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ABSTRACT: It is widely accepted that three-dimensional cell
culture systems simulate physiological conditions better than
traditional 2D systems. Although extracellular matrix components
strongly modulate cell behavior, several studies underlined the
importance of mechanosensing in the control of different cell
functions such as growth, proliferation, differentiation, and
migration. Human tissues are characterized by different degrees
of stiffness, and various pathologies (e.g., tumor or fibrosis) cause @ &

MATERIALS
TUNABLE
STIFFNESS

changes in the mechanical properties through the alteration of the

extracellular matrix structure. Additionally, these modifications have Y
an impact on disease progression and on therapy response. Hence, D>
the development of platforms whose stiffness could be modulated
may improve our knowledge of cell behavior under different
mechanical stress stimuli. In this review, we have analyzed the
mechanical diversity of healthy and diseased tissues, and we have summarized recently developed materials with a wide range of
stiffness.

HEALTHY/DISEASED TISSUES 3D CELL CULTURE

KEYWORDS: 3D cell culture, stiffness, mechanical properties, tissue mimic, tunable materials, hydrogels

1. INTRODUCTION profile and heterogeneity of cancer cells and the stroma.’
Furthermore, the microenvironment is responsible for
modulating the response to anticancer drugs through the
vasculature architecture, acidic tumor environment, presence
of hypoxic regions, and interactions between tumor and
stromal cells.” Studies carried out on glioblastoma cells
revealed that cells cultured in scaffolds responded differently
to therapeutic agents, and 3D models could represent a helpful
tool for testing drug efficacy.®™ "

The mechanical properties of the extracellular matrix
(ECM) have a significant impact on a wide range of cell
behaviors such as growth, differentiation, adhesion, and signal
transduction. Cells are indeed able to perceive external
mechanical stimuli and activate molecular pathways related
to mechanotransduction in response; the magnitude, the
spatial orientation, and the time course of these mechanical
stimuli influence the type and the strength of the response.
Hence, the stiffness of the extracellular environment regulates

Until about 20 years ago, the earliest attempts to grow cells in
three dimensions (3D) showed great promise as this culturing
method allowed scientists to better mimic the anatomical
structures that are present in the human body. However, very
few laboratories had successfully set up to develop 3D
techniques. Cells cultured on 3D matrices behave in a
dissimilar way compared to the traditional 2D culture systems,
as the latter method shows a strong limitation in the lack of all
the complex interactions that occur in the tissue microenviron-
ment, affecting cell morphology, growth, and drug response.’
Moreover, gene expression analyses identified significant
inconsistencies between cells grown as a monolayer or as 3D
cultures, with the latter being capable of inducing the same
expression levels found in vivo.”® For instance, cells of
glioblastoma multiform (GBM) showed differential expression
in genes involved in cell and cell—cell adhesion, chemokine
and cytokine signaling, nervous system development, and focal
adhesion pathways when cultured in 3D scaffolds compared to
2D monolayers.” Importantly, studies on cancer cell features Received: November 11, 2020
took advantage of 3D culture; it is well-known that the tumor Accepted: February 19, 2021
microenvironment consists of several cell types, matrix Published: February 26, 2021
components, and signaling molecules.” 2D culture systems

failed in reproducing this complex compartment; instead, 3D

platforms allowed to preserve the shape, polarization, genetic

EEAPPLIED
510 WATERIALS

© 2021 The Authors. Published b
American Chemical Societ¥ https://dx.doi.org/10.1021/acsabm.0c01472

W ACS PUbl ications 2233 ACS Appl. Bio Mater. 2021, 4, 2233-2250


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="De%CC%81sire%CC%81e+Baruffaldi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gianluca+Palmara"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Candido+Pirri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesca+Frascella"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsabm.0c01472&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01472?ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01472?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01472?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01472?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aabmcb/4/3?ref=pdf
https://pubs.acs.org/toc/aabmcb/4/3?ref=pdf
https://pubs.acs.org/toc/aabmcb/4/3?ref=pdf
https://pubs.acs.org/toc/aabmcb/4/3?ref=pdf
www.acsabm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.0c01472?ref=pdf
https://www.acsabm.org?ref=pdf
https://www.acsabm.org?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Applied Bio Materials

www.acsabm.org

cytoskeletal structure and cell-matrix protein organization,
which are linked to important processes such as cell division,
migration, and apoptosis.'" As well depicted in the review of
Kechagia and colleagues, integrins on cell membranes act as
sensors of mechanical signals derived from ECM. Specifically,
they could form multiprotein plaques in response to an elastic
strain leading to cytoskeletal rearrangement, gene tran-
scription, and activation of signaling proteins. Integrins are
fundamental also in durotaxis which is the cell migration
guided by ECM rigidity.'” Moreover, Nemec and colleagues
underlined how matrix stiffness could influence chromatin
architecture and epigenetic signature. For example, the
translocation into the nucleus of transcriptional regulators
YAP (Yes-associated protein) and TAZ (PTZ-binding motif)
after matrix stiffening has been seen to cause chromatin
modification.'” Additionally, metabolism is modulated by
changes in ECM mechanical properties. Indeed, softening
seems to be correlated to reduce glycolysis because of the
inhibition of enzymes involved in the process. Contrariwise,
YAP-TAZ translocation promotes glycolysis and autophagy,
thus increasing cell proliferation in stiffer matrix."* 3D models
and the modulation of their stiffness enable the study of
external stimuli effects on cells in vitro and represent a valuable
tool for mimicking both physiological and pathological
conditions.">™'® As shown in Figure 1, tissues were
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Figure 1. Picture summarizing stiffness values of the main human
tissues in a healthy condition. The fibrotic tissues become stiffer than
those in normal conditions. In the middle, an overview of several
techniques, based on elastography, used to measure tissue stiffness.

characterized by a specific range of stiffness because of their
composition, heterogeneity, and position. These conditions
were perturbed during disease progression, leading to a more
aggressive or debilitating prognosis.'”~>' In recent years,
attention has been increasingly attracted by the micro-
patterning of soft material surfaces. In this way, the materials
tend to mimic natural morphologies on the micro/nanometer
scale.”””’ There were numerous studies investigating the
theme of 3D fatterning approaches in soft materials including
self-rolling, > origami-inspired,”*” and 3D or 4D print-
ing.”**° The latter has become the last frontier and consists in
biomaterials also called intelligent materials, that have, as an
additional feature, the sensitivity to external stimuli. In fact, 4D
printed materials can transform their structure in response to
specific stimuli, such as pressure, temperature, pH, or light
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radiation. The wide panorama also includes functional 3D
materials, able to create printable scaffolds that have intrinsic
functionality, e.g., with biorecognition capabilities. The
combination of 3D printing technology with accurate materials
engineering allows for obtaining constructs that closely mimic
the dynamics of native tissues.’’ Since the fundamental
importance of stiffness in tissues and pathology development,
in this review, we show how mechanical properties of 3D
matrices could be modulated to mimic tissue-specific features.

2. TISSUE STIFFNESS MEASUREMENT

Numerous diseases are associated with changes in tissue
stiffness. This aspect has been usually assessed in clinical
practice by palpation or visual examination, which are
subjective and nonquantifiable methods. In recent years,
objective and noninvasive methods have been introduced to
quantify tissue mechanical properties in vivo and map them,
based on the use of elastography.”>*” As described in their
review by Sigrist and colleagues, elastography assesses the
capability of a tissue to resist deformation (tissue elasticity).
According to the types of deformation applied, three kinds of
elastic modulus are derived: (1) Young modulus (E = o,/¢,)
defined as materials’ stiffness as given by the ratio of normal
stress to normal strain; (2) shear modulus (G = 6,/¢,) defined
as materials’ resistance to deformation as given by the ratio of
tangential force to shear strain and (3) bulk modulus (H = o,/
€,) defined as materials’ resistance to compression as given by
the ratio of volumetric stress to a volumetric strain.
Considerable for soft tissues is the Poisson’s ratio (v
—Eans/ Exxial) defined as the ratio of transverse strain to axial. It
describes the tendency of a solid to retain its original volume.
Usually, Poisson’s ratio for soft tissues is around 0.5 because of
their high water content, and its value allows to estimate
Young’s modulus from shear modulus, as E = 3G.** Schematic
representation of the directional elastic properties of materials:
Young modulus E, Shear modulus G, Bulk modulus H and
Poisson’s ratio v, are summarized in Figure 2. Elastography is

Young’s Modulus (E) Shear Modulus (G) Bulk Modulus (H) Poisson’s Ratio

Figure 2. Schematic representation of the directional elastic
properties of materials: Young modulus E, Shear modulus G, Bulk
modulus H and Poisson’s ratio v. The arrows represent the direction
of stress exerted.

defined by the excitation types and the measured physical
quantity. For example, strain elastography measured deforma-
tion after manual compression, cardiovascular pulsation, or
respiration. Instead, shear wave imaging estimated the rate of
propagation of shear wave into the tissue.”

