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4.1 Abstract 

The shaping of tissues during development is inherently mechanical because of cellular 

migration, shape change and contraction. On top of that, cells are mechanosensitive and 

change their behavior based on mechanical input from their environment. The mechanical 

properties of tissues thus are valuable information for understanding morphogenesis, but 

poorly documented. Here, we present a new protocol that allows characterization of the 

viscoelastic properties of in vivo HH10-11 chicken embryos. The protocol is based on ferrule-

top microindentation, combined with monitoring the embryonic tissue with optical coherence 

tomography (OCT). To immobilize the embryos, they are explanted with a filter paper 

sandwich that is placed in agarose. We report here the first stiffness measurements on chicken 

mesoderm during somite formation, with high spatial resolution from the mesenchymal tail 

bud up to the epithelialized somites. The stiffness of the mesoderm ranges from 200 Pa in the 

tail to 700 Pa in the somites. Also, we demonstrate that the midline rapidly develops in stiffness 

to 900 Pa in the caudal PSM, thereby mechanically supporting the surrounding tissues. The 

difference in stiffness between midline and presomitic mesoderm decreases when the 

mesoderm forms somites, but it still takes somite S0 to SIV for the somitic mesoderm to 

develop a higher viscoelastic response. The results show that major increases in stiffness are 

related to local epithelialization. While there is variation in the absolute stiffness between 

individual embryos, the trends along the anatomical positions appear similar. Our method can 

reliably measure stiffness of 200 Pa and higher in embryonic tissues and allows investigating 

the correlations between local mechanical properties and tissue morphology, with more 

precision than previous studies.  
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4.2 Introduction 

Morphogenesis is a continuous process of cell migration, tissue deformation and growth. It is 

a self-organized patterning process orchestrated by the properties of the cells, which are 

controlled by gene expression and chemical and physical signaling. The shaping of tissues is 

inherently mechanical and is typically executed by the molecular motor actin-myosin, which 

transmits forces via intracellular cytoskeletal elements to adhesion molecules between cells (1), 

and via integrins to the extracellular matrix. The resulting cellular forces drive tissue formation 

by processes such as cell division, changes in cell shape, rearrangement of cells within tissues, 

including mesenchymal-epithelial transitions (MET), and cell migration throughout the 

embryo (2).  

 

Next to chemical signaling, it has recently become clear that the mechanical properties of cells 

and tissues may also play a role in morphogenesis. Cells are mechanosensitive and adapt their 

behavior to their mechanical environment. Therefore, mechanical signals can be considered 

instructive for morphogenesis, for example, as an organizing factor (3), an activator of 

signaling pathways (4), control of cell differentiation (5) and cell proliferation (6). Accordingly, 

abnormal tissue mechanics are often related to pathologies, such as cancer (7). However, we 

know little of the mechanical properties of developing embryos. 

 

In this study, we set out to investigate the mechanical properties of early chicken embryo 

mesoderm, during somite formation. Currently, the physical interactions and viscoelastic 

properties of the different mesodermal structures are largely unexplored. Nevertheless, the 

processes during somite formation along the rostrocaudal axis of the embryo, such as MET, 

changing extracellular matrix composition, differential migration and active cell contraction 

of mesodermal cells, lead us to believe that there should be differences in mechanical 

properties along the rostrocaudal axis of the embryo. 

 

To measure the mechanical properties in vivo, chicken embryos were cultured in filter paper 

sandwiches (8), immobilized in agarose and scanned with optical coherence tomography 

(OCT). We then indented the embryos with a ferrule-top indenter (9) along the rostrocaudal 

axis. We show that we can measure the stiffness heterogeneities in the embryo with our setup 
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in more detail than ever done before (10). While there are differences in absolute viscoelastic 

responses between individual embryos, the relative trends among anatomical regions are 

similar. 

 

4.3 Materials and methods 

 

Chicken embryo cultures 

Fertilized chicken eggs, white leghorns, Gallus gallus domesticus (Linnaeus, 1758), were 

obtained from Drost B.V. (Loosdrecht, The Netherlands), incubated at 37,5°C in a moist 

atmosphere, and automatically turned every hour. After incubation for approximately 41h, 

HH10-11 chicken embryos (11) were explanted using filter paper carriers (12) and cultured ex 

ovo as modified submerged filter paper sandwiches (8), that were immobilized in agarose and 

submerged in growth medium (13). 

 

The growth medium consisted of medium 199 GlutaMax (Invitrogen, ref. 41150-020; 4ºC), 10% 

chicken serum (GIBCO, ref. 16110-082; -20ºC), 5% dialyzed fetal bovine serum (FBS) (GIBCO 

ref. 26400-036; -20ºC) and 1% of a 10000 U/ml stock solution of Penicillin/Streptomycin (GIBCO 

ref. 15140-122; -20ºC). 

