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Abstract: The extracellular matrix (ECM) of the lung is a filamentous network composed mainly of
collagens, elastin, and proteoglycans that provides structural and physical support to its populating
cells. Proliferation, migration and overall behaviour of those cells is greatly determined by microme-
chanical queues provided by the ECM. Lung fibrosis displays an aberrant increased deposition
of ECM which likely changes filament organization and stiffens the ECM, thus upregulating the
profibrotic profile of pulmonary cells. We have previously used AFM to assess changes in the Young’s
Modulus (E) of the ECM in the lung. Here, we perform further ECM topographical, mechanical and
viscoelastic analysis at the micro- and nano-scale throughout fibrosis development. Furthermore, we
provide nanoscale correlations between topographical and elastic properties of the ECM fibres. Firstly,
we identify a softening of the ECM after rats are instilled with media associated with recovery of
mechanical homeostasis, which is hindered in bleomycin-instilled lungs. Moreover, we find opposite
correlations between fibre stiffness and roughness in PBS- vs bleomycin-treated lung. Our findings
suggest that changes in ECM nanoscale organization take place at different stages of fibrosis, with the
potential to help identify pharmacological targets to hinder its progression.

Keywords: extracellular matrix; atomic force microscopy; mechanosensing; idiopathic
pulmonary fibrosis

1. Introduction

Idiopathic pulmonary fibrosis (IPF), the most common and severe form of pulmonary
fibrosis, is a chronic and progressive disease affecting the lungs, which commonly results
in fatal outcomes. It is characterised by irreversible loss of pulmonary function due
to destruction of tissue architecture, and its causes remain unknown. If left untreated,
IPF has a median life expectancy of 2–3 years after diagnosis. Despite recent advances
in anti-fibrotic drug development, the current available therapies are only capable of
slowing down the progression of the disease. The only reliable treatment for IPF is still
lung transplantation [1–4].

The formation of temporary fibrotic tissue in the lung is a common phase of the tis-
sue’s repair response to wound healing. In injured tissues, fibroblasts are activated and
differentiate into myofibroblasts, which then deposit extracellular matrix (ECM) compo-
nents, such as collagen and elastin. When the damage is minor and non-repetitive, wound
healing ceases once the process resolves, resulting only in a temporary increase in the
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accumulation of ECM components and subsequent apoptosis of myofibroblasts. In the case
of IPF, the wound healing pathway is compromised, resulting in a runaway engagement of
the profibrotic feedback loop, where the formation of fibrotic sites triggers a continuous
recruitment and accumulation of activated fibroblasts. These events result in a continuous
remodelling and compromise the ECM, which can ultimately lead to organ failure [5–9].

Mechanotransduction has a pivotal role in the onset and progression of several res-
piratory diseases. Changes in the ECM result in aberrant mechanical signaling that alters
cell proliferation, migration, differentiation and activation [10–12]. High mechanical stress
and the presence of specialised matrix proteins, such as fibronectin, are known to be main
factors that drive the differentiation of fibroblasts to myofibroblasts [13,14]. Thus, in order
to fully understand the pathophysiology of IPF and possible targets for the development of
effective therapies, it is of the utmost importance to understand the changes undergone by
the ECM at the relevant cell-sensing scale and from a physical point of view [15–19].

The mechanical response of the ECM is mainly determined by the relative dispo-
sition and network structure of its constituents. A common approach to assess these
micromechanical features is the use of atomic force microscopy (AFM). AFM is a tech-
nique that allows high-spatial resolution, nanomechanical mapping of heterogeneous
interfaces. Samples are probed with a small tip, and by recording the force applied and
the resulting deformation of the surface of the sample under the probe, it is possible to
obtain a force-indentation curve. The resulting force-indentation curve is then fitted to an
appropriate contact mechanics model and the apparent Young’s Modulus of the sample is
estimated [20–23]. By monitoring also the height at which the tip first becomes in contact
with the sample, it is possible to obtain simultaneous topography and mechanical maps of
the sample (known as force or mechanical mapping or quantitative imaging (QI) mode).
This allows to directly correlate mechanical and morphological features of the ECM. On
the other hand, AFM protocols can also be designed to determine the viscoelastic response
of the sample, by applying low-amplitude oscillatory forces at different frequencies and
estimating the frequency-dependent complex shear modulus (G∗) [24]. Viscoelasticity is
an intrinsic feature observed in many biological tissues, and it is thought to arise from the
major polymeric tissue components and their interactions, namely collagen, elastin, and
proteoglycans. Thus, the use of AFM to probe the topography and viscoelasticity of the
ECM at the nanoscale provides essential information on the remodeling that the ECM goes
through throughout the progression of IPF.

One of the main challenges when studying the morphological and mechanical proper-
ties of the ECM in IPF is the high spatial heterogeneous nature of the disease [25]. Given
the need to acquire dense datasets, efficient and robust tools to process and analyse them
must be developed alongside. Here, we propose a novel data analysis approach to AFM
data based on a multidimensional exploratory analysis of different features, by running a
rolling window through mechanical maps and applying Fourier Transform and Machine
Learning methods. By coupling these techniques with conventional ones, we have herein
been able to perform for the first time an extensive topographical and viscoelastic analysis
at the micro- and nano-scale of the ECM throughout different stages of development in IPF.
To that end, we have used a bleomycin-induced murine model of IPF. Interestingly, our
findings suggest different stages on the re-arrangement of the ECM components, linked to
the different steps of IPF development. In particular, we identify a switch regarding the
correlation between surface stiffness and roughness, which is positive for the PBS-instilled
lungs and negative for the bleomycin-instilled lungs. As such, we propose that these ECM
stages might serve as key targets to stop the progression of the disease.

2. Results
2.1. Fibrosis Leads to ECM Network Stiffening at Late Stages of Development

After decellularizing the ECM slices, and before carrying out any measurements, phase
contrast imaging was used to confirm that the decellularization protocol preserved the
internal micro-architecture of the lung. Initially, we carried out exploratory low-resolution
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AFM elasticity maps using a probe with a large spherical tip (radius = 5.5 µm) to determine
the overall stiffness of the ECM. The large contact area allows for a combined assessment
of the mechanical response of the various fibres composing the ECM network and their
interaction. The Young’s modulus E was used as a measure of the stiffness of the ECM
(Figure 1). From now on, this will be designated ELR (E at low resolution). We found that
the median values for ELR for the control samples are 9.5 kPa (Q1–Q3 being 8.5–9.8 kPa),
4.5 kPa (Q1–Q3 being 3.0–7.8 kPa) and 3.6 kPa (Q1–Q3 being 3.0–5.0 kPa) for days 7, 14,
and 28 after PBS instillation, respectively. After day 7, there is a softening of the lung ECM
over time, likely due to the resolution of an initial inflammation caused by the insertion of
liquid into the animal’s lungs. In contrast, we found that the median values for E for the
fibrotic samples were 5.6 kPa (Q1–Q3 being 4.6–6.9 kPa), 4.5 kPa (Q1–Q3 being 3.5–6.3 kPa),
and 3.8 kPa (Q1–Q3 being 2.9–7.1 kPa) for days 7, 14, and 28 after bleomycin instillation,
respectively. The same process of softening after bleomycin being instilled into the lungs
can be observed, with the control lungs being initially slightly stiffer until a turnover is seen
at day 28 at late stage of fibrosis. Together, these results suggest that there are two distinct
mechanical responses: the first one corresponding to an initial response to the insertion of
a foreign liquid into the lungs, that becomes resolved in the PBS instilled lungs, and the
second one, which becomes more prominent in later stages of fibrosis development.

Figure 1. Young’s Modulus ELR measured by AFM. Boxplots represent the distribution of the data
at days 7, 14, and 28 after instillation. The centre line in the boxplots represents the median value,
the top and bottom limits of the box represent Q1 and Q3 of the data. Whiskers represent minimum
and maximum values, the diamonds represent outliers and are data points outside 1.5 times the
interquartile range. (n = 15 for control and n = 35 for fibrotic, corresponding to 5 maps per animal.)

