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ABSTRACT
In live organisms, cells are embedded in tissue-specific extracellular matrix (ECM), which 
provides chemical and mechanical signals important for cell differentiation, migration, and 
overall functionality. Careful reproduction of ECM properties in artificial cell scaffolds is neces-
sary to get physiologically relevant results of in vitro studies and produce robust materials for 
cell and tissue engineering. Nanoarchitectonics is a contemporary way to building complex 
materials from nano-scale objects of artificial and biological origin. Decellularized ECM (dECM), 
remaining after cell elimination from organs, tissues and cell cultures is arguably the closest 
equivalent of native ECM achievable today. dECM-based materials can be used as templates or 
components for producing cell scaffolds using nanoarchitectonic approach. Irrespective of the 
form, in which dECM is used (whole acellular organ/tissue, bioink or hydrogel), the local 
stiffness of the dECM scaffold must be evaluated, since the fate of seeded cells depends on 
the mechanical properties of their environment. Careful dECM characterization is also neces-
sary to reproduce essential ECM traits in artificial cell scaffolds by nanoparticle assembly. 
Atomic force microscopy (AFM) is a valuable characterization tool, as it allows simultaneous 
assessment of mechanical and topographic features of the scaffold, and additionally evaluate 
the efficiency of decellularization process and preservation of the extracellular matrix. This 
review depicts the current application of AFM in the field of dECM-based materials, including 
the basics of AFM technique and the use of flicker-noise spectroscopy (FNS) method for the 
quantification of the dECM micro- and nanostructure.
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1. Introduction

In recent years, artificial cell substrates have 
evolved from flat-bottom Petri dishes to structu-
rally elaborated cell scaffolds obtained from 
moulded synthetic polymers and compound bioma-
terials. Cultivating cells in vitro as a monolayer

culture is a relatively cheap and simple procedure 
widely used in scientific research. However, it has 
become evident that in vitro grown monolayer cells 
significantly differ from their counterparts in vivo, 
because they do not receive certain specific chemi-
cal and physical signals characteristic of the source

CONTACT Svetlana Batasheva svbatasheva@gmail.com; Rawil Fakhrullin kazanbio@gmail.com Institute of Fundamental Medicine and 
Biology, Kazan Federal University, Kreml uramı 18, Kazan 420008, Republic of Tatarstan, Russian Federation

SCIENCE AND TECHNOLOGY OF ADVANCED MATERIALS 
2024, VOL. 25, NO. 1, 2421739 
https://doi.org/10.1080/14686996.2024.2421739

© 2024 The Author(s). Published by National Institute for Materials Science in partnership with Taylor & Francis Group.  
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which 
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been 
published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

http://orcid.org/0000-0002-9510-3832
http://orcid.org/0000-0001-7011-4503
http://orcid.org/0000-0003-1073-2611
http://orcid.org/0000-0003-2015-7649
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/14686996.2024.2421739&domain=pdf&date_stamp=2024-11-12


tissue. Within the organism, cells are surrounded 
by extracellular matrix (ECM), which is a complex 
material consisting of fibrous and gel-like compo-
nents having a tissue-specific composition [1]. 
ECM provides specific stimuli that are crucially 
important for cell differentiation, proliferation, 
and eventually survival. To supply the cells with 
ECM-derived signals, various approaches can be 
used. Some of them reproduce the mechanical and 
chemical properties of the cell environment with 
synthetic moulds equipped with conjugated signal-
ling molecules [2]. An alternative approach relies 
on the use of decellularized ECM (dECM) of cell 
cultures, tissues and whole organs as a material for 
producing cell scaffolds [3,4] because it can poten-
tially provide the whole set of natural signals famil-
iar to the cell. Cell propagation under conditions 
closely resembling the native ones is crucially 
important for both tissue engineering and relevant 
in vitro research. As such, the dECM-based materi-
als play an important role in biological 
micromanufacturing.

Nanoarchitectonics is a novel approach for material 
design, which often benefits from complex architecture 
and rich chemistry of biological objects to synthesize 
and/or assemble nanoparticles [5]. Bio-objects can be 
used as either templates or components for producing 
materials for tissue engineering using nanoarchitectural 
approach [6]. Some individual ECM constituents such as 
hyaluronic acid [7], fibronectin [8] and collagens [9,10] 
have been applied as building blocks for biomaterials 
capable of modulating cellular behaviours. 
Nanoarchitectonics allows obtaining synthetic, bioartifi-
cial or composite cell scaffolds, but irrespective of the 
differences in composition and manufacture procedures, 
all the scaffolds eventually try to mimic the properties of 
the natural cell supports [11,12]. Characterisation meth-
ods at the nanoscale are an important part of virtually 
every nanoarchitectonics study.

Atomic force microscopy (AFM) is a valuable tool 
for characterising the physical properties of cell scaf-
folds, allowing both observing topography and regis-
tering mechanical properties of materials at the micro- 
and nano-level. Although transmission and scanning 
electron microscopy techniques can be also applied to 
study dECM substrate topography with high resolu-
tion, these methods can be more destructive to ECM 
structure, because they require chemical fixation and 
staining of a specimen, and exploit high energy elec-
tron beams for imaging [13]. In contrast to these 
methods, AFM imaging is not destructive and may 
be performed on non-fixed and non-stained samples 
[13] and in liquid to imitate the conditions in the 
living cells [14]. AFM analysis may be followed by 
histological examination to identify the chemical com-
position of specific regions of interest [13]. The use of 
AFM for analysing dECM from various tissues can

contribute to studies of the structure-function rela-
tionships in different tissues at both micrometre and 
nanometre scales. Several excellent reviews on dECM 
scaffolds generation and applications have been pub-
lished recently [3,4,15,16]. However, the reviews on 
AFM application to dECM characterization are lim-
ited by few papers [14,17]. This review describes the 
general principles of AFM data acquisition and treat-
ment, and current application of AFM in the field of 
dECM-based materials.

2. General principles of AFM data acquisition

Atomic force microscopy is a high-resolution method of 
visualization of different surfaces such as cells, single 
molecules, viruses, collagen structures and polymer 
materials [18–21]. AFM also enables obtaining data on 
the mechanical properties of the object surface, using 
a range of versatile imaging modes [22,23]. The object 
surface is probed with a very flexible cantilever, and the 
cantilever bending is optically registered by monitoring 
the position of the laser beam reflected from the cantile-
ver (Figure 1a). During the scanning, interactions occur 
between atoms on the cantilever tip and atoms on the 
sample surface. To measure the mechanical properties, 
the cantilever performs single indentations over a defined 
area and obtains information about the stiffness of the 
material in the form of a load–displacement curve 
(Figure 1b). The resulting force curves (load–displace-
ment curves) are subsequently processed by the software, 
which fits the curves to the selected mathematical model 
of tip-sample contact and calculates the Young’s modulus 
value [26,27]. The Young’s modulus indicates the mate-
rial stiffness and is measured in Pascals (Pa). Tip radius 
and spring constant of the cantilever are of major impor-
tance for the resolution of images and quantitative eva-
luation of material properties [22] (Figure 1c,d). As the 
cantilever spring constant is an essential parameter for 
measurement of the object mechanics, one needs to have 
an approximate idea of the elastic modulus of the object 
under study (at least on the order of kPa, MPa or GPa) in 
order to select the appropriate cantilever in terms of its 
rigidity. The size of the AFM probe can also be regulated 
by attachment of differently sized tips to measure the 
mechanical properties of soft and hard biological materi-
als, because the elastic modulus of biological objects 
varies significantly [25,28] (Figure 1e).

