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Abstract

Biologically inspired materials with tunable bio- and physicochemical properties
provide an essential framework to actively control and support cellular behavior. Cell
membrane remodeling approaches benefit from the advances in polymer science and
bioconjugation methods, which allow for the installation of un-/natural molecules and
particles on the cells’ surface. Synthetically remodeled cells have superior properties
and are under intense investigation in various therapeutic scenarios as cell delivery
systems, bio-sensing platforms, injectable biomaterials and bioinks for 3D bioprinting
applications. In this review article, recent advances in the field of cell surface
remodeling via bio-chemical means and the potential biomedical applications of these

emerging cell hybrids are discussed.
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Statement of Significance

Recent advances in bioconjugation methods, controlled/living polymerizations,
microfabrication techniques and 3D printing technologies have enabled researchers to
probe specific cellular functions and cues for therapeutic and research purposes through
the formation of cell spheroids and polymer-cell chimeras. This review article

highlights recent non-genetic cell membrane engineering strategies towards the
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fabrication of cellular ensembles and microtissues with interest in 3D in vitro
modelling, cell therapeutics and tissue engineering. From a wider perspective, these
approaches may provide a roadmap for future advances in cell therapies which will
expedite the clinical use of cells, improving the quality and accessibility of disease

treatments.

1. Introduction

With the advent of translational medicine, cell-based therapies have come to light as
potential methods to deliver healthy cells to injured tissues in order to restore or
enhance their function and ultimately treat medical conditions [1, 2]. The use of live
cells as therapeutic entities established a new pillar in the biomedical field exerted by
their intrinsic ability to sense the surroundings and adapt in accord to their
microenvironment by exhibiting regulable behavior, leading to their natural integration
with the host organism with potentially minimal side-effects [2, 3].

Cell therapeutics constitutes a fast evolving field in the medical sciences as an
increasing number of synthetic procedures to intervene to biological functions have
been reported, yet few have propelled their translation into the clinical setting. Recently,
chimeric antigen receptor (CAR) T-cells therapies were approved by the U.S. Food and
Drug Administration (FDA) for the treatment of specific leukemia and lymphomas [4-
6]. Cellular engineering through genetic manipulation has been exploited to modulate
the expression of specific surface receptors to improve the in vivo function of the cells,
although these techniques are still associated with a number of significant drawbacks.
One main reason is the unsatisfactory safety and efficacy guarantees, and the lack of
control to promote the desirable cell phenotype. Other major hurdles facing the
translation of cell therapies from the lab to the clinic include the low survival, poor
tissue/organ specificity and the difficulty to recruit and attach a sufficient number of
cells at the site of interest [7, 8].

In this context, biomaterials, in the form of polymer fillers, microcapsules or
hydrogels, can act as synthetic analogs of the extracellular matrix (ECM) in order to
provide an appropriate microenvironment for the cells to support their adhesion and
retention and to promote their specific action, be it new tissue formation,
protein/biomolecules secretion, or enzymatic activity [9-12]. Although various materials

have been used as cell encapsulants and matrices for cell proliferation, toxicity and



immunogenicity may hamper the full exploitation of this classic tissue engineering
approach in the clinic [13-15]. A possible solution to this problem is the minimization
of the bulk volume of the biomaterial used relative to the number of cells that are to be
encapsulated. Ultimately, biomaterials that interact only at the cell membrane interface
could constitute a realistic approach that mimics aspects of the ECM in order to mitigate
toxicity, biocompatibility and often non-degradability problems.

Hence, the ability to engineer the cell membrane with synthetic materials at the
nano/microscale to impart non-native properties to cells has emerged as a versatile tool
to enhance the therapeutic potency of cells by mimicking their intrinsic hierarchical

assembling properties which are naturally encountered in living organisms [16].

The cell membrane

The cell membrane and the ECM together constitute the most important
functional dipole that regulates biological responses at the tissue and organ levels. The
ECM is mainly composed of proteins, polysaccharides and glycosaminoglycans, it
surrounds the cells to serve as a natural structural support, and provides biochemical
and biophysical cues to regulate cellular processes and tissue functions, such as
signaling, differentiation, migration, adhesion and repair [17]. Therefore, the
understanding of cell-ECM dynamics is essential for the development of new ECM
mimicking biomaterials for therapeutic purposes.

The cell membrane is a complex, heterogeneous and dynamic biological
structure comprising different types of lipids, proteins and carbohydrates, which
outlines the cell border and mediates extracellular communications [18]. The lipid
bilayer, constituted mostly by cholesterol and phospholipids, acts as a selective physical
barrier to the (bio-) chemical environment, osmotic pressure gradients and mechanical
stress [19]. Membrane-associated carbohydrates may be bound either to lipids or
proteins on the outer surface of the cell forming glycolipids or glycoproteins,
respectively, which comprise the glycocalyx (or cell coat) [20]. These biomolecules
play a central role in biorecognition, cell-cell and cell-ECM interactions, selective
adhesion, enzymatic activity, molecular uptake and mass transport; they can activate
intracellular signaling pathways that control fundamental functions such as signal
transduction and gene expression, cell division, migration and differentiation [21].

Indeed, the plasma membrane can serve as an excellent chemical substrate for



biomaterials design, however, its dynamic fluidity nature and heterogeneity constitutes
a challenge for cell surface modification since its components are continuously
internalized, degraded and replaced [22].

Given that several recently published articles focus on the modification of the
cell surface via (bio-) chemical means, there is an increasing need to comprehensively
overview the emerging field of material-mediated cell aggregation for biomedicine, the
principal strategies to remodel the membrane of living cells to programme the
construction of cellular assemblies for tissue engineering, cell delivery and as in vitro
microtissue models, and to describe the therapeutic potential, challenges and future
perspectives in this prominent field. Contemporary biofabrication methods, namely 3D
bioprinting methodologies to form and deposit cell spheroids and to direct tissue

microassembly, are discussed.