2.1. Quasi-static Elastography. Over the years, several
techniques have been developed to measure tissue’s mechan-
ical properties, and one of them is quasi-static elastography. It
relies on the acquisition of radiofrequency before and after the
application of a small amount of quasi-static deformation.
Tissue composition, water content, time required for the
measurement, and parameter settings may influence the
results; thus, an increasing number of studies proposed new

https://dx.doi.org/10.1021/acsabm.0c01472
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approaches to improve the technique and standardize the
results.”*~

2.2. Magnetic Resonance Elastography. Magnetic
resonance elastography (MRE) is another noninvasive method
to detect tissue stiffness and consists in the generation of shear
waves of specific frequencies and in the acquisition of wavefield
inside the tissues. Because of the nature of deformation, the
outcome is the shear modulus (G) of the tissue.’”*"
Specifically, after the induction of shear waves into the tissue
using an external device, waves inside the body are imaged and
processed to obtain quantitative images. Algorithms based on
an equation of motion allowed to calculate mechanical
properties considering the tissue homogeneous, isotropic,
and incompressible. MRE potentialities are linked to its
flexibility and noninvasiveness.*'

2.3. Other Elastography Techniques. Transient elastog-
raphy (TE) is based on vibration at low frequencies and links
wave velocity to tissue stiffness,”” while shear wave
elastography (SWE) gives information about E and G through
shear wave velocity.4‘ TE is a painless, easy-to-use, and rapid
technique. A transducer probe transmitted the vibration to the
tissue inducing wave propagation, and stiffness is correlated to
the propagation speed. Stiffer tissues have faster shear wave
propagation. However, in obese patients, the measurement is
more difficult, leading to a higher error percentage.** Shear
Wave Elastography (SWE) gives information about E and G
through shear wave velocity.”> SWE measures the displace-
ment of tissues caused by external pressure or the radiation
force from a focused ultrasound beam, leading to highly
localized displacement. Then, the wave’s propagation is
detected by an ultrasound transducer. This approach has
been used for the analysis of prostate, liver, and cardiac
tissue.” Furthermore, Harmonic Motion Imaging (HMI)
method is based on an oscillatory radiation force that induces
harmonic tissue motion. The advantages are the possibility to
reach deeper organs, such as the pancreas, and to avoid
respiratory artifacts that generally produce static motion.
Moreover, displacement amplitude is directly linked to tissue
stiffness.**”

Several studies tried to compare various techniques to
identify the more suitable diagnosis of disease progression
when stiffness changes occur. For instance, it has been
reported that MRE is more efficient than TE in liver fibrosis
detection,”® > and O’Hara et al. stated that TE and SWE are
comparable in the detection of hepatic fibrosis and cirrhosis.”'

3. TISSUE MECHANICAL PROPERTIES

As already discussed, the tissues and the cells they are made of
are continuously subjected to physical forces such as
compression and tension. Cells respond to these stimuli,
dynamically adapting to them and modifying their micro-
environment. It has been shown that mechanical properties of
tissues are profoundly correlated with their development,
homeostasis, risk of disease, and response to therapeutic
treatments.”” Since matrix elasticity influenced cell function,
stem cell differentiation, and activation of several intracellular
pathways, mechanosensing plays an important role in cell
functionality.”> Modification in microenvironment rigidity
resulted in changes in the conformation of adhesion
components (e.g, vinculin, integrins, and focal adhesion
kinase or FAK) that activated proteins involved in mechano-
transduction. For instance, on a stiff matrix, two traducers
called YAP and TAZ translocated into the nucleus to induce
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the transcription of genes involved in many cellular processes
including proliferation, metabolism regulation, and differ-
entiation.>* Further, in response to mechanical stimuli, Rho/
ROCK pathway promoted cytoskeleton activation regulating,
for example, the differentiation of stem cells.” Rigid substrates
promoted the differentiation of white adipocyte into beige type
regulating cell spreading and thermogenic genes expression.*®
Additionally, adipogenesis and osteogenesis of mesenchymal
stem cells (MSCs) in 3D culture were controlled by matrix
stiffness through the modulation of integrin, FAK, actin myosin
contractility, nuclear laminin, and intracellular pathway such as
YAP-TAZ.”” Further, the commitment of MSCs toward sweat
gland cells was promoted by a stiffer matrix by YAP-dependent
mechanotransduction.”®

Specific cell types were subjected to complex mechanical
cues because of the localization and the matrix composition.
For instance, endothelial cells responded to these stimuli with
the activation of ion channels, G-proteins and G-protein
coupled receptors, integrins, and intracellular junction
proteins.”” Stiffness also influences autophagy, a catabolic
mechanism that regulates cellular homeostasis, motility, and
differentiation. Stiff substrates decreased autophagy in vascular
endothelial cells; meanwhile, softer ones promoted it and the
endothelial phenotype, suggesting that increasing rigidity
affects endothelial function. Contrariwise, stiffer substrate
promoted autophagy in vascular smooth muscle cells under-
lining the importance of rigidity in the control of specific cell
behavior.”’

ECM rigidity plays an important role also during pathology
development. For instance, pulmonary fibrosis, characterized
by fibroblast activation, is associated with excessive collagen
deposition. Hence, changes in matrix composition resulted in
an increased rigidity. In this context, several intracellular
pathways associated with mechanotransduction were activated,
including Rho/ROCK, YAP-TAZ, and MRTF-A°" In the
following paragraphs, the tissues that best show this behavior
and that have been studied more thoroughly will be described
in detail, except for the liver, which has been the subject of
extensive reviews and systematic analysis.’”*®

3.1. Breast. The ECM of mammary tissue is composed of
several proteins that are responsible for its structure and
function as well described in the review by Insa-Rodriguez and
Oskarsson.’* Particularly, this tissue is sustained by collagens,
fibronectin, laminins, glycosaminoglycans and proteoglycans,
matricellular proteins, and ECM remodeling enzymes. It is
widely accepted that during tumor progression, changes in
ECM composition cause stromal stiffening; the normal
mammary gland has an elastic modulus between 160 and
200 Pa,® but its stiffening is associated with a higher risk of
tumor development.®® Furthermore, human epidermal growth
factor receptor 2 (HER2)-positive tumors and triple negative
breast cancer (TNBC), the two more aggressive tumor
subtypes, show higher stiffness (>S5 kPa), mainly caused by
collagen deposition, linearization, and bundling.]9 Chen and
colleagues analyzed the stiffness of breast cancer subtypes
using SWE. TNBC showed a higher average mean stiffness
(165.8 + 48.5 kPa) when compared to Estrogen Receptor
(ER)-positive (136.9 + 57.2 kPa) and HER2+ tumors (160.3
+ 56.2 kPa). Moreover, it has been seen that stiffness is
correlated to tumor size, histological grade, and lymph node
involvement.”® Finally, several in vitro studies have reported
matrix stiffness as a critical aspect in the regulation of spheroids

https://dx.doi.org/10.1021/acsabm.0c01472
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formation,®’~"° integrin signaling, cell morphology,65 stromal
and cancer cell interactions,”' and drug resistance.””

