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Substrate stiffness reduces particle uptake by
epithelial cells and macrophages in a size-
dependent manner through mechanoregulation†
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Cells continuously exert forces on their environment and respond to changes in mechanical forces by

altering their behaviour. Many pathologies such as cancer and fibrosis are hallmarked by dysregulation in

the extracellular matrix, driving aberrant behaviour through mechanotransduction pathways. We demon-

strate that substrate stiffness can be used to regulate cellular endocytosis of particles in a size-dependent

fashion. Culture of A549 epithelial cells and J774A.1 macrophages on polystyrene/glass (stiff ) and polydi-

methylsiloxane (soft) substrates indicated that particle uptake is increased up to six times for A549 and

two times for macrophages when cells are grown in softer environments. Furthermore, we altered surface

characteristics through the attachment of submicron-sized particles as a method to locally engineer sub-

strate stiffness and topography to investigate the biomechanical changes which occurred within adherent

epithelial cells, i.e. characterization of A549 cell spreading and focal adhesion maturation. Consequently,

decreasing substrate rigidity and particle-based topography led to a reduction of focal adhesion size.

Moreover, expression levels of Yes-associated protein were found to correlate with the degree of particle

endocytosis. A thorough appreciation of the mechanical cues may lead to improved solutions to optimize

nanomedicine approaches for treatment of cancer and other diseases with abnormal mechanosignalling.

Introduction

Physical cues within the cellular microenvironment play a vital
role in defining cellular behaviour through the regulation of
processes such as proliferation and differentiation through
mechanotransduction.1 The interplay between the physical
niche and cell behaviour is a prominent feature in develop-
ment as well as in ageing, inflammation and cancer.2–4

Mimicking mechanobiological cues can recapitulate features
present during tissue development as well as improving host
integration of medical devices.5,6 Designing new material
interfaces and systems to synergise and exploit mechanical
cues is emerging as a powerful approach to modulate biologi-
cal responses.

To date, a considerable effort has been spent trying to
characterize the physicochemical properties of engineered
nanomaterials in order to understand their interaction with
cells, tissues and organisms.7 Features such as particle size,
shape, surface chemistry are commonly cited as key properties
that govern particle behaviour, cellular interactions and endo-
cytosis. Despite this, predicting cellular endocytosis remains
an ongoing challenge, hindering effective use of nanoparticles
for medical applications. Increasingly, the mechanical
response of nanoparticles is being shown to be a relevant para-
meter in influencing internalization.8,9 Particle rigidity has
been shown theoretically and empirically to impact the ability
of a particle to enter a cell, with stiffer particles often being
favoured.10–12

Part of the reason for the discrepancy between in vitro and
in vivo exposure is because the interaction between nano-
particles and cells is not wholly dependent on particle physico-
chemical properties. Huang et al. demonstrated that by cultur-
ing cells on substrates with different stiffness, they could
exhibit different degrees of particle uptake, with stiffer sub-
strates promoting spreading and internalisation.13 As cells can
respond differently to stiffness cues, characterising their
impact on uptake is critical for improving nanoparticle-based
therapy approaches. Moreover, cancer cells exhibit different
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mechanical properties associated with their metastatic poten-
tial and are a major clinical target.14,15

(Nano)particles offer a unique approach to designing novel
biomaterial interfaces as they themselves generate physical
cues that can impact cell behaviour.16,17 These surfaces
possess their own local stiffness and topographical cues that
can alter cellular mechanotransduction.12,18 It is worth noting
that suspended particles can adsorb non-specifically to sur-
faces and cell membranes, generating additional inter-
actions.19 As particles attach to various surfaces, they can
create texture and roughness that influences cell adhesion and
behaviour. Furthermore, the topographical cues generated by
the particles themselves can promote local endocytosis at the
surface interface.20–22 Understanding how substrate character-
istics, particle–surface and particle–cell interactions can alter
cell behaviour is critical to predicting and directing uptake.

Building upon the idea that the mechanical properties of
the cell substrate influence phenotype and that the properties
of particles influences particle endocytosis, we asked how
mechanical cues from the cell environment consequently
influence endocytosis of particles in suspension and whether
any size-dependent effects would be present. In order to
pursue this reasoning, we compared particle uptake for cells
cultured on stiff standard tissue culture polystyrene (TCPS) to
more compliant substrates based on polydimethylsiloxane
(PDMS). Entry of particles into a cell is dependent on size and
receptor interactions, with larger particles are mainly interna-
lised by either phagocytosis or macropinocytosis.7 Non-phago-
cytic alveolar lung epithelial cells (A549) and phagocytic
murine macrophages (J774A.1) cells were exposed to 120 nm
and 360 nm silica particles to assess how mechanical cues
affected uptake. Moreover, particles can also attach to surfaces
and alter cell adhesion and uptake by changing the physical
environment of the cell.12,18 Mechanoregulation of particle
uptake arising from stiffness and topographical cues was eval-
uated by assembling hard silica particles on top of softer
PDMS surfaces. Examination of the mechanoregulatory
network from focal adhesion and cell spreading characteristics
to Yes-associated protein (YAP) expression has allowed a
clearer map of how physical cues from the cell microenvi-
ronment can modulate internalization of particles. We show
that increasing mechanical complexity by simultaneously pro-
viding different types of physical cues such as substrate
stiffness and particle-based topography can be used to derive
insight into particle–cell interactions. This understanding of
how the physical cues shape cell behaviour can be used to
design better predictive models for characterization of par-
ticle–cell interactions.

Results and discussion

Herein, the role of substrate stiffness on size-dependent par-
ticle endocytosis was determined by exposing two distinct cell
types (A549 and J774A.1) to 120 nm and 360 nm silica par-
ticles. Mechanical cues can modulate various cell behaviours,

including the interactions between particles and cells as well
as subsequent internalization. As physiological cell environ-
ments differ significantly from standard in vitro culture con-
ditions, it is imperative to more closely mimic the biophysical
properties of tissues in situ in order to obtain a more accurate
understanding. Cells were cultured on rigid standard cell
culture materials such as TCPS and glass, which possess
Young’s moduli in the gigapascal range, and on softer PDMS,
which can be tuned to exhibit a range of stiffness values from
several kilopascals to a few megapascals. We have observed
that particles in suspension can attach to biomaterial surfaces
to form a layer and consequently give rise to localised inter-
actions such as alterations to adhesion and particle
clearance.12,18 To be able to differentiate between particles in
suspension and substrate adsorbed particles following intern-
alization, two different fluorophores were used to label syn-
thesised silica. For particles added in suspension, Cyanine5
(Cy5) was selected, while for particles used to decorate the
PDMS, BODIPY (BDP) was chosen as both fluorophores had
been shown to be suitable for cell experiments.23

