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Abstract: The concept of three-dimensional (3D) cell culture has been proposed to maintain cellular
morphology and function as in vivo. Among different approaches for 3D cell culture, microcarrier
technology provides a promising tool for cell adhesion, proliferation, and cellular interactions in 3D
space mimicking the in vivo microenvironment. In particular, microcarriers based on biopolymers
have been widely investigated because of their superior biocompatibility and biodegradability.
Moreover, through bottom-up assembly, microcarriers have opened a bright door for fabricating
engineered tissues, which is one of the cutting-edge topics in tissue engineering and regeneration
medicine. This review takes an in-depth look into the recent advancements of microcarriers based
on biopolymers—especially polysaccharides such as chitosan, chitin, cellulose, hyaluronic acid,
alginate, and laminarin—for 3D cell culture and the fabrication of engineered tissues based on
them. The current limitations and potential strategies were also discussed to shed some light on
future directions.
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1. Introduction

Traditional two-dimensional (2D) cell culture in plate has been found to distort cell behavior
and biological functions to some extent as compared with cells in vivo [1,2]. As a typical example,
2D cultured tumor cells in vitro often show slower tumor progression and lower drug resistance in
comparison to tumors in vivo, leading to a discounted efficiency of drug screening and testing [3,
4]. This is mainly because 2D cell culture in vitro cannot establish efficient and multidirectional
cell-cell and cell-extracellular matrix (ECM) interactions as present in the microenvironment in vivo,
which potentially induce changes in cellular morphology and gene expression. To obtain cells
with normal morphology, behavior, and functions as in vivo, the concept of three-dimensional
(3D) cell culture was proposed, that is to culture cells in a 3D environment mimicking the in vivo
microenvironment with sufficient and multidirectional cell-cell and cell-ECM interactions formed [5,6].

Different strategies have been proposed to achieve 3D cell culture, among which the scaffold-based
approaches represent an important conceptual framework or paradigm [7]. The classic solid
porous scaffolds created from biodegradable polymers have been extensively studied as a temporal
template-like instructive support for cell attachment and growth. Efficient 3D cell attachment with
excellent viability, motility, proliferation, and remodeling of the extracellular matrix can be achieved
by using this approach due to the excellent biocompatibility and appropriate porous structure [8-10].
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However, it is still technologically challenging to achieve the precise placement of different cell
types within solid porous scaffolds and to achieve organ-like cell densities in tissue constructs [11].
A few reviews concerned with the advancement and shortcomings of the solid porous scaffolds are
available [7,12-14]. Meanwhile, hydrogel-based scaffolds from natural and synthetic polymers have
received broad attention for cell incubation due to their good biocompatibility, high water content,
and special properties (such as stimuli responsiveness, injectability, etc.) [15-17]. A wide range of
hydrogels have been developed as cell carriers for cell therapy and tissue engineering. Insight reviews
on these topics can be found as well [18,19]. However, in terms of 3D cell culture, the difficulties in
oxygen and nutrient supplement for inner cells in the hydrogels are becoming the bottleneck for the
hydrogel approach [20,21].

Another classic approach for 3D cell culture is multicellular spheroids, formed without attachment
to a scaffold [5,22]. Cell-cell adhesion is one of the key driving forces for the formation of the
spheroids. By using this strategy, multicellular tumor spheroids have been reported and tested as
in vitro tumor models for drug penetration and efficacy studies in tumors [23,24]. Compared to the
2D cultures in plates, tumor spheroids are more closed to the physiological tumor tissues in the
main features, namely their structural organization, pH and nutrient gradients, hypoxia, protein
expression, growth factor permeation, and interactions with ECM. The multicellular tumor spheroids
support the interactions between tumor cells and normal cells. Thus, they may be used to study
tumor progression by serving as models of tumor microregions and tumor growth at an early
and avascular stage [25,26]. These spheroidal systems can also serve as equivalents of migrating
micrometastases [25,27]. Besides, tumor spheroids are used to assess the release of soluble mediators,
which provide cues for immunosurveillance and associated immune escape [28]. Overall, multicellular
spheroids are acting as promising models to bridge the gap between traditional 2D in vitro studies
and in vivo models [29]. Unfortunately, when the spheroids grow to a certain size, the transport
of oxygen and nutrients to the core, and of metabolic waste products by simple diffusion becomes
difficult, leading to a low concentration of oxygen and nutrients for the inner cells [5,30]. The spheroid
diameter is thus limited to 200-400 um due to these diffusion constraints.

More recently, a cell accumulation technique was reported by Akashi et al. [31] for the rapid
construction of 3D tissues. The authors first coated individual cells with fibronectin-gelatin (FN-G)
nanofilms, which interacted with the o531 integrin receptors of cell membranes. The 3D tissues were
formed by inducing cell-cell adhesion for the seeded cells in three dimensions. However, similar to
multicellular spheroids, since the cells were tightly packed within the constructs without spacing,
the transport of oxygen, nutrients, and metabolic waste to and from the inner cells became a major
problem as the construct size increased [32].

Microcarrier-based approaches have been proposed for 3D cell culture using the micro-scaled
scaffolds to support cell attachment and growth. They are considered to be more favorable for cell
attachment with higher cell density and cell yields compared with the macroscopic scaffolds due
to the higher surface area to mass ratio [33-35]. The transport of oxygen, nutrients, and metabolic
waste within the microcarriers can also be easier in comparison with cellular spheroids when a porous
structure is applied. In view of these advantages, the microcarrier technique has been widely studied
over the past few decades for the purpose of 3D cell culture, with major applications in cell therapy and
tissue repairing [36—43]. In recent years, the microcarrier-based approach of 3D cell culture has also
opened a door for fabrication of engineered tissues, which is one of the cutting-edge topics in tissue
engineering and regeneration medicine. Different engineered/artificial tissues have been developed
from cell-laden microcarriers either as model tissues for pharmacological and pathological studies or
for tissue regeneration [44—47].

