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Abstract
Cell motility—a cellular behavior of paramount relevance in embryonic development, immunological response, metastasis, 
or angiogenesis—demands a mechanical deformation of the cell membrane and influences the surface motion of molecules 
and their biochemical interactions. In this work, we develop a fully coupled multi-physics model able to capture and predict 
the protein flow on endothelial advecting plasma membranes. The model has been validated against co-designed in vitro 
experiments. The complete picture of the receptor dynamics has been understood, and limiting factors have been identified 
together with the laws that regulate receptor polarization. This computational approach might be insightful in the prediction 
of endothelial cell behavior in different tumoral environments, circumventing the time-consuming and expensive empirical 
characterization of each tumor.

Keywords  Mechanobiology · Chemo-mechanical-transport · Finite strains · Non-equilibrium thermodynamics · High-
performance computing · Finite elements

1  Introduction

Cancer growth is associated with an abnormal develop-
ment of blood vessels, a process named tumor angiogen-
esis. Blood vessels deliver inside the tumor, in addition to 
oxygen and nutrients, the endothelial cell (EC) precursors 
such as the circulating endothelial cells (CEC) and the bone 
marrow derived-endothelial progenitor cells (EPCs). These 
cells differentiate into mature ECs supporting the tumor neo-
vascularization (tumor vasculogenesis). The recruitment and 
mobilization of CEC and EPCs are driven by angiogenic 
growth factors and chemokines, such as vascular endothelial 
growth factor (VEGF) and gremlin (Goon et al. 2006; Raz 
et al. 2014; Tanaka et al. 2019; Wang et al. 2019).

After activation, EPCs adhere to the neoplastic tis-
sue, polarize, and differentiate into mature ECs. Several 

membrane receptors (e.g., integrins, growth factor receptors, 
and cadherins), able to relocate on the cell membrane and 
to transduce extracellular signals inside the cell, collaborate 
in the EPCs maturation and new vessel formation. Among 
them, the VEGF receptors (VEGFRs) play a central role 
in EPCs migration and vasculogenesis (Ash and Overbeek 
2000; di Somma et al. 2020). Here, we focus on the ability 
of gremlin, a VEGFR2 ligand, to induce the relocation of 
the receptor on an advecting EC plasma membrane (Rav-
elli et al. 2015). Gremlin is a soluble molecule secreted in 
the tumor microenvironment both by ECs and parenchymal 
cells (Sneddon et al. 2006). The heparin-binding domain of 
gremlin (Chiodelli et al. 2011) allows its accumulation in the 
extracellular matrix (ECM), where it stands as a long-lasting 
stimulus for ECs.

The rapid cellular remodeling and the complexity of the 
plasma membrane microdomains, typically smaller than 
the diffraction limits of optical microscopes, make it hard 
to outline the receptor dynamics (Huang et al. 2017). We 
describe herein the VEGFR2 dynamics during EC adhesion 
combining in vitro experiments with computational models. 
A fully coupled multi-physics theory has been developed to 
this purpose. Numerical simulations predict the concurrent 
protein flow and the advection of the plasma membrane in 
ECs.
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The model is framed in the mechanics and thermody-
namics of continua at finite strains (Gurtin et al. 2010), 
with chemical kinetics and transport equations defined 
on curved manifolds embedded in higher-dimensional 
spaces. Rigorous and nowadays classical thermodynamic 
strategies (energy and entropy balance, the choice of the 
Helmholtz free energy as thermodynamic potential, the 
Coleman–Noll procedure) guide the constitutive modeling.

Co-designed experiments and simulations concern cel-
lular adhesion on a rigid �slide coated with ligands. Adhe-
sion induces the transport of specific receptors from the 
apical to the basal part of the cell, generating attractive 
forces. In this work, we show that electrostatic interactions 
cannot be the mere responsible for ECs spreading, which 
shall be attributed to the protrusion of the leading edge, 
retraction, and contraction (Doyle et al. 2021).

Although several studies attempted at capturing the 
processes that drive cell motility (see Bonanno et  al. 
2023;  Serpelloni et al. 2021) and literature therein), a 
comprehensive model of the cytoskeletal machinery is 
not yet available in the literature. This manuscript does 
not attempt at proposing a new theory either. By adopt-
ing finite strain contact mechanics, we eventually made 
a digital twin of a complex cellular experiment, unveil-
ing that a fast interaction due to chemical bonding at 
adhesion precedes a mechanically dominated regime, in 
which free receptors are engaged by their ligands during 
the mechanical evolution of the cell. Finally, once a mac-
roscopic steady-state mechanical configuration has been 
achieved, transport of receptors on the membrane contin-
ues and favors complex localization at the edges of cell/
ECM contact area (Damioli et al. 2017; Salvadori et al. 
2018).

The present paper is designed as follows. Section 2 
contains materials and methods for the experimental 
procedures, as well as modeling definitions. One of the 
main conclusions of this paper is presented in Sect.3: we 
show, experimentally and theoretically, that electrostatic 
interactions cannot be responsible for cell spreading of 
ECs, in view of the modest amount of energy involved 
in those interactions compared to the bulk energy of a 
cell. This claim guides the design of a digital twin for the 
relocation of proteins on lipid membranes. We study in 
Sect.4 the spreading of an EC as driven by the cytoskel-
etal machinery rather than electrostatic interactions. The 
developed multi-physics model aims at reproducing the 
relocation of VEGFR2 on the advecting membrane, with 
particular emphasis on chemo-transport processes during 
the cell spreading on a glass μslide. The outcomes of the 
high-performance computing simulations allow validat-
ing the multi-physics model against a complex experi-
mental setup, eventually showing remarkable predictive 
performances.

2 � Notation and multi‑physics model 
definition

2.1 � Notation

The notation for scalars, vectors, and tensors is summarized 
in Table 1. Lowercase fonts denote ⃗vector and tensor fields in 
the current configuration, whereas uppercase letters are used 
for referential ⃗VECTOR and TENSOR fields. A different nota-
tion holds for scalar fields, consistently with (Gurtin et al. 
2010), which are denoted with a subscript R in the reference 
configuration. The reason for this choice is that uppercase let-
ters either denote parameters (as per the shear modulus G), or 
customary different scalar fields ( as per temperature T versus 
time t, or concentration c and the chemical species C).

2.2 � Definitions

Denote with Ω(t) an advecting cell and with �Ω(t) its surface. 
As depicted in Fig. 1a, a position x⃗ ∈ Ω(t) is the image of 
a point X⃗ in a reference configuration ΩR through a smooth 
function 𝜒(X⃗, t) termed motion. We will name deformation 
𝜒t(X⃗) the snapshot of a motion at a fixed time t. The defor-
mation is assumed to be a one-to-one map and its refer-
ential gradient F must have a strictly positive determinant 
J = det[F ] > 0 . Denote the binormal vector n⃗ — see Fig. 1b 
— as the image in P(t) of a vector n⃗R in the reference con-
figuration PR , through the contravariant transformation

The projected referential gradient operator of a scalar field 
f (X⃗, t) on PR(t) is defined as follows 

whereas the projected referential divergence operator of a 
vector field v⃗(X⃗, t) on PR(t) is defined as

Tractions (forces per unit area) on the boundary are the 
idealization of the mechanical interaction between a solid 
and its surrounding (Gurtin et al. 2010). They can be cat-
egorized in surface and contact. The amount of the former 
is given provided that the configuration is known. The value 
of the contact tractions, on the contrary, is arbitrary even if 
the configuration is known; it is part of the solution of a set 
of differential governing equations.

Contact and surface forces are required to model experi-
mental tests on ECs that concern adhesion and spread-
ing onto a glass-made �slide. Figure 1c depicts the basic 

n⃗ = F
−T n⃗R .

