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A B S T R A C T   

Biofabricated tissues have found numerous applications in tissue engineering and regenerative medicine in 
addition to the promotion of disease modeling and drug development and screening. Although three-dimensional 
(3D) printing strategies for designing and developing customized tissue constructs have made significant prog
ress, the complexity of innate multicellular tissues hinders the accurate evaluation of physiological responses in 
vitro. Cellular aggregates, such as spheroids, are 3D structures where multiple types of cells are co-cultured and 
organized with endogenously secreted extracellular matrix and are designed to recapitulate the key features of 
native tissues more realistically. 3D Bioprinting has emerged as a crucial tool for positioning of these spheroids to 
assemble and organize them into physiologically- and histologically-relevant tissues, mimicking their native 
counterparts. This has triggered the convergence of spheroid fabrication and bioprinting, leading to the inves
tigation of novel engineering methods for successful assembly of spheroids while simultaneously enhancing 
tissue repair. This review provides an overview of the current state-of-the-art in spheroid bioprinting methods 
and elucidates the involved technologies, intensively discusses the recent tissue fabrication applications, outlines 
the crucial properties that influence the bioprinting of these spheroids and bioprinted tissue characteristics, and 
finally details the current challenges and future perspectives of spheroid bioprinting efforts in the growing field 
of biofabrication.   

1. Introduction 

Biofabrication encompasses designing and fabricating tissue and 
organ constructs to repair and regenerate defects caused by damage or 
loss of tissues by infection, trauma, excision, or diseases [1]. In recent 
years, biofabricated tissue and organ constructs have found prevalent 
usage in regenerative medicine, particularly in the repair and restora
tion of damaged tissues, and drug screening and discovery. Ideally, 
biofabricated constructs should be a custom-fit for each patient – addi
tively manufactured and avoid any concerns related to biocompatibility 
and innate immune responses, which are crucial for in-vivo success [2]. 
In such regard, 3D printing technology has evolved from rapid 

prototyping techniques [3] and was initially used for developing 3D 
surgical models in the medical industry [4]. Since then, 3D printing has 
quickly ascended the ladder of the medical industry and found profound 
use in fabrication of customized patient- and defect-specific prosthesis, 
like bone implants [5], hearing aids [6], and many more. Until early 
2000s, 3D printed constructs did not include any living component and 
lacked the functionality of human tissues [7], and were mainly used as 
templates to guide tissue formation [8]. 

The development of functional human tissues/organs was envisioned 
in the beginning through early embryonic development [9]. This was 
changed with the introduction of the concept of 3D printing with cells, 
referred to as “bioprinting” in 2003, where exposition of cells was 
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demonstrated using an inkjet printer by Wilson and Boland [10]. Bio
printing can be defined as a computer-aided transfer process for simul
taneous writing of living cells and biomaterials for various applications 
such as tissue engineering, regenerative medicine or other biological 
studies [11]. To a layman, 3D bioprinting may seem like a conglomer
ation of futuristic science fiction images; but in reality, it is built on 
several advancements across several fields of technologies and life sci
ences. Bioprinted tissue constructs imitate the complexity of natural 
tissues by providing an artificial microenvironment conducive to cell 
growth. 

To date, two opposing strategies have been investigated to bioprint 
tissues for different applications: scaffold-based (biomaterials-based) 
and scaffold-free (cellular-based) methods. Conventionally, exogenous 
biomaterial matrices, like hydrogels [12], are premixed with appro
priate monoculture or coculture of cells and 3D bioprinted to fabricate 
scaffold-based tissue constructs. These constructs are often supple
mented with several biological growth factors [13] to create a 3D 
environment favorable for tissue growth. Tailored fabrication proced
ures, with precise control over engineering parameters, offer a wide 
range of possibilities over conventional tissue scaffold fabrication 
techniques with desired architecture, geometry, and increased repro
ducibility. Moreover, control over the composition of bioprinted mate
rials (bioinks) helps achieve optimal structural properties, such as 
mechanical properties, porosity, and degradation profile alongside 
geometrical feasibility, leading to the reconstruction of target tissues in a 
consistent, automized and high-throughput manner [14]. Scaffold-based 
bioprinting techniques have been widely used due to their ease in tissue 
fabrication; however, further research needs to be conducted to fabri
cate suitable robust biomaterials and studying their interactions at the 
cellular level for functional tissue formation. Scaffold-free bioprinting 
approach [15], on the other hand, focuses on tissue fabrication using cell 
aggregates, without the need for scaffold support, triggering cells to 
secrete their own extracellular matrix (ECM). Cell aggregates can be 
formed into geometrical configurations, for example, strands, honey
comb, or spheroids, and then allowed to fuse into larger tissues [16–18]. 
Both approaches have pros and cons, and in cases of 3D bioprinting, they 
may complement each other in the pursuit of meeting the 
ever-increasing demand for fabrication of scalable physically-relevant 
tissues or organs. 

In a discussion on bioprinting, it is pertinent to expound the ad
vancements in bioprinting of induced-pluripotent stem cells (iPSCs) to 
develop tissue constructs, which mimic the function and anatomy of 
native tissues. Given the extreme sensitivity of iPSCs to stressors during 
bioprinting– particularly mechanical shear and bioink conditions (pH, 
viscosity, crosslinking method, etc.), the development of new bioinks for 
sustaining iPSC viability and differentiation is of utmost importance. 
Some success has been achieved by bioprinting of iPSC aggregates – also 
called embryonic bodies embedded in hydrogels [19–21]. The 
iPSC-laden bioinks undergo mechanical stress, light, ionic and temper
ature related stress during bioprinting and maintenance of the prolif
eration and pluripotency of these embryonic bodies after bioprinting is 
critical. iPSCs or iPSC-derived cells have also been bioprinted to fabri
cate different tissues – skin [22], bone [23], cartilage [24], cardiac [25] 
and liver tissues [26]. Although several challenges need to be addressed 
for iPSC-derived tissue bioprinting – like tendency of the constructs to 
form tumors after transplantation and low efficiency of their generation 
and differentiation, yet iPSC-derived transplantation have provided a 
paradigm shift to how disease treatment have been approached in the 
current times. 

Achieving native-like cell density, complex vascular network and 
controlling tissue remodeling are some of the major impediments for 
successful fabrication of tissues – both scaffold-based and scaffold-free 
[27]. Even if it seems feasible to overcome these elementary concerns, 
bioprinting strategies are overwhelmed with the conservation of actual 
size and anatomy of tissues in tandem with their functionalities and 
shelf-life as well as the cost-effectiveness of the process [28]. 

Additionally, economic constraints and ethical considerations with 
engineered tissues make this even more challenging [29]. Towards a 
more realistic and technologically optimistic approach, vascularized cell 
aggregates offer a viable alternative for the repair and restoration of 
damaged tissues. Developmental biology forms the foundation and 
provides the template on which these engineered cell aggregates are 
based [30], and consequently assemble to form 3D tissues [31]. Suc
cessful integration of tissue engineering and developmental biology is 
still a work-in-progress; however, this biomimetic approach allows for 
insightful advancements. The understanding, mimicking and employ
ment of the developmental mechanisms of embryonic histogenesis and 
organogenesis in tissue engineering serves as a paradigm shift towards 
scaffold-free applications of bioprinting. Such applications include the 
fabrication of anatomically-relevant constructs using cellular aggregates 
(like spheroids, honeycombs or strands) to imitate native tissues. 
Continuous co-developments in the fields of spheroid fabrication and 3D 
bioprinting technologies have led to the emergence of novel engineering 
methods enabling successful bioprinting and fusion of spheroids for 
tissue repair and regeneration. With the recent developments in several 
state-of-art strategies, there is a lacuna in available literature wherein no 
comprehensive review is available focusing on this domain. Towards 
bridging the gap, this paper reviews the bioprinting strategies involved 
to form self-assembled tissues from spheroids and highlights the recent 
progress in tissue fabrication applications using spheroids as building 
blocks for bioprinting as highlighted in Fig. 1. 

2. Limitations of scaffold-based approaches 

Scaffold-based approaches involve the fabrication of a porous or non- 
porous template (out of ceramics, metals, or polymers, depending on 
their implantation site) conducive to cell attachment and tissue 
remodeling. The basic criteria for scaffold-based constructs are cell- 
conductivity, biocompatibility, suitable mechanical properties with 
tunable biodegradability, porosity to induce vascularization and tissue 
growth, and maintenance of rigidity and shape in vitro and in vivo [32]. 
Despite efforts in the development of effective tissue scaffolds with 

Fig. 1. Different modalities and applications of spheroid-based bioprinting (the 
images for different tissue types were created using BioRender). 
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directed cell signaling and tissue morphogenesis, this approach faces 
some crucial concerns, derived from the inherent disadvantages of 
scaffold-based approaches. Precise placement and organization of mul
tiple cell types inside scaffolds lead to potential interference with cell 
interactions or ECM integrity, limiting inter- and intra-cellular in
teractions. In tandem, the incorporation of tissue-specific cell density 
pose one of the most salient challenges of the scaffold-based approach, 
which are yet to be answered [33]. Alongside, most of the scaffold-based 
approaches expose live cells to shear stress, heat, or other toxic chem
icals and hence are intrinsically stressful to cells [34]. Another major 
elementary hindrance to such an approach is the absence of a bioma
terial, robust enough to be used for all tissue engineering applications 
and conducive enough to support cellular activities of diverse cell types 
[35]. Most of these biomaterials are proprietary to different companies, 
allowing limited access for research by end-users, apart from being 
costly. Thus, many of the recent studies have focused on the biological 
response with a monotonous geometrical design, which is markedly 
similar to their native counterparts but neglects the influence of innate 
structural randomness for diverse applications [7]. These limitations 
provide significant hurdles for the creation of accurately mimetic 3D 
tissues. Alongside, the induction of vascularization in engineered scaf
folds with a fully-developed vascular network is unsolved hitherto [36], 
and needs to be addressed for all bioprinted tissues in general, not 
limited to only scaffold-based approaches. The scaffold-free approach in 
recent years has witnessed several new emerging technologies, which 
successfully overcome some of the inherent limitations of the use of 
scaffold-based approaches while maintaining a high level of precision, 
high cell density and cellular interactions. 

3. Integration of developmental biology approaches to tissue 
engineering 

Most of the above-mentioned concerns are inherent to the scaffold- 
based approach and can be eliminated for the scaffold-free one, where 
only cells and self-secreted ECM mimic the formation of innate tissues or 
organs during embryonic development [37]. Use of sacrificial materials 
for bioprinting (which are removed after assembly of spheroids) allow 
sufficient initial inter-and intra-cellular crosstalk, facilitate cellular in
teractions, improved genotypic and phenotypic functionalities, and pose 
as a viable alternative to scaffold-based bioprinting [38]. In this regard, 
developmental biology provides crucial insights into tissue engineering 
approaches. In a physiological system, the rate of embryonic develop
ment is slow whereas tissue engineering demands accelerated tissue 
growth [39]. Reaching the optimum balance between mimicking 
essential processes of embryonic development and the development of 
an accelerated, automated, and commercially scalable technology is still 
a challenge for the scaffold-free approach. Bioprinting offers a scalable 
solution, with a high innate tissue-like cell density and absolute preci
sion of 3D organization of multiple cell types while also allowing for 
vascularization. The concept of the scaffold-free approach relies on an 
assumption that cells formed of diverse cell types, can undergo 
self-assembly to form tissue without any external interventions [40]. 
Thus, using a scaffold-free approach that mimics developmental biology, 
tissues can be fabricated by guided assembly and re-organization of 
precise, robotically placed cell aggregates. Apropos, albeit aggregating 
cells have been formed into spheroids [41–43], honeycombs [44], and 
strands [45], from a variety of different cell types and their co-cultures, 
this review only focuses on bioprinting of spheroids and their fusion to 
form tissues. 

4. Spheroids as building blocks 

Spheroids pragmatically imitate the functional complexity of natural 
tissues without the geometrical intricacies and provide an artificial 3D 
microenvironment conducive to cell growth [46]. Spheroids often are 
composed of multiple cell types and developed to realistically highlight 

the critical features of the innate tissue [47]. Generating physiologically- 
and functionally-relevant tissues by incorporating these building units in 
ex-vivo cultures, instead of barely mimicking the complexity of the 
whole organ anatomically, is deemed more informative and pragmatic. 
The dynamics of spheroid formation can be categorized as (i) binding of 
integrin proteins to form loose cell aggregates with ECM acting as 
long-chain linker, (ii) secretion and accumulation of E-cadherins with no 
significant compaction in cell aggregates, and (iii) compact spheroid 
formation by hemophilic interactions between E-cadherins [48]. 
Spheroids offer several advantages, including but not limited to the 
cellular capability to secrete ECM components with an effective 
cross-communication between cells in a native-like microenvironment 
[49] and creating a 3D space favorable for reproducible tissue com
plexes, such as cartilage [50], pancreas [51], liver [52], and cardiac 
tissue [53]. Spheroids also have the potential to fuse towards scalable 
tissue substitutes [54]. Spheroids loaded with endothelial cells (ECs) can 
facilitate a denser cellular micro-environment, inherent ECM secretion, 
and a pre-vascularized network [55]. As a result, vascularized tissue 
complexes can be fabricated with pre-vascularized spheroids [56] 
allowing more accurate representations of native tissues [57]. 

The concept of spheroid-based systems leverages the fact that micro 
tissues can be formed from diverse cell types at high cell density and can 
undergo relatively complex self-assembly over length scales ranging 
from 100 to 500 μm [58]. When using human stem cells, spheroids can 
recapitulate aspects of developmental biology [58] to form organoids 
that assemble and reorganize into pancreas [59–62], bone and cartilage 
[17,63–65], brain [66–69], intestine [70,71], kidney [72,73], and eye 
[74]. While the use of spheroids as building blocks for tissue fabrication 
shows much promise, many important challenges must be addressed, 
especially when their bioprinting is not trivial compared to cell-laden 
hydrogels. Perhaps, the most pragmatic challenge is the unfamiliarity 
and complexity that creeps in with the use of spheroids and their inte
gration in aseptic culture techniques, making uniformity and repro
duction a major concern for all these techniques. Spheroids formed by 
commercially-available cell repellent culture plates seem more readily 
adaptable into the regular workflow, with low surface variability and 
improved consistency. Nutrients and oxygen diffusion into the core of 
spheroids pose yet another challenge, especially for the ones with larger 
dimensions. Hence, size uniformity is crucial for consistency in indus
trial applications, particularly for drug development because of the 
direct correlation of cellular functions and spheroid size [75]. Moreover, 
efficient spheroid formation requires segregated groups of cells placed 
near each other, which becomes more challenging when only a small 
number of cells are involved. Many researchers have focused on 
spheroid fabrication from single cells by monoclonal growth, which is a 
viable alternative for many anchorage-independent cancer cell lines [76, 
77]. Alongside, mimicking a diverse heterotypic composite tissue 
microenvironment using spheroids as building blocks still poses a 
challenge; with limited research performed in such regard [78]. 

As tissue fabrication methods advance towards the application of 
spheroids as building blocks, advancements are necessary to overcome 
these inherent obstacles. Due to the small size (typically ranging from 
~100 to 500 μm) of spheroids, fabrication of clinically-relevant volumes 
of tissues is highly challenging. This could potentially be solved with a 
robust robotization of fabrication methods; however, further in
vestigations are needed in this aspect [58]. As there is a lack of control 
over the fusion of spheroids [57], employing techniques to guide the 
growth of spheroids would allow for enhanced fit and function [79]. As 
more experimentation is conducted on spheroid fabrication methods, 
scalability and controlled spheroid assembly should be the key focuses 
for optimal functionality. 

5. Biofabrication of spheroids 

Spheroid fabrication is based on the basic principle of cellular self- 
assembly that occurs during embryonic development [40]. In this 
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stage, cells are observed to undergo agglomeration without any external 
forces or chemical agents. This process can be replicated in vitro, with 
the use of a surface that cells cannot adhere to, forcing interaction be
tween the cells [80]. This interaction has been shown to occur in various 
ways as previously reviewed [81,82]. Commonly used spheroid fabri
cation methods include but not limited to (a) liquid overlay technique 
[83]; (b) hanging drop technique [84]; (c) microwell hanging drop 
technique [85]; (d) microwell arrays [86]; and (e) microfluidic-based 
technique [87]. Liquid overlay is a method consisting of stirring large 
volumes of cellular medium (up to 1 L) to generate spheroids [88,89]. 
Due to the inherent use of large volumes, this method is often used for 
mass production and only became more popular with the onset of bio
reactors. Conversely, a major downside is that the requirement of large 
cell volumes does not allow for precise control over spheroid size, 
reducing batch to batch reproducibility [90]. The hanging drop method 
consists of hanging drops of cell suspension from a surface in which 
spheroids can form due to gravity [91]. To have better control over the 
spheroid size and increase spheroid forming efficiency, commercially 
available platforms have recently made use of 96- (400 μm in size) and 
384-well plates. Microwell arrays explore forming spheroids using 
round-bottom nonadherent 96-well plates [92]. A non-technological 
approach favors the use of stamps (e.g., elastomeric stamps made via 
soft lithography) to imprint agarose microwell arrays, which is a 
cost-effective approach [93]. The inclusion of an additional microfluidic 
system into the microwell arrays has the potential to scale up this 
approach with the use of 96-well plates [94]. Microfluidic channels have 
also been used to facilitate continuous formation of spheroids in a pre
cise manner; however, this approach is technologically intensive (re
quires rigorous use of sophisticated instruments and techniques), 
without many advantages over the other techniques. 

For tissue engineering applications, hanging drop cultures [95] and 
microwell arrays [96,97] are commonly used. One of the first studies to 
show successful spheroid creation in a high-throughput manner was by 
Tung et al. who developed a robot-assisted hanging-drop culture [84]. 
Their setup allowed for the fabrication of up to 384 spheroids per array. 
Neto et al. demonstrated that the use of patterned superhydrophobic 
biomimetic surfaces, for the generation of high-throughput hang
ing-drop cultures, can allow for cost efficiency [98]. Using amalgam
ation of the hanging-drop culture and a sophisticated digital 
microfluidic platform allowed for the precise regulation of nutrient 
supply and inter-spheroid metabolic communication, as well as a thor
ough analysis throughout the process [99]. Non-adhesive hydrogels also 
provide a means of significant scaling of production, allowing for 
thousands of spheroids to be generated [82]. This approach also makes 
the generation of more complex cell aggregate configurations, such as 
rods, tori, and honeycombs [100]. Further, Fonoudi et al. recently re
ported a platform that focuses on the large-scale production of 
clinical-grade human cardiomyocyte spheroids (cardiospheres) derived 
from iPSCs [101]. The creation of this platform is an innovative step 
towards the scalable production of cardiospheres required for regener
ative applications. 