Several reviews on the microcarrier technology are available, discussing its advantages in cell
expansion and applications in tissue engineering [48-52]. As an example, Li et al. [51] overviewed
the microcarrier culture technology with emphasis on the microcarrier materials, classification,
and applications as cell-delivery systems for tissue repairing. More recent advances in the use
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of microcarriers for cell cultures were reviewed by Chen et al. [52]. The authors also discussed
the significance of microcarriers as an ex vivo research tool and their therapeutic potential in vivo.
However, the concepts of 3D cell culture using microcarriers and in vitro tissue formation through
engineering cell-laden microcarriers as building blocks have not been fully addressed. In this review,
we will first focus on the concept of 3D cell culture using microcarriers as support. The microcarriers
discussed in this work include not only microspheres but also microgels with materials limited to
biopolymers, such as chitosan, cellulose, hyaluronic acid, alginate, and poly(D,L-lactide-co-glycolide)
(PLGA). Then, the fabrication of engineered tissues using cell-laden microcarriers as building blocks
through a bottom-up assembly strategy and their benefits in biological and medical studies will
be discussed. An in-depth look into the advancements and limitations in the field and a general
prospective will be presented as well. We hope this review can provide comprehensive information
and inspire new thoughts in the microcarrier concerned areas with purposes of 3D cell culture and
engineered tissue formation.

2. Fabrication Techniques for Three-Dimensional (3D) Cell Microcarriers

An emulsification-based process is frequently employed to fabricate microspheres from different
polymers such as cellulose, chitosan, and PLGA. Combining the emulsification method and biomimetic
mineralization process, Patricio et al. [53] prepared superparamagnetic microspheres made of collagen
type I-like peptide matrix mineralized with Fe?*/Fe>* doping hydroxyapatite. The microspheres
were obtained by emulsifying the mixed slurry in the presence of citrate ions. The achieved
biomimetic surface showed enhanced bioactivity and dispersion ability in the cell medium [53].
By using a process combining micro-emulsification and thermally induced phase separation (TIPS), we
prepared chitosan microspheres with a highly porous structure as microcarriers for 3D cell culture [54].
Besides, the water-in-oil (W/O) emulsification process was combined with the freeze-drying process to
prepare aerogel microspheres from the hybrid of poly(vinyl alcohol) (PVA) and cellulose nanofibril
(CNF) [55]; while the combination of the oil-in-water (O/W) single-emulsion method and porogen
leaching-phase separation process was applied to prepare PLGA porous microspheres with a size
of approximately 50 um for cell microcarrier application [56]. However, the emulsification-based
method has limitations on the material range. As an example, microspheres cannot be obtained from
the nanofibers of bacterial cellulose (BC) by this process without dissolving the nanofibers. Recently,
Higashi et al. [57] reported the successful preparation of nanofibrous microspheres of BC through a
template-assisted microbial fermentation approach.

Microfluidics is a versatile method to obtain intricate microparticles with varying size and shape by
producing emulsion droplets in microscale [58-61]. Monodisperse droplets can be efficiently developed
and further engineered to generate microgels, which provides a valuable platform for 3D cell culture
and miniaturized tissue engineering [62-66]. Lee et al. [65] fabricated macrophage-laden microgels
containing methacrylic gelatin for microtissue fabrication using a double flow-focusing microfluidic
approach. Briefly, monodisperse droplets of gel precursor solution infused with cells were first
generated by a microfluidic device having a flow-focusing geometry, followed by photo-crosslinking
to generate cell-laden microgels (Figure 1). Similarly, methacrylate laminarin microparticles were also
prepared by combination of microfluidics technology and photopolymerization [67]. Microfluidic-based
cell encapsulation by microgels has been applied in studying cellular dynamics and interactions.
Pajoumshariati et al. [68] encapsulated crypt and Peyer’s patch cells separately into distinct
alginate/gelatin microgels using the microfluidic approach. The resultant cell-laden microgels allowed
for intercellular chemical communication, and could be used as a model system for investigation of
cell—cell interaction.
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Figure 1. Schematic illustration of a double flow-focusing microfluidic fabrication of macrophage-laden
microgels (a). The image below shows the delineated core (Aql) and shell (Aq2) flows during droplet

generation (scale bar: 100 pm). (b) Elastic moduli (E) and swelling ratios (Q) of photo-crosslinked MGel
hydrogels at various concentrations (mean + SD, n = 6) [65]. (Reproduced with permission from Wiley.)

Different from the current microfluidic-based cell microencapsulation techniques in which
fluorinated oils are primarily used, the authors investigated the use of different nonfluorinated
oils as the carrier phase in cell encapsulation. Liu et al. [69] developed a high-throughput double
emulsion-based microfluidic approach to produce poly(ethylene glycol) (PEG)-based microspheres
with chemical functionality. The microspheres containing primary amines (chitosan, CS) or carboxylates
(acrylic acid, AA) were prepared through formation of double emulsion droplets by high-throughput
capillary microfluidic approach.

With the assistance of droplet microfluidics, multicomponent reactions, typically the Passerini
three-component (P-3CR), and the Ugi four-component reaction (U-4CR), can be applied to
produce microgels with a rather uniform size [70,71]. Unlike the regular methods of microgel
formation, where the hydrogel building blocks need to be premodified to introduce certain functions,
multicomponent reactions can simply introduce and extend functions by changing one block to another
in a library-like fashion [72,73]. As an example, Hauck et al. [70] reported the single-step synthesis of
micro-sized polysaccharide based multifunctional gels through multicomponent reactions, in particular
P-3CR and U-4CR. The synthesis of functional polysaccharide one-step was reported by selecting
polysaccharide as substrate, selecting homogenous multiple (ethylene glycol) as crosslinking agent
component, taking the third component of heterogeneous function as a functional agent, and isocyanate
as the starting component of the reaction. These materials were processed into non-colloidal gels using
droplet-based microfluidic, and their size distribution was as low as 1% to 2% [74].

