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ABSTRACT

Spheroids and organoids are promising models for biomedical applications ranging from human disease modeling to drug discovery. A main
goal of these 3D cell-based platforms is to recapitulate important physiological parameters of their in vivo organ counterparts. One way to
achieve improved biomimetic architectures and functions is to culture cells at higher density and larger total numbers. However, poor nutri-
ent and waste transport lead to low stability, survival, and functionality over extended periods of time, presenting outstanding challenges in
this field. Fortunately, important improvements in culture strategies have enhanced the survival and function of cells within engineered
microtissues/organs. Here, we first discuss the challenges of growing large spheroids/organoids with a focus on mass transport limitations,
then highlight recent tools and methodologies that are available for producing and sustaining functional 3D in vitro models. This informa-
tion points toward the fact that there is a critical need for the continued development of novel cell culture strategies that address mass trans-
port in a physiologically relevant human setting to generate long-lasting and large-sized spheroids/organoids.
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I. INTRODUCTION

Spheroids and organoids are three-dimensional (3D) structures
that are expanding in popularity as platforms for the study of human
development, pathophysiology, and drug screening. Since the structure
and function of spheroids/organoids resemble cellular microenviron-
ments of human organs, they have been broadly used in a diverse
range of biomedical applications.1 Henry Van Peters Wilson estab-
lished the first successful 3D cell culture in 1907 when he showed that
sponge cells could fuse and form aggregates after dissociation.2 Several
decades later, in 1971, Sutherland and associates grew an immortalized
lung cell line in a spinner flask and showed that these cells were able to
form multicellular spheroids morphologically resembling the nodules
seen in animal and human lung carcinomas.3 As early as 1989,
researchers used a reconstituted basement membrane matrix (derived
from Engelbreth-Holm-Swarm murine tumors, later commercialized
as MatrigelTM) to culture epithelial cells, which highlighted the impor-
tance of physiologically relevant culture systems in promoting the
organization and formation of 3D in vitro culture models.4 In the early
21st century, cell culture systems began to improve drastically via
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implementation of new technological approaches. For example, in
2003 individual 3D cell–packed spheroids could be formed in high
throughput method by using gravity to form hanging drops suspended
from a microtiter plate.5 Subsequently, in 2006 96 well round (U) or
conical (V) bottom plates, precoated with poly-HEMA, were utilized
to better control the rapid generation of 3D human breast cancer
(MDA-MB-231) in vitro spheroid models.6

Currently, spheroids/organoids are emerging components of
medical industry and are increasingly used in technological applica-
tions, such as in vitro disease models and for drug screening. However,
the mentioned approaches experience low cell survival and functional
readouts when cultured for any length of time, thus limiting their use-
fulness.7 Most researchers agree that the factor most contributing to
these limitations is poor nutrient and gas transport.8–11 In this context,
this review will highlight emerging approaches to overcome these limi-
tations, focusing on strategies that utilize engineered microenviron-
ments to create larger 3D microtissues and better recapitulate organs
with enhanced structures and physiologic relevance.

A. Terminology

In foundational work by Weiswald and co-workers,12 these
authors highlighted various terminologies that are most often used to
describe models of cancer cell aggregates and emphasized the need for
more consistent terminologies in this field. For example, 3D structures
made of many cells are often interchangeably referred to as ‘spheroids’
or ‘organoids’ because they can recapitulate some tissue-specific func-
tions. However, these two terms should not be used as direct corollar-
ies to one another as they describe two distinct types of in vitro cell
aggregate models. The term “organoid” or “mini-organs” should be
applied to 3D cell aggregates derived from stem cells or progenitor
cells that exhibit lineage-specific differentiation and self-assembly,
whereas spheroids are formed from cell lines (one or more) or patient
tissue biopsies and are inherently less complex (Fig. 1). Compared to
spheroids, the level of self-organization that occurs in organoids is
quite remarkable and often approaches structures and functions found
in mature organ systems.13 Comparatively, it has been shown that in
spheroid models cells integrate into compact aggregates via induction
of cell–cell adhesion proteins, namely E-cadherin, that associate with
the cytoskeletal to ultimately lead to the formation of epithelial