With the advancement of microfabrication and microfluidics, new 
platforms are being created boosting improvements in spheroid forma
tion efficiency, homogeneity, and precise control over the spheroid size 
[102,103]. This allows for less labor-intensive and more rapid platforms, 
equipped for high-throughput screening. Because broad adoption in the 
medical community is the main goal, platforms like this need to be 
user-friendly, time-and cost-effective, and compatible with external 
machines (robotic liquid handling devices and microscopes). This would 
allow for a system that could be easily adapted for use in laboratories 
with minimal need for additional amenities ensuring widespread 
adaptability. Alongside, to be considered as a viable solution for bio
fabrication, the ideal scenario also necessitates a platform with the ca
pacity for high-throughput spheroid fabrication with controlled size and 
composition. Within currently available techniques for spheroid fabri
cation, the use of round bottom low-attachment 96-well plates provide 

the most consistent way to form spheroids with uniform size and shapes, 
with low control on spatial distribution of cells inside spheroids, espe
cially in the case of heterocellular spheroids. In this respect, it is also 
worthy to note that the choice of culture media for culturing a tissue 
construct formed from heterocellular spheroids, irrespective of their 
sizes, is application driven. But often, a common choice is the usage of a 
cocktail of culture media comprising of the individual media of the 
involved cell types in different ratios (depending on the application of 
the tissue constructs. However, much improvement is needed for 
high-throughput fabrication of spheroids for spheroid bioprinting 
techniques to progress or be embraced for translation purposes. In this 
regard, single-cell precision bioprinting techniques can be developed 
and used for fabrication of spheroids. High-throughput bioprinting of 
single cells may hold the key to consistency and reproducibility of sizes 
and composition of spheroids, with needs of technological advancement 
of artificial intelligence with a feedback look to enable the correct 
parametric choices for spheroid fabrication. With technological ad
vancements, many efforts have been dedicated to the bulk generation of 
spheroids using bioreactors. Spinner-flask, rotary-shaker and micro
gravity bioreactors are the three frequently used bioreactor systems for 
high-throughput generation of spheroids. Theoretically, even though 
bioreactors are an efficient way for generation of spheroids with mini
mum requirement of handling, the requirement of adjusting agitation 
speeds at different time points – initially to induce cell aggregation, then 
to control spheroid sizes and later to inhibit spheroid merging limit their 
effective usage [104,105]. Due to the requirement of a diffusive oxygen 
supply across the entire spheroid domain, the size of spheroids should 
not exceed a few hundred microns, to prevent necrotic damage to the 
cells at the core of spheroids. Owing to the smaller size (typically 
ranging from ~100 to 500 μm) of spheroids, thousands to millions of 
spheroids are required to generate clinically-relevant volume of tissue 
substitutes for translation purposes. Hence, the capability to scale up 
spheroid production and automation are important aspects of efficient 
future spheroid fabrication techniques [15]. While milestones have been 
achieved towards the high-throughput production of spheroids, chal
lenges still lay ahead to enable clinical translation of spheroid-based 
bioprinted tissues. Indeed, the fact that tissues are a complex composi
tion of intricately placed different cell types, and spheroids restrict the 
resolution of tissue fabrication to about a hundred microns, mimicking 
the extensive network of vasculature makes the problem ever so intri
cate. Thus, the need for advancements that allow for more heterogeneity 
in spheroid formation and controlled fusion, to form macro-tissues with 
a desired shape and function, is so prevalent in novel biotechnological 
approaches, to be discussed further in this review. 

6. Bioprinting modalities 

Until now, bioprinting has been primarily advanced to enable the 
assembly of cells in a predetermined pattern, mostly within hydrogels, 
with limited inter- and intra-cell communications, and low cell density 
[106–109]. Alongside, developments of scaffold-free techniques have 
been more specialized towards bioprinting of spheroids, which leverages 
the assembly of spheroids to fuse to form a tissue patch [15]. 
Extrusion-based bioprinting was adopted early on to deposit spheroids 
[110]. More recently, technological advances have been towards the 
direct processing of single spheroids to offer flexibility over patterning 
into the desired geometry and to resemble the mechanical and biological 
properties of the native tissue. In the following subsections, we 
described the modalities explored for bioprinting of spheroids and 
elucidated their own advantages and disadvantages. 

6.1. Extrusion-based bioprinting 

Extrusion-based bioprinting is one of the most versatile, convenient 
bioprinting approaches, and offers the flexibility in terms of operational 
mechanism to dispense various types of bioinks including hydrogels. 

D. Banerjee et al.                                                                                                                                                                                                                               



Biomaterials 291 (2022) 121881

5

This familiar technique was then extended into the domain of spheroid 
bioprinting and the very first efforts to bioprint spheroids were intro
duced by Mironov to investigate their vascularization potential [42,58]. 
Theoretically, extrusion-based bioprinting extrudes bioink (mixed with 
cells) through a nozzle using pneumatic or mechanical forces to deposit 
continuous microfilaments to form the desired geometry. For spheroid 
bioprinting, the bioink is spheroid-based, which is loaded into a syringe 
and extruded onto a receiving substrate by depositing one by one to 
allow fusion forming a tissue patch. Alongside, smaller spheroids can be 
loaded into a bioink and deposited in a random fashion resulting in 
limited spheroid density in the bioink. 

Jakab et al. used tissue slurry, comprised of ECs and cardiac cells 

from chicken embryos [111] to study the self-organization of cells into 
cardiac tissue. The authors used atrio-venticular tissue fragments from 
9-day old chicken embryos and dissociated them into single cells. The 
cells were then cultured and mixed with commercially-obtained human 
umbilical vein ECs (HUVECs). The mixture was referred to as a cellular 
slurry and was extruded through an in-house micropipette system to 
form spheroids. The individual units (spheroids) were incubated and 
loaded into a straight micropipette, which acted as a cartridge. The 
bioink was then extruded onto a collagen-based biopaper to form 
different geometrical configurations. Post bioprinting, assembled tissue 
patches showed early signs of vascularization with the ECs organized to 
form vessel-like conduits. Mironov et al. suggested similar methods of 

Fig. 2. Extrusion-based bioprinting. (A) Extrusion-based bioprinting of spheroids one by one. (i) Bioprinting in action, (ii) multiple bioprinter nozzles, (iii) tissue 
spheroids before dispensing, (iv) tissue spheroids during dispensing, (v) continuous dispensing in air, (vi) continuous dispensing in fluid, (vii) spheroid dispensing in 
air, and (viii) spheroid dispensing in the fluid. Adapted and reproduced with permission from Ref. [58]. (B) Schematic representation of the research strategy 
showing fabrication of microtissue spheroids by combining preset extrusion-based bioprinting with a microfluidic emulsification system. Spheroids with or without 
biomimetic structure were used for the in-vivo Matrigel plug assay. Adapted and reproduced with permission from Ref. [112]. (C) Printability and viability of 
elastin-like protein (ELP) with cell-adhesive RGD amino acid sequence (ELP-RGD) bioink. (i) Qualitative drop-on-demand printability tests of 3 wt% ELP-RGD printed 
as single drops into circular and S shapes. (ii) LIVE/DEAD staining of human premalignant breast epithelial spheroids (MCF10ATs) in ELP-RGD after bioprinting at 
Days 3 and 7. Adapted and reproduced from Ref. [115]. (D) (i) Extrusion-based bioprinting and (ii) formation of cartilage microtissues: morphology and viability. 
Scale bars: 200 μm. Adapted and reproduced with permission from Ref. [121]. 
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directed assembly of spheroids for bioprinting tissue constructs via 
extrusion of spheroid-based bioink in air or fluid (Fig. 2(A)) [44,58]. 
Feasibility of fabricating scalable tissues with ease of automation makes 
special robotic arms (for example in Fabber, a 3D industrial robotic 
printer Bioassembly Tool) with an extrusion system makes it an attrac
tive candidate allowing directed assembly of spheroids. Bulanova et al. 
[44] used a multifunctional Fabion 3D bioprinter equipped with a 
turnstile system, which consisted of three different pistons – a loading 
piston for holding the spheroid suspension, a trapping piston to hold 
single spheroids before bioprinting, and a depositing piston to release 
the spheroid onto a receiving substrate according to a predetermined 
geometry. In this case, a thyroid lobe and allantoic spheroids were 
mixed into collagen and bioprinted on a polytetrafluoroethylene (PTFE) 
membrane generating a vascularized thyroid gland. Hong et al. formed 
3D structured microtissue spheroids by combining an extrusion-based 
bioprinting and microfluidic emulsification system, and developed a 
liver lobule-like structure, which showed high cell viability and longer 
structural integrity than that of non-structured spheroids along with the 
stable in-vivo engraftment of the microtissue (Fig. 2(B)) [112]. 

Mekhileri et al. integrated 3D bioscaffold fluid-based singularization 
(to separate individual spheroids) and LabVIEW controlled injection 
module (to deliver individual spheroids at predetermined spots) into a 
commercial 3D printer to combine micro-tissue assembly with 3D 
printing of thermoplastic polymeric frames [113]. The system contains 
two main regions - upstream and downstream, consisting of four stages 
–(i) agitation that leads to separation and moving of spheroids towards 
the upstream region, (ii) capturing of a spheroid on a channel tip, (iii) a 
secondary agitation while a single spheroid is trapped causing the 
uncaptured spheroids to go back to the upstream region and (iv) finally 
releasing the captured spheroid into the desired configuration. The 
automated bioassembly process was validated by bioprinting chondro
genic microtissues by assembling human articular chondrogenic 
microtissues along with a thermoplastic frame. In another study, accu
rate positioning of spheroids was achieved by bioprinting using 
concentrated solutions of collagen. The high viscosity of bioinks 
improved the bioprinting fidelity and spheroids could be arranged into 
patterns with a resolution of 0.5 mm in positioning in the pores of bio
printed collagen meshes. The method was applicable for the fabrication 
of structurally-stable constructs without the need for external 
photo-curing, chemical crosslinking, or molding [114]. 

Hydrogels, engineered from elastin-like protein (ELP), have been 
developed as bioinks, which could be directly extruded onto an on-chip 
platform containing vascularized channels. The bioprinting process was 
demonstrated with both single cells and spheroids taking neural pro
genitors and breast cancer cells as representative examples in each 
group (Fig. 2(C)) [115]. Through a computational study, by simulating 
the cellular rearrangement process after bioprinting, multicellular 
spheroids were proposed as an attractive sacrificial material (sacro
spheres) for fabrication of vascularized constructs. Robu et al. used 
computer simulations based on Metropolis Monte Carlo algorithm [116] 
to demonstrate sacrospheres, but other methods derived from synthetic 
biology [117] or development of a modular library enabling elective cell 
death [118] can also be used to induce desired cellular behaviors 
including cell death on command. The authors showed that sacrificial 
spheroids were able to be bioprinted into a network of complex, 
branching channels, and post-bioprinting cell-cell adhesion-driven, 
spontaneous interactions leading to high-resolution tissue micro
architecture, overcoming the resolution of extrusion-based bioprinters 
employed [119]. Bioprinting of MDA-MB-231 breast cancer cells with 
gelatin-alginate bioinks has revealed the kinetics of self-assembly of 
these cells into tumor spheroids. By changing the gelatin to alginate 
ratio, both the mechanical stiffness of the hydrogel as well as cell-matrix 
interaction sites were modulated, and shown to have an impact on the 
viability and size of spheroids thus leading to the formation of a tunable 
in-vitro model [120]. 

De Moor et al. have employed extrusion of gelatin methacryloyl 

(GelMA) loaded with human bone marrow-derived mesenchymal stem 
cell (MSC) spheroids, which were later successfully differentiated into a 
chondrogenic lineage. Spheroids fused to form a macrotissue. They 
observed that a photoinitiator-controlled reduction in stiffness induced 
increased glycoaminoglycans (GAGs) and collagen II production with 
decreased collagen I expression (Fig. 2(D)) [121]. In another study, 
using an extrusion-based bioprinter, Han et al. generated a tumor model 
by depositing fibroblasts (hDFs) and ECs in gelatin, alginate, and 
fibrinogen as a blood vessel layer. A U87 glioblastoma multicellular 
tumor spheroid was then bioprinted on the blood vessel layer. Gradu
ally, blood vessel was observed to sprout out in the vicinity of the 
spheroid. The model was applied to assess the efficacy of anti-cancer 
drugs, Temozolomide and Sunitinib [122]. In another study, Colle 
et al. have employed a high-throughput agarose microwell system to 
contain bioprinted adipose-derived MSC spheroids in GelMA. Spheroids 
were viable for up to 2 weeks post bioprinting, demonstrated multi
locular microvacuoles, and differentiated to form adipocytes leading to 
the formation of microtissues [123]. Swaminathan et al. showed that 
human breast epithelial cells, when bioprinted as spheroids, exhibited 
higher resistance to Paclitaxel compared to when bioprinted as single 
cells. On the other hand, when spheroids were co-bioprinted with ECs, 
the resistance level was lower in heterocellular spheroids compared to 
homocellular ones [120]. 

Despite extrusion-based bioprinting has advantages in terms of 
spheroid bioprinting owing to its versatility, and flexibility of using 
multiple different hydrogels, its usage is limited due to critical concerns 
over spheroid fusion, clogging issues, spheroid rupture, and shape 
deformation when spheroids are deposited one by one. The very first 
challenge comes from the elaborate process of spheroid loading before 
bioprinting. To ensure a successful print, spheroids need to be loaded 
inside a straight syringe, making this process extremely cumbersome for 
tiny spheroids, particularly when the size of spheroids is not consistent. 
Owning to self-assembling potencies of spheroids, the time-consuming 
and laborious process of spheroid loading often leads to aggregation 
and clogging inside the nozzle, making extrusion very difficult. This 
necessitates that the spheroid suspension has some delivery medium 
between them to prevent aggregation issues, further adding to the in
efficiencies. Fugitive bioinks with low viscosity to allow extrusion and 
inert to cell fusion are often the ideal choices. In addition, the diameter 
of the holding syringe dictates the size of spheroids loaded, leading to 
less flexibility during bioprinting. For compliance, during pre- 
bioprinting, spheroids are passed with trapping channels to filter out 
the size of spheroids according to the desired nozzle diameter. Aside 
from pre-bioprinting challenges, some inherent challenges occur during 
and after bioprinting. The low viscosity of the delivery medium often 
leads to the risk of gaps between spheroids after bioprinting, which 
deters the entire foundation of assembly of spheroids. Clogging and 
aggregation of spheroids are quite common during prolonged bio
printing processes - more often using a turnstile method, leading to 
further time-consuming efforts for cleaning and interfering with the 
continuity of bioprinting constructs. The choice of the substrate 
(hydrogels or sacrificial support) used for the extrusion process also 
limits the cellular interaction among spheroids, often leading to limited 
fusion. Since extrusion-based bioprinting is often not practiced in cell 
culture medium, spheroids are exposed to dehydration, often leading to 
cell necrosis. 

Alongside, often only small diameter spheroids (with respect to the 
nozzle size) are loaded into a bioink for extrusion to reduce clogging 
related issues. However, this causes random positioning of spheroids in 
bioprinted constructs, with no precise control over the spheroid loca
tion. Increasing spheroid density in the bioink increases the cell-density; 
however, this can increase the risk of nozzle clogging and induce higher 
shear stress on spheroids. Unreliability and lack of reproducibility in 
spheroid formation techniques (leading to wide size distribution) can 
also induce spheroid clogging and fusion. Despite these challenges, 
extrusion-based bioprinting is still an exemplary means of fabricating 
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scalable tissues with decent bioprinting speed facilitating scalability, but 
the precision is usually insufficient for micro-mimicking structures, for 
example for organ-on-a-chip applications. 

6.2. Droplet-based bioprinting 

For bioprinting of cell-laden hydrogels, droplet-based bioprinting 
comprises inkjet, acoustic, or microvalve bioprinting [124]. The 
dispensing mechanism uses these modalities along with gravity and the 
fluid mechanical properties of the bioink to create consistent droplets in 
a manner that increases the efficiency of ejection compared to 
extrusion-based bioprinting, by removing the need for a continuous 
material flow. For bioprinting of spheroids, droplet-based bioprinting 
involves either (i) the deposition of a single spheroid to pattern droplets 
of bioink onto a desired surface or (ii) cell bioprinting followed by 

induction of spheroid formation. In this regard, Gutzweiler et al. [125] 
used a nano dispenser device (PipeJet P9, BioFluidix GmbH) for forming 
droplets. This nano dispenser was valve-less, non-contact, and mounted 
on a 3-axis system of a custom-made droplet-based bioprinter. The 
nozzle of the nano dispenser was a cylindrical transparent tube with an 
inner diameter of 200 μm (Fig. 3(A)). To form droplets with 12–13 nL 
volume, the nano dispenser used a piezo stack actuator with a 10–15 Hz 
dispensing frequency, with the ability to visualize and analyze ~400 μm 
droplets from the nozzle tip before bioprinting. Droplets without any 
spheroids were discarded using a vacuum channel and droplets con
taining spheroids were deposited onto a substrate, enabling spheroid 
positioning. The resolution of the camera dictates whether the software 
could recognize the presence/absence of a spheroid in the droplet, 
sometimes leading to empty droplets. This method cannot position 
spheroids tightly in contact with each other to stimulate their assembly. 

Fig. 3. Droplet-based bioprinting. (A) Droplet array formation. (i) An electromagnetic valve is mounted to a 3-axis system to dispense HUVEC suspensions in array 
formats onto polydimethylsiloxane (PDMS) coated polystyrene plates for spheroid formation. (ii) Plates are inversely placed above phosphate buffered saline (PBS) 
reservoirs and incubated for 24 h (iii) After incubation, plates are rinsed with PBS manually by a pipette to wash off droplets containing spheroids from the plate. (iv) 
Spheroids (each consisting of ~250 HUVECs), 72 h after incubation. Adapted and reproduced with permission from Ref. [125]. (B) 3D Bioprinting of embedded 
spheroids. (i) Formation and growth of bioprinted neuroblastoma (SK–N-BE(2)) spheroids throughout 144 h. (ii) Size of bioprinted SK-N-BE(2) spheroids after 3 days 
varied with the number of droplets containing seeded cells (scale bars: 200 μm). Adapted and reproduced with permission from Ref. [14]. (C) Fluorescence and 
confocal images of 1D (dot arrays (i)), 2D (crossroads (ii)), and 3D (pyramids (iii)) heterogeneous, complex, and diverse hydrogel constructs. The inset shows the 
distinct layers. Scale bar: 200 μm. Adapted and reproduced with permission from Ref. [128]. (D) (i) Schematic of inkjet bioprinting process, where droplets of cell 
suspension were deposited in pre-printed PCL microchambers of defined geometry to induce cell condensation and spheroid formation. (ii) Macroscopic and (iii) 
LIVE/DEAD images (z-stacks) of tissue formation in inkjet seeded samples at Day 28 of culture. Scale bar: 1 mm. Adapted and reproduced with permission 
from Ref. [221]. 
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Ling et al. developed a more convenient droplet-based bioprinting 
approach based on MCF-7 cells embedded in hydrogel arrays to guide 
the formation of concave wells and in-situ formation of spheroids. 
Fabrication was performed using fugitive gelatin arrays along with in- 
situ cell seeding for programmed deposition of in-vitro models. This 
method overcomes the shortcoming of two-stage cell seeding-based 
spheroid formation techniques, which requires destructive molding 
and causes significant cell death apart from providing non-homogenous 
cell distribution [126]. In another study, Utama et al. developed a 
drop-on-demand bioprinter capable of high-throughput bioprinting of 
96-well plate of spheroids for studying cancer models. Spheroids (neu
roblastoma and glioblastoma) were embedded in a Ficoll based 
cell-carrier matrix to control the size and cell number, and then bio
printed. The system was viable for high-throughput screening of drugs, 
such as Doxorubicin. The half-maximal inhibitory concentration of 
Doxorubicin was noted to depend on the embedding procedure and 
spheroid size (Fig. 3(B)) [14]. 

