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Abstract    

 i 

Abstract 

 

The specific ways in which T cells self-regulate their migratory behaviors during 

various physiological processes, including immune activation, interstitial migration or 

immune synapses, greatly depend on cell mechanical properties and the mechanical 

constraints of the extracellular environment. During aging, changes across immune T 

cells overall contribute to a decrease in immunological competence, a progression 
broadly referred to as immunosenescence. The aging-dependent decline of T-cell 

competence has been mostly studied in terms of differentiation, proliferation, receptor 

expression, genetic and epigenetic alterations or metabolism. Yet, the question of how 

aging can affect biophysical markers of T cells potentially involved in cell migration 

remains an open question with partial answers. Characterizing the mechanical 

phenotype of primary T cells during aging of individuals has been at the center of this 

thesis project. 

  
To tackle such a large question, a first step was to investigate the links between T-

cell mechanical properties and morphological characteristics of intracellular 

components, by performing multiple measurements on the same cells. Based on the 

results of this first study, showing that the relative nuclear size can account for 

variations of T-cell stiffness, a second step was to analyze whether aging prompted 

biophysical and biomolecular changes in T-cell phenotypes. This thorough analysis 

represents, to our knowledge, a first longitudinal study of biophysical, morphological, 
phenotypical and functional analysis (spontaneous migratory behavior) of the kind in 

primary mouse T cells (CD4+ and CD8+ T cells, in both naive and memory state). 

Several biophysical parameters that correlated with an age-related decline of T-cell 

migration were identified, including cell stiffness, DNA-methylation, Lamin B1 

thickness and relative nuclear size. Based on these biophysical and biomolecular 

parameters, an estimation of chronological age was also developed, which represents 

another innovative aspect of this work. Finally, a biophysical model was proposed to 

explain the age-related changes of T cells.  
 

Several methodological and experimental enhancements were developed in the 

thesis to address current limitations of the methods and models based on micropipette 



 

 

aspiration (MA) for the analysis of cellular mechanics. In order to quantify mechanical 

properties at the cellular scale, MA has traditionally been considered a standard for 

the quantification of suspended cells. However, there are some drawbacks in the MA 

approach that require to be addressed in order to improve its efficiency and 

applicability, including the absence of an fully automated analysis, together with the 

inexistent use of the technique to investigate cells with rigid walls, such as infectious 

fungal cells, due to the lack of experimental and computational techniques appropriate 
for this sizable challenge. This dissertation addresses some of these limitations by 

developing a user-friendly ‘all-in-one’ routine for the image processing of MA 

microscopy data, a novel approach to quantitatively study multiple parameters on the 

same cells, and a novel methodology to probe cell mechanics for quantification of the 

effect of external pressure on the growth of fungal cell. Overall, these advances 

contribute to the acquisition of mechanophenotypic data which previously could not 

be obtained by applying the MA technique. 
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Resumen 

 

La migración de los linfocitos T (o células T) desempeña un papel fundamental en 

múltiples procesos biológicos, tales como la activación celular, la transmigración 

endotelial, o la sinapsis inmunológica en caso de infección. Las células T desarrollan 

todos estos procesos mediante la autorregulación de sus propiedades mecánicas, de 

acuerdo con los estímulos mecánicos que perciben en el ambiente extracelular. Esta 
tesis se enmarca en el campo del efecto del envejecimiento sobre los linfocitos T. 

Con la edad, la gran mayoría de animales manifiesta un declive en su competencia 

inmunológica, un fenómeno al que se le denomina “inmunosenescencia”. Según las 

teorías científicas del campo del envejecimiento, la immunosenescencia se produce 

por la acumulación de cambios moleculares disfuncionales en distintas células 

inmunes, incluyendo los linfocitos T. En particular, el deterioro funcional de los 

linfocitos T con la edad se ha medido típicamente mediante marcadores de 

diferenciación, proliferación, expresión de receptores, alteraciones genéticas, 
epigenéticas o del metabolismo. Sin embargo, todavía se desconoce en buena 

medida si el envejecimiento conlleva simultáneamente cambios en las propiedades 

mecánicas de las células T, y si estos cambios suponen a su vez alteraciones 

disfuncionales en la migración celular. Esta tesis aborda, principalmente, el problema 

de los cambios en células T por envejecimiento desde una perspectiva biofísica.    

 

Para investigar este problema, en la primera parte de la tesis se realizaron múltiples 
medidas biofísicas en los mismos linfocitos T. Estas medidas nos permitieron analizar 

si existían correlaciones significativas entre el comportamiento mecánico celular y un 

conjunto de características morfológicas de varios componentes intracelulares. Los 

resultados de este primer estudio revelaron que las variaciones del tamaño relativo 

del núcleo permitían explicar satisfactoriamente las variaciones en rigidez de los 

linfocitos T. En base a estos resultados, en la segunda parte de la tesis se realizó un 

análisis longitudinal, para cuantificar los cambios mecánicos, microstructurales y 

funcionales que se producían en los linfocitos T con la edad. Con esta tesis se ha 
conseguido desarrollar la primera investigación longitudinal de linfocitos T primarias 

de ratón (CD4+ y CD8+, en estado virgen y memoria), que aborda simultáneamente 

una caracterización biofísica, morfológica, fenotípica y funcional (i.e. capacidad de 



 

 

migración espontánea). Tras analizar todos los parámetros del estudio longitudinal, 

se identificaron algunos que tenían una correlación significativa con la pérdida de la 

capacidad de migración espontánea de linfocitos T con la edad. Los parámetros con 

correlaciones más significativas fueron la rigidez celular, la metilación del ADN, el 

grosor de la lámina B1 y el tamaño relativo del núcleo. Como parte de este estudio, 

se utilizaron los parámetros medidos en modelos de regresión linear de una y dos 

variables para estimar la edad de los individuos. Finalmente, en esta tesis se ha 
propuesto un modelo biofísico para explicar los cambios que tienen lugar en los 

linfocitos T durante el envejecimiento. 

 

Para llevar a cabo los estudios biofísicos descritos anteriormente, en esta tesis se 

han desarrollado varias mejoras metodológicas y experimentales de la técnica de 

aspiración con micropipeta (MA, por sus siglas en inglés). La técnica de MA se ha 

utilizado habitualmente para cuantificar las propiedades mecánicas de células en 

suspensión. A pesar de ser una técnica ampliamente utilizada en el campo de la 
mecánica celular, todavía presenta una serie inconvenientes técnicos que limitan su 

potencial. Por ejemplo, no es una técnica completamente automatizada, lo cual limita 

su eficiencia, y no permite estudiar células demasiado rígidas, como las células de 

planta o de hongos, con paredes celulares y crecimiento longitudinal. Estudiar el 

comportamiento mecánico de este tipo de células puede ser relevante para, por 

ejemplo, impedir el desarrollo de infecciones fúngicas letales en individuos 

inmunodeprimidos. Por ello, en este trabajo se desarrollaron una serie de mejoras 

técnicas de la técnica de MA, incluyendo una rutina numérica para analizar 
automáticamente las imágenes de los ensayos de MA, una metodología original para 

estudiar múltiples parámetros biofísico a nivel de célula única, y una metodología 

original para investigar el efecto de la presión externa sobre el crecimiento de células 

de hongos. Estos avances, en general, contribuyen a optimizar la técnica de MA en 

términos de eficiencia, precisión y rango de aplicaciones. 
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Abbreviations and notation 

 
The following abbreviations are used in this thesis: 

 

AFM Atomic force microscopy 
A. nidulans Aspergillus nidulans 

AFs Actin filaments 

APCs Antigen-presenting cells 

AT Acoustic tweezers 
BCRs B-cell receptors  

CD11 Integrin alpha L  

CD18 Integrin beta chain-2 

CD4+ T cell 
T lymphocyte that recognizes peptides on MHC class II molecules, also 

known as helper T cell 

CD62L-CD44+  Surface-protein phenotype expressed by mouse memory T lymphocytes 
CD62L+CD44-  Surface-protein phenotype expressed by mouse naive T lymphocytes 

CD8+ T cell 
T lymphocyte that recognizes peptides on MHC class I molecules, also 

known as cytotoxic T cell 
CMV Cytomegalovirus 

CTLs Cytotoxic T lymphocytes 

CV Coefficient of variation (i.e. mean/ standard deviation x 100 %) 
CyTOF Cytometry by time of flight 

DCs Dendritic cells 

ECM Extracellular matrix 

F-actin Filamentous actin 
FE Finite element 

FEM Finite element method 

FWHM Full width at half maxium 
G-actin Globular actin 

GLM Generalized linear model 

HEV High endothelial venules 
ICAM-1 Intercellular adhesion molecule 1 

IF Intermediate filaments  

LINK Linker of nucleoskeleton and cytoskeleton 
LMNA Lamin A/C 

MA Micropipette aspiration 



 

 

MAE Mean absolute error 

MHC Major histocompatibility complex 

MT Magnetic tweezers 
MTs Microtubules 

NDMS Non-metric multidimensional scaling 

OM Optical microscopy 

OS Optical stretcher 
OT Optical tweezers 

PAA Polyacrylamide 

PDMS Polydimethylsiloxane 
pMHC Peptide MHC 

RBC Red blood cell 

RNA-seq RNA sequencing  
ROI Region of interest 

ROS Reactive oxygen species 

T cell T lymphocyte 
TCRs T-cell receptors  

TFM Traction force microscopy 

Th1 T helper 1 cells 
Th17 T helper 17 cells 

Th2 T helper 2 cells 

Thf Follicular helper T cells 
ULF Unit length filament 

VCAM-1 T helper 17 cells 

VIFs Vimentin intermediate filaments 
VLA-4 High endothelial venules 

5-mC 5-methylcytosine 

 

The notation for the variables throughout the thesis is the following: 

 
a Constant in the hyphal growth model depending on  

b Constant in the hyphal growth model  

b1 Constant of Zhou’s linearized MA model, equal to 2.0142 

b3 Constant of Zhou’s linearized MA model, equal to 2.1187 

C1 Material constant in the Neo-Hookean constitutive equation 

cl 
Function that accounts for the size of the cell, and ratio between the cell radius 
and micropipette’s radius, Zhou’s MA model 
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 ix 

db Surface density of bonds between cortex and plasma membrane 

DP(t) Differential pressure applied in MA experiments 

DPstop Differential pressure for hyphal growth arrest   

ΔṖ Applied differential pressure rate in a MA experiment 

d Characteristic length of the experimental problem 

E Cell apparent Young’s elastic modulus 
E’ Storage modulus 

E’’ Loss modulus 

E0 
Apparent Young’s elastic modulus of the cortex in the 2-layer FE model; Apparent 
elastic modulus of the remaining cytoplasm in the 3-layer FE model. 

Ecc Apparent Young’s elastic modulus of the cortex in the 3-layer FE model 

Emat Elastic modulus of the drained matrix, in poroelastic models 
En Apparent Young’s elastic modulus of the nucleus in the 2- and 3-layer FE models  

𝛆 Strain tensor 

e One-dimensional true strain 

fb Bond force  

f Growth rate coefficient of the hyphal growth model 

fp Constant that depends weakly on the thickness of the micropipette wall 

G Shear modulus for small strains 

g Function of the mechanical parameters, in the  

hb Actomyosin cortex 

J Total volume change 
J(t) Creep function 

Jwallwater Water volumetric flux 

I&' First strain invariant 

I('  Second strain invariant 

l Length of the hyphal cell inside the micropipette 

l Characteristic length of the microstructure 

l Constant of the hyphal growth model 

Lp Cell aspirated length inside the micropipette in a MA experiment 
Lwall Hydraulic conductivity of wall and membrane for water 

Lwall Hydraulic conductivity of fungal wall and membrane for water 

m0 Initial elastic slope of linearized Zhou’s model 

µ Cell apparent viscosity  

µcyt Cytosol viscosity, in poroelastic models 

µcyt Cytosol viscosity, in poroelastic models 



 

 

n Poisson’s ratio 

Pext Pressure in the cell medium during MA experiments 

Pext Pressure in the cell medium during MA experiments 

Pexttip Pressure in the surrounding medium of the hypha at the tip 
Pint Pressure inside the micropipette during MA experiments 

Pint(x) Pressure inside the hypha, as function of the axial position x 

Pinttip Internal pressure in the interior of the hypha at the tip  
preac Reactive constraint pressure in the Neo-Hookean constitutive equation 

Qinwater(x) Total volume of water per unit time through the cross-section of the hypha 

r Radius of the spherical hyphal-tip wall  
Rc Cell radius in a MA experiment 

Rf Micropipette’s fillet radius 

Rin Radius of the equilibrium spherical surface inside the microcapillary  

Rn Radius of the nucleus 
Rout Radius of the equilibrium spherical surface outside the microcapillary  

Rp Internal radius of the micropipette in a MA experiment 

r Spearman’s rank correlation coefficient  

rg Specific weight of water, i.e. density times the gravitational acceleration 

σ One-dimensional true stress 

𝛔 Cauchy stress tensor 

σ̇ One-dimensional true stress rate 

smyo Cortex stress due to myosin contractility 

sy Stress required for plastic deformation of the fungal cell wall   

t Time 

tc Thickness of the remaining cytoplasm apart from the cortex cytoskeleton shell 
tcc Thickness of the cortex cytoskeleton shell 

Ty Force per unit length required to increase the area of the wall  

Tc Cortical cell tension 
U Velocity of the aspirated material in MA experiments 

Uf Velocity that a fluid would have if flowing freely in a MA experiment 

Vin Aspirated volume at a given time 
Vtot Total volume of the cell 

W Strain energy 

w Thickness of the spherical hyphal-tip wall  

x Characteristic pore radius, in poroelastic models 

Y Threshold value where plastic deformation initiates in the hyphal growth model 
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1 

Introduction  
 

1.1  Motivation of the thesis  

 

The object of study of cell mechanobiology is understanding how cells sense and 

react to mechanical cues in the cell microenvironment, at the molecular, cellular and 

organismal scales. If cells were not able to make a mechanical recognition of their 

environment and adjust in turn their mechanical behavior, organisms could not 

perform central functions maintaining tissue homeostasis, which are dysregulated in 

pathological states.1,2 Mechanobiology has led to several landmark findings, including: 
1) stem cell differentiation is modulated by the stiffness of the extracellular matrix,3 2) 

mechanical forces play a central role in development,4 3) cell and tissue mechanical 

properties are biomarkers of diseases,1 and 4) gene expression depends on the 

mechanical cues exerted on the nucleus.5 The prevailing view is that cells 

mechanosense and integrate mechanical cues into biochemical signals. 

Mechanotransduction takes place by a range of mechanisms, including membrane- 

tension probing by ion channels, flow sensing by membrane-protein 
mechanosensors, sensing of the deformation of the actomyosin cytoskeleton by a set 

of proteins, and force sensing by load-bearing tethered proteins.6–9 This work focuses 

on the mechanical behavior of immune T cells and its change during aging, a process 

broadly referred to as immunosenescence, which is relevant not only to understanding 

the basis of cell mechanics but also its contribution to age-associated changes of 

subcellular-component integrity and migration function. Immunosenescence stands 

out among the various hallmarks of aging, because it is universal and phenotypically 

similar across different species.10,11 
 

In animal immune systems, there are many examples of both innate and adaptive 

immunological functions associated with cell mechanical properties and intracellular 
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organization. Examples of such mechanically-driven functions in the life cycle of T-

cells are activation and migration, which depend on cell’s ability to passively and 

actively deform. The pioneering works of leukocyte passive mechanical properties 

demonstrated that immune activation was accompanied by a parallel increase in cell 

deformability.12–14 Changes in T-cell passive mechanical properties have also been 

described in hematologic diseases, where myeloid leukemia cells were found to have 

a reduced deformability, being detrimental for both the adhesion cascade of T cells 
preceding the extravasation process.15  

 

Although many studies have examined how the T-cell subtype frequency and 

biochemical/metabolic parameters evolve with age, few have explored aging-related 

biophysical changes and their contribution to immunosenesce, including the 

alterations in force-bearing components in T cells (e.g. membranes, cytoskeleton 

proteins, nucleus) and their influence on migration in physiology.16 These questions 

are relevant at different levels. First, to understanding the modulation of force-bearing 
components and their role on the passive mechanical response of T cells, which is 

crucial for activation and migration functions.17,18 Second, certain pathologies are 

rooted in the mechanical dysfunction of one single force-bearing protein,19,20 and 

hence improving the understanding of T cell mechanical principles could provide new 

paradigms shifts and biomedical opportunities in the field of aging. To tackle such a 

large question, this thesis is structured along two interdependent parts: 
 

• Mechanobiology of T-cells. This part encompasses the study of the biophysical 

characteristics of T cells. First, we will investigate the links between mechanical 

properties and morphological characteristics of force-bearing subcellular 

components, as consecutively measured on the same cells. Based on our findings, 

we will study age-related changes in a set of biomolecular and biophysical 

parameters, and also in the migration of primary T-cells, using female mice. 

• Novel techniques and models based on micropipette aspiration. This is a 

transversal part of this work, with the two-fold aim of providing technical platforms 

and models for studying the mechanobiology questions outlined before, and 

developing new tools to quantify and model the mechanical behavior of cells. 

These advances have allowed us to obtain information which previously could not 

be obtained by using the micropipette aspiration technique.  
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1.1.1 Mechanobiology of T-cells  

Characterizing the relationship between T-cell mechanics and internal ordering 
_______________________________________________________________________________________________________________________________________ 

 

Mammals are under relentless attack by diverse harmful threats, from microbes (e.g. 

virus, bacteria and fungi) to disease-causing cellular changes. In addition to physical 

defenses, vertebrate animals have evolved two sophisticated strategies of immunity. 

Innate immunity relies on the recognition of conserved signatures associated with 

essential molecules found in broad classes of pathogens. While the innate system 

responds rapidly, adaptive immunity may take several days or weeks to develop a full 
response, and requires prior exposure to an antigen to mount a full immunological 

response, utilizing both cell-mediated and humoral responses. Cell-mediated 

immunity involves T cells. T cells regulate antibody production but do not actually 

produce antibodies. A T-cell precursor, thymocyte, can differentiate into two broad 

types of T cells, either a cytotoxic T cell (CD8+) or a T helper cell (CD4+). Particularly, 

cytotoxic CD8+ T cells bind to target cells inducing apoptosis, and helper CD4+T cells 

facilitate the activation of other cells of the immune system.21,22 
 

To search for their cognate antigens, differentiated T cells undertake a range of 

motility patterns according to their state of activation and microenvironment.23,24 

Efficient immune response depends on the ability of T-cell populations to traffic from 

peripherical blood into lymph nodes and infected sites by a multistep process 

consisting of: cell activation, rolling and migration within blood vessels, transmigration 

across vessel walls, and migration through the extravascular space.25–27 To perform 

these tasks, T cells exert forces to squeeze through matrix pores, and are submitted 
to forces by extracellular environments, both during migration and while interacting 

with antigen-presenting cells.28 While T-cell mechanics has been associated with 

search efficiency using population-average experiments,29 there are relatively fewer 

studies of the underlying cell-intrinsic or extrinsic factors that trigger the different 

deformability phenotypes. One of the reasons for the paucity of such studies is the 

extraordinary diversity of T cells, as revealed in population-level studies.30 We 

propose that same-cell analyses of T-cell mechanical properties and microstructural 

parameters of cell and nuclear morphology could throw light in the search of 
biologically meaningful correlations.  
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Characterizing biophysical changes in immune T cells with aging 
_______________________________________________________________________________________________________________________________________ 

 

Innate and adaptive immune systems undergo age-associated alterations with age, 

which in turn induce the progressive deterioration in the organism’s ability to respond 

to infections and to develop immunity after vaccination, both of which are associated 

with a higher mortality rate in the elderly.31 For T cells, the changes produced by aging 

have been studied mainly in terms of oxidative and inflammatory molecules, receptor 
expression and number of cells in each subpopulation. An age-related increase in 

inflammatory molecules, affecting T cells, is commonly accepted,32 and identified with 

the term inflamm-aging.33 The effects of environment have also been studied for their 

contribution to immunosenesce, including environmental exposures and lifestyle (e.g. 

nutrition, co-habitation, anxiety).34–38 Given the connection between T-cell migration 

efficiency and cell ability to deform upon extravasation, we hypothesized that age-

related changes could potentially affect biophysical aspects of T cells. An outstanding 

example of how biophysical properties can be used to study impaired cell function by 
aging is the case of fibroblasts; recent studies, some of them employing in vitro aged 

cells, have shown that age-related changes in fibroblasts can predict lifespan and be 

rejuvenated by mechanical reprogramming.39–42 These findings support the idea that 

biophysical properties are associated to key regulators of cellular aging. Thus, 

identifying biophysical markers of aged T-cells may help in understanding 

mechanisms of organismal aging, including immunosenescence.43,44 
 
 

The major effort of this thesis has been focused on this area, analyzing the 

progression of biophysical and biomolecular features of T cells during aging, and 

exploring the relationships among features in order to extend the available description 

of the process and to understand the causes of functional decline. We have performed 

a longitudinal analysis using female mice to measure multiple biophysical and 
biomolecular parameters in four primary T-cell populations: CD4+ and CD8+ T cells in 

both naive and effector memory state. We have performed longitudinal measurements 

at four different age groups. A long-term motivation behind this work is to ultimately 

contribute to the development of reprogramming therapies that could mitigate the 

effect of aging on T-cell function associated with mechanobiological mechanisms.  
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1.1.2 Novel techniques and models based on micropipette aspiration  

Providing an automated routine for MA analysis, novel methods and models  
_______________________________________________________________________________________________________________________________________ 

 

With five decades of sustained application, micropipette aspiration (MA) has become 

a classic technique for the study of cell mechanics.45 In MA experiments, a suction 

pressure is applied by connecting a glass micropipette to an adjustable-height-level 

water reservoir or a pump. Using cell-surface changes from the aspiration 

experiments by means of image analysis, biomechanical models allow researchers to 

quantify cellular mechanical properties adopting different approaches.46–48 The 
simplest models adopt continuum-modeling approaches. One seminal major 

contribution in this field was the model developed by Theret et al., approximating the 

cell by a homogeneous incompressible linear elastic half-space material. 49 This 

classic model led to a first equation to compute the apparent elastic modulus, even 

for nearly-spherical cells, disregarding that the finite size of the cells may produce that 

differences in size are incorrectly interpreted as differences in rigidity.50 Another 

important model in the field was developed by Zhou et al., taking into account the finite 
size of cells and the nonlinearity of the contact between pipette and cell,50 and its 

linearized version enables a more convenient equation to estimate the apparent 

elastic modulus.51 Using that model as departure point, here we developed new 

models to study the influence of key force-bearing components (cell cortex and 

nucleus) in the passive mechanical properties of T cells. In addition, considering 

previous efforts making it possible for anyone to conduct micropipette-aspiration 

analyses from manual annotations of cell-shape evolution,52,53 this work also takes 

the lead in transitioning to an automated image analysis of MA tests. 
 

Together with the limitations offered by the available biomechanical models, in this 

work we have also considered several constraints related to stiff cells that could not 

be studied by MA. Microaspiration studies have often investigated the mechanical 

properties of (re)suspended cells using an aspiration force pressure of 10-1000 Pa.45 
These characteristics makes highly complicated to study plant and fungal cells of 

small diameter, since they exhibit apical longitudinal growth and their rigid cell walls 

that do not deform under such forces.54,55 By virtue of a new MA-based approach and 

mechanical modelling, we have studied the apical growth of individual hyphae of the 

species Aspergillus nidulans, while controlling the extent of applied pressure at the 
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tip. This method may provide a platform suitable for the pharmacological screening 

and biophysical characterization of other fungal cells (e.g. pathogenic fungal cells), 

yielding insights into the prevention of fungal growth. An additional motivation to 

develop a methodology for fungal cells, in the frame of our work with T cells, is to 

serve as a basis for future studies involving the interaction of fungal cells and T cells.  
 

Developing a method to probe multiple biophysical features of the same cells 
_______________________________________________________________________________________________________________________________________ 

 

MA has become a solid technique for performing single-cell experiments of increasing 

complexity. This versatility has enabled a wide range of biomechanical studies 

quantifying both local and global mechanical properties of cells.46,48,56 To broaden our 

understanding of structure-mechanics-function relationships that affect cell 
physiological processes, a significant advance was the combination of biomolecular 

and mechanical measurements using fluorescence or confocal microscopy.57 This 

technological advance has led to key insights about mechanosensing activity using 

MA, for instance, via the analysis of membrane-embedded ion channels and proteins. 

Another technical advance in the sister techniques based on the passage of cells 

through constriction has been important in terms of efficiency: the classic throughput 

of aspiration-like experiments is ~20 cells/h, while recent microfluidic devices enable 

to probe ~1000 cells/h.58 In spite of these advances, microfluidic devices based on 

conduits with constrictions have not yet scale due to technical constraints to keep 

repeatability and smooth flow in the microchannels at low cost for non-experts.59 

Finally, one major barrier to understanding the mechanistic principles governing cell 
mechanics is the lack of methods to study how force modulate the interactions of 

different cytoskeletal and nuclear components in a cellular context.60 
 

To partially overcome these barriers, we propose a methodology that allows probing 

multiple parameters on the same cell, by performing mechanical measurements and 

biomolecular measurements consecutively. To evaluate its usefulness, we have 
characterized mice CD4+ memory T cells. We consider that this type of 

characterization will be of high interest in the field, because most of the biophysical 

studies provide average cell measurements, masking insights of cell-to-cell variations 

in the structural and mechanical profiles of individual cells, which ultimately makes it 

challenging to assess to what extent the differences in the mechanical observations 
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in cells are consistently determined by the 3D architecture of the intracellular 

components.61 

 

1.2  List of contributions 
 

The following is a list of the contributions of this thesis:  
 

Techniques  
• A new method based on MA for the characterization of cells with rigid walls, such 

as fungal cells, with small diameters (<3 µm), exhibiting apical extension at the tip. 

This method allows evaluating the effect of the external pressure at the tip in the 

growth of fungal cell. 

• A new method combining multiple biophysical and biomolecular measurements in 
the same cells that allows one to examine cell heterogeneity and find causal 

correlations in diverse biophysical readouts.  
 

Computational tools 
• Automated analysis of MA tests to extract cell mechanical properties using digital 

image analysis.  

• A two-component mechanical model of spherical cells undergoing MA, numerically 

solved by the finite element method (FEM) in the Vulcan programming language. 

This model allows one to evaluate the contribution of the nucleus and the 
remaining cytoplasm in the resultant mechanical behavior of cells.  

• A three-component mechanical model of spherical cells undergoing MA, 

numerically solved by the FEM in the Vulcan programming language. This model 

allows one to evaluate the contribution of the nucleus, cell cortex and the cytosol 

in the resultant mechanical behavior of cells.  
 

Cell-biology contributions 
• Analysis of the relationship between internal ordering and T-cell deformability 

through biophysical characterization of a set of mechanical and structural 

parameters associated with the cell microstructure and passive mechanical 
properties of immune CD4+T memory cells. 

• Analysis of the apical growth at the tip of fungal cells Aspergillus nidulans. 
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• Effect of aging on immune T cells: the study is based on a series of longitudinal 

data of biophysical parameters corresponding to immune CD4+T and CD8+T cells, 

in both naive and memory state.  
 

Downloadable experimental and analysis data  
• Online repository of routines and data: “https://github.com/BlancaGB/PhDThesis”  
 

1.3  Structure of this document 

 

In Chapter 1, I have summarized the motivation of this thesis, followed by a description 

of the general aims and contributions derived from this work. I have opted to provide 

a summarized perspective of what, in my opinion, makes this thesis distinctive. Given 
that the framework of this thesis is the multidisciplinary field of mechanobiology, the 

state-of-the-art presented in Chapter 2 is addressed to a wide spectrum of readers, 

ranging from biologists to mechanical engineers. Therefore, the chapter starts with a 

historical account of cell mechanics and mechanobiology, followed by background 

information of T-cell mechanobiology. The chapter covers the fundamentals of MA 

performance, novel developments of the technique, and edge-cutting applications that 

circumvent limitations of the classic MA setup. The chapter ends with an introduction 

to the process of aging and immunosenescence in T cells. In Chapter 3, the 
hypotheses and specific objectives of the thesis are presented. In Chapter 4 the 

materials and methodologies implemented to tackle the research problems covered 

in this thesis are described. The results are described in Chapters 5 and discussed in 

Chapter 6, summarizing the main contributions, challenges and future directions. 

Finally, in Chapter 7 the conclusions of this work are presented. 
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2 

State of the art 
 
It is the aim of this Chapter 2 to present a literature review that provides fundamental 

insights into the specific topics of cell biomechanics covered in this thesis. Developing 

a literature review of any field has become a research field itself (the term bibliometrics 

is used for statistical analysis of previous publications), given the annual growth of 

scientific knowledge production (see Appendix A). First, this chapter provides an 

overview of the mechanical behavior of cells as biomarkers of cell state, with a focus 

on MA studies. Then, a summary of T-cell mechanobiology, in relation to deformability, 

migration and aging, is provided. 
 

2.1  Mechanical properties as biomarkers of cellular state 

 

2.1.1 Cell mechanics and mechanobiology 

A historical overview 
_______________________________________________________________________________________________________________________________________ 

 

Many works have been written on the subject of form and function in biological 

systems, that is, on the recognition of biological and anatomical functions through the 

application of physical principles. Robert Hooke’s (1635-1703) first drawing of the thin 

structure of plant cells as observed under the microscope is considered as a classical 
figure of natural history. Like many natural philosophers, R. Hooke made significant 

contributions to different fields of science, including his well-known explanation of the 

behavior of an inert solid under loading.62 Another eminent scientist, Thomas Young 

(1773-1829), particularly illustrious for his explanation on the elasticity of bodies 

(Young’s modulus), carried out pioneering work on the mechanism of the eye, and in 

his Lectures on natural philosophy and the mechanical arts he stated that “the 

mechanical motions, which take place in an animal body, are regulated by the same 

general laws as the motions of inanimate bodies…”.63 In this notion lies the basis of 
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the analysis of biomechanical problems. Other excellent works that marked advance 

in biophysics were Jean-Marie-Léonard Poiseuille’s (1799-1869) of human blood in 

narrow tubes, which allowed him to derive Poiseuille’s law for laminar flows,64 and 

Hermann von Helmholtz’s (1821-1894) studies on the connection between nerve 

fibers and nerve cells in his doctoral thesis.65 This work led him to throw light on the 

source of animal heat, and concluded that heat must be the product of mechanical 

forces within the organism, in his valuable paper “On the conservation of force”.66 
 

Given the many predecessors, there is not a simple manner of assigning the priority 

of scientific works to the emergence of cell mechanobiology; although such matters 

are of minor importance in comparison with their relative merits. Many researchers in 

the field point to the late 19th century, when the influential analyses of the concepts of 

form and function, and the mechanical loads connected to them, were developed by 

Julius Wolff (1836-1902) and Wilhelm Roux (1850-1924). The concept of stress-

mediated organization of microstructure of bone was put forth by J. Wolff in 1884: “as 
a consequence of primary shape variations and continuous loading, or even due to 

loading alone, bone changes its inner architecture according to mathematical rules 

and, as a secondary effect and governed by the same rules, also changes its shape”.67 

Wilhelm Roux put forth the notion of a ‘quantitative self-regulating mechanism’ that 

results in functional adaptation by tissues, organs, and organisms.68 The idea was 

consistent idea with the notion that mechanical loads influence tissue structure and 

function, giving rise to the area of research called mechanobiology. This mechanistic 

paradigm of living systems embraces the topics covered in this thesis. The study of 
the mechanics of cell structure and cell activities is often called cell mechanics. It is 

difficult to give in few pages a fair notion of the history of cell mechanics, treated at 

some length in various works.68–70 Table 1 seeks to cover as much as can be briefly 

told, summarizing seminal and landmark papers.  

 
Table 1. Timeline of milestones in the history of cell mechanics. 

Time from Present 
(Years) Advances/publications  

~300 Earliest observations by R. Hook and A. van Leuwenhoek of organelles inside 

living cells.62 Beginning of cell and tissue biomechanics (theoretical notions). 

Isaac Newton publishes The Mathematical Principles of Natural Philosophy.  
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~150 Foundation of the technological basis and understanding of mechanical and 

structural testing (indentation, beam bending, the Hertz model)71 of macroscale 

materials such as engines and bridges. J. Wolff suggests the notion that the 

fine structure within bones is governed by lines of tension. W. Roux advances 

the idea that mechanical loads control tissue structure and function. 1,2  

~120 Earliest classification of the components of the cellular interior. Living cells 

examined using a variety of techniques based on macroscale engineering.72 

~100 D’Arcy Thompson publishes On Growth and form: “though cellular processes 

resemble known physical phenomena, their nature is still the subject of much 

dubiety and discussion, and neither the forms produced nor the forces at work 

can yet be satisfactorily and simply explained.” 73 Earliest measurements of cell 

apparent viscosity, by first tools based on particle tracking for cell mechanics.74 

~70 Development of mechanical models of cellular mechanics (viscoelastic 

continuum, a combination of discrete mechanical elements, a combination of a 

viscoelastic fluid within a dense meshwork)75–77. Basic structure of proteins (by 

Pauling) and DNA (by Watson and Crick). Studies on scar formation .72 The MA 

method is developed and first applied.75  

~50 Early models and experimental refinement of tools to measure cell viscosity, 

elasticity, plasticity and motion of cells by several approaches.49,78 G. Binning 

and coworkers invent the atomic force microscopy (AFM).79  

~40 

Use of silicone substrata to look at forces exerted by cells.80 Evidence of the 

viscoelastic properties of red blood cells and granulocytes by MA.81,82 Further 

experiments using MA enable evaluating the influence of microtubules and actin 

filaments of cell deformability.83 

~30 Experiments using MA demonstrate that membrane tension depends on 

cholesterol.84,85 First investigations with MA asses the role of cytoskeletal 

components in endothelial cells deformability.86  

~15 Biophysical studies established that cell stiffness is a biomarker of cancer 

cells.87 The mechanical environment of many cell types (including cancer and 

stem cells) can be used to control and alter gene expression and different 

pathways. Finite elements approaches are used to analyze cell mechanical 

behavior.88 High-throughput techniques enable hydrodynamic stretching of 

cells.58,89 
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Scope of the fields 
_______________________________________________________________________________________________________________________________________ 

 

The object of study of cell mechanics is the mechanical behavior of cells (e.g. 

mechanical properties, deformation parameters in response to applied loads, etc.) in 

different cellular states. The broader object of study of cell mechanobiology are the 

molecular mechanisms (e.g. of mechano-sensing, mechano-transduction) by which 

the relationships between mechanical cues (e.g. cell mechanical properties, external 
forces, mechanical properties of the cell environment), structure, and functions of 

living cells occur, at the molecular, cellular and organism scale. The field ultimately 

seeks to uncover universal mechanistic principles underlying the sensation or 

generation of mechanical loads altering cell biological processes. To do so, cellular 

functions are usually approximated as the result of interacting ‘maps’ at multiple levels, 

using metaphors such as the ‘chemical factory’ one (Figure 1). There is a long list of 

features involved in the mechanical, structural, chemical and environment level whose 

interactions can be regulated by mechanosensing/transduction mechanisms. In the 
following sections, I review only current knowledge on the mechanical properties of 

cells and major structural regulators. Beyond these specific features, it is important to 

stress that arguably all cell components experience forces and other cues, such as 

the rigidity and topology of the cell environment.90,91 

 

 
Figure 1. Landscape of cellular mechanobiology. The discipline revolves about single-cell behavior and 

encompasses phenomena involving cell components at the mechanical, structural and chemical level. The 

question marks allude to the specific search of structure-mechanics relationships in mechanobiology.   
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2.1.2 Methods and instruments for probing cell mechanical properties 

In this section, the methods and instruments used to determine cell mechanical 

behavior are described. As mentioned before, there are deliberate omissions in the 

overview of articles devoted to problems concerning active physical forces (e.g. cell 

traction forces) and physical constraints (e.g. extracellular matrix, topological cues) 

due to a restriction to the passive mechanical behavior of cells investigated here. 

 
Force-application techniques 
_______________________________________________________________________________________________________________________________________ 
 

To determine the mechanical properties of cells, the testing and analysis procedures 

schematized in Figure 2 are most often employed, due to the development of force-

application techniques that have facilitated the mechanical characterization of cells 

both globally and locally (Figure 3). 

 
Figure 2. Scheme of the rationale of testing and analysis procedures to characterize the passive 
mechanical properties of cells. The scheme shows sources of variability affecting the mechanical 

measurement of cell mechanics which depend on the sample, environmental variables and other variables 

that are dependent on the testing method and models used. 

The characterization of cell mechanical behavior refers to the mechanical response of 

cells, which cannot be generally known a priori, and depends on specific cell sample 
variables (e.g. cell type and animal source, pathophysiological condition). The first 

step to characterize material mechanics is to test the cell passive mechanical behavior 

is obtaining raw mechanical data (e.g. force-displacement curves) to be analyzed. In 
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addition to the specific cell sample variables, the measured mechanical behavior is 

also dependent on environmental variables (e.g. temperature, culture medium) and 

testing variables (e.g. testing condition and chosen method). Finally, an analysis 

model has to be used to derive the mechanical properties of cells.  
 

 
Figure 3. Techniques to measure the mechanical properties of cells. AFM, Atomic Force Microscopy; 

MEMS, microelectromechanical systems; QCM, quartz crystal microbalance; MTC, magnetic twisting 

cytometry.  Adapted from Rodiguez et al.92 

Figure 3 illustrates the wide range of testing methods and instruments that have been 

developed to measure the mechanical behavior and properties of cells in vitro. These 

methods allow exerting small mechanical perturbations with great precision and 

sensitivity, as well as to quantitatively detect and/or visualize the mechanical response 

at different times and precise locations. The detection ranges in the mechanical, 

spatial and temporal scales differ in the available techniques (see Figure 4). Most 

techniques make use of microsized or nanosized probes. Mechanical probes may use 

a cantilever (microneedles manipulation93, atomic force microscopy79), a glass 
capillary (MA94), a strained substrate, or plates undergoing compression95. Non-

mechanical probes can optical (optical tweezers96 and optical stretcher97), electric ( 
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microelectromechanical systems,98 and electric field stimulation)99, magnetic 

(magnetic tweezers,100 magnetic twisting cytometry101) or flow approaches (parallel 

plate flow, cone and plate,102 microfluidic103). All these tools apply and/or quantitatively 

detect, even map deformations, and use some kind of optical microscopy to precisely 

locate the application sites of stimuli and visualize the mechanical response.  
 