sheets.14 Another important difference between spheroids and organo-
ids is the fact that spheroids often require specific methodological and
technological approaches to form stable spherical shapes. In contrast,
organoids possess the intrinsic ability to form in chemically well-
defined cell culture medium and maintain their structural complexity
and organization for longer time spans.15 Although organoids are suit-
able for studying complicated processes, it might often take months or
longer to produce them, whereas spheroids tend to need less time to
develop. It is worth noting that upon long-term expansion, organoids
often stall in their development and introduce variation, which is less
likely in spheroids, therefore making spheroids more reproducible.16

B. Cell sourcing

3D in vitro models are generated from human pluripotent stem
cells (hPSCs), adult stem cells (ASCs), or immortalized cell lines, and
are often employed in disease modeling, drug screening, and trans-
plantation.17 ASCs possess both limited self-renewal and differentia-
tion potential in vitro, whereas PSCs can differentiate into nearly every
cell type and possess unlimited self-renewal.18 hPSCs include both
induced PSCs (iPSCs), and embryonic stem cells (ESCs), which are
often utilized in the development of 3D culture models.19 As early as
2004, Gerecht and associates were one of the first to describe the for-
mation of differentiating human embryoid bodies (hEBs) in rotating
bioreactors.20 Cell origin is the main ethical concern in conducting
research using human ESCs (hESCs). Nevertheless, in the literature
there are examples of embryonic-derived gastruloids for exploring
early human embryonic development in vitro.1,21 These 3D in vitro
multicellular aggregates can differentiate to form the three germ layers
without additional extra-embryonic tissues22 and only with the use of
appropriate culture conditions, including signaling proteins. Moris
et al.23 presented a human gastruloid model by culturing ESCs in
Nutristem supplemented with CHIR99021 (Chiron). Aggregates
showed an elongated morphology at 72 h as well as enhanced expres-
sion of Nodal and WNT signaling. Moreover, in a recent study con-
ducted by Girgin and Lutolf,24 hydrogel microwell arrays were used
for gastruloid culture in order to study peri-gastrulation development
in mouse PSCs, with a focus on the formation of anterior neural tissue.
They found that elongation and patterning of aggregates was highly
dependent on initial aggregate size and endogenous WNT activity
in vitro. These two studies confirm the critical role of the signaling
environment in establishing both the morphology and the patterning
of human gastruloids. A major criticism of utilizing human gastruloids
is the ethical restrictions, which currently require human gastruloids
to be cultured for a limited period of time (which some governing bod-
ies define as up to 14 days).25 However, some have argued that 14 days
can be extended to 28 days because no functional neural connections
or sensory systems will form within 28 days, making it impossible for
the embryo to experience sentience or pain.26

Alternatively, iPSCs enhance the potential of generating ESC-like
cells (with high plasticity similar to ESC) from adult somatic cells
without the ethical sourcing concerns, which makes them an ideal can-
didate for studies.27 In the past decade iPSC-derived organoids have
risen to increased prominence in clinical and translational applica-
tions.28 The remarkable cellular complexity of in vitro models gener-
ated from PSCs, including their intricate architectures and functions
are similar to their in vivo organ counterparts.29 Moreover, iPSCs
allow establishment of laboratory models specific to an individual,
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FIG. 1. Schematic comparing organoid and spheroid 3D cell cultures comparing
cell source and mechanism of formation.
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which has led to the emergent field of personalized medicine and the
possibility of testing of therapies on patient-specific models.30

Another multi-potent stem cell type commonly used for 3D cel-
lular models is mesenchymal stem cells (MSCs), a well-characterized
ASC type. These multipotent cells are easy to collect and are abun-
dantly present in bone marrow, muscle, liver, and adipose tissues.31 In
2016, Lee et al.32 developed an adipose-derived MSC spheroid system
to promote stem cell bioactivity via secretion of hypoxia-induced
angiogenic cytokines, preservation of ECM components (laminin and
fibronectin), and regulation of apoptotic signals in a culture time and
spheroid size–dependent manner.