The standing surface acoustic wave technique has been also used to 
generate droplets to improve process throughput and culture times. 
Using this technique, Sriphutkiat et al. showed that excitation at a fre
quency of 24.9 MHz reduced cell accumulation time compared to exci
tation at 10.4 MHz while maintaining greater than 90% survival rates 
for both frequencies [127]. Chen et al. reported an acoustic droplet 
printing (ADP) method, which was nozzle-free and allowed 
high-concentration cells, or even spheroids, to be bioprinted without 
clogging while retaining high cell viability (>94%). The authors 
developed a tumor microenvironment consisting of a single tumor 
spheroid surrounded by a high concentration of cancer-associated fi
broblasts (CAFs) creating a dynamic tumor invasion function (Fig. 3(C)) 
[128]. In a further improvisation of this bioprinting modality, micro
fluidic nozzles were designed and integrated with an airflow spinning 
device in such a manner that different complex geometries of spheroid 
constructs, like helical or saddle shapes, can be generated in a single step 
[129]. Daly et al. reported a strategy where MSCs were inkjetted into 3D 
printed polycaprolactone (PCL) microchambers to promote initial 
cellular aggregation into spheroids. Droplets of varying cell densities 
were used and a single droplet was deposited to fill the microchambers 
resulting in native-like composition and biomechanical properties of the 
bioprinted cartilage and osteochondral tissue (Fig. 3(D)). 

6.3. Kenzan method 

Kenzan method works on the principle of placing spheroids on a 
needle array for temporary support, called “Kenzan”, to facilitate the 
fusion of spheroids towards tissue formation and maturation [130]. The 
name is derived from Japanese words - “Ken” meaning sword and “Zan” 
meaning mountain. The spheroids are prefabricated, analyzed for 
proper size distribution and shape, picked up using a robotic arm, and 
placed on a needle array. Skewered spheroids are incubated to help 
interact with each other, secrete their ECM, and facilitate fusion to 
fabricate a scalable tissue. The Kenzan method was developed to 
circumvent some of the inherent challenges of using spheroids as bioinks 
– controlling the arbitrary position of spheroids in the bioink. Although 
much research has suggested the use of prefabricated spheroids ar
ranged in a desired geometry by multiple bioprinting approaches to 
form a tissue construct, commercialization was first achieved with the 
intervention of the Kenzan approach in Japan by Cyfuse Biomedical, K⋅K 
[130]. 

The Kenzan method has been employed to fabricate 3D multi-layered 
constructs with abundant ECM deposition and adequate mechanical 
properties needed for handle-ability, implantability and clinical trans
lation from assembly of spheroids. LaBarge et al. bioprinted human 
iPSC-derived spheroids onto a 4 × 4 needle array to form a layer of tissue 
improving the precision of operation [131]. Extending the Kenzan 
method, van Pel et al. developed a system to track real-time invasion of 
human glioma cells into neural progenitor cell-derived spheroids. The 

authors demonstrated the gradual invasion of glioma cells (stained by a 
Red CMPTX cell-tracking dye) into the mouse-derived neural spheroids 
(stained by a CellTracker® Blue CMAC dye) by taking time-lapse 
confocal images and further validating by cryosectioning. Addition
ally, different progenitor cells showed marked differences in their re
sponses, thus proving their potential for patient-specific treatment 
planning [132]. The method was further applied for assembling bone 
marrow-derived stem cell spheroids and then culturing them under 
perfusion to reconstruct the bladder tissue in a radiation-induced injury 
model [133]. Proto vessels were bioprinted from spheroids of hDFs, ECs 
and smooth muscle cells (SMCs). The vessels were found to retain 
structural integrity up to five days post in-vivo implantation in 
immune-deficient rodents. However, while bioprinting, a reduction in 
the lumen area of the vessel wall was observed, possibly due to 
compaction, or inadequate matrix organization or amounts of SMCs 
[130]. In another study, Yurie et al. bioprinted nerve conduits in a 
tubular arrangement and showed promising outcomes for restoration of 
sciatic nerve injuries in a rat model [134]. The concept given by Yurie 
et al. was further explored by another research team for the recon
struction of nerve conduits in canines. A 10-week-long study demon
strated the regeneration of the ulnar nerve in 5 mm defects. This model, 
for the first time, represented the possibility of functional nerve recon
struction in larger animals from spheroids made from only hDFs [134]. 
The Kenzan method was also employed for the reconstruction of the 
diaphragm from spheroids of hDFs and HUVECs [135]. Scaffold-free 
reconstruction has an advantage of a longer survival rate in animals 
with the successful reconstruction of target tissues. Similar examples 
have been demonstrated for bone, cartilage, bladder and cardiac tissue 
regeneration from spheroids containing a single type of stem cells [133, 
136,137]. In a recent study, Macino et al. demonstrated the recon
struction of trachea-like tubes using the Kenzan method. Two separate 
spheroids fabricated from human cartilage cells, hDFs, ECs, and MSCs 
were stacked alternately for developing the tracheal construct. It is 
worthy to note that in-depth biological evaluation of such tracheal tubes 
to reconstruct lost epithelium and capillaries owing to surgical resection 
in rats is still in progress [138]. Other notable works have been per
formed towards the reconstruction of the esophagus tissue (Fig. 4(A)) 
[139], liver [140,141] and tendon/ligament soft tissues [142]. Naka
mura et al. used the Kenzan method for fabrication of cartilage for the 
repair of chondral defects. The authors used iPSC-derived chondrocytes, 
where post-maturation after self-organization of cells improved tissue 
mechanical strength and ECM formation (Fig. 4(B)) [143]. 

In a commercially available Kenzan bioprinter, dome-shaped stain
less-steel needles with a diameter of 160 μm are used in the needle array. 
Arrays are currently available in two formats: 9 × 9 and 26 × 26 needles, 
with a 500-μm-distance between the needles. The size of spheroids is 
limited by the distance between each adjacent needle; otherwise, 
spheroids deform or rupture leading to a damaged tissue construct. This 
limits the spheroid size variety and flexibility of the cell types that can be 
utilized. The size of spheroids should range between 400 and 600 μm. It 
has been stated that the spheroid size distribution should not be more 
than 50 μm compared to the distance between the needles, which is 
450–550 μm (Fig. 4(C)) [144]. Since this method enables bioprinting of 
individual spheroids into a needle array, the bioprinted tissue can retain 
the desired geometry, without major compaction. Thus, the spheroid 
size needs to be optimized according to different cell types by altering 
the number of cell densities used, especially in cases, where the longer or 
shorter culture times alter the spheroid dimension, making them un
predictable. Larger spheroids interfere with each other resulting in 
spheroid rupturing and end-used part errors. Smaller spheroids, on the 
other hand, do not come in tight contact with each other and conse
quently, leading to no fusion and hence, no assembly in that area. Hence, 
during pre-bioprinting, spheroids are required to be filtered for their size 
distribution, and spheroids falling within a specific size range should be 
used for bioprinting purposes. Bioprinting using the Kenzan method, 
theoretically, is an ideal scenario to fabricate tissues using spheroids as 
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building blocks. However, pragmatically, it is cumbersome and labo
rious, with sheer precision requirements for successful assembly of 
spheroids. Alongside, the bioprinting process is not entirely in 3D 
because end users do not have full control over the vertical axis. The 
spheroids are skewered between or, sometimes on the microneedles and 
then repeated with the next layer on top of the previous layer. This 
method of fabrication, hence, is more like a 2.5D process and brings 
challenges in the fabrication of structures with curves, geometrical 
complexities in the Z direction, or even structures with overhangs. 
Damaged microneedles (due to washing or bioprinting) cause defects 
during bioprinting and significantly add up to the cost of fabrication. 
Moreover, exporting the bioprinted structure out of Kenzan is yet 
another complicated procedure causing defects, such as holes and rup
tures, in the final structure. Despite these challenges, the mere 

commercialization of the Kenzan approach made bioprinters accessible 
to many researchers, which is a steppingstone for the acceptance of 
bioprinting approaches for scalability and evolution from bench to 
bedside. 

6.4. Biogripper method 

The biogripper method utilizes the pick and place principles used in 
the high-speed electronics assembly, to pick, transport, place and stack 
microtissues with accuracy. In this regard, Blakley et al. developed a 
system called Bio-Pick, Place, and Perfuse (Bio-P3) for bioprinting larger 
size molded cell aggregates (spheroids, toroids, and honeycomb struc
tures) to form tissues construct [145]. This method has three steps - 
picking a cell aggregate, placing the part on the stack of previous parts, 

Fig. 4. The Kenzan Method. (A) Multicellular spheroids were created using mixed cell suspensions and an artificial esophagus was then constructed using those 
spheroids. The artificial esophagus was matured in a bioreactor for a total of 4 weeks. Finally, its transplantation was performed. Adapted and reproduced with 
permission from Ref. [139]. (B) Comparison of chondrogenesis in iPSC-derived neural crest cells through mesenchymal stem cells induction (iNCMSC) and bone 
marrow-derived mesenchymal stem cells (BMMSC) constructs. (i) Gross images and (ii) histological evaluations of constructs fabricated using iNCMSCs and BMMSCs. 
Five layers of spheroids made of same cell numbers were bioprinted on a 7-mm round Kenzan at Day 10 of chondrogenesis. Constructs were cultured on Kenzan for 
additional 21 days. Images of constructs stained for SOFG, TUNEL, type I and type II collagen. Scale bars: 500 μm. Adapted and reproduced with permission from 
Ref. [143]. (C) Kenzan platform: (i) the Kenzan needle array is comprised of several needles. Spheroids are impaled onto the Kenzan needles such that spheroids 
contact one another and fuse. Fused spheroids form a tissue. Tissues constructs can be removed by sliding the top platen from the bottom platen, keeping the tissues 
intact. (ii) Three spheroids on a Kenzan needle just after bioprinting, and (iii) a day after bioprinting. Needle diameters are 200 μm. (iv) Tissues were removed from 
Kenzans after 3 weeks. Adapted and reproduced with permission from Ref. [257]. 
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facilitating cell media perfusion, and allowing fusion to fabricate scal
able tissues [146–148]. This method is limited to placing aggregates in 
the range of 600 μm to millimeters, restricting its usage for 
microenvironment-related applications. Further, the same group intro
duced a fluid-driven micro-manipulator and optimized the flexible of the 
bio-gripper design that maximized the bio-gripper utilities making it 
capable of picking and placing microtissues 30 times and stacking and 
aligning 20 microtissues (Fig. 5(A)) [149]. Additionally, they reported a 
technique, where membrane flow via a gripper was used to create op
timum pressure differentials over the top and bottom surfaces of 
microtissues, allowing the item to be gripped and lifted. A clear 
syringe-pump-driven device was designed with the etched floor, which 
grabbed larger tissue aggregates (liver hepatocyte honeycomb structures 
for a proof of concept) and precisely placed them on a stack [150]. In a 
recent study, Ip et al. reported the versatility of the Bio-P3 system to be 
an instrument and bioreactor that can simultaneously assemble and 
perfuse large physiologically -relevant macrotissues (i.e., 100 million 
cells per mL within 2 h). The results indicated that the macrotissues built 
from human hepatocellular microtissues showed stable geometry and 

function (albumin and urea secretion) over five days (Fig. 5(B)) [151]. 
Since the gripper head allows precise picking and placing of larger 

cell aggregates, scalable tissue fabrication seems practical using this 
approach; however, automation is necessary with significant improve
ments in precision and resolution of the instrument for high-throughput 
tissue engineering. The gripper head also uses a commercial cylindrical 
cell culture insert, which restricts stacking of microtissues larger in size, 
even up to a centimeter scale. Alongside, the equipment requires an 
actuating mechanism to manipulate the microtissues of different sizes, 
and needs them to be in an aqueous media, limiting its usage. Similar to 
the Kenzan method, Bio-P3 is also a 2.5D approach. 

6.5. Aspiration-assisted bioprinting 

Aspiration-assisted bioprinting (AAB) presents a hybrid mechanism, 
which leverages the power of aspiration forces to pick up and precisely 
print/place cell aggregates including spheroids (80–600 μm), tissue 
strands (~800 μm), and single cells like electrocytes (~400 μm) onto a 
substrate with minimal cellular damage (Fig. 6(A)) [152]. This approach 

Fig. 5. The Biogripper method. (A) (i) Bio-gripper: (ii) Top view image of a gripped honeycomb microtissue (scale bar: 1 mm). (iii) The schematic and (iv) 
photograph of a syringe-pump driven bio-gripper. (v) Brightfield image of living honeycomb-shaped microtissue formed in a micro-mold of agarose (scale bar: 1 
mm). (vi) Side view image of a gripped honeycomb microtissue (arrow) (scale bar: 2 mm). (vii) Top view image of toroid-shaped polystyrene synthetic part (scale bar: 
1 mm). (viii) Side view image of gripped toroid-shaped polystyrene synthetic part (arrow). Adapted and reproduced with permission from Ref. [149]. (B) Building 
macrotissues: (i) A side-view image of a single six-orbital honeycomb-shaped tissue (4 million HepG2 cells) that has been gripped and moved upward from the 
gripping platform. (ii) Downward image showing the view through a biogripper of a single six-orbital honeycomb tissue that is gripped and moved above, but not yet 
aligned with a macrotissue under construction. (iii) A side-view image of a single six-orbital honeycomb tissue that is gripped and in process of being aligned and 
lowered onto a macrotissue under construction. (iv) Side and top views of a built macrotissue (100 million HepG2 cells, 25 layers) perfused over 5 days. All scale bars: 
5 mm. Adapted and reproduced with permission from Ref. [151]. 
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was developed to improve the positional accuracy and precision (posi
tional precision and accuracy of ~11 and ~15% with respect to the 
spheroid size) [152] offered by other spheroid bioprinting approaches 
with reducing the detrimental effects on spheroid viability and tissue 
damage, with potency to bioprint into a functional gel as a 

scaffold-based approach or a sacrificial gel as a scaffold-free approach. A 
minimum aspiration pressure is essential based on a physics-based 
approach to pick the biologics carefully to prevent damage. Spheroids 
are then transferred to a deposition area and bioprinted onto or into the 
receiving substrate, enabling precise placement of a diverse range of 

Fig. 6. Aspiration-assisted bioprinting. (A) Step-by-step illustration of picking and bioprinting of spheroids. Adapted and reproduced from Ref. [152]. (B) 3D 
Bioprinting of MSC/HUVEC spheroids. Fluorescent images of bioprinted pyramid of MSC/tdTomato+ HUVEC spheroids at different focal planes highlighting the top, 
middle and bottom layer (left). Confocal images of the pyramid construct highlight the side and bottom views (right). Adapted and reproduced with permission from 
Ref. [17]. (C) Aspiration-assisted freeform bioprinting process. (i) The bioprinting setup, where a box was filled with a yield-stress support bath in one compartment 
and cell media in the other. (ii) A schematic showing the process of spheroid traverse across the support bath and media compartment, and (iii) Images showing a 
step-by-step illustration of the process. Adapted and reproduced from Ref. [155]. (D) Various configurations with aspiration-assisted freeform bioprinting in alginate 
microgels with different sizes of spheroids (250–600 μm). Bioprinted spheroids for (i) dumbbell, (ii) pyramid, (iii) Saturn, (iv) linked rings, and (v) spheroid-in-a-box 
constructs. Adapted and reproduced with permission from Ref. [38]. 
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sub-millimetric biological aggregates. Loading a spheroid necessitates a 
low pressure inside the liquidous media, whilst lifting out of the media, 
another pressure is exerted on the pipette tip from the liquid media. 
Therefore, the pressure should be strong enough to overcome this bar
rier, making optimization of critical lifting pressure very crucial to the 
success of this approach. For the scaffold-based approach, microvalve 
bioprinting was employed to generate the functional gel layers (collagen 
or fibrin), and spheroids were then aspirated, and placed at the desired 
position to facilitate tissue formation, whereas spheroids were placed 
onto a sacrificial gel layer (like alginate) for fusion purposes. The sup
port gel is removed upon adequate fusion of spheroids to get an 
assembled tissue. Along with providing a diverse range of flexibility 
with spheroid bioprinting, cell aggregates of anisotropic geometry (such 
as strands) or single cells (like electrocytes) are also able to be bioprinted 
using AAB, demonstrating the robustness of the system. 

Using AAB, Heo et al. demonstrated the bioprinting of bone tissue 
using this approach by precise bioprinting of prevascularized osteo
genically differentiated MSC spheroids incorporated with ECs (Fig. 6 
(B)). The bioprinted constructs maintained their geometrical configu
ration and showed strong expression of both osteogenic and endothe
liogenic markers [17]. They also showed the efficacy of the AAB system 
to bioprint MSC spheroids differentiated into chondrogenic lineage to 
fabricate a tissue construct to repair osteochondral defects, with reten
tion of phenotypic characteristics [65]. Further, Dey et al. employed 
aspiration-assisted bioprinting to investigate angiogenesis of tumor 
spheroids in vitro. For bioprinting, this study utilized a spheroid 
composed of HUVECs and metastatic triple-negative breast cancer cells 
(MDA-MB-231). Consequently, capillaries in a thick hollow structure 
(~70 μm) were developed, which successfully reconstructed an in-vivo 
tumor microenvironment [153]. Efforts have been also invested in 
achieving a 3D bioprinted cartilage tissue with control over the zonal 
arrangement of cells and ECM. This heterogeneous zonally-stratified 
reconstruction of the chondral tissue was made feasible by a hybrid 
bioprinting mechanism involving both extrusion and aspiration-based 
bioprinting approaches [65,154]. 

This approach also offers the flexibility to use cell media, partially 
crosslinked hydrogel, or sacrificial gel as the receiving substrate to 
facilitate the fusion of bioprinted spheroids [155]. A support bath or 
slurry can also be used for bioprinting of spheroids to offer total 
dimensional freedom for their placement in 3D [155,156]. This leads to 
the potency of bioprinting spheroids into self-healing yield-stress sup
porting baths (i.e., Carbopol and alginate microparticles) to pattern high 
cell-density tissues, like cardiac or bone tissue, with high resolution 
(Fig. 6(C)) [155,156]. After aspiration, spheroids were transferred 
directly into the self-healing support bath from the culture media and 
placed into the desired position allowing assembly, holding the key to 
enabling a new direction in future freeform bioprinting techniques [38, 
155]. Daly et al. utilized this approach and demonstrated bioprinting of 
spheroids in a hyaluronic acid-based self-healing support gel. This 
enabled the creation of cardiac rings using iPSCs-derived cardiac 
microtissues [156]. 