 
Figure 4. Detection ranges in the mechanical, spatial and temporal scales of relevance. OM, Optical 

Microscopy; AFM, Atomic Force Microscopy; TFM, Traction Force Microscopy; OT, Optical Tweezers; MT, 

Magnetic Tweezers; AT, Acoustic Tweezers; Particle-based techniques may comprise optical or magnetic 

drag, tweezers or traps, and twist cytometry. Adapted from Moreno-Flores.16 

We will next provide a more detailed explanation of the MA technique, because it was 

the methodology selected in this work to investigate biophysical problems. The 

contents of a published review, which is part of this doctoral work, will be used in the 

remaining part of this section. 
 

Micropipette-aspiration technique 
 

In MA experiments, a suction pressure ∆𝑃 is applied by connecting the micropipette 

(microcapillary) to an adjustable water reservoir (Figure 5a-b) a pump. Cell-geometry 

changes (Figure 5c) are determined microscopically by means of image analysis.104 

The suction pressure is given by the height difference between the tip of the 

micropipette and the top of the reservoir ℎ, and the specific weight of water: 𝜌𝑔: ∆𝑃 = 

𝜌𝑔ℎ. If there is a flow, the pressure drop along the microcapillary must be taken into 

account and the following equation may be used:105
 

 

 ∆𝑃 = 𝜌𝑔ℎ	(1 − 𝑈/𝑈8) (1) 
 

AFM, Micropipette aspiration 



Chapter 2 

 

where 𝑈 is the velocity of the aspirated material and 𝑈8 is the velocity that the fluid 

would have if flowing freely. Typically, 𝑈8 is several orders of magnitude higher than 

𝑈(𝑈8 ≈ 4 µm/s for a capillary of internal radius 𝑅< ≈ 10 µm/s and for a low value 𝜌𝑔ℎ 

= 1 Pa105). Therefore, the correction factor (1– 𝑈/𝑈8) may be taken equal to 1 in 

experiments of tens of seconds or longer (for which U is therefore smaller than ~0.1 

µm/s). To prevent adhesion of the membrane to the glass in MA experiments,106 which 

could lead to overestimates of the cell mechanical properties, different experimental 

protocols have been reported in the literature.107,108  

 
Figure 5. Scheme of the MA experiments. (a) Experimental setup used to adjust the differential pressure 

∆𝑃, the temperature and the position of the micropipette, and representative images of an assay. (b) Two 

types of curves for the differential pressure ∆𝑃 applied over time: creep experiments at constant pressure 

(dashed line) and ramp experiments (solid line). (c) Scheme of the aspirated length as a function of time for 

the two experiments. Adapted from González-Bermúdez et al.109 

Advanced methods based on MA 
 

The classical approach of MA has evolved in the past decades to facilitate the 
characterization of both local and global mechanical properties of cells (Figure 6).  

b 

a 

c 
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Figure 6. Schematic of micropipette-aspiration based techniques. (a) Microindenter force tool to locally 

deform an attached cell. (b) Pipette-based force apparatus to measure cell pulling and pushing forces. (c) 
Cell-detachment technique to characterize adhesion forces. The resulting cell projected area is related to 

the cell-substrate adhesion forces. (d) Dual-pipette aspiration to quantify intracellular forces. (e) 
Microaspiration device to map the surface tension of cell-aggregate interfaces. This mapping can be used 

to study morphogenesis and cell division. (f) Pipette aspiration combined with confocal microscopy to relate 

protein expression (as measured by fluorescent microscopy intensity) and cell mechanical behavior. (g) 
Microfluidic high-throughput method including microconstrictions to characterize single-cell mechanics. 

Adapted from González-Bermúdez et al.109 

Specifically, micropipette force probe (Figure 6a) uses a micropipette holding a 

functionalized bead coated with molecules of interest. To quantify the pushing or 

pulling forces, the bead is brought in contact with a cell fixed by a micropipette. To 

a 

c 

e 

b 

d 

f 

g 
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carry out local analyses of cells, Guillou et al.110 developed the profile microindentation 

technique. It requires holding a cell by a micropipette, while using a profile 

microindenter (Figure 6b). An additional micropipette may be used to deliver 

molecules onto the cell. This procedure has enabled, for example, the study of 

endothelial cells when whiffed by a drug. A strategy to quantify cell-substrate adhesion 

force entails measuring the aspiration pressure required to modify the geometry and 

detach a cell from a surface (Figure 6c).56 Similarly, cell-cell detachment forces may 
be assessed by a dual MA system,46 in which two antiparallel micropipettes regulate 

the negative pressure applied to each of the cells (Figure 6d). Cell-cell forces are 

particularly important during morphogenesis: a growing cell aggregate may need to 

rearrange its cellular interfaces, thus requiring changing the surface tensions in the 

different parts.  

 

Aspiration can be also directly applied to quantify the effective surface tensions of all 

interfaces of a group of cells (Figure 6e).111,112 In local analyses, MA and fluorescence 
or confocal microcopy can be combined to integrate molecular observations with 

mechanical assays (Figure 6f), which permits inferring mechanosensing activity.108,113 

For instance, MA combined with single-particle tracking has been employed in 

mechanosensitive studies of membrane-embedded ion channels and proteins.114 

Finally, a variation of MA has recently overcome a key limitation of the technique: the 

relatively low throughput of the experiments (~20 cells/h). Lee et al. developed a new 

microfluidic device based on microaspiration that has largely increased the throughput 

of the technique (~1000 cells/h),115 complementing other microfluidics approaches to 

measure cell-deformability parameters with a high throughput 116 (Figure 6g). 
 

 
Biomechanical analysis models of MA tests 
_______________________________________________________________________________________________________________________________________ 

 

As shown in Figure 6, a given analysis model has to be chosen to derive the 

‘mechanical properties’ from the data provided by MA tests. Here we summarize 

analyses models that have been developed to solve this problem. Additional 

information on continuum mechanics, of interest for these models, is available in 
Appendix B.  
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Time-independent solid continuous models assuming homogeneity 
 

The simplest models adopt continuum-modeling approaches (Figure 7). The 

computed parameters are typically phenomenological without a direct link to 

intracellular components. The classic work by Theret et al.49 provided one equation to 

compute the elastic modulus of a sample, assumed to be a homogeneous 

incompressible linear elastic half-space: 
 

 
∆𝑃
𝐸 =

2𝜋
3𝜙<

𝐿<
𝑅<

 (2) 

 

where ∆𝑃 is the differential pressure, 𝐿< the aspirated length and 𝑅< the pipette radius 

(Figure 5). The term 𝜙<depends weakly on the thickness of the pipette wall and the 

value 𝜙< » 2.1 is typically used. In this linear model, the slope of the curve ∆𝑃/𝐸 

versus 𝐿</𝑅<is 2𝜋 3𝜙< ≈1.0 
 

For suspended nearly-spherical cells, accurate mechanical models should take into 

account the finite size. Zhou et al. studied the aspiration of a homogeneous neo-

Hookean (incompressible) spherical cell.50 From their computed curves, they fitted a 

nonlinear equation, from which a linearized version was obtained in a posterior work:52 
 

 
∆𝑃
𝐸 = 𝑐E

𝐿<
𝑅<

 (3) 

 

The function cl takes into account the relative size of the cell, through the ratio between 

radius of cell Rc and pipette Rp, and is given by: 
 

 𝑐E =
𝛽&
3 G1 − H

𝑅<
𝑅I
J
KL
M (4) 

 

where	𝛽& = 2.0142 and re	𝛽N =2.1187 are constants obtained by Zhou et al. 

 

Theret el al.’s equation has been widely used, even for nearly-spherical cells 

(disregarding that the finite size of the cells may produce that differences in size are 

incorrectly interpreted as differences in rigidity). Nevertheless, this model does not 

take into account the nonlinearity of the contact between pipette and cell. 
 

Time-dependent viscoelastic continuous models assuming homogeneity 
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The previous models may be extended to a linear incompressible viscoelastic 

material: the evolution of the aspirated length 𝐿<(𝑡) may be computed by replacing 

the constant 1/𝐸 by a creep function 𝐽(𝑡). For instance, the modified version of 

equation 2 is: 117 
 

 
𝐿<(𝑡)
𝑅<

=
∆𝑃
𝑐E
𝐽(𝑡) (5) 

 

Regarding the creep function 𝐽(𝑡), the standard linear solid model with three 

parameters and the power-law rheological model with two parameters are customarily 

used for aspiration experiments .50,88 Equation 5 may be directly used in experiments 

with constant pressure applied instantaneously at time 𝑡 =0 while, if the pressure 

varies, the resulting equation is obtained using the Boltzmann superposition 

principle.45 

 

Time-dependent fluid continuous models assuming homogeneity 
 

When a cell undergoes large deformations, it evolves from a solid-like to a fluid-like 

behavior,118,119 and it is possible to quantify its apparent viscosity.13,78 Based on the 

relation obtained by Needham and Hochmuth,13 an equation to estimate the apparent 

viscosity µ	(at time 𝑡&)can be derived by a single frame:53 
 

 𝜇 =
3	 ∫ ∆𝑃𝑑𝑡UV

W 	

4𝑚	 𝑉[\𝑉U]U
H1 −

𝑅<
𝑅I
J
H
𝑅<
𝑅I
J
N

 (6) 

 

where 𝑅I	is the initial radius of the cell, 𝑚 = 6, 𝑉[\ is the aspirated volume (at 𝑡&) and 

𝑉U]U is the total volume of the cell. The approximation was found to be valid for Rc/Rp 

< 2.5 and 𝑉[\/𝑉U]U < 0.45. 

 

Continuous models taking into account intracellular-component parameters 
 

The models discussed above assume a homogeneous cell and are useful for 

quantitative analysis allowing comparison of different cells. However, cells highly 

depart from an ideal homogenous isotropic medium. Dynamic changes, heterogeneity 

and anisotropy are not taken into account by these models and may contribute to the 

variability of the evaluated deformability parameters, for instance due to a 
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mechanosensing-related evolution of a non-homogeneous cytoskeletal cortex.119 A 

simple approach, taking into account the actomyosin cortex contractility and suitable 

for some suspended cells, is to consider the cell mechanically equivalent to a liquid 

drop, being its shape determined by the cortical tension 𝑇I	45,120 produced by the 

actomyosin cortex.121 The equilibrium shape corresponds to spherical surfaces inside 

and outside the microcapillary, respectively with radii 𝑅[\ and 𝑅]_U and Laplace 

equation is used: 
 

 ∆𝑃 = 2𝑇I 	H
1
𝑅[\

−
1
𝑅]_U

J (7) 

 

Equation 7 is easily modified if the cortical tension is considered different inside and 

outside the pipette.84 When the length of suction surpasses the radius of the 

microcapillary, the cell is unable to stay in equilibrium and it is freely aspirated, as 

observed in cells with low viscosity.13,45 It is possible to calculate the equivalence 

between the measured cortical tension of the cell 𝑇I	and apparent modulus 𝐸 given 

by equation 3:117 
 

 𝑇I ≈
𝑅W( 	`a1 − (𝑅</𝑅W)(b

c&/( − 1d	
2𝑅<𝑐E

𝐸 (8) 

 

The interior of the cell is a complex fluid with active microdomains that can be tuned 

by the cell to control its structure and function.122 Indeed, given the large amount of 

understudied species of molecules,123 biomechanical modeling cannot yet describe in 
full detail the response of cells and is therefore an active area of research. In 

poroelastic (and poroviscoelastic) models, the cell is described as an elastic (or 

viscoelastic) porous structure dispersed in a viscous fluid.119,124 The time dependency 

of deformability is given by a poroelastic diffusion constant which scales as 

𝐸efU𝜉(/𝜇IhU, being 𝐸efU the elastic modulus of the drained matrix, 𝜇IhU	the cytosol 

viscosity and 𝜉 the characteristic pore radius.124 In this context, Brugués et al. worked 

on an analytical model and performed micropipette-aspiration experiments to study 

the dynamical interaction between the actomyosin cortex and the plasma 

membrane.125 Their simplified equation for the critical thickness of the actomyosin 

cortex ℎi above which the plasma membrane would detach producing blebs is: 
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 ℎi =
𝑓i𝑑i𝑅<
2𝜎eh]

 (9) 

 

where 𝑓i is the bond force, 𝑑i is the surface density of bonds between cortex and 

plasma membrane and 𝜎eh] is the cortex stress due to myosin contractility. Alert et 

al. obtained a model that would allow for estimations of the membrane-cortex ligand 

density and the contractile activity of the cortex126 combining MA and interferometric 

spectroscopy. 

 

 
Figure 7. Models to analyze the mechanical properties of cells by MA. The figure summarizes 

continuum and discrete strategies for modeling the mechanical behavior of cells. Adapted from González-

Bermúdez et al.109  

 

Discrete models taking into account intracellular-component parameters 
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Lykov et al. developed a discrete particle-based model of a spherical cell, describing 

the cell membrane, nucleus and cytoskeleton during the aspiration process.110 Their 

analysis of experiments indicated that the main contributor to cell stiffness is its 

cytoskeleton, being filaments and cross-links equally important. 

 

2.1.3 Description of cell mechanical properties 

Independent measurements of cell mechanical properties have been performed using 

the different testing methods shown in Figure 3. Comparisons of reported results 

across cell types yield a range of elastic moduli of cells (e.g. the linear elastic modulus 

of most cells is low127 and ranges between some hundred Pa in glial cells or neuronal 

cells 128 and tens of kPa in human thrombocytes). Based on the reported evidence 
using different testing methods, some empirical laws of cell mechanical behavior of 

general validity have been extracted. First, in monotonic loading tests, cells exhibit 

roughly a nonlinear elastic response to mechanical loading. It is possible to estimate 

a Young’s modulus for small deformations and for larger deformations cells often 

strain-stiffen but, depending on the rate, amplitude and type of loading, can also 

soften.129–131 Second, in dynamic loading tests cells behave as viscoelastic materials 

at small deformations, for which the dependence of the storage and loss moduli 

(frequently understood, as a gross simplification, to represent respectively elastic and 
viscous contributions to deformation) on the deformation frequency may be described 

by a power-law function, suggesting that they dissipate elastic stresses with a broad 

range of relaxation times.132 

 

Together with the characterization of the mechanical properties of many cell types, 

researchers have investigated their connections to cell state and function. It has been 

shown that mechanical properties can serve as an intrinsic biophysical marker of cell 

state transitions, such as metastasis of cancer cells, activation of leukocytes, or 
progression through the cell cycle (described in detail in Di Carlo)1. Some other 

relevant examples include cell growth,133 degree of differentiation,134,135 ability to 

migrate,29,136 or cell fate.137 For example, circulating blood cells are elastically 

compliant on short time-scales, a quality required for quick advection through 

microcapillary constrictions, while migrating immune cells have low viscosity on long 

timescales for easy flowing through tissue gaps (Figure 8). Based on this kind of 
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evidence, mechanical analyses of cell promise to be a simple and efficient approach, 

with regard to medical applications concerning the diagnosis of pathologies.1 

 

 
Figure 8. Blood cell types are distinguishable by mechanical properties. (a) Top: Images showing the 

analysis of whole diluted blood, using real-time deformability cytometer. Bottom: Representative images of 

different cell types as captured by the optical microscope. Scale bar is 10 µm. (b) Cell deformation versus 

cell size. Hydrodynamic shear forces were applied to induce the deformation of cells passing through a 

microfluidic channel (20×20 µm2) at speeds greater than 30 cm/s. Each dot represents a measurement 

event. Adapted and from Toepfner et al.138 
 

However, despite the favorable and prominent evidence supporting the link between 

mechanical parameters and cellular functions, different sources of variability in the 

data have limited the transition from experimental studies to clinical practice: 
 

Caveat: variability in the mechanical properties of the same cell type 
characterized by different techniques. The reasons for the limited use of cell 

mechanics in clinical settings has been subject of discussion in previous 

publications.60,129,139 A particularly illustrative example of the latter is the work of 

Wu et al. In their study, a total of seven different techniques were put in place to 

measure the mechanical properties of MCF-7 cells, only to demonstrate the 

discrepancy in the reported data.59 This controversy in the evaluation of cell 
mechanical parameters has led to identify these technical problems within the 

research field:16,60  

a b 
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•  Lack of calibration standards: It is commonly accepted that a problem for the 

use of cell mechanical measurements is the lack of universal calibration 

standards. A possible solution for this limitation are standardized reference 

particles, which could be co-measured with cells to have an absolute standard 

to analyze the sources of variability provided by different methods. For 

instance, the use microbeads of poly-acrylamide,  with a size of 10-20 µm and 

Young’s modulus of 0.1–10 kPa, as reference materials was proposed by 

Träber et al.140 In this same line, sharing cell mechanical data in an online 

database could enhance the use of calibrated measurements.  
 

• Lack of automation in testing and data analysis: Despite the advancement in 
the technologies to screen cell populations for mechanical fingerprint in a high-

throughput manner, the field has not witnessed a comparable development of 

simplified protocols and automatic data analysis. These technical problems are 

thought to limit the use cell mechanical measurements in biology and medicine.   
 

•  Lack of integration of multiple techniques for synchronous detection: While the 
working hypothesis in cell mechanics is that cellular processes have their own 

mechanical fingerprint, spatio-temporal scales have been scarcely explored on 

the experimental ground, nor have they been studied in mutual interconnection. 

A solution suggested to this problem is the integration of tools and models for 

an improved understanding of dynamical processes and cell mechanics.  

 

2.1.4 Micropipette aspiration: a versatile tool in cell mechanics 

With five decades of sustained application, MA has enabled a wide range of 

biomechanical studies, including the problems of characterizing the mechanical 

properties of suspended cells, mainly blood cells,12,12,82,133,141 and adherent cells in the 

adhered configuration or resuspended,53,86,136,142–144 cell nucleus,107 cell blebs,125 giant 
unilamellar vesicles,57,145–147 extracellular matrices142 and tissues.148,149 

 

The innovative MA-based approaches and applications described earlier demonstrate 

the versatility of the technique to approach both local and global problems of cell 

mechanics. Nevertheless, there are still some technical and theoretical problems 
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(concerning the analysis models) which underpin the urge to adopt the appropriate 

ones to avoid misleading estimations of cell mechanical properties: 
 

Caveat: physical assumptions of the mechanical models. The Theret’s 

approach for MA has gained widespread acceptance in biophysical studies, 
although it has a limited validity as it does not take into account the finite size of 

cells, which may produce that variations in size are incorrectly interpreted as 

variations in rigidity. Despite Zhou’s more accurate contact mechanical model has 

been reported to consider the finite size of cells, Theret’s model is still recurrently 

used. In addition, assumptions of MA models overlook the nonlinearity of the cell-

pipette contact, and assume incompressibility (Poisson’s ratio of cells, n = 0.5). 

These assumptions can compromise the validity of the analysis approach, leading 

to erratic estimations of cell mechanical properties.  
 

Caveat: lack of high-throughput and automation. If compared with other 
methods, the conventional MA approach (Figure 5) lacks high-throughput 

capability and automation for measuring single-cell mechanical properties, 

essential qualities for robust disease diagnosis or mechanobiological studies. 

Evidently, microfluidic techniques demonstrate a superiority in terms of throughput, 

enabling label-free measurements of single cells (e.g. 2000 cells/s).89 In 

comparison, MA requires fewer specific devices which facilitates the application 

range of the technique. The MA procedure usually require three manual steps: cell 

search (as they are randomly scattered in a dish), measurement and data analysis. 
These steps cost a lot of time and significantly reduces the final MA throughput. 

While some works have introduced an automated MA system that can automate 

the measurement and analysis steps, the operator still needs to search the target 

cell each time.104,150 Hence, a MA system that includes a fully automated 

manipulation of batch cells, cell measurement and data analysis in short time is 

still desired. 

 

2.1.5 Role of intracellular organelles in cell mechanical behavior 

Because cell mechanical properties are biomarkers of cellular state and function, an 

essential problem is understanding how cells self-regulate their mechanical properties 

in response to the external forces or other cues in their environment. To a large extent, 
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this regulation has been attributed to the organization and control of mechanical 

properties of the intracellular components. Because of this, cell mechanics has 

transitioned from coarse-grained problems of probing and comparing cells mechanical 

properties to investigating how intracellular components endow cells with their 

mechanical properties, and their connection with cellular functions.  

 

Intracellular rheology, which focuses on the mechanical properties of the cell interior, 
has received a growing interest in recent years.151,152 This field has addressed the 

problems of measuring the geometry and mechanical behavior of intracellular 

components and/or membrane, from a physical perspective. Complementarily, 

researchers have studied how mechanotransduction networks regulate the internal 

organization. In concert, mechanotransduction analyses have focused on elucidating 

how biochemical signaling pathways can modify cell mechanical properties. Relevant 

topics investigated by both approaches include (i) the underlying basis for the varying 

mechanical properties in cells that share the same DNA in an organism, (ii) the spatio-
temporal changes in cell structural organization in response to external forces, and 

(iii) the relationship between structural organization and to mechanical properties.  

 

To investigate these questions, intracellular components and/or membrane are 

usually purified and studied in vitro or together with a limited set of proteins. In this 

section I will describe some of the problems relating intracellular components and/or 

membranes and cell mechanical properties which are better understood, with a focus 

on experimental studies and biomechanical modelling (within a length scale of 10-6 m, 
and time scales of 10-1–102 s). 

 
The plasma membrane 
_______________________________________________________________________________________________________________________________________ 

 

The plasma membrane is a phospholipid bilayer of a few nanometers thickness 

delimiting the cell. The phospholipid bilayer consists of amphiphilic molecules, with 

polar heads and hydrophobic tails. It is accepted that the plasma membrane is a 
dynamical and fluid structure through which proteins and molecules diffuse with 

difficulty, enabling a differential concentration of molecules between the cell and its 

environment (e.g. [Ca2+] is typically 10−4 times lower inside the mammal cell).153 The 

diffusion coefficient of proteins through the plasmatic membrane is of the order of 10-
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12 and 10-9 m2s-1, depending on to the lipid composition.153 Peripheral proteins, 

attached to the membrane surface and transmembrane proteins facilitate the 

functions of recognition of biochemical signals and activation of other molecules. Most 

of these proteins are transmembrane proteins (Figure 9a).154 

 

 
Figure 9. (a) Schematic of the plasma membrane, which comprises a phospholipid bilayer, with hydrophilic 

heads and hydrophobic tails, whose mechanical rigidity is altered by the presence of integral protein 

molecules and cholesterol. Adapted from Bao et al.154 (b) Left: representative shapes of red blood cells. 

Right: Minimum-energy shapes calculated from a constitutive mode of the membrane with two parameters: 

reduced volume and effective reduced relax area, which combines the effects of the changes in membrane 

surface and spontaneous curvature. Adapted from W et al.155 

 

While the biological functions of the plasma membrane had been investigated 

extensively since 1925,156 the problem of how the plasma membrane responded to 

external forces remained poorly understood until the decade of the 70s. It was first 

approached by Helfrich,157 with applications to vesicles and red blood cells, treating 

the cell membrane as a fluid two-dimensional shell with a bending stiffness. The 

choice of red blood cells (RBC) was due to their relatively simple internal structure: 
RBC lack nucleus and consists of a composite membrane (plasma membrane plus 

membrane skeleton), with a biconcave discoid shape of 8µm in diameter, and exhibit 

multiple shapes in response to different chemical of agents (see micrographs in Figure 

9b). The seminal model by Helfrich assumed that the membrane, with a given 

a 
 
 
 
b 
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curvature-elastic modulus, changes its surface area to minimize its overall free energy 

(i.e. curvature-elastic states of minima energy), by adopting a so-called spontaneous 

curvature. It was later observed that the protein-based membrane skeleton also 

contributed to stretch and shear elasticity. When those aspects of the problem were 

considered, mechanical models managed to accurately predict the sequence of shape 

variation, experimentally observed in RBC155 (see results of simulations in Figure 9b). 

Overall, the available models have provided an improved understanding of how the 
plasma-membrane material properties determine cellular deformability (e.g. Figure 

9b). They have also paved the way for investigating mechanosensing problems, such 

as (i) exploring how and to what extent a given biomolecular agent modifies cell 

membrane properties, and then (ii) using the model to analyze how those 

modifications affect the overall cell deformability.  

 

Poorly-understood aspect of the problem: contribution of membrane-bound 
proteins in controlling cell shape. Studies have shown that membrane-bound 
molecules play an important role in controlling shape, such as caveolin-1 and -2 

and cholesterol;85 future models shall also take into account their contributions.158 

 
The cytoskeleton: an interplay of active semiflexible biopolymer networks 
_______________________________________________________________________________________________________________________________________ 

 

In addition to the effect of the membrane on the adaptation of the cell to forces, the 

problem of how the cytoskeleton regulates cell mechanical behavior has been 
thoroughly investigated. Cells are assumed to be under substantial internal stress due 

to the contractility activity of the cytoskeleton,83 which is transferred to the extracellular 

matrix (ECM) via integrins at focal adhesions (see Figure 10a).159 Due to both the 

large size and high bending stiffness of cytoskeletal filaments compared with single-

chain linear polymers, semiflexible-polymers models have been used. 

 

Actin filaments 
 

Actin is a 40 kDa globular protein, known as globular actin (G-actin) in its monomeric 
form, which polymerizes to form actin filaments (AFs), also known as filamentous actin 

or F-actin. In these microfilaments, the long polymerized chains of actin are intertwined 

in a helix, with a diameter of 7 nm. As an ATPase, it hydrolyses ATP to ADP upon 

polymerization. Over 150 proteins have actin-binding domains.160  
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Figure 10. (a) Schematic of the intracellular structure of a typical eukaryotic cell. Adapted with modifications 

from Huber et al.139 (b-d) Structure and micrographs of key cytoskeletal components, AFs, MTs and IFs 

respectively. Adapted from Mostowy et al.161 (e) Stress-strain curves of biopolymers: F-actin, vimentin, 

tubulin and fibrin gels (component of clots). The data are obtained by measuring the deformation 30 s after 

applying a constraint. The concentration of each gel is 2 mg / ml. Breaking of the F-actin and tubulin 

networks is indicated by an "x".87 (f) The elastic modulus of the four biopolymers gels (actin, vimentin, 

tubulin and fibrin) as a function of protein concentration. Adapted from Suresh et al.87 

 

AFs are functionally polar in nature, which means that they have two nonsymetric 

ends: a fast and a slow growing end (called the plus end and minus end respectively). 

Unlike microtubules, AFs do not go through discrete polymerization and 

depolymerization, but are typically in the process of assembling and disassembling. 

a 

d

dd 
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c 
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This regular polymerization of AFs can generate long-lasting forces, which are 

necessary for the motion of cells:162 simply by having two different critical 

concentrations of monomers at the two ends, AFs grow transferring momentum 

forward due to asymmetric plus end polymerization, a process which is known as 

treadmilling. AFs also generate motility forces through interactions with myosin 

motors. The actomyosin network containing myosin II is thought to be essential in 

pulling the bulk of the cell forward during motion, resulting in an overall contractility. 
The control of the polymerization dynamics is critical for the capacity of the actin 

cytoskeleton to reorganize rapidly in response to a mechanical or chemical signal. To 

investigate these dynamics, a common strategy is to inhibit the polymerization of the 

filaments by using toxins or drugs such as Latrunculin A, which bind to actin 

monomers, preventing the polymerization of AFs. 

 

To quantitatively examine the contribution of F-actin to the mechanical behavior of 

cells, F-actin networks have been reconstituted in vitro using purified proteins. It has 
been observed that F-actin gels provide the highest resistance to deformation until a 

certain critical value of local strain, above which the gel deforms easily (Figure 10e-f). 

This characteristic offers a rationale for the existence of actin networks at the cell 

cortex where the network can easily ‘fluidize’ under high shear stresses to facilitate 

cell locomotion The mesh size of a reconstituted F-actin gel depends on the 

concentration in F-actin.163  
 

Microtubules 
 

Microtubules (MTs) are cylindrical structures that are built from 13 parallel 

protofilaments made of α-tubulin and β-tubulin heterodimers. Each tubulin monomer 

of ~50 kDa binds one GTP molecule, and the α-tubulin GTP is locked in the interface 

between the α-tubulin and β-tubulin; only the β-tubulin GTP undergoes hydrolysis. 

The tubulin dimers assemble in a head-to-tail manner, producing microtubule 

polymers with an outer diameter of ~25 nm. Similarly to actin, microtubules are polar, 

with one end (the plus end) growing faster than the other end (the minus end).  

 

MTs exhibit similar dynamics to those of AFs: they can assemble and disassemble at 
the plus end (see Figure 10c), through a process known as dynamic instability, which 

describes the switching of individual polymers between phases of growing and 
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shrinking. This dynamic instability allows the cytoskeletal microtubules to reorganize 

quickly and allows individual microtubules to efficiently probe the cell space.164 

Numerous regulatory factors allow cells to control how fast microtubules grow and 

how frequently they switch from growing to shrinking (catastrophe) or from shrinking 

to growing (rescue), and also to control the creation of new MTs.165 

 

Using in vitro reconstruction, experiments suggest that MTs are the stiffest of the three 

families of filaments with persistence lengths ranging from 100 to 5000 µm depending 

on the filament length.165,166 Structural mechanics models suggest that MTs resist 

tension efficiently but are more susceptible to torsion and, for the physiological 

concentrations, the MT network does not have sufficient tensile or shear stiffness to 

impart significant mechanical integrity to the cytoskeleton. Typically, MT act in concert 

with the other filamental biopolymers to stabilize the cytoskeleton. Individual 
intracellular microtubules have been considered resistant to large-scale compression 

from physiological processes because of lateral reinforcement from the cytoskeleton 

(see Figure 10e-f).166 

 

Intermediate filaments 
 

Intermediate filaments can be formed from groups of proteins of a family with more 

than 50 members. Individual proteins assemble to form a tetrameric subunit 
composed of two antiparallel half-staggered coiled-coil dimers. Next, eight tetrameric 

subunits associate laterally to form a unit length filament (ULF). Individual ULFs join 

end-to-end to form short filaments, and these grow into longer filaments by 

longitudinally joinining to other ULFs and existing filaments (see Figure 10d). 

Intermediate filaments (IFs) have a diameter of ~11 nm, and they are non-polar 

because of the antiparallel orientation of tetramers. In many cell types IFs play a 

mechanical role, such as for example the epithelial cells of the lungs, in which the 

intermediate keratin filaments form a network which helps the cells to resist shear 
stresses.167 A class of IFs contributes to the mechanical integrity of the nuclei, nuclear 

animal.168 

 

IFs are the most stable structures in the cytoskeleton, except at the time of cell division 

when they reorganize strongly, and a very small fraction of molecules remains in 
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monomeric form in the cytoplasm. Unlike MTs and AFs, the IFs are not polarized and 

cannot be used as a support for the displacements of molecular motors. As a key 

phenotypic marker of mesenchymal cells, vimentin IFs (VIFs) are known to be critical 

for regulating cell shape, migration, 169 and cytoplasmic stiffness at small 

deformations.170,171 Recently, it has been demonstrated that VIFs play a significant 

role in cytoplasmic mechanics and maintain cell viability at large deformations.172 In 

the context of immune cell activation, the study of Brown et al. suggested that a 
decrease in stiffness would be necessary for the transmigration of lymphocytes 

through the vasculature, lymph nodes and tissue to infection sites following activation, 

and that this may be partly explained through changes in the localization of VIFs.173 

 

IFs are sufficiently deformable compared to AFs and MFs, and thus under large 

deformation IF networks withstand significant mechanical stresses while keeping their 

structure intact.137,174 (see Figure 10e-f). These filaments also strain harden to bear 

the mechanical stress at strain levels where actin networks do not retain their 
structural integrity. This great resistance gives them an essential role in maintaining 

the mechanical integrity of cells. The mechanical properties of the IFs are 

demonstrated by performing classical experiments on homogeneous and isotropic gel 

samples, which makes it possible to relate the elastic modulus to the average size of 

the mesh of the cytoskeleton.175 This means that the viscoelastic response of the 

network depends on the intracellular organization, on the filaments composition and 

their concentration. 

 
Mechanical contribution of AFs, MFs and IFs to cell passive mechanical 
behavior 
 

A synthesis of the key contributions of AFs, MFs, and IFs to the bulk passive 

mechanical behavior of cells is the following:  
 

1)  The cytoplasm is typically much less stiff (~5-10 Pa), than the cell cortex (~103-

104 Pa). In non-adhered (through focal adhesions) animal cells, like lymphocytes, 
the main contribution to cytoplasmic mechanics is assumed to come from the 

actomyosin cortical material properties. Besides, VIFs do not have any measurable 

effect on the cortical stiffness, attributable to the dominance of the actin-rich 

structure of the cortex.  
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2) Previous in vitro works have demonstrated that both F-actin and MTs structures 

yield or disassemble at moderate strains (20 and 60%, respectively), suggesting 

that they cannot maintain the mechanical integrity and resilience of the cytoplasm 

at the larger strains.176 Disrupting F-actin or MTs lead to cell softening.177,178  

3)  It has been hypothesized that cytoplasmic IFs may play an important role in 

maintaining the mechanical integrity and resilience of cells, regulating cellular 

motility and adhesion, especially under large deformations.179,180 Within the 
cytoplasm, actin network structures are less abundant, and VFs play a more critical 

role in the spatial organization of the contents of the cell.170 

 
The nucleus 
_______________________________________________________________________________________________________________________________________ 

 

The cell nucleus is responsible for the storage, maintenance, and expression of the 

genetic material it contains.181 These functions are executed by biochemical 

processes, namely DNA compaction/decompaction, DNA replication, DNA repair, and 
RNA transcription/processing. The corresponding machineries are highly structured, 

yet they are dynamic macromolecular assemblies182 which must work on chromatin 

with high fidelity in a crowded nuclear environment.183 In addition, the mammalian cell 

nucleus contains a variety of subnuclear domains, nuclear bodies, or subnuclear 

compartments. DNA in the form of chromatin is easily visualized as individual 

chromosomes in mitotic cells. In the interphase cells, chromosomes decondense into 

so called chromosome territories, which occupy distinct volume regions.184 
Constitutive heterochromatin is mainly composed of pericentromeric DNA and, in this 

case, the chromosome’s centromere/kinetochore complex can be found embedded 

within this chromatin region (Figure 11a).185 The cell nucleus is separated from the 

cytoplasm by a nuclear envelope which consists of an inner nuclear membrane , outer 

nuclear membrane, an extension of rough endoplasmic reticulum and nuclear 

lamina.186 

   

Nuclear lamina  
 

The nuclear lamina, which is the major structural component of nuclear envelope, is 

a dense network of lamins plus lamin-associated proteins lying beneath the inner 

nuclear membrane. Lamins are classified into types A and B according to their 

difference in biochemical properties, expression pattern, and behavior during mitosis. 
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187 A-type lamins, which include lamin A and C, are products of alternative splicing 

from the LMNA gene, and B-type lamins are encoded by two separate genes, LMNB1 

and LMNB2. Type B lamins are present in all (nucleated) mammalian cells as they 

are essential for cell viability, but type A lamins are developmentally regulated. Lamin 

networks resist deformation and force transmission and are major mechanical 

elements of the nucleus.188 Lamins determine the nuclear integrity and are also 

involved in numerous nuclear functions. Specifically, type-A lamins play a major role 
in the preservation of nuclear shape,189–191 stability 192 and structural integrity.193 

Moreover, lamins regulate and support protein complexes involved in gene 

expression, nuclear positioning 194, DNA replication, transcription, and repair 20 and 

aging.191 Nuclei reconstituted in lamin-deficient Xenopus egg extracts are extremely 

fragile.195 Similarly mammalian cells depleted of lamins, particularly A-type lamins, are 

significantly weaker than their wildtype counterparts.19 

 

 
 
Figure 11. Mechanobiology of the nucleus. (a) Illustration of an isolated intact mammalian nucleus, 

containing chromatin in the form of chromosome territories. These territories may overlap at their touching 

borders or create the so-called interchromatin space. Structural hallmarks in the periphery of the nucleus 

include nuclear pore complexes, the nuclear membrane and the nuclear lamina. Adapted from 

Shivashankar.196 (b) Schematic illustration of nuclear deformation as a mechanoregulator downstream of 

cytoplasm-to-nucleus signaling transduction. Adapted from Elosegui-Artola.197 (c) Schematic illustration of 

nuclear deformation as a mechanoregulator of chromatin accessibility and gene expression. Adapted from 

Miroshnikova.198 

 

b

 

a 
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Contribution of the nucleus to cell mechanical properties 
 

1) The nucleus is the largest and stiffest organelle in the cell,188 being an important 

limiting factor for the migration of cells through dense connective tissue. In 

particular, it has been found to be typically tens of times stiffer than the cell 

cytoplasm.199 The size and stiffness of the nucleus can impose a rate-limiting effect 

in cells migrating through narrow tissue spaces. Changes in nuclear envelope 

composition that result in more deformable nuclei can be found in physiological 
processes (granulopoiesis), but may also contribute to cancer progression, as 

cancer cells often have altered nuclear shape and lamin expression. In addition, a 

larger nucleus-to-cell area ratio has been observed in embryonic stem cells 

compared with differentiated cells.200 

2) The elastic nuclear lamina, composed of a fibrous lamin network, and the 

viscoelastic components of the nuclear interior, determine the mechanical 

properties of the nucleus. The nuclear envelopathies and, more specifically, 

laminopathies often involve dramatic changes in nuclear shape and mechanics, 
including altered nuclear stiffness and impaired nucleocytoskeletal coupling, which 

may further impact mechanotransduction and gene regulation processes.20 

3) Recently, the emerging concept of nuclear physical properties as a 

mechanoregulator of gene expression brings new insight into understanding how 

mechanical cues are transduced to the nucleus and how they influence nuclear 

mechanics, genome organization, and transcription.196,198,201–204 Specifically, the 

nucleus can either serve as a downstream regulator of cytoplasmic signals or as 
a direct effector independent of the cytoplasm (Figures 11b and 11c). 

 
Cell/nuclear mechanics and genome instability (including DNA damage) 
_______________________________________________________________________________________________________________________________________ 

 

Genomic instability typically arises from dysregulation of DNA damage repair and 

DNA replication by environmental stresses, such as radicals and reactive oxygen. 

Besides the biochemical regulations of genomic instability, recent studies have also 

pointed to the mechanical integrity of the nucleus as a multifaceted regulator in DNA 
damage and genomic instability. By separating genetic materials from the reactive 

cytoplasmic macromolecules, the nuclear membrane protects the integrity of the 

genome and prevents damage to genomic DNA (Figure 12).196,205,206 Recent studies 

have reached an agreement that many forms of mechanical loads can induce DNA 
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damage and genome instability.207–209 These mechanical loads vary from extracellular 

compression, stretch, and confinement, to even the contractile force generated by the 

cell itself. In addition, disruption of the linker of nucleoskeleton and cytoskeleton 

(LINK) complex may offer a specific approach to reduce mechanical stress on nuclei 

and improve cellular function.210,211 To understand how mechanical stress leads to 

DNA damage, several mechanisms with supporting evidence have been proposed. 