More recently, considerable attention has been paid on forming
organoids using mixtures of cell sources to increase their complexity
for improved 3D in vitromodels, with a focus on enhancing vasculari-
zation in vitro. For instance, one of the first examples of 3D PSC differ-
entiation into hepatic endoderm spheroids with subsequent formation
into hepatoblast spheroids is presented by Ramli and co-workers.33

They cultured two hPSC cell sources, human ESCs and iPSCs, with a
chemically defined and a matrix-free environment to induce forma-
tion of hepatoblast spheroids. In another illustrative example, Song
et al.34 developed pre-vascularized brain organoids in vitro through
the fusion of cortical spheroids, vascular spheroids, and mesenchymal
cells to study neurovascular interactions. In the first step, hiPSCs was
differentiated into endothelial cells (ECs) and neural progenitor cells
(NPCs). Then cells were cultured in U-bottom ultra-low-attachment
96-well plates to form spheroids. On day 14 EC spheroids were trans-
ferred into the wells containing NPC spheroids to allow aggregate
fusion followed by the addition of hMSCs after 7 days. They observed
that direct contact among NPCs, ECs, and hMSCs accelerated the
development of 3D cortical tissue structures (containing vasculature-
like structures) while leading to enhanced E-cadherin expression, cyto-
kine secretion and Notch-1 expression. In a similar co-culture study,
iPSC-derived hepatocytes were combined with human umbilical vein
endothelial cells (HUVECs) and hMSCs that enabled formation of
liver buds with vascular-like networks.35 Finally, Varzideh et al.36

developed a strategy to form mature human cardiac organoids using
human ESC-derived cardiac progenitor cells (CPCs), combined with
ECs and MSCs. Spontaneously beating structures were created and
subsequently transplanted into mice, which successfully induced neo-
vascularization and upregulated genes coding for the contractile appa-
ratus, Ca2þ handling and ion channels as compared to implanted 2D
cultures.

Another source of cells for making 3D in vitro models are
immortalized cell lines. For over 65 years, immortalized tumor cell
lines have been the most common source for in vitro experimentation.
They represent the backbone of basic cancer research worldwide but
suffer from the inability to form complex model systems.37 The poten-
tial of spheroids to overcome this challenge in cancer research was
recently shown by successfully using the breast cancer cell line
(MDA-MB-231) to make spheroids, often seen as challenging to spon-
taneously form spheroids without scaffolds. On day 6, spheroids were
co-cultured with immune cells from the peripheral blood, which are
able to infiltrate into the 3D spheroid. This platform allowed study of
the crosstalk between breast cancer cells and immune cells in vitro to
accelerate discovery of new immunotherapeutic strategies.38 Antunes
et al.39 also established a model of prostate cancer/human osteoblast
(PC-3/hOB) to mimic prostate cancer-to-bone metastasis. In this

study cells were incapsulated in methacrylated hyaluronic acid and
gelatin methacryloyl microgels. Further analysis showed minimal cell
death as well as increased cellular metabolic activity and calcium
matrix deposit over time. In another study, a highly metastatic human
ovarian cancer cell line (HO-8910PM) was cultured in a synthetic
amphiphilic peptide hydrogel (RADA16-I) to mimic the structure of
native microtumor tissues. This study confirmed significantly higher
viable cell aggregate growth, cell proliferation rate, and chemoresist-
ance to cisplatin and paclitaxel when compared to 2D monolayer cell
culture.40

This brief overview of spheroid models used in cancer research
supports their increased physiological relevance over monolayer cul-
ture to allow for more beneficial and ultimately relevant data. Table I
summarizes the results of various studies where immortalized cell lines
were used as mono or co-culture systems to form cell aggregate
spheroids.