2.2. Local Fibre Stiffening Precedes Gross Network Stiffening in Fibrotic ECM with No Changes in
Network Surface Topography

To investigate the changes to which the fibres constituting the network go through
and further explain the alterations on the mechanical response of the ECM due to fibrosis,
high-resolution QI maps were performed. We analysed the changes in stiffness by taking
one median value of E per tile in each QI elasticity map, to which we will refer as EHR from
now on (Figure 2). The distribution of the medians showed for the controls a median value
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of EHR of 83.17 kPa (Q1–Q3 being 28.2–93.3 kPa), 19.5 kPa (Q1–Q3 being 16.6–27.0 kPa),
and 25.1 kPa (Q1–Q3 being 16.2–32.4 kPa) for days 7, 14, and 28 after PBS instillation,
respectively. These results follow the same tendency of softening with time observed in
the results obtained from the low resolution maps. On the other hand, the values of EHR
obtained for the lungs treated with bleomycin were 52.5 kPa (Q1–Q3 being 30.2–67.6 kPa),
51.3 kPa (Q1–Q3 being 33.1–69.2 kPa), and 30.9 kPa (Q1–Q3 being 17.8–44.7 kPa) for days 7,
14, and 28, respectively. These results show that at the nanoscale, the stiffening of the fibres
compared to control is kept after day 7 and remains stiffer through time. Analogously,
we performed the analysis of the distribution of the surface roughness Rq per tile in each
QI height image (Figure 3). We obtained a median value of Rq for the control samples of
0.69 µm (Q1–Q3 being 0.64–0.82 µm), 0.74 µm (Q1–Q3 being 0.67–0.83 µm), and 0.71 µm
(Q1–Q3 being 0.57–0.81 µm) for days 7, 14, and 28 after PBS instillation, respectively.
Regarding the fibrotic samples, we obtained for Rq the median values of 0.77 µm (Q1–Q3
being 0.73–0.85 µm), 0.68 µm (Q1–Q3 being 0.62–0.79 µm) and 0.76 µm (Q1–Q3 being
0.64–0.83 µm) for days 7, 14, and 28, respectively. Interestingly, when looking into the
Pearson’s correlation between surface roughness Rq and and the stiffness EHR at each
tile (Figures 4 and 5), we found that for the PBS-treated lungs, the correlation between
surface roughness and fibre stiffness is positive while, for the bleomycin-treated lungs, this
correlation is negative. In fact, observing the QI height images (Figure 6), at day 14 and
28, there seems to be a thinning of the fibres for the bleomycin-treated lungs, whilst no
noticeable differences are observed in the control samples with time. If the thickness of the
fibres decreases, the apparent surface roughness will increase. A possible interpretation for
the positively correlated values is that, if the fibres are thicker, the apparent roughness in
the tile will be lower, thus the stiffness being measured will belong to less number of fibres.
An increase in roughness could mean that in that tile, more fibres and/or entanglements
are present, thus increasing the roughness with stiffness. On the other hand, for an ECM
with looser and thinner fibres, an increase in roughness can indicate thinner and/or less
entangled fibres, which considering the tile analysis, would correspond to an area with
lower stiffness.

Regarding the PCA analysis of the images, the algorithm found more components
present in the images corresponding to the bleomycin-treated lungs than the control ones.
We found a mean number of 3 ± 0.3, 2 ± 0.1, 2 ± 0.2 components for the control samples at
days 7, 14, and 28, respectively. For the fibrotic samples, we found that the mean number of
components identified were 3 ± 0.3, 3 ± 0.2, and 3 ± 0.2 for days 7, 14, and 28, respectively.
The components can be interpreted as an index of the organisation and composition of
the network. This means that, for each component identified, a structure that introduces a
significant amount of variability to the image is associated with said component. These
results could indicate a change in either the thickness, fractality, or directionality of the
fibres in the fibrotic lungs, which can be translated into different mechanical responses
dependent on network organisation and are in accordance with the results for the opposite
correlation observed between stiffness and surface roughness.
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Figure 2. Young’s modulus EHR assessed by AFM through high-resolution maps. The centre line in
the boxplots represents the median value, the top and bottom limits of the box represent Q1 and Q3
of the data. Whiskers represent minimum and maximum value of the data, the diamonds represent
the outliers and are data points outside 1.5 times the interquartile range. (n = 9 for control and n = 21
for fibrotic, corresponding to 3 maps per animal).

Figure 3. Surface roughness Rq calculated from local height variations of the high-resolution maps.
The centre line in the boxplots represents the median value, the top and bottom limits of the box
represent Q1 and Q3 of the data. Whiskers represent minimum and maximum value of the data, the
diamonds represent the outliers and are data points outside 1.5 times the interquartile range. (n = 9
for control and n = 21 for fibrotic, corresponding to 3 maps per animal).
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Figure 4. Relationship between distribution of the median EHR and Rq.

Figure 5. Pearson’s correlation between median values of EHR and Rq.
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Figure 6. QI images of decellularized ECM from PBS-instilled (top panel) and bleomycin-instilled
lungs (bottom panel). Top rows of each panel correspond to the height profile and bottom rows
correspond to elasticity profile. Scale bar = 10 µm.
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2.3. Fibrosis Progress Follows a Fluidization of the Network

To further characterise the mechanical response of the ECM at the microscale, we next
focused on understanding its viscoelastic behaviour. We used AFM to measure the complex
shear modulus of the lung slides at different probing frequencies (Figure 7).

Figure 7. Frequency-dependent complex shear modulus and loss tangents of the lungs at
7 (left panel), 14 (center panel) and 28 (right panel) days after instillation with PBS (top row) and
bleomycin (bottom row). Open symbols represent G′ and closed symbols, G′′. Solid and dashed lines
are fits of the two-power-law model. Data are mean ± SD. Fit parameters are shown in Table 1.

G∗( f ) was modelled using a double power-law (Equation (5)), where a weak power
law is observed at low frequencies, followed by a stronger power law at high frequencies.
The coefficients A and B can be interpreted as an index of stiffness associated to the power
law exponents (α and β) at low and high frequencies, respectively. Coefficient A is about
two orders of magnitude larger than B and higher for the fibrotic than the control samples at
all time points. Coefficient B increases with time for the control samples, whilst the opposite
trend is observed for the fibrotic samples (Table 1). This indicates that the bleomycin-treated
samples are apparently stiffer at low frequencies. At high frequencies, PBS-treated samples
apparently stiffen with time, while bleomycin-treated samples soften with time. This,
followed by the observation that the exponent beta follows an opposite trend regarding its
change with time for the PBS-treated lungs in comparison to the bleomycin lungs, suggests
that changes on the conformation of the network might be already compromised in early
stages of fibrosis. This change could be associated to mechanical signalling involved in the
resolution of an inflammation-like response due to the intratracheal instillation.

Based on the two-power-law model, we further defined the transition frequency ( ft)
at which the material goes from being dominated by a more solid-like regime to a more
fluid-like regime. We found that ft increases at later time points in regards of day 7 for
the PBS-treated lungs, but the opposite trend is observed for the bleomycin-treated lungs.
These findings suggest that a step towards the resolution of the initial inflammatory phase
involves the solidification of the ECM, but in the case of fibrosis, the matrix fails to restore
its mechanical homeostasis.
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Table 1. Parameters of a two-power law and estimated transition frequency. The parameters were
fitted to data acquired for the PBS and bleomycin-instilled lungs at 7, 14, and 28 days after instil-
lation. The transition frequency ft was defined as the frequency at which A(i f )α = B(i f )β, that is,
ft = exp( ln(B)−ln(A)

α−−β ). Values are shown as mean ± SD.

A (Pa) α B (Pa) β ft (Hz)

7 3210± 793 10−13 ± 0.03 52± 21 0.72± 0.05 309

PBS 14 3533± 1214 0.02± 0.15 70± 81 0.67± 0.13 404

28 4516± 1361 10−11 ± 0.10 181± 111 0.55± 0.07 356

7 8579± 3142 10−07 ± 0.69 193± 212 0.53± 0.14 1221

BLEO 14 4671± 1216 10−12 ± 0.06 85± 48 0.64± 0.08 522

28 5087± 1341 10−11 ± 0.19 79± 49 0.65± 0.08 583

2.4. Decrease in Fibronectin Content Is Simultaneous with Softening of the ECM

Fluorescence images of immunohistochemically-stained lung slices were collected
and quantified to assess whether there had been alterations in the relative quantity of
ECM proteins (Figures 8 and 9). The amount of fibronectin is higher for the bleomycin-
treated lungs in regard to the PBS-treated lungs for all timepoints. For the PBS-treated
lungs, the amount of fibronectin decreases with time, whilst for the bleomycin-treated
lungs it decreases at day 14 and increases slightly at day 28. Interestingly, these results are
analogous to the ones observed for the ELR maps. These results suggest that fibronectin
assumes a determinant role in regard to the changes in the mechanical response of the ECM
at the network level.

Figure 8. Evolution of percentage of fluorescence signal in relation to PBS instilled samples at day 7
for fibronectin (left) and elastin (right). Data are mean ± SD (n = 3 for control and n = 7 for fibrotic)
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Figure 9. Epifluorescence images of immunostainings of elastin (top) and fibronectin (bottom)
performed on PBS-instilled and bleomycin-instilled decellularized lung ECM. Scale bar = 50 µm.

Regarding the relative amounts of elastin, no differences between PBS- or bleomycin-
treated samples could be observed at day 7. They later increase at day 14 for both PBS- and
bleomycin-treated lungs, being higher for the control samples than the fibrotic ones. Finally,
the relative amount of elastin lowers for the PBS-treated samples at day 28 achieving its
lower value, but achieves its higher value for the bleomycin-treated samples at the last time
point. As elastin is the main component in the lung responsible for its elastic recoil, changes
in its relative amount highly influences the mechanical response of the lung at both the
fibre and network level. The changes observed could indicate that elastin might have an
important role in modulating the mechanical homeostasis of the lung, and, consequently,
on determining the development and resolution of fibrosis.

Looking into Pearson’s correlation between the mean values for ELR maps and the
absolute value for the signal obtained from the fluorescence images, we obtain a value
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of −0.093 for elastin and 0.437 for fibronectin. These results indicate that the presence of
fibronectin influences the stiffness of the ECM, which is an indication that it poses as an
important component in determining the elastic properties of the network.

3. Discussion

In this work, we carry out an extensive micromechanical characterization of the
decellularized lung ECM in IPF through time, unravelling previously unknown alterations
in the progress of the mechanical changes of the fibrotic ECM. At the microscale, we
find that the ECM softens after an initial instillation-induced response phase but at later
time points fibrosis becomes predominant and maintains a stiffer profile than its healthy
counterpart, suggesting a switch in the resolution of an initial inflammatory-like response
that determines further development of fibrosis. Further examination of the mechanical
alterations of the fibres constituting the ECM showed that in bleomcyin-instilled lungs, the
stiffening of the fibres at the inflammatory-like phase is kept from early stages through late
stages of fibrosis, whilst the fibres belonging to healthy lungs are able to resolve their initial
inflammatory state. These results suggest that an alteration at the conformation of the
fibres takes place due to inflammation, which, if not resolved, results in the development of
fibrosis. We then characterised the morphological profile of the ECM, which showed that
fibres belonging to ECM from bleomycin-treated lungs become thinner and do not entangle
as much as the control networks. Moreover, immunohistochemical staining showed a
positive correlation between relative fibronectin content with the stiffness assessed through
LR elasticity maps. Further micro-rheology experiments showed that the ECM solidifies
upon resolution of the inflammatory-like phase, but fails to do so in the bleomycin-treated
ECM. These results together point towards a key change on the organisation of the ECM
components due to fibrosis, beyond the simple increase in filamentous matrix deposition.

Bleomycin induces temporary lung fibrosis in mice and rats, and has been widely
used in several studies as a model to study mechanisms related to IPF and PF [26–29].
Typically, the control population in these studies are instilled with a vehicle saline solution.
Although no inflammation markers or significant changes in histology have been seen in
other studies after instillation of vehicle solution, these are usually assessed after there
would have been enough time for fibrosis to develop. As instillation of a liquid in the
lungs is an invasive procedure, it remains unclear whether there is an early inflammatory
response shortly after the instillation that could affect the tissue. In fact, a study by Numano
and colleagues [30] comparing the effects of instilling intratracheally different vehicles
in rats showed that for all vehicles, including PBS, there is an increase in the presence
of alveolar macrophages in a histopathological examination of the lungs. Inflammation
induces tissue stiffening, which, in healthy conditions, ends up being resolved as the
inflammation subsides. However, when the acute inflammatory phase fails to be resolved,
it develops into chronic inflammation. Fibrosis is a product of the permanent tissue
remodelling associated with unresolved inflammation [31]. In fact, several studies have
shown that inflammation and the presence of inflammatory-related proteins can increase
tissue stiffness preceding the development of fibrosis [32–34]. Our results further confirm
these observations, and highlight the pro-inflammatory conditions to which the control
groups are subjected to when using this model of IPF or PF given the aim of the study.

The ECM is a filamentous network composed of various fibres, and its mechanical
response depends on the intrinsic mechanical features of said fibres and how they organise
between themselves. When probing the mechanical response of the ECM using AFM, it is
important to take into account the contact area between the probe and the sample, taking
into consideration the dimensions of the fibres composing the network. This relationship
determines if what is being measured is the stiffness of single fibres or the response of
the interaction of entangled fibres in the network. With this in mind, we firstly carried
out low-resolution elasticity measurements with AFM using a large spherical probe. This
allowed us to obtain the largest contact area between the probe and the ECM. Taking into
account the relationship between the diameter (D) of the contact area of a spherical tip
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and its indentation on a flat surface (D = 2(rδ)1/2), at indentations between 0.6 and 1 µm
using an 11 µm diameter tip, we achieve contact radii estimated at 3.6–4.7 µm. On the
other hand, high-resolution maps using a probe with 75nm radius at indentations between
200 and 300 nm resulted in contact radii estimated at 173–212 nm. Thick collagen fibres
show a thickness between 0.5 and 1.5 µm, suggesting that the higher values for E found via
the high-resolution maps mainly account for the stiffness of the fibres, whereas the lower
values for E at the low-resolution maps preferentially account for the stiffness resulting
from the entanglement of the fibres, thus explaining the 1 order of magnitude difference in
stiffness between both maps.

When looking into the differences in stiffness of EHR and ELR at day 7, we see that
the differences between PBS- and bleomycin-treated samples follow the same relationship.
This can be an indication that alterations during the initial inflammation phase happen at
the single fibre level. At later time points of 14 and 28 days after instillation, we see that the
values for EHR are kept high for the bleomycin-treated lungs but lower significantly for
the PBS-treated lungs. On the other hand, the ELR maps follow the same tendency at the
different timepoint with a switch at day 28. This suggests that, at the early stages of fibrosis,
the main mechanical hallmark is the changes in stiffness of the individual fibres. Conversely,
after day 14, a change in the supra-organisation of the fibres takes place at the network level,
which is explained by the predominance of a stiffer fibrotic network at later stages. In fact,
these results are in line with the morphological features observed through the QI images
(Figure 6), where a thinning of the fibres is observed for the bleomycin-treated samples
at day 14 and 28, whilst no noticeable difference is observed for the PBS-treated samples
through time. The change in the evolution of the mechanical response of the network
observed through the ELR maps likely arises from the changes in size and organisation of
the fibres observed for the bleomycin-treated samples after day 14. Our results suggest that
in IPF, this increase in stiffness is mainly observed at the fibre level in early stages and at
the network level at later stages of fibrosis.

It is established that fibrosis, and in particular IPF, are characterised by an increase
in collagen content in the ECM. However, several studies have reported that significant
changes in total collagen content on the bleomycin-induced model of pulmonary fibro-
sis can only be seen at least 28 days after treatment [28,35]. A study on the mechanical
properties of the ECM and tissue viscoelasticity in the bleomycin-induced model of pul-
monary fibrosis reported that changes in mechanics were maximal before collagen content
increased [28]. Recent studies have been looking into dissociating the increase in tissue
stiffness to the simple increase in collagen content, and looking into the assembly and
conformation of the fibres that constitute the ECM network [32,36]. It has been reported
in fibrotic diseases an increase in content of fibronectin, and that higher concentrations of
fibronectin delay the fibrillogenesis of type III collagen and accelerate that of type I [37]. In
fact, in vivo collagen I assembly requires active fibronectin fibrillogenesis. Furthermore,
studies showed that in established areas of scar formation, type I collagen is almost exclu-
sively present, representing approximately 80% of the total collagen in IPF [38,39]. With
this in mind, we looked into changes in the presence of fibronectin in ECM throughout the
different time points. Interestingly, the evolution followed in relative fibronectin content
through the different timepoints is analogous to the one observed in the ELR elasticity
maps. Work reported by Kubow and colleagues [40] have shown that collagen I preferen-
tially colocalizes with relaxed fibronectin fibres. Therefore, the mechanical behaviour of
fibronectin fibrils likely influences the assembly or reorganisation of the ECM, translating
into overall mechanical changes of the network. These results are in accordance with the
results we found, suggesting that the relative amount of fibronectin directly influences
network stiffness.

Elastin is the main fibre responsible for the elastic recoil of the lung, thus having a key
role in determining the mechanical response of the ECM network, and, consequently, in the
mechanosensing pathways of the populating cells. A simple model of the lung parenchyma
uses a series of extensible springs represented by elastin fibres, and inextensible strings
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represented by collagen fibres [41]. As the lung is an organ which is constantly subjected to
stretching due to breath work, elastin plays a key role in maintaining the homeostasis of
the tissue. However, the role of elastin in the diseased lung, and particularly in fibrosis, still
lacks understanding. Our results show an increase in elastin in the bleomycin-treated lungs
with time, peaking at day 28, whilst in the PBS-treated lungs its content peaks at day 14
and is followed by a decrease. Thus, we can hypothesise that the presence of elastin might
contribute to the turnover of the disease, as previous results reported by our lab suggested
that there is a transition of behaviour from strain-hardening to strain-softening of the ECM
that might work as a protection mechanism of the lung to prevent fibroblasts of proliferating
after their initial activation [42]. The increase in elastin in the PBS-treated samples could be
partly responsible for this turnover due to its physical role on the mechanical response of
the lung ECM.

Micro-rheology allows us to study the mechanical behaviour of tissues beyond de-
termining their stiffness. It allows for the characterization of the tissue in response to a
load and determines its tendency to behave as a solid-like or liquid-like material. In fact,
the lung parenchyma is among the most deformable tissues in the body, and resembles a
foam material consisting of a solid phase and a fluid phase that closely interact with each
other [43]. Previous reports from our laboratory on micro-rheology measurements of lung
ECM have modelled the data using a double power-law [23]. However, due to instrumen-
tation limitations in the range of frequencies that could be applied, the high-frequency
exponent beta was fixed at 3/4 following previously reported work related to cytoskeleton
dynamics [44]. Now, we are able to measure the response of decellularized lung ECM to a
range up to 104 Hz, allowing to leave also the second exponent as a free variable and assess
its value experimentally.

The low-frequency exponent alpha is expected to be 0 for a purely elastic response,
resulting in a plateau of G′, as predicted by semi-flexible filament theories. The very low
values of the α exponent and β values higher than 0.5 for all days and conditions suggest
the signature of an elastic plateau at low frequencies, followed by single filament relaxation
at high frequencies, as predicted for semi-flexible filament networks and observed on
reconstituted polymer networks [45–47]. The high-frequency exponent β is expected to
be 1 for a purely viscous response, 0.75 for relaxed semi-flexible filament networks, and
0.5 for tensed semi-flexible filament networks [45,48]. As the lungs were measured at an
inflation level corresponding to their functional residual capacity (FRC), the filaments in
the network are expected to be pre-tensed to an extent corresponding to the FRC state.
The exponent β fit close to 0.75 for the PBS-treated lungs at day 7, decreasing with time
and coming closer to 0.5 at day 28. On the other hand, the bleomycin-treated lungs start
at day 7 with a β close to 0.5 and increase through time. This response of the network
is in agreement with the conformational changes on the network observed through the
HR maps, which suggested that fibrosis leads to a disorganization and thinning of the
fibres. Our previous reports on micro-rheology analysing the effects of stretch in the
fibrotic ECM showed that stretch induces a fluidization of the matrix, suggesting a link to
an inherent protection mechanism against fibrosis. These results are in accordance with
the hypothesis, as we report a fluidization of the matrix throughout the development of
fibrosis. Regarding the PBS-treated samples, a solidification of the ECM takes place with
time after the resolution of the initial inflammatory state and mechanical homeostasis
restoration. However, we note that there may be other important contributions which
are not fully described by the double power-law, and may result in a more complex
viscoelastic response, such as poroelasticity. In fact, studies have shown in other connective
tissues, such as the tendon and the skin, that at low frequencies (<102 Hz) these assume
a viscoelastic behaviour and at higher frequencies (102–104 Hz), there is a poroelastic
behaviour instead [49,50]. These reports align with the architecture and porous nature of
the lung. Physical forces are known to regulate cellular function. Particularly in tissue
reparative response, physical forces and their corresponding cellular response have a
determinant role in the processes that initiate and resolve injury. Fibrosis arises from a
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failure during the reparative response, which results in an aberrant deposition of ECM
components and formation of scar tissue which alter the normal mechanosensing pathways
experienced by the cells. These alterations result in the feeding of a positive feedback
loop, which drives the progression of fibrosis. Recent studies have reported that substrate
stiffening activates the fibroblast pro-fibrotic profile, contributing to the progression of
fibrosis [14,51,52]. Furthermore, it has been reported that changes in the viscoelasticity of
the ECM might be responsible for maintaining the activated state of cells that modulate the
reparative response of the tissue [15]. The current most common and effective therapeutic
agents used in slowing down the progression of IPF target the cellular processes that drive
fibrosis. Amongst these are nintedanib and pirfenidone, that act on fibroblast activation
and myofibroblast differentiation. However, they fail to reverse or stop the progression
of IPF, showing to be efficient only in slowing down the process. Thus, there is still the
need to look for more efficient targets that stop or reverse the progression of IPF. Targeting
extracellular matrix mechanics has been shown to be a therapeutic approach with clinical
potential [53]. Nakasaki and colleagues [54] have shown that the loss of Fibulin-5, an elastic
fibre component, results in decrease in tissue stiffness and diminishes the inflammatory
response, stopping the fibrotic phenotype progression in a mouse model of cutaneous
fibrosis. These results are in line with our findings, suggesting that the components that
act at the structural level of the ECM, influencing its assembly and organisation, present
themselves as promising targets for the development of therapies to stop and resolve the
progression of IPF. Overall, our findings suggest that the ECM goes through different
stages throughout the development of IPF. These translate into different mechanical and
organizational changes, which might be determinant in cell fate and disease progression,
and can be used as targets in pharmacological studies and therapy design against IPF.

4. Materials and Methods
4.1. In Vivo Model of IPF

This experimental procedure was approved by the Ethical Committee for Animal
Experimentation of the University of Barcelona and the Animal Experimentation Commit-
tee of regional authorities (Generalitat de Catalunya, OB 168/19 and 10972). Lungs were
excised from N = 30 adult male Sprague Dawley rats (≈ 8 weeks old, 300g) (Charles
River, MA, USA). IPF was induced by intratracheal instillation of bleomycin, as de-
scribed elsewhere [55]. Animals were submitted to either intratracheal infusion of ve-
hicle phosphate-buffered saline (PBS) (control group, n = 9) or bleomycin (fibrotic group,
n = 21). Briefly, rats were anaesthetised (isofluorane inhalation), followed by the infusion
of bleomycin (2U/kg; Sigma-Aldrich, St Louis, MO, USA) diluted in 75 µL of PBS into the
tracheal lumen. Animals were cared for under normal living conditions until their sacrifice.
Sacrifices were carried out at days 7 (n = 3 PBS, n = 7 Bleo), 14 (n = 3 PBS, n = 7 Bleo), and
28 (n = 3 PBS, n = 7 Bleo) after infusion. At the day of sacrifice, rats were anaesthetised with
urethane and sacrificed by exsanguination. Lungs were extracted en bloc with the heart,
pulmonary artery and trachea, infused with 3 mL of optimal cutting tissue medium (OCT
compound, Sakura, CA, USA) in order to reach their functional residual capacity (FRC)
[56] and stored at −80 ◦C.

4.2. Decellularization and Sample Preparation

Lung samples were sectioned at ≈25 µm thickness using a cryostat (Leica CM 3050 S,
Leica). Slices were placed onto a positively charged glass slide (Superfrost Plus; Thermo
Fisher Scientific, Waltham, MA, USA) and stored at −20 ◦C until use. The tissue slices
were decellularized following a protocol previously described [57]. In brief, samples were
left to thaw for 30 min at room temperature (RT) before undergoing sequential washes of
decellularizing and washing solutions. They were firstly washed with PBS (Thermo Fisher
Scientific, Waltham, MA, USA) for 20 min and with deionized water for 10 min to remove
the OCT and to induce cell osmotic shock. Afterwards, the slices were submerged in
solutions of 2% sodium deoxycholate (SDC) (Sigma-Aldrich, St Louis, MO, USA) and 0.03%
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DNAse (Sigma-Aldrich, St Louis, MO, USA) twice for 15 min and once time for 20 mins,
respectively, intercalated by 3 washes of PBS of 5 mins. Finally, the samples were washed
with PBS thrice in order to remove any remaining cellular debris, and kept submerged in
PBS until further use for AFM measurements and immunohistochemical imaging.

4.3. AFM Measurements

AFM measurements were performed using a NanoWizard IV AFM (JPK, Bruker, Biller-
ica, MA, USA) mounted on an inverted optical microscope Ti-Eclipse (Nikon, Tokyo, Japan).
All measurements were made with the lung slice submerged in PBS at RT. Calibration
of the spring constant and deflection sensitivity was completed for each cantilever and
each experiment by using the SNAP approach [58]. Optical calibration was performed
using JPK software direct camera overlay. Large airways and blood vessels were avoided
for measurement.

To assess the overall macro-scale stiffness of the ECM, low-resolution (LR) force maps
using a scan size of 8 × 8 pixel, 40 × 40 µm square, were acquired using SPC-200804-0,1
cantilevers with a silicon nitride 5.5um radius sphere attached to their end (Bruker, Billerica,
MA, USA) and a pre-calibrated spring constant of 0.04 N/m. An initial force-indentation
curve (F− δ) was acquired before each map to assess the deflection setpoint at which it
was possible to keep an indentation depth between 600 and 1000 nm, using a ramp size
of 5 µm and a ramping speed of 10 µm/s. Individual maps were acquired at 5 different
locations per slide, at least 100 µm apart.

High-resolution (HR) QI maps were made using a scan size of 256 × 128 pixel,
40 × 40 µm square, using PFQNM-LC cantilevers with a paraboloid tip of 75 nm radius
(Bruker, CA, USA) and a pre-calibrated spring constant of 0.13 N/m. An initial force curve
was acquired before each map to assess the deflection setpoint at which it was possible
to keep an indentation depth between 100 and 300 nm, using a ramp size of 1 µm and a
ramping speed of 40 µm/s. Individual maps were acquired at 3 different locations per
slide, at least 100 µm apart.

Micro-rheology measurements were performed using SAA-SPH-1UM cantilevers
(Bruker, Billerica, MA, USA) with a resonant frequency of 11.39 kHz and pre-calibrated
spring constant of 0.22 N/m. An individual measurement consisted in sequential oscilla-
tions applied at frequencies 60 Hz, 100 Hz, 600 Hz, 1000 Hz, 2000 Hz, 3050 Hz, and 6000 Hz,
applied in random order, at an operating indentation of ≈500 nm with an oscillation ampli-
tude of 50 nm. In total, 10 measurements at the same point at 5 different locations were
made, at least 100 µm apart.

4.4. Data Processing

The Hertz’s contact model for a rigid sphere indenting a semi-infinite half-space was
used to compute the Young’s modulus (E) from the obtained (F− δ) curves:

F =
4E

3(1− υ2)
R

1
2 δ

3
2 (1)

where δ is indentation, R is the radius of the sphere, and υ is the Poisson’s ratio, assumed
to be 0.5. For each ramp, only the approach part of the force-indentation curves was fitted
to Hertz’s model using JPK Data Analysis software, avoiding the substrate bottom effect by
using indentations less than 10% of the sample thickness.

For micro-rheology measurements, the complex shear modulus (G∗) was determined
from the force-indentation (F− δ) loops in the contact region by Fourier analysis. The total
transfer function was computed was

Htot( f ) =
F( f )
δ( f )

e−iφ (2)

where F( f ) and δ( f ) are the Fourier transforms of the force and deflection, respectively,
and iφ is the delay of the piezoactuator. We then computed the complex shear modulus
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from the Taylor expansion of the Hertz model of a rigid sphere indenting an elastic half
space as:

G∗( f ) = Htot( f )
1− υ

4
√

Rδ0
− 2πi f b(0) (3)

where δ0 is the operating indentation and R the tip radius. The 2πi f b(0) term corresponds
to the viscous drag hydrodynamic force correction [59]. G∗ can be represented in terms
of its real part G′, which corresponds to the storage modulus, and its imaginary part G′′,
which corresponds to the loss modulus. The storage modulus accounts for the stored
elastic energy, whilst the loss modulus accounts for the dissipated energy. The loss tangent
represents the relationship between these terms and is computed as:

η =
G
′′

G′
(4)

which is an index of the solid-like (<1) or liquid-like (>1) behaviour of the sample. G∗( f )
was then modelled to a linear superposition of two power-laws as:

G∗( f ) = A(i f )α + B(i f )β (5)

from which the first term assumes a low-frequency regime characterised by a weak power-
law, and the second term accounts for the high-frequency regime. The algorithms to
obtain G* from micro-rheological measurements were implemented in Python 3 using the
resources provided by the SciPy library [60] for signal analysis. Model fits were performed
using the open-access user-friendly online platform fitteia [61] (https://fitteia.org, accessed
on 22 November 2022) that uses the non-linear least-squares minimization method with
a global minimum target, provided by the numerical routine MINUIT from the CERN
library [62].

To analyse the QI maps, the height and its corresponding elasticity image were con-
sidered. Initially, all images were resized to have a squared dimension of 256× 256 pixel.
For the elasticity images, each pixel corresponds to a value of E of the computed (F− δ)
curve. Regarding height images, each pixel corresponds to the cantilever position (z) at the
identified tip-sample contact point. With the goal to correlate specific local topographical
features with its corresponding E, a tiling of the images was made with a window size of
32× 32 pixel. This results in an image divided into 8× 8 tiles. Geometric mean and median
values per tile were calculated from the elasticity maps. The surface roughness of the ECM
was determined by calculating the arithmetic average of profile height deviations from
the quadratic average of profile height deviations from the mean line (Rq) of the height
image [63]. Moreover, to assess which features of the height images were inducing the most
variability to the overall morphological profile of the measured area, the Fourier spectrum
of each tile of the height map was calculated. These were then fed to a robust principal
component analysis [64] algorithm, from which a certain number of components were
identified in each image (Figure 10). This approach was based on the method developed by
Jany and colleagues [65] for the automatic analysis of microscopic images. Image processing
and analysis was performed using custom programs written in Python 3 resourcing to the
implementations from Scikit-Learn library as in Hyperspy toolbox [66].

https://fitteia.org
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Figure 10. Graphical presentation of the height image RPCA analysis method. The height image is
split in tiles (left) from which each FFT spectrum is computed (top right). The spectrums are fed to
the RPCA algorithm from which we can obtain the number of components from the PCA scree plot
(bottom right).

4.4.1. Immunohistochemical Imaging

Fluorescent immunostaining of decellularized lung slices was carried out to determine
the structure and composition of the ECM. Samples were fixed using paraformaldehyde
(PFA) 4% for 15 min at RT and washed 3 times for 5 mins with PBS. Samples were blocked
using a blocking solution composed of 10% fetal bovine serum (FBS) and 3% bovine
serum albumin (BSA) for 1 h at RT at a low orbital agitation (80 rpm). Samples were
incubated overnight (≈16 h) at a constant orbital agitation (80 rpm) in 4 ◦C with primary
antibodies against elastin (1:100, mouse anti-elastin, sc-58756, Santa Cruz Biotechnology)
and fibronectin (1:100, rabbit anti-fibronectin, ab2413, Abcam). After removing the primary
antibodies with 3 washes of 10 min each of the blocking solution, secondary antibodies
(1:200, Goat Anti-Rabbit Cy3, ab97075, Abcam) and (1:200, Goat Anti-Mouse Alexa fluor
488, AB_2536161, Thermo Fisher Scientific, Waltham, MA, USA) were added and left for
2 h at 37 ◦C and at 80 rpm. Finally, nuclear counterstain Hoechst 33342 (NucBlue™Live
ReadyProbes™Reagent, Thermo Fisher, Invitrogen) was added and left for 20 min at RT,
followed by three 5-min washes with PBS. The slides were mounted using fluoromount
mounting media (Thermo 295 Fisher Scientific, Waltham, MA, USA). Epifluorescence
images were acquired with a Leica SP5 inverted microscope equipped with a cooled CCD
camera (C9100, Hamamatsu Photonics K.K., Hamamatsu, Japan) using a 20X Plan Fluor
objective (Nikon, Tokyo, Japan). Exposure time was kept constant for all the images
throughout the acquisition and images were analysed using custom-developed scripts [67].

4.4.2. Statistical Analysis

For the ELR and EHR maps, data displayed a lognormal distribution, so we carried out
two-tailed paired t-tests to the logarithm of the data. Each mapped region was considered
as independent and was taken as N for statistical analysis. For the remaining data, which
displayed a normal distribution, two-tailed paired t-tests were performed on the original
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data and N was considered as number of animals. Statistical tests were performed using
Python 3 resourcing to the implementations from SciPy library [60].

Author Contributions: Conceptualization, C.J., F.R. and N.G.; Formal analysis, C.J., F.R. and N.G.;
Funding acquisition, D.N. and R.F.; Investigation, C.J., A.U., M.N.; Methodology, C.J., A.U., M.N.,
J.L., M.E., F.R. and N.G.; Project administration, D.N., R.F. and N.G.; Resources, I.A., D.N., R.F., F.R.
and N.G.; Software, C.J., J.L. and N.G.; Supervision, F.R. and N.G.; Writing of original draft, C.J. and
N.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was partially funded by Ministerio de Ciencia e Innovación (PID2020-
113910RB-I00-AEI/10.13039/501100011033, SAF2017-85574-R, and PID2020-116808RB-I00 AEI-Retos)
and SEPAR (900-2019). C.J. and M.N. were funded by the H2020 European Union’s Horizon 2020
research and innovation programme under the Marie Sklodowska-Curie (grant agreement No 812772).
This project has received funding the European Research Council (ERC) under the European Union’s
Horizon 2020 research and innovation programme (grant agreement No 772257).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Barratt, S.L.; Creamer, A.; Hayton, C.; Chaudhuri, N. Idiopathic pulmonary fibrosis (IPF): An overview. J. Clin. Med. 2018, 7, 201.

[CrossRef] [PubMed]
2. Du Bois, R.M. Strategies for treating idiopathic pulmonary fibrosis. Nat. Rev. Drug Discov. 2010, 9, 129–140. [CrossRef]
3. Maher, T.M.; Bendstrup, E.; Dron, L.; Langley, J.; Smith, G.; Khalid, J.M.; Patel, H.; Kreuter, M. Global incidence and prevalence of

idiopathic pulmonary fibrosis. Respir. Res. 2021, 22, 1–10. [CrossRef] [PubMed]
4. Martinez, F.J.; Collard, H.R.; Pardo, A.; Raghu, G.; Richeldi, L.; Selman, M.; Swigris, J.J.; Taniguchi, H.; Wells, A.U. Idiopathic

pulmonary fibrosis. Nat. Rev. Dis. Prim. 2017, 3, 1–20. [CrossRef] [PubMed]
5. Heukels, P.; Moor, C.C.; von der Thüsen, J.H.; Wijsenbeek, M.S.; Kool, M. Inflammation and immunity in IPF pathogenesis and

treatment. Respir. Med. 2019, 147, 79–91. [CrossRef]
6. King, T.E.; Pardo, A.; Selman, M. Idiopathic pulmonary fibrosis. Lancet 2011, 378, 1949–1961. [CrossRef]
7. Martinez-Vidal, L.; Murdica, V.; Venegoni, C.; Pederzoli, F.; Bandini, M.; Necchi, A.; Salonia, A.; Alfano, M. Causal contributors to

tissue stiffness and clinical relevance in urology. Commun. Biol. 2021, 4, 1–16. [CrossRef]
8. Ortiz-zapater, E.; Signes-costa, J.; Montero, P.; Roger, I. Lung Fibrosis and Fibrosis in the Lungs: Is It All about Myofibroblasts?

Biomedicines 2022, 10, 1423. [CrossRef]
9. Wolters, P.J.; Collard, H.R.; Jones, K.D. Pathogenesis of idiopathic pulmonary fibrosis. Annu. Rev. Pathol. Mech. Dis. 2014,

9, 157–179. [CrossRef]
10. Kliment, C.R.; Oury, T.D. Oxidative stress, extracellular matrix targets, and idiopathic pulmonary fibrosis. Free Radic. Biol. Med.

2010, 49, 707–717. [CrossRef]
11. Baarsma, H.A.; Spanjer, A.I.; Haitsma, G.; Engelbertink, L.H.; Meurs, H.; Jonker, M.R.; Timens, W.; Postma, D.S.; Kerstjens, H.A.;

Gosens, R. Activation of WNT/ β-catenin signaling in pulmonary fibroblasts by TGF-β 1 is increased in chronic obstructive
pulmonary disease. PLoS ONE 2011, 6, e25450. [CrossRef] [PubMed]

12. Zandvoort, A.; Postma, D.S.; Jonker, M.R.; Noordhoek, J.A.; Vos, J.T.; van der Geld, Y.M.; Timens, W. Altered expression of the
Smad signalling pathway: Implications for COPD pathogenesis. Eur. Respir. J. 2006, 28, 533–541. [CrossRef]

13. Hinz, B.; Phan, S.H.; Thannickal, V.J.; Galli, A.; Bochaton-Piallat, M.L.; Gabbiani, G. The myofibroblast: One function, multiple
origins. Am. J. Pathol. 2007, 170, 1807–1816. [CrossRef]

14. Wang, A.; Cao, S.; Stowe, J.C.; Valdez-Jasso, D. Substrate Stiffness and Stretch Regulate Profibrotic Mechanosignaling in
Pulmonary Arterial Adventitial Fibroblasts. Cells 2021, 10, 1000. [CrossRef]

15. Chaudhuri, O.; Cooper-White, J.; Janmey, P.A.; Mooney, D.J.; Shenoy, V.B. Effects of extracellular matrix viscoelasticity on cellular
behaviour. Nature 2020, 584, 535–546. [CrossRef] [PubMed]

16. Deng, Z.; Fear, M.W.; Suk Choi, Y.; Wood, F.M.; Allahham, A.; Mutsaers, S.E.; Prêle, C.M. The extracellular matrix and
mechanotransduction in pulmonary fibrosis. Int. J. Biochem. Cell Biol. 2020, 126, 105802. [CrossRef]

17. Henderson, N.C.; Rieder, F.; Wynn, T.A. Fibrosis: From mechanisms to medicines. Nature 2020, 587, 555–566. [CrossRef]
[PubMed]

18. Nho, R.S.; Ballinger, M.N.; Rojas, M.M.; Ghadiali, S.N.; Horowitz, J.C. Biomechanical Force and Cellular Stiffness in Lung Fibrosis.
Am. J. Pathol. 2022, 192, 750–761. [CrossRef]

19. Shojaie, S.; Ermini, L.; Ackerley, C.; Wang, J.; Chin, S.; Yeganeh, B.; Bilodeau, M.; Sambi, M.; Rogers, I.; Rossant, J.; et al.
Acellular lung scaffolds direct differentiation of endoderm to functional airway epithelial cells: Requirement of matrix-bound HS
proteoglycans. Stem Cell Rep. 2015, 4, 419–430. [CrossRef]

http://doi.org/10.3390/jcm7080201
http://www.ncbi.nlm.nih.gov/pubmed/30082599
http://dx.doi.org/10.1038/nrd2958
http://dx.doi.org/10.1186/s12931-021-01791-z
http://www.ncbi.nlm.nih.gov/pubmed/34233665
http://dx.doi.org/10.1038/nrdp.2017.74
http://www.ncbi.nlm.nih.gov/pubmed/29052582
http://dx.doi.org/10.1016/j.rmed.2018.12.015
http://dx.doi.org/10.1016/S0140-6736(11)60052-4
http://dx.doi.org/10.1038/s42003-021-02539-7
http://dx.doi.org/10.3390/biomedicines10061423
http://dx.doi.org/10.1146/annurev-pathol-012513-104706
http://dx.doi.org/10.1016/j.freeradbiomed.2010.04.036
http://dx.doi.org/10.1371/journal.pone.0025450
http://www.ncbi.nlm.nih.gov/pubmed/21980461
http://dx.doi.org/10.1183/09031936.06.00078405
http://dx.doi.org/10.2353/ajpath.2007.070112
http://dx.doi.org/10.3390/cells10051000
http://dx.doi.org/10.1038/s41586-020-2612-2
http://www.ncbi.nlm.nih.gov/pubmed/32848221
http://dx.doi.org/10.1016/j.biocel.2020.105802
http://dx.doi.org/10.1038/s41586-020-2938-9
http://www.ncbi.nlm.nih.gov/pubmed/33239795
http://dx.doi.org/10.1016/j.ajpath.2022.02.001
http://dx.doi.org/10.1016/j.stemcr.2015.01.004


Int. J. Mol. Sci. 2023, 24, 1708 19 of 20

20. Garcia, P.D.; Guerrero, C.R.; Garcia, R. Nanorheology of living cells measured by AFM-based force–distance curves. Nanoscale
2020, 12, 9133–9143. [CrossRef]

21. Holuigue, H.; Lorenc, E.; Chighizola, M.; Schulte, C.; Varinelli, L.; Deraco, M.; Guaglio, M.; Gariboldi, M.; Podestà, A. Force
Sensing on Cells and Tissues by Atomic Force Microscopy. Sensors 2022, 22, 2197. [CrossRef] [PubMed]

22. Jorba, I.; Uriarte, J.J.; Campillo, N.; Farré, R.; Navajas, D. Probing Micromechanical Properties of the Extracellular Matrix of Soft
Tissues by Atomic Force Microscopy. J. Cell. Physiol. 2017, 232, 19–26. [CrossRef] [PubMed]

23. Luque, T.; Melo, E.; Garreta, E.; Cortiella, J.; Nichols, J.; Farré, R.; Navajas, D. Local micromechanical properties of decellularized
lung scaffolds measured with atomic force microscopy. Acta Biomater. 2013, 9, 6852–6859. [CrossRef]

24. Alcaraz, J.; Buscemi, L.; Grabulosa, M.; Trepat, X.; Fabry, B.; Farré, R.; Navajas, D. Microrheology of human lung epithelial cells
measured by atomic force microscopy. Biophys. J. 2003, 84, 2071–2079. [CrossRef] [PubMed]

25. Melo, E.; Cárdenes, N.; Garreta, E.; Luque, T.; Rojas, M.; Navajas, D.; Farré, R. Inhomogeneity of local stiffness in the extracellular
matrix scaffold of fibrotic mouse lungs. J. Mech. Behav. Biomed. Mater. 2014, 37, 186–195. [CrossRef]

26. Pinart, M.; Serrano-Mollar, A.; Llatjós, R.; Rocco, P.R.; Romero, P.V. Single and repeated bleomycin intratracheal instillations lead
to different biomechanical changes in lung tissue. Respir. Physiol. Neurobiol. 2009, 166, 41–46. [CrossRef]

27. Manali, E.D.; Moschos, C.; Triantafillidou, C.; Kotanidou, A.; Psallidas, I.; Karabela, S.P.; Roussos, C.; Papiris, S.; Armaganidis,
A.; Stathopoulos, G.T.; et al. Static and dynamic mechanics of the murine lung after intratracheal bleomycin. BMC Pulm. Med.
2011, 11, 33. [CrossRef]

28. Ebihara, T.; Venkatesan, N.; Tanaka, R.; Ludwig, M.S. Changes in extracellular matrix and tissue viscoelasticity in bleomycin-
induced lung fibrosis: Temporal aspects. Am. J. Respir. Crit. Care Med. 2000, 162, 1569–1576. [CrossRef]

29. Phillips, J.E.; Peng, R.; Burns, L.; Harris, P.; Garrido, R.; Tyagi, G.; Fine, J.S.; Stevenson, C.S. Bleomycin induced lung fibrosis
increases work of breathing in the mouse. Pulm. Pharmacol. Ther. 2012, 25, 281–285. [CrossRef]

30. Numano, T.; Morioka, M.; Higuchi, H.; Uda, K.; Sugiyama, T.; Hagiwara, T.; Doi, Y.; Imai, N.; Kawabe, M.; Mera, Y. Effects of
administering different vehicles via single intratracheal instillation on responses in the lung and pleural cavity of Crl: CD ( SD )
rats. J. Toxicol. Pathol. 2020. 33, 11–19. [CrossRef]

31. Yang, S.; Plotnikov, S.V. Mechanosensitive regulation of fibrosis. Cells 2021, 10, 994. [CrossRef]
32. Georges, P.C.; Hui, J.J.; Gombos, Z.; McCormick, M.E.; Wang, A.Y.; Uemura, M.; Mick, R.; Janmey, P.A.; Furth, E.E.; Wells, R.G.

Increased stiffness of the rat liver precedes matrix deposition: Implications for fibrosis. Am. J. Physiol.-Gastrointest. Liver Physiol.
2007, 293, 1147–1154. [CrossRef] [PubMed]

33. McDonald, L.T.; Zile, M.R.; Zhang, Y.; Van Laer, A.O.; Baicu, C.F.; Stroud, R.E.; Jones, J.A.; LaRue, A.C.; Bradshaw, A.D. Increased
macrophage-derived SPARC precedes collagen deposition in myocardial fibrosis. Am. J. Physiol.-Heart Circ. Physiol. 2018,
315, H92–H100. [CrossRef]

34. Upagupta, C.; Shimbori, C.; Alsilmi, R.; Kolb, M. Matrix abnormalities in pulmonary fibrosis. Eur. Respir. Rev. 2018, 27, 180033.
[CrossRef]

35. Song, S.; Fu, Z.; Guan, R.; Zhao, J.; Yang, P.; Li, Y.; Yin, H.; Lai, Y.; Gong, G.; Zhao, S.; et al. Intracellular hydroxyproline imprinting
following resolution of bleomycin-induced pulmonary fibrosis. Eur. Respir. J. 2021, 59, 2100864. [CrossRef] [PubMed]

36. Jones, M.G.; Andriotis, O.G.; Roberts, J.J.W.; Lunn, K.; Tear, V.J.; Cao, L.; Ask, K.; Smart, D.E.; Bonfanti, A.; Johnson, P.; et al.
Nanoscale dysregulation of collagen structure-function disrupts mechano-homeostasis and mediates pulmonary fibrosis. eLife
2018, 7, e36354. [CrossRef] [PubMed]

37. Singh, P.; Carraher, C.; Schwarzbauer, J.E. Assembly of fibronectin extracellular matrix. Annu. Rev. Cell Dev. Biol. 2010, 26, 397–419.
[CrossRef]

38. Bateman, E.D.; Turner-Warwick, M.; Adelmann-Grill, B.C. Immunohistochemical study of collagen types in human foetal lung
and fibrotic lung disease. Thorax 1981, 36, 645–653. [CrossRef]

39. Glasser, S.W.; Hagood, J.S.; Wong, S.; Taype, C.A.; Madala, S.K.; Hardie, W.D. Mechanisms of Lung Fibrosis Resolution. Am. J.
Pathol. 2016, 186, 1066–1077. [CrossRef]

40. Kubow, K.E.; Vukmirovic, R.; Zhe, L.; Klotzsch, E.; Smith, M.L.; Gourdon, D.; Luna, S.; Vogel, V. Mechanical forces regulate the
interactions of fibronectin and collagen i in extracellular matrix. Nat. Commun. 2015, 6, 8026. [CrossRef]

41. Maksym, G.N.; Bates, J.H. A distributed nonlinear model of lung tissue elasticity. J. Appl. Physiol. 1997, 82, 32–41. [CrossRef]
[PubMed]

42. Júnior, C.; Narciso, M.; Marhuenda, E.; Almendros, I.; Farré, R.; Navajas, D.; Otero, J.; Gavara, N. Baseline stiffness modulates
the non-linear response to stretch of the extracellular matrix in pulmonary fibrosis. Int. J. Mol. Sci. 2021, 22, 12928. [CrossRef]
[PubMed]

43. Concha, F.; Hurtado, D.E. Upscaling the poroelastic behavior of the lung parenchyma: A finite-deformation micromechanical
model. J. Mech. Phys. Solids 2020, 145, 104147. [CrossRef]

44. Deng, L.; Trepat, X.; Butler, J.P.; Millet, E.; Morgan, K.G.; Weitz, D.A.; Fredberg, J.J. Fast and slow dynamics of the cytoskeleton.
Nat. Mater. 2006, 5, 636–640. [CrossRef]

45. Gittes, F.; MacKintosh, F.C. Dynamic shear modulus of a semiflexible polymer network. Phys. Rev. - Stat. Phys. Plasmas Fluids
Relat. Interdiscip. Top. 1998, 58, 1241–1244. [CrossRef]

46. Koenderink, G.H.; Atakhorrami, M.; MacKintosh, F.C.; Schmidt, C.F. High-frequency stress relaxation in semiflexible polymer
solutions and networks. Phys. Rev. Lett. 2006, 96, 1–4. [CrossRef]

http://dx.doi.org/10.1039/C9NR10316C
http://dx.doi.org/10.3390/s22062197
http://www.ncbi.nlm.nih.gov/pubmed/35336366
http://dx.doi.org/10.1002/jcp.25420
http://www.ncbi.nlm.nih.gov/pubmed/27163411
http://dx.doi.org/10.1016/j.actbio.2013.02.044
http://dx.doi.org/10.1016/S0006-3495(03)75014-0
http://www.ncbi.nlm.nih.gov/pubmed/12609908
http://dx.doi.org/10.1016/j.jmbbm.2014.05.019
http://dx.doi.org/10.1016/j.resp.2009.01.002
http://dx.doi.org/10.1186/1471-2466-11-33
http://dx.doi.org/10.1164/ajrccm.162.4.9912011
http://dx.doi.org/10.1016/j.pupt.2011.10.001
http://dx.doi.org/10.1293/tox.2019-0060
http://dx.doi.org/10.3390/cells10050994
http://dx.doi.org/10.1152/ajpgi.00032.2007
http://www.ncbi.nlm.nih.gov/pubmed/17932231
http://dx.doi.org/10.1152/ajpheart.00719.2017
http://dx.doi.org/10.1183/16000617.0033-2018
http://dx.doi.org/10.1183/13993003.00864-2021
http://www.ncbi.nlm.nih.gov/pubmed/34561295
http://dx.doi.org/10.7554/eLife.36354
http://www.ncbi.nlm.nih.gov/pubmed/29966587
http://dx.doi.org/10.1146/annurev-cellbio-100109-104020
http://dx.doi.org/10.1136/thx.36.9.645
http://dx.doi.org/10.1016/j.ajpath.2016.01.018
http://dx.doi.org/10.1038/ncomms9026
http://dx.doi.org/10.1152/jappl.1997.82.1.32
http://www.ncbi.nlm.nih.gov/pubmed/9029195
http://dx.doi.org/10.3390/ijms222312928
http://www.ncbi.nlm.nih.gov/pubmed/34884731
http://dx.doi.org/10.1016/j.jmps.2020.104147
http://dx.doi.org/10.1038/nmat1685
http://dx.doi.org/10.1103/PhysRevE.58.R1241
http://dx.doi.org/10.1103/PhysRevLett.96.138307


Int. J. Mol. Sci. 2023, 24, 1708 20 of 20

47. Morse, D.C. Viscoelasticity of tightly entangled solutions of semiflexible polymers. Phys. Rev. -Stat. Phys. Plasmas Fluids Relat.
Interdiscip. Top. 1998, 58, R1237–R1240. [CrossRef]

48. Granek, R. From Semi-Flexible Polymers to Membranes: Anomalous Diffusion and Reptation. J. Phys. 1997, 7, 1761–1788.
[CrossRef]

49. Connizzo, B.K.; Grodzinsky, A.J. Tendon exhibits complex poroelastic behavior at the nanoscale as revealed by high-frequency
AFM-based rheology. J. Biomech. 2017, 54, 11–18. [CrossRef]

50. Oftadeh, R.; Connizzo, B.K.; Nia, H.T.; Ortiz, C.; Grodzinsky, A.J. Biological connective tissues exhibit viscoelastic and poroelastic
behavior at different frequency regimes: Application to tendon and skin biophysics. Acta Biomater. 2018, 70, 249–259. [CrossRef]

51. Liu, F.; Mih, J.D.; Shea, B.S.; Kho, A.T.; Sharif, A.S.; Tager, A.M.; Tschumperlin, D.J. Feedback amplification of fibrosis through
matrix stiffening and {COX}-2 suppression. J. Cell Biol. 2010, 190, 693–706. [CrossRef] [PubMed]

52. Wu, H.; Yu, Y.; Huang, H.; Hu, Y.; Fu, S.; Wang, Z.; Shi, M.; Zhao, X.; Yuan, J.; Li, J.; et al. Progressive Pulmonary Fibrosis Is
Caused by Elevated Mechanical Tension on Alveolar Stem Cells. Cell 2020, 180, 107–121. [CrossRef] [PubMed]

53. Lampi, M.C.; Reinhart-King, C.A. Targeting extracellular matrix stiffness to attenuate disease: From molecular mechanisms to
clinical trials. Sci. Transl. Med. 2018, 10, 1–15. [CrossRef] [PubMed]

54. Nakasaki, M.; Hwang, Y.; Xie, Y.; Kataria, S.; Gund, R.; Hajam, E.Y.; Samuel, R.; George, R.; Danda, D.; Paul, M.J.; et al. The
matrix protein Fibulin-5 is at the interface of tissue stiffness and inflammation in fibrosis. Nat. Commun. 2015, 6, 8574. [CrossRef]
[PubMed]

55. García, D.M.; Cabrera, L.V.; Pitalúa, M.T.; Del Valle, J.B.; Mora-García, G.; Jiménez, G.I.; Gómez-Alegría, C.; Gómez-Camargo, D.
Making an animal model of Bleomycin-induced pulmonary fibrosis. Salud Uninorte 2016, 32, 73–83. [CrossRef]

56. Robichaud, A.; Fereydoonzad, L.; Limjunyawong, N.; Rabold, R.; Allard, B.; Benedetti, A.; Martin, J.G.; Mitzner, W.; Allard, B.;
Benedetti, A.; et al. Automated full-range pressure-volume curves in mice and rats. J. Appl. Physiol. 2022, 123, 746–756. [CrossRef]
[PubMed]

57. Narciso, M.; Ulldemolins, A.; Júnior, C.; Otero, J.; Navajas, D.; Farré, R.; Gavara, N.; Almendros, I. Novel Decellularization
Method for Tissue Slices. Front. Bioeng. Biotechnol. 2022, 10, 1–13. [CrossRef] [PubMed]

58. Schillers, H.; Rianna, C.; Schäpe, J.; Luque, T.; Doschke, H.; Wälte, M.; Uriarte, J.J.; Campillo, N.; Michanetzis, G.P.; Bobrowska,
J.; et al. Standardized Nanomechanical Atomic Force Microscopy Procedure (SNAP) for Measuring Soft and Biological Samples.
Sci. Rep. 2017, 7, 5117. [CrossRef]

59. Alcaraz, J.; Buscemi, L.; Puig-De-Morales, M.; Colchero, J.; Baró, A.; Navajas, D. Correction of microrheological measurements of
soft samples with atomic force microscopy for the hydrodynamic drag on the cantilever. Langmuir 2002, 18, 716–721. [CrossRef]

60. Virtanen, P.; Gommers, R.; Oliphant, T.E.; Haberland, M.; Reddy, T.; Cournapeau, D.; Burovski, E.; Peterson, P.; Weckesser, W.;
Bright, J.; et al. SciPy 1.0: Fundamental algorithms for scientific computing in Python. Nat. Methods 2020, 17, 261–272. [CrossRef]

61. Sebastião, P.J. The art of model fitting to experimental results. Eur. J. Phys. 2013, 35, 15017. [CrossRef]
62. James, F.; Roos, M. Minuit—A system for function minimization and analysis of the parameter errors and correlations. Comput.

Phys. Commun. 1975, 10, 343–367. [CrossRef]
63. Boussu, K.; Van Der Bruggen, B.; Volodin, A.; Snauwaert, J.; Van Haesendonck, C.; Vandecasteele, C. Roughness and hy-

drophobicity studies of nanofiltration membranes using different modes of AFM. J. Colloid Interface Sci. 2005, 286, 632–638.
[CrossRef]

64. Candès, E.J.; Li, X.; Ma, Y.; Wright, J. Robust principal component analysis? J. ACM 2011, 58. [CrossRef]
65. Jany, B.R.; Janas, A.; Krok, F. Automatic microscopic image analysis by moving window local Fourier Transform and Machine

Learning. Micron 2020, 130, 102800. . [CrossRef] [PubMed]
66. Peña, F.d.l.; Prestat, E.; Fauske, V.T.; Burdet, P.; Lähnemann, J.; Jokubauskas, P.; Furnival, T.; Nord, M.; Ostasevicius, T.; MacArthur,

K.E.; et al. Hyperspy/hyperspy: Release v1. 6.1. 2020. 2022. Available online: https://zenodo.org/record/7263263#.Y8FA7
BVBzIU (accessed on 22 November 2022). [CrossRef]

67. Narciso, M.; Otero, J.; Navajas, D.; Farré, R.; Almendros, I.; Gavara, N. Image-based method to quantify decellularization of
tissue sections. Int. J. Mol. Sci. 2021, 22, 8399. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1103/PhysRevE.58.R1237
http://dx.doi.org/10.1051/jp2:1997214
http://dx.doi.org/10.1016/j.jbiomech.2017.01.029
http://dx.doi.org/10.1016/j.actbio.2018.01.041
http://dx.doi.org/10.1083/jcb.201004082
http://www.ncbi.nlm.nih.gov/pubmed/20733059
http://dx.doi.org/10.1016/j.cell.2019.11.027
http://www.ncbi.nlm.nih.gov/pubmed/31866069
http://dx.doi.org/10.1126/scitranslmed.aao0475
http://www.ncbi.nlm.nih.gov/pubmed/29298864
http://dx.doi.org/10.1038/ncomms9574
http://www.ncbi.nlm.nih.gov/pubmed/26469761
http://dx.doi.org/10.14482/sun.32.1.8475
http://dx.doi.org/10.1152/japplphysiol.00856.2016
http://www.ncbi.nlm.nih.gov/pubmed/28751375
http://dx.doi.org/10.3389/fbioe.2022.832178
http://www.ncbi.nlm.nih.gov/pubmed/35356779
http://dx.doi.org/10.1038/s41598-017-05383-0
http://dx.doi.org/10.1021/la0110850
http://dx.doi.org/10.1038/s41592-019-0686-2
http://dx.doi.org/10.1088/0143-0807/35/1/015017
http://dx.doi.org/10.1016/0010-4655(75)90039-9
http://dx.doi.org/10.1016/j.jcis.2005.01.095
http://dx.doi.org/10.1145/1970392.1970395
http://dx.doi.org/10.1016/j.micron.2019.102800
http://www.ncbi.nlm.nih.gov/pubmed/31855656
https://zenodo.org/record/7263263#.Y8FA7BVBzIU
https://zenodo.org/record/7263263#.Y8FA7BVBzIU
http://dx.doi.org/10.5281/ZENODO.7263263
http://dx.doi.org/10.3390/ijms22168399
http://www.ncbi.nlm.nih.gov/pubmed/34445106

	Introduction
	Results
	Fibrosis Leads to ECM Network Stiffening at Late Stages of Development
	Local Fibre Stiffening Precedes Gross Network Stiffening in Fibrotic ECM with No Changes in Network Surface Topography
	Fibrosis Progress Follows a Fluidization of the Network 
	Decrease in Fibronectin Content Is Simultaneous with Softening of the ECM

	Discussion
	Materials and Methods
	In Vivo Model of IPF
	Decellularization and Sample Preparation
	AFM Measurements
	Data Processing
	Immunohistochemical Imaging
	Statistical Analysis


	References

