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SUMMARY

The construction of human organs on demand remains a tantalizing vision to solve the organ donor shortage.
Yet, engineering tissues that recapitulate the cellular and architectural complexity of native organs is a grand
challenge. The use of organ building blocks (OBBs) composed of multicellular spheroids, organoids, and as-
sembloids offers an important pathway for creating organ-specific tissues with the desired cellular-to-tissue-
level organization. Here, we review the differentiation, maturation, and 3D assembly of OBBs into functional
human tissues and, ultimately, organs for therapeutic repair and replacement. We also highlight future chal-
lenges and areas of opportunity for this nascent field.
INTRODUCTION

Every day over 150 people join the more than 100,000 patients on

the US transplant waitlist and nearly 20 people die as they wait for

an available donor organ (https://organdonor.gov/). Post trans-

plantation, many recipients will suffer acute rejection within their

first year, while chronic rejection and side effects from immuno-

suppression remain lifelong threats. Moreover, the short viability

window of life-saving donor organs limits their deployment to

remote locations, resulting in geographical healthcare disparities.

The creation of autologous, on-demand organs could overcome

these challenges. This vision has been the holy grail of tissue engi-

neering since its inception. However, despite decades of intense

research, the biomanufacturing of functional organ-specific tis-

sues remains elusive.

There aremyriaddifficulties inbiomanufacturinghumanorgans,

including cell sourcing, vascularization, maturation, attaining

physiologic levels of function, developing standards for quality

control and safety, and translating to clinical practice. Despite

these vast hurdles inwriting human organs and organ-specific tis-

sues, rapid advances in 3D imaging, genomics, and transcriptom-

ics now allow us to read these tissues with unprecedented spatial

and temporal detail. Emerging organ-specific and whole-embryo

cell atlases offer precise instruction sets for assembling de novo

tissues (Srivatsan et al., 2021). Yet, paradoxically, the more detail

obtained by reading organs, the more daunting the task ofwriting

them seems. For example, single-cell studies of adult kidneys

reveal over 20 different cell types arranged intomore than 1million

nephrons per kidney (Park et al., 2018), which are responsible for

bloodfiltration, reabsorption,secretion,andhemostasis (Figure1).

Each nephron contains cells arranged into glomerular and tubular

segments with invading and wrapping capillaries that carry out
these critical functions. As another example, closer inspection of

the adult human heart has revealed that the traditional delineation

of left and right ventricular and atrial cardiomyocytes hides deeper

levels of complexity. Using single-cell RNA sequencing, re-

searchers have uncovered the existence of five distinct and

spatially localized classes of ventricular cardiomyocytes as well

as five classes of atrial cardiomyocytes (Litvi�nuková et al., 2020).

Indeed, writing de novo human organs that recapitulate their

native counterparts would require the growth, differentiation,

maturation, and precise patterning of not just a few, but tens of

different cell types.

The grand challenge of organ engineering can therefore be

framed as closing the gap between our ability to read organs

and our ability to write them. Fortunately, advances in stem cell

generation and differentiation, coupledwith advancements in bio-

manufacturing, are opening new avenues to creating functional

human tissues. To generate autologous human organs, one

must produce 10–100 billion patient-specific cells, guide their dif-

ferentiation into distinct and mature phenotypes, pattern these

cells into precise 3D architectures, maintain and mature the

construct, and surgically implant it. The advent of human induced

pluripotent stem cells (hiPSCs), combined with their scalable pro-

duction and differentiation in suspension culture bioreactors, of-

fers a path to obtaining the necessary raw material (Kropp et al.,

2017). Simultaneous innovations that reduce cell media costs

are upending the economics of production of human tissues in

bulk (Kuo et al., 2020). From a regulatory standpoint, the recent

development of genomically engineered hypo-immunogenic

hiPSCs can enable the creation of highly characterized and safe

universal cell lines to fuel downstream differentiation and bio-

fabrication pipelines (Deuse et al., 2019; Han et al., 2019; Xu

etal., 2019).Derivingdefinedcell types fromthesepluripotent cells
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Figure 1. Biomanufacturing human tissues from OBBs
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traditionally requires the sequential addition of growth factors or

other small molecules; however, emerging efforts are harnessing

genomic engineering to deterministically generate targeted cell

types of interest. Traditionally, human cells have been seeded

onto or into porous scaffolds to produce connective tissues or

vascular grafts (Hibino et al., 2011; Kirkton et al., 2019; Niklason

et al., 1999). However, this approach lacks the ability to precisely

pattern dozens of distinct cell types into organ-specific micro- to

macroarchitectures that compose whole human organs.