II. CLINICAL/COMMERCIAL APPLICATIONS OF HUMAN
CELL–BASED MODELS

One of the most widely used applications of 3D cell cultures for
commercial purposes to date is drug screening. Translating discovery
to clinical practice requires significant investments in capital, time,
and effort. To improve identification and validation of viable drug can-
didates during preclinical stages, the pharmaceutical industry needs to
improve the robustness and reliability of their drug development
methods.49 Many researchers have expressed doubts about animal
studies as a reliable method for use in early-stage clinical trials.50 A
major criticism of animal studies is that drug pharmacokinetics/
dynamics and gene expressional networks differ considerably between
animal models and humans.51 Of specific concern is a group of
enzymes [known as cytochrome P450 (CYP 450)], responsible for
metabolizing more than 30 types of medications. These metabolic
enzymes are found at the highest concentrations in the human liver
and have a specific role in converting lipid-soluble drugs into water-
soluble compounds that can then be absorbed by the blood stream.52

This further complicates the suitability of animal models that mimic
human CYP activity patterns53 and has been partially addressed by the
development of humanized transgenic models. In response, human-
ized mice have been bioengineered with human genes, tissues, cells,
and immune systems to improve human relatability of animal mod-
els.54 Although this approach is interesting, the cost of production as
well as the variability between individual mice do not allow widespread
application.55 Despite these improved animal models, even if a medi-
cation is demonstrated to be safe in animals, humans may experience
toxicity or adverse immune reactions because of expressional varia-
tions, thus precipitating the need for long, federally sanctioned clinical
trials. Moreover, animal models often fail to take into account the con-
tribution of animal species’ specific pathways for drug metabolism and
cannot avoid undesirable species-specific contributions of components
in every single process.56 Any reduction in animal testing is not only
ethically desirable, but would also reduce the overall costs of the drug
discovery pipeline.57 A less lengthy as well as costly alternative to ani-
mal studies is 2D human cell culture systems; however, an unnatural
cellular environment leads to false drug response data. Such mislead-
ing results can lead to failure and higher attrition of drug candidates
moving on to clinical stages.58 Thus, human-cell based 3D cell culture
models provide an attractive alternative for drug screening by
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providing microenvironments that allow the expression of tissue-like
phenotypes. This technology further improves upon previous methods
by providing direct cell–cell interactions and recapitulation of the
functions and structures of the native human organ of interest.59

A. Large-scale 3D tissue models and their challenges

To achieve organ-level physiologically meaningful functions
in vitro, as well as to improve the screening of therapeutic candidates
in the early stages of the drug development process, cultures with
larger numbers of cells at higher densities must be performed.60

Heterogeneity in cell type and variation of spheroid shapes are two
important factors leading to different responses to treatment in large
spheroid models.61 This is attributed to the existence of several subpo-
pulations that coexist in large spheroids: a proliferative subpopulation
and a quiescent or even apoptotic subpopulation.62 As a result, each
subpopulation responds differently to a potential treatment. This, cou-
pled with large variations in the assembled spheroid shape, affects sen-
sitivity of the cell subpopulations to different therapeutic agents.63 For
example, Mulholland et al.64 investigated cancer cell spheroids of

varied sizes and their related responses when treated with cisplatin.
Specifically, human prostate cancer cell–based spheroids cultured for
12 days demonstrated that larger spheroids (�250lm) were more sen-
sitive to cisplatin than smaller ones (�50lm). Given this, large scale
human-based 3D models have attracted more attention than smaller
ones,65,66 and spheroids between 500 and 1500lm in diameter are
widely considered to be “large” in size and are thus recommended for
pharmaceutical applications.67

To date, widespread application of larger cell aggregates has been
largely hindered by the lack of nutrient/waste transport properties,
which is accomplished by their in vivo counterparts via vasculariza-
tion. Indeed, previous studies have demonstrated that spheroids with
sizes greater than 500lm in diameter possess a necrotic core sur-
rounded by a viable rim.68,69 In our own work with large cell spheroids
in vitro we have shown that the hypoxia and necrotic core formation
is a direct result of poor oxygen partial pressures in the central regions
of spheroids.70 Diffusion limitations of nutrients and waste ultimately
dictates overall spheroid size and affects cell function and viability
within the aggregates. Diffusion of oxygen is most vital since oxidative
processes are necessary for vital cellular processes and cell signaling

TABLE I. Utilization of immortalized cell lines for spheroid formation.

