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A B S T R A C T

Engineered living materials represent a new generation of human-made biotherapeutics that are highly
attractive for a myriad of medical applications. In essence, such cell-rich platforms provide encodable bioac-
tivities with extended lifetimes and environmental multi-adaptability currently unattainable in conventional
biomaterial platforms. Emerging cell bioengineering tools are herein discussed from the perspective of mate-
rializing living cells as cooperative building blocks that drive the assembly of multiscale living materials.
Owing to their living character, pristine cellular units can also be imparted with additional therapeutically-
relevant biofunctionalities. On this focus, the most recent advances on the engineering of mammalian living
materials and their biomedical applications are herein outlined, alongside with a critical perspective on
major roadblocks hindering their realistic clinical translation. All in all, transposing the concept of leveraging
living materials as autologous tissue-building entities and/or self-regulated biotherapeutics opens new
realms for improving precision and personalized medicine strategies in the foreseeable future.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Living tissues can be perceived as dynamic materials that have
been extensively optimized by Nature throughout time, essentially
yielding complex and highly evolved biofunctional modules designed
to carry out specific activities within the body while maintaining
homeostasis [1]. Traditionally, organ transplantation relies on replac-
ing such irreversibly damaged or diseased modules for restoring lost
functions that are vital for guaranteeing patient survival and improv-
ing quality of life. In this sense, it has been increasingly established
that recreating functional tissue analogues via tissue engineering
technologies will be critical for overcoming the inconsistent supply
and shortage of donor organs in the clinical setting [2]. In addition,
the successful generation of tissue-specific modules is highly attrac-
tive for advancing current drug screening and disease modelling plat-
forms, namely by allowing to replace the use of animal models with
tissue-like platforms that are potentially more predictive of clinical
outcomes in humans [1].

Conventional biomaterial-based platforms (i.e., hydrogels,
sponges, nano/microparticles, fibre meshes, etc.) envisioned for clini-
cal applications are often designed to convey biophysical support
and/or integrate bioactive cues for instructing or potentiating cellular
bioactivity. Such strategies often rely on the inherent role of cells
physically-embedded within scaffolds or the response of patients’ tis-
sue resident cells following administration. In addition, these plat-
forms typically present cell densities several orders of magnitude
below those found in the majority of soft native tissues (i.e., 107 �
109 cells/cm3) [3,4]. In fact, similar to how the functional modules of
the human body are the organs, the functional units of our tissues are
the living cells and cell-secreted extracellular matrices (ECMs) that
compose them. As a result, such conventional platforms exhibit
underwhelming biofunctionalities in pre-clinical studies and are
often limited in their ability to respond and adapt in biological sce-
narios [5].

These limitations have fuelled the pursuit of living materials, an
emerging conceptualization that seeks to exploit the unique attrib-
utes of living cells, namely as: (i) continuous/programmable biofacto-
ries that generate different biologics (e.g., de novo synthesized
extracellular matrix, extracellular vesicles, growth factors, cytokines,
etc.), and as (ii) microtissue precursors [6]. In addition, such con-
structs should inherit cells’ ability to interpret/adapt to their micro-
environment, yielding bioresponsive constructs with autonomous
and dynamic behaviour [7]. Following this rationale, living materials
are herein referred to as macro-scale platforms comprising cells as
the fundamental building blocks, or in which cells are the primary
actuators responsible for driving the response mode of these con-
structs. As broadly recognized throughout different reports, living
materials can be assembled via bottom-up processes and are fully
comprised by cells or cells-biomaterials combinations where
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biomaterials generally serve as linkers or are present in relatively low
contents to ensure the assembly of bioarchitectures exhibiting “living
character”, which is mainly conveyed by cells. On the other hand,
platforms that are assembled in a more traditional top-down
approach (i.e., seeding on top of biomaterial scaffolds) and partially
contain living cells could also be included in the broad definition of
“living materials”, but present vastly inferior cellular contents and
fail to recapitulate the native tissue formation that is bottom-up and
multi-scaled by design.

The combination of materials science with synthetic biology and
directed evolution in this interdisciplinary field has recently led to
several pioneering works exploiting the programmability and auton-
omous behaviour of living systems (i.e., prokaryotic or eukaryotic
cells) to design cellular devices and materials encoded with unique
functions or exhibiting improved performances over conventional
biomaterials [8�12]. Recent research endeavours showcasing the
resiliency, programmable behaviours and versatile biomolecule-pro-
ducing nature of prokaryotic living materials are extensively over-
viewed elsewhere in other seminal reports [13�15]. Herein, we
particularly focus on the progress underlining the development of
eukaryotic living materials owing to their human relevance and
translatability to clinical applications.

On this focus, this review outlines recent advances in harnessing
mammalian cells to produce dynamic and responsive living materials
that are highly attractive for biomedical applications. Moreover, we
highlight emerging cell engineering strategies (i.e., encompassing
chemical and biotechnological tools) that can enable the pro-
grammed or autonomous assembly of multi-scale living materials,
and how their modular combination can further expand the range of
biological functionalities that can be encoded in these platforms. Col-
lectively, innovations in this nascent field are also critically discussed
concerning the translational roadblocks that must be overcome for
commercialization and clinical use of living materials intended for
tissue engineering and regenerative medicine purposes. Due to their
dynamic nature, living materials can ultimately provide continuous
and self-regulated therapeutic activities imparted with bioactive life-
times and bioresponsiveness that are unattainable by non-living bio-
material platforms, therefore being expected to provide substantial
biomedical breakthroughs in the foreseeable future.