 

To prepare the embryo culture, 60 mm × 15 mm Petri dishes (Sigma, ref. P5481) were equipped 

with a glass bottom (30mm circular cover glass #1, Thermo Scientific Menzel ref. 

CBAD00300RA140MNZ#0) to allow the OCT to image from below. A solution of 1.5% w/v low 

gelling temperature agarose (LGT agarose, Sigma, ref. A9414), was kept at 40oC on the bench. 

A hill of 500 µl 1.5% w/v agarose (Sigma, ref. A9539) was made on top of the glass bottom (Fig. 

1F). Chicken embryos were explanted as submerged filter paper sandwiches (8), and washed 

and operated in Dulbecco’s PBS (Sigma, ref. D8357). To prevent disturbance of the 

measurements by the beating of the heart that might develop, we cut away the heart tube of 

the ventral side of sandwiched embryos (Fig. 1A and B). On the dorsal side of the embryo, we 

made a rostrocaudal slit in the vitelline membrane from the heart to the tip of the tail (Fig. 1C). 

This slit allows inflow of agarose to properly immobilize the embryo, but cannot be wider than 

the embryo itself, otherwise the support of the membrane is lost and the embryo will rupture.  
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Figure 1 | Agarose-immobilized culture for chicken embryos. (A) Ventral view of a HH11 chicken embryo 

(40hpf). Yellow lines show the dissection sites to remove the embryonic heart tube, to prevent the beating 

heart from disturbing the measurements. (B) Same embryo as in (A), after dissection of its heart tube. (C) The 

embryo from (A) and (B) is turned to its dorsal side, where the vitelline membrane is opened along the 

embryo, so the embryo can be fully fixed in agarose in the next steps. (D) The sandwich paper culture chicken 

embryo is immobilized in agarose by placing the embryo with its dorsal side on low gelling point agarose 

and covering the filter paper edges with agarose. After the agarose is cured, the embryo is covered with 

growth medium. (E) Side view of an embryo culture. (F) Scheme showing the agarose immobilization chicken 

embryo culture. The embryo is embedded in agarose on its dorsal side, while the ventral side is approachable 

for measurements. Scale bars in A, B and C are 500 µm. 

 

Next, fresh LGT agarose was pipetted over the agarose hill. The embryo filter paper sandwich 

was dried horizontally with tissue and then placed on the fresh LGT agarose, dorsal side down. 

Carefully, the filter paper sandwich was moved horizontally, so the LGT agarose can penetrate 

through the previously made slit in the vitelline membrane to engulf and cure towards the 
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ectoderm of the embryo. Because of the hill of agarose, the embryo was pointed upwards, 

which helped approaching the embryo with the indenter. The edges of the filter paper were 

covered with agarose to immobilize the filter paper. To prevent dehydration of the embryo 

during the LGT agarose curing, carefully bring a droplet of medium on top of the embryo, 

while not wetting the curing agarose. After approximately 3 minutes, the culture was placed 

in the indentation box (Fig. 1D) and growth medium was slowly poured into the Petri dish 

(Fig. 1E). After the embryo was submerged in 25 ml of the growth medium, the embryo was 

anatomically aligned under the OCT and the indentation sphere was hovered above the 

embryo (Fig. 2A and 2B). 

 

Experimental setup 

The setup consists of an indentation arm, OCT imaging system and sample holder (Fig. 2A). 

The indentation arm comprises of an XYZ micromanipulator (PatchStar, Scientifica, UK), piezo 

transducer (PI p-603.5S2, Physik Instrumente) and a ferrule-top indentation probe connected 

to an interferometer (OP1550, Optics11, The Netherlands). A single mode optical fiber is used 

to readout the bending of the cantilever, as was developed and tested before (9, 14). For the 

indentation, cantilevers with 0.34-1.2 N/m stiffness and spheres of 54-69 µm radius where used 

(Fig. 1C). Cantilevers of this stiffness are soft enough to significantly bend on soft tissues. The 

radius was chosen as it is large enough for indenting deep into the tissue without any slipping 

effects, while small enough to keep a spatial resolution between somites. The system was 

placed on a vibration isolation table (1VIS22-60-4, Standa, Lithuania) and enclosed in a custom-

made wooden box with acoustic foam covering inside to minimize external noise. The whole 

setup was heated to 37.7oC via metal bars in the box. 