(1a)GradPR

[
f
]
= Grad

[
f
]
−

n⃗R ⋅ Grad
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f
]
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notation for the problem. Particularly, the minimum distance 
gN between a point on the cell membrane and the glass-
made �slide has been depicted, in this figure, through the 
frontal view of the 3D mechanism of cell adhesion and 
spreading. Since glass-made �slides of interest are flat, the 
normal vector at a generic point x⃗slide ∈ 𝜇slide is n⃗slide = e⃗2 
and it remains unaltered in time. Accordingly, a single point 
x⃗∗slide ∈ 𝜇slide is associated with a corresponding point 

x⃗membrane ∈ 𝜕Ω(t) via the minimum distance method, by 
projecting x⃗membrane onto the �slide. The inequality constraint

ensures that the cell and the substrate do not interpenetrate 
(Wriggers 2006).

3 � Electrostatic interactions are not sufficient 
for endothelial cell spreading

3.1 � Experimental evidence

In a multi-physics framework, surface tractions can be due 
to non-mechanical interactions: cell-to-cell and/or cell-to-
ECM adhesion forces are as such.

(2)gN = (x⃗membrane − x⃗∗slide) ⋅ e⃗2 ⩾ 0

Fig. 1   Notation. a The reference ΩR and the deformed cell Ω(t) . Note 
that x⃗ ∈ P(t) implies X⃗ ∈ PR . b Frenet frame {𝜏∥, 𝜏⊥, n⃗} at point 
y⃗ ∈ 𝜕P(t) . s is the arc length measured on �P(t) (Serpelloni et  al. 

2022). c The notation for cell adhesion and spreading, drawn in 2D 
for the mere sake of readability

Table 1   Notation adopted for tensor, vector, and scalar fields both for 
current and reference configuration

Variables and 
values

Reference configuration Current configuration

2-nd order 
tensor

A a

Vector A⃗ a⃗

Scalar a
R

a
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Cell–cell and cell–ECM adhesion are receptor-mediated 
processes. The affinity of specific receptors modulates the 
adhesive forces, which may have a low electrostatic short 
range and a chemical receptor–ligand nature. A vast litera-
ture (Jacobs et al. 2013; Israelachvili 2011; Milo and Phil-
lips 2016) has been devoted to quantifying these interac-
tion forces. During the first phase of extravasation, EPCs 
interact with the luminal surface of blood vessels that is a 
carbohydrate-coated surface, consisting of adsorbed glyco-
proteins and membrane-bound proteoglycans, collectively 
referred to as the endothelial glycocalyx. The thickness of 
the glycocalyx1 is on the order of 400–500 nm in vivo and 
ranges from 29 to 118 nm in vitro (Chappell et al. 2009). 
This initial EPC/EC interaction is mediated by electrostatic 
interactions, which are essential for cell arrest and allow 
the recruitment and engagement of receptors that eventually 
support the cell adhesion.

To assess if electrostatic forces drive the process of 
extravasation of EPCs, we investigated in vitro EC adhe-
sion and spreading in the absence or in the presence of 
cytoskeleton remodeling. To this aim, ECs were plated on 
fibrinogen (FG) or on a positively charged synthetic poly-
mer of L-lysine and D-lysine (Poly-L) and analyzed over 
time—see Fig. 2.

We demonstrated in Urbinati et al. (2012) that ECs attach 
on Poly-L without involving integrin receptors, focal adhe-
sion formation, and cytoskeleton organization. Poly-L is 
less adhesive with respect to FG and about 50% of cells 
were removed with a saline buffer wash. In a new set of 
experiments, in this paper, we analyzed by time lapse vid-
eomicroscopy the timing of EC adhesion on FG and Poly-L. 
Figure 2a shows cells at different times of adhesion. ECs 
plated on FG rapidly attach to ECM and completely spread 
in 2 h, while EC is not able to spread on Poly-L. In Fig. 2b, 
the cell areas were calculated by imaging analysis using the 
measurement tool of ImageJ by drawing the contour of the 
cells. The lack of spreading on Poly-L and the estimation of 
the contact area were supported by the analysis of the actin 
cytoskeleton probed by phalloidin. Figure 2c clearly shows 
the different actin organizations in cells adherent on different 
matrices. Stress fibers and cortical cytoskeleton are formed 
in FG-adherent cells, while only the cortical actin is visible 
in suspension or in Poly-L adherent cells.

3.2 � Mechano‑biological models

Short-range, noncovalent interactions that occur between 
one receptor and its ligand have been analyzed following 
two approaches available in the literature (Golestaneh and 
Nadler 2016; Ronan et al. 2014). According to (Golestaneh 
and Nadler 2016), at a given instant, the binding force per 
unit area in the current configuration is

where �rl is the minimum concentration of receptors and 
ligands at location x⃗ , C is the number of weak noncovalent 
bonds which form the interaction between one receptor and 
one ligand, gN has been defined in (2) and K is the inverse of 
the Debye length. We assume that C = 1.17 × 10−7 fN�m−5 , 
K = 1 provided in Golestaneh and Nadler (2016) apply to the 
problem at hand, too. Parameter �rl in Golestaneh and Nadler 
(2016) amounts at 105 receptors per �m2 , severely higher 
than the concentration of species measured in Damioli et al. 
(2017). Such a parameter should be considered as a constant 
only if it refers to all receptors on the membrane, which is 
questionable. The protein transport affects the amount �rl 
and couples mechanical deformation in the bulk and chemo-
transport processes on the membrane.

The resulting Neumann electrostatic attractive tractions 
are plotted with a continuous line in Fig. 3. These forces 
decrease when the distance between receptors and ligands 
grows and are quite high at a strictly positive lower bound 
h0 depicted as the gap between the cell and the substrate 
at contact. Authors in Golestaneh and Nadler (2016) sug-
gest h0 = 9.0 nm. Attractive forces decay rapidly and at a 
distance of 0.5 �m they amount to a few fN∕�m2 . Their 
range being so short, it is unlikely that those forces pro-
mote the cell spreading unless the characteristic size of the 
cell becomes very small (indeed, authors in Golestaneh and 
Nadler (2016) considered a cell with radius 12.5 nm , three 
orders of magnitude smaller than the measured radius of an 
EC in suspension - about 10 μm).

Attractive forces used in Ronan et al. (2014) to allow a 
cell to (partially) spread read

with parameters Q = 5 ⋅ 107fN∕�m2 , �p = 0.13 μm , respec-
tively. To promote cell spreading, these attraction forces 
result in four orders of magnitude higher than their coun-
terpart in Eq. (3)—see the dashed line in Fig. 3. There is 
apparently no justification in the literature for such a huge 
value of the ligand-receptor binding electrostatic interactions 
acting on such a long-range extent.

(3)
t⃗(x⃗) = pNe⃗2 = − 

(

KgN
(

x⃗
)

+ 1
)

[

(

KgN
(

x⃗
)

+ 1
)2 + 1

]

gN
(

x⃗
)−5

exp(−2KgN
(

x⃗
)

)�rle⃗2,

(4)t⃗(x⃗) = pNe⃗2 = −Q
gN

(
x⃗
)

𝛿p
exp(−

gN
(
x⃗
)

𝛿p
) e⃗2

1  The difference in size could be due to different sample prepara-
tion techniques, as some authors suggest. EC isolation procedures for 
culture may deteriorate the fragile glycocalyx, and in  vitro ECs are 
unable to reconstruct the long glycocalyx by themselves in terms of 
quantity and/or quality of constituents (Chappell et al. 2009; Florian 
et al. 2003).
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In conclusion, electrostatic tractions can be invoked as 
responsible for the isotropic early stage of cell adhesion, 
which is essentially independent on cytoskeleton remodeling 
(Liu et al. 2007). Surface forces may drive the post-adhesion 
processes only for nanoparticles — as the ones considered 
in Golestaneh and Nadler (2016); Sohail et al. (2013). In 
ECs, electrostatic interactions are followed by the formation 
of membrane protrusion. As a cell begins to flatten against 
the substrate, it forms additional bonds, creates new focal 
adhesions, and rearranges its cytoskeleton to form actin 

filaments and bundles. Spreading of EC thus is a result of 
extensional and contractile forces exerted by the cytoskel-
eton machinery (Reinhart-King et al. 2005).