3D bioprinting enables the programmatic patterning of cell-

laden inks and multicellular organ building blocks (OBBs; e.g.,

embryoid bodies, spheroids, and organoids). All complex solid

organs can conceptually be broken down into spatially

patterned, or ‘‘voxelated,’’ functional units, each with a distinct

cellular and extracellular makeup that bestows homeostatic or

physiologic function to the organ. Hence, the roadmap for organ

biomanufacturing can be described as a two-step process: (1)

render discrete functional units with the requisite cellular compo-

nents and self-assembled microarchitecture and (2) assemble

these functional units into a bulk organ-specific tissue replete

with embedded vasculature required to achieve and sustain their

function (Figure 1). Within this framework, the key challenges are

both maximizing the generation and self-assembly of functional

human tissue blocks as well as spatially patterning and maturing

these building blocks to produce therapeutic-scale tissues.

Constructing whole organs using single cells as building

blocks is currently unfeasible because of inherent scaling limita-

tions of 3D bioprinting (Figure 2). The time required to ‘‘pick and

place’’ each cell throughout tissue volumes over 1 mm3 vastly

exceeds the cell viability window (�1–2 h) during bioprinting.

By contrast, the use of multicellular OBBs (e.g., organoids) offers

several advantages by both recapitulating the different cell types

and microarchitectures within organ-specific tissues as well as

vastly reducing the build times required to generate whole or-

gans (�105–106 mm3 in volume) (Miller, 2014). Direct organoid

printing is capable of generating human tissues at faster rates

because each building block is composed ofmore than 104 cells.

However, when patterning tissues at the macroscale, one must

simultaneously print the vascular network required to supply
668 Cell Stem Cell 29, May 5, 2022
nutrients, clear waste products, and maintain the tissues as

they undergo maturation (Kolesky et al., 2014; Miller et al.,

2012; Skylar-Scott et al., 2019a). Indeed, embedding vasculari-

zation becomes necessary once the fabricated tissue volume

exceeds roughly 1 mm3, i.e., roughly the size of the individual

OBBs. Tissue vascularization can be achieved rapidly using

embedded printingmethods, such as sacrificial writing into func-

tional tissue (SWIFT) (Skylar-Scott et al., 2019a), wherein a

sacrificial ink is printed into a living tissue matrix composed of

compacted organoids in the shape of a vascular tree. The subse-

quent removal of this sacrificial ink leaves behind an intercon-

nected network of cylindrical vessels that can be lined with

endothelium, through which nutrients and oxygen can flow.

ORGAN BUILDING BLOCKS

Multicellular aggregates have been used for over a century to

study spatial patterning in development (Wilson, 1907), with early

studies of mammalian cell aggregates dating to the 1950s (Mos-

cona, 1957). Until recently, multicellular spheroids have been

largely generated from primary and immortalized human cells.

For example, metabolically active hepatic spheroids have been

produced from immortalized lines (Kelm et al., 2003) and primary

hepatocytes (Landry et al., 1985). There is emerging interest in

assembling these multicellular aggregates into larger tissues.

In one of the earliest examples, spheroids were manually placed

into rings to form a toroidal tissue architecture within a surround-

ing 3D matrix (Jakab et al., 2004). This simple yet non-trivial ge-

ometry demonstrated the feasibility of generating physiologically

relevant forms using multicellular building blocks.

The advent of induced pluripotent stem cells (iPSCs) fol-

lowed by the development of differentiation protocols that

transform these cells into organoids, or ‘‘mini-organs,’’ has

radically expanded the functional complexity and types

of OBBs that can be generated (Giacomelli et al., 2017; Mor-

izane et al., 2015; Sato et al., 2009; Taguchi et al., 2014; Taka-

sato et al., 2015; Takebe et al., 2013). It is now possible to

generate myriad tissue-specific organoids, including cardiac,

kidney, liver, and gut spheroids/organoids with exquisite



Figure 2. Opportunity space for biomanufacturing human tissues at organ scale
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microarchitectures (Figure 3). For example, hiPSC-derived

cardiac cells co-cultured with hiPSC-derived endothelial cells

yield cardiac spheroids (Giacomelli et al., 2017) that can be

further assembled into contractile cardiac tissues that syn-

chronously beat (Breckwoldt et al., 2017). Liver spheroids

have also been generated from hiPSCs by combining hiPSC-

derived hepatocytes with mesenchymal stem cells and endo-

thelial cells (Takebe et al., 2013). When subjected to perfusion

using a microfluidic platform, hepatic aggregates derived from

iPSCs have been shown to retain albumin expression for over

28 days (Schepers et al., 2016). To optimize cell-cell interac-

tions, hepatic aggregates have also been patterned from pri-

mary hepatocytes, endothelial cells, and stromal cells using

a microfabrication method (Stevens et al., 2017). The resulting

liver ‘‘seeds’’ can support microstructure formation, including

self-organized bile ducts when implanted in animal models.