 

Immunohistochemistry 

Indented embryos and fresh age-matched controls were fixed in 4% paraformaldehyde 

overnight in phosphate buffered saline (PBS) at 4oC. Permeabilization in PBST + 0.15% Triton-

X-100 lasted for 1.5 hours. Blocking was performed for 2 hours in PBST + 2% BSA + 5% normal 

goat serum. The following antibody was used: fibronectin mouse-anti-chicken (B3/D6-s, 

Hybridoma bank). The antibody was diluted in PBST with 1% BSA. Embryos were incubated 

in primary antibody solution for 24h at 4oC, followed by extensive washing in PBS and  
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Figure 2 | Ferrule-top cantilever setup with OCT, for measuring viscoelastic properties of chicken 

embryos. (A) Scheme of the experimental setup. The chicken embryo cultures were placed in a self-made 

wooden box that isolated the setup from outside vibrations. This box was heated to 37.7oC before the 

experiments were started. In the box, the embryo was visualized by OCT from below, and measurements 

were taken by indentations from above. (B) Chicken embryo culture with a cantilever probe in the box. (C) 

The cantilever probe with a spherical tip. Scale bar is 1 mm. (D) By indenting the embryos, the cantilever 

bends as a reaction to the tissue resistance. The incoming and reflecting light through the optical fiber create 

an interference pattern, created by the reflection from the end of the ferrule-top cantilever back to the optical 

fiber. The phase difference between the two light beams corresponds with the relative displacement of the 

cantilever. This signal via the interferometer is then used to derive the mechanical properties. (E) Sagittal 

OCT section of a cantilever with sphere, hovering ventrally over a chicken embryo. Scale bar 1 mm. (F) Depth-

controlled indentation oscillatory ramp loading profile, showing the load on the cantilever (µN) as it indents 

(µm) over time (s). 
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incubation with appropriate Alexa Fluor-conjugated secondary antibody (1:500, Molecular 

Probes). Embryos were stained for F-actin using Alexa Fluor 546 Phalloidin (1:200, Molecular 

Probes) and for nucleic DNA using DAPI (1 µg/ml).  

 

Proliferation and apoptosis rates 

For controlling the quality of the embryos in the culture, we compared the cell proliferation 

and apoptosis in embryos with heart tubes resected, cultured without indentation, and fixated 

at different time points after culturing: 0 hr (control), 2 hr, 4 hr and 6 hr. Embryos were 

processed for immunohistochemistry and stained using the following antibodies: rabbit 

polyclonal anti-cleaved caspase-3 (1:200, Cell Signaling) and rabbit polyclonal anti-

phosphohistone-H3 (1:400, Cell Signaling) with the appropriate Alexa Fluor-conjugated 

secondary antibodies (1:500, Invitrogen) and DAPI for nucleic DNA (1 µg/ml). 

 

Apoptotic cells (Cas3 staining, control n=3, cultured n=12 embryos) and proliferating cells 

(pHH3 staining, control n=3, cultured n=12 embryos) in somitic mesoderm lanes (somite SI to 

SV) were counted in high-resolution confocal micrographs acquired on a Leica SP8 confocal 

microscope. At least 500 cells were counted per embryo. Apoptosis and proliferation rates 

were calculated as follows: (apoptosis/proliferation) rate (%) = number of positive staining 

cells/number of total cells × 100. Statistical analysis was performed using GraphPad Prism 

software. One-way ANOVA testing was applied to determine the P-values for the apoptosis 

and proliferation rates. 

 

Optical coherence tomography (OCT) 

To find anatomical locations and follow each indentation experiment, the embryos were 

scanned with a spectral domain SD-OCT (Telesto II series, Thorlabs GmbH, Germany). A 

super-luminescent diode (SLD, D-1300 HP, Superlum, Ireland) with full width half maxima 

(FWHM) of 85 nm and central wavelength of 1310 nm was used as light source. This OCT 

system can provide real time imaging with maximum imaging depth of 3.5 mm, axial 

resolution of 5.5 µm in air and 4.2 µm in water, and a transverse resolution of 11.8 µm. The 

setup was operated in inverted mode as the images are taken from beneath the glass surface 

of the Petri dish of the agarose culture. Afterwards, the collected OCT data were processed 
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using commercial software (ThorImage OCT 4.3, Thorlabs GmbH). All the scale bars are 

expressed in liquid optical path length (�=1.33), unless otherwise mentioned. 

 

Indentation protocol and data analysis 

Indentations were performed in a depth-controlled mode by using a feedback loop (9). The 

oscillatory ramp profile (Fig. 2F) was selected for the characterization of viscoelastic properties 

at different depths, as shown by Antonovaite et al. (15). Strain rate of the ramp was 0.01, 

maximum depth 25 µm and amplitude and frequency of oscillations were 0.25 µm and 5.62 

Hz.  