3. AFM methodology as applied to the ECM 
studies

In the ultrastructural AFM studies of the ECM, dried 
tissue sections on glass slides are commonly used [e.g. 
[13,21,31]. These are especially convenient since they can 
be used both for histological studies and AFM visualiza-
tion. Histological staining does not interfere with AFM
studies; moreover, it may be applied as a guide to select
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the region of interest (ROI) in the AFM studies. Since 
AFM scanning units are commonly installed on top of an 
inverted optical microscope, or are equipped with an 
upright optical microscope, the ROI are selected based
on an optical view of the tissue section stained, e.g. for

collagen. Thus, histology and AFM studies, as well as 
studies of tissue sections with other microscopic techni-
ques, such as fluorescence microscopy or LSM, may 
become complementary for the most detailed structural
description of the ECM [13,32]. AFM studies on air allow

Figure 1. Measurement of material mechanical properties with AFM a – main elements of an AFM setup. A laser beam is focused 
on a cantilever, which is vertically displaced (z) with a piezoactuator. Cantilever deflection (d) occurs after sample indentation (δ) 
with the contact force (F). F is computed considering the cantilever stiffness and the voltage (V) produced in a photodetector by 
the displacement of the reflected beam, (reproduced by permission from [17], copyright [2016, WILEY]). b – force-distance (force 
vs. indentation) curve. c – scanning electron microscopy (SEM) images of a pyramidal tip, a spherical tip made of polystyrene bead 
(4.5 μm diameter) (reproduced by permission from [29], copyright [2016, WILEY]), d – SEM images of a microfabricated cylindrical 
flatended tip with cross-section of 1 μm2 in different views (reproduced under the terms of the Creative Commons Attribution 
License from [30], copyright [2012, Acerbi et al.]); e – Young’s modulus of lung dECM at the unstretched state measured by 
macroscale tensile testing and by AFM measurements using pyramidal and spherical tips (indentation depth of 0.7 mm). Data are 
mean ± SE (n = 9). Statistical at p < 0.05 (*) and p < 0.01(**) is indicated (reproduced by permission from [24], copyright [2019, 
Elsevier]). f – elastic modulus of various materials (reproduced by permission from [25], copyright [2014, WILEY]).
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for the highest resolution of the ECM ultrastructure, with 
the use of the corresponding AFM air probes with high 
spring constants.

Mechanical AFM studies require a different 
approach, since dried samples cannot provide ade-
quate information on the ECM’s real mechanical para-
meters. Thin tissue sections (10–50 µm) fabricated 
with a vibratome represent the most efficient type of 
samples for the precise AFM tip positioning using an 
inverted optical microscope [17]. The AFM imaging/ 
mechanical mapping is performed in the relevant 
media such as biological buffers. It is of note that the 
appropriate sample attachment plays a key role in such 
studies, so that the sample is not displaced by the 
moving AFM cantilever during force curve mapping 
in the liquid medium. The solution may be an attach-
ment to glass slides pretreated with different agents, 
such as poly-L-lysine [17,27]. Another ECM sample 
type for biomechanical studies is the cell-derived ECM 
after removing cells [14,17]. As a rule, soft silicon 
nitride V-shaped AFM probes with very low spring 
constants (0.01–0.1 N/m) are used for mechanical stu-
dies of the ECM. Different computation models may 
be utilized to process the force-displacement data, 
depending on the AFM tip. The Hertz model for dull 
tips and microspheres and the Sneddon model for 
sharp tips are conventionally utilized. The effects of 
the sample thickness and viscoelasticity, as well as of 
the tip shape are frequently taken into account when 
analyzing the mechanical data [17].

4. Flicker-noise spectroscopy for the 
quantification of the ECM micro- and 
nanostructure

The ECM micro- and nanostructure is determined by 
the complex hierarchical arrangement of collagen 
fibrils, fibres and bundles of fibres. Various visualisa-
tion techniques, such as AFM, SEM, SGH, produce 
images with a 3D network of collagen structures which 
present mainly descriptive information. Using only 
descriptive data impedes the search for correlations 
between the structural characteristics and different 
factors potentially affecting them, facilitating the 
development of novel methods of quantification of 
2D or 3D arrays of data obtained with visualization 
techniques. In AFM, the surface metrology parameters 
(ISO 25,178–2:2021), such as average roughness, rms 
roughness, skewness, kurtosis etc., are used most fre-
quently to quantify the visualization data. However, 
the application of metrology parameters in the ECM 
studies is very limited, since these are integral para-
meters of surface heterogeneity, not accounting for the 
peculiar collagen packing, spatial periodicity, and 
sample history. The problem of the quantitative 
description of biological samples with a complex
inner structure inspired the development of new

computational approaches. For example, Talu et al. 
[33] applied fractal analysis to the images of the 
Bowman’s membrane of the human cornea. For 
many ECM samples from various tissues, the flicker- 
noise spectroscopy (FNS) parameterization has 
appeared to be most instrumental, since it is capable 
of extracting the numerical information reflecting the 
ECM’s intrinsic structure [31,32,34–37].

FNS represents a method of statistical physics, 
a general phenomenological approach to the analysis 
of complex nonlinear systems, which processes 
chaotic signals via ascribing informational signifi-
cance to the temporal or spatial correlations in 
their sequences [38–41]. The fundamental concept 
of the FNS approach is based upon an assumption 
that the information about a complex system is 
contained in the sequences of irregularities of differ-
ent types (‘jumps’, ‘spikes’, discontinuities in deriva-
tives of different orders, etc.) observed in the 
sequence of values of a dynamic variable which 
describes the system. After removing the low- 
frequency component from the signal, the correla-
tion links found in the chaotic component of the 
signal are described by a set of numerical para-
meters. These parameters may be used for further 
analysis as the system’s quantitative characteristics.

In regard to AFM, the height profiles h(x) are 
considered as dynamic variables. After separation of 
the low-frequency (resonant) component, the high- 
frequency chaotic component of a profile is analysed, 
and the autocorrelation function is considered for 
every profile. Two types of irregularities are analysed, 
‘jumps’ (relatively moderate-height stepwise changes) 
and ‘spikes’ (bursts of a significant height, with dra-
matic height differences in a narrow x range). The 
details of the FNS computational approach to AFM 
images are described in [38,40]. Briefly, the correlation 
is assumed between the h(x) and h(x + Δ), Δ > 0, with 
the autocorrelation function ψ(Δ) for each profile 

where Δ is a spatial shift parameter, averaging within 
the L- Δ interval is defined by angular brackets.

The autocorrelation function ψ(Δ) is processed to 
produce the power spectrum S(fx) 

where fx is spatial frequency,
and the difference moment of second order Ф(2)(Δ) 

Irregularities of different types have a different effect 
on S(fx) and Ф(2)(Δ), with only ‘jumps’ contributing to 
Ф(2)(Δ) and both ‘jumps’ and ‘spikes’ contributing to
S(fx). Based on these two functions, S(fx) and Ф(2)(Δ),
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several FNS parameters are defined using the compar-
ison between the experimental and calculated data. 
The FNS approach was utilized in the analysis of 
a number of complex biological signals such as elec-
trocardiograms [42], electroencephalograms [43,44], 
thermal lipid membrane fluctuations [45,46].

In 2015–2018, our research group had successfully 
applied the FNS parameterization approach in 
a number of studies on the ECM from various con-
nective tissues [31,32,34–37]. We have shown that, of 
different FNS parameters, two basic parameters are 
most suitable for the ECM characterization: 
a ‘stepwiseness factor’ σ (nm), which reflects the jump- 
like irregularities of the studied AFM-profile, and 
a ‘spikiness factor’ S(L0

−1) (nm2 μm), which is 
a measure of spike-like irregularities, where L0 is the 
length of correlation for the high-frequency irregula-
rities at the nanoscale (for the details of obtaining 
these parameters, see [40].