Mechanical regulation of particle endocytosis was examined
on stiff (TCPS), intermediate (PDMS 10 : 1) and soft (PDMS
40 : 1) substrates. In order to understand whether mechanore-
gulation affected all particles equally or showed size-depen-
dent effects, two particle sizes were chosen (Fig. 1a). Particle
characteristics such as morphology, size and size distribution
for silica particles were characterised by transmission electron
microscopy (TEM): Cy5-small (dTEM = 120 nm), Cy5-large (dTEM
= 360 nm) and BDP (dTEM = 420 nm) (Fig. 1b and c, and S1a
and b, ESI†). Hydrodynamic diameter was assessed through
dynamic light scattering (DLS) in ultrapure water as a dilute
suspension. Measurements performed in ultrapure water
yielded hydrodynamic diameters for Cy5-small (dDLS =
145 nm), Cy5-large (dDLS = 360 nm) and BDP (dDLS = 420 nm).
Resultant sizes were congruent with sizes obtained from
imaging. Zeta potential analysis was conducted in ultrapure
water with dilute suspensions with all particles exhibiting
strongly negative zeta potential values, reflecting the presence
of surface silanol groups (Table S1, ESI†).24

Colloidal stability of silica particles added to cells was
assessed in serum supplemented cell culture medium at 37 °C by
DLS. Hydrodynamic size was determined at 0 h and 6 h for Cy5-
small and Cy5-large silica particles with no substantial changes in
apparent size noted as would be expected for aggregation pro-
cesses (Fig. 1b and c and Fig. S2†). Silica particles remain dis-
persed in complex cell culture medium due to the formation of
the protein corona which helps maintain colloidal stability.25,26

To examine the impact of substrate stiffness on cellular
endocytosis, cells were grown in a standard 6-well cell culture
plate and compared to cells grown on PDMS 10 : 1 and PDMS
40 : 1. PDMS is a commonly utilised material for altering cell
behaviour as a function of stiffness and offers excellent optical
properties, stability and stretchability for dynamic culture
systems.27–30 The Young’s modulus of formulated PDMS was
determined by creating tensile samples followed by elongation
under uniaxial tension until break. As the amount of curing
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agent was reduced, the Young’s modulus was found to decrease
from 2.7 MPa to 130 kPa while the strain to break increased
from 0.9 to 2.1 (Fig. S3, ESI†). This lower Young’s modulus is
closer to the mechanical response of physiological tissue than
that of standard tissue culture plastic which is typically in the
range of 1 GPa.31 Furthermore, the Young’s modulus of tissues
in lung fibrosis and cancer are approximately 100 kPa.32,33

PDMS surfaces were rendered better suited to cell culture
by first coating them with fibronectin, a commonly found
protein in native extracellular matrix.34 As shown by Toworfe
et al., plasma activation of PDMS can improve fibronectin

adhesion and support cell growth for up to 72 hours.35 Surface
water contact angle measurements were performed in order to
assess the potential impact of hydrophobicity on cell behav-
iour. In comparison to sterile glass, fibronectin-coated PDMS
(10 : 1, 40 : 1) had markedly higher hydrophobicity, 43° com-
pared with 92° and 103°, respectively (Fig. S4, ESI†). The bio-
compatibility of the substrates was examined for both A549
and J774A.1 in contact with culture surfaces and with particles
in suspension at 20 μg mL−1. No cytotoxic effects were
measured based on release of lactate dehydrogenase as a
result of compromised membrane integrity (Fig. S5, ESI†).

Fig. 1 (A) Schematic representation of the influence of substrate stiffness on cell endocytosis of 120 nm and 360 nm Cy5-labelled silica particles.
Cell spreading and focal adhesion maturation on tissue culture polystyrene is abrogated when cultures are performed on softer fibronectin-coated
PDMS 10 : 1 and fibronectin-coated PDMS 40 : 1. Increased internalization of particles was observed for cells on more mechanically compliant sub-
strates. (B) Transmission electron micrograph of silica nanoparticles (dTEM = 120 nm). Corrected time course dynamic light scattering measurements
performed in water and supplemented RPMI at 0 h and 6 h indicate particle stability. (C) Transmission electron micrograph of silica particles (dTEM =
360 nm). Corrected time course dynamic light scattering measurements performed in water and supplemented RPMI at 0 h and 6 h indicate no par-
ticle aggregation. Scale bars represent 2 μm.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2022 Nanoscale, 2022, 14, 15141–15155 | 15143

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 8

/2
/2

02
5 

4:
43

:5
9 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr03792k


The role of mechanical properties of the cell substrates in
the regulation of cell behaviour remains an overlooked aspect
of nanoparticle endocytosis. Recent studies have indicated
that mechanical priming can have profound consequences for
particle interactions and uptake.12,13,36–38 Generally, it had
been observed that particle uptake was greater on stiffer sub-
strates, whereby cells exhibited greater cell spreading and
therefore a greater area through which particles could be inter-
nalized. It was noted that although particle uptake increased
in the cells, the area normalised membrane flux was decreased
as a consequence of higher membrane tension.13 In addition
to membrane tension, it has been argued that cell spreading
and the resultant traction force generation increases the cell
stress state which opposes particle uptake.37 In this biophysi-
cal model for cellular control of endocytosis, by altering cell
stress state, greater cellular uptake can be generated as mem-
brane tension can be lowered while also increasing the
exposed surface area of the cell. Learning how cell mechanics
influence endocytosis can lead to novel approaches for opti-
mizing particle–cell interactions.39 We explore how spreading
may impact the mechanoregulation of endocytosis in both
phagocytic and non-phagocytic cells. Furthermore, we high-
light a possible biological mechanism by which cells are able
to integrate information related to cell spreading and stress
state to regulate endocytic activity.

The impact of culture substrate stiffness on particle endocy-
tosis was assessed in two distinct cell types, A549 and J774A.1
were seeded on substrates with differing mechanical pro-
perties (namely: glass, fibronectin-coated PDMS 10 : 1 on glass
and fibronectin-coated PDMS 40 : 1 on glass). A549 are one of
the most commonly used cell lines used in assessing particle
interactions, while J774A.1 display key characteristics of macro-
phages such as phagocytosis.23,25 Previous reports have high-
lighted how mechanical properties can influence a number of
cell behaviours.28,40,41 However, how substrate rigidity influ-
ences the interaction of cells with particles has been largely
overlooked. By characterising the stiffness-dependent endocy-
tic activity in these cells, an appreciation for cell-dependent
behaviour which is mechanically contextualised, such as for
cancer tissue, can be developed.

Adhesion of cells to a surface and their ability to spread was
determined through phase contrast microscopy and fluo-
rescence microscopy (Fig. 2a and b and Fig. S6, ESI†).
Visualization of cell morphology by fluorescence microscopy
was performed on identically prepared surfaces with the re-
placement of tissue culture plastic with sterile glass. Cell area
was determined by staining F-actin which is a vital part of the
cell cytoskeletal architecture and can reflect changes in
mechanotransduction.42 When A549 cells were cultured on
substrates with differing stiffness, mean cell area decreased
from 1560 μm2 on glass to 1140 μm2 on PDMS 10 : 1 and
1050 μm2 on PDMS 40 : 1 (Fig. 2b and Table S2, ESI†). The
reduction in cell surface area was accompanied by an increase
in the aspect ratio from 1.4 to 1.6, indicating that cell spread-
ing was restricted, resulting in spindle-like cell morphology
(Fig. 2c).

