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Cell Surface Engineering Tools for Programming Living
Assemblies

José Almeida-Pinto, Matilde R. Lagarto, Pedro Lavrador, João F. Mano,*
and Vítor M. Gaspar*

Breakthroughs in precision cell surface engineering tools are supporting the
rapid development of programmable living assemblies with valuable features
for tackling complex biological problems. Herein, the authors overview the
most recent technological advances in chemically- and biologically-driven
toolboxes for engineering mammalian cell surfaces and triggering their
assembly into living architectures. A particular focus is given to surface
engineering technologies for enabling biomimetic cell–cell social interactions
and multicellular cell-sorting events. Further advancements in cell surface
modification technologies may expand the currently available bioengineering
toolset and unlock a new generation of personalized cell therapeutics with
clinically relevant biofunctionalities. The combination of state-of-the-art cell
surface modifications with advanced biofabrication technologies is envisioned
to contribute toward generating living materials with increasing
tissue/organ-mimetic bioactivities and therapeutic potential.

1. Introduction

The mammalian cell surface is a complex frontier that plays
a central role in modifying cellular behavior and physiological
processes.[1] Being comprised of a plethora of lipids, proteins,
and glycans that carry surface ligands and receptors, the cell sur-
face receives and responds to various stimuli throughout life, op-
erating as a master regulator of major biological processes includ-
ing i) cell-environment communication; ii) cell–cell communica-
tion, and, iii) intracellular processes activation.[2–8]

Cell surface engineering is emerging as a powerful strategy
to manipulate and control cell interactions and phenotypes for
various biomedical applications. The field has witnessed signifi-
cant advances in recent years, with a vast array of techniques for
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engineering the cell surface and artifi-
cially tuning intrinsic functions currently
available. The cell surface can be modified
with different functional molecules such
as bioorthogonal chemical groups,[9,10]

synthetic and natural polymers,[2,11–14]

nanoparticles,[15,16] proteins/peptides,[17,18]

or nucleic acids,[8,19,20] to enhance their
properties and enable specific interactions
with other cells or biomaterials. Vari-
ous techniques have been developed to
modify cell surfaces, including covalent
conjugation, electrostatic functionaliza-
tion, hydrophobic insertion, biomolecular
recognition, genetic engineering, en-
zymatic modification, and metabolic
engineering.[21] These techniques provide
precise control over the type and density of
functional molecules on the cell surface,
allowing for customized cell interfaces

with user-defined properties. Engineering cell surfaces
through these approaches offer excellent potential for drug
delivery,[16,22] bioimaging,[23] targeted cell-based therapies,[24]

transfusion,[11] cell behavior manipulation,[25] and tissue engi-
neering applications.[26]

On this focus, researchers have been incorporating bioac-
tive peptides or proteins on the cell surface to promote spe-
cific cell adhesion or modulate cell signaling pathways.[27] This
approach has been used to create cell-based biosensors, where
cells are engineered with specific surface receptors that can de-
tect and respond to target molecules.[28] In addition to sensing
applications, cell surface engineering plays a crucial role in tis-
sue engineering and regenerative medicine (TERM), especially
in the development of programmable cell assemblies and liv-
ing materials. Relying on current toolboxes, researchers are ac-
tively exploring the use of functionalized cells as unitary build-
ing blocks for generating higher-order bioarchitectures.[21] By
introducing complementary molecular interactions on different
cell surfaces, researchers can orchestrate the self-assembly of
cells into complex structures.[26,29,30] This approach has been
used to create multicellular architectures, such as cell sheets,
clusters, or tissue-like architectures, with controlled spatial
organization.[31–33] Furthermore, integrating genetic circuits into
cell surfaces allows for the dynamic control of cell–cell interac-
tions, enabling the development of artificial cellular systems with
advanced functionalities.[34] Overall, engineered cell assemblies
can be tuned according to the type of surface modification and
assembly mode.
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Gathering on this potential, herein we aim to highlight inno-
vative cell surface engineering technologies and explore the re-
cent progress of these approaches in programming cellular in-
teractions that in the future will be used for generating living as-
semblies exhibiting tailorable physiomimetic functionalities ac-
cording to their envisioned biomedical application. Particularly,
chemically- and biologically-driven modifications of cell surface
elements (i.e., native, and artificially installed) are addressed and
critically discussed, considering their applicability and potential
advances in the future. Alongside, the use of such strategies
toward fabricating bottom-up engineered cell assemblies with
bioadaptive features is presented, considering their potential to
impact major areas of knowledge including fundamental and de-
velopmental biology, tissue repair, and disease modeling, among
others.[35–37] Last, a critical analysis regarding the current and
foreseeable advances of cell surface engineering for program-
ming living materials is provided, with a particular emphasis on
the infancy of the field and the potentially valuable combination
with biofabrication approaches to design macro-scale lab-grown
tissue/organs.

2. Engineering Toolsets for Modifying the Cell
Surface

The surface of mammalian cells stands as an intricate and refined
structure that acts to strictly control cellular behavior and physio-
logical processes in natural biosystems.[38] The diverse biomolec-
ular landscape found at the cell surface encompasses numer-
ous reactive hotspots that can be manipulated by using diverse
chemical, physical, and biological technologies. Such approaches
can ultimately be used to redefine cell surface biological activity
and/or add new cell processing possibilities (Figure 1).[39] From
the plethora of elements that comprise the cellular membrane,
the existing reactive chemical groups available in proteins and
carbohydrate residues, as well as the intrinsic negative charge
and hydrophobicity of the plasma membrane itself constitute nat-
ural binding hotspots that researchers can explore to engineer
the cell surface and to modulate bioactivity from the outside of
the cell, that is, without manipulating intracellular processes. On
the other hand, some approaches have explored the intracellular
biosynthetic machinery and natural metabolic processes to install
new natural or unnatural chemical moieties/biomolecules to fur-
ther attain a more specific modification of target elements on the
cell surface, including the cell membrane or glycocalyx.[40] To pre-
cisely exploit the natural biochemical mechanisms and machin-
ery of living cells, researchers have been actively exploring ge-
netic and metabolic engineering toolboxes. This has allowed the
manipulation of the display of desired moieties for augmenting
cell surface processability and, ultimately, for programming the
assembly of higher-order multicellular architectures. Alongside,
important biological elements, such as enzymes, have also been
exogenously applied to selectively modify certain native or non-
natively tagged elements on cell surfaces, allowing a selective ma-
nipulation of the displayed biomolecular landscape. Considering
the bioengineering potential and diversity of these toolsets, here
we have classified the different cell surface engineering technolo-
gies into two major classes: i) chemically- and ii) biologically-
driven modifications, which will be the focus of discussion in the
following sections.

2.1. Chemically-Driven Cell Surface Engineering

2.1.1. Covalent-Based Functionalization

The cell surface is decorated with a wide range of naturally exist-
ing functional chemical groups in biomolecules, among which
amines, thiols, and carboxylic acids are readily available for fur-
ther modification via precise chemical reactions.[4,5] By explor-
ing the potential of these naturally available groups, chemical co-
valent modification is considered a simple and straightforward
method for cell surface modification, as it enables a direct at-
tachment of different biomolecules/biomaterials with comple-
mentary functional groups without requiring the involvement of
the intracellular machinery or genetic approaches.[4,41] Amine (-
NH2) and thiol groups (-SH), displayed at lysine and cysteine
amino acid side chains, are well-known attachment points, al-
lowing direct surface modification without requiring chemical or
genetic preconditioning of the cell.[5]

Amine-based modifications are commonly performed by re-
acting native amines and activated carboxylic groups present in
pre-activated exogenous functional moieties displaying: i) cya-
nuric chloride, ii) N-hydroxysuccinimide (NHS) esters, and/or
iii) aldehyde groups, among others.[3,42] Pre-activation of exoge-
nous molecules is of utmost importance, since without the ac-
tivation of carboxylic groups, the binding with native primary
amines could be compromised by the deprotonation of carboxylic
acids instead of the formation of stable amide bonds.[30] Cya-
nuric chloride-modified molecules have been used in amine-
based cell surface engineering due to the selective reaction with
primary amines.[43] Despite presenting a relatively high func-
tionalization efficiency and rapid conjugation time, the lack of
cytocompatibility caused by harmful side products limits the
applicability of this strategy. Similarly, using NHS-esters for
conjugation is an appealing approach for selectively modifying
cell surface primary amines.[44] Compared to cyanuric chloride,
NHS-esters present higher cytocompatibility and lack harmful
byproducts, resulting in NHS-esters being considered the best
strategy for cell surface amine modification.[6] Beyond both ap-
proaches, aldehyde-containing molecules can also be used to
modify cell surface amines through azaelectrocyclization by re-
acting with unsaturated ester aldehyde moieties, or through the
formation of a Schiff base, that can be further reduced by sodium
cyanoborohydride to promote the formation of more stable cova-
lent bonds.[4,42,45,46]

Thiols are another abundant group present in the cell surface,
these can be found in either oxidized (i.e., disulfide bridges) or
reduced form (i.e., free thiols), being its biological balance dic-
tated by the surrounding redox microenvironment.[4] Due to their
nucleophilicity, free thiols represent a valuable source to intro-
duce chemical modifications in the cell surface.[41,47] However,
the majority of surface thiols are naturally found in their ox-
idized form which may limit their availability for cell surface
engineering approaches.[2] Even so, by simply altering the reac-
tion conditions via mild reduction agents (i.e., TCEP),[15,48] cell
surface disulfide bonds can be converted into free thiols which
are reactive and readily available to be modified, albeit gener-
ally in a non-bioorthogonal mode in comparison to other more
selective click-chemistry strategies.[2,4] The most common ap-
proaches for engineering the cell surface using free thiols are
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Figure 1. Schematics of currently available cell surface engineering toolboxes for engineering cell surfaces, including chemically- and biologically-driven
approaches. Chemically-driven approaches take advantage of the naturally occurring landscape of chemical and biophysical features of the cell surface.
Biologically-driven approaches use intrinsic biological machinery or bioactive mediators (i.e., enzymes) to install added functionalities in living cells.
Such toolsets enable the processing of cells into randomly aggregated or spatiotemporally programmed living assemblies.

through conjugation with elements that display: i) maleimides
or ii) pyridyldithiol.[41,49,50] Maleimide-containing molecules have
been the most widely used complementary conjugation part-
ners, ensuring chemoselectivity and the formation of stable
and irreversible thioether bridges, through Michael-type addition
reaction.[4–6,41] If a degradable binding is intended, pyridyldithiol-
containing molecules are a common option, reacting with thiols
through the formation of reversible disulfide bonds.[50,51] Besides
the well-reported amine- and thiol-based strategies, cis-diol units
can also be naturally found in glycoproteins along the cell surface,
especially in sialic acid and galactose residues.[38] These func-

tional groups can be made available for surface modification by
resorting to dynamic covalent chemistry (DCC) through reaction
with boronic acids, yielding boronate-ester linkages, allowing re-
searchers to dynamically control and revert the conjugation by
tuning the levels of free glucose in the medium.[52] This surface
modification toolset is particularly valuable if the fabrication of
dynamic cell assemblies is envisaged.

Besides the naturally available functional moieties found in
the cell surface, the native chemical toolbox can also be ampli-
fied by introducing unnatural groups without resorting to the cell
machinery, particularly by oxidizing sialic acids residues using
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sodium periodate to yield aldehyde groups on glyco-elements of
the cell surface, a method so termed—periodate oxidation.[3,4,53]

Unlike amine- and thiol-based modifications, aldehyde-based
modifications require a chemical preconditioning stage to in-
stall such moieties. Nonetheless, this unlocks new possibilities
for promoting chemical modification of the cell surface through
conjugation with amine, aminooxy, and hydrazine groups, in-
stalling new functionalities via DCC through the establishment
of imine bonds, including Schiff base, oxime, and hydrazone
linkages, respectively.[3,54–57] In addition to requiring cell chem-
ical preconditioning, aldehyde-based approaches could be hin-
dered by uncontrolled reactions between introduced aldehydes
and native amines, leading to undesired crosslinking between
cell surface elements, which could ultimately originate an inef-
ficient modification.[53]

In general, these covalent chemical modifications provide a
stable and long-lasting functionalization of the cell surface and
can be easily performed due to the natural abundance of diverse
chemical groups in the cell surface. However, the applicability
of this approach is relatively limited, owing to the lack of tar-
geting specificity and the poor control over the extension of the
chemical modification. Such could lead to unwanted physiolog-
ical alterations in the cell membrane and a loss of surface pro-
tein bioactivity, ultimately affecting cell bioactivity.[30,50] Some of
these drawbacks may be overcome by exploring non-covalent and
biologically-driven approaches with non-permanent features, as
will be further discussed. Besides chemical functional groups dis-
played in the cell surface, non-covalent approaches have also been
explored to perform cell surface engineering under mild condi-
tions that do not require modifications to the cells’ native compo-
nents. Non-covalent approaches take advantage of cell’s physical
aspects, especially its negatively charged surface and hydropho-
bic membrane, as well as molecular recognition mechanisms.

2.1.2. Non-Covalent Surface Engineering Toolsets

Electrostatic Functionalization: A combination of different
negative elements, including sialic acid residues on glycopro-
teins, phosphate groups on phospholipids, and carboxyl groups
of proteins, confers a negatively charged nature to the cell
membrane.[39] Since the negatively charged cell membrane is
transversal to all mammalian cell types, this approach is highly
generic and straightforward. From a bioengineering perspec-
tive, such a negative charge renders the cell membrane a poten-
tial binding site for positively charged materials/biomolecules to
electrostatically interact and adsorb.[58] The electrostatic binding
modification consists of a simple and inexpensive approach to
redefine cell surface with new physical and chemical properties
that could further expand the functionalities of single cells, upon
the introduction of new functional groups, as well as confer me-
chanical support and protection against external stress.[59,60]

For establishing multivalent electrostatic interactions differ-
ent positively charged materials have been successfully installed
onto the cell surface, including diverse positive polymers such
as poly(ethylenimine) (PEI), poly-L-lysine (PLL), and chitosan, as
well as positive nanoparticles.[59,61–63] Despite the simplicity of
surface engineering through electrostatic functionalization, the
high charge density produced by the majority of polycations may

potentially result in cell damage upon internalization, or disrupt
the cell’s membrane integrity.[41,61] This drawback has been to
date attenuated by combining spacers, typically poly(ethylene gly-
col) (PEG), to curtail the direct contact between the positively
charged material and the cell surface, as a strategy for mini-
mizing cytotoxicity. Alternatively, the selection of biocompatible
biopolymers for coating mammalian cells has also been explored
as a suitable option.[50,60,64]

Among the different methodologies that have been employed
to modify the cell surface, the alternate adsorption of oppositely
charged polyelectrolytes, the so-called layer-by-layer (LbL) tech-
nique, has been the most widely used.[65] This methodology
leads to the formation of a thin polyelectrolyte multilayer (PEM)
film around the cell surface, forming a physical barrier. Such
an approach has been particularly useful in the context of cell
therapies/transplantation applications, as the cell coating with
nanosized multi-layers creates a physical barrier that hinders the
recognition by the host immune system, thus limiting rejection
events.[4–6,50] In addition, this technology could be used to se-
quentially install cell layers intercalated with PEM films to fabri-
cate multi-layered tissue-like architectures.[65–67] Although such
a strategy was successfully demonstrated, it remains a cumber-
some and lengthy process for achieving cell surface functional-
ization. Alternatively, a simple attachment of positively charged
polymers could provide a faster and more convenient way to in-
stall new functional moieties onto the cell surface. Such cationic
polymers could also be potentially functionalized with chemical
moieties or hydrophobic anchors, resulting in a synergistic dual-
modification method with enhanced incorporation efficiency and
stability. This could be useful in scenarios where the multivalent
electrostatic interactions alone are not strong enough to promote
cell aggregation.[68,69] Alongside, silicification processes involv-
ing the adsorption of silicates into a cationic polymer, previously
installed electrostatically on the cell surface, have also been used
to promote the functionalization of single cells and generate mul-
ticellular assemblies, as will be further highlighted.[59,61,70] The
widespread applicability of these methodologies is however lim-
ited by a lack of cell-type selectivity, which could be a challenge
for applications that aim to explore one-step, cell-specific modifi-
cation in the context of heterotypic living constructs assembly.