 

Load-indentation data was used to extract storage and loss moduli by fitting every 20 

oscillations (custom written code in Matlab) (9). Fits with R2 < 0.5 were removed from the data 

set. Storage modulus values at ~8.4±0.8% strain (depth 11.9±2.7 µm) were selected for regional 

comparisons, fulfilling the requirement that depth is less than 10% of the sample thickness and 

small strain approximation ε < 0.08 (16). From these raw data, the storage and loss moduli (E’ 

and E’’) were deduced with a custom-written MATlab code. The following equations for the 

storage and loss moduli were used: 

 

 
�������	
 = �� cos � √

 �√�      [1] 

    
�"�����	
 = ��  sin � √

 �√�      [2] 

 

 

where E’ is the storage modulus, E” is the loss modulus, ω is the frequency, F0 is the amplitude 

of the oscillatory load, h0 is the amplitude of the oscillatory indentation depth, v is Poisson’s 

ratio of compressibility (0.5, assuming incompressibility), δ is the phase shift between the 

indentation and load oscillations, A = πa2 is the contact area a=sqrt(Rh) where R is radius of 

the sphere and h – indentation depth (15). The moduli have units of stress, N/m2, generally 

referred to as Pascal (Pa). With the oscillatory ramp we can define the ratio between the loss 

and storage modulus, known as loss tangent, Tan(φ), which provides the ratio between 

viscous and elastic components. Tan(φ)=E’’/E’. 
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For the final data analysis 12 HH10-11 embryos (11-13 somites) were selected with complete 

indentation maps. Measurements from different embryos were pooled and averaged. The 

error bars are standard error of the mean (SEM).  

 

Measurement reproducibility 

The ferrule-top indentation with the oscillatory ramp profile was established and validated 

before (9) on various biological samples (14, 15). In this study, indentations were not repeated 

at single embryo positions (to improve statistical power) for two reasons. Firstly, as the embryo 

continues to grow and the ‘age interval’ between rostral and caudal structures becomes larger, 

more heterogeneous measurements are done in one embryo. Secondly, living tissue responds 

with a stiffening to repeated mechanical stimuli. During indentation, tissue is deformed and 

due to the time-dependent viscous component, it takes time (minutes to hours) for the material 

to recover to the original position (flow of the fluid through a matrix with low permeability). 

Furthermore, permanent deformation can take place as well. Duplicate measurements would 

therefore yield different values and ‘virgin’ tissue measurements are preferred. Embryos were 

indented caudally to rostrally to reduce any effects at the end of the culturing related to the 

onset of cell death, as the caudal embryo is much thinner than rostrally. The substrate agarose 

had a E’ of >6 kPa, and thus was much stiffer than the embryos. Tests with different E’ agarose 

yielded no significant differences in embryo E’ (not shown). 

 

Region mapping 

The embryos in the agarose culture will survive with no changes in cell death for 4~6 hours. 

Nevertheless, performing a full indentation map along the embryo would have taken too 

much time. Therefore, we chose to focus on eight positions along the rostrocaudal axis of the 

mesoderm that show anatomical differences (Fig. 3, Table 1). These eight locations were 

indented by transverse lines of 10 indentations, with a step size of 50 µm. The indentation lines 

(500 µm length) were centered to the embryo midline so that on every rostrocaudal position, 

five regions of interest were measured: lateral mesoderm (regions 1 and 5), paraxial mesoderm 

(regions 2 and 4) and the midline (region 3) (Fig. 3B and C). 
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Figure 3 | Embryo indentation points. (A) Embryos were indented with eight transverse lines, at 10 positions 

with 50 µm steps, across the rostrocaudal axis while visualized by OCT. The lines are shown imposed on a 

schematic embryo and a widefield immunograph. Next, are a parasagittal confocal section and a midsagittal 

OCT section, through the mesoderm. Rostral is up and caudal is down. Immunostainings are red (actin), 

green (fibronectin), blue (nuclei). Scale bar is 500 µm for all images. (B) Scheme of (C), showing the germ 

layers of a HH11 embryo imbedded in agarose. These indentation lines were divided in five regions: lateral 

mesoderm (1 and 5), paraxial mesoderm (2 and 4) and the midline (3). (C) Transverse OCT section, showing 

the embryo anatomy in the somitic region, with the three germ layers. Scale bar is 100 µm. 
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Table 1 | Anatomical regions that were indented, from rostral to caudal 

Location Anatomical region Area 

1 SV Somitic 

2 SIII Somitic 

3 SI Somitic 

4 S-I Rostral PSM 

5 S-IV Rostral PSM 

6 Opening neuropore Mid PSM 

7 Caudal PSM Caudal PSM 

8 Tail tip Caudal PSM 

 

For all experiments, a B-scan (transverse) image along the left-right embryo axis was acquired 

to evaluate the quality and the attachment of the sample (Fig. 2E). Moreover, for each single 

indentation measurements, a B-scan image was acquired to precisely discriminate each 

location in the regions of interest (Fig. 3C). During the indentations, OCT sections were taken 

every 10 seconds. Combining the OCT sections and the indentation curves, each indentation 

was evaluated and failed measurements were removed and repeated at a nearby comparable 

position. 