Cell type Culture method
Spheroid

Size Remarks Ref.

Human dermal
fibroblasts

Rotational culture 240 lm Aggregates were inoculated on a scaffold of polyglycolic
acid after the formation and could develop a new type of tis-

sue engineered skin.

41

Lung adenocarcinoma
(H358 and A549 cells)

96-well plates coated with
type I rat tail collagen

60 lm The 3D spheroids were more resistant to treatment with
higher IC50 values for A549 and H358 cell lines compared

to 2D.

42

MCF7 human breast
cell

Encapsulation of cells in
PEG-fibrinogen hydrogel
microspheres made via

hanging droplet

100–400lm Cells encapsulated in gel-based microspheres had higher
nuclear masses, a greater degree of disorganization, and
enhanced tumorigenic morphology compared to those in

spheroids.

43

Human fibroblasts,
endothelial cells, and
colon cell line (CRC
and CCD841 CoN)

Low attachment 96-well
U-bottom plate

350–400lm Variations in drug combination efficacy between the cell
types, cell ratios, and culture systems were observed.

44

Primary human hepa-
tocytes (PHH) and
Kupffer cells (KCs)

96-well spheroid plates 300– 350 lm Inflammatory responses were recapitulated in co-culture
spheroids, and 3D PHH spheroids with repeated dosing

were more sensitive than 2D monolayer.

45

Normal human kerati-
nocytes (NHKs)

96-well round-bottom plate
coated with a polymerized
mixture of agarose (1.4%)

and KSFM-scm

N/A Spheroid-derived NHKs were enriched for a P63/K14
double-positive population that formed holoclonal colonies
and reassembled into multicellular spheroids during 3D

suspension subculture.

46

Ovarian cancer cells
(OV-MZ-6, SKOV-3)

PEG-based hydrogels > 50 lm Spheroid formation was observed exclusively in 3D when
cells were embedded within hydrogels. Proliferation in 3D
was dependent on cell-integrin engagement and the ability

of cells to proteolytically remodel their extracellular
microenvironment.

47

LNCaP prostate cancer
(PCa) cells

Hyaluronic acid (HA)–based
bilayer hydrogel

85 lm HA-based bilayer platform supported the growth of prostate
tumoroids, modeled paracrine interactions in the tumor
microenvironment, and led to the production of pro-

angiogenic signals in growing tumoroids.

48
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pathways.11,71 As such, a significant amount of effort has gone toward
improving cell culture techniques where species mass transport (chief
of which is oxygen) can be controlled precisely.72 The delivery of
nutrients, oxygen, and removal of waste becomes more difficult when
scaling up large 3D tissue models, as size and cell density are
increased.73 The role of oxygen diffusion as a limiting factor in tissue
culture was first proposed by Dr. August Krogh nearly a century ago.
He proved that gasses diffuse slowly through aqueous medium and
highlighted the need for more effective oxygen delivery systems to
maintain cell viability.74 The foundational scientific principle for this is
that matter in a solid phase has less kinetic energy that impedes mix-
ture with higher energy gas phases. This rule also applies to in vitro
cell culture systems where gas and nutrients must diffuse from media
into a solid phase composed of extracellular matrix and cellular com-
ponents. Oxygen diffusion limitations can be further explained by a
constitutive relationship, Fick’s first law of diffusion, J¼D � DC/Dx.
Based on this law, the rate of diffusion or flux (J) of a gas through a
medium is directly proportional to the diffusion coefficient of the dis-
solved solute through a media (D) and inversely proportional to the
distance/thickness. Based on this natural law, very small distance (Dx)
steepens the slope of the concentration gradient (DC/Dx), where C is
species concentration, leading to a greater flux. In contrast, when diffu-
sion distances increase, or resistance is greater, diffusion becomes
limited.75