Substrate stiffness influence on endocytosis was deter-
mined by measuring the median fluorescence intensity (MFI)
of A549 cultured on TCPS or fibronectin-coated PDMS 10 : 1
and 40 : 1 following exposure to Cy5-labelled 120 nm and
360 nm silica particles at a concentration of 20 μg mL−1 for six
hours. Increasing particle internalization is expected to result
in a proportional increase in fluorescence intensity. MFI was
higher for cells cultured on softer PDMS substrates than on
TCPS indicating more particle endocytosis in soft environ-
ments (Fig. 2d). Stiffness-dependent uptake was strongly corre-
lated with particle size as smaller particles (120 nm) exhibited
a 5.7-fold and 6.5-fold increase in MFI for PDMS 10 : 1 and
40 : 1, respectively. In contrast, while uptake of larger particles
(360 nm) was also increased on soft substrates, the increase in
MFI was only approximately 2.4-fold for PDMS 10 : 1 and 40 : 1.
Differences observed in the uptake preferences of A549 indi-
cate that substrate rigidity influences cell behaviour with
softer environments resulting in increased particle endocyto-
sis. Concordantly, Williams et al. had also found that particle
uptake was enhanced in A549 when they were cultured on soft
polyurethane substrates compared with stiffer membrane sub-
strates and polyester transwell inserts, both submerged and at
air–liquid interface conditions.43 Unlike previous work by Wei
et al., A549 cells were found to have more particle uptake on
soft rather than stiff substrates.38 It is worth noting that the
areal differences characterised by both Huang et al. and Wei
et al. are more than three times greater on stiff substrates than
on soft substrates.13,38 This marked difference in cell area may
explain why cell spreading induced by substrate stiffness has a
stronger impact on particle uptake which increases with
surface rigidity. While we observe differences in cell spreading,
the distinction is less pronounced with stiff surfaces resulting
in cells with an area which is only 1.5 times larger than soft
surfaces. Upon examining the role of cell stress state on cellu-
lar uptake, Wei et al. identified that increased traction force
and physical cell stress associated with cell spreading inhibit
endocytosis.37 Accordingly, changes to cell stress state may be
exerting a dominant effect over cell area in facilitating the
increase in particle uptake on softer surfaces.

Unlike non-phagocytic A549, phagocytic J774A.1 macro-
phages showed greater spreading on intermediate (PDMS
10 : 1, 648 μm2) substrates than on stiff (glass, 378 μm2) and
soft (PDMS 40 : 1, 562 μm2) surfaces (Fig. 2f and Table S3,
ESI†). However, there was no difference in the cell aspect ratio
across the surfaces. Notably, human macrophages have been
shown to exhibit biphasic spreading behaviour on differently
stiff substrates and this may reflect the roles of macrophages
in mechanically distinct environments which provide cues to
guide adhesion and migration behaviour.44 In accordance with
literature, culture of cells on softer substrates reduces spread-
ing area of both A549 cells and can modulate macrophage
spreading.27,45 Differences in internalisation behaviour
between A549 and J774A.1 reflect cell-dependent proclivities
towards particle uptake. As a macrophage, J774A.1 are pro-
fessional phagocytic cells and normally participate in removal
of foreign material and debris, explaining the difference in
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Fig. 2 Effect of substrate stiffness on cell morphology imaged by confocal laser scanning microscopy. Nuclei labelled in cyan and F-actin labelled
in magenta. Scale bars represent 100 μm. (A) A549 attachment to glass, PDMS 10 : 1 and PDMS 40 : 1 following 24 hours of culture. (B) Cell area of
A549 cultured on different substrates. (C) Aspect ratio of A549 cultured on mechanically distinct substrates. (D) Median fluorescence intensity of
A549 cells upon exposure to fluorescent silica particles (120 nm and 360 nm) at a concentration of 20 μg mL−1 for six hours (E) light microscope
images of J774A.1 cells showing their attachment and spreading on various surfaces. (F) Quantification of J774A.1 cell area on different substrates,
(G) quantification of J774A.1 aspect ratio on different substrates. (H) Median fluorescent intensity of J774A.1 reflecting particle uptake via flow cyto-
metry. All experiments performed with three biological replicates. Statistical significance determined by one-way ANOVA with Tukey’s test, *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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clearance behaviour with more uptake in J774A.1 than in
A549.25

Particle uptake was also observed to be determined by sub-
strate, with a doubling of MFI values for J774A.1 when cultured
on softer PDMS for both 120 nm and 360 nm silica particles.
The similar fold change in MFI values for both 120 nm and
360 nm particles suggests that mechanical effects are not size
selective for macrophages. As a professional phagocyte,
J774A.1 macrophage cells had higher MFI values than epi-
thelial A549 due to an increased proclivity towards particle
internalization.25 Dissimilarly to A549, J774A.1 cells show no
clear correlation between cell spreading and particle uptake,
indicating that cell area is not the main contributor controlling
their ability to internalize particles. Substrate stiffness has
been shown to be able to co-regulate macrophage activity
alongside soluble factors.46 Patel et al. showed that
RAW264.7 macrophages phagocytose more 2 μm IgG-coated
latex beads when cultured on stiff gels. Conversely, Sridharan
et al. found that THP-1 phagocytosed 1 μm fluorescent carbox-
ylate-modified latex beads with the greatest efficiency on inter-
mediate stiffness (88 kPa) gels. Summarily, while signalling
based on the mechanical properties of the substrate material
appear to be important regulators of particle uptake in macro-
phages, additional factors, such as polarization and phenotype

are likely to be important considerations in governing
internalization.