 
From outside to inside, the increased actomyosin contractility in the cytoplasm causes 

DNA damage; stabilization of microtubules in the cytoplasm mitigates DNA damage. 

In contrast, expression of cytoskeletal IFs protects against nuclear rupture and DNA 

damage;212 cytoskeletal IFs serve as a hyperelastic network supporting the 

mechanical integrity of cells. On the interface between the cytoplasm and nucleus, 

the disruption of the LINC complex stops force transmission from the cytoplasm to the 

nucleus, and thus prevents DNA damage. The expression of lamin A/C (LMNA) 

stiffens the nuclear envelope, enabling the nuclear envelope to withstand large loads, 
and thus prevents DNA damage. Inside the nucleus, either stretch or compression 

demethylates heterochromatin and softens the nucleus, and thus prevents DNA 

damage.61 
 

 
 

Figure 12. Cellular components that support cellular mechanical integrity serve as key 
mechanoregulators of DNA damage. Adapted from Shivashankar.196 

 

Caveat: Unidentified links between mechanics, structure and physiology. 
The knowledge of how mechanics, matter structure and physiology are 

connected is decidedly incomplete. Distinguishing between nuclear events that 
are downstream of cytoplasmic mechanosensitive signaling pathways, and those 

that reflect true nuclear mechanotransduction events, remains challenging.16,213 

Some key reasons are the following:  

DNA 
damage  

up 

DNA 
damage  

down 
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1) Making generalizations on cellular behavior and their mechanical properties is 

audacious: cell-to-cell variability is an intrinsic feature that is far superior and 

depends on far more factors than batch-to-batch variability in inanimate matter.  

2) The genetic manipulations are complicated and laborious, which rules out a 

simple, in-situ implementation, require numerous materials and dedicated 

equipment, not to mention the expertise and know-how of geneticists and 
biologists. Besides, the genetic knowledge is key in defining the appropriate 

course of action (i.e., choice of relevant proteins and genes to manipulate and 

how) for the intended outcome (alteration of cellular activity or structure).16,60 

Sequentiality and synchronicity of mechanical and optical data, from which to 

investigate the mechanical behavior of cells in the widest detection range, should 

assist in finding those unidentified links.  

 

2.2  Mechanobiology of T cells 

  

2.2.1 Introduction to T cell biology 

The immune system is typically represented as a system of defense that protects the 

host organism from pathogens (e.g. viruses, bacteria, fungi), by means of recognition 

and decision of their eradication. However, this system is known to play other 

functions in the organism that include regeneration of damaged tissues, scar 

formation, and wound healing;214 surveillance against malignancies;215 modulation of 

nutrient metabolism;216 establishment of symbiotic relationships with harmless 

microorganisms;217 modulation of neuro-functions affecting memory, cognition, social 
behavior and spatial learning;218,219 and participation in a crosstalk with other cells by 

means of growth factors and regulatory signals. 

 

Innate and adaptive immunity 
 

The basic schema of vertebrate immunity consists of two evolutionary distinct ways 

to recognize the organism’s external environment and to monitor its inner state. The 

first arm, more primitive and less refined in its recognition mechanisms, is referred to 
as the innate immune system. This arm of immunity is composed of a variety of 

molecules and cells (e.g. neutrophils, monocytes, macrophages, dendritic cells, and 
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natural killer or NK cells) possessing distinctive characteristics based on their tissue 

distribution. They ingest microbes and destroy ineffectual, cancerous, and damaged 

host cells. These cells constitute the first line of the immune encounter and comprise 

the homeostatic state of physiological immunity as they patrol the on-going processes 

of surveillance. The innate system has autonomous functions, but the incorporation 

of antigen may also lead to integration with the second arm of immunity, the adaptive 

immune system. This second arm of immunity has evolved mechanisms that are 
highly specific in their recognition functions and exhibit immune memory of previous 

recognition. Acquired immunity is mediated by several classes of lymphocytes that 

may be stimulated by phagocyte first-encounters or as primary responders under 

certain pathological conditions. The B-lymphocytes, or B cells, express antigen-

matching receptors (BCRs) on their membrane. These receptors allow B cells to bind 

a given antigen against which they initiate an antibody response. T-lymphocytes, or T 

cells, also express antigen-matching receptors on their cell surface (TCRs), and the 

initial antigen-recognition event leads to activation of a variety of effector reactions 
that ultimately destroy the immune target. The decision not to respond to innocuous 

antigens is also a recognition event and results in immune tolerance.220,221  
 

 

T cell subsets: CD4+ and CD8+ 
 

There are two major subsets of T cells, CD4+ and CD8+, which are distinguished 

based on the type of major histocompatibility complex (MHC) that the T cell 

recognizes. MHC molecules are displayed on the surface of the target cell and can 
be categorized as either MHC class I or II. CD8+ T cells, also known as cytotoxic T 

lymphocytes (CTLs), recognize MHC class I, which is displayed on all nucleated cells 

in the body. Once a target cell is identified, CTLs bind to the target cell and induce 

apoptosis by releasing lytic granules containing the toxic proteins perforin and 

granzyme, which bore pores in the lipid bilayer of the target cell. Alternatively, CD4+ 

T cells, also known as T helper cells (Th cells) recognize MHC class II, which is 

expressed by specialized immune cells called antigen-presenting cells (APCs). In 

general, CD4+ T cells are tasked with activating other cells of the immune system. 
Their functions involve helping B cells to produce antibodies, inducing macrophages 

to enhance their microbicidal activity, and recruiting other types of immune cells such 

as neutrophils to an inflammation site. Because of these assistor functions, they are 

also referred to as T helper cells.222  
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Figure 13. Current approaches for investigating immune-cell parameters: from naivety to memory. 

(a) Innate cell subsets can be characterized by RNA-seq, flow-cytometry approaches, to reveal mediators 

of early inflammation, and their signaling pathways. Cells can be classified by phenotype and functional 

capacity on the basis of a variety of cell-surface markers and receptor expression, through flow cytometry 

or in the serum with other tools, such as multiplex assays or immunoassays kits, to rapidly survey more 

than 100 analytes in a single sample. (b) Cell subsets of the adaptive immune system can be investigated 

for antigen specificity by tetramer technology and mass spectrometry to explore peptide presentation, as 

well as sequencing of the TCR and BCR repertoire for the identification of clonally expanded populations. 

Also, antibody-repertoire sequencing can be used to characterize the extent of isotype class and affinity 

maturation. (c) Many of these tools are being adapted for the analyses of smaller tissue-biopsy samples 

and to extract information about the local inflammatory environment (d). Adapted from Davis et al.223 

 
Life cycle of the T cell  
 

The life cycle of T cells begins in the thymus where the lymphocyte precursors 
differentiate into either the CD4+ or CD8+ subsets. Afterwards, the T cells migrate to 

the secondary lymphoid tissues [e.g., lymph nodes (LNs)] where they are activated 

after encountering their cognate antigen, then they expand, and finally differentiate 

into either an effector subset (Th1, Th2, Tfh, Th17, and effector CD8+) or a memory 

cell. A T cell identifies a particular APC using the TCRs presented on its surface that 

identifies cognate antigen-peptides coupled to MHC (pMHC). Immediately after the 
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TCR identifies the pMHC, the T cell binds to the APC and an activation process is 

triggered. The activation process leads to formation of a stable contact with the APC 

and initiates a cascade of events that includes TCR phosphorylation, cytoskeletal 

reorganization, Ca2+ influx, and cytokine production. After approximately 3–4 days of 

contact with the APC, these effector T cells leave the LNs and travel to the site of 

infection to further orchestrate the immune response. Current state-of-the art 

techniques enable measuring a wide range of analytes involved in the different phases 
of the immune response (i.e. initiation, activation, mobilization and amplification, 

infiltration and effector function) (Figure 13).223 

 
Activation 
_______________________________________________________________________________________________________________________________________ 

 

Active migration 
 

In adults, the repertoire of T cells that have never encountered antigen, referred to as 
naive T cells, consists of 25-100 million distinct clones.224 Naive T cells must 

determine whether antigen is present and whether it poses a threat. This information 

is provided by dendritic cells (DCs) in secondary lymphoid organs. Naive T cells 

migrate preferentially to lymphoid tissues, a process referred to as homing.225,226 

During homing, naïve T cells continuously migrate from the blood to lymph nodes (LN) 

and other secondary lymphoid tissues. Homing to LN occurs in high endothelial 

venules (HEV), which express molecules for the constitutive recruitment of 

lymphocytes. In inflamed tissues, DCs are mobilized to carry antigens to LN, where 
they stimulate T cells specific for a given antigen. T cells specific for a given antigen 

are very rare, and DCs maintain a low frequency (approximately 1% of the LN cells); 

consequently, T-cell migration plays a key role in locating antigens from APCs 

(including macrophages, DCs and B cells) and targeting cells. Stimulation of naive T 

cells in the LN is organized into distinct phases: (1) brief interaction with the APC 

(∼7 min), followed by (2) a stable contact phase with prolonged interaction and arrest 

(∼30 min), and (3) a final phase of serial, brief interaction in which motility is restored 

and the T cells migrate towards the infection site.222 Eventually, the proliferation of T 

cells by clonal expansion upon stimulation takes place, followed by a subsequent 

differentiation into effector cells. Effector cells express receptors that enable them to 

migrate to sites of inflammation. Although most effector cells are short-lived, a few T 

cells that have experienced antigen presentation remain for long-term protection, and 
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are called memory cells. These memory cells are subdivided into two populations on 

the basis of their migration ability: the so-called effector memory cells migrate to 

peripheral tissues, whereas central memory cells express a repertoire of homing 

molecules similar to that of naive T cells and migrate preferentially to lymphoid organs. 

Different subgroups of memory cells stand in guard in lymphoid organs and patrol 

peripheral tissues to mount rapid responses whenever the antigen returns.227 Other 

effector cells orchestrate humoral responses by contacting activated B cells in 
lymphoid organs (Figure 14). 

 

 
Figure 14. Migration routes of T cells. Central panel: Naive T cells continuously migrate from vascular to 

lymphatic tissues. Homing from lymphatic nodes occurs in high endothelial venules (HEV). Left panel: In 

normal tissue, dendritic cells collect antigenic material in peripheral tissues. Right panel: In inflamed tissues, 

DCs migrate to carry antigen to LNs, where they stimulate antigen-specific T cells. Low panel: Upon 

stimulation, T cells proliferate by clonal expansion and differentiate into effector cells. Most effector cells 

are short-lived, but some survive for a long time, the so-called memory cells. Effector memory cells migrate 

to pheripheral tissues, whereas central memory cells express a repertoire of homing molecules similar to 

that of naive T cells. Adapted from von Andrian and Mackay.227 

 

The process of T cell surveillance and effector responses requires diverse migration 
patterns and interactions with the endothelium, through the processes of intravasation 
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and extravasation.228 One of the best understood cascades is the transendothelial 

migration of T cells from vascular to lymphoid tissues, involving four ordered steps of 

adhesion and diapedesis: (1) tethering and rolling mediated by selectin and P-selectin 

glycoprotein ligand-1 and endothelial P- and E-selectins,229–232 (2) chemokine-

dependent activation facilitates firm adhesion, spreading and crawling, (3) mediated 

by the binding of lymphocyte integrins (e.g. CD11/CD18, VLA-4) and their counter 

ligands, the endothelial cell-adhesion molecules (e.g. ICAM-1, VCAM-1)233–236; (4) 
lateral migration on the surface of the endothelium, probing for a site to perform the 

transcellular diapedesis across the endothelium cells. This interaction cascade is also 

mechanically regulated. For example, during rolling, the tensile forces on selectin 

catch-bonds have been shown to activate leukocyte integrins and facilitate leukocyte 

adhesion under shear stresses.237  

 

Even if many environmental cues modulate T lymphocyte migration, many T- 

lymphocyte motility features appear to be cell intrinsic. Indeed, the speed as well as 
the stop and go behavior of T lymphocytes is comparable under in vivo and in vitro 

conditions lacking stromal network and chemokines.238 In addition, T cells 

autonomously regulate their ability to turn while migrating, a key parameter for the 

efficiency of the meandering search of rare antigens.239 There is however limited work 

examining how the mechanical properties of the subset of leukocytes involved in 

adaptive immunity change upon activation, although this is also relevant for migration 

functions. For example, it has been suggested that decrease in cell stiffness would be 

necessary for transmigration, partially explained by the changes in the localization of 
the vimentin intermediate filaments.173 Changes in chromatin ordering and the relative 

nuclear size also take place upon activation, that likely contribute to the whole-cell 

deformability.240 
 

 

T-cell proliferation 
 

T-cell proliferation starts 24-48 h after TCR stimulation and in culture systems, the T-

cell proliferation is significantly affected by the density of T cells and APCs. The 
duration of stimulation is a major factor in determining the fate of naive T cells. Naive 

T cells require approximately 20 h of sustained contact to be fully activated and to 

start proliferating.239 (Figure 13) 
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Methods for measuring immune-cell processes 
_______________________________________________________________________________________________________________________________________ 

 

The many parts of the immune system, with 350 differentiation-cluster antigens and 

at least that many cell subsets, over 100 cytokines and chemokines regulating the 

molecular pathways of their interactions, thousands of genes and environmental 

factors associated to the variety of functions in which immune cells participates, 

makes it daunting to analyze this complexity and to model important aspects of the 
immune response.241–243 Traditional forms of enquiry in immunology have focused on 

separated parts of the immune cell response, using the power of a mouse model. 

These studies relied largely on a single experimental system, inbred mice, for which 

normal genetic variation has been eliminated and very few environmental influences 

are permitted. These traditional approaches have proven critical for solving key 

problems. Nonetheless, the compromises used in those approaches were not 

possible to translate to human research, as human beings are largely outbred and 

exposed to myriad environmental stimuli with broad variations across regions. 
Eventually, the development of technological advances is making possible to integrate 

the view of how different cellular aspects work together to produce particular immune 

responses, for instance, by using immune cell types from blood samples to measure 

their state, function, their products (including cytokines, chemokines and metabolites), 

and the genes encoding those molecules.241,242  

 

Altogether, the combination of traditional and integrative approaches has revealed 
key participants that contribute to health and disease, and to generate new hypothesis 

and mechanistic studies (Figure 15). These cutting-edge advances of immunology, 

together with an increasing collaboration across disciplines (mathematics, informatics, 

biology, engineering and medicine) will not be discussed here (reviewed in previous 

articles).223,244 Instead, we focus on mechanobiological approaches, as a means for 

understanding the mechanical causal component for questions associated with T-cell 

functions. A dominant concern about the molecularization of immunology is the 

“many-many” relationships between levels of analysis, i.e. abundance of correlation 
analysis and lack of causality studies. While a variety of network-based approaches 

are used to integrate distinct levels of analysis,243,245 the question of how massive data 

might be incorporated into a system-wide comprehensive model of cell phenomena 

comprises a key challenge of contemporary immunology.242 
 

    



   State of the art 

  45 

 
Figure 15. Advanced data analysis allows making sense of vast amounts of immune data beyond 
human ability to interpret. The integration of massive amounts of data is becoming feasible by the 

leading-edge methods for comprehensive analysis of blood and tissue samples. The development of 

algorithms for the visualization and analysis has enabled novel insights at finer granularity and the 

generation of new hypotheses associated with disease-relevant clinical traits. Adapted from Davis et al.223 

 

Quantifying immune migration 
 

To quantify the motility behaviors of T lymphocytes, it is crucial to define parameters 
and to measured them appropriately.246 The trans-well assay has been widely used 

to quantify leukocyte transmigration for over two decades, unveiling several 

mechanisms crucial to this process. Trans-well assays performed to measure the 

ability of T lymphocytes to migrate toward a chemokine consistently show that not all 

cells migrate, even if they express apparently homogeneous levels of the 

corresponding chemokine receptor.247 It has been established that upon isolation from 

human blood, only a portion of lymphocytes display spontaneously a motile behavior, 
although what distinguishes the motile vs. non-motile fractions of lymphocytes is still 

unknown. It has suggested that the activation state might be related to the propensity 

of cells to migrate, since stimulation with mitogens can result in a majority of 

lymphocytes to acquire a motility behavior.248 More precise force-sensing methods 

have been developed (reviewed in Schwartz et al.228) to quantify the forces in 

transmigration, as trans-well assays are not compatible with high magnification 

objectives, and real-time imaging of force microscopy methods.  

 



Chapter 2 

 

2.2.2 Biophysical properties direct immune functions and migration 

Biophysical properties at the molecular level and the cellular level have been mainly 

studied in the context of immune-cell activation.249,250 Overall, one of the hallmarks of 

immune T cells is their highly dynamic physical properties among different types of 

immune cells but also within the same type of cells when subjected to dynamically 

varying microenvironments.251,252 Some authors have characterized the viscoelastic 

properties of different types of immune cells before and after inflammation, providing 

an extensive database of immune cell mechanical properties (Figure 16).18,253 

 
Figure 16. Regulation of immune processes depend on mechanical properties and forces. (a) 
Schematic illustration of force- and tension-dependent T cell killing during immunological synapse. CTLs 

kill by secreting toxic proteases and the pore forming protein perforin into the synapse. It was found that 

increasing target cell tension augmented pore formation by perforin and killing by CTLs. Adapted from Basu 

et al.254 (b) Upper panel: summary of apparent elastic modulus (equivalent Young’s modulus Eeq) for T cells 

and APCs. Lower panel: Apparent stiffness scale for cells and tissues. The relative smaller stiffness of T 

cells suggests it may account for the capacity of T cells to form immune synapses in the stiffer APCs cells, 

and for the capacity of T cells to transmigrate and move inside dense tissues. Adapted from Bufi et al.18  

 

Efficient immune response depends on the ability of T-cell populations to squeeze 

through pores in the extracellular matrix, and withstand forces exerted in the cell 

environment, both during migration and while interacting with APCs.28 For example, 

a b 
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the process used by cytotoxic T cells (CTL) to destroy infectious agents involves the 

engagement of T cells and target cells. Several studies have shown that the physical 

properties of both T cells and target cells were important in this CTL-mediated target-

cell destroy (Figure 16a).254–259 Previous works have also quantified T-cell 

stiffness,101,260 before activation and also during activation,112 and how mechanical 

cues translate into biochemical signals, yielding changes in the cell cytoskeleton. For 

instance, cognate antigen-loaded B16 melanoma cells were more resistant to killing 
by T cells when grown on a soft substrates (Young’s modulus E = 12 kPa) than when 

grown on rigid substrates (E = 50 kPa). Besides, disruption of the target cell 

cytoskeleton with Latrunculin A, which blocks F-actin polymerization and lowers 

membrane tension, resulted in decreased CTL killing efficiency, while treatment with 

the myosin II inhibitor Blebbistatin, which increases membrane tension, resulted in 

increased killing efficiency.257,261  

 

In the context of cell mechanical properties, the study of Bufi et al. compared the 
relative stiffness of T cells and APCs, using two-parallel plates compression derive an 

apparent Young’s modulus Eapp (see results in Figure 16b). Together, the results 

suggest that when T cells and APCs form a synapse, spreading can be facilitated for 

the cell presenting the lowest stiffness. For this, T cells may have a lower rigidity than 

myeloid APCs, being able to spread on them. Besides, the relative lower rigidity of T 

may account for the capacity of T cells to transmigrate and move inside dense tissues.  
 

Nuclear and cytoskeletal contributions 
 

Previous studies have shown that the nucleus of T cells is approximately 5 times stiffer 

than the cytoplasm and occupies around 80% of the cell. 262 When faced with higher 

compressive forces, the T cell nucleus therefore plays a significant role in resisting 

the force applied on the whole cell.262,263 The changes in deformability of T cells after 
activation suggested that nucleus, as well as the cell membrane and cytoskeleton, 

may have become less stiff. In fact, during cell activation, the actin filaments can be 

polymerized or depolymerized in a dynamic manner as a means of regulating the 

mechanical forces needed to sustain activation and motility.26 Disruption of the 

cytoskeleton impacts T cell activation,257,264 and inhibition of actin polymerization after 

the immune synapse has formed diminishes the activation response.261,265 For further 

details, see the extended review.25 
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2.2.3 Age-related impairments in T-cell mechanical phenotype 

 

Longevity, aging and immunosenescence 
_______________________________________________________________________________________________________________________________________ 

 

Longevity 
 

Average lifespan, or longevity, is the average life expectancy of a group of individuals 
that were born at the same time. Since 1900, the human average life expectancy has 

more than doubled, due to hygienic, nutritional and sanitary changes in the 

environment.266 However, an increase in lifespan is not equivalent to an increase in 

the maximum longevity of a species, which is the maximum lifespan that individuals 

within a species can reach. Maximum longevity can be assessed for a given species, 

for instance, it is estimated to be nearly 120 years in humans and 3 years in mice.267 

Longevity is determined by both environmental and genetic factors, in a 3:1 estimated 
ratio.268 Critically, these factors are associated with health maintenance during aging. 

 

Aging 
 

Aging is a physiological process characterized by a time-dependent loss of cellular 

and tissue integrity, leading to impaired biological function and increased risk of and 

chronic pathologies such as arthritis, type-2 diabetes, cardiovascular disease, kidney 

disease, Alzheimer disease and certain forms of cancer.269,270 Aging is accompanied 
by molecular and cellular changes that can be considered hallmarks of this process, 

each of which can be described by recognizable signs and symptoms.271 These aging-

related hallmarks are classified into three categories: primary, antagonistic and 

integrative hallmarks (Figure 17).271  

 

The primary hallmarks are considered to be the major causes of age-related cellular 

damage. Indeed, the common characteristic of this type of hallmarks are their clearly 

negative effects on the organismal fitness. This is the case of genomic instability, 
telomere loss, epigenetic alterations and defective proteostasis. On the contrary, 

antagonistic hallmarks have opposite effects depending on their intensity: at low 

levels, they have beneficial effects but at high levels, they are deleterious. 

Antagonistic hallmarks compromise dysregulation of nutrient sensing, mitochondrial 

dysfunction and senescence. Lastly, there are integrative hallmarks. They are 
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responsible for the age-related functional decline and loss of tissue homeostasis. This 

is the case of stem cell exhaustion and altered intracellular communication.271  
 

 
Figure 17. Classification of the hallmarks of aging. Adapted from López-Otin et al.271 

 

Aging can be mitigated to some extent through the modulation of the damaging factors 

associated with the hallmarks of aging (e.g. changing environmental factors such as 

nutrition, avoiding excessive oxidative and inflammatory stress, administrating 

antioxidants, removing senescent cells), resulting in an improve healthspan and 

increased lifespan. Whether the total control of the mechanisms of aging at the cellular 

level could be used in cell reprograming to reverse aging, and thereby making 

organisms younger, is a problem still in its infancy with lethal risks to overcome.272–274  
 

Regarding the dynamics of aging, it has been reported that the homeostatic systems 

(the endocrine, nervous and immune systems) all suffer an ‘impairment’ with age, 

although at a different rate in different individuals. This heterogeneity of aging rates is 

another a characteristic of aging and it has been associated with epigenetic, genetic, 

lifestyle and environmental factors. Therefore, expected lifespans of individuals do not 

necessarily correlate with chronological age. For this reason, the concept of biological 

age was defined in the field of aging as a biological clock that may potentially (i) 
indicate the same value in long-lived individuals and adults with healthy status; (ii) 

allow predicting the expected lifespan of individuals; (iii) be quantifiable using genetic, 

biochemical, physiological and psychological markers that are impaired with age.  
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Immunosenescence 
 

Aging and the decline of the immune system during lifespan are two interrelated 

biological processes, with aging being one of the most important risk factors for the 

development of deleterious processes in the immune system. The survival of an 

organism is largely dependent on a well-functioning immune system. Elderly people 

are more prone to a variety of diseases, including failure to clear infections antigens, 

infected cells, senescent cells, and malignant transformed cells, as a consequence of 
age-associated immunological changes.271,275 This phenomenon is imprecisely 

referred to as immunosenescence, which is the sum of changes affecting the 

functionality of immune parameters observed in all mammals studied so far, is a long 

time-scale dynamics mainly driven by antigenic burden, inflammation and oxidative 

stress (reviewed in Franceschi et al.276)  
 

     The inflamm-aging process and the ox-inflamm-aging theory. Inflamm-aging 

consists on the activation of subclinical, chronic low-grade inflammation that 

occurs with aging.277 It is accepted that with the recent dramatic increase in life 

expectancy,278,279 the immune system must cope with chronic exposure to 

antigens, lasting more decades than in our evolutionary past.280,281 This lifelong 

antigenic stress means that the immune system can become overstimulated over 
time282 and, paradoxically, inefficient with age. As a result of this overstimulation, 

chronic, low-grade inflammations develops, which is a major contributor to age-

associated frailty, morbidity and mortality.276 The process of inflamm-aging is 

thought to be the consequence of the ability of the immune system to evolutionarily 

adapt to and counteract, the effects of a variety of stressors.283 Under this model, 

the major characteristics of the aging process are twofold: a global reduction in the 

capacity to cope with a variety of stressors and a concomitant progressive increase 

in inflammatory status (Figure 18). One of the main theories of aging focus on the 
two main mechanisms of age-related processes: oxidative stress and 

inflammation. This theory, named ox-inflamm-aging, poses that excess of reactive 

oxygen species (ROS) and superoxide generated by both oxidative stress and low-

grade inflammation recapitulate the aging process. 284 However, it is still under 

debate the precise cause that underlies the low-grade inflammatory process 

associated with aging which leads to the development of the age-related 

inflammatory chronic diseases (Figure 18). 
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     Senescence. Senescent cells persist and accumulate during aging, contributing to 

decreased stress responsiveness, and increasing the resistance to spontaneous 

apoptosis and accumulation of memory T cells, making immune responses less 

efficient (Figure 18) Chronic inflammation may also derive in part from senescent 

cells, and proteases. Excessive oxidative stress in senescent cells has several 

consequences, including lipofuscin formation and apoptosis. The most widely used 

biomarker of senescence is SA-b-gal. Other markers such as lipofuscin, an 

aggregate of oxidized proteins that accumulates in aged post mitotic cells, are 

often used when the studies cannot be limited to fresh tissue samples.285–287   
 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 18: Multifactorial causes of age-associated changes in immune T cells. The figure shows 

the roles played by chronic antigenic stimulation, oxidative stress and inflammation in the apoptosis 

remodeling of cells. Both inflammatory mediators and oxidative-induced damage potentiate each other 

at cellular level. The accumulation of ROS leads to DNA and protein damage. The effect of the lifelong 

exposure to oxidative stress, results in cells from aged individuals developing oxidative-stress 

adaptation and becoming less prone to dame-induced apoptosis. As a consequence, senescent cells 

persist and accumulate. Chronic immune stimulation, increased production of activated cells and 

overexpression of death receptors (apoptosis-inducing cellular receptors) on T cells, lead to activation-

induced apoptosis upregulation. Because apoptosis intervenes in the downmodulation of clonal 

expansion following antigenic stimulation, the increased susceptibility of lymphocytes to apoptosis 

results in decreased immune responsiveness, less efficient clonal proliferation and impaired memory 

cell generation and survival. Adapted from Ginaldi et al.280 

Senescence 

Immunosenescence 

Inflamm-aging Ox-Inflamm-aging 



Chapter 2 

 

Progressive alterations of immune T-cells characteristic of aging 
_______________________________________________________________________________________________________________________________________ 

 

Much research on immunosenescence has been focused on T-cells, mainly because 

antigen presentation by dendritic cells (DCs) is generally well retained in the elderly,288 

and because appropriate B-cell function depends on helper T cells.289 Many cross-

sectional studies have concluded that the progressive deregulation of the immune 

response during aging is mainly due to alterations of the cellular/adaptive immune 
response, especially T cell responses.290 These studies have shown that there is a 

progressive relative reduction of naive T cells in both blood and secondary lymphoid 

organs and a smaller range of detectable individual-antigen populations,291 due to 

several processes:  
 

1) The involution of the thymus, where naive T cells are produced, together with 

increased adiposity, and increased expression of proinflammatory cytokines.292 

2) The differentiation of naive T cells into memory T cells, as a result of lifetime 
exposure to pathogens.292 

3) The reduced access to the maintenance factor IL-7 due to the degradation of 

lymph-node tissue, which prompts differentiation of naive T cells into cells known 

as virtual-memory T cells.293 As a consequence of this, along with increased 

expression of inflammatory cytokines, diminished network of follicular reticular 

cells, and defects in antigen presentation, T cells gradually lose their ability to 

proliferate when stimulated by antigens.294 

4) The infection-associated increase of memory T cells, in particular effector memory 
T cells, plays a critical role in the case of permanent viral infections.295 Such 

infections result in exhaustion of effector T cells, whereby pathogen-specific T cells 

reduce their functional response to prevent tissue damage.  

5) Aging also entails defects 296 and a reduction of diversity 297 in T-cell receptors. In 

humans, repertoire diversity in 75-80 years old is severely reduced.298 

6) Inverted CD4: CD8 ratio, caused by an overwhelming expansion of CD8+ T 

cells.31,299  
7) Senescent T cells accumulate with age,33 as a result of telomere erosion due to 

proliferative activity, and DNA damage in part caused by reactive oxygen species 

of dysfunctional mitochondria.300 
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The ‘immune risk profile’ (IRP): predicting mortality in the elderly population 
 

The findings described above are thought to sustain the chronic low-grade 

inflammatory process that accompanies aging.301 However, these findings are borne 

out of studies that did not necessarily measured elderly individuals in good health 

status, which makes it complicated to separate aspects of aging per se from aspects 

associated with age-related diseases. To overcome this, the pioneering OCTO/NONA 

studies carried out in Sweden derived the concept of the ‘immune risk profile’, 
computed by using a set of parameters, by focusing on relatively small numbers of 

people already unusual by virtue of surviving to 85 years of age. The clustered 

parameters included T-cell proliferative responses to mitogens, numbers of B-cells 

and CD4:CD8 ratio. Later, cytomegalovirus (CMV) seropositivity was added to the 

cluster of IRP. That study enabled for the first time the identification of a group of 

immune parameters predicting mortality at 2, 4 and 6 year follow-up.10,299,302 Clearly, 

more detailed knowledge of the reasons for the IRP profile at advanced age and 

development of strategies to prevent or reverse it, should contribute to maximizing 
healthy lifespans for the ever-growing numbers of elderly people.  

 
Mechanical and structural changes in T cells as a function of age 
_______________________________________________________________________________________________________________________________________ 

 

A point of departure for investigating the mechanical age-related changes in T cells is 

that changes in the mechanical properties of cells are hallmarks of the aging 

process.303 However, cellular mechanics has been largely overlooked in the context 
of the immune system.16,304 Outside of the context the immune system, studies have 

demonstrated that there is a strong correlation between age and cytoplasmic stiffness, 

in numerous diseases, including vascular degeneration, cardiac dysfunction and 

cancer.304 Studies that have applied AFM to adherent human cells (epithelial cells,305 

fibroblasts306, and cardiac myocytes307) seeded on flat substrates have shown that 

cells consistently respond to mechanical deformation with a stiffening response as a 

function of increasing age. Moreover, this stiffening has been observed in all cell 

regions (the cell edge, cytoplasm, and perinuclear region).305 Even suspended 
samples of red blood cells derived from healthy donors experience reduced 

deformability as a result of stiffening with increasing age.308 It has been hypothesized 

that in some cases cell mechanical properties are altered with increased lifespan as 

a result of age-dependent changes to the composition and organization of the 
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ECM.309,310 Technological limitations have made this hypothesis difficult to test in vivo, 

with most published studies coming from ex vivo samples.  

 

Amid these studies, there exist conflicting results that show cytoplasmic softening with 

age.311 However, these conflicting results bring up an interesting premise that 

warrants further investigation: cellular variability. Cellular variability plays an important 

part in dictating cell function.312,313 Although often neglected in aging studies, 
heterogeneity can be dictated by many factors, in vitro and in vivo, from both cell-

intrinsic and cell-extrinsic factors, such as stochasticity in cellular morphogenesis, the 

cell-cycle state, cell–cell and cell–matrix interactions, genetic predispositions, lifestyle 

(factors such as nutrition or diet, and exercise), and environmental factors and 

exposures. In light of this, further studies are needed; they should be based on large 

sets of samples from donors, and address both the single-cell and single-individual 

levels, to decipher the relationship between heterogeneity and aging.314 

 
Some big questions still open in the context of aged T cell are: How does age alter 

the physical properties of immune T cells? Do the mechanical properties of 

lymphocyte subsets differ, and are these differences functionally important? Do 

distinct cytoskeletal structures that mediate different types of mobility patterns change 

with age, and if so, how? What are the molecular mechanisms that couple cytoskeletal 

remodeling on one side of cell migration to signal transduction on the other side? 

Could there be validated biophysical immune biomarkers of aging? If so, could cells 

be mechanically reprogrammed, as recent examples in fibroblasts?39,42 
 

 

 

 
 

 

 



   Hypotheses and objectives 

  55 

 
 
 
 

3 

Hypotheses and objectives 
 

 3.1  Hypotheses  

 

The hypotheses of this work are the following:  
 

1) The large discrepancy in the reported values of passive mechanical properties of 
cells,59,60 even with the use of the same models and techniques, questions the 

ability of current methods to fully capture physiologically relevant relationships 

between structural contributors of bulk mechanical properties of T cells. In this 

regard, the hypothesis proposed in this work is that such variability may be studied 

and explained with the use of integrated multiple-measurement analyses on the 

same cells. Hypothetically, there could be structural-mechanical links in cells which 

have not yet been captured by means of population-averaged studies. Here, we 

investigate if the reasons for the differences in passive mechanical properties of T 
cells are correlated with the 3D cell structure, simply accounted for by the nucleus 

and the cell cortex.  

2) Age-associated changes in T-cell functionality have been linked to chronic 

inflammation and reduced immunity. In a variety of functional contexts, appropriate 

T-cell deformability and spatial organization are prerequisites for the recognition of 

signals and migration though a complex matrix to locate an immunological insult. 

However, existing studies of T-cell aging often target cross-sectional molecular, 
genetic, epigenetic and metabolic cues, making it daunting to understand how 

biophysical principles account for some of the dysregulated T-cell functionalities. 

Our hypothesis is that the physiological process of immunosenescence might have 

a mechanical fingerprint at the immune T cell level. Hence, using the structural-

mechanical links previously described, here we evaluate if age-related T-cell 

phenotypes, in particular migration, are associated with alterations in biophysical 

parameters –including the nuclear-cytoskeleton organization, cell stiffness and 

motility potential (Figure 19).  
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Figure 19. Outline of the longitudinal biophysical characterization of T cells in this work. The upper 

part of the scheme shows the main categories of phenomena that can be linked to explain a given cell state, 

and ultimately a health status outcome. In this work, the temporal evolution of a set of molecular parameters 

(related to proteome and epigenome), structural (organelle size and shape), mechanical properties (passive 

mechanical properties) and functional parameters (cell migration) was investigated in T cells. The gray 

question marks in the scheme allude to the potential structure-mechano-functional relationships that can be 

inferred from the investigated datasets. The potential applications of this work are listed in the lower part.  

 

3.2  Objectives 

 
The main objective of this thesis is to evaluate the contribution of biophysical changes 

in T cells and to the decline of the immune system with aging. In order to address this 

general objective, we aimed to fulfil these specific objectives:  

 

1) Define suitable mechanical assays, combining two or more biophysical 

characteristics, that can be pertinent to identify structural and functional 

interconnections in biophysical studies with T cells. In this context, the objective 

has been to extend the possibilities of the micropipette-apsiration technique, 
adding the applicability to study the growth of stiff infectious cells.  

2) Develop proof of concepts of the mechanical assays mentioned before, integrating 

biophysical techniques such as MA, microfabrication of substrates, 3D imaging of 

cell internal composition and numerical simulations.  
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3) Produce an enhanced quantification of cell biophysical and biomolecular features 

following the development of tools and models based on micropipette aspiration. 

4) Discover biomolecular features associated with the internal ordering of T cells 

which explain the diversity of mechanical behavior at the single-cell level.  

5) Produce longitudinal maps of biophysical and biomolecular features of T cells, at 

different ages using female Mus muculus mice. 

6) Link age-related biophysical changes in T cells and the decline of the immune 
system with age (immunosenescence).  
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4 

Materials and methods 
 
This chapter describes and justifies the experimental protocols and methods used for 

data acquisition, analysis and modeling. The contents of sections 4.1.2 and 4.1.3 are 

included in two published articles, which are part of this doctoral work.315,316 

 

4.1  Cells   

 

4.1.1 T cells  

Mice 
 

Nine ICR-CD1, Mus musculus, female mice were used for the longitudinal study, 

purchased from Janvier S.A.S., Le Genest-St-Isle, France. The extraction of 
peritoneal suspensions was performed at four age groups along their lifespan, for 

consistency with previous works: ‘adult’ (40±4 weeks; n=9), ‘mature’ (56±4 weeks; 

n=9), ‘old’ (72±4 weeks; n=8) and ‘very old’ (90±4 weeks; n=2).317 All mice were 

housed in specific pathogen–free conditions, temperature (22±2ºC) and humidity (50-

60%); mice had access to tap water and standard pellets ad libitum (Panlab, Spain).  

 

Additionally, T cells from three ICR-CD1, Mus musculus female mice, 30±6 weeks old 

were used in the study of multiple-parameters characterization of single cells.  
 

In both cases, all animal work was done in accordance with the European Community 

Council Directives 1201/2005 EEC and the experimental protocol was approved by 

the Animal Ethics Committee of the Universidad Complutense de Madrid (Spain). 

 

Acquiring T-cell lines: antibodies for cell sorting 
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The extraction of T cells from peritoneal leukocytes involved the following steps: 3 ml 

of sterile Hank’s solution, tempered at 37 ºC was injected intraperitoneally to female 

mice after massaging the abdomen, 80 % of the injected volume was recovered; non-

adherent lymphocytes were isolated using migration inhibitory factor plates (Kartell, 

Noviglio, Italy); the supernatants were collected using a Pasteur pipette and 

suspended at a density of 105 cells/ml.  
 

 
Figure 20. Details of the experimental approach followed. Extracted T cells (total number,‘Tot’) at 

different age sampling points were used for characterization of biophysical and biomolecular parameters 

following this strategy. Upper panel: migration assays were performed using 1.5x105 T cells (‘Mig’). Middle, 

90% of the remaining cells (0.9 x ‘Tot - Mig’) were used for the analysis of internal composition and sorting 

relative frequencies (by flow cytometry), deformability (by MA) and morphology (by confocal microscopy). 