2. Design Considerations for Programming Living Materials
Assembly and Behaviours

To materialize the development of living materials, researchers
have at their disposal a vast toolbox of cell engineering technologies
and several manufacturing strategies that have been employed for
driving the cooperative assembly of unitary living cells into cell-rich
biological constructs [16]. Building on this, the design of living mate-
rials according to the nature of the driving forces responsible for their
assembly, in particular whether arising from cell surface components
that are naturally-present (i.e., cell adhesion proteins) or artificially
incorporated (i.e., via cell surface engineering technologies) will be
discussed in the following sections (Scheme 1). In addition, the
assembly mode of these constructs is herein distinguished in two dif-
ferent scenarios, namely if it occurs autonomously or in a guided/pro-
grammed manner. Finally, this subsection will also illustrate that the
cellular building blocks selected - in native or engineered forms - can
determine the behaviour and functionalities of the living materials
produced.

2.1. Assembly Driven by Naturally-occurring Motifs

By exploring naturally occurring processes, living materials can be
assembled solely from native cell-cell or cell-ECM linkages, and
therefore the formation of these constructs does not require special-
ized cell engineering methodologies. This approach relies on the
presence of cell adhesion transmembrane proteins, namely calcium-
dependent cadherins and selectins, as well as calcium-independent
integrins and immunoglobulin superfamily, which are responsible
for endowing cells with recognition, binding and adhesion capabili-
ties [17]. The vast majority of mammalian living materials are gener-
ated via cadherin-based crosslinking of cytoskeletons among
adjacent cells and have been continuously developed for scaffold-
free tissue engineering in the form of cell sheets [18], fiberoids/other
complex shapes [19,20], and spheroid-fused constructs [4]. Analo-
gous to the use of cell-cell interactions, cell-ECM interactions (i.e., via
integrins) can be alternatively exploited for producing cell-rich con-
structs. In these approaches, cells are combined with interfacial fibro-
nectin/gelatin films to drive the sequential formation of multilayered
tissues via integrin binding [21,22]. Due to its highly modular nature,
multiple layers of different cell types can be combined together into
a seamless hierarchic living material.

Regardless of the native driving force employed, cell assembly
occurs randomly across the unitary thick constructs (i.e., fiberoids
and others) and within the same layer (i.e., cell sheets), resulting in
limited spatial control within the established assemblies. Strategies
aiming to improve the selectivity of cell assemblies in living materials
could draw inspiration from the natural embryonic development, in
which cells from one tissue bind specifically to cells of the same type
rather than cells from other tissues [17]. For instance, cell adhesion
proteins have been demonstrated to establish either homophilic (i.e.,
bind to identical motifs in another cell) or heterophilic interactions
(i.e., recognize different type of motifs in another cell), and have been
implicated in the selective cell-cell binding among different cell types
(i.e., epithelial, placental and neural cadherin members) that are fun-
damental for organ formation [23]. Ultimately, a deeper understand-
ing of these native mechanisms combined with advanced
manipulation technologies (e.g., optogenetics or magnetogenetics)
for on-demand presentation of cell adhesion proteins could enable a
precise spatiotemporal modelling of the intrinsic organization of cell
assemblies during the manufacturing of living materials. On another
level, recent innovations in biofabrication technologies through the
use of microgel-based supporting baths have enabled the assembly
of macro-scale cell-only constructs leveraging the expanded spatial
control offered by 3D bioprinting [24]. Also, advances in polymer-
based viscoelastic supporting baths may provide alternative solutions
for further improving the spatial resolution of the living constructs
[25]. Collectively, a combination of precise intra-tissue modelling of
cell-cell interactions/segregations allied to macro-scale constructs
architectural control represents an attractive roadmap for engineer-
ing native-like tissue constructs exhibiting human morphometric
features.

2.2. Assembly Driven by Artificially-incorporated Motifs

Alternatively, specific functional groups can be artificially-incor-
porated in cell surfaces in order to drive the assembly of living mate-
rials. To this end, several cell surface engineering technologies have
been pursued, namely via: (i) chemical functionalization, (ii) cell
membrane coatings (iii) lipophilic insertion, (iv) metabolic glycoen-
gineering, and (v) genetic engineering [1,16]. The chemical route is
particularly valuable since cell membranes inherently display a broad
range of functional groups (i.e., amine, carboxyl, hydroxyl, phosphate
and thiol) that can serve as cell-crosslinking nodes with complemen-
tary biomaterials or be chemically-functionalized with crosslinking
moieties of interest through standard bioconjugation techniques.
However, it is important to consider that such groups are ubiquitous
in glycoproteins backbones, hence unspecific modification can also
occur at regions that are critical for physiological functions. The latter
may negatively affect engineered cells viability and/or bioactivity
downstream, ultimately influencing living materials performance
and biological maturation. To tackle these bottlenecks, researchers



Scheme 1. Advanced engineering technologies for leveraging human cells as building blocks of living materials. Such biological constructs can be generated by exploiting endoge-
nous cell adhesion transmembrane proteins or artificially-engineered surface motifs, while their collective behaviour can be further customized to encode distinct response modes
under biological or external stimuli. Under these strategies. a broad range of living materials (i.e., cell sheets, fiberoids, volumetric microtissues and organoid-based constructs) can
be assembled across multiple length scales and displaying different degrees of organizational complexity. These cell-rich platforms present attractive living features for biomedicine,
such as autonomous tissue integration, bioresponsiveness/adaptiveness to surrounding microenvironments, biological maturation, evolvability, resilience, self-powering/self-main-
tenance and biofunctionality.
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have been devising elegant cell membrane engineering technologies
based on non-covalent interactions with surface coatings (i.e., con-
sisting of organic/inorganic polymers and/or nanomaterials) compris-
ing crosslinking moieties, or functioning as supporting templates for
subsequent (bio)conjugation approaches [26]. In addition, single cell
coatings can present multilayered architectures incorporating multi-
ple biomaterials deposited in a stepwise manner, which is particu-
larly valuable for tuning cellular activities and further broadening the
type of interactions and responsiveness that can be encoded in the
assembly of living materials [27,28]. Still, despite presenting opportu-
nities for reprograming cell surfaces, stable coatings are difficult to
obtain in a consistent and uniform manner (particularly across large
cell populations), which limits their scalability and applicability for
assembling living materials across different length scales. On a differ-
ent take, emerging technologies are attempting to leverage the spon-
taneous insertion of lipid-conjugated functional groups (i.e., as free
molecules or in the form of fusogenic liposomes) into phospholipidic
cellular membranes to install new functionalities in mammalian cells
surfaces. This concept is routed in naturally occurring supramolecular
membrane components and is hence highly adaptable to modify vir-
tually any cell types with complementary groups (i.e., oxyamine,
ketone, and others) or single stranded DNA molecules on their surfa-
ces, enabling one to instruct their assembly in a cytocompatible and
truly selective manner [29,30]. Despite these advances, taking into
account that organ development is a highly time-orchestrated
sequence of cell-cell recognition/actuation events, the unlocking of
increasingly biofunctional living materials may thus require the
encoding of user-defined temporal control into their assembly
modes. If such fluctuations are essential for attaining microtissues
with optimal biofunction, these tools would allow researchers to pro-
gram cell-cell decision events and manipulate their timeframes to
ultimately mirror those of developing tissues.
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Adding to the library of technologies that provide direct outer cel-
lular surface functionalization, other invaluable approaches dwelling
on “inside-out” cell engineering concepts (i.e., metabolic glycoengin-
eering and genetic engineering) have enabled researchers to exploit
the endogenous intracellular biomachinery for precisely reprogram-
ing cell surfaces in an on-demand and spatiotemporally controlled
mode.