3.2. Brain. As described by Rape et al., brain ECM is mainly
composed of hyaluronic acid (HA) and in minor de§rees by
laminin, fibronectin, and collagen IV and V.”® Brain
mechanical measurements are quite difficult because of tissue
heterogeneity and physiological position. For instance,
Mcllvain and colleagues measured stiffness starting from
images acquired by MRE. They observed shear stiffness values
that ranged from 2.48 to 4.11 kPa, with the cerebrum and
cerebral lobes exhibiting a higher stiffness compared to the
cerebellum.”’ Chauvet and colleagues measured the Young’s
Modulus of four brain tumor types, meningiomas, low-grade
gliomas, high-grade gliomas, and metastasis by SWE; the
obtained values were 33.1 + 5.9 kPa, 23.7 + 4.9 kPa, 11.4 +
3.6 kPa, and 16.7 + 2.5 kPa, respectively, which were higher
than the one found in normal brain (7.3 + 2.1 kPa).”*
Moreover, Tabet et al. analyzed the brain’s and tumor’s storage
moduli, which were 189 and 536 Pa, respectively.”” GBM
tumoral progression was demonstrated to be strongly
correlated to mechanosensing and matrix stiffening;76_78 in
fact, changes in scaffold stiffness caused the modulation of
glioblastoma cell morphology, proliferation and spheroid
formation, gene expression and drug resistance.””*’

3.3. Lungs. Lung ECM is mainly composed of collagen
(type I, 11, 111, V, and XI) and glycoproteins such as fibrillin.
Specifically, the alveolar interstitial part mostly consists of
collagen types I and III, fibronectin, and elastin. Instead,
cancerous tissue shows a higher level of collagen, hyaluronan,
tenascin C and fibronectin;®" at the same time, dense stroma
and fibrosis are common in lung adenocarcinoma. Angel and
colleagues showed that the first alteration occurring in the early
stage of lung adenocarcinoma is the deposition of collagen-
containing hydroxylated prolines, which are involved in
fibrosis. Besides, they confirmed the presence of a higher
amount of collagen type I in tumor tissue.*” Lung stiffness
could be measured using MRE, assessing a shear stiffness at
rest volume of 0.93 + 0.22 kPa, whereas at total lung capacity
was 1.41 + 041 kPa.*’ Moreover, atomic force microscopy
(AFM) indentation tests quantified the elastic modulus of
healthy lungs around 1 kPa, while fibrosis could increase the
stiffness to values of 13—17 kPa.**®> The substrate stiffness
influences cell behavior, such as grovvth,86 migration,87’88 and
epithelial-to-mesenchymal transition.**

3.4. Pancreas. Pancreatic ECM is mainly composed of
collagen types I, III, IV, and V and different types of laminin,*’
and during cancer progression, various alterations in the
composition of ECM occur. For instance, adenocarcinoma-
associated fibroblasts produced ECMs oriented in a parallel
pattern, with fibrillar collagen types I and III, which were
progressively increased during tumoral progression, and
differences were also detected in glycoprotein and proteogly-
can components.”””" Adenocarcinoma showed higher stiffness
(3.78 kPa) compared to normal pancreatic tissue (1.24 kPa),
and its mechanical properties were also influenced by
unhealthy habits such as smoking and alcohol consumption
and by metabolic alterations due to diabetes.””~"* Itoh and
colleagues employed the MRE technique to estimate the
mechanical properties of normal and tumoral tissue; the
authors showed that a healthy pancreas had an overall stiffness
of 2.47 + 0.11 kPa, whereas a tumoral one had a stiffness of
6.06 + 0.49 kPa.”” Furthermore, matrix stiffness could induce
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epithelial-to-mesenchymal transition, invasion capability, and
. 196
chemoresistance.”*”

4. 3D MATRIX STIFFNESS MEASUREMENTS

To better resemble mechanosensing that occurs in vivo, an
ideal 3D matrix mimics the mechanical properties of the
original tissue or of the pathological environment that is
studied. Several techniques have been adapted to measure the
elastic modulus of in vitro scaffolds to understand whether their
stiffness is comparable to the one of interest. Particularly,
hydrogels are the most widely used matrices for 3D culture
because of their biocompatibility, composition, porosity, water
content, and tunable properties.”””® In the next section, we
summarize the most used methods to measure the mechanical
properties of hydrogels.

4.1. Tensile and Compression Test. The tensile test is a
widely used method for the evaluation of Young’s modulus,
which is measured as the ratio of applied stress to resultant
strain (N/m?). Soft biological tissues usually display increased
resistance to deformation as the applied stress increases.
During tensile tests performed on biological samples, a strain is
best measured at given stress considering the material as
perfectly elastic, and for this reason, stress and strain applied
must always be indicated.”” For instance, Czichy and
colleagues prepared cylindrical samples with definite diameter
and length, i.e,, 4.7 mm and 18 mm, respectively. The authors
performed tensile tests using an AntonPaar MCR 301 to
calculate the Young’s modulus of alginate—methylcellulose
scaffolds with embedded magnetic microparticles, considerin%
the linear part at the beginning of the stress—strain curve.'’
Fu and colleagues conducted tensile measurement using an
Instron-SSOOR  tensometer. Specifically, they obtained ring
shape samples of their protein-based hydrogel (d;, = 8 mm, d
=10 mm, h = 3 mm), and after overnight storage in PBS, they
calculated Young’s modulus at 15% strain with an extension
rate of 25 mm/min.'”" Instead, Chen et al. used a universal
mechanical testing machine with a 10 kg load cell. Young’s
modulus was assessed at 5% of strain, keeping the rate of
stretch constant at 50 mm/min.'”

The compression test is another method commonly used to
measure hydrogel elastic modulus. As well as for tensile tests,
samples should be prepared with definite shape and dimension.
For example, Nguyen et al. prepared their PEG-based
hydrogels into PTFE cylindrical molds with 11.50 mm in
height and 11.00 mm in diameter. The samples were then
compressed with a strain rate of 2.0 mm/min using an Instron
3344, and the elastic moduli (E) were calculated within 10%
strain.'®” Tirella and colleagues analyzed cylindrical hydrogels
made of PEG (5 mm in diameter and 3 mm in height) with
uniaxial unconfined compression. Force and displacement were
recorded normalized to the cross-sectional area and initial
length of the samples. The compression modulus was
measured in the region where stress varied linearly with the
applied strain.'**

4.2. Atomic Force Microscopy. Atomic force microscopy
(AFM) is a widely used technique based on a thin cantilever
with a tip that interacts with the sample; the resultant force is
measured and then used to derive mechanical properties.
Importantly, probe features (e.g., material, spring constant,
radius, and cone angle) influence resolution, accuracy, and
sensitivity of the measurement.'” Suriano and colleagues used
a commercially available probe with a colloidal SiO, tip, with a
radius of 2.71 um and a spring constant of 0.0412 N/m

https://dx.doi.org/10.1021/acsabm.0c01472
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Table 2. Table Summarizing the Main Strategies to Modulate SF Hydrogel Stiffness

range of
elastic

materials concentration preparation method modulus measure technique cells ref

silk fibroin (SF) 1.5—4 wt % high-pressure CO, 6—64 kPa compression test (speed 20  MSCs 131
um/s until 60% strain)
SF and tyromine- from 0 to 50 mg/mL (various HRP-cross-linking 0.3—21.8 kPa  compression test BMSCs 132
conjugated SF ratio)
SE various ratio starting from SF 70  gelation 9.93-31.16 AFM (tips S urn, force BMSCs 133
collagen (Col) mg/mL collagen 7.8 rug/mL kPa constant 0.03 N/m)
SE 5—10 mg/mL sonication and gelation  0.2—0.7 kPa  compression test breast cancer cells 134
Col 1 mg/mL
SE SF 0.175-2.45 wt % sonication and gelation  0.05—20.4 compression test (0.1 hMSCs 135
Col collagen 0.5—3.5 mg/mL kPa mm/min)
SE 2 wt % freeze-drying 3—58.4 kPa compression test (speed S BMSCs differentiation 136
SF nanofiber mm/min) in endothelial cells
(SEN)
SEN S wt % concentrating SEN 2—18 kPa compression test (speed 2 BMSCs myogenic 137
solution and salt- mm/min until 30% strain) differentiation
leaching

SE various ratio starting from 6% HRP-cross-linking 9—60 kPa frequency sweep (0.1-100 ~ BMSCs differentiation 138
SEN (SF) and 2% (SEN) rad/s) in different lineages
SEN 1,2, and 4 wt % HRP-cross-linking 0.6—160 kPa  frequency sweep (0.1-100  BMSCs 139

rad/s)

measured with the Sader method. According to the nature of
the sample, they derived Young’s modulus using Derjaguin—
Miiller—Toporov and the Johnson—Kendall-Roberts models
for low or high surface energy, respectively.106 Thanks to its
level of resolution, AFM has been used to assess the elastic
modulus of hydrogels. For instance, Galuzzi et al. measured the
local elasticity of poly(N-isopropylacrylamide) (PNIPAM)
hydrogels using a commercial AFM Dimension Icon. A force
curve was obtained at every point of a matrix in a selected area
of the sample to reconstruct the mechanical properties
according to the morphology. Probes with different geometries
were then used to fit the indentation curve and derive Young’s
modulus; the Hertz model was used for spherical probes and
the Sneddon model for sharp ones, assuming a Poisson’s ratio
of 0.5 and a linear relationship between stress and strain.'”” As
also described by Market et al., the Hertz model was used to
derive elastic properties of their hydrogels consisting of
different biomaterials; the model takes into consideration the
sphere radius (R), the force (F), the elastic modulus of the
sample surface (E), the Poisson’s ratio (v) which is assumed to
be 0.5 for hydrogel and the indentation (5).