Lower panel: the other 10% of cells (0.1 x ‘Tot - Mig’) were used for self-fluorescence and internal 

composition analyses by flow cytometry. 
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4.1.2 Fungal cells  

An Aspergillus nidulans strain carrying a biA1 mutation that results in biotin 

auxotrophy was used in experiments of micropipette aspiration. This strain was 

maintained on complete medium,318 which was also used for the production of 

conidiospores. Conidiospores were resuspended in a solution of 0.0001 % (w/v) 

Tween 20 and stored at 4ºC. Experiments were carried out in WMM (watch minimal 

medium).319 1 µl of this spore suspension was transferred to a sterile Eppendorf tube 

filled with 300 µl of WMM. As it is represented in Figure 26, this diluted spore 

suspension was seeded on top of a collagen layer. Subsequently, the sample was 

incubated for 16-18h at 26 ±1ºC prior to the tip-pressure experiments with the 

microcapillaries. 

 

4.2  Micropipette aspiration  

 

4.2.1 Micropipette aspiration experiments 

 

MA experiments were performed using a custom-built device, as described in 

Esteban-Manzanares et al.52 The glass microcapillaries had an internal diameter of 5 

µm and were purchased from Biomedical Instruments Joachim Gündel. The 

microcapillary was connected by a silicone tube to a distilled water reservoir, whose 

height was controlled with a linear actuator. The aspiration pressure DP to aspirate 

the cells is given by the height difference between the top of the reservoir and the tip 

of the micropipette h , and the specific weight of water rg: DP =rgh.  

 

For the T-cell analysis of multiple parameters of the same single cells, a volume of 

approximately 250 µl of suspended memory CD4+ T cells in PBS was added onto the 

PDMS films, which were mounted in glass Petri dishes with a lateral opening for a 

suitable manipulation of the micropipette at a 26ºC temperature-controlled stage. After 

approaching a cell of interest with the tip of the micropipette, the differential pressure 

DP was increased at a rate of 5 Pa/s, and approximately 75% of the cell was aspirated 

(see Figure 21a).  
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Figure 21. Analysis of the mechanical tests using MA. (a) Bright-field image sequence of a 

representative micropipette-aspiration test. The dashed line indicates the contour of a cell undergoing 

aspiration. On the upper part, we show the applied ramp of differential pressure to aspirate cells is shown. 

For small strains, cells display a solid-like behavior, while for large strains a fluid-like behavior can be 

observed; scale bar: 5 µm, rate of aspiration pressure: 5 Pa/s. (b) Normalized aspirated length-aspiration 

pressure relation for a given cell. Inset: (i) equation to determine the apparent elastic modulus of the cell E, 

computed in the range region 0.1<Lp/Rp<0.3; (ii) equation to determine the apparent viscosity of the cell, µ, 

computed in the range region 0.3<Lp/Rp<0.45. 

 

For the T-cell longitudinal study, a volume of approximately 200 µl of each T-cell 

population suspended in PBS was added onto glass slides (CD4+ and CD8+ T cells, 
in both naive and effector memory state), and were placed for 5 min at a 26ºC 

temperature-controlled microscope stage, to allow cells to land onto the slide. After 

approaching a cell of interest with the tip of the micropipette, the differential pressure 

was increased at a rate of 5 Pa/s, until the cell was fully aspirated. Average number 

of aspiration experiments carried out for each population: 15.  

 

In both studies, the aspiration process was recorded by time-lapse images acquired 

using a Meiji TC5400 inverted microscope, with 40X air lens. The control of the linear 
actuator and the acquisition of images and data were implemented in an in-house 

b 

a 
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C++/LabVIEW code (LabVIEW 2010, National Instruments). To measure the apparent 

mechanical properties of the cell, time-lapse images corresponding to the aspiration 

process were analyzed using the custom MATLAB code described in the next section 

(see example in Figure 21b).  

 

4.2.2 Script for the automatic analysis of micropipette aspiration tests  
 

The structure of the algorithm developed to obtain the mechanical properties of the 
cells from time-lapse images of the aspiration process is shown in Figure 22. The 

code was divided into four functions which are run consecutively (written in Matlab 

R2017b). The inputs of the script are the following: name of the folder storing the 

aspiration results, directory where images and acquisition data are stored and output 

directory. The four functions are described in the next paragraphs, and are available 

in the online repository.  
 

 
Figure 22. Flowchart of the ‘all-in-one’ routine developed in this work to automatically analyze 
images of MA assays. The function f: import, reads variables data from a text file. The function f: track, 

extracts cell shape factors associated along the aspiration process. The function f: models creates a 

interpolation fit of the data. The function f: printdata saves the figures and estimated mechanical properties 

to a text file.  
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• f: import. This function loads the following variables from the acquisition data file 

(text file previously produced by the code of the experimental device) for each 

image: name, experimental time, and height of the water deposit, h, using the 

buildup function strcmp in Matlab.  

 

• f: track. This function loads each image, performs a rotation by detecting the tip 
of the pipette, performs a segmentation of the images using Otzu’s method (using 

graytresh and im2bw buildup functions in Matlab) in the two submatrices or regions 

of interest (ROI) where the shape of the cell is then tracked (see Figure 23).  
 

 

 
Figure 23. Tracking the cell dimensions using the time-lapse images of microaspiration 
experiments by the function f: track. (a) Initial image. (b) Rotated image. (c) Segmented image to 

compute the internal diameter of the pipette Rp (red points). (d) Regions of interest to tack the cell 

dimensions (initial radius Rc and aspirated length Lp) via Otsu’s segmentation, as shown in (e) and (f). 
The cell front was tracked using Otsu’s method (f) and a (g) peak intensity analysis method. (h) 
Examples of the automatic tracking of the cell geometry are indicated in different frames of a MA test.  

 

Two methods were implemented and evaluated. In the first, the intensity values of 
the segmented ROI along the major axis of the ROI were plotted, and the cell front 
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was identified at the point where the first non-white pixel set ended (Figure 23f). In 

the second method, the intensity values of the ROI along the major axis of the ROI 

were plotted, and the cell front was identified using the findpeak function in Matlab 

(Figure 23g). The different outcomes of the methods are discussed in Chapter 5. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 24. Automatic estimation of the mechanical properties of aspirated cells. (a) Geometrical 

parameters automatically extracted in the function track. (b) Representative example of the estimated 

results obtained by the Matlab routine. Left: apparent cell elastic modulus E versus time, estimated 

using the differential pressure DP vs. Lp/Rp curve. Right: apparent cell viscosity h versus time, estimated 

using data from the differential pressure DP vs. relative volume inside the cell Vin/Vtot curve. 

 
 

•  f: models. This function estimates the average mechanical properties of cells. 

Firstly, the apparent elastic modulus of cells E is computed using the linearized 
version of the Zhou’s model,50 as presented by Plaza et al.,51 assuming cells 

behave as homogenous, spherical, isotropic, incompressible elastic materials:  

a 

b 
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(10) 

 

where DP is the differential pressure, E is the elastic modulus, Rc is the radius of 

the aspirated cell via brightfield microscopy, Rp the pipette radius, and 	𝛽& = 2.0142 

and re	𝛽N =2.1187 are constants obtained by Zhou et al . We extracted E for each 

frame of the MA assay within the range 0.1<Lp/Rp<0.3, and determined the 

average E for each experiment. The term “apparent” is used for the mechanical 

properties calculated by using those models, which do not take into account cell 

inhomogeneity.  
 

Secondly, the apparent viscosity of cells µ is computed using a Newtonian fluidic 

model based on the relation obtained by Needham and Hochmuth,13 as proposed 

by Plaza et al.,53 within the range 0.3<Lp/Rp<0.45: 
 

 

 

(11) 

 

where DP is the differential pressure, 𝑅I	is the initial radius of the cell, 𝑚 = 6, 𝑉[\ 

is the aspirated volume (at 𝑡[) and 𝑉U]U is the total volume of the cell (see Figure 

24a) This approximation has been shown to be valid for Rc/Rp < 2.5 and 𝑉[\/𝑉U]U < 

0.45.53 We extracted µ for each frame of the MA assay within the range 

0.3<Lp/Rp<0.45 and determined the average µ for each experiment.  

 

• f: printdata. The function prints the figures and estimated mechanical properties 

to the output directory (see Figure 24b for an example).  

 

Characterization of T cells using the automatic cell tracking routine 
 

For both studies with T-cells, the aspirated length-pressure data corresponding to the 

aspiration process were analyzed using the two different mechanical models, 

previously described. Firstly, assuming a linear elastic, homogeneous, and isotropic 

behavior for a spherical T cell, the geometrical parameters and the applied differential 

suction pressure were used to estimate an apparent elastic modulus for small 
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deformation, E, using the linear equation obtained by Plaza et al.117 from the model 

by Zhou et al.50 (see Equation 25). Thus, we computed the average E within the range 

0.1<Lp/Rp<0.3, for each aspiration assay. Secondly, by assuming a Newtonian fluidic 

behavior of the cell, an apparent viscosity of the cell was estimated within the range 

0.3<Lp/Rp<0.45; in such way, we computed the average apparent for each 

experiment.53 All assays, data collection and processing was performed blinded to 

immune T-cell population and age group. Representative examples of the cell tracking 
process in the longitudinal study are shown in Figure 25. 
 

 

  Age = 44 weeks              Age = 90 weeks  

Figure 25. Examples of MA tests. Frames showing time–lapse images for two representative 

micropipette-aspiration experiments. Mouse ID = 7. Cell type = CD4+ T memory cells. (a) left: Test no = 7; 

Age = 44 weeks. (b) right: Test no = 3; Age = 90 weeks. 

  a                                      b 



Chapter 4 

 

4.3  Extension of the micropipette aspiration to rigid cells   

 

We developed tip-pressure experiments to analyze the growth of fungal cells. The 
development extends the possibilities of micropipette aspiration and provides a basis 
for manipulation in future experiments involving fungal cells and T cells.  
 

4.3.1 Preparation of polyacrylamide hydrogel substrates 

 
Figure 26. Sketch of the experimental procedure developed to perform tip-pressure experiments on 

Aspergillus nidulans cells. (a) The differential pressure DP during the tip-pressure tests is proportional to 

the differential height of the water reservoir connected to the micropipette: rgDh , being rg the specific 

weight of water. (b) Representative image of a tip-pressure experiment carried out on an A. nidulans hypha. 

The hyphal tip was tracked to quantify the growth rate in each pressure level. 

To study the effect of external pressure on cell-tip growth, we used a polyacrylamide 

(PAA) hydrogel as substrate to grow fungal cells on its surface. This procedure 

allowed the successful manipulation of the microcapillaries without breaking them. 

PAA hydrogel is a common substrate used in cell-mechanics studies, given that the 

stiffness of the gel can be adjusted over the physiological range by varying the content 

of acrylamide and distilled water.320 Prior to micropipette-aspiration tests, Aspergillus 

nidulans spores were cultured on a flexible PAA gel covered with Type I collagen. The 
steps of the preparation procedure were the following: (i) Activation of the glass to 

a

b

a 

b 
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covalently bond the PAA hydrogel: a volume 100 µl of NaOH (98%, Panreac) was 

added onto a coverslip, and then wiped after 30 min. Subsequently, 15 µl of APTES 

(99%, Sigma-Aldrich) were added and removed after 5 min, then a 0.5% solution of 
glutaraldehyde (25% in H20 Sigma-Aldrich) in PBS was used to incubate the 

coverslips for 30 min. (ii) Synthesis of the PAA gels: 0.35 ml of acrylamide-

bisacrylamide (19:1 ratio, 40% w/v solution, Sigma-Aldrich), 7µl of TEMED (99%, 

ReagentPlus), 23.2 µl of 10% ammonium persulfate solution (99%, Acros Organics) 

and 4.65ml of distilled water were used to prepare gels with 2.8% PAA. A volume of 

250 µl of the mixture was deposited on the activated glass and covered with a small 

circular cover glass (Æ 30mm) to obtain a flat gel surface. (iii) Coating the gel with 

collagen: after 2-4 hours to allow the gel polymerization, the cover glass was removed 

and a collagen solution was prepared using 4 µl of Type I collagen (4.89 mg/ml, 

Discovery Labware), 20 µl of PBS, and 176 ml of distilled water. Subsequently, 50 µl 

of the solution was added onto the surface of the gel and place under UV-light to 

sterilize during 45 min. (iv) Deposition of the spores solution, described in the next 

section. 

 

4.3.2 Tip-pressure experiments 

Tip-pressure experiments were carried out using a microcapillary with a nominal 

internal diameter between 2 and 4 µm, which was connected to a distilled water 

reservoir (see Figure 27a). The experiments were conducted in our custom-built 

device for micropipette aspiration,52 where the differential pressure DP was applied by 

a difference in height of the reservoir with respect to the cells, Dh. In this way, the 

pressure in the microcapillary was Pext + DP being Pext the pressure in the growth 

medium containing the growing hypha, i.e. fungal cells. The cover-glass plate with the 

gel and the cells was placed in an optical Meiji TC5400 inverted microscope. During 

the cell growth process, the water flow in the microcapillary is negligible to produce 

pressure drop due to frictional forces. Therefore, the differential pressure is given by 

DP= rgDh , being rg the specific weight of water. In the experiments we tested, 

consecutively, various levels of differential pressure DP, ranging from ~ -800 Pa to 

~650 Pa (Figure 27a). Time-lapse images of the process were recorded as illustrated 

in Figure 27b. Tip growth was defined as the change in hyphal tip position. Recorded 
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images were analyzed to measure the length in the microcapillary Lp. We used Image 

J to analyze the images acquired, computing the growth rate dLp/dt, by fitting a straight 

line to the experimental values in the plot Lp versus t. 
 

 
Figure 27. Representative tip-pressure experiment of one hyphal tip. (a) Curve differential pressure 

.versus time. The nine steps at different differential pressure are shown. (b) Microscopy images showing, 

for the nine steps of differential pressure, the length of the hypha inside the microcapillary . 

4.3.3 Development of a mechanical model of hyphal growth  

We developed a mechanical model (see Appendix E) that takes into account the effect 

that the pressure on the tip produces on the longitudinal growth of cells. The model 

can be used for biomedical applications such as estimating the pressure to arrest 

growth. The proposed model takes advantage of flow of water through the cell wall, 
the Poiseuille flow of water inside the hypha due to the gradient pressure, and the 

plastic deformation of the cell wall at the tip, to introduce the tip-pressure dependence 

of the hyphal length growth in the desired experimental range. Then, the model is used 

to predict the growth of hyphal cells as a function of the suction pressure at the tip.  
 

4.4  Multiple-measurement technique based on microaspiration 

 

4.4.1 Fabrication of PDMS films containing microwells 

Thin-film devices (~0.5 mm in height) with 7×7 microwells arrays were fabricated by 

replica molding of the biocompatible, thermal-curable polymer, polydimethylsiloxane 

Time (min)

0.456 µm/min

0.513 µm/min

0.640 µm/min

0.702 µm/min

0.879 µm/min

0.102 µm/min

0.059 µm/min
0.010 µm/min

0.204 µm/min

a b

c d

a b 
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(PDMS). Matrices of cylindrical microwells (8-20 µm in diameter, 15 µm in height) 

were designed using AutoCAD (Autodesk, Inc.). With our design, an acetate-based 

master mold containing the designed structures was fabricated by MicruX 

Technologies. PDMS sheets were obtained via soft lithography, using the master 

mold. Briefly, PDMS solution was cured on the mold at 65 °C for 1 h and peeled off to 
leave the microwell arrays patterns. The PDMS devices were then rendered 

hydrophilic by O2 plasma-oxidation treatment for 90-120 s using a plasma cleaner, 

and deposited on a glass coverslip.321 For subsequent single-cell assays, the optimal 

density was determined to be ~200 cells/mm2, so 250 µl of cell solution was added on 

top of the PDMS. The device covered with cells was then placed at a temperature-

controlled microscope stage for 5 min to allow cells to land onto the PDMS surface. 

Finally, we added enough PBS to fully cover the PDMS substrate before the aspiration 

experiments. 
 

4.4.2 Workflow of on-chip mechanical and biomolecular assays   

Mechanical and immunofluorescence assays were pooled together for the 

characterization of single memory CD4+T cells. After loading cells onto the PDMS 
device, MA experiments were performed at 26 ºC by capturing cells that were 

relatively close to the microwell arrays, as specified below. Approximately ~75 % of 

each cell was aspirated into the micropipette before the cell was released and then 

retained in labeled microwells. The device was then rinsed with PBS to carry out 

biomolecular assays using fluorescently labeled antibodies. After washing, memory 
CD4+ T cells were fixed and kept overnight in buffer media. PDMS microwells were 

then permeabilized, stained with antibodies and an anti-fade solution was used to 

prevent photobleaching in posterior confocal microscopy imaging, as detailed below. 

Data Adapted from both mechanical and biomolecular on-chip assays were matched 

using unique labels assigned to each microwell. 
 

4.4.3 Cell transference to the microwells 

After the microaspiration assay, each cell was isolated for the rest of the experiments. 

The first step was to release the individual cell into the PDMS surface, in a close 
location to the microwell array, by gently flowing water through the micropipette until 

the cell was ejected. Then, the cell was transferred into the microwell using the 
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micropipette, either applying a negative or positive water flow to move the cell 

accordingly. Finally, the cell was gravity driven trapped at the microwell. Alterations in 

cell morphology could be caused by cells rolling in the surface of the PDMS after being 

aspirated, thus the distance between the aspiration place and the microwells should 

was minimized.  

 

4.5  Confocal microscopy and its analysis 

 

4.5.1 Fluorescent labeling and confocal microscopy imaging 

For the multiple-measurement study with T cells, cells were washed by adding ~1 ml 

of PBS, or enough to cover the entire PDMS film, at least two to three times to 

eliminate the excess of cell suspension. The PDMS film was then placed in a 22 ´ 22 

mm2 glass slide (microencapsulated-cell side facing up) and cells were fixed with 3.7 
% formaldehyde (Inside Fix, Miltenyi Biotec #130-100-827). For the setup, we 

employed a volume of 200 µl fix solution, so that it covered the PDMS surface, 

allowing it to react for up to 25 min. The device was then rinsed with buffer media, 

previously prepared by diluting BSA Stock Solution (Miltenyi Biotec, #130-091-376) 

1:20 with Rinsing Solution (Miltenyi Biotec, #130-091-222). Cell were permeabilized 
by slowly spreading about 800 ml of ice-cold Permeabilization Buffer A (Miltenyi Biotec 

#130-100-827) onto the PDMS surface. The device was placed in ice for 30 min inside 

a petri dish, then washed twice with 3 ml of buffer. Using a volume of 50 µl buffer 

media, cells were incubated for 30 min in the dark at room temperature with 1:50 anti-

alpha smooth muscle actin (Abcam, #ab197240) and 1:10 DAPI staining solution 

(Miltenyi Biotec, #130-11-570).  
 

For the T-cell longitudinal study, morphological changes of nuclear and cytoskeletal 

components were evaluated using geometrical parameters of the actin cortex, nuclear 

lamin B1 and nuclear DNA by confocal microscopy. For immunofluorescence staining, 

the following antibodies were used: anti-alpha smooth muscle actin antibody (Abcam, 

#ab197240; Alexa 488), mouse monoclonal IgG1 anti-lamin (B-10) and DAPI staining 

solution (Miltenyi Biotec, #130-11-570). Cell staining was performed according to the 
manufacturer’s instructions. Briefly, cells were fixed with 3.7 % formaldehyde (Inside 

Fix, Miltenyi Biotec #130-100-827). The samples were then rinsed with buffer media, 
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previously prepared by diluting BSA Stock Solution (Miltenyi Biotec, #130-091-376) in 

a ratio of 1:20 with Rinsing Solution (Miltenyi Biotec, #130-091-222). Cells were 

permeabilized by slowly pipetting ice-cold Permeabilization Buffer A (Miltenyi Biotec 

#130-100-827). The device was placed in ice for 30 min inside a petri dish, followed 

by two washes with 3 ml of buffer. Using a volume of 50 µl buffer media, cells were 

incubated for 30 min in the dark at room temperature with 1µl of anti-actin (1/50 

dilution), 1µl anti- lamin B1 (1/50 dilution), 5 µl DAPI staining solution (Miltenyi Biotec, 

1/10 dilution #130-11-570).  
 

For both studies, to prevent bleaching, the samples were mounted on coverslips with 

ProLong Gold Antifade Mountant solution (Thermofisher, #P10144) and kept at 4ºC 

until confocal imaging. Fluorescence images were taken on a confocal laser scanning 

microscope to show intracellular, nuclear and cortical fluorescence. The z-stacks 

consisting of 31 cross-sections separated 0.3 µm from each other were acquired using 

a 63´/1.40 NA oil objective (voxel size: 60 ´ 60 ´ 300 nm). 
 

4.5.2 Measurement of 3D morphology parameters from confocal-microscopy 

images 

For the multiple-measurement study with T cells, the image-acquisition parameters 

were similar to a previous single-cell study,322 which showed that measurements from 

confocal and super-resolution microscopy were in good agreement. Three domains 

for each cell were analyzed: nucleus (DAPI-strained region), actin cortex (anti-actin 

stained region) and the whole cell (DAPI and actin-stained regions). Before 

thresholding, 8-bits images were de-noised with a Rolling-ball background subtraction 

(radius = 50 pixels). The digital resolution of the confocal images (pixel size in x and 
y) is ~ 60nm. The threshold was automatically chosen by applying the Otsu’s 

segmentation method. We used ImageJ and Fytik to quantify 38 parameters 

associated with cell morphology and fluorescence intensity of the z-stacks (shown in 

Appendix D, Table D2). The 3D morphological and intensity parameters of the 

nucleus, actin cortex and whole cell were quantified by using ImageJ 3D Plugins (3D 

Image Suite, MorphoLibJ and 3D ConvexHull).  
 

For the T-cell longitudinal studies, three domains for each cell were analyzed: nucleus 
(DAPI-stained region), nuclear lamin B1 lamina, actin cortex (anti-actin stained region) 
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and the whole cell (DAPI and actin-stained regions). Before thresholding, 8-bit images 

were de-noised with a Rolling-ball background subtraction (radius = 50 pixels). The 

digital resolution of the confocal images (pixel size in x and y) is ~ 60nm. The threshold 

was automatically chosen by applying the Otsu’s segmentation method. We used Fiji 
323 and Fityk 324 to quantify 27 parameters associated with cell morphology and 

fluorescence intensity of the z-stacks (shown in Appendix D, Table D2).323,324. The 3D 

morphological and intensity parameters of the nucleus, actin cortex, lamin B1 lamina 
and whole cell were quantified by using ImageJ 3D Plugins. Some examples are 

shown in Figure 28. 
 

 

 

Figure 28. Examples of 3D morphological characterization (samples from young and old 

individuals). Representative confocal-microscopy fluorescence image stacks and computed ellipsoids for 

the nucleus and for the actin-cortex external surface. The nucleus (DAPI) and the actin cortex were 

fluorescently labelled. The two CD4+ memory T cells were obtained from one of the mice (nr. 9) at an age 

of (a) 44 weeks and (b) 90 weeks. Contrast was adjusted in this example images for display purposes. 

a 
      
 
 
  
 
 
 
 
  
 
b 



   Materials and methods 

  75 

 
Figure 29. 3D analyses of actin cortex, nuclear and cellular geometry of memory CD4+ T cells. (a) 
Upper panel: representative confocal images of a memory CD4+ T cell, showing actin (green) and DNA 

(blue), at the equatorial plane. Middle panel: segmented images serve to perform a 3D reconstruction of 

the nucleus and the whole cell. To estimate volumetric and shape features, the 3D reconstructions are fitted 

using both an ellipsoid and a convex-hull approach. Lower panel: z-stack of confocal images, from apical 

(left) to basal (right) planes. Scale bar is 5 µm. (b) Fluorescence intensity along 4 randomly oriented lines 

at equatorial plane (illustrated in the z-stack of (a) were used to determine the thickness of the actin 

cytoskeleton. For each peak, as shown in the shaded regions, the actin intensity profile is fitted into a 

Gaussian function to compute the full width at half maximum (FWHM). 

 

For both studies, the thickness of the actin cortex was estimated by randomly drawing 

4 lines were across the cell centroid, and the resulting fluorescence signals of actin 

along the lines were fitted with a Gaussian function (Fytik) to three points surrounding 

the point with highest intensity (see Figure 29b). The average FWHM of the fits was 

used as the actin thickness; the average value of all the measured cells is 0.2 µm. 

Although the average cortex thickness is close the physical resolution of diffraction-

limited light microscopy, comparable results have been generated with sub-resolution 

methods (e.g. using deconvolution with a calculated point spread function) and 

employing a five points for the Gaussian.22,325,326 Also, our estimates of actin thickness 

fit into plausible values, considering the 0.1-0.4 µm range provided in the 

b 

a 
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quantification of the actin cortex of larger cells (HeLa cells)327 and the visual 

estimations of the actin cortex of effector T cells reported elsewhere.22 In the 

longitudinal study, the actin-cortex and lamin B1 thickness were also estimated as the 

average FWHM of the fits; the average value of all the measured cells is 0.2 µm.  
 

4.6  Spontaneous migration experiments 

 

In the T-cell longitudinal study, a volume of 0.3 ml of the extracted peritoneal 

suspensions, with 5105 cells/ml, was used to evaluate the spontaneous mobility of T 

cells, following a methodology described elsewhere, based on the Boyden’s technique 
317,328,329. Cells were deposited in the upper compartments of a Boyden chamber 

separated by a filter of polycarbonate (internal pore diameter: 3 μm; purchased from 

Merl-Millipore, Ireland), with a total filter diameter 9 mm. The cells in the lower face of 

the filter, which separates the two compartments of the chamber, were counted. We 

computed the average number of cells that migrated toward the lower compartment 

of the chamber, by counting the cells in four random regions, of area 1 mm2, of the 

filter. The migration index was computed as the percentage of migrating cells: 
Migration index (%) = 100 x Density of migrating cells (cells/mm2) / Density of 

deposited cells (0.35105/π/(9/2)2 cells/mm2). 

 

4.7  Quantitative analysis of internal composition by flow cytometry 

 

In the T-cell longitudinal study, to determine the age-dependent changes of 

biomolecular components in T cells, we quantified several cytoskeletal proteins (actin, 

vimentin and non-muscle myosin II) and aging-associated biomolecules (lipofuscin 
and 5-methylcytosine) by flow cytometry. Cell staining was performed by adding the 

following antibodies to a 50 µl suspension of cells: 1µl of anti-alpha smooth muscle 

actin antibody (Abcam, 1/50 dilution #ab197240; Alexa 488), 5µl of anti-myosin heavy 

chain (Miltenyi Biotec, 1/10 dilution #130-106-253; APC), 5µl of anti-vimentin (Miltenyi 

Biotec, 1/10 dilution #130-106-369; PE), 1µl of mouse monoclonal antibodies for 5-

methylcytosine, or 5-mC (Abcam, 1/50 dilution, # ab179898; FITC), 5µl DAPI staining 

solution (Miltenyi Biotec, 1/10 dilution #130-11-570). 
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Figure 30. Representative examples of cytometry analyses. (a) The ‘sorting’ parameters (i.e. relative 

frequencies of T-cell populations) were computed by FACS analysis of CD4+ and CD8+ T cells, in both 

naive and memory state. Self-fluorescence parameters were computed using the histograms of Pe-Cy7A 

and APC intensity channels, using untreated T cells. The composition analysis of 5-methylcyotosine and 

DAPI was also performed at the T-cell level. (b) Analysis of actin, vimentin and myosin content was 

performed after sorting and subsequently fluorescent labeling the T-cell populations. Numbers below 

histograms indicate median values and CV (mean/standard deviation x 100%) are shown. 
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The actin, myosin and vimentin fluorescent antibodies were jointly stained in the four 

T-cell populations (CD4+ and CD8+ T cells, in both naive and effector memory state). 

Examples of the temporal evolution of cytoskeletal-protein expression are shown in 

the Appendix D, Figures D5 and D6. The 5-mC antibody and DAPI dye were 

independently analyzed, as their emission wavelength overlapped with the actin 

antibody (5-mC) or saturated the signal (DAPI); both 5-mC and DAPI content were 

quantified using the total population of T cells, since the number of sorted cells of each 
T-cell type was moderately low. Intracellular staining was performed according to the 

manufacturer’s instructions. Raw .fcs files were preprocessed for quality control for 

flow rate, dynamic range and signal acquisition with a BD FACSAria III (Becton 

Dickinson, Biosciences, USA). 

 

Fluorescence minus one controls (experimental cells stained with all the fluorophores 

minus one fluorophore) were performed for each antibody at the beginning of the 

longitudinal study, with identical settings for each experiment. In order to assess the 
changes in the content of chromophores in the cells, self-fluorescence was assumed 

to be mainly associated to lipofuscin, an autofluorescent substance primarily 

composed of cross-linked lipid and protein residues due to oxidative processes. We 

examined the emission wavelengths of the cytometry channels PeCy7 and APC, 

using untreated T cells. Manual gating of the four well-characterized T-cell populations 

was performed using FlowJoTM Software (Version 10.2 for Windows).  

 

For all extractions, the sorting parameters (i.e. relative frequencies or percentage of 
total lymphocytes/parent population) were computed. Gated subpopulation data were 
exported an Excel file, and the median fluorescence intensity of the different 
parameters and the coefficient of variation (CV % =100 x sample standard 
deviation/sample mean) were calculated. The descriptions of the biomolecular 
parameters computed by flow cytometry are available in Appendix D. 
 

4.8  Statistical and correlation analyses 
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4.8.1 Statistical analysis 

For the multiple-measurement study with T-cells, a Spearman Rank Test was used to 

measure the correlation among the different mechanical, morphological and 

biomolecular parameters. We built a 42 ́  30 matrix (measured parameters x individual 

cells) in Matlab, indicating the resulting value of each mechanical, morphological and 

biomolecular parameter for each cell, and computed the 42 ́  42 matrix of Spearman’s 

correlation coefficient, r, and the associated p-values. The Spearman’s correlation 

coefficient indicates how accurately a monotonic function can describe the 

relationship between two variables, without assuming a linear dependence. Number 

of cells analyzed in this study: 30. Number of mice: 3, 30±6 weeks old (three sessions 
of experiments). Number of mechanical parameters: 4. Number of biomolecular or 

internal ordering parameters: 38. 

 

For the longitudinal study of T-cells, all datasets (MA, flow cytometry, confocal 

microscopy and migration assays) were collated and stored in a Microsoft Excel file. 

All sample collection, data acquisition and data processing was performed in a blinded 

fashion before statistical analysis. Spearman’s rank correlation coefficient was used 
throughout for pairwise correlation comparisons. Euclidean distances were calculated 

from correlation matrices (using Spearman’s coefficeints) as preprocessing for NMDS 

(using the ‘vegan’ package (https:/cran.r-project.org/web/packages/vegan/index.html) 

and hierarchical clustering (using ‘heatmap’ in stats package). Correlation plots were 

drawn using the ‘plotcorr’ function in the ‘ellipse’ package (https://cran.r-

project.org/web/packages/ellipse/ellipse.pdf). We used the algorithms previously 

implemented in R by Carr et al.330 The number of analyzed cells in this study is 

available in the Appendix D, Table D2. 
 

Based on the common threshold levels of correlation strength used in biological 

systems, the following intervals were used to report significance: ‘weak’, for  0 ≤ |r| ≤ 

0.4; ‘moderate’ for 0.4 < |r| ≤0.6, ‘strong’ for 0.6< |r| ≤0.8 and ‘very strong’ for 0.8 < 

|r| ≤1 
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4.8.2 Jaccard indices of similarity 

To perform a cell-type-level comparison of biophysical and biomolecular data, we 

selected variables which had been measured in all T-cell populations. For all T-cell 

populations (CD4+ and CD8+ T cells, in naive and memory state), we compiled the 11 

parameters, describing cell content of actin, myosin, vimentin (median and CV), 

apparent elastic modulus (mean and CV), apparent viscosity (mean and CV) and 

relative frequency of T-cell population. Figure 31 shows an example of radar charts 

for one T-cell population, CD8+T memory cells. The coordinates of each vertex of the 

polygon, for each property, were unity-based normalized. Radar charts were 
generated using MATLAB R2018a (MathWorks, Natick, MA).  

 

 

Figure 31. Similarity analysis of individual-specific characteristics across time using samples of 

memory CD8+T cells. Radar charts for the values of 11 parameters computed for CD8+ memory T cells. 

The polygons were used later to compute the Jaccard indexes relating each individual T-cell population 

sampling with the others. To evaluate the similarity between T-cell populations and mice, each parameter 

was normalized taking into account the four T-cell populations and nine mice. 
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We used MATLAB to find the Jaccard index for each pair of radar-chart polygons,  

which was calculated as the ratio between the area of the intersection and the area of 

the union, A ∩ B /A ∪ B (see Figure 32), where A and B are the enclosed areas of two 

profiles. The profile areas were calculated with the built-in function polyarea(X,Y) and 

their intersections were evaluated using the function: areaintersection.m (Paul 

Koprowski, 2007). Then, the pairwise comparison of the 112 profiles (labeled as 

‘Mouse i, T-cell type j, age group k’, with 1≤i≤9 , 1≤j≤4 and 1≤k≤4) was plotted using 

R version 3.1.0 331 via RStudio (Version 1.2.5042).  

 

 

Figure 32. Correlations for intra-individual and inter-individual T-cell populations. (a) Scheme of the 

radar chart used in the analysis: in total, 11 parameters (four for deformability, six internal composition, one 

sorting ratio) were used for each of the four T-cell populations; each parameter in the radial graph is 

normalized between the minimum (normalized value = 0) and maximum (normalized value = 1) values for 

all individuals (n=9) with multiple time points (between 2-4). Each polygon’s profile was correlated with each 

other polygon’s profile using pairwise Jaccard similarity indices, J. (b) Representative radar chart showing 

the age average values for the parameters for CD8+ memory T cells. 
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4.8.3 Age estimation using linear regression models 

In the longitudinal study of T-cells, to study the predictive possibilities of the dataset 

of T-cell biophysical and biomolecular parameters, we evaluated the possibility of 

using them to determine the chronological age of individuals as a function of both 

univariate and bivariate prediction pair. Such study is of interest in the frame of 

biological-age estimations. 

 

Univariate prediction model 
 

The age estimated based on univariate parameters was determined using a curve-

fitting method based on the slope of the fitted line generated by plotting chronological 

age versus parameter i. Briefly, a linear fit was generated for each parameter with 

age, and the equation defining the best fit line was determined using the built-in 

MATLAB function ‘polyfit’. Using the slope and intercept, the predicted age was 

determined by solving the equation for age on the basis of the magnitude of the 

variable per sample.  

 
Bivariate pair-prediction model 
 

We used a generalized linear model (GLM), an extension of ordinary linear regression 

models considering linear combinations of fixed linear functions of the input variables, 

of the form: 𝑦[ = 𝛽[W +	𝛽[&𝑥& + 𝛽[(𝑥(	 +	𝜖[, where 𝑦[ is the expected response 

(predicted chronological age),	𝑥&and 𝑥( are the pair predictors (biophysical or 

biomolecular parameters), 𝛽[t the fitting parameters and 𝜖[ is the fit error. In MATLAB, 

using the built-in function ‘glmfit’, we computed pairwise predictions for the all possible 

combinations, 𝐶, of 111 parameters with repetitions: 𝐶 =	 (𝑟 + 𝑛 − 1)!/𝑟! (𝑛 − 1)! = 

6216, with 𝑛 =111 and 𝑟 = 2. Using this approach, we were able to relate pairs of 

parameters and assess the correlation and prediction errors as a function of 

chronological age. Cellular age predictors using both univariate and bivariate models 

were identified the training set (n=20), and validated using another independent 

validation set (n=8). Because of the size of our sample sets, we combined the training 

and validation subsamples for the top predictors, and employed leave-one-out 
validation analysis, for which we computed iteratively the average Pearson’s 

correlation coefficients and fit errors (n=28). After fitting a linear regression model with 
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the training subsamples, we used the top univariate and bivariate prediction pair to 

make predictions of age in the validation and cross-validation subsamples. The 

prediction accuracy was defined as mean absolute error (MAE), i.e. the average 

difference between the predicted cellular chronological age and the chronological age 

for all subsamples. Correlations were assessed using Pearson correlation coefficients 

and the statistical significance was assessed using one-way analysis of variance. 

 

4.9  Numerical model for the aspiration of cells  

 

We developed a mechanical model that takes into account the effect of the main 

intracellular components of suspended cells in the microaspiration stress-strain 

analysis. The model can be used for diverse applications (e.g. estimating the overall 

mechanical properties of cells using the spatial distribution of the essential intracellular 

components; determining which components are central for the mechanical behavior). 
Here we describe the assumptions of the continuum models proposed in this work to 

analyze cells for the experimental campaign with T cells described in 2.1.3. Briefly, the 

proposed models take into consideration the different contribution of the main internal 

components of cells (i.e. the nucleus, the actomyosin cortex and the remaining 

cytoplasm). A Neo-Hookean hyperelastic constitutive material model was used for all 

components.  

 

4.9.1. Problem formulation 

Our goal was to accurately predict the evolution of the deformation of a spherical cell 

of radius Rc (by virtue of changes in the cell shape, including the position of the front, 

i.e. aspirated length Lp), initially in contact with a cylindrical glass pipette of radius Rp 
and fillet radius Rf under the action of an aspiration pressure ramp  (Figure 33). The 

aspiration pressure is applied on the cell surface of the microcapillary.52 

 

The cell cytoplasm is composed of cytoskeletal networks and many molecules, as 

well as organelles and vesicles. We modeled the aspiration problem using the minimal 

amount of constituents, to test whether the geometric properties and the mechanical 

properties of these components are indeed sufficient to explain the differences in the 

mechanical behavior of cells found within a population. To evaluate the deformations 
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of cell constituents subjected to aspiration, we assumed that the microstructure of a 

T cell can be represented as a set of two or three concentric spherical layers:  

 

Two internal constituents 
 

In this model the cell consists of a homogeneous nucleus (of radius Rn) and the 

homogeneously distributed cytoplasm (of thickness Rc-Rn) (Figure 33a). The goal of 

this study was to evaluate the influence of the relative nuclear size, Rn/Rc, while 
keeping a constant relation between the mechanical properties of the constituents.  
 

 
 

Figure 33. Models for a MA experiment of a multi-layered spherical cell subjected to a ramp of 
external pressure. Mechanical parameters used in the formulation of the (a) two-constituent model, En: 

Apparent elastic modulus of the nucleus; E0 : Apparent elastic modulus of the cortex; and (b) three-

constituent problem of microaspiration, En: Apparent elastic modulus of the nucleus; Ecc: Apparent elastic 

modulus of the cortex; E0: Apparent elastic modulus of the remaining cytoplasm. (c) Ramp of aspiration 

pressure DP is used in both cases (a-b). Notation: Rc : cell radius, Rp : glass pipette radius, Rn: nucleus 

radius, Lp : aspirated cell length, Rf : fillet radius, tcc : thickness of the cell cortex shell, tc: thickness of the 

remaining cytoplasm shell.  