In our previous work, we had demonstrated that particles
could adhere to surfaces and exert a local mechanoregulatory
effect on cells.12,18 Particles adsorbed onto a surface could be
removed by cells and internalised in an actin-dependent
manner between 12 and 24 hours of contact. The uptake of
these surface particles is thought to occur through ventral or
basolateral forces exerted by the cell.18,47 Under physiological
conditions, particles can adsorb to surfaces as well as com-
ponents of the extracellular matrix. This attachment can lead to
new interactions between particles and cells. Moreover, the par-
ticles can provide physical and topographical cues which can
alter how cells subsequently interact with particles in their
environment through co-exposure and competitive uptake. To
understand the impact of the assembly of hard particles on a
soft surface on mechanoregulation of endocytosis and whether
co-exposure would highlight differences in uptake, we
assembled negatively-charged silica particles on top of ami-
nated PDMS surfaces (Fig. 3a, Table S1 ESI†). BDP-labelled
silica was used, as a fluorophore with good discrimination
against Cy5-labelled silica particles administered in suspension,
to fabricate the particle-decorated surface (PD) by utilizing
electrostatic interactions between negatively charged particles

Fig. 3 (A) Schematic depicting uptake of small (120 nm) and large (360 nm) Cy5-labelled silica particles by A549 on particle-decorated substrates
to assess the influence of particle-generated topography on particle internalisation in a competition co-exposure system. Particle-decorated sub-
strates consist of 420 nm BDP-labelled silica electrostatically adsorbed to APTES-modified PDMS 10 : 1 (10 : 1 + PD) and APTES-modified PDMS
40 : 1 (40 : 1 + PD). (B) Transmission electron microscope image of silica particles (dTEM = 420 nm) used to form the particle-decorated (PD). (C)
Schematic of PDMS surface functionalization with 3-aminopropyltriethyoxysilane (APTES) to facilitate adsorption of negatively charged silica par-
ticles. (D) Scanning electron microscope image of PDMS 10 : 1 and PDMS 40 : 1 treated with APTES and decorated with silica particles (dTEM =
420 nm) to form a particle-decorated surface. Scale bar represents 2 μm.
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and positively charged (3-aminopropyl)triethoxysilane (APTES),
resulting in a layer of silica particles attached on top of APTES-
functionalised PDMS (Fig. 3b and c). The chemical modification
of the surface with amines facilitated a more uniformly charged
surface for controlled particle attachment, unlike proteins such
as fibronectin which display variable surface chemistry as deter-
mined by the amino acid sequence.48 Particle-decorated sur-
faces were visualised by scanning electron microscopy, showing
that the production of a dense arrangement of particles in a
monolayer configuration (Fig. 3d). By using BDP-labelled silica
for the particle-decorated surface and Cy5-labelled silica for sus-
pension, potential preferences between basal and apical uptake
could be determined as well as changes in suspension-based
uptake following signalling arising due to the effect of adsorp-
tion of particles to a surface and topography generation.

Cells were able to attach and adhere to particle-decorated
(PD) modified PDMS surfaces consisting of 420 nm BDP-
labelled silica particles which are electrostatically assembled
on APTES-modified PDMS with a curing ratio of 10 : 1 or 40 : 1
(Fig. 4a and b and Fig. S7, ESI†). Over the culture period, little
to no internalization of the surface particles was noted, with
background fluorescence values similar for cells cultured on
fibronectin-coated PDMS (Fig. S8, ESI†). The limited ability of
cells to clear electrostatically adsorbed particles is indicative
that substrate properties likely play an important role in
particle–surface interactions and surface-mediated clear-
ance.12,18,49 Spreading of A549 on particle-decorated surfaces
(10 : 1 + PD, 40 : 1 + PD) is notably reduced compared with
fibronectin-coated PDMS and glass with the mean cell spread-
ing area being 800 μm2 for 10 : 1 + PD and 920 μm2 for 40 : 1 +
PD (Table S4, ESI†). In addition, cells display an increase in
aspect ratio from 1.4 on glass to 1.7 on particle-decorated sur-
faces. As observed between human monocyte-derived macro-
phages (hMDMs) and a poly(N-isopropylacrylamide) (pNIPAM)
particle-decorated surface assembled with the aid of APTES,
minimal surface removal was present.12 Cell spreading on par-
ticle-decorated surfaces was notably decreased which suggests

that surface properties influence physical regulation of cell
morphology.

Particle uptake for 120 nm and 360 nm Cy5-labelled silica
were determined for A549 cultured on TCPS, 420 nm BDP-
labelled silica particles on APTES–PDMS 10 : 1 (10 : 1 + PD)
and 420 nm BDP-labelled silica particles on APTES–PDMS
40 : 1 (40 : 1 + PD) (Fig. 4c). Internalization of 120 nm silica
particles increased 1.8-fold and 2.6-fold for 10 : 1 + PD and
40 : 1 + PD, respectively. Similarly, for 360 nm silica particles,
MFI was higher by 1.7-fold and 2.3-fold on 10 : 1 + PD and
40 : 1 + PD substrates than on TCPS. The addition of hard
silica particles to the surface of PDMS 10 : 1 and PDMS 40 : 1 is
shown to attenuate the increase in particle internalization.
Consequently, the contributions of particles to the local topo-
graphy of the substrate are sufficient to give rise to a different
cell stress state. The relative reduction in particle uptake
between PDMS and particle-decorated PDMS suggests that the
particles are partially shielding the softness of the underlying
surface. Additional cues provided by particle topography may
also contribute to the observed response. Although not directly
assessed within the current study, the possibility of uptake
competition between the apical and basal surfaces may lead to
additional interactions that confer salient mechanical cues
towards consequent cell decision making.

As an additional means of understanding substrate-
induced changes in particle endocytosis, fluorescence inten-
sity values obtained from flow cytometry experiments were nor-
malised against cell spreading on each substrate (Fig. S9†).
From Wei et al., cell stress increases with substrate stress.37

Following normalisation, our results indicate that for both
A549 and J774, particle uptake increases with decreasing sub-
strate stiffness and cell stress. A549 show a greater increase in
particle uptake for 120 nm sized particles, while for 360 nm
sized particles, the increase was similar across substrates.
Contrastingly, uptake in J774 showed a tendency to increase
with decreasing substrate stiffness without significant size-
dependent behaviour. Together, these results are indicative

Fig. 4 (A) Light microscope image depicting A549 spreading on PDMS 10 : 1 decorated with silica particles. (B) A549 spreading on silica decorated
PDMS 40 : 1. F-actin labelled in magenta, nuclei labelled in cyan and silica particle-decorated PDMS (BDP, 420 nm) in green. Scale bar represents
100 μm. (C) Median fluorescence intensity of A549 cultured on silica decorated PDMS showing uptake of Cy5-labelled silica 120 nm and 360 nm
exposed for 6 h at 20 μg mL−1. Data expressed as mean + standard error of the mean. Statistical significance determined by one-way ANOVA with
Tukey post hoc test for multiple comparisons. *p < 0.05.
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that decreasing substrate stiffness and likely cell stress are
related to the observed changes in endocytosis in both cell
types.13,37 Interestingly, particle rigidity has been found to
modulate lysosomal processing time, and it has been postu-
lated that mechanical reciprocity would lead more deformable
cells which can favour uptake of particles.50 The sensitivity of
cells to both particle and substrate stiffness may be suggestive
of convergent or overlapping cellular pathways linking the
physical environment and cues to mechanoresponsive output.