Metabolic glycoengineering allows for live cells or entire tis-
sues in vivo to be engineered with a wide variety of functional
motifs (i.e., naturally-occurring or non-natural) upon incorporat-
ing synthetic monosaccharide analogues [31]. Such rationale has
been exploited for directing the assembly of different cell types
(i.e., T cells and Burkitt lymphoma cells) bearing complementary
bioorthogonal groups (i.e., azide and bicyclo[6.1.0]nonyne) [32],
or alternatively, for connecting cells to non-adhesive biomaterials
[33]. However, although this is a highly versatile and biocompati-
ble technology, some functional chemical motifs have limited
incorporation efficiencies due to their large molecular sizes (i.e.,
bicyclo[6.1.0]nonyne or norbornene) or cross-reactivity with bio-
logical components (i.e., thiols, ketones or alkynes), thus requir-
ing additional optimization.

Another interesting angle for giving rise to functionalized mam-
malian cells is the use of genetic engineering tools to completely cus-
tomize surface motifs and driving highly complex self-organized
cellular assemblies with near biological cell-to-cell selectivity [34]. In
this context, one of the most elegant approaches for modulating the
spatial organization in biological constructs is to exploit the sponta-
neous cadherin-driven differential sorting of multicellular popula-
tions. Such phenomenon occurs because cadherins exhibit different
adhesive strengths according to their type (i.e., E-, N- and P-) and
favour homotypic cellular interactions over heterotypic cross-associ-
ations [34,35]. Following this rationale, researchers have leveraged
synthetic Notch (synNotch) receptors that can customize the cellular
response (i.e., in terms of cadherin expression and other ligands)
upon sensing cell-cell interactions [34]. For instance, A-type cells
expressing CD19 ligands activate anti-CD19 synNotch in B-type
receiver cells, inducing them to convert to C-type cells presenting
high E-cadherin levels and surface GFP. Afterwards, owing to E-cad-
herin expression, C-type cells spontaneously self-adhere and are
sorted into the centre of the construct. As a result, C-type cells recip-
rocally activate anti-GFP synNotch in spatially-adjacent A-type cells,
which are converted to D-type cells expressing low E-cadherin levels
and mCherry. In essence, these constructs presented two initially dis-
ordered cell genotypes that self-organized into three distinct pheno-
types in spatially-segregated compartments. By tuning the
combinations of adhesion molecules used and the timings of their
expression, researchers disclosed a wide library of self-organizing
multicellular structures that evolve similarly to developing tissues in
the human body, a remarkable achievement considering the biologi-
cal complexity involved in such processes. Most importantly, such
self-organizing features that are characteristic of living materials are
virtually unattainable using conventional cell-laden hydrogel/fibre
biomaterials, providing added functionalities and bioactivities that
may ultimately unlock more effective clinical therapeutic actions. In
addition, this highly versatile synNotch technology can be used to
encode mammalian cells with ‘AND’ Boolean logic gates that produce
different responses according to the presence/absence of multiple
orthogonal inputs [36]. Cascades of synNotch receptors have also
enabled the build-up of self-rearrangeable living materials with tai-
lored spatial organization and user-defined spatial transdifferentia-
tion (i.e., fibroblasts into myotubes) driven by engineered cellular
interactions [36]. Remarkably, instead of expressing membrane-
bound motifs in response to cell-cell interactions, diffusible synNotch
systems have been recently developed that engineer secretor, anchor
and receiver cells for enabling long-range spatial distribution of pro-
grammable soluble morphogens [37].
2.3. On-demand control over Living Materials Assembly or Disassembly

Although enabling programmable and spatially-controlled tissue
build-up due to selective cell-cell interactions, previous constructs
were generated through passive and autonomous assembly. In this
context, cell engineering technologies can be additionally exploited
for installing on-demand control of living materials assembly/disas-
sembly stages, thereby programming their manufacturing not only in
a selective mode, but also in a coordinated manner. For instance,
using a combination of metabolic glycoengineering and direct chemi-
cal functionalization, researchers produced cells bearing b-cyclodex-
trins that can self-assemble via photoreversible host-guest
interactions with azobenzene-PEG-azobenzene crosslinking agents
[38]. Under ultraviolet light exposure (λ = 365nm), cell-cell interac-
tions are dissociated due to azobenzene photoisomerization from
trans- to cis-isomer that is unable to fit within b-cyclodextrins, while
exposure to visible light reverses this configuration and re-enables
cell-cell assembly. Also, such azobenzene groups were linked to cell-
selective aptamers for enabling reversible heterotypic cell-cell inter-
actions. In another work, liposomal fusion was employed for instal-
ling photocleavable linkages between complementary cells bearing
oxime and ketone groups, which allowed for remote controlled tissue
disassembly following exposure to ultraviolet light stimuli
(λ = 365nm) [39].

