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Smart biomaterial platforms: Controlling and being controlled by cells 
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A B S T R A C T   

Across diverse research and application areas, dynamic functionality—such as programmable changes in 
biochemical property, in mechanical property, or in microscopic or macroscopic architecture—is an increasingly 
common biomaterials design criterion, joining long-studied criteria such as cytocompatibility and biocompati
bility, drug release kinetics, and controlled degradability or long-term stability in vivo. Despite tremendous effort, 
achieving dynamic functionality while simultaneously maintaining other desired design criteria remains a sig
nificant challenge. Reversible dynamic functionality, rather than one-time or one-way dynamic functionality, is of 
particular interest but has proven especially challenging. Such reversible functionality could enable studies that 
address the current gap between the dynamic nature of in vivo biological and biomechanical processes, such as 
cell traction, cell-extracellular matrix (ECM) interactions, and cell-mediated ECM remodeling, and the static 
nature of the substrates and ECM constructs used to study the processes. This review assesses dynamic materials 
that have traditionally been used to control cell activity and static biomaterial constructs, experimental and 
computational techniques, with features that may inform continued advances in reversible dynamic materials. 
Taken together, this review presents a perspective on combining the reversibility of smart materials and the in- 
depth dynamic cell behavior probed by static polymers to design smart bi-directional ECM platforms that can 
reversibly and repeatedly communicate with cells.   

1. Introduction 

In vivo, many extracellular matrices (ECMs) undergo remodeling 
during development, homeostasis, disease, and wound healing, yet 
synthetic mimics of the ECM used in basic and applied biomedical sci
ence generally are limited to materials with fixed properties that are 
unable to recreate the dynamic in vivo microenvironment. This review 
broadly aims to provide a perspective on (I) the need for “smart” ECM 
mimics, (II) the potential for better understanding of cell/ECM in
teractions to advance fundamental and applied biomedical science, and 
(III) the emerging opportunities to bridge the gap between existing static 
ECM materials used for studying cell activity and more dynamic, bio
mimetic, bioinspired smart ECM materials. 

1.1. The need for a smart extracellular matrix (ECM) 

Most existing research in the area of cell-biomaterial interactions 
focuses on biomaterial-based platforms that mimic a static ECM or an 

irreversible change of ECM properties, and it is widely recognized that 
efforts to date have not succeeded in faithfully recreating the dynamic, 
ever-changing nature of many ECMs [1]. On the macro scale, most 
biological processes such as healing of wounds, development of organs, 
and the various stages of illnesses are dynamic and demonstrate a 
time-based progression [2–4]. Similarly, in tissue regeneration at the 
cellular level, the timeframe for cells to adhere to the ECM and migrate, 
divide, or differentiate within the ECM is predetermined and 
well-orchestrated [5]. Biomaterial systems with reversible and/or 
repeatable control over ECM properties have the potential to provide the 
ability to closely emulate the intricacies of feedback mechanisms be
tween the ECM and the cells, continuously process those signals, and 
remodel the cells’ microenvironment [6]. 

A leading strategy to mimic the native ECM is by employing smart 
materials. Since their conception in the 1950s, the definition of a smart 
material has evolved into one that can respond to stimuli such as mul
tiple pH values, light, electric current, magnetic field, mechanical 
stresses, and enzyme levels, and be applied to carry out a certain 
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function [7,8]. This definition remained largely unchanged for several 
decades. However, due to the continuous advancements in the field, 
smart materials found applications in areas such as sensor design, 
diagnostic imaging, and drug delivery [9]. More recently, smart bio
materials have been used in novel ways to trigger cells by designing the 
biomaterial platforms to respond to external stimulus. Their applications 
include tissue regeneration, smart scaffolds, and accelerated wound 
healing [10]. 

To address recent progress on the use of smart materials as substrates 
responsive to cell activity and possibly serve as model platforms to study 
disease development [11,12], in this review, we have analyzed smart 
materials that offer repeated, reversible modification of their properties 
— thus offering a more biologically-relevant platform to study and 
control cell behavior. Based on the field’s progress, we anticipate and 
discuss the potential for the definition of smart materials to be expanded 
to include materials that are engineered with bi-directional respon
siveness; these materials will not only be used to modulate cell activity, 
but also to receive feedback from cells and remodel. Such systems would 
mimic the existing physiological environment of the cells and serve as 
more accurate platforms to study the progression of diseases such as 
fibrosis and cancer. 

Despite advances in the design of smart biomaterials that can 
reversibly control cell activity, these smart materials do not allow the bi- 
directional transmission of signals between cells and substrate. Thus, 
some limitations such as unresponsiveness to changes in the ECM due to 
cell activity remain to be addressed. It is well known that the reversible 
control over cell activity can be influenced by various input stimuli such 
as changes in pH [13–16], glucose concentration [14,15], light [17–25], 
temperature [15,20,25–30], tensile forces [31], and voltage [32–35]. 
Smart materials have also been designed to respond to biologically 
relevant signals such as ligand-receptor [36], antigen [26,30,34], and 
MMPs [11], while physical aspects (e.g., stiffness) of other synthetic 
constructs are programmed to simulate cellular activity in native bio
physical systems [28,37–39]. These smart polymer systems, however, do 
not account for changes in the ECM as a result of the cell activity. Due to 
the deep interdependence between the polymer properties, parameters 
utilized for triggering, and cell-specific responses, the ability to fabricate 
such smart polymer constructs that can reversibly control and be 
controlled by the activity of cells incorporated in them present a chal
lenge to material scientists and biologists alike. 

1.2. The interplay between cells and their extracellular environment 

The remodeling of the ECM architecture is of biological and 
biomedical importance due to the critical mechanobiological interde
pendence between cellular behavior and the ECM. The dynamic in vivo 
microenvironment to which cells are exposed has been described to a 
great extent in existing literature [40–42]. In addition to sensing bio
logical stimuli, like enzyme levels, cell adhesion peptides, calcium ion 
(Ca2+) concentrations, and biochemical signals, such as pH levels, 
temperatures, and electric potential differences, it is well known that the 
cells are subjected to continuous mechanical forces — for instance — 
shear, compression, and tension, while also responding to morpholog
ical and stiffness-related cues [43–46]. These stimuli collectively result 
in specific biological responses, including cell division, differentiation, 
migration, proliferation, and tumorigenesis. These responses, in turn, 
are transmitted via feedback pathways that impact the cytoskeletal 
response, including adhesion, spreading, and division of the cells. 
Moreover, the biological responses also provide a significant feedback 
signal for the remodeling of the ECM, which subsequently affects the 
cells residing within it [6,47]. Due to active contractions caused in them, 
the cells continue exerting tension on the surrounding ECM. The growth 
of tissues and organs is highly dependent on the dynamic interactions 
between cells and their local ECM. For example, the abnormal growth of 
tissue into a tumor is accelerated by the cells’ ability to degrade the 
native ECM proteins and aggressively deposit their own ECM 

components, which generally results in the stiffening of the surrounding 
tissue. This stiffened tissue further disrupts cell-ECM communication 
and eventually leads to tumor metastasis [48,49]. Mechanobiological 
feedback thus plays a critical role in the time-dependent, dynamic, and 
constant evolution of many ECM structures and, consequently, cellular 
behaviors. 

1.3. Advances in smart ECM to control cell fate and static ECM used for 
studying cell activity 

Several research labs have only characterized the changes in prop
erties of cells seeded on smart ECMs. The ECMs used in these studies 
assume that the cells and ECM behave as perfectly elastic materials. 
However, possible related phenomena, for example, viscoelasticity and 
stress relaxation of the ECM constructs were not analyzed. Moreover, as 
discussed above, the properties of cells in vivo change continuously in 
response to biological processes and signal transmissions [54]. While 
being subjected to such stimuli, the output from the cells offers a feed
back signal, which directly affects cell-cell communication and cell-ECM 
interaction, which in turn impacts remodeling of the ECM [55,56]. 