3.3 � Consequences on the mechanical modeling

Whereas surface tractions shall be estimated with high accu-
racy in modeling cell migration, since cells detach their focal 
adhesions in order to move (Doyle et al. 2021), the process 
of spreading is less sensitive to the values of binding forces, 

Fig. 2   HUVECs seeded on different ECMs. HUVEC adhesion on dif-
ferent ECM. a Visualization of cell adhesion over time on Poly-L and 
FG; b quantification of cell area ( μm2 ) of HUVECs in suspension or 
seeded on FG or Poly-L at 2 h. Areas were measured by the ImageJ 

measurement tool. Results are expressed as mean ± SEM (40–60 
cells/for each experimental condition); c actin cytoskeleton organiza-
tion before and after 2 h of adhesion on FG or Poly-L. Yellow arrows 
show stress fibers
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because it does not entail focal adhesions disruption. There-
fore, cell spreading on a substrate can be to a first approxi-
mation modeled with contact mechanics, disregarding elec-
trostatic tractions in view of the very short range of those 
interactions and accounting for pseudopodia extension and 
cytoskeletal contractility that induce spreading.

We modeled the glass-made �slide as a rigid obsta-
cle, fixed in time. Hence, the global search for contact 
and the set-up of kinematical relations required by the 
contact constraints are straightforward. Contact occurs 
when gN = 0 . Such a condition defines the subpart �CΩ(t) 
in Fig. 1c. Tractions t⃗slide at all points x⃗slide ∈ 𝜕CΩ(t) have 
normal component pN and the Hertz–Signorini–Moreau 
linear complementarity conditions for frictionless contact 
read

The most appropriate description of tangential contact forces 
during the adhesion phase is rather unclear. We assume that 
the contact is frictionless, allowing a sliding motion between 
the cell and the substrate. Such an assumption is justified 
by the chance that a new complex can be formed by a pre-
viously ligand-engaged receptor that detaches and binds a 
nearby free ligand (Ronan et al. 2014).

Once the adhesion phase has completed, external cues 
trigger the pseudopodia-driven protrusion machinery 
(F-actin polymerization, actin branching, filamin cross-
linking, integrin binding), driving the polymerization 
and reorganization of the cytoskeleton. We simulate these 
processes through the setup and evolution in time of bulk 
forces, oriented axis-symmetrically, surrogating the con-
stitutive laws that link F to the first Piola stress tensor P.

(5)gN ≥ 0, pN ≤ 0, pN gN = 0.

4 � Relocation of VEGFR2 on an advecting cell

4.1 � VEGFR2 is recruited at the basal portion 
of endothelial cells

To follow in time the relocation of VEGFR2, GM7373 
cells were first transfected2 and grown on glass coverslips - 
Fig. 4a. Adhered cells were flipped upside-down afterward 
on gremlin- or FG-coated �slides. The concurrent geometri-
cal evolution and VEGFR2 relocation were recorded for 2 h 
in time-lapse videomicroscopy - Fig. 4b. In this timespan, 
adhered cells moved from the glass coverslip to the protein-
coated substratum, ultimately detaching from the upper 
coverslip. VEGFR2 relocated to the membrane portion in 
contact with immobilized gremlin already 6–8 min after the 
interaction with the substratum; in contrast, the adhesion of 
ECs to FG was not associated with a significant VEGFR2 
polarization.

4.2 � Mechanical modeling

We will name translocation the aforementioned deformation 
process. It mimics cell migration and involves the already 
organized cytoskeleton. We will rather adopt the terminol-
ogy spreading when the cytoskeleton is not initially organ-
ized. All events depicted in Fig. 4a have been accounted for 
in the numerical simulation of the in vitro experiment.

The translocation of an EC has been captured with a 
finite deformation model, detailed in Serpelloni et al. (2021, 

Fig. 3   Comparison between 
binding forces on the membrane 
per unit area. The evolution 
of the Neumann electrostatic 
attractive tractions is depicted 
in a Log-Log plot with respect 
to the minimum distance gN . 
Continuous line refers to Eq. 
(3) adopted in Golestaneh and 
Nadler (2016), whereas the 
dashed line refers to Eq. (4) 
used in Ronan et al. (2014)

2  To express the extracellular domain of VEGFR2 tagged with the 
fluorescent proteins Enhanced Yellow Fluorescent Protein (EYFP) 
shown in green in Fig. 4b.
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2022). The mechanical boundary value problem for adhe-
sion and translocation includes the balance of momentum 
equations, the contact constraint (5), and the solvability 
conditions. Mass and momentum balance equations are 
constitutively coupled, in the sense that stresses and fluxes 
are related to concentrations and displacements. Although 
the overall picture is rather clear, the response, polymeriza-
tion, shape, and time evolution of bundles of filaments have 
not been captured by comprehensive models at the “macro-
scopic” scale by means of suitable free energies. Abundant 
research is still required to gain predicting computational 
capabilities in the reorganization of the cytoskeleton. For 
this sake, in order to simulate the relocation of proteins 
on the advecting membrane, we neglected the contractile 
active response of the cell and made use of rubber visco-
elastic passive constitutive models for the entire cell during 
translocation.

Computationally, one writes the weak form of the bound-
ary value problem in terms of displacements u⃗j(X⃗) in the 
reference configuration

with b⃗R(X⃗) denoting referential bulk forces, P the first Piola 
stress tensor, F the deformation gradient, n⃗R the normal vec-
tor to the Neumann surface �NΩ in the reference configura-
tion. A strategy to numerically deal with the contact con-
straints must be selected: among several possible algorithms, 
we implemented two classical active set methodologies, the 
Lagrange multiplier method (Wriggers 2006) and the pri-
mal-dual active set strategy (Hüeber and Wohlmuth 2005). 

(6)
∫ΩR

𝛿Fi(X⃗) ∶ P(u⃗j(X⃗)) dVR −
∫ΩR

𝛿u⃗i(X⃗) ⋅ b⃗R(X⃗) dVR

−
∫𝜕NΩ

𝛿u⃗i(X⃗) ⋅ P(u⃗j(X⃗))n⃗R da = 0

Fig. 4   Experimental investigation on the relocation of VEGFR2 on an advecting cell
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Note also that frictionless contact does not allow unique 
solvability unless the rigid body motion in the plane of the 
�slide is removed. To this aim, the average displacement 
in the �slide plane e⃗1 × e⃗3 and rotations around axis e⃗2 (see 
Fig. 1c) is a priori imposed to vanish.

Our simulations exploit iterative approximation schemes 
of staggered nature. On that account, the numerical solu-
tion of the mechanical problem (6) is achieved first, whereas 
the numerical approximation of the relocation of proteins 
on the membrane follows, eventually using different time 
discretizations.

4.3 � Chemical kinetics and transport modeling

The association and formation of a protein complex can be 
chemically denoted as

where R and L are the Receptors and Ligands free proteins 
and C is the final complex (Bell 1978). Henceforth, we 
will add the subscripts R , L , and C to quantities associated 
with Receptor, Ligand, and Complex, respectively (as for 
cR , cL , and cC which denote the concentration of Recep-
tors, Ligands, and Complexes). Coefficients kf  and kb are 
the kinetic constants of the forward and backward reactions, 
respectively.

The transport-mechanics formulation (6) and the reac-
tion (7) will be conveniently used to simulate the relocation 
of VEGFR2, driven by their specific ligands, on a plasma 
membrane �Ω(t) . The rate of reaction (7), denoted with w(7)

and measured in molm−2s−1 , quantifies the net formation of 
C on the advecting membrane as the difference between the 
forward and backward reactions.

The kinetics of reaction (7) is modeled as for ideal sys-
tems via the law of mass action (De Groot and Mazur 1984), 
which writes

in the reference configuration. The ratios �R = cRR
∕cmax

RR
 , 

�L = cLR
∕cmax

LR
 , and �C = cCR

∕cmax
CR

 account for the saturation 
limits cmax

RR
 , cmax

LR
 , and cmax

CR
 of the species involved in the reac-

tion (7). As clarified in Serpelloni et al. (2021), the invari-
ance of �R , �L , and �C with the configuration implies that the 
forward and backward “constants,” which encompass the 
dimensionality of w(7)(x⃗, t) , transform contravariantly into 
kfR and kbR . In the described experimental setup, ligands are 
prevented to flow along the substrate: given that complex 
molecules result from the interaction with immobile ligands, 
they are macroscopically steady as well, i.e.,

(7)R + L
kf
−→
←−
kb

C

(8)w
(7)

R
= kfR

�L
(1 − �L)

�R
(1 − �R)

− kbR

�C
(1 − �C)

where h⃗β denotes the mass flux of a generic species � in cur-
rent configuration. Assuming that equilibrium for the reac-
tion (7) holds, the law of mass action (8) reads 

 where K(7)
eq  is the so-called invariant equilibrium constant. 