Other approaches for fabricating microcarriers were also reported. For example, Zhang et al. [75]
proposed an acid-dissolution/alkali-precipitation process to prepare chitosan-based microcarriers,
which were reinforced with graphene oxide. Table 1 summarizes the current techniques for fabricating
3D cell microcarriers including microspheres and microgels.
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Table 1. Technology for constructing three-dimensional (3D) cell microcarriers.

Morphology Method Size (um) Ref.

Combining the emulsification method and

biomimetic mineralization process
Non-porous microsphere Fermentation by specific bacteria 200-1000 [57]
High-throughput double emulsion-based

70 [53]

microfluidic approach 100 [69]
Through afn‘aci‘d dissolution/alkali 400 [75]

precipitation approach.
Micro-emulsification and thermally 150 [54]

Porous microsphere induced phase separation (TIPS)
Combination of the water-in-oil (W/O)
emulsification process and the 100-500 [55]
freeze-drying process
Using a microfluidic flow-focusing device 100-160 [65]
Combination of microfluidics technology 100 [67]
Microgel and photopolymerization

Microfluidic approach 50 [68]
Multicomponent reactions 40-80 [70]
Droplet based microfluidic Micro-size [74]

3. Microspheres as 3D Cell Carriers

Microcarrier culture technology was first proposed by van Wezel in 1967 [35]. In this technique,
porous or non-porous microspheres prepared from various materials are employed as supports for
anchoring cell lines. It has shown great potential to culture a variety of animal cells in high yield, due to
the advantages such as high specific surface area, suspension culture with homogeneous stirring and
easy scale-up [33,34]. Different microcarriers are commercially available which are manufactured from
dextran (Cytodex), cellulose (Cytopore), gelatin (Cultispher), polystyrene (HLXII-170), polyethylene
and silica (Cytoline), and glass (G2767) [76,77]. Unfortunately, the commercially available microcarriers
have limitations in offering tailored properties such as elastic modulus and special biological cues.
Correspondingly, extensive efforts are being made to develop microcarriers with specific considerations
of structure and function. A summary of current microspheres including non-porous and porous
microspheres and their applications is shown in Table 2.

3.1. Non-Porous Microspheres

Collagen type I-like peptide matrix was first mineralized with Fe?* /Fe>* doping hydroxyapatite, and
then used to prepare microspheres with superparamagnetic properties for osteoblast cells culture. [53].
Osteoblast cells maintained their typical morphology without obvious damage, whereas showing
up-regulation of osteogenesis markers. The cellular activity and bio-resorption ability of these cells
could be triggered in response to the release of calcium and iron ions from the microspheres in culture
media that simulate physiological or inflammatory environments.

Chitosan-based microspheres were also applied as microcarriers for cell culture [75,78-80],
because of the non-toxicity and good biodegradability of chitosan [81,82]. Zhang et al. [75] developed
hybrid microspheres from chitosan and graphene oxide, which supported stem cell expansion,
growth, and proliferation. Custddio et al. [78] reported monoclonal antibodies-conjugated chitosan
microspheres. Cells were first captured by the monoclonal antibodies and subsequently grew and
expanded on the microspheres.
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Table 2. Microspheres and their applications in cell culture.
Microspheres Materials Size Cell Type Application Ref.
Collagen 70 Osteoblast cells resP otent}al ability of drug carrier and smart [53]
ponse in the presence of inflammatory states.
Human umbilical cord . .
. Chitosan 400 mesenchymal stem cells Support long-time stem cell expansion can [75]
Non-porous microsphere (huMSC) greatly maintain the pluripotency of huMSC
Human subcutaneous separation, scale-up expansion of specific cell
Chitosan 115 adipose cell type and successful use as an injectable system [78]
p to form small tissue constructs in situ.
Chitin 3130 Human hepatocyte L02 As excellent 3[? cell carriers fpr applications in [36]
tissue engineering.
Polystyrenene (PS)/ Human mesenchvmal These microcarriers with defined, synthetic
Poly(ethylene glycol) 400-500 stem cells (hMSyC) coatings may be suitable for a variety of [38]
(PEG) bio-manufacturing applications.
Collagen-coated PLA microspheres could
Polylactide (PLA) 180-200 Chondrocyte effectively support the attachment and [83]
proliferation of chondrocytes.
. Human chondrosarcoma  Used as building blocks for developing nascent
Poly-L-lactide (PLLA) 100-200 line OUMS-27 tissue for clinical use. [84]
Poly(vinyl alcohol) . Have the potential to be used as cell culture
(PVA)/cellulose 100-500 NIH3T3 scaffolds. [55]
. . Used as transplantation matrices of pluripotent
Porous microsphere POIY(D’L_(IIE;IEtédAe;CO-glyCOhde) 80-100 P19 stem cells for tissue engineering and [85]
regeneration.
PLGA 50 3T3 L1 preadipocyte cells Injectable cellular aggregates for adipose tissue [56]
engineering.
NIH 3T3 mouse embryo  Utilized as injectable and biodegradable scaffold
PLGA 300-500 fibroblasts microcarriers. (80
PLGA/chitosan 200-400 Chondrocyte As effective m]?ctable ce.ll carriers for cartilage [40]
tissue engineering
. . . s applying dynamic culture with tissue-specific
Decellularized adipose 420 adipose-derived DAT microcarriers as a means of deriving [42]

tissue (DAT)