While more advanced liver function will ultimately require an

interconnected bile duct network, these seminal studies sug-

gest that liver building blocks may retain structural plasticity

that would facilitate functional adaptation in vivo. Akin to the

liver, kidney organoids require interconnected tubule networks

to achieve their ultimate function of filtration and filtrate modi-

fication. Several protocols for deriving nephron-rich organoids

from metanephric mesenchyme have been recently devel-

oped; these organoids possess a cellular composition and

structure that resembles a first-trimester kidney (Morizane

et al., 2015; Taguchi et al., 2014; Takasato et al., 2014,

2015). However, they generally lack perfusable glomeruli, col-

lecting ducts, and a ureter, hence limiting their functional utility

(Little and Combes, 2019; Takasato et al., 2015). Finally, gut

organoids (Sato et al., 2009; Spence et al., 2011) have also

been generated, and recent work by Brassard et al. has

demonstrated that these progenitor cells, when printed into

an extracellular matrix (ECM), will spontaneously assemble

into an intestinal lumen (Brassard et al., 2020).
Despite the promise of OBBs for biomanufacturing, several

hurdles remain. Bulk tissues and organs require a pervasive, hi-

erarchical vascular network tomaintain cell viability and function.

While bioprinting methods are capable of patterning blood ves-

sels roughly 100 mm and larger in size, vascularization of individ-

ual OBBs at the microscale is needed to fully drive bulk tissue

maturation and function. Several strategies, including perfusion,

growth factor addition, and matrix cues have been recently re-

ported for inducing microvascularization within spheroids and

organoids (Brassard and Lutolf, 2019). For example, Giacomelli

et al. enriched iPSC-derived cardiac spheroids with iPSC-

derived endothelial cells and demonstrated enhanced expres-

sion of cardiac maturation markers, such as genes encoding

ion channels and Ca2+-handling proteins (Giacomelli et al.,

2017). Beyond their role in perfusion, the co-culture of hiPSC-

derived cardiomyocytes and cardiac fibroblasts with cardiac

endothelial cells has also been shown to improve sarcomeric

structure and contractility (Giacomelli et al., 2020). By contrast

to direct addition of endothelial cells, physical cues can enhance

endothelial cell differentiation and proliferation. Notably, kidney

organoids that are subjected to flow during differentiation on

an adherent matrix exhibit a 3-fold enrichment in their endothelial

progenitor cell population promoting both their vascularization at

the microscale and maturation, as observed by significantly

enhanced expression of glomerular, tubular, and endothelial

markers (Homan et al., 2019).

The complex interplay betweenmicrovascular network forma-

tion and maturation raises two important questions: (1) what is

the optimal differentiation state of OBBs prior to tissue assembly

and (2) what is the appropriate balance between spontaneous

self-assembly and deterministic biofabrication? At one extreme,

a small number of undifferentiated cells could be aggregated and

then guided through differentiation, growth, and morphogenesis

to form the mature, functional tissue. As a key example of

this approach, mouse embryonic stem cell (ESC)-derived cell
Cell Stem Cell 29, May 5, 2022 669



Figure 3. OBBs composed of multicellular
spheroids and organoids
Scale bar, left to right: 100, 50, 400, 100 mm. Left to
right: images reproduced with permission from
Giacomelli et al. (2017); Morizane et al. (2015);
Stevens et al. (2017). Far right image was provided
courtesy of Joep Beumer, Hubrecht Institute.
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aggregates cultured in gastruloid culture conditions and then

exposed to cardiogenic factors form cardiovascular progenitors,

including first and second heart fields, which undergo morpho-

genesis resembling the formation of heart chambers (Rossi

et al., 2021). Cardiac organoids, exhibiting chamber-like struc-

tures, have recently been produced using hiPSCs (Drakhlis

et al., 2021; Silva et al., 2021). These strategies recapitulate

key features of organogenesis (i.e., spontaneous cell assembly,

tissue morphogenesis, and growth) but would require consider-

able time and resources to reach the scale of whole organs. To

circumvent the need for tissue growth, Kupfer et al. determinis-

tically 3D printed immature ESCs into an adult heart shape and

then expanded and differentiated the ESCs into cardiovascular

phenotypes (Kupfer et al., 2020). The resulting, perfusable heart

chambers show continuous action potential propagation with a

cardio-effective drug response. At the other extreme, hundreds

of thousands of theseOBBs can be fully differentiated and deter-

ministically patterned into a large, cohesive cardiac tissue that

synchronously beats after several days of maturation (Skylar-

Scott et al., 2019a). Because normal tissuemorphogenesis is by-

passed in this approach, the primary challenge is to ensure

adequate OBB fusion via cell-cell and cell-matrix interactions

to generate the desired functional output akin to native organs

as well as provide sufficient mechanical robustness for handling

and suturing during implantation.