In the study on the destruction of the collagen 
hierarchical structure in pelvic organ prolapse (POP) 
[31], a significant increase in both the σ and S(L0

−1) 
parameters was noted for the POP-affected ECM, 
along with the increase in the peak-to-valley rough-
ness. In terms of the FNS methodology, an increase in 
these two FNS parameters reflects the loss of order in 
the surface structure, which was in agreement with the 
visual observations of disordering in the collagen 
packing. The studies on the atherosclerotic plaques 
[32,34] showed that the values of the two FNS para-
meters correlated well with the morphological changes 
associated with the development of atherosclerosis. 
The FNS parameterization appeared most instrumen-
tal in the quantitative estimation of early damage to 
tissues by ionizing radiation during the radiation 
treatment of pelvic organs [36]. The ECM of the mur-
ine bladder, rectum and skin in the projection of the 
irradiation area were studied. In particular, the FNS 
parameters demonstrated a universal pattern of the 
dose-dependent morphology alteration in the ECM 
of the bladder, rectum and skin. At lower doses, the 
ECM underwent progressive disordering, while at 
higher doses, accumulation of non-collagenous mate-
rial on top of collagen fibrils resulted in the surface 
smoothening and the decrease of σ and S(L0

−1), corre-
spondingly (Figure 2). In [35], the FNS approach was 
applied to quantify the ultrastructural morphological 
differences observed by AFM, associated with inflam-
mation and urothelial carcinoma in the human blad-
der. It was shown that severe inflammation led to the 
collagen structure disordering (growth of the FNS 
parameters), while the presence of malignancy was 
related to the increased production of non-fibrous 
ECM components covering collagen fibrils with the 
decrease of both basic FNS parameters.

In contrast to surface metrology parameters, the 
FNS method, which includes a meticulous analysis of

frequencies in the power spectra against the back-
ground of visual assessment of AFM images, provides 
filtered information reflecting the intrinsic structural 
features of the ECM. The revealed correlations in the 
chaotic height profiles appear sensitive to the ordered/ 
disordered arrangement of collagen in the ECM and 
may be used as markers for the comparison of ECM in 
different conditions, e.g. in healthy and diseased tissue 
and potentially play a role in the computer-aided 
diagnostics. At the same time, the basic limitations of 
the FNS approach consist in the absence of direct 
reference to the structural characteristics of the col-
lagen 3D network, such as fibril orientation, thickness 
of fibrils or collagen content.

Extracellular matrix is a multicomponent system 
with point-to-point variable mechanical properties, 
and its characterization with AFM could also benefit 
from an informatics-assisted AFM indentation 
method elaborated recently [47] for studying living 
cells, which are inhomogeneous membrane and fiber- 
based biological entities. The authors applied the 
Markov-chain Monte Carlo optimization to pick the 
fitting models for indentation force–displacement 
curves and AFM probe shape descriptors.

5. Overview of dECM application in research 
and therapy

In regenerative medicine, decellularized cell scaffolds 
may find applications for wound healing and even 
whole-organ transplantation (Figure 3). The regenera-
tive potential of tissues varies significantly. While 
bone can heal itself (if the lesion size does not exceed 
2.5 cm), cartilage has low regeneration ability because 
of low chondrocyte cell density and lack of blood 
vessels [49]. Currently, organ transplantation is the 
only treatment at the late stages of some severe dis-
eases such as pulmonary fibrosis, chronic obstructive 
pulmonary disease, alpha-1-antitrypsin deficiency, 
pulmonary arterial hypertension and others [50]. The 
shortage of donor organs for transplantation is the 
major obstacle for the treatment, so their replacement 
with bioartificial organs engineered using repopulated 
decellularized ECM scaffolds could be a desirable 
alternative [51]. Cell removal from allogeneic tissue 
results in a close to native and nonimmunogenic fra-
mework that can be then repopulated with autologous 
cells. An interesting observation here is that the prop-
erties of seeded cells can be modified in vitro through 
dECM signalling. Thus, expanding bone marrow- 
derived MSCs (BMCs) from older organisms on 
dECM produced by BMCs of younger organisms reju-
venated key properties of the aged BMC cells [52]. 
Moreover, dECM-based tissue engineering potentially
allows obtaining highly compatible transplantation 
organs, grown in vitro from the patient’s own cell
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and tissue samples. It is assumed that such scaffolds 
containing biochemical and mechanical stimuli will 
support cell proliferation and differentiation with bet-
ter grafting and tissue regeneration outcomes.

There are two principal sources of decellularized 
matrices for tissue engineering: tissues/organs

isolated from various organisms and ECM derived 
from cells cultured in vitro [53]. Decellularized 
whole organs can be used for transplantation, as 
they retain the general organ structure [15].
A major challenge in converting decellularized 
whole solid organs to transplantable grafts is

Figure 2. FNS parameterization of the AFM images of the ECM of the murine bladder (B), rectum (R) and skin (S) after irradiation 
with different doses. The sizes of AFM images are 6 × 6 µm. Reproduced by permission from [36], copyright [2018, Oxford 
University Press]).
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a vascular reconstruction, and various methods of 
reendothelialization enhancement have been tested 
for liver, kidney, lung and heart [54]. As an alter-
native to applying a whole decellularized tissue or 
organ scaffold, decellularized ECM can be powdered 
and then used to obtain printable or injectable 
hydrogels, inks or bioinks with tuneable properties 
[55,56]. dECM hydrogels can be used as culture 
substrates, and as injectable materials to fill and 
repair irregularly shaped tissue defects [57].

In vitro differentiation of pluripotent stem cells is 
a potential way to overcome the shortage of transplan-
table materials. As a source material for producing 
in vitro engineered implants, dECM of adipose tissue 
seeded with autologous adipose stem cells and treated 
with corresponding growth factors to induce differentia-
tion can be used, considering the relatively high avail-
ability of adipose tissue wastes from liposuction and 
abdominoplasty [58]. Mesenchymal stem cells (MSCs) 
isolated from various tissues can be expanded in vitro 
and used for therapeutic applications, including direct 
MSC transplantation into the injury site or the use of 
MSC secreted products [59]. Decellularized ECM pro-
duced by MSC has been tested as culture substrates for 
in vitro MSC expansion or differentiation of reseeded 
MSC into desired lineage [59]. MSC dECM can be 
obtained in large quantities from in vitro cultured iPSC- 
derived MSCs or a stable MSC cell line created from 
MSCs isolated from the human placenta transduced 
with human telomerase reverse transcriptase (hTERT) 
[52]. The chemistry of the underlying substrate had been

reported not to influence ECM deposition by MSC and 
its activity, implying that a wide variety of substrates is 
suitable for dECM production [60]. However, other stu-
dies demonstrated that appropriate surface properties are 
crucial for self-assembly of some ECM components (e.g. 
fibrinogen proteins) and initiation of ECM self- 
organization [61].

When dECM is obtained from in vitro cell cul-
tures, the composition and properties of dECM can 
be tuned by changing the cultivation conditions or 
genetically engineering the ECM producing cells. 
For instance, the addition of ascorbate to culture 
medium can result in increased collagen I content 
[62]. An ECM with enhanced angiogenic potential 
was produced by cultivating a vascular endothelial 
growth factor alpha (VEGF)-over-expressing immor-
talized human mesenchymal stromal cell (hMSC) 
line [63]. VEGF-over-expressing hMSC deposited 
a VEGF-enriched ECM, which, after decellulariza-
tion, supported a much deeper penetration of host 
vasculature toward the centre of the dECM-based 
implants [63]. For highly mechanosensitive tissues 
such as cartilage, the compressive loading on 
a corresponding dECM-derived scaffold during 
chondrocyte growth in vitro also modulates the 
synthesis of ECM molecules and improves the 
newly-synthesized fibre alignment and the Young’s 
modulus of the engineered construct [64].

Decellularization technique offers various possibilities 
for ex vivo research in fundamental science and perso-
nalized medicine, allowing disease modelling and drug

Figure 3. Whole tissue/organ decellularization and applications of dECM-based materials (reproduced by permission from [48], 
copyright [2019, Elsevier]).
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screening. The behaviour of cells in DECM obtained 
from healthy and diseased tissues of a particular patient 
can be compared to study the role of ECM properties in 
disease progression [65]. Decellularized tissues can be 
modified in vitro, for example, by collagen glycation, to 
study the changes in ECM topography and mechanical 
properties under modelled disease conditions [66]. 
Extracellular matrix hydrogels derived from decellular-
ized tissues can support organoid cultures from healthy 
[67,68] and tumour organoids [69] to develop more 
representative human organ models. The decellularized 
tumour ECM was employed to create a tumour-specific 
hydrogel that supported patient-derived tumour orga-
noids, which provides a new avenue for personalized 
medicine applications [69].