stem/stromal cells

regenerative cell populations.
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Multifunctional methacrylate laminarin microparticles were fabricated to support cell attachment
and expansion. Platelet lysates were loaded in the microparticles and an adhesive peptide was further
conjugated on the surface to improve cell adhesiveness and expansion. Moreover, microparticles
aggregation linked by the expanded cells was observed to form robust 3D constructs, which suggested
that these methacrylate laminarin microparticles could provide a platform for rapid fabrication of large
tissue engineered constructs through assembly of cell-laden microparticles by the action of cells [67].
Duan et al. [39] constructed chitin microspheres with a nanofibrous architecture using a bottom-up
approach. The chitin microspheres showed a large specific surface area and a homogeneous nanofibrous
structure throughout, which was favorable for application as microcarriers. The chitin microspheres were
seeded with human hepatocyte L02 and the results indicated cells could adhere to the chitin microspheres
with a high attachment efficiency. The results of cell attachment indicated that the chitin microspheres
may serve as promising microcarriers for 3D cell culture and tissue engineering applications.

Besides the natural biopolymers, some synthetic biopolymers were also prepared into microspheres
as microcarriers. Microspheres from polylactide (PLA) with controlled biochemical cues represent
promising synthetic microcarriers for cell culture and injectable platform of cell treatment. For example,
PLA microspheres coated with collagen were used for in vitro chondrocyte culture. They provided
effective supports for cell attachment, proliferation, and spreading, which were in particular enhanced
by higher content of collagen [83]. Another study reported RGD (Arg-Gly-Asp) peptide modified PLA
microspheres as microcarriers, which were applied to generate tissue engineering cartilage in a flow
intermittency bioreactor [84]. It was observed that 3D aggregates were formed from the cell-seeded
microspheres after seven days of culture, which gradually grew over 14 days. The growth rate of the
3D aggregates was positively correlated to the content of RGD. These 3D aggregates as building blocks
may be used for nascent tissue formation in high-porosity thick scaffolds or in hydrogels.

3.2. Porous Microspheres

Zhang et al. [55] reported highly porous aerogel microspheres with a low bulk density of
0.0047 g/cm3 from crosslinked hybrid of poly(vinyl alcohol) (PVA) and cellulose nanofibril (CNF).
The pore size of microspheres varies from nanometers to micrometers. The highly cross-linked aerogel
microspheres have strong robustness and can maintain their shape in cell culture. Cell seeding,
attachment, and proliferation on the surface of these aerogel microspheres were verified by living/dead
assay. Some cell migration into the internal pores of the structure was observed by fluorescence images.
Moreover, cell behaviors such as adhesion, differentiation, and proliferation were promoted effectively
by the interconnected and porous nanofiber structure of microspheres.

There are many studies focusing on PLGA porous microspheres as carriers for cell expansion,
such as pluripotent stem cells [85]. The porous structure of PLGA microspheres can not only act as a
scaffold supporting the stem cell growth, but can also serve as a delivery system for bioactive factors,
which are used to modulate cell differentiation. The porous PLGA microspheres also support the
formation of spherical cellular aggregates when used as microcarriers by suspension cultivation. For this
purpose, Chung et al. reported PLGA porous microspheres with a size of 50 um, which were prepared
through combining the porogen leaching phase separation process with the oil-in-water single-emulsion
method [56]. Due to the appropriate density and porous structure, the PLGA microspheres could be
used as effective microcarriers for suspension culture. It was observed that by suspension cultivation in
a spinner flask, these porous microcarriers seeded with 3T3 L1 mouse preadipocyte cells supported the
formation of spherical cellular aggregates, which could be potentially used for soft tissue augmentation
and reconstruction. Kim et al. [86] fabricated porous PLGA microspheres using effervescent salt,
ammonium bicarbonate as pore-foaming agent. Highly open PLGA microspheres were used as
suspension microcarriers for culturing NIH 3T3 cells in a spinner flask. After seven days of cultivation,
the spherical cells were observed to be present within the microsphere pores in large quantities.
This PLGA microcarrier system could be used as injectable and biodegradable scaffold.
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Porous polyelectrolyte complex (PEC) microspheres were prepared from poly(L-glutamic acid) and
chitosan through electrostatic interaction [40]. The porous PEC microspheres supported chondrocyte
attachment and proliferation more efficiently than the chitosan microspheres. Compared with the
chitosan microspheres, significant more cartilaginous matrix was produced by the chondrocyte-seeded
PEC microspheres after injection subcutaneously for eight weeks. These results indicated that the
porous PEC microspheres had the high potential to be used as an injectable platform for cartilage
repair and regeneration. Porous microcarriers can also be prepared from decellularized tissues. As an
example, decellularized adipose tissue was employed to fabricate microcarriers for dynamic culture
and expansion of human adipose-derived stem/stromal cells [42].

4. Microgels as 3D Cell Carriers

Microgels provide a 3D environment mimicking the ECM characteristic of high-water content,
which allows for cell migration and nutrient/waste exchange [87,88]. Superior than the microspheres,
encapsulated cells within microgels can be protected from damage by shear force during injection.
Moreover, compared with bulk hydrogels, microgels allow more efficient nutrient/waste exchange due
to the micro-scaled size. Microgels based on natural biopolymers provide a promising platform for cell
culture and tissue engineering due to their superior biocompatibility and high degree of flexibility in
imparting a range of functions.

Gelatin-based microgels are widely applied to encapsulate cells and support cell growth and
function for different purposes. As an example, Sung et al. [89] developed gelatin-based microgel
spheres for the encapsulation of mesenchymal stem cells (MSCs) with a tunable mechanical stiffness
through controlling the crosslinking degree of gelatin matrix by genipin. It was shown that these
gelatin microgels supported the viability and differentiation of the MSCs in a pro-inflammatory
environment. Moreover, it was found that the morphology of MSCs was affected by the stiffness of
gelatin matrix. The cells showed a more spread morphology when the microgels were softer, while cells
with a more elongated morphology were observed when stiffer matrix was used for the microgels.
Photo-crosslinked microgels with varying mechanical properties were also obtained from methacrylic
gelatin for use as a 3D cell culture platform [65].