Hydrophobic Insertion: The mammalian cell membrane is
comprised of a substantial fraction of lipidic material, especially
a phospholipid bilayer, which creates a boundary between the
intra- and extracellular environments, as well as other embedded
molecules, such as cholesterol.[8,41,71] The natural arrangement
of these molecules results in a hydrophobic region, which con-
stitutes an attractive spot for cell surface engineering through
the insertion of lipophilic/hydrophobic molecules. By exploit-
ing this lipophilic nature, the scientific community has been
able to introduce modifications by simply mimicking key aspects
of the bilayer, allowing an easy and rapid anchoring of modi-
fied molecules with minimal impact on cell viability and bioac-
tivity, when compared to some covalent and electrostatic-based
modifications.[41]

The hydrophobic insertion of unnatural molecules/moieties
in the cell surface has been mainly performed by lipid anchor-
ing upon the covalent linkage of the molecule of interest. Most
common lipid anchors include: i) synthetic phospholipids, ii)
alkyl chains, and iii) other lipidic molecules (i.e., cholesterol
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and glycosylphosphatidylinositol (GPI) anchors), which are in-
serted and immobilized in the hydrophobic region of the exist-
ing phospholipid bilayer by the establishment of hydrophobic
interactions.[72] Due to the abundance of phospholipids in the
cell membrane, synthetic phospholipids (i.e., 1,2-dimyristoyl-sn-
glycero-3-phosphoethanolamine)[18] have been widely used as hy-
drophobic moieties for hydrophobic insertion, due to their struc-
tural similarity to native phospholipids.[41] Alternatively, alkyl
chains (i.e., C18 chain)[17] could also be covalently linked to
molecules of interest, and act as hydrophobic anchors, expand-
ing the hydrophobic insertion toolbox. Yet, when designing such
strategies, it is important to consider that the cell membrane ar-
chitecture is highly dynamic and complex. Thus, a careful selec-
tion and design of the hydrophobic anchor is critical to achieve
the ideal anchoring efficiency, which is strongly related to chain
hydrophobicity and structural similarity to phospholipids.[5,73] In
this approach, hydrophobicity is dictated by carbon chain length,
as well as chain saturation, where long and saturated lipidic
chains tend to achieve relatively higher anchoring efficiency and
more stable integration into the mammalian cell membrane.[5,73]

In terms of structural similarity, synthetic lipid- and dialkyl-
conjugated molecules tend to achieve, in general, a higher an-
choring efficiency and homogeneous display in the cell surface,
as they more closely resemble a two-tail lipid.[73,74] Similar to alkyl
chain conjugation, cholesterol has also been exploited as a hy-
drophobic anchor to non-covalently attach different materials to
the cell surface.[75,76] Cholesterol-functionalized materials usu-
ally exhibit considerable anchoring efficiency.[74] However, due to
living cells’ natural membrane dynamics, a rapid cholesterol ex-
change could occur, resulting in a time-limited modification.[74]

Such aspect, combined with the difficulty in the chemical prepa-
ration of the cholesterol conjugates, renders this approach rather
challenging and requires extensive optimization for achieving
optimal cell surface engineering.[41] Gathering on the rapid ad-
vances in the DNA nanotechnology field, self-assembled DNA
structures bearing multiple cholesterol anchors have been de-
signed to overcome the abovementioned limitations. The result-
ing cholesterol-DNA structures display improved anchoring sta-
bility and a longer-lasting cell surface modification.[77] Alterna-
tively, glycosylphosphatidylinositol (GPI) anchors are also emerg-
ing as another major technology to install diverse moieties on the
cell surface. This simple methodology relies mostly on a mech-
anism found in biological processes. During physiological pro-
cesses, GPIs are post-translationally inserted in a plethora of cell-
surface proteins to anchor them into the cell surface.[39,78] By
mimicking this concept, not only proteins but also other func-
tional moieties can be conjugated with GPI anchors, commonly
through chemical conjugation. Besides non-genetic modification
of the GPI anchors, some approaches have used genetic engineer-
ing tools to recombinantly install peptides/proteins directly and,
after purification, to install them into cell surface—fusion protein
technology—that will be further discussed below.[79]

A common problem with hydrophobic insertion through lipid
anchoring is the possibility of functional moieties internaliza-
tion due to the hydrophobic character of the conjugates.[73] To
address this issue, hydrophilic polymers are commonly applied
as a spacer between hydrophobic and functional moieties, as a
strategy to improve molecular immobilization at the cell sur-
face and avoid internalization. PEG has been, to date, the poly-

mer of choice to enhance the hydrophilic character of the con-
jugate, with various recent reports evidencing its potential to re-
duce internalization and improve cell surface functionalization
efficiency.[71,73,80] In addition, the PEG spacer enhances the sta-
bility of the conjugate by attenuating the steric hindrance effect
that can occur between surface molecules and the installed func-
tional moieties.[81] However, in these strategies, the PEG molec-
ular weight should be carefully selected and optimized to block
internalization without interfering with receptor/ligand binding
or inhibiting the desired lipid anchoring.[73]

In addition to lipid anchoring, liposome fusion has been ex-
ploited as an alternative approach to installing non-natural func-
tional moieties on the cell surface by relying on hydrophobic in-
teractions and cell membrane fusion. By mimicking the spon-
taneous cell membrane fusion processes, biofunctionalized fu-
sogenic liposomes containing unique phospholipids can inter-
act andefficiently fuse into the cell, allowing the incorpora-
tion of large sections of the phospholipid content into the cell
membrane.[5,26,30,50] A unique feature of this methodology is the
possibility of modifying both the inner and outer membrane,
which could be an interesting approach to studying cellular be-
havior or intracellular signaling while manipulating the outer
membrane.[82]

Although hydrophobic insertion generally presents cell-type
independence, the intrinsic dynamics of the membrane of dif-
ferent types of cells could lead to discrepancies in insertion ef-
ficiency between different hydrophobic anchors, as well as the
whole functional conjugate. Thus, during design stages, ade-
quate screening and optimization of lipid anchors and liposomes
are critical to achieve optimal insertion efficiency and balanced
cell bioactivity.[26,73] The attractivity of this technique centers
around its speed and ease of carrying out relatively harmless
cell modifications, generally exhibiting higher cytocompatibil-
ity when compared to some conventional covalent modifications
and electrostatic binding approaches.[5] However, as the mecha-
nism of hydrophobic insertion is based on non-covalent interac-
tions, the inserted moieties usually suffer from rapid and passive
dissociation from the cell surface.[83] In addition to passive dis-
sociation, the performance of hydrophobic insertion could also
be hindered by intrinsic membrane events, specifically, the activ-
ity of flippases, generally responsible for causing a “side-switch”
of the non-native molecules anchored in the outer leaflet to the
inner leaflet. Such could lead to potential undesirable effects on
cell behavior and viability, as well as a decrease in functional moi-
eties availability.[5] Carefully addressing these parameters accord-
ing to the cell type and the required functionalization lifetime is
key to generating highly tunable living cell assemblies at different
length scales.

Biomolecular Recognition: Relying on the non-covalent in-
stallation of functional moieties, surface engineering through
biomolecular recognition constitutes another attractive tool that
has been recently explored for programming the cell surface with
new features that prove beneficial for generating living cell as-
semblies. Up-to-date, biomolecular recognition approaches have
mostly exploited the high affinity of antigen-antibody interactions
or aptamer-target affinity, among others.[15]

Antibody-based modification relies on the natural recognition
between an antibody and a specific antigen on the cell surface.
Due to antibodies’ relatively low dissociation rate (e.g., on the
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order of 10−5 s−1) and high specificity, they can be used to se-
lectively install new functionalities on the cell surface.[84] Alter-
natively, aptamers represent valuable molecular recognition lig-
ands for programming cell–cell and cell–material interactions to-
ward creating multicellular living assemblies. Aptamers gener-
ally comprise a well-defined sequence of single-stranded DNA or
RNA oligonucleotides, that directly interact with a specific tar-
get (i.e., extracellular domains (ECDs) of membrane proteins,
carbohydrates, etc.).[85,86] By adopting a specific secondary or ter-
tiary structure, these biomolecules have relatively high binding
affinity toward their targets.[8,87] Interestingly, aptamers are also
often associated with antibody-like activities, as they are chemi-
cally synthesized and operate in similar mechanisms of ligand
recognition, where mutual matching of spatial conformations
with their targets is required.[88] The selection of aptamer can-
didates with the highest specificity and binding affinity to the
intended biomolecular target can be identified by using the sys-
tematic evolution of ligands by exponential enrichment (SELEX)
technique.[71] Instead of targeting a specific cell surface receptor,
cell-type-specific aptamers can be selected by a variant of the SE-
LEX technique, cell-SELEX,[89] which allows the screening of spe-
cific cell-directed aptamers without requiring prior knowledge of
the target signature.[19,88,89] Such technique provides immense
possibilities for bioengineering cell-specific interactions up to the
level of surface-expressed proteins tailored to different cell states
(i.e., homeostasis, inflammation, cancer, etc.).[88,90] Aptamers are
relatively easy to synthesize, purify and post-process, exhibit a po-
tentially lower immunogenicity, and relatively long-term stability,
as well as a smaller size, which reduces the risk of causing unde-
sired structural perturbations in biomolecules’ structure.[88,90,91]

Generally, antibody- and aptamer-based approaches for cell
surface engineering require covalent modification with func-
tional chemical groups. In antibody engineering approaches, the
covalent attachment of functional moieties in these units is con-
ventionally performed through their lysine or cysteine residues,
which commonly leads to heterogeneous products, limiting their
applicability.[92] More recently, efforts have been made toward
producing homogeneously modified antibodies through the in-
troduction of bioorthogonal moieties that can be further used
to attach the functional moieties through bioorthogonal con-
jugation reactions, showing superior results in comparison to
their more heterogeneous counterparts.[92,93] However, such pro-
cesses often result in undesirable effects on antibody folding
and stability, in addition to being considerably more costly.[92,93]

On the other hand, the chemical modification of aptamers is
more flexible, allowing a site-specific introduction of functional
chemical groups with stoichiometric accuracy, having, in general,
greater flexibility in comparison to antibody modification.[88] Be-
sides the introduction of reactive chemical groups, aptamers are
usually chemically modified to enhance their stability and resis-
tance against nuclease-mediated degradation.[71,88,94,95] Further-
more, in the case of DNA conjugation, the chemical modifica-
tion of aptamers is avoided, as they can be designed with the
desired DNA tail, rising from the aptamer nucleic acid body.[71]

Based on the advances in antibody engineering, different al-
ternatives to conventional monoclonal antibodies (mAbs) can
be applied in the cell surface engineering field, including anti-
body fragments (i.e., single-chain variable fragments, nanobod-
ies, antigen-binding fragments, etc.), and bispecific antibodies.

These can ultimately provide multiple advantages over standard
mAbs and prompt the development of innovative living assem-
blies for TERM applications.[96–98]

Besides antibody-antigen and aptamer-target cell surface engi-
neering, targeting peptides have also been explored as a biocom-
patible platform based on their ability to target specific receptors
on the cell surface. Despite having a relatively lower binding affin-
ity compared to antibodies, targeting peptides are a smaller-sized
option with relevant advantages, including low immunogenicity,
increased penetration, and high availability, rendering them in-
teresting alternatives for surface functionalization.[99,100]

The use of vitamin-protein combinations has also been a
widely explored biomolecular recognition approach for cell sur-
face engineering in recent years. In this context, biotinylation is
one of the most valuable approaches for cell surface engineering,
allowing researchers to insert different modifications by explor-
ing the strongest known natural molecular recognition, which
is established between biotin and avidin, or its analogs strep-
tavidin and NeutrAvidin.[15] Due to its high affinity and strong
resistance to degradation, the biotin-avidin interaction has been
widely used in cell surface engineering.[101] However, this spe-
cial tool is only feasible after a previous installation of biotin
molecules onto the cell surface, generally through chemically-
and/or biologically-driven modifications, enabling a posterior
conjugation with avidin-functionalized materials.[102,103] Consid-
ering this, the biotinylation process and associated biotin display
are herein regarded mainly as an indirect modality that can be
used to install new functionalities on the cell surface. Similarly,
cyclodextrins (CDs) and cucurbit[7]uril (CB[7]) molecules are also
considered bridging functional moieties, relying on an engineer-
ing method to be installed onto cell surface, so that they can fur-
ther interact with their guest pairs, including (e.g., azobenzene,
adamantane (Ada), etc.), through host-guest interactions and es-
tablish supramolecular inclusion complexes.[104,105]

Even though molecular recognition tools show great poten-
tial for precision cell surface engineering, especially consider-
ing their target specificity and binding affinity, the dependency
on naturally occurring binding sites could still be a limiting
factor for the reproducibility and anchoring efficiency of this
approach.[8] Exploring other tools that are not limited to the nat-
ural existence of available chemical groups on the cell surface
is also required for the field to advance, as these can provide an
added degree of programmability in the moieties that can be in-
stalled and exploited. In this framework, the rapid evolution of
bioengineering techniques for manipulating living cells is creat-
ing new opportunities to modulate cell surface composition, as
will be discussed in the following sections.

2.2. Biologically-Driven Cell Surface Modification

2.2.1. Genetic Engineering

Genetic engineering is a well-established and versatile tool to
manipulate the inclusion of specific proteins on the cell surface
in a fully biologically-driven mode. This approach leverages the
biosynthetic processing of exogenous genetic material inserted
into the cell to modulate the expression of desired proteins on
the cell surface. The use of genetic engineering methodologies to
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deliver genetic cargo (i.e., plasmid- and minicircle DNA (pDNA
and mcDNA), messenger RNA (mRNA), etc.), and/or non-coding
regulatory elements (i.e., micro RNA (miRNA) and small inter-
fering RNA (siRNA)), is one of the most established and attrac-
tive applications for generating cell surface engineered thera-
peutics, both at a preclinical and clinical level.[106–110] For exam-
ple, these technologies are being explored to genetically engineer
T-cells with chimeric antigen receptor (CAR) upon incorpora-
tion of user-designed exogenous material, allowing cells to ex-
press an artificial cell surface receptor that recognizes a specific
cancer cell antigen.[111] Up-to-date, different gene delivery vehi-
cles have been used to transport and deliver genetic material to
the intracellular milieu, including viral vectors (i.e., lentivirus,
gamma-retrovirus, adenovirus, adeno-associated virus, herpes
simplex virus)[112,113] and non-viral vectors (i.e., cell-derived vesi-
cles, nanoparticles, etc.).[114,115] Nucleic acid delivery efficiency
is key for genetic engineering success, as the desired protein
expression strongly depends on the internalization of the ex-
ogenous genetic material.[50] Considering this, viral vectors have
been one of the most employed delivery systems for genetic en-
gineering due to their considerable transduction efficiency, re-
sulting in a stable or transient expression depending on the se-
lected viral vector.[109] However, the use of viral vectors constitutes
a major concern owing to a higher risk of insertional mutagen-
esis, as well as a higher probability of triggering immunogenic
responses, potentially compromising safety in specific clinical
applications.[72,73] To attenuate some concerns about the use of
viral vectors, the search for non-viral alternatives has recently in-
tensified. In general, such vectors can be used to promote the
delivery of stable or transient expression cassettes and, gener-
ally, vary in transfection efficiency.[109] For example, nanoparticles
(e.g., lipid, polymeric, inorganic, bio-derived vectors such as exo-
somes, etc.) represent highly customizable platforms that can be
tuned with target delivery features.[109] Alternatively, electropora-
tion has been widely used to achieve a transient expression with
a suitable transfection efficiency, but the resulting toxicity gener-
ally caused by the high voltages applied could hinder its broad ap-
plication. Compared to the previously presented methods, non-
viral nanosized delivery systems can be generally engineered to
show relatively low toxicity, providing a great opportunity for in
vivo applications of these technologies. Despite their relatively
low transfection efficiency, current efforts in the materials engi-
neering field have resulted in significant progress, especially in
the development of improved cell-based therapies and new vac-
cines, namely those based on liposomal platforms. Additionally,
increasing pieces of evidence indicate that some cell types are nat-
urally less susceptible to transfection, especially stem cells and
some types of endothelial cells (e.g., vascular cells, fibroblasts,
etc.), so major improvements are required for this strategy to be
considered as a “one-fits-all” approach.[50,78]

In line with envisioned advances, the use of genome editing
technologies (i.e., zinc finger nucleases, transcription activator-
like effector nucleases, clustered regularly interspaced short
palindromic repeats/Cas9 or Prime editing) provides powerful
editing tools for precise gene manipulation, revealing great po-
tential to revolutionize the cell surface engineering field and cell-
based therapies.[107,116–118]

Many of the aforementioned technologies have been used
in the field of synthetic biology to include genetic circuits

and light-responsive proteins (i.e., optogenetic approaches) that
allow the generation of programmable living cell assemblies
whose interactions can be precisely controlled over time. Such
technologies also have the potential to provide deeper in-
sight into the spatiotemporal self-organization of multicellular
architectures.[119,120]

Inside the toolbox of synthetic biology, the engineering of
synthetic genetic circuits is a highly attractive and robust ap-
proach for inducing morphological changes through the incor-
poration of cell–cell signaling networks.[27] From the plethora of
programmable genetic circuits, synthetic Notch (synNotch) re-
ceptor installation has been the most widely used for cell sur-
face functionalization, enabling precise control over cell–cell in-
teractions through juxtracrine signaling.[121] Based on the het-
erologous modification of the extra- and intracellular domains
of transmembrane Notch proteins, the synNotch receptor rep-
resents a highly customizable molecular recognition element,
responding to certain inputs, and culminating in the activa-
tion and expression of desired genes. The use of multiple syn-
Notch networks has been recently explored for developing syn-
ergistic cell–cell pathways and inducing new regulatory cas-
cades between cells within living cellular assemblies.[34] Such
toolbox will be further discussed in light of the possibilities
it opens for engineering next-generation living materials fab-
rication. Besides synNotch circuit engineering, other signaling
circuits can be explored, including G-protein-coupled receptor-
based circuits (i.e., Tango, ChaCha), modular extracellular sen-
sor architecture (MESA), and generalized extracellular molecule
sensors (GEMS).[122–125] These have been particularly underex-
plored for programming microenvironment-responsive living as-
semblies, and major advances in this direction are envisioned in
the upcoming years. Yet, it is relevant to discuss that such ge-
netic circuits present a lower degree of programmability due to
ECDs restrictions, where the activation is limited to natural re-
ceptor recognition (e.g., Tango and MESA toolsets) or presents
a limited number of downstream pathways that could be acti-
vated (e.g., GEMS-based toolsets), thus limiting their versatility
and widespread applicability.[121] Nonetheless, hybrid constructs
combining juxtracrine and paracrine signaling events are envi-
sioned to unlock the fabrication of living materials with pro-
grammable sensing/assembling capabilities, potentially combin-
ing both membrane-bound and soluble factor detection as recog-
nition inputs, with customizable activation outputs.