With respect to probing the activity of cells resulting in ECM 
remodeling, several physiologically relevant interactions between the 
cell and ECM have been studied systematically. Most of these studies 
involve a combination of experimental, theoretical, and modeling stra
tegies to characterize the effect of cell mobility on ECM remodeling [57, 
58]. Progress in this area led to several research labs utilizing a 3D 
collagenous matrix, a combination of collagen and Matrigel, or a purely 
synthetic platform in their studies [31,59–64]. Furthermore, biological 
factors, such as anisotropic stress generated by cells, strain-stiffening 
behavior of the ECM, and RGD-functionalization, have been moni
tored. Moreover, some reports have incorporated nanopatterned struc
tures modified with collagen to study the morphology and migratory 
behavior of cells. Most studies in the past two decades have focused on 
an irreversible or a one-way change in the ECM to provide signaling to 
the cells, and they have been reviewed in great detail elsewhere [1]. 

2. A systematic review from both the ECM and cells’ points of 
view 

In this review, we highlight reports from recent years that have 
adopted and developed smart materials-based mechanisms which allow 
reversible application of a stimulus with the potential to regulate cell 
fate. Specifically, we categorize the studies based on the applied stim
ulus causing (A) changes in biochemical property or (B) changes in 
mechanical property. Wherever applicable, those reports are further 
classified according to utilization of (I) exogenous and (II) endogenous 
cues for designing smart polymers. As such, studying cell behavior in 
response to these stimuli is crucial towards the understanding of how the 
chemical and structural cues presented by the polymer matrix affect cell 
fate (Scheme 1). Lastly, we review and reconcile an underexplored area 
of research that targets data-driven quantification of cell-ECM interac
tion and changes in the static ECM microstructure due to cell activity by 
amalgamating experimental, theoretical, and computational biology 
approaches. In our concluding remarks, we discuss current shortcomings 
and disparities between these ‘dynamic’ and ‘static’ areas of cell-ECM 
research by looking at different scientific disciplines and proposing 
promising strategies to bridge this gap in the years to come. We also 
define a new class of smart materials and our vision on how these ma
terials can be developed in the near future. 

3. Direct changes in biochemical properties 

3.1. Applying exogenous stimulus changes biochemical property 

Synthetic smart ECMs that respond to exogenous stimuli were orig
inally engineered to study cell behavior due to their ease of tailored 
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responsiveness to appropriate stimuli as well as flexibility in terms of 
incorporation of the desired cell-binding sites. Most of the early work on 
dynamically manipulating properties of a synthetic smart ECM interface 
was performed using exogenous stimuli due to the high level of spatial, 
temporal, or spatiotemporal control, and the ability to target specialized 
cell-ECM interaction scenarios through biomimicry. To this end, here we 
focus on studies over the past few years which have been dedicated to 
the design of smart biomaterials that utilize non-biological stimuli such 
as pH, temperature, and light to reversibly control biochemical prop
erties such as coordination complex, electronic configuration, and sur
face wetness. 

During the last decade, pH was one of the widely used inputs to 
control polymer architecture and examine consequent cell activity. 
Taking advantage of this, Zhan et al. developed a gold surface coated 
with phenylboronic acid (PBA) and cyclodextrin (CD), where the CD was 
modified with different bioactive ligands (Fig. 1I.) [13]. The PBA-cis-diol 
complex was pH-sensitive and reversible, the PBA surface could be 
recovered by decreasing the pH to dissociate the PBA-fructose complex. 

Another example of reversible pH sensitivity was exhibited by an 
oxime-based polyethylene polymer where udiMCF-7 cells were captured 
by the PBA surface due to the formation of the PBA-carbohydrate 
complex with a surrounding pH of 6.8 and no glucose (Fig. 1II.) [14]. 

The reversibility of this boronate-ester formation enabled multiple cell 
captures and releases (four cycles), with small loss of potency in cell 
adhesion or release amounts. 

The versatility of using pH levels as the stimulus for cell capture and 
release was demonstrated by Liu et al., where a smart platform was 
developed by coating PBA on silicon nanowires (SiNWs) [15]. At higher 
pH values, PBA preferentially attached with glucose, while breaking the 
complex formed with the oversecreted sialic acid residues secreted by 
MCF-7 cancer cells. Moreover, the captured cells were released and PBA, 
which has higher affinity toward glucose, switched its complexed state 
(Fig. 1III.). A key highlight of this study was their use of high-resolution 
scanning electron microscopy (SEM) images and quartz crystal micro
balance (QCM) for their analysis needs. 

Recent studies suggest that light-responsive model polymers systems 
which can capture complex reversible cell-ECM interactions could be 
used to evaluate the effect of ECM stiffness on cells [68,69]. Smart 
materials that respond to light-based triggers have been extensively 
studied as photo-modulated platforms that can be used as tools to study 
cell-ECM interactions [70]. To specifically isolate and capture breast 
cancer cells and trigger their release using ultraviolet irradiation (UV), 
Bian et al. designed an azobenzene-based platform [17]. Their mecha
nism focused on host-guest interactions to capture MCF-7 breast cancer 

Scheme 1. Pictorial representation of the exogenous and endogenous parameters reversibly influencing biochemical and mechanical properties of smart materials. 
Figure permissions - (top left): Reproduced with permission from Ref. [17], Copyright (2016) American Chemical Society, (bottom left): Reproduced with permission 
from Ref. [65] Copyright 2020 John Wiley and Sons, (top right): Reproduced with permission from Ref. [66], Copyright (2016) Creative Commons Attribution 
License 4.0 International, (bottom right): Reproduced from Ref. [67], Copyright (2011) with permission from American Chemical Society. 

Fig. 1. pH- or voltage-controlled changes in the biochemical property of smart polymers used to control cell activity. (I.) PBA-based polymeric brush with surface 
immobilized CD-X (left) reversibly detects fructose (right). (II.) On-demand, dual-responsiveness to pH and glucose, and associated cell capture and release achieved 
by PEG hydrogels built on an oxime platform. (III.) pH and glucose-responsive, reversible attachment and detachment of cells afforded by a SiNW substrate with 
pendant PBA groups. (IV.) Light microscopy images showing shapes of endothelial cells before (left) and after (right) application of – 0.5 V, cultured on FN-PP 
substrates. I: Reprinted with permission from Ref. [13], Copyright (2018) American Chemical Society, II: Reprinted with permission from Ref. [14], Copyright 
(2017) American Chemical Society, III: Reprinted with permission from Ref. [15], Copyright (2013) American Chemical Society, IV: Reproduced from Ref. [32], 
Copyright (1994) with permission from National Academy of Sciences, U.S.A. 
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cells with some chemical modifications and additions. Interestingly, 
fluorescence microscopy images indicated that the reversible adhesion 
and release was cell-specific and did not capture other cancer cells 
present. This implies that their approach has potential for the identifi
cation of targeted tumorigenic cells for diagnostic purposes. 

A facile method for utilizing a thermoresponsive polymer to control 
the attachment and desorption of cells using biologically safe irradiation 
wavelengths (UV-A and visible light) was first reported by Edahiro et al. 
[18] Although the authors suggested that cell attachment to their photo 
responsive cell culture surface could be achieved repeatedly, the 
repeatability of the cell-polymer interactions was unclear. In a different 
strategy implemented by Li W. et al., they aimed to utilize the upcon
version capabilities of core-shell nanoparticles (UCNPs) synthesized 
from the elements of the lanthanide series [19]. The attachment/de
tachment of cells based on the light-triggered spiropyran-merocyanine 
isomerism could be repeated for more than 10 cycles, making this 
technique a remarkable advance in manipulating cell-supporting matrix 
interactions. 

The drastic change in physical properties of poly n-iso
propylacrylamide (pNIPAM) as it transitions between its hydrophobic 
and hydrophilic states in response to changes in temperature has 
garnered significant interest in the cell biomechanics community [71]. 
In a study by Cui et al., a thermoresponsive polymer, pNIPAM, was 
coated on SiNWs surfaces, forming a conduit between photo and 
thermally-activated platforms [20]. While switching the NIR-irradiation 
‘on’ rendered the pNIPAM surface hydrophobic and cell adhesive, 
turning it ‘off’ led to hydrophilic characteristics at ~26 ◦C, resulting in 
the detachment of >95% of the cells from the hydrophilic substrate. The 
surface modifications remained stable, and the cell capture and release 
phenomenon could be repeated for 20 cycles. 