6. The composition of the extracellular matrix

The major structural components of ECM are mesh- 
forming fibrous proteins (collagens, elastins), glyco-
proteins (laminin, fibronectin, and others), proteogly-
cans, and glycosaminoglycans although the 
composition of dECM depends on tissue type and

tissue location (Figure 4) [1]. Collagens are a large 
family of related proteins, with different collagen spe-
cies predominating in ECM of distinct anatomic loca-
tions such as type I collagen in lung [70], type II in 
cartilage and type IV collagen in basement membranes 
[71], which are specialized ECM sheets that form the 
foundation of all complex tissues. Collagens assemble 
into a variety of supramolecular structures, such as 
fibrils, filaments, or networks [63]. Individual collagen 
fibrils demonstrate characteristic periodic D-spacing 
[72] (Figure 5a,b). Variations in collagen thickness 
and D-spacing can be observed in distinct locations 
where collagen fibrils consist of several collagen types 
[75]. Collagen fibres are structurally and mechanically 
anisotropic, and thus the radial compressive stiffness 
of the collagen fibres measured by AFM nanoindenta-
tion is different from their axial tensile stiffness [76]. 
Moreover, changes in the radial compressive stiffness 
of individual collagen fibres do not necessarily trans-
late to the axial elasticity changes [76].

The high capacity of some soft tissues to undergo 
large elastic strains is partly explained by reorganization 
of collagen fibres within the ECM [75]. At small strains, 
the fibres are randomly distributed, resulting in low

Figure 4. General view of ECM and its major components (not to scale). Three regions of ECM are shown: the basement membrane 
(BM), interstitial matrix (IM) and pericellular matrix (PCM). The upper cell is an endothelial or epidermal cell separated from the 
interstitial matrix (IM) by the basement membrane (BM). The BM is connected with the IM through type VI collagen and/or type VII 
collagen anchoring fibrils. The pericellular matrix (PCM) encompasses the bottom cell (reproduced by permission from [1], 
copyright [2021, Elsevier]).
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tissue stiffness, primarily on the order of kilopascal. 
When large strains are applied, the collagen fibres align 
and form a stiff network, with tissue stiffness increasing 
up to that of collagen fibrils, which lies within the mega-
pascals (MPa) and gigapascals (GPa) ranges in hydrated 
and dehydrated states, respectively [75].

The largest structures in the ECM are elastic fibres 
that provide the elasticity of tissues such as the large 
arteries, lung, and skin. They consist of two compo-
nents: elastin protein (a cross-linked insoluble poly-
mer of a soluble tropoelastin) and 10–15-nm 
‘“microfibrils”’ (with fibrillins as the main compo-
nent). A number of proteins are associated with 
microfibrils or elastin such as the microfibril asso-
ciated glycoproteins (MAGPs), fibulins, EMILIN-1 
and others [77].

A network of collagen fibrils and elastic fibres is 
embedded in a hydrated gel made of proteoglycans 
and glycosaminoglycans (GAG) (Figure 5c). 
Glycosaminoglycans are negatively charged polysac-
charides which are divided into five families: chon-
droitin sulphate, dermatan sulphate, heparan 
sulphate, keratan sulphate, and hyaluronan. 
Polymeric GAGs can remain as free polysaccharides 
or can be covalently bound to proteins to produce 
proteoglycans [78], such as aggrecan, the major pro-
teoglycan in the cartilaginous tissue ECM [74]. The 
biological activity of GAGs significantly depends on 
their negative charge, which in all GAGs, except for 
hyaluronan, is associated with the presence of 
sulphated residues [79]. The negative charge of hya-
luronan results from the presence of glucuronic acid, 
and hyaluronan is the only GAG that does not bind 
proteins to form proteoglycans but interacts with 
other ECM components as it is [79]. In cartilage, 
the GAG chains of aggrecan are the major determi-
nant of the cartilage compressive stiffness, which was 
supported by direct measurement of intermolecular 
repulsion forces between negatively charged GAG by 
AFM [80]. The core protein of aggrecan has different

GAG substitutions in various biological species and 
GAG chain length and sulphate ester substitution of 
aggrecan vary as a function of age and disease, which 
was also confirmed by direct AFM imaging [74]. 
Decellularization can result in disproportionate 
losses of specific GAGs and changes in GAG disac-
charide composition affecting the dECM binding of 
matrix-associated growth factors, as it was demon-
strated in human lung dECM [81].

In humans, ECM in some tissues (bones, teeth, and 
the hypertrophic zones of growth plate cartilage) con-
tain inorganic components appearing due to miner-
alization process. Calcification of vascular tissue ECM 
also occur as a complication of atherosclerosis, and 
diabetes, and during aging, and crystals appear to form 
preferentially on protein templates [82].

AFM contributed to characterization of ECM com-
ponents and their self-organization into a complex 
supramolecular structures. Using shear modulation 
force microscopy, an AFM-based technique, it was 
found that fibronectin protein spontaneously self- 
assemble into fibrils on high fixed-charge density sur-
faces, which explained the long observation that fibro-
nectin fibrils could form only on cell surfaces or lipid 
bilayer surfaces mimicking the plasma membrane 
[61]. The self-assembly of elastin to nanofibrils, then 
to fibrils and eventually to fibres from elastin suspen-
sions was also recently studied using AFM [83].

A different organization of ECM in various organs 
was revealed by morphological examinations of dehy-
drated [84] or cryo-sectioned [13] tissues with AFM 
operating in the tapping mode. In human articular 
cartilage, the ECM was primarily composed of thick 
and thin type II collagen fibrils (identifiable by their 
characteristic 67 nm periodic structure) embedded 
within a proteoglycan (aggrecan) matrix; in the ferret 
left ventricle epicardium, collagen fibrils were arranged 
into sheets and oriented along the direction of the 
contractile force; in human skin, ‘basket-weave’ bundles 
of fibrillar collagen were visible; in the murine lung,

Figure 5. Major ECM components visualized by AFM. a – topography images of collagen fibrils in the annulus fibrosus of 
intervertebral disc; b – height profile of the fibril shown in a with the peak-to-peak distance corresponding to collagen D-spacing 
(reproduced from [73] under the terms of the Creative Commons CC BY license copyright [2020, Cauble et al.]). c – AFM height 
images of an individual isolated fetal epiphyseal aggrecan monomer with N- and C-terminal regions of the core protein 
designated (reproduced by permission from [74], copyright [2003, Elsevier]).
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individual fibrils of collagen formed laterally associated 
bundles that branched and connected with each other; 
while in the ovine aorta, granular elastin-rich regions 
intermitted with collagen fibrils [13] (Figure 6).

ECM compositional differences are expressed in 
significantly different biomechanical properties of 
the ECM, measured by AFM [85]. As the diameter of 
individual collagen fibres (0.5–1.5 μm) can be compar-
able to the size of the contact area with an AFM tip, the 
estimated value of local Young’s modulus depends on 
a variable contribution of the stiff fibers and soft 
proteoglycans between them [24]. Both dECM stiffens 
and composition influences cell differentiation [86] 
and cell stiffness [87]. The geometry and mechanical 
properties of elastin and collagen fibres change during 
aging or disease [88–90].

7. Decellularized ECM: sources and methods

We will only briefly describe decellularization meth-
ods here because a number of excellent reviews on the 
topic were published recently [91,92]. The decellular-
ization can be performed by physical, enzymatic, and 
chemical methods and their combinations (Figure 7). 
Physical methods include freeze/thaw cycles, hydro-
static pressure, supercritical carbon dioxide or electric 
shock, electroporation, and ultrasound [92].