It can be expressed as a function of the ratio between the 
standard Gibbs free energy ΔG0 and the product between the 
universal gas constant R and the absolute temperature T as

see (Salvadori et al. 2018) for details. By explicitly account-
ing for reaction kinetics, the local form of the mass balance 
specifies as follows 

 Equation (12a) is defined on the membrane surface �ΩR , 
where the receptors flow. Equation (12b) is rather defined 
on the lower �slide, where ligands stand. Finally, Eq. (12c) 
is defined in the contact zone between the cell and the slide, 
where reaction (7) takes place. It is convenient to rephrase 
Eq. (12b) in terms of the “ligands available for the reac-
tion” in place of the “ligands adsorbed on the �slide,” 
since this point of view corresponds to the picture of tight 
receptor–ligand bond as a set of weak noncovalent physical 
interactions (Alberts 2002). A supply function sLR

 , which 
vanishes at long ranges and rapidly reaches the maximal 
concentration of ligands available for the reaction at short 
distances, is defined to this purpose and Eq. (12b) is rewrit-
ten as follows

The ligand supply sLR
(X⃗, t) seems to be logically related to 

the gap function gN and to a lag in time that depicts the 
chemical kinetics of the binding–unbinding reaction (7). In 
this form, all three equations (12a), (12c), (13) can be writ-
ten on the membrane X⃗ ∈ 𝜕ΩR.

(9)h⃗L = h⃗C = 0⃗ ,

(10a)
kf

kb
=

kfR

kbR

=
�CR

(1 − �CR
)

(1 − �LR
)

�LR

(1 − �RR
)

�RR

= K(7)
eq

,

(11)K(7)
eq

= exp

(
−
ΔG0

RT

)

(12a)
𝜕cRR

𝜕t
+ DivPR

[
h⃗RR

]
+ w

(7)

R
= 0 ,

(12b)
�cLR

�t
+ w

(7)

R
= 0 ,

(12c)
�cCR

�t
− w

(7)

R
= 0 .

(13)
�cLR

�t
+ w

(7)

R
= sLR

.



Mechanobiology of the relocation of proteins in advecting cells: in vitro experiments,…

1 3

It will be further assumed that the time scale of the chem-
ical reaction is much faster than other processes. Therefore, 
the concentrations of species are governed by thermody-
namic equilibrium at all times. The concentration of com-
plex cCR

 relates then to the others by

which emanates from the equation w(7) = 0 and is consistent 
with the assumptions made in Serpelloni et al. (2021) on 
how saturations transform.

Fickian thermodynamic restrictions linearly correlate h⃗RR
 

to the gradient of its chemical potential in terms of concen-
trations (see (Serpelloni et al. 2021) for details)

where D| R is the receptor diffusivity.
In conclusion, exploiting identities (14) and (15), the two 

concentrations cRR
 and cLR

 fully describe the problem in the 
assumption of infinitely fast kinetics, whereas the concen-
tration of the complex can be deduced a posteriori. The two 
balance equations 

 govern the transport of receptors along the membrane at 
point X⃗ ∈ 𝜕ΩR , provided that initial and boundary condi-
tions are given.

An effective way of solving this system can be set up by 
noting that for the sum cSR = cCR

+ cLR
 equation (16b) turns 

out to be an ordinary differential equation in time at point 
X⃗ . By direct integration

assuming initial concentration of ligands and complex to be 
zero. Function SLR

(X⃗, t) is, in view of the interpretation given 
to sLR

(X⃗, 𝜏) , the amount of ligands conformationally avail-
able for the reaction at time t and location X⃗ , pulled back to 
the reference configuration �ΩR . Such an interpretation clari-
fies that the evolution in time of SLR

(X⃗, t) can only be due to 
the gap function gN(X⃗, t) and we may reasonably postulate

(14)cCR
=

cmax
C

cmax
R

cmax
L

K
(7)
eq

J |F−T n⃗R|
cRR

cLR
,

(15)h⃗RR
= −D| R GradPR

[
cRR

]
,

(16a)
�cRR

�t
−

�cLR

�t
− DivPR

[
D| R GradPR

[
cRR

] ]
= −sLR

,

(16b)
�cLR

�t
+

�cCR

�t
= sLR

,

(17)cSR = ∫

t

0

sLR
(X⃗, 𝜏) d𝜏 = SLR

(X⃗, t) ,

(18)SLR
(X⃗, t) = cav

LR
exp(−

gN(X⃗, t)

�chem

)

based on the physics that has been described right after 
equation (13). In eq. (18), �chem > 0 is a chemical length-
scale that tunes the amount of available ligands to the gap 
gN and, numerically, acquires the meaning of a regulariza-
tion parameter, while cav

LR
 is the maximum amount of avail-

able ligands on �Ω(t) . When the dimensionless number 
gN(X⃗, t)∕�chem is sufficiently large then SLR

(X⃗, t) becomes 
negligible and in fact no ligands are available on the mem-
brane surface. On the other end, when gN(X⃗, t) is zero and 
the membrane is in contact with the substrate, the amount of 
available ligands is maximal. Note that we are not capable 
to measure cav

LR
 experimentally. In fact, molecules shall be in 

a specific geometrical configuration in order to interact with 
VEGFR2. Only a fraction, hardly quantifiable experimen-
tally, of all ligands (the ones denoted as “available”) are 
properly arranged. Therefore, cav

LR
 will be determined numeri-

cally in section 5, through a co-designed numerical (in sil-
ico) and experimental (in vitro) approach.

Defining the difference cDR
= cRR

− cLR
 and neglecting the 

role of internalization or generation of proteins, the remain-
ing governing equation becomes 

to be solved under the constraint (14), that writes

 with

The initial value problem (19) will be solved for the 
unknown fields cDR

 , cRR
.

The finite element approximation of the chemo-diffusive 
problem of VEGFR2 on the cell membrane stems from its 
weak form, obtained after multiplying Eq. (19a) by a suit-
able set of time independent test functions (expressed here 
with a superposed caret) and performing an integration 
upon the domain, exploiting Green’s formula with the aim 
of reducing the order of differentiation. It reads:

(19a)
�cDR

�t
− DivΩR

[
D| R GradΩR

[
cRR

] ]
= −sLR

,

(19b)
c2
RR
(X⃗, t) +

[
𝛼R(X⃗, t) − cDR

(X⃗, t)
]
cRR

(X⃗, t)

− 𝛼R(X⃗, t)
[
SLR

(X⃗, t) + cDR
(X⃗, t)

]
= 0 ,

(20)𝛼R(X⃗, t) =
cmax
R

cmax
L

cmax
C

J |F−T n⃗R|
K

(7)
eq

.

(21)
∫
PR

ĉ(X⃗)
𝜕cDR

(X⃗, t)

𝜕t

+ GradPR

[
ĉ(X⃗)

]
⋅ D| R GradPR

[
cRR

(X⃗, t)
]

+ ĉ(X⃗) sLR
(X⃗, t) dPR = 0 .
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The weak form (21) naturally leads to a semi-discrete prob-
lem, by approximating the unknown fields cDR

 , cRR
 as a 

product of separated variables (by means of spatial shape 
functions and nodal unknowns that depend solely on time)

where, for repeated indexes, the Einstein summation conven-
tion is taken.

To obtain a full discretization of the weak form (21), a uni-
form mesh for the time variable t has been taken. By defining 
tn = nΔt with n = 0, 1, ... and Δt > 0 , we integrate the semi-
discrete form of (21) in time in the generic interval tn−1, tn to 
eventually get

The Newton–Cotes quadrature formula

is adopted to approximate the integral in time. Finally, the 
constraint (19b) has been imposed numerically, either in L2 
sense or point-wise for cDR j

(t) , cRR j
(t).