To control the temperature-responsive, enzyme-free capture and 
release of cells. another such dynamic material based on glycine- 
arginine-glycine-aspartate-serine (GRGDS)- modified pNIPAM plat
form was recently developed by Brunato et al. [65] Their synthetic smart 
material platform with tethered biorecognition sites captured cells at 
temperatures below the LCST of the polymer, while elevating the tem
perature above the LCST rendered the GRGDS sites unavailable for cell 
adhesion and consequent detachment. When compared to traditional 
NIPAM-based materials that rely solely on the hydrophilic to hydro
phobic transition to control cell activity, this new approach which offers 
additional control via bioactive pendant groups has the potential to 
provide greater control over dynamic bio-tagging and cell-biomaterial 
interaction. 

While continuing to use UV and visible light to integrate cell imaging 
with simultaneous substrate triggering, a self-assembled monolayer 
(SAM) platform comprised of GRGDS peptides as the biofunctionalized 
moiety along with azobenzene was fabricated [21]. The ability to 
reversibly control the molecular configuration of azobenzene by 
employing UV and visible light opened a wide range of possibilities for 
designing devices that can reversibly capture and release cells by simply 
using wavelengths of light produced by the mercury lamp of a fluores
cence microscope. 

In contrast to the traditional enzyme-based methods used to detach 
confluent cells from tissue culture polystyrene, Cicotte et al. fabricated a 
thermoresponsive material obtained by electrospinning pNIPAM. 
MC3T3-E1 (3T3) and EMT6 (cancerous tumor) cells formed confluent 
sheets on the electrospun pNIPAM with the substrate maintained at 
31 ◦C [72]. Upon cooling, 80% of the cells could be detached from the 
surface within 5 min. Furthermore, reversible retrieval and adhesion of 
cells was demonstrated by employing polyvinylidene fluoride (PVDF) 
substrate as a secondary platform. 

Stimuli such as pH and temperature are generally used due to their 
ease of incorporation because of the involvement of cell culture media. A 
different approach was used by Wong and coworkers to control cell 
activity where polypyrrole (PP) was electrodeposited on an optically 
transparent Indium Tin Oxide (ITO) electrode in the presence of 

tetramethyl ammonium p-toluenesulfonate as the electrolyte containing 
the counter anions (SO3

−) [32]. Bovine aortic endothelial cells (BAECs) 
cultured atop fibronectin (FN)-coated PP (in its natural, oxidized form) 
showed an appreciable level of cell spreading and elongated 
morphology. Upon the application of an electric potential, the cells 
rounded up, and negligible spreading was observed (Fig. 1IV.) Since this 
novel application of PP as candidates for studying cell-substrate in
teractions was still in its nascent stages, several hypotheses that could 
potentially govern the cellular behavior were proposed. Despite the 
absence of reversible control tests to observe cell morphology, the 
inherent ability of such polymers to switch between their oxidized, 
reduced, or neutral oxidation states bears immense potential for the 
future of smart conductive polymers as a non-invasive platform for 
studying cellular activities. 

Conductive polymers combine desired features, such as the high 
conductivity of metals as well as the convenience of facile synthesis and 
refining of polymers. Due to their minimal latency in response and their 
ability to switch states under relatively mild conditions, there has 
recently been a growing interest in conductive polymers for studying 
cellular activity [73,74]. In their widely cited study, Ng et al. exploited 
two different chemistry combinations to study a switchable surface for 
cell adhesion. Specifically, they fabricated SAMs that could either 
expose or conceal RGP peptides, which would render the surfaces 
cell-adhesive or cell-repulsive, respectively [33]. Even though their 
switching experiments needed 45 min for stabilization of parameters 
and regeneration of incubation conditions, such a reversibly switching 
platform provides a critical tool for precisely controlling the cell capture 
and release zones, with the added possibility of introducing selective 
capture by decorating specific antibodies or cell-adhesion peptides. 

While smart ECMs that respond to exogenous stimuli used to 
reversibly control cell activity has been the oft-used combination for 
several years, these strategies often face limited biological applicability 
because of issues such as discrepancy between synthetic biomolecules- 
based signaling expected to intercept sophisticated cellular signaling, 
inconsistencies in pH between experimental in vitro simulations and 
targeted in vivo conditions, and the continued narrow focus on concepts 
such as cell attachment and detachment [75]. Next, we discuss endog
enous triggers that could potentially help alleviate some of these issues. 

3.2. Applying endogenous cues regulates biochemical changes 

Smart biomaterial systems can also be fabricated to respond to fac
tors such as the presence or concentration of certain biological factors 
including enzymes, antigens, or antibodies by demonstrating a confor
mational change in their properties (e.g., swelling/deswelling, degra
dation, and crosslinking). As presented in the previous section, many 
existing reports discuss the use of external factors such as pH, temper
ature, and electric potential to modulate changes in a smart polymer to 
observe dynamic changes in cell behavior. While such stimuli can be 
precisely controlled spatially or temporally, these strategies rely on the 
transduction of these signals into one that can be meaningful to direct 
cellular biological output. Endogenous cues such as antigen or enzyme 
levels, on the other hand, could bypass some of these challenges by 
utilizing already existing signaling pathways within the cell. 

Hydrogels based on highly specific antibody-antigen binding were 
among the first smart materials which responded to a biological stim
ulus. A strategy for the synthesis of an antigen-responsive hydrogel was 
first described by Miyata and coworkers [26]. The facile strategy 
involved fabricating a semi-interpenetrating network composed of 
polymer chains containing vinyl-functionalized antibodies polymerized 
with vinyl-functionalized antigens In addition to detecting a specific 
antigen from a mixture of antigens, the ability of this biopolymer to 
repeatedly detect the presence and absence of antigen was characterized 
by recording the swelling and deswelling behaviors, respectively 
(Fig. 2I.) [76]. Moreover, the stimulation by antigen also allowed the 
permeation of hemoglobin, thus indicating the potential use of the 
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biopolymer for antigen-specific delivery of a drug payload. 
In a more recent study, in addition to using a specific antibody- 

conjugated molecule, Kim and group fabricated smart polymer beads 
with a carboxylated polystyrene core and decorated it further with a 
temperature-responsive, –NH2 functionalized p(NIPAAM) polymer [34]. 
At an elevated temperature, these beads were able to selectively capture 
EpCAM positive human prostate cancer (PC3) cells; when cooled, these 
beads released approximately 70% of cells. This allowed for a straight
forward design for the development of biopolymer strategies involving 
reversible temperature and antigen-specific response, as well as isola
tion by electric stimulus. 

It is known that the stiffness of biological tissues increases during 
pathological events such as fibrosis and cancer [11]. To recreate this 
elevated stiffening via crosslinking of peptides, a precursor solution 
containing norbornene (NB)-modified polyethylene glycol (PEG), a 
bis-cysteine-bis-tyrosine peptide crosslinker, and pancreatic stellate 
cells (PSCs) was first polymerized into a 3D structure under UV (365 nm) 
light [11]. Additional crosslinking was facilitated by further treating the 
polymer with tyrosinase (Fig. 2II.). The enzyme-mediated degradation 
by collagenase demonstrated that the peptide crosslinker was suscepti
ble to proteolytic degradation by MMP activity. Moreover, the 
time-dependent deferred degradation mechanisms of the stiff polymers 
could potentially be matched with the timeline of stiffening during 
tumor tissue formation. As such, this strategy can provide a robust 
means for utilizing dynamic stiffening of biopolymers to emulate and 
study cellular fate during tumorigenesis. 