 

Image acquisition and analysis 

Immunohistochemistry images were acquired with a Zeiss Axiozoom V16, with ApoTome.2 

for optical sectioning and a Hamamatsu ORCA-Flash4.0 V2 digital camera. Cell proliferation 

and apoptosis immunohistochemistry images were acquired with a Leica TCS SP8 X Confocal 

Microscope. ImageJ and Adobe Photoshop were used for image analysis and processing. 

 

4.4 Results 

 

Performance of the ferrule-top cantilever setup with OCT  

To explore the ability of the method to accurately visualize and measure the small and soft 

embryonic tissue, embryos were indented rostrocaudally from somite V to the tip of the tail. 

Individual embryonic structures, such as the germ layers, separate somites, notochord and 

neural tube, were well distinguished with the OCT, in real-time (see OCT scan through a HH9 
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chicken embryo in Video 1) and thus the right indentation locations could be found. During 

the indentations, the storage modulus could be visually related to the embryonic structures by 

sagittal and transverse OCT imaging (Fig. 5 and Video 2). While indenting along somites, their 

morphology was reflected in the storage modulus values, as somites VI to IV are relatively 

stiff and are clearly stiffer than the intersomitic matrix, which was directly related to the 

position of indentations. This shows that the ferrule-top indentation setup is also able to 

differentiate the soft heterogeneous stiffness differences between the embryonic structures. 

OCT scans showed that embryos that were successfully transplanted and immobilized in the 

agarose, as there was no relative movement of the embryo in the agarose during indentations. 

Video 3 shows the sphere, attached to the cantilever, indenting somite V with the oscillatory 

ramp profile, which demonstrates that the embryos can be properly immobilized with this 

protocol. Failed immobilization in the cultures was detected on OCT by tissue moving 

relatively to the agarose and the storage modulus dropping to low numbers, as it happened 

on the tail tip in Fig. 5. 

 

Embryo survival in the culture 

Proliferation and apoptosis rates in the mesoderm of embryos in the agarose-immobilization 

culture are shown in Fig. 4. Until 4 hours in the culture, there were no significant changes in 

proliferation and apoptosis rates. After 4 hours, the proliferation showed no significant 

changes, but the apoptosis rate showed a significant increase, which hints at the tissue being 

frustrated and starting to die. 

 

 
Figure 4 | Proliferation and apoptosis rates in the mesoderm during culture. Non-cultured control embryos 

(0 hr) and cultured embryos (2, 4 and 6 hr) showed no significant differences in apoptosis and proliferation 

rates until 4 hr incubation. After 4-6 hr incubation, the apoptosis rate increased significantly (P=0.001), while 

the proliferation rate showed no significant difference. 
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Figure 5 | Storage modulus (E’) along the paraxial mesoderm of a single HH10 embryo. Exploration of the 

ability of the method to discriminate between structurally distinct embryonic areas. Rostral is left, caudal 

right. (A) The deduced E’ (storage modulus) relates to the different mesodermal structures of the embryo. 

Somites VI to IV are relatively stiff (almost 500 Pa) and are clearly stiffer than the intersomitic matrix (275 Pa). 

SIII to S0 are softer (325 Pa), show no difference with the matrix, and are as stiff as the rostral PSM. However, 

the caudal measurements of this embryo are not representative for the paraxial mesoderm: in the caudal PSM 

region the midline was indented (400+ Pa), and the tail tip was not correctly immobilized and this resulted in 

a low feedback. (B) Sagittal OCT section showing the indented mesodermal structures. Orange lines relate 

the structurally different regions along the paraxial mesoderm. Scale bar is 250 µm. 

 

The regional viscoelastic properties along the mesoderm 

We found the chicken mesoderm behaves like a viscoelastic material that is confined between 

the lateral mesoderm, the midline, the ectoderm and the endoderm. The storage modulus (E’) 

and loss modulus (E”) are the elastic and viscous components that define the viscoelastic 

response of the tissues to applied stresses. Fig. 6 shows the averaged storage modulus and loss 

modulus obtained for eight positions along the rostrocaudal axis of the mesoderm of 12 in vivo 

HH9-HH11 chicken embryos. There is a clear increase in stiffness from the caudal tail bud to 

the rostral somites, as was expected. Fig. 7 shows a heat map, reconstructed with the storage  
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Figure 6 | Storage (E’, blue) and loss (E’’, red) modulus along the embryos. Transverse OCT sections show 

the position s of line 1 (most rostral) to line 8 (most caudal). Data points are averages of 12 embryos, with 

SEM error bars. Every line shows five regions of interest, from left to right these are: (1) right lateral mesoderm, 

(2) right paraxial mesoderm, (3) midline, (4) left paraxial mesoderm, (5) left lateral mesoderm. 

