ebner et al., 2003; Ajduk and Zernicka-Goetz, 2013; 
Omidi et al., 2017 and references therein). 

Equipping a microscope with a time-lapse imaging system and 
then integrating it into a fully functional incubator has enabled 
embryo-safe recording of the cleavage divisions and provided 
access to information about developmental dynamics, so-called 
morphokinetics (Nakahara et al., 2010; Pribenszky et al., 2010; 
Meseguer et al., 2011). Although time-lapse imaging involves 
periodic exposure to light, it is usually lower than that associated 
with a traditional morphology assessment, and most importantly 
enables embryo culture in stable, uninterrupted conditions. Mor-
phokinetic parameters include absolute timings of the successive 
embryonic divisions, as well as relative timings, i.e. periods be-
tween the divisions, reflecting either duration of the cell cycle or 
synchronisation of the cleavage rounds. Time-lapse imaging also 

allows an assessment of morphological parameters, such as size 
of the blastomeres, number of nuclei in the blastomere, an extent 
of fragmentation, and occurrence of irregular cleavages. Although 
morphokinetics-based embryo assessment protocols have become 
increasingly popular in assisted reproduction over the last several 
years, it is still disputed whether they are indeed more reliable and 
effective than traditional scoring techniques (Kirkegaard et al., 2015; 
Milewski and Ajduk, 2017 and references therein). 

Time-lapse light microscopy can be also used to access in-
formation about dynamics of cellular processes, other than the 
cleavage divisions, that can be potentially useful as biomarkers 
of the embryonic quality. A good example here is movement of 
cytoplasm in fertilized oocytes: sperm-induced Ca2+ oscillations 
trigger rhythmic actomyosin-mediated spasms that translate to 
fast directional cytoplasmic movements, so called speed-peaks 
(Ajduk et al., 2011; Swann et al., 2012; Milewski et al., 2018). 
Analysis of the cytoplasmic dynamics provides therefore infor-
mation on functionality of the zygote cytoskeleton, especially its 
actomyosin component, and on the frequency of Ca2+ oscillations 
(Ajduk et al., 2011). Both these properties are crucial for a proper 
embryonic development, with actomyosin cytoskeleton responsible 
for organelle trafficking and cellular divisions, and Ca2+ transients 
serving as a trigger for completion of meiosis, initiation of mitotic 
divisions, zona pellucida-mediated block to polyspermy and as 
a regulator of mitochondrial activity and gene expression in the 
embryos (Dumollard et al., 2004; Ozil et al., 2005, 2006; Campbell 
and Swann 2006; Ducibella et al., 2006; Sun and Schatten 2006; 
D’Avino et al., 2015).

Polarized light microscopy (PLM) is yet another way to enhance 
gamete assessment based on a morphological inspection. It al-
lows visualisation of structures built of polymer-like units, such as 
metaphase spindle built of microtubules or zona pellucida built of 
chains of ZP proteins (Caamano et al., 2010; Montag et al., 2011; 
Omidi et al., 2017). The partial alignment of molecular bonds or of 
submicroscopic particles leads to birefringence, which alters the 
state of passing polarized light (Box 2). When a polarized light 
beam enters a birefringent body, it is split into two beams with 
perpendicular vibration planes. PLM can be used to measure a 
relative change in phase between these two polarized beams, 
termed retardance, to quantify the birefringent property of the 
sample. The relative magnitude of light retardance is an indicator 
for density, high-order alignment or thickness of the birefringent 
object. Importantly, nowadays, due to advancements in polarization 
optics and image-processing, such measurements do not depend 
on the sample orientation (Oldenbourg and Mei, 1995). 