The finite element approximation (23) has been imple-
mented exploiting deal.ii (Arndt et al. 2021), a high-perfor-
mance computing open source, object oriented library (https://
www.dealii.org/).

4.4 � An evolution of the model

FRAP analysis shows a peculiar feature of VEGFR2, which 
may require an evolution of the model described so far. A 
fraction of VEGFR2 is in fact retained in an immobile com-
partment (Grillo et al. 2021): It was estimated that nearly 
23% of VEGFR2 is basically immobile at each material 
point of the cell membrane. At every point of the membrane, 
only 77% of ECD-VEGFR2-EYFP is supposed to be in a 
mobile form (Damioli et al. 2017).

To capture this event, the VEGFR2 molecules may be 
separated into two independent fractions with different 
motilities, named Ri (immobile) and Rm (mobile). The reac-
tion (7) shall be split into two, as

(22)
cDh

(X⃗, t) = 𝜑j(X⃗) cDR j
(t) , cRh

(X⃗, t) = 𝜑j(X⃗) cRR j
(t) ,

(23)

∫
PR

𝜑i(X⃗) 𝜑j(X⃗) dPR

(
cDR j

(tn) − cDR j
(tn−1)

)

+
∫
PR

GradPR

[
𝜑i(X⃗)

]
⋅ D| R GradPR

[
𝜑j(X⃗)

]
dPR

∫

tn

tn−1

cRR j
(t) dt +

+
∫
PR

𝜑i(X⃗)
(
SLR

(X⃗, tn) − SLR
(X⃗, tn−1)

)
dPR = 0 .

∫

tn

tn−1

cRR j
(t)dt ∼

Δt

2

[
cRR j

(tn) + cRR j
(tn−1)

]

Because the chemical interaction exerted by immobile and 
mobile VEGFR2 is totally equivalent, the kinetic constants 
of the forward and backward reactions are the same. Balance 
equations (12) rewrite as follows: 

 Specifications on the receptor–ligand interplay can be 
inherited

together with Fick’s law

where D| R is the receptor diffusivity. The governing equa-
tions (16) thus will be replaced by: 

(24)Ri + L
kf
−→
←−
kb

Ci , Rm + L
kf
−→
←−
kb

Cm .

(25a)
�cRi

R

�t
+ w

(24i)

R
= 0 ,

(25b)
𝜕cRm

R

𝜕t
+ DivPR

[
h⃗Rm

R

]
+ w

(24m)

R
= 0 ,

(25c)
�cLR

�t
+ w

(24i)

R
+ w

(24m)

R
= sLR

,

(25d)
�cCR

�t
=

�cCi
R

�t
+

�cCm
R

�t
,

(25e)
�cCi

R

�t
= w

(24i)

R
,

(25f)
�cCm

R

�t
= w

(24m)

R
.

(26)cCi
R
=

cRi
R
cLR

�R
, cCm

R
=

cRm
R
cLR

�R
,

(27)h⃗Rm
R
= −D| R GradPR

[
cRm

R

]
,

(28a)
�cRi

R

�t
+

�cCi
R

�t
= sRi

R
,

(28b)
𝜕cRm

R

𝜕t
+ DivPR

[
h⃗Rm

R

]
+

𝜕cCm
R

𝜕t
= sRm

R
,

(28c)
�cLR

�t
+

�cCi
R

�t
+

�cCm
R

�t
= sLR

,

(28d)
�cCR

�t
=

�cCi
R

�t
+

�cCm
R

�t
.
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5 � Simulations

Since this work focuses on the relocation of VEGFR2, 
which is not primarily involved in the cytoskeleton reor-
ganization, we did not explicitly account for focal adhe-
sions in the numerical simulations. Accordingly, the trans-
port of proteins along the membrane does not influence 
the mechanical deformation and the staggered algorithm 
that has been implemented does not require prediction 
and correction phases (Martins et al. 2017): The mechani-
cal deformation within a given time step is followed by 
transport coupled with receptors–ligands binding on the 
updated membrane configuration.

In the numerical simulation, different time-steps Δt 
have been used in the three stages (attachment, transloca-
tion, diffusion) of the in silico experiment: 0.5 s for the 
chemically dominated attachment phase, 0.1 s during the 
mechanical translocation—chemomechanically domi-
nated, and 0.05 s afterward ( diffusion dominated ). Fur-
thermore, being conscious that the time scale of the bulk 
and membrane processes are different, a sub-incrementa-
tion strategy for the numerical solution of the chemo-dif-
fusive problem on the cell surface has been adopted. The 
chemo-diffusive problem has been solved with a time step 
a hundred times smaller than the “mechanical” time step.

Several unstructured grids have been used for conver-
gence tests. Numerical outcomes that will be described 
later have been obtained with the tessellation depicted in 
Fig. 6.

5.1 � Model calibration

Mechanical constitutive parameters - Heyden and Ortiz 
(2017) studied the material response of live metastatic 
cancer cells via the method of oncotripsy. Investigating the 
influence of viscoelasticity, two different sets of material 
parameters were considered, either in healthy or cancerous 
cells. The elasticity of the different cell constituents was 
modeled by means of a Mooney–Rivlin-type strain-energy 
density, leading to the material parameters in Table 2. In 
an earlier work, McGarry and Prendergast (2004); Guilak 
et al. (2000) proposed a three-dimensional FEM model of 
an adherent eukaryotic cell, treating the cytoplasm and 
nucleus as linear elastic and isotropic continua. The elastic 
modulus of the cytoplasm was chosen as 100 Pa, while the 
nucleus was chosen as 400 Pa, four times stiffer than the 
cytoplasm, as reported in Table 2.

We used a hyper-elastic Regularized Neo-Hookean for-
mulation for the nucleus and the cytoplasm and estimated 
the shear modulus using data of ECs adhering to Poly-L. 

In these experiments a stable, although weak, attachment 
of the ECs on the �slide arose, comparable to the one at 
the early stage of adhesion on FG. An early contact area 
(CA) of approximately 38.5 �m2 was observed, as it can 
be deduced from Fig. 7b.

The numerical simulations of attachment unveiled an 
optimal value for the shear modulus in the order of 3.6 Pa. 
At the end of the adhesion phase, in fact, the contact area 
was roughly equal to 35.3 μm2 — see Fig. 7a. The sensitivity 
of the bulk modulus appears to be less relevant: We noticed 
that a factor 4 between G and � as in McGarry and Prender-
gast is appropriate.

Transport constitutive parameters  - By means of sur-
face plasmon resonance, we estimated in Maiolo et  al. 
(2012) the value of cmax

LR
= 16000 mol∕μm2 and the standard 

Gibbs free energy �G0 = −32949.0 J∕mol . The equilibrium 
constant of reaction (7) descends K(7

eq = 354058.32 . The 
receptor diffusivity D| R = 0.198 μm2s−1 was experimentally 
assessed in Damioli et al. (2017) through Fluorescence 
Recovery After Photobleaching (FRAP). It has been set 
cmax
R

= cmax
C

 . The total number of molecules of VEGFR2 on 
the plasma membrane of an EC is taken equal to 24000 
(maintained constant for all the time of the simulations, i.e., 
no internalization/exposure of receptors from/on the cell 
membrane is allowed), providing an initial concentration 
equal to 19.1 molecules∕μm2 , corresponding to a homogene-
ous distribution of receptors on the surface of a spheric cell 
in suspension with radius r = 10 μm (Damioli et al. 2017; 
Salvadori et al. 2018). Finally, the total number of available 
gremlin that coats the substrate SLR

(X⃗, t) cannot be experi-
mentally deduced a priori, because not all molecules are in 
the ideal geometrical configuration to interact with 
VEGFR2. These considerations prelude to the calibration of 

Table 3   Material parameters and data required by the numerical sim-
ulations

Parameter Symbol Value Units

Maximum amount of avail-
able ligands on �Ω(t)

c
av

L
R

90.00
[
mol ⋅ �m−2

]

Ligands saturation limit c
max
L 16 ⋅ 103

[
mol ⋅ �m−2

]

Equilibrium constant K
(7
eq

354058.32 [−]

Receptor diffusivity D|
R

0.198
[
�m2

⋅ s
−1
]

Bulk modulus cytoplasm � 12.82 [Pa]

Shear modulus cytoplasm G 3.65 [Pa]

Bulk modulus nucleus � 25.641 [Pa]

Shear modulus nucleus G 7.299 [Pa]

Cell initial radius r0 10.00 [�m]

Cell initial surface A0 1256.64
[
�m2

]

Chemical length-scale �chem 0.2 [�m]
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the concentration of available ligands in the substrate from 
the in silico analysis: cav

LR
 has been found to be equal to 

90 molecules∕�m2. Material parameters and data required 
by the numerical simulations have been collected in Table 3.