 

 

 

 
 

Figure 7 | Storage modulus heat map for HH10-11 embryos. Reconstructed averaged storage modulus (E’) 

map for the somitic, presomitic and tail regions of HH10-11 embryos. White color indicates regions that were 

not measured. 
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moduli of the HH10-11 embryos from Fig. 6. Three trends are visible here. First, the midline is 

the stiffest structure and develops stiffness early in the presomitic area. Second, the somites 

are the stiffest paraxial mesoderm, although their difference with the midline is not so large as 

it was in the presomitic area. Third, the map shows an asymmetrical stiffness distribution 

between the left and right sides of the embryo in the somitic and tail regions. 

 

To compare the storage modulus of the somitic and presomitic regions, we also merged 

indentation data of the somitic area (lines 1-2-3), and the PSM area (lines 4-5-6) in Fig. 8. The 

difference between the midline and paraxial mesoderm is very clear in the presomitic area, 

while this difference is smaller in the somitic area. 

 

To describe the relationship of the viscosity and elasticity along the embryo, the loss tangent, 

tan(φ), is shown in Fig. 9. As expected, the embryonic structures age from caudal to rostral, 

the loss tangent decreases, so the tissues become relatively less viscous and relatively more 

elastic. 

 

Lastly, Fig. 10 shows the storage modulus for all individual embryos. Large variation is mainly 

seen between embryos (differently colored data). However, some embryos, especially the 

stiffer embryos, also show larger variations between their left and right sides, compared with 

softer embryos. The individual embryos show considerable variation in the absolute stiffness 

values for the anatomical positions, with a non-linear increase in between softer and stiffer 

embryos (Fig. 10). 

 

Nonetheless, the data show similar relative trends in the viscoelasticity along the embryos (Fig. 

6, 7, 8). The tail tip (Fig. 6, line 8) is very soft (~200 Pa) and relatively viscous with a tan(φ) of 

0,33 (Fig. 9, line 8), which indicates a higher ratio of viscous to elastic component. In the caudal 

PSM (Fig. 6, lines 5-7), the midline stiffness increases rapidly to ~900 Pa, where the notochord 

and neural plate differentiate into structured epithelia. In the presomitic area (Fig. 6, lines 4-

6), the PSM and lateral mesoderm are softer compared to the midline (~250 Pa difference). In 

the caudal PSM, the loss-tangent is still relatively high (Fig. 9, tan(φ) = 0,32), but this decreases 

towards the rostral PSM (Fig. 9, tan(φ) = 0,27). This shows that the more mature tissues have  
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Figure 8 | Storage modulus in the somitic and presomitic regions. Comparison of the storage modulus for 

the somitic and presomitic mesoderm, by merging indentation data of lines 1-2-3 in comparison with lines 4-

5-6. For illustration, a sagittal (top, rostral is left, caudal is right) and transverse OCT section (bottom) are 

shown. Averages with SEM bars. Scale bars are 100 µm. 

 

 

 

 
 

Figure 9 | Loss tangent, Tan(φ): the ratio between E’ and E’’ along the embryo. Averaged Tan(φ) along all 

rostrocaudal positions (lines) with SEM bars. 
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a more elastic behavior. Along the somitic area, the midline is still the stiffest structure (~800 

Pa, Fig. 6, lines 4, 5, 6), but the paraxial mesoderm increases over time as the PSM develops 

into somites (Fig. 8). 

 

Somites SIV and older are significantly stiffer than somites 0 to III in single embryos (for 

example: one-way ANOVA, p= < .00001 at p < .05, for the embryo in Fig. 5). The averaged 

stiffness between somites of lines 2 and 3 is not significant (Fig. 6, one-way ANOVA, p=277642 

at p < .05), because of the larger variation. 

 

4.5 Discussion 

 

Measuring viscoelastic properties of embryos 

Accurate material properties of developing embryonic tissues help understanding the 

mechanobiology of morphogenesis. However, mechanical testing of early embryos in vivo is 

very difficult and therefore there is still a lack of studies that have embarked upon this. The 

main challenges lie in the small size of the embryos (mm range) and early organs (10-100um), 

their softness (102–104 Pa), and the viscoelastic nature (time-dependent behavior) of living 

tissues (17). 

 

Agero et al. provided a first insight into the bulk elastic properties of chicken embryos during 

somitogenesis by deforming the embryos with a micropipette (10). Although their Young’s 

modulus values of the midline of the embryo, at 700-2500 Pa, ranged similarly to our storage 

moduli, their spatial resolution was not sufficient to draw conclusions regarding individual 

embryonic structures. Also, the time-dependent recovery of the tissue was ignored. Our 

ferrule top-indentations, combined with an agarose-immobilization culture and OCT 

monitoring, allow for higher spatial resolution and more accurate, direct measurements. Also, 

by applying an oscillatory ramping protocol (Videos 3 and 4), we were able to obtain the full 

viscoelastic response.  