A dynamic synthetic ECM was constructed with embedded biological 
components to study protein-ligand interaction by Sui et al. [36] Instead 
of the usual threonine residues, the authors appended the peptide with 
cysteine residues (-SH groups). A reversible and repeatable 
deswelling-swelling phenomenon was observed across multiple cycles as 
the gels recovered their expanded dumbbell formation and swollen state 
upon introduction in Ca2+ buffer (Fig. 2III.). This dynamic system for 
reversible binding between the cell protein and adhesive ligand pre
sented by the drug can serve as a platform for examining other specific 

adhesions between cell proteins and ECM ligands. 
When engineering a 3D ECM that can mimic properties and condi

tions offered by the native environment, one strategy is to include 
enzyme-cleavable peptides in the composition. Existing data in the 
domain of encapsulated cells in a 3D culture setting suggest that cell 
viability remains relatively high in a soft-to-low stiffness network (with 
modulus generally ranging from hundreds of Pa to less than 5 kPa) for up 
to 14 days in culture [77]. However, even though the goal of 3D cultures 
is often to eventually engineer complex structures including tissues and 
organs, the spreading and proliferation rate of cells, a crucial element for 
creating functional structures, is often not included in the scope of such 
studies. To emulate the dynamic conditions by presenting cues that can 
be identified by cells, researchers have included MMP-cleavable pep
tides as crosslinkers into synthetic 3D ECMs, thus engineering constructs 
catering to accommodate transient cell behavior. Within these ECM 
designs, factors such as covalent crosslinking of a calculated mole 
fraction of MMP-cleavable sequence into the polymer to match the 
desired ECM degradation and the rate of nascent protein deposition by 
cells, along with tailoring the MMP-cleavable sequence selection to the 
specific cell type, will have significant implications toward realizing a 
3D ECM that mimics native conditions. 

4. Direct changes in mechanical properties 

Similar to the outcomes observed by means of conformational 
changes in biochemical properties of smart ECM constructs due to 
applied triggers, exogenous and endogenous stimuli also have the po
tential to change mechanical properties of such constructs. It has been 
increasingly documented that cells have the ability to sense the changes 
to mechanical attributes of their microenvironment and translate those 
inputs via their complex signaling pathways to exhibit changes in their 
biological output. 

Fig. 2. Reversible utilization of biologically relevant stimuli used in the design of smart polymer systems to dictate cell fate. (I.) The swelling-deswelling mechanism 
of an acrylamide-based antigen-responsive hydrogel in response to detecting competitive binding with free antigen. (II.) Chemical structure of an 8-arm NB-PEG (A), 
A model bis-cysteine crosslinker (B), Photo-click chemistry between –SH and NB to create NB-PEG-peptide hydrogel (C), Tyrosinase enzyme-mediated change in the 
oxidation state of tyrosine (D), the related DOPA intra-molecular crosslinking that leads to elevated crosslinking (E), Representation of different cases of hydrogel 
thickness (h) required for sufficient infiltration during a 6 h incubation in tyrosinase. Regions 1 and 2 meet the diffusivity criteria (T99%), while region 3 does not (F). 
(III.) Light microscope images showing the swelling-deswelling phenomenon in CaM-based hydrogels in their virgin condition in a Ca2+ buffer (a), upon interaction 
with a TFP ligand (b), and recovering their virgin state when re-introduced into a Ca2+ buffer (c). I: Reproduced with permission from Ref. [76] Copyright (2016) 
under Creative Commons Attribution License 4.0 International, II: Reproduced with permission from Ref. [11], Copyright (2017) Acta Materialia Inc. Published by 
Elsevier Ltd., III: Reproduced from Ref. [36], Copyright (2007), with permission John Wiley and Sons. 
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4.1. Applying exogenous cues to change mechanical properties 

To evaluate and control cell response to dynamic stimulation of the 
smart ECM, exogenous stimuli such as pH, magnetic field, and light in 
different wavelengths have been used to dynamically change mechani
cal properties (such as stiffness and viscoelasticity) of the smart ECM. 

To achieve this via a probe-free technique, Yoshikawa et al. synthe
sized a pH-sensitive triblock ABA copolymer [16]. At pH 8, the polymer 
was stiff and showed strong adhesion of C2C12 mouse fibroblast cells; 
decreasing the pH to 7 caused a decrease in stiffness, to which cells did 
not adhere (Fig. 3I.). This reversible change in elasticity could be 
repeated 40 times without appreciable loss of polymer resilience. 

Smart materials with magnetically responsive particles have recently 
emerged as a popular choice for cell stimulation because they allow non- 
invasive actuation [78]. Additionally, the application of magnetic fields 
has also been shown to influence the activity of stem cells [79]. 
Generally, cells used in smart materials-related cell culture experiments 
are actively treated to not undergo differentiation. In a specialized 
instance, however, Corbin et al. probed the effect of dynamic instanta
neous magnetic-field induced stiffening of PDMS substrates with 
embedded carbonyl ion (CI) on human-derived induced pluripotent 
stem cell cardiomyocytes (iPSC-CMs) [51]. A relatively facile technique 
was employed to control the polymer stiffness by adjusting the magni
tude of the magnetic field produced by a nearby magnet (Fig. 3II.). A 
dynamic stepwise increase in the stiffness resulted in an increase in cell 
spreading coverage area while the opposite behavior was observed for 
the ramp down regime. Although not explicitly demonstrated, this 
experimental design had the potential to achieve reversible stiffness 
(first ramp up and then ramp down stiffness of the same sample), which 
could allow for the assessment of other biological systems that are 
affected by temporal stiffening. This design also plausibly constitutes the 
basis for the study of other mechanoresponsive cellular systems (e.g., 

osteogenesis, adipogenesis). 
Abdeen and coworkers also explored the possibility of utilizing CI 

particles embedded in a viscoelastic polyacrylamide (pAAm) material as 
a platform for reversibly controlling the activity of mesenchymal stem 
cells (MSCs) seeded on them (Fig. 3IV.) [50]. Cyclic modulation of the 
applied field demonstrated that the stiffness values could fluctuate be
tween two orders of magnitude showing higher stiffness with the field on 
versus significantly lower values with field off, with negligible hysteresis 
for up to 10 cycles. A significant decrease was observed in cell coverage 
area of MSCs when the stiffness of the underlying substrate was 
decreased. By examining the expression of RUNX2, a transcription fac
tor, with the MSCs seeded on the magnetoelastic gels, it was concluded 
that early reception of mechanical stimulus was essential for MSC 
osteogenesis. Such a remote, non-invasive control over the mechanical 
properties of the ECM opens the doors to many more cellular biology 
experiments in which the ECM morphology could be modulated in 
alignment with changes in tissue stiffness during the progression of a 
particular type of disease. 

Smart materials with the ability to provide on-demand temporal 
control over cues to modulate the materials’ stiffness and direct cell fate 
have been adopted by polymer scientists. In one instance, Homma et al. 
recently demonstrated a 2-D smart polymer platform for cell culture that 
could be stiffened by light irradiation at specific time points to poten
tially serve as a phantom that recreates transient changes in the cellular 
microenvironment during disease advancement [80]. Another 2-D cell 
culture platform was pioneered to emulate changes in the stiffness of 
tissues during abnormal biological conditions such as tumor progression 
and fibrosis [81] Their findings suggested that a modular smart material 
designed to undergo multi-step crosslinking could be used to trigger a 
change in substrate stiffness on discrete days, which in turn manipulated 
stem cell differentiation. Several systems that allow light-based dynamic 
stiffening and softening of the cell culture platform have been used to 