Increasingly complex models of species mass transport are also
available and have recently been applied to the field of spheroids and
organoids. For example, the modeling of species mass transport in 3D
cellular constructs with active metabolism has been discussed in detail
by McMurtrey.76 Utilizing a constitutive approach to model species
diffusion in a spherical tissue construct with a homogenous metabolic
consumption rate of u, the associated governing equation is

dC
dt
� u ¼ 1

rs�1
d
dr

rs�1D
dC
dr

� �
: (1)

In Eq. (1), C is concentration of a single chemical species (e.g., O2 or a
nutrient), s is shape (for sphere s¼ 3), r is radius, D is the characteris-
tic diffusion coefficient, and t is time. To achieve a solution, initial and
boundary conditions are stated (Fig. 2). To streamline the approach,

averaging of species concentration in the media with time (C) is used,
as adjusted by volume ratio between the construct (Vc) and media
around the construct (Vm) as follows:

C r; 0ð Þ ¼ 0 for 0 � r � R C0 ¼ initial species concentra-
tion at the interface of source
and construct

C R; tð Þ ¼ C0 � u Vc
Vm
� C Vc

VmþVc
C ¼ average species
concentration

C 0; tð Þ ¼ 0 R¼ outer radius of 3D construct
r ¼ radial distance
t¼ time
Vc¼ volume of 3D tissue
construct
Vm¼ volume of media
u ¼ metabolic consumption rate
(constant in the construct)

Based on this setup the average concentration profile solution can be
derived via standard mathematical techniques,

C ¼ C0 1� 6
p2

X1
n¼1

1
n2

e�
np
Rð Þ2Dt

" #
: (2)

Defining maximal radius as a function of time as

Rmaxt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6D C0�ut VcVm

�C Vc
VmþVcð Þ

� �
u

r
, the final solution for the unsteady

state concentration profile can be written as

C r; tð Þ ¼
u r � Rmax þ Rmaxtð Þ2

6D
þ
2 C0 � u Vc

Vm
� C Vc

VmþVc

� �
p

�
X1
n¼1

�1n
n

e

�ut npð Þ2

6C0�6ut
Vc
Vm
�C 6Vc

VmþVcð Þ

� �2
4

� sin
unp r � Rmax þ Rmaxtð Þ2

6D C0 � ut
Vc

Vm
� C

Vc

Vm þ Vcð Þ

� �
0
B@

1
CA
3
75: (3)

This mathematical solution is useful to enhance our fundamental
understanding of chemical species diffusion in 3D cellular tissues and
is useful for determining parameters that are vital for maintaining
spheroid/organoid cultures in vitro.

More complex mass transport equations and models are also dis-
cussed in detail by this author in another paper with a focus on cere-
bral organoids.77 Based on these analyses, and the impacts of cell
density, lower rates of metabolic oxygen consumption, the study
reports a diameter of about 1.4mm as the maximal predicted diameter
of cerebral organoids (spontaneously organizing and likely containing
more than one brain region) without central cell death. In experimen-
tal work by Paşca’s group,78 they reported the development of human
cortical organoids from hiPSCs without ECM (i.e., Matrigel), using
only well-defined biochemical stimuli with specific timing. These orga-
noids grew up to 4mm in diameter and contained both stratified deep
and superficial cortical neurons, and after approximately 2.5months,

R
r = R

r = 0

FIG. 2. Schematic representation of geometry, initial and boundary conditions.
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the organoids matured to resemble the developing in vivo human pre-
natal brain. It is important to keep in mind that brain organoids take a
long time to mature, and contain many more cell types/sub-types than
other organoids, and thus encompass more complex interactions.79