Since PLM visualizes structure and localization of metaphase 
spindle in oocytes, it has been applied to assess meiotic maturity 
of oocytes. It has been also suggested to improve an outcome of 
nuclear transfer and intracytoplasmic sperm injection procedures. 
Moreover, PLM quantitatively distinguishes intrinsic structure of 
zona pellucida that has been implicated as yet another marker 
of oocyte developmental potential, as it reflects most likely qual-
ity of the follicular environment and course of the oocyte growth 
(Caamano et al., 2010; Montag et al., 2011; Omidi et al., 2017 
and references therein). Birefringence characterizes also sperm 
heads. In spermatozoa that underwent the acrosome reaction it 
is present only in the postacrosomal compartment, whereas in 
non-reacted spermatozoa - over the entire sperm head (Inoue, 
1981; Baccetti, 2003). It has been proposed that birefringence 
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of sperm heads can be applied in assisted reproduction to select 
competent male gametes (Montag et al., 2011; Omidi et al., 2017 
and references therein).

Neither standard light microscopy, nor PLM, is able to visualize 
detailed inner architecture of examined oocytes/embryos, nor has 
a high depth resolution. Harmonic generation microscopy (HGM), 
distinguishes, on the other hand, not only spindles and zona pel-
lucida (via second harmonic generation), but also lipid droplets, 
nucleoli and membranous organelles such as Golgi apparatus, 
endoplasmic reticulum and mitochondria (via third harmonic gen-
eration) (Box 2; Hsieh et al., 2008; Watanabe et al., 2010; Thayil et 
al., 2011; Kyvelidou et al., 2011). HGM utilizes a nonlinear optical 
phenomenon, where a single photon with shorter wavelength (and 
doubled or tripled energy) is created from two or three low energy 
photons. In contrast to laser-induced fluorescence, HGM leaves no 
energy deposition in the sample: the emitted HGM photon energy 
is the same as the annihilated excitation photon energy (Sun et 
al., 2004). Due to this energy-conservation characteristic HGM is 
considered non-invasive and therefore can be applied not only in 
research, but potentially also in a clinical setting. Moreover, it is 
compatible with a time-lapse imaging. Although it has been used to 
image Drosophila, zebrafish and mouse embryos (Sun et al., 2004; 
Debarre et al., 2006; Hsieh et al., 2008; Watanabe et al., 2010; 
Thayil et al., 2011; Kyvelidou et al., 2011), its usefulness in assisted 
reproduction has yet to be proven. Due to the abovementioned 
advantages and high imaging penetration depth (HGM utilizes 
near-infrared wavelengths), this microscopy method has become 
increasingly popular in other biomedical applications, including 
oncology and cardiology (Keikhosravi et al., 2014; Weigelin et al., 
2016 and references therein).

Another fluorophore-free approach to provide 3D image of 
intracellular architecture is optical coherence microscopy (OCM), 
a recent incarnation of optical coherence tomography (OCT) with 
an enhanced resolution. OCT/OCM exploits the phenomenon that 
if polychromatic light is directed towards the sample and compared 
with the reference light, a useful signal appears only when the optical 
paths of the light scattered back from the sample and the reference 
light are almost equal. The first attempts of applying OCM (full field 
OCM that exploited so called time domain OCT with 2D CCD detec-
tor and mechanical scanning in z direction) to visualize mammalian 
gametes and early embryos revealed only very coarse intracellular 
structures, such as spindles and nuclei, or general morphology of 
embryos, such as shape and size of blastomeres at various cleav-
age stages or trophectoderm and inner cell mass in blastocysts 
(Xiao et al., 2012; Zheng et al., 2012, 2013a, 2013b; Zarnescu et 
al., 2015). The main disadvantage of this approach was a relatively 
low imaging speed preventing a functional time-lapse imaging, as 
approximately 90 s were needed to acquire one 3D image. Another 
detection scheme, namely spectral OCT, where spectrometer is 
used to register spectral fringes carrying information about structure 
of the sample, has shortened this time to approximately 300 ms 
per one 3D volume. This increased imaging speed combined with 
a higher sensitivity of spectral OCT, as compared with a full field 
approach, have permitted significant improvement of the image 
quality. Additionally, combination of specifically designed trajectories 
of the scanning beam and signal processing protocols allowed to 
exploit the internal motion of cytoplasm in the imaged cells to ef-
fectively reduce the speckle noise, an obstacle typical for the OCT/
OCM technique. Such optimized OCM system has provided 3D 