Microgels provide a promising platform for studying cell-cell interactions and fabricating spheroids
and organoids. Pajoumshariati et al. [68] reported microfluidic-based alginate/gelatin microgels for cell
encapsulation and cellular interactions. The gelatin, containing the cell adhesive amino acid motifs,
could improve cell adhesion and proliferation. Moreover, the biodegradability of gelatin could further
support the formation of healthy organoids [90]. Lee et al. [65] fabricated bioactive spherical microgels
supporting 3D cell culture to create tumor spheroids. Uniform-sized aqueous droplets of methacrylic
gelatin solution dispersed with breast adenocarcinoma cells, MCF-7, were generated by a flow-focusing
microfluidic device and subjected to photo crosslink to fabricate cell-laden microgels. It was found
that the mechanical properties of the microgels, controlled by the concentration of methacrylic gelatin,
had an impact on cell proliferation and the eventual spheroid formation. Moreover, the role of
macrophages of fibroblasts on tumoral spheroid formation within the microgels was explored as they
are known to play a prominent role in tumor physiology.

Besides gelatin, there are many other natural biopolymers having been used to fabricate microgels
for 3D cell culture. Polysaccharides such as hyaluronic acid, alginate, and chitosan have been used for
microgel formation and have broad applications in cell cultures and tissue engineering because of their
suitable properties of non-toxicity, biocompatibility, non-immunogenicity, and biodegradability [66].
For example, Hauck et al. [70] reported the synthesis of multiple microgels from hyaluronic acid,
alginate, and chitosan via P-3CR and U-4CR.

Among the large amount of natural and synthetic polymers that can be used to prepare hydrogels,
the polymers containing balanced pairs of cationic and anionic groups, namely polyzwitterions,
have received special attention for their unique biocompatibility [91-93]. Due to the zwitterionic
feature, these polymers are able to mimic phospholipids in cell membranes [94] or mixed-charged
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surfaces of proteins [95]. Zwitterionic polycarboxybetaine (PCB) was used to prepare hydrogels
for applications in cell encapsulation with remarkable biocompatibility, physiological stability,
and nonimmunogenicity [96-98]. However, generation of free radicals by photopolymerization
of carboxybetaine acrylamide monomers to form PCB hydrogels is harmful to the encapsulated cells.
Recently Sinclair et al. [99] reported self-healing zwitterionic microgels through extruding the bulk
PCB hydrogels through micronic steel mesh. The microgels can be easily tuned to any microscale
size by changing the mesh pore size. Through a dual mechanism of covalent crosslinking within
microgels and supramolecular interactions between the microgels, the zwitterionic microgels can
be rebuilt to constructs of zwitterionic injectable pellet (ZIP) with favorable moduli and tunable
viscoelasticity (Figure 2). It is notable that the powder obtained by lyophilizing the ZIP constructs can
be fully recovered by rehydration in terms of strength and elasticity. Moreover, injectable or malleable
PCB/cell or PCB/drug hydrogels can be obtained by reconstituting the lyophilized powder with cell
or therapeutics suspensions, where the mixtures self-heal into a homogeneous composite construct
rapidly and spontaneously (Figure 2).
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Figure 2. Production, properties, and applications of zwitterionic injectable pellet (ZIP) hydrogels.
(a) Overview schematic showing the production of viscoelastic ZIP gels, which can be lyophilized
for simple formulation and mixed with cells or therapeutics. (b) Hydrogel components are purely
zwitterionic, consisting of (c) carboxybetaine acrylamide polymers (PCB-1 or PCB-2) with carboxybetaine
diacrylamide crosslinker (CB-X). (d) Covalent crosslinks inside each microgel enable bulk support and
elasticity. (e) Dynamic zwitterionic fusion interactions enable reconstruction of microgels into new
viscoelastic ZIP material. (f) ZIP gels can be injected through needles, self-heal, and retain their shape.
(g) Applications of ZIP gels include injectable soft tissue fillers, therapeutic carriers, and cell scaffolds
for growth and protected injection [99]. (Reproduced with permission from Wiley:.)

Microgels provide a biomimetic microenvironment mimicking natural ECM, the properties of
which play a vital role in cell adhesion, cell interactions, and spheroid formation. It was suggested
that the surface wettability, chemistry, and charge of the microgels influenced cell attachment,
proliferation, and migration, which are essential for the formation of multicellular spheroids.
Furthermore, the formation progress of tumor spheroids and their size distribution are greatly affected
by the surface charge density and hydrophobicity of the microgel microenvironment. Cui et al. [100]
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demonstrated the quick formation of large spheroids using microgels with a moderate negative charge
density and a highly hydrophilic surface, which promoted cell proliferation. Different microgels and
their application as cell carriers are summarized in the following Table 3.

Table 3. Microgels and their applications as cell carrier.

Material Size (um) Cell Type Application Ref.

Methacrylic gelatin 100-160 Macrophage As 3D cell culture platform. [65]

Laminarin 100 Mouse fibroblasts Support cell adheswn and [67]
cells expansion.

Provide a protective diffusional
barrier against a
Mesenchymal stem pro-inflammatory environment
cells and thereby can support the
survival and differentiation of
encapsulated cell.
As a versatile platform for
malleable cell constructs and [99]
injectable therapies.
Thermo-responsive anionic
NIPAM 200-500 Hela cell microgel scaffolds for [100]
multicellular spheroid formation.