2. Non-genetic cell membrane engineering approaches

During the last three decades, cell membrane engineering has provided an
invaluable toolbox to regulate the molecular and biochemical composition of the
cellular interface and investigate the processes governed by the plasma membrane
components, such as signal transduction, endocytosis, adhesion, migration and cell-cell
interactions [20, 23, 24]. These approaches have expanded beyond fundamental
research into more practical applications, including drug delivery, cell encapsulation or
biosensing/recognition, as well as to study cellular aggregation processes and formation
of tissue-like organized structures [25-28]. For this reason, it is important to understand
the bio-interface and the different design aspects that must be taken into consideration
in cell membrane interacting materials: i) the maintenance of the cell viability which
requires strategies or materials compatible with the physiological conditions; ii) stability
of the exogenous materials at the surface since these strategies can be transient due to
membrane turnover, mitosis or degradation, which can lead to rapid internalization; iii)
density and distribution adjustment of the active sites on the surface, and iv) the
mechanism of immobilization of macromolecules, which can impact the robustness,
interactions and universality of the system [29, 30].

In this perspective, several strategies have been developed to selectively
decorate the cell surface with exogenous moieties, such as nucleic acids, peptides,

antibodies, nanoparticles (NPs) and polymers, to enhance the therapeutic potential and



longevity of the transplanted cells, without adversely affecting their viability and
processes caused by the possible hindrance of nutrients/ions transportation, inhibition of
the cell cycle or direct effect of the materials on the membrane [30, 31].

Covalent and non-covalent bonding strategies have been used to directly modify
the cell surface which include the metabolic incorporation of bioorthogonal groups onto
the cell membrane, the versatile chemical conjugation with specific functional groups
(i.e. primary amines, thiols and diols) naturally present on cell membrane glycoproteins,
the exploitation of electrostatic interactions between cationic polymers and the anionic
membrane lipids, or the insertion of amphiphilic materials into the lipid bilayer via
hydrophobic interactions.

N-hydroxysuccinimide (NHS) ester derivatives have been extensively studied
for protein crosslinking and labelling through covalent coupling with primary amines
[32, 33]. These amino groups exist at the N-terminus of each polypeptide chain and
side-chain of lysine amino acid residues, which make them accessible to conjugation
with NHS reagents in pH-dependent way. NHS esters can undergo hydrolysis in
aqueous media but aminolysis is preferred in the presence of amines [34]. For example,
the Chaikof group showed that it was possible to covalently couple NHS-derived
poly(ethylene glycol) (PEG) copolymers with thrombomodulin on the membrane of
pancreatic islets to reduce the thrombogenic effect of their transplantation [35]. These
synthetic polymers were excluded from the cell surface within 24 hours, without
cytoplasmatic uptake, probably due to the hydrolysis of amide bonds by proteases [36].
Other studies explored the reaction of NHS-biotin derivatives with primary amines at
the surface; Karp and co-workers immobilized sialyl Lewis X (SLeX) tetrasaccharides
on mesenchymal stem cells (MSCs) through biotin-streptavidin bridges, which imparted
a leukocyte-like rolling response on activated endothelium to increase the targeting
efficiency, without any adverse effect on the cells phenotype and differentiation
potential [37, 38].

Irvine et al. described the chemical conjugation of drug-loaded NPs, bearing a
maleimide-functionalized phospholipid surface layer, with thiols present on the
membrane of T-cells without affection key cellular functions [39]. It was shown that the
prolonged retention of the particles on the cell surface (ca. 4 days) enabled sustained
delivery of adjuvant drugs and continuous pseudoautocrine stimulation of transferred
cells in vivo. Francis and colleagues directly installed DNA strands by coupling a NHS-

PEG-maleimide crosslinker with amino groups present on the membrane proteins



(physiological pH), followed by maleimide conjugation of thiolated DNA strands; the
researchers reported the capture of red blood cells (RBCs), primary T-cells and
myoblasts aiming for the incorporation of living cells into devices [40].

Alternatively, boronic acids have been used to reversibly bind polymers to
glycoproteins present on the cell membranes. The dynamic covalent nature of this group
allows for the selective attachment to cis-diols residues, such as sialic acid or galactose
units, in a pH-dependent manner, with interest in insulin delivery, molecular sensing,
cell capture/release and cell culture [41-44]. As an illustration, Hubbell and co-workers
synthesized a poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG) copolymer
modified with phenylboronic acid (PBA), which could form covalent but reversible
complexes with cis-diols of the oligosaccharides on the glycosylated surface of RBCs at
physiological pH, while the PEG domain would provide a molecular barrier to protein
and cell adhesion owing to steric interaction of the polymer backbone, preventing the
binding of antibodies in transplanted cells [45]. Jiang et al. grafted a PBA-based
polymer from the surface of silicon nanowire arrays to selectively attach breast cancer
cells by boronate ester bond formation with the (overexpressed) sialic acid residues on
glycoproteins (Fig. 1a). At physiological pH, the addition of an excess of free glucose
could trigger cells detachment, driven by the competitive binding, without affecting
their viability [46].

Covalent remodeling of the cell membrane is virtually limited to the readily
available functional groups; however, indirect immobilization methods that require
additional steps to introduce non-native reactive groups have also been exploited. These
processes, which involve the oxidation of sialic acid or galactose residues mediated by
sodium periodate or galactose oxidase, respectively, as well as metabolic engineering,
are employed to install aldehydes, ketones or azides on the cell surface [24, 47, 48].
Although pertinent, these approaches are occasionally complex and may perturb the
cellular microenvironment.