 

Three internal constituents 
 

In the second model, the spherical cell contains the nucleus (of radius Rn), the 

cytoskeletal cortex (of thickness tcc) and the homogeneously distributed remaining 

cytoplasm (of thickness tc) (Figure 33b). The internal layer is occupied by the 

a 

b 

c 
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constituent material of the nucleus, the most external layer by the cell cortex, and the 

intermediate layer by the remaining cytoplasm. The goal of this study was to evaluate 

the influence of the relative nuclear size, Rn/Rc, the relative cortex thickness, tcc /(tcc+ 

tc), and the relative differences of the mechanical properties of the constituent 

materials.  

 

4.9.2 Constitutive model and governing equations 

Continuum medium hypothesis 
 

As noted in Appendix B, the mathematical approach to formulate the homogeneity 

(i.e. continuum or discrete hypothesis) requires consideration of the time-scales and 

length-scales that dominate the problem. The continuum assumption works 

reasonably well when d/l<<1, where d is a characteristic length of the microstructure 

and l is a characteristic length scale of the experimental problem. In our experiments 

with T cells, the characteristic length of the microstructure would be the characteristic 
length of molecules and filaments, and the length scale of the experimental cell radius. 

Although the characteristic sizes for cytoskeletal filaments and nuclear structures may 

be of the order of microns, being the T-cell radius of 5-10 µm, a continuum medium 

was assumed, as a first approach in order to evaluate the effect of the relative sizes 

of the nucleus and the cytoskeletal cortex.   
 

Linear momentum equation 
 

Neglecting the effect of inertia terms and body forces, the equation of linear 

momentum conservation governing the aspiration problem can be expressed as  
 

  (10) 

where s is the Cauchy stress tensor at every point in a given coordinate system.  
 

Boundary and initial conditions. During the MA experiments, the cell is exposed to 

a fluid aspiration pressure, within the micropipette, DP, corresponding to the 

differential pressure between the external fluid and the fluid inside the pipette. The 

initial aspiration pressure is zero, DP(0) =0 Pa. A constant loading rate is applied, 

dP/dt= 5 Pa/s. As the cell is aspirated into the pipette with increasing pressure, DP 

= (dP/dt)t, the surface normal vectors change with the evolving cell shape.  
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Constitutive material model 
 

Empirically, it has been reported that living mammalian cytoplasm exhibits a 

mechanical behavior which in some conditions may be described as a viscous fluid, 

viscoelastic, elastic and poroelastic (i.e. coupling between linear diffusion of a fluid 

and the stress and deformation of a linear elastic porous solid) with different 

combinations of effective strain rates, imposed for instance by optical tweezers.130 

Comparing that study with our experiments, the aspiration process of T cells 
corresponds with the regime of high-enough effective strain rates (5 s-1-80 s-1). Taking 

that into consideration, a Neo-Hookean hyperelastic, isotropic and material response 

was considered appropriate to describe the mechanical behavior of the constituents 

of the cell.332,333 (see Appendix B). 

 

4.9.3 Non-dimensional schemes and finite element implementation 
 

Normalization of the parameters and variables 
 

Based on simple scaling analysis, the relationship between the resultant cell 

deformation and applied differential pressure can be transformed to a dimensionless 
form. 
 

Two-constituent model 
 

For the two-constituent mode (Figure 33a), the relation to find is 
 

 
 

(11) 

 

where the mechanical parameters of the constituents are denoted as En for the 
nucleus apparent elastic modulus, and E0 for the apparent elastic modulus of the 

remaining cytoplasm. The Poisson’s ratio n for both incompressible constituents is 

0.5. The geometry was created with a reference to the experimental images and 

setup: the radius of the micropipette is taken as Rp = 2.5  μm, the cellular radius is 

taken as the average value Rc = 4.37 μm, i.e. Rc /Rp = 1.75, the nucleus radius Rn 
is varied from Rn/Rc = 0.7 to Rn/Rc =1, and the fillet radius was fixed as 
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Rf/Rp=0.05.52 Taking into account the fixed ratii, the relation to find in our study was 

the following 
 

 
 

(12) 

 
Three-constituent model 

 
For the three-constituent mode (Figure 33b), the relation to find is 

 

 
 

(13) 

 

where the mechanical parameters of the constituents are denoted as En for 

Young’s modulus of the nucleus, Ecc for the Young’s modulus of the cortex and E0 

for the Young’s modulus of the remaining cytoplasm. The Poisson’s ratio n for both 

incompressible constituents is 0.5. In this case, the corresponding material and 

numerical parameters are provided in Appendix C. The geometry was also created 

with a reference to the experimental images and setup: the radius of the 

micropipette is taken as Rp = 2.5  μm, the cellular radius is taken as the average 
value Rc = 4.37 μm, i.e. Rc /Rp = 1.75, the nucleus radius Rn is varied from Rn/Rc = 

0.7 to Rn/Rc =1, and the fillet radius was fixed as Rf/Rp=0.05.52 The relative cortex 

thickness was varied in the study, with a reference to confocal images, tcc /(tcc+ tc) 

={0.38, 0.76}, and the ratii between mechanical parameter of the constituents were 

varied as follows: Ecc/E0 = {1,8,16,24,32,40} and En/E0 ={1,3,5,10,20,50}. Taking 

into account the fixed ratii, the relation to find in our study was the following 
 

 
 

(14) 

 

Numerical procedure 
 

The experiments were simulated by numerically solving the equations presented in 

the previous section. To do so, we used the FE method assuming a quasi-static 

approximation, implemented in Vulcan programming language, which has been 

extensively validated in many engineering applications where iso-parametric 
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elements are used to avoid numerical locking due to material incompressibility.334,335 

The MA experiment was analyzed using 4-node axisymmetric quadrilateral user-

defined element, that was refined near the surface contacting the pipette (Figure 34).  
 

 
 

 
 
 
 
 
 
 
Figure 34. Finite-element models of MA experiments of a spherical cell. Representative snapshots of 

the two-constituent numerical model, showing (a) a 3D view of a cell undergoing aspiration, indicating the 

fillet radius Rf. (b) a cell with Rn/Rc=0.83 being aspirated through a micropipette and (c) a cell with 

Rn/Rc=0.995 being aspirated through a micropipette; the nucleus is plotted in blue, the cortex cytoskeleton 

and remaining cytoplasm in green. Representative snapshots of the three-constituent numerical model, 

showing a cell with Rn/Rc=0.84 and tcc/(tcc+tc) = 0.38, (d) for an aspiration pressure DP = 0 Pa and (e) DP= 

90 Pa. The nucleus is plotted in blue, the cortex in green and the remaining cytoplasm in light brown. 

 
Along the cell axis, boundary symmetry conditions are applied, while along the portion 

of the cell boundary inside the micropipette suction pressure is applied. The 

micropipette was set to be rigid, and the contact between the micropipette and the cell 

assumed to be frictionless. The model assumes that shear forces created by the water 
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inside the micropipette are negligible so that only sliding contact conditions along the 

interface with the micropipette are enforced. The meshes employed in this study were 

the result of a previous convergence analysis of the numerical response to different 

discretizations (104 element mesh, for geometries with Rn/Rc <0.92, while 2x105 

elements were used for geometries with Rn/Rc >0.92) (see Appendix C).  
 

4.9.4 Analysis of the simulation results 

Two-constituent simulations 
 

In order to achieve computational efficiency, the numerical model was used to 

simulate a cell aspiration, and the displacement of the cell front was analyzed as a 

function of the applied differential pressure. Note that for cases where Rn/Rc >0.92, it 

was computationally expensive to reach up to Lp/Rp>0.3, so fewer values of Lp/Rp 

were used for the analysis. In the numerical simulations, we selected an initial value 

of E0 =800 Pa, and realistic values of the differential pressure. For the estimation of 

the elastic moduli, the value of E0 was corrected so that the experimental and 

numerical curves overlapped (as described in the next section). The analysis of the 

DP/E0 – Lp/Rp curves was performed in the following way: 

 

(i) For each Rn/Rc condition, the DP/E0 vs. Lp/Rp curve was derived from the FE 

model simulation;  

(ii) The initial slope m0 was then calculated, for which we used a linear fitting 

marked in a dashed line (the approach is described in a previous work52); 

(iii) The apparent elastic modulus of the whole cell was estimated using m0 and 

Zhou’s linearized model117 Using a rough fitting process of the experimental 

curve in Figure 35, we obtained the elastic moduli of the nuclear and 

cytoplasmic layers. First, after trying different En/E0 ratios, we selected En=30E0 
to obtain a numerical curve with the same shape of the experimental results 

(same relative growth over the same data intervals). Second, to scale the curve, 

we computed the required value of E0 for the curves to overlap. Note that the 

apparent elastic modulus E can be described by DP/E = cl Lp/Rp (Equation 3), 

where cl is the linear coefficient of Zhou’s model (described in a previous 

work117), while the numeric curves for small deformations are fitted to a linear 
equation:  
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Finally, to compute the apparent elastic modulus of the whole cell (that would 

be measured in a MA experiment) the following steps were followed:  
 

1) Computing cl for the simulated geometry (cl = 0.466, for Rc/Rp = 4.37/2.5);  

2) Combining Eq. 14 and Eq. 3 to determine the relation h=E/E0 for a given 
value of Rn/Rc (h=m0/cl=2.6, for Rn/Rc=0.95);  

3) Calculating the value of E0corr =Eexp/h, so that E and Eexp are equal (where 

Eexp corresponds to 0.25 kPa according to our experimental results, for 

Rn/Rc=0.95).  

4) The apparent elastic modulus E that would be measured in an aspiration 

experiment was computed for all the Rn/Rc in the simulations, given by 

E=(m0/cl) E0corrE0, where m0 is computed using the value of E0cor (results 
discussed in Chapter 5). 

 

 
 
Figure 35. Simulations results for the two-constituent finite-element model of MA experiments. (a) 
∆P/E0 vs. Lp/Rp curves for the different values of Rn/Rc investigated; (b) The initial slope m0 was calculated 

using a two-term fitting marked (black dashed line).  

 

 

 

a b initial slope 
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Three-constituent simulations 
 

The analysis of the DP/E0 vs. Lp/Rp curves was performed in a similar way, following 

these steps:  
 

(i) For the 14 geometries (defined by a given Rn/Rc and tcc/(tc+ tcc)), the DP/E0 vs. 

Lp/Rp curves were derived for each of the 36 combinations of En/E0 and Ecc/E0 

(see an example in Figure 36a). 

(ii) The initial slope m0 of each curve was then calculated, using a linear fitting 

marked in a dashed line (the approach is described in a previous work52); 
(iii) Finally, the families of initial linear elastic slope m0 vs. Ecc/E0 for the whole set 

of En/E0 ratii were obtained (see an example in Figure 36b). All the families of 

curves can be found in Appendix C. 

 

 
Figure 36. Simulations results for the three-constituent finite-element model of MA experiments. (a) 
Example of the ∆P/E0 vs. Lp/Rp curves for a given geometry (Rn/Rc = 0.98 and tcc/(tc+ tcc) =0.76).The 

curves with the same generic color have the same En/E0, while the differences in brightness correspond to 

different values of Ecc/E0. (b) For that same geometry, the initial slope m0 was calculated using a two-term 

fitting marked (black dashed line), and the curves m0 vs. Ecc/E0 were plotted. The parameters used in the 

simulations are available in the Appendix C. 

  

a b 

initial slope 
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5 

Results 
 

5.1  Mechanophenotyping methods based on MA  

 

This section contains results that illustrate the methodologies developed in this study 

(described in sections 4.2-4.4) to improve the MA technique and to extend its 

applications. We have included the results of section 5.1.2 , 5.1.3 and 5.1.4 in three 

articles.260,315,316 

 

5.1.1 Development of an all-in-one MATLAB routine allows and user-friendly 

automatic processing of micropipette aspiration microscopy data  

 

As explained in section 4.2.3, an easy-to-use and automatic open source code to 

perform image analysis of MA experiments was developed in this work. The code 

allows analyzing MA experimental data acquired by microscopy imaging, following the 
depicted in Figure 22. We evaluated the suitability of measuring the displacements of 

the contour of the cell by means of two methods. As a first method, the non-parametric 

unsupervised Otsu’s segmentation method was used to select a global threshold to 

binarize the ROI corresponding to the interior of the micropipette; then the intensity 

values of the major axis of the ROI were used to track the cell front. In the second 

method, no segmentation is applied to ROI; the intensity values of the major axis of 

the ROI were analyzed in MATLAB to automatically find the peaks corresponding to 
the cell front (see example of the two methods in Figure 23). 

 

To assess the suitability of these cell tracking methods, we tested the performance of 

the MATLAB routine using experimentally acquired data from suspended T cells. For 

each frame, an apparent Young’s elastic modulus of the aspirated cell was calculated 

considering geometrical factors and external pressure. The average apparent elastic 
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modulus E was estimated for each test, using Zhou’s linearized equation. The values 

of E for ten random tests, using the two tracking methods, were plotted versus the 

estimated measurements using manual annotations in Image J to extract the required 

geometrical factors (Figure 37a). Results for the two tracking methods showed a clear 

advantage of the peak intensity analysis compared with Otsu’s segmentation. As 

depicted in Figure 37b, frequently the Otsu’s segmentation method did not allow 

finding appropriately an optical threshold in noisy images, and the routine yielded 
erratic estimations of the cell front. Considering all the T-cells analyzed (N=326), the 

ratio between the automatic measurements and the manual measurements was close 

to 1.0 (within the standard error of the assessed value) for 89% of the measurements 

when applying Otsu’s segmentation, and in 96% of the measurements when using 

peak intensity analysis of gray values along the major axis of the ROI without 

segmentation.  

 

 
Figure 37. Performance of the developed routine to automatically process MA microscopy data. (a) 
Automatic versus manual measurements of the apparent elastic moduli, for the two tracking methods 

(Otsu’s segmentation method, red squares; Intensity peak values without segmentation, blue circles), 

showing two cases with an inconsistent segmentation when the procedure based on Otsu’s segmentation 

is applied (i) and (ii), producing misleading estimations of the mechanical properties (b).  

a b 
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5.1.2 Automatic quantification of the mechanical properties of T cells by MA 

and comparison with AFM measurements  
 

After validating the performance of the developed routine to process MA microscopy 

data, in order to analyze the variability of mechanical measurements by MA with the 

variability of a second technique, we compared the values of the apparent elastic 

modulus of T-cells assessed by our methodology with the values obtained by AFM 

measurements.†1The results are shown in Figure 38. The mean values of the apparent 
elastic modulus are 0.50±0.03 kPa for MA and 2.7±0.2 kPa for AFM (average value ± 

standard error).260  

 

Figure 38 Application of the corrected automated methodology for MA analyses. Comparison of the 

distributions of apparent elastic moduli characterized by AFM and MA, using the simplified double contact 

model in AFM (a) and linearized Zhou’s (b) model.  

 

The analysis of the results suggested that the five-fold discrepancy is related to the 

higher strain rate of AFM measurements compared with MA experiments, explaining 
the higher values in the apparent elastic modulus calculated from AFM data. 

Additionally, the variability of the results is lower for the MA technique both for 

absolute and the relative values, which could be related to the different cellular volume 

probed by each technique: AFM produces significant deformation in a relative small 

region of the cell, while the cell volume significantly affected by MA is notably larger. 

Therefore, AFM measurements are more sensitive to local variations of the 

 
† The AFM measurements were provided by Prof. Daza (CTB-UPM).  

a b 

AFM MA 
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mechanical properties and the measurements by MA provide physically averaged 

properties for a relatively large fraction of the cell volume.  
 

5.1.3 Development of a new method based on MA for measuring the local 

effect of external tip-pressure on the growth of hyphal cells   

 

As explained in section 4.3, we developed an experimental procedure based on MA 

that allows manipulating fungal cells, which is of interests as a first step for future 

analyses of fungi-T cell interactions. Due to their wall, fungal cells are stiff. In 

particular, the new procedure allowed us to study the mechanics of hyphal growth, 

which is relevant in the field of tissue-invasion mechanics. These experiments 
constituted a proof-of-concept study and provided interesting insights about the 

growth process. 

 

We developed a methodology to perform tip-pressure experiments by controlling the 

external pressure applied locally at the tip of hyphae, allowing the simultaneous 

measurement of the length of the cell. We used a microcapillary connected to a water 

reservoir, as schematized in Figure 26, to apply a differential pressure DP between 

the interior of the microcapillary and the growth medium. Inside and outside the 

microcapillary the hypha was surrounded by growth medium. A polyacrylamide gel 

was used as substrate to facilitate the manipulation and contact of the microcapillaries 

with tips of growing hyphae, without breaking the thin microcapillaries. We observed 

that it was possible to make the hyphae grow into the microcapillaries. Prior to 
measure the progression of hyphae in these microcapillaries, we allowed them to 

enter and grow into the microcapillaries (with DP = 0) during ~ 10 minutes. Then we 

started the measurements, which included various steps of differential pressure DP 

(Figure 27). 
 

Figure 39a shows the growth rate values obtained as the differential pressure was 

changed in discrete steps. A correlation between these two variables can be 

observed. A linear fitting of the data gives an overall slope of 0.4 µm·min-1kPa-1. The 

curve in Figure 39a allows also estimating the differential pressure for which, during 

the characteristic times of ~ 10 minutes used in the measurements, the cell stops 

growing, DPstop » 650 Pa. It can be observed that the higher growth rates are obtained 
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for the lower differential pressure DP, as expected from the fact that the differential 

pressure indicates the value of the pressure opposing to the progression of the cell 

tip. In the experiments, we used DP = 0 Pa for the initial and for the final steps. We 

obtained similar growth rates in both steps, indicating that the steady state is attained 

relatively rapidly for the characteristic times of the experiments, i.e. duration of ~ 10 

minutes for each step and a total duration shorter than 100 minutes for the experiment. 

 

 
Figure 39. Tip-pressure experiments on Aspergillus nidulans cells. (a) Left: representative tip-pressure 

experiment with one hyphal tip growing inside the capillary. Right: Growth rate vs. differential pressure for 

the tip-pressure experiments. Both in the first and in the last steps DP = 0. Average values were obtained 

for N=10 experiments. Error bars represent standard error. (b) Relationship between the growth rate dt/dt 

and the differential pressure DP predicted by the model. It is found that dl/dt » 0 for DPstop. 

 

We developed an analytical mechanical model, described in the Appendix E, which 
predicts that the cell internal pressure in the hypha reaches its minimum value at the 

tip, decreasing exponentially from the asymptotic value (corresponding to the 

condition that osmotic pressure balances the pressure difference between the interior 

of the cell and the surrounding medium). The characteristic length for this exponential 

function, l, depends on the internal viscosity of the cell, its diameter and the water 

permeability of the wall. As shown in the Appendix E, the growth rate is given by  

a 

b 
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  (25) 

 

where dl/dt is the rate at which the hyphal length l varies along time t, a and b are 

parameters depending on the mechanical and flow properties in the hypha, with b>0. 

Therefore a linear dependence between dl/dt and DP is found: the lower DP the 

greater the growth rate dl/dt. 

 

When the difference between pressure inside the cell and external pressure Pinttip–

Pexttip, i.e. turgor pressure, is not greater than the threshold Y to produce plastic 
stretching of the wall, the growth would stop. As shown in the Appendix E. this 

condition is reached for a differential pressure DPstop given by 
 

  (26) 

 

where g is a function of the mechanical parameters, as defined in the Appendix E. In 

Figure 39b the proposed relationship between dl/dt and DP is represented 

schematically taking into account equations 25 and 26.  
 

5.1.4 Development of a new method based on MA for measuring multiple 

parameters on the same cell  

 

As described in section 4.4, a methodology to perform individual analyses of cells 

within a population was developed in this work. As sketched in Figure 40, with this 
methodology we extended the power of the MA to characterize single cells. The 

experimental procedure follows these main steps: (i) loading a cell suspension on a 

PDMS device (Figure 41a) containing microwell arrays; (ii) aspirating cells with a glass 

micropipette to measure their mechanical properties; (iii) isolating the aspirated cells 

in distinct microwells (Figure 41c); (iv) using fluorescence labeling for, finally, (v) 

performing confocal-imaging analyses of cellular microstructure (Figure 41c). We 

performed these steps sequentially rather than synchronously to avoid altering cells 

during or before the aspiration process. 
 

dl P
dt

a b= - D

stopP a g
b

D = -
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Figure 40. Multiple-measurement single-cell methodology based on MA. Workflow for coupling 

mechanical and microstructural measurements, consisting of the steps: (1) a single-cell suspension is 

deposited on a PDMS encapsulation device containing microwell arrays; (2) individual cells are aspirated 

with a glass micropipette to measure apparent mechanical properties; (3) cells are deposited into labeled 

5-pL volume microwells; and (4) immunofluorescence labeling and fluorescence imaging to quantify the 

presence and distribution of any protein of interest and for geometrical characterization. The variety of 

biophysical parameters can be then analyzed for any desired number of individual cells.  

 

 
Figure 41. Example of the performance of the multiple-measurement single-cell method based on 
MA. (a) CAD layout of the single-cell microarray mold. The films for the experiments were made of PDMS, 

containing arrays of cylindrical microwells of 8-20 µm in diameter, 15 µm in height. Microwells of 20 µm in 

diameter were used. (b) Superimposed light and fluorescence microscopic image of various memory CD4+ 

T cells on a microarray device after aspiration and immunostaining. (c) Representative approaches for 

single-cell release and confinement in microwells after aspiration. Cells were placed into microwells by the 

application of a negative (upper panel) or positive (lower panel) differential pressure or on the pipette’s tip.   

b a 

c 
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To demonstrate the utility of this approach, we performed a biophysical 

characterization of primary CD4+ memory T cells from three female mice ICR-CD1, 

Mus musculus, of the same age group (24-36 weeks). After performing the MA 

characterization of each cell, the main structural contributors putatively involved in the 

regulation of cell mechanical behavior were stained (i.e. cell nucleus and the actin 

cortex) in step (iv). As an example, Figure 41b illustrates the staining results of the 

nucleus of CD4+ T memory cells. We verified that the approach developed has the 
power to identify relevant relationships contributing to cell mechanical phenotypes, as 

described in the next section.  

 

5.2  Multiple-parameter single-cell measurements allow identifying a 

strong correlation between the relative size of the nucleus and T-cell 

deformability  

 

5.2.1 Single-cell characterization of CD4+ T-cell mechanical properties and 

coupling of microstructural parameters of cell composition 

As mentioned above, a set of experiments using CD4+ memory T cells were performed 

to assess the utility of the novel methodology, bringing together single-cell mechanical 
and fluorescence imaging assays. Our aim was to better understand of the 

relationships between T-cell deformability and microstructural organization in the 

frame of the longitudinal study of T cells (see section 4.4) 

 

CD4+ T cells are known to become more deformable, change their transcriptional 

profile and metabolism in response to activation336, and the proportion of memory 

CD4+ T cells has been reported to increase with age in both mice and humans. 

Besides, several functional properties become modified in aging memory CD4+T 
cells.295 Apart from the interest in the frame of our longitudinal study, we considered 

that investigating memory CD4+ T cells at the single-cell level could be relevant for 

future longitudinal studies of cell mechanical properties.  

 

Of particular importance in understanding T-cell motility has been extensive research 

on the cytoskeleton, with major attention being focused on actin filaments and myosin 
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II-dependent cytoskeletal contraction required to push the nucleus.199 In the last 

decade, biophysical studies have identified geometrical features to describe how the 

nucleus and cytoskeleton are situated in the cells, useful for understanding the control 

mechanisms that regulate different activities associated with a given cell state. Those 

parameters have been used as indicators of internal ordering and connected to cell 

functions in the recent studies,337,338 and were parameters selected for this study. 

 
For each cell, we determined the apparent elastic modulus and apparent viscosity. In 

particular, we obtained an apparent Young’s elastic modulus of 0.38 ± 0.06 kPa (mean 

±  std. error), with values ranging from 0.09 to 1.23 kPa. Both apparent elastic modulus 

and viscosity yielded a similar relative variability (Figure 42b). 
 

 
Figure 42. Characterization of the mechanical response and internal ordering of memory CD4+ T 
cells. (a) Characteristic geometrical parameters of micropipette-aspiration experiments: internal radius of 

the micropipette Rp, initial radius of the cell R0, initial length inside the micropipette L0, time-dependent 

aspirated length Lp (see section 4.2 for an explanation of the use of these parameters to compute 

deformability parameters). (b) Experimental apparent elastic modulus of cells. Each point corresponds to 

the mean of the elastic modulus calculated within the range 0.1<Lp/Rp<0.3; bars represent mean std. error, 

analyzed cells = 30, independent experiments = 3. (c), Plots of actin cortical thickness measurements and 

sphericity factor (i.e. propensity of cell and nucleus to be a sphere, normalized such that the value of sphere 

equals one) as a function of the cell volume. Marginal distributions display the kernel density plots.  
 

In order to study the connection between the mechanical properties of T cells and 

their microstructural organization, we assessed both the actin cytoskeleton and the 

nuclear geometry, both relevant components,265,339 of previously aspirated cells. We 

performed immunofluorescence staining and used 3D confocal microscopy to 
determine cell and nuclear size, as well as descriptors of shape and component 

density (see Table D1 of Appendix D). Also, actin-cytoskeleton parameters were 

estimated, including mean intensity level, skewness and cortical thickness (see 
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section 4.5). At the equatorial plane, memory CD4+T cells displayed a rounded 

morphology and a well-defined cortex.  
 

 
Figure 43. Relationship between cell apparent elastic modulus and microstructural measurements. 

(a) Absolute value of Spearman’s rank correlation coefficients (r) to assess the influence of morphological 

and biomolecular parameters on the apparent elastic modulus of single CD4+ memory T cells. The 

biophysical parameter corresponding to the relative size of the nucleus shows the strongest positive 

correlation. (b) Representative plots of biophysical parameters that yield a minor correlation with the 

apparent elastic modulus. For parameters definition see Table D1 (in Appendix D). (c) Single-cell apparent 

elastic modulus markedly increases with increasing relative nuclear size (the ratio between nuclear radius 

Rn and cell radius Rc). Mean values and error bars showing the standard error. 

 

From a practical standpoint, we computed a list of 42 parameters grouped in three 
sets: mechanical properties (4 of 42), morphology of the cell and nucleus (27 of 42) 

and distribution of actin cortex and DNA (11 of 42) (see Table D1 of Appendix D). 

Using our exploratory strategy (through sequential analyses of the same cell to 

quantify variables of mechanical and structure nature for the same cell), considerable 

cell-to-cell variations were obtained. For example, Figure 43b illustrates the variability 

concerning F-actin cortex thickness, sphericity factor and cell volume measurements. 
 
 

5.2.2 The relative size of the nucleus shows is strongly correlated with T-cell 

apparent stiffness  

We used Spearman’s correlation method to identify geometrical and microstructural 

parameters which strongly correlated with single-cell mechanical data. Correlation 

analysis revealed weak associations for 80% of the microstructural parameters 
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(Figure 43), with absolute Spearman’s correlation coefficients (r) below 0.4. We 

observed that the apparent elastic modulus and viscosity were strongly correlated (r 

= 0.74), as expected given the physical connection between these features.340 
Stiffness-related cellular processes are known to depend on the density and 

arrangement of both the cytoskeletal and nucleoskeletal proteins, in particular 

filamentous actin, and the nucleus, through DNA and chromatin compaction.341,342 

Interestingly, when we examined the parameters representing these features –such 

as integrated density of actin and DNA, actin cortical thickness, nuclear sphericity, 

skewness and solidity– the absolute correlation coefficients for these parameters 

yielded only weak and moderate relationships (0< |r| ≤0.6). A mean sphericity value 

of 0.57 ± 0.05 (mean ±  std. dev) was obtained, inferior to the range of sphericities 

values reported in the other studies of T cells,343 suggesting that the round shape of 

the cells may be affected during cell trapping in the microwells. As shown in Figure 

43b, we observed weak or moderate associations between the apparent elastic 

modulus and the integrated density of actin (r=-0.26), of DNA (r=-0.21) and thickness 

of the cortex (r=-0.53). 
 

Remarkably, the relative size of the nucleus displayed a very strong correlation with 

the apparent elastic modulus (r = 0.99) (Fig. 43c). The relative size of the nucleus is 

the ratio of nuclear to cell size, which was determined by dividing each cell’s nuclear 

radius by the cell radius. As shown in Figure 43c, the apparent elastic modulus of cells 

increases with increasing relative nuclear size. Such increase in the apparent elastic 

modulus is more marked as the relative nuclear volume increases. These results, 

taken together, highlight the importance of single-cell studies vis-à-vis population 

studies to explore the role of cytoskeletal and nuclear architecture and their 
connection to cell stiffness and heterogeneity. 
 

5.2.3 A two-constituent mechanical model provides a physical basis for the 

cell stiffness–relative nuclear size relationship 

To explain the relationship between deformability and the relative size of the nucleus, 

we generated a two-constituent finite-element (FE) model of a T cell undergoing 

aspiration, as explained in detail in section 4.9. A 3D schematic of the T-cell geometry 

used for simulation of micropipette-aspiration process is represented in Figure 44. On 
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the basis of the confocal image analyses, we considered the whole cell and nucleus 

to be spherical, performing analyses for various volume fractions of the cell. The 

nuclear and the remaining cytoplasmic layers were assumed to be non-overlapping, 

having different stiffness, En and E0, respectively. The simulations provided 

information about the aspirated cell length Lp (marked by the black dashed line) for a 

differential pressure DP. To compare the different geometries used in the simulations, 

the curves defined by the normalized pressure (DP/E0) as a function of the normalized 

aspirated length (Lp/Rp) were obtained from each nuclear-to-cell size condition, 

identified by the ratio between nuclear radius to cell radius (i.e. relative nuclear size 

Rn/Rc). We performed the following analysis: (i) for each Rn/Rc condition, the P/E0 – 

Lp/Rp curve was derived from the FE model simulation; (ii) the initial slope m0 was then 
calculated, for which we used a two-term fitting marked in a black dashed line (the 

validity of this approach is described in a previous study52); and (iii) the apparent 

elastic modulus of the whole cell that would be obtained by MA was estimated using 

m0 and the linearized Zhou’s model.117 Figure 44b shows the DP/E0 – Lp/Rp curves and 

fitted curves for three values of the relative nuclear size.  
 

The elastic moduli of the nuclear and cytoplasmic layers were estimated by a rough 

fitting process of the experimental curve in Figure 43c (see section 4.9). Our 

estimation yielded a relationship En=30E0 to obtain a numerical curve with the same 

shape of the experimental results (same relative growth over the same data intervals). 
To scale the curve, we next computed the required value of E0, so that both the 

experimental and the numerical curves overlapped, obtaining E0=78 Pa. These 

numerical terms of the model are in agreement with experimental studies: estimates 

of the cytoplasmic stiffness E0 provided by particle-tracking micro rheology spread 

from 4.5 Pa to 111 Pa,59 while a nuclear stiffness of En=30E0 lies within the range of 

measurements derived from cell nuclei compressed by parallel plates 

(2E0<En<30E0).199 
 

As shown in Figure 44c, the simulated results were notably in accordance with the 

experimental data. The slow rate of change of the apparent elastic modulus E 

corresponds to Rn/Rc values in the same interval of the simulations. In contrast, a 

marked increase of E can be observed over Rn/Rc>0.95 in both the experiments and 

simulations. Thus, these numerical results provide a basis to satisfactorily explain the 
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experimental results by the significant difference in nuclear-to-cell stiffness. We also 

obtained the values of the elastic moduli of the nucleus and remaining cytoplasm 

layers by fitting the experimental curve defined by the apparent elastic modulus as a 

function of relative size of the nucleus with our numerical model (Figure 44d). Taken 

together, these results provide two possibilities to characterize the deformability of a 

population of memory CD4+ T cells: a first possibility is to characterize the population 

using the curve defined by the apparent elastic modulus as a function of the relative 
size of the nucleus; a second possibility is to quantify the distribution of relative nuclear 

size and to obtain the two elastic moduli by a fitting of the experimental curve. 
 

 
 

Figure 44. Numerical model and fitting of the relationship between relative nuclear size and cell 
apparent elastic modulus. (a) A 3D schematic for the simulation of a two-component T-cell aspiration 

process. In the axisymmetric FE model, the nucleus (blue) and the remaining cytoplasm (green; cortex and 

cytosol) are represented by non-overlapping spheres of radius Rn and Rc, with a corresponding elastic 

modulus given by En = 30E0, and E0=78 Pa, respectively. Using this FE model, we obtained numerical 

simulations with different ratios of nuclear-to-cell volume . (b), Analysis of the simulation curves to compute 

the initial slope m0, the curves for three different Rn/Rc ratios are shown. (c) Comparison of experimental 

and simulation results. Measured (gray dots) and numerically-estimated (purple line) apparent elastic 

modulus E as a function of the relative size of the nucleus Rn/Rc. (d) Distribution of the experimental relative 

nuclear size of cells. Inset: estimated elastic moduli of the nuclear and remaining cytoplasm region. Using 

a fitting procedure of the simulations (c), these values can be obtained to characterize a population of cells. 
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5.3  Aging promotes T-cell stiffening and reduced migration 

 

Age-associated changes in T-cell functionality have been linked to chronic 

inflammation and reduced immunity. In a variety of functional contexts, appropriate T-

cell deformability and spatial organization are prerequisites for the recognition of 
signals and migration though a complex matrix to locate an immunological insult. 

However, previous existing studies of T-cell aging had often targeted cross-sectional 

molecular, genetic, epigenetic and metabolic cues, making it difficult to understand 

the biophysical principles that account for some of the dysregulated T-cell 

functionalities. Based on the previous study showing that the relative nuclear size can 

account for variations of T-cell stiffness, we investigated if age-related T-cell 

phenotypes are associated with alterations in biophysical parameters –including the 
nuclear-cytoskeleton organization, cell stiffness and motility potential.  

 

5.3.1 Longitudinal assay for multiple biophysical measurements 

To understand the contributions of T-cell biophysical phenotypes, associated with 
molecular changes in the interior of the cell, to age-related decline of immune 

response, our longitudinal characterization spans a wide range of analyses of T cells, 

from spontaneous migratory function of T cells, cellular deformability, basic nuclear 

and cytoskeleton organization and expression of cytoskeletal proteins, DNA-

methylation and lipofuscin accumulation, to the definition of their role in aging. 

 

The biophysical assays in this experimental work were performed sequentially, 

following the specific sequence shown in Figure 45a-c: (i) migration, (ii) MA, (iii) flow 
cytometry and (iv) confocal microscopy analyses (see the following sections for 

details). The experiments were repeated a maximum of four times along the life of 

each mouse. In the following paragraph, we briefly describe these experiments.  

 

Within the first 24h after leukocyte extraction from a given donor mouse, spontaneous 

mobility assays were performed by setting part of the cell suspension in Boyden 

chambers, prior to fluorescence labelling, as specified below. Next, cell sorting, using 
fluorescently labeled antibodies, was carried out using approximately 90% of T cells. 

The remaining 10% of T cells were not labelled, in order to measure self-fluorescence 
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intensity parameters associated with lipofuscin by flow cytometry analysis. Next, the 

four cell populations (CD4+ and CD8+ T cells, in both naive and effector memory state) 

were sorted by FACS, and then they were resuspended in PBS and distributed for 

posterior assays: 25% of each sorted population was used to measure cell 

deformability by MA (6-12h after extraction); 50% was kept to quantify cell internal 

content of actin, myosin, vimentin, 5-methylcytosine and DNA by flow cytometry 

analyses (preparations: 6-12h after extraction; flow cytometry analyses: 24-30h after 
extraction); 25% was preserved for imaging cell and nuclear 3D morphology by 

confocal microscopy (labelling preparations: 6-12h after extraction; imaging: more 

than 1 week after extraction).  

 

 

 

 

 

Figure 45. Experimental design and workflow of the longitudinal study to assess T cell migration, 
deformability, internal ordering and morphology. (a) Mice were sampled in four time points during their 

lives. In total 170 samples of T-cell populations (CD4+ T and CD8+ T types, in both memory and naive state, 

and unsorted T cell population) were characterized (for nine mice). (b) This scheme illustrates relevant 

features analyzed in the study. In particular, we analyzed several cell constituents: actomyosin-cytoskeleton 

proteins (actin and myosin), intermediate filaments (vimentin), cell-nucleus molecules (lamin B1 and DNA 

content and methylation). (c) Schematic illustration of the workflow and data processing pipeline. Samples 

of T-cell populations were characterized in terms of migration, mechanical behavior and biomolecular 

ordering and 3D morphology. 

 

b                    c 

a                     
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5.3.2. Longitudinal analyses reveal distinct functional, biophysical and 

biomolecular signatures in naturally aged T cells  

We generated a large-scale set of biophysical data to capture age-related 
maladaptive changes in T cells, sampling mice CD4+ and CD8+ T cells, in both naive 

(CD44+CD62L+) and effector-memory state (CD44+CD62L−), at four age ranges 

across their lives (Figure 45a). As mentioned before, the parameters describe cell 

spontaneous transmigration (namely, ability of T cells to deform and displace across 

micropores), internal composition, morphology and deformability of T cells in basal, 

suspended state. Regarding the content of biomolecules, we focused on a set of well-

studied molecules, given their influence on the regulation of nuclear and cytoskeleton 
organization and deformability (actin, myosin, vimentin, lamin B1 and nuclear DNA), 

and parameters commonly studied in aging processes (DNA methylation by 5-

methylcytosine and accumulation of lipofuscin by self-fluorescence). This 

comprehensive longitudinal study generated ~2000 cell deformability measures, 

~250.000 biomolecular reads and ~600 stacks of 3D cell images, which were 

analyzed by quantifying 111 parameters per mouse (N = 9) at each sampling time. 

The complete list of parameters is displayed in the Appendix D, Table D2.  