 

Structure-property relationship 

In our indentation mapping, we found a four-fold increase in tissue stiffness from the caudal 
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Figure 10 | Storage modulus for all individual embryos. Averaged storage modulus for all 5 regions along 

all rostrocaudal positions (lines) for all individual embryos, with SEM bars. 

 

 

tail tip to the rostral somites (Fig. 5-10). In the caudal PSM, the paraxial mesoderm is still very 

soft, while the midline already increases its stiffness caudally (Fig. 6, lines 8 to 6). Along the 

somitic area, the midline is still the stiffest structure, but the difference with the somites is not 

so large anymore (Fig. 6, lines 1, 2, 3). Somites SIV and older are significantly stiffer than 

somites S0 to SIII (Fig. 5, Fig. 6 lines 1 and 2 vs 3). This general difference in stiffness is also 

shown in Fig. 8, where we see that the stiffness difference between the paraxial mesoderm and 

the midline is larger in the tail than in the somitic area. 

 

These trends can be logically related to the maturation of the presomitic mesoderm and 

midline in the trunk and tail of the chicken embryo (see micrographs in Fig. 3). The caudal 

PSM is characterized by stem cell-like mesenchymal cells that migrate actively with large 

intercellular space and lacking mature ECM (Fig. 3A, confocal and OCT section) (18). 

Gradually the fibronectin and laminin matrix become more abundant and interconnect 

rostrally (Fig. 3A widefield). This aids in anchoring the PSM cells by providing a substrate on 

which they can undergo collective migration to form epithelial spheres (19–21). The PSM cells 

compact together and become more contractile to the ECM (Fig. 3A confocal section, compare 

caudal PSM with rostral PSM) (22, 23), and thus promote fibronectin assembly. 
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At the same time, the notochord and neural plate quickly develop a high stiffness (Fig. 6, lines 

8 to 6). This confirms the theory that the notochord is not only an organizer center for chemical 

signaling, but also acts as an ‘embryonic spine’ that plays a major role in the mechanical 

integrity of the early embryo (24). The neural plate rostrally folds into the neural tube and this 

morphogenetic movement needs a stiffer tissue to be able to undergo neurulation (Fig. 6, lines 

5 and 6), just as in Xenopus, where morphogenetic transformations are preceded by stiffening 

of the structures (25). After neurulation, the neural tube still keeps developing, but as the tube 

now has a lumen, it probably deforms easier when indented, than the compact neural groove 

(Fig. 6, compare lines 4, 5 with lines 1, 2, 3). We interpret this as the neural epithelium getting 

stiffer at the cellular level, but at the same time the mechanical behavior at the structural level 

changes, because of the transformation into a tube with a lumen (Video 1). 

 

The rostral PSM (Fig. 6, line 4) has a lower stiffness than the young somites (Fig. 6, line 3), 

showing that it is the organization of cells into epithelialized structures that is a significant 

contributor to the higher stiffness, similarly to the notochord and neural tissue in the caudal 

PSM, when they undergo MET (Fig. 6, from line 8 to 7 and 7 to 6). 

 

Although some studies report periodically arranged transverse clefts along the rostral PSM 

before somite formation (26, 27), no periodic visual (Fig. 3A confocal and OCT sections) or 

stiffness patterns (Fig. 5A) were observed in the rostral PSM that could be related to these 

somitomeres. Interestingly, the first three somites were found to be significantly softer than 

the older somites. Again, relates with the gradual epithelialization of the mesoderm. While 

somites S0 to SIII are separated from the PSM and rounding up into epithelial spheres, they 

are not completely epithelialized until SIV. 

 

One unanticipated outcome in the reconstructed map of the storage modulus (Fig. 7), is the 

asymmetrical distribution of stiffness between the left (north side in Fig. 7) and right (south 

side in Fig. 7) sides of the embryo. In Fig. 7 we see that the averaged storage modulus in the 

tail is stiffer on the left lane, while in the somitic mesoderm the right lane is stiffer than the left 

lane. We expect that this is an artefact, based on positioning of the embryos in the agarose. As 

the embryo are placed in agarose, they tend to lean to one paraxial side. Consequently, 
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indentations might be slight differently angled on left and right sides, leading to shearing of 

the sphere along the tissue. These angles are random distributed among embryos, because 

while their morphology is symmetrical, how they are leaning in the agar is random, resulting 

to variations in stiffness. In Fig. 10, we see that stiffer embryos show more variation in left-

right stiffness, so the shearing effect of the sphere along the stiffer embryo might be larger.  

Another explanation could have been the right-to-left direction of measuring the transverse 

line, thereby conditioning the left side of the embryo, before arriving there with the sphere. 