In an inspired approach, researchers genetically engineered cells
expressing cryptochrome 2 photoreceptors or their complementary
interaction partner CIBN, which resulted in blue light switchable cell-
cell crosslinking into large clusters [40]. Because such cell-cell inter-
actions can be reversed in the dark, the generated cellular assemblies
could be repeatedly switched under an ON/OFF cyclic mode. Besides
being employed for actively controlling cell-cell interactions in living
materials, optogenetic tools have recently unlocked the use of photo-
reversible (λ = 660 and 740nm) cell-matrix interactions, which was
achieved by combining red light-switchable phytochrome B-func-
tionalized matrix with living cells expressing integrin aVb3 ligands
engineered with phytochrome-interacting factor domain [41].

Apart from light-induced disassembly, researchers have recently
exploited metal ion- dependent DNAzymes cleavage of their ribonu-
cleotide substrates to trigger cell-cell disassembly [42]. Following
this rationale, cells were initially engineered via lipophilic insertion
of different DNAzymes (i.e., Zn2+- and Mg2+-specific) and their
respective substrate strands, which enabled autonomous cell-cell
assembly through selective hybridization involving DNAzyme-sub-
strate molecular recognition events. Due to metal ion-dependent
DNAzyme activities, Zn2+ and Mg2+ were used as orthogonal inputs
for controlling the assembly/disassembly stage between multiple 3D
spheroid building blocks. In addition, such microtissues were engi-
neered to disassemble under different Boolean logic operations, such
as those requiring the presence of (i) both Zn2+ and Mg2+ input sig-
nals (‘AND’ operator), and (ii) either Zn2+ or Mg2+ input signals (‘OR’
operator).

2.4. Programming Living Materials Behaviour

Beyond enabling the assembly of living materials, cell engineering
technologies can also be explored for installing molecular compo-
nents that shape the performance of these constructs chronologically.
In particular, the evermore accumulated know-how in synthetic biol-
ogy tools can further expand the customization and control over cel-
lular behaviour/responses beyond those naturally-occurring, thereby
unlocking the possibility to program living materials with unprece-
dented functionalities [6]. As aforementioned, versatile genetic engi-
neering toolkits unveil opportunities for designing the decision-
making framework of cells in a pre-programmed mode, subsequently
encoding living materials with numerous response modes, such as:
(i) constitutive expression of exogenous genes, or (ii) bioresponsive/
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remote-controlled expression of exogenous genes [43]. Moreover,
synthetic networks can be integrated within living materials to
dampen, amplify or completely alter the thresholds required for out-
putting their endogenous genes. This results in engineered biological
constructs with tailored secretion of protein therapeutics or other
biologically-relevant molecules to meet tissue-specific functions or
enhance their regenerative activities. For instance, researchers have
recently installed mechanogenetic circuits in chondrocytes that elicit
the production of anti-inflammatory drug interleukin-1 receptor
antagonist following mechanical stimuli [44]. These engineered cells
were integrated in tissue constructs that autonomously responded to
physiologically-relevant mechanical loading by secreting the thera-
peutic protein and protecting against inflammatory insult, thus serv-
ing as highly promising platforms for long-term delivery in
osteoarthritic joints.

Apart from controlling the secretion of soluble molecules or sur-
face-expressed motifs, recent endeavours in synthetic biology have
tapped into the potential of customizing the material synthesis of liv-
ing cells. In a remarkable strategy combining genetic engineering and
polymer chemistry, researchers have genetically-targeted hippocam-
pal neuron cells to synthesize and assemble electroactive materials in
vivo [45]. In another perspective, genetic engineering tools can be
used to produce cells exhibiting novel behaviours that are character-
istic of certain types of materials (i.e., organic polymers or inorganic
nanomaterials). For instance, research in optogenetics delves into
encoding light-responsive cellular circuits to spatiotemporally con-
trol cell-cell interactions, cellular processes and their biochemical
outputs, or triggering their contraction/locomotion [46]. On the other
hand, the nascent field of magnetogenetics offers the opportunity to
genetically encode magnetic-responsiveness in living cells, a behav-
iour that has been otherwise exclusive to certain classes of inorganic
nanomaterials (i.e., iron oxide-based) [47]. Such programmability
ultimately unlocks the ability to design living materials with exotic
response modes that are naturally elusive to obtain in most living
matter.

Alternatively, although operating on a lower level of programma-
bility, outer functionalization cell engineering strategies also enable
the selective conjugation of nanoparticles, peptides, bioactive mole-
cules and other synthetic components to living cells, which can fur-
ther modulate the behaviour of biological constructs. Moreover, non-
living components (i.e., proteins, polymers and inorganic materials)
can also be engineered to encode further bioactivity or function as
anchoring hotspots for installing additional adaptable behaviours in
living materials [26,48].