Despite the success in bioprinting of different tissues using this 
technique, structurally weak spheroids are seen to rupture because of 
low cellular cohesivity and dropping of the spheroid at the air-liquid- 
tissue interface during lifting. An alternative could be the use of self- 
healing gels next to the spheroid container to avoid exposure of the 
spheroids at the air-liquid interface, as shown recently (Fig. 6(D)) [38, 
155], where the spheroids were held in a cell media container inside a 
support bath. Alongside, picking and precise placement of spheroids one 
by one also is a time-extensive procedure, hence, high throughput sys
tems are required to bioprint scalable tissues. 

6.6. Magnetic bioprinting 

Patterning of spheroids via magnetic forces has emerged as yet 
another method for the fabrication of larger tissue constructs 

[157–160]. Magnetic iron oxide microparticles are impregnated into 
spheroids, which allows the arrangement and clustering of cells into 
larger tissues under externally applied magnetic stimuli, especially in 
dynamic suspension culture [157,158]. Although this method boasts a 
higher level of control, the cell viability, phenotypic expressions, and 
functionalities are adversely affected by the incorporation of the mag
netic particles [161–163], which can be improved by surface coating 
using oleates, dextran, gold or silica [164–166]. This concern of po
tential spheroid toxicity was also addressed with the use of biological 
magnetic nanoparticles, such as magnetoferritin, and the separation of 
the cellular chamber from the magnetic chamber in a method called 
Janus magnetic spheroid generation, to reduce the potential toxicity of 
cells from conventional magnetic particles. This method was deemed 
successful in the fusion of Janus magnetic spheroids into heterocellular 
larger constructs [159,160]. Recently, Bowser and Moore leveraged this 
technique with magnetic nanoparticles to accurately position spinal 
cord spheroids (formed from spinal cord cells isolated from the spinal 
cords of the embryonic tissue of Long Evans rats at Day 15 gestation) 
with high cell viability and no signs of necrosis in 3D biopolymer con
structs with the possibility of scaling up and improved shape repro
ducibility. In vivo-mimetic cell-cell interactions, both at local and 
long-distance projections, were exhibited by cells after culture (Fig. 7 
(A)) [167]. This approach has also shown promise in the treatment of 
radiotherapy-induced xerostomia by generating functional innervated 
salivary glands-like organoids derived from human dental pulp stem 
cells (hDPSCs) [168]. Bioprinted organoids demonstrated high cell 
viability, stable intracellular adenosine triphosphate, and differentiation 
into different compartments like ductal, epithelial and neuronal (Fig. 7 
(B)) [168]. The modality of magnetic bioprinting also enables real-time 
monitoring of toxicity by mobile device-based imaging (Fig. 7(C)) [169]. 

Table 1 demonstrates an overview of spheroid bioprinting tech
niques. Although a number of research efforts has been dedicated to 
bioprinting of spheroids, and most of these efforts suffer from (i) poor 
spatial control in the positioning of spheroids in 3D, (ii) significant cell 
damage with loss of viability and structural integrity of spheroids, (iii) 
poor reproducibility of the process when using spheroids that are non- 
uniform in size (iv) limited ability to form complex 3D shapes, (v) an 
inability to maintain the designed shape due to cell-mediated contrac
tion of spheroids post-bioprinting, and (vi) lack of scalability for trans
lation into the medical industry. Integration of vascularization is yet 
another critical aspect, although hardly any of these efforts should 
successfully incorporate vascularization in any bioprinted tissue con
structs. Alternative solutions to circumvent this challenge are to bio
printing the spheroids into functional gels (i.e., fibrin, or collagen) and 
incorporate them with perfusable vascular networks to facilitate 
angiogenic sprouting and hence, anastomosis [170]. Alongside, 
although most of these methods show bioprinting of isotropic tissues, 
that is hardly the scenario in native tissues. Several tissues, like muscle, 
cardiac tissue, articular cartilage, demonstrate anisotropic properties, 
and bioprinting of anisotropic mini-tissue blocks might provide the so
lution to this long-standing problem. 

7. Applications of spheroid bioprinting 

Despite the various efforts in bioprinting of spheroids, limited 
progress has been made towards the fabrication of scalable constructs – 
at a native-tissue/organ scale relevant for clinical transplantation. 
Vascularization, scalability, geometrical relevance, and clinical trans
lation are among the major roadblocks to the fabrication of most of the 
tissue and organ types [171]. In this section, we have expounded the 
progress in 3D bioprinting of various tissue and organ substitutes using 
spheroids as building blocks. 

7.1. Cardiac tissue 

Cardiovascular disorders are responsible for the highest mortality in 
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the United States (US) accounting for about one in every three deaths 
[172]. To solve this, organ transplantation has been one of the premier 
research developments for the treatment of cardiovascular disorders, as 
2018 marked the 50th anniversary of the first cardiac tissue trans
plantation performed worldwide in South Africa [173]. With limited 
donors, site morbidity, and fears of immune rejection being major 
concerns with transplantation, researchers have found solace in the 
exploration of cardiac tissue bioprinting – including whole bio
engineered hearts [174], cardiac patches [175], biological pumps [176], 
valves [177], ventricles [178] and blood vessels [179]. 3D Bioprinting of 
the whole heart refers to the fabrication of the heart [174] consisting of 
cardiac muscle, endocardium, epicardium, ventricles, atria, and valves, 
along with a network of blood vessels (from arteries and veins down to 
capillaries), which has the potential to be translated for clinical heart 
transplantation. The cardiac patches, on the other hand, are tissue 

constructs that physiologically or functionally mimic the cardiac muscle 
and has the potential to augment contractile function in cases of acute 
myocardial infarction. Thus, depending on the severity of a patient’s 
condition, a cardiac patch may be sufficient to augment lost contractile 
functions, but a whole bioengineered heart transplantation will be 
required for chronic heart failure. Yet another crucial aspect within 
cardiac tissue research is the necessity of creating vascularized tissues 
[180]. The difficulty in the incorporation of innervation with the 
development of micro-scale blood vessels (less than 200 μm for free 
oxygen diffusion) has been the foremost barrier to the successful 
development of functional organs [181]. 

Many efforts have been invested into the fabrication and assembly of 
cardiac spheroids into larger constructs by magnetic bioprinting 
approach – both by corporate associations and academic settings [159, 
182,183]. Kenzan method has been used for cardiac tissue fabrication 

Fig. 7. Magnetic Bioprinting. (A) Characterization of spinal cord spheroids fabricated using magnetic nanoparticles. (i-ii) Representative phase images of spinal cord 
spheroids. Scale bar: 100 μm. (iii-iv) Viability determination using LIVE/DEAD staining of spinal cord spheroids. Scale bar: 100 μm. Adapted and reproduced with 
permission from Ref. [167]. (B) (i) Methodological steps required towards the formation and salivary gland (SG) differentiation stages of 3D spheroids towards 
SG-like organoids. (ii) Representative fluorescent images of differentiated spheroids stained for different SG epithelial markers: acinar secretory epithelial (AQP5), 
myoepithelial (KRT14), transmission electron microscope micrographs of spheroids, immunostained for nerves (TUBB3), and images showing calcium ion [Ca2+i] 
mobilization in SG spheroids before and after cholinergic stimulation with Carbachol. Adapted and reproduced with permission from Ref. [168]. (C) Magnetic 3D 
bioprinting. Cells were incubated overnight with magnetic nanoparticles. After resuspending and levitating the cells, they were then bioprinted for 15 min by putting 
the plate atop a 96-well magnetic drive. After bioprinting, the magnet was removed and spheroid contracts. The mobile device-based imaging system, with a 96-well 
plate full of spheroids placed above the mobile device. Adapted and reproduced from Ref. [169]. 
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with cardiac spheroids. Spheroids were fabricated using a combination 
of ECs, aortic smooth muscle cells, and hDFs in a 4:1:5 ratio in a cocktail 
culture medium [184]. Formed spheroids were bioprinted into tubular 
constructs on a needle array, incubated for fusion and assembly, and 
then tested in a nude rat model. Polonchuk et al. developed cardiac 
spheroids using human cardiomyocytes (CMs), hDFs and ECs, in algi
nate/gelatin hydrogels and then bioprinted them on a microelectrode 
plate for drug testing. The bioprinted spheroids showed contraction 
spontaneously and when stimulated, contractile and electrical data 
could be collected on microelectrode plates (Fig. 8(A)) [185], making it 
appropriate for industrial applications. 

Another study confirmed the use of CMs, ECs, and hDFs in a 70:15:15 
ratio to form spheroids and plated them in low attachment Petri dishes 
in desired predetermined shapes under continuous rotation for 24 h for 
fusion into cardiac grafts [186]. Arai et al. employed combinations of 
hDFs, ECs and iPSCs-derived CMs, and confirmed the cellular 
self-organization in 3D bioprinted cardiac constructs [25]. Human adi
pose stromal vascular cells were also formed into spheroids and bio
printed into cardiac patches using extrusion-based bioprinting [187]. 
Daly et al. positioned cardiac spheroids inside a self-healing hyaluronic 
acid-based granular gel and developed a cardiac infarction model (Fig. 8 
(C)) [156] to replicate pathological features and study the repair 

mechanism, opening yet another avenue for bioprinted cardiac tissues. 
Even though recent studies have demonstrated 3D bioprinting of 

spheroids to form cardiac tissue, the integration of synchronous con
tractile activity and vascularization (spanning across many orders – 
from arterial to capillaries) limit their usage. Even then, 3D bioprinting 
of patient-specific heart tissues holds the key towards an unmet need for 
clinicians and brings an end to a long-standing problem to promote 
cardiac regeneration in patients. 

7.2. Pancreatic tissue 

Diabetes mellitus is one of the most severe health concerns the world 
is witnessing with an incidence rate of one in every 11 people leaving 
around 415 million infected worldwide [188]. Allogenic pancreas and 
Langerhans islets transplantation have been considered as a treatment to 
restore blood glucose regulation physiologically [189]. However, lack of 
donors, consequential surgical risks of thrombosis, lifelong immuno
suppression therapy, and fear associated with immune rejection have 
limited their usage to only an insignificant number of patients opting for 
pancreas transplantation compared to the population of diabetic pa
tients. Various strategies and advancements in recent years towards 
tissue engineering approaches may offer a viable alternative [190]. 

Table 1 
Bioprinting methods and their comparison.  

Bioprinting 
method 

Scaffold- 
free (SF)/ 
Scaffold- 
based (SB) 

Spheroid 
size variety 

Spheroid 
clogging 
possibility 

Spheroid 
rupture 
possibility 

Scalability Positioning Critical Concerns Parameters to 
control 

References 

Extrusion- 
based 

Both Yes, limited 
by the 
nozzle 
diameter 

Yes Sometimes Limited if 
spheroids are 
bioprinted 
one by one 

Low Resolution is relatively low 
(>100 μm); choice of bioink 
is limited by adequate 
viscosity requirements; 
clogging of nozzles is often 
noticed with high viscosity 
bioinks or larger spheroids; 
shear stress exerted on 
spheroids lowers cell 
viability 

Viscosity of the 
bioink (with 
spheroids, 
bioprinting 
speed, pressure, 
nozzle diameter 

[44,58, 
111,113] 

Droplet- 
based 

SF Yes Low- 
Medium 

Sometimes No Low Throughput is low; uniform 
spheroid size is required for 
droplet formation; clogging 
issues are noted from non- 
homogeneous spheroids; 
Spheroid sizes are limited by 
the nozzle size. 

Viscosity, 
pressure, surface 
property of the 
substrate 

[125] 

Kenzan SF No No High Medium-High Low Fixed inter-needle distance 
limits the size of spheroids 
and resolution, limited 
control on the Z-axis, 
spheroids damaged by 
skewers leading to lower cell 
viability 

Needle array, 
inter-needle 
distance, 
spheroid size 

[130] 

Bio-gripper SF Yes No No High Low The membrane of the 
building block must be 
optically transparent; 
limited to cell aggregates in 
the range of 600 μm to 
millimeters; limited control 
on the Z-axis 

The shape of the 
building block, 
flow rate, nozzle 
positioning 

[145,149] 

AAB Both Yes No Yes, when 
spheroids 
have low 
surface 
tension 

Low High Throughput is low, 
sometimes spheroid damage 
is noticed due to low cellular 
cohesivity and dropping of 
the spheroid at the air-liquid- 
tissue interface during lifting 

Aspiration force, 
spheroid 
diameter and 
surface tension 

[152] 

Magnetic- 
based 

Both Yes No No High Low A long-term cell culture 
period is required; cell 
viability and phenotypic 
expressions and 
functionalities are adversely 
affected by the incorporation 
of the magnetic particles 

The shape of the 
magnet, cell 
density 

[168]  
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Towards this goal, the presence of ECs has been shown to influence the 
specific differentiation of pancreatic β-cells and sprouting angiogenesis 
was reported in these 3D β-cell spheroids [191–193]. These spheroids 
confirmed neovascularization with improved β-cell viability and func
tionality over time. Kim et al. [194] explored the development of a 
pancreatic tissue-derived ECM bioink and combined it with ECs and 
islets together to characterize their viability, insulin secretion, and 
bioprintability in vitro. Four-layered ~200-μm-thick lattice constructs 
were generated via extrusion-based bioprinting, which maintained their 
structural integrity in the physiological conditions for 5 days. Similar 
cellular viability was observed in bioprinted constructs compared to 
non-bioprinted constructs five days after incubation (Fig. 9(A)). 
Recently, Hwang et al. developed a hybrid encapsulation system using a 
macroporous polymer capsule with a stagger-type membrane and 
assemblable structure, and nanoporous dECMs hydrogel containing 

pancreatic islet-like aggregates. The system showed in-vitro and in-vivo 
biocompatibility in terms of M1 macrophage polarization, and 3D bio
printed pancreatic islet-like aggregates revealed structural maturation 
and functional improvement along with integrating iPSC-derived insu
lin-producing cells (Fig. 9(B)) [195]. An exocrine pancreas model was 
bioprinted using spheroids composed of acinar and ductal cells to study 
factors contributing to the progression of pancreatic ductal adenocar
cinoma, shedding light on future therapeutic strategies (Fig. 9(C)) 
[196]. 

One of the major impediments to the bioprinting of pancreatic tissue 
is the production of functional pancreatic islets itself. Despite the great 
progress, iPSC-derived pancreatic islets have still limitations; thus, 
appropriate maturation of these cells in vitro after bioprinting with 
proper 3D microenvironment cues is crucial. In addition, bioprinting of 
islets into implantable devices in high density has been a challenge, 

Fig. 8. Bioprinting cardiac tissues. (A) The bioprinting was done using extrusion-based method. (i) VEGF-promoted fusion of three bioprinted cardiac spheroids 
within 4% alginate-8% gelatin hydrogels. Collapsed z-stacks of fused spheroids 72 h post bioprinting. (ii) Electrical recording from bioprinted cardiac spheroids. 
Phase-contrast image of bioprinted cardiac spheroids in the proximity of an electrode at the center of a well in a CardioExcyte96 plate (left). Representative 
measurements of raw mean beat impedance and field potential waveforms shown before and after the addition of 1 μM isoproterenol. Adapted and reproduced from 
Ref. [185]. (B) The bioprinting was done by Cyfuse Regenova 3D bioprinter using spheroids which were placed on fine needle arrays to create biomaterial-free 
cardiac patch. (i) Cardiospheres of various cell ratios (iPSC-derived CM:fibroblast:EC ratio 70:15:15) formed in 48 h. (ii) Cross-sections of the explanted heart 
showing the fibroblast bioprinted cardiac patch. (iii) Human nuclear antigen (HNA) (Magenta), wheat germ agglutinin (WGA) (Green), DAPI (Blue). Scale bar: 40 μm. 
White arrows indicate the presence of human cells in the native rat myocardium. Adapted and reproduced from Ref. [137]. (C) The bioprinting model was an 
aspiration-based 3D bioprinting of spheroids. (i) Schematic of 3D bioprinting of healthy and scarred cardiac microtissue rings and (ii) immunofluorescence staining 
for cTnT and vimentin in healthy and scarred cardiac microtissues after 5 days of fusion within a support. Scale bar: 100 μm (insets: 50 μm). (iii) Immunofluorescence 
staining for alpha-actinin (green; sarcomeres) and cTnT (red; iPSC-derived CMs) and (iv) connexin-43 (green; gap junctions) and cTnT (red; iPSC-derived CMs), in 
healthy and scarred regions of microtissues after 5 days of fusion within the support. Scale bar: 10 μm. Adapted and reproduced from Ref. [156]. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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which restricts the total graft volume with respect to the implanted 
device volume, which reduces the efficiency of insulin secretion, or the 
transplant sites cannot carry the required device volume. We believe 3D 
bioprinting still holds the potential for the coordinated fabrication of 
pancreatic tissue with precise spatial organization of islets along with 
the incorporation of vascular networks, leading to enhanced cell 
viability and hormonal functionalities, crucial for treating diabetic pa
tients. In the meantime, the organ-on-a-chip model might be better 
suited for the pancreatic islets, with the potential to monitor the dy
namic changes in the endocrine hormones and drug modeling in the 
glucose-dependent environment [190]. 

7.3. Tumor models 

According to the American Cancer Society, in 2019, the number of 
new cancer cases and deaths were estimated to be over 1.7 million and 
660,000 respectively in the US [197]. Being such a prevalent issue, 
research and drug discovery have been a major focus in the attempt to 
combat the effects of cancer. The use of tumor models is one main 
method of research, applied to both developmental studies and drug 
efficacy, and has seen an increase in efficiency and applicability with the 
introduction of spheroid bioprinting. These benefits stem from the su
perior properties of 3D microenvironments over 2D counterparts in 
mimicking the in-vivo environments [120]. 3D Tissue models using 

Fig. 9. Bioprinting pancreatic tissues. (A) 3D Bioprinting of islet-laden pancreas-derived ECM bioink for the construction of a pancreatic tissue using microextrusion- 
based printing technology. (i) Islet-laden bioprinted constructs (ii) and their cell viability over 5 days in culture (scale bar: 100 μm). Adapted and reproduced with 
permission from Ref. [194]. (B) The macroporous polymer capsule was fabricated using a micro extrusion-based 3D bioprinting system. The figure shows the effects 
of islet-like aggregate bioprinting (AP) on intercellular behaviors compared with mixed groups after culture for 7 days. (i) Graphical description of mixed and AP 
groups. (ii-iii) Representative immunofluorescence images of MIN6-m9 cells for F-actin (green), Ecad (red), and DAPI (blue). Adapted and reproduced with 
permission from Ref. [195]. (C) Laser-assisted 3D bioprinting of exocrine pancreas spheroid models.(i) Immunolabelling of epidermal growth factor receptor (EGFR) 
in spheroids composed of acinar cells, ductal cells, or acinar and ductal cell co-cultures (1:1 ratio), at Day 14 post bioprinting. (ii) LIVE/DEAD staining of a 20-μm 
stack at the center of spheroids. Labeling of actin in spheroids composed of acinar and ductal cells in co-culture at Day 14 post bioprinting. Adapted and reproduced 
with permission from Ref. [196]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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spheroids are better able to recapitulate the complexity seen in 
cancerous tissue and combined with the enhanced spatial precision 
enabled by bioprinting, provide more accurate results in the testing of 
tumor models [196]. Tumor spheroids recapitulate the genetical and 
histological morphology of a tumor and retains tumor heterogeneity and 
help bridge gaps between in vivo animal models and in vitro 2D culture 
models [170]. Indeed, they are useful models for avascular tumors, 

which develop hypoxia [198]. The core of larger spheroids (>500 μm) 
tend to be hypoxic due to low diffusion of nutrients and media to the 
center [152]. 