Gelatin 253 [89]

hMSC, HEK-293T,

Ploy(carboxybetaine) 10-50 and NTH-3T3

5. Understanding of Real 3D Cell Culture and Challenges

In terms of 3D cell culture, it is true that many types of microcarriers have been reported; however,
for most existing carriers, cells can only attach and grow on the outermost surface or the external pore
surface, which limits the formation of multidirectional and sufficient cell—cell interaction. Consequently,
these cannot be considered “real” 3D cell cultures. We refer the readers to the definition of “real” 3D
cell culture as defined in the literature [5], namely a system able to mimic the in vivo environment
that cells experience in native organs and tissues, where cells grow in a 3D space rather than on a
surface, with multidirectional cell-cell interactions. This is crucial for the cells to present normal
morphology and functions, as they are found in vivo [5]. It should be pointed out that “real” 3D
cell culture with microcarriers is very different from that achieved with macroscopic scaffolds which
have been reported previously by several groups [101,102], while microcarrier culture is still very
challenging. This is mainly because the fabrication of microspheres having a porous structure with
dimensions appropriate to allow multidirectional cell-cell interactions and sufficient mechanical
strength is much more difficult than for macroscopic scaffolds. To make the microcarriers sufficiently
rigid, the preparation of biopolymer-based microcarriers often involves chemical crosslinkers such as
glutaraldehyde. These microcarriers inevitably contain and release toxic crosslinking agents during
the cell culture process and is infaust to cell growth. Therefore, developing safe and high-performance
microcarriers for “real” 3D cell culture is both desirable and crucial, and represents an important
development in the microcarrier field.

Porous microcarriers were fabricated from the nanocomposites of strontium-substituted
hydroxyapatite-graft-poly (y-benzyl L-glutamate) [103]. It was confirmed by confocal microscopy that
the seeded rabbit adipose-derived stem cells (ADSCs) adhered and infiltrated within the internal pores
of the microspheres. Further studies demonstrated that ADSCs appeared at different depths (i.e., 1/8,
2/8, 3/8, and 4/8 diameter) of the microcarriers, which suggested that cells could attach and grow in the
innermost areas of the microcarriers. Three-dimensional cell cultures by natural biopolymer-based
microcarriers were also achieved although few examples were available. Fang et al. [40] reported
poly(L-glutamic acid)-coated porous chitosan microcarriers for the 3D culture of chondrocytes, enabling
cell migration to the inside of the carrier and cellular multidirectional contacts. The 3D cell culture within
microcarriers was clearly demonstrated for the first time. The authors confirmed that high-performance
3D cell culture with these microcarriers was mainly enabled by the presence of the poly(L-glutamic
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acid) coating, which increased the hydrophilicity of the microcarriers. Their results indicated that the
unmodified chitosan microcarriers did not work so well, and no results were provided to support the 3D
chondrocyte culture with the unmodified chitosan microcarriers. However, we recently demonstrated
that chitosan microcarriers without surface modification can also support high-performance 3D cell
culture. Highly porous chitosan microspheres (CSM) were prepared using an emulsion-based thermally
induced phase separation (TIPS) method and evaluated as microcarriers for 3D culture of hepatocyte
cells. Due to their good biocompatibility and unique porous structure, hepatocytes can not only adhere
to the surface of microspheres, but also grow into the internal pores, and form multidirectional cell-cell
connections [54]. It was then disclosed that the interconnected porous structure of the microcarriers
with pores of 20 to 50 um is crucial for the successful 3D cell culture, in addition to the good biological
properties of chitosan. Previous studies have shown that the porous structure plays a vital role in
cell culture with microcarrier systems, because it not only promotes cell adhesion, migration, and
distribution, but also promotes the exchange of nutrients and metabolic waste [104]. In addition to
the high porosity, a suitable pore size range is also key to achieving high-performance cell culture
using porous microcarriers or scaffolds [105-107]. If the pore size is too small or too large, it may
lead to restricted cell migration and adhesion, respectively [105]. Finally, pore interoperability is also
important, especially for forming sufficient and multidirectional cell-cell connections.

6. Microcarrier-Supported 3D Cell Cultures towards Engineered Tissues

Engineered tissues have broad application prospects in the fields of tissue models for drug
screening and evaluation, disease development and control, tissue engineering, and regenerative
medicine. In recent years, it has been found that because of the different microenvironment of cells,
the cell lines of 2D amplification in vitro are significantly different from those of natural tissues in
phenotype and genotype, which limits their application in related fields [1,2]. While on the other hand
there are problems with natural tissues, such as shortage of sources, species and individual differences,
and social ethics. This situation inspires the researchers to simulate and replace natural tissues by
building engineered tissues.

Through a bottom-up tissue engineering strategy, cell-laden microcarriers have great potential to be
used as modular building blocks to recreate complex tissues with hierarchical and biologically functional
structures. The cell-laden microcarrier building blocks can be controllably assembled into larger tissue
constructs via specific interactions such as click chemistry, enzymatic crosslinking, covalent crosslinking
and magnetic interactions, or randomly assembled via simple mixing, accumulation, or stacking.

6.1. Engineered Tissues from Controllable Assembly via Specific Interactions

Lee et al. [65] reported a 3D hydrogel-based co-culture tissue model based on cell-laden microgels.
Microgels encapsulating macrophage were first prepared by photo-crosslinking cell-laden droplets
containing methacrylic gelatin, which were produced by using a microfluidic flow-focusing device.
Macrophage microtissues were formed from these cell-laden microgels. After that, co-culture tissue
models were developed by transferring the macrophage microtissues into large tissue constructs
containing either normal or cancer cells. By using these co-culture tissue models, the effect of mutual
influence between two different cell types was systematically examined.