5.2 � Model validation and predictions

As stated earlier in the paper, we surrogate the cytoskeletal 
machinery with suitable bulk forces, axis-symmetrically 
oriented and capable to induce the cell translocation. Some 
authors describe those forces to be localized at the mem-
brane: According to (Vernerey and Farsad 2014), protrusion 

forces act in the internal boundary of the membrane and are 
related to the integrin binding at the focal adhesion sites. 
The cell cortex was considered as an excitable system in 
Cooper et al. (2012), leading the cell to a zigzag crawling 
that was indeed experimentally observed. In Allena (2013), 
a decomposition of the deformation gradient was used to 
reproduce the cyclic phases of protrusion and contraction of 
the cell, which are tightly synchronized with the adhesion 
forces at the back and at the front of the cell.

In cellular motility, the filopodia and lamellipodia exten-
sion/retraction may convey a form of “active perception” 
for the cell, guiding the movement of VEGFR receptors 
rapidly through the local extracellular environment. In this 
way, the cell disposes of a quick mechanism that can rule 
the cell-response to the environmental conditions (Bentley 
and Chakravartula 2017).

Pseudopods are supposed to protrude in the direction of 
the most attractive location, as for the case of chemotaxis. 
This process is simulated by imposing bulk forces in the 
cytosol inversely proportional to the distance of the most 
attractive sensed location, tuned by means of a paraboloid 
filter function. This approach lacks the physical connec-
tion between the bulk forces and the actin polymerization, 
which is supposed to be captured chemo-mechanically by 
the swelling tensor Fs detailed in Serpelloni et al. (2021, 
2022), Bonanno et al. 2023) and that will be accounted for 
in future research.

Some configurations during the simulations of translo-
cation are depicted in Fig. 8. We took advantage of a few 
experimental data, the measured diameter 40 �m at the end 
of the translocation averaged on 50 cells and the duration of 
the mechanical adhesion (300 s) and translocation (600 s), 
to estimate the order of magnitude of the protrusion forces 
as 6.2 times the gravitational forces on the cell.

Figure  9a compares the numerical and experimental 
amount of complex in time. In vitro experiments provide 
the total amount of fluorescence intensity measured at the 

Fig. 5   Quantification of normal-
ized fluorescence of ECD-
VEGFR2-EYFP on FG(orange 
line)- or Gremlin (blue line)-
coated surfaces during the cell 
adhesion described in Fig. 4 
(Mean SEM, n = 4)
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Fig. 6   An unstructured grid of the reference configuration ΩR with 
10080 hexahedral elements, biased toward the cell bottom, which has 
been used in the simulations. The nucleus and the cytoplasm surface 
mesh have been highlighted: 1818 faces discretize the geometry of 
the plasma membrane
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basal side of the cell. Experimentally, concentration is esti-
mated from fluorescence intensity. In silico experiments 
determine the quantity of molecules of complex generated 
on the cell-substrate contact area. Figure 9 compares in 
silico and in vitro outcomes: it’s a log–log plot, with time 
on the abscissa and complex concentration on the vertical 
axis. Both measures and numerical outcomes have been nor-
malized to unity at time 1800 s, i.e., we normalized every 
in silico and in vitro data against the corresponding value 
at time 1800 s. Accordingly, the plotted concentration is 
dimensionless.

Three regions are highlighted in Fig. 9a. The first 300 s 
(dark gray area) correspond to the contact and attachment 
phase. In this time span, complexes are generated by chemi-
cal interactions in the CA, and by the diffusion of recep-
tors from the neighboring region. The reduction of free 
VEGFR2 is dominated by the chemical interaction between 
receptor and ligands as soon as the cell gets into contact 
with the substrate. The chemical reaction is further cor-
roborated by a relevant relocation of free receptors through 
diffusion. In fact, after the first interaction between the cell 
surface and substrate, receptors become completely engaged 
because the number of available ligands on the substrate 

( 90 molecules∕�m2 ) is much higher than the amount of 
free receptors on the membrane ( 19.1 molecules∕μm2 ). The 
reduction of available VEGFR2 boosts the diffusion of free 
receptors from neighboring regions, due to Fick’s law. This 
phenomenon can be observed from the evolution of the com-
plex concentration in Fig. 10. A “coffee ring” distribution 
of complexes is already evident at 10 s. Within such a ring, 
the concentration increases up to the ligand saturation, and 
the ring enlarges afterward, up to covering the entire CA 
100 s after the first interaction. Note that this effect could 
not be seen in the small strains, two-dimensional simulations 
carried out in Damioli et al. (2017). At the end of the attach-
ment phase, complexes are uniformly distributed throughout 
the CA.

The second time span, highlighted in light gray between 
300 and 600 s in Fig. 9a, corresponds to the mechanical 
translocation. More and more area becomes available for 
the reaction (7), which occurs very rapidly. This mechani-
cal effect causes a remarkable increment of complexes, pin-
pointed by a steep tangent in the numerical curve. Moreover, 
the tendency of complexes to accumulate at the boundary 
of the cell-substrate contact area emerges quite clearly in 
Fig. 11. Here, a coffee ring appears on the border of the CA, 

Table 2   Set of constitutive 
parameters (bulk modulus � and 
shear modulus G) used in finite 
element simulations in McGarry 
and Prendergast (2004); Heyden 
and Ortiz (2017) as well as 
identified in this work through 
co-designed experiments and 
simulations

Note � [Pa] G [Pa] Ref.

Cytoplasm Cancerous 39.733 × 103 1.664 × 103 Heyden and Ortiz (2017)
 Healthy 71.520 × 103 2.995 × 103 Heyden and Ortiz (2017)
 Healthy 128.205 36.49 McGarry and Prendergast (2004)
Healthy 12.82 3.65 This work

Nucleus Cancerous 239.989 × 103 9.664 × 103 Heyden and Ortiz (2017)
 Healthy 431.98 × 103 17.395 × 103 Heyden and Ortiz (2017)
 Healthy 512.821 145.985 McGarry and Prendergast (2004)
 Healthy 25.641 7.299 This work

Fig. 7   The cell contact area: a Notation; b the experimental evidence: 
the inner ring can be interpreted as the boundary of the contact area 
of ECs on Poly-Lysine; simulations at the end of the adhesion stage 

(diameter 6.7 �m , CA 35.3 �m2 ) and at the end of the mechanical 
translocation phase (diameter 39.6 �m , CA 1232 �m2)
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Fig. 8   Cell-shape (axis-symme-
try holds) at different instants

Fig. 9   Numerical (dashed line) and experimental (white markers with error bars) evolution in time of the total amount of complex, normalized at 
1800 s

Fig. 10   The coffee ring evolution in the first 100 s and the basal distribution of complexes at the end of the attachment stage. Note that, after 
100 s, the concentration of complexes within the contact area is maximal (i.e., 90 molecules∕�m2)

Fig. 11   Basal distribution of 
complexes in the translocation 
stage



Mechanobiology of the relocation of proteins in advecting cells: in vitro experiments,…

1 3

as described in Damioli et al. (2017), owing to the timescale 
of the mechanics, which is faster than the free receptors dif-
fusion on the membrane. Furthermore, a diffusive-like pro-
cess for the complexes appears in the region between the 
adhesion area toward the coffee ring. In fact, complexes can-
not flow, and the evolution of their concentration is ruled by 
the chemical reaction (7) together with the diffusion of free 
receptors in chemical equilibrium with complexes, which 
aim at occupying uniformly the CA during translocation.