In contrast to chemical approaches, physical methods are often transient in
nature and may not sustain the materials in a mechanically demanding environment in
the longer term, however, they can minimize the potential toxic effect exerted on the
membrane biomolecules. Several groups have reported the encapsulation of cells for
transplantation by anchoring amphiphilic materials on the outer leaflet of the membrane
through hydrophobic interaction with the phospholipids [49-51]. In a similar method,

lipid vesicles functionalized with chemoselective groups have been fused directly with



the plasma membrane. For example, Karp et al. have shown that MSCs could be
engineered to present SLeX on the membrane through lipid vesicles fusion to promote
cell rolling on the endothelium and consequently improve cell homing and targeting
(Fig. 1b) [52]. The short-term stability and accessibility of the biotinylated lipids (< 24
hours) could be due to their internalization within the cells or escape from the surface
into the external environment. Recently, Hsieh-Wilson and co-workers used an
analogous approach to attach sulfated glycosaminoglycans on the membrane, which
activated key intracellular signaling pathways and enhanced axonal growth [53].

Another strategy - layer-by-layer (LbL) assembly - involves the alternate
deposition of oppositely charged polymers on the (negatively-charged) cell surface
driven by multivalent electrostatic interactions [54, 55]. Chaikof and colleagues
reported the encapsulation of pancreatic islets through electrostatic adsorption of PLL-
g-PEG copolymers to create films with tunable biological and physicochemical
properties, which could act as immunoisolation barriers for cell transplantation and
controlled release of therapeutic molecules [56].

From the previous studies, it is apparent that the nature of the anchoring
molecule (or higher order entities, such as nanoparticles, vesicles, etc.) may determine
the duration of the immobilization events before being depleted by the continuous lipid
turnover of the cell membrane. Generally, small molecules and polymers anchored
physically or chemically tend to persist for up to ca. 24 hours as they are uptaken by the
rapid lipid-raft endocytosis pathway [57-59], whereas larger objects (e.g. nanoparticles
or vesicles) [39, 60, 61] have increased immobilization retention times for considerably
longer timeframes as they are eventually uptaken by higher-energy uptake mechanisms
such as clathrin/caveolae-mediated endocytosis. Nevertheless, membrane recycling can
also return hydrophobic ligands to the surface, prolonging their lifetime during cell
division [62, 63].
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Fig. 1. Immobilization of materials on the cell membrane with therapeutic potential. (a) Cell capture and
release from poly(acrylamidophenylboronic acid)-silicon nanowires triggered by pH and glucose
variations. Adapted with permission from ref. 46; Copyright (2013) American Chemical Society. (b)
Modification of MSCs with biotinylated SLeX to promote tethering and rolling interactions (on a P-
selectin coated surface). Adapted from ref. 52 with permission from Elsevier. (c) Cells modified by
surface-initiated PET-RAFT to manipulate cellular interactions; confocal microscopy image
demonstrates that modification only occurs at the cell membrane with minimal toxicity (intense green
signal). Adapted from ref. 66 with permission from Springer Nature.

The conventional “grafting to” strategies are frequently limited by low polymer
grafting efficiency or the use of an excess of reactive polymers for functionalization.
Alternatively, “grafting from” approaches have thus emerged to directly engineer the
membrane of cells through surface-initiated controlled radical polymerization
techniques and improve polymers’ properties [64, 65]. Recently, Hawker and colleagues
described a cytocompatible and rapid photoinduced electron transfer-reversible
addition-fragmentation chain-transfer polymerization (PET-RAFT), as illustrated in Fig.

1c [66]. This light-mediated method enabled the chain growth of PEG-based polymers



from initiators anchored on the membrane of living yeast and mammalian cells, without
compromising cell viability. Moreover, it was possible to control the cellular phenotype
by inducing aggregation in the presence of tannic acid via hydrogen bonding

interactions.

3. Cell spheroids and 3D culture

Biological systems interact through multiple simultaneous molecular contacts
that have unique multivalent properties qualitatively different from those displayed by
their constituents individually [67]. 2D cell culture has been demonstrated to fail to
fully recapitulate the in vivo microenvironment sensed by the cells, which may overlook
vital parameters to accurately reproduce and satisfy the structural requirements that
complex biological systems demand, including mechanical and chemical cues, cell-cell
and cell-ECM interactions [68, 69].

The realization of the limitations of these culture systems contributed to the
development of facile reproducible 3D cell culture methods that mimic the native tissue
as accurately as possible and provide a powerful platform to understand physiological
mechanisms in vitro, study tumor models, gene expression, drug screening and design
transplantable organ constructs [70-73]. Cells cultured in 3D systems may exhibit
characteristics more relevant to physiological conditions than those on 2D surfaces,
including adhesion, mechanics, cytoskeletal organization, proliferation, migration,
differentiation, apoptosis, spatial distribution, gene expression, diffusion and response
to signaling molecules [74-77].

Multicellular spheroids are now widely exploited models for 3D culture -
created from single or co-culture methods either matrix-based or scaffold-free - where
the cells tend to spontaneously aggregate and self-organize into spherical compact
clusters (on non-adherent substrates), which render a simple and reproducible model of
the physiological microenvironment [78]. Their formation generally involves: i) the
binding of ECM fibers to surface integrins that triggers the aggregation of dispersed
cells (early phase); ii) a delay period exhibiting up-regulated expression of cadherin due
to cell-cell contacts, and iii) cells compaction into solid aggregates/spheroids driven by
the homophilic cadherins adhesion (Fig. 2a) [79]. These structures normally possess an
active area of proliferating cells at the periphery, with quiescent/necrotic cells in the

inner part, which is evidenced for spheroids with diameters typically above 200 pum that



are associated with oxygen and nutrients deprived centers (Fig. 2b) [80].
Fundamentally, spheroids can capture architectural and functional characteristics of the
native tissue and modulate therapeutic activities by secreting paracrine-signaling
factors. Cells are surrounded by the ECM which provides distinct biomechanical and
biochemical cues, and are exposed to complex molecular diffusion patterns, which can

determine cell differentiation, proliferation and homeostasis [81].
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Fig. 2. (a) Spheroids formation process and (b)
pathophysiological gradient model.