_ _4EVR 52
3(1 —v?)

After AFM measurement, cantilever deflection (d) and piezo
movement (z) were obtained. So, with Hooke’s law, F = k X d,
applied force (F) is calculated from the deflection. Moreover,
indentation (6) was derived from z = d + 8. So, the elastic
modulus was derived using the following equation:'""

4EJR ( F)3/ :
= —-— Z —_——

3(1 = %) k

4.3. Nanoindentation. Like AFM, the nanoindentation
technique is particularly useful for analyzing the microenviron-
ment and how its localized influence affects the mechanical
behavior of the matrix.

Nanoindentation can be used for mapping the elastic
properties of soft materials at a microscopic scale. This

2238

technique allows the precise application of a defined force by
an indenter tip, while simultaneously measuring the inden-
tation depth into the sample substrate with subnanometer
accuracy. In order to measure soft samples having low Young’s
modulus, flat punches and spherical indenters with a relatively
large radius have been developed.'”” Nanoindentation shows
some limits such as the evaluation of the viscoelastic models,
the choice of the right calibration material, and events of
adhesion between the sample and the probe (especially if soft
and hydrated). Kaufman and colleagues tried to overcome
these limitations by looking for the best model to link
macroscopic and microscopic properties and by assessing the
capability of these techniques to discriminate materials with
similar mechanical properties, showing promising results.'"’
Specifically, the work showed that, although nanoindentation is
a widely used technique for the mechanical characterization of
biomaterials, in the case of hydrated samples, the measure-
ments are not yet so reliable. With some tricks, such as the use
of the right reference materials, Kaufman showed how
nanoindentation can also be used to discriminate hydrogels
with a low modulus similar to each other in hydration
conditions."'"~""* Karavasili and colleagues analyzed the
elastic modulus of hydrogels using a Shimadzu DUH211S
device with Berkovich diamond indenter whose tip radius was
100 nm, obtaining a resolution of 0.196 uN. The tests involved
loading under force-controlled, and the outcomes are force-
depth curves, particularly, indentation depth varied from 7 to
25 pm with a loading rate of 0.35 mN/s, until 1 mN. The
object of the study was to use a numerical-experimental
approach to obtain a complete physical-mechanical character-
ization of 3D printable alginate—methylcellulose hydrogels
with bioactive components. In detail, nanoindentation tests
have been made more accurate thanks to the support from
finite element analysis simulation.'"”

4.4. Rheology. To analyze the mechanical properties of
bulk 3D matrix, it is not possible to follow an approach such as
AFM and nanoindentation, as the latter provides nanometer
resolution. To accurately analyze the mechanical properties of
3D samples in bulk, the most suitable technique is the shear

https://dx.doi.org/10.1021/acsabm.0c01472
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Table 3. Table Summarizing the Main Strategies to Modulate GeIMA Hydrogel Stiffness

preparation  range of elastic

materials concentration method modulus measure technique cells ref

GelMA S, 10, and 15 wt % photo-cross-  1.7—16.4 kPa compression test (speed 0.01 nun/s until 10% dental stem cells 142
linking strain)

GelMA 7.5, 10, and 15 wt % photo-cross-  25.59—41.78 uniaxial compression test (speed 1 mm/min ~ BMSCs differentiation into 144
linking kPa until S0% strain) endothelial cells

GelMA S, 10, 20, and 30 wt % photo-cross-  3.08—184.52 uniaxial compression test (speed 1 mm/min) PC12 (adrenal gland) 145
linking kPa

GelMA 10 wt % photo-cross-  3.5-13.1 kPa  AFM (tips 200 um, resonant frequency 17 human adipose- derived 146
linking 5.4—18.5 kPa kHz, force constant 0.08 N/m) stem cells

GelMA GelMA 0.05—-0.5 wt % photo-cross-  1.6—25 kPa compression test (speed 2 mm/min until 2.5% osteoblast and 147,148

PEGDA PEGDA 5—15 wt % linking strain) osteosarcoma cells

GelMA GelMA 1-5 wt % photo-cross-  0.1—8 kPa frequency sweep (1—400 rad/s) MDA-MB-231 (breast 149

PEGDA  PEGDA 1—15 wt % linking cancer cells)

(several combination)
GelMA GelMA 6 wt % photo-cross-  7.08—19.34 compression test (speed 0.1 mm/min until osteoblasts 150
silk fiber ~ SF of different length linking kPa 10% strain)
(SF) 20 mg

rheology.''* Rheology is the study of how a material deforms
when forces are applied to it. Thus, applying shear stress to a
3D matrix can be helpful in the determination of elastic
modulus (stiffness) as well as viscous properties of a bulk 3D
tumor tissue.

However, it must be considered that the soft tissues behave
as nonlinear, anisotropic, and nonuniform viscoelastic
materials.'"® Consequently, their mechanical properties
depend on deformation and deformation rate. In the case of
soft materials, this implies problems in the reproducibility and
reliability of measurements and interpretation of results.
Therefore, rheology may not be considered as a standard
measurement technique for evaluating the mechanical proper-
ties of soft matrices. In recent years, research groups are
focusing their attention on the development of new algorithms
and solutions to take into consideration the inhomogeneous
and anisotropic nature of rheology in this field. As well
explained in the work of L. Bilston, the rheological behavior of
soft tissues is very complex and strongly influences the analysis
and interpretation of elastography measurements. To over-
come this bias and, thus, to obtain reliable and repeatable
experimental measurements, there are some key elements that
must be taken into consideration: first, the influence of tissue
load and strain on measurements and then other parameters
such as intrinsic tissue characteristics, such as inhomogeneity
and anisotropy. The current frontier in this area is related to
the development of new algorithms to be able to consider the
complexity, inhomogeneity, and anisotropy of soft materials.
Unfortunately, research is still a long way from refining
elastography further so that it can be used as a tool for
understanding microstructural changes in tissues."'®

5. 3D MATRIX WITH TUNABLE STIFFNESS

According to tissue properties, such as matrix composition and
stiffness, cells require specific culture conditions and materials
that better resemble features of the tissue of origin. Moreover,
hydrogels and scaffold properties (e.g., swelling ratio, pore size,
stiffness) must be fully characterized to strictly regulate cell
culture conditions. Here, we focused on stiffness and its role in
cellular behavior, showcasing different materials and ap-
proaches to obtain constructs with tunable stiffness. At the
end of each paragraph, tables summarized the main strategies
used to obtained hydrogels with different mechanical proper-
ties (ie, Tables 1, 2, 3, 4, and S for alginate, silk, GelMA,
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hyaluronic acid, and peptide-based as well as PEG-based
hydrogels, respectively).

5.1. Alginate. Alginate is a linear anionic polysaccharide
copolymer deriving from brown seaweeds and made of f-(1—
4)-p-mannuronic acid (M-blocks) and a-L-guluronic acid (G-
blocks); the ratio and the sequence of blocks influence the
properties of the alginate. Hydrogels could be obtained with
different methods, among which ionic or covalent cross-
linking, phase transition, cell cross-linking, free-radical
polymerization, and click-chemistry.'"” Alginate hydrogels
have good printability and biocompatibility, and they are
used, for example, in vascular, cartilage, and bone tissue
printing. Some drawbacks of these scaffolds are low cellular
adhesion, slow degradation rate, and poor mechanical
properties, especially for mimicking bone features. To
overcome these limitations, alginate could be chemically
modified or cross-linked by means of different strategies.'"®
Alginate is widely used for its fast cross-linking; however, the
lack of cell-adherent motifs limited its use for cell and tissue
culture."'® To overcome this limitation, some authors used
alginate hydrogel containing arginylglycylaspartic acid (RGD)
peptide, which mediates cell adhesion,”’ or gelatin, which
presents the same sequence.ég’lzo’121

Various approaches may be adopted to obtain hydrogels
with tunable mechanical properties. As an example, Khavary
and colleagues studied the effect of different stiffnesses and
hydrogel compositions on multicellular aggregate formation;
the stiffness was proportional to alginate concentration, and
stiffer hydrogels supported the growth of larger aggregates.
Moreover, the authors observed that adding RGD peptide
increased cellular adhesion and accelerated cell proliferation
but not the dimension of formed spheroids which depended
only on stiffness.’® Interestingly, a composite hydrogel that
consisted of different alginate concentrations and fixed gelatin
amounts showed a wide range of compressive moduli (from
1.4 to 14.2 kPa), but higher viability of human mesenchymal
stem cells (HMSCs) was found in the scaffold with lower
stiffness.'” Di Giuseppe et al. showed that the compressive
modulus of alginate—gelatin composite hydrogel depended
both on cross-linking time and precursors concentration.'”'
Finally, Jiang and colleagues analyzed how alginate influenced
elasticity and the formation of tumor spheroids. Particularly,
they tuned the elastic modulus from 546 to 22.88 kPa
increasing alginate concentration from 1 to S w%. Moreover,

https://dx.doi.org/10.1021/acsabm.0c01472
ACS Appl. Bio Mater. 2021, 4, 2233—2250


www.acsabm.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.0c01472?ref=pdf

REVE

www.acsabm.org

ACS Applied Bio Materials

9tI

ST

144!