Adding to this toolbox, optogenetics-based approaches con-
stitute yet another interesting and relatively simpler methodol-
ogy to control cell–cell interactions through genetically-induced
expression of light-switchable proteins installed onto the cell
surface.[121] Upon light irradiation, the expressed proteins tend to
dimerize, promoting homo- and/or heterophilic interactions be-
tween different cell populations. Moreover, due to the differences
found in distinct protein-protein pairs, different dynamics and
wavelengths may produce programmable outputs, which can be
tuned to modulate the dynamics of cell assembly processes in
an on-demand mode.[126] Besides such orthogonal engineering
of cell adhesion pairs, the same rationale can also be exploited to
modulate cell behavior through native adhesion molecules (i.e.,
integrin-mediated cell adhesion), enabling dynamic control over
native cell adhesions.[127] When rationally designed, optogenetic
approaches are powerful tools for establishing dynamic and
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reversible cellular assemblies in a non-invasive mode and with
higher spatiotemporal resolution, as will be highlighted.[119,120]

The introduction of non-native proteins by fusion protein
methods is another interesting alternative. In a similar concept
to that of hydrophobic insertion, the fusion protein approach
consists of an exogenous genetic modification of a desired pro-
tein to recombinantly express a membrane anchor, typically a
GPI molecule, mimicking the natural GPI anchoring process and
consecutively enable surface protein engineering.[79] By modify-
ing the genetic sequence of naturally GPI-anchored proteins, a
GPI anchor can be directly incorporated in the desired proteins,
thus bypassing the additional conjugation step for chemically in-
terlinking the hydrophobic anchor as observed in hydrophobic
insertion methods.[5,78] Resorting to this method, the cell surface
can be modified with diverse proteins, either simultaneously or
sequentially, with precise control over the molar amount of dis-
played proteins.[79] Yet, fusion proteins generally require exten-
sive purification steps before delivery to cells. On the other hand,
fusion proteins can also be generated in situ, avoiding compli-
cated and time-consuming purification processes, while provid-
ing interesting platforms to be explored for TERM.[128] In addi-
tion, in both direct genetic modification and fusion protein ap-
proaches, the resulting proteins may show compromised func-
tion due to steric hindrances.[5]

Although conventional genetic engineering methods have
proven to be robust means for surface modification, they are
somewhat limited to genetically encoded molecules, hinder-
ing the modification of the cell surface with unnatural func-
tional biomolecules. In this regard, the genetic code expansion
technique has recently been able to circumvent such limita-
tions, allowing the insertion of unnatural functional residues on
biomolecules. The Genetic Code Expansion method relies on a
completely different idea from the previous genetic approaches,
enabling the site-specific modification of a protein of interest
with unique non-canonical amino acids (NCAA) by genetically
remodeling the intrinsic cell translation machinery. Introducing
NCAA to the natural amino acid repertoire adds a plethora of
new functionalities, breaking the functional limits imposed by
the typical 20 amino acids “code” found in most species.[129] From
a set of possible 64 codons, three of them are blank codons, which
do not correspond to any of the 20 canonical amino acids, thus
representing potential sites to introduce an NCAA, ultimately ex-
panding the natural genetic code. These, stop codons, UAG (am-
ber), UAA (ochre), and UGA (opal), can be decoded by an in-
serted orthogonal tRNA.[130] To achieve this, a new pair of dis-
tinct aminoacyl-tRNA synthetase (aaRS)/tRNA, that must not re-
act toward endogenous aaRS/tRNA pairs and/or natural amino
acids, needs to be expressed.[131] During the translation of a mod-
ified sequence from a protein of interest, the specific aminoacyl-
tRNA synthetase (aaRS) loads the corresponding distinct tRNA
with the desired NCAA, which then decodes the stop codon in a
specific location to allow a site-specific insertion of the NCAA
on the desired protein.[131] Up-to-date, a broad range of non-
canonical amino acids has been successfully incorporated into
mammalian cell proteins in a site-specific manner.[129,132] Owing
to its minimal occurrence in nature, the amber stop codon has
been widely implemented for genetic code expansion. Genetic
technologies have also been applied to expand the blank codon
repertoire for this technique, especially by improving the capabil-

ity of tRNAs to recognize and bind to other codons, such as four-
nucleotide codons. In terms of aaRS/tRNA pairs, pyrrolysine
aaRS/tRNA pair (PylRS/tRNAPyl) from Archaea Methanosarcina
mazei and Methanosarcina barkeri, and tyrosine, leucine, and tryp-
tophan aaRS/tRNA pairs (TyrRS/tRNATyr, LeuRS/tRNALeu, and
TrpR/tRNATrp) from Escherichia coli, are the focus of research in
mammalian genetic code expansion method.[131,133] Future ad-
vancements in their use for engineering cell–rich assemblies
with self-sorting capabilities are envisioned.

2.2.2. Enzyme-Mediated Cell Surface Functionalization

Due to the inherent site-specificity and high conversion rates of
enzymes, they represent a powerful biological tool for remodel-
ing proteins and glycans displayed at the cell surface. To date,
these have been mainly used to enable a highly selective mod-
ification of naturally available binding sites in the cell’s mem-
brane, under relatively mild conditions that uphold cell viabil-
ity and biofunctionality.[134] Exogenous enzymes catalyze specific
enzymatic reactions depending on the presence of specific sub-
strates, allowing in situ modification with functional moieties. In
enzyme-mediated surface modification, enzymes can recognize
and transform naturally present substrates or genetically inserted
substrates.[3,135] A variety of enzymes, including oxidases, trans-
ferases, ligases, peptidases, and lipases, have been leveraged to
post-translationally modify a desired set of proteins or glycans.

Enzymatic-mediated remodeling promotes the modification of
naturally displayed proteins and glycans, allowing the conversion
of naturally available chemical groups/biomolecular sequences
into unnatural functional moieties.[3] Using these biomolecu-
lar entities as chemical operators, aldehydes can be introduced
onto cell surfaces in a fully biologically-driven mode. Particularly,
galactose oxidase recognizes the naturally presented galactose
or N-acetylgalactosamine residues, linked to sialic acid residues,
converting the diol units into aldehyde groups.[136,137] At the de-
sign stages of these approaches, one must also consider that the
cell surface is constantly changing during the cell’s lifetime, with
glycocalyx elements being dynamically remodeled by hydrolases
and glycosyltransferases.[138] Exploiting these enzymes allows
further manipulation of natural glyco-elements through the in-
sertion of unnatural saccharides or deletion of specific residues,
redefining the naturally occurring carbohydrate repertoire. In
this context, sialidase, a sialic acid hydrolase, that selectively
cleaves sialic acid residues from cell surface glycans, has found
numerous applications in cancer research, as these biomolecu-
lar effectors can counter the abnormal sialylation found in can-
cer cell surfaces, responsible for immune evasion.[139] Impor-
tantly, during aldehyde generation, sialidase is generally used
in combination with galactose oxidase, to cleave the glycoside
linkage, thus providing a better exposure of the galactose/N-
acetylgalactosamine residues linked to the non-reducing termi-
nal of sialic acid.[4] Such could be useful for further cell process-
ing into programmable living assemblies that may take advan-
tage of this added functionality to the cell surface.

Other relevant toolboxes for engineering cell assemblies are
those comprising glycosyltransferases such as sialyltransferases
and fucosyltransferases which have been widely used for gly-
can engineering due to the capability to insert a broad set of
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complex saccharides modified with non-native moieties, directly
in surface glycans, ultimately altering the cell’s glycocalyx, and
rendering it permissive to further processing.[140–143] Ligases,
such as lipoic acid ligase, are another class of enzymes that find
applications in native surface protein modifications. These en-
zymes naturally catalyze the addition of lipoic acid moieties to
the lysine residues of specific proteins, finding interesting appli-
cations in the cell surface engineering field.[131] By exploiting the
plasticity of the binding site of such enzymes, cell surface pro-
teins can be selectively modified by introducing both exogenous
enzymes and functional substrate analogs, bearing new chemical
handles (i.e., azides), that can be then incorporated and displayed
by surface proteins.[144]

More recently, phenolic groups presented in naturally avail-
able tyrosine residues of surface proteins have been attracting
attention as potential targets for enzymatic-mediated modifica-
tion, they can be readily conjugated with other phenolic moieties
through the formation of di-tyrosines, particularly through an
exogenous enzymatic-mediated oxidative process promoted by
peroxidases.[145,146] The resulting covalent linkages are highly at-
tractive for TERM applications and have already proven valuable
for successfully installing biomaterials into mesenchymal stem
cells (MSCs) surfaces, as it will be further presented.[146]

Enzymatic modifications through genetically inserted sub-
strates are another valuable hybrid methodology that combines
enzymatic-mediated cell engineering with genetic engineering
approaches. This method relies on a user-programmable genetic
insertion of a well-defined recognition sequence into specific pro-
teins, termed “fusion tag,” which, after expression will be used
to identify the protein and serve as a substrate for enzymatic re-
modeling. The inserted fusion tag can be a protein- or a peptide-
tag, which will be recognized, allowing the direct attachment of
modified materials or the incorporation of unnatural functional
groups for further conjugation and engineering of cell-rich as-
semblies.

In this toolset, halo-tagging is an approach that relies on the
expression of a protein-tag, termed “Halo-tag,” a mutant version
of a bacterial haloalkane dehalogenase (Halotag protein (HTP)),
that displays a mutation in its active site, enabling further cell sur-
face engineering.[133] This makes the enzyme unable to hydrolyze
the intermediate carbon-halogen bond formed between the en-
zyme and the halogenated substrates. By exploring this partially
inactive enzyme, functional moieties bearing halogenated sub-
strates can be trapped and irreversibly linked with the Halo-tag,
allowing a direct modification of the recombinant protein with
great specificity and efficiency.[147,148] As this bacterial enzymatic
reaction is foreign to mammalian cells, it is less likely to inter-
fere and cross-react with endogenous biochemical reactions.[148]

This type of protein-tag is also known as a self-labeling tag, as the
protein/enzyme allows the direct attachment of a substrate to its
structure, becoming a part of the whole modification inserted.
Other self-labeling protein-tags, such as SNAP-tag and CLIP-tag
have also been reported in cell surface engineering, especially for
inducing artificial cell–cell contacts.[128,147] Yet, it is important to
emphasize that protein-tags are more likely to hamper protein
function due to the protein’s large size. Considering this, peptide-
tags are currently preferred, as they represent a minimal por-
tion of all conjugate mass, reducing the final impact on recombi-
nant protein’s function. In this context, the use of transglutam-

inases, enzymes responsible for isopeptide bond formation be-
tween amino groups of lysine and terminal amine (-NH2) groups
of glutamine residues, is becoming highly attractive. By exploring
this mechanism, surface proteins tagged with a 6 to 7 amino acid
peptide-tag (Q-tag recognition sequence) can be modified with
new moieties conjugated with amine groups, via transglutami-
nase enzyme activity.[149] Peptide ligases are an attractive option
for enzymatic remodeling as they allow the direct insertion of
functional moieties bearing the enzymatic recognition sequence
into the N- or C- terminal of the tagged protein, readily installing
the desired modification onto the cell surface.[3] For instance,
the sortagging method that relies on a bacterial transpeptidase,
Sortase A (SrtA), which recognizes a peptide-tag and catalyzes
the ligation of functional moieties bearing an LPXTG recogni-
tion motif and a recombinant protein expressing glycine repeats,
has been recently explored for enzymatic-mediated cell surface
engineering.[134,150]

On another perspective, biotin ligase can also be used as an
alternative to biotinylate the cell surface through enzymatic ap-
proaches instead of relying on chemical or physical approaches.
In this approach, a biotin ligase (BPL) is employed to catalyze
the installation of biotin derivatives into cell surface proteins in
the presence of ATP.[135,151] Different biotin ligases and corre-
sponding mechanisms have been explored and are well described
elsewhere.[135] For instance, BirA, isolated from E. coli is the most
well-known example, promoting the biotinylation of the lysine
residue within the peptide-tag comprised by a 15 amino acid mo-
tif (Biotin Acceptor Peptide tag (BAP) tag), expressed in the pro-
tein of interest.[39] Protein-tags can also be used for enzymatic
biotinylation, such as biotin carboxyl carrier protein, which is rec-
ognized by a biotin ligase from Sulfolobus tokodaii.[152]

The great plethora of different enzymes and mechanisms ex-
pands the possibilities for modifying the cell surface. Several
other studies are contributing toward increasing our body of
knowledge on this technique and opening new avenues for ex-
ploring it for engineering living assemblies.[134,135,147,153]

2.2.3. Metabolic Engineering

Metabolic engineering methods exploit the intrinsically active
cell metabolism and native biosynthetic machinery to install a
relatively small chemically functionalized precursor in different
biomacromolecules on the cell surface. One of the most widely
explored metabolic-based approaches encompasses the exploita-
tion of the glycan biosynthetic machinery, a method termed—
metabolic glycoengineering (MGE). This highly biocompatible
approach allows a transient remodeling of cells’ glycocalyx with
natural or unnatural functional groups, upon incorporation of
modified monosaccharides into specific metabolic pathways.[154]

While the enzymatic remodeling of glycans enables the direct
introduction of complex saccharides, metabolic glycoengineer-
ing relies on small and simple monosaccharide analogs that
are processed in multiple enzymatic steps as these are recog-
nized as naturally occurring species. This approach critically de-
pends on the enzymes of the explored metabolic pathway and
is generally used to install relatively small chemical moieties
on the cell surface.[155,156] Within the great variety of monosac-
charides found in glycoconjugates, terminal monosaccharides,
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including sialic acid (Sia), d-galactose (Gal), l-fucose (Fuc)
residues, all represent an interesting modification point for pre-
cision engineering of the cell surface glycocalyx.[155] Currently, N-
acetylneuraminic acid (Neu5Ac), a known member of the sialic
acid family, has been the foremost target in the majority of MGE
applications. Consequently, the sialic acid biosynthetic pathway,
including the Roseman-Warren pathway, which describes the
de novo biosynthesis of this residue, has also been the subject
of several studies.[155] With recent advances, different monosac-
charide analogs were introduced in cell surface glycocalyx, pro-
viding new aliphatic or bioorthogonal modifications.[40,155–157]

Aliphatic analogs exhibit chemically inert modifications, where
the N-acyl is simply elongated with methylene groups.[155] This
N-acyl elongation ultimately results in intriguing alterations in
biological processes such as cell adhesion, and neuronal differ-
entiation, among others.[155,158–160] However, when considering
cell surface engineering applications, bioorthogonal analogs have
been the most attractive in recent applications of this method-
ology for engineering cell–cell and cell–material assemblies.[21]

Particularly, after the introduction of a ketone group by the in-
corporation of the first successful monosaccharide analog, N-
levulinoylmannosamine (ManNLev), distinct functional groups
have been installed, creating a vast plethora of functional libraries
of monosaccharides analogs that researchers can select to pre-
cisely install natural or unnatural chemical functionalities in the
cell glycocalyx.[9,161–165] These displayed functional moieties can
then be combined with a great variety of larger and more complex
moieties, reinforcing the versatility of this technique.[166] MGE is
generally performed under mild conditions and applies virtually
to any type of mammalian cell. However, the functionalization ef-
ficiency can vary depending on the delivered dose, cell type, and
the size/chemical type of the inserted modification.[167] Another
important advantage is the relatively short lifetime of the inserted
modification. This characteristic is highly related to the faster
rate of turnover of peripheral sugar residues, including Neu5Ac,
when compared with other core sugars, which allows the mit-
igation of potential long-term effects in cell function/behavior
caused by the structural modification of sugar residues.[155]

Metabolic engineering through unnatural monosaccharides as
metabolic precursors has been the most used metabolic strat-
egy for cell surface engineering. Additionally, metabolic engi-
neering of lipids through modified lipid analogs feeding consti-
tutes an interesting and promising strategy for surface engineer-
ing. These biologically relevant molecules represent a consider-
able portion of the cell surface, and thus, constitute an attrac-
tive spot to introduce chemical groups that can be further con-
jugated with additional functional moieties. Functional moieties
can be inserted either into the fatty acyl tails or headgroups of the
lipid. The terminus of the acyl chain is often used to introduce
functional moieties upon fatty acid analogs feeding. However,
numerous types of lipids can incorporate these fatty acids into
their structure, which reduces labeling specificity.[131,168] Consid-
ering this, lipid headgroups are a more interesting and promis-
ing target for metabolic labeling, once they are installed through
more exclusive biosynthetic pathways, providing a certain de-
gree of specificity, and are presented to the external environ-
ment in the outer leaflet. Still, the ability to explore metabolic
lipid engineering in a headgroup-specific manner is hindered
by the complexity of the lipid metabolic pathway, resulting in

a small number of reported successful modifications.[169] Typ-
ically, choline analogs are used for the incorporation of func-
tional handles into choline-containing lipids, such as phos-
phatidylcholine and sphingomyelin, by leveraging phospholipase
D (PLD) bioactivity.[170,171] PLD is naturally responsible for the hy-
drolysis of phosphatidylcholine into phosphatidic acid. However,
in the presence of exogenous primary alcohols that bear the de-
sired chemical moiety, this enzyme catalyzes a transphosphatidy-
lation, resulting in a functionalized phosphatidyl alcohol. Exam-
ples of common choline analogs include propargylcholine, azi-
doethylcholine, alkynols, and, azidoalcohols.[170–173]

Gathering on the plethora of available cell surface engineer-
ing technologies, the selection of a specific methodology for
generating cell-rich materials should be carefully addressed tak-
ing into consideration several parameters including the types
of biomolecular targets, the surface functionalization lifetime,
and the cytocompatibility of the methodology to be employed
(Table 1). Ultimately, all of these can impact the production of
living cell assemblies and their biofunctionality. The exploita-
tion of advanced characterization techniques (i.e., omics-based
approaches),[174,175] may provide a deeper insight into short- and
long-term effects in modified cells, further aiding researchers in
the selection of a specific technology at early design stages.

The use of such cell surface engineering techniques for fab-
ricating cell–cell and biomaterial-driven, quasi all-cellular living
assemblies will be showcased and critically discussed in the fol-
lowing sections, from the perspective of their potential biomedi-
cal applications.

3. Programming Cellular Interactions for
Engineering Living Assemblies

During organogenesis and morphogenesis, a strong interplay be-
tween cells and the extracellular elements takes place to elegantly
self-orchestrate multicellular assemblies, presenting robust and
dynamic cell–cell and cell–matrix interactions. In these living as-
semblies, the established biochemical and biophysical interac-
tions are tightly regulated and remodeled in response to intracel-
lular and extracellular cues.[26] Aiming to recapitulate such nat-
ural building blocks and their dynamic interplay, bottom-up bio-
engineering approaches have already provided robust platforms
to develop complex 3D cell-rich architectures with well-defined
biological functions and spatiotemporal evolvability, closely reca-
pitulating key aspects of native multicellular assemblies in tis-
sues and organs (Figure 2).[21,26]

Cell surface engineering toolboxes introduce new possibili-
ties to promote the programmable self-assembly of functional
unitary building blocks into higher-order complex architectures,
from the bottom-up. As above discussed, so far, different func-
tional moieties have been introduced in the cell surface to di-
rectly promote interactions or to act as an anchoring point for
conjugating intermediary elements capable of recognizing and
connecting multiple cells, thus enabling a precise control over
cell–cell and cell–biomaterial interactions.[69] Through rationally
designing the cell surface, such functionalized cellular build-
ing blocks can be spatiotemporally molded and processed for
the establishment of robust and complex 3D bioarchitectures
with living features. The following section provides an outlook of
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Figure 2. Schematic representation of bottom-up engineered living materials with increasing hierarchy and biological functionalities that are enabled by
engineering the surface of cellular building blocks. In the design stages of surface-engineered cells, researchers can leverage chemically- or biologically-
driven toolboxes for generating functional cell units with added processability and biofunctionality. The added functionalities on the cell surface potentiate
their programming into permanent or dynamic living cell assemblies where cell–cell interactions are mediated by surface functionalization. In addition,
cell surface functionalization can also enable their conjugation to cell-tethering biomaterials (i.e., polymers, proteinaceous materials, etc.) creating quasi
all-cellular monotypic or heterotypic assemblies. Functionalization with specific groups enables researchers to program increasingly complex living cell
communities comprising heterotypic cellular elements with self-sorting and self-organizing capabilities. These can in turn be processed into living
assemblies at different length scales and with different architectural and dynamic biological features.
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state-of-the-art cell surface engineering approaches used for pro-
gramming cell–cell and cell–biomaterial assemblies, highlight-
ing their potential as bottom-up tissue engineering platforms to
address complex biologic problems.