Over the years, various techniques have been employed to fabricate cell
spheroids, which include hanging-drop culture, non-adherent surfaces, micromolding,
spinner flasks, microfluidics, polymer scaffolds or external forces [82-88]. An
interesting process for cell spheroid fabrication and delivery in situ may rely on
temporary hydrogel-mediated cell immobilization followed by the dissociation and
release of these aggregates [89, 90]. For instance, Zhang and co-workers developed an
injectable galactosylated hydrogel that solidifies at physiological temperature to
reversibly encapsulate hepatocyte spheroids within two weeks and promote liver-
specific functions, which could be harvested from the scaffold by cooling down to room
temperature without significantly affecting their viability [91]. Parameters such as
throughput, size and cell number, incubation time, reproducibility, specialized
equipment and cost should be considered when selecting the optimal process [92, 93].
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Although cell spheroids have been mostly investigated in vitro, it is expected
that they provide a roadmap for future advances in cell therapies and tissue engineering,
which would expedite the pre-clinical use of biomaterial-cell ensembles, improving the
quality and accessibility of the disease treatments and therapeutic efficacy. In the last
seven years, studies involving spheroids’ implantation in vivo (rodent models) have
evolved with focus on musculoskeletal, cardiovascular, hepatic and endocrine
applications by evaluating, among other parameters, cell retention, survival and

differentiation, regenerative efficiency or vascularization potential [94-102].

4. Polymer-mediated cell membrane remodeling for cell aggregation

As previously mentioned, the functionalization of the cellular interface with
exogenous polymeric-based materials has been exploited to regulate cell
communication and adhesion, trigger cellular aggregation and mimic tissue-like
organized structures by turning the cells into suitable “building blocks” to investigate
cell-cell interaction and recognition with interest in biosensing, cell-based therapies and
tissue engineering. Chemical derivatization of the cell membrane constitutes a powerful
approach to selectively induce the aggregation of cell populations in highly controlled
manner; the studies on RBCs pioneered the clinical interest of researchers for these
reversible cell assembly strategies [103-106]. The procedures for the direct installation
of these (nano)materials range from covalent crosslinking to ligand-receptor mediated,
hydrophobic and electrostatic interactions.

The construction of complex 3D multicellular structures in vitro is an area of
intensive research dedicated to the generation of spheroids, and ultimately, artificial
organoids which resemble the architecture, composition, cellular organization and
genetic signature of human miniaturized organs [73].

An interesting strategy was reported by Yousaf and co-workers who investigated
a scaffold-free co-culture cardiac tissue model based on the engineering of the cell
membrane by liposome fusion to install bio-orthogonal functional groups [107, 108].
Cardiomyocytes, cardiac fibroblasts and human umbilical vein endothelial cells
(HUVECSs) decorated with ketone and oxyamine groups at the surface were rapidly
clicked together via stable oxime bonds (Fig. 3a). This tissue-like assembly was able to
beat synchronously without any external electrical stimulation due to high cell density
and efficient development of cellular junctions. In a following study, the same group

11



engendered liposome fusion to create a photo-active and bio-orthogonal cell membrane
for remotely-controlled spatial and temporal cellular assembly and disassembly upon
UV light irradiation, since the ligation tether contained a photo-cleavable group. Such
an approach allowed for the modulation of cell adhesion and production of clusters of
fibroblasts and hMSCs (within 3 hours) and multi-layered microtissue structures (5
days) [109, 110]. This strategy also inspired the researchers to use the liposome fusion
to functionalize the cell membrane of fibroblasts with fluorescent RGD (Arg-Gly-Asp)
peptides, which could recognize and adhere to integrin-expressing fibroblasts and form
oriented tissue microlayers [111]. Cell metabolic assays revealed that the cells still

remained active 5 days after lipid fusion.
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Fig. 3. (a) Schematic illustration of the formation of scaffold-free cardiac microtissue combining
cell membrane engineering and bioorthogonal chemistry. Adapted from ref. 108 with permission
from Springer Nature. (b) Attachment of complementary DNA strands onto metabolic-engineered
fluorescent Jurkat cells to induce their assembly into 3D spherical structures (scale bars: 50 um).
Adapted from ref. 114, Copyright (2009) National Academy of Sciences.
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The functionalization of the cell membrane with DNA helices can afford
selective cell-cell interactions driven by the high affinity hybridization of two
complementary strands. To this end, Bertozzi and Francis groups reported seminal
works employing metabolic oligosaccharide engineering to anchor azidosialic acid on
the surface of the cells [112], which could then react with triarylphosphine-modified
single-stranded DNA through Staudinger ligation, to trigger cellular assembly under
physiological conditions [113]. The researchers elegantly demonstrated that Jurkat cell
populations modified with complementary DNAs could be reversibly assembled into
microtissues in a well-defined manner (i.e. by adjusting the DNA density on the surface,
DNA sequence and cell concentration), where (non-modified) control cells showed
limited cell aggregation [114]. When fluorescence oligonucleotides were employed,
they observed DNA strands clustered at the cell interface, confirming their specific role
in the aggregation process (Fig. 3b). More importantly, the researchers verified that the
cells within the assembled microtissues could crosstalk by paracrine mechanisms (that
is a prerequisite for the formation of functional tissues). The same group also reported
the covalent reaction of a NHS-PEG-maleimide crosslinker with primary amino groups
present on the membrane proteins followed by the conjugation of thiolated DNASs via
maleimide chemistry [40]; RBCs, primary T-cells and cardiomyoblasts could be
captured and attached to a predefined substrate to investigate the formation of myotubes
capable of spontaneous contraction. More recently, non-covalent methods were
similarly employed to intercalate lipid-conjugated DNA derivatives on the plasma
membrane to rapidly and specifically aggregate the cells in a microsized pattern
substrate; multicellular spheroids could then be formed after 24 hours with controlled
size, shape and spatial organization to explore collective cell behaviors and
morphologies [115].