Eventually, cell translocation ceases after 600 s. Diffu-
sion of receptors on the membrane, which in first approxi-
mation can be considered as mechanically steady, carries 
on. This transport process, much slower than the other two 

mechanisms, is Brownian by nature and fueled by the con-
centration gradient. Free receptors move from the apical part 
of the cell toward the basal, where chemical interactions 
occur and decrease both free VEGFR2 and gremlin concen-
trations—see Fig. 12. Therefore, the final branch of the plot 
in Fig. 9a is transport-dominated and shows a low complex 
formation rate. The assumption of negligible internaliza-
tion and exposure of VEGFR2 from/to the membrane seems 
thus to be acceptable: in reality, exposure and internalization 
compensate each other, being key processes during VEGFR2 
activation in angiogenesis. Higher experimental uncertain-
ties after 1800 s, highlighted by larger error bars, might be 

Fig. 12   Diffusion of receptors after the translocation phase has been completed

Fig. 13   Evolution in time of the total amount of molecules of receptors (dashed curve), complexes (continuous), free (point markers) and avail-
able ligands (either free or bound) (dotted curve)
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related to the slow synthesis process of new VEGFR2 in the 
bulk of the cell.

Integration of the concentrations over the membrane 
provides the total number of molecules at a given time. 
The evolution in time of such amount of complexes, free 
and available ligands, as well as unengaged VEGFR2, is 
plotted in Fig. 13a. We can verify that mass is conserved 
by checking the sum of the molecules of VEGFR2 and of 
complexes, which shall be constant in time in view of the 
stoichiometry of reaction (7). During the attachment phase, 
the total amount of ligands (free plus substrate bounded) 
perfectly overlaps the complexes. This evidence confirms 
that the chemo-diffusive phenomenon is dominant. It clearly 
emerges, instead, that during the mechanical transloca-
tion, from 300 s to 600 s, the amount of available ligands 
increases by a large extent. This phenomenon occurs because 
the time scale of the chemical reaction is faster than mechan-
ics, which in turn is faster than transport: The latter can-
not provide sufficient receptors to bind the large number 
of ligands that become available by the increment of CA 
granted by translocation. Receptors become fully engaged 
in complexes, whereas the chemo-diffusive process leads to 
the reduction of available ligands only later, basically at the 
end of the experiment.

5.3 � Validation against experimental data calls 
for an evolution of the model

Figures 12a and 13a show that at the end of the experimen-
tal time span, the amount of free receptor molecules pre-
dicted by the simulations is extremely small. On the con-
trary, fluorescence analysis shows that the residual amount 

of free receptors in the apical membrane after 7200 s is 
approximately 30% of the initial concentration. The sim-
plest way to cope with this biological fact is adjusting the 
number of available ligands, by reducing them from 90 to 
about 60 molecules∕�m2 . With such a tailoring, about the 
30% of the total amount of VEGFR2 on the cell membrane 
results indeed to be unbound at the end of the numerical 
simulations—Fig. 13b. However, this approach modifies 
the complex formation curve, which now diverges from the 
experimental data—see Fig. 9b. This fact suggests that the 
observed discrepancy must have a different biological expla-
nation, which can be captured using the governing equations 
(28) in place of Eqs. (16).

The splitting of receptors allows numerical and experi-
mental curves to fit well, as depicted in Fig. 12b and 14. 
Figure 14a reports the numerical and experimental evolution 
in time of the total amount of complex molecules. Compared 
with Fig. 9a, the plot does not exhibit significant differences 
neither in terms of complex generation rate nor with regard 
to the shape of the curves. In fact, both plots are well within 
the error bars in the experimental data. The initial concentra-
tion of immobile receptors has been taken as the 23% of 
VEGFR2,  i . e . ,  c0

Ri
R

= 4.393 molecules∕�m2  and 
c0
Rm

R
= 14.707 molecules∕�m2.

Nevertheless, the in silico trial that accounts for immobile 
VEGFR2 promotes a lower amount of complexes at the end 
of the simulations, even though the quantity of available 
ligands is unaltered (compare Fig. 13a and 14b). Whereas 
free diffusion of receptors causes the complete depletion of 
VEGFR2 on the cell membrane for the unvalidated model 
(see Fig. 12a), the numerical solution of eqs. (28), owing 
to the presence of immobile species, shows an amount of 

Fig. 14   a Numerical (dashed line) and experimental (white markers 
with error bars) evolution in time of the total amount of complexes, 
normalized at 1800  s. b Evolution in time of the total amount of 

molecules of receptors (dashed curve), complexes (continuous), free 
(point markers) and available ligands (either free or bound) (dotted 
curve) accounting for the immobilized receptors
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receptors at the apical side of the cell that is coherent with 
the experimental observation (see Fig. 12b), thus complying 
with the biological request that the residual amount of free 
receptors in the apical membrane after 7200 s is approxi-
mately 30% of the initial concentration.

6 � Conclusions

Taking advantage of experimental data and numerical simu-
lations, we investigated the recruitment of VEGFR2 during 
EC adhesion to its specific ligand adsorbed onto ECM. We 
argued that the electrostatic interactions are not sufficient to 
induce ECs spreading. This statement was proved experi-
mentally, observing that ECs poorly spread onto Poly-Lysine 
ECM, which prevents the cytoskeleton reorganization. This 
evidence unveils that the EC spreading, and eventually the 
EC motility, shall be attributed to a complex series of cel-
lular processes, such as the membrane protrusion at the 
leading edge and the adhesion to the extracellular microen-
vironment, followed by retraction and contraction. A model 
of cell migration, capable of capturing the micro-structural 
details of those processes, is currently not available. This 
paper did not attempt at proposing such a motility frame-
work, either. Rather, we focused on the relocation of proteins 
along the advecting membrane during migration, since the 
recruitment of growth factor receptors at the leading edge 
may drive cells during directional migration in tissues.

In this work, we surrogated the cytoskeletal machin-
ery through the setup and evolution in time of purposely 
designed bulk forces, oriented axis-symmetrically, repli-
cating the constitutive laws that link cytoskeletal strains to 
internal stresses. In this way, the mechanical response and 
the protein relocation are only one-way coupled, i.e., the 
latter does not influence the cell deformation.

Comparing co-designed experiments and simulations, we 
achieved a neat qualitative and quantitative understanding 
of the processes that preside the relocation of VEGFR2 on 
the membrane, and established parameters that could hardly 
be measured. We eventually tailored the model to reproduce 
advanced features, as the residual number of free receptors 
in the apical side of the cell after the mechanical deforma-
tion phase completes.

Further developments are currently in progress in 
order to grasp the realism of the cytoskeletal reorganiza-
tion within a rigorous, thermodynamically based multi-
physics model. The qualitative understanding of the most 
relevant multiscale mechanisms that allow cell motility 
has been achieved after experimental investigations in 
human neutrophils and other model organisms (Svitkina 
and Borisy 1999; Keren et al. 2008). Models for cytoskel-
eton reorganization (Deshpande et al. 2008, 2007; Ronan 
et al. 2014) will be considered in future works. They entail 

focal adhesion and hence are coupled with the dynamics 
of integrins, the actin filament reorganization, transient 
membrane protrusions and retractions. Globular actins 
(G-actin) self-assemble into filaments (F-actin) forming 
polymer networks or bundle to form stress fibers. This 
dynamic behavior presides the generation and evolution of 
the mechanical force required by cell motility (Bonanno 
et al. 2023) Those forces enable forward protrusion of 
the cell as new actin subunits are added to the fronts of 
anchored filament bundles. These events are greatly influ-
enced by: i) the stiffness of the ECM; ii) the strength of the 
cohesive adhesion forces; iii) the relocation and recruit-
ment of integrin on the plasma membrane during advec-
tion (Serpelloni et al. 2020) and the interplay with growth 
factor receptors and other proteins in the ECM. In future 
research, we will focus on modeling the crosstalk between 
VEGFR2, �v�3 integrin (Ravelli et al. 2015) and eventually 
other co-receptors, including ve-Cadherin Carmeliet et al. 
(1999) and neuropilin Peach et al. (2018) in the angiogenic 
response during EC migration and proliferation.