 
In order to identify correlations among parameters and biophysical signatures of 

aging, a pairwise correlation analysis between the multi-parameter datasets was 

performed. These biophysical and biomolecular parameters were ordered based on 

a hierarchical cluster analysis of a Spearman’s rank correlation matrix (see heat map 

in Figure 46a). The sample depth and multi-parameter nature of our biophysical 

approach enabled us to characterize cluster-specific changes with age, using seven 

(manually annotated) basic categories of parameters: ‘migration, ‘internal 

composition’, ‘deformability’, ‘morphology’, ‘self-fluorescence’, ‘sorting ratios’ and 
‘heterogeneity’ (i.e. variability in quantified parameters). 27 out of 111 biophysical 

biomarkers were significantly correlated with age (P < 0.05), defining an aging 

signature (see Figure 47a-b). The parameters with strongest statistical evidence of 

positive correlation (increase with age) are deformability parameters, heterogeneity 

parameters and the relative size of the nucleus Rn/Rc, while parameters with negative 

correlation are related to migration ability, lamin B1 thickness, DNA methylation and 

content of myosin and vimentin.  
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Figure 46. Analysis of T cell properties reveals biophysical and molecular correlations. (a) From the 

complete dataset of 9 individuals (four sampling ages for each individual), biomolecular parameters were 

ordered according to a hierarchical clustering on Euclidean distances of Spearman’s correlations between 

each parameter (left) (see dendrogram in Appendix E; figure D3). Correlation matrix using Spearman 

correlation coefficients between each two parameters are shown (right): coefficients are represented by the 

angle of eclipse (left-leaning, negative; right-leaning, positive) and color (blue, negative; red, positive). The 

basic categories of parameters are represented by the colored bar next to the parameters. (b) Non-metric 

multidimensional scaling of pairwise Spearman correlations. The dataset is reduced from 111 parameters 

(111 dimensions) to a 2 dimensional representation, as a means of investigating the inter-relatedness 

between parameters. Each parameter is represented by a point and the domains of points for the four basic 

categories of parameters are shown.  
 

 

 

 
 

 

 

 
 
Figure 47. Spearman’s coefficients of correlation between chronological age and the rest of 

parameters. (a) Representation of the Spearman’s coefficient r and (b) statistical significance P value for 

the correlation between the all the computed parameters and the sampling age. 

 

The sets of parameters with positive/negative/negligible correlation with age were also 

identified by unsupervised hierarchical clustering of parameters (see Figure D1, in 

Appendix D). The analysis indicated that the parameters most strongly correlated with 

a 
 
b 
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age also changed significantly with T-cell migration: 14 of the 27 parameters varying 

with age were significantly correlated with migration (P < 0.05), including the relative 

size of the nucleus Rn/Rc, heterogeneity parameters, lamin B1 thickness content and 

apparent elastic modulus. The non-metric multi-dimensional scaling (NMDS) of the 

seven basic categories, revealed that ‘deformability’, ‘self-fluorescence’ and 

‘migration’ were the most distinct categories of parameters, as their two-dimensional 

domains did not overlap with other categories (Figure 46b). Interestingly, a distinct 
and relatively small domain was found for ‘deformability’, a set of parameters 

estimated in four different T-cell populations, suggesting a high similarity in the 

evolution of deformability with age across the four cell types. 

 

5.3.3 Aging results in a reduced ability of T cells to deform and migrate 

 

To further describe the results, the subset of parameters that significantly correlated 

with age is represented in Figure 48 using the seven categories described before. The 

mechanical characterization by MA (Figure 48a-b) showed that the progressive 

increase in T-cell stiffness and viscosity occurs in the four sampling populations 

(4.1x10-5 ≤	P ≤ 0.051), which implies a progressive reduction on cells’ ability to 

passively deform (Figure 48b). Cell stiffening during the aging process has been 

reported for various types of cells, including skin epithelial cells, dermal and cardiac 

fibroblasts, cardiomyocytes, vascular smooth muscle cells, osteocytes and 

chondrocytes.44 In the case of lymphocytes, an increase of F-actin content with age 

was found in human lymphocytes in basal state, together with a low reduction of 
stimulus-induced actin polymerization.344 In that work, the increase of F-actin content 

with age was assumed to result in lymphocyte stiffening, given that precedent results 

had linked cell deformability and F-actin content in polymorphonuclear leukocytes. 

 

Cell deformation is highly required in the critical steps of activation and migration 

during the immune response to infection: T cells must migrate through different 

microenvironments in order to develop an efficient adaptive immune response. For 
example, T cells are known to become more deformable, change their transcriptional 

profile and migration pattern in response to activation.336 Indeed, our experimental 

results (Figure 47d-e) confirmed that the spontaneous migration of T cells decreases 

with age (P = 0.0007), and is negatively correlated with deformability parameters, with 
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an average Spearman’s coefficient r = -0.62 ± 0.08 and -0.54 ± 0.12 (mean ± std. 

deviation) for the correlation respectively with apparent elastic modulus and viscosity.  

 

 

 
 

 

 

 

 

 

 

 
 

 

 

 

 

 

 
 

 

 

 
 

Figure 48. Aging-related changes. (a) Representative pictures of micropipette-aspiration experiments of 

CD4+ memory T cells. The aspiration differential pressure is specified for each picture, and the aspirated 

length is graphically indicated. (b) Apparent elastic modulus E versus age for the four T-cell populations. 

(c) Four graphs showing variation coefficient versus age for the highest P-values obtained for the 

correlations with age. (d) The pictures show representative images of cells on the porous membrane before 

the migration experiment (0 h) and on the cells migrated to the lower surface after 24 h).The scheme 

represents the procedure for the measurements of spontaneous migration of T cells through pores using 

Boyden chamber assays. (e) Migration index, i.e. percentage of average migration cells on the Boyden 

chamber over deposited cells, versus ages of the mice for the total population of T cells. (f) Graphs of 

sorting parameters versus age. (g) Graphs for self-fluorescence versus age, for the two fluorescence 

channels studied. (h-i) The organization of molecules of the cytoskeleton, intermediate filaments and 

nucleus were evaluated by confocal microscopy images to extract relevant morphological parameters as 
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shown in the scheme. Representative fluorescence micrographs, firstly for cells stained with DAPI and with 

actin marker and secondly for cells stained with lamin B1 marker (with enlarged images of lamin B1 lamina), 

are provided. (j) Thickness of the lamin B1 lamina and relative size of the nucleus versus age for CD4+ 

memory T cells. (k) Graphs for DNA-methylation (5-methylcytosine) and myosin content (in CD4+ memory 

T cells) versus age, in both cases measured by cytometry. In the plots each line joins the measurements 

for one mouse, error bars represent standard error. 

 

5.3.4 T-cells nuclei exhibit dysfunctional reorganization with age, showing a 

decrease of nuclear-cytoskeletal proteins and an increase of the relative size 

of the nuclei 
 

As the functionality of leukocytes to transmigrate is largely coordinated by the ability 

of cells’ ability to deform their nuclei and displace across micropores in the cell matrix, 

we examined a specific set of molecules as indicators of cell internal organization that 

tend to be involved in deformability. Additionally, we measured geometrical 

parameters in one of the T-cell populations. We selected CD4+ memory T cells for this 
purpose, due to the meaningful correlations observed in the previous study (see 

section 5.2).  
 

We quantified morphological markers of cell, nuclear, lamin B1 and actin geometry. 

Importantly, our results showed an age-related increase in the relative size of the 

nucleus Rn/Rc (P = 3.6 x10-3), a decrease of the lamin B1 thickness (P = 6x10-5) 

(Figure 48j); and a decrease of DNA methylation (methylated cytosine, P = 1.3 x10-3), 
in the global population of T cells (Figure 48k). The decrease of DNA methylation has 

been reported for several cell types and tissues of mice.345,346 The average content of 

myosin and vimentin showed a negative correlation with aging for all T-cell 

populations, (Figure 47 and Figure 48k) with Spearman’s correlation coefficient -0.57 

≤ r ≤ -0.22. The statistical evidence for the correlation was strongest for myosin (0.006 

≤ P ≤ 0.1) and weaker for vimentin (0.02 ≤ P ≤ 0.27). 
 

Since the cellular composition of T cells changes dynamically with aging, we also 

examined specific markers of aging previously described (related to self-fluorescence) 

and frequencies of T-cell populations. For this, we performed flow cytometry analyses 

of self-fluorescence using the global population of T cells and found a positive 

correlation with aging (Figure 48g, r  = 0.59 for the two analyzed channels, P = 0.0017 

and 0.0021). This result was consistent with previous observations of increasing 
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lipofuscin content in lymphocytes.347–349 Out of the sorting measurements, the relative 

abundance of T-cell populations showed weak correlations with age, as shown in 

Figure 48f. The ratio of CD4+ and CD8+T cells (r  = -0.20; P = 0.30) and the ratio of 

memory and naive T (r  = 0.26; P = 0.16). Together, these results suggest that 

morphological age-related changes in the organization of the nuclei appear to be 

modulated by i) DNA-hypomethylation, ii) lamin B1 defects, iii) decrease of 

cytoskeletal proteins, iv) accumulation of lipofuscin, likely causing T-cell stiffening and 

a loss of cell migration.  
 

5.3.5 T cells undergo phenotype divergence with age, resulting in both intra-

individual and inter-individual heterogeneity  

To evaluate if age-related changes were independent of the T-cell subpopulation and 

individuals, we performed an analysis of similarity with respect to intra-individual, inter-

individual, T-cell population, and age-group differences. To ascertain the influence of 

aging-related cell heterogeneity at the intra-individual level, we calculated the 
coefficients of variation (CV(%) = 100 x standard deviation / mean) for each 

parameter. Deformability parameters did not show significant variation with age (-0.10 

≤ r ≤0.36, 0.07≤ P ≤ 0.64). Variation of deformability parameters of ‘internal 

composition’ parameters showed a moderate increase with age (r = 0.5 ± 0.2, 3.9 

x10-3 £ P £ 0.9).  
 

As this variability of biophysical parameters within and across different individual and 
T-cell types may be attributed to multiple factors, we calculated the similarity of T-cell 

features for each (i) T-cell population, (ii) individual and (iii) age group. We were 

interested in examining whether some feature patterns were conserved in any of these 

three cases. To investigate this, we used a sub-cohort of 11 parameters, measured 

for every T-cell population, and performed a Jaccard analysis of similarity for the 

unique area enclosed by the polygons in radar charts of an individual’s 11 normalized 

parameters (see section 4.8.2). The computed Jaccard indexes of similarity did not 

appreciably form clusters associated with T-cell populations, nor individual’s identity, 
as shown by the colored bars in Figure 49a. Therefore the analysis does not lead to 

a distinct identification, as was also observed in the two-dimensional reduced 

representation for T-cell populations and individuals in Figure D2 (Appendix D). 

However, the dendrogram analysis showed a moderately ordered location of sampling 
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ages, i.e. an age-related pattern of similarity was detected. This finding can be 

appreciated in the two-dimensional reduction by NDMS of Figure 49b.  
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Figure 49. Intra-individual and inter-individual T-cell population variability and its age-related 
evolution. The nine mice were sampled at least twice, allowing a dissection of inter- versus intra- individual 

variation. (a) The parameters were ordered according to a hierarchical clustering on Euclidean distances 

of Jaccard indexes between each parameter (see dendrogram in Appendix E; figure D4); colored bars were 

added to show possible clusters associated with T-cell populations, individual’s identity and age group (left). 

Correlation matrix using Spearman’s correlation coefficients between each two parameters are shown 

(right). Jaccard indexes are graphically shown by the angle of ellipse (left-leaning, low similarity; right-

leaning, high similarity) and color (blue, low; red, high). The age groups, subpopulations and individuals are 

represented by the color bar next to the dendrogram. The labels for the age groups stand for YA = ‘adult’, 

M = ‘mature’, O = ‘Old’, VO = ‘very old’. The labels for the cell types stand for CD8N = ‘naive CD8+T cell, 

CD8M = ‘memory CD8+T cell’, CD4N = ‘naive CD4+T cell’ and CD4M = ‘memory CD4+T cell’. (b) Non-metric 

multidimensional scaling of pairwise Jaccard correlations. The dataset is reduced from 112 parameters 

(112 dimensions) to a 2 dimensional representation based on Jaccard correlation values. Each polygon is 

represented by a point in the plot and the domains of points for the four age groups are shown. (c) Jaccard’s 

correlation values for the nine individuals at the four age groups. The age-group profile of T-cell parameters 

for each mouse is represented by a polygon in a radar chart of 11 parameters. (d) Plot of the average 

values of Jaccard correlation values for the four age groups (average of the values represented in (c); error 

bars represent standard error. 

 
In summary, the analysis of variability of biophysical and biomolecular parameters 

revealed an age-related increase of intra-individual variability, i.e. a progressive 

increase of cell heterogeneity across T-cell populations. Furthermore, the analysis of 

inter-individual variability appreciably showed an increase with age, as represented in 

Figure 49c-d (the Jaccard index of similarity decreases with age when comparing 

individuals). 

 
5.3.6 T-cell biomarkers of age 

In view of the observed biophysical age-related changes, we developed prediction 

models to identify promising age markers (Figure 50a). Developing procedures to 

estimate biological age from cell’s biophysical and biomolecular data is a central goal 

of interventional strategies both in humans and model organisms. From a 

chronological-age analysis, it is theoretically possible to develop biological-age 

c d 
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estimations to assess deviations of individuals from the average aging process. 

Several regression models have been used to assess the ‘biological age’ of 

individuals, mainly at the molecular levels, based on minimal input variables, such as 

methylation level at certain specific loci,350 as well as biophysical and biomolecular 

parameters.338  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 50. Generalized linear fitting for age estimations. (a) Scheme showing the procedure used to 

estimate chronological age markers from T-cell parameters, using both a univariate and bivariate 

regression model. Specifically, a set with 20 samples was used as training to identify top markers; then an 

independent a set with 8 samples was used to validate the results, and for a cross-validation using the 

leave-one-out method. The mean absolute errors (MAEs) for top univariate and bivariate predictors were 

estimated by the difference of predicted age and chronological age (see section 4.8). (b) Pearson 

correlation coefficients of the univariate model for all 111 parameters, stratified in the four experimental 

techniques used to characterize parameters. (c) Scatter plots showing estimated age as a function of 

chronological age the for top two univariate markers. (d) Pearson correlation coefficients of the bivariate 

regression, using a generalized linear model for the 6216 combinations of parameters, stratified in the 10 

possible combinations of experimental techniques. (e) Scatter plots showing estimated age as a function 

of chronological age the for top two bivariate markers.  
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We first used an univariate approach, which rank-ordered all 111 measured 
parameters; there were similarities in the distribution of Pearson’s correlation 
coefficients according to the four technological categories in which we grouped the 
parameters: ‘flow cytometry’, ‘MA’, ‘migration assay’ and ‘confocal microscopy’ 
(Figure 50b); top-marker features included lamin B1 thickness, T-cell migration index, 
apparent elastic modulus and relative size of the nucleus Rn/Rc.  
 
The results established in the training set were further validated by the inclusion of 

additional samples with the top 11 univariate markers. This validation set confirmed a 

superior estimation power of biophysical features (apparent elastic modulus of CD8+ 

and CD4+ memory T cells) relative to biomolecular features, showing an average fit 

error of 7.7 weeks (see Figure 49c). Although univariate analysis allows for the 
estimation of individuals’ age, the magnitude of the fitting error between the first and 

11 rank-ordered parameters (via an iterative leave-one-out validation method using 

all 28 samples, average mean absolute error MAE = 10.4 weeks, ranging from 8.6 to 

14.8 weeks) limits its accuracy. 

 

To enhance the power of age estimation, we next followed a bivariate approach using 
a generalized linear model which considers linear combinations of fixed nonlinear 
functions of the input variables. We rank-ordered the pair interactions (111 
parameters amounting to 6216 combinations) on the basis of the magnitude of the 
Pearson correlation coefficients, and further classified them into ten pair of 
experimental-technique categories (Figure 50d). Taking the top three bivariate 
predictors of cellular age in each category, we demonstrated that the combination of 
two biophysical parameters yielded better estimation accuracies (average MAE of 
training set = 5.0 weeks). The results were validated by the consistency in the 
validation set and by an iterative leave-one-out method using all 28 samples (training 
and validation samples), thus providing an unbiased estimation of the predictive 
accuracy with regards to age (average MAE = 7.1 weeks). The top two pair markers 
represented in Figure 50e, corresponding to a combination of MA-confocal 
microscopy and confocal microscopy-migration assay features, showed respectively 
an average fit error of 4.3 and 3.4 weeks. 
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Discussion 
 
The mechanical, functional and internal-ordering phenotypes of T cells have been at 

the center of this thesis. This chapter is divided into three parts. In the first, I 

summarize the advantages and limitations of the techniques and models based on 

micropipette aspiration, which were developed in this work to enhance the analysis of 

cellular mechanics. The second part describes the implications of the results obtained 

in relation to the structural components underlying T cell passive mechanical 

response, using cell samples obtained from female mice with the same chronological 

age. The third part discusses our proposed biophysical model that provides an 
explanatory basis for the age-related phenotypical changes (mechanical, structural, 

biomolecular and functional profiles) measured in the longitudinal study of T cells 

obtained from female mice.  

 

6.1  Engineering mechanophenotyping methods based on micropipette 

aspiration 

 

Changes in cell mechanical properties have been consistently reported as hallmarks 

of many physiological and pathological states.1,351–353 Cell mechanical properties, 
however, are not yet routinely measured in a clinical setting for diagnosis and 

intervention. According to the critical article of J. Guck on how to maximize the 

applicability of cell mechanics measurements in medicine,60 the required steps to take 

in view of the variability reported in mechanical measurements of cells characterized 

by different methods come down to the following: (1) standardization of the 

measurements; (2) improved efficiency by automation of the testing tools and model 

analyses; (3) improved outcomes by the integration of multiple measurements 
(biological, chemical, mechanical and functional), favoring the identification of 

mechanistic links between cell mechanics, structure and physiological processes.  
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Our work has focused on developing advances related to the previous ideas. The 

methodological part of this thesis has focused primarily on the features of automation 

and multiple measurements in the workflow of the micropipette aspiration technique 

(Figure 50). Micropipette aspiration is one of the most widely used methods because 
of the comparatively simple infrastructure requirement, larger suction pressure ranges 

and limited damage to the aspirated cells. Nevertheless, MA involves several 

laborious and time-consuming tasks that are prone to operative errors, including the 

skillful search of cells with a micromanipulator, placing the micropipette tip in contact 

with the cell, to form a seal between the opening and the cell surface, and the cleaning 

procedure due to possible blocking of the micropipette; after the experiments, it is 

necessary to determine the cell deformations by image analysis on a large amount of 
recorded images in order to fit a mechanical model to ultimately compute the cell 

mechanical properties. The experimental steps limit the throughput of MA, in optimum 

conditions, to ~5 min/cell.45 Throughout the last decade, researchers have started to 

recognize the automation of these tasks in MA as important, and have developed 

and/or invested in hardware and software to enhance its efficiency. For example, 

Shojaei-Baghini et al. presented a robotic micromanipulated system that enables 

single-cell MA with a higher efficiency and higher accuracy, achieved by “point on a 

cell-and-click” method, increasing the through-put to ~2 min/cell.104 Another 

improvement was designed by Liu et al., introducing a robotic feeder micropipette to 

store and transport the cells to a measurement micropipette, enabling batch 

measurements of cell Young’s modulus, with an efficiency of ~0.5 min/cell.150 Overall, 

these recent robotic methods have lowered operator skill requirements, increasing 

thus the applicability of MA system. Yet, water evaporation and mechanical fluctuation 

of external tubing/connections can still hinder the accuracy of measurements.  
 

Automation of micropipette aspiration  
 

Relatedly, in this work an automated image analysis algorithm was implemented in a 

Matlab all-in-one function, providing the possibility of digital analysis of image data 

sets of MA assays. To evaluate the robustness of the algorithm as an analysis tool, 

we used manual annotations of MA experiments, which permitted the comparison with 

the results from our automated software. While various MA computational workflows 
are available in the literature, open-source programs that are easy-to-use by 
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researchers with limited technical experience do not exist. Some groups that are 

currently publishing MA studies do not provide source codes.104,150 Others provide 

source codes but offer semi-automatic image analysis pipelines.354 The open source 

routine developed here is a step forward for the automatic acquisition of information 

that includes all the necessary computational steps for MA (Figure 51a). 

Experimentalists can input the raw microscopy images and follow the computational 

steps to obtain accurate and computationally efficient apparent elastic modulus and 
apparent viscosity as described in a previously published article of the group.52,53 

 

  
Figure 51. Schematic of new techniques based on micropipette aspiration developed in this work. 
(a) Automatic analysis of micropipette aspiration tests and validation in T cells. (b) Multiple-measurements 

strategy: workflow development, proof of principle using CD4+T cells and model development. (c) Tip-

pressure experiments based on MA for cells with walls and longitudinal growth: workflow development and 

application to study Aspergillus nidulans cells.   

 
This shift from manual to automatic and data-driven approaches in cell mechanics 

and mechanobiology is comparable to the trends observed in other fields that 

investigate cell phenomena. For example, in the last decade there has been a larger 

increase in cell biology techniques to produce very large amounts of robust data in a 

scalable way as a result of a combination of technologies like automation, 

miniaturization, microfluidics, CRISPR and microscopy.355,356 This data-rich situation 

in cell biology is opening unprecedented opportunities for machine learning models to 
be built, from representing the structure of proteins to designing better drugs. In the 

context of cell mechanics and mechanobiology, new high-throughput strategies have 

also been developed to rapidly generate mechanophenotyping data, such as the 

a 

b 

c 



Chapter 6 

 

optical stretcher97 (~1 s/cell) and the real-time deformability cytometer (~0.001 

s/cell)357,358. For instance, with the increasing ability to measure proteomic profiles 

accompanying cell state changes, the opportunity for data-driven identification of 
genes involved in the control of cell mechanics in a hypothesis-free manner is also 

starting to be leveraged.359 Once a vast number of mechanics datasets connected to 

omics profiles is available, it might be straightforward to develop machine learning 

models predicting mechanical properties given omics profiles. These efforts should 

assist in finding missing links between mechanics, structure, and physiology, going 

beyond statistical correlations into causal relations and underpinning mechanisms. To 

date, their application in cell mechanical studies is still at an early stage.  

 
Noteworthily, the traditional MA approach has unique advantages when compared to 

high-throughput methods, due to the longer observation times of MA assays. For 

example, the short observation times in high-throughput methods do not enable for 

viscoelastic characterization (except, in some cases, for extremely short times), nor 

for the simultaneous observations of cell internal changes during the application of 

forces. Considering these cases, it is probable that the traditional MA approach will 

continue to be regularly applied together with high-throughput methods for cell 
mechanic analysis.  

 

Why performing multiple measurements on the same cells is a useful approach 
to find mechanistic relations between cell mechanics and functions  
 

Cells are very heterogenous materials, as they may have a complex shape, and in 

this respect the local mechanical-property maps reveal certain spatial variability of the 

mechanical behavior. Cells are also dynamical systems, as evidenced by the high 
complexity and variability of cellular behavior, including the interaction with its 

surroundings. For all those reasons, the field of cell mechanics has mostly managed 

to stablish statistical correlations, but typically without providing a mechanistic view or 

proof of mechanisms that can account for all the observations as yet. Two 

methodological ways of tackling this challenge is by combining experimental 

techniques and capturing events occurring on the same cells.  
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Regarding the power of combining experimental techniques, outside the context of 

MA, Schierbaum et al. recently employed a combined AFM and Traction Force 

Microscopy assays to find correlations between viscoelastic parameters and 

contractile stresses in endothelial cells.360 Beikcher et al. were recently able to laterally 

visualized the morphology of a single cell as it was mechanically tested with an AFM, 

reporting evidence of structural and mechanical coupling between cell membrane and 

nucleus, a finding that shows the interplay of cell organelles in the transmission of 
forces within the cell.361 Another remarkable example is the work of Bouissou et al. 

which provides a detailed mechanism of the way podosomes work during cell 

migration.362 Hogan et al. developed a strategy to quantify cell-substrate adhesion 

force, via measurements of the aspiration pressure required to modify the geometry 

and detach a cell from a surface.56 In local analyses, MA and fluorescence or confocal 

microcopy have also been combined to integrate molecular observations with 

mechanical assays, which permits inferring mechanosensing activity.108,113 Also, MA 

combined with single-particle tracking has been employed in mechanosensitive 
studies of membrane-embedded ion channels and proteins.114 Regarding the 

characterization of the same cells, it is reasonable to suppose that capturing events 

occurring on the same cells may prove valuable in discovering the ways in which the 

structural, dynamical and physiological nature of cell mechanical response are 

intertwined. Despite the remarkable precedents of the benefit of performing 

synchronous mechanical detection in single cells, it remains to consider if this variable 

response of cells has any biological significance, and in this sense, the cellular 

response should be identified and interpreted in individual cells.  
 

Taking together the body of evidence, performing multiple measurements on the 

same cells might become as an enhanced standard in the mechanistic analysis of cell 

mechanics. The multiple-measurements method based on MA developed here is 

another effort in that direction, with a workflow that enables the discovery of the basic 

relationships coupling cell mechanics and cell internal structure (Figure 51b). Its key 

features are the hypothesis-free approach and the integration of the different layers 
of information from the same cells (mechanical, morphological and molecular). 

Importantly, by the cell isolation after mechanical characterization, the methodology 

implemented in this work offers an alternative to batch population studies that provide 

correlation analyses of different populations of cells, presumably in diverse cellular 
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states, making it difficult to explain the observed variability in the mechanical 

phenotypes. Despite its simplicity, the multiple-measurement method based on MA 

developed here offers an easy-to-customize performance for biophysical studies, and 

has proven its efficacy in a study with CD4+ T memory cells for the prioritization of 

variables to be studied, i.e. the relative nuclear size and the apparent elastic modulus.  

 

How simulations of MA experiments including intracellular components can 
enhance the understanding of experimental correlations 
 

The experimental technique described above constitutes a new approach to combine 

multiple measurements of the same cells, which permits the determination of 

significant biological and mechanical correlations. Therefore, mechanical modelling is 

of major importance to provide a basis for a physical explanation of the observed 

correlations from a mechanical point of view. Due to the heterogeneous and dynamic 

nature of cells, the choice of a mechanical model depends generally on 

phenomenological data of the experiments. For example, in the context of MA, as 
described in section 2.1.2, the influence of non-cytoskeletal and non-cytoplasm 

constituents has been usually overlooked or not considered. This might result in an 

oversimplification in some cell types, taking into account that organelles such as the 

nucleus constitute an important fraction of the cell material (e.g. approximately 80% 

of the total cell volume in T cells), exhibit distinctive mechanical characteristics of 

biological relevance, and are involved in mechanotransduction processes. For this, in 

our numerical studies we introduced the effect of varying mechanical properties and 
geometries of three structural contributors, namely the nucleus, cytoskeletal cortex 

and remaining cytoplasm:  

 

Effect of the relative size of the nucleus. In a first numerical model, we used a two-

constituent description of T cells and defined a constant value for the mechanical 

properties of the nucleus and remaining cytoplasm, while altering only the relative 

nuclear size. To simulate variations in the relative nuclear size, we used the 

experimental values of Rn/Rc previously obtained for CD4+ memory T cells. Both 
components of the model were assumed to behave as homogeneous continuum 

Neo-Hookean materials. This assumption allowed us to model the aspiration 

process up to large deformations. The other assumptions of the model included 
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the spherical geometry of the cell, the friction-less nature of the contact region and 

the incompressibility, which have been previously justified.50,88,363 In particular, we 

found an almost identical relationship between the apparent elastic modulus and 

relative nuclear size experimentally observed in the simulations results. See 

section 6.2.for further discussion.  

 

Effect of the cytoskeletal cortex and the nucleus. In the second numerical model, 
we used a three-constituent description of T cells. We combined 14 different 

geometries and a set of 36 combinations of stiffness ratii of the cell components, 

namely the nucleus (Young’s modulus: En,. Radius: Rn), actin cortex (Young’s 

modulus: Ecc. Thickness: tcc) and remaining cytoplasm (Young’s modulus: E0. 

Thickness: tc). Except from those variable parameters, the same assumptions 

were made. Using this model, we probed contributions of intracellular components 

to whole cell mechanics in MA experiments. Except from few simulations, 6 of 504 

(1.2%), corresponding to geometries 13 and 14 (see Appendix C) that were not 
reliable when computing cell strains, due to large differences of elastic properties 

i.e. En/E0 ={20, 50} and a very thin cortex, we obtained very satisfying results for 

the rest of simulations, 498 of 504 (98.8%) (See Figure C1-C4, Appendix C). The 

results show that the main contributors to cell stiffness are: (i) the mechanical 

properties of the nucleus, for cells with relatively larger nuclear-to-cell ratii, i.e. 

0.84≤Rn/Rc≤0.9975; (ii) the cytoskeletal cortex, for cells with Rn/Rc=0.7. This 

finding agrees with previous experimental studies supporting that the cytoskeletal 

cortex plays a dominant role in mammalian cells whose ratii of nucleus to cell 
volume are much smaller than resting lymphocytes.110,364,365 For example, previous 

mesoscopic simulations developed in Lykov et al., focused on epithelial cells MCF-

10A with Rn/Rc <0.7, flowing through microfluidic devices. Complementing those 

results, our study indicates that for cells with relatively larger nuclear-to-cell ratio, 

the effect of the nucleus plays a dominant role in MA.  An extended discussion of 

the simulation results is included in Appendix C.  

 
The previous models together with the precise determination of model parameters by 

the multiple-measurements based on MA methodology may provide an improved set 

of tools to predict cell deformation, and ultimately cell function and viability, in strong 

hydrodynamic flows as occurring in bioprinting or microfluidic devices.58 
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Measuring the effect of the pressure at the tip on the growth of fungal cells may 
be relevant to provide clues for procedures to arrest aggressive infections 
 

In this thesis we developed a methodology for basic fungal-cell manipulation with a 

micropipette, which will be of interest for future studies analyzing the interaction of T 

cells and fungal cells. Our technique allowed us to study the relationship between the 

external pressure at the tip of a growing hypha and its growth rate. The pressure 

difference between fungal cytoplasm and extracellular medium, i.e. turgor pressure, 
is balanced by the fungal cell wall, in contrast to the support provided by the contractile 

actin-myosin cytoskeleton in other eukaryotic cells.51,121 Considering the fungal wall 

as a thin membrane of homogenous thickness, the highest value of the stress is found 

in the circumferential direction of the wall, being this stress twice the stress in the 

longitudinal direction and in the semi-spherical tip of the hypha.366 However, the cell 

growth takes place at the tip, where the material of the wall flows even if the predicted 

stress is smaller there, which is presumably due to the anisotropy and inhomogeneity 

of the wall.55 Different techniques to measure the turgor pressure (in the MPa range) 
inside walled cells have enabled researchers to derive simple laws relating the 

variation in the shape of tip growing cells using turgor pressure, cell wall elastic 

properties and secretion rage. However, the nature of the response of tip growing 

cells to mechanical stress is still poorly understood.367 The importance of the tip in the 

mechanical invasion of fungal cells justifies the interest of tip-pressure experiments.  

 

The tip-pressure experiments based on MA developed here brings together soft 
hydrogels for growing fungal cells, MA and microscopy, making it possible to directly 

observe the influence of the pressure at the tip in relation to the polar growth rate as 

a function of aspiration pressure (Figure 51c). Through this framework, we showed 

evidence of cell growth rate and tip-pressure coupling in the species Aspergillus 

nidulans, with a threshold pressure enabling the arrest of fungal growth. The simple 

mechanical model, taking into account pressures and water flow and assuming 

homogeneity and constancy of various parameters, supports a nearly linear (if 

DP<DPstop) relationship between growth rate and differential pressure, which is in 

agreement with the experimental results (Figure 39). The model predicts a differential 

pressure for which the growth stops, which is also observed in these experiments for 

DPstop » 650 Pa.  
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A differential pressure of 650 Pa is moderately small: it of the order of 0.1% of the 

turgor pressure (0.4-0.8 MPa), 0.6% of the average atmospheric pressure at the sea 

level. The existence of a critical differential pressure DPstop impeding the progression 

of the hypha tip suggest that controlling this parameter would be useful in the frame 

of fungal infections, for instance in the case of artery invasion by some fungal species 
can invade blood vessels in aggressive infections.368 A local increase of 650 Pa for a 

distance of the order of 10 µm would require a pressure gradient of 60 MPa/m. 

Nevertheless, it would be difficult to find such a local gradient of pressure in the human 

body, where places with high gradients are located at the periphery of load bearing 

tissues like the bone or of pressurized cavities like the eye globe or the arteries.  

 

6.2  T-cell deformability is governed by the relative nuclear size 

 

Using biophysical single-cell experiments and modelling, we found that the relative 

size of the nucleus strikingly correlates with the apparent elastic modulus of primary 

CD4+ memory T cells, being minor or negligible the effect of other biophysical 

parameters (among the 42 parameters of the cytoskeletal cortex and nucleus). There 

exists evidence about how the relative nuclear size can directly affect cell migration 
through different constrictions, e.g. the dynamic interaction of the nucleus with actin 

cytoskeleton is required to ensure proper positioning of the nucleus and nuclear 

deformation to squeeze the cell through these constrictions.369 When the cell reaches 

the constriction, the nucleus is the first organelle pushing against the 

constriction.370,371 There are some compelling examples where different rates of 

nuclear deformation have been seen, limiting cell ability to pass through different 

constrictions smaller than the nucleus.262,372–374 Thus, investigating by which specific 
molecular mechanisms T-cells regulate the relative size of the nucleus may offer new 

approaches to tune cell mechanical properties and improve cellular function.375  

 

To understand how T cells adjust the mechanical integrity of immune cells, several 

mechanisms with supporting evidence have been proposed. It is commonly accepted 

that the nucleus is mechanically stabilized by a thin and elastic shell of proteins 

(lamina), consisting mostly of lamins encoded by three genes, LMNA, encoding 

lamins A/C, and LMNB1 and LMNB2, encoding lamin B1 and lamin B2, 
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respectively.376 The nuclear lamina contains also lamin-associated proteins. The 

stiffness of the nuclei has been found to depend on the relative levels of their A and 

B lamins.190 The nuclear lamina of neutrophils is much softer than the lamina of most 

tissue-resident cells due to their negligible content of lamin A/C.377 Similarly, naïve T 

cells temporally upregulate their lamin A/C expression during TCR activation and 

remain stationary until they downregulate lamin A/C expression and regain nuclear 

deformability as they become migratory.378 In contrast to epithelial and mesenchymal 
cells, which keep their stiff nuclei at their rear, motile leukocytes readily translocate 

their nuclei to their pseudopodia irrespectively of barrier stiffness.370 Overall, the ability 

of leukocytes to squeeze through mechanically rigid barriers such as collagen-rich 

interstitial spaces, or blood vessels and epithelial barriers likely seems to depend on 

low lamin A content, nuclear lamina deformability, and high lamin B receptor 

expression.378  

 

Lamins may also play a significant role as epigenetic modifiers of nuclear structure 
and organization because recruitment of certain genes to the nuclear envelope is 

generally considered a cellular mechanism of transcriptional regulation and gene 

silencing.182,188 Currently there exist only limited evidence that extracellular forces can 

directly affect gene transcription, e.g. by extracellular force transmitted to the nucleus 

acting directly on DNA elements. Inside the nucleus, these forces could result in 

conformation changes of the DNA double helix or higher order chromatin structure, 

which could then lead to changes in transcriptional activity. The shape and mechanics 

of the nucleus is known to adapt and reorder when cells are exposed to force.379,380 
However, it remains unclear how the genes within the nucleus are subsequently 

reordered or if pockets of heterochromatin are altered by force or by lamin 

reorganization. Recent experiments have also shown that epigenetic modifications 

during differentiation can be detected as changes in the mechanical properties of the 

nucleus, demonstrating a clear link between chromatin structure, gene regulation, and 

nuclear structure and stiffness.381 In these cases, altered gene regulation does not 

necessarily arise from changes in nuclear stiffness, but rather nuclear stiffness reflects 
changes in intranuclear organization and structure.  
 

In the last decade, experiments of force-induced changes in DNA structure and 

function have also started to elucidate the role by which force can directly modulate 
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transcription of regions of DNA in the nucleus.196,382 The challenge, thus, lies in the 

fact that nuclear stiffness is governed by both the lamina and the chromatin, which 

are inherently biologically and mechanically coupled.  

 

6.3  A biophysical model explaining age-related changes in T cells 

 
The aging process is accompanied by multiple age-associated functional alterations. 

Immunosenescence refers to the decline of the immune system associated to aging. 

It affects both, innate and adaptive immunity limiting the response to pathogens and 

to vaccines. The number and kinds of time-dependent changes in immune cells are 

legion, and have been commonly characterized by mainly quantifying alterations in 

the following: (i) relative frequencies of immune cells; (ii) the microenvironment in 

lymphoid organs and non-lymphoid tissues, where immune cells reside; and (iii) the 
circulating factors (chemokines, cytokines and other soluble molecules) that interact 

with both immune cells and the microenvironment.383 Several elements of those 

categories have been analyzed in elderly human individuals, in order to identify key 

signatures that can predict mortality. These include an inverse CD4:CD8 ratio, loss of 

naive T cells and increased numbers of terminally-differentiated T cells and relative 

increase in various populations of memory T cells (absolute increase in the case of 

infection with ubiquitous pathogen cytomegalovirus). Yet, little is also known on the 

consequences of aging on the biophysical markers of T cells.  
 

Consequences of aging on the mechanophenotype of T cells 
 

The thorough analysis developed in this work represents a first longitudinal analysis 

of mechanical, morphological, biomolecular and functional (spontaneous migratory 
behavior) parameters of the kind in primary mouse T cells. The set parameters profiled 

for all four T-cell populations was enlarged for the case of CD+4 memory T cells, 

providing an extended geometrical and internal-ordering characterization.  
 