BIOPRINTING 3D TISSUES FROM OBBs

Bioprinting organ-specific tissues from multicellular building

blocks derived from hiPSCs enables the construction of pa-

tient-specific tissues, thereby reducing the risk of immune rejec-

tion and enhancing potential for their clinical translation. Several

methods have recently emerged for printing tissues from OBBs

(Figure 4). Unlike individual cells, spheroid- and organoid-based

building blocks are granular in nature, i.e., their characteristic size

exceeds roughly 100 mm in diameter, and, hence, their interac-

tions are dominated by gravitational forces. Direct printing of in-

dividual spheroids or organoids relies on their granular nature

to enable their sequential pick up and placement (Figures 4A

and 4B). For example, Ayan et al. showed that different

spheroids, including those composed of human umbilical vein

endothelial cells (HUVECs), mouse fibroblast cells (3T3),

mouse mammary carcinoma cells (4T1), human dermal fibro-

blasts (HDFs), and human mesenchymal stem cells, could be

retrieved from a media bath by aspiration using a glass pipette

and then placed onto a matrix-coated substrate (Figure 4A)
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(Ayan et al., 2020a). Using this direct

‘‘pick-and-place’’ approach, they stacked

individual spheroids (�300 mm in diam-

eter)with�35mmprecision to form tissues
in small pyramids and rings. In the presence of HDFs and

fibrin, HUVEC-laden spheroids exhibited angiogenic sprouting

behavior, which intensified as the distance between adjacent

spheroids decreased, likely due to increased cellular signaling.

Expanding upon this approach, Daly et al. and others demon-

strated anembeddedpick-and-placeprintingmethod for creating

more complex 3D tissue geometries (Figure 4B) (Ayan et al.,

2020b;Daly et al., 2021). This technique relies on similar aspiration

pipettes to pick individual spheroids from amedia bath and place

themwithin a shear-thinning, self-healing hydrogel support matrix

whereupon they remain suspended in 3D space. Using this

approach, individual spheroids were used to construct tissue pyr-

amids and layered ringswithin the hydrogelmatrix, fromwhich the

tissue could ultimately be harvested (Daly et al., 2021). As one

example, spheroids composedof varyingmixture ratiosof cardiac

fibroblasts and iPSC-derived cardiomyocyteswereused tocreate

a tissue construct to model post-myocardial infarction scarring.

Localized regions rich in cardiac fibroblast spheroids serve as

scars that reduceconductionvelocityandmechanical contractility

compared to control tissues composed solely of cardiomyocyte

spheroids. Upon exposing the scarred tissue constructs to Hippo

pathway-inhibiting miRNAs for several days, cardiomyocyte pro-

liferation and improved tissue functionality were observed. These

examples highlight the ability of pick-and-place methods to pro-

duce precisely constructed microtissues for investigating hetero-

geneous interactionsbetween individualOBBsand for therapeutic

drug screening. However, building tissues by patterning OBBs

one at a time is slow and thus not well suited for organ-scale bio-

manufacturing.

Direct bioprinting of OBB-laden inks offers a higher-throughput

method that unlocks therapeutic-scale biofabrication (Figure 4C).

Goulart et al. demonstrated the advantage of thismethod for con-

structing liver tissues by formulating inks composed of hiPSC-

derived hepatic spheroids compared to hepatic cells (Goulart

et al., 2020). These inkswereprinted into toroidal tissueconstructs

(5 mm high and 10 mm in diameter). After 18 days of culture post

printing, the viability and hepatic metabolic function of 3D liver tis-

sueprinted fromspheroid-laden inksweresignificantlyhigher than

those produced fromcell-laden inks. Thus, the pre-organizationof

hepatocytes into OBBs with defined microenvironments pro-

moted physiological function at the tissue level.While thismethod

is promising for the scalable generation of organ-scale tissues,

two major challenges of direct OBB printing arise once the tissue

thickness exceeds a few millimeters. First, as printed tissues

become taller, they often lose their shape because of gravity-

induced slumping. Second, when the printed tissues exceed



Figure 4. Biomanufacturing of human tissues using OBBs
(A) Direct pick and placement of individual spheroids or organoids.
(B) Embedded pick and placement of individual spheroids or organoids within a support matrix. Scale bar, 200 mm.
(C) Direct printing of spheroid- or organoid-based inks.
(D) Embedded printing of sacrificial inks within a tissue matrix composed of densely packed spheroids or organoids (left) or embedded printing of spheroid- or
organoid-based inks in either support (not shown) or tissue (right) matrices. Scale bar, 2 mm.
Images (from left to right) adapted with permission from Ayan et al. (2020a); Daly et al. (2021); Goulart et al. (2020); Skylar-Scott et al. (2019a).
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�1 mm in thickness, they will undergo necrosis due to a lack of

perfusion.While this scale limitation canbeaddressedby implant-

ing organoids orbioprinted tissues into ahost to stimulate neovas-

cularization (Mansour et al., 2018; Takebe et al., 2013), vascular

ingrowth is too slow (�1 mm/day) to rescue therapeutic-scale

tissues.