3.1. Programmable Cell–Cell Assemblies

Cell–cell interactions are critical during the development of
multicellular organisms, driving the well-orchestrated self-
organization of complex architectures. In nature, this type of in-
tercellular communication is strongly dependent on cell–cell ag-
gregation events, which are achieved through the interactions of
particular receptors displayed on the cell surface. These tightly
modulate cell recognition and communication in the intercellu-
lar environment, ultimately guiding a proper spatial and tempo-
ral organization of multicellular assemblies.[34,69] As above ev-
idenced, up-to-date, researchers have devised powerful alterna-
tives to mimic these receptor/ligand mechanisms and artificially
manipulate cell–cell aggregation to establish self-organized as-
semblies with dynamic properties and biomimetic biofunction-
alities, expanding the bottom-up tissue engineering field. Aiming
to precisely control such interactions, researchers explored differ-
ent cell surface engineering methods that have been applied to
redecorate cell surfaces with potential artificial receptors. As dis-
cussed in the following examples, cell–cell assemblies could be
driven directly by the conjugation between chemical groups nat-
urally or unnaturally displayed on the cell surface, or, as shown in
recent cases, through an intermediary of high-order functional el-
ements (i.e., DNA, proteins/peptides, host-guest pairs) anchored
onto the cell surface, achieving an enhanced control and selectiv-
ity over the onset of the interactions.

Direct chemical covalent modification of naturally available
amine groups has been one of the most straightforward ap-
proaches to installing new functional moieties onto cell sur-
faces. Leveraging this cell surface engineering tool, researchers
developed a platform to screen the interplay between immune
and cancer cell assemblies.[180] For this, cell surface biotinyla-
tion was performed through the covalent attachment of a bi-
otinylated sulfo-N-hydroxyl-succinimide into the available sur-
face amines, successfully installing biotin molecules onto the
cell surface.[180] Due to the strong biotin-streptavidin molecular
affinity, biotin molecules displayed on the cell surface were con-
jugated with streptavidin molecules, allowing the establishment
of stable cell–cell linkages and the formation of heterotypic mul-
ticellular assemblies comprised by immune cells, namely NK-
92MI and Jurkat T-cells (Figure 3A). The promoted spatial prox-
imity between cells resulted in improved antitumoral activity of
immune cells toward cancer cells, revealing a spatial regulation
of cell–cell communications within the multicellular assembly.
Moreover, researchers were able to obtain temporal control over
cell–cell communication through the light-induced formation of
reactive oxygen species, controlling the apoptotic activity within
the multicellular assembly (Figure 3A). Besides surface biotinyla-
tion, DNA origamis resembling a common DNA nanostructure
have also been used for cell surface decoration.[84] Recently, the
potential of DNA origami nanostructures (DON) for mediating
cell–cell interactions was explored through the covalent modifi-
cation of amine groups to display thiol groups for further con-

jugation with thiolated ssDNAs.[181] Cell–cell interactions were
then established through intermediary DNA origami structures
modified with numerous complementary ssDNA strands, allow-
ing the formation of organized homotypic and heterotypic cellu-
lar assemblies through selective DNA hybridization (Figure 3B).
This approach showed the potential of exploiting DON for the de-
velopment of cell clusters with programmable spatial/geometric
configurations, as well as the possibility of developing asymmet-
ric arrangements. Such technology can be particularly interesting
in promoting contact-induced cell–cell communications that can
be useful for screening advanced cellular therapies, including im-
munotherapies.

Besides the attachment of DNA origami, DNA tetrahedrons
were also successfully installed into the cell surface through lipid
anchoring, showing tunable affinity, as well as great anchor sta-
bility even in the presence of serum proteins, revealing slower
endocytic kinetics when compared with simple amphiphilic ss-
DNA (Figure 3C).[77] It is important to emphasize that hydropho-
bic insertion through lipid anchoring is the most commonly used
technique to install DNA nanostructures on the cell surface.[84]

In this context, self-assembled DNA tetrahedrons, formulated by
four special DNA oligonucleotides, were anchored into the cell
surface through cholesterol molecules, culminating in an am-
phiphilic pyramidal DNA structure that showed outstanding sta-
bility and anchoring efficiency. Such stability resulted in a delay
in the structure’s dissociation from the cell membrane. Using
this method, cell–cell attachment within two cell batches bearing
different DNA sequences could be precisely controlled via DNA
hybridization upon the introduction of a DNA linker as an in-
termediate. Upon introduction of a fully complementary DNA of
the inserted linker into the system, cell assembly can be reverted
(Figure 3C). In the same study, cell–cell adhesion was also pro-
moted through the introduction of a specific aptamer into the
tetrahedron apex. Using this approach, K562 cells engineered
with the aptamer sgc8 were able to attach specifically to target
CEM cells, leaving non-targeted cells aside, resulting in a cell-
type specific intercellular assembly (Figure 3C).[77] Considering
this, such dynamic interactions may be interesting to explore
in different therapies, especially in the study and development
of immunotherapies. In an attempt to obtain a stimulus-driven
cell–cell interaction, an anti-ATP aptamer was introduced into the
apex of the DNA tetrahedron, blocking the DNA hybridization, so
that the cell–cell interaction only occurs when ATP is detected
by the blocking aptamer, mimicking the allosteric modulation
found in biological systems (Figure 3D).[76] Although the result-
ing platform was not directly applied for TERM applications, this
blocker could be beneficial for the improvement of the tempo-
ral resolution and dynamic of the structures assembled by using
amphiphilic DNA tetrahedrons. With the recent improvements
made in the DNA technology area, new functional nucleic acids
(FNA), including DNAzymes, were anchored to the cell surface
through hydrophobic insertion using cholesterol anchors.[182]

These special DNA sequences exhibit a metal ion-dependent cat-
alytic activity, being able to selectively cleave specific DNA/RNA
sequences, enabling control over intercellular interactions upon
metal ion trigger.[183] With this in mind, researchers were able to
establish reversible cell–cell assemblies via hybridization. These
could be controlled through metal ions in a two-factor-based sys-
tem, allowing an effective manipulation of cell–cell interlinkages

Adv. Sci. 2023, 10, 2304040 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2304040 (13 of 30)

 21983844, 2023, 34, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202304040 by U

niversidade D
e A

veiro, W
iley O

nline L
ibrary on [30/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advancedscience.com

Figure 3. Covalent and hydrophobic modification of the cell surface. A) Schematics of cell surface amine groups functionalization with the biotin-
streptavidin system to induce a multicellular assembly of T cell leukemia cells (Jurkat) and natural killer cells (NK-92MI). SEM (lower left) and confocal
laser scanning microscopy (CLSM, lower right) micrographs of multicellular assemblies, cell ratio: 1:1. Scale bars: 20 μm and 10 μm, respectively.
Reproduced with permission.[180] Copyright 2014, Wiley. B) Schematics of organized cell–cell assemblies through the intermediary of DNA origami
nanostructures attached to cell surface amines. Fluorescence images (lower right) of Jurkat origami clusters with linear (left) and closed-ring (right)
topology. Reproduced with permission.[181] Copyright 2020, American Chemical Society. C) Illustration of DNA tetrahedron fabrication and cell sur-
face functionalization by hydrophobic insertion of cholesterol anchors. Reproduced with permission.[76] Copyright 2021, American Chemical Society.
D) Schematics of DNA tetrahedron-based cell–cell assemblies with controlled and selective properties. CLSM micrograph of intercellular interactions
promoted by DNA hybridization (upper) in CCRF-CEM cells population and aptamer-based targeting (lower) in heterotypic populations of K562, CEM,
and Ramos cells; cell ratio: 1:10:10. Scale bars: 10 μm and 100 μm, respectively. Reproduced with permission.[77] Copyright 2019, American Chemical
Society. E) Schematic illustration of hydrophobic installation of DNAzymes to manipulate cell–cell interactions via a two-factor-based system. Bright-
field images of T-cell spheroid reveal a Zn2+-dependent assembly/disassembly process toward tumor cell spheroid. Scale bar: 20 μm. Reproduced with
permission.[182] Copyright 2021, American Chemical Society.
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and their dynamic behaviors (Figure 3E).[182] In addition, this
concept was successfully leveraged for spheroids aggregation,
which also resulted in improved T-cell spheroid migration toward
different tumor cell spheroids, revealing great versatility to con-
trol cell–cell interactions and establish dynamic cell systems for
immunotherapies.

Alongside the formation of spherical or random aggregates,
researchers have found ways to pattern cells using DNA-based
platforms that allow the programming and tuning of different
microtissue features such as size, shape, composition, and spa-
tial heterogeneity. This enables the possibility of studying the ef-
fect on cell behavior within multicellular architectures, reveal-
ing great potential to be used for recapitulating the complex cel-
lular arrangements observed in native tissues.[184] Heterotypic
cell populations were decorated using lipid-DNA conjugates and
selectively conjugated via DNA hybridization between comple-
mentary strands. DNA-patterned surfaces were used as the ini-
tial template for specific and localized cell attachment. This was
followed by layer-by-layer assembly of cells bearing complemen-
tary sequences, enabling spatial organization with single-cell res-
olution. The outstanding spatial resolution allowed for the fab-
rication of organoid-like microtissues with tunable spatial het-
erogeneity and organization. Besides being a valuable platform
to better understand the correlation between tissue morphol-
ogy and cell behavior, such a platform may also be explored
for tissue repair and/or disease modeling applications. Interest-
ingly, within hydrophobic insertion platforms, functionalized fu-
sogenic liposomes can be efficiently incorporated into the tar-
get cell, thus displaying their phospholipidic content on the cell
surface. After a successful installation of ketone groups into the
cell surface through liposome fusion, Yousaf’s group explored
this technology for generating 3D tissue-like assemblies.[185] Ini-
tially, researchers reprogrammed two populations of fibroblasts
with ketone and oxyamine groups, that were able to undergo
intercellular crosslinking via bioorthogonal oxime-based click-
chemistry, rapidly generating 3D spheroid assemblies, as well
as larger 3D multilayered tissue-like assemblies (Figure 4A).[10]

More recently, liposome fusion technology was applied for es-
tablishing organ-like assemblies by co-culture of three repro-
grammed cell lines engineered using this strategy.[32,186] Partic-
ularly, physiomimetic 3D liver tissue models were established
upon an agglomeration of distinct cell lines, including hepato-
cytes, hepatic endothelial cells, and hepatic stellate cells, result-
ing in a versatile in vitro model to be explored for drug discov-
ery and screening.[186] Similarly, a scaffold-free 3D cardiac tis-
sue model was also assembled by combining three distinct cell
lines through oxime click reaction.[32] The tissue-like structure
successfully exhibited proper biological functions, revealing a
spontaneous and synchronous beating along the fabricated tis-
sue. This approach reveals great promise to be further improved
by using biofabrication tools to fabricate larger and clinically-
relevant engineered tissues for TERM or in vitro drug screen-
ing applications. In an attempt to improve the spatiotemporal
resolution of their structures, researchers explored a different
methodology and installed a photo-cleavable oxyamine moiety
able to undergo cleavage upon mild ultra-violet (UV) irradiation,
prompting the disassembly of the multilayered 3D cell structures
(Figure 4B).[33] By exploring an in situ ligand exchange reaction,
the cell surface was modified in a double-step method resorting

to liposomes containing a quenched calcein dye linked to dabcyl
hydrazine (quencher), that may be exchanged by an oxyamine-
containing RGD peptide through RGD-integrin recognition, pro-
viding new approaches for controlling tissue assembly and orga-
nization owing to RGD-integrin interactions (Figure 4C).[187]

Apart from these approaches, the cell surface is also well deco-
rated with naturally displayed chemical groups that can be ex-
ploited as targets for directing surface functionalization with
acceptable specificity. Molecular recognition elements are com-
monly employed as intermediary agents to engineer the cell sur-
face by promoting cell targeting through the recognition of spe-
cific ligands, allowing the recapitulation of self-sorting events
occurring within multicellular architectures. Recent approaches
are implementing the concept of molecular recognition to di-
rectly promote cell–cell aggregation through aptamer-target and
antigen-antibody interactions. Relying on the highly selective
aptamer-target interaction, bispecific multivalent aptamer struc-
tures were synthesized and installed into the cell surface through
specific recognition of ligands displayed on Ramos (RA 1) and Ju-
rkat cell’s surface. A five-point-star DNA nanostructure scaffold
was essential to assemble and coordinate the arrangement of ap-
tamers within the structure, allowing for a controlled design over
the valence, orientation, and distance of the displayed aptamers,
resulting in an increased binding affinity. The ensuing structure
not only allowed the simultaneous decoration and linkage of two
cell types but also showed an improved binding affinity, superior
to monovalent and linear platforms.[188]

In the context of controlling the cell surface to promote spe-
cific cell–cell interactions, synthetic biology is a particularly valu-
able toolbox that enables researchers to completely alter the cell
surface by introducing new proteins, lipids, and carbohydrates,
or by modifying the expression/activity of existing molecules.
For instance, synthetic biology has been used to engineer cells
with novel adhesion properties that increase/decrease adhesion
to specific cell types. These strategies can also be leveraged to di-
rect cell behavior in a user-programmable manner, such as direct-
ing cells to establish specific interactions or patterned features,
which can be directly explored as building blocks to engineer liv-
ing tissues with complex and tunable cellular organizations. Fol-
lowing this rationale, synthetic biology tools have supported the
recent development of a phase separation system mediated by
differential cadherin expression for application in larger multi-
cellular populations.[189] In the developed system, two morpho-
genetic modules responsible for the expression of P-cadherin or
E-cadherin were separately incorporated into individual T-Rex-
293 cell populations. Due to a stronger cell–cell adhesion driven
by homotypic interactions, cellular patterning events were ver-
ified, allowing self-sorting to take place during cellular assem-
bly. This demonstrates the potential of the cadherin-mediated
self-sorting system to generate complex patterns de novo, mim-
icking key aspects of developmental biology during the bottom-
up assembly of complex living architectures (Figure 5A). Fol-
lowing a similar concept, researchers have recently developed
new ways to manipulate cell–cell interactions by genetically in-
stalling synthetic cell adhesion molecules (synCAMs).[190] These
newly engineered cell adhesion molecules (CAM) were obtained
by replacing the native ECD with an orthogonal ECD, providing
greater control over the selectivity and affinity of cellular inter-
actions. The resulting set of combinations between orthogonal
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Figure 4. Hydrophobic functionalization of cell surface via liposome fusion. A) Schematic illustration of cell–cell aggregation and multilayered micro-
tissue formation via bioorthogonal oxime linkage between ketone and oxyamine groups installed into the cell surface by fusogenic liposomes. Overlay
fluorescent and phase contrast images of spheroids by crosslinking between oxyamine and ketone groups tethered on RAT-2 cell line and 3T3 fibroblasts.
Scale bars: 60 μm (left) and 20 μm (right). Reproduced with permission.[10] Copyright 2011, American Chemical Society. B) Multilayered 3D structures
assembled via oxime linkage between photo-oxyamine functionalized hMSCs and ketone-functionalized fibroblasts. Reproduced with permission.[33]

Copyright 2014, Springer Nature. C) Schematics of a dual-step methodology for controlled cell assembly, via in situ ligand exchange and RGD-integrin
recognition. Overlay of fluorescence and phase contrast images of bioengineered fibroblast clusters. Scale bar: 20 μm. Reproduced with permission.[187]

Copyright 2015, American Chemical Society.