In view of our results, we propose a biophysical model to describe the age-related 
changes synthesized in Figure 52. First, the average relative size of the nucleus 

(Rn/Rc) increases with age. The progressive reduction of average DNA methylation 

may plausibly induce this relative nuclear-size increase, as previous works have 
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reported that a larger extent of DNA methylation leads to a more compact nucleosome 

structure.384 Complementarily, the reduction of nucleoskeletal lamin B1 thickness may 

also induce it, since this structure is crucial for maintaining nuclear morphology, as 

demonstrated by previous works examining how the depletion of lamin B1 resulted in 

larger chromatin volume.385 The weak decrease of cytoskeletal proteins content could 

be associated both with an increase in the relative nuclear volume (and the 

consequent relative reduction of cytoplasmic volume), and with the progressive 
accumulation of fluorescent material, which was assumed to essentially consist of 

lipofuscin, as detected by self-fluorescence. Considering that the nuclear material is 

significantly stiffer than the cytoplasm,199 we reasoned that the natural key 

mechanobiological mechanism that explains T-cell stiffening with age is the increase 

of the relative nuclear size. Indeed, in our multiple-measurement study of the same 

single T cells, we also found that the relative nuclear size was the main contributor to 

T-cell apparent deformability,316 whereas the average cytoskeletal-protein content 

had minor influence.316 
 

According to previous studies, impaired immunity in aged individuals can be partially 

attributed to a relative decline in T-cell migration.43 Three aging-related changes may 

plausibly play an important role on the reduction of cell migration: the growth of relative 

size of the nucleus, and the associated stiffness increase, and the reduction of myosin 
content. Although we measured cell passive deformability, the active deformation of 

the cell is associated with passive deformation. Notably, the nuclear size and nucleus 

stiffness are highly relevant in T-cell migration, because of its higher rigidity.386 Myosin 

participates in the migration process through actomyosin contraction at the rear of the 

T cell.264 Furthermore, it has been shown that T lymphocytes require histone 

methylation in key positions in histones’ proteins, a process induced by actomyosin 

contractility in 3D environments, in order to undergo nuclear softening and confined 

migration.387 In line with this view, our study highlights the relationship between cell 
migration, nuclear stiffness, and the cytoskeleton. The reduction of myosin content 

shown in this study provides a basic explanation for the above-mentioned observation 

of a slight reduction of stimulus-induced actin polymerization in old individuals, which 

could be associated to a lower contractility. Nevertheless, based on the combination 

of results of this study and a previous one with T cells,316 we consider reasonable to 

assume that the increase of the relative size of the nucleus is the main contributor to 

T-cell stiffening with increasing age. 
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Figure 52. Proposed biophysical model. The scheme shows the identified aging-related changes in the 

average properties of T cells and their proposed causality relationships: chromatin decondensation and 

loss of lamin B1 would result in a larger relative nuclear size, which implies a higher overall cellular stiffness. 

The relatively larger nucleus and the accumulation of unfit molecules (particularly lipofuscin) would 

influence the cytoskeletal contents in the cell, yielding a lower content of cytoskeletal proteins. The higher 

stiffness, larger relative nucleus and smaller content of cytoskeletal proteins would then lead to a reduced 

migration ability. Additionally, T-cell features diverge both inter-individually and intra-individually. 

 

The progressive increase of T-cell variability intra- and inter- individuals is chiefly 

important as it may provide a basis for future medical approaches in the context of 

personalized medicine. 388 Additionally, the progressive inter-individual variation limits 

the use of methods based on biophysical and biomolecular features of T cells to 

estimate individual’s biological age.338 The aging-related changes examined in this 
work might include certain signatures of senescent and exhaust T cells, such as a 

reduced lamin B1 expression, but there is no reason to presume that they are limited 

to such signatures. For instance, a relative small contribution of senescent cells was 
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reported in a previous work analyzing age-related changes in fibroblasts.338 

Furthermore the existence of truly senescent T cells and suitable markers to identify 

them have not yet been well established.389 The cytometry histograms in our work, 

which show a single peak, do not allow identifying distinct cell groups.  

 

6.4  Future perspectives 

 
Towards the automation of cell mechanics characterization tools, combination 
of multiple measurements and calibration standards 
 

To complete the overview of steps forward that should also be included in future cell 

mechanic studies, it is important to incorporate the advances in the fabrication and 

application of calibrated reference materials. In particular, elastic spherical beads can 

be used, for instance beads made of polyacrylamide that have been recently produced 
by using droplet microfluidics: in the work of Träber et al., a macroscopic and 

microscopic material characterization of polyacrylamide beads, revealing similar initial 

elastic moduli using a Neo-Hookean material law for strains up to 10%, was 

provided.390,391 These authors demonstrated the utility of the microbeads for the 

measurement of compressibility and elastic modulus of cells both in vitro and in vivo 

during zebrafish embryo development. These technical improvements suggest that a 

consensus in the calibration protocols can lead to future applications of cell 
mechanical properties in medicine, with controls including the microbeads, with an 

assigned value for the mechanical properties, in order to monitor the stability of the 

characterization instruments, and enabling users with limited experience to profit of 

an optimal performance, consistent data acquisition and larger compatibility of tools 

for any of the force-application techniques. An accepted use of standardized beads in 

force-application techniques such as micropipette aspiration can serve also the 

purpose of distinguishing experimental sources of error in the measurements provided 

by different techniques and the intrinsic heterogeneity within a population of cells. We 
think that that capillary networks and microfluidic devices will also allow to study 

numerous problems in the context of cell mechanics with a larger efficiency in the 

coming years.58,104,150,354 In conclusion, once that a full automation of characterization 

of MA-based techniques and the integration of multiple measurements will gain 

general relevance, together with calibration standards, the application of cell 
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mechanical properties as biomarkers of cell state should become a realistic objective. 

Such transition will, presumably, allow us to interfere with important physiological and 

pathological processes, ultimately converting mechanical phenotypes into 

controllable processes instead of purely descriptive ones. 

 
Towards a combined characterization of infectious fungal growth and immune 
T cells 
 

More studies, at physiological temperature and with infectious species would be 

required to measure the differential pressure DPstop required to impede invasion of 

tissues by these species, and to study possible treatments aiming to alter this value 

to obtain a therapeutic outcome. Future experiments could also be devised to 

investigate human fungal pathogens interacting with host immune T cells. Immune 
cells deploy secretory vesicles for direct cytotoxicity activity against fungal pathogens 

and to signal a vast array of responses that lead to the clearance of fungal invasion. 

Hence combining vesicle-mediated mechanisms by NK cells and CD8+ T cells, for 

example, would be needed to fully understand the mechanisms used in response to 

fungal invasion in different immune cells. Hence a better understanding of the tip 

growth of fungal cells as a result of the mechanical forces is of interest for the infection 

and successful dissemination of such fungal pathogens.  

 
Towards a mechanistic explanation of nuclear size regulation and migration 
 

The exploratory research combining mechanical and internal structure 

characterization of the same CD4+T cells brings with it a number of future directions. 

For instance, future studies could address basic questions about the de/condensation 

of the nucleus, the mechanisms of nuclear volume regulation, and the way that gene 

differences bring about mechanophenotypic differences and the effect on the immune 

function. The shape of the nucleus has been related to the ability of neutrophils to 
transmigrate, as revealed by the abnormal nuclear shape of nuclei associated with 

Pelger-Huet disease, caused by a mutation in the lamin B receptor.392 A recent article 

reported the discovery of the mechanistic basis of nuclear changes alterations 

(chromatin condensation, 3-D chromosome organization) in fibroblasts.393  
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A single mechanism or pathway can fully account for the nuclear volume regulation 

has not yet been established. A prevailing theory is that the accumulation of 

intracellular Ca2+ pays a casual role in driving nuclear shrinkage.394–397 This theory 

rests on the evidence showing that inhibition of the mechanosensitive ion channel 

Piezo 1, leads to the inhibition of nuclear shrinkage under shear stress, suggesting 

that the intracellular increase of Ca2+ in response to mechanical forces is a major 

factor of nuclear volume regulation. Regarding the hypothetical association of Ca2+ 
with some nuclear/cell membrane components, a recent study of epithelial cells 

mechanics showed that Piezo1-mediated Ca2+ release from the endoplasmatic 

reticulum triggers a reduced H3k9me3-marked lamina-associated heterochromatin, 

and that preventing this heterochromatin remodeling leads to DNA damage.394 The 

methodology presented here may be used to shed light on still poorly understood 

problems, regarding how does Ca2+ signaling affect the downstream events leading 

to nuclear deformation, ultimately regulating nuclear volume, T-cell stiffness and 

migration.398  
 

We also envision that a next application would be the quantification of the role of the 

structural components involved in T cell deformability during migration, 

complementary addressed using the numerical models developed here. This 

quantification could be designed by the simultaneous analysis of traction forces 

generated by migrating cells and the relative nuclear size and cytoskeletal 

components, as recently exemplified by Patteson et al. in a fibroblasts study.399 

Further work is also needed to evaluate if the numerical results of the three-constituent 
model compare favorably to stress versus strain data from MA experiments on T cells. 

Besides, future models of cells in microfluidic devices integrating the parameters of 

the FE models developed here, with explicit description of intracellular components, 

may be complementarily used to study alterations in cell mechanics caused by 

functional changes. 

 

Towards a mechanistic insight into the basis of age-related changes in T cells 
and identification of efficient strategies for intervention  
 

Our results place biophysical mechanics at the crossroad of immune dysfunction and 

aging, highlighting its promising potential as therapeutic target to increase healthy 
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lifespan. The next set of questions should address whether the changes are intrinsic 

to that element or to the environment in which T cells operate (e.g. measurements of 

ECM stiffness during aging in lymphatic tissues). Following that, the goal would be to 

obtain mechanistic insight into the basis of a given change. Future studies could 

further analyze whether different candidate alternatives of senescent cells and 

exhaust T cells have a distinct signature in the biophysical and biomolecular 

parameters, in order to address the mechanisms involved in the relationship between 
cell internal ordering, phenotype and function, as well as to design interventions to 

rejuvenate cells.400,401 In particular, it would be interesting to determine whether 

telomere shortening is associated with a change of certain features, in parallel with 

the relative size of the nucleus of senescent and exhaust T cells, as our results 

strongly support the role of this feature on T-cell function. Besides, considering the 

worldwide aging of the population in the next decades, on the basis of the 

understanding described above, points at which intervention to improve immunity 

might be most effective, in the global process of immunosenescence330 and defining 
effective vaccines against those pathogens contributing to increased morbidity and 

mortality in the elderly.402 Finally, the big open questions that remain are whether there 

could be validated biophysical immune biomarkers of aging, and if so, in which ways 

may cells be mechanically reprogrammed, as pioneering examples of fibroblasts have 

recently suggested.42 
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7.1 

Conclusions  
 
The conclusions of this thesis may be described synthetically as follows. 

 

1) The analysis of experiments performed by the technique of micropipette was 

successfully automated by the development of an all-in-one routine, which 

processes microscopy data and efficiently estimates the mechanical properties 

of cells (objective 1 and 3). 

2) A method based on MA to characterize cells with rigid walls and tip growth, such 

as filamentous fungal cells, was developed. This is a pioneering approach to 
evaluate the effect of external pressure at the tip on cell growth during infections. 

Using this method, we found that the growth rate shows a linear dependence on 

the external pressure at the tip of Aspergillus nidulans cells, with a threshold 

value of pressure that arrests the apical growth. These observations were also 

explained by a mechanical model of hyphal growth (objectives 1-2).  

3) A method to measure multiple biophysical and biomolecular parameters of the 

same cells was developed, in order to study the diversity of mechanical behavior 

at the single-cell level (objective 1). 
4) Using this method in CD4+T memory cells, we found that cell deformability is 

strongly correlated with the relative size of the nucleus. This relationship was also 

accurately explained by a numerical two-constituent model of MA, taking into 

account the effect of the relative nuclear size (objectives 2-4).  

5) Based on the previous results showing that the relative nuclear size can account 

for variations of T-cell stiffness, we investigated if age-related T-cell phenotypes 

are associated with alterations in biophysical parameters –including the nuclear-
cytoskeleton organization, cell stiffness and motility potential. Longitudinal 

analyses included a repertoire of 111 functional, biophysical and biomolecular 

features of the nucleus and cytoskeleton of mice CD4+ and CD8+ T cells, in both 

naive and memory state (objective 5).  
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6) Age-related changes in nuclear architecture and internal ordering were 

synchronized with T-cell stiffening and declined spontaneous interstitial migration 

(objective 6). 

7) Age-related changes in DNA-methylation patterns and lamin B1 defects were 

among the most promising markers of chronological age (objective 6). 

8) The increase of variability during aging of the measured parameters was found 

to be a direct result of the aging process and largely independent of the type of 
T-cell populations and individuals (objective 6).  

9) We identified useful choices of one or two biophysical and biomolecular 

parameters for markers serving to estimate individuals’ age using regression 

models. Future uses of the models could be useful to identify abnormal aging 

rates in mice (objective 6). 

10) A promising biophysical model that captures the age-associated experimental 

observations and considers the main mechanical events occurring with aging is 

proposed: aging leads to chromatin decondensation and loss of lamin B1, which 
enable an increase in the relative size of the nucleus. This increase induces a 

higher overall cell stiffness. Eventually, the relative larger nucleus and the 

accumulation of unfit molecules (lipofuscin) would influence the cytoskeletal 

contents in the cell, yielding a lower content of cytoskeletal proteins. Higher 

stiffness, larger relative nucleus and smaller content of cytoskeletal proteins 

would ultimately lead to reduced migration ability (objective 6) 

 

The future perspectives and future work have been discussed in section 6.4. 
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7.2 

Conclusiones 
 
Las conclusiones de esta tesis doctoral se resumen a continuación. 

 

1) Se ha automatizado el análisis de los experimentos realizados con la técnica de 

aspiración con micropipeta mediante el desarrollo de una rutina con funciones 

incorporadas en un mismo código, que procesa imágenes del microscopio y 

estima con eficiencia las propiedades mecánicas de las células (objetivos 1 y 3). 

2) Se ha desarrollado un método basado en la técnica de aspiración con 

micropipeta para caracterizar células con paredes rígidas y crecimiento 
longitudinal, tales como las células de hongos. Se trata de un enfoque 

experimental pionero que permite evaluar el efecto de la presión externa 

aplicada en la punta de las hifas, en el crecimiento celular que tiene lugar durante 

las infecciones fúngicas. Usando este método, se ha observado que la tasa de 

crecimiento celular de la especies Aspergillus nidulans muestra una 

dependencia lineal con la presión externa aplicada en la punta; existe además 

un valor umbral de presión a partir del cual se detiene el crecimiento celular. Se 

ha desarrollado también un modelo mecánico de crecimiento de hifas que 
permitió explicar las observaciones experimentales (objetivos 1-2). 

3) Se ha desarrollado un método para medir múltiples parámetros biofísicos y 

biomoleculares de las mismas células, con el fin de estudiar la diversidad del 

comportamiento mecánico a nivel unicelular (objetivo 1). 

4) Se ha aplicado el método anterior al estudio de linfocitos CD4+T memoria, y se 

ha observado que la deformabilidad celular está correlacionada con el tamaño 

relativo del núcleo significantemente. Esta dependencia se ha podido explicar a 
partir de los resultados numéricos de un modelo de aspiración con micropipeta 

de célula de dos componentes, que tiene en cuenta el efecto del tamaño nuclear 

relativo (objetivos 2-4). 
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5) Considerando los resultados anteriores, mostrando que el tamaño relativo del 

núcleo está correlacionado con la rigidez de los linfocitos T, se ha llevado a cabo 

un estudio longitudinal para investigar si durante el envejecimiento se producen 

cambios en un amplio conjunto de parámetros biofísicos y biomoleculares. Este 

conjunto de parámetros incluye el tamaño nuclear relativo, además de 

parámetros asociados a la organización del citoesqueleto nuclear, la rigidez 

celular y la migración celular espontánea. En concreto, este análisis longitudinal 
incluyó la caracterización de 111 parámetros funcionales, biofísicos y 

biomoleculares, del núcleo y del citoesqueleto de células CD4+ y CD8+ T de 

ratones, tanto en estado virgen como memoria (objetivo 5). 

6) Se ha observado un aumento en la rigidez de los distintos tipos del linfocitos T y 

una disminución en la migración intersticial espontánea con la edad, a la vez que 

se producen cambios en la morfología nuclear y en el orden interno de la célula 

(objetivo 6). 

7) Se ha observado una disminución de la metilación del ADN y defectos en la 
lámina B1 del núcleo con la edad (objetivo 6). 

8) Se ha observado una mayor divergencia en los parámetros medidos con la edad; 

el análisis de esta variabilidad ha permitido concluir que la divergencia se debe 

al proceso de envejecimiento, y que no depende significativamente de las 

poblaciones de linfocitos T estudiadas o de posibles diferencias individuales 

entre ratones (objetivo 6). 

9) Se han identificado combinaciones de uno o dos parámetros biofísicos y 

biomoleculares (marcadores) que permiten estimar la edad cronológica de los 
ratones, utilizando modelos de regresión. Estos marcadores y modelos de 

regresión pueden ser útiles en un futuros estudios para investigar anomalías en 

la velocidad de envejecimiento de ratones (objetivo 6). 

10) Se ha propuesto un modelo biofísico que captura los resultados experimentales 

observados y que considera los principales eventos que ocurren con la edad: 

durante el envejecimiento se produce una descondensación de la cromatina y 

una disminución del espesor de la lámina B1, lo cual conlleva un aumento en el 
tamaño relativo del núcleo. Este aumento del tamaño relativo nuclear supone un 

aumento de la rigidez celular aparente. Progresivamente, el aumento del tamaño 

relativo del núcleo y la acumulación de moléculas (lipofuscina), podrían influir en 

el contenido del citoesqueleto, puesto que se observar un menor contenido de 
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proteínas del citoesqueleto con la edad. En última instancia, el aumento de la 

rigidez aparente celular, el aumento del tamaño relativo del núcleo relativo y el 

menor contenido de proteínas del citoesqueleto explicarían la reducción de la 

capacidad de migración espontánea de los linfocitos T (objetivo 6) . 

 

Las perspectivas y trabajo futuro de esta tesis se han descrito en la sección 6.4.  
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Appendix A. Bibliometric analysis 
 

1. Bibliographic data were drawn from the Web of Science Core Collection for the 

maximum year period in the database, 1900:2021. Documents for analysis were 

restricted to original academic journal contributions. The data were exported to .txt 

files, including cited references. Table A1 summarizes the samples sizes: 
 

Table A1. Data for the visualization of research on thesis topics. 

 
2. Data importing (.txt files) and conversion to data frame collection (.xlsx files) was 

performed via the web-interface for the R package ‘bibliometrix’, developed by 

Massimo Aria and Corrado Cuccurullo. Data filtering was performed to separate 

reviews and original articles within the dataset.  

3. Bibliometric analytics and plots were obtained for both subsets (reviews and 

articles). In particular the following outputs were generated and used in State of 

the Art to synthesize the bibliography of the different sections:  
o Level of documents:  

§ Tables with the most global cited documents. 

§ Figures with the 10 most recurrent WoS categories.  

o Level of structures of knowledge: 

§ Factorial maps of conceptual analysis.  

§ Dendograms of conceptual analysis. 

§ Figures and tables of Historiograph, via the the co-cited literature. 

§ Historical papers are of particular interest for the specific research field. 
§ Topics of particular interest for the specific research field. 

 

The routines and results of this bibliometric analysis are shown next. They are also 

available in the online repository https://github.com/BlancaGB/PhDThesis. 
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Matlab codes  
  
   bibliometrix_trendtopics.m 
 
 
%%  ----------------------------------------------------------------------- 
    Script to calculate the number of topics based on Abstracts downloaded 
    from WoS database using R package ‘bibliometrix’ 
%   April 2021. Blanca González Bermúdez 
%   Version 1.0 ; Matlab version R2018b M 
    clear all; close all 
%   ----------------------------------------------------------------------- 
%%  1st. Import Abstracts from Excel File Column 
%   Import in Matlab the whole Excel Table from Bibliobetrix  
%   in the format 'table'. Rename the variable as 'table' 
%   ----------------------------------------------------------------------- 
%%  2nd. Tokenization of Abstracts 
%   A tokenized document is a document represented as a collection  
%   of words (also known as tokens) which is used for text analysis. 
    
    documents=tokenizedDocument(table.AB); 
    rawBag = bagOfWords(documents);  
    cleanedDocument = erasePunctuation(documents); 
    cleanedDocument = addPartOfSpeechDetails(cleanedDocument); 
    cleanedDocument = normalizeWords(cleanedDocument,'Style','lemma'); 
    cleanedDocument = removeShortWords(cleanedDocument,3); 
    cleanedDocument = removeLongWords(cleanedDocument,15); 
%   These words will be removed from the tokenized abstract aray 
    words = ["this”, "with" "which" "from" "that" "have" "cell"... 
    "Cell" "cells" "Cells" "into" "they" "might" "many" ... 
    "clear" "must" "many" "were" "only" "will" "between" ...  
    "other" "2000" "2001" "2002" "2003" "2004" "2005" "2006"... 
    "2007" "2008" "2009" "2010" "within" "example" "when" "where"... 
    "shown" "also" "both" "then" "However" "than" "after" "well"... 
    "more" "such" "been" "using" "same" "through" "number"...  
    "over" "there" "three" "2018" "high" "same" "observed" "These"... 
    "each" "used" "Biol" "during" "these" "their" "This" "first"... 
    "different" "could" "described" "Figure" "Biophys" " preprint"... 
    "Preprint" "showed" "under" "show" "significantly" "here" "while"]; 
    cleanedDocument = removeWords(cleanedDocument,words); 
    cleanedDocument = lower(cleanedDocument); 
    cleanedBag = bagOfWords(cleanedDocument); 
    cleanedBag = removeEmptyDocuments(cleanedBag); 
%   -----------------------------------------------------------------------  
%%  3rd. Representation of most frequent wordclouds within abstracts 
    wordcloud(cleanedBag); 
    title("Cleaned Data") 
%   -----------------------------------------------------------------------   
%%  4th. Representation of underlying topics withing abstracts: LDA model 
%   A Latent Dirichlet Allocation (LDA) model is a topic model which 
%   discovers underlying topics in a collection of documents. 
%   Topics, characterized by distributions of words, correspond 
%   to groups of commonly co-occurring words. LDA is an unsupervised 
%   topic model which means that it does not require labeled data.  
    numTopics = 6; 
    mdl = fitlda(cleanedBag,numTopics,'Verbose',0); 
    figure 
    set(gcf,'color','w'); 
    set(gcf, 'Position', [100 400 600 900]); 
    for topicIdx = 1:6 
        subplot(3,2,topicIdx) 
        wordcloud(mdl,topicIdx); 
        title("Topic " + topicIdx) 
    end 
%%  5th. Save figure with the wordclouds of topics  
    saveas(gcf,'Topic1_6Topics.png') 
%   --------------------------------------------------------------------- 
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   bibliometrix_seminalpapers.m 
 
 
%   --------------------------------------------------------------------- 
%%  Script to calculate the nnumber of cited references and 5-year Deviation 
%   April 2021. Blanca González Bermúdez 
%   Version 1.0 ; Matlab version R2018b M 
    clear all; close all 
%   --------------------------------------------------------------------- 
%%  1st. Import cited from Excel Table of Bibliometrix; select ‘table’ format.  

Rename variable as 'CRdata' 
%   --------------------------------------------------------------------- 
%%  2nd. Run the script  
    ex2=CRdata; 
    strAUPY=strings(5e5,2); 
    count=1; 
    for i = 1:length(ex2) 
     out = regexp(ex2, ';', 'split'); 
        a=cellstr(out{i})'; 
        out2 = regexp(a, ',', 'split'); 
        for j = 1:length(out2) 
            line=out2{j}; 
            if length(line)>3 
                AUPW=strcat(line{1},line{2}); 
                PY=line{2}; 
                AU=strrep(AUPW,' ',''); 
                PY=strrep(PY,' ',''); 
                strAUPY(count,1)=AU; 
                strAUPY(count,2)=PY; 
                count=count+1; 
            end 
        end       
    end 
    PYvector=str2double(strAUPY(:,2)); 
    PYvectorOK = PYvector(~isnan(PYvector)); 
    [valY idY] = unique(PYvectorOK); 
    citesPerYear=zeros(length(valY),1); 
    for i = 1 : length(valY) 
        [idsum log]=find(PYvector==valY(i)); 
        citesPerYear(i,1)=length(idsum); 
    end 
    meadianFiveYear=zeros(length(citesPerYear),1); 
  
    for i = 3:length(citesPerYear)-2 
        fiveyearcitesVec=citesPerYear(i-2:i+2); 
        meadianFiveYear(i,1)=median(fiveyearcitesVec); 
    end 
    absdev=zeros(length(citesPerYear),1); 
    for i = 3:length(citesPerYear)-2 
        absdev(i,1)=((citesPerYear(i,1)-meadianFiveYear(i,1))); 
    end 
    indices = find(abs(PYvectorOK)<1850); 
    PYvectorOK(indices) = []; 
%   --------------------------------------------------------------------- 
%%  3rd. Representation of Annual distributions of cited references  
    figure 
    set(gca,'FontSize',14); 
    set(gcf,'color','w'); 
    yyaxis left 
    h = histogram(PYvectorOK,length(valY),'Facecolor',[0.5 0.5 

0.5],'EdgeColor',[255 255 255]/255) 
    [values, edges] = histcounts(PYvectorOK); 
    centers = (edges(1:end-1)+edges(2:end))/2; 
    %plot(centers, values, 'k-','LineWidth',2) 
    ylabel('Number of cited references') 
    set(gca, 'XColor','k', 'YColor','k') 
    yyaxis right 
    [pks,locs] = findpeaks(absdev,'MinPeakProminence',20,'Annotate','extents'); 
    p = plot(valY,absdev,'-','Color',[242 101 50]/255); 
    hold on  



Appendix A 

 

    plot(valY(locs),absdev(locs),'o','MarkerSize',6) 
    hold on  
    text(valY(locs)-12,pks,num2str(valY(locs)),'Fontsize',10,'Color', ,...  

     [242 101 50]/255,'FontWeight','bold') 
    xlim([1850 2030]); 
    ylabel('Deviation from 5-years centered median') 
    xlim([1850 2030]); 
    p.LineWidth = 1.5; 
    xlabel('Year of Publication') 
%   --------------------------------------------------------------------- 
%%  4th. Representation of seminal papers in publications on a given topic  
%   [PYord,I] = sort(PYvector); 
    AUord =strAUPY(I,1); 
    seminalYears=valY(locs);  
    dataSeminalYears=strings(200,2*length(seminalYears)); 
    filename = 'Topic5_SeminalYearsAuthors.xlsx'; 
    for i = 1:length(seminalYears) 
        [o u] = find(PYord==seminalYears(i)); 
        AUordpar=AUord(o); 
        documents = tokenizedDocument(AUordpar); 
        words = [num2str(seminalYears(i)) "." "a" "A"]; 
        cleanedDocument = removeWords(documents,words); 
        Bag = bagOfWords(cleanedDocument); 
        figure(1) 
        set(gcf, 'Position', [100 400 1300 500]); 
        subplot(1,2,1) 
        ww= wordcloud(Bag); 
        wcData=ww.WordData; 
        wcSize=ww.SizeData; 
        title({'Cited articles in the WOS dataset: "hyphal" AND "growth",... 

  AND "tip",'strcat('with Publication year = ', num2str(seminalYears(i)))}) 
        subplot(1,2,2) 
        if length(wcSize)>25 
            plot(1:25,wcSize(1:25)*(100/sum(wcSize)),'o-','Color', ,...  

      [242 101 50]/255 'MarkerFaceColor',[242 101 50]/255); 
            hold on  
            txt=text(1.2:1:25+0.2,wcSize(1:25)*(100/sum(wcSize)),wcData(1:25),... 
            'Fontsize',10,'Color',[242 101 50]/255,'FontWeight','bold'); 
            ylim([0 100]); 
            xlim([0 35]); 
        else 
            plot(1:length(wcSize),wcSize*(100/sum(wcSize)),'o-','Color', ...  

 [242 101 50]/255,'MarkerFaceColor',[242 101 50]/255);     
 hold on              
txt=text(1.2:1:(length(wcSize)+0.2),wcSize*(100/sum(wcSize)) , ... 

 wcData,'Fontsize',10,'Color',[242 101 50]/255,'FontWeight','bold'); 
            ylim([0 100]); 
            xlim([0 35]); 
        end 
        set(txt,'Rotation',45) 
        xlabel(strcat('Most cited articles ',num2str(seminalYears(i)))) 

ylabel(strcat('Concentration of cites in ', num2str(seminalYears(i)), ...    
' (%)')) ; set(gca,'FontSize',16); set(gcf,'color','w'); 

        hold off 
        saveas(gcf,strcat('Topic5_PY_',num2str(seminalYears(i)),'.png')) 
        if i == 1 

dataSeminalYears(1:length(wcData),i)=wcData;     
dataSeminalYears(1:length(wcSize),i+1)=split(num2str(wcSize*,... 
(100/sum(wcSize))')); 

        else  
            dataSeminalYears(1:length(wcData),2*i-1)=wcData; 

 dataSeminalYears(1:length(wcSize),2*i)=split(num2str(wcSize*,... 
(100/sum(wcSize))')); 

        end 
        clear wcData wcSize 
    end  
%   --------------------------------------------------------------------- 
%%  5th. Save seminal papers information in Excel File  
    dataSeminalYearsCell = cellstr(dataSeminalYears); 
   writetable(cell2table(dataSeminalYearsCell),filename,'FileType','spreadsheet') 
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Historical documents within research field  

 
 

 
 

Figure A1. (a) Annual distributions of cited references in research query in Web of Science database on 

‘mechanobiology’ OR ‘cell mechanics’ OR ‘cell deformability’. The orange curve represents the deviation of 

the number of cited references in one year from the 5-year median (median number of cited references in 

the two previous, the current and the two following years). (b)  Table of historical documents that correspond 

to the peaks created by the frequently cited historical publication.  

 

a 

b 
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Figure A2. (a) Annual distributions of cited references in research query in Web of Science database on 

‘micropipette aspiration’. The orange curve represents the deviation of the number of cited references in 

one year from the 5-year median (median number of cited references in the two previous, the current and 

the two following years). (b)  Table of historical documents that correspond to the peaks created by the 

frequently cited historical publication.  

 

a 
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Figure A3. (a) Annual distributions of cited references in research query in Web of Science database on ‘T 

cell’ AND ‘migration’ AND ‘deformability’. The orange curve represents the deviation of the number of cited 

references in one year from the 5-year median (median number of cited references in the two previous, the 

current and the two following years). (b)  Table of historical documents that correspond to the peaks created 

by the frequently cited historical publication.  
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Figure A7. (a) Annual distributions of cited references in research query in Web of Science database on ‘T 

cell’ AND ‘aging AND ‘immunosenescence’. The orange curve represents the deviation of the number of 

cited references in one year from the 5-year median (median number of cited references in the two previous, 

the current and the two following years). (b)  Table of historical documents that correspond to the peaks 

created by the frequently cited historical publication.  
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Figure A9. (a) Annual distributions of cited references in research query in Web of Science database on 

‘hyphal’ AND ‘growth’ AND ‘tip’. The orange curve represents the deviation of the number of cited references 

in one year from the 5-year median (median number of cited references in the two previous, the current and 

the two following years). (b) Table of historical documents that correspond to the peaks created by the 

frequently cited historical publication.  
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Appendix B. Notes on biomechanical concepts  
 

Cell mechanics can focus on the mechanical behavior of cells and constituents over a 

wide range of time and deformation scales (see Fig. B1). As the mechanical behavior 

of living cells cannot be not known a priori, both experimental techniques and analysis 

models are required to derive the mechanical behavior of cells. Here we describe 
some assumptions and concepts of the continuum models used to analyze cells.  
  

Continuum and discrete media. The analysis models are mathematical methods 

formally developed using continuum (i.e. a compact connected metric space) or 

discrete (i.e. a distinct and finite metric space) mechanical theories. This distinction 

is usually based on the of length and time-scales of the problem.  

 
Figure B1. Main parameters involved in choosing a continuum or discrete mechanical model. 
The choice of the approach requires consideration of (a) the length-scale, (b) the time-scale of the 

measurement. A reasonable estimate of these factors indicates which modeling hypothesis is the most 

appropriate one for the mechanical study of a particular cellular problem. Adapted from Ross et al.124 
 

The continuum assumption has been found to work reasonably well at the 

mesoscale, when d/l≪ 1, where d is a characteristic length of the microstructure 

and l is a characteristic length scale of the physical problem. For instance, if one 

is interested in the average forces sensed by cells within an artery wall due to blood 

pressure, in that case the characteristic length scales would be 10-6 m for the 

microstructure (the size of the cell and diameters of the collagen fibers) and 10-3 m 

a 

b 
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for the physical problem (wall thickness). Thus d/l≪≈ 10cN and the continuum 

assumption would be expected to be reasonable. Instead, in discrete molecular 

micro-mechanical investigations, the interaction of the finite constituents of matter 

(either atomic or molecular) is taken into account. Whichever assumption is 

considered, experimental force-displacement curves are used to corroborate the 

predictions and validity of the choice model. A classification of the continuum 
models is shown in Figure B2; some of them are used along the thesis.  
 
 

 
Figure B2. Classification of models within continuum mechanics. Solid and fluid mechanics focus 

on solid-like and fluid-like behaviors, not materials in their solid versus fluid/gaseous phases. The linear 

and non-linear behavior refer to the material behavior, not to the governing differential equations of 

motion. Cells, as many biological materials, exhibit solid-like (e.g. elastic) or fluid-like (e.g. viscous) 

behaviors depending on the conditions, which gives rise to the interest of studying them using 

continuum-mechanics approaches.  

 

Stress. Euler-Cauchy's stress principle asserts that upon any surface 𝑆 that divides 

virtually a body 𝑉	as shown in Figure B3, the action of one part of the body on the 

other is equivalent to the resultant force ∆𝐅 and moment ∆𝐌 on the surface dividing 

the body, and it is represent by a field, called stress vector,	𝐓(𝐧),	defined on the 

surface 𝑆, and assumed to depend continuously on the position and the area unit 

vector 𝐧.  
  

  	𝐓𝐢
(𝐧) = lim

��	→W

���
��

 (B1) 
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Cauchy’s stress theorem states that there exist a second-order stress field 𝛔, called 

the Cauchy stress tensor,	𝛔, such that 𝐓(𝐧) is a linear function of 𝐧: 
 

  	𝐓(𝐧) = 	𝐧 ⋅ 𝛔 (B2) 
 

The fundamental problem in stress analysis is to determine the distribution of 

internal stresses 𝛔 throughout the system, given the external forces that are acting 

on it. In principle, that means determining the nine components 𝜎[t of the Cauchy 

stress tensor at every point in a given coordinate system (Figure B4b): 
 
 

  	𝛔 = 	𝜎[t = 	 �
𝐓(𝒆𝟏)
𝐓(𝒆𝟐)
𝐓(𝟑)

� = 	 �
𝜎&& 𝜎&( 𝜎&N
𝜎(& 𝜎(( 𝜎(N
𝜎N& 𝜎N( 𝜎NN

� = �
𝜎o 𝜏oh 𝜏o�
𝜏ho 𝜎h 𝜏h�
𝜏�o 𝜏�h 𝜎�

�  (B3) 

 

 

where 𝜎&&, 𝜎((, and 𝜎NN are normal stresses, and 𝜎&(, 𝜎&N, 𝜎(&, 𝜎(N, 𝜎N&, and 𝜎N(	are 

shear stresses in a coordinate system (𝑥&, 𝑥(, 𝑥N). This distinction of stresses arises 

because, depending on the orientation of the plane under consideration, the stress 

vector 𝐓(𝐧)may not necessarily be perpendicular to that plane, i.e. parallel to n, and 

hence can be resolved into two components (Figure B3b) called normal 𝜎\, and 

shear stresses 𝜏\. Normal stress may be tensile or compressive in nature.  

 

 

 

 
 

 

 

 

 
Figure B3. (a) Internal distribution of contact forces ∆𝐅 and moment ∆𝐌 on a internal surface 𝑆  virtually 

separating two parts of a body. Considering a differential surface 𝑑𝑆, with a normal vector 𝐧, the 

continuum stress vector 𝐓(𝐧) is the force per unit area. (b) Depending on the orientation of the plane 

under consideration, the stress vector 𝐓(𝐧) may not necessarily be perpendicular to that plane, i.e. 

parallel to 𝐧, and can be resolved into two components: one component normal to the plane, 𝛔𝒏, and 

another component parallel to this plane, 𝛕𝒏 . 
 

a b 
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In a uniformly strained uniaxial specimen, where𝐴W is the original area of the 

sample, perpendicular to the uniaxial strain direction, and F is the normal force 

acting on the area, the nominal or engineering stress σ is measured as: 
 

  σ = 𝐹/𝐴W (B4) 
 

 

where 
 

 

 

 

 

 
Figure B4. (a) Continuum body occupying a volume 𝑉, having a surface 𝑆 with defined surface forces 

per unit area 𝐓 acting on every point of the body surface, and body forces 𝜌𝐛	 per unit of volume on 

every point with the volume 𝑉. (b) Cauchy’s stress principle. The nine components 𝜎[t of the stress 

vectors are the components of a second-order Cartesian tensor called the Cauchy stress tensor, which 

completely defines the state of stress at a point. 

 
Equilibrium. In continuum cell mechanical models, materials are usually considered 

to be in static equilibrium, i.e. unchanging position with time, or changing slowly 

enough for inertial stresses to be negligible (quasi-static). Considering a 

continuous body occupying a region in Euclidean space ℝN, as shown in Figure 

B4a, there is equilibrium if the sum of the resultant forces acting is zero 
 

 �𝐓	𝑑𝑆	
�

+	�𝜌𝐛	𝑑𝑉
�

= 0 (B5) 

 

With the definition of Cauchy’s stress principle, Equation B5 becomes  
 

 �𝛔 ⋅ 𝐧	𝑑𝑆		
�

+	�𝜌𝐛	𝑑𝑉
�

= 0 (B6) 

 

Using the Gauss’s divergence theorem to transform the first integral for an arbitrary 

volume integral, leads to the law of linear momentum conservation: 
 

 div	𝛔	 + 	𝜌𝐛 = 0 (B7) 
 

a b T 
 

𝑆 
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It can be shown, that the stress tensor 𝛔 is symmetric, 
 

 	𝛔	 = 𝛔¡ (B8) 
 

Equation B8 is obtained by the law of angular momentum conservation.  

 

Kinematics, deformation and strain. If a continuous body (e.g. a cell) is spatially 

defined by the reference coordinates 𝚾 = (X&, X(, XN) ∈ ℝN	of all its material points, 

the state of deformation can be completely defined by a relation between the 

current coordinates of a material point 𝐱	 = (x&, x(, xN) ∈ ℝN	and the reference 

coordinates 𝚾 at all times: 
 

 x = κ(𝐗, t)   with   x(𝑡W) = 𝐗    (B9) 
 

The displacement 𝐮 of any material point of the body, P, is the difference between 

the deformed position x(𝐗𝑷, t) and the reference position 𝐗𝑷 
 

 u(𝐗𝑷, t) = 	x(𝐗𝑷, t) −	𝐗𝑷    (B10) 
 

This is the material description (Lagrangian) of displacement, where the 

independent variables are the coordinates of the reference configuration and time. 