Fig. 3. pH, magnetic field, or light employed in a reversible/repeatable manner to study cell activity. (I.) A reversibly pH-responsive PDPA-PMPC-PDPA copolymer 
that is favorable for cell adhesion (pH 8) and cell averse (pH 7). (II.) Employing magnetic field to reversibly control the arrangement of iron particles in polymeric 
material composed of PDMS with embedded iron particles. (III.) (left to right) Hydrogel formation, 400–500 nm irradiation causes crosslinking of MA groups (A), 
Representative images of f-actin stained (red) and nuclei (blue) (B), and YAP/TAZ (green) stained cells (C) as they go through the stiff-soft-stiff phases. (IV.) A pAAm 
gel was synthesized using free radical chemistry, where the pAAm-based polymer containing CI particles can reversibly transition between stiff and soft phases based 
on the alignment of CI particles. I: Reprinted with permission from Ref. [16] Copyright (2011), American Chemical Society, II: Reprinted with permission from 
Ref. [51] Copyright 2019, American Chemical Society, III: Reproduced from Ref. [22] Copyright 2017, with permission from Elsevier, IV: Reproduced from Ref. [50], 
Copyright 2016, with permission John Wiley and Sons. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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study cell processes [47]. To modulate reversible control over the 
properties of the polymer matrix, Rosales et al. designed a tailored 
network consisting of a biomimetic backbone, UV-degradable compo
nent, photo-initiated crosslinker, and cell adhesion peptide (Fig. 3III.) 
[22]. The o-nitrobenzene acrylate could be cleaved to decrease the 
stiffness, leading to a decrease in cell coverage of human mesenchymal 
stem cells (hMSCs) on these substrates. Furthermore, the methacrylate 
that was already present in the polymer matrix could be crosslinked in 
the presence of visible light and a photoinitiator, increasing the modulus 
as well as the cell coverage. The elastic modulus of the substrates in this 
study made it a promising candidate for emulating in vivo moduli of 
tissues as well as disease progression. 

Other emerging approaches include the creation of smart fibrillar 
hydrogel constructs that can better emulate the properties of the in vivo 
ECM have already been reviewed in detail elsewhere [82] These con
structs can be used for experiments involving development of organoids 
to provide dynamic conditions to mimic natural development and the 
fabrication of highly anisotropic complex structures that recreate the 
alignment of fibers in the physiological environment. 

4.2. Applying endogenous cues to regulate mechanical changes 

Strikingly, few studies have explored the use of biological stimuli to 
tune mechanical properties of smart ECMs, which would, in turn, direct 
cell activity. Using Ca2+ ions to form interpenetrating networks has 
emerged as a popular choice for biologically-inspired cues in the design 
of smart material systems that can regulate cell fate, especially in 3D 
models [83,84]. While this stimulus does not offer spatiotemporal con
trol like some other non-biological counterparts, its relevance to in vivo 
applicability due to better integration with cell-ECM signal transduction 
pathways makes it a promising target strategy for controlling the cell 
behavior [85]. 

3D biopolymer cell culture substrates with temporally tunable 

stiffness can serve as a crucial tool to study the evolution of the 
phenotype of cells embedded in it. Stowers et al. sought to fabricate 3D 
ECM comprised mainly of alginate as the polymer backbone along with 
liposome constructs [23]. NIR-light assisted heating of a liposome 
construct encapsulating gold nanorods and Ca2+ beyond its transition 
temperature resulted in increased crosslinking and stiffening of the 
alginate polymer. Conversely, cleavage of ionic crosslinks between Ca2+

and alginate could reversibly soften the polymer. Spatial control was 
achieved by shining the NIR-laser only in certain regions of the polymer 
constructs to selectively initiate ionic crosslinking, creating stiff and soft 
zones (Fig. 4I.). NIH 3T3 fibroblasts embedded in alginate – Ca2+ loaded 
liposomes and Matrigel composites showed an elongated morphology 
due to an initial increase in stiffness, which later transitioned to be more 
rounded as the stiffness increased. From the results of another cell cul
ture strategy whereby RGD-modified alginate was progressively photo
polymerized, it can be deduced that stiffness of the 3D polymer construct 
was the key to determining cell morphology. 

Previous work on engineering the structure of dynamic materials 
that possess the characteristics of the native ECM, thus allowing easy 
adhesion and encapsulation of cells, have already been discussed in 
detail elsewhere [86]. Cytocompatible hydrogels whose modular cova
lent bond chemistry can potentially adapt to the stiffness and stress 
relaxation of several tissues of the body offer an interesting dynamic 
approach to account for the transient nature of the complex structure of 
the physiological environment. Other such studies with detailed reports 
of tunable hydrogels to match target organ/tissue moduli have also been 
reviewed previously [87]. 

One method of designing a smart polymer with reversible visco
elastic properties to control cell behavior is by creating an inter
penetrating network of biopolymers [88]. For their MSC-based 
experiments, Vining et al. prepared alginate polymers containing ionic 
crosslinks mediated by calcium (Ca2+) ions, as well as covalent bonds 
due to the pendant groups such as norbornene (Nb) or tetrazene (Tz) 

Fig. 4. Dynamic tuning of smart polymer stiffness with physiologically-relevant phenomena such as change in Ca2+ concentration and critical stress offered by the 
ECM. (I.) Modulation of stiffness via NIR radiation (A–B), irradiation of specific regions (C–D), use of a photomask to produce stiff regions in a controlled region 
(E–F). (II.) A hybrid ECM consisting of covalent and ionic crosslinks was synthesized, where collagen type I (green) and CaCO3 (red) (a), were mixed with an alginate 
solution (b), The addition of glucono-delta-lactone and incubation at 37 ◦C resulted in hydrogel formation first due to ionic crosslinks between Ca2+ and alginate 
backbone as and then due to Nb-Tz covalent crosslinking between Nb (purple)- and Tz (light blue)- functionalized alginate chains(c), Collagen self-assembles and gets 
increasingly crosslinked with time (d), Detailed reaction chemistry of the ionic and covalent crosslinks (e). I: Reproduced from Ref. [23] Copyright (2015) with 
permission from National Academy of Sciences, II: Reproduced from Ref. [52], Copyright (2019) with permission from Elsevier. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of this article.) 
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functionalized on the glucuronic acid block (G-block) (Fig. 4II.) [52]. 
Their findings revealed that tuning the viscoelastic properties of a 
biopolymer could be used to invoke immune-system mediated expres
sion of signaling factors in MSCs, which bears significant potential in 
specific cell therapy-oriented approaches in cancer treatment. 

5. Transitioning from a one-way to a bi-directional 
communication between cells and ECM 

All the discussions above have been focused on the design of smart 
materials to control cell activity without considering the interactions of 
cells with the smart materials at the microscale. The possible remodeling 
of the ECM due to cell behavior also has not been discussed. Current 
research at the intersection of polymer chemistry and cell biology has 
focused mainly on materials whose properties are static and cannot be 
changed on demand. These studies, however, provide in-depth analyses 
related to the interactions between the cell and its neighboring ECM on 
the microscale. Although we know that the biological microenvironment 
is a dynamic system which can seldom be represented by homogeneous 
parameters alone, static polymer platforms have offered valuable ex
planations to help us comprehend the native tissue microenvironment to 
a certain extent. Some examples include the effect of stiffness on cell 
lines [89], control over cell phenotype in a 2D environment [39,90], and 
the utility of polymeric constructs, especially smart hydrogels that can 
match biologically-relevant timescales [91,92], and potentially facili
tate the eventual development of vascularized artificial tissues. Thus, for 
the purposes of this review, to include bi-directional functionality, these 
smart materials can be defined as materials that can not only regulate 
cell behavior but can also accept feedback from the same cells, and 
dynamically remodel their architecture in synergy with the cells. To 
achieve this, we discuss the various experimental, theoretical, and 
computational tools used in the studies on static cell culture as well as 
the interactions between the cells and their environment. The objective 
of the following section is to highlight the continual development of 
assays and techniques used for studying cell mechanobiology in the 
arena of static cell culture constructs and propose the adoption and 
application of some of these concepts to produce smart materials that 
can continually sense signals from cells and intervene autonomously 
should an anomaly arise. 