On another level, it is becoming increasingly established that tis-
sues morphogenesis occurring during development is guided not
only by cell-cell interactions but also by the continuous and dynamic
self-presentation of their extracellular microenvironment [1,49]. In
fact, living cells are in constant bidirectional communication with the
ECM that they synthesize, reprogram and remodel, which in turn
play a key role in influencing cellular fate, function and plasticity in
biological tissues [50]. In general, different ECM characteristics have
been demonstrated to drive cellular decision events beyond those
already pre-programmed in native morphogenesis, such as (i) matrix
composition, concentration and enzymatic degradability, (ii) cell-
ligand interactions and ligand mobility/dynamics, (iii) stiffness, (iv)
topography (i.e., conveyed through geometrical organization or ani-
sotropic fibre alignments), and (v) viscoelasticity and stress-relaxa-
tion properties [50]. Considering the importance of such factors in
modulating cellular behaviours, researchers have been exploring the
use of ECM-mimetic materials and decellularized ECMs (in either
their close-to native state or additionally bioengineered with chemi-
cally-active functional groups) and incorporating these components
in the assembly stages of living materials [51]. Also, because each
type of tissue is characterized by a unique combination of ECM com-
ponents, there is an increasing interest in employing organotypic
decellularized ECMs to further direct the activities of naïve cells
towards a specific tissue/organ function or for modelling a particular
disease stage [52]. For instance, researchers have recently employed
a combination of skeletal muscle and vascular tissue-derived decellu-
larized ECMs as bioinks for the 3D embedding bioprinting of pre-vas-
cularized large skeletal muscle constructs [53]. Compared to cell-
laden decellularized ECM hydrogels and cell-seeded decellularized
ECM sponges, such tissue-specific cell-laden materials presented
vastly improved biofunctionality in terms of myotube formation, as
well as significantly enhanced the production of de novo muscle
fibres, vascularization and innervation in in vivo volumetric muscle
loss injuries, achieving 85% functional recovery. As characteristic of
biological muscle tissues, such constructs could also respond to
incoming electric stimuli with whole-tissue mechanical contraction,
indicating efficient bioelectrical communication. Alternatively,
numerous other works have disclosed the superior organotypic bio-
functionality that arises from incorporating tissue-specific dECMs
within the development of cell-laden materials, which have yielded
functional microtissue analogues across a broad range of human tis-
sues: such as (i) cornea, (ii) oesophagus, (iii) peripheral nerves, (iv)
blood vessels, (v) heart, (vi) cartilage, (vii) adipose tissue, (viii) liver,
(ix) lung, (x) pancreas, and (xi) kidneys [51,54,55]. In addition, aided
by recent advances in tools dedicated to omics analysis, researchers
are progressively identifying key components present in such orga-
notypic dECMs that are the major drivers of organogenesis and/or
responsible for augmenting the constructs bioperformance beyond
those of naïve cell assemblies [50]. In the foreseeable future, these
strategies will unveil opportunities for customizing the composition
of living materials with specific ECM biomolecular cues in order to
refine their biofunctionality toward physiologically-relevant and
organotypic actions.

Ultimately, the behaviour of living materials can be programmed
to transform their innate biosynthesis into pre-scripted biomolecule
and biomaterial biofactories, thus functioning as highly specialized
therapeutics, tissue manufacturers or as next-generation biosensing
modules for advanced theranostic endeavours.

3. Progress on Living Materials as Therapeutic Platforms for
Tissue Engineering

In this rapidly emerging and exciting field, mammalian cells rep-
resent fundamental building blocks and customizable canvas that
can be leveraged to generate multifunctional living materials inherit-
ing many of the characteristic hallmarks of living systems, namely:
(i) compartmentalization of precursors and functionalities, (ii) infor-
mation recognition and processing, (iii) cascaded signal transduction
and transmission, (iv) adaptability and actuation, as well as (v) prolif-
eration and maturation [56]. This subsection aims to overview recent
advances of living materials as biologically-instructive and therapeu-
tic platforms for biomedical applications, while critically discussing
their progress as this field moves closer to translational and clini-
cally-relevant activities.

Cell sheets are thin layers of microtissues assembled from native
cell-cell interactions and autonomously reinforced along time
through de novo ECM deposition [1]. Multiple cell types can be com-
bined during the layer assembly to yield multifunctional tissues with
enhanced bioactivities arising from synergistic cell-cell crosstalks
[18]. In addition, their ability to self-merge with other layers unlocks
the possibility to stack different cell sheets in a modular manner to
produce thicker and hierarchical biological constructs [57]. In this
context, multi-layered human cell-based cell sheets containing adi-
pose tissue-derived mesenchymal stromal cells (hASCs) and umbili-
cal vein endothelial cells (HUVECs) were recently fabricated with
heterotypic (hASCs/HUVECs/hASCs) and homotypic configurations
(hASCs/hASCs), in which the heterotypic constructs attained
improved matrix mineralization and osteogenic markers expression
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(i.e., ALP activity, osteocalcin and osteopontin) [18] (Figure 1a).
Moreover, such multicellular crosstalk also led to enhanced in vivo
angiogenesis, while their living behaviour resulted in the migration
and integration with chick embryo vasculature. Other than generat-
ing planar multilayered tissues, cell sheets can be rolled to produce
three-dimensional biofunctional tubular constructs, but processing
these living materials into other architectures is difficult due to their
biomechanical fragility [1]. Alternatively, researchers have recently
developed magnetic-responsive cell sheets that can be instructed to
Figure 1. Controlled assembly of modular living materials in different architectural configu
sue-derived mesenchymal stromal cells � hASCs, and umbilical vein endothelial cells � HUV
tion of external magnetic fields. Multi-layered cell sheets were generated with hierarchic
potentiating their pro-angiogenic activities. Adapted with permission from [18]. Copyright 2
were mechanically-handleable and could be intertwined together to form multi-fiberoid stru
tissues exhibited extensive nascent collagen deposition following maturation in physiologic
metrical confinement strategy of spheroid building blocks for high-throughput manufactur
Following long-term maturation, continuous cartilage-like tissues were assembled from bo
stromal cells and HUVECs developed vasculogenic patterns. Adapted with permission from [2
assemble under the presence of external magnetic fields into a broad
variety (i.e., discs, rings and concave-shaped geometries) of complex
constructs [58]. Considering cell sheets were originally reported back
in 1990, they represent one of the most established living materials
in the clinic [59]. Such autologous constructs have been clinically-
approved for regenerating several tissues, such as blood vessels (Life-
line�), cornea (Holoclar�), oesophagus (CellSeed Inc), heart (Heart-
Sheet�) and skin (Epicel�), and there is also a large pipeline of
commercially-available products currently undergoing clinical trials
rations. (a) Magnetic nanoparticles were introduced into human cells (i.e., adipose tis-
ECs) to render themmagnetic-responsive and driving their assembly under the applica-
al organization and heterotypic compositions, which led to synergistic cell crosstalks
020, Elsevier. (b) Hanging column strategy for assembling fibre-shaped constructs that
ctures comprising different human cell types (i.e., hASCs and HUVECs). Fiberoid micro-
al conditions. Adapted with permission from [19]. Copyright 2019, Wiley-VCH. (c) Geo-
ing of microtissues with user-defined shapes and customizable cellular compositions.
vine chondrocytes, while multicellular constructs comprised by human mesenchymal
0]. Copyright 2016, Wiley-VCH.
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for numerous applications [60]. This success attests to the potential of
living materials in translational activities and stimulates continuous
efforts in this field to develop alternative iterations of these systems
that will eventually find their place in the clinic.