Tumor organoids have also been demonstrated as outstanding 
models for understanding the different phases of cancer biology and 
hence for their potential applications in drug discovery, personalized 
medicine and disease modeling [199]. In fact, tumor organoids from 

Fig. 10. Bioprinting of tumor models. (A) The bioprinting system used was a custom built, pressure-assisted value-based. (i) A schematic showing spheroid formation 
in concave wens, (ii) a view of printed gelatin arrays of different sizes on a PTFE-covered Petri dish, and (iii) phase-contrast images of spheroid development and 
Calcein and ethidium bromide staining of cells after 7 days of culture in wells made of 0.48 μL and 0.23 μL gelatin droplets. Scale bars: 200 μm. Adapted and 
reproduced from Ref. [126]. (B) A 3D bioprinted immune-cancer model. T cells were labeled with cell tracker violet and bioprinted in a circular pattern into a 
collagen bath. MDA-MB-231/HDF tumor spheroids were then bioprinted using aspiration-assisted bioprinting at the center of the circle. The distance of T cells from 
the periphery of the tumor spheroid was maintained at ~250 μm (proximal) or ~650 μm (distal). Fluorescent images of the (i) proximally and (ii) distally bioprinted 
tumor models right after bioprinting (Day 0), and post T cell treatment (Day 3). Adapted and reproduced with permission from Ref. [203]. (C) (i) Microcapsules 
created by laser-based bioprinting. Images of various print configurations of microbeads (5 × 5 array and rectangular mat) at Day 14. Both stem cells and tumor cells 
formed single aggregates. (ii) Confocal images of representative MDA-MB-231 3D aggregates within large (top row) and small (bottom row) microcapsules at Day 14. 
Aggregates were GFP-transfected and nuclear stained with DAPI (blue). Adapted and reproduced with permission from Ref. [204]. (D) A 3D bioprinter (Regenova; 
Cyfuse Biomedical K⋅K., Tokyo, Japan) was used to assemble spheroids. GBM4 cells invading into a CD1 neural progenitor spheroid. Maximum projection of the 
spheroid. CD1 cells were stained for blue and GBM4 cells were stained for red and blue. The invasion of GBM4 cells into the CD1 spheroid is evident. Scale bar: 1000 
μm. Inset: 3D reconstruction of the image stack used to generate b, rotated 90◦. The relative locations of six selected cells are indicated with a yellow dashed line. 
Adapted and reproduced with permission from Ref. [132]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 
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living biobanks serve as an oasis for understanding rare cancer and their 
gradual progression. Even then, 3D cultures of organoids and spheroids 
fail to recapitulate the entire complex tumor microenvironment 
(comprising tumor epithelium, stem cells, fibroblasts, and 
tumor-infiltrating immune cells, along with tumor angiogenesis and 
relevant cytokines, chemokines, and growth factors). Non-perfused 
static models, on the other hand, also lack intra- and inter-cellular 
crosstalk. In such regard, microfluidic devices have the potential to 
address these concerns and include physiological dosing of therapeutics 
for drug screening and modeling. Efficient and robust generation of 
tumor organoids for the generation of clinically-relevant in-vitro plat
forms [200,201] hold the key for translation of such models from bench 
to bedside. Duarte Campos et al. employed bioprinting to engineer an 
on-chip vascular-like conduit for in-vitro modeling using human pre
malignant breast epithelial cell (MCF10AT) spheroids as well as neural 
progenitor cells. They employed an elastin-like protein with tripeptide 
Arg-Gly-Asp (RGD) as the hydrogel component. Encouraging viability of 
MCF10AT spheroids was seen after seven days of culture, whereas their 
proliferation continued at a rate comparable to the Matrigel control 
group till 14 days of culture [115]. Using Monte Carlo computational 
studies, Robu et al. have shown that bioprinting of 3D perfusable con
structs using multicellular spheroids as sacrificial bioink can give rise to 
conduits with more homogenous cell distributions [119]. A 
custom-made bioprinting system was used to build a concave hydrogel 
microarray coupled with in-situ seeding of breast cancer cells with 
high-throughput capacity and high controllability resulting in spheroid 
formation (Fig. 10(A)) [126,202]. The conclusions drawn from this 
study reinforce the use of 3D spheroid bioprinting in developing cancer 
tissue models for long-term study. In a recent work [203], a tumor 
spheroid was bioprinted at the center of T cells bioprinted in a circular 
pattern at different proximity to the tumor spheroid in order to develop a 
mechanistic understanding of immune-cancer interactions, important 
for cell-based cancer immunotherapies (Fig. 10(B)). Kingsley et al. have 
shown the application of laser-direct write methodology to fabricate 
spatially patterned tumor spheroids as well as embryonic bodies (Fig. 10 
(C)) [204]. The investigators studied the effect of tumor dimensions for 
targeted therapy, and found significant spatial variations (increase in 
Transferrin uptake) indicating the dependence of biological responses 
on the geometry of spheroids. In another study, Hakobyan et al. devel
oped a bioprinted miniaturized spheroid-based array model and 
demonstrated that these bioprinted spheroids, composed of both acinar 
and ductal cells, can imitate the initial stages of pancreatic ductal 
adenocarcinoma (PDAC) development indicating their potential use in 
future therapies [196]. In another study, Van Pel et al. attempted to 
examine the native microenvironment to model glioma cell invasion 
into neural tissue spheroids using bioprinting (Fig. 10(D)) [132]. The 
approach allowed for the adequate tracking of tumor invasion enabling 
understanding of somatic genetic differences of patients and taking a 
step towards personalized cancer treatments. 

Advanced tissue engineering approaches have revolutionized cancer 
treatment worldwide. Still, further understanding of cancer-immune cell 
interactions is needed for an appropriate drug modeling and under
standing of targeted therapeutics in a dynamic tumor model. Bioprinting 
of spheroids is still in a nascent stage to fabricate 3D models with 
adequately positioned cancer cells with stromal cells and ECs and enable 
a better understanding of the underlying mechanisms controlling im
mune evasion and reduced anti-tumor response post immunotherapy. 
We believe further studies improving the resolution of bioprinting with 
heterotypic spheroids and incorporation of vascularization, and angio
genesis holds the key to advancing in-vitro tumor models for cancer 
treatment in a dynamic microenvironment with cancer-immune cell 
interactions. 

7.4. Neural tissue 

Neuro-pharmaceuticals often exhibit very high attrition rates during 

drug developments and thus necessitates microphysiological systems for 
in-vitro screening of leads [205]. For neural systems, considering the 
complexity and hierarchy of the neural tissue, both spheroid-based 
biological and conventional microfluidic-based engineering models 
have limited capacity to recapitulate tissue functions. Human neural 
stem or neural progenitor cells (NS/PCs) are considered ideal candidates 
for repairing impaired neural function [206]; however, owing to a 
gradual reduction in numbers of NS/PCs by age, it is challenging to 
bioprint neural tissue constructs at the physiologically-relevant cell 
densities. A potential alternative is enabling self-assembly of cells of 
neural and endothelial lineage to form cell aggregates and achieve 
adequate cell density (Fig. 11(A)) [207]. An approach with the combi
nation of fabricating spheroids and bioprinting them precisely to help 
induce fusion and formation of neural and vascular networks may hold 
the key to engineering a mimetic-neurophysiological system. Abelseth 
et al. demonstrated bioprinting of iPSC-derived neural aggregates in a 
fibrin-based bioink to improve throughputness of traditional neural 
tissue engineering techniques, especially for drug screening purposes. 
The authors demonstrated ~94% cell viability 10 days after bioprinting 
with expression of neuronal markers (neuron specific Class III 
beta-tubulin (TUJ1)) with neurite extension. Similar conclusion has 
been demonstrated in a study by Bowser and Moore, who exploited 
magnetic nanoparticle-based bioprinting with spinal cord spheroids, 
demonstrating both localized cell-cell cross-talks as well as 
long-distance neuronal projections. Bioprinted constructs showed con
sistency and reproducibility proving their potential to provide stan
dardized results (Fig. 11(B)) [167]. Thus, the spheroid bioprinting 
approach can also be extended to develop a mini-brain model if 
neuronal- and vascular-associated cells are formed into spheroids and 
interconnections between them are allowed to grow. The establishment 
of such neuronal connections can also be helpful for accelerated 
regeneration [208]. 

7.5. Thyroid glands 

The thyroid gland is an endocrine organ, which is responsible for the 
secretion of essential hormones for growth, neurological development, 
and hemostasis. Hypo-functionality of the thyroid gland or even its 
removal due to cancer or other issues would have a great effect on the 
body’s physiology. In these cases, lifetime hormone therapy is the cur
rent method of treatment [209]. One potential avenue of future treat
ment is autologous tissue replacement, which would eliminate the need 
for lifetime hormone therapy. In this regard, Bulanova et al. isolated 
thyroid explants and allantoic tissue from mouse embryos (Fig. 12(A-E)) 
[44]. These explants were cultured overnight in hanging drops to obtain 
spheroids for bioprinting. Allantoic spheroids were used to incorporate 
vascularization by generating a blood vessel capillary network around 
the thyroid tissue construct. An extrusion-based bioprinting approach 
with a turnstile functionality and temperature-controlled mechanism 
was used to bioprint the spheroid-laden collagen gel on a polytetra
fluoroethyle membrane. The functionality of the fused tissue was 
determined by restoration of thyroid homeostasis after implantation in a 
hypothyroid mouse model. This study, although performed in a mouse 
model, paved the path for the success of clinical transplantation of a 
bioprinted vascularized thyroid gland. 

Despite the development of a bioprinted thyroid gland, its clinical 
translation is challenging. For clinical applications, therapeutic-grade 
thyroid epithelial cells are needed, but receiving such a large number 
of autologous cells via biopsy is challenging [44]. Even collection of 
viable thyroid follicles from the human thyroid gland is hardly feasible. 
In this regard, differentiation of human stem cells into thyroid epithe
lium is considered a promising technique since it can significantly in
crease the viability of thyroid follicles [210,211]; however, they 
demonstrate immature phenotypes. Meanwhile, efforts towards the 
fabrication of a physiologically-relevant thyroid model from bioprinting 
of spheroids are still underway for achieving hormonal functionalities. 
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7.6. Bone and cartilage tissue 

Musculoskeletal surgeries and orthopedics were the very first fields 
to incorporate 3D bioprinting technology. Scaffold-based approaches 
have been more extensively researched for use in bone and cartilage 
tissue engineering focusing on the use of 3D printed biomaterials [212, 
213] owing to the required high mechanical properties for orthopedic 
and dental applications [214]. Especially, spheroid-based systems prove 
to be significant for in-vitro cartilage models because the hypoxia 
gradient evident in spheroids enables mimicking the cartilage micro
environment favoring the differentiation of MSCs into a chondrogenic 
lineage [215]. However, the long-term stability of 3D bioprinted con
structs along with a dearth of in-vivo data on bone regeneration calls 
into question further use of these constructs in clinical studies [216]. 

The next major milestone for the successful adoption of orthopedic 
tissue bioprinting is the ability to bioprint vascularized bone [217]. 
Microvascular endothelium forms an integral part of the bone tissue, 
hence the incorporation of ECs in osteogenic spheroids helps mimic the 

native tissue more closely, and reduced tissue necrosis in the core of 
spheroids. This can be achieved with bioprinting of human MSCs along 
with ECs in a complex structure [218]. Recently, Ayan et al. have 
demonstrated osteochondral tissues using prefabricated spheroids as 
building blocks (Fig. 13(A)) [65]. In another study, Heo et al. used 
human MSC and ECs to fabricate heterogeneous spheroids, which were 
subjected to bioprinting to develop constructs of complex shapes, with 
demonstration of osteogenic properties [17]. Recently, Celik et al. 
created a 3D heterotypic pre-vascularized bone tissue model using 
osteogenic and endotheliogenic progenitor spheroids produced by 
miR-148 b and miR-210 mimic transfection, respectively. 
miRNA-transfected spheroids were bioprinted into hollow structures to 
imitate the Haversian canal as a proof of concept (Fig. 13(B)) [219]. 
They used the same bioprinting approach to create the osteochondral 
interfaces with miR-148 b transfected spheroids for the osteogenic zone 
and miR-140 and -21 transfected spheroids for the chondrogenic zone 
[220]. Freeform positioning of spheroids with complete 3D bioprinting 
freedom in Z-axis forms yet another challenge regarding the spheroid 

Fig. 11. Bioprinting of neural tissues. (A) A potential strategy to generate mini-brain by extrusion-based bioprinting of spheroids. Adapted and reproduced from 
Ref. [207]. (B) Using magnetic properties of spheroids for seeding and magnetic bioprinting. (i-iii) The properties of magnetic spheroids enable their translocation. 
Scale bar: 2 mm. Phase images of neural constructs (βIII-tubulin, white) indicate that the positioning of spheroids in constructs is more accurate (iv) with magnetic 
bioprinting than (v) manual placement with a pipette alone. Scale bar: 500 μm. (vi) Single plane confocal imaging showing localized cell bodies (DAPI, blue) and 
extending neurites (βIII-tubulin, green). Scale bar: 200 μm. Dual-view inverted selective plane illumination microscopy (diSPIM) images of hydrogel constructs 
stained with βIII-tubulin to visualize neurite outgrowth. (vii) An XZ slice through the spinal cord spheroid. (viii) An XZ maximum intensity projection of the neurite 
growth within the channel, excluding the spheroid. Scale bar: 100 μm. (ix) An YZ maximum intensity projection of the neurite outgrowth through the depth of the 
hydrogel. (x) An XY maximum intensity projection of the neurite growth occurring within the boundaries of the poly-ethylene glycol (PEG) mold. Scale bar: 200 μm. 
Adapted and reproduced with permission from Ref. [167]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 
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bioprinting. A very recent effort aimed at the bioprinting of freeform 
functional cartilage and osteogenic tissues (circular and triangular 
configurations, respectively) using prefabricated spheroids in 
yield-stress gels (Fig. 13(C)) [155]. This cost-effective and reproducible 
methodology offers a viable technology for the fabrication of diverse 
tissue constructs, which demand precise placement and assembly of 
spheroids in 3D. Burdis et al. fabricated anatomically accurate stratified 
articular cartilage using inkjet bioprinting on a microchamber system. 
Human MSCs and chondrocytes were deposited into these chambers 
creating organized spheroids to be used. The microchamber strategy 
enhances the versatility and scalability of spheroid bioprinting allowing 
for a high level of organization using these cell aggregates [221]. 

For appropriate bone tissue regeneration, a combination of (1) the 
natural bone ECM niche, (2) osteogenic and osteoclastogenic cells, (3) 
topographical cues guiding the cells to the desired type, and (4) vascu
larization are needed in tandem [222]. The integration of different 

bioprinting methods and an understanding of an interdisciplinary study 
regime ranging from tissue engineering, bone biology and mechanical 
engineering might offer a solution to the fabrication of bone tissue. 
Cartilage reconstruction is equally challenging owing to its intricate 
anatomical structure and specific zonal biomechanical properties. In this 
regard, spatiotemporal cues, formation of hyaline cartilage, 
zone-specific mechanical and biological properties, and bone-cartilage 
integration are the unmet requirements for cartilage and osteochon
dral tissue reconstruction [223–226]. 

7.7. Liver tissue 

The hepatic parenchymal cells in the liver play a critical role in 
metabolism within the body. Because of this, a large amount of the 
pharmaceutical industry investment goes towards the development of 
drugs for treating liver disease, most of which fail in clinical studies. 

Fig. 12. Bioprinted thyroid glands using the Fabion 3D bioprinter (extrusion-based developed by 3D Bioprinting Solutions. (A) Bioprinted mouse thyroid gland 
constructs composed of three spheroids from embryonic thyroid explants (3 TS) or (B) composed of three spheroids from embryonic thyroid explants in between six 
allantoides spheroids (3 TS + 6AS) after a day in culture. (C) Constructs labeled, after a day in culture, with antibodies against platelet and endothelial cell adhesion 
molecule (PECAM; green) and E-cadherin (red) to visualize endothelial and epithelial cells, respectively. (D) Vascularization of bioprinted mouse thyroid constructs. 
(i) Bioprinted thyroid spheroids (TS) display only at the periphery of the tissue. (ii) TS bioprinted together with allantoic spheroids (AS) reveal intense PECAM 
labeling around and inside TS. (iii) TS pretreated with SU5416 (TSSU5416) during hanging drop culture did not show endothelial-specific labeling. (iv) In the 
presence of AS, TS depleted of EC (TSSU5416) were invaded by EC from AS. (E) Functional rescue of in-vivo thyroid function using bioprinted mouse thyroid 
constructs. (i) Schematic representation and timeline of mouse 131I-induced thyroid ablation and construct grafting. (ii) Histological analysis of kidneys section. H&E 
staining on a grafted kidney after five weeks showed follicular organization in grafted tissue and colloid accumulation. Adapted and reproduced with permission from 
Ref. [44]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Inadequate preclinical screening is one of the major reasons for such 
failures and can be addressed by 3D in-vitro tissue models [227,228]. 
These models are fabricated to recapitulate the in-vivo structure, 
biology, function and metabolism more realistically in comparison to 2D 
models. To advance this area of clinical research, Bell et al. aimed to 
mimic the liver functionalities using spheroids formed from primary 
human hepatocytes. The spheroids were observed to retain their func
tionality and morphology in vitro for about five weeks of culture with 
enhanced clinically relevant-sensitivity under chronic exposures of liver 
pathologies, such as cholestasis, the toxicity of fialuridine, and viral 
hepatitis [229]. In another study, cryopreserved hepatocytes and mouse 
fibroblasts were co-cultured to form spheroids in a cell repellent 
microplate and were used for bioprinting of liver tissue. The Regenova 
bioprinter was utilized to construct the liver tissue with nine spheroids 
in each microplate, which was then placed on a needle array, and 
cultured for four days to allow fusion [141]. The bioprinted tissue 
demonstrated functional metabolism of lipids, synthesis of bile acid and 
glucose production for three weeks, showing its potential to be used 
preclinically for in-vitro hepatotoxicity predictions. Yet another study 
explored the bioprinting of liver tissue using a spheroid-laden hydrogel. 