6. Experimental, theoretical, and computational biology tools 
used in static cell culture 

Biomaterials with fixed static properties have been used for over a 
decade as constructs to examine cell-biomaterial interaction Scheme 2. 
Due to their inherent limitations, current biomaterials with fixed prop
erties are unable to recapitulate the complexity of the physiological 
environment [2,93–95]. Smart biomaterials, on the other hand, allow 
for the manipulation of their properties upon the application of an 
external trigger and are highly sought after in the fields of bioengi
neering, biomedicine and polymer chemistry [96,97]. Most of these 
existing materials, however, provide only a one-way or irreversible 
control over their responsive elements [98–102]. Additionally, these 
materials mainly act as a platform for measuring static cellular 
adhesion-based phenomena and are therefore limited in their ability to 
provide cues to the cells to observe dynamic processes such as 
attachment-detachment, migration, division, and differentiation. 
Therefore, a current challenge is focusing on smart material platforms 
that recapitulate the interplay between cells and their extracellular 
matrix with greater accuracy. 

Many researchers have described experimental and theoretical 
techniques used when studying the interdependence between cells and 
their surrounding ECM. Guvendiren et al. developed hydrogels with 
tunable stiffness to study the responses of hepatic stellate cells during 
differentiation [103]. Aung et al. developed a reference-free quantita
tive assay for measuring 3D traction stressed generated during cell 

invasion into a Matrigel based ECM (Fig. 5I) [60]. Beningo et al. pre
pared polyacrylamide substrates for mouse embryonic fibroblasts and 
used microbeads to aid in their traction stress measurements and 
demonstrated that the mechanical properties of the substrate play an 
important role in defining fibroblast morphology (Fig. 5III.) [57]. 

Anguiano et al. used different hydrogel formulations with varying 
collagen and Matrigel content to study the alignment and remodeling of 
the ECM surrounding cancer cells [104]. Their study revealed that 
Matrigel promotes fiber alignment surrounding cancer cells which 
further encourages cells to migrate and continue aligning the fibers in 
their vicinity (Fig. 5II.). This bi-directional relationship between cells 
and their surrounding environment was also shown by Kim et al. In their 
study, they discovered that HUVEC’s filopodia have the ability to reor
ganize their local ECM and the ECM can also control the filopodia’s actin 
fiber orientation; they employed computational methods to confirm 
those findings [61]. These findings of cell-ECM interdependence are also 
shared by Hall et al. in their research [63]. That group used fluorescent 
marker beads to study the relationship between breast cancer cells and 
their surrounding ECM, composed mainly of collagen (Fig. 5IV.). 

6.1. Experimental techniques 

6.1.1. Traction force microscopy (TFM) 

6.1.1.1. Capabilities. TFM coupled with fluorescent beads has been 
increasingly implemented to probe forces exerted by cells on their un
derlying substrate (Fig. 6I and 6II.) [105–107] This technique excels at 
detecting microscopic traction forces between cells and their substrate 
with minimal adverse effects on the cells themselves. 

6.1.1.2. Limitations. Despite significant advances and the widespread 
adoption of this technology, measuring these forces in 2-D has an 
inherent disadvantage since it is not an accurate representation of the 
native environment. While many research laboratories can track cell 
traction forces in 2-D, only a few multi-disciplinary research groups 
have now moved on to recapitulating in vivo conditions by exploiting 
three-dimensional (3-D) cell tracking of traction forces [60,108,109]. 

In addition, although this technology enables the incorporation of 

Scheme 2. The interdependence between polymeric materials and cells used in 
static culture experiments. 
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several physiological stresses and biologically relevant parameters such 
as pH into the experimental design, complex deconvolution software is 
needed to interpret the displacement of the fluorescent beads and 
correlate it with stressors. 

6.1.2. Fӧrster resonance energy transfer (FRET) 

6.1.2.1. Capabilities. FRET is a molecular-level probing technique that 
can detect tension between a FRET fluorophore pair (donor-acceptor) 
separated by a finite distance by photon-mediated coupling [60,107, 
108]. Since FRET phenomenon occurs at distances of ≤10 nm, de
formations in the proteins as a result of mechanotransduction via the 
cytoskeletal elements (actin filament, ribosomes, Golgi apparatus, 

lysosomes, etc.) can be quantified by changes in emission spectra as a 
result of perturbations in the separation distance, allowing detection of 
forces at the single focal-adhesion scale (Fig. 7). 

6.1.2.2. Limitations. Despite appreciable advances, FRET-based 
tracking of cell forces is dependent on the chromophore-based tagging 
of native proteins, which might, in turn, disturb the original spacing, 
resulting in non-uniform adoption by different research groups. Addi
tionally, FRET emission data can only provide the value of the force and 
not the direction vector. Therefore, using FRET to quantify 3D ECM 
systems might pose a challenge for the instrumentation and processing 
capabilities many laboratories. 

FRET, and fluorescent marker beads are just some of the 

Fig. 5. Studies involving application of experimental and theoretical techniques to study cell mechanotransduction. (I.) Schematic representation of a cancer cell 
invading Matrigel embedded with fluorescent beads are shown in (A). Confocal z-stacks shown are sectioned at the red lines. (B) shows two plots: tangential and 
normal traction stresses from deforming the Matrigel. (II.) (A) Schematic showing cells in orange and collagen fibers in blue, and the areas used in quantification. 
Measurements of control and alignment anisotropy in each hydrogel type are plotted in (B). (III.) (A) is a schematic showing the cultured NIH 3T3 cells between two 
sheets of polyacrylamide, and (B) shows the surface-labeling of the cells with polychromatic beads. (C)–(F) are all confocal microscopy images taken in the green 
channel focused at the red arow in (B), in the red channel focused at the red arrow in (B), in the green channel focused at the blue arrow in (B), and regularly, 
respectively. (IV.) Dynamic changes in the ECM caused by cell invasion: filopodia extended into the ECM and pulled on fibers, generating stress in those ECM fibers. I: 
Reproduced from Ref. [60], Copyright (2004) with permission Biophysical Society, II: Reproduced from Ref. [104], Copyright (2020) with permission from Creative 
Commons Attribution License 4.0 International, III: Reproduced from Ref. [57], Copyright (2004) with permission from National Academy of Sciences, U.S.A, IV: 
Reproduced from Ref. [61], Copyright (2015) with permission from Creative Commons Attribution License 4.0 International. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. (I.) Schematic of a cell anchored 
onto a polymer substrate. Actomyosin 
chemistry inside the cells is the origin of 
contractions within the cell, and this tension 
is relayed to the substrate through focal 
adhesion (FA) complexes. This tension is 
known as cell traction force. FA proteins 
(integrins) form a connection to transmit 
forces between actin fibers from the cyto
skeleton and the substrate. Among other 
processes, the quantification of cell traction 
forces is key to determining cell migratory 
behavior. (II.) Contractile forces within a 
cell quantified using TFM. The force charts 
(on the left) depict traction forces on syn
thetic polymer substrates. The graph on the 

right shows the traction forces generated during cell movement associated with the loss of a cytoskeletal filament protein, vimentin. I: Reproduced with permission 
from Ref. [105], Copyright (2018) Elsevier, II: Reproduced with permission from Ref. [106], Copyright (2019) John Wiley and Sons.   
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experimental techniques currently used; there is great potential for more 
robust experimental techniques. In addition, as theoretical and compu
tational tools mature, more researchers will use those techniques to 
complement and augment their experimental procedures. In the ensuing 
sections, we will provide a review of some popular cell – ECM analysis 
techniques, which have been used extensively in cell biology but still 
relatively foreign to materials research. 

The above techniques such as TFM, FRET, and fluorescent beads, 
along with other seldom used novel methods like QCM [15], that are 
used to track ECM-cell interactions often demand interdisciplinary ef
forts that can only be achieved by the integration of specialized scientists 
from a wide array of expertise. At the very minimum, collaboration 
between domains such as materials science, polymer chemistry, chem
istry, and theoretical biology is necessary. In addition, understanding 
the proliferation of cells seeded in 3D ECM constructs involves 3D cell 
tracking using molecular beads. This requires knowledge of computa
tional biology and chemistry to effectively translate the relative motions 
of the beads into meaningful stressors to obtain magnitude and 
displacement information. While one angle to look at such experiments 
is from the ECM point of view (i.e., determining how the changes in the 
ECM dictate cell fate), another angle serves to understand the role of 
embedded cells in reorganizing their surrounding ECM to direct their 
own fate. Although both perspectives are essential for a well-rounded 
study, each requires training for specialized technicians, purchase of 
costly instrumentation, and maintenance, as has been previously noted 
[110]. Notwithstanding recent progress made in equipment and ma
chinery that can be used for characterizing the aforementioned inter
dependence between cells and their surrounding ECM their widespread 
adoption still remains a challenge. Therefore, there is a need for data 
processing techniques that can be used to not only supplement experi
mental evidence, but to also extrapolate underlying mathematical 
equations to obtain predictive data. 

