
  

 
Written by Nelda Antonovaite info@optics11.com  www.optics11life.com 

 

One of the characteristics of two-dimensional (2D) and three-dimensional (3D) cell cultures (single 
cells, monolayers, spheroids, organoids, engineered tissues) is its mechanical properties (intrinsic 
and extrinsic) that influence the morphology, biochemical signaling, and functioning of cells, and, 
therefore, should be similar to biological tissue [1, 2]. Typically, the mechanical characterization of 
biomaterials is time-consuming, and requires extensive sample preparation and expert skills [3, 4]. 
Furthermore, as many various sample configurations and conditions need to be tested, a high-speed 
indenter is necessary to perform hundreds of indentation measurements in a reliable and user-
friendly manner. Therefore, we here present the high-throughput mechanical characterization 
platform PAVONE for automated indentation mapping of single cells, 3D  cell culture models, 
engineered tissues, hydrogels, and thin films in well-plates. 

Technology 

Optics11Life Nanoindenter technology relies on 
cantilever-based force sensors, i.e. indentation 
probes, equipped with an optical fiber to remotely 
readout the cantilever bending through an 
interferometric signal [5]. Indentation probes are 
fabricated by mounting microfabricated cantilever 
(MEMS) on top of a 1.4 mm diameter and 20 mm 
length glass ferrule, which makes them compatible 
with a 96 well-plate and other dishes. At the end of 
the cantilever, the extended spherical tip is 
mounted with a radius ranging from 3 to 250 µm.  

 

 

 

 

 

 

 

 

Indentation profiles  

The Pavone can perform static and dynamic 

indentation measurements in three different control 

modes: piezo-displacement (D-mode), load (P-

mode), or indentation-depth (I-mode). Indentation-

depth controlled mode is used when material 

behaves nonlinearly, i.e. mechanical properties 

depend on the indentation-depth while the other 

two modes are suitable for linearly behaving 

materials.  

Static measurements consist of loading, 

holding, and unloading indentation steps. Load-

indentation curves are analyzed with different 

models to extract Young’s modulus 𝐸(𝑃𝑎) at a 

certain depth or load: 

• Hertz-model for elastic materials,  

• Oliver-Pharr model for elastic-plastic 

materials 

• JKR model for adhesive materials. 

Dynamic indentation is used to characterize 

viscoelastic material properties and consists of fast 

loading, holding, frequency sweep, and unloading 

steps. A holding phase can be applied in either a 

creep or a stress-relaxation test, where the load or, 

respectively the indentation depth is being kept 

constant. Creep or stress-relaxation data can be 

used to obtain viscoelastic time constants, 

THE USE OF THE CHIARO NANOINDENTER IN 
MYOCARDIAL INFARCTION RESEARCH 

Features of indentation probes: 

• Pre-calibrated cantilever stiffness 
0.02N/m-100N/m 

• Cantilever bending range 2nm – 20µm 

• Probe force range 0.1nN – 2mN 

• Measurable stiffness range 10Pa-1GPa 

• Extended tip radius 3-250 µm 

 

PAVONE: A HIGH-THROUGHPUT MECHANICAL CHARACTERIZATION PLATFORM 
FOR BIOMATERIALS IN VARIOUS WELL-PLATES 
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instantaneous and equilibrium elastic modulus by 

applying, for example, Kelvin-Voigt, Maxwell, or 

standard-linear-solid constitutive models (fitting is 

done by the user). After the equilibrium is reached 

in a holding step, frequency sweep can be 

performed by applying sinusoidal oscillations at 

various frequencies (0.005 - 20 Hz) to obtain storage 

and loss moduli, 𝐸’ and 𝐸’’, and a damping factor 

𝑡𝑎𝑛(𝛿) as a function of frequency, in a so-called 

dynamic mechanical analysis [6] (DMA).  

High-throughput 

The novel design of indentation probes makes them 

compatible with standard well-plates ranging from 6 

to 96 wells and other custom chambers and dishes. 

High-throughput mechanical testing is achieved by a 

state of the art X-Y-Z positioning system and full 

automatization of the indentation procedures.  

The time needed to perform mechanical 

characterization of biomaterials such as hydrogels, 

engineered tissue (3D scaffolds colonized with cells), 

or thin films will depend on the number of 

indentations per well and the selected indentation 

profile. An example of such a multi-well experiment 

is given in the table below, defining the time per well 

for 10 or 100 indentations for static and dynamic 

measurements as well as the total time needed to 

characterize different types of well-plates.   

 

Experimental procedure 

The key decisions in designing the experiment are: 

• Sample composition, preparation, and  

conditions; 

• Probe selection; 

• Indentation profile/model. 

The sample needs to be placed in the well-plate 
according to standard biofabrication procedures, 
for example: 

• Cell culturing: single cells or monolayers 
(2D system) 

• Fbrication of the scaffold (e.g. 3D printing), 
seeding with the cells and culturing; 

• Pipetting and crosslinking of the hydrogel; 

• Depositing the film. 
If the sample is produced in a rotating/ 

perfusion bioreactor organ-on-chip system, 
extracted from a patient (e.g. tissues) or is 
embedded in the matrix (e.g. organoids), additional 
sample preparation steps will be required to make 
the sample suitable for mechanical testing. 
Optics11 Life has experience in various sample 
preparation procedures.    