(441

(92

69

11

0cI

89

89

JoI

S[[9 [eUOINAU UBTUNY
sayfdorpuoyd

1se[qo1qy

(sreo 190UEd IsEAIQ)
IETIN-VAN

(s[eo 190UEd I5EAIQ)

TE€TAN-VAN

S[[90 I9DUed IseAIq
SOSI

SOSINY

S[[92 Iadued JsLAIq

S[[92 Iadued jsearq

S[[e2

(urens 950/ TUN UTW /WL
0T paads) 3s93 uorssardwod

WAV
(urens 907 [un s/wuw
910°0 pa3ds) 393 uorssardurod

359} uorssardwod

(Sururens Tenrur 9S e
s/pe1 00S—S0°0) deams Lousnbay

(wr 00S mn_oumv uonejuapul

(s/ww
10 _uoommv 359} uorssardwod
(o /wron

1 _uoommv 359} uorssardwod

AEmbw %S0
e ZH 00T—T°0) doams Lousnbaiy

AEmbm %S0
e ZH 00T—1°0) deams Lousnbaiy

anbruy?) anseaw

B 60
B 0T1—0S
ey
06'€T—LS0
B 8'6—TT
B T-T0
e
88'7T—98'S
e 8Y—86C
B TYI—¥'1
e 8°S
B 67TS—S8'T

snnpow
snse[a jo aguer

Supyur-ssox suozerpAy
Sunjur-ssoxn esrsdyd
Sunpur-sson AN

Supjur-sson o)
Sunurp-sson He)

uonepd
Sunjur-sson qoe)
Sunurp-sson qoen

Sunjurp-sson qHe)
Sunjurf-ssox duoyoe|

-g-ouoonyS-a yym £QDE)
Sunjurf-ssox duoyde|

-g-ouodnyS-a yym £QDE)

poypeur uoneredaxd

Tu/3ur g
% M S :SD
% M € TV

ayeurdre JySrom remosjowr y3ry pue moj
pue 1axurf-sson ‘opndad sqepeidap jo uoneuIquIod JuIIAPIP

T/ ¢ ;o)

/3w § 3y

%ST :[PSmEN

%t BV

% IM 6 PuE L ‘S PO

9% W G pue ‘¢ T B[y

9% M 0T PUE ‘g ‘9 % ‘T [2D
% M 6 PUE ‘L ‘S ‘¢ ‘T B[y
9% W T PO

% M €T pue ‘g7 ‘€1 ‘8°0 BV
Tw/8w T :0D

9% M SL°0 BV

9% M T pue ‘T ‘S0

UOTJRIJUIDUOD

Sy payipow-apAyape

AmUv 9JeJ[ns URIOIPUOYD pue mz
spndad s[qepeidap Aeonewszus

ue M [y payIpow-auduUIOqIOoU

1°0

3y

swosodr] Sururejuos -9He) PSmEN

Sy

PD

3y

PD

3y

(D) unyead

3y

(10D) ualerod

B\

(81v) syeurdpe

s[erraew

ssaugns [2S0ipAH VH d1e[npoy 03 sa13djeng urejy 3y} Surzuewwng 3[qe], ‘4 d[qeL

https://dx.doi.org/10.1021/acsabm.0c01472

2240

ACS Appl. Bio Mater. 2021, 4, 2233—2250


www.acsabm.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.0c01472?ref=pdf

ACS Applied Bio Materials

www.acsabm.org

Table 5. Table Summarizing the Main Strategies to Modulate Peptide-Based, PEG-Based, and Dextran-Based Hydrogel

Stiffness
preparation
materials concentration method
L-histidine tripeptide Succinic peptide: 8.6 ymol gelation

acid acid: 4.3 ymol

Fmoc-tyrosine-lysine S, 10, and 15 mM self-assembling

Fmoc-tyrosine-aspartic
self-assembly peptide (EFK8)

1.25, S, and 10 mg/mL self-assembling

collagen-like peptide polymer 1wt % overnight
annealing
peptide amphiphiles conjugated 1 wt % self-assembling

with host—guest motifs

PEG-norbornene PEG thiol different ratio and
photoinitiator

concentration

PEG modified with host—guest
motifs

thiol-allylether
photo-cross-

various composition

linking
GelMA methacrylic dextran GelMA: 6—10 wt % photo-cross-linking
(DeMA) DeMA: 1 wt %
dextran vinyl sulfone 0.7 g/mL photo-cross-linking

thiol—ene reaction

range of
elastic
modulus measure technique cells ref
0.87—9.7 kPa  frequency sweep (8—100 rad/ NIH 3T3 161
s) (fibroblasts)
4—62 kPa amplitude sweep hepatoma cell lines 162
0.04—0.1 kPa microindentation NIH 3T3 163
(fibroblasts)
40.6—709 frequency (0—10 Hz) and MDA-MB-231 164
kPa strain (0.1—100%) sweep (breast cancer
cells)
2.8—5.1kPa  frequency (0—100 Hz) and ~ NIH 3T3 166
strain (0.01—10%) sweep (fibroblasts)
1.5-12.6 kPa  frequency and strain sweep cardiomyocytes 168

2.3—6.5 kPa  frequency sweep MING (pancreatic 169
B-cells
0.6—42.3 kPa compression test (speed 1 induced hepatic 173
mm/min) progenitor cells
0.77—-11.03 microindentation NHLFs 174
(myofibroblast)

the adding of different percentages of gelatin changed the
number of cellular adhesion sites without having an impact on
the mechanical properties of the hydrogel. Meanwhile,
hydrogels with an elastic modulus of 7.92 kPa and the highest
gelatin concentration (alginate 1 wt %, gelatin S wt %) allowed
the formation of the largest and the most viable tumor
spheroids.”’

Hydrogels with dynamic mechanical properties were used to
study the insurgence of drug resistance in breast cancer cells.
For instance, Joyce and colleagues developed a dynamic
alginate—Matrigel system in which stiffening was induced by
the cross-linking of calcium-loaded liposomes present into the
hydrogel due to exposure to near-infrared light. A breast cancer
cell line, named MDA-MB-231, was grown in a dynamically
stiffened hydrogel and showed a decreased sensitivity to a
chemotherapeutic drug, called doxorubicin, when the elastic
modulus was increased to mimic the early stage of breast
tumor. In addition, cell cultures in this condition also
expressed markers of mesenchymal phenotype.””

The degree of cross-linking strongly influences the
degradable features and the mechanical properties of alginate
hydrogels. Liu et al. succeeded in tuning the mechanical
properties of alginate—collagen composite hydrogel by
changing the amount of cross-linker; actually, the authors
were able to enhance the Young’s modulus of the %el from 1.2
to 9.8 kPa by increasing the CaCl, concentration.’”* Fletcher
et al. also demonstrated that variations of gelling time could
influence material’s mechanical properties. The storage
modulus of hydrogels derived from a polyelectrolyte complex,
composed of alginate and chitosan, was 6.5-fold increased
when cross-linked at high temperature (complexes prepared at
50 °C compared to 37 °C)."”” Lueckgem and colleagues
combined norbornene-modified alginate and peptide sequen-
ces with thiol-containing cysteines at either end to induce UV
cross-linking via thiol—ene chemistry. Additionally, the peptide
sequences were enzymatically degradable to allow hydrogel
modification by the cells. This combination led to the
realization of gels with an elastic modulus that ranged from
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0.57 to 13.90 kPa.'** To achieve higher stiffness, Ma and
colleagues used strontium alginate/chondroitin sulfate to
produce hydrogels through physical cross-linking, and the
concentration of both strontium chloride and the presence of
chondroitin sulfate (CS) strongly influenced the elastic
modulus. Indeed, the addition of CS allowed to reach the
value of 120 kPa and caused a decrease in pore size compared
to strontium alginate hydrogels. Also, CS and strontium
increased the proliferation and reduced the apoptosis of
chondrocytes, resulting in a good candidate for cartilage
transplants in vivo.