Moving up from planar microtissues, researchers have recently
developed centimetre-long cell-only fibres (i.e., fiberoids) assembled
from native cell-cell interactions (Figure 1b) [19]. These structures
were assembled through a modified hanging drop strategy � hanging
column - by adding cellular suspensions into superhydrophobic sur-
faces patterned with wettable stripe-like regions. Such constructs
could be generated from distinct cell types (i.e., hASCs or MC3T3-E1)
and/or in different differentiation stages (i.e., undifferentiated or
osteodifferentiated hASCs), being readily handleable and mechani-
cally-compliant following biological maturation under physiological
conditions, enabling the interweaving of multiple fiberoids together.
Due to their customizable composition, heterotypic fiberoids (hASCs/
HUVECs) were produced and displayed significant pro-angiogenic
activity in a chick embryo chorioallantoic membrane model. Such liv-
ing materials are highly attractive to be explored in advanced regen-
erative strategies considering their capacity to integrate biological
tissues and assist in the formation of vascularized nascent tissues. In
order to further expand their applicability in the future, such fibre-
based materials can be architecturally manipulated via textile tissue
engineering techniques (i.e., knitting, braiding, weaving and winding)
to create large-scale interconnected multifibre constructs displaying
improved biomechanical properties and mirroring human tissues
with fibrillar structures [1].

In a pursuit for larger and truly three-dimensional living materi-
als, researchers employed a microfabrication approach based on non-
adherent hydrogel templates for pooling and clustering together
multiple cells or spheroids, taking advantage of their autonomous
assembly (Figure 1c) [20]. Geometrical confinement of these building
blocks led to a self-governed generation of continuous tissue con-
structs up to the centimetre scale and presenting a broad range of
user-defined architectural configurations (i.e., squares, triangles,
circles, multi-branched and stapes). Constructs assembled from dif-
ferent cell types and biologically matured along time presented dis-
tinct phenotypes and behaviour. For instance, bovine chondrocytes
yielded Safranin O-positive continuous cartilage-like tissues, while
multicellular constructs assembled from human mesenchymal stro-
mal cells and HUVECs developed vasculogenic patterns resembling
vessels when matured in the presence of morphogen Sonic hedge-
hog.

As an alternative to micro-molding technologies, acoustic fields
have been used to drive the spatial rearrangement of suspended cells
to yield ring-shaped tissues, which could then be re-instructed later
on to acoustically-assemble into large-scale multi-ring bracelets and
concentric structures (Figure 2a) [61]. Inspired by the native brain
structure, the authors leveraged this technology to develop concen-
tric constructs exhibiting a neuron-rich outer ring and a smaller inner
layer densely populated with glial cells. Such brain-like living materi-
als presented two-layered structures recapitulating the directional
neurite alignment found in mouse brain, while also displaying the
ability to respond through synchronized calcium spiking when sens-
ing GABAergic inhibitor picrotoxin and neurotransmitter glutamate.
In a different strategy, researchers have developed cell-rich hydrogels
by crosslinking surface-modified mouse myoblasts (i.e., C2C12) with
a complementary polymer (i.e. PEG-branched alginate) [33]. In these
systems, cell division processes reduce the number of crosslinks,
which leads to swelling and disassembly of the microtissues. Such
cell-rich materials could selectively adhere to collagen-coated dishes
and reversibly detach under trypsin.

Rather than simply driving the coalescence of single cells into
large constructs, researchers are exploring new routes employing
organoids as building blocks, since they represent self-organizing
multicellular modules that are inherently more biofunctional and
representative of biological tissues [63]. For instance, organoid-form-
ing stem cell inks have been recently bioprinted into centimetre-long
tissues with microarchitectural features arising from cellular rear-
rangement as they proliferate, interact and self-organize into multi-
ple and continuous organoids (Figure 2b) [62]. Under this strategy,
the combination of stomach- and colon-derived stem cells resulted
in the formation of large tubes featuring organ-specific morphologies
from the gastrointestinal junction, such as smooth gastric zones and
intestinal compartments filled with tissue-like crypts and villus
domains. Alternatively, constructs assembled from endothelial cells
readily self-organized into branched vascular tubes containing per-
fusable lumens, while the inclusion of stromal cells in intestinal tubes
accelerated lumen formation and doubled its diameter, allowing
these co-cultured tissues to be connected to a liquid perfusion sys-
tem. Importantly, this method combines the macroscopic structural
control offered by bioprinting technologies with the microscopical
features emerging from organoid self-organization, which are
expected to lead to increasingly bioactive and bioresponsive living
materials. In another approach, human periosteum microspheroids
were differentiated into multiple callus organoids, which could then
be assembled into multimodular constructs that formed large-scale
ectopic bones in vivo and were able to heal murine critical-sized long
bone defects [64]. Interestingly, bone tissues regenerated via these
living constructs presented intricate bone marrow compartments
and exhibited morphologies similar to those of native tibia.