Mechanical cues present in the cellular microenvironment
are sensed by a number of pathways and include the formation
of focal adhesion plaques. Focal adhesions are complex assem-
blies of proteins which allow the cell to exert traction forces
and participate in conveying substrate mechanical properties
such as compliance to direct cell activity.42 Visualization of
focal adhesions is typically achieved by immunolabelling of
marker proteins such as paxillin.51 The area and length of the
resultant focal adhesion plaques was reduced in A549 cultured
on intermediate and soft substrates from 1.6 μm2 on glass to
1.3 μm2 and 1.5 μm2 on PDMS 10 : 1 and PDMS 40 : 1, respect-
ively (Fig. 5a–c and f, Table 1 and Table S4, ESI†). Focal
adhesion size is also reduced on particle-decorated surfaces;
1.4 μm2 and 1.0 μm2 for 10 : 1 + PD and 40 : 1 + PD respectively
(Fig. 5d–f ). In contrast with previous particle-decorated sur-

faces, the assembly of 420 nm silica particles on aminated
PDMS does not promote the maturation and enlargement of
focal adhesion structures.18 Arguably, the softer surface under-
lying the particles should hinder the development of traction
forces through mechanical relaxation, leading to mixed
surface mechanical characteristics. Curiously, when cultured
on particle-decorated surfaces, the aspect ratio of focal adhe-
sions was determined to have increased from 1.66 on PDMS
10 : 1 to 1.71 on PDMS 10 : 1 + PD and from 1.62 on PDMS
40 : 1 to 1.76 on PDMS 40 : 1 + PD (ESI Table S4†). Despite pos-
sessing a smaller total area, the higher aspect ratio focal
adhesion plaques present on particle-decorated surfaces
suggest that topography associated with the substrate helps to
induce filopodal and lamellipodal formation.

Fig. 5 Effect of substrate stiffness and topography on formation of focal adhesion plaques as determined by paxillin labelling and visualization by
confocal laser scanning microscopy. A549 on (A) glass, (B) PDMS 10 : 1, (C) PDMS 40 : 1, (D) PDMS 10 : 1 + PD, (E) PDMS 40 : 1 + PD. F-actin labelled
in magenta while paxillin is labelled with rabbit anti-paxillin and goat anti-rabbit IgG conjugated with AlexaFluor 555 in yellow. Scale bar represents
50 μm. (F) Paxillin area assessed over n > 100 cells over three biological replicates. Data expressed as mean + sem. Statistical analysis performed
using a one-way ANOVAwith Tukey’s post hoc test, *****p < 0.0001. PD – particle-decorated surface.

Table 1 Summary of focal adhesion characteristics for A549 cultured
on different surfaces for 24 h

Area (μm2) Length (μm) Aspect ratio No. cells

Glass 1.62 ± 0.02 1.89 ± 0.01 1.69 172
10 : 1 1.26 ± 0.02 1.66 ± 0.02 1.66 113
40 : 1 1.47 ± 0.02 1.77 ± 0.01 1.62 135
10 : 1 + PD 1.40 ± 0.04 1.81 ± 0.03 1.71 122
40 : 1 + PD 0.99 ± 0.02 1.47 ± 0.02 1.76 130
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Emerging evidence suggests that mechanoregulation of par-
ticle uptake primarily occurs through changes in clathrin and
caveolae-mediated endocytosis.38 A549 are able to internalize
particles through clathrin and caveolae-mediated pathways as
well as macropinocytosis while also being able to exert strong
traction forces.18,52 Moreover, A549 exhibit stiffness-dependent
focal adhesion maturation and cell spreading as well as YAP
expression to facilitate a better understanding of the relation-
ship between mechanoregulatory networks and
endocytosis.28,53 YAP appears to regulate cytoskeletal
dynamics, acting downstream of changes in integrin and focal
adhesion assembly, as well as in cadherin and Wnt
signalling.54,55 Recent work has indicated that YAP has been
shown to exert transcriptional control over caveolin and pro-
vides a potential link between mechanosensing of physical
cues such as stiffness and topography through integrin/
adhesion machinery and mechanoregulation of endocytosis.56

YAP expression was assayed by western blot to determine if
there is a correlation with substrate-induced changes in endo-
cytosis. Expression of YAP was found to be significantly upre-
gulated on PDMS 10 : 1 and PDMS 40 : 1 with an increase of
1.9-fold and 2.2-fold, respectively (Fig. 6). In comparison,
the increase in YAP expression was found to be marginally
greater at 1.4-fold and 1.7-fold for PDMS 10 : 1 + PD and PDMS
40 : 1 + PD. Remarkably, the expression pattern of YAP in cells
on different substrates mirrors the pattern of endocytosis of
small particles with the greatest upregulation of expression
occurring on PDMS 10 : 1 and PDMS 40 : 1. Moreover, a
similar pattern is also observed for the particle-decorated sur-
faces. The positive correlation between YAP expression and
endocytic trends is suggestive that the mechanosensitivity of
YAP facilitates mechanically-driven regulation of endocytosis
and particle uptake. As YAP/TAZ are essential for the
expression of CAVIN1 and CAVEOLIN1, it provides a potential
link between mechanosensing and regulation of endocytic
machinery.57,58

YAP is an important signalling component in the Hippo
pathway and is responsive to changes in the physical micro-
environment.54 Signalling of mechanical information to the
cell is mediated by cellular structures such as focal adhesions,
caveolae and clathrin-coated pits which respond to cell and
membrane stress. Observed alterations in focal adhesion size
and morphology arising from the stiffness and topography of
the substrate are expected to alter mechanobiological
signaling.59,60 YAP is able to respond to changes in cytoskeletal
stress associated with focal adhesion maturation and can exert
feedback actions by regulating their assembly and turnover.61

In a monolayer wound model, Mason et al. detected an
increase in total YAP expression in migrating cells ahead of the
wound edge.62 Similarly, depletion of YAP reduced the ability
of cells to persistently migrate as well as increasing cell stress
which was accompanied by maturation and stabilization of
larger focal adhesions. Notably, overexpression of YAP in cells
on soft substrates would be explain the observed reduction in
focal adhesions and a reduced cell stress state that would
promote endocytosis consistent with observations by Wei
et al.37

In addition to its role in cytoskeletal feedback and turnover
dynamics related to focal adhesion and actin filament assem-
bly, YAP may also interact with key endocytic components such
as clathrin and caveolin. Clathrin mediates the endocytosis of
many particles and the lifetime of clathrin structures on the
cell membrane is influenced by membrane tension and cell
spreading.63 Under conditions where membrane and cell
tension is high, clathrin-coated pits exhibited shorter life-
times, which was attributed to abortive assembly and turnover.
Caveolin-1 has also been demonstrated to be involved in facili-
tating nanoparticle internalization as well as regulating YAP
mechanotransduction.64,65 The transcriptional control of
caveolin-1 expression and its negative feedback actions on YAP
highlight an additional mechanism through which substrate
stiffness may modulate endocytic activity. Additionally, YAP