Multicellular spheroids were fabricated using hepatocytes, stellate cells 
and Kupffer cells (8:1:1), and maintained for three days before bio
printing. The spheroids were then laden in a liver ECM containing 
hydrogel-based bioink and extruded to fabricate liver constructs (Fig. 14 
(A)) [230]. Bhise et al. developed hepatic spheroid-laden GelMA and 
used liquid droplets to bioprint a 7 × 7 array within a microfluidic 
bioreactor (Fig. 14(B)) [231]. This liver model was then assembled to 
form a liver tissue, which was assessed for functionality for 30 days. The 
microfluidic device was a step forward from the conventional bioreactor 
organ-on-a-chip devices because it allowed direct access to spheroids 
throughout experiments and could be used for high-throughput dru
g-induced liver toxicity studies in vitro. Another notable work towards 
3D bioprinting of liver spheroids was reported by Goulart et al. by 
bioprinting of iPSC-derived liver parenchymal cells formed into spher
oids in an alginate/Pluronic hydrogel-based bioink using 
extrusion-based bioprinting (Fig. 14(C)) [232]. The bioprinted con
structs demonstrated improved hepatic and metabolic functions for a 
prolonged culture time, providing insights into the future development 
of liver tissue using iPSCs. 

As many studies have demonstrated, 3D models resembling the 

Fig. 13. Bioprinting of bone and cartilage tissues. (A) Aspiration-assisted bioprinting of the osteochondral interface. (i) A schematic diagram showing positions of 
histological sectioning in the bioprinted interface. (ii-iv) H&E staining of the chondrogenic and osteogenic zones, and the interface. Adapted and reproduced from 
Ref. [65]. (B) Representation and characterization of the Haversian canal model fabricated using the aspiration-assisted bioprinting technique. (i-ii) Bioprinted 
structures consisted of adipose-derived stem cell (ADSC) spheroids labeled with CellTracker™ green CMFDA dye and CellTracker™ Red CMTPX dye post bioprinting. 
Immunoimages, showing (iii) RUNX2 and (iv) VE-cadherin, and (v) a H&E image of a bioprinted structure at Day 14 post bioprinting. Adapted and reproduced with 
permission from Ref. [219]. (C) Aspiration-assisted freeform bioprinting of cartilage and bone tissues. Histological and immunostaining images of circular cartilage 
tissues at Day 24 including (i) H&E, (ii) toluidine blue, (iii) Col-II, and (iv) Aggrecan. (v) Bioprinting of triangular-shaped osteogenic tissues in a yield-stress gel. 
Immunostaining (Hoechst in blue and OSTERIX in red) and H&E staining for bioprinted bone tissue. Adapted and reproduced from Ref. [155]. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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complex 3D native microenvironment are essential for liver tissue 
regeneration [233–235]. Hence, heterotypic liver spheroids have drawn 
considerable attention to recapitulate the in-vivo tissue architecture and 
cell-ECM and cell-cell interactions. Yet, the usage of such tissue remains 
limited owing to low throughput and reproducibility and limited 
long-term culture (due to rapid loss of functionality within a couple of 
days) [236]. Besides their limited lifespan, obtaining primary hepato
cytes from healthy donors is another challenge [231]. Although reliable 
commercial cell lines are available as a viable alternative, they do not 
express necessary metabolic enzymes corresponding to those of native 
tissues, reflecting the genetic variability of patients [237]. 

7.8. Vascular tissue 

One of the most notable challenges for successful fabrication of 
scalable tissues and organs is the integration of vascular networks. To 
obtain clinically-relevant volumes of tissues, vascularization is an inte
gral consideration needed for the transport of nutrients and oxygen to 
cellular components. To address this issue of complexity, spheroid bio
printing techniques have been utilized to enable the creation of vascular 
tissues with the necessary structural stability. In an attempt to develop 
heterocellular vascularized tissues, many researchers have co-cultured 
spheroids with the addition of ECs to induce vascularization [238]. 
Norotte et al. bioprinted multicellular vascular spheroids (made from 
smooth muscle cells, fibroblasts, and Cho hamster ovary cells) 
concomitantly with agarose rods, to generate a scaffold-free 

Fig. 14. Extrusion-based bioprinting of liver tissues. (A) Demonstration of parameter optimization of bioprinting and associated viability of liver spheroids bio
printed in a liver-specific bioink. Conditions were optimized over biofabrication batches, resulting in liver constructs with increased viability. Scale bars: 200 μm. 
Adapted and reproduced with permission from Ref. [230]. (B) Functionality of hepatic spheroids fabricated using direct-write bioprinting and cultured in a 
bioreactor: confocal microscopy images of cytokeratin 18 (green), ZO-1 tight junction binding protein (red), MRP-2 biliary canalicular transporter (green) and DAPI 
(blue) immunostained spheroids cultured for 30 days. Scale bar: 100 μm. Adapted and reproduced with permission from Ref. [231]. (C) Hepatic spheroid bioprinting 
using extrusion-based bioprinting displayed prolonged hepatic and metabolic function. 3D Hepatic differentiation of iPSCs: immunofluorescence staining for (i) OCT4 
and SSEA4 at Day 0, (ii) CXCR4 and FOXA2 at Day 3, (iii) ECAD and AFP at Day 9, and (iv) ALB and CYP3A4 at Day 18 (scale bar: 50 μm), (v) Representative image of 
confocal Microscopy of LIVE/DEAD assay at Day 18 (scale bar: 20 μm). Adapted and reproduced with permission from Ref. [232]. (For interpretation of the ref
erences to color in this figure legend, the reader is referred to the Web version of this article.) 
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small-diameter vascular tube (ranging from 0.9 to 2.5 mm) (Fig. 15(A)) 
[43]. De Moor et al. used a co-culture system, where ECs and hDFs were 
used for spheroid fabrication and found that the ECs within bioprinted 
spheroids spontaneously formed capillary-like networks and lumina 
[239]. This effect was further enhanced with the addition of 
adipose-derived stem cells (ADSCs) in spheroids, leading to a higher rate 
of vascularization and fusion of spheroids. These results along with the 

bioprinted nature of these macro-tissues instill great promise in the 
scalability of vascularized tissues. Ayan et al. utilized aspiration-assisted 
bioprinting in a scaffold-based configuration and showed angiogenic 
sprouting of HUVEC spheroids (Fig. 15(B)). In another study, Tan et al. 
used 3D bioprinting to robotically place co-cultured spheroids (con
taining a 1:1 ratio of ECs and smooth muscle cells) into alginate molds to 
assess tissue proliferation (Fig. 15(C)) [240]. The authors reported that 

Fig. 15. Bioprinting vascular tissues using specialized extrusion-based bioprinter. (A) Building a double-layered vascular wall. (i, v) Human umbilical vein smooth 
muscle cells (HUVSMCs) and human skin fibroblast (HSF) multicellular cylinders were assembled according to specific patterns (HUVSMC: green; HSF: red). Panels 
(ii-iv) and (vi-viii) show the results of histological examination of the respective structures after three days of fusion: H&E (ii, vi), smooth muscle α-actin (brown; iii, 
vii) and Caspase-3 (brown; iv, viii) stainings are shown. Adapted and reproduced with permission from Ref. [43]. (B) Aspiration-assisted bioprinting of 
physiologically-relevant culture environments to study the angiogenic sprouting behavior of HUVEC spheroids. (i) Epifluorescent images of bioprinted tdTomato+

HUVEC spheroids with varying distances (400–3000 μm) apart on Day 7. (ii) Epifluorescent images of bioprinted GFP+ and tdTomato+ HUVEC spheroids with 
varying distances (400–3000 μm) apart on Day 7 along with higher-magnification confocal images of the interface region in XY and YZ planes showing capillaries 
formed by both GFP+ and tdTomato+ HUVECs (indicated by white arrows). Adapted and reproduced with permission from Ref. [152]. (C) A droplet-based bioprinted 
(Palmetto 3D Printer) was used for bioprinting. (i) 3D Alginate molds for seeding vascular spheroids (i.e., made of smooth muscle cells and endothelial cells). Scale 
bar: 1 mm. Immunofluorescence analysis of tissue units cultured for 16 days at 40X and 63X magnification for (ii) smooth muscle actin (SMA), and collagen I; (iii) 
anti VWF and merge picture. Scale bar: 100 μm. Adapted and reproduced with permission from Ref. [240]. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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spheroids were able to fuse into a toroid shape provided by the mold and 
secreted collagen type 1, indicating proper cell-cell adhesion and 
maturation [17]. These studies, among others, represent a major mile
stone in the advancement of spheroid bioprinting technologies towards 
the successful fabrication of vascularized tissues. 

As vascular networks, from arteries (~500 μm diameter) down to 
capillaries (~10 μm diameter), are necessary for the reconstruction of 

scalable tissues, improvement of bioprinting resolution using spheroids 
is a major roadblock [239]. Also, further advancement is required for 
fabrication of smaller spheroids, necessary for the fabrication of such 
smaller blood vessels. Furthermore, vascularized spheroids often are 
heterotypic and cocultured with a variety of other cell types, such as 
cardiac muscle, liver, bone, and others, as appropriate for the required 
tissue fabrication purposes. For each specific cell type, an extensive 

Fig. 16. (A) The extent of microtissue fusion is less complete with increasing pre-culture time. The average angle between fused spheroids within rod microtissues 
was measured as shown (i-iii), with a 180◦ angle indicating a microtissue with no obvious fusion point. Complex shapes can be assembled using spheroids as building 
units. Human fibroblast spheroids, approximately 300 μm in diameter, were generated and cultured for a day, then harvested and seeded into molds with toroid (iv 
and v) and honeycomb (vi and vii) features. Representative images of fusion are shown at the initial time point (iv and vi) and at a steady-state time point 24 h after 
assembly (v and vii). Scale bar: 200 μm. Adapted and reproduced with permission from Ref. [243]. (B) Snapshots of the fusion of spheroids obtained from exper
iments, Monte Carlo simulations, and Cellular Particle Dynamics model simulations (CPD-1 and CPD-10), and from theoretical modeling. Adapted and reproduced 
with permission from Ref. [247]. (C) Schematic illustration of different particle diameters (Martin’s diameter, Feret’s diameter, and projected area diameter) based 
on projected images. Adapted and reproduced with permission from Ref. [258]. (D) Picking and lifting spheroids. (i) Time-lapse images during the spheroid lifting 
process at the interface of cell media and air. (ii) A schematic showing physical parameters involved in the lifting of a spheroid from the cell media. (iii) SEM images 
of HUVEC, 3T3, 4T1, HDF, MSC/HUVEC, and MSC spheroids (compared to HUVEC spheroids) at Day 2. Adapted and reproduced with permission from Ref. [152]. 
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effort is also required to optimize cell-cell ratio, viability, EC migration, 
and capillary tube formation making a time-consuming and laborious 
procedure [241,242]. 

8. Tissue properties influenced by spheroid bioprinting 

8.1. Shape fidelity 

For optimal bioprinting and biological outcomes, often soft and 
printable bioinks are the choice for bioprinting, despite the fact they 
undergo significant deformation during and post bioprinting, impairing 
shape fidelity. Although printability is only a qualitative measurement 
and may seem rather intuitive, shape fidelity measurements lack 
consensus in the scientific community and hugely depends on the uti
lized bioprinting technique. It is worthy to note that tremendous prog
ress in the fabrication of spheroids is needed to improve size control and 
reproducibility of spheroids for their widespread use in bioprinting. The 
resolution offered by bioprinting techniques involving spheroids is 
directly influenced by the spheroid size and is rather important for many 
tissues’ reconstruction purposes, especially vasculature. Alongside, one 
of the major challenges for the clinical application of spheroid bio
printing happens to be concerned regarding the shape fidelity of fabri
cated tissues. Using spheroids as building blocks, as discussed before, 
scientists showed tremendous progress for a variety of tissue engineer
ing applications, yet the bioprinted final geometry and configuration of 
final tissue product is observed to undergo substantial changes in the 
days following bioprinting. With a gradual fusion of spheroids, bio
printed constructs experience shrinkage and compaction. This compac
tion leads to the most significant shape changes that bioprinted tissues 
undergo and has been a huge consideration of the design parameters 
before bioprinting. Indeed, many individual spheroid parameters, such 
as sphericity, inherent cellular properties, etc., contribute to the 
spheroid fusion process, influencing the overall assembly of tissue 
constructs. 

8.2. Micro-tissue fusion 

As discussed before, the fundamental aspect of using spheroids as 
tissue building blocks is their inherent fusion potency. Spheroids, when 
in direct contact, act like two viscous liquid drops and merge forming 
one single spheroid if no hindering obstruction, such as mold or sub
strate, is present. For example, Rago et al. used PDMS molds to fabricate 
spheroids of HDFs using micro-molded cell-repellent hydrogels, 
following which the fused spheroids were cultured and further cast into 
a secondary agarose gel-based micro-mold to generate trough shaped 
recesses (Fig. 16(A)) [243]. The authors demonstrated the role of 
pre-culture time of spheroids and their fusion rate on the fusion angle 
and steady-state length of the fused tissue constructs. Molded tissue 
usually assembles and eventually shrinks forming a variety of different 
shapes influenced by inter-or intra-cellular interactions, cell types, 
cellular fates, cellular positions, and the deposited ECM (such as elastin 
and collagen), whilst shrinkage can be controlled using molds. An 
important aspect worth mentioning in such a discussion is that the 
fusion of spheroids made of different cell types are usually not similar, 
becoming a crucial problem in cases of heterotypic microtissue fabri
cation. Shahin-Shamsabadi et al. showed that fusion of adipose and 
C2C12 mouse myoblasts occurs more in direct comparison to 3T3-L1 
adipose-like tissue derived from mouse 3T3 fibroblasts [244,245]. In 
addition, when using collagen and Geltrex as substrates, spheroid for
mation and shrinkage showed different behavior, leading to a smaller 
diameter of the spheroid in a collagen substrate after 6 h of culture. 

The fusion process of spheroids has been quantified using theoretical 
and computational models to understand the nature and type of 
involved parameters as described below. For a homocellular spheroid, 
the fusion occurs in almost a symmetrical manner, while for hetero
cellular spheroids, the spheroid with higher cohesiveness is enveloped 

by the lower cohesive one [58]. 

8.2.1. Theoretical models 
In theory, the fusion of two cell aggregates, such as spheroids, is 

similar to the coalescence of two viscous liquid drops touching each 
other. The most important factors involved in the calculation of this 
phenomenon are surface tension and viscosity of spheroids. Theoretical 
calculation of this shape evolution, assuming that spheroids act the same 
as viscous liquid drops and other approximations, could be derived using 
hydrodynamic laws [246]. Flenner et al. on the other hand, established a 
more accurate calculation validated by computational simulation 
(Fig. 16(B)) [247]. Assuming these fusing drops as spherical caps, while 
the drops fuse, the diameter of the fused tissue increases, with their 
centers coming closer to each other. The process continues until a single 
spherical drop is formed with a larger diameter size than its smaller 
predecessors. The radius of the final spherical drop is approximately 21/3 

times the initial radius of the smaller creator drops, assuming the two 
forming drops are similar in size. 

8.2.2. Computational models 
Monte Carlo Method: Monte Carlo (MC) computational simulation 

is used for solving a variety of problems ranging from molecular dy
namics to materials science and biology, especially in cases involving a 
huge degree of freedom [248]. The Potts model utilizes statistical 
physics describing the liquidity of tissue [249,250]. In this model, tissue 
is considered to be made of lattice structure and each cell of several 
lattice regions or sites is labeled with assigned identification numbers. 
The average number of sites per cell is kept approximately near a 
determined target value. Deviation from the target value is constrained 
by the elastic term in the overall energy. As the cells interact with each 
other, the evolution is described by the Metropolis algorithm and change 
in cell migration and morphology is calculated accordingly [249,250]. 
Flenner et al. uses a similar method, which is developed into a 3D lattice 
model for larger quantities of cellular interaction [247]. This enables the 
stimulation of the tissue liquidity for spheroids. ECM and cells are 
designed as particles on sites, gathered in a 3D manner in a cubic lattice 
structure. This model could be further improved to account for other 
parameters, such as cell differentiation and proliferation and even, ECM 
remodeling. Fleming et al. [251] studied the spheroid fusion using the 
same liquidity-based MC method. Three different sites - external medi
um/culture, smooth muscle cells, and ECs were identified, and the outer 
and inner layers of spheroid fusion were investigated using this method. 
After 5 × 104 MC steps, partial diffusion was observed, after 45 × 104 

MC steps, the luminal fusion was observed, and after 2 × 106 MC steps, 
the minimal adhesive energy was reached when the spheroids were 
assumed combined. 

Cellular Particle Dynamic Method: Flenner et al. considered cell 
aggregates as cellular particles to have a more realistic model for their 
assembly (Fig. 16(B)), and aimed to develop a correlation between tissue 
level properties and cellular/subcellular properties [247]. They used 
different molecular dynamics packages, such as Nanoscale Molecular 
Dynamics (NAMD) and Large-scale Atomic/Molecular Massively Paral
lel Simulator (LAMMPS), for molecular simulation of spheroids. 

8.3. Co-culture 

An approach that holds the key to the development of complex, 
heterocellular tissues, is the successful bioprinting of co-cultures con
taining multiple cell types. The use of co-culture systems has witnessed 
profound applications in modeling of cancerous tissues and in studies 
pertaining interactions of heterocellular tissues. This process, however, 
requires extremely high attention to detail as different cell types 
necessitate unique parameters for their growth. Cell viability, print
ability, structural stability, and interaction with the base hydrogel are 
key considerations for creation of co-cultured bioinks (Fig. 17(A)) [252]. 
Successful research into bioprinting of multicellular spheroids has 
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shown the ability to maintain high cell viability and proliferation 
(Fig. 17(B)) [253]. Co-culturing of different cell types also influences 
individual spheroid characteristics, such as shape and integrity. A study 
performed on the co-culture of human chondrocytes and MSCs showed 
how different ratios of cell types within the culture changed the shape 
and size of resulting spheroids [254]. Decreasing the amount of chon
drocytes relative to MSCs in the matrix, from 50:50 to 25:75, yielded 
spheroids with more roundness and smaller size. Other studies also 
noted the effects of co-cultures on tissue features and characteristics 
including function and fidelity. A 3D co-culture of cardiomyocytes with 
cardiac fibroblasts was found to improve the features of cardiac spher
oids, namely cell morphology and gene expression (Fig. 17(C)) [255]. 
Similarly, in a liver model co-culture, the function, integrity, and 
viability of hepatocytes were markedly increased in co-culture in com
parison to pure cultures [256]. For use in bioprinting with multiple cell 
types, co-culture systems must be precisely tuned to express the desired 
qualities. 

9. Spheroid properties influencing bioprinting 

9.1. Spheroid sphericity 

Sphericity (roundness) of a spheroid is an important parameter for 
bioprinting. Sphericity of a spheroid has been observed to be directly 
influenced by the spheroid culture time [257]. Different cell types 
demonstrate different sphericity with respect to time. In droplet-based 
bioprinting, the sphericity of spheroid is not a concern but with more 
precise devices and image analysis tools, diagnosing more spherical 
spheroids could lower the chance of drops containing multiple spher
oids. For extrusion-based bioprinting, on the other hand, sphericity is a 
key feature when spheroids are deposited one by one, and low sphericity 

may result in bioprinting failure. In Kenzan and aspiration-assisted 
bioprinting, sphericity is just as important, dictating the print quality. 
Especially, in the Kenzan method, bioprinting non-spherical spheroid 
hampers skewered down into Kenzan and cause a structural issue. 
Although irregular-shaped spheroids cause bioprinting concerns and 
should be avoided, these spheroids can be characterized using Martin’s 
diameter, Feret’s diameter, and projected area diameter (Fig. 16(C)) 
[258]. 