Embedded 3D printing is an emerging technique that is

uniquely capable of printing large-scale tissues replete with

vascular networks using soft and biological inks. This method in-

volves printing one viscoelastic ink into another viscoelastic hy-

drogel or matrix (Wu et al., 2011). The viscoelastic matrix is

tailored to be liquid-like enough to enable a printer nozzle to

translate through the matrix without tearing it while simulta-

neously being solid-like enough to adequately support the

printed tissue to prevent it from sagging, sinking, or floating.

The printed ink can be a sacrificial material that, upon removal,

forms a vascular network within a tissue matrix composed of

OBBs. Alternatively, the ink can be a cell- or OBB-laden bio-

ink that builds a tissue within a sacrificial or living matrix

(Figure 4D). First demonstrated by patterning a sacrificial ink in

the form of a hierarchical branching vascular tree within an acel-

lular hydrogel matrix (Wu et al., 2011), this technique has under-

gone several advances that have enabled the construction of

vascularized human tissues at scale. For example, SWIFT allows
complex and branched vascular networks to be embedded

within a living tissue matrix composed of OBBs composed of

embryoid bodies, organoids, or spheroids derived from hiPSCs

(Skylar-Scott et al., 2019a). To attain physiologically relevant

scales, these OBBs are cultured in batches of 100,000s, which

contain up to half a billion cells. Next, they are mixed with an

ECM solution of collagen and Matrigel and compacted into a

granular tissue matrix with a total volume of �2.5 mL that con-

tains �200 million cells/mL. A sacrificial gelatin ink is then

patterned within the tissue matrix via embedded 3D printing in

the form of a vascular network. Upon warming the tissue to

37�C, the sacrificial ink liquifies and can be readily removed

from the tissue, leaving behind a perfusable vascular network

that sustains the tissue during fusion of the OBBs and subse-

quent tissue maturation. Using SWIFT, vascularized cardiac

tissues were generated and underwent fusion to form a synchro-

nously beating tissue after 1 week of perfusion. With further

development, the SWIFT technique could enable biofabrication

of vascularized human tissues at organ scale.

Freeform reversible embedding of suspension hydrogels

(FRESH) is another important embedded 3D printing technique

that enables patterning soft inks at bulk scale with high resolution

(Hinton et al., 2015; Lee et al., 2019). This method has been used

to create 3D collagen scaffolds in the form of a miniature human
Cell Stem Cell 29, May 5, 2022 671



Figure 5. Fusion of spheroid-, organoid-,
and assembloid-based OBBs
(A) Homotypic spheroid fusion leading to simple
adhesion. Image adapted with permission from
Jakab et al. (2004).
(B) Homotypic spheroid fusion of two luminal
spheroids generates a spheroid with a single
lumen. Image adapted with permission from
Fleming et al. (2010). Scale bar, 100 mm.
(C) Homotypic spheroid fusion with substructure
interconnection of vascular networks. Image
adapted with permission from Homan et al. (2019).
(D) Heterotypic spheroid fusion leading to simple
adhesion, mixing, or envelopment. Scale bar, 200
mm. Images (top to bottom) adapted with permis-
sion from Kim et al. (2018); Birey et al. (2017); Foty
et al. (1996).
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ventricle model that can be filled with hiPSC-derived cardiomyo-

cytes. Extending this approach, Kupfer et al. demonstrated the

feasibility of in situ differentiation of printed stem cells after allow-

ing a period of growth and densification (Kupfer et al., 2020).

In this case, a bio-ink containing hiPSCs and an ECM

composed of methacrylated gelatin (10% or 15%), fibronectin

(0–190 mg/mL), laminin (0–190 mg/mL), and ColMA (0–5 mg/mL)

are printed in a gelatin microparticle support bath via FRESH.

The printed structure is based on an MRI scan of a human heart

scaled down to the size of a murine heart modified with a single

input and output vessel connecting two internal chambers with a

wall thickness < 0.5 mm, so vascularization was not required. Af-

ter 2 weeks in culture to promote hiPSC proliferation, the esti-

mated density of the tissue was �100 million cells/mL, similar

to that of native tissue. Cardiac differentiation was then induced

post printing, whereupon contiguous electrical function and syn-

chronous beating was observed up to 6 weeks. Looking ahead,

co-writing OBBs and vascular networks via embedded 3D print-

ing offers a promising approach for constructing whole organs.

ENHANCING TISSUE FUNCTION VIA BUILDING BLOCK
FUSION AND MATURATION

Once assembled into a 3D tissue, OBBs must fuse and form a

cohesive network. To date, the fusion of these building blocks
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has been primarily explored in simple

two-body systems composed of like or

unlike spheroids (or organoids) (Figure 5).

The viscosity and surface tension of

spheroids have been experimentally

measured, which suggests that fusion of

two spheroids of the same composition

is akin to the coalescence of two viscous

droplets (Jakab et al., 2010) (Figure 5A).

