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Cell Surface Engineering Tools for Programming Living

Assemblies
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and Vitor 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.l!] 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.!>]

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,*
synthetic and natural polymers,[>11-14]
nanoparticles,['>1¢] proteins/peptides,!” 18]
or nucleic acids,®1*? 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.[?!l 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,['®22] bioimaging,!?}] targeted cell-based therapies,!?!]
transfusion,'! cell behavior manipulation,®! and tissue engi-
neering applications.2¢]

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.[’! 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.?!] 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.?!l By
introducing complementary molecular interactions on different
cell surfaces, researchers can orchestrate the self-assembly of
cells into complex structures.[?62%30 This approach has been
used to create multicellular architectures, such as cell sheets,
clusters, or tissue-like architectures, with controlled spatial
organization.[**3}] 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.**] Overall, engineered cell assemblies
can be tuned according to the type of surface modification and
assembly mode.

2304040 (1 of 30) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadvs.202304040&domain=pdf&date_stamp=2023-10-12

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

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.3>%] 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.[3®] 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).°! 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.l* 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.
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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.!*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.[**! Amine (-
NH,) 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.l’]

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.[>*?] 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.*’! Cya-
nuric chloride-modified molecules have been used in amine-
based cell surface engineering due to the selective reaction with
primary amines.[*}] 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.*l 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.l®) 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.[+#245:46]

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.[*] Due to their
nucleophilicity, free thiols represent a valuable source to intro-
duce chemical modifications in the cell surface.[*'*”] However,
the majority of surface thiols are naturally found in their ox-
idized form which may limit their availability for cell surface
engineering approaches.!?! Even so, by simply altering the reac-
tion conditions via mild reduction agents (i.e., TCEP),>*] 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.[>*] 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.[**#%30] 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.l*%*1 If a degradable binding is intended, pyridyldithiol-
containing molecules are a common option, reacting with thiols
through the formation of reversible disulfide bonds.[>*>!] 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.®! These func-
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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.?! 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.[>*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.>**>’] 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.>*]

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.3*>°] 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.*°] 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.>*¢]

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.’>61-63] Despite the simplicity of
surface engineering through electrostatic functionalization, the
high charge density produced by the majority of polycations may
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potentially result in cell damage upon internalization, or disrupt
the cell’s membrane integrity.*'®!] 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.[56064]

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.l®*! 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.[*%%] 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.[®*-¢7] 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.[®®] 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.[3*617° 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.#171] 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.!*!]

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.’?] Due to the abundance of phospholipids in the
cell membrane, synthetic phospholipids (i.e., 1,2-dimyristoyl-sn-
glycero-3-phosphoethanolamine)*®! have been widely used as hy-
drophobic moieties for hydrophobic insertion, due to their struc-
tural similarity to native phospholipids.*!! Alternatively, alkyl
chains (i.e., C18 chain)!’”! 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.[>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.>7?]
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.[”>7#] 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.l”>7¢ Cholesterol-functionalized materials usu-
ally exhibit considerable anchoring efficiency.”*! However, due to
living cells’ natural membrane dynamics, a rapid cholesterol ex-
change could occur, resulting in a time-limited modification.l”*]
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.[!l 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.””] 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.?*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 GPIanchors, 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.!”]

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.[”*! 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-
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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.”1733% 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.8!] 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.[”]

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.[>263%5% 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.#?!

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.?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.’! 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.®3] 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.’] 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.!>!

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~° s7!) and high specificity, they can be used to se-
lectively install new functionalities on the cell surface.®* 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.).18#1 By adopting a specific secondary or ter-
tiary structure, these biomolecules have relatively high binding
affinity toward their targets.[*%’] 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.[®®! 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.[”!! 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,®] which allows the screening of spe-
cific cell-directed aptamers without requiring prior knowledge of
the target signature.'888) 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.).®8%) 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°0-°1]
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.®”l 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.[®>?3! However, such pro-
cesses often result in undesirable effects on antibody folding
and stability, in addition to being considerably more costly.*>%*]
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.®8] Be-
sides the introduction of reactive chemical groups, aptamers are
usually chemically modified to enhance their stability and resis-
tance against nuclease-mediated degradation.’?#8949] 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.l”"]
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.
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These can ultimately provide multiple advantages over standard
mAbs and prompt the development of innovative living assem-
blies for TERM applications.!?¢-%

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.**1%

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.[**! Due to its high affinity and strong
resistance to degradation, the biotin-avidin interaction has been
widely used in cell surface engineering.['®!) 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.[1921] 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.[10410]

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.®l 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.[1911% 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."'!! 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)['213] and non-viral vectors (i.e., cell-derived vesi-
cles, nanoparticles, etc.).'"*1] 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.l*®! 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.['%] 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.[>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.'®! 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.['%) 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.>%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
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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.[119120]

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.[?’! 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.['?!) 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.?*l 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).1227135] 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.['?!] 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.?!l 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.['?®] 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.['?] 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.['1120]

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.””! 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.l>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.I”®! 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.!'?#] 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.!

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.['?] 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.[13% 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.['3!] 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.'3!l Up-to-date, a broad range of non-
canonical amino acids has been successfully incorporated into
mammalian cell proteins in a site-specific manner.'*1321 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-
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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/tRNAM) from Archaea Methanosarcina
mazei and Methanosarcina barkeri, and tyrosine, leucine, and tryp-
tophan aaRS/tRNA pairs (TyrRS/tRNAD*, LeuRS/tRNAMY, and
TrpR/tRNATP) from Escherichia coli, are the focus of research in
mammalian genetic code expansion method.31133] 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.'**] 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.[>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.’) 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.'3¢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.['*®] 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.[*] 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.[* 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.!'**1*l 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.['*!! 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.[14]

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.[1#5146] 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.[**%]

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.['** 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.'*1*8] As this bacterial enzymatic
reaction is foreign to mammalian cells, it is less likely to inter-
fere and cross-react with endogenous biochemical reactions.['*8]
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.[1?#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-
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inases, enzymes responsible for isopeptide bond formation be-
tween amino groups of lysine and terminal amine (-NH,) 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.['*] 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.l* 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.[13+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.[13%151] Different biotin ligases and corre-
sponding mechanisms have been explored and are well described
elsewhere.['] 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.*”) 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.!2]

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.[13+135147:153]

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.!'54]
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.l'>>1%] Within the great variety of monosac-
charides found in glycoconjugates, terminal monosaccharides,
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including sialic acid (Sia), p-galactose (Gal), 1-fucose (Fuc)
residues, all represent an interesting modification point for pre-
cision engineering of the cell surface glycocalyx.['>*! 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.!">®! With recent advances, different monosac-
charide analogs were introduced in cell surface glycocalyx, pro-
viding new aliphatic or bioorthogonal modifications.[**:15-157]
Aliphatic analogs exhibit chemically inert modifications, where
the N-acyl is simply elongated with methylene groups.!'> This
N-acyl elongation ultimately results in intriguing alterations in
biological processes such as cell adhesion, and neuronal differ-
entiation, among others.['>>158160] 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.[*!]
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.[*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.l'®l 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.['*”] 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.['>]
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.['*!"1%8] 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
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a small number of reported successful modifications.['®] 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.!'’*!71l 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.['7173]

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),['417] 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.[?®) 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
cellcell and cell-biomaterial interactions.!®! 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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