9.2. Spheroid compactness 

The compactness of spheroids is yet another important parameter, 
especially while considering different bioprinting processes. The longer 
time the fabricated spheroids maintained in culture media, the higher 
their compactness. Currently, no definition or relationship is demon
strating the compactness of spheroids. However, for aspiration-assisted 
bioprinting, the compactness was measured with consecutive aspira
tion and flushing every 4 h [152]. Different types of spheroids were 
monitored every 4 h up to 24 h with aspiration and flushing once. If 
spheroid were intact with no breakage, they were considered to have 
sufficient compactness. Compactness is shown to increase with the in
crease in cell density of spheroids. The density of spheroids increases 
when the cells and components of spheroids are formed tightly together 
leading to a smooth surface. The ratio between the average minimum 
and maximum contour of a spheroid to the spheroid area was used in 
determining the smoothness of the spheroid. Noticeably, smoother 
surfaces in a single type of spheroid showed higher compactness (Fig. 16 
(D)) [152]. It is pertinent to note that longer culture yields compact 
spheroids, which are resilient against mechanical stresses during bio
printing, but they lose their fusion capabilities. 

Fig. 17. (A) Patient-derived xenograft and cancer-associated fibroblast (PDX-CAF) spheroid formation. Cytoskeleton distribution of co-culture spheroids in bio
printed scaffolds after staining with actin (green) and nucleus (blue) on Days 15 and 25. An increase in spheroid size with time was observed. Adapted and 
reproduced with permission from Ref. [252]. (B) Coaxial bioprinting of multicellular structures. Images of morphological changes in multicellular structures for a (i) 
5-day or (ii) 7-day cultures. Adapted and reproduced with permission from Ref. [253]. (C) Immunohistochemical characterization of co-cultured of iPSC-derived 
cardiomyocytes with cardiac fibroblasts. Nuclei are labeled with DAPI (blue). (i) Confocal optical section on the substrate level of a spheroid cultured for a 
month. Immunostaining for myosin heavy chain (red) and vimentin (green). (ii) Confocal optical section above the substrate level of the same spheroid as shown in 
(i). Adapted and reproduced with permission from Ref. [255]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

D. Banerjee et al.                                                                                                                                                                                                                               



Biomaterials 291 (2022) 121881

27

9.3. Spheroid size 

Another important factor influencing bioprinting for scalable tissue 
fabrication (in centimeter scales) is the spheroid size. The spheroid size 
could be customized as per the application tailoring factors such as cell 
types, seeding density, and culture period. Additionally, the spheroid 
size directly influences its oxygen microenvironment. Large spheroids 
(>500 μm) often develop necrotic cores due to lack of sufficient oxygen 
transport. Consistent spheroid size is very importance because it de
termines the therapeutic efficacy and clinical reproducibility, and recent 
advances in spheroid fabrication techniques offer favorable solution to 
address these limitations, where techniques, such as microwell arrays, 
can produce uniform-sized spheroids in a high-throughput manner [259, 
260]. The spheroid size depends on the resolution and other capabilities 
of the spheroid bioprinting technique (such as the minimum size 
spheroid that is bioprintable), and the resilience of spheroids against 
hypoxia as they are usually avascular. Several bioprinting strategies 
have been explored for their potentiality in spheroid assembly, each 
influencing the spheroid size. In case of direct extrusion-based bio
printing, the process is needle size dependent, thus limiting the size and 
density of spheroids. Kenzan method requires uniform specific size 
spheroids depending on the fixed distance between needles, which re
strains size variation [257]. The suitability of spheroids used in the 
bio-gripper method is dependent on the size of the grippe [145]. 
Concurrently, certain applications may require assembling spheroids of 
different sizes into specific architectures. Towards this, 
aspiration-assisted bioprinting method allows the use of broader range 
of sizes from 80 to 600 μm without any restriction on the size uniformity 
in the same bioprinted structure [152]. 

10. Scaffold-based and scaffold-free bioprinting 

Bioprinting of spheroids can generally be divided into two sub
categories, scaffold-based and scaffold-free, based on the framework 
used for tissue growth. Tissue scaffolds are external structures that 
support the growth of cells around them, allowing the formation of 
tissues in desired complex geometries [261]. An ideal scaffold needs to 
have certain characteristics such as allowing cell growth and adhesion 
and supporting spheroid growth and fusion, high porosity, ideal me
chanical properties, biocompatibility, and tunable biodegradation 
[262]. The critical aspect of the scaffold-based design is the temporary 
nature of the scaffold material - the ideal goal is for the scaffold to act as 
a foundation for tissue growth and biodegrade into non-toxic compo
nents at a determined rate tunable to the tissue growth rate [263]. This 
enables the newly grown tissues to retain proper function and occupy 
the designed biological architecture. In this regard, Efimov et al. tested 
the cellular interactions of HDF spheroids on an electrospun poly
urethane scaffold [264]. The group observed that the microenvironment 
of the cell-scaffold interface might significantly improve the regenera
tive capabilities of HDF spheroids in vivo. Other studies also pointed 
toward the ability of scaffolds to better direct spatial organization of 
cells for fabrication of more complex tissues [265]. An alternative 
method of scaffold-based spheroid bioprinting focused on the use of a 
multi-head deposition system that systematically prints a PCL scaffold 
along with a chondrocyte cell-encapsulated alginate hydrogel, in a 
layer-by-layer fashion [266]. This method enabled the fabrication of 
well-defined tissue constructs with negligible effects on cell viability, by 
exploiting the ability of additive manufacturing to fine-tune the 
biochemical makeup of each layer. While scaffold-based approaches 
have benefits like improved spheroid orientation and structural stabil
ity, they also present several shortcomings such as degradation associ
ated complications, limited in-vivo integrity, immunological response, 
and limited cell density. 

To avoid such limitations, many researchers have transitioned to 
scaffold-free methods. Scaffold-free methods remove the dependency on 
the external scaffolding structure, relying only on the endogenously 

produced ECM to provide its mechanical stability [267]. Scaffold-free 
methods often utilize tissue spheroids as building blocks. Though still 
in the early phases of research, many groups have done tremendous 
progress such as Ong et al. using heterocellular spheroids, comprised of 
iPSC-derived CMs, ECs, and HDFs, to fabricate cardiac tissue patches 
[137]. While scaffold-free constructs eliminate many of the concerns 
posed by scaffold-based constructs, they introduce their vital limita
tions. Mainly, scaffold-free constructs cannot form highly complex ge
ometries, without the mechanical stability and organization augmented 
by an external support. Looking ahead, especially concerning in-vivo 
applications, scaffold-free methods offer beneficial capabilities, as long 
as scalability and stability issues can be overcome. Regardless, the future 
of successful spheroid bioprinting may seek to employ a synergistic 
approach in which the two methodologies can be used in a com
plementing manner [15]. 

11. Challenges and limitations in bioprinting of spheroids 

Bioprinting of spheroids can be broadly categorized into three phases 
– (i) pre-bioprinting, where spheroids are fabricated, and made ready for 
a bioprinting process, (ii) bioprinting, and (iii) post bioprinting, where 
the bioprinted tissues are cultured long-time enabling spheroid fusion 
and tissue maturation. In this section, we will discuss the challenges and 
concerns, yet to be addressed in each of these phases for successful 
fabrication of tissues. 

11.1. Pre-bioprinting 

Amidst several advantages of spheroid bioprinting, there are certain 
inherent limitations while trying to utilize bioprinters and spheroids for 
bioprinting. These limitations branch from the spheroid fabrication 
process and extend to even bioprinter device functionality and mecha
nism. The very first step towards successful spheroid bioprinting 
methods stems from successful fabrication and harvesting of spheroids. 
The most efficient and user-friendly method is the use of cell-repellent 
U-bottom 96 well-plates. Depending on the opted spheroid fabrication 
choices, collection of spheroids can be sometimes challenging. For 
example, the use of agarose mold can be cumbersome while collecting 
the spheroids as they get mechanically disturbed, leading to impaired 
cell viability along with the presence of agarose particles partly inside or 
stacked to spheroids. Along with fabrication approaches, the size of 
spheroids also plays a major role in spheroid viability. Larger spheroids 
possess more dead cells in their core due to hypoxia and insufficient 
nutrients infusion. In addition, percent live cells often cannot be quan
tified with a non-destructive measurement assay easily [16]. This het
erogeneous makeup of dead and live cells in the core and shell, 
respectively, affects the properties of spheroids. Controlling the size of 
spheroids is thus yet another important parameter to consider before 
bioprinting. Controlling the cell density in a spheroid is just as important 
to demonstrate a native-like cell density in bioprinted tissues. However, 
some fabrication methods pose limitations regarding the size and den
sity of spheroids. Thus, an optimized combination of spheroid fabrica
tion approach with cell density and size of spheroids is crucial to their 
successful bioprinting. 

In most cases, spheroids fabricated for bioprinting must demonstrate 
size uniformity. Especially, spheroid size distribution plays an important 
role in extrusion-based and Kenzan bioprinting methods. Researchers 
have recently investigated the optimization of spheroid sphericity and 
size distribution for the Kenzan method [123]. A specific diameter range 
is obtained by analyzing the size distribution using an integrated auto
mated camera-based detector for both Kenzan and droplet-based bio
printing. Non-uniform size distribution of spheroids causes spheroid 
rupture, low accuracy, and failure in tissue formation. In an 
extrusion-based setup, the spheroid size distribution is problematic since 
larger spheroids are prone to get stuck in nozzles, whereas smaller 
spheroids are difficult to bioprint in the desired order. Some methods, 
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however, offer more size distribution versatility such as 
aspiration-assisted and droplet-based bioprinting. However, the 
droplet-based approach suffers from low resolution. On the other hand, 
for using different sizes of spheroids, different back pressure should be 
estimated while using aspiration-assisted bioprinting. 

Morphology of spheroids is another important factor contributing to 
the bioprinting process. Except for droplet-based and aspiration-assisted 
bioprinting, all other methods need a well-defined spherical shape, 
which can be manipulated using different ratios of cell types and an 
optimized spheroid culture time. Longer spheroid culture period leads to 
more sphericity, with an increase in surface tension, which in turn re
duces cohesiveness of spheroids and alters their potency to assemble. In 
general, spheroids demonstrate viscoelastic behavior. After initial 
fabrication, spheroids show more viscous behavior, with higher cohe
siveness and lower surface tension. Depending on the size and type of 
spheroids, gradually with an increased culture time due to abundant 
ECM deposition, spheroids demonstrate more and more elastic behavior, 
with higher surface tension and lower adhesiveness. 

Surface tension of spheroids is another vital consideration for bio
printing. In an extrusion-based setup, the surface tension is optimized 
for higher cell viability and to prevent spheroid aggregation and nozzle 
clogging. In droplet-based bioprinting, spheroid aggregation leads to 
droplets containing more than a single spheroid as discussed before. In 
Kenzan and aspiration-assisted bioprinting, spheroids are picked up one- 
by-one leading to no such clogging issues; however, it is worthy to note 
that spheroids get stuck in a nozzle tip if too much back pressure is 
applied. Yet, in every scaffold-free bioprinting method, enough cohe
siveness of spheroids is necessary to enable their fusion into tissue 
patches, along with optimized viscoelasticity to maintain structural 
integrity and avoid getting ruptured. Therefore, it may be concluded 
that higher surface tension would be more appropriate for droplet-based 
bioprinting, while optimization of surface tension should be more crit
ical for extrusion-based, Kenzan, biogripper, and aspiration-assisted 
bioprinting approaches. The compactness of spheroids also increases 
with longer spheroid culture time and influences mechanical properties 
of spheroids. Choice of cell types, in particular, alters the compactness of 
spheroids, especially for bioprinting applications requiring fusion of 
heterocellular spheroids. 

11.2. During bioprinting 

For initiating any bioprinting process, first and foremost, parameters 
such as bioprinting resolution, precision, reproducibility, cost- 
effectiveness, and versatility, should be well-thought-out and selected 
according to the target application. Alongside, flexibility with regards to 
spheroid size distribution, mechanical properties, surface tension, 
morphology, and compactness need to be considered whilst making a 
decision with the choice of the bioprinting process and need to be 
maintained consistent throughout the entire process. Some of the 
spheroid properties, like sphericity and size distribution, however, take 
more importance in certain bioprinting modalities, such as extrusion- 
based bioprinting. Several concerns arise during the bioprinting pro
cess, which stem from the inherent design of the process or the variation 
in spheroid properties. In extrusion-based bioprinting, spheroid lineup, 
clogging, and aggregation are some of the most commonly occurring 
problems during bioprinting. Even near-perfect characteristics – 
adequate spheroid size, perfect sphericity, proper compactness, and low 
cohesiveness does not ease the difficulties. Bioprinting process time also 
plays a very crucial role for a successful print. Longer bioprinting times 
lead the spheroids to start self-assembling inside nozzles leading to 
further clogging issues and structural deformity in the finished product. 
In droplet-based bioprinting, however, the presence of multiple spher
oids in a single droplet is the most common issue, often caused by 
adhesiveness, spheroid aggregation, or even longer bioprinting times. 
Longer spheroid culture time leading to low cohesiveness with lower 
aggregation potency is thus helpful for droplet-based bioprinting. 

Increased cohesiveness of spheroids, whereas is crucial for the Kenzan 
method to facilitate fusion. Sufficient mechanical properties of spher
oids are also important, especially for Kenzan and aspiration-assisted 
bioprinting to allow sufficient handleability for bioprinting. The dura
tion of spheroids in air also influences the viability of tissues. This ne
cessitates improving processing time for both of these approaches to 
fabricate any tissue size of clinical relevance. 

The most accurate method in terms of positional precision of 
spheroids is aspiration-assisted bioprinting. Extrusion-based bioprinting 
(when spheroids are extruded one by one) also provide high precision 
with regards to the spheroid placement depending on the spheroid size. 
In Kenzan, the distance between needles dictates the positional preci
sion. All of the presented approaches also have been hindered by a lack 
of control over the positional precision in Z direction. This challenge was 
recently circumvented by enabling freeform bioprinting in self-healing 
yield-stress gels by fabricating complex geometries [152]. 

Scalability and throughput of the process are yet other crucial factors 
to consider for applications relevant to clinical translation. The 
throughput ability of all available bioprinting modalities is low limiting 
their use to mainly research purposes. To provide a relevant number to 
the understanding of the scalability for clinical transplantation pur
poses, the age-adjusted mean cell density in human central lens 
epithelium is 5008.6 cells per mm2 (in males) and 5780.6 cells per mm2 

(in females) [268] but the average cell density in human organs ranges 
from 1 to 3 billion cells per ml [269]. Even with the most scalable 
spheroid bioprinting technique available, we have been to generate only 
a couple centimeter long tissue constructs. For a scaffold-free 1 cm2 

construct (with 1 mm in thickness), we can theoretically bioprint more 
than 100 k spheroids (considering a spheroid size of 400 μm in size). It is 
worthy to note than cells vary significantly in size and hence number of 
cells required to make a spheroid of 400 μm may change with the type of 
spheroid required for a specific application, but it can be estimates to 
range from 10 k to 15 k cells per spheroid for a 400 μm spheroid size 
[152]. However, with advances in biofabrication strategies, clinical 
translation of engineered tissues is becoming more feasible. For 
example, researchers from Kyoto University in Japan created tubular 
conduits using a Regenova 3D bioprinter from Cyfuse Biomedical [270, 
271]. These conduits can regenerate the damaged nerves in rats and are 
currently undergoing clinical trial in humans. In general, the throughput 
of these processes can be improved with the flexibility of using bigger or 
non-uniform spheroid/microtissue sizes or reducing the bioprinting 
process time. At the current stage, most processes have limitations with 
the size of spheroids that can be desired, except aspiration-assisted 
bioprinting, which could be optimized and altered quite easily to 
accommodate a range of spheroid sizes. However, for other methods, 
spheroid size poses a major limitation towards scalability. Although 
aspiration-assisted bioprinting approach offers many flexibilities of a 
wide range of spheroid size, size distribution, or cell types, scalability of 
the tissue construct is still an issue, yet to be solved. The lack of a rapid 
spheroid bioprinting modality is one of the major impediments to the 
widespread embracement in the field of tissue engineering. 

In a similar line, automation and commercial availability of these 
methods is also crucial for their widespread acceptability and accessi
bility. Kenzan method is the only system that has been fully automated 
and commercialized until now for spheroid bioprinting. Yet, this process 
is pretty inflexible in terms of the spheroid parameters, and optimization 
of all pre-bioprinting aspects like size distribution, spheroid size, sphe
ricity, and compactness are laborious. The aspiration-assisted bio
printing approach is a semi-automated system [152]. In addition, it 
should be noted that user-friendliness, cost-effectiveness, and versatility 
are also crucial for increased use of spheroid bioprinting processes. 

11.3. Post-bioprinting 

Bioprinting spheroids as building blocks at desired configurations 
ultimately enable spheroid fusion and lead to the formation of tissues. 
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This assembly of spheroids to form tissues often results in shrinkage and 
hole filling, deforming the desired bioprinted structure. Several groups 
have investigated multiple molds to allow constructs to retain the shape 
of final structures or have considered such shrinkage and shape alter
ations in their design parameters or even modulated the culture time of 
spheroids for shape preservation. Restrains, such as pillars, temporary 
supports, or scaffold-based substrates, are ideal for maintaining the final 
architecture. For example, Mekhileri et al. [113] designed a scaffold 
with a defined shape, where micro-tissues, such as spheroids could be 
positioned and confined to generate the desired structure for chondro
genic applications. In general, it might be worth mentioning that 
molding and confinement generate finer details in the final structure. 
However, sometimes shrinkage of cell aggregates still occurs within the 
confinement or the molding leading to structural failure with no suffi
cient effects on shrinkage from the molds [244,245]. Sometimes, the 
mold or the substrate is not hydrophilic and needs to be hydrated to 
make them more stable and less contractive allowing better spheroid 
attachment to the substrate while increasing hydrophilicity. 

Shrinkage and compactness of spheroids are influenced by a variety 
of factors – cell types, culture times, spheroid size, or the potency of cells 
to aggregate. Excessive contraction of spheroids after bioprinting puts 
the individual spheroids not in direct contact with their adjacent 
spheroid and deters the entire foundation of assembly to form tissues. A 
recent effort demonstrated the retainment of shape after the bioprinting 
of cartilage using MSC spheroids in a self-healing yield stress gel [155]. 
Bioprinting was done in two different ways – (i) bioprinting of 
pre-differentiated chondrogenic spheroids to form a tissue patch and (ii) 
bioprinting of MSC spheroids to form the tissue patch and then differ
entiating them into a chondrogenic lineage. Higher shrinkage and loss of 
shape was observed while differentiating the already assembled tissue 
patch, compared to the other strategy. This may be due to the higher 
self-assembling potency of MSC spheroids compared to the already 
differentiated chondrogenic counterparts. This study paved the path to 
demonstrating yet another way to enable tissue fabrication from 
spheroids at desired configurations. 