Caldwell et al. [108] prepared microgels with clickable surface groups from PEG end functionalized
with azide and alkyne moieties. The synthesized microgels with average diameters either in the order
of 100 or 10 um were then introduced to a cell suspension. Cell-laden macroscopic and microporous
hydrogels were formed via clicking the microgel blocks. To obtain a more biomimic tissue construct,
a fibronectin-derived adhesive peptide, Gly-Arg-Gly-Asp-Ser (GRGDS), was introduced into the
microsphere formulation to promote cell spreading, cell-particle interactions, and cell-cell interactions.
Segura et al. proposed to assemble cell-laden microgels using enzymatic crosslinking for wound
healing and brain regeneration [109,110].
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Frith and coworkers [111] designed tissue-like structures for cartilage tissue formation through
bottom-up assembly using cell-laden microgels as the building blocks. Microgels of gelatin norbornene
(GelNB) containing human bone marrow derived mesenchymal stem cells (hBMSC) were first
produced with a microfluidic device and then cured under visible light (Figure 3a). The assembly
of hBMSC-laden microgels was achieved by covalent crosslinking using 4-arm poly(ethylene
glycol)-N-hydroxysuccinimide (PEG-NHS) as the crosslinker, which also induced covalent bonding
between the microgels and the surrounding tissue construct (Figure 3b). It was found that the resultant
tissue mimetic constructs could provide physical and biological cues for chondrogenesis of hBMSC,
which promoted the formation of hyaline cartilage structure.

a b
-—
I X
Photo-click hBMSC-ladeny 4-arm S
400 ~ 500 nm microgels PEG-NHS %
10 mW cm 9 — Hn o N
Flow Rate } ' \ °
DA Ty B oo
¢ q = » =
——
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~— GeINB ; Cartilage defect

Figure 3. Scheme illustrating microgel formation using a pipette tip-based microfluidic device (a).
The 4-arm poly(ethylene glycol)-N-hydroxysuccinimide (PEG-NHS) was used as covalent crosslinker
for bottom-up assembly of human bone marrow derived mesenchymal stem cells (hBMSC)-laden
microgels for tissue formation (b) [111]. (Reproduced with permission from Elsevier.)

Demirci et al. [112] reported a method of magnetic assembling microgel modules encapsulating
cells to fabricate 3D anisotropy artificial tissues. They first prepared the microgel modules of different
shapes and wrapped the same or different cells in the modules, and then immersed the microgel
modules into the free radical solution to make them magnetically responsive. These cell-laden microgel
modules can be assembled into 3D heterogeneous composite structures under the drive of the applied
magnetic field. This method can realize controllable assembly of different kinds of cells and has
potential in constructing the complex 3D anisotropic tissues.

6.2. Engineered Tissues from Random Assembly of Cell-Laden Blocks

Besides the specific chemical and physical interactions used as driving forces to assemble
building blocks into artificial tissues, random assembly like simple mixing, dispersion, accumulation,
or stacking was also widely applied to fabricate artificial tissues from cell-laden building blocks in
microscale [113-118]. Fan et al. [118] fabricated microgel modules similar to bone units by loading
the human osteoblasts MG63 and collagenase into the collagen microspheres, the surfaces of which
were then inoculated with human umbilical vein endothelial cells (HUVEC). Then the modules were
randomly assembled with gelatin microspheres. With the degradation of gelatin microspheres, vascular
microtubule structures were gradually formed by HUVEC cells, resulting in a 3D engineered tissue with
cell arrangement and inner connected tubes. Matsunaga et al. [113] reported the rapid construction
of macroscopic 3D tissue constructs using a method of molding cell beads as shown in Figure 4.
Firstly, cells were cultured over the surface of collagen microgels, which may also encapsulate cells
of another type. The consequent constructs, namely cell beads, were then used to form 3D tissues
by random stacking into a prefabricated silicone mold. The cavities between the cell beads allowed
the medium to be diffused into the 3D architecture, thus supplying nutrition for the cells. Cell-cell
connections were formed between cells located on the surface of the beads. Cells migrated and grew
within the collagen microgel beads and finally formed the 3D tissues.
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Figure 4. Concept of bead-based tissue engineering: Monodisperse cell beads are molded into a 3D
tissue architecture [113]. (Reproduced with permission from Wiley.)

Different from the existing 3D constructs based on assembly of cell-laden microgels, Wang et al. [115]
proposed hydrogel-encapsulating cell-laden microcarriers for tissue engineering purposes such as bone
regeneration. The cell-laden microcarriers were based on gelatin-grafted-gellan (TriG) microspheres on
the surface of which anchorage dependent cells (ADCs) such as osteoblasts were attached. Then the
cell-laden microcarriers were suspended in liquefied low gelling-point agarose gel to form the construct of
hydrogel-encapsulating cell-laden microcarriers. Compared with the macroscopic cell-laden agarose gel,
microcarriers acting as anchors played an important role in the cell destiny. They not only provided robust
and sulfficient support for cellular adhesion, but also promoted the cells to spread out into their native
morphology. The composites showed a competent potential in application as injectable vehicle for the
conveyance of ADCs and regenerations of bone and other tissues. Cell-laden microgels or microspheres
for fabricating 3D engineered tissue are summarized in Table 4.
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Table 4. Examples of cell-laden module for constructing 3D engineering tissues.
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Module type Cell type Assembly method Application Ref.
S Embedding into a larger tissue =~ Microtissues containing
Gelatin microgel Macrophage construct macrophage as a model cell type [65]
PEG microgel Human mesenchymal stem cells Clicking the microgel blocks Platforms for 3D cell [108]
encapsulation
Dermal fibroblasts (HDF), Via a non-canonical amide
. adipose-derived mesenchymal stem cells  linkage between the K and Q .