6.2. Theoretical and computational biology techniques 

The growing interest in the introduction of mathematical modeling 
to cell-ECM experiments led to a handful of research groups adopting the 
useof algorithms in the late 1990s-early 2000s [111–113]. Since the 
inception of this concept, major advances have been enumerated 
recently by several studies. One of these reports employed CompuCell3D 

v3.6.0 (http://www.compucell3d.org) for agent-based modeling of the 
development of new blood vessels linked to the growth of multiple cell 
lines and ECM remodeling [114]. Reinhardt et al. [62] also developed an 
agent-based model using NetLogo 4.1.1 with supporting algorithms. 
That study captured dynamic cell migration as well as remodeling of a 
fibrous ECM network by cells. NetLogo is a programming language 
similar in nature to MATLAB specifically designed for agent-based 
modeling. 

Very recently, an agent-based approach for developing a simulation 
model was also taken by Park et al. [115] The agent-based system was an 
adaptation of the Vicsek model of predicting ECM alignment from col
lisions between cancer-associated fibroblasts, and the researchers uti
lized software such as CT-FIRE, MATLAB, and METAMORPH as well as 
coding in C++ to obtain and analyze biological data. CT-FIRE and 
METAMORPH are both software used in analyzing cell images, with 
CT-FIRE being specialized for extracting data about individual collagen 
fibers such as angle and length. In a study done by Ahmadzadeh et al., 
computational interpretation was used to predict the invasion of 
tumorous cells into the surrounding ECM by designing the model around 
the experimental observation that the polarization of cells increased 
with increasing concentrations of collagen in the ECM [116]. Several 
groups of scientists have developed algorithms for anticipating cell 
migration through a 3D matrix by specifically observing the morphology 
of filopodia and the interplay between cell and ECM fibers [61]. More
over, Hall et al. [63] also used MATLAB to analyze 3D photos of fluo
rescent beads and implemented a tracking algorithm to determine the 
cell-dependent deformation of a 3D collagenous matrix [63]. 

Combining expertise from chemical, biological, and molecular en
gineering, Gjorevski et al., used various experimental and computa
tional techniques, such as fluorescence beads and Imaris (Bitplane) 
software, to track and correlate cell movement with the deformations of 
the 3-D collagenous ECM [31]. Real-time 3D confocal microscopy im
ages of these beads and GFP-labelled cells were obtained in undeformed 
and deformed states during migration of the tissue cohort obtained from 
bead displacements using Autoregressive Motion tracking protocol in 
Imaris. The Amira Division suite from Visage Imaging was utilized to 
create a 3D surface from the images before transoforming them into a 
Parasolid file using Mesh2Solid (Sycode). In Comsol Multiphysics 4.2a 
(Comsol Inc., Stockholm, Sweden), the solid tissue construct was 
introduced inside a cylindrical geometry representing the collagen ECM 

Fig. 7. Cells transfected with the MT1-MMP FRET 
biosensor showed the MMP activity of cells infil
trating a Matrigel ECM at low (<10o) and high (>20o) 
angles of indentation (Φ) when cells invade and 
deform a 3D ECM; MMP activity was higher for the 
higher angle of indentation as seen by the heat map in 
(A) and mean FRET ratios presented in (B), The 
degradation of the Matrigel substrate correlated with 
the activity of MMP enzymes by analyzing the growth 
media via zymography (fluorogenic peptide assay) 
showed activity of MMPs for negative controls (NC), 
MDA-MB-231 cells (231), and positive controls (PC) 
(C). Reproduced with permission from Ref. [60], 
Copyright (2014) Elsevier.   
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and converted into a finite element mesh. 
Due to the nuances of cell-ECM interactions coupled with constant 

evolution of computing architecture, a common programming language 
or image processing tool still eludes the scientific community pursuing 
this research. 

6.2.1. Where is the field headed? 
This review describes the advancements in the development of smart 

materials used to reversibly manipulate cell activity and thestate-of-the- 
art means to study cell activity on static substrates with a focus on 
employing those means to investigate potential remodeling of a smart 
ECM by cell activity. Continued existence of this dichotomy represents a 
hurdle to the study of interactions between cells and the ECM. Research 
efforts in the direction of mimicking the in vivo environment of cells and 
examinations of the effect of physiologically relevant stimuli on the cell- 
ECM interaction forefront have led to tremendous growth in the devel
opment of smart materials. Although some smart platforms have 
demonstrated dynamic and reversible perturbations for a limited num
ber of reversible and repeatable cycles [14,18–20,24,29,36,39,50,53], 
the progress to date still does not permit the levels of consistent 
repeatability nor the longevity of the polymer network with respect to 
sustaining repeated triggers as might be required by biological systems 
[117]. 

The understanding of mechanical properties related to ECM remod
eling established by Hall et al. [63] can be extrapolated to concepts such 
as measurements of rheological properties of a biopolymer with physical 
crosslinks that are dependent on the applied frequency and strain. This 
can then be compared to a covalently crosslinked polymer whose 
rheological properties are expected to be independent of applied strain 
and frequency (in the linear, elastic regime. While the majority of cell 
survivability and migration in 2D and 3D extracellular networks has 
focused on ECM stiffness and crosslinking, ECM viscoplasticity, a phe
nomenon in which the ECM undergoes plastic deformation under con
stant stress, still remains to be fully explored [118,119]. The migration 
strategy of cancer cells through a given ECM could be proteolytically 
driven or independent of it. Recent studies have revealed that in a high 
plasticity polymer network, encapsulated cancer cells manufacture 
longer invasive protrusions [119]. In addition to this, they also apply 
larger actomyosin-originated contractile forces to create permanent 
pathways to support migration. A modeling-based approach has also 
been previously used to confirm that in case of popular biomaterials 
such as collagen and fibrin used to prepare 3D networks for cell 
encapsulation, in addition to covalent crosslinking, irreversible (plastic) 
remodeling of the ECM was affected by of events including cellular 
forces generated by actin contraction, and its transmission to the ECM by 
integrins. Mechanical properties of a biopolymer also point to the idea 
that even though biological network of tissues can represent isotropic 
mechanical properties at the macro scale, the local micro/nanoscopic 
microenvironment is generally anisotropic, highlighting the importance 
of focusing on the utility of the 3D architecture recreated to represent 
the native structural component of the ECM at a relevant length scale. 

The report by Kim et al. [120] lays down the foundation for a 
quantitative understanding of cell-ECM interdependence in that – (i) the 
microstructural organization of cytoskeletal components of a cell (e.g., 
actin) can be impacted by the cues presented to it by the ECM (nano
structured PUA), and (ii) higher contractile forces exerted by the cell can 
cause significant remodeling of the enveloping microenvironment 
(collagen type I). These findings point toward the existence of a ‘positive 
feedback,’ which essentially emphasizes the fact that the mechanical 
forces transmitted from the ECM topography to the cellular framework 
cause conformational changes within the cell. The cell in turn can also 
reorganize the complex structure that provides support to them. Overall, 
probing the interdependence between cells and their surrounding ECM 
stiffness can further contribute towards the understanding of the 
metastasis of highly invasive cells, especially those related to the spread 
of different types of cancer. 