Chemical methods include tissue treatment with 
acids (for instance, peracetic acid and acetic acid), 
bases (such as sodium hydroxide) or detergents. As 
acids and bases are rather harsh agents, which can 
damage dECM structure and composition, chemical 
decellularization is usually performed with nonionic,

Figure 6. Distinct ECM organization in different locations visualized by AFM. a – haematoxylin and eosin staining of intervertebral 
disc demonstrates the presence of two distinct regions, an inner, cartilage-like nucleus pulposus (NP), and an outer, tendon-like, 
type I collagen-rich annulus fibrosus (AF). b – the same regions visualized by AFM in the bovine intervertebral disc. c – human 
articular cartilage with thick and thin collagen II fibrils embedded in an aggrecan matrix. d – AFM phase images of the ferret left 
ventricle epicardium with collagen fibrils oriented in the direction of the contractile force. e – In amplitude images of human skin 
cryo-sections with characteristic intercalated ‘basket-weave’ of fibrillar collagen bundles. f – individual collagen fibrils (arrows) 
form laterally associated bundles in the murine. g – ovine aorta elastic lamellae with elastin-rich fibres (EF) and an inter-lamellar 
space with collagen fibrils (CF). Scale bars are1 μm (b and e), 500 nm (c and d) and 200 nm (f and g)(Reproduced by permission 
from [13], copyright [2010, Elsevier]).

Sci. Technol. Adv. Mater. 25 (2024) 10                                                                                                                                            S. BATASHEVA et al.



ionic, and zwitterionic detergents. The detergents 
disrupt the cellular membranes but can denaturate 
proteins or disturb protein–protein interactions. 
Ionic detergents (sodium dodecyl sulphate (SDS)) 
were reported to be more detrimental to protein 
structure than zwitterionic detergents such as 
3-([3-cholamidopropyl] dimethylammonio)-1-pro-
panesulfonate (CHAPS)) and ionionic detergents 
such as Triton X-100 [49]. However, although 
Triton X-100 is regarded as a weaker detergent 
than SDS, it caused disruption of the collagen struc-
ture of rat tail tendon, while SDS in the same con-
centration did not cause significant collagen 
denaturation [93]. No evidence of fibronectin or 
collagen denaturation after repeated SDS treatments 
of caprine pancreas was found [94]. This underlines 
the importance of a careful choice of decellulariza-
tion protocol corresponding to a specific tissue type 
and full characterization of the resulting tissue 
dECM.

The toxicity of surfactants could be a major problem. 
Although SDS and Triton X-100 (alone or in combina-
tion) are often used to obtain cell-free ECM scaffolds, in 
some studies fibroblasts did not colonize the scaffolds 
prepared with the use of SDS or Triton X-100 [95]. 
However, when surfactant-treated decellularized matrix 
was solubilized to bioink to be used in bioprinting, no 
cytotoxicity to fibroblasts was reported [96].

Chondrocytes successfully colonized dECM substrates 
prepared with SDS [97] or Triton X-100 [98]. Recently, 
sodium deoxycholate was reported as being a better 
detergent for decellularization of porcine and murine 
(mice and rat) lung, heart, kidney, and bladder glass- 
attached thin tissue slices than CHAPS, Triton X-100, 
ammonia hydroxide and SDS, allowing efficient DNA 
removal with sufficient elastin retention [99]. As the 
glass-attached thin tissue slices were used for decellu-
larization, this method allows AFM measurements of 
the mechanical properties on the same tissue section 
before and after decellularization.

Biological methods include the treatment of tissues 
with proteases (mainly trypsin) and nucleases (DNase 
and RNase). Chelating agents such as ethylenediami-
netetraacetic acid (EDTA) can be also applied to 
detach cells without lysing them and to improve decel-
lularization [100]. A novel approach to ECM decellu-
larization was proposed recently, in which in vitro 
cultured cells were modified by insertion of 
a triggered apoptotic genetic construct that allowed 
to obtain dECM by inducing cell apoptosis, followed 
by dECM washing with PBS to remove the cell debris 
[63]. The dECM-based grafts obtained by this method 
were superior in supporting bone regeneration as 
compared to the dECM-based grafts decellularized 
by the freeze–thaw technique, likely because of better 
preservation of the ECM composition [63].

Figure 7. Classification of main decellularization methods (reproduced from [15] under the terms of the Creative Commons CC BY 
license copyright [2024, Liu et al.]).
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Alternatively, dECM can be obtained by inducing cell 
apoptosis with chemical inductors such as rotenone 
[101] or camptothecin [102]. Allogenic and xeno-
geneic scaffolds, made by apoptosis-assisted decellu-
larization are regarded as less immunogenic and thus 
having lower risk of rejection after transplantation 
than scaffolds decellularized by conventional methods 
[103].

As the composition of ECM is tissue-type specific, 
decellularization protocols should be tailored for dif-
ferent tissues [49]. The point is to achieve complete 
decellularization without significantly affecting ECM 
structure and composition. During decellularization, 
it is important to efficiently degrade and remove 
nucleic acids from the donor material to mitigate 
host immune reaction after transplantation [104]. 
The quality of the decellularization procedure is eval-
uated by comparing nucleic acid contents before and 
after the procedure and determining the presence of 
essential ECM constituents by immunohistochemistry 
(IHC), histologic staining, ELISA, and mass spectro-
metry [105].

According to the origin of ECM, dECM scaffolds 
are classified as autologous dECM, allogeneic dECM 
(different individuals of the same species) and xeno-
geneic dECM (different species). However, architec-
tural and compositional differences, and 
immunogenicity problems in case of incomplete 
decellularization may take place if allogeneic/xeno-
geneic dECM are used for tissue engineering pur-
poses [106], although the immune response depends 
on the tissue type and even on the particular lesion 
location [107]. It was reported that the decellulariza-
tion method impacts the host macrophage behavior 
and thus the outcome of the dECM-based material 
implantation [108]. In order to obtain a whole decel-
lularized organ, an organ is perfused with decellu-
larizing agents through the natural tubular pathways 
such as blood vessels, liver bile ducts, lung airways, 
and kidneys ureters [92].

Decellularized ECM is sometimes pulverized to 
powder to facilitate the decellularization process and 
then the powder is moulded to a porous cell scaffold of 
designed an antomically relevant shape [109]. To 
avoid scaffold contraction after cell seeding various 
approaches are used in order to increase the scaffold 
compressive modulus such as chemical cross-linking, 
reinforcing with synthetic polymers, and UV and 
dehydrothermal treatment, or using high dECM con-
centrations together with pore alignment via unidirec-
tional freezing [109].

AFM has also been used to assess the dECM archi-
tecture and mechanics in order to find an optimal 
decellularization protocol for a given tissue [28,95]. 
AFM analysis confirmed better performance of cold 
EDTA than Triton X-100 as a decellularization agent 
for cultures of hTERT-immortalized myometrial

smooth muscle cells and U2OS osteosarcoma cells by 
demonstrating that the Triton X-100-treated specimen 
was contaminated with the debris of disrupted cells, 
while the surface of EDTA-treated dECM was free 
from cell-derived contaminants (Figure 8) [100]. The 
use of SDS for porcine heart decellularization allowed 
better preservation of the ECM microarchitecture 
than Triton X-100 or trypsin treatment [110]. Higher 
proliferation of rat myocardial fibroblasts and better 
alignment of neonatal rat cardiomyocytes in the scaf-
folds made of SDS-treated dECM were observed in 
seeding experiments, which was probably associated 
with significantly higher surface roughness of the SDS- 
treated tissue, registered by AFM (Figure 9) [110]. 
Thus, the characterization of scaffold nanoarchitec-
tural and nanomechanical traits with AFM could 
prove useful to explain the results on cell proliferation 
in dECM scaffolds produced with different decellular-
ization protocols.

