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3D Imaging of Live Specimens

Quantitative Phase Imaging with SLIM and GLIM

The development of innovative tools for spatiotemporal 3D imaging of live, 
unlabeled biospecimens will significantly advance our understanding of 
problems ranging from cancer diseases and neuroscience to more accurate 
IVF procedures.

An ideal optical imaging method must include a mechanism to reveal the structure 
of weakly scattering specimens and one to subdue the multiple scattering 
backgrounds for optically thick samples. Due to their label-free, low-illumination 
power capabilities, Quantitative Phase Imaging (QPI) methods are: 1) noninvasive 
and, thus, suitable for stable, long term investigation without photodamage; 2) 
provide simultaneous information from large fields of view and 3) allow submicron 
levels of resolution in 3D. Spatial Light Interference Microscopy (SLIM) is an 
established method for investigating thin, transparent samples, such as single cells. 
Gradient Light Interference Microscopy (GLIM) is a new QPI technique that 
provides label-free and quantitative 3D tomographic imaging of tissues, organoids, 
embryos, model multicellular organisms with high resolution and remarkable 
contrast. White light illumination provides speckle-free images, which convert to 
spatially sensitive optical path-length measurements of nanometers. The common 
path interferometry in GLIM enables temporally sensitive optical path-length 
measurement down to nanometers. Co-registration with the fluorescence channels 
of the microscope represents a significant feature which enables control and co-
localization experiments based on fluorescence tags.

Introduction

Morphological evaluation has been the method of embryo selection for over 30 
years and remains the primary approach of embryo assessment during Assisted 
Reproductive Technology (ART) cycles, yet its predictive power is low [1]. Many 
drug discovery pipelines fail in early clinical trials [2] suggesting that more 
research is needed on the development of predictive biomarkers and preclinical 
cytotoxicity models.  Preclinical research [3-5] suggests that 3D tissue models are 
needed to reproduce the complexity and heterogeneity of clinical tumors [6]: cell-
cell interaction, hypoxia, drug penetration, response and resistance, and 



production/deposition of extracellular matrix.

Tissue-like structures called organoids [7-9] are used to recapitulate the 
phenotypes, function, and regulation of signaling pathways for cells in in-vivo 
tumors [10]. Researchers in these fields and those working with acute brain slices 
and multicellular model organisms need to visualize and quantify (measure) live, 
optically thick, in vitro 3D structures (tissues, organoids, embryos, model 
multicellular organisms) on subcellular as well as multicellular scales with high 
throughput and for long periods of time. Although the light microscope has been 
the main tool of investigation in biomedicine for four centuries, the current 
requirements for 3D imaging pose new, difficult challenges that we explore here.

Current Methods

An important challenge in imaging thick 3D biostructures with any optical method 
is loss of contrast due to multiple scattering [11]. Light propagation within an 
optically thick biological specimen (e.g. tissues) depends on the scattering and 
absorption properties of its components: cells, cell organelles, and various fiber 
structures. In the ultraviolet (UV) (λ < 400 nm) and infrared (IR) (λ > 2000 nm) 
range light is mostly absorbed with a small scattering contribution and it only 
penetrates through a few cell layers. In the visible and near-IR range scattering is 
stronger than absorption and light penetrates to a depth of a few millimeters. As 
thickness increases multiple scattering generates an incoherent background, and 
the signal to noise ratio (SNR) decreases exponentially. An ideal optical imaging 
method must include a mechanism to subdue the multiple scattering backgrounds 
and exhibit strong sectioning to suppress the out-of-focus light.
Most live biospecimens do not significantly absorb light and thus are transparent 
under an optical microscope. To increase the contrast the specimens are stained 
with agents such as fluorophores [12] (chemical or genetically encoded) and dyes 
(including nanoparticles) [13]. The current state of the art solutions [14] for 
imaging live 3D biostructures are based on the detection of spatial distribution of 

Figure: SLIM is well 
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multiple scattering back-
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signal from fluorescence tags attached to features of interest in the biospecimen. 
Fluorescence imaging is limited by two processes: photobleaching [15-16] and 
photoxicity [17-21]. Photobleaching is the irreversible alteration of the fluorophore 
molecular structure that can occur when the fluorophore is in an excited state 
which makes it unable to fluoresce. This limits the time interval over which 
continuous imaging can be performed. Phototoxicity is the damage caused by light-
induced formation of chemically reactive free radicals. This diminishes cell viability 
and stresses cell physiology, ultimately leading to cell death.

