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During embryonic development, cells acquire different fates that will give rise to different organs and tissues. A key 
example is gastrulation, which results in formation of the germ layers and the main body axes. This process involves 
collective movements of cells upon early cell differentiation. A puzzling question is how these early differentiation 
patterns form. It relates to the fundamental problem of how cells in an embryo determine their position relative to 
each other, and to the whole embryo. To explore these questions in the context of early mammalian embryos, we 
use aggregates of mouse-embryonic stems cells, so-called gastruloids. These in vitro models of early embryos show a 
fascinating capacity to self-organize and establish a primary axis and germ-layer-like patterns from an initially 
equivalent mass of cells. One hypothesis of how these patterns arise is that cells sense signaling molecules 
(“morphogens”) that are released by other cells or penetrate from the culture medium into the intercellular space. 
However, we currently lack tools to detect the low concentrations of such molecules directly in living embryos. 
 
The objective of this interdisciplinary project is to employ quantitative fluorescence microscopy techniques such as 
fluorescence correlation spectroscopy (FCS) to detect diffusion of molecules inside embryonic organoids such as 
gastruloids. Applications of these techniques have so far been limited to isolated cells or small multicellular specimen, 
since aberrations and scattering distort the excitation volume in larger specimen and reduce the signal detected from 
deeper sections. This projects aims to circumvent these limitations and to establish FCS as a tool applicable in 
organoids. In particular, we will implement FCS on a single-objective lightsheet microscope (soSPIM) and evaluate 
several correction schemes for sample-induced aberrations and scattering. We will compare the performance of 
soSPIM-FCS to confocal and 2-photon microscopes, and benchmark it directly in gastruloids. Once established, we will 
apply the developed tools to quantify the diffusion dynamics and concentration of fluorescently labeled morphogens 
inside gastruloids and correlate the detected local concentrations with cell differentiation and patterning. 

 
Figure 1. (A) Scheme of soSPIM setup. (B) soSPIM-FCS : 3D diffusion maps are generated by pixel-wise fluctuation 
analysis of soSPIM imaging stacks (from Singh et al., BJ 2017) (C) Image of gastruloid expressing nuclear marker H2B-
GFP (green) and extracellular dye sulforhodamine (SR, magenta). The cross marks the position of confocal FCS of SR. 
 
The project requires a solid quantitative background, basic knowledge in optics and strong interests in fluorescence 
microscopy and living systems. The project will be carried out in a biophysics lab that combines experimental and 
theoretical approaches to investigate different aspects of morphogenesis in several model organisms.  This master 
project may lead to a PhD. 
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multifocus grating (17,18); however, the use of wide field
excitation schemes currently prevents their use for livemulti-
plane FCS imaging. Sequential single-plane FCS imaging re-
quires moving the sample through the light-sheet plane or
adjusting the detection path according to the light-sheet
depth into the sample. However, photobleaching typically
drastically limits the effective number of planes where imag-
ing FCS can be performed. Thus, multiplane FCS requires
specific illumination and detection schemes, as well as label-
ing strategies limiting photobleaching effects.

Here, we present, to our knowledge, a novel combination
of a single-objective based light-sheet microscope (soSPIM)
(19) with photoconvertible fluorophores to perform sequen-
tial imaging FCS on up to eight planes (<1 mm apart). This
enables quantification of protein diffusion effectively across
the entire cell nucleus in a multiplexed-multiplane fashion.
First, we tested and calibrated the performance of this so-
SPIM-FCS combination with organic dyes in a buffer solu-
tion, which showed similar sensitivity and calibration
parameters as previously reported using SPIM setups
(8,20). We then tested the sensitivity of soSPIM-FCS by im-
aging enhanced green fluorescent proteins (eGFP) in live
NIH3T3 cells. To explore 3D protein dynamics, we used
photoconvertible Dendra2-tagged RNA Polymerase II
(Dendra2-Pol II) protein to create multiplexed-multiplane
protein diffusion maps that traverse the 3D cell nucleus.
We acquired roughly an order of magnitude more correla-
tion functions from a single cell nucleus than previously re-
ported. Importantly, the improvement in the quality of
correlation functions and the number of data points per
cell was only possible due to the continuous photoconver-
sion of a sparse subset of proteins in the acquisition channel
leading to a high FCS signal-to-noise ratio (SNR) and

significantly reduced photobleaching effects. Because the
total data acquisition time (<5 min) is still less than the
typical eukaryotic transcriptional time window ~30 min
(21,22), soSPIM-FCS can access 3D dynamics within a bio-
logically relevant timescale. Finally, we investigated the dy-
namics of Yes-associated protein (YAP) (23), a downstream
effector of the Hippo signaling pathway. YAP is a transcrip-
tional coactivator, whose nuclear localization is regulated by
chemical and mechanical inputs (24). By imaging Dendra2-
tagged YAP, our approach enabled us to estimate nuclear
YAP diffusion kinetics for what we believe is the first
time and demonstrate the dynamic heterogeneity of YAP
in the nucleus. By measuring YAP dynamics throughout a
large area of the cell nucleus, we expect our results to be un-
biased due to localized variations in YAP dynamics (e.g.,
due to association with DNA via TEAD-binding).

MATERIALS AND METHODS

Detailed description on imaging FCS, data fitting, microfabrication, and the
protocol for cell culture can be found in the Supporting Material.

Experimental setup and data collection

The soSPIM system is composed of a high numerical aperture (NA) objec-
tive (CFI Plan Apochromat VC 60!WI 1.27 NA; Nikon Instruments, Mel-
ville, NY), a beam steering unit, and dedicated microfabricated devices
containing mirrors angled at 45" alongside microwells (Fig. 1; Fig. S1 in
the Supporting Material). The soSPIM components are mounted on a con-
ventional inverted microscope (model No. Ti-E, with 1.5! lens of the mi-
croscope body and a 0.45! lens to ensure a pixel size of 160 nm in the
image plane for sCMOS camera and 266 nm pixel size for EMCCD camera;
Nikon Instruments). The microfabricated imaging chamber (Fig. S2 (19)) is
placed on an axial translation piezo stage within a controlled environment
chamber for live cell imaging. Fluorescence emission is collected through

FIGURE 1 Experimental setup of single-objective based multiplexed-multiplane FCS (soSPIM-FCS) measurements. (A) (i) Experimental setup of the so-
SPIM system. (ii) Closeup of the 45" micromirror angled to reflect the light-sheet beam orthogonal to the detection axis for imaging at two different depths.
(B) Principle of multiplane FCS measurements. In multiplane imaging FCS, a sequential time image series is acquired at different z position in a cell and the
time autocorrelation performed at every pixel of the plane to achieve multiplane diffusion and concentration maps. (C) Principle of using photoconvertible
protein for FCS. (Left) The number of the photoconverted red molecule can be tuned in the observation volume by 405 nm laser excitation. (Right) Dendra2
protein in red form is expected to show increased ACF amplitude. To see this figure in color, go online.

Singh et al.

134 Biophysical Journal 112, 133–142, January 10, 2017

B C

Single objective for illumination
and detection

Micro-
mirror

Gastruloid