PEG microgel (Ah MSC), and bone marrow-derived peptides mediated by activated Accelerated wound healing [109,110]
mesenchymal stem cells (BMh MSC) Factor XIII

Gelatin Norbornene microgel Bone marrow-derived mesenchymal qualent bonding between the Articular cartilage repair [111]
stem cell microgel

Polyethylene glycol . Bioactive, soft 3D hydrogel

dimethacrylate(PEGDMA) NIH 3T3 Assembl.ed under the (?lrlve of constructs to be employed in [112]

. the applied magnetic field .

microgel soft robotics

Gélatm and collagen Hl'lman osteol?lasts, human umbilical Randomly assembled Engineering complex 3D tissues  [118]

microspheres vein endothelial cells
NIH 3T3 cells, Hep G2 cells, human

Collagen gel bead umblhcal endotheha.I cells (HUVECGs), Stacking microtissue unit Engineering complex 3D tissues  [113]
primary neurons, primary rat
hepatocytes, and MIN6m9 cells

Gelatin-grafted-gellan Human fetal osteoblasts, human Simple mixing Bone regeneration [115]

microspheres

mesenchymal stem cells
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6.3. Advantages, Limitations and Prospective

As mentioned in the Introduction, there are different strategies proposed to achieve 3D cell culture
and subsequent engineered tissues, such as the macroscopic scaffold-based approaches. Compared
with these methods, the microcarrier-based approach is more favorable for cell attachment with higher
cell density and yields because of higher surface area to mass ratio than the macroscopic scaffolds,
in which the transport of oxygen, nutrients, and metabolic waste within the microscaffolds is much
easier compared to cellular spheroids and bulk hydrogels, because of the porous structure or smaller
size of the microcarriers. With respect of engineered tissue fabrication, engineered tissues can be
obtained from cell-laden 3D microcarriers as building blocks through a bottom-up assembly strategy.
This method has potential comprehensive advantages in the construction of multi-cell species, high
cell activity, and cell ordered arrangement towards engineered tissue formation. In particular, during
the early stage of assembly, the gaps between modules were conducive to the diffusion of culture
medium, providing a way of thinking for the nutritional supply of cells in addition to vascularization
in the constructs. However, with the growth and proliferation of cells, the gaps between modules will
quickly disappear, still resulting in a lack of supplement in the constructs. To overcome this bottleneck
of supplement, one of the promising ways is vascularization in the constructs by co-culturing HUVEC
cells, although there are still challenges in this area. Recently, we proposed a supramolecular way to
solve this problem. Briefly, cell-laden microcarriers containing host domains or guest domains were
prepared. Dynamic and reversible assembly was then achieved using these cell-laden microcarriers as
building blocks via host-guest interactions. This supramolecular system exhibited reversible sol-gel
transition responsive to light switches or competitive host or guest species. The breathing-like property
allowed culture medium to draw in and release during the cell proliferation and tissue formation.

Finally, there is a considerable difference to using microspheres and microgels as microcarriers
in terms of 3D cell culture and tissue engineering. Microspheres, as solid scaffolds, usually possess
high compression moduli and large surface areas, which are favorable for cell adhesion and spreading.
Moreover, a well-fabricated porous structure may allow sufficient cell migration and maximum cell-cell
interactions [45]. Microgels are usually used as microcarriers through cell-encapsulation strategies.
They provide an ECM-like microenvironment with high water content and good biocompatibility,
which promote cell survival and spheroid formation in the short term. However, the highly hydrophilic
microenvironments may also constrain the suspended cells to a round shape, which decreases the
cellular activity and function. Moreover, the surrounding hydrogel matrix may impede cell spread and
migration, resulting in fewer cell interactions [45]. Based on these features, microspheres are relatively
more widely applied for purpose of large-scale cell expansion, while microgels are more suitable as
injectable platforms for cell delivery and therapy.

7. Conclusions

Biopolymers, mainly including natural polysaccharides, proteins, and a few biodegradable
synthetic polymers, have been used to develop 3D microcarriers including porous and non-porous
microspheres and microgels, which provide a versatile platform for cell culture and microtissue
formation. Cells are attached to the microcarrier surface or grow into the internal area to form a
cell/material composite construct. It is worth noting that, in a strict sense, the real 3D cell culture should
not only allow cell attachment and growth on outermost surface of the microcarriers, but also enable
cell growth within their internal structures, with sufficient and multidirectional cell-cell interactions.
This is important for the cultured cells to maintain normal morphology and function as in vivo.
Therefore, microcarriers with an optimized porous structure and appropriate pore size besides good
biocompatibility are desired in future studies. The 3D cell cultures with the microcarriers can be further
processed to larger tissue constructs through controllable or random assembly. Different engineered
tissues have been developed and preliminarily used in biological and medical studies, including
in vitro studies as platforms for drug evaluation and disease models, and in vivo applications for
tissue repair and regeneration. However, challenges still remain in fabrication of complex functional
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tissues especially in nutrition supplement aspects. Vascularization in the constructs and other possible
approaches such as supramolecular assembly may be further studied to overcome this issue.
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Abbreviations

2/3D Two-/three-dimensional

ECM Extracellular matrix

TIPS Thermally induced phase separation
W/O W/O

PVA Poly(vinyl alcohol)

CNF Cellulose nanofibril

BC Bacterial cellulose

PEG Poly(ethylene glycol)

U-4CR Ugi four-component reaction

P-3CR Passerini three-component reaction
PLA Polylactide

PLGA Poly(D, L-lactide-co-glycolide)
NIPAM N-isopopylacrylamide

PEC Polyelectrolyte complex

MSCs Mesenchymal stem cells

PCB Polycarboxybetaine

ZIP Zwitterionic injectable pellet

ADSCs Adipose-derived stem cells

CSM Chitosan microspheres

MAPhB Microporous annealed particle
hBMSC Human bone marrow derived mesenchymal stem cell
HUVEC Human umbilical vein endothelial cells
ADCs Anchorage dependent cells
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