Fig. 6 Evaluation of YAP expression in A549 cells cultured for 24 hours on substrates with different stiffness and topography. (A) Bands obtained
from western blot for YAP and GAPDH. GAPDH used as a loading control. (B) Fold change in YAP expression expressed as mean + standard error of
the mean from three biologically independent replicates. Statistical significance determined by one-way ANOVA with Tukey’s post hoc test. *p <
0.05, **p < 0.01, ***p < 0.001. TCPS – tissue cell culture plastic. PD – particle-decorated.
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can also promote macropinocytosis for the entry of larger par-
ticles.58 Interestingly, Wei et al. showed in a western blot ana-
lysis, an increase in A549 expression of both clathrin and
caveolin-1 on stiff gels. Moreover, inhibition of clathrin and
caveolin-mediated endocytosis abrogated stiffness-mediated
effects on endocytosis. Our observation that YAP expression is
increased on soft substrates for A549 and corresponding
increase in endocytosis suggests that mechanical cues regulate
particle uptake through YAP, which can consequently control
caveolin-1 expression. YAP control of cytoskeletal dynamics
which define cell rigidity also explain how reducing cell stress
was able to increase particle uptake in HCT-8 cells.37

Elevated YAP levels have been noted in A549 tumour
spheres and may be responsible for conferring cancer stem
cell qualities that has been clinically shown to contribute to
poor prognosis in non-small cell lung cancer.53,66,67 It is par-
ticularly significant as the increased metastatic potential is
facilitated by actin and focal adhesion turnover.62 Taken holi-
stically, YAP tends to drive cell division and cell-cycle pro-
gression.68 Alongside improved cell survivability, previous lit-
erature suggests that YAP supports actin reorganisation for
movement and migration and would understandably facilitate
increased nutrient uptake required for growth and division. A
potential route for YAP to exert transcriptional control over
caveolin would provide a mechanism through which cells
could sense their physical environment, modulate focal adhe-
sions and regulate endocytosis.57,59 The interplay between the
mechanical properties of the local environment, cell mech-
anics and protein interactions allows a cell to integrate infor-
mation from its environment and balance the biophysical
requirements of cell movement and plasma membrane pertur-
bation. A possible force balance between endocytosis and
adhesion was posited by Baschieri et al. and is consistent with
our observations regarding how perturbations in adhesion
through substrate engineering alter YAP expression and resul-
tant trends in particle internalisation.69 As both clathrin and
caveolin-based endocytic structures have been associated with
adhesion processes,70 further elucidation of pathway inter-
actions and crosstalk is critical to understanding how regu-
lation of adhesion and associated signalling occurs, how cells
regulate endocytosis, and how cells integrate information from
these two systems through cytoskeletal dynamics. Due to the
number of interactions associated with YAP, it may be possible
to fine tune its actions through mechanotargeting to enhance
the efficacy of particles used in nanomedicine.

Understanding endocytosis is vital to evaluation of the
impact of exogenous particles on cells as well as predicting the
efficacy of nanomedicines. However, the contributions of the
microenvironment are difficult to mimic in cell culture assays.
Given the wide array of unique niches which are present in
development, homeostasis and pathological progression,
characterization of cellular interactions requires consideration
of the most salient features and their reproduction.
Replication of physical factors can aid in model design as they
may alter cellular rates of endocytosis following crosstalk with
mechanosensitive pathways and manifests in organization and

the dynamic behaviour of the cytoskeletal network. Cancers
may be particularly challenging to model due to dysregulation
of normal cellular functions and the presence of harsh
environmental cues including low oxygen and nutrient avail-
ability. Importantly, many of the pathological changes which
occur during cancer progression as well as during other
disease states such as fibrosis, involve the production of extra-
cellular matrix and corresponding feedback which can drive
further aberrant behaviour through improper mechanotrans-
duction. Similarly, exposure to particles can generate their own
biophysical cues that have repercussions for fundamental pro-
cesses such as cell attachment, adhesion and migration.
Correcting mechanosignalling pathways may offer a powerful
method for overcoming current limitations in treatment
efficacy as well as a greater appreciation for the likely biologi-
cal outcomes given certain physical cues such as stiffness and
topography and their consequent bearing on cell phenotype
and behaviour. Notably, physical cues present the in the micro-
environment, such as those generated by particles, define the
state of cell mechanics in terms of cytoskeletal organization
and adhesion. Cytoskeletal turnover related to adhesion also
affects the regulation of endocytic processes and results in
physical control of particle internalization which is defined by
cell type.

Conclusions

Mechanical features in the cellular environment dynamically
control biological activity mediated through the interplay of
membrane tension, integrins, focal adhesions, cytoskeletal
organization and transcriptional regulators. The centrality of
cell mechanics in defining and reflecting cell behaviour is
becoming more apparent and a deeper appreciation of how
these cues interact and effect signalling pathways is necessary.
Softer substrates promoted particle uptake in both epithelial
cells and macrophages, with epithelial spreading reduced by
soft materials. Internalization of small 120 nm sized silica par-
ticles into A549 was more strongly influenced by mechanical
effects than that of 360 nm silica particles, with an increase of
6.5-fold compared with exposures performed on standard
culture plastic. Coating soft substrates with hard particles
alters mechanical signalling and consequently partially masks
the properties of the underlying surface, resulting in only a
2.6-fold increase in 120 nm silica particles by A549. As endocy-
tosis and vesicle trafficking are contingent on actin polymeriz-
ation, changes to cell mechanics have a corresponding impact
on particle uptake. Changes to actin and cytoskeletal organiz-
ation have been linked to YAP activity, YAP expression was
found to increase in A549 by up to 2.2-fold on PDMS 40 : 1
which correlated with the greatest increase in particle internal-
ization. Further work is needed to elaborate on its role in
pathway crosstalk related to endocytosis and identify if specific
actions of YAP can be selectively enhanced or suppressed to
improve susceptibility of cancer to treatment or augment
tissue regeneration and engineering.
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Materials and methods
Synthesis of silica particles