It is also possible to write the displacement as a function of the variables of the 

deformed configuration and time (spatial definition or Eulerian):  
 

 u(x𝑷, t) = 		 x𝑷 − 	𝐗(x𝑷, t)    (B11) 
 

The local deformation, i.e. the change of the vector 𝑑x =(	𝑑x&, 𝑑x(, 𝑑xN) of a 

neighborhood 𝑑𝐗 = (𝑑X&, 𝑑X(, 𝑑XN)	 in the reference configuration is the result of 

a map under the action of the deformation gradient 𝐅, defined by:  
 

 𝑑x = 	
𝜕κ	(𝐗, t)
𝜕𝐗 = 𝐅𝑑𝐗	 (B12) 

 

Equation B12 defines the deformation gradient tensor 𝐅, which contains all the 

information to know the relative position of the material points from the reference 

configuration. As the material behavior depends on the straining of the material 

and not on its rigid body motion, those parts of the motion in the vicinity of a material 

point must be distinguished. Looking at an infinitesimal gauge length emanating 
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from the particle initially with a value equal to 𝑑𝐿, we can measure its initial and 

current lengths as  
 

 𝑑𝐿( = 𝑑𝐗𝑻 ⋅ 	𝑑𝐗𝑻   and   𝑑𝑙( = 𝑑x𝑻 ⋅ 	𝑑x (B13) 
 

so the “stretch ratio” of this gauge length is  

 𝜆 = 	
𝑑𝑙
𝑑𝐿 =

± 𝑑x𝑻 ⋅ 𝑑x
𝑑𝐗𝑻 ⋅ 	𝑑𝐗	 

(B14) 

The difference between the square lengths can be written as:  
 

 𝑑𝑙( − 𝑑𝐿( = 2𝐄𝑑𝐗 ⋅ 𝑑𝐗 (B15) 
 

where 𝐄	is the generalized Green-Lagrange strain tensor in any three-dimensional 

motion, defined as  

 𝐄	 =
1
2
(𝐅¡𝐅 − 𝐼) (B16) 

 

Finally, it is worth remarking that the linearization of the Green-Lagrange strain 

tensor 𝐄 is the familiar infinitesimal “small-strain” tensor of linear elasticity theory: 
 

𝜀 = 	
1
2 µ
𝜕𝐮
𝜕𝐗 +	G

𝜕𝐮
𝜕𝐗M

𝑻

¶ (B17) 

 

If 𝜆 = 1,	there is no strain of this infinitesimal gauge length –it has undergone rigid 

motion only. While the stretch ratio 𝜆 is measure of deformation and an adequate 

measure of strain for a number of biomechanical problems, it sometimes is an 

unsatisfactory approach because the numbers of interest begin in the fourth 

significant digit. To avoid this inconvenience, the concept of strain is introduced, 

the basic idea being that the strain is zero at	𝜆 = 1,	when the material is 

“unstrained.” In one dimension, along some “gauge length”, we define strain as a 

function of the stretch ratio, 𝜆, of that gauge length 
 

 𝜀 = 𝑓(𝜆)	 (B18) 
 

The objective of introducing the concept of strain is that the function 𝑓 is chosen 

for convenience. Some examples are  
 

Nominal strain (Biot's strain):	 𝑓(𝜆) = 	𝜆 − 1 (B19) 
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Logarithmic strain:  𝑓(𝜆) = ln	𝜆 (B20) 

Green’s strain:	 𝑓(𝜆) = 	1 2⁄ (𝜆( − 1) (B21) 
 

In a uniformly strained uniaxial specimen, where 𝐿 is the current and 𝐿W the original 

gauge length, the nominal strain (Equation B19) is measured as (𝐿/𝐿W) 	− 1. This 

definition is the most familiar one to engineers who perform uniaxial testing of 

materials. Logarithmic strain (Equation B20) is commonly used in metal plasticity, 
while large-strain elasticity analysis (for rubbers and similar materials) can be done 

quite conveniently using Green’s strain (Equation B21). It is computationally 

suitable for problems involving large motions but only small strains, because, it can 

be computed directly from the deformation gradient without requiring solution for 

the principal stretch ratios and their directions. Obviously many strain functions are 

possible: the choice is strictly a matter of convenience.  
 

Constitutive models of materials. The constitutive model for a material is a set of 

equations relating stress measures to deformation. Usually, constitutive models 

cannot be deduced using fundamental physical laws, thought there are some 

exceptions for which useful equations may be obtained; any material displays 

specific, intrinsic mechanical behavior, which cannot be typically known a priori 
without a mechanical characterization. A detailed mathematical derivation and 

general assumptions of constitutive models will not be given here. If simple 

assumptions are accepted (local homogeneity of the material and deformation; 

principle of local action), it is possible to measure the stress-strain relationship 

experimentally inducing a uniform strain in a suitable material sample. Typically, 

constitutive model are just approximations, as many materials are not uniform at 

small length scales (particularly the biological materials), but since the 

characteristic length of the microstructure is usually smaller than the characteristic 
length scale of the problem, they can be regarded as statistically uniform and 

different constitutive models adopted.  

 

Linear and nonlinear behavior. For the sake of simplification, it is useful to study 

separately the linear and nonlinear stress-strain response of materials in 

continuum mechanics, and also its reversibility and irreversibility. This distinction 

has given rise to subfields of study such as linear and nonlinear elasticity and 
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plasticity (in solid mechanics) or Newtonian and non-Newtonian (in fluid 

mechanics), as shown in Figure B5.  

 

 

 

 

 

 

 
 

 
 

 
 
 

Figure B5. Linear versus nonlinear mechanical response. Under small deformations, the stress is 

proportional to the strain, and the material is said to be in the linear regime of its mechanical response. 

However, under larger deformations, the stress for many biological materials increases more rapidly 

with applied strain. Here the material is said to be in the nonlinear regime.  

 

Incompressible Neo-Hookean constitutive model. As explained above, the 

deformation gradient can defined as  
 

 
 

(B22) 

 

Then J, the total volume change at the point, is defined as  
 

  (B23) 
 

Introducing the deviatoric stretch matrix (the left Cauchy-Green strain tensor)  
 

  (B24) 
 

the first strain invariant can be defined as  
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(B25) 

where I is a unit tensor, and the second strain invariant as  
 

 
 

(B26) 

 

The variations of 𝑩,𝑩 ∙ 𝑩, 	𝐼& and 𝐼( can be obtained using basic kinematic 

equations of motion. For compressive materials, the strain energy W is a function 

of :  
 

 
 

(B27) 

For an incompressible Neo-Hookean model in a three-dimensional description, the 

strain energy is given by  
 

 
 

(B28) 

 

Where C1 is a material constant and I1 is the first strain invariant. For consistency 
with linear elasticity, we can compute the elastic moduli of the material in the 
limit of small strains. The following equation is obtained. 

 
 

(B29) 

The constant G corresponds to the shear modulus for small strains, and may be 

expressed in terms of the Young’s modulus E and the Poisson’s ratio n, which is 

equal to 0.5 for incompressible materials. 
 

 
 

 

(B30) 

The Cauchy stress tensor for neo-Hookean material is given by 
 

 
 

(B31) 

 

Here we write preac for the reactive constraint pressure associated with the 

isochoric motion constraint for incompressibility, with 𝐽 = 	1.  
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Appendix C. Numerical simulations 
 

Table C1.  Parameters of the numerical simulations in the study of a two-constituent aspirated cell. 
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Table C2. Parameters of the numerical simulations in the study of a three-constituent cell: Top: 

proportions of the stiffness used in the for the three components of the model, the nucleus (blue), the actin 

cortex (green) and the remaining cytoplasm (orange). Bottom: geometrical properties of the components 

used in each case. A total then of 14 geometries x 36 combinations of elastic moduli was launched.  
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Figure C1. Results of the analyses of the three-constituent cell undergoing aspiration. Families of 

curves of initial slope m0 vs Ecc/E0 from the numerical simulations of a three-constituent spherical cell 

undergoing aspiration. Geometries 1-7.  
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Figure C3. Results of the analyses of the three-constituent cell undergoing aspiration. Families of 

curves of initial slope m0 vs Ecc/E0 from the numerical simulations of a three-constituent spherical cell 

undergoing aspiration. Geometries 8-14. 
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Figure C3. Results of the analyses of the three-constituent cell undergoing aspiration. Families of 

curves of initial slope m0 vs En/E0 from the numerical simulations of a three-constituent spherical cell 

undergoing aspiration. Geometries 1-7. 
 



Appendix C 

 

 
 

Figure C4. Results of the analyses of the three-constituent cell undergoing aspiration. Families of 

curves of initial slope m0 vs En/E0 from the numerical simulations of a three-constituent spherical cell 

undergoing aspiration. Geometries 8-14. 
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Discretization 
 
In order to select a mesh density, a convergence analysis was carried out by 

computing the aspirated length inside the micropipette at a given time, as a function 

of the number of elements (see an example in Figure C4). For each of the 14 

geometries (Table C2), the mesh density was selected in view of the plateau found in 

this type of graphs. ††2As the relative size of the nucleus increased, the thickness of 
the component in contact with the micropipette reduced, requiring a larger amount of 

elements. For example, in the figure below a plateau can be observed from element  

~6000, for the two-component model, with Rn/Rc = 0.92.  

 

Figure C4. Convergence analysis as a function of the number of elements. The figure represents the 

aspirated length of the cell, for a given time, versus the number of elements in the model. The calculation 

was made for a two-component model, with Rn/Rc = 0.92. A plateau can be observed from element ~6000. 

 

 

 

 

 

 

 

 

 

 
†† The selection of optimal mesh sizes was performed by M.Sc. Ávaro Navarrete, of the group of Prof. 
Claudio García (USACH).   
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Extended discussion of the three-constituent cell simulations results 
 
• For cells with Rn/Rc≥0.98, variations in the cytoskeletal cortex properties did not 

play a determinant role, as the curves m0 vs. En/E0 overlapped for all values of 

Ecc/E0 (See Figure C1-C2). However, the effect of En/E0 is significant, as m0 

increases up to 18% comparing to the cell with En/E0=1. These results indicate that 

it is essential to model nucleus properties explicitly.  

• For cells 0.84≤Rn/Rc≤0.98, the curves m0 vs. Ecc/E0 did not overlap for any En/E0 
value (See Figure C3-C4). When En/E0>10, increasing values of Ecc/E0 only 

increased m0 by roughly 7%, compared to the cell with Ecc/E0 = 1; and when 

En/E0<10, increasing values of Ecc/E0 just increased m0 by 3% if compared to the 

cell with Ecc/E0 = 1. However, changes in En/E0 increased m0 up to 10%. Overall, 

simulations results for 0.84≤Rn/Rc≤0.98, indicate that it is also important to model 

nucleus properties explicitly in these ranges of nuclear-to-cell ratii, as shown by 

the minor impact of the cytoskeletal cortex properties on variations in m0 if 
compared to the nucleus properties. 

• For cells with Rn/Rc=0.7, the effect of the variations in the mechanical properties 

of the nucleus En/E0 yielded an inferior variation in m0 of 5%, while increasing 

values of Ecc/E0 yielded a variation in m0 of 10%.  
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Appendix D. Parameters included in T-cell studies 
 

Table D1. List of parameters included in the multiple-measurement with T cells. 

 

 

 

 

 

 

 

 

Parameter Unit Description 

Surface area  µm2 
Number of voxels at the border of each segmented object, computed using a discretized 

version of the Crofton formula. 

Volume  µm3 Number of voxels comprising the object, multiplied by the volume of an individual voxel- 

Equivalent radius µm Equivalent radius of the object corresponding to the radius of a sphere. 

Compactness  a.u. 

Ratio of the squared object volume over the cube of the surface area, normalized such 

that the value for a sphere equals one: 

Compactness=36p(Volume)2/(Surface area)3 

Sphericity  a.u. Sphericity= Compactness 1/3 

Elongation  a.u. 
Ratio between the intermediate and longest semi-axis of the volume of the best fitted 
ellipsoid.  

Flatness  a.u. 
Ratio between the shortest and intermediate semi-axis of the volume of the best fitted 

ellipsoid. 

Sparseness  a.u. 
Ratio between the volume of the segmented object and the volume of the best fitted 
ellipsoid. 

X-axis  µm 
Scalar that specifies the length of the longest semi-axis of the ellipsoid that has the same 

normalized 3D moments as the segmented object.  

Y-axis  µm 
Scalar that specifies the length of the intermediate semi-axis of the ellipsoid that has the 

same normalized 3D moments as the segmented object. 

Z-axis  µm 
Scalar that specifies the length of the shortest semi-axis of the ellipsoid that has the same 

normalized 3D moments as the segmented object.. 

Solidity  a.u. 
Ratio of voxels that are in the convex hull that are also in the segmented object: 

Solidity =Volume / Convex Volume 

Convexity  a.u. 
Ratio of surface pixels that are in the convex hull that are also in the segmented object: 
Convexity=Convex Surface Area/ Surface Area 

Ratio between 

nuclear and cell 

volume 

a.u. 
Ratio between the equivalent spherical diameter of the nucleus and cell corresponding to 
the volume of spheres. 

Mean intensity   a.u. Mean intensity of voxel intensity of biomolecule content per segmented object. 

Texture  a.u. Standard deviation of voxel intensity of  biomolecule content per segmented  object. 

Integrated density   a.u. Product of the mean intensity of  biomolecule content per segmented object and volume. 

Skewness  a.u. Skewness  in the distribution of voxel intensities of biomolecule content per object.  
Kurtosis a.u. Kurtosis in the distribution of voxel intensities of biomolecule content per object. 

Actin cortical 

thickness  
µm 

Average FWHM of 8 fluorescence intensity profiles gaussian fits per cell (FWHM is the 

width of the actin signal at the point of half peak intensity). 
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Table D2. List of parameters included in the longitudinal study with T cells 
Parameter Sample type  Data type Technology  Measures  
Deformability:      
Apparent elastic modulus, E CD4+ naive T cells Bright field images Micropipette aspiration 15 cells 
Apparent elastic modulus, E CD4+ memory T cells Bright field images Micropipette aspiration 15 cells 
Apparent elastic modulus, E CD8+ naive T cells Bright field images Micropipette aspiration 15 cells 
Apparent elastic modulus, E CD8+ memory T cells Bright field images Micropipette aspiration 15 cells 
Apparent viscosity, h CD4+ naive T cells Bright field images Micropipette aspiration 15 cells 
Apparent viscosity, h CD4+ memory T cells Bright field images Micropipette aspiration 15 cells 
Apparent viscosity, h CD8+ naive T cells Bright field images Micropipette aspiration 15 cells 
Apparent viscosity, h CD8+ memory T cells Bright field images Micropipette aspiration 15 cells 
Internal Composition:      
5-methylcytosine (median) T cells  .facs files Flow cytometry  103 cells 
Myosin (median) CD4+ naive T cells .facs files Flow cytometry 103 cells 
Myosin (median) CD4+ memory T cells .facs files Flow cytometry 103 cells 
Myosin (median) CD8+ naive T cells .facs files Flow cytometry 103 cells 
Myosin (median) CD8+ memory T cells .facs files Flow cytometry 103 cells 
Vimentin (median) CD4+ naive T cells .facs files Flow cytometry 103 cells 
Vimentin (median) CD4+ memory T cells .facs files Flow cytometry 103 cells 
Vimentin (median) CD8+ naive T cells .facs files Flow cytometry 103 cells 
Vimentin (median) CD8+ memory T cells .facs files Flow cytometry 103 cells 
Actin (median) CD4+ naive T cells .facs files Flow cytometry 103 cells 
Actin (median) CD4+ memory T cells .facs files Flow cytometry 103 cells 
Actin (median) CD8+ naive T cells .facs files Flow cytometry 103 cells 
Actin (median) CD8+ memory T cells .facs files Flow cytometry 103 cells 
DAPI (median) T cells .facs files Flow cytometry 103 cells 
Self-fluorescence Pe-Cy7 
(median) 

T cells .facs files Flow cytometry 103 cells 

Self-fluorescence APC (median) T cells .facs files Flow cytometry 103 cells 
Sorting :     
Relative frequency  CD4+ naive T cells .facs files Flow cytometry 104 cells 
Relative frequency CD4+ memory T cells .facs files Flow cytometry 104 cells 
Relative frequency CD8+ naive T cells .facs files Flow cytometry 104 cells 
Relative frequency CD8+ memory T cells .facs files Flow cytometry 104 cells 
Relative frequency Lymphocytes  .facs files Flow cytometry 104 cells 
CD4+/CD8+ ratio  CD4+ and CD8+ T cells .facs files Flow cytometry 104 cells 
Memory/Naive  Memory & naive T 

cells 
.facs files Flow cytometry 104 cells 

Morphological:      
Lamin B1 thickness   CD4+ memory T cells 2-D fluorescence images Confocal microscopy 20 cells 
Actin cortical thickness CD4+ memory T cells 2-D fluorescence images Confocal microscopy 20 cells 
Actin integrated density CD4+ memory T cells 3-D fluorescence images Confocal microscopy 20 cells 
Actin mean intensity CD4+ memory T cells 3-D fluorescence images Confocal microscopy 20 cells 
Cell equivalent radius CD4+ memory T cells 3-D fluorescence images Confocal microscopy 20 cells 
Cell surface area  CD4+ memory T cells 3-D fluorescence images Confocal microscopy 20 cells 
Cell volume CD4+ memory T cells 3-D fluorescence images Confocal microscopy 20 cells 
Cell compactness CD4+ memory T cells 3-D fluorescence images Confocal microscopy 20 cells 
Cell convexity  CD4+ memory T cells 3-D fluorescence images Confocal microscopy 20 cells 
DAPI integrated density CD4+ memory T cells 3-D fluorescence images Confocal microscopy 20 cells 
DAPI mean intensity CD4+ memory T cells 3-D fluorescence images Confocal microscopy 20 cells 
Cell elongation  CD4+ memory T cells 3-D fluorescence images Confocal microscopy 20 cells 
Cell flatness  CD4+ memory T cells 3-D fluorescence images Confocal microscopy 20 cells 
Nucleus compactness CD4+ memory T cells 3-D fluorescence images Confocal microscopy 20 cells 
Nucleus elongation CD4+ memory T cells 3-D fluorescence images Confocal microscopy 20 cells 
Nucleus equivalent radius CD4+ memory T cells 3-D fluorescence images Confocal microscopy 20 cells 
Nucleus flatness CD4+ memory T cells 3-D fluorescence images Confocal microscopy 20 cells 
Nucleus solidity CD4+ memory T cells 3-D fluorescence images Confocal microscopy 20 cells 
Nucleus sparseness  CD4+ memory T cells 3-D fluorescence images Confocal microscopy 20 cells 
Nucleus sphericity CD4+ memory T cells 3-D fluorescence images Confocal microscopy 20 cells 
Nucleus surface area  CD4+ memory T cells 3-D fluorescence images Confocal microscopy 20 cells 
Nucleus volume  CD4+ memory T cells 3-D fluorescence images Confocal microscopy 20 cells 
Nucleus convexity CD4+ memory T cells 3-D fluorescence images Confocal microscopy 20 cells 
Rn/Rc CD4+ memory T cells 3-D fluorescence images Confocal microscopy 20 cells 
Cell solidity  CD4+ memory T cells 3-D fluorescence images Confocal microscopy 20 cells 
Cell sparseness CD4+ memory T cells 3-D fluorescence images Confocal microscopy 20 cells 
Cell sphericity CD4+ memory T cells -D fluorescence images Confocal microscopy 20 cells 
Heterogeneity:      
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CV of apparent elastic modulus, 
E (%) 

CD4+ naive T cells Statistics   Micropipette aspiration 15 cells 

CV of apparent elastic modulus, 
E (%) 

CD4+ memory T cells Statistics   Micropipette aspiration 15 cells 

CV of apparent elastic modulus, 
E (%) 

CD8+ naive T cells Statistics   Micropipette aspiration 15 cells 

CV of apparent elastic modulus, 
E (%)  

CD8+ memory T cells Statistics   Micropipette aspiration 15 cells 

CV of viscosity, h (%) CD4+ naive T cells Statistics   Micropipette aspiration 15 cells 
CV of viscosity, h (%) CD4+ memory T cells Statistics   Micropipette aspiration 15 cells 
CV of viscosity, h (%) CD8+ naive T cells Statistics   Micropipette aspiration 15 cells 
CV of viscosity, h (%) CD8+ memory T cells Statistics   Micropipette aspiration 15 cells 
CV of actin (%) CD4+ naive T cells Statistics   Flow cytometry 103 cells 
CV of actin (%) CD4+ memory T cells Statistics   Flow cytometry 103 cells 
CV of actin (%) CD8+ naive T cells Statistics   Flow cytometry 103 cells 
CV of actin (%) CD8+ memory T cells Statistics   Flow cytometry 103 cells 
CV of myosin (%) CD4+ naive T cells Statistics   Flow cytometry 103 cells 
CV of myosin (%) CD4+memory T cells Statistics   Flow cytometry 103 cells 
CV of myosin (%) CD8+ naive T cells Statistics   Flow cytometry 103 cells 
CV of myosin (%) CD8+ memory T cells Statistics   Flow cytometry 103 cells 
CV of vimentin (%) CD4+ naive T cells Statistics   Flow cytometry 103 cells 
CV of vimentin (%) CD4+ memory T cells Statistics   Flow cytometry 103 cells 
CV of vimentin (%) CD8+ naive T cells Statistics   Flow cytometry 103 cells 
CV of vimentin (%) CD8+ memory T cells Statistics   Flow cytometry 103 cells 
CV of DAPI (%) T cells  Statistics   Flow cytometry 103 cells 
CV of 5-methylcytosine (%) T cells  Statistics   Flow cytometry 103 cells 
CV of T-cells self-fluor. Pe-Cy7  
(%) 

T cells  Statistics   Flow cytometry 103 cells 

CV of T-cells self-fluor. APC  (%) T cells  Statistics   Flow cytometry 103 cells 
CV of T-cell migration (%) T cells  Statistics   Boyden assay 8regions 
CV of lamin B1 thickness(%)   CD4+ memory T cells Statistics   Flow cytometry 20 cells 
CV of actin cortical thickness 
(%) 

CD4+ memory T cells Statistics   Flow cytometry 20 cells 

CV of actin integrated density 
(%) 

CD4+ memory T cells Statistics   Flow cytometry 20 cells 

CV of actin mean intensity (%) CD4+ memory T cells Statistics   Confocal microscopy 20 cells 
CV of cell equivalent radius(%) CD4+ memory T cells Statistics   Confocal microscopy 20 cells 
CV of cell surface area (%) CD4+ memory T cells Statistics   Confocal microscopy 20 cells 
CV of cell volume (%) CD4+ memory T cells Statistics   Confocal microscopy 20 cells 
CV of cell compactness (%) CD4+ memory T cells Statistics   Confocal microscopy 20 cells 
CV of cell convexity (%) CD4+ memory T cells Statistics   Confocal microscopy 20 cells 
CV of DAPI integrated density 
(%) 

CD4+ memory T cells Statistics   Confocal microscopy 20 cells 

CV of DAPI mean intensity (%) CD4+ memory T cells Statistics   Confocal microscopy 20 cells 
CV of cell elongation (%) CD4+ memory T cells Statistics   Confocal microscopy 20 cells 
CV of cell flatness (%) CD4+ memory T cells Statistics   Confocal microscopy 20 cells 
CV of nucleus compactness  (%) CD4+ memory T cells Statistics   Confocal microscopy 20 cells 
CV of nucleus elongation (%) CD4+ memory T cells Statistics   Confocal microscopy 20 cells 
CV of nucleus equivalent 
radius (%) 

CD4+ memory T cells Statistics   Confocal microscopy 20 cells 

CV of nucleus flatness (%) CD4+ memory T cells Statistics   Confocal microscopy 20 cells 
CV of nucleus solidity (%) CD4+ memory T cells Statistics   Confocal microscopy 20 cells 
CV of nucleus sparseness  (%) CD4+ memory T cells Statistics   Confocal microscopy 20 cells 
CV of nucleus sphericity (%) CD4+ memory T cells Statistics   Confocal microscopy 20 cells 
CV of nucleus surface area (%) CD4+ memory T cells Statistics   Confocal microscopy 20 cells 
CV of nucleus volume (%) CD4+ memory T cells Statistics   Confocal microscopy 20 cells 
CV of Rn/Rc (%) CD4+ memory T cells Statistics   Confocal microscopy 20 cells 
CV of cell Solidity (%) CD4+ memory T cells Statistics   Confocal microscopy 20 cells 
CV of cell sparseness (%) CD4+ memory T cells Statistics   Confocal microscopy 20 cells 
CV of cell sphericity  (%) CD4+ memory T cells Statistics   Confocal microscopy 20 cells 
Migration:      
T-cell migration index (%) T cells  Bright field images Boyden assay  8 regions 
Age:      
Chronological age (weeks)   
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Figure D1. Correlations maps and biophysical signatures of aging. (a) Clustering of biophysical-

parameter trajectories allows identifying changes during aging. Three parameter clusters, represented by 

red boxes, obtained from the dendrogram generated by hierarchical clustering on Euclidean distances of 

Spearman’s correlations between the 112 parameters of the complete dataset of 9 individuals (four 

sampling ages for each individual). (b) Plots of biophysical-parameters trajectories during aging allows 

identifying trends of linear change during aging. Biophysical parameters levels were z scored, and 

trajectories of the 112 parameters were estimated by RLOESS. Clusters are grouped by the similarity of 

global trajectories, with the thicker lines representing the average trajectories for each cluster. The black 

lines represent z-scored age data; some parameters increased with age (cluster 1, n=32), whereas other 

parameters decreased with age (cluster 3, n=22), and most of them remained constant (cluster 2, n=57). 

c, Heat map showing the measured mechanical, migration and morphological parameters for each age; 

each column denotes the sampling age and each row denotes a single parameter. Each parameter is 

normalized per row. The heat map key on the right represents the Spearman’s correlation coefficient r. 
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Figure D2. Non-metric multidimensional scaling of pairwise Jaccard correlations of the polygons of each 

cell population, as represented in Fig S4. The dataset is reduced from 112 parameters (112 dimensions) 

to a 2 dimensional representation based on Jaccard correlation values. Each polygon is represented by a 

point in the plots. The domains of points (a), correspond to the four T-cell populations, whereas in (b), the 

nine individuals are shown. 
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Figure D3. Dendrogram of biophysical and biomolecular parameters generated by hierarchical clustering 

on Euclidean distances of Spearman’s correlations between each parameter. The basic categories of 

parameters are represented by the colored bar next to the parameters. The height of the dendrogram 

indicates the order in which the clusters were joined. 
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Figure D4. Dendrogram of biophysical and biomolecular parameters generated by hierarchical clustering 

of Jaccard Indexes between each parameter. The basic categories of parameters are represented by the 

colored bar next to the parameters. The height of the dendrogram indicates the order in which the 

clusters were joined. 
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Figure D5. Temporal evolution of cytoskeletal-protein expression in CD8+T cells. Overlay histograms 

show the evolution of actin, myosin and vimentin expression with age, gated on (a) CD8+ memory T cells 

and (b) CD8+ naive T cells. The color code indicating the four age groups and untreated control cells are 

shown on the right. 
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Figure D6. Temporal evolution of cytoskeletal-protein expression in CD4+T cells. Overlay histograms 

show the evolution of actin, myosin and vimentin expression with age, gated on (a) CD4+ memory T cells 

and (b) CD4+ naive T cells. The color code indicating the four age groups and untreated control cells are 

shown on the right. 
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Appendix E. Mechanical model of hypha growth 
 
 

 
Figure E1. Mechanical model. (a) Scheme of the hypha during the growth into the microcapillary, showing 

the main variables used in the analysis of the process. The three types of water flow are: (1) internal water 

flow due to the pressure gradient (modeled using the Poiseuille equation), (2) flow through the hypha wall 

outside the microcapillary and (3) inside the microcapillary, in both cases by osmosis. (b) The function for 

the internal pressure  varies exponentially; , represented schematically, is the characteristic length of the 

exponential decay. 

 

As described in section 4.3, we performed tip-pressure experiments in order to 
evaluate the role of the external pressure at the tip of cells exhibiting longitudinal apical 

extension. Considering that the duration of the experiments for a given value of 

differential pressure was relatively short (10 min), we reasoned that it was adequate 

to focus on a mechanical model for the analysis which assumes that both metabolic 

and biochemical parameters are approximately constant during that time interval. In 

a 

b 
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the analysis, we assumed homogeneity and constancy of several parameters: the 

inner radius of the hypha r, the differential osmotic pressure DP due to the different 

concentration of ions and molecules in the cell and in the growth medium, the hydraulic 

conductivity of the cell wall-membrane for water, Lwall, and the viscosity of the aqueous 

medium inside the hypha h. The model includes the flow of water through the cell wall, 

the Poiseuille flow of water inside the hypha, due to the gradient pressure, and the 

plastic deformation of the cell wall at the tip, which determines the hyphal length grow.  

The model proposed in this work was formulated assuming that during the growth 

process for one hypha, water and nutrients enter through the cell wall. In the analysis, 

we consider that the water flow and differences in pressure are the main contributions 

to describe the tip-pressure experiments in which we control the external pressure 

applied punctually at the tip of the hypha. This analysis is based on the study by 
Cosgrove403, considering additionally the volume flow of the cytoplasm along the 

hypha.55 

 

The difference between internal pressure Pint  in the interior of the hypha and pressure 

in the surrounding medium Pext is determinant for the deformation of the cell wall 

required for the cell growth. Commonly, it is assumed that the growth is due to the 

localized deformation at the tip of the hypha, where required materials are actively 

transported by means of molecular motors, and that the permanent –plastic– 
deformation requires a differential pressure exceeding a threshold value Y. The 

growth rate for the length of the hypha, l, may be written as 
 

  (E1) 

 

Where  Pinttip–Pexttip is the differential pressure at the tip and Dlelast represents the elastic 

extension of the hypha. f is a growth rate coefficient related to the plastic deformation 

of the cell wall. Equation E1 is valid for Pinttip–Pexttip > Y ; otherwise the differential 

pressure would be lower than the required threshold  and there would not be plastic 

deformation.  

 
For steady growth the main contribution to the rate is the plastic deformation and 

therefore 
 

( )tip tip
int ext elast

dl dP P Y l
dt dt

f= × - - + D
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  (E2) 

 

The threshold value Y may be related to the stress required for the plastic deformation 

of the wall, sY. For the semi-spherical shape of the hyphal-tip wall, the stress is given 

by s = (Pinttip–Pexttip)·0.5r/w, being r the radius of the spherical wall and w its thickness. 

Therefore, Y = sY·2w/r. In terms of force per unit length, or energy per unit surface 

(surface tension), required to increase the area of the wall, TY = sY·w, the threshold 

value would be Y = 2TY/r. 

 

The larger ion concentration in the hypha results in a wafer flow through the cell wall. 

At a given point of the wall, the water volumetric flux , measured in volume per 

unit area and time, may be written as 
 

  (E3) 
 

being DP the differential osmotic pressure between both sides of the wall and Lwall the 

combined hydraulic conductivity of wall and membrane for water. 
 

Inside the cell, water flows along the hypha to the tip due to the pressure gradient. 

The commonly used Poiseuille model assumes that inside the hypha the pressure 

Pint(x) only depends on the axial position x (Figure E1a). The model provides the 

following equation for the flow rate , i.e. total volume of water per unit time 

through the cross-section of the hypha: 

  (E4) 

  

The flow is oriented in the positive sense of the   axis since the pressure decreases 

for growing values of x, i.e. –dPint(x)/dx>0. r is the internal radius of the circular cross-

section of the hypha and h is the dynamic viscosity of the aqueous fluid. 
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It is important to note that we are assuming a steady-state regime (see below) and, 

therefore, the pressure does not depend on the time. Balance of mass between two 

sections separated by a distance  yields: 
 

  (E5) 

 

where the fluid is assumed to be incompressible. From Equation E5 the following 

differential equation is obtained: 
 

  (E6) 

 

A solution for a stationary regime, assuming a sufficiently long hypha (i.e. the internal 

pressure far from the tip approaches asymptotically the value corresponding to 

osmotic equilibrium between both sides of the cell wall, Pint = Pext+DP, may be 

straightforwardly obtained if Pext, DP, r, h, Lwall are constant along the hypha: 

  (E7) 

 

  (E8) 

 

where Pinttip is the internal pressure at the tip of the hypha. This result is valid along 

the hypha, with -¥£x£xtip. Pext determines the water flow through the wall along the 

hypha length. Specifically, at x = xtip, the external pressure Pexttip = Pext+DP applied 

through the microcapillary is different from Pext. 

 
To determine the value of the internal pressure at the tip , Pinttip, it is necessary to take 
into account the localized growing process at the tip. It requires the arrival of water 

equivalent to the newly internal volume being created. The water arrives both from 

the interior of the hypha, pushed by the pressure gradient, and by permeation through 

the tip wall. 
 

  (E9) 
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Secondly, the localized length growing needs the plastic stretching deformation of the 

wall (for which the materials brought by the cell are important, as expressed in 

equation E2. 

Equating dl/dt in equations E2 and E9 and computing  from equation 

E7  the following expression is obtained for the internal pressure at the tip: 
 

  (E10) 

where the constants a, b, c are given  

 

  (E11) 

 

Combining equations E7 and E9, the expression for Pint(x) may be written (and plotted 

in Figure E1b) as: 
 

  (E12) 

 

Finally, combining equation E2 and E10, the growth rate may be written as 
 

  (E13) 

 

From this expression, equation 25 is obtained directly by renaming the constant terms. 

Therefore a linear dependence between dl/dt and DP is found. Since (1-b/c) > 0, the 

growth rate dl/dt is higher for lower external pressure at the tip, i.e. for lower DP.  

 

Equation E13 is valid while the condition 
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      (E14) 
 

is satisfied: the plastic stretching of the hypha wall is arrested if the difference between 
internal and external pressure is not higher than the threshold Y. The differential 

pressure DPstop for which Pinttip–Pexttip -Y = 0 is then 
 

   (E15) 

 

From equation E15, equation 26 is obtained by using g = cPext/(c-b)  and equation 27 

by using equation A8. Equation A13 allows determining also the differential pressure 

at the tip that would be required to reach  dl/dt = 0 without satisfying condition 23: 

 

   (E16) 

 

Equation E16 shows that DPstop < DP0. In the Discussion section we justify that for the 

experimental values DPstop » DP0. Equation E15 might also be written as follows   
 

  (E17) 

 

It is possible to estimate the order of magnitude of (h Lwall/r)1/2 in Equation E17, taking 

into account the following values for the parameters: the average viscosity of water in 

the cytoplasm is of the same order of magnitude of bulk water366  and, furthermore, 

the viscosity of the cytoplasm is similar to that of water,404 h ~ 10-3 Pa·s at 25 ºC. The 

expected hydraulic conductivity of the wall-membrane layer is in the range 10-14-10-12 

m·Pa-1s-1.405 Therefore, for r~10-6 m, (hLwall/r)1/2<10-4. This means that approximately 
 

  (E18) 
 

Besides, using those numerical values, the estimated characteristic length l is of the 

order of meters (Equation E8) and then the variation of the internal pressure along the 

length of the hypha is relatively small. This is primarily due to the relatively low 

viscosity of water in the cytoplasm. This observation is in agreement with a previous 
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estimation of the pressure gradient due to viscous flow in fungal hyphae, 0.01 

kPa/mm,406 being the turgor pressure between 0.4 and 0.8 MPa.406,407 The internal 

pressure in the hypha is then nearly homogeneous and determined by the osmotic 

pressure: 
 

  (E19) 
 

In this study, variations in the osmotic pressure were neglected; using equation E19 

and Equation E2, the growth rate was found to be 
 

  (E20) 

 

Equation E20 is valid for DP < DPstop. This equation allows estimating f as the slope 

for the experimental results in Figure 41a, i.e. f » 7·10-12 m·Pa-1s-1.  
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puntos de vista. Sé bien que se alegrarán hoy por mí, y eso me conmueve. No puedo 

olvidarme tampoco de mi amiga Teresa, inteligente y libre hasta un nivel inquietante, 

que me devolvió la ilusión por la amistad en unos años grises. And finally, I would like 

to thank all my friends from UWC: Allison, Anita, Arnoia, Anabel, Nienke, Stella, 
Sophie, Chiara, Viola, Shai, Duda, Mati and Carlota. It’s a privilege to love you all. 

 

Y llego por último lugar a mi familia, mi Aleph, el punto que contiene todos los puntos. 

Quisiera agradecerle a mi madre, Mª Dolores Bermúdez, todo el amor que nos une. 



 

 

Su don para la alegría y la amistad, su burbujeante curiosidad. Le doy las gracias por 

su pase lo que pase, fundamental en tantos momentos. Quisiera agradecerle a mi 

padre, Antonio González, todo lo que le debo de mi carácter, y la inspiración de probar 

suerte en la universidad. Le doy las gracias por representar en mi vida la roca de la 

estabilidad. Quisiera dar las gracias a mi tío Juan Miguel González, un segundo padre 

para sus sobrinas. Gracias por contagiarnos tu pasión por Moguer y por la Historia 

del Arte. He contado también desde que existo con el apoyo incondicional de mi otro 
yo, mi otro yo mejorado, mi hermana Lourdes. Le doy las gracias por la intensidad 

con la que vive su vida, por su genialidad y su sentido del humor, cargado para reírse 

de ella misma, y por ayudarme a ver la vanidad que encierra tomarse a una misma 

muy en serio. Gracias por tus consejos de jefa todos estos años. Quisiera extender 

este agradecimiento a mi cuñado, Stefano Fusaro, por su cariño de hermano en los 

picos más estresantes de la tesis. Y por último, quisiera darle las gracias a Alexandre 

Riot, por encarnar la ilusión de mi futuro. Le doy las gracias por el “parce que c’était 

toi, parce que c’était moi” de Montaigne; no sabría describirlo mejor. Gracias Alex, 
por tu sencillez y por tu bonhomía, por tu tierno apoyo, y por esquivar los reveses de 

una pandemia conmigo. Haces que todo sea muy fácil, te lo agradezco mucho. 

 

Quisiera dejar escrita una última dedicatoria. A modo de homenaje, dedico esta tesis 

a mis dos abuelas Lola y Catalina, y sonrío imaginando que mis abuelos Miguel y 

Enrique sabrían por donde voy. Pertenezco a la primera generación de mujeres de 

mi familia que ha vivido sola, sin pasar del techo paterno a la casa del marido o a un 

convento. Si dispongo hoy de esa suerte, es (por algo de azar y) porque avanzo 
“subida a hombros de muchas gigantes anónimas”, como lo fueron ellas dos. Todavía 

la situación no es perfecta, empezando por mis propias contradicciones, pero este 

tipo de cambios alimenta mi esperanza de que en alguna generación futura lo será.  

 

Y quisiera terminar con una llamada de atención a mi yo del futuro, por si alguna vez 

se me ocurre leer esto, con motivo de la pandemia que ha golpeado nuestro mundo. 

Un favor del destino hizo que me tocara nacer en Sevilla, una tierra en la que la magia 
de la alegría tiene una naturaleza propia. Siento hoy más que nunca, quizás por los 

cambios de guion que han impuesto las circunstancias, que ese llamamiento a vivir 

alegremente no es solo una buena costumbre, sino un gran lujo. Ojalá no olvidarlo. 
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