high-resolution visualisations of the inner architecture of oocytes/
embryos: nuclei with nucleoli, metaphase spindles, networks of 
ER and mitochondria. It is compatible with a time-lapse imaging, 
so it may be used to monitor and quantitatively analyse dynamic 
behaviour of these organelles over time (Karnowski et al., 2017). 
This kind of structural and dynamic information is usually related 
to gamete/embryo quality and therefore may potentially serve as a 
quality predictor in IVF protocols. Its practical applicability requires 
however a further verification. Interestingly, OCM/OCT can be also 
used to image larger specimens, such as whole postimplantation 
embryos and foetuses (Larina et al., 2011; Wu et al., 2017), or 
cilia movement and sperm behaviour inside oviducts (Wang et al., 
2015, 2018; Wang and Larina, 2018). 

Although, as described above, label-free methods provide a lot 
of valuable information regarding intracellular structure of gametes/
embryos and, in combination with time-lapse imaging systems, 
dynamics of cellular processes, they cannot quantitatively identify 
chemical composition of the sample. One way to generate this 
kind of chemical specification without the need for external label-
ling is to exploit vibrational spectra of biomolecules. Vibrational 
resonances depend on the masses of the constituting atoms and 
their respective bond strengths. A typical vibrational spectrum 
therefore contains a large number of resonances related to the 
set of vibrational modes of the molecules reflecting the chemical 
composition of the sample (Carey, 1982). This principle has been 
applied in Raman spectro-microscopy (RSM). Light illuminating the 
sample interacts with its molecules, which leads to a shift in the 
photon energy. The shift reflects vibrational modes in the sample 
and in consequence its chemical composition. RSM utilizes light 
sources (usually lasers) in the visible wavelength range, and thus 
it delivers spatial resolutions comparable to those achievable in 
confocal fluorescence microscopy. However, Raman scattering 
(Box 2) is weak, and it can be disturbed by autofluorescence in 
the sample. This limitation has been overcome by anti-Stokes Ra-
man scattering (CARS) microscopy, where signal intensity may be 
increased by orders of magnitude enabling label-free quantitative 
analysis of the chemical content (especially lipids) of living cells 
at high imaging speeds (Zumbusch et al., 2013). RSM can be ap-
plied to examine chemical composition of oocytes and embryos 
(Bogliolo et al., 2013; Davidson et al., 2013; Bradley et al., 2016; 
Jasensky et al., 2016; Heraud et al., 2017; Ishigaki et al., 2017; 
Rusciano et al., 2017), and therefore may provide insights into 
their metabolism and, in consequence, quality and developmental 
potential. However, similarly to HGM and OCM, RSM applicability 
in assisted reproduction needs confirmation, as it has not been yet 
fully tested in an IVF clinical setting. 

In summary, a constant advancement in imaging techniques 
gradually extends our knowledge of cellular architecture and 
physiology. Many of those microscopic data have led to discoveries 
that have been already applied in medicine: imaging techniques 
utilized in basic research pointed out the most promising targets 
for novel diagnostic or treatment procedures. Reproductive biology 
and assisted reproduction are the perfect example here. Most of 
the parameters used in assessment of gamete/embryo quality in 
IVF clinics have strong biological merits and have been subjected 
to in-depth investigation with an aid of modern fluorescence micros-
copy. Only then, when those sensitive and effective but relatively 
invasive imaging methods reveal cellular features possessing a 
potential clinical significance, we can work on novel, non-invasive, 
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fluorophore-free imaging techniques capable of detecting those 
features and providing us with data both clinically useful and sci-
entifically sound. It will be extremely interesting to see, how the 
gamete/embryo imaging toolkit will extend within the next decades. 
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