In a similar context, Castro et al. described the attachment of DNA origami
nanostructures to the surface of various cell lines (including suspended, adherent and
primary cells), using cholesterol-conjugated oligonucleotides as amphiphilic anchors, to
create a programmable platform to probe spatially and reversibly cell binding [116].

Yun and co-workers developed a more intricate “cell-gluing” system based on
metabolic glycoengineering to install tetrazine and trans-cyclooctene groups on the
surface and posterior click chemistry conjugation to form covalently-bound cell
complexes, which exhibited minimum cytotoxicity [97, 117]. Yusa and co-workers

reported an alternative, but also interesting approach, where methacryloyl groups were
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introduced metabolically into carbohydrates on the surface of HL-60 mammalian cells
followed by the immobilization of a thermoresponsive thiol-terminated poly(N-
isopropylacrylamide) (PNIPAAm) polymer by UV irradiation (without affecting
significantly the cell viability). When the temperature increased to 37 °C, i.e. above
polymer’s lower critical solution temperature (LCST), the cells spontaneously
aggregated, after 30 minutes, owing to the hydrophobic effect of PNIPAAm [118].
Recently, boronic acid chemistry was employed by our group as a simple and
generic cell membrane remodeling strategy to induce and remotely control the rapid
formation of aggregates in mammalian cells (including fibroblasts, cardiomyoblasts and
cancer cell lines) and bacterial strains by exploring bio-orthogonal ligand-receptor
multivalent interactions [119-122]. Accordingly, thermoresponsive PBA-based
copolymers, at micromolar concentrations, could regulate cell aggregation driven by the
intercellular crosslinking of neighboring cells through the formation of diol-boronate
ester bonds with sialic acids present on cell surface glycoproteins, and by the
hydrophobic interaction of the polymers via coil-to-globule phase transition at 37 °C as
shown in Fig. 4. The engineered cells could self-organize into clusters in under 30
minutes, using conventional cell culture conditions, and form well-defined and
homogenous spheroids with controlled size at variable rate when cultured for 2 days (in
non-adherent plates) [120]. The proposed method did not compromise cell viability,
exerted robust kinetics and accelerated the formation of spheroids compared to non-
treated cells, where it is reversible by glucose addition or temperature variation.
Similarly, when the cells were modified with a thermoresponsive NHS-activated ester
oligo(ethylene glycol) methacrylate copolymer, the formation of large cell aggregates
was induced due to the coil-to-globule phase transition of the polymer above its LCST
[119]. Therefore, this work overcomes certain deficiencies presented by current
methods such as variable spheroids diameter, laborious handling, time consuming, low-
throughput and cost. In addition, we have demonstrated that it is possible to exploit
these cell-polymer interactions to form bulk injectable cellular glues with intriguing

rheological properties that can be adjusted by thermal or light stimuli (see below).
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Ligand-receptor mediated cellular aggregation strategies utilizing RGD peptides
or biotin-(strept-)avidin type of interactions have been explored by several researchers
[123-125]. Early studies of the Saltzman group described the (asymmetrical)
aggregation of neuroblastoma cells and fibroblasts in serum-free culture, using an
orbital shaker, promoted by PEG-RGD terminated polymers through peptide specific
binding to complementary cell surface integrin receptors [126, 127].

In another study, Meier described the synthesis of poly(ethylene oxide) (PEO)
modified with a hydrophobic cholesteryl group at one end and a hydrophilic biotin
group at the other; the copolymer (at a relatively high concentration of 3 mg mL™)
could be anchored in the lipid membrane through hydrophobic interaction and the cells
aggregated reversibly when incubated for 4 hours with streptavidin [128]. Interestingly,
it was verified that the biotinylated PEO chains should have a minimal distance of
approximately 15 nm from the plasma membrane to overcome the steric effect of the
glycocalyx and permit the effective binding of streptavidin molecules. Jiang and co-
workers took advantage of biotin-streptavidin interactions to develop 3D multilayered
tissue-like structures [129]. Biotinylated cells were coupled to streptavidin-coated
adherent cells and added sequentially to form a multilayer within one hour. The
deposition of a bilayer of HUVECs and Jurkat cells on a stress-induced rolling
membrane could then form 3D tubular structures that mimic the intima part of blood
vessels walls (Fig. 5a). The same principle was earlier investigated by Shakesheff et al.
who attached biotin molecules on the cell membrane of myoblasts and further added an
avidin solution to induce their aggregation within 75 minutes at room temperature under
agitation [130]. Prior to this step, biotinylation of the cells was performed through
periodate oxidation of the vicinal diols of sialic acid residues on the cell surface to form
aldehyde groups which could be used to selectively bind biotin hydrazide by hydrazone
bond formation, without observing significant cell toxicity [131]. Alternatively, the
same group recently described holographic optical tweezers-based cellular
micromanipulation to generate defined 3D patterns stabilized by using avidin-biotin cell
crosslinking; this technique allowed for the chemical and spatiotemporal control of
individual or groups of cells, which can be applied to study complex stem cell niches
[132].