The differential adhesion hypothesis

posits that cells will adhere to other

like cells provided that all cells remain

in a motile state and express similar

adhesion molecules. Remarkably, the

dynamics of spheroid fusion can, in

many cases, be predicted by measuring

the physical properties of multicellular

aggregates and applying this model
(Jakab et al., 2008; Mironov et al., 2009). For example, sponta-

neous rounding of tissue fragments, driven by their surface ten-

sion, has been observed experimentally (Foty et al., 1996; Jakab

et al., 2008), and the time required for fusion has been shown to

correlate with cadherin expression (Foty and Steinberg, 2005).

However, OBBs are more complex than liquid droplets, so this

simple model is not fully predictive. For example, Kosheleva

et al. compared the fusion of two mesenchymal spheroids to

the fusion of two epithelial spheroids and found that even though

the epithelial spheroids had lower surface tension, they under-

went faster fusion than their mesenchymal counterparts (Koshe-

leva et al., 2020).

Many OBBs contain substructures, such as microvascular,

tubular, and biliary features, that must ultimately form intercon-

nected networks throughout the biofabricated tissues. Because

cells typically adhere most strongly to other like cells, OBBs that

contain a mixture of endothelial and supporting cells can spon-

taneously form lumens. Fleming et al. demonstrated that two

hollow spheroids, each containing a vascular lumen surrounded

by smooth muscle cells, can fuse to form a single continuous

lumen (Fleming et al., 2010). Using this principle, the authors

fused multiple spheroids into a single, elongated vessel

(Figure 5B). The process of lumen fusion is biologically rele-

vant—for example, the aorta is formed by the fusion of two dor-

sal aortae (Fleming et al., 2010). While the model implies that
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substructure fusion is a secondary phenomenon arising from

random movement of differentially adhesive cells, some biolog-

ical fusion processes are cell directed through chemical gradi-

ents, such as vascular anastomosis. Fusion of microvessels

between OBBs is necessary to develop a cohesive, perfusable

capillary network. While such studies are limited, early examples

suggest that vascular fusion is possible. When both microvascu-

larized kidney organoids (Homan et al., 2019) and cardiac spher-

oids (Polonchuk et al., 2021) fuse together, they appear to form a

continuous vasculature network (Figure 5C). Kim et al. also

observed fusion of vascular networks between more complex

OBBs, i.e., core-shell spheroids (Kim et al., 2019). Interestingly,

core-shell spheroids with endothelial cells surrounding stem

cells rapidly induced vessel network formation relative to homo-

geneous spheroids, highlighting the potential for directing tissue

fusion through building block design.

The fusion of OBBs may be further complicated or enhanced

when they are printed within an ECM, e.g., via FRESH. Interac-

tions between the matrix and embedded spheroids (or organo-

ids) might dictate fusion dynamics. For example, spheroids

have been shown to undergo fusion in a collagen matrix with

subsequent contraction that depends on the collagen concen-

tration (Jakab et al., 2004). Cell-matrix adhesions may stabilize

the shape of spheroids by balancing cell-cell adhesions. For

example, vascular spheroids undergoing fusion within a matrix

remained ovoid, while they formed spheres absent this matrix

(Fleming et al., 2010). Clearly, additional studies that elucidate

the competing cell-cell versus cell-matrix interactions that guide

the fusion of OBBs within biofabricated human tissues are

needed.

The ability to pattern and guide the fusion of different OBBs is

important for generating complex tissues. The differential adhe-

sion hypothesis predicts that mismatches in their respective

surface tensions would lead to envelopment of the high

surface tension spheroid (or organoid) by the lower surface ten-

sion counterpart, which has been experimentally observed

(Figure 5D) (Foty et al., 1996). However, more complex geome-

tries, known as assembloids, have also been formed by fusing

two or more different spheroids (or organoids) together (Jakab

et al., 2004; Birey et al., 2017). These assembloids, sometimes

in contrast to predictions from the differential adhesion hypoth-

esis, can exist in metastable states and give rise to complex bio-

logical interactions. As a simple functional demonstration, Kim

et al. fused cardiac myocyte spheroids alternating with cardiac

fibroblast spheroids in a line and demonstrated that the cardiac

fibroblasts support action potential propagation but with a signif-

icant conduction delay (Figure 5D) (Kim et al., 2018). Interest-

ingly, heterotypic fusion of hiPSC-derived dorsal forebrain

organoids and ventral forebrain organoids recapitulated in vivo-

like migration and functional integration of interneurons from the

ventral to dorsal region (Figure 5D) (Birey et al., 2017). The differ-

entiation or maturation state of these OBBs can also affect cell

behavior and, hence, fusion. Lindberg et al. found that fusion

of mesenchymal stromal cell spheroids and articular chondro-

cyte spheroids, as well as matrix deposition, depends on the

timing of contact relative to their maturation state (Lindberg

et al., 2021). Hajdu et al. found that their maturation state deter-

mines whether spheroids simply adhere or undergo envelop-

ment and that fusion kinetics are related to ECM production
(Hajdu et al., 2010). Collectively, these studies highlight the

need for cell-type-dependent fusion studies, especially in het-

erotypic assemblies.