Confocal microscopy (CM) [22] uses a pinhole to reject out-of-focus background 
fluorescence and allows optical-sectioning for 3D imaging in thicker samples than 
conventional widefield fluorescence microscopy. CM penetration depth in thick 
samples is limited to about 100 microns [23]. This is due to scattering in the sample 
that causes the illuminating beam to defocus and decrease the amount of light that 
passes through the pinhole with increasing imaging depth. Laser-scanning confocal 
microscopy (LSCM) provides better axial optical sectioning than spinning disk 
confocal by point illumination of the sample with a laser, and spatial filtering of the 
returning beam with a pinhole to block light from outside the focus. LSCM uses 
very small apertures and rejects a great deal of light thus requiring high-intensity 
excitation sources and bright fluorescence tags, and fixed specimens. Two-photon 
[24] and multiple-photon [25] microscopy reduce photobleaching and allow imaging 
at larger depths into the sample (typically 2-300 microns). Light sheet [26] and 
lattice light sheet microscopy [27] decouple the illumination and detection optical 
pathways to provide higher resolution axial imaging with lower phototoxicity [28]. 
However, these techniques require a specialized microscope system, and specific 
sample mounting thus preventing the possibility of imaging a large variety of 
samples to be held in common holders, such as glass slides or petri-dishes where 
they hold their natural structure.

Quantitative Phase Imaging (QPI)

Quantitative phase imaging (QPI) [29] is a rapidly expanding area of research into 
imaging methods that provide an alternative to the limitations in fluorescence 
microscopy. QPI techniques provide contrast by quantifying the changes in the 
wavefront (phase shift) when light propagates through the sample, and includes: 
diffraction phase microscopy [30], spatial light interference microscopy (SLIM) 
[31], digital holographic microscopy [32], quadriwave lateral shearing 
interferometry [33], ptychography [34], transport-of intensity equation-based 
techniques [35], optical diffraction tomography [36], orientation-independent DIC 
[37]. These methods quantify the phase shift introduced by the sample and record it 
as pixel values in the generated image. Pixel intensity is proportional to the optical 



path length (OPL) change i.e. the physical thickness and the refractive index of the 
specimen and enables direct measurement of the morphology [38] and dry mass 
[39, 40] of a specimen. Measuring the phase shift across multiple angles of the 
illumination or axial specimen positions using QPI [41-44] and solving the inverse 
scattering problems [45, 46] can reveal the 3D structure of inhomogeneous 
specimens.

Spatial Light Interference Microscopy (SLIM) and Gradient Light Interference 
Microscopy (GLIM) are two QPI techniques that combine phase imaging (PC and 
DIC) with low-coherence interferometry and holography in a common-path 
geometry. This provides high spatial phase sensitivity (on the nanometer order) and 
high temporal stability. SLIM and GLIM were developed as add-ons for commercial 
PC and respectively DIC microscope frames in a 4f-optical relay design that 
provides high-fidelity optical field reconstruction between the object and image 
planes with near diffraction-limited operation. Both SLIM and GLIM make use of 
the normal white light illumination of the microscope which avoids the speckles 
that plague laser illumination-based QPI techniques and improves the optical 
sectioning due to the low-coherence length of the light source.

The GLIM [47] design rejects much of the multiple scattering contributions and 
exhibits strong optical sectioning needed for label-free and quantitative imaging of 
3D biospecimens. The DIC illumination consists of two identical power cross-
polarized beams shifted transversely by the condenser (Wollaston) prism with a 
distance smaller than the diffraction spot [48]. After passing through the sample 
and the second Wollaston prism, the resulting interfering beams are sent into the 
GLIM module without passing through the analyzer. The GLIM module consists of a 
one-to-one 4f relay system with a spatial light modulator (SLM) in the Fourier 
plane. The SLM active axis is aligned to the polarization direction of one beam, and 
retards its phase by multiples of π/2 radians (quarter wavelength OPL) while the 
other field unmodified. By accurately controlling the phase shift between the two 
beams, we acquire multiple intensity images at the camera plane, which have the 
same incoherent background, but different coherent contributions. Thus 
subtracting two pairs of images from each other (the sine and cosine components), 
we select only the coherent component and subtract out the multiple scattering 
contribution. The most important aspect of GLIM is that the two imaging beams are 
always equal in power, although they suffer equal degradation (i.e., the same 
background noise) due to multiple scattering in the sample, such that they interfere 
with high contrast no matter how thick the specimen. The GLIM system already has 
been used by various research groups to visualize 3D time-lapse evolution of 
optically thick specimens, including zebra fish, C. elegans, and embryos.



Summary

Gradient Light Interference Microscopy is a new QPI method for 3D tomographic 
imaging of live, optically thick biospecimens and, as such, is complementary to 
SLIM. GLIM rejects much of the multiple scattering contributions and yield high 
contrast these specimens. Furthermore, the illumination condenser aperture is fully 
open, which lands GLIM very strong optical sectioning so GLIM can provide 
tomographic imaging of optically thick specimens like tissues, organoids, embryos, 
and model multicellular organisms. The GLIM units are modular and can upgrade 
any commercial inverted DIC microscopes thus allowing easy overlay and pixel 
registration with fluorescence channels.
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