In the case of tissue engineering,  one can 

choose various experimental parameters, such as, 

fiber diameter, the porosity of the scaffold, cell 

seeding density, growth factor, and drug 

concentrations, to investigate their effect on the 

modulation of mechanical properties of the 

constructs, all in a single well-plate (see example in 

the next page). Similarly, one can choose to 

investigate the viscoelastic effects of different types 

of hydrogel components, their concentration, and 

crosslinking. 

 

 Indentation 

test 
D-mode P-mode I-mode 

Quasi-static    

Creep    

Stress-

relaxation 
   

Oscillatory 

DMA 
   

                                  Matrix scan in the well 
 

 

 

 

 

 

 

 

 

                                                                Total time per well-plate 

  
time per 

well N 96 48 24 6 

Static 34s 10 1h 28min 14min 3min 

Static 5min 19s 100 9h 4h 2h 32min 

Dynamic 3min 51s 10 6h 3h 2h 23min 

Dynamic 38min 9s 100 61h 31h 15h 4h 

 

 

N=10 N=100 
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Once the well-plate with the samples is ready for 

testing, the appropriate tip radius and stiffness of the 

probe need to be selected according to the 

expected stiffness range of the sample and the 

selected scale of investigation, in terms of 

indentation depth and deformed contact area which 

can vary from sub-µm to ~200 µm. Further, matrix 

scan dimensions are chosen based on the desired 

axial resolution and number of indentation points. 

Finally, the indentation profile is determined from the 

initial single-point testing procedure. The full scan of 

the well-plate is done automatically, and can even be 

programmed to do a series of differential or 

repeated indentation tests. 

During the measurements, the environment can 

be regulated in terms of temperature, humidity, and 

CO2  while imaging of the sample can be performed 

at different time points of indentation.  

Additional modules: an integrated system 

As previously mentioned, the PAVONE includes by 

default temperature control, using multiple heating 

elements and advanced control mechanisms to 

ensure uniform and stable heating to 

physiological temperatures. Additionally, a 

CO2  and humidity control module can be added to 

provide incubator-like conditions. Finally, soon a 

sterility module will become available to enable 

multiple-day mechanical testing experiments under 

sterile conditions. 

Depending on the study of interest, standard 

bright-field and phase-contrast imaging capabilities 

can be expanded with fluorescence, confocal, or 

other more specialized imaging modes to enable 

correlation studies between mechanical properties 

and sample composition.  

 

 

Results on Matrigen Softwell G,  High Throughput Screen (SW96G-NA-HTS) 

Hydrogel coated substrates have been recently adapted for cell culturing (2D and 3D) to provide a 

physiologically soft mechanical environment instead of stiff glass or plastic Petri dishes [7, 8]. This enabled screening 

of cell responses to mechanical cues (mechanosensation), and led to new discoveries in various fields e.g. 

mechanical tuning of stem cell lineage and generation of in vivo-like cell phenotypes [9-10]. These studies require 

precise and reproducible production and testing of the whole stiffness range of hydrogels as it will have direct 

implications for cell responses. Luckily, there are companies providing hydrogel-kits or even ready-to-use well plates 

where mechanical properties are reported by the manufacturer but not tested by the user. However, mechanical 

properties of hydrogels are very dependent on preparation procedures such as cross-linking time, medium type, 

and temperature, thus, direct mechanical testing is crucial for the success and later reproducibility of the 

experiments.  

 

 

 

Example of experimental design for testing effects of engineered 
tissue components to mechanical properties 
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To demonstrate the capability of PAVONE for high-throughput testing of hydrogels, we used a hydrogel coated 

HTS 96 well-plate ranging in stiffness, according to the manufacturer, from 0.2 to 50kPa (see figure top left for the 

design). The well plate was taken from the fridge, removed from sealed packaging,  filled with PBS medium in each 

well and left for 2 hours to equilibrate to room temperature and allow hydrogel to swell. Next, the well plate was 

placed in the PAVONE system and measured with a probe of k=0.31N/m spring constant and spherical tip radius  

R=24µm. In each well, multiple indentation were performed in a matrix of 2x5 with a step size of 50µm at 50µm/s 

piezo displacement speed. Loading data was analyzed by fitting up to 4µm according to the elastic Hertz model. 

Additionally, dynamic measurements (DMA) were performed with oscillations between 1 and 20Hz to assess 

viscoelasticity. 

Mean Young’s modulus (n=10) of each well is given in the top-right table while color-coded stiffness and mean 

results over the column (over 8 wells) are given in the left-middle of the figure. Results show that hydrogels are 

mechanically homogenous with the standard deviation of Young’s modulus ~3% (see stiffness topography of two 

wells in the right-middle of the figure). Furthermore, the stiffness of the same hydrogel at different wells is very 

reproducible with a standard deviation in the range of 3-10%. However, there is a slight discrepancy between 

theoretical values and measured ones which underlines the importance of direct mechanical testing of hydrogels. 

Interestingly, dynamic indentation results (see bottom graphs) show that while the elastic component (storage 

modulus E’) is almost independent of the oscillation frequency, the viscous component (loss modulus, E’’) is non-

zero and increases with frequency, which results in softer hydrogels having much higher dissipation capability 
(damping factor, tan(δ)) than stiffer ones. As recently discovered [11], the cells can sense not only elastic but also a 

viscous component, thus, future studies should include the viscoelastic characterization of both, substrate materials 

and cell cultures. 
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