Dye-labelled silica particles were produced by adapting the
Stöber method.71 Labelling of silica particles with dye was
achieved by reacting a N-hydroxysuccinimide (NHS) ester
bearing fluorescent dye with an amine-terminated organosi-
lane (APTES). 2.3 mg of sulfo-cyanine5 (Cy5) NHS ester
(Lumiprobe, Germany) was dissolved in 200 μL dimethyl-
sulfoxide (DMSO) (>99.9%, sterile-filtered, Sigma Aldrich,
Germany) to which 3 μL of (3-aminopropyl)triethoxysilane
(APTES) (99%, Sigma Aldrich, Germany) was added and
allowed to react overnight. For small (120 nm) silica particles,
29 mL H2O, 81 mL ethanol (>99.8%, analytical grade, VWR,
United Kingdom) and 2.9 mL of ammonia solution (25% for
analysis, Merck, Germany) were mixed in a reflux condenser
and heated to 60 °C. Subsequently 10 mL of tetraethyl-
orthosilicate (TEOS) (>99.0%, Sigma Aldrich, Germany) was
added and stirred for two minutes after which 200 μL of Cy5–
APTES was added and the mixture was allowed to react for five
hours. The suspension was centrifuged three times at 2000g for
40 minutes and dispersed in ultrapure water. Large (360 nm)
silica particles labelled with Cy5 were prepared with 13.5 mL
H2O, 174 mL ethanol and 45 mL ammonia solution were heated
to 60 °C. Following, 22.5 mL of TEOS was added to the reaction
vessel and reacted for two minutes prior to the addition of the
dye-conjugated silane and reacted for three hours before three
centrifugation cycles at 2000g for 20 minutes and redispersion in
ultrapure water. Green BODIPY fluorescent dye NHS ester (BDP)
(Lumiprobe, Germany) was conjugated to APTES overnight in
DMSO. BDP-labelled silica was prepared by mixing 13.5 mL H2O,
174 mL ethanol and 40.9 mL ammonia solution. The reaction
mixture was brought to 55 °C and equilibrated for 30 minutes.
Then, 22.5 mL of TEOS was added and stirred for three minutes,
before addition of 200 μL of BDP–APTES. Mixture was allowed to
react for three hours followed by three centrifugation cycles at
2000g for 20 minutes each.

Particle characterization

Synthesised silica particles were characterised by performing
dynamic light scattering and zeta potential measurements
with a Brookhaven 90Plus Particle Size Analyzer with phase-
amplitude light scattering (PALS) (Brookhaven Instruments,
USA) with a 40 mW diode laser, λ = 635 nm. Hydrodynamic
diameter and polydispersity were determined for dilute sus-
pensions with a scattering angle of 90° at 25 °C.

Particles were visualised by transmission electron
microscopy to validate size and morphology. A dilute suspen-
sion was drop cast onto a Formvar-coated copper 300 square
mesh TEM grid coated with carbon film (Electron Microscopy
Sciences, USA) and allowed to dry overnight at room tempera-
ture. Images were acquired with a Tecnai Spirit transmission
electron microscope equipped with a 120 kV LaB6 filament
and a 2048 × 2048 pixel wide angle Veleta camera. Particle size
distribution was determined by thresholding and binarization
of micrographs followed by automated analysis in Fiji (ImageJ,

USA). Mean diameter and standard deviation were determined
after counting at least 500 particles.

Colloidal stability of Cy5-labelled particles was determined
by collecting scattering intensity autocorrelation functions in a
DLS spectrometer (LS Instruments, Switzerland) at a scattering
angle of 90° at 37 °C at 0 h and 6 h of incubation in either
ultrapure water or serum supplemented cell culture medium at
a concentration of 100 μg mL−1. Correlograms were corrected
to remove the effect of protein in culture medium.72

Colloidal stability was also assessed using a Malvern
Zetasizer Nano (Malvern Panalytical, UK), operating at a scat-
tering angle of 173°, at a concentration of 100 μg mL−1 at
37 °C either at 0 h and 6 h. Intensity-weighted size distri-
butions were produced using non-negative least squares
regression (Multiple Narrow Modes).

Mechanical characterization

Mechanical characterization of cured polydimethylsiloxane
(PDMS) Sylgard 184 (Dow Corning, USA) formulations was per-
formed with a ZwickRoell Z010 tensile tester following ASTM
D638. Cast PDMS was cut to specifications using a dumbbell
press with a nominal width and thickness of 5 mm and
2.5 mm, respectively, gauge length for tests was approximately
22 mm. Tests were conducted at room temperature at a strain
rate of 50 mm min−1 until break. Tensile data is expressed as
mean ± standard deviation.

Water contact angle

Water contact angle measurements were obtained through the
sessile drop method on glass and modified PDMS surfaces.
3 μL of water was dispensed and contact angle measurements
were captured using an OCA15 Pro goniometer (DataPhysics
Instruments, Germany). Five measurements were conducted
for each sample, data presented as mean ± standard deviation.

Cell culture

Human alveolar type II epithelial cells (A549) and murine
macrophage cell line (J774A.1) were purchased from the
American Type Cell Culture Collection (ATCC, USA). Cells were
cultured and maintained in Roswell Park Memorial Institute
1640 (RPMI-1640, Gibco, Switzerland) supplemented with 10%
foetal bovine serum, 1% penicillin/streptomycin and 1% gluta-
mine. Cells were kept at 37 °C, 5% CO2 and 95% relative
humidity and passaged between 80–90% confluency.

Cytotoxicity

Cytotoxicity caused by either the substrate materials or the par-
ticles used were assessed by collecting culture supernatant and
determining L-lactate dehydrogenase (LDH) activity according
to manufacturer’s protocol (Roche, Germany) for A549 and
J774A.1 cells. LDH release associated with compromised cell
membrane integrity was measured through production of for-
mazan detected spectrophotometrically (Benchmark micro-
plate reader, BioRad, Switzerland) at 490 nm with a reference
wavelength of 630 nm. Triton-X was applied as a positive
control at 0.2% v/v for at least 30 minutes. Values were
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obtained for three biologically independent replicates and pre-
sented as mean ± standard error of the mean.

Particle uptake experiments

PDMS (Sylgard 184, Dow Corning, USA) was prepared at either
10 : 1 or 40 : 1 curing ratio (base elastomer to curing agent, g
g−1) and added to a six well plate and cured for two hours at
70 °C. Surfaces were activated by exposure to one minute of
plasma and incubated with 10 μg mL−1 human fibronectin
(>90% by SDS-PAGE, Corning, USA) in PBS for two hours and
rinsed. An untreated tissue culture polystyrene well was used
to assess cell behaviour on stiff culture substrates. A549 and
J774A.1 cells between passages 4–20, were seeded on surfaces
at a density of 5 × 106 cells per well and cultured for 18 hours.
A suspension of Cy5-labelled silica particles was added in
serum-supplemented medium at a concentration of 20 μg
mL−1 and incubated for a further six hours.

Particle-decorated PDMS were prepared by preparing and
curing PDMS at either 10 : 1 or 40 : 1. Cured PDMS 10 : 1 or
PDMS 40 : 1 was exposed to plasma for one minute and
immersed in 2% v/v APTES in ethanol for two hours. APTES-
treated surfaces were rinsed with ethanol and water prior to
the addition of a suspension of silica particles labelled with
BDP at a concentration of 5 mg mL−1 for one hour. Surfaces
were gently rinsed to remove unattached particles at least ten
times with ultrapure water. A549 cells between passages 4–20
were seeded on surfaces at a density of 5 × 106 cells per well
and cultured for 18 hours. Cy5-labelled silica particles were
added at a concentration of 20 μg mL−1 and incubated for six
hours.