ECDs and endogenous CAM intracellular domains provides a
versatile toolbox for programming cell–cell interfaces. This pro-
gramming includes the possibility of building modular multicel-
lular assemblies that can then be leveraged to form large-scale tis-
sues with complex features. Moreover, researchers observed inte-
grative properties, revealing that synCAM-engineered cells were
capable of intercalation and remodeling of previously established
architectures formed by native CAMs. Relying also on cadherin-
mediated cell–cell adhesion, synNotch genetic circuits were ge-
netically installed in cells to modulate cell–cell signaling net-
works and promote self-organization within cell populations.[34]

Starting with a simpler two-cell-type test, a synNotch receptor
capable of recognizing CD19 ligands from a sender cell popu-
lation and consequently triggering the downstream activation of
E-cadherin expression, was genetically installed onto the surface

of the receiver cell population. This resulted in a programmed
two-layered living architecture owing to the orchestrated cell sort-
ing process (Figure 5B). Upon the addition of a synNotch signal-
ing blocker (DAPT), E-cadherin induction was inhibited, prevent-
ing cell sorting and impeding multicellular structures’ assem-
bly. Moreover, more complex cellular assemblies were set up by
introducing different synNotch programs to the equation. The
new synNotch receptor displayed in sender cells detects surface-
tethered GFP expressed by previously activated receiver cells, re-
sulting in the expression of low quantities of E-cadherin. The
differential expression of E-cadherin promoted the self-assembly
of a three-layered cellular construct comprised of three distinct
cell phenotypes (Figure 5B).[34] Even more, by changing the de-
sign of the system, an asymmetric morphologic spatial reor-
ganization based on cadherin affinity was obtained, yielding a
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Figure 5. Cell surface manipulation via genetic engineering tools. A) Fluorescence micrograph of cadherin-based 2D (left) and 3D (right) patterning
system. Imaging from 3D T-Rex-293 cell patterns generated in aggregates of 1 000 (left column) and 10 000 (right column) cells. Scale bars: 200
μm. Reproduced under the terms of CC-BY Creative Commons Attribution 4.0 International Licensehttp.[189] Copyright 2016, The Authors, Published
by Springer Nature. B) Schematics of self-organizing spheroids established by genetically incorporated three-layer circuits in mouse L929 fibroblasts.
Structures exhibit intricate cell–cell signaling arising from the synNotch-adhesion system, leading to a self-modulation of the spatial organization and
consecutive structural symmetry breaking. Reproduced with permission.[34] Copyright 2018, American Association for the Advancement of Science
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living architecture that mimics the symmetry breaking found
in natural morphogenesis events (Figure 5B). Optogenetic tools
have undoubtedly provided the community with a higher spa-
tial and temporal control over the cellular assemblies, opening
new ways to manipulate their assembly process. In an elegant
approach, the genetic installation of blue-light switchable pro-
teins, CRY2 and CIBN, was used as artificial adhesion molecules
installed into the surface of distinct MDA-MB-231 breast can-
cer cell populations, allowing to attain photo-control over cell–
cell interactions.[119] Relying on the heterodimerization between
these two complementary proteins, researchers were able to pro-
mote a dynamic assembly of cells through the formation of het-
erophilic cell–cell interactions, upon blue-light irradiation. These
interactions could be easily disassembled in the darkness, cap-
turing the natural reversibility and dynamic nature of cell–cell
interactions (Figure 5C). In a final test, researchers were able
to explore the potential of photo-switchable cells as the build-
ing blocks of a layered 3D architecture. These exclusively form
under blue-light irradiation, highlighting the versatility of these
technologies to be leveraged for the fabrication of multicellular
architectures with tunable self-organizational levels. In a follow-
up study, three different photo-switchable protein pairs exhibit-
ing distinct protein-protein interaction dynamics, kinetics, and
strengths were explored to modulate cell self-assembly dynam-
ics and self-sorting events.[126] To accomplish this, distinct MDA-
MB-231 breast cancer cell populations were engineered with pro-
tein pairs, iLID/Nano, nMag/pMag, nMagHigh/pMagHigh, that
heterodimerize under blue-light irradiation, promoting cell ag-
gregation, and that revert in the absence of light. By applying
different light pulse sequences, different protein-protein interac-
tions can be explored for modulating social-like cell–cell assem-
bly dynamics. The resulting platform proved the possibility of
applying concepts from colloidal systems to the bottom-up fab-
rication of artificial cell communities while providing a broad
set of tunable parameters (i.e., light wavelength, protein-protein
pairs, etc.). More recently, the potential of optogenetics for differ-
ential self-assembly within multitype cell populations has been
explored.[120] For this, distinct photo-switchable proteins, VVD
and Cph1, were genetically installed into the surface of MDA-
MB-231 cells, resulting in two different surface-engineered cell
populations. In the presence of blue-light (for VVD) or red-light
(for Cph1), the encoded photo-switchable proteins homodimer-
ize, allowing for the establishment of selective and homophilic
reversible cell–cell interactions (Figure 5D). In addition to achiev-
ing a dynamic and reversible self-assembly mechanism, the re-
sulting cellular assembly was able to replicate the biological self-
sorting events of different cell types, similar to what is observed
in organogenesis and morphogenesis processes. Regarding these
capabilities, such tools may be advantageous for developing ad-
vanced building blocks that can be processed by biofabrication
into complex living materials that are capable of self-organizing
according to a developmental biology rationale in order to reca-

pitulate the complex architectural and cellular arrangements of
native living tissues.

Adding to the possibility of using genetic tools to modulate the
cell surface, a great plethora of functional groups can also be in-
stalled through metabolic glycoengineering. In these strategies,
azide moieties (-N3) have been the most explored and preferred
groups to be inserted into the cell surface due to their high
chemical stability in the in vivo environment. Relying on the
initial installation of azide groups onto the cell surface through
metabolic glycoengineering, researchers developed a double-step
strategy to promote cell–cell interactions and fabricate living
cell assemblies.[191] In this approach, a double click-chemistry
strategy was employed. Initially, installed azide groups were
conjugated with heterobifunctional linkers, tetrazine (Tz)-
dibenzocyclooctyne (DBCO) and trans-cyclooctene (TCO)-DBCO
through strain-promoted alkyne-azide cycloaddition (SPAAC)
reaction, installing the new functional moieties, Tz and TCO, in
two separate cell lines. Both functional moieties promoted the
covalent bond formation between co-cultures of Jurkat T-cells
and A549/NIH-3T3 cells, through a bioorthogonal click-reaction,
inverse-electron-demand Diels-Alder (IEDDA), allowing the as-
sembly between cell layers. These chemically interlinked layers
exhibited a strong binding force and were able to support high
shear stress levels. The binding force strongly depended on the
amount of Tz and TCO groups available to promote multivalent
linkages between cells. In the same study, homotypic clusters of
Jurkat T-cells were injected to investigate the in vivo stability of
the cell–cell assemblies, revealing that most of the cell–cell pairs
remained intact, proving their potential for in vivo applications.
Owing to such stability, engineered cells arise as interesting
building blocks that can be easily combined into larger as-
semblies, as well as be used for the development of cell-based
therapies. This technology was then improved to add reversibility
to the cell assembly upon incorporation of a degradable disulfide
bond between the heterobifunctional linker (DBCO-SS-TCO
and DBCO-SS-Tz) (Figure 6A).[192] In the presence of non-toxic
glutathione (GSH) concentrations, disulfide bonds were success-
fully degraded, resulting in a quick detachment of cell assem-
blies, with ≈90% of dissociation. Moreover, metabolic glycoengi-
neering can also be used to install photo-responsive host-guest
moieties as intermediaries to attain a reversible mechanism
of cell assembly.[104] Cell surfaces were initially metabolically
decorated with azide groups, that remained available for further
bioorthogonal conjugation with an alkynyl group contained in a
PEG-modified 𝛽-CD (Alkynyl-PEG-𝛽-CD) via copper(I)-catalyzed
azide-alkyne cycloaddition (CuAAC) (Figure 6B). Relying on
the host-guest recognition between 𝛽-CD, displayed at the cell
surface, and azobenzene molecules, presented in a homobi-
functional linker, cell–cell interactions were established through
supramolecular binding, forming cell clusters. Due to the gap
between the binding affinities of trans- and cis-azobenzene
with 𝛽-CD and the possibility to reversibly interconvert the two

(AAAS). C) Schematics of a blue-light switchable cell–cell assembly based on the heterodimerization of CRY2 and CIBN. Fluorescence micrographs from
the light-responsive clustering process based on CRY2-CIBN heterodimerization. Scale bar 50 μm. Reproduced with permission.[119] Copyright 2019,
Wiley-VCH. D) Orthogonal cell–cell assembly based on VVD and Cph1 expression in MDA-MB-231 breast cancer cell populations. Homodimerization
occurs under blue- and red-light irradiation, respectively, during 4h. Scale bars: 200 μm. Reproduced with permission.[120] Copyright 2020, American
Chemical Society.

Adv. Sci. 2023, 10, 2304040 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2304040 (18 of 30)

 21983844, 2023, 34, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202304040 by U

niversidade D
e A

veiro, W
iley O

nline L
ibrary on [30/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advancedscience.com

Figure 6. Cell–cell assemblies established via metabolically-engineered cell surfaces. A) Schematic of reversible cell aggregation systems, based on a
double-step strategy combining metabolic glycoengineering and double click-chemistry approaches. Fluorescence micrographs of engineered Jurkat T-
cells show disulfide bonds’ degradation in the presence of glutathione, resulting in the quick detachment of cell aggregates. Scale bar: 30 μm. Reproduced
with permission.[192] Copyright 2016, American Chemical Society. B) Schematic illustration of metabolic incorporation of azide groups for cell surface
functionalization with an intermediary host-guest system to attain a light-responsive assembly/disassembly process. CLSM micrographs displaying
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isomers upon light irradiation, researchers were able to freely
control the supramolecular cell-binding and obtain spatiotem-
poral control over the cell–cell reversible interactions of the
resultant homotypic assemblies (Figure 6B). Alongside, this
system was endowed with targeting properties by exploring an
azobenzene-aptamer conjugate, maintaining the azobenzene
as a photo-switchable guest component and an aptamer for tar-
geting MUC-1 protein expressed on MCF-7 breast cancer cells.
By adding this target recognition property, reversible cell–cell
interactions were successfully obtained within the co-culture,
allowing the fabrication of heterotypic living architectures. Upon
UV irradiation such architectures disassemble and could then as-
semble once again in the presence of more azobenzene-aptamer
conjugates. The same supramolecular binding mechanism was
also installed onto the cell surface through other approaches,
such as hydrophobic insertion, namely by replacing the alkynyl
group with a modified phospholipid (i.e., 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine (DSPE)), allowing the resultant
amphiphilic conjugate to be directly and rapidly incorporated
into the cell membrane.[193]

The chemical decoration of the cell surface using ssDNAs can
also be obtained through the metabolic installation of chemical
moieties, improving the specificity of DNA insertion. In an ele-
gant study, short oligonucleotide sequences were installed onto
the cell surface through bioorthogonal Staudinger ligation or
copper-free click-chemistry between modified ssDNA and azido-
glycoengineered Jurkat T-cells.[194] Hybridization of complemen-
tary sequences directed the formation of specific cell–cell inter-
actions and the subsequent formation of 3D multicellular aggre-
gates supported by DNA duplexes (Figure 6C). The technology is
highly versatile and depends on DNA sequence complexity, in-
sertion density, and cell concentration. Tuning these parameters
opens new ways to modulate the cell assembly process. Interest-
ingly, the disassembly can be triggered via controlled melting or
degradation of duplex DNA linkages, deconstructing the struc-
ture into its initial building blocks.

Aiming to surpass monovalent modifications of the cell sur-
face for the fabrication of microscale tissue-like structures, re-
searchers have recently developed an in situ branch-like polyva-
lent DNA structure arising from a DNA initiator (DI) through
chemical conjugation of a DBCO-functionalized DI with a
metabolically installed azide chemical group (Figure 6D).[195]

The DNA molecules were then amplified with DNA hairpins
in situ through hybridization chain reaction prompting the self-
assembly of a branch-like polyvalent DNA structure, containing
multiple molecular recognition sites that are available to establish
a selective cell–cell connection through hybridization between
complementary DNA strands (Figure 6D). This technology led to
the generation of robust cellular structures with improved cell–

cell recognition. Importantly, this approach enables the establish-
ment of multiple interactions with a low degree of membrane
modification without significantly disturbing surface composi-
tion and functionality. By resorting to such building blocks, more
robust living architectures can be fabricated when compared, for
example, to monovalent DNA-based interactions.

3.2. Programmable Quasi All-Cellular Assemblies

Besides cell–cell interactions, in vivo tissue development is also
synergistically governed by cell–matrix interactions that support
numerous cellular and tissue functions through the coordination
of dynamic biochemical and biomechanical cues.[26] Recapitulat-
ing these important characteristics is critical for developing well-
organized tissue biomimetic architectures. In this context, natu-
ral and synthetic biomaterials have been exploited as extracellular
matrix (ECM) analogs to provide a supportive microenvironment
and promote biological function within living assemblies.[38] To
mitigate the relatively poor cellularization of conventional cell-
laden materials (i.e., low cell density to biomaterial ratio), new
platforms are being developed through a synergistic combination
of biomaterials and cell surface engineering methods. In such
approaches, the required biomaterial fraction is minimal, and
the cellular building blocks play an active role in the assembly
process, yielding quasi all-cellular assemblies that mostly exhibit
cell-governed dynamic biofunctionalities. In this context, the as-
sembly process has been driven by the conjugation of surface-
engineered cells with different types of biomaterials, including,
but not limited to polymers or polymeric nano/microparticles,
proteins, etc. In these platforms, cells act as important structural
elements that can selectively and actively modulate the formation
of the resulting biomaterial-mediated cell assemblies.

In this context, the installation of two copolymers into the
cell surface, through direct chemical covalent modification re-
sulted in a rapid, effective, and reversible cell aggregation.[52]

In this approach, a copolymer of N-vinylpyrrolidone and 3-
(acrylamido)phenylboronic acid (APBA) was prepared and con-
jugated to cis-diol groups on sialic acids through the formation of
dynamic boronate-ester bonds. Due to the dynamics of boronate-
ester bonds, cell assemblies were disassembled by introducing
glucose into the system, where concentrations above 0.01 mm
resulted in aggregate’ disruption. In addition, the second copoly-
mer aggregation system relied on the lower critical solution tem-
perature (LCST) of the copolymer composed of di(ethylene gly-
col) methyl ether methacrylate and NHS methacrylate, which
was covalently installed in the cell surface through the for-
mation of amide bonds with surface primary amines. At tem-
peratures above the polymers’ LCST, cellular assemblies were

light-responsive intracellular interactions between red- and green-stained 𝛽-CD-modified MCF-7 cells (cell ratio 1:1). Scale bars: 50 μm. Reproduced
under the terms of the CC-BY Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[104] Copyright
2016, The Authors, Published by Springer Nature. C) Schematic of controlled cell–cell assemblies via hybridization of ssDNA chemically attached to
metabolically labeled Jurkat T-cells. Fluorescence micrographs showing evidence of cell–cell assembly, revealing ssDNA hybridization at the intercellular
interface. Scale bars: 10 μm. Reproduced with permission.[194] Copyright 2009, National Academy of Sciences. D) Schematic of in situ formation of
polyvalent DNA nanostructures based on the initial chemical conjugation of DNA with metabolically installed azide handles. Fluorescence images of the
size analysis of heterotypic multicellular assemblies comprised of hMSC and NHAC cells, between day 1 (left) and day 20 (middle). Immunofluorescence
micrograph revealing type II collagen and aggrecan presence. Scale bars: 100 and 50 μm, respectively. Reproduced with permission.[195] Copyright 2018,
Wiley.
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obtained by polymer-polymer hydrophobic interactions. The re-
sulting cell assembly proved to be completely reversible upon
perturbation of the hydrophobic interactions by applying a tem-
perature lower than LCST. The resulting cell–biomaterial plat-
forms showed the potential of using polymer-functionalized cells
as building blocks to create self-supportable, quasi all-cellular
assemblies with rapid and dynamic cell aggregation. This ap-
proach unveils interesting opportunities for diverse applications
in tissue engineering, particularly the use of such quasi all-
cellular formulations as inks to be processed by 3D/4D bioprint-
ing. In a follow-up study, these copolymer cell-aggregation mech-
anisms were combined into a single system promoting an accel-
erated and robust aggregation of highly responsive cellular as-
semblies and spheroids comprised of either cancer or cardiac
cells.[196] For this, researchers explored a copolymer comprised of
a thermoresponsive polymer, poly(N-isopropylacrylamide) (PNI-
PAAm), and APBA, that could be successfully attached to the
cis-diol units of the cell surface through boronate-ester dynamic
bonds (Figure 7A). Owing to the dual properties of the copoly-
mer, the system showed accelerated kinetics in cell aggregation
via diol-boronate intercellular crosslinking and polymer-polymer
hydrophobic interactions above LCST, these could simultane-
ously take place to drive the cell assembly process. Well-defined
spheroids were rapidly obtained at suitable operating tempera-
tures and using rather low polymer concentrations (i.e., 25 μg
mL−1). The developed quasi all-cellular assemblies exhibited a
controllable and stimuli-responsive nature, whose aggregation
properties and reversibility can be precisely tuned by controlling
free glucose concentration and temperature. Leveraging this, the
spheroid formation process was accelerated, further opening pos-
sibilities for their use as advanced building blocks for fabricat-
ing higher-order architectures through biofabrication technolo-
gies (e.g., Kenzan method and aspiration-based 3D bioprinting).
Moreover, due to their increased robustness, such spheroids may
be easier to handle, when compared to their conventionally gen-
erated counterparts.

Apart from these examples, other cell–biomaterial synergies
can be explored for producing quasi all-cellular assemblies.
Driven by the negative charge of the cell membrane, cationic
biomaterials can be installed through electrostatic binding, thus
providing a polymeric interface for the fabrication of cell as-
semblies. However, electrostatic interactions are generally sub-
optimal for promoting the formation of stable cellular assem-
blies due to their relatively low stability in complex biological
environments.[69] Considering this, electrostatic binding is com-
monly employed in conjugation with other methods to improve
efficacy and promote a higher aggregation stability. For exam-
ple, fabrication of quasi all-cellular assemblies was achieved by
installing PEI functionalized with hydrazine moieties, into alde-
hyde moieties displayed at the cell surface via DCC.[68] The incor-
porated inter-cellular linker allowed a rapid and effective estab-
lishment of 3D living assemblies via covalent and electrostatic
synergetic cooperation (Figure 7B). Despite the transient nature
of the polymer linker, the multicellular assembly showed normal
proliferation and was able to maintain the 3D morphology dur-
ing 7 days in culture. Importantly, the cationic nature of PEI and
resultant electrostatic interactions played a critical role in driv-
ing HepG2 cell aggregation into a spheroid-like structure, by al-
lowing the concentration of the functional moieties close to the

cell surface, leading to larger cell–biomaterial assemblies with
improved stability (Figure 7B). Similarly, a one-step platform to
promote the fabrication of multicellular structures was also re-
ported by combining hydrophobic and electrostatic interactions,
thus eliminating the pre-conditioning chemical step to install
the chemical moieties.[197] In this platform, C3A cells were con-
jugated with a polymeric linker comprised of oleyl-PEG conju-
gated to a 16 arm-polypropylenimine hexadecaamine dendrimer
(Figure 7C). Due to the synergistic action of dendrimer posi-
tive charge and hydrophobic oleyl moieties, the multivalent den-
drimeric inter-cellular linker was able to be successfully attached
to the cell membrane via simultaneous hydrophobic insertion
and electrostatic binding, promoting rapid and effective cell ag-
gregation upon centrifugation. Moreover, these building blocks
were successfully applied to fabricate multicellular structures
with defined shapes and patterns using optical tweezers to con-
trol and manipulate cell position, revealing to be interesting ma-
terials for the assembly of more complex tissue-like architec-
tures with control over spatial arrangements (Figure 7C). Alter-
natively, electrostatic binding has also been explored to drive sili-
cification processes, generating a protective and supportive par-
tial silica shell on the cell surface.[61] In this approach, hard silica
backpacks were successfully installed on human adipose-derived
MSCs (hASCs) surface by following a double-step protocol. To
bypass potential cytotoxic effects associated with highly positive
polycations, a carnitine-modified chitosan (CHT-CAR) was used
as the first polycationic layer that interacted with the negatively
charged cell surface. Following the addition of tetraethyl orthosil-
icate and (3-aminopropyl)triethoxysilane, a silica structure was
formed on top of the polycationic layer and partially covered the
cell surface (Figure 7D). This innovative platform provided cells
with mechanical support and anchorage points, allowing them
to spread and establish larger aggregates. Such could, in turn, in-
fluence stem cell fate, by inducing differentiation toward bone
lineages. Considering this, the incorporation of silica backpacks
may provide a new class of engineered cell units that can be ex-
plored for bone tissue engineering or other cell therapies that
benefit from stem cell delivery. Moreover, the mechanical resis-
tance provided by the backpack may allow the processing of these
building blocks under higher shear stresses, improving their
handling via extrusion 3D bioprinting. Additionally, the backpack
could be tailored with chemical cues, allowing it to modulate and
control cell behavior and fate during and after the assembly pro-
cess.