This might partially explain why different approaches, such as
dynamic culture and transplantation into animals, have been utilized
to better ensure proper oxygen and nutrient supply.80 To directly
address diffusion distances of chemical species, Rothenb€ucher et al.81

introduced a 3D printed 12� 12mm polycaprolactone scaffold to
enable the creation of flat brain organoids (efBOs). hPSCs were seeded
together with Matrigel onto the flat scaffold resulting in controlled and
reproducible self-organization. Using this technique, the authors were
able to better supply oxygen and nutrients to the tissue and observe a
consistent formation of neuroepithelial folding in vitro. Previously
Karzbrun and co-workers82 had published on folding and wrinkling of
brain organoids using a different microfabricated device; however,
Rothenb€ucher and associates’ groundbreaking work is the first demon-
strating folding via cell intrinsic processes.

An important finding from the modeling of oxygen and glucose
transport concludes that if avascular constructs grow beyond the limits
of both oxygen diffusion and metabolic consumption, a central
necrotic core will be formed within the cultured spheroids.76 One sim-
ple way to overcome this limitation is by increasing the nutrient con-
centration in the surrounding fluid. This view is supported by
Heywood et al. who argued that glucose availability is a critical param-
eter regulating oxygen tension within tissue engineered constructs, as
oxygen consumption rate is known to increase with low glucose avail-
ability. They recommended maintaining a tissue glucose concentration
of� 2.7mM in bioreactors to minimize oxygen gradients within tissue
engineered cartilage.83 This phenomenon is further supported by work
using 2D and 3D collagen-based culture methods for MSCs. By pro-
viding higher concentrations of glucose (from 0.5 to 25.0mM),
Deorosan and Nauman were able to push the cells toward a more
anaerobic state. The results highlighted that in 2D culture supple-
mented with 10% serum, the lactate-to-pyruvate ratio elevated from
4.83 to 152.36 with the stated increase in the starting culture glucose
concentration. However, in the 3D system elevating glucose concen-
tration did not produce marked increases in the metabolic ratio within
6 days, indicating that the 3D culture was less anaerobic then the 2D
culture.84 It is worth noting that a major drawback to using high con-
centrations of glucose is enhanced production of mitochondrial reac-
tive oxygen species (ROS).85 Also, the ‘safe’ level of glucose is heavily
dependent on the cell type. For example, it has been reported that high
glucose (�4.5 g/L, or �25mM) interferes with epidermal growth fac-
tor receptor (EGFR)–based signaling pathways, leads to increased cell
apoptosis and reduced multipotency of MSCs after 5 days of culture.86

In hepatocytes the effect of high glucose (44.8mM) and normal glu-
cose concentration (5.5mM) on lipid accumulation and malondialde-
hyde (MDA) generation were studied. These tests revealed a 35%
increase in lipid accumulation and 50% induction in MDA accumula-
tion compared to normal condition group after treatment with high
glucose.87 This supports the recommendation that rather than simply
increasing the glucose concentration, it might be more useful to con-
sider other major parameters that affect species mass transport in 3D
cell culture to maintain glucose concentration at organ physiologic lev-
els for long-term culture.88,89 One parameter that can be added to
improve mass transport processes in cell culture is intentional

convection via engineered approaches, such as perfusion systems and
stirred or rotating bioreactors. As such, the next section discusses cur-
rent trends and developments in advanced cell culture technologies
under dynamic and static conditions for large 3D cell culture to
remove mass transport limitations within these in vitromodels.