The LbL technique for the fabrication of polyelectrolyte multilayers (PEMs) has
also been employed in tissue in vitro modeling and cell immobilization [133]. Rubner

and co-workers reported on injectable cellular “backpacks”, consisting of hyaluronic
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acid (HA)-containing multilayer microparticles, which could be attached by Coulombic
forces to the membrane of one or more cells to form small aggregates. Their size was
affected by the ratio of cells to backpacks (R) and the backpack diameter (d) -
aggregates’ size monotonically decreased with R and increased with d [134]. LbL
assembly was also employed by Akashi and colleagues to prepare nanometer ECM-
mimicking films on the surface of fibroblasts, composed of fibronectin and gelatin, to
promote integrin-mediated adhesion between neighboring cells (Fig. 5b). The
subsequent deposition of cell populations drove the construction of organized 3D
cellular multilayers, under 6 hours, which can resemble the architecture of blood vessels
[135], vascularized cardiac tissue [136], or liver tissue [137]. More recently, this
research group reported the fabrication of mature pancreatic 3-cell spheroids within 3
days, where the LbL cell coating (comprising gelatin and fibronectin) enhanced the
insulin secretion ability in vitro (Fig. 5¢) [102]; in addition, diabetic mice transplanted
with the engineered spheroids exhibited lower blood glucose levels and improved
glucose sensitivity after intraperitoneal glucose stimulation compared to controls.

Fery et al. exploited a microcontact printing process with interest in biosensing
to first coat yeast cells with PEMs (poly(allylamine hydrochloride) and
poly(styrenesulfonate)), and later to immobilize the cells on patterned substrates while
maintaining their viability [138]. Paunov and co-workers showed the formation of
spherical yeast cells clusters by colloid interactions based on the microbubble
templating of cells coated with cationic polyelectrolytes [139, 140]; these cell
assemblies of hollow-shell architecture, called “cellosomes”, were created due to the
attraction of the polycation-coated cells by the net negative surface charge of the

microbubbles.
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Fig. 5. (a) Schematic illustration of cell aggregation promoted by biotin-streptavidin type of interaction
to fabricate cell sheets mimicking a tubular wall (scale bar: 200 um). Adapted with permission from ref.
129; Copyright 2013, Wiley-VCH Verlag GmbH & Co. kGaA, Weinheim. Layer-by-layer cell coating
can also be applied to fabricate (b) 3D cellular multilayers and (c) B-cell spheroids (left, scale bars: 10
um; right, scale bars: 200 um). (b) Adapted with permission from ref. 135; Copyright 2007, Wiley-VCH
Verlag GmbH & Co. kGaA, Weinheim. (c) Adapted from ref. 102 with permission from Elsevier.

Caggiano and co-workers synthesized a maltol-derived hydrazide that was
installed on the cell surface through reaction with aldehyde groups previously
introduced on the membrane using the well-known mild oxidation of sialic acid
moieties [141]. When Fe®* ions were added to the serum-free suspension, cancer cells
started to aggregate after 10 minutes, owing to the selective maltol’s high affinity for
Fe* ions. However, in complete culture medium, cell aggregation was prevented
presumably due to iron-chelating proteins, such as transferrin. It was also observed that
the aggregates’ size increased proportionally with time and to the increase of Fe®*
concentration up to a critical value (100 uM).

Yu and colleagues developed a hydrazide-functionalized inter-cellular linker -
polypropylenimine hexadecaamine dendrimer (DAB-AM-16) - which could react with
the aldehyde groups of metabolically engineered HepG2 cells’ surface and trigger
aggregation [142, 143]. This dendrimer presented higher cell aggregation efficiency
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compared to the dendrimers with fewer arms and no charge, and facilitated spheroids’
formation at lower linker concentrations (10 uM), which minimized the toxicity. The
cell aggregates maintained their morphology and cellular functions over a 7-day culture
period, even as the polymer linker gradually disappeared from the surface after 2 days.
Inspired by the previous results, the researchers later described an oleyl-PEG derivative
conjugated to 16 arms-DAB to rapidly assemble hepatocarcinoma cells (ca. 30 minutes
in orbital shaker) [144]. The positively charged dendrimer concentrated the linker onto
the negatively charged cell surface to facilitate the insertion of the oleyl groups into the
membrane to produce cell spheroids with high viability; their rate of formation was
accelerated by increasing the linker concentration (up to a critical value of 1 uM),
although the morphology was not predominantly uniform. The Taguchi group reported
the aggregation of pancreatic B-cells based on the functionalization of cell membranes
with a polymeric crosslinker composed of two distinct units - PEG derivative with oleyl
groups at both ends [145]. The crosslinker could anchor to the phospholipid bilayer and
trigger cell aggregation via hydrophobic interactions within 3 days (Fig. 6a). Moreover,
the resultant spheroids showed enhanced insulin secretion and mRNA expression of E-
cadherin with increasing crosslinker concentration (up to 2.5 mg mL™), although their
formation proved to be more efficient in the absence of serum. The same group
employed a similar strategy to promote the generation of spheroids of HepG2 cells,
whilst it exhibited higher ammonia elimination and albumin secretion [146, 147].

Another strategy from Kim and co-workers employed electrospinning fabricated
poly(lactic-co-glycolic acid) nanofibers to induce the formation of small cellular
spheroids possibly driven by the adsorption of vitronectin and fibronectin from the
serum on the fibers. The incubation of fibroblasts and embryonic kidney cells with the
nanofibers improved the efficiency of spheroid formation, mainly during the first 12
hours of the process, as well as increased the average diameter of the spheroids. It was
also shown that FAK gene expression (associated with cell adhesion) was augmented in
the presence of the polymer nanofibers when compared to controls [148]. Otherwise,
the Tae group used a lipid-conjugated heparin to form cell aggregates after 30 minutes
by shaking the suspension, although this interaction is relatively weak when compared
with other systems where the shape could be controlled based on the templates used
[149].
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Fig. 6. (a) Cell aggregation process and subsequent spheroid formation induced by a hydrophobic-
terminated polymeric crosslinker (seeding density of 1x10° cells per well and scale bar represents 1
mm). Adapted from ref. 145 with permission from Elsevier. (b) Formation of spheroids based on
magnetic cell levitation. The incubation of cells with iron oxide nanoparticles elicit their aggregation
when an external magnetic field is applied (scale bars: 30 um). Adapted from ref. 150 with permission
Springer Nature.