In order to further increase the complexity of mammalian living
materials, researchers have recently disclosed a one-pot orthogonal
differentiation platform for generating programmable multicellular
organoids and organ-specific constructs [65]. This technology was
leveraged for producing vascularized cortical organoid constructs
patterned on-demand with distinct neural regions comprising neural
stem cells, endothelium and neurons. Adding to this, biomanufactur-
ing strategies have been recently developed for robust vasculariza-
tion of large-scale living materials presenting physiological cell
densities, thus overcoming the natural nutrient/oxygen diffusion lim-
its that hinder the long-term viability of tissue-dense constructs
(Figure 2c) [3]. As researchers continuously advance the develop-
ment of pre-vascularized living materials, this field rapidly pro-
gresses from limited micro-scale assemblies towards anatomically-
sized constructs with evermore close-to-native biofunctionality.

4. Future Outlook

The ultimate goal of biomedical engineering viewed in the light of
living materials philosophy is to take a leap from exploring biocom-
patible, passive biomaterials that unidirectionally instruct and/or are
biodegraded within the body, toward developing materials capable
of: (i) actively exchanging information, (ii) dynamically adapt to their
surroundings, and (iii) functionally integrate with biological tissues;
giving rise to additional cooperative/synergistic functions that may
chronologically evolve along time while retaining biological memory
of their received/sent stimuli [66].

Building on this unique potential, herein we identify a set of tech-
nologies that can be exploited for engineering mammalian cells as
the building block precursors of living materials, presenting physio-
logical functionalities with increasing degrees of organizational com-
plexity, ultimately pushing the field closer to recreating tissue
analogues that can operate as (bio)governed clinically-relevant thera-
peutics. In this line, the rapid advances being achieved in gene editing
tools (i.e., CRISPR/Cas9) may contribute for paving new avenues in
the engineering of increasingly programmable and biofunctional liv-
ing materials.

By now, it is becoming increasingly evident that living materials
have the potential to regenerate tissues that is far beyond the reach
of conventional natural/synthetic drugs, biologics or acellular bioma-
terial scaffolds. Still, as researchers continuously take steps toward



Figure 2. Assembly of large-scale living materials under different technologies. (a) Acoustic fields were used to generate ring-shaped cellular constructs, which could then be
guided under a second acoustic stimulus to assemble into multi-ring bracelets and concentric configurations. This approach allowed for the build-up of brain-like tissues presenting
two-layered architectures consisting in neuron-rich outer rings and glial cell-rich inner layers. Adapted with permission from [61]. Copyright 2019, Wiley-VCH. (b) Extrusion-based
bioprinting of organoid-forming cell bioinks (i.e., mesenchymal stromal cells, umbilical vein endothelial cells, intestinal stem cells and intestinal mesenchymal cells) to assemble
self-organizing and organ-specific tissues, such as epithelial tubes, connective tissues and perfusable vascular networks with user-defined configurations. Adapted with permission
from [62]. Copyright 2020, Springer Nature. (c) Biomanufacturing technology for sacrificial writing into functional tissue (SWIFT) for robust vascularization of large-scale constructs
with high cell density. Patient-specific�induced pluripotent stem cell�derived organoids were used as the building blocks of the self-healing and viscoelastic tissue matrix. Under
this strategy, branched and perfusable intricate vascular networks were embedded within cardiac tissue constructs prior to their compaction and maturation, which assured long-
term viability and enhanced their biofunctionality. Adapted under the terms of the CC-BY-NC Creative Commons Attribution license [3]. Copyright 2019, American Association for
the Advancement of Science.
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establishing the evolution of living materials to the clinic, there are
several translational roadblocks posed by in-human applications of
materials containing living cells - either in native or engineered form
- that must be addressed to guarantee safety and future clinical
approval [67,68]. Due to their human origin, such biological con-
structs present fewer biosafety issues over prokaryotic living biohy-
brids, but are still mandated to comply with in vitro expansion and
culture in xeno-free conditions [69], which may affect the assembly
of many of these constructs, and more importantly, whether their
biofunctionality and long-term stability are retained. In addition,
apart from well-established concerns pertaining to the loss of native
cell phenotypes and altered gene expression profiles during in vitro
culture, traditional 2D cell expansion is considered widely ineffective
for large-scale manufacturing. On this note, additional research
efforts are urgently required for accelerating the transition to 3D
cell expansion technologies that promise to drastically improve
cell production volumes and offer more close-to-native cell cul-
turing conditions. Another crucial point that warrants further dis-
cussion in the roadmap to clinical translation is the source of the
cellular building blocks to be employed. Although patient-derived
cells are ideal candidates for matching patients’ tissues in a fully
personalized manner, the decision to use autologous cells has
large consequences in the production pipeline, vastly increasing
commercialization costs and the complexity of the process by
introducing multiple steps, such as patient cell harvesting, isola-
tion, validation and expansion. This leads to a lengthy
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manufacturing process that can be completely incompatible with
the needs of patients facing acute injuries/diseases.

Furthermore, the high inter-patient variability may greatly com-
promise the biofunctionality of the living materials, since cells
obtained from distinct donors will have different regenerative effica-
cies. Also, different genetic and phenotypic factors could potentially
alter the assembly and maturation of living materials, which adds
another layer of variability in terms of accurately predicting their
behaviour once implanted within the body. In the short-term, from a
practical standpoint, it will be interesting to actively research poten-
tially universal cell sources as building blocks for living materials. For
instance, researchers have recently developed hypoimmunogenic
human induced pluripotent stem cells (iPSCs) by overexpressing
CD47 and inactivating major histocompatibility complex (MHC) class
I and II genes [70] Notably, cardiomyocytes, endothelial and smooth
muscle cells derived from hypoimmunogenic iPSCs can successfully
achieve long-term survival without the use of immunosuppressants
in completely MHC-mismatched allogeneic hosts [70]. From a medi-
cal perspective, such strategy may facilitate the widespread use of
human-based living materials by completely avoiding immune rejec-
tion in implantation, as well as streamlining the production and bio-
functional validation of biological constructs down to a single cell
source. Due to their pluripotency, such cells can be differentiated into
the main components of a broad range of human tissues, unlocking
the development of truly universal living material products and
bringing this field closer to feasible clinical translation in the foresee-
able future.