III. TECHNOLOGIES AND APPROACHES TO ENHANCE
NUTRIENT MASS TRANSPORT IN LARGE SPHEROIDS/
ORGANOIDS
A. Bioreactor-based cell culture

Dynamic suspension culture allows for frequent and gentle mix-
ing of fluids providing a 3D homogenous culture environment to
enable precise control of culture parameters.90 Bioreactors are closed
vessels for cell cultivation, which enable high control over environ-
mental and operational conditions, including nutrient distribution and
external stresses.91,92 They can be used for drug discovery to study
drug metabolism and toxicity responses,93 in tissue engineering to
maintain cellular survival and structural support within tissue con-
structs,94 or for clinical applications to provide physiologically relevant
mechanical cues on the growing grafts (namely, bone) with relevant
sizes and shapes.95 In terms of bioreactors for cell culture, nutrient
supply together with waste removal are the most important factors
that ensure cell survival throughout 3D engineered constructs.96

Furthermore, bioreactors allow for tuning and enhancement of oxygen
mass transport. In 2017 Mart�ınez-Corona and co-workers97 developed
an optical approach for measuring the oxygen mass transfer coefficient
in a stirred tank bioreactor, quantifying the capacity of a bioreactor to
provide oxygen to cultured cells. In their methodology, the dynamics
of the air injection into water and the bubbles created were photo-
graphed. Eventually they showed that the oxygen transfer rate
increases as the aeration (air flux) and agitation rate (stirring)
increases. The culture environment created by bioreactors allows cells
to perform at naturally functioning levels with enhanced long-term
viability, as compared to other methods.98 Therefore, the physical
environment provided by bioreactors can provide more favorable con-
ditions for the formation of spheroids/organoids and their subsequent
survival and functionality.89 The first study to successfully use a biore-
actor for cell culture took place nearly 30 years ago when Rozga et al.99

showed that liver cells (hepatocytes) do not lose important metabolic
and phenotypic functions when seeded onto the outer surfaces of hol-
low-fiber bioreactors. Building upon this, Naruse and co-workers100

created a bioreactor composed of a non-woven fabric in 1996.
Hepatocytes isolated from pig livers were immobilized in this bioreac-
tor and successfully formed spheroids that were functionally superior
to hepatocytes grown in monolayer. Since their introduction, consider-
able effort has been made by researchers to optimize bioreactor design
features through increasing mass transfer abilities while supporting a
low-shear environment,101 since low shear is needed to maintain cell
aggregation in 3D cultures.

Among the different models that are currently available (Fig. 3),
a stirred tank design is the most widely used type of bioreactor and
can be as simple as the implementation of a spinner flask.102 The oper-
ation of this bioreactor is based on a flowing system that provides
enhanced nutrient circulation, as well as enhanced metabolic waste
elimination to support intensive cell expansion.103 A recent study con-
ducted by Schwedhelm et al.104 showed the application of a fully mon-
itored stirred tank reactor system integrated into a custom-designed
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and fully automated incubator for the culture of hiPSC-based aggre-
gates. This bioreactor allowed real-time assessment of glucose, lactose,
glutamine, ammonia, and lactate dehydrogenase activity, as well as
being equipped with optical sensor spots for measuring pH and dis-
solved oxygen concentration. Still, several practical issues arise when
dealing with stirred tank bioreactors, such as collisions of the cells with
the impeller, the onset of turbulent flow that can also lead to direct cell
damage, and aggregate dissociation. One modification to commercially
available spinning bioreactors is multi-well spinning microbioreactors
(SpinX) where each well acts as a miniature spinner flask to provide a
suspension environment with improved oxygen delivery to the orga-
noids. In this novel tissue culture approach, the driving force to spin
the wells originates from a single electric motor. In addition, wells
were connected and rotated in synchrony by interconnecting gears.105

Romero-Morales and co-workers106 further implemented this
approach with a design that reduced the chances of contamination
and mechanical failure (using magnetic forces) and termed it
Spinfinity (Spin1). Cerebral organoids were cultured in this micro-
bioreactor for more than 200 days without motor change or any sign
of contamination.

Rotating bioreactors are now commonly used to overcome the
limitations of stirred tank devices, including high mechanical shear
forces and bubbles generated by the impeller that can damage cells.107

Rotating wall