However, this explanation seems less likely, as the asymmetrical stiffness distribution in Fig. 

7 is not biased to the left side only. 

 

Embryo quality in the agarose culture 

Our agarose-immobilization culture for early chicken embryos requires attention and practice 

to obtain stable cultures, but when mastered, embryos can be precisely mechanically tested 

(Video 2, 3 and 4). As the agarose-culture caused no significant changes in the apoptosis and 

proliferation rates (Fig. 4) until 4 hours, we conclude that the indentations performed within 

this time interval yielded proper in vivo results. The increase in apoptosis after 4 hours 

probably related to the immobilization aspect of our culture. Inhibiting the expansion of the 

early chicken embryo is known to frustrate the tissue and can result in developmental arrest 

(28–30). Frustrated embryonic tissue might also exhibit different mechanical behavior and 

therefore the immobilization of embryos for mechanical testing might be inherently limited by 

such developmental arrests. 

 

Protocol accuracy and interembryonic variation 

For the final data analysis, 12 embryos (HH10-11) were selected with complete indentation 

maps. Averaging the viscoelasticity values from the same rostrocaudal regions over embryos 

resulted in trends in the viscoelasticity values that can logically be related to the embryonic 

structures. Nevertheless, we still observed considerable interembryonic variation in 

viscoelasticity. Biomechanical properties of the embryonic tissues may vary with age, size and 

quality of the embryo. The interembryonic variation seemed to differ non-linearly between 

embryos with different absolute stiffness (Fig. 10). 
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There are several other factors that could explain the observed variations, as there are some 

limitations to the presented protocol. To begin with, we decided to measure the mesodermal 

development in the chicken embryo without removing the endoderm layer. Therefore, all 

indentations were not directly measuring the mesoderm, but masked by the endoderm. 

Removal of the endoderm would have been too invasive and would probably cause even more 

variation in the mechanical properties of the mesoderm. We decided to indent with the 

endoderm intact, as it is a thin (7 µm), extremely soft (<50 Pa), single-cell layer that is 

homogeneous over the whole embryo. Therefore, we assumed that it does not significantly 

influence the final moduli, and it would have the same small effect over the entire embryo. An 

alternative would have been measurements of explanted mesoderm, for example by 

micropipette aspiration or atomic force microscopy (AFM). While aspiration could allow even 

more local measurements, the tested mesoderm would not be the same as the mesoderm in 

situ. A part of the viscoelastic properties of embryonic structures are defined by ECM 

connections, osmotic pressure, or the local contractility of the cells, and such aspects could be 

lost when testing explanted mesoderm. AFM could yield direct measurements on the 

mesoderm as well, but lacks the capacity or flexibility to scan meso-sized tissues, such as the 

mesodermal structures. 

 

Another factor of variability between embryos could be the variations in duration of the 

sample preparation. Differences in the handling of the embryos could have influenced its 

viability and thus its mechanical properties. Nevertheless, the apoptosis rates of the tested 

embryo cultures did not vary significantly after the preparation protocol, so this factor might 

be of small interference (Fig. 4). 

 

Finally, the indentations are influenced by the accurateness of positioning of the probe tip. For 

this protocol, the embryo needs to be aligned well, while viewed with OCT, which can be time-

consuming. In the end, small variations in positioning the probe tip along the microscale 

embryonic structures could have led to local shearing or slipping of the probe along the tissue. 

One can imagine that indenting a somite exactly in the middle or more on the side, may yield 

different outcomes in cantilever bending.  
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Outlook 

In summary, the combination of non-invasive OCT imaging, agarose immobilization of the 

filter paper sandwich culture and ferrule-top  indentation, proves to be useful for 

biomechanical characterization of soft embryonic tissues in vivo. The method allows for 

detection of structurally distinct embryonic areas, both visually and mechanically. We 

demonstrate that the method can reliably measure stiffnesses of 200 Pa and higher, and 

discriminate between the small embryonic structures like somites and neural tube. This way, 

the viscoelastic properties were obtained for early chicken embryos, with more precision than 

previous studies (10). The mechanical properties of tissues may be valuable for understanding 

the mechanobiology of morphogenesis, the mechanical consequences of mutations, creating 

representative in vitro environments for cell cultures, and eventually for tissue engineering. 
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4.6 Videos 

 

Video 1 | OCT scan through a HH9 chicken embryo  

 

 
http://bit.ly/2IXYZnp 

  

 

Video 2 | Indenting along the paraxial mesoderm of a HH10 embryo 

 

 
 

https://bit.ly/2LIhkqf 

  

 

Video 3 | Cantilever indenting somite V with oscillatory ramp profile 

 

 

 
https://bit.ly/2H4nvBK 

  

 

Video 4 | Indentation with oscillatory ramp, in transverse plane 

 

 

 
https://bit.ly/2JcCwq6 
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