The functionalization of the cell surface with polymeric particles provides
further means to trigger contactless tissue assembly driven by external fields, which
may help to recreate signaling cues or sense the local microenvironment. A noteworthy
illustration of this concept has been explored by several researchers who designed
magnetized cells that can be organized into random clusters, spheroids or sheets (Fig.
6b) [150-153]. For instance, Alsberg et al. reported biocompatible albumin-coated
magnetic NPs that decorate human endothelial cells’ surface and when exposed to an
external electromagnetic field, they could form chain-like cell assemblies by a negative
magnetophoresis process (i.e. motion induced by the magnetic field on a particle) [154].
After the ferrofluid removal, the cells could adhere to a substrate and grow normally.
Magnetically-labelled MSCs with anionic citrate-coated maghemite (yFe2O3) NPs could
also be used to form aggregates of defined sizes and shapes, such as spheres, rods or
sheets, in order to create cellular patterns for stem cell differentiation into chondrocytes,
as reported by Wilhelm and co-workers [155]. In a similar context, Velev et al. showed
that colloidal microparticles, namely lectin-coated paramagnetic particles, anchored to

the plasma membrane by biospecific or electrostatic interactions, stimulated aggregation
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of eukaryotic yeast and fibroblast cells on a chip to yield 1D chains or 2D arrays when
an electric field was applied - dielectrophoresis process [156]. Salem and colleagues
designed a cell-microparticle hybrid system to enhance cell-cell interactions by
preparing biotinylated PLA-PEG microparticles that bound to the previously biotin-
enriched membrane of human embryonic kidney cells with avidin as the bridging
protein [157].

Cellular glues

Inspired by cell-cell communication and the interaction between cells and the
ECM in the complex biological environment, researchers have explored the ability of
cells and biopolymers to coordinate through multiple adhesive connections to form
macroscopic “cellular glues”, which could create cell-rich gel type biomaterials for
tissue regeneration or the formation of millimeter-sized 3D spheroids. The cells serve as
active structural elements within the polymer matrix, where each polymer chain is
attached simultaneously to multiple ligands of the surface of adjacent cells creating a
3D network (Fig. 7). This approach is highly appealing in that it minimizes the need for
use excess of biomaterial which is only utilized at the cell membrane interface;
potentially, this methodology mitigates toxicity issues and could facilitate better
integration with the surrounding tissues at the site of implantation.

In this context, an interesting example was reported by Mooney et al. who
prepared a RGD-modified alginate polymer that was mixed with living prosteoblasts (at
a concentration of 1.5x10® cells mL?) [158]. The integrin receptors on the cell surface
could bind and crosslink multiple polymer chains of the RGD-functionalized alginate
that stabilized the polymer-cell suspension and formed a soft gel (1<G’<20 Pa) with
mechanical properties that were dependent on the cell density used. Meier and co-
workers described cell-material crosslinked networks formed by polymers bearing
hydrophobic end-groups, i.e. a-m-cholesterol-modified poly(oxyethylene), that could be
inserted into the hydrophobic region of the lipid bilayer and interconnected the cells to
form gels with a storage modulus around 100<G’<500 Pa [159]. More recently,
Raghavan et al. synthesized hydrophobically-modified chitosan or alginate polymers
that were anchored on the membrane of HUVECs via hydrophobic effect and capable of

gelling the suspensions (1<G’<10 Pa), without affecting their viability [160].
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Our group also reported the formation of macroscopic cell-laden gels, using a
boronic acid-based copolymer and a thermoresponsive succinimide-based copolymer,
under physiological conditions within seconds [119, 161]. The cell glues (G’ ~200 Pa)
could be reversibly turned to their corresponding sol state and release their cellular
cargo either by the addition of glucose (that saturates and dissociates the boronic acid
groups from cell-bound diols), or by lowering the temperature below the LCST
(hydrophilic state of the polymer). It was observed that the variation of the polymer-cell
ratio feed could influence the gelation behavior but the soft gels could remain stable for

hours without significant physiological alteration of the cells tested.
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Fig. 7. Depiction of cell “gelation” mechanisms. (a) Reproduced with
permission from ref. 158; Copyright 2003, Wiley-VCH Verlag
GmbH & Co. kGaA, Weinheim. (b) Adapted from ref. 160 with
permission from the Royal Society of Chemistry.

5. Organl/tissue printing using self-assembled multicellular spheroids

The exciting field of 3D printing stands as an (ex vivo) tool capable to create
complex tissue architectures and allows for a precise spatiotemporal control of
organoids fabrication [162, 163]. Bioprinting allows for the accurate positioning of
different types of living cells, polymers, drugs or growth factors in a 3D environment
using scaffold-based (e.g., hydrogels and microcarriers) or scaffold-free (e.g., cell
aggregates) bioink materials, using computer-aided design, which can closely replicate

physiological functions and architecture of target tissues, and improve human models
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for organ transplantation and disease modeling [164]. Scalability and suitability for
automation with bioprinters are also attractive aspects of directed tissue assembly
technologies.

As 3D bioprinting (either laser-, extrusion- or droplet-based) becomes more
sophisticated, the selection of appropriate biomaterials with tunable properties can
determine the mechanical, chemical and physical properties of the designed structure;
rheological properties, degradation behavior, printing speed and cell density vary
according to the bioprinting technique used, which can affect the cellular viability and
proliferation [165, 166]. Tissue and organ models of kidney, liver, heart, blood vessels,
lungs, skin, cartilage and bones are already exploited for drug testing and in vitro assays
[167].