8. The importance of dECM mechanical 
properties characterization

In addition to chemical signals, reproducing the 
mechanical properties of cell microenvironment is of 
crucial importance. Cells sense and respond to the 
mechanical stimuli, such as substrate rigidity, viscos-
ity, and mechanical strain [111–114]. Many diseases 
are associated with changes in cellular mechanotrans-
duction (Table 1) [115]. The characteristic cell beha-
viour, including cell migration [111], movements 
[116], proliferation [117], and differentiation [118] 
depends on substrate mechanical properties. For 
instance, embryo-derived cardiomyocytes beat best 
on a matrix with heart-like elasticity, while rigid sub-
strates mechanically similar to a fibrotic scar stop their 
beating [116]. The cell response to the substrate stiff-
ness is cell type-specific [117], which is associated with 
variability in ECM stiffness in different locations 
in vivo [119,120] (Figure 10a). Moreover, the ECM 
stiffness changes as a result of disease such as cancer 
[121] or fibrosis [122] (Figure 10b), and the diseased 
tissue can become either softer (in arthritis or emphy-
sema) or stiffer (in fibrosis, sclerosis, or cancer) than 
the healthy one [28]. The changes in ECM mechanical 
properties can contribute to malignant transformation 
of cells [123–125]. Oppositely, mechanical cues from 
softer dECM of healthy cells can suppress proliferation 
of cancer cells [126]. Matrix stiffness was also reported 
to be related to chemoresistance of tumours, although 
the complete mechanisms await elucidation [127]. The 
ECM structure also influences angiogenesis, and thus 
the wound healing process [115]. The interplay 
between the stiffness of the cell and its microenviron-
ment determines the cell invasion behaviour and thus 
is important for the clinical outcome of various
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matrices application for therapeutic purposes [87]. 
The donor age does not significantly influence 
dECM local stiffness, as it was shown by AFM studies 
in mice lungs, while a diseased state such as fibrosis 
has a very large impact [122]. Decellularized ECM 
scaffolds obtained from diseased tissues can be applied 
to investigate the role the matrix stiffness plays in 
disease progression and for preclinical drug screening 
[128], necessitating thorough characterization of 
dECM mechanical properties.

AFM can provide valuable information on dECM 
scaffold stiffness and architecture. While micromecha-
nical and nanomechanical dECM properties can be 
registered using CellScale MicroSquisher tension- 
compression test system [129] or in situ nanomecha-
nical indentation test system [130], AFM allows simul-
taneous registration of mechanical and morphological 
properties. According to AFM analysis, the dECM 
scaffolds obtained from fibrotic lungs displayed 
regions with stiffness comparable to normal tissue

Figure 8. Use of AFM along with other methods for assessment of the decellularization efficiency and the quality of the scaffold 
obtained from decellularized ECM deposited by cultured hTERT-myometrial smooth muscle cells. Superimposed fluorescent and 
DIC images of (a) hTERT-myomSMCs expressing mCherry which were grown for 3 days on uncoated glass coverslips and (b) 
rounded mCherry-expressing hTERT-myomSMCs after treatment with cold EDTA. Culture plate from which the cells treated with 
cold EDTA were washed with PBS, visualized by DIC (c) and fluorescent imaging (d). Immunofluorescent images of ECM fibronectin 
in hTERT-myomSMC culture prior to (e) and after (f) decellularization with cold EDTA. Scale bars, (a-d) 100 μm; (e and f) 20 μm. 
AFM images of ECM decellularized with (g) triton-X-100 and (h) cold-EDTA. (g-h) AFM gray scale bars show the z-axis dimensions 
(reproduced by permission from [100], copyright [2014, Elsevier]).
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and regions with much higher stiffness, and promoted 
transforming growth factor-β (TGF-β) – independent 
fibroblast differentiation to myofibroblasts [70].

AFM analysis revealed that the topography and 
stiffness of dECM derived from neoplastic tissues are 
different from those from normal tissues, with neo-
plastic tissues dECM being stiffer and less organized 
than dECM from the healthy tissue [65,121] 
(Figure 11). The specific scaffold traits resulted in 
preferential growth of organoids developed from col-
orectal cancer peritoneal metastases on scaffolds from 
neoplastic peritoneum in comparison to normal scaf-
folds [65]. When the Young moduli of dECM obtained 
from healthy and neoplastic tissues of the same patient 
were compared with AFM, a significantly increased 
neoplastic dECM stiffness was found, which was asso-
ciated with disorganized collagen accumulation [121].

The mechanistic explanation of intra-tissue varia-
bility in the dECM stiffness is difficult. It has been 
related to differences in the dECM composition, par-
ticularly, in the collagen and elastin contents 
[119,120]. When AFM stiffness maps were registered 
in non-fixed slices of decellularized healthy heart

tissue immunostained for elastin and collagen, the 
elastin-rich sites around the vessels were found to be 
about two times stiffer (E = 74.5 ± 8.7 kPa) than col-
lagen-rich sites in the myocardium (E = 30.2 ± 2.8 kPa) 
and pericardium (E = 32.9 ± 4.3 kPa) [120]. The E in 
collagen-rich regions of decellularized heart tissue 
from wild-type mice was about 30 kPa and increased 
three-fold in infarcted heart tissue, which was asso-
ciated with a dramatic increase in collagen deposition, 
but could also be related to ECM cross-linking and 
changes in fibre structure [120].

Scaffold preparation can also influence the regis-
tered stiffness. In dECM derived from cultured human 
pulmonary fibroblasts, the matrix stiffness depended 
on the cross-linking of extracellular matrix molecules 
with glutaraldehyde rather than collagen I content 
[62]. However, specimen treatment with glutaralde-
hyde not necessarily changes the ECM mechanical 
properties, as it was demonstrated in inner limiting 
membrane (an ocular basement membrane that sepa-
rates the retina from the vitreous humour) [85]. The 
authors supposed that it was due either to already 
maximal cross-linking of all components or

Figure 9. AFM images of the surface topography of the porcine heart tissue after decellularization with triton X-100 (a), trypsin (b) 
or SDS (c). Each AFM image size is 2.0 μm × 2.0 μm. d -The tissue treated with SDS is rougher (has a higher roughness average (ra) 
value) than the other two treatments. Data are mean ± SD with statistically significant difference indicated with * (reproduced by 
permission from [110], copyright [2016, Springer Nature Customer Service Centre GmbH).
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insignificant contribution from the cross-linking 
agent to overall material stiffness.

Thus, the assessment of dECM mechanical prop-
erties is important to understand and predict the cell 
behaviour during cell scaffold utilization. Compared 
to other methods, such as those that measure global 
scaffold mechanics (rheology and compression test-
ing), AFM allows direct measurements of local 
micromechanics of scaffolds, but the results obtained 
depend on the tip shape (Figure 1c), as a spherical 
AFM tip comes to a larger contact area with the 
sample, than a pyramidal one and thus has lower 
ability to assess local differences in stiffness values 
[122]. In decellularized rat lung slices, Young mod-
ulus values measured with a blunted pyramidal tip

were 3-fold larger than those measured with 
a spherical tip (Figure 1d), which could be explained 
with higher local strains produced by sharp tips 
[24]. Similar results were found at a comparison of 
micromechanical (measured with a spherical AFM 
probe with a radius of 1 μm) and nanomechanical 
(measured with a pyramidal AFM probe with 
a radius of 60 nm and) properties of decellularized 
aortic vessels [131]. Larger elastic moduli and wider 
stiffness range at the nanoscale than at the micro-
scale level were also explained by the authors with 
the pyramidal probe measuring the mechanical 
properties of the individual components in the vas-
cular wall rather than the global tissue proper-
ties [131].

Table 1. A partial list of diseases with aetiology or clinical presentation 
resulting from abnormal mechanotransduction (reproduced by permission 
from [115], copyright [2009, Taylor & Francis Ltd]). In the right column the 
letters indicate whether the mechanical basis of the disease results from 
changes in cell mechanics (C), in tissue structure (T) or mechanochemical 
conversion (M). ‘?’ – indicates that deregulation of mechanical conversion is 
possible but needs to be demonstrated.

Cardiology Angina (vasospasm) C T
Atherosclerosis T M
Atrial fibrillation M
Heart failure C T M?
Hypertension C T M?
Intimal hyperplasia C T M?
Valve disease T

Dermatology Scleroderma T
Gastroenterology Achalasia C

Irritable bowel syndrome C M?
Volvulus C T

Nephrology Diabetic nephropathy C T M?
Glomerulosclerosis C T M?