A Nomenclature

Geometrical variables

– e⃗j with j ≤ n denotes the jth unit vector of the canoni-
cal basis for ℝn

– Ω(t) and ΩR denote the cell domain in current and 
reference configuration, respectively
– �Ω(t) and �ΩR denote the cell membrane domain in 
current and reference configuration, respectively
– P and PR denote a generic subpart of �Ω(t) and �ΩR , 
respectively
– n⃗ and n⃗R denote the binormal vector that identify 
the normal direction at a given place belonging to the 
advecting and referential surface, respectively
– 𝜏∥ and 𝜏⊥ denote the tangent and the outward normal 
unit vectors forming together with n⃗ the basis of the 
Frenet frame at a given place belonging to the advect-
ing cell surface
– s denotes the arc length measured on �P(t)
– gN denotes the minimum distance between a point on 
the cell membrane and the glass-made �slide

Operators

– The symbol div[ ] and ∇[ ] denote the divergence and 
gradient operators in current configuration
– The symbols Div[ ] and Grad[ ] denote the same oper-
ators in reference configuration
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– The symbols divP[ ] and ∇P[ ] denote, in current con-
figuration, the divergence and gradient projected opera-
tors on the subpart P of the surface �Ω(t) of an advect-
ing cell volume Ω(t)
– The symbols DivPR

[ ] and GradPR
[ ] denote the same 

operators in reference configuration
– The symbol ⋅ denotes the scalar product, either for 
vectors or for tensors ( double index contraction )
– The symbol d�

dt
 denotes the total derivative of a field � 

(scalar, vector, or tensor) with respect to time t, while ��
�t

 
denotes the partial derivative of a field � (scalar, vector, 
or tensor) with respect to time t
– The symbol |⋅|2 denotes the squared norm of a vector 
x⃗ or a tensor x

Variables and fields

Mechanical variables and fields

– F denotes the gradient strain tensor
– P denotes the first Piola–Kirchhoff stress tensor
– u⃗ denotes the displacement vector
– t⃗  denotes the surface force vector
– b⃗ denotes the body force vector
– J denotes the determinant of the gradient strain tensor
– pN denotes the normal component of a generic surface 
force vector

Mass transport variables and fields

– c� and c�R denote the concentration measure called 
molarity (moles per unit area) for the �-th species in 
current and reference configuration, respectively
– c0

βR
 denotes the initial concentration for the �-th spe-

cies
– cmax

β
 and cmax

βR
 denote the saturation limits for the �-th 

species in current and reference configuration, respec-
tively
– �� and �βR denote the effective concentration of the 
�-th species in current and reference configuration, 
respectively
– s� and sβR denote the mass supply rate of species � , 
the number of moles of species � per unit area per unit 
time in current and reference configuration, respectively
– w and w

R
 denote the reaction rate of a specific chemi-

cal reaction in current and reference configuration, 
respectively
– h⃗𝛽 and h⃗βR denote the mass flux of species � , i.e., the 
number of moles of species � per unit line per unit time in 
current and reference configuration, respectively

Other variables and fields

– t denotes time
– T  denotes the absolute temperature
– � and �R denote the kinetic "parameter" in current and 
reference configuration, respectively

Constants and parameters

– CA denotes the contact area between the cell membrane 
and the glass-made �slide
– R denotes the universal gas constant
– kf  and kfR denote the forward “constants” of a specific 
chemical reaction in current and reference configuration
– kb and kbR denote the backward “constants” of a specific 
chemical reaction in current and reference configuration
– K

eq
 denotes the equilibrium constant of a specific chem-

ical reaction
– ΔG0 denotes the standard Gibbs free energy of reaction
– �chem denotes chemical length-scale that tunes the 
amount of available ligands to the gap gN
– cav

LR
 denotes the maximum amount of available ligands 

on the cell membrane
– D| R denotes the diffusivity of Vascular Endothelial 
Growth Factor Receptor 2 (VEGFR2)
– � denotes the bulk modulus
– G denotes the shear modulus
– �rl denotes the minimum concentration of receptors and 
ligands at a location on the cell membrane

B Materials and methods

B.1 The in vitro protocol

Cell cultures - Human umbilical vein endothelial cells 
(HUVECs) were grown in M199 medium (Gibco, Life 
Technologies, Grand Island, NY) enriched with 20% fetal 
calf serum (FCS, Gibco, Life Technologies), EC supple-
ment (100 mg/mL) (Sigma Chemical Co., St. Louis, MO) 
and porcine heparin (Sigma) (50 �g/mL). HUVECs were 
used at early passages (I-IV) and grown on plastic surfaces 
coated with porcine gelatin (Sigma). Fetal bovine aortic 
endothelial GM7373 cells were grown in Dulbecco’s mod-
ified Eagle medium (DMEM, Gibco, Life Technologies) 
containing 10% FCS, vitamins, essential and non-essential 
amino acids. GM7373 cells were transfected using poly-
ethylenimine (PEI) with pcDNA3/Enhanced Yellow Fluo-
rescent Protein (EYFP) vector harboring the extracellular 
domain of murine VEGFR2 (ECD-VEGFR2) cDNA (pro-
vided by K. Ballmer-Hofer, PSI, Villigen, Switzerland).
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Cell adhesion assay - Glass coverslips were coated 
with gremlin (2 mg/mL), fibrinogen (FG) (2 mg/mL) or 
Poly-L-Lysine (Poly-L) (10 mg/mL) overnight at 4 o C. 
Rat gremlin was produced as described in Mitola et al. 
(2022). ECs (75.000/cm2 in medium containing 1% FCS) 
were allowed to adhere to the coverslips for 2 h. Cells 
were observed under an inverted photomicroscope and 
phase-contrast snap photographs were digitally recorded 
for 2 h. Afterward, cells were fixed with paraformaldehyde 
4% (PAF) and the F-actin network was stained with Alex-
aFluor594-Phalloidin and analyzed using a Zeiss Axiovert 
200 M epifluorescence microscope equipped with a Plan-
Apochromat 63x/1.4 NA oil objective and ApoTome sys-
tem. Adhesion area was measured using ImageJ software.

The analysis of the cell adhesion area was made by 
manually drawing the area of a single cell in contact with 
the coverslip surface using ImageJ measurement tool 
(https://​imagej.​nih.​gov/​ij/​downl​oad.​html). For fibrinogen 
(FG) and poly-l-lysine, 40–60 cells were analyzed in each 
sample. For cells in suspension, images were acquired 
above the coverslip plane and again the cell area was 
calculated by drawing the contours of the cells. Samples 
were analyzed for statistical significance using unpaired 
two-tailed t test. One asterisk means P < 0.05 , while four 
asterisks mean P < 0.0001 . The error bars represent the 
Standard Error of Mean.

VEGFR2 relocation assay - Enhanced yellow fluores-
cent protein (EYFP)-tagged extracellular domain (ECD) of 
VEGFR2 (ECD-VEGFR2-EYFP) expressing GM7373 cells 
were cultured on coverslips. Coverslips were then flipped on 
gremlin or fibrinogen (FG)-coated microslides and analyzed 
for 120 min. Z-stack images in time lapse were recorded 
using a Zeiss Axiovert 200 epifluorescence microscope 
equipped with a Plan-Apochromat 63×/1.4 NA oil objective 
and ApoTome system. Images in Fig. 4 show ECD-VEGFR2-
EYFP distribution at the basal portion of cells in contact with 
the FG- or gremlin-coated surface at 30 min, cell orthogonal 
z reconstructions, and 3D reconstructions. Graph in Fig. 5 
represents the quantification of normalized fluorescence of 
ECD-VEGFR2-EYFP on fibrinogen- (orange line) or gremlin-
coated (blue line) surfaces during cell adhesion. Data represent 
the mean of 6 different cells Ravelli et al. (2015).
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