Also, considerable attention should be placed on promoting the
utilization of scalable and high-throughput cell bioengineering tech-
nologies, which would streamline the availability of cellular building
blocks for the manufacturing of living materials. Such advances are
also critical for overcoming cell expansion/functionalization bottle-
necks that entail long processing periods with low modification effi-
ciencies. Moreover, the impact of cell engineering technologies must
be thoroughly investigated with regard to changes in secretome
expression, genomic stability and long-term interaction with native
cells [71]. On another level, the current development of some living
materials entails a high degree of biomanufacturing and processing
complexity, which hinders scalability and subsequently their wide-
spread use [72]. Uncovering versatile biofabrication strategies that
are rapidly scalable across several length scales (i.e., from micro- to
centimetre-sized constructs) and are tolerant to the incorporation of
different cell types and biomaterials, will also play a major role in
progressing this field towards clinically-relevant scenarios. On
another angle, it will be critical to guarantee that living materials can
collectively match the slower pace of tissue turnover in adults and
that are unable of outgrowing into the surrounding tissues and
organs. In the upcoming future, it will be vital to develop advanced in
situ medical bioimaging technologies for monitoring the develop-
ment of implanted living materials as whole nascent tissues, as well
as turning to high-resolution biosensing strategies for providing
maps of individual cellular status/bioperformance [73].

Advancing the development of living materials as functional tis-
sue analogues would not only streamline the availability of organs
personalized to match patients omics, but also create the opportunity
to supply patients with a potentially more favourable organ in terms
of pharmacogenetic responses. To guide these concepts, recent
breakthroughs in spatial omics can inform researchers about the fun-
damental ingredients to generate functional living materials mirror-
ing a particular tissue [74]. Integrating this know-how with
computational biology tools powered by artificial intelligence could
be used for modelling in silico the assembly and evolution of living
materials, as well as potentially predict their underlying biofunction-
alities through an information-driven process [75]. Such strategies
offer the opportunity to streamline the development of tissue-spe-
cific biofunctional modules including a pre-screened selection of the
essential components responsible for tissue/organ function. This con-
stitutes a far more realistic and practical approach in the short-term,
in comparison to the still elusive concept of fully recreating human
organs, which although ideal, is still currently hindered by the incom-
plete understanding of the dynamic composition and complex bio-
chemical interactions that permeate native tissues. In the foreseeable
future, identifying the key drivers of tissue performance can also
inspire the build-up of new synthetic tissues and organs with exotic
functions. Adding to this, due to their modular bottom-up nature and
customizable composition, the greatest conceptual leap of living
materials may be to assemble digitally-integrated organs with infor-
mation processing and reporting capabilities [76]. Moreover, recent
advances in bioelectronics have demonstrated the use of the human
body as a medium for powering multiple skin-interfaced wearables
from a single device (e.g., smartphone) [77]. Through this concept,
multiple independent electrobiological materials can communicate
and be powered wirelessly, bypassing the need for batteries and pav-
ing the future for the next-generation of living materials operating as
tissue-machine interfaces, programmable biosensors and digitally-
responsive clinical therapeutics.

5. Outstanding Questions

To expand the relevance of living materials in translational practi-
ces, several questions must be addressed in future research. For
instance, how can researchers benchmark age-matched living mate-
rials for different patient age groups, and whether such constructs
can grow together with younger patients in development and adapt
their performance when reaching adult stages. Also, it will be impor-
tant to integrate computational biology with machine learning in
order to predict the response of living materials when implanted.

Another crucial point lies in their availability to practicing clini-
cians, as current iterations of living material products require exten-
sive processing steps and time-consuming maturation periods. In
this context, further research into novel cryopreservation methodol-
ogies should be pursued to transform living materials into off-the-
shelf tissues and organ products. However, as we move towards
increasingly large constructs and biofunctionally-complex systems,
attaining this goal will be progressively more difficult since so far, no
organs have been cryopreserved and successfully revived. Recogniz-
ing and addressing these overarching questions is the first step
toward accelerating the translation of such living systems toward
clinical applications. Recently, researchers have demonstrated that
alginate-based hydrogels are able to confine ice crystal nucleation/
growth and decrease osmotic stress during the cryopreservation of
cell-biomaterial constructs as well as individual pancreatic islets [78].
Despite promising, this strategy is still insufficient for the cryopreser-
vation of large-volume constructs, particularly those containing com-
plex bioarchitectures interwoven in vascular systems [79]. A major
roadblock is attaining uniform and rapid volumetric warming to
inhibit ice recrystallization and devitrification during thawing, which
causes deleterious injuries and undermines their viability. Concern-
ing this, recent innovations in magnetic field thawing have been
demonstrated to be attractive for overcoming intrinsic heterogene-
ities in the characteristics of cells and their microenvironment, thus
reducing the amount of cryoprotectants and improving cryopreserva-
tion outcomes in dental pulp microtissues [78]. In the upcoming
future, it will be paramount to improve and scale-up precision pres-
ervation to large-volume constructs (i.e., by combining multiple tech-
nologies to attain synergistic thawing), as well as to develop
biosensing tools to monitor the success rates and the biological out-
comes (i.e., changes in cellular functions, chromosomal instabilities/
aberrations, and epigenetic alterations) of thawed living materials to
ensure that their cytogenetic status remains unaffected [78,79]. The
path that living materials must travel to benefit from rapid and wide-
spread clinical applications, will require a multidisciplinary effort
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from the scientific community to ensure safety, feasibility and reli-
ability of the final products, while considering affordability and over-
coming the necessary regulatory and ethical challenges.

6. Search strategy and selection criteria

Data for this Review were identified by searches of Scopus, Web of
Science, Google Scholar, and references from relevant articles using
the search terms “living materials”, “scaffold-free”, “cell surface engi-
neering”, “genetic engineering”, and “cell-cell interactions”. Only
articles published in English between 2000 and 2021 were included,
with particular emphasis on the advances from the last 5 years.
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