Dissimilarly, other cell lines require softer culture conditions
to grow or proliferate. As an example, aldehyde-modified
alginate hydrogels could be used to obtain scaffolds with an
elastic modulus of 0.9 kPa through hydrazine cross-linking.
The biocompatibility of hydrazine, the fast cross-linking, and
the brain-like stiffness exhibited by the material supported
human neuronal cells viability and neurite outgrowth.'*

5.2. Silk. The advantages of silk fibroin (SF) hydrogels as a
biomaterial are well depicted in the review of Kapoor and
Kundu. SF represents a good candidate for the fabrication of
hydrogels with good elasticity and strength due to the presence
of crystalline regions associated with less organized.'”””'** This
organization was derived from hydrogen and hydrophobic
interactions between protein chains. Moreover, hydrogel
properties could be modulated by changing the source of the
silk (e.g., cocoons or silk glands of different silkworm species),
its concentration, and preparation method (e.g., pH, temper-
ature, and ionic strength variation). As a result, silk-based
hydrogels show tunable mechanical properties, slow degrada-
tion rate, and high permeability to oxygen and other molecules,
which make them suitable from 3D cultures.'”” Since several
preparation methods have been developed to modified SF
hydrogel mechanical properties, in their review, Johary and
colleagues well characterized the advantages and disadvantages
of different approaches. For example, physical cross-linking is
safe, inexpensive, and less toxic for cells. However, it needs
time, and the kinetic of the reaction could not be controlled.

https://dx.doi.org/10.1021/acsabm.0c01472
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Instead, enzymatic cross-linking (e.g, HRP) provides high
elasticity and tunable stiffness. The reaction may be modulated
by modifying ionic strength, pH, or the temperature. Finally,
chemical cross-linking (e.g., genipin and glutaraldehyde) allows
the formation of stronger bonds, and stiffer hydrogel although
higher cell toxicity may be observed.*’ It is reasonable to
consider SF a good candidate for the fabrication of hydrogels
with tunable stiffness. In particular, the modulation of silk
concentration and/or the variation of the preparation protocol
allows reaching the desired mechanical properties. Floren and
colleagues obtained SF hydrogels with tunable stiffness (6—64
kPa) by changing the starting silk protein concentration. The
hydrogels retained structural parameters (e.g.,, matrix pore size
and f-sheet crystallinity) among different SF concentrations,
but only the mild-range stiffness (33 kPa, SF 3%) was able to
strongly increase human mesenchymal stem cell commitment
to smooth muscle cell phenotype.">' Hasturk et al. observed
that increasing the ionic strength of buffer solution used for
cross-linking, the hydrogels exhibited significantly lower
storage moduli (1.36 kPa in 40 mM HEPES, 0.74 kPa in
0.5 DMEM, and 0.27 kPa in 1X PBS) compared to the one
cross-linked in distilled water (3.1 kPa). Moreover, tyramine
has been conjugated to SF (SF-TA) to allow HRP-mediated
cross-linking. Using 40 mM HEPES as a buffer solution, the
maximum storage modulus was ~2.2 kPa for SF with 30% SF-
TA compared to 1.4 kPa for SF-only hydrogels. As a result, the
compressive modulus of composite hydrogels increased over
time: in fact, at day 14, moduli of pristine SF and 10%, 30%,
50% SE-TA were above 45 kPa and reached 60—100 kPa at
day 28 starting from 21.8 kPa at day 1."** SF could also be
used in combination with other biomaterials to ameliorate
hydrogel properties and to improve mechanical features.
Although collagen is widely used for 3D culture because of
its biocompatibility and biodegradability, it exhibits lower
values of stiffness than natural tissues. A common and effective
strategy to modulate the stiffness is to produce a collagen-silk
hydrogel. Sanz-Fraile et al. reported the elastic modulus of
collagen hydrogels at about 10 kPa, while silk-reinforced ones
showed an increase in stiffness of more than 2-fold, reachin§
the maximum at 75% SF and 25% collagen (about 31 kPa)."

The collagen component influenced cell adhesion rather than
hydrogel stiffness and microstructure, which mainly depends
on SF concentration. In fact, increasing SF concentration
resulted in decreased porosity and rounded microstructure;
this modulation was correlated to the changes in breast cancer
cell morphology and invasion capability, underlining the
importance of hydrogel structure in the study of cancer cell
behavior."** Buitrago and colleagues observed that varying SF
and collagen concentration, wide range of storage moduli may
be obtained, i.e., from 0.017 kPa (at 0.35% SF + 0.5 mg/mL
collagen) to 6.81 kPa (at 2.45% SF + 3.5 mg/mL collagen). In
addition, the compressive modulus was estimated to be in the
range 0.05—20.4 kPa. Human mesenchymal stem cells,
encapsulated into these hzrdrogels, remained viable in long-
term culture experiment.13‘

In another study, hydrogel stiffness was also modulated by
changing the parameters of the preparation method, as the
precise regulation of freezing temperature allowed the
realization of hydrogels with different mechanical properties
starting from the same SF solution and minimizing changes in
roughness and porosity.'*® An alternative strategy was
represented by the combination of tunable silk self-assembly
properties and the traditional salt-leaching method. In this
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case, tuning the concentrating rates of silk solutions allowed to
control nanoparticles sizes and so, through the salt-leaching
process, the structure and the stiffness of the resulting
hydrogel."””” The use of SE nanofibers (SNF) was proposed
as another way to obtain scaffolds with different mechanical
properties.**"*” Hydrogels derived from SNF having more
tyrosine residues displayed four times higher stiffness than
traditional SF solution, leading to a flattened morphology with
better cytoskeleton development in bone marrow mesenchy-
mal stem cells."*”

5.3. GelMA. Gelatin methacrylamide (GelMA) is widely
used as biomaterial for hydrogel production. Typically, GelMA
is prepared by reacting gelatin with methacrylic anhydride, and
then the hydrogel is obtained after photopolymerization. The
degree of substitution, the temperature, and the photoinitiator
concentration can influence the mechanical properties of the
hydrogel because of the resulting extent of cross-linking.'*’
GelMA demonstrated remarkable properties that allowed cell
adhesion, migration, and proliferation and it could also be used
for the realization of a microfluidic device, thanks to its high
printing resolution.'*’ Ha and colleagues observed that an
elastic modulus of 7 kPa (10% GelMa) promoted dental stem
cell proliferation, and no further increase in cell density was
observed at higher stiffness. Thus, the precise control of
mechanical features was fundamental to reach the ideal cell
culture conditions.'** Indeed, cell lineage specification is
directed by mimicking the elasticity of the desired tissue.'*’ In
a similar manner, Lin et al. produced different hydrogels by
changing the GelMA concentration, and their Young’s
modulus ranged from 25.59 to 41.78 kPa. They observed
that bone marrow-derived stem cells differentiated into
endothelial cells mainly in hydrogels with a lower and medium
stiffness (25.59 and 33 kPa, respectively), suggesting that the
fine regulation of mechanical properties could influence cell
behavior.'** Wu and colleagues proved that increasing GelMA
concentration to 30% allowed to produce a hydrogel with an
elastic modulus as high as 184.52 kPa.'** Thanks to the fact
that mechanical properties could be regulated by photo cross-
linking, Kim et al. succeeded in producing a stiffness gradient
into a GelMA hydrogel. Specifically, a UV photomask of 20—
100% of transparency was used to polymerize 10% GelMA,
obtaining a Young’s modulus ranging from 3.5 to 13.1 kPa.
When the photomask was substituted with the one with 10—
100% transparency, the range changed from 5.4 to 18.5 kPa
over the length. The hydrogel stiffness was able to drive the
mesenchymal stem cell differentiation toward adipogenic or
myogenic lineages. These effects are inhibited by blocking cell
contractility using an actomyosin disrupting agent or an
inhibitor of a kinase involved in this process. Hence,
demonstrating that mechanotransdution is fundamental for
cell survival and differentiation.'*®

GelMa has also been successfully combined with other
biomaterials with the aim of enhancing the mechanical
properties or for designing gels employed in specific studies.
For example, to understand how normal osteoblast and
osteosarcoma cells responded to different substrate stiffness,
Jiang et al. produced a PEGDA/GelMA hydrogel in which
GelMA concentration was responsible for the adhesive
properties, and the introduction of PEGDA allowed the tuning
of the mechanical features; the hydrogel modulus varied from
1.6 to 25 kPa with the increase of PEGDA concentration.
Interestingly, they observed that osteosarcoma cell prolifer-
ation and tumorigenesis were enhanced in a stiffer hydrogel.