After assembly, exogenous cues can be provided through

embedded vasculature to further promote tissue fusion and

maturation. For example, the addition of vascular endothelial

growth factor (VEGF) to fusing vascularized cardiac spheroids

increased fusion efficiency by more than 2-fold and increased

vascular fusion between spheroids (Polonchuk et al., 2021).

The construction of human-scale heterogeneous tissues may

be seen as a natural extension of assembloids but would require

fusion ofmillions of homotypic and heterotypic spheroids to form

patterned tissue. Further work is needed to determine how

chemo-mechanical cues, including growth factors, matrix

composition, luminal flow, and stretch, support the maturation

of spheroids, organoids, assembloids, and, ultimately, bio-

fabricated human organs.

Ultimately, fabricated organ-specific tissues must be function-

ally integrated with the host tissue; interconnection with the car-

diovascular system is critical to perfuse implanted tissues and

facilitate tissue function. Small tissue (millimeter scale) constructs

might be sufficiently sustained via host-derived microvascular

invasion and perfusion, eliminating the need for surgical

anastomosis. For example, human iPSC-derived kidney organo-

ids implanted under the renal capsule in mouse were micro-

vascularized by the host after 10–20 days (Sharmin et al., 2016).

Interestingly, iPSC-derivedglomeruli werepreferentially vascular-

ized by the angiogenic host endothelial cells rather than HUVECs

co-implanted with the kidney organoids, possibly indicating the

importance of vascular flow or HUVEC incompatibility. Human

liver seed grafts were also microvascularized by the host after

80 days; grafts contained red blood cells, and microvasculature

was formedbyboth humanandmouse endothelial cells, suggest-

ing functional anastomosis (Stevens et al., 2017). However, large

tissue grafts will ultimately require hierarchical vasculature with a

large vascular inlet and outlet to be surgically anastomosed to the

host to facilitate immediate perfusion. In addition, some organs

will require additional anastomoses, such as the kidney to the ure-

ter or the liver to the bile duct. Many potential challenges with

anastomosis of engineered constructs have been identified or

solved through the development of tissue engineered vascular

grafts (Kirkton et al., 2019; Patterson et al., 2012). For example,

risks include thrombosis, intimal hyperplasia, atherosclerosis, or

infection (Pashneh-Tala et al., 2016). Design considerations,

suchasgraft complianceandgeometry, at thesite of anastomosis

could alleviate some potential modes of failure when implanting

engineered tissues (Pashneh-Tala et al., 2016).

FUTURE CHALLENGES AND OPPORTUNITIES

Despite the rapid progress, there are several remaining chal-

lenges and opportunities for biomanufacturing human tissues

and organs at scale. One important hurdle is that the generation

of clinical-grade hiPSCs is costly, with estimates of $1million per

iPSC line (Bravery, 2015). Depending on the differentiation proto-

col and the size of tissue required, the cost of growth factors and

culture supplements are often prohibitive for commercialization

(Bravery, 2015). The discovery of low-cost small molecules,

such as CHIR-99021, which acts as a Wnt pathway agonist
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(Sato et al., 2004), can replace costly growth factors to enable

affordable large-scale cultures. Importantly, the fabrication of

autologous tissues requires the scalable generation of patient-

specific iPSCs, in which each distinct cell line could require

modified differentiation protocols to generate the requisite

OBBs. This issue could be solved in part by genetic editing of hu-

man leukocyte antigens (HLAs) in a standard bank of iPSCs to

provide hypo-immunogenic cell lines for broader patient use

(Deuse et al., 2019; Han et al., 2019; Xu et al., 2019).

Beyond cost, adapting culture protocols and platforms to be

compliant with current good manufacturing practices (cGMP)