Cell-ECM interactions are also greatly influenced by the interplay 
between cell and nascent proteins, and the production of these proteins 
relies on a complex sequence including their origin in mRNAs, special
ized folding into its designated shape, and dispatch to its intended 
function-related location. The design of an appropriate ECM network is 
crucial for studying and modulating this cell-nascent protein interplay. 
In case of certain ECMs, cells have been shown to probe the physical 
properties of their pericellular space and determine whether it needs 
stiffening or softening to create conditions conducive to processes such 
as preferential differentiation into a specific lineage. By means of 
degradable and dynamic viscoelastic hydrogel platforms and YAP/TAZ 
assays, researchers have also demonstrated the role of nascent proteins 
secreted by cells in cell-ECM interactions [121]. In the case of a 
proteolytically-degradable ECM, in addition to synthetic cell-adhesion 
ligands incorporated into the ECM, the nascent proteins deposited by 
cells were critical in determining their preference towards osteogenic 
differentiation. For dynamic viscoelastic hydrogels, nascent proteins 
deposited by cells combined with a predominant dissipative network 
offered a moldable platform which contributed to favorable cell 
spreading. The remodeling of the nascent proteins also played a key role 
in determining cell fate [122]. 

Overall, only a handful of studies have been able to assimilate 
physiologically relevant time scales that dictate biological processes 
such as stiffening of native tissue and the associated cellular behavior 
such as differentiation, into the design of smart materials [37,39]. It is 
thus clear that an all-encompassing model would include perspectives 
from both the synthetic smart material and the native cell environment. 

To achieve this, we envision the intersection of two areas —  

1. Smart biomaterials that have been employed to control reversibly 
cell activity. These materials tend to be of synthetic origin and allow 
for the robust control of cell activity. Generally, they are modified 
with either biomimetic polymers or cell adhesive ligands to promote 
cell adhesion. As such, even if the change in properties of the smart 
material is reversible and repeatable, it is currently limited to the 
stimuli applied by user inputs. Moreover, this platform does not 
allow the characterization of the impacts of cell activity on the smart 
materials.  

2. Static biomaterials used to examine dynamic changes in cell 
behavior. Traditionally, cell culture scientists have relied on 
collagen- or Matrigel-based hydrogels because they offer favorable 
protein sites for cell attachment. In these cases, the scientists are 
interested in probing the dynamicity of cell activities while main
taining the substrate under a fixed or passive state. 

6.2.2. Concluding remarks and future outlook 

6.2.2.1. Design of smart ECM based on feedback loops that impact the cell- 
ECM microenvironment. In the context of biologically derived materials 
that are used as ECM constructs, a better understanding of signaling 
pathways that dominate such feedback loops in the cell-cell [56] and 
cell-ECM systems holds immense potential in unraveling significant 
advances such as predicting the development of the metastases path
ways and the consequent remodeling of native ECM in case of cancer 
[123]. Although the progression of cancer involves an intricate web of 
several oncogenic pathways, it is also an exemplary case of a positive 
feedback mechanism between tumor cells, normal cells, and the ECM 
[124]. It is well-known that a majority of cancers have their origins in 
epithelial cells. Moreover, the deposition of collagenous ECM fibers by 
cancer-activated fibroblasts leads to continued ECM stiffening, causing 
an increase in the contractile forces generated, which, in turn, promotes 
further hardening. Mutations in the growth factors peptide sequences 
can also lead to the silencing of signal regulators that would function to 
suppress the tumor under normal circumstances [124]. If negative 
feedback played a dominating role in cancer, one of many consequences 
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would mean that the ECM could become softer and arrest the aggressive 
spread of tumor cells. However, this may not always be the case. Pre
vious research shows that certain proteins responsible for transforming 
normal cells into cancer cells can be non-responsive to negative feed
back [125,126]. As such, it is not the absence, but the desensitization of 
such systems to negative feedback that could lead to rapid disease 
progression. 

Smart materials that can recreate the native environment of cells and 
provide a snapshot of the potential biochemical activity in response to 
engineered cues — generally referred to as bioresponsive polymers, are 
of great interest. For example, the polymer platform introduced in 
Loebel et al. describes a smart 3-D platform that allows the encapsulated 
cells to (i) degrade existing peptide crosslinks and (ii) deposit their own 
ECM proteins [121]. This dual effect enhances cells spreading. Another 
innovative platform introduced by Fonseca et al. comprised of an 
injectable MMP-sensitive alginate hydrogel [127]. They demonstrated 
that hMSC-encapsulated hydrogels deposited their own ECM and facil
itated accelerated wound healing in mouse models. The conception of 
smart materials that can either inculcate feedback from cells or allow for 
external triggers that can emulate or contradict the feedback bear 
tremendous significance in the advance of this multi-disciplinary 
research arena. 

6.2.2.2. Complexity of algorithms and simulations limits the exploration of 
smart reversible constructs to examine cell mechanobiology. It is clear that 
because of the complexity involving ECM composition, specific cell type 
response to these ECMs, and period of maturity of structures involved in 
cell migration, there is currently no consensus on the software or algo
rithms used for predicting cell-ECM interactions. Despite substantial 
progress in this area, the predictive data desired from machine learning 
algorithms still often rely on 3D images of fluorescent beads and cell- 
specific protrusions obtained from confocal microscopy. Since many of 
these studies are performed on polymer constructs with fixed properties, 
it would be constructive to have worldwide access to a consolidated 
online database of these images so that any errors stemming from 3D 
confocal microscopy could be eliminated. Furthermore, efforts may be 
directed at the inclusion of more parameters such as maturity of 
lamellipodia in the predictive simulation models with an aim of refining 
the current computation algorithms and leveraging the new data to 
obtain more accurate cell migration and consequent ECM remodeling 
results. An optimal representation of the cell-ECM interdependence 
could involve a system that permits on-demand or dynamic remodeling 
or responsiveness while cells interact with the synthetic ECM micro
structure; its characterization is a crucial challenge in the design of 
smart ECM materials to emulate the local and global environment of 
native tissue [128–130]. 

6.2.2.3. Potential design of a smart material that can sense cells’ signals 
and be triggered repeatedly. Over the past decade, smart polymeric 
platforms with tunable properties have been exploited to mirror physi
ological conditions and exercise reversible control over cellular activity. 
Furthermore, remodeling of the ECM architecture by resident cells has 
also been increasingly documented. However, although several 
mechanobiological responses of cells have been documented by utilizing 
modulation of polymeric properties, the role played by the cells in 
remodeling smart materials in combination with repeated stimuli being 
applied to the materials is not understood yet. Taken together, we 
currently do not have control over restoring the properties of the ECM 
which was remodeled due to cellular activity. Under such circum
stances, smart materials with dynamically tunable properties that can 
counteract or promote the remodeling performed by the cells can be 
envisaged. Such a smart material could repeatedly sense an external 
trigger and return to its original state by sensing an external stimulus 
and will also be capable of sensing other biological signals generated due 
to cellular activity. The cyclic changes thus produced in the biomaterial 

will enable continuous monitoring, data collection, and analysis. 
Moreover, large volumes of data collected will strengthen the possibil
ities of applying machine learning algorithms and modeling of complex 
cell mechanotransduction operations in the analysis. This will help 
coalesce the fields of smart biomaterials and cell biology to create 
advanced biomaterials with tailored properties. 

Data availability 

Not applicable. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

We gratefully acknowledge funding from the National Science 
Foundation’s Biomaterials and Advanced Manufacturing programs 
(DMR-1609523 and CMMI-2022421). This work was also supported by 
the National Institute of Arthritis and Musculoskeletal and Skin Diseases 
of the National Institutes of Health under award numbers R21AR076645 
and R21AR076642. We also express gratitude towards Kiersten Edwards 
for scientific discussions. 

References 

[1] M.A. Mohamed, et al., Stimuli-responsive hydrogels for manipulation of cell 
microenvironment: from chemistry to biofabrication technology, Prog. Polym. 
Sci. 98 (2019). 

[2] E.S. Place, N.D. Evans, M.M. Stevens, Complexity in biomaterials for tissue 
engineering, Nat. Mater. 8 (6) (2009) 457–470. 

[3] T.R. Cox, J.T. Erler, Remodeling and homeostasis of the extracellular matrix: 
implications for fibrotic diseases and cancer, Dis. Model Mech. 4 (2) (2011) 
165–178. 
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