https://dx.doi.org/10.1021/acsabm.0c01472
ACS Appl. Bio Mater. 2021, 4, 2233—2250


www.acsabm.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.0c01472?ref=pdf

ACS Applied Bio Materials

www.acsabm.org

Indeed, several tumorigenic markers (e.g, MMP9, MMP2,
VEGF, and HIFA) were more expressed in the stiffer matrix,
and the same trend was detected for markers linked to tumor
invasion and metastasis; this is regulated by integrin-mediated
signaling. Instead, osteoblasts showed a behavior more
dependent on the adhesion ligands provided by GelMA than
on stiffness.'”” Other studies demonstrated that a higher
PEGDA and GelMA content was able to increase bone
marrow-derived stem cell (BMSC) proliferation and promote
chondrogenic commitment when compared with softer gels.'**
As well, Peter and colleagues observed that 5% GelMA had a
storage modulus of 13 Pa, which could be increased by 30—
150 Pa, adding PEGDA with various molecular weights and
changing its concentration from 1% to 2%. In addition, when
PEGDA concentration was increased to 7.5% or 15%, different
moduli from 1 to 8 kPa were detected.'*’

Silk fibers have also been used to produce fiber-reinforced
hydrogels as reported by Xiao and colleagues that added silk
microfibers of different lengths to GelMA hydrogels. The
introduction of silk significantly increased the stiffness
proportionally to the fiber length but deteriorated, at the
same time, the stability of the gel. The authors demonstrated
that the cells were more prone to adhere and proliferate on
composite hydrogels containing longer microfibers."*’

5.4. Hyaluronic Acid. Hyaluronic acid (HA) is a
glycosaminoglycan present in the extracellular environment
of many tissues. It provides several advantages, including
biodegradability, biocompatibility, and the presence of func-
tional groups, which promote its use as a scaffold for 3D
culture and tissue engineering. HA is a component of human
ECM, and its role is fundamental in connective tissue, where it
induces cell growth and differentiation. The presence of the
carboxylic acid and hydroxyl groups allows cross-linking via
ether or ester linkage or covalent modification to form other
reactive motifs. Several approaches may be adopted to obtain
3D scaffold including electrospinning, freeze-drying, micro-
patterning, and phase separation.”’ For effective use of
scaffolds, consistency properties are very important so that
cells can regulate biological processes such as proliferation and
migration based on the stiffness of the material. Furthermore,
the rigidity of the scaffolds is also crucial for cell fate. Asim et
al. succeeded in obtaining an S-protected thiolated HA that
was used to produce a hydrogel with enhanced mechanical
properties: N-acetyl cysteine (NAC) was linked to succini-
midyl 3-(2-pyridyldithio) propionate (SPDP) via a disulfide
bond. Then, a carbodiimide was used to activate —COOH
groups of HA which subsequently reacted with SPDP-NAC
through amide bond formation. The gelation process was
performed via a thioldisulfide exchange reaction, in which the
cysteine-rich glycoproteins contained in mucus were mixed
with the S-protected thiolated HA to mimic the extracellular
compartment. This approach strongly increased both the
viscosity and the elastic modulus of the hydrogel, which
displayed no cytotoxicity, and its higher stiffness promoted
changes in cell morphology.'>” Another strategy was proposed
by Aviv and colleagues that reported the formation of
composite hydrogels to retain biocompatibility and to improve
mechanical properties. The authors used a self-assembling
peptide, fluorenylmethoxycarbonyl diphenylalanine (FmocFF),
which was mixed with HA in different ratios to modulate
stiffness. This approach shifted the hydrogel morphology from
a symmetrical crystallization pattern of pure HA to a fibrous
network, and its elastic modulus varied from 0.158 Pa to 20
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kPa.'>* A thermoresponsive hydrogel with tunable mechanical
and chemical properties was developed from HA and poly(N-
isopropylacrylamide) (PNIPAAm) to support human pluri-
potent stem cells for in vitro expansion. Hydrogels that ranged
from 0.5 to 4 kPa were obtained by modifying the molecular
weight of the polymer, while variations of the polymer
concentration allowed to increase the storage modulus due
to the reduced distance between the chains. In particular,
hydrogels obtained from 1 MDa HA-PNIPAAm and 1 MDa
HA-P(NIPAAm-r-buthyl-methacrylate) at 7.,5% demonstrated
to be suitable for human pluripotent stem cell viability and
proliferation (storage moduli = 1 kPa)."** Kuss and colleagues
designed a hydrogel that consisted of methacrylated HA and
methacrylated gelatin; the authors were able to modulate the
photo-cross-linking time in order to obtain different degrees of
stiffness. Particularly, compressive modulus of a 30 s photo-
cross-linked construct was 2.02 + 1.11 kPa, whereas the
modulus of a 90 s photo-cross-linked one was 9.17 + 3.14 kPa.
Human adipocytes progenitors were encapsulated into the
bioink, which was then printed into disc-shaped constructs and
porous ones with the help of predesigned lines. Then, the
analysis of the induction of white adipocytes (WA) and brown
adipocytes (BA) was performed to assess stiffness effects: BA
were induced in stiff and porous constructs which showed a
higher amount of Prdm16, a key regulator of their develop-
ment, whereas WA were induced in soft and porous
hydrogels.">® In another interesting work, Duan and colleagues
designed an in vitro system to mimic the vascularization
process. A pH-responsive hydrogel was derived from
methacrylated HA (HA-MA), periodate-oxidase HA (HA-
ALH), and HA modified with adipic hydrazide (HA-ADH).
First, a Schiff base hydrogel was formed from HA-ALH and
HA-ADH, and then, the double network hydrogel was derived
from the mixture of this base and HA-MA through UV-
irradiation-based cross-linking. The elastic modulus of the
hydrogel was significantly affected by pH and decreased from
15.77 to 4.8 kPa when it passed from physiological pH to pH
5. Migration assays showed that endothelial cells migrated
deeper in the softer hydrogel, while mesenchymal stem cells
had the opposite behavior."*® Taken together, all these
approaches revealed a high versatility of HA hydrogels with a
plethora of parameters that could be tuned to improve
mechanical properties but also to adapt the culture conditions
to mimic real tissue composition. HA hydrogels have also been
used for in vitro studies of cancer cell features. Narkhede and
colleagues analyzed the behavior of a breast cancer cell line in a
hydrogel formed by HA functionalized with methacrylate
groups. The stiffness was strongly regulated by the
concentration of the cross-linker dithiothreitol. The authors
observed that cells acquired spread morphology in stiffer
hydrogels, proliferating and migrating more as the hydrogel
stiffness increased.’”” To study the effect of matrix
composition and stiffness on the behavior of glioblastoma
cells, Bonnesoeur et al. designed HA-hydrogels with different
ECM components (poly-L-lysin, type III collagen, type IV
collagen) cross-linked with genipin (GnP). GnP cross-linking
increased HA-hydrogel stiffness from 0.1 kPa to almost 2 kPa.
Regarding cell behavior, viability and proliferation were
enhanced by a higher stiffness and by the addition of type
IV collagen."*® Another study conducted by Erickson et al.
reported the development of HA-chitosan scaffolds with a
different elastic modulus that ranged from 1.41 to 27.7 kPa
and, consequently, with different density and porosity. The
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authors did not detect any difference in cell viability among
different scaffolds whereas spheroids formation and expression
of genes related to invasion and drug resistance were increased
in stiffer scaffolds and cells were more resistant to a
chemotherapeutic agent called Temozolomid.*" Always in
the framework of composite HA constructs, Xiao et al
developed a hydrogel for culture of patient-derived glioblas-
toma cells. HA was modified with thiol groups and then cross-
linked via maleimide groups with polyethylene glycol (PEG),
whose concentration changed the gel stiffness from 1 to 2 kPa.
The authors compared the response of glioma cells derived
from patients to a chemotherapeutic agent; the cells were
cultured as gliomaspheres or within hydrogels that mimicked
brain stiffness. Interestingly, in the latter case, cells acquired
drug resistance, and hydrogels with higher HA content and 1
kPa stiffness induced more resistance compared to stiffer
gels.””” These works underlined the importance of stiffness
regulation because glioblastoma cell proliferation and drug
sensitivity are strongly influenced by the matrix where they
grow. For instance, the development of an in vitro model that
resembles the mechanical properties of native tissue could be
helpful for the selection of drugs with potential therapeutic
effects. Scaffold structure and architecture can also be
controlled by the stiffness of the materials from which it is
made. Hydrogel rigidity can consequently promote cell growth
and survival within the 3D network of the scaffold.
Furthermore, changes in rheological behavior can lead to a
change in cell morphology, to allow for repair of damaged
tissues, for example.