After allowing sufficient time to enable fusion of spheroids into a 
tissue construct, a temporary support substrate is removed to further 
culture it. Substrate removal is another laborious and time-consuming 
concern to be considered post-bioprinting. For the scaffold-free 
method, bioprinting is usually performed on a substrate – a biocom
patible sacrificial gel or Kenzan, to support spheroid fusion. The sacri
ficial gel is chosen to keep in mind the post-processing and gel removal 
steps. Common choices of sacrificial gels include gelatin, agarose, algi
nate, or Carbopol. Although agarose and Carbopol offer excellent sup
port for spheroid fusion, both of these gels deem cumbersome and 
difficult to remove, often leading to the breaking of assembled tissue 
constructs. Alginate and alginate-based sacrificial gels are hence of 
particular interest in partially and fully-crosslinked mode as they can be 
dissolved by alginate lyase and easily removed. Biologically functional 
gels, such as fibrin generated from fibrinogen and thrombin layers, are 
also used as a substrate in a scaffold-based approach and are not 
removed post-bioprinting. 

Substrate removal for the Kenzan method has been done very deli
cately after the fusion of spheroids as there are ample chances of 
breakage of the tissue. The formed tissue has permanent holes that are 
remnants from the needles in Kenzan, which often hampers the viability 
of the tissue. Depending on the cell type and spheroid culture time, the 
holes repair over time. Often, the fused tissue fabricated in a Kenzan is 
observed to demonstrate higher compactness and density, which makes 
the removal process very difficult and more prone to tissue breakage and 
structural deformity [137]. When the fabricated tissue is not compact, 
on the other hand, removal from the Kenzan is easier, but the holes are 
not properly repaired with higher amount of damaged tissue around 
them [143]. Thus, the Kenzan process is a tradeoff between the struc
tural accuracy of fabricated tissue constructs and the effort- and 
time-demanding removal process from the Kenzan. 

12. Clinical applications 

3D Bioprinting has been increasingly used in a wide range of 
healthcare settings. Although it is not a new technology, its clinical use 
in medicine is entering a dynamic period marked by a broad range of 
clinical applications, and ongoing technological advancements 
including tissues for transplantation [272] and analogues for toxicity 
testing, disease modeling, and for patient-specific drug screening, with 
the potential to eliminate the use of animal models in preclinical 
research as per 3Rs approach (Replace, Reduce and Refine). The clinical 
translation of bioprinting requires addressing some of the existing issues 
to ultimately scale-up to affordable and clinically-relevant volume of 
tissues along with efficient vascularization for ready implantation. We 
reviewed the entire procedure of bioprinting discusses these issues in 
detail elsewhere [273]. Furthermore, 3D bioprinting for organoids or 
cellular aggregates has potential to address the problem of obtaining 
large tissue constructs to fabricate biomimetic complex tissues and or
gans. Organoids or spheroids derived from patient-derived iPSCs are 
suitable to be developed as preclinical models for testing drugs. Many 
drugs fail when they go to human clinical trials from preclinical models 
mainly because they are tested on models that do not physiologically 
mimic humans. Organoid-based drug testing is thus a valuable strategy 
for investigating repurposed drugs and new drug discovery following 
preclinical trials [274]. 

Currently, less than 10% of new anticancer drug candidates entering 
Phase I trials are eventually approved by the Food and Drug Adminis
tration (FDA) [275]. The transition of preclinical breakthroughs from 
“bench to bedside” is one of the major challenges. The improved ability 
to recapitulate organogenesis cues in vitro has led to the development of 
the organoid model [276]. The tumor organoids reflect the genetic and 
phenotypic characteristics of tumor epithelium, such as heterogeneity 
and 3D spatial organization facilitating their increased use to study 
cancer. The ability of patient-derived organoids (PDOs) to predict re
sponses to chemotherapy for cancer patients has gained significant in
terest lately [199,200,277]. In an ongoing clinical trial (NCT03890614), 
the inventors aim to compare chemosensitivity between chemotherapy 
combinations in bone marrow aspirates using 3D organoid models. For 
automated organoid biofabrication using 3D bioprinting (hyaluronic 
acid and gelatin-based hydrogel), bone marrow aspirates (around 3–7 
ml) are collected from participants with hematologic malignancy being 
evaluated for relapsed disease to generate 3D constructs followed by 
viability assessment of myeloma cells. In another recent ongoing clinical 
trial (NCT04755907), the inventors aim to validate the potential of 3D 
bioprinted tumor models and organoids in predicting the response to 
chemotherapy in colorectal cancer (CRC). 3D bioprinted CRC models 
and organoids will be developed from surgically resected tumor tissues 
of CRC patients with or without liver metastases. The predictive ability 
of 3D models for chemotherapy sensitivity in CRC patients will be 
compared with that of the organoids. 

Overall, efficient, and cost-effective organization of organoids in a 
clinically relevant timeframe would enable drug screening for individual 
patients. Optimization of procedures for robustness and sensitivity in 
drug screening paired with validation of drug response predictions from 
clinical studies would further allow the implementation of organoid- 
based personalized medicine in clinical settings. Organoids generated 
from both healthy and diseased tissues holds great promise for drug 
discovery and development. 

13. Future outlook 

In this review, we describe the current state-of-the-art in spheroid 
bioprinting techniques and discuss the involved technologies. Despite 
advancements in bioprinting of spheroid-based building blocks within 
scaffolds or without scaffolds, there are still significant challenges 
ahead. For instance, the integration of a vascular network remains a 
critical challenge, as in other bioprinting and biofabrication approaches. 
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Without vascularization, scalability of bioprinted tissues is limited, and 
mainly tubular- and flat-shaped tissues could be achieved using spher
oids. As bioprinting of multi-scale vascular network is not trivial with 
the use of spheroids due to their intrinsic minimum size, such vascular 
networks can be built using other means, e.g., scaffold-based bioprinting 
methods detailed in our earlier review [278], and spheroids can be 
positioned around the bioprinted vascular networks. Despite endothelial 
cells have been incorporated into spheroids [64] and the use of pre
vascularized spheroids in microphysiological systems have been 
demonstrated, robust generation of perfusable vascular networks within 
spheroid bodies is still a major roadblock towards the use of spheroids in 
scalable tissue biofabrication. Use of spheroids for scalable tissues with 
functional and anatomical complexity requires fabrication of these 
spheroids with controlled size in a high-throughput manner. A step to
wards robotic scalable fabrication of uniform sized spheroids was per
formed by creation of microrecessions in a non-adherent hydrogel in a 
96-well plate [82], making the process more robust, and eliminate the 
need for human interference and laborious cell seeding processes. These 
high-throughput fabrication platforms hold the key for significant ad
vances in bioprinting modalities involving spheroids, especially in a 
scenario where both academia and industries are readily searching for 
reproducible and robust techniques for scalable fabrication of tissues for 
regenerative medicine. 

Most of the existing tissue engineering methods are either scaffold- 
based and scaffold-free. Recently a third strategy involving the possi
bility of a synergistic, convergence approach has been proposed that 
could alleviate bottlenecks of the two previous options. This method can 
be realized in multiple ways such as but not limited to the bioprinting of 
spheroids into functional hydrogels or creation of highly porous 
microscaffolds with the spheroids bioprinted into pores. In a recent 
study, achieved via two-photon polymerization [279], single spheroids 
were grown within porous cages. Through bottom-up assembly, these 
cages can be joined and employed as modular building blocks for 
generating scalable tissues. 

Despite spheroids constitutes a microenvironment mimicking cell 
density in native tissues, their morphology, anatomy and physiology 
may not closely recapitulate such of native tissues. In this regard, use of 
organoids, which are self-organizing, self-renewing stem-cell based 
structures resembling organs, can be considered repetitive building 
blocks, even with void features, such as kidney organoids (i.e., tubuloids 
[280]), for implantable organs. Hollow organoids, on the other hand, 
needs delicate bioprinting technologies as their mechanical and struc
tural properties are highly weak and prone to break apart during bio
printing. Such organoids can also be accompanied by vascular organoids 
[281] or both vascularization and functional organoid formation can be 
realized in coculture systems simultaneously. 

Another implication of the biophysical nature of factors at work 
during scaffold-free bioprinting depends on types of possible applica
tions as well as the required training, competencies, and mindset of users 
and operators as spheroid bioprinting processes are not as straightfor
ward as typical bioprinting processes, such as extrusion-based bio
printing of hydrogels. Nevertheless, as a branch of bioprinting, 
bioprinting of spheroids remains a quantitative discipline, with the po
tential to benefit from advanced analytics and biosensors, molecular- 
level optimization, and computer modeling. 
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L. Peintner, Cells grown in three-dimensional spheroids mirror in vivo metabolic 
response of epithelial cells, Commun, Biol. 3 (2020) 246, https://doi.org/ 
10.1038/s42003-020-0973-6. 

[74] S. Chou, C. Lee, J. Lai, Bioengineered keratocyte spheroids fabricated on chitosan 
coatings enhance tissue repair in a rabbit corneal stromal defect model, J. Tissue 
Eng. Regen. Med. 12 (2018) 316–320, https://doi.org/10.1002/term.2456. 

[75] X. Gong, C. Lin, J. Cheng, J. Su, H. Zhao, T. Liu, X. Wen, P. Zhao, Generation of 
multicellular tumor spheroids with microwell-based agarose scaffolds for drug 
testing, PLoS One 10 (2015), e0130348, https://doi.org/10.1371/journal. 
pone.0130348. 

[76] F. Wan, S. Zhang, R. Xie, B. Gao, B. Campos, C. Herold-Mende, T. Lei, The utility 
and limitations of neurosphere assay, CD133 immunophenotyping and side 
population assay in glioma stem cell research, Brain Pathol. 20 (2010) 877–889, 
https://doi.org/10.1111/j.1750-3639.2010.00379.x. 

[77] L.P. Deleyrolle, G. Ericksson, B.J. Morrison, J.A. Lopez, K. Burrage, P. Burrage, 
A. Vescovi, R.L. Rietze, B.A. Reynolds, Determination of somatic and cancer stem 
cell self-renewing symmetric division rate using sphere assays, PLoS One 6 
(2011), e15844, https://doi.org/10.1371/journal.pone.0015844. 

[78] J. Fukuda, A. Khademhosseini, Y. Yeo, X. Yang, J. Yeh, G. Eng, J. Blumling, C.- 
F. Wang, D.S. Kohane, R. Langer, Micromolding of photocrosslinkable chitosan 
hydrogel for spheroid microarray and co-cultures, Biomaterials 27 (2006) 
5259–5267, https://doi.org/10.1016/j.biomaterials.2006.05.044. 

[79] M.A. Gionet-Gonzales, J.K. Leach, Engineering principles for guiding spheroid 
function in the regeneration of bone, cartilage, and skin, Biomed. Mater. 13 
(2018), 034109, https://doi.org/10.1088/1748-605X/aab0b3. 

[80] G. Bresciani, L.J. Hofland, F. Dogan, G. Giamas, T. Gagliano, M.C. Zatelli, 
Evaluation of spheroid 3D culture methods to study a pancreatic neuroendocrine 
neoplasm cell line, Front. Endocrinol. 10 (2019) 1–10, https://doi.org/10.3389/ 
fendo.2019.00682. 

[81] E. Fennema, N. Rivron, J. Rouwkema, C. van Blitterswijk, J. de Boer, Spheroid 
culture as a tool for creating 3D complex tissues, Trends Biotechnol. 31 (2013) 
108–115, https://doi.org/10.1016/j.tibtech.2012.12.003. 

[82] A.N. Mehesz, J. Brown, Z. Hajdu, W. Beaver, J.V.L. da Silva, R.P. Visconti, R. 
R. Markwald, V. Mironov, Scalable robotic biofabrication of tissue spheroids, 
Biofabrication 3 (2011), 025002, https://doi.org/10.1088/1758-5082/3/2/ 
025002. 

[83] J. Carlsson, J.M. Yuhas, Liquid-overlay culture of cellular spheroids, in: Recent 
Results Cancer Res., 1984, pp. 1–23, https://doi.org/10.1007/978-3-642-82340- 
4_1. Germany. 

[84] Y. Tung, A.Y. Hsiao, S.G. Allen, Y. Torisawa, M. Ho, S. Takayama, High- 
throughput 3D spheroid culture and drug testing using a 384 hanging drop array, 
Analyst 136 (2011) 473–478, https://doi.org/10.1039/C0AN00609B. 

[85] C. Kim, J.H. Bang, Y.E. Kim, S.H. Lee, J.Y. Kang, On-chip anticancer drug test of 
regular tumor spheroids formed in microwells by a distributive microchannel 
network, Lab Chip 12 (2012) 4135, https://doi.org/10.1039/c2lc40570a. 

[86] C. Chao, L.P. Ngo, B.P. Engelward, SpheroidChip: patterned agarose microwell 
compartments harboring HepG2 spheroids are compatible with genotoxicity 
testing, ACS Biomater. Sci. Eng. 6 (2020) 2427–2439, https://doi.org/10.1021/ 
acsbiomaterials.9b01951. 

[87] L.Y. Wu, D. Di Carlo, L.P. Lee, Microfluidic self-assembly of tumor spheroids for 
anticancer drug discovery, Biomed, Microdevices 10 (2008) 197–202, https:// 
doi.org/10.1007/s10544-007-9125-8. 

[88] V.E. Santo, M.F. Estrada, S.P. Rebelo, S. Abreu, I. Silva, C. Pinto, S.C. Veloso, A. 
T. Serra, E. Boghaert, P.M. Alves, C. Brito, Adaptable stirred-tank culture 
strategies for large scale production of multicellular spheroid-based tumor cell 
models, J. Biotechnol. 221 (2016) 118–129, https://doi.org/10.1016/j. 
jbiotec.2016.01.031. 

[89] F. Petry, D. Salzig, Large-scale production of size-adjusted β-cell spheroids in a 
fully controlled stirred-tank reactor, Processes 10 (2022) 861, https://doi.org/ 
10.3390/pr10050861. 

[90] E.C. Costa, D. de Melo-Diogo, A.F. Moreira, M.P. Carvalho, I.J. Correia, Spheroids 
formation on non-adhesive surfaces by liquid overlay technique: considerations 
and practical approaches, Biotechnol. J. 13 (2018), 1700417, https://doi.org/ 
10.1002/biot.201700417. 

[91] L. Zhao, J. Xiu, Y. Liu, T. Zhang, W. Pan, X. Zheng, X. Zhang, A 3D printed 
hanging drop dripper for tumor spheroids analysis without recovery, Sci. Rep. 9 
(2019), 19717, https://doi.org/10.1038/s41598-019-56241-0. 

[92] S.M. Azarin, X. Lian, E.A. Larson, H.M. Popelka, J.J. de Pablo, S.P. Palecek, 
Modulation of Wnt/β-catenin signaling in human embryonic stem cells using a 3- 
D microwell array, Biomaterials 33 (2012) 2041–2049, https://doi.org/10.1016/ 
j.biomaterials.2011.11.070. 

[93] V.N. Truskett, M.P.C. Watts, Trends in imprint lithography for biological 
applications, Trends Biotechnol. 24 (2006) 312–317, https://doi.org/10.1016/j. 
tibtech.2006.05.005. 

[94] P. Mitchell, Microfluidics—downsizing large-scale biology, Nat. Biotechnol. 19 
(2001) 717–721, https://doi.org/10.1038/90754. 

[95] G.H. Lee, J.S. Lee, X. Wang, S. Hoon Lee, Bottom-up engineering of well-defined 
3D microtissues using microplatforms and biomedical applications, Adv. Healthc. 
Mater. 5 (2016) 56–74, https://doi.org/10.1002/adhm.201500107. 

[96] G. Lee, Y. Jun, H. Jang, J. Yoon, J. Lee, M. Hong, S. Chung, D.-H. Kim, S. Lee, 
Enhanced oxygen permeability in membrane-bottomed concave microwells for 
the formation of pancreatic islet spheroids, Acta Biomater. 65 (2018) 185–196, 
https://doi.org/10.1016/j.actbio.2017.10.045. 

[97] G.H. Lee, J.S. Lee, G.-H. Lee, W.Y. Joung, S.H. Kim, S.H. Lee, J.Y. Park, D.-H. Kim, 
Networked concave microwell arrays for constructing 3D cell spheroids, 
Biofabrication 10 (2017), 015001, https://doi.org/10.1088/1758-5090/aa9876. 

[98] A.I. Neto, P.A. Levkin, J.F. Mano, Patterned superhydrophobic surfaces to process 
and characterize biomaterials and 3D cell culture, Mater. Horiz. 5 (2018) 
379–393, https://doi.org/10.1039/C7MH00877E. 

[99] O. Frey, P.M. Misun, D.A. Fluri, J.G. Hengstler, A. Hierlemann, Reconfigurable 
microfluidic hanging drop network for multi-tissue interaction and analysis, Nat. 
Commun. 5 (2014) 4250, https://doi.org/10.1038/ncomms5250. 

[100] A.P. Napolitano, P. Chai, D.M. Dean, J.R. Morgan, Dynamics of the self-assembly 
of complex cellular aggregates on micromolded nonadhesive hydrogels, Tissue 
Eng. 13 (2007) 2087–2094, https://doi.org/10.1089/ten.2006.0190. 

[101] H. Fonoudi, H. Ansari, S. Abbasalizadeh, G.M. Blue, N. Aghdami, D.S. Winlaw, R. 
P. Harvey, A. Bosman, H. Baharvand, Large-scale production of cardiomyocytes 
from human pluripotent stem cells using a highly reproducible small molecule- 
based differentiation protocol, JoVE (2016) 1–10, https://doi.org/10.3791/ 
54276.2016. 

[102] K. Moshksayan, N. Kashaninejad, M.E. Warkiani, J.G. Lock, H. Moghadas, 
B. Firoozabadi, M.S. Saidi, N.-T. Nguyen, Spheroids-on-a-chip: recent advances 
and design considerations in microfluidic platforms for spheroid formation and 
culture, Sensor. Actuator. B Chem. 263 (2018) 151–176, https://doi.org/ 
10.1016/j.snb.2018.01.223. 

[103] M. Marimuthu, N. Rousset, A. St-Georges-Robillard, M.A. Lateef, M. Ferland, A.- 
M. Mes-Masson, T. Gervais, Multi-size spheroid formation using microfluidic 
funnels, Lab Chip 18 (2018) 304–314, https://doi.org/10.1039/C7LC00970D. 

[104] J.M. Santos, S.P. Camões, E. Filipe, M. Cipriano, R.N. Barcia, M. Filipe, 
M. Teixeira, S. Simões, M. Gaspar, D. Mosqueira, D.S. Nascimento, P. Pinto-do-Ó, 
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