After particle exposure, A549 cells were detached by trypsi-
nization by addition of trypsin–EDTA (200 µL) for 5 min fol-
lowed by the addition of 800 µL of supplemented RPMI. Cells
were centrifuged at 4 °C for 5 min at 300g, and resuspended in
PBS. A second centrifugation was conducted, followed by cell
resuspension in flow cytometry (FC) buffer (PBS with 1% w/v
bovine serum albumin (BSA) (Sigma-Aldrich, USA), 0.1% v/v
sodium azide (Sigma-Aldrich, USA) and 1 mM ethylenediami-
netetraacetic acid (EDTA) (Sigma-Aldrich, USA) at pH 7.4).
J774A.1 were scraped off in 1 mL of PBS, using a cell scraper
(Sarstedt, USA) and collected in a flow cytometry tube
(Corning, Falcon®, 5 mL Polystyrene Round-Bottom Tube,
Switzerland). Cells were centrifuged at 4 °C for 5 min at 300g,
and resuspended in cold FC buffer. Data acquisition was per-
formed on a BD LSR FORTESSA (BD Biosciences, USA) where
20 000–30 000 events were recorded. Flow cytometry data was
analysed using the FlowJo software v.10.7.1.

Quantification of cell spreading

The spreading of cells on different substrates was assessed by
fluorescence microscopy. Cells were seeded at 200 000 cells per
dish in MatTek sterile glass bottom dishes (MatTek, USA)
where surfaces were produced by spin coating PDMS at 2000
rpm for two minutes and curing. PDMS surface functionali-
zation was performed by exposure to plasma for one minute
and immersion in 10 μg mL−1 fibronectin or 2% APTES in

ethanol. Cells were cultured in serum supplemented medium
for 24 h before being washed twice with PBS (Gibco,
Switzerland) and fixed with 4% para-formaldehyde in PBS.
Nuclei and cytoskeleton were stained with 4′,6′-diamidino-2-
phenylindole (DAPI, Switzerland) and rhodamine phalloidin
(Thermo Fisher, Switzerland), respectively. Images were
acquired with a Zeiss LSM 710 (Zeiss, Germany) confocal laser
scanning inverted microscope using a 20× (numerical aperture
0.8) lens. Fluorophores were excited sequentially and collected
with a field of view of 425.10 μm × 425.10 μm with a pixel
density of 1024 × 1024 and a pixel dwell time of 1.28 μs.
Images were processed with a Mathematica script as described
by Antonetta.73 Data are shown as mean + standard error of
the mean for n > 100 cells. A parametric one-way analysis of
variance (ANOVA) was performed with Tukey’s multiple com-
parisons test to compare significance of effects. Values were
considered significant (*) if p < 0.05.

Quantification of paxillin size

Focal adhesion size was quantified by image processing in Fiji.
Cells were seeded at 200 000 cells per dish in MatTek sterile
glass bottom dishes on glass and functionalised PDMS sur-
faces for 24 h followed by fixation. Cells were fixed with 4%
paraformaldehyde in PBS and blocked with 0.1 M glycine solu-
tion. Permeabilization was performed with 0.1% Triton X and
blocked with 1% BSA. Primary monoclonal rabbit anti-paxillin
antibody (1 : 200) (Abcam, UK) was incubated at 37 °C for two
hours and incubated with goat anti-rabbit secondary antibody
conjugated with AlexaFluor 555 (1 : 200) (Abcam, UK) for one
hour. F-actin was subsequently labelled with AlexaFluor 647
phalloidin (Thermo Fisher, Switzerland). Preparations made in
1× PBS (Carl Roth, Germany). Image processing was performed
following the step by step method outlined by Horzum.51 Area,
Feret length and aspect ratio obtained with ImageJ. Data is
shown as the mean + standard error of the mean for n > 100
cells. An ANOVA was performed to compare values, which were
considered significant (*) if p < 0.05.

Western blot

Total protein was isolated from A549 cells seeded on substrates
for 24 hours in six well plates with 5 × 106 cells seeded per
well. Cell lysis was performed directly in the wells by adding
120 µL of ice-cold M-PER buffer (Cat. # 78501, Thermo
Scientific) supplemented with Halt™ Protease Inhibitor
Cocktail, EDTA-free (Cat. # 78425, Thermo Scientific). Plates
were kept at 4 °C for 20 min. Protein lysates were pipetted up
and down, transferred to 1.5 mL Eppendorf tubes, kept on ice
for 10 min and centrifuged at 14 000g for 5 min. The protein
in the supernatant was collected and measured spectrophoto-
metrically (Thermo Scientific™ NanoDrop™ 2000
Spectrophotometer) at the wavelength of 280 nm using bovine
serum albumin (BSA) as the standard. The samples were
boiled in a reducing Laemmli buffer for 5 min, and the same
amount of protein was loaded in a 7.5% SDS-PAGE (Bio-Rad,
Hercules, USA). Proteins were electrophoretically transferred
onto polyvinylidene difluoride (PVDF) membranes at 150 mA
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for 75 min under wet conditions. A solution of 0.1% w/v
Ponceau S (Cat. # 141194, Sigma-Aldrich, Switzerland) was
used to confirm the transfer of proteins. A solution containing
3% w/v BSA and 0.1% v/v Tween 20 (Cat. # P9416, Sigma-
Aldrich, Switzerland) in Tris-buffered saline (TBS) solution was
used to block the nonspecific sites for one hour. The same
solution was used for immunostaining with primary and sec-
ondary antibodies. Three rounds of washing with Tween-Tris-
buffered saline (TTBS) (0.1% v/v Tween 20 in TBS) were per-
formed between steps. Primary antibody was added to the
blots overnight at 4 °C. The following concentrations of anti-
bodies were used: anti-glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) (1 µg ml−1, sc-47724, Santa Cruz Technology,
USA), anti-YAP (1 µg ml−1, Cat. # 14074, Cell signaling, UK).
The blots were then incubated with a goat anti-mouse horse-
radish peroxidase (HRP) conjugated secondary antibody (Cat. #
HAF007, R&D, UK) for one hour at 1 : 4000 (GAPDH), or goat
anti-rabbit (Cat. # HAF008, R&D, UK) at 1 : 1000 (YAP). A mole-
cular weight marker mPAGE® Color Protein Standard (Cat. #
MPSTD4, Sigma-Aldrich, Switzerland) was used to identify the
corresponding detected bands. Protein bands were visualised
using the chemiluminescent HRP detection reagent
Immobilon Forte Western HRP substrate (Cat. # WBLUF0020,
Sigma-Aldrich, Switzerland). The optical density of the bands
was estimated using ImageJ. The housekeeping protein
GAPDH was used as a normalization control.

Statistical analysis

Particle size and zeta potential measurements are presented as
mean ± standard deviation. Biological data including particle
uptake, cell spreading and focal adhesion characteristics were
collected from three biologically independent replicates and
presented as mean + standard error of the mean. Statistical
significance between conditions were determined using a one-
way ANOVA with Tukey’s post hoc test for multiple comparisons
with a significance level of p < 0.05. Analysis was performed in
Prism 9 (GraphPad Software).
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