at scale is another major challenge. Suspension bioreactors

are currently the optimal solution for mass cGMP production

because of volume efficiency, scalability, and amenability to

automated culture, all of which can improve reproducibility

(Kropp et al., 2017). However, many hiPSC protocols begin

with 2D adherent culture, necessitating either protocol adapta-

tion or the use of less efficient, more costly scaling methods. In

addition, many differentiation protocols rely on subjective mea-

sures of cell health and differentiation efficiency, such as evalu-

ating confluency and phenotype to determine timing and

composition of medium changes (Morizane et al., 2015). Com-

bined with patient-to-patient variability, sex differences, hetero-

geneity with a single hiPSC line, and genetic drift in subcultures,

batch-to-batch reproducibility is a major hurdle (Colter et al.,

2021). Biosensors could aid in real-time monitoring of batch

quality and control, and a variety of genetic controls, such as mi-

croRNA switches, could be applied to purify differentiated cell

populations (Miki et al., 2015). In addition to cells, the scalability

and manufacturability of any exogenous ECM or scaffolding ma-

terials must be considered. Multiple biomaterials have been

developed as scaffolds and applied clinically, as thoroughly re-

viewed elsewhere (Sadtler et al., 2016). In general, synthetic

polymers (e.g., polyethylene glycol) offer more control over ma-

terial properties at a lower cost, while biologically derived mate-

rials (e.g., collagen I or fibrin) offer more complex instructive cues

critical for some cell culture protocols (Sadtler et al., 2016). Syn-

thetic materials have been modified to incorporate biologically

active groups to create scaffolds with tailored mechanical and

biological properties. These materials could replace Matrigel in

iPSC and organoid culture by mimicking properties such as hep-

arin-like growth factor binding (Aisenbrey and Murphy, 2020).

Alternately, patient-specific, biologically derived ECM materials

could be obtained directly from the patient, for example, by using

omentum tissue derived from a biopsy (Shevach et al., 2015).

Even with the generation of an efficacious therapeutic tissue,

safety remains a critical concern. Aside from potential tissue

failure, hiPSC tumorigenicity poses a significant risk, which

has been demonstrated in animal studies (Lee et al., 2013). Re-

programming of hiPSCs from somatic cells and subsequent

subculture compromises genomic integrity, often introducing

chromosomal abnormalities in a subpopulation of cells (Hus-

sein et al., 2011). In addition, undifferentiated cells in the

engineered tissue could form teratomas (Ben-David and Ben-

venisty, 2011). There is a growing interest in genetically

engineered drug sensitivities or ‘‘kill switches’’ into hiPSC pop-

ulations as safeguards to eliminate undifferentiated cells on de-

mand (Ando et al., 2015; Martin et al., 2020). In addition,

banked hiPSCs that have undergone extensive whole-genomic
674 Cell Stem Cell 29, May 5, 2022
analysis could reduce variability and provide a foundation for

comparing clinical outcomes (Merkle et al., 2022).

High-throughput, scalable biofabrication methods are needed

to fabricate human tissues and, ultimately, whole organs in a

practical timescale necessary to maintain cell viability and mini-

mize cost. To date, most extrusion-based bioprinting methods

have used printheads composed of one or a few nozzles (Kang

et al., 2016; Kolesky et al., 2016). Notably, the build time required

to print a full-size human heart composed of 100 mm layers is

nearly 100 h using a single 250 mm nozzle (Mirdamadi et al.,

2020). Because single nozzles only print one voxel of material

at a time, the fabrication time scales roughly with the cube of

the tissue volume. Volumetric printing methods can decouple

the relationship between printing speed and tissue volume by

parallelizing voxel formation. For example, multimaterial, multi-

nozzle printheads are capable of simultaneously printing arrays

of voxels in a 2D plane, and rapidly switching between bio-inks

would facilitate rapid fabrication of intricately patterned tissues

(Skylar-Scott et al., 2019b). Light-based bioprinting approaches,

such as stereolithography and digital light processing, print layer

by layer by applying light to the surface of a photo-reactive resin

bed. To date, these methods have been used to rapidly pattern

complex, biologically relevant shapes, such as vascular net-

works at the centimeter scale within an hour (Grigoryan et al.,

2019). In computed axial lithography, light is delivered to a liquid

resin bed as a series of 2D images at different angles; only re-

gions in which images are superimposed receive enough energy

to solidify (Kelly et al., 2019). This approach has been applied to

pattern spheroids derived from human liver epithelial organoids

into a gel containing a perfusable vascular network (Bernal

et al., 2022). However, each of these light-based printing

methods requires resins that are compatible with photo-cross-

linking, which limits the use of biological matrices and light-sen-

sitive cells. The incorporation of multicellular spheroid, organoid,

or assembloid-based OBBs within these photopolymerizable

resins will enhance light scattering, limiting the feature resolution

and cellular density within the printed tissues. New advances in

scalable, high-resolution bioprinting technologies coupled with

industrial standardization and cGMP protocols are needed for

biomanufacturing clinical-grade human tissues and organs.

A final challenge involves delineating the appropriate balance of

OBBmaturation before and after tissue biofabrication, whichmay

vary by tissue type. To date, methods for controllingmaturation of

large-scale human tissues after their assembly have not yet been

widely explored. Techniques developed for single organoids or

microtissues could be applied to larger tissues aswell as bioreac-

tors developed to sustain whole organs prior to transplantation.

However, it is unclear whether full maturation in vitro is necessary

or desirable before implantation. Looking ahead, scientific and

technological advances are anticipated across multiple areas—

stem cell scale up and differentiation, building block design,

fusion, maturation, and biofabrication—and their convergence

may soon provide a viable pathway for de novo biomanufacturing

of organ-specific tissues for therapeutic use.
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