5.5. Peptide-Based Hydrogel. Peptide-based hydrogels
are useful tools in the biomedical field for their high-water
content, tunable mechanical properties, structure, stability, and
biocompatibility. They are mainly used for drug delivery and
3D tissue culture, and many approaches may be used for
obtaining hydrogels, including spontaneous, enzyme-con-
trolled, or cross-linking-enhanced hydrogelation. Self-assem-
bling is promoted by electrostatic interactions, hydrogen
bonding, hydrophobic forces, and z—n stacking, while
enzymatic-driven hydrogelation shows advantages in terms of
biocompatibility and finest control of the reaction.'®® Bairaghi
and colleagues developed a hydrogel starting from L-histidine
tripeptide, reinforced by the addition of different dicarboxylic
acids. Precisely, succinic acid was able to stabilize the gel by
increasing melting temperature and, importantly, to enhance
stiffness reaching a storage modulus value of ~9.7 kPa.
Succinic acid also promoted the shifting from spherical
morphology to the nanofibrous network structure, which
mimics the extracellular matrix organization.'® To further
improve mechanical properties, peptides with an opposite
charge on their residues may be used, as proposed by Jian and
colleagues that used the two oppositely charged dipeptides
Fmoc-tyrosine-lysine and Fmoc-tyrosine-aspartic acid. De-
pending on the starting peptide concentration, the storage
modulus shifted from 4 to 62 kPa.'”> Another approach
consisted of the self-assembly of peptides that established
strong interactions with each other to improve mechanical
properties. In particular, the EFK8 self-assembling peptide,
which contains both hydrophilic (lysine and glutamic acid)
and hydrophobic (phenylalanine) residues, was chosen
because of its ability to establish hydrophobic, electrostatic,
hydrogen bond, and van der Waals’ forces mediated
interactions and was used in the production of hydrogels for
tissue engineering. The compressive modulus of the hydrogels
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varied from 44 to 104 Pa promoting morphological changes in
cancer cells. The increased stiffness of the hydrogel leads to a
change in the morphology of the cell line (AS49) from
spheroidal to elongated, which can be visually controlled. The
possibility of modulating the rheological properties with self-
assembling peptides or by incorporating a single-wall nanotube
into their structure paves the way to the study of the
microenvironment and cell adhesion in terms of invasiveness
of tumor cells.'®® Ichise et al. developed a collagen-like peptide
polymer with the main goal of realizing an environment that
resembled in vivo ECM. Specifically, polymerization consisted
in the formation of disulfide bonds among cysteine residues
(Cys) present at both ends of the peptides; the number of Cys
residues allowed to modulate the Young’s modulus and
produce gels with specific mechanical properties (40.6 + 6.2
kPa, 671 + 67 kPa, and 709 + 63 kPa). Finally, the
incorporation of the binding sequence for the integrin a2f1
promoted cell adhesion.'®* A similar strategy is represented by
the use of modified amphiphilic p%ptides to allow self-assembly
through host—guest interactions.'®> Covalent incorporation of
p-cyclodextrin (host) or adamantane (guest) to peptide
amphiphiles leads to the formation of hydrogels whose
mechanical properties may be precisely controlled. In fact, by
changing the ratio between host and guest molecules,
Redondo-Gomez and colleagues obtained gels with the storage
modulus that ranged from 2.8 + 0.5 kPa to 5.1 + 0.8 kPa. By
using supramolecular hydrogels, it is possible to remedy the
traditional approaches to regulate the stiffness of the material,
which by modifying its concentration or cross-linking density,
leads to a concomitant change in the characteristics of the
scaffold. Thanks to the presence of dynamic bonds, supra-
molecular hydrogels make it possible to modulate stiffness
selectively without affecting other parameters of the hydrogel.
such as bioactivity or degradation®®

5.6. PEG-Based Materials. Poly(ethylene glycol) orPEG is
an hydrophilic polymer used for biomedical applications (e.g.,
drug delivery, 3D scaffold) for its biocompatibility and absence
of immunogenicity. Its two hydroxyl groups may be converted
into several functional motifs (e.g, acrylate, azide, thiol,
amine), which can be used to form the hydrogel. Further, to
better simulate natural ECM, PEG can be modified to contain
cell adhesive peptide (e.g., RGD) or growth factor to allow cell
adhesion and control proliferation, differentiation and
migration.167 PEG has been used for designing gels with a
wide range of stiffness values. Crocini et al. reported the
realization of PEG hydrogels by thiol—ene reaction using PEG
norbornene, PEG thiol (PEG-SH), and lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) as a photoinitiator in the
photopolymerization reaction. Stiffness was modulated by
varying PEG-SH during the polymerization, and it could be
changed dynamically by putting the gels into stiffening
solution, which consisted of the two PEG types and LAP.
Although no differences were detected in cardiomyocyte
viability among different gels, contractility and localization of
a mechanosensitive transcription factor called Yes-associated
protein (YAP) were influenced by stiffness.'"® A remarkable
application of host—guest interaction was proposed by Shih
and colleagues, who designed a gel that was the result of a
light-mediated thiol-allylether click reaction between thiolated
poly(vinyl alcohol) (TPVA), 4-arm poly(ethylene glycol)-
allylether (PEG4AE), and f-cyclodextrin-allylether (SCDAE)
as host moiety. Providing 4-arm PEG-adamantane (PEG4AD),
which acted as a guest, cross-linking and elastic modulus were
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increased from 2.3 to 6.5 kPa. This approach also allowed
softening of the material by adding f-cyclodextrin due to the
competitive binding with the guest present into the hydrogel.
The proposed material was a dynamic hydrogel with matrix
stiffness tunable on demand. The change in the stiffness of the
material is completely reversible and can be activated on
request. These hydrogels are ideal for studies on the effect of
matrix mechanics on cell fate processes.'®

5.7. Dextran-Based Materials. Dextran is a biocompat-
ible polysaccharide characterized by low protein adsorption
and high hydrophilicity. The presence of many hydroxyl
groups allowed the functionalization with chemical groups
(e.g., vinyl sulfone or methacrylation) to promote hydrogel
formation or with peptide (e.g, RGD) to enhance cell
attachment. Further, the possibility to obtain different degrees
of substitution enabled the designing of hydrogels with various
levels of stiffness.'”*~'">

In this context, Kim and colleagues embedded induced
hepatic progenitor cells (iHEPs) into a hydrogel made of
methacrylic gelatin (GelMA) and methacrylic dextran
(DeMA). Specifically, gels were designed with different
percentages of GelMA (from 6 wt % to 10 wt %) and 1 wt
% of DeMA at different degrees of substitution. Thus, the
addition of DeMA with higher levels of substitution resulted in
higher compressive modulus compared to GelMA hydrogels
without changing the number of cell adhesion sites. Further,
the presence of DeMA sustained cell migration and cell—cell
junction formation, demonstrating that dextran ameliorated
GelMA hydrogel features.'”* Dextran vinyl sulfone derived
from the reaction between dextran and divinyl sulfone was
used for the synthesis of a mechanically stable fibrous matrix.
Young’s modulus depended on the time of photopolymeriza-
tion and concentration of the photoinitiator. Specifically,
Davidson and colleagues were able to adjust the modulus from
0.77 to 11.03 kPa, and the functionalization with RGD
promoted adhesion and spreading of normal human lung
fibroblasts.'”*

6. CONCLUSIONS AND PERSPECTIVES

In summary, we reviewed recent developments regarding the
synthesis and modification of soft materials that can be used to
mimic the mechanical properties of real tissue, thereby serving
as an ideal and tunable 3D matrix. Despite the progress already
made, the challenges remain in getting closer to real matrix and
tissue and reproducibility between experiments. First, the
theory currently goes far beyond the experiment and feedback
from experiment to theoretical modeling is sorely lacking. A
possible improvement could be to follow the latest trends that
seek to combine image analyzes in context with rheological
analyses (e.g.,, confocal rheometry). In this way, very detailed
information could be found with respect to the mechanistic
understanding of the deformation of soft materials. This could
be a good starting point for the development of theoretical
models and suggest new technological applications. Second, for
their best applications, it would be necessary to understand the
key parameter of mechanotransduction, deeply connected to
cell behavior under different mechanical stress stimuli.
Therefore, both experiment and theory efforts are needed to
accelerate the development of research and applications of 3D
culture reproduction.
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