From a biological perspective, organ development during early morphogenesis
relies on intrinsic cellular adhesion mechanisms and tissue fusion, being these
fundamental principles of 3D printing technologies. Bioprinting of cell spheroids,
through scaffold-free approaches, has been envisioned as a promising solution for the
fabrication of functional tissues in shorter time with multifarious architectures since
cellular aggregates, under appropriate conditions, can be used as self-assembling
building blocks for regenerative medicine applications [168-171]. Scaffold-free
bioprinting can thus offer relatively high cell density initially without the inclusion of
biomaterials.

An early example was reported by Forgacs and co-workers who developed
cellular spheroids of controllable diameter (300-500 um) of smooth muscle cells and
fibroblasts, which could be deposited layer-by-layer onto a molding template. The post-
printing tissue fusion and maturation of the bioinks originated elongated multi-layered
structures that resembled segments of branched vascular trees as small diameter blood
vessels (Fig. 8a) [172]. Following a similar approach, Morita et al. later reported the
printing of small caliber tubular tissues, composed of HUVECs, aortic smooth muscle
cells and dermal fibroblasts, from cell spheroids after four days [173]. The researchers
cultured the tubular tissue in a perfusion system and implanted it into the abdominal
aortas of nude rats, showing that the inner surface of the vascular constructs underwent
endothelialization. Hibino and colleagues fabricated 3D bioprinted cardiac tissue by
assembling cardiospheroids consisting of human induced pluripotent stem cell (iPSC)-
derived cardiomyocytes, human ventricular cardiac fibroblasts and HUVECs on a

needle array (Fig. 8b) [174]. The patches developed could beat spontaneously (within
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three days) and exhibited initial engraftment and vascularization when implanted in
vivo. More recently, Mironov and co-workers reported a bioprinted vascularized mouse
thyroid gland construct from embryonic tissue spheroids, which could restore thyroid
homeostasis after grafting under the kidney capsule of hypothyroid mice [175]. Another
noteworthy method based on a coaxial extrusion and microinjection technique
introduced tissue strands (obtained through aggregation of cells) as scalable bioinks that
facilitated rapid fusion and maturation, and could be printed in solid form without the
need for a mold support or liquid delivery medium during extrusion [176]. Cartilage
mature strands were nearly completely fused into a single tissue patch after 7 days,
implanted into ex vivo osteochondral tissue defects and were able to undergo
remodeling effect within the host tissue [177].

Bioinspired microtissues are in the early phase of prototyping and development.
Despite the recent progress, this technology still presents different limitations, which
include the cost, bioprintability, the difficulty of producing tissues with clinically

relevant resolution, complexity, size and shape (such as vasculature), viability and
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Fig. 8. (a) Bioprinting of tubular structures from multicellular spheroids: layer-by-layer deposition
into a template and posterior spheroids fusion to form a branching tube (scale bar: 100 pm).
Adapted from ref. 172 with permission from Elsevier. (b) Overview of a biomaterial-free 3D
bioprinting process employed to fabricate cardiac patches from cell aggregates (scale bars: 1000
um). Adapted from ref. 174 with permission from Springer Nature.
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6. Conclusions

Remodeling of the cell membrane with functional biomaterials has only recently
emerged and is likely to impact emerging technologies that can be used for therapeutic
and diagnostic purposes, i.e. in disease 2/3D in vitro modeling, cell therapeutics and
precision medicine [179-182], cell sorting and cryopreservation technologies [183,
184]. In parallel, it is necessary to thoroughly study the long-term effect of cell surface-
interacting materials and underlying processes to reduce any negative impact on cellular
functions. Although some of the methods previously discussed have clearly
demonstrated preclinical potential, non-genetic cell engineering technologies are still in
their infancy and none have been translated into the clinic to date. Irrespective of the
disease type, the production of cell-based therapeutics requires standardized, safe and
cost-effective scale-up production processes.

The development of cell-material ensembles is challenging but promising as it is
possible to achieve a level of functional sophistication and therapeutic utility unfeasible
using solely synthetic chemistry. To this end, biocompatibility, permeability and
diffusion of nutrients, mechanical properties, rate of biodegradation and cell release,
route of administration, reproducibility and easy manipulation by the clinicians are
critical design criteria to take into consideration [185, 186]. It is critical to further
investigate the localization, stability and sensitivity of the immobilized materials, and
how membrane turnover and cell division affects their accessibility. Consequently, the
strategies chosen should generate minimal alterations on the biological activity of the
cells but confer new functionalities to the system, which can facilitate new insights into
tissue engineering. These approaches may aim for targeted delivery, protection of the
cells against physical stress, camouflaging surface antigens (reduce immunogenicity),
tracking control of cellular processes and promoting cell signaling/recognition, or
intercellular interactions. Redesigning the cell membrane with functional materials will
continue to impact the cell fate and functioning to foster technologies that can be used
for therapeutic and diagnostic purposes, bearing in mind that response efficacy and
translational feasibility are fundamental criteria for their success at the clinical setting.

From the previous discussion, it is emerging that spheroid models with tailored
characteristics can be used to direct tissue fusion and potentiate the development of
living functional prototissues, for example, with the use of 3D bioprinting and other
microfabrication methodologies. The concept of computerized layer-by-layer
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biofabrication of human tissues and organs using cell spheroids as building blocks or
cellular glues as bioinks was proposed in the last decade and has been gradually
evolving; hence, it is likely that even more intricate hierarchical living structures will
emerge, which may pave the way towards the envisioning of tissue and organ
biofactories for on-demand bioapplications spanning from cell therapeutics to

diagnostics, organ transplantation and beyond.
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