Additionally, the hydrophobic nature of the cell membrane by
itself can act as a potential crosslinker to develop gel-like net-
works using cells as an active building block to trigger the gela-
tion process.[198] Hydrophobically modified chitosan and algi-
nate were successfully embedded in the cell membrane through
hydrophobic anchoring of alkyl chains, triggering a rapid tran-
sition into a self-supporting gel, without requiring additional
crosslinking reagents. Moreover, due to the weaknesses of hy-
drophobic interactions, a disassembly process can be triggered
by the addition of an 𝛼-CD) competitor, reverting the cell-gel
state and disassembling the building blocks. Due to its shear-
thinning properties, this generic platform could be used as
an injectable formulation for 3D/4D bioprinting applications.
In line with this approach, a supramolecular cell–biomaterial
platform was developed through the installation of norbornene
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Figure 7. Assembly of cell-rich polymeric materials via covalent, electrostatic, and hydrophobic cell surface functionalization. A) Schematic of cell surface
modification with boronic acid copolymers to trigger an accelerated cell aggregation via covalent boronate-ester bonds and polymer-polymer hydropho-
bic interactions. Reproduced with permission.[196] Copyright 2016, American Chemical Society. B) Electrostatic-assisted cell aggregation via covalent
modification of aldehyde groups from HepG2 cells population with hydrazine functionalized PEI polymeric chains. Reproduced with permission.[68]

Copyright 2007, Elsevier. C) Establishment of multicellular living assemblies mediated by electrostatic-assisted hydrophobic insertion of dendrimeric
intercellular linkers into C3A cell surface. CLSM micrographs of engineered assemblies after 7 days of culture. Scale bar: 100 μm. Fabrication of struc-
tures with defined shapes and patterns. Reproduced with permission.[197] Copyright 2010, Elsevier. D) Schematic of silicification process promoted on
top of electrostatically (partial) coated hASCs. CLSM micrograph of coated hASCs (upper) and widefield fluorescence micrograph showing larger cell
aggregates (lower). Scale bars: 5 μm and 100 μm, respectively. Reproduced with permission.[61] Copyright 2021, Wiley.
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polymeric chains functionalized with CB[7] and Ada (NB-DSPE-
CB[7] and NB-DSPE-Ada, respectively), containing modified
phospholipids (DSPE) as hydrophobic anchors.[105] The formed
agglomerates, relied on the intermediary recognition system be-
tween CB[7]/Ada host-guest pair, that promoted a selective den-
dritic and cancer cells heterogeneous assembly (Figure 8A). Rely-
ing on the specific biomolecular recognition between chemokine
receptor 4 (CXCR4) and the peptide TZ14011, a similar platform
was developed by employing a two-step process to promote cell
aggregation.[199] For this, adamantane molecules linked to Ac-
TZ14011 peptide (Ac-TZ14011-Ada) were installed on the tar-
get cell surface through the specific binding between the pep-
tide and CXCR4 surface receptor, exposing the guest molecule
for a secondary supramolecular functionalization with multi-
valent 𝛽-CD moieties displayed in poly(isobutylene-alt-maleic-
anhydride) (PIBMA) polymeric chains (Figure 8B). Supramolec-
ular biomaterial-based aggregation of targeted adamantane func-
tionalized cells was promoted, allowing control over the recogni-
tion and reversibility of the assembly.

By exploring the tyrosine residues displayed on ECDs of cer-
tain proteins, the cell surface can be functionalized through an
enzymatic-mediated oxidative crosslinking between these natu-
rally occurring phenolic moieties and a tyramine-functionalized
dextran.[146] This technology, so termed DOCKING, allows the
covalent tethering of cells to phenolic functionalized biomate-
rials, reducing the potential cytotoxicity effects of conventional
cell-surface adhesive biomaterials (i.e., cationic polymers, etc.).
This strategy provides temporal control over the mechanotrans-
ducive properties of the assembly, allowing one to reprogram
cell fate and study cell–material interactions at single-cell res-
olution within 3D cell assemblies. Functional groups installed
through metabolic glycoengineering can also be used to anchor
cells and further anchor long polymeric chains for the fabrication
of quasi all-cellular assemblies with minimal fraction of bioma-
terials. Resorting to this technology, researchers supplied cells
with methacryoyl-modified N-acetyl mannosamine residues to
display methacryoyl groups in cell surface sialic acid residues.[201]

After this installation, polymeric chains were anchored to the
cell surface through conjugation with terminal thiols contained
in thiol-modified PNIPAAm by a thiol-ene reaction promoted
by UV irradiation. Due to the thermoresponsive properties of
PNIPAAm, cell aggregation could be reversibly manipulated by
changing the temperature above or below its LCST, similar to
previously discussed technologies. This approach shows poten-
tial for promoting the formation of complex aggregates with im-
proved spatiotemporal resolution over the assembly process ow-
ing to the light-dependency of the thiol-ene reaction. Living bulk
hydrogels were also developed by exploring metabolically labeled
cells as active cross-linking elements for the development of cell-
rich materials at the macro-scale.[202] In this elegant approach,
azide groups were metabolically incorporated into the cell sur-
face and conjugated with DBCO-modified branched alginate by a
bioorthogonal SPAAC reaction. This azide-cell/biomaterial com-
bination resulted in the formation of multifunctional living hy-
drogels with unique functionalities including self-proliferation,
self-degradability, and selective cell adhesion. Moreover, this con-
cept was used in vivo by using cells obtained from mouse tissues
that were further processed to develop cell-crosslinked hydrogels.
Interestingly, these hydrogels were able to form in situ in mul-

tiple tissues, including lung, heart, muscle, and kidney, proving
the potential of this generic approach for fabricating higher-order
quasi all-cellular assemblies.

From a top-down perspective, cell surface engineering could
also be combined with conventional tissue engineering scaffolds
to improve their cellularization levels, thus addressing the poor
in vivo cellularization commonly found upon transplantation.
Considering this, metabolically engineered cells, displaying azide
groups on their surface, were combined with a subcutaneously
implanted film of polycaprolactone-PEG-DBCO microfibers ob-
tained through electrospinning (Figure 8C).[200] The bioorthogo-
nal conjugation between azide-functionalized macrophages and
DBCO moieties in the scaffold surface, led to an improved cell
attachment and survival, with increased cell-attachment selectiv-
ity and controlled in situ cellularization being observed following
in vivo injection of free cells. Similar concepts have also been ex-
plored for the development of scaffolds with avidin moieties that
could be recognized by specific biotinylated chondrocytes result-
ing in enhanced recruitment, thus boosting the in vivo regener-
ation process.[203] These rapidly emerging approaches evidence
the immense possibilities of exploring minimalistic biomaterial
amounts as interfacing elements to promote the fabrication of
programmable multicellular assemblies. Further advancements
focusing on the use of ECM-mimetic materials for these inter-
faces are expected.

4. Outlook, Challenges, and Potential
Advancements

From a holistic perspective, cell surface engineering has pro-
vided innovative ways to convert cells into functional building
blocks with programmable features that enable on-demand or
self-governed interactions that can ultimately be leveraged to gen-
erate complex multicellular architectures with unique features
and bioactivities. So far, by employing surface-engineered living
units, researchers have been able to recapitulate key aspects of in
vivo tissue development including cellular self-sorting, symmetry
breaking, as well as dynamic and reversible cell–cell/cell–matrix
interactions that are challenging to achieve in conventional tissue
engineering approaches.

Despite the remarkable progress in cell surface engineering,
several challenges and limitations still need to be addressed in
the field. An important aspect to consider at the design stage
is the biocompatibility of the modification techniques. Introduc-
ing foreign molecules or materials onto cell surfaces should not
compromise cell viability or biofunctionality. Therefore, it is nec-
essary to further optimize cell surface functionalization meth-
ods and carefully select the chemistry/biomaterials used to min-
imize any adverse effects. Furthermore, the scalability and re-
producibility of cell surface engineering techniques are critical
for their translation into realistic applications. Developing sim-
plified, cost-effective, and increasingly standardized approaches
will facilitate the broader adoption of cell surface engineering in
various fields. Another key challenge is to ensure the stability and
longevity of the modified cells. The functional molecules attached
to the cell surface may undergo degradation or detachment over
time. Therefore, strategies to enhance the stability of cell sur-
face modifications and improve their long-term performance are

Adv. Sci. 2023, 10, 2304040 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2304040 (23 of 30)

 21983844, 2023, 34, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202304040 by U

niversidade D
e A

veiro, W
iley O

nline L
ibrary on [30/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advancedscience.com

Figure 8. A) Illustration of selective supramolecular cell–biomaterial aggregates based on the hydrophobic insertion of multi-functional polymeric chains
bearing CB[7]/Ada host-guest pairs. CLSM micrographs of heterogeneous attachment between dendritic and cancer cells. Scale bar: 50 μm. Reproduced
with permission.[105] Copyright 2022, Royal Society of Chemistry. B) Schematic illustration of a biomolecular recognition platform for cell functionaliza-
tion and selective cell capture through the specific installation of Ac-TZ14011-Ada peptide targeted to the CXCR4 receptor, overexpressed in breast cancer
cell’s surface. CLSM micrograph of induced cellular interactions between surface-engineered MDA-MB-231 cell populations and Cy31.5CD10PIBMA389-
interfacing polymer via supramolecular Ada/𝛽-CD interactions. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 Interna-
tional License (http://creativecommons.org/licenses/by/4.0/).[199] Copyright 2017, The Authors, Published by Springer Nature. C) Schematic of in vivo
top-down assembly of cell–biomaterial living platforms with selective cell binding properties based on click-chemistry toolboxes. Cellular interactions
are established between injected metabolic glycoengineered MDA-MB-231 breast cancer cell populations exhibiting azide (-N3) functionalities and a
subcutaneous implanted electrospun microfiber scaffold bearing complementary DBCO moieties. Reproduced with permission.[200] Copyright 2020,
Elsevier.
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crucial. Relatively extended functionalization lifetimes have al-
ready been achieved in hydrophobic insertion techniques with
the use of engineered conjugates (i.e., DNA tetrahedron linked
to cholesterol anchors).[77] The installation of DNA is particularly
valuable since DNA reaction circuits used to establish different
assembly pathways can be precisely controlled by sequential al-
losteric activation.[204] We envision that future developments with
the combination of DNA nanotechnology and cell surface engi-
neering will expand the possibilities to further modulate cellu-
lar interactions. Alternatively, the installation of synthetic poly-
mers on the cell surface may also offer unconventional possibil-
ities for designing cell-rich assemblies with relatively extended
functionalization lifetimes. Typical strategies for polymer func-
tionalization involving “grafting to” approaches display, however,
a relatively low grafting efficiency or require an excess of poly-
mer to attain a suitable degree of functionalization.[38,205] Con-
versely, “grafting from” strategies can be further explored (i.e.,
surface-initiated controlled radical polymerization) to increase
grafting efficiency and functionalization lifetime while maintain-
ing viability and cell surface bioactivity.[63,205] Such concept has
been recently applied in mammalian cells by using photoin-
duced electron transfer-reversible addition-fragmentation chain-
transfer polymerization (PET-RAFT), which provided an alter-
native approach for installing well-defined and distributed poly-
meric chains on the cell surface.[205]

Adding to these improvements, exploring computational tools
such as artificial intelligence/machine learning (AI/ML) ap-
proaches to cell surface engineering is also envisioned to provide
alternatives to better predict cellular interactions and self-sorting
events. This can allow the identification of possible triggers
for generating specific cellular arrangements in more complex
multicellular living assemblies across time.[206,207] This approach
has been recently applied in cells engineered via the synNotch
technology, where in silico modeling was applied to identify
the parameters required to attain a self-assembled symmetrical
four-layered spheroid, solely based on cadherin-mediated cell
adhesion.[206] Further exploring in silico-assisted design to
identify less intuitive setups could drive non-conventional cell
organizations and optimized morphogenesis processes.[27,208]

For example, we envision that identifying key parameters for
spatiotemporal control of cellular organization could help mit-
igate common patterning and growth variabilities observed in
organoid morphogenesis.[209] Merging such modeling tools with
multi-omics analysis will further contribute to a better under-
standing of the biological features of such complex organotypic
assemblies.

Considering the increased interest in such lab-grown tissues,
there is also a need to promote cell assembly at the macro-scale
in a faster and more reproducible manner.[21] Surface-engineered
cells have already been used for macro-scale muscle repair and
for promoting a faster generation of functional liver or cardiac
tissues when compared to assemblies generated via native cel-
lular adhesions of pristine cells.[32,178,186] Advances in biofab-
rication technologies (i.e., digital light processing, volumetric-,
aspiration- or microfluidic-based bioprinting) may further enable
researchers to process functionalized cells into macro-scale living
materials with higher spatiotemporal control over tissue organi-
zation. This could unlock the so-desired fabrication of cell-dense
tissues in a more reproducible and controlled mode.[210–212] The

convergence of biofabrication and cell surface engineering is still
in its infancy, and numerous opportunities exist for generating
organotypic macro-scaled assemblies of various human tissues
in the future.[213]

In conclusion, continuous advancements in the cell surface
engineering field are expected to pave the way for developing
increasingly biofunctional multicellular therapeutics and living
materials that will find broad applications in healthcare and
biotechnology.

Acknowledgements
This work was developed within the scope of the project CICECO-
Aveiro Institute of Materials, UIDB/50011/2020, UIDP/50011/2020, and
LA/P/0006/2020, financed by national funds through the FCT/MEC (PID-
DAC). The funding of the European Research Council for the project
REBORN (ERC-2019-ADG-883370) is acknowledged. This work was also
funded by the European Union’s Horizon Europe research and innova-
tion programme under the Grant Agreement No. 101079482 (“SUPRAL-
IFE”). The authors acknowledge the financial support by the Portuguese
Foundation for Science and Technology (FCT) through the doctoral grant
(SFRH/BD/141834/2018, P.L.), and through an assistant researcher con-
tract (2022.02106.CEECIND, V.M.G.).

Conflict of Interest
The authors declare no conflict of interest.

Keywords
cell assemblies, cell surface engineering, living materials, tissue engineer-
ing

Received: June 30, 2023
Revised: September 10, 2023

Published online: October 12, 2023

[1] D. Josic, J. G. Clifton, Proteomics 2007, 7, 3010.
[2] M. C. Arno, Macromol. Rapid Commun. 2020, 41, 2000302.
[3] X. Bi, J. Yin, A. C Guanbang, C. F. Liu, Chem. - Eur. J. 2018, 24,

8042.
[4] S. Abbina, N. K. Mohtaram, J. N. Kizhakkedathu, In: Polymers and

Polymeric Composites: A Reference Series, (Eds: M. Jafar Mazumder,
H. Sheardown, A. Al-Ahmed), Springer, Cham 2019.

[5] S. Abbina, E. M. J. Siren, H. Moon, J. N. Kizhakkedathu, ACS Bio-
mater. Sci. Eng. 2018, 4, 3658.

[6] C. A. Custódio, J. F. Mano, ChemNanoMat 2016, 2, 376.
[7] S. Y. Zhang, Z. R. Zhou, R. C. Qian, Chem. - Asian J. 2021, 16,

3250.
[8] Z. Wu, M. Xiao, W. Lai, Y. Sun, L. Li, Z. Hu, H. Pei, ACS Appl. Bio

Mater. 2022, 5, 1901.
[9] E. Saxon, C. R. Bertozzi, Science 2000, 287, 2007.

[10] D. Dutta, A. Pulsipher, W. Luo, M. N. Yousaf, J. Am. Chem. Soc. 2011,
133, 8704.

[11] S. Mansouri, Y. Merhi, F. M. Winnik, M. Tabrizian, Biomacro-
molecules 2011, 12, 585.

[12] D. Yun Lee, J. Hee Nam, Y. Byun, Biomaterials 2007, 28, 1957.
[13] J. T. Wilson, W. Cui, V. Kozlovskaya, E. Kharlampieva, D. Pan, Z. Qu,

V. R. Krishnamurthy, J. Mets, V. Kumar, J. Wen, Y. Song, V. V. Tsukruk,
E. L. Chaikof, J. Am. Chem. Soc. 2011, 133, 7054.

Adv. Sci. 2023, 10, 2304040 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2304040 (25 of 30)

 21983844, 2023, 34, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202304040 by U

niversidade D
e A

veiro, W
iley O

nline L
ibrary on [30/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advancedscience.com

[14] M. Kim, H. Kim, Y. Lee, S. Lee, S.-E. Kim, U.-J. Lee, S. Jung, C.-G.
Park, J. Hong, J. Doh, D. Y. Lee, B.-G. Kim, N. S. Hwang, Sci. Adv.
2021, 7, eabf7832.

[15] T. Thomsen, H.-A. Klok, ACS Appl. Bio Mater. 2021, 4, 2293.
[16] H. Kim, K. Shin, O. K. Park, D. Choi, H. D. Kim, S. Baik, S. H. Lee,

S.-H. Kwon, K. J. Yarema, J. Hong, T. Hyeon, N. S. Hwang, J. Am.
Chem. Soc. 2018, 140, 1199.

[17] J. H. Jeong, J. J. Schmidt, R. E. Kohman, A. T. Zill, R. J. DeVolder, C.
E. Smith, M.-H. Lai, A. Shkumatov, T. W. Jensen, L. G. Schook, S. C.
Zimmerman, H. Kong, J. Am. Chem. Soc. 2013, 135, 8770.

[18] Y.-W. Won, A. N. Patel, D. A. Bull, Biomaterials 2014, 35, 5627.
[19] X. Li, T. Wang, Y. Sun, C. Li, T. Peng, L. Qiu, Membranes 2022, 12,

111.
[20] G. Zhu, S. Zhang, E. Song, J. Zheng, R. Hu, X. Fang, W. Tan, Angew.

Chem., Int. Ed. 2013, 52, 5490.
[21] P. Lavrador, V. M. Gaspar, J. F. Mano, EBioMedicine 2021, 74,

103717.
[22] W. Youn, J. Y. Kim, J. Park, N. Kim, H. Choi, H. Cho, I. S. Choi, Adv.

Mater. 2020, 32, 1907001.
[23] S. T. Laughlin, J. M. Baskin, S. L. Amacher, C. R. Bertozzi, Science

2008, 320, 664.
[24] Q. Zhang, W. Wei, P. Wang, L. Zuo, F. Li, J. Xu, X. Xi, X. Gao, G. Ma,

H. Xie, ACS Nano 2017, 11, 10724.
[25] J. R. Burns, A. Seifert, N. Fertig, S. Howorka, Nat. Nanotechnol. 2016,

11, 152.
[26] V. M. Gaspar, P. Lavrador, J. Borges, M. B. Oliveira, J. F. Mano, Adv.

Mater. 2020, 32, 1903975.
[27] C. Trentesaux, T. Yamada, O. D. Klein, W. A. Lim, Cell Stem Cell 2023,

30, 10.
[28] W. Zhao, S. Schafer, J. Choi, Y. J. Yamanaka, M. L. Lombardi, S. Bose,

A. L. Carlson, J. A. Phillips, W. Teo, I. A. Droujinine, C. H. Cui, R. K.
Jain, J. Lammerding, J. C. Love, C. P. Lin, D. Sarkar, R. Karnik, J. M.
Karp, Nat. Nanotechnol. 2011, 6, 524.

[29] J. S. Liu, Z. J. Gartner, Trends Cell Biol. 2012, 22, 683.
[30] W. Gao, Y. Xiao, Appl. Mater. Today 2022, 26, 101389.
[31] Y. Ji, T. Chakraborty, S. V. Wegner, ACS Nano 2023, 17, 8992.
[32] D. Rogozhnikov, P. J. O’Brien, S. Elahipanah, M. N. Yousaf, Sci. Rep.

2016, 6, 39806.
[33] W. Luo, A. Pulsipher, D. Dutta, B. M. Lamb, M. N. Yousaf, Sci. Rep.

2014, 4, 6313.
[34] S. Toda, L. R. Blauch, S. K. Y. Tang, L. Morsut, W. A. Lim, Science

2018, 361, 156.
[35] C. Appiah, C. Arndt, K. Siemsen, A. Heitmann, A. Staubitz, C.

Selhuber-Unkel, Adv. Mater. 2019, 31, 1807747.
[36] M. E. Griffin, L. C. Hsieh-Wilson, Cell Chem. Biol. 2016, 23, 108.
[37] M. M. Ali, D.-K. Kang, K. Tsang, M. Fu, J. M. Karp, W. Zhao, Wiley

Interdiscip. Rev.: Nanomed. Nanobiotechnol. 2012, 4, 547.
[38] A. J. R. Amaral, G. Pasparakis, Acta Biomater. 2019, 90, 21.
[39] M. T. Stephan, D. J. Irvine, Nano Today 2011, 6, 309.
[40] J. Du, M. A. Meledeo, Z. Wang, H. S. Khanna, V. D. P. Paruchuri, K.

J. Yarema, Glycobiology 2009, 19, 1382.
[41] K. A. Davis, P. J. Wu, C. F. Cahall, C. Li, A. Gottipati, B. J. Berron, J.

Biol. Eng. 2019, 13, 5.
[42] H. Chen, J. Rhodes, J. Mol. Med. 1996, 74, 497.
[43] S. Hashemi-Najafabadi, E. Vasheghani-Farahani, S. A. Shojaosadati,

M. J. Rasaee, J. K. Armstrong, M. Moin, Z. Pourpak, Bioconjugate
Chem. 2006, 17, 1288.

[44] U. Vermesh, O. Vermesh, J. Wang, G. A. Kwong, C. Ma, K. Hwang,
J. R. Heath, Angew. Chem., Int. Ed. 2011, 50, 7378.

[45] K. Fujiki, K. Tanaka, Bioorg. Med. Chem. 2021, 42, 116238.
[46] K. Tanaka, S. Yokoi, K. Morimoto, T. Iwata, Y. Nakamoto, K.

Nakayama, K. Koyama, T. Fujiwara, K. Fukase, Bioorg. Med. Chem.
2012, 20, 1865.

[47] E. Baslé, N. Joubert, M. Pucheault, Chem. Biol. 2010, 17, 213.

[48] C. Metcalfe, P. Cresswell, L. Ciaccia, B. Thomas, A. N. Barclay, Open
Biol. 2011, 1, 110010.

[49] M. T. Stephan, J. J. Moon, S. H. Um, A. Bershteyn, D. J. Irvine, Nat.
Med. 2010, 16, 1035.

[50] D. Y. Lee, B. H. Cha, M. Jung, A. S. Kim, D. A. Bull, Y. W. Won, J. Biol.
Eng. 2018, 12, 28.

[51] G. Digilio, V. Menchise, E. Gianolio, V. Catanzaro, C. Carrera, R.
Napolitano, F. Fedeli, S. Aime, J. Med. Chem. 2010, 53, 4877.

[52] A. J. R. Amaral, G. Pasparakis, Chem. Commun. 2015, 51, 17556.
[53] J. Park, B. Andrade, Y. Seo, M. J. Kim, S. C. Zimmerman, H. Kong,

Chem. Rev. 2018, 118, 1664.
[54] Y. Zeng, T. N. C. Ramya, A. Dirksen, P. E. Dawson, J. C. Paulson, Nat.

Methods 2009, 6, 207.
[55] J. Sinclair, A. K. Salem, Biomaterials 2006, 27, 2090.
[56] P. A. De Bank, B. Kellam, D. A. Kendall, K. M. Shakesheff, Biotechnol.

Bioeng. 2003, 81, 800.
[57] C. A. Holden, Q. Yuan, W. A. Yeudall, D. A. Lebman, H. Yang, Int. J.

Nanomed. 2010, 5, 25.
[58] P. Zhang, M. L. Bookstaver, C. M. Jewell, Polymers 2017, 9, 40.
[59] J. Lee, J. Choi, J. H. Park, M.-H. Kim, D. Hong, H. Cho, S. H. Yang,

I. S. Choi, Angew. Chem., Int. Ed. 2014, 53, 8056.
[60] J. T. Wilson, V. R. Krishnamurthy, W. Cui, Z. Qu, E. L. Chaikof, J. Am.

Chem. Soc. 2009, 131, 18228.
[61] M. M. Maciel, T. R. Correia, V. M. Gaspar, J. M. M. Rodrigues, I. S.

Choi, J. F. Mano, Adv. Funct. Mater. 2021, 31, 2009619.
[62] M. R. Dzamukova, A. I. Zamaleeva, D. G. Ishmuchametova, Y. N.

Osin, A. P. Kiyasov, D. K. Nurgaliev, O. N. Ilinskaya, R. F. Fakhrullin,
Langmuir 2011, 27, 14386.

[63] B. J. Kim, H. Cho, J. H. Park, J. F. Mano, I. S. Choi, Adv. Mater. 2018,
30, 1706063.

[64] W. Wang, S. Wang, Lab Chip 2022, 22, 1042.
[65] J. Borges, J. F. Mano, Chem. Rev. 2014, 114, 8883.
[66] P. Rajagopalan, C. J. Shen, F. Berthiaume, A. W. Tilles, M. Toner, M.

L. Yarmush, Tissue Eng. 2006, 12, 1553.
[67] T. Boudou, T. Crouzier, K. Ren, G. Blin, C. Picart, Adv. Mater. 2010,

22, 441.
[68] S. M. Ong, L. He, N. T. Thuy Linh, Y. H. Tee, T. Arooz, G. Tang, C. H.

Tan, H. Yu, Biomaterials 2007, 28, 3656.
[69] J. Ma, Y. Wang, Y. Huang, Y. Zhang, Y. Cui, D. Kong, Aggregate 2022,

3, e166.
[70] W. Youn, E. H. Ko, M.-H. Kim, M. Park, D. Hong, G. A. Seisenbaeva,

V. G. Kessler, I. S. Choi, Angew. Chem., Int. Ed. 2017, 56, 10702.
[71] P. Shi, Y. Wang, Angew. Chem. 2021, 133, 11684.
[72] L. Liu, H. He, J. Liu, Polymers 2019, 11, 11122017.
[73] S. Kim, K. Kim, Biomater. Adv. 2022, 140, 213059.
[74] A. Uvyn, R. De Coen, M. Gruijs, C. W. Tuk, J. De Vrieze, M. van

Egmond, B. G. De Geest, Angew. Chem., Int. Ed. 2019, 58, 12988.
[75] B. Zhao, C. O’Brien, A. P. K. K. K. Mudiyanselage, N. Li, Y. Bagheri,

R. Wu, Y. Sun, M. You, J. Am. Chem. Soc. 2017, 139, 18182.
[76] J. Li, K. Xun, L. Zheng, X. Peng, L. Qiu, W. Tan, J. Am. Chem. Soc.

2021, 143, 4585.
[77] J. Li, K. Xun, K. Pei, X. Liu, X. Peng, Y. Du, L. Qiu, W. Tan, J. Am.

Chem. Soc. 2019, 141, 18013.
[78] C. M. Csizmar, J. R. Petersburg, C. R. Wagner, Cell Chem. Biol. 2018,

25, 931.
[79] M. E. Medof, S. Nagarajain, M. L. Tykocinski, FASEB J. 1996, 10, 574.
[80] Y. Teramura, Y. Kaneda, T. Totani, H. Iwata, Biomaterials 2008, 29,

1345.
[81] L. Qiu, T. Zhang, J. Jiang, C. Wu, G. Zhu, M. You, X. Chen, L. Zhang,

C. Cui, R. Yu, W. Tan, J. Am. Chem. Soc. 2014, 136, 13090.
[82] M. Lin, Y. Chen, S. Zhao, R. Tang, Z. Nie, H. Xing, Angew. Chem., Int.

Ed. 2022, 61, e202116134.
[83] X. Wang, C. Wen, B. Davis, P. Shi, L. Abune, K. Lee, C. Dong, Y. Wang,

ACS Appl. Mater. Interfaces 2022, 14, 3900.

Adv. Sci. 2023, 10, 2304040 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2304040 (26 of 30)

 21983844, 2023, 34, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202304040 by U

niversidade D
e A

veiro, W
iley O

nline L
ibrary on [30/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advancedscience.com

[84] L. Feng, J. Li, J. Sun, L. Wang, C. Fan, J. Shen, Adv. Healthcare Mater.
2021, 10, 2001718.

[85] Y. K. Jung, M.-A. Woo, H. T. Soh, H. G. Park, Chem. Commun. 2014,
50, 12329.

[86] Y. Jing, M. Cai, H. Xu, L. Zhou, Q. Yan, J. Gao, H. Wang, Nanoscale
2018, 10, 7457.

[87] J. Zhou, J. Rossi, Nat. Rev. Drug Discovery 2017, 16, 181.
[88] H. R. Jia, Z. Zhang, X. Fang, M. Jiang, M. Chen, S. Chen, K. Gu, Z.

Luo, F. G. Wu, W. Tan, Mater. Today Nano 2022, 18, 100188.
[89] H. Ma, J. Liu, M. M. Ali, M. A. I. Mahmood, L. Labanieh, M. Lu, S. M.

Iqbal, Q. Zhang, W. Zhao, Y. Wan, Chem. Soc. Rev. 2015, 44, 1240.
[90] W. Tan, M. J. Donovan, J. Jiang, Chem. Rev. 2013, 113, 2842.
[91] M. Lin, J. Zhang, H. Wan, C. Yan, F. Xia, ACS Appl. Mater. Interfaces

2021, 13, 9369.
[92] K.-L. Wu, C. Yu, C. Lee, C. Zuo, Z. T. Ball, H. Xiao, Bioconjugate Chem.

2021, 32, 1947.
[93] Y. J. Cao, C. Yu, K.-L. Wu, X. Wang, D. Liu, Z. Tian, L. Zhao, X. Qi, A.

Loredo, A. Chung, H. Xiao, Theranostics 2021, 11, 9107.
[94] N. Adachi, Molecules 2019, 24, 4229.
[95] S. Ni, H. Yao, L. Wang, J. Lu, F. Jiang, A. Lu, G. Zhang, Int. J. Mol.

Sci. 2017, 18, 1683.
[96] S. Jin, Y. Sun, X. Liang, X. Gu, J. Ning, Y. Xu, S. Chen, L. Pan, Signal

Transduction Targeted Ther. 2022, 7, 39.
[97] R. W. Cheloha, F. A. Fischer, A. W. Woodham, E. Daley, N. Suminski,

T. J. Gardella, H. L. Ploegh, Nat. Commun. 2020, 11, 2087.
[98] S. Ghani, S. Bahrami, B. Rafiee, S. Eyvazi, F. Yarian, S. Ahangarzadeh,

S. Khalili, K. Shahzamani, M. Jafarisani, M. Bandehpour, B. Kazemi,
Life Sci. 2021, 265, 118791.

[99] J. Kuil, T. Buckle, F. W. B. van Leeuwen, Chem. Soc. Rev. 2012, 41,
5239.

[100] M. Liu, X. Fang, Y. Yang, C. Wang, Front Bioeng Biotechnol 2021, 9,
701504.

[101] D. Sarkar, J. A. Spencer, J. A. Phillips, W. Zhao, S. Schafer, D. P.
Spelke, L. J. Mortensen, J. P. Ruiz, P. K. Vemula, R. Sridharan, S.
Kumar, R. Karnik, C. P. Lin, J. M. Karp, Blood 2011, 118, e184.

[102] D. Sarkar, P. K. Vemula, G. S. L. Teo, D. Spelke, R. Karnik, L. Y. Wee,
J. M. Karp, Bioconjugate Chem. 2008, 19, 2105.

[103] S. Krishnan, D. Ziegler, V. Arnaut, T. G. Martin, K. Kapsner, K.
Henneberg, A. R. Bausch, H. Dietz, F. C. Simmel, Nat. Commun.
2016, 7, 12787.

[104] P. Shi, E. Ju, Z. Yan, N. Gao, J. Wang, J. Hou, Y. Zhang, J. Ren, X. Qu,
Nat. Commun. 2016, 7, 13088.

[105] F. Huang, J. Liu, Y. Liu, Chem. Sci. 2022, 13, 8885.
[106] J. Clauss, M. Obenaus, C. Miskey, Z. Ivics, Z. Izsvák, W. Uckert, M.

Bunse, Hum. Gene Ther. 2018, 29, 569.
[107] J. Ren, X. Zhang, X. Liu, C. Fang, S. Jiang, C. H. June, Y. Zhao, Onco-

target 2017, 8, 17002.
[108] H. Wang, X. Ye, Y. Ju, Z. Cai, X. Wang, P. Du, M. Zhang, Y. Li, J. Cai,

OncoTargets Ther. 2020, 13, 3703.
[109] E. S. Atsavapranee, M. M. Billingsley, M. J. Mitchell, EBioMedicine

2021, 67, 103354.
[110] H. J. Vaughan, J. J. Green, S. Y. Tzeng, Adv. Mater. 2020, 32, 1901081.
[111] B. M. Kuehn, JAMA, J. Am. Med. Assoc. 2017, 318, 2167.
[112] J. T. Bulcha, Y. Wang, H. Ma, P. W. L. Tai, G. Gao, Signal Transduction

Targeted Ther. 2021, 6, 53.
[113] S. Ghosh, A. M. Brown, C. Jenkins, K. Campbell, Appl. Biosaf. 2020,

25, 7.
[114] H. Yin, R. L. Kanasty, A. A. Eltoukhy, A. J. Vegas, J. R. Dorkin, D. G.

Anderson, Nat. Rev. Genet. 2014, 15, 541.
[115] Y. Lin, E. Wagner, U. Lächelt, Biomater. Sci. 2022, 10, 1166.
[116] L. Poirot, B. Philip, C. Schiffer-Mannioui, D. Le Clerre, I. Chion-

Sotinel, S. Derniame, P. Potrel, C. Bas, L. Lemaire, R. Galetto, C.
Lebuhotel, J. Eyquem, G. W.-K. Cheung, A. Duclert, A. Gouble, S.
Arnould, K. Peggs, M. Pule, A. M. Scharenberg, J. Smith, Cancer Res.
2015, 75, 3853.

[117] H. Torikai, A. Reik, F. Soldner, E. H. Warren, C. Yuen, Y. Zhou,
D. L. Crossland, H. Huls, N. Littman, Z. Zhang, S. S. Tykodi, P.
Kebriaei, D. A. Lee, J. C. Miller, E. J. Rebar, M. C. Holmes, R. Jaenisch,
R. E. Champlin, P. D. Gregory, L. J. N. Cooper, Blood 2013, 122,
1341.

[118] A. V. Anzalone, P. B. Randolph, J. R. Davis, A. A. Sousa, L. W. Koblan,
J. M. Levy, P. J. Chen, C. Wilson, G. A. Newby, A. Raguram, D. R. Liu,
Nature 2019, 576, 149.

[119] S. G. Yüz, S. Rasoulinejad, M. Mueller, A. E. Wegner, S. V. Wegner,
Adv. Biosyst. 2019, 3, 3.

[120] S. Rasoulinejad, M. Mueller, B. Nzigou Mombo, S. V. Wegner, ACS
Synth. Biol. 2020, 9, 2076.

[121] Z. Chen, M. B. Elowitz, Cell 2021, 184, 2284.
[122] L. Scheller, T. Strittmatter, D. Fuchs, D. Bojar, M. Fussenegger, Nat.

Chem. Biol. 2018, 14, 723.
[123] K. A. Schwarz, N. M. Daringer, T. B. Dolberg, J. N. Leonard, Nat.

Chem. Biol. 2017, 13, 202.
[124] N. H. Kipniss, P. C. D. P. Dingal, T. R. Abbott, Y. Gao, H. Wang, A. A.

Dominguez, L. Labanieh, L. S. Qi, Nat. Commun. 2017, 8, 2212.
[125] W. K. Kroeze, M. F. Sassano, X.-P. Huang, K. Lansu, J. D. McCorvy,

P. M. Giguère, N. Sciaky, B. L. Roth, Nat. Struct. Mol. Biol. 2015, 22,
362.

[126] M. Mueller, S. Rasoulinejad, S. Garg, S. V. Wegner, Nano Lett. 2020,
20, 2257.

[127] D. Xu, J. Ricken, S. V. Wegner, Chem. - Eur. J. 2020, 26, 9859.
[128] S. Hoehnel, M. P. Lutolf, Bioconjugate Chem. 2015, 26, 1678.
[129] M. A. Shandell, Z. Tan, V. W. Cornish, Biochemistry 2021, 60, 3455.
[130] C. Kohrer, Nucleic Acids Res. 2004, 32, 6200.
[131] R. E. Bird, S. A. Lemmel, X. Yu, Q. A. Zhou, Bioconjugate Chem. 2021,

32, 2457.
[132] A. R. Nödling, L. A. Spear, T. L. Williams, L. Y. P. Luk, Y. H. Tsai, Essays

Biochem. 2019, 63, 237.
[133] O. Vargas-Rodriguez, A. Sevostyanova, D. Söll, A. Crnkovíc, Curr.

Opin. Chem. Biol. 2018, 46, 115.
[134] P. Kumari, S. Bowmik, S. K. Paul, B. Biswas, S. K. Banerjee, U. S.

Murty, V. Ravichandiran, U. Mohan, Biotechnol. Bioeng. 2021, 118,
4577.

[135] Y. Zhang, K. Y. Park, K. F. Suazo, M. D. Distefano, Chem. Soc. Rev.
2018, 47, 9106.

[136] T. N. C. Ramya, E. Weerapana, B. F. Cravatt, J. C. Paulson, Glycobiol-
ogy 2013, 23, 211.

[137] A. P. Mattey, W. R. Birmingham, P. Both, N. Kress, K. Huang, J.
M. van Munster, G. S. Bulmer, F. Parmeggiani, J. Voglmeir, J. E. R.
Martinez, N. J. Turner, S. L. Flitsch, ACS Catal. 2019, 9, 8208.

[138] A. Varki, P. Gagneux, Ann. N. Y. Acad. Sci. 2012, 1253, 16.
[139] Z.-R. Zhou, X.-Y. Wang, L. Jiang, D.-W. Li, R.-C. Qian, ACS Appl. Bio

Mater. 2021, 4, 5735.
[140] R. T. Almaraz, Y. Li, Biol. Open 2017, 6, 923.
[141] C. J. Capicciotti, C. Zong, M. O. Sheikh, T. Sun, L. Wells, G.-J. Boons,

J. Am. Chem. Soc. 2017, 139, 13342.
[142] T. Abukar, S. Rahmani, N. K. Thompson, C. N. Antonescu, W. W.

Wakarchuk, Carbohydr. Res. 2021, 500, 108249.
[143] J. Li, M. Chen, Z. Liu, L. Zhang, B. H. Felding, K. W. Moremen, G.

Lauvau, M. Abadier, K. Ley, P. Wu, ACS Cent. Sci. 2018, 4, 1633.
[144] M. Fernández-Suárez, H. Baruah, L. Martínez-Hernández, K. T. Xie,

J. M. Baskin, C. R. Bertozzi, A. Y. Ting, Nat. Biotechnol. 2007, 25,
1483.

[145] A. J. Bailey, Amino Acids 1991, 1, 293.
[146] T. Kamperman, S. Henke, J. F. Crispim, N. G. A. Willemen, P. J.

Dijkstra, W. Lee, H. L. Offerhaus, M. Neubauer, A. M. Smink, P. de
Vos, B. J. de Haan, M. Karperien, S. R. Shin, J. Leijten, Adv. Mater.
2021, 33, 2102660.

[147] S. A. Walper, K. B. Turner, I. L. Medintz, in Chemoselective and
Bioorthogonal Ligation Reactions, Wiley-VCH, Weinheim 2017, pp.
165–230.

Adv. Sci. 2023, 10, 2304040 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2304040 (27 of 30)

 21983844, 2023, 34, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202304040 by U

niversidade D
e A

veiro, W
iley O

nline L
ibrary on [30/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advancedscience.com

[148] G. V. Los, L. P. Encell, M. G. McDougall, D. D. Hartzell, N. Karassina,
C. Zimprich, M. G. Wood, R. Learish, R. F. Ohana, M. Urh, D.
Simpson, J. Mendez, K. Zimmerman, P. Otto, G. Vidugiris, J. Zhu,
A. Darzins, D. H. Klaubert, R. F. Bulleit, K. V. Wood, ACS Chem. Biol.
2008, 3, 373.

[149] C.-W. Lin, A. Y. Ting, J. Am. Chem. Soc. 2006, 128, 4542.
[150] T. Tanaka, T. Yamamoto, S. Tsukiji, T. Nagamune, ChemBioChem

2008, 9, 802.
[151] G. J. Mize, J. E. Harris, T. K. Takayama, J. D. Kulman, Protein Expres-

sion Purif. 2008, 57, 280.
[152] S. Sueda, S. Yoneda, H. Hayashi, ChemBioChem 2011, 12, 1367.
[153] M. Macias-Contreras, L. Zhu, ChemPhotoChem 2021, 5, 187.
[154] D. Dube, C. Bertozzi, Curr. Opin. Chem. Biol. 2003, 7, 616.
[155] P. R. Wratil, R. Horstkorte, W. Reutter, Angew. Chem., Int. Ed. 2016,

55, 9482.
[156] C. L. Jacobs, S. Goon, K. J. Yarema, S. Hinderlich, H. C. Hang, D. H.

Chai, C. R. Bertozzi, Biochemistry 2001, 40, 12864.
[157] J. E. G. A. Dold, J. Pfotzer, A.-K. Späte, V. Wittmann, ChemBioChem

2017, 18, 1242.
[158] C. Agatemor, M. J. Buettner, R. Ariss, K. Muthiah, C. T. Saeui, K. J.

Yarema, Nat. Rev. Chem. 2019, 3, 605.
[159] M. Nagasundaram, R. Horstkorte, V. S. Gnanapragassam, Molecules

2020, 25, 2632.
[160] P. Villavicencio-Lorini, S. Laabs, K. Danker, W. Reutter, R.

Horstkorte, J. Mol. Med. 2002, 80, 671.
[161] V. F. Schart, J. Hassenrück, A.-K. Späte, J. E. G. A. Dold, R. Fahrner,

V. Wittmann, ChemBioChem 2019, 20, 166.
[162] N. J. Agard, J. A. Prescher, C. R. Bertozzi, J. Am. Chem. Soc. 2004,

126, 15046.
[163] L. K. Mahal, K. J. Yarema, C. R. Bertozzi, Science 1997, 276,

1125.
[164] J. Du, X. Liu, K. J. Yarema, X. Jia, Biomater. Adv. 2022, 134,

112675.
[165] A. Niederwieser, A. K. Späte, L. D. Nguyen, C. Jüngst, W. Reutter, V.

Wittmann, Angew. Chem., Int. Ed. 2013, 52, 4265.
[166] L. Ying, J. Xu, D. Han, Q. Zhang, Z. Hong, Front. Cell Dev. Biol. 2022,

10, 840831.
[167] N. D. Pham, C. S. Fermaintt, A. C. Rodriguez, J. E. McCombs, N.

Nischan, J. J. Kohler, Glycoconjugate J. 2015, 32, 515.
[168] T. W. Bumpus, J. M. Baskin, Trends Biochem. Sci. 2018, 43, 970.
[169] C. F. Ancajas, T. J. Ricks, M. D. Best, Chem. Phys. Lipids 2020, 232,

104971.
[170] T. W. Bumpus, J. M. Baskin, ACS Cent. Sci. 2017, 3, 1070.
[171] C. Y. Jao, M. Roth, R. Welti, A. Salic, Proc. Natl. Acad. Sci. U. S. A.

2009, 106, 15332.
[172] G. Lu, L. Zuo, J. Zhang, H. Zhu, W. Zhuang, W. Wei, H.-Y. Xie, Bio-

mater. Sci. 2020, 8, 2283.
[173] T. W. Bumpus, J. M. Baskin, Angew. Chem., Int. Ed. 2016, 55, 13155.
[174] S. G. Megason, S. E. Fraser, Cell 2007, 130, 784.
[175] L. Li, H. L. Dugan, C. T. Stamper, L. Y.-L. Lan, N. W. Asby, M. Knight,

O. Stovicek, N.-Y. Zheng, M. L. Madariaga, K. Shanmugarajah, M.
O. Jansen, S. Changrob, H. A. Utset, C. Henry, C. Nelson, R. P.
Jedrzejczak, D. H. Fremont, A. Joachimiak, F. Krammer, J. Huang,
A. A. Khan, P. C. Wilson, Cells Rep. Methods 2021, 1, 100056.

[176] P. Delcanale, D. Porciani, S. Pujals, A. Jurkevich, A. Chetrusca, K. D.
Tawiah, D. H. Burke, L. Albertazzi, Angew. Chem. 2020, 132, 18705.

[177] A. Pulsipher, M. E. Griffin, S. E. Stone, L. C. Hsieh-Wilson, Angew.
Chem., Int. Ed. 2015, 54, 1466.

[178] N. Ueda, S. Sawada, F. Yuasa, K. Kato, K. Nagahama, ACS Appl.
Mater. Interfaces 2022, 14, 52618.

[179] M. Kufleitner, L. M. Haiber, V. Wittmann, Chem. Soc. Rev. 2022, 52,
510.

[180] B. Wang, J. Song, H. Yuan, C. Nie, F. Lv, L. Liu, S. Wang, Adv. Mater.
2014, 26, 2371.

[181] Z. Ge, J. Liu, L. Guo, G. Yao, Q. Li, L. Wang, J. Li, C. Fan, J. Am. Chem.
Soc. 2020, 142, 8800.

[182] R. C. Qian, Z. R. Zhou, W. Guo, Y. Wu, Z. Yang, Y. Lu, J. Am. Chem.
Soc. 2021, 143, 5737.

[183] R. Micura, C. Höbartner, Chem. Soc. Rev. 2020, 49, 7331.
[184] M. E. Todhunter, N. Y. Jee, A. J. Hughes, M. C. Coyle, A. Cerchiari,

J. Farlow, J. C. Garbe, M. A. LaBarge, T. A. Desai, Z. J. Gartner, Nat.
Methods 2015, 12, 975.

[185] D. Dutta, A. Pulsipher, W. Luo, H. Mak, M. N. Yousaf, Bioconjugate
Chem. 2011, 22, 2423.

[186] D. Rogozhnikov, W. Luo, S. Elahipanah, P. J. O’Brien, M. N. Yousaf,
Bioconjugate Chem. 2016, 27, 1991.

[187] W. Luo, N. Westcott, D. Dutta, A. Pulsipher, D. Rogozhnikov, J.
Chen, M. N. Yousaf, ACS Chem. Biol. 2015, 10, 2219.

[188] X. Liu, H. Yan, Y. Liu, Y. Chang, Small 2011, 7, 1673.
[189] E. Cachat, W. Liu, K. C. Martin, X. Yuan, H. Yin, P. Hohenstein, J. A.

Davies, Sci. Rep. 2016, 6, 20664.
[190] A. J. Stevens, A. R. Harris, J. Gerdts, K. H. Kim, C. Trentesaux, J. T.

Ramirez, W. L. McKeithan, F. Fattahi, O. D. Klein, D. A. Fletcher, W.
A. Lim, Nature 2023, 614, 144.

[191] H. Koo, M. Choi, E. Kim, S. K. Hahn, R. Weissleder, S. H. Yun, Small
2015, 11, 6457.

[192] H. Koo, S. K. Hahn, S. H. Yun, Bioconjugate Chem. 2016, 27, 2601.
[193] P. Shi, E. Ju, J. Wang, Z. Yan, J. Ren, X. Qu, Mater. Today 2017, 20,

16.
[194] Z. J. Gartner, C. R. Bertozzi, Proc. Natl. Acad. Sci. U. S. A. 2009, 106,

4606.
[195] P. Shi, N. Zhao, J. Lai, J. Coyne, E. R. Gaddes, Y. Wang, Angew. Chem.,

Int. Ed. 2018, 57, 6800.
[196] A. J. R. Amaral, G. Pasparakis, ACS Appl. Mater. Interfaces 2016, 8,

22930.
[197] X. Mo, Q. Li, L. W. Yi Lui, B. Zheng, C. H. Kang, B. Nugraha, Z. Yue,

R. R. Jia, H. X. Fu, D. Choudhury, T. Arooz, J. Yan, C. T. Lim, S. Shen,
C. Hong Tan, H. Yu, Biomaterials 2010, 31, 7455.

[198] V. Javvaji, M. B. Dowling, H. Oh, I. M. White, S. R. Raghavan, Bio-
mater. Sci. 2014, 2, 1016.

[199] M. T. M. Rood, S. J. Spa, M. M. Welling, J. B. Ten Hove, D. M. Van
Willigen, T. Buckle, A. H. Velders, F. W. B. Van Leeuwen, Sci. Rep.
2017, 7, 39908.

[200] D. Mao, C. Zhang, J. L Kenry, X. Wang, B. Li, H. Yan, F. Hu, D. Kong,
Z. Wang, B. Liu, Biomaterials 2020, 230, 119615.

[201] Y. Iwasaki, M. Sakiyama, S. Fujii, S. I. Yusa, Chem. Commun. 2013,
49, 7824.

[202] K. Nagahama, Y. Kimura, A. Takemoto, Nat. Commun. 2018, 9, 2195.
[203] H. Lin, J. Zhou, L. Cao, H. R. Wang, J. Dong, Z. R. Chen, Bone Jt. Res.

2017, 6, 284.
[204] M. Xiao, W. Lai, H. Yu, Z. Yu, L. Li, C. Fan, H. Pei, J. Am. Chem. Soc.

2021, 143, 3448.
[205] J. Niu, D. J. Lunn, A. Pusuluri, J. I. Yoo, M. A. O’Malley, S. Mitragotri,

H. T. Soh, C. J. Hawker, Nat. Chem. 2017, 9, 537.
[206] C. Lam, S. Saluja, G. Courcoubetis, D. Yu, C. Chung, J. Courte, L.

Morsut, ACS Synth. Biol. 2022, 11, 1417.
[207] N. Mulberry, L. Edelstein-Keshet, Phys. Biol. 2020, 17, 066003.
[208] J. A. Brassard, M. P. Lutolf, Cell Stem Cell 2019, 24, 860.
[209] M. Hofer, M. P. Lutolf, Nat. Rev. Mater. 2021, 6, 402.
[210] B. Ayan, D. N. Heo, Z. Zhang, M. Dey, A. Povilianskas, C. Drapaca,

I. T. Ozbolat, Sci. Adv. 2020, 6, eaaw5111.
[211] G. Eke, L. Vaysse, X. Yao, M. Escudero, A. Carrière, E. Trevisiol, C.

Vieu, C. Dani, L. Casteilla, L. Malaquin, Cells 2022, 11, 1394.
[212] Z. Luo, G. Tang, H. Ravanbakhsh, W. Li, M. Wang, X. Kuang, C. E.

Garciamendez-Mijares, L. Lian, S. Yi, J. Liao, M. Xie, J. Guo, Z. Zhou,
Y. S. Zhang, Adv. Mater. 2022, 34, 2108931.

[213] K. J. Wolf, J. D. Weiss, S. G. M. Uzel, M. A. Skylar-Scott, J. A. Lewis,
Cell Stem Cell 2022, 29, 667.

Adv. Sci. 2023, 10, 2304040 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2304040 (28 of 30)

 21983844, 2023, 34, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202304040 by U

niversidade D
e A

veiro, W
iley O

nline L
ibrary on [30/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advancedscience.com

José Almeida-Pinto is a Molecular Biotechnology and Bioengineering M.Sc. candidate at the University
of Aveiro. Currently, he is a researcher at the COMPASS Research Group based in the Associate Labo-
ratory CICECO-Aveiro Institute of Materials. His research interests include metabolic glycoengineer-
ing and synthetic biology tools, as well as the application of these precise technologies for bottom-up
tissue engineering and fabrication of 3D/4D mammalian living materials.

Matilde R. Lagarto holds an M.Sc. in Molecular Biotechnology, from the University of Aveiro. Currently,
she is a researcher at the COMPASS Research Group based at the CICECO-Aveiro Institute of Materi-
als, where she is focusing on interfacing material sciences and bioengineering, namely on generating
cell-rich living platforms for biomedical applications.

Pedro Lavrador holds an M.Sc. in Clinical Biochemistry and is currently a Ph.D. student in Biotech-
nology at the COMPASS Research Group based in CICECO-Aveiro Institute of Materials, where he is
focusing on designing chemo- and biodynamic hydrogels. His scientific background includes nan-
otechnology, biomaterials design, stimuli-responsiveness, cell bioengineering, and interweaving
these principles in their hybrid combinations. His research focuses on developing sophisticated plat-
forms built with living adaptiveness and embedded with dynamic features.

João F. Mano is a full professor at the Chemistry Department of the University of Aveiro, Portugal, and
the director of the COMPASS Research Group from the Associate Laboratory CICECO-Aveiro Institute
of Materials. His research focuses on applying biomimetic and nano/micro-technology approaches
to polymer-based biomaterials and surfaces to develop biomedical devices with improved structural
and (multi-)functional properties, or in the engineering of microenvironments to control cell behavior
and organization, to be exploited clinically in advanced therapies or for drug screening.

Adv. Sci. 2023, 10, 2304040 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2304040 (29 of 30)

 21983844, 2023, 34, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202304040 by U

niversidade D
e A

veiro, W
iley O

nline L
ibrary on [30/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advancedscience.com

Vítor M. Gaspar is an assistant researcher at the Chemistry Department of the University of Aveiro and
a member of COMPASS Research Group, CICECO-Aveiro Institute of Materials. He holds a Ph.D.
in Biochemistry. His research focuses on exploring the precision chemical modification of ECM-
biomimetic and tissue-derived biomaterials, particularly decellularized extracellular matrix, with a
special emphasis on their use for bottom-up engineering of cell–biomaterial living microtissues and
organoids. He has also been leveraging advanced manufacturing techniques for processing cell sur-
faces to generate living architectures for tissue engineering and in vitro disease modeling applica-
tions.

Adv. Sci. 2023, 10, 2304040 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2304040 (30 of 30)

 21983844, 2023, 34, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202304040 by U

niversidade D
e A

veiro, W
iley O

nline L
ibrary on [30/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