Neurology Cerebral edema T
Facial tics C
Hydrocephalus T C?
Migraine C M?
Stroke C T
Stuttering C

Oncology Cancer C T M?
Metastasis C

Opthalmology Glaucoma C T M?
Orthopedics Ankylosing spondylitis C T

Carpal tunnel syndrome C T
Chronic back pain C T
Dupytren’s contracture C T
Osteoporosis T M
Osteoarthritis T
Rheumatoid arthritis T

Pediatrics Collagenopathies T
Congenital deafness C T M
Mucopolysaccharidoses T
Musculodystrophies C T M
Osteochondroplasias C T
Polycystic kidney disease T M
Pulmonary hypertension of newborn C T M?

Pulmonary medicine ARDS C T M?
Asthma C T M?
Emphysema T
Pulmonary fibrosis T
Pulmonary hypertension C T M?
Ventilator injury C M

Reproductive medicine Pre-eclampsia C T M?
Sexual dysfunction (male & female) C M?

Urology Urinary frequency/incontinence C M?
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Local ECM stiffness sensed by cells and measured by 
AFM can be significantly higher than macroscale stiff-
ness of decellularized whole tissues measured by uniaxial 
tensile testing. In decellularized rat lung slices, dECM 
was one order of magnitude stiffer at the microscale than 
at the macroscale, which was explained by high porosity 
of the lung parenchyma [24]. To study how macroscale 
dECM mechanics is translated into changes in micro-
scale dECM mechanics AFM measurements were per-
formed on decellularized rat lung slices subjected to 
different levels of stretch using a specially designed poly-
dimethylsiloxane chip [24]. The dECM Young’s modulus 
at the microscale increased with increasing macroscopic 
tissue strain, indicating that during breathing the stiffness 
of the alveolar cell ECM is changed in response to 
changes in the whole lung strain [24].

The elasticity of decellularized tissue sections can 
be different [29] or not significantly different

[99,132] from the corresponding whole tissue sec-
tions. The variability could result from different 
decellularization protocols and measurement condi-
tions, particularly whether the local or bulk tissue 
properties are recorded. Thus, E values of decellular-
ized alveolar walls assessed by AFM were one order 
of magnitude higher than E values of whole lung 
tissue sections [29]. The same difference was 
observed in bulk mechanical properties for native 
and decellularized heart tissue studied by tensile 
tests, which was explained by absence of cells and 
scaffold shrinking resulting in disturbed tissue 3D 
structure [120]. However, the differences in local 
mechanical properties of native and decellularized 
heart tissue measured by AFM were not so large as 
in bulk studies [120]. According to AFM data, decel-
lularized pancreatic tissue was slightly stiffer than 
the native one, but the difference was not statistically

Figure 10. The stiffness in different regions of healthy and diseased heart and lung mesured by AFM. a – Fluorescence microscopy 
images and stiffness maps of different regions of decellularized healthy and infarcted heart. The first column demonstrates large- 
scale images (red – collagen I and green – elastin) with measured regions (40 μm × 40 μm) indicated by white squares. Enlarged 
measured regions (40 μm × 40 μm) and their stiffness maps are shown in the second and third column, respectively. (Reproduced 
by permission from [120], copyright [2014, Elsevier]). b – Stiffness in different locations (alveolar septa,visceralpleura,and tunicae 
adventitia and intima of vessels) measured by AFM in decellularized lungs of control healthy mice and mice with lung fibrosis 
induced by intratracheal infusion of bleomycin. The degree of fibrosis was determined as low, medium or high according to lung 
structural appearance (Reproduced by permission from [122], copyright [2014, Elsevier].
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significant [94]. The measurement of bulk mechan-
ical properties of decellularized arteries also showed 
that in comparison to native arteries, the decellular-
ized ones were stiffer (had significantly higher tensile 
modulus and lower extensibility), and had decreased 
residual stress, which was associated with matrix 
structural changes [133]. In decellularized abdominal 
aortic vessels, the stiffnesses of the tunica media and 
tunica adventitia were significantly increased after 
decellularization, while the lumen stiffness was 
reduced, which was associated with ECM structure 
rearrangement [131].

It has been reported that cells seeded into dECM 
scaffolds can modify their environment [87,96]. In the

AFM nanomechanical study where five types of cell 
scaffolds were seeded with fibroblasts and then decel-
lularized again, it was shown that cell seeding softened 
the decellularized matrices (Figure 12) [87]. The 
seeded matrices in which the cells were grown for 14  
days were less stiff than initial bare matrices, but the 
matrices were also softer than the bare matrices even 
after the cells were removed again [87]. Moreover, 
normal fibroblasts from healthy skin significantly sof-
tened the matrices, while diseased fibroblasts from 
a scar tissue and Dupuytren’s fibroblasts from the 
palmar fascia of the same patient which also had 
Dupuytren’s disease exerted a much smaller softening 
effect on the scaffold than normal fibroblasts [87].

Figure 11. Morphology and mechanical properties of dECM from normal and neoplastic (peritoneal metastases of colorectal 
cancer) sites of the same organism. a - topography of normal and neoplastic decellularized dEcms, obtained from three different 
patients, visualized by AFM (phase, height, and peak force error images). Scale bar −1 μm. b - distribution of the young modulus 
values obtained for each patient’s normal (green) and neoplastic (red) sites. Pt, patient; KPa, kilo pascal. In violin-plots, each dot 
represents the median young modulus value extracted from a single measurement. The bars show the mean of the median young 
modulus values for each patient with error bars representing effective SD of the mean. The calculated relative stiffening of the 
neoplastic ECM in percentages is shown. Student’s t- test (**p < 0.01) (reproduced from [65] under the terms of the creative 
commons CC by license copyright [2022, Varinelli et al.]).
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The decellularization method can also potentially 
alter the dECM mechanical properties, as different 
protocols can remove various amounts of dECM 
essential components such as elastin [99] or glycosa-
minoglycan [132]. However, local matrix stiffness 
registered by AFM in rat lung dECM depended mod-
estly on the decellularization procedure [119]. When 
local Young’s modulus of the rat lung dECM at five 
different locations (alveolar septa, pleura, alveolar 
junctions, and vessels’ tunica intima and tunica adven-
titia) obtained with four different protocols was mea-
sured using AFM, the stiffness depended much more 
on the site within the matrix than on the

decellularization procedure [119]. However, for one 
location (the tunica intima), the type of the detergent 
(CHAPS or SDS) significantly influenced the mea-
sured Young’s modulus with SDS giving almost two 
times higher stiffness than CHAPS [119].

Using AFM, the local micromechanics were mea-
sured in alveolar wall segments, alveolar wall junctions 
and pleural regions of rat lung scaffolds decellularized 
with sodium dodecyl sulphate [134]. The storage mod-
ulus of alveolar ECM was about 6 kPa and slightly 
differed between wall segments and junctions, while 
the stiffness of pleural regions was three times higher 
than that of alveolar walls. AFM studies in

Figure 12. Changes in matrix appearance and mechanics assessed in decellularized human dermal scaffolds after seeding with 
normal and diseased (scar or Dupuytren’s) fibroblasts of the same patient. Bare matrix (a) was seeded with primary fibroblasts 
isolated from normal healthy skin, from cutaneous scar tissue or from the palmar fascia affected with Dupuytren’s disease (b) and 
then decellularized again (c). Height and PeakForce error images of bare matrices (a), matrices with normal, scar or Dupuytren’s 
fibroblasts after two weeks of cultivation (b) and after removing the cells (c). Histograms of Young’s modulus values of bare 
(black), cell-seeded (blue), and cell-removed matrix (red), for normal (d), scar (e) and Dupuytren’s fibroblasts (f). The shifts in the 
histograms show the changes in matrix mechanics induced by all three fibroblast types (reproduced from [87] under a creative 
commons attribution 4.0 international license (http://creativecommons.org/licenses/by/4.0/) copyright [2019, Viji Babu et al.]).
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decellularized pulmonary tissue of mice also con-
firmed that micromechanics of distinct lung anatomi-
cal compartments are different, with Young’s elastic 
modulus (E) of stromal compartments around blood 
vessels (tunica intima, tunica adventitia) being 
1.5–4-fold higher than that of the parenchymal com-
partment (i.e. alveolar septa) [28]. The inhomogeneity 
of dECM micromechanics of alveolar septa, pleura, 
and vessel’s tunicae in mice lung tissue was also 
found by Melo et al. [122].

AFM can significantly contribute to studies of the 
mechanisms of cell response to ECM stimuli, as it 
allows separation of biochemical and mechanical 
cues by using bare tips or tips coated with ECM 
components or dECM to contact cells and measure 
their local mechanical response [135]. An AFM can-
tilever was functionalised with dECM of one of the 
bladder regions (submucosa, detrusor, and adventi-
tia) cut by laser microdissection and the interactions 
of the AFM probes with the AY-27 rat bladder 
cancer cell line was studied. The differences in the 
adhesion of distinct dECM regions were found, cor-
responding to variability in composition and bio-
physical properties of the regions [135]. The future 
development of this approach could be the produc-
tion of modified AFM cantilevers from patient- 
specific organ and tissue regions to test them against 
patient own cells.

9. Recent developments in dECM-based cell 
scaffolds

Some dECM materials are clinically approved and have 
been already long used for tissue restoration purposes 
[105,108]. Commercialized dECM products have been 
extensively reviewed elsewhere [3]. Here, we only 
briefly describe several recent studies in the field of 
dECM-based materials, in which AFM was involved 
in scaffold characterization.

The full-thickness model of human skin was obtained 
by bioprinting of dermis compartment with bioink made 
of solubilized porcine skin dECM mixed with human 
fibroblasts and then topped with keratinocytes as an 
epidermis layer [96]. The bulk mechanical properties of 
the model were compared to those of a skin model with 
dermis made of type I collagen from bovine skin. The 
dECM-based models had closer stiffness and visco- 
elasticity to excised native human skin than the collagen- 
based ones. However, the local organization of the fibril 
network revealed by AFM was different in the native skin 
and skin models. While in the native skin the fibrils in 
ECM were mostly aligned, in the skin models, the fibrils 
were randomly oriented (Figure 13). The stiffness and 
viscoelastic properties of skin models were modulated by 
the seeded fibroblasts, and especially keratinocytes, 
which synthesized human ECM proteins.

A serious problem of chondrocyte-based cartilage tis-
sue engineering is the dedifferentiation of chondrocytes 
during their in vitro expansion from chondrocyte phe-
notypes to fibroblast phenotypes. Cell supports made of 
decellularized ECMs from cultured allogeneic human 
articular chondrocytes (AC-ECM) and bone marrow 
stromal cells (BM-ECM) decreased dedifferentiation 
and shortened the expansion time of chondrocytes 
in vitro as compared to chondrocytes growing on stan-
dard tissue culture polystyrene [98]. These positive effects 
were more prominent on dECM from allogeneic human 
articular chondrocytes. According to AFM analysis, the 
two dECM substrates differed in structure and physical 
properties. BM-ECM had a slightly lower Young’s mod-
ulus and a rough surface with highly organized and 
aligned fibrils, while in AC-ECM, the fibres were not 
aligned and the surface was almost smooth. The BM- 
ECM stiffness measured by AFM appeared to be higher 
than that measured previously by rheometry [98]. To 
promote cellular migration into artificial articular carti-
lage implants made of porcine cartilage dECM the laser- 
modification technique was applied to increase the 
implant porosity [97].

To study in vitro the processes underlying diseases, 
properties of dECM hydrogels can be shifted to better 
correspond to those of native tissues by combining 
dECM with synthetic polymers. dECM derived from 
porcine lung was thiolated and introduced into a poly 
(ethylene glycol)-α-methacrylate (PEGαMA) hydrogel 
as a clickable dECM crosslinker to reproduce the 
increased stiffness of fibrotic tissues and mimic the 
dynamic changes in the tissue elastic moduli that 
occur during the disease progression [136]. Fibroblasts 
expressed significantly higher levels of the collagen 1a1 
on the hydrogel stiff regions compared to the soft 
ones [136].

The bioartificial material for cartilage regenera-
tion was obtained by growing rabbit articular chon-
drocytes on poly(ε-caprolactone) (PCL) electrospun 
fibres of different diameters (1282 ± 121 nm, 549 ±  
61 nm and 285 ± 38 nm) followed by ECM decellu-
larization [137]. The scaffold was then seeded with 
rabbit bone marrow-derived MSCs to study the abil-
ity of the scaffold to support stem cell adhesion, 
proliferation and chondrogenic differentiation. 
According to AFM, uncoated PCL fibres were 
rougher than fibres with deposited dECM. The 
dECM/PCL scaffolds made of 549 nm fibres were 
the most suited ones for MSCs chondrogenic 
differentiation.

dECM can be used as components to improve 
biocompatibility of artificial organs made of synthetic 
polymers; for instance, including acellularized aorta as 
a layer providing a collagen bed and facilitating epithe-
lial cell growth in a PCL-based artificial trachea can 
help to overcome the problem of tracheal granulation 
after tracheostomy [138].
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The field of dECM-based materials for tissue 
engineering is growing. Decellularization of various 
tissues and organs including liver [139], bone and 
cartilage [49] pancreas [94], skeletal muscle [140], 
kidney [141], bladder muscle, heart valve, and limb 
[94] has already been performed. However, the

search for safer decellularization techniques that 
allow better preservation of ECM structure, 
mechanics and thus functionality is continuing. As 
AFM technique supplies unique data on dECM 
nanostructure and mechanics, thorough characteri-
zation of dECM properties with AFM can help to

Figure 13. Organization of collagen fibrils in human and reconstructed skin models visualized by AFM. The reconstructed skin was 
represented by keratinocytes on top the dermis compartment made of either solubilized porcine skin dECM mixed with human 
fibroblasts (full-thickness S-dECM) or of type I collagen from bovine skin mixed with human fibroblasts (full-thickness coll). (a) In 
human skin, aligned collagen fibrils are visible, while in the two skin models fibril arrangement is disorganized. In the full- 
thickness S-dECM, a fiber of condensed fibrils is shown with a white arrow. Scale bar 2 μm. (b) Higher resolution AFM images (scale 
bar 0.5 μm) of the human and reconstructed skin, demonstrating regular periodic D-banding of collagen fibrils in all three samples. 
In the full-thickness S-dECM, smaller fibrils where D-banding is not discernible are shown with white arrow. (c) Principal 
component analysis based on AFM morphological scores demonstrates that human skin morphology differs from those of the 
two models, and the skin models also differ from one another (reproduced by permission from [96], copyright [2022, Elsevier]).
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reveal structure–function relationships in health and 
disease.

10. Conclusion

Acellular tissues, organs and cell cultures have been 
exploited as ready-to-use cell scaffolds, which reproduce 
a large part of structural, mechanical and chemical traits 
of the native ECM. However, some ECM components 
are lost or damaged during decellularization, thus neces-
sitating further improvement of decellularization proce-
dures in a tissue-specific manner. AFM can observe 
geometrical and mechanical characteristics of obtained 
dECM scaffolds both at the level of individual ECM 
components (such as collagen fibres and proteoglycan 
molecules) and at the level of supramolecular assemblies, 
depending on the instrument operation parameters. We 
expect that application of AFM for characterizing 
dECM-based materials will grow in the future due to 
the high instrument versatility. A wide range of informa-
tion can be obtained by a properly designed AFM ana-
lysis including the choice of cantilever tip size and shape, 
cantilever modification with specific substances (includ-
ing ECM components and whole dECM) and raw data 
treatment methods. Therefore, in addition to simply 
assessing the ECM preservation after decellularization, 
AFM can contribute to studies of structure–function 
relationship between the physical properties of cell 
microenvironment and their influence on the cell beha-
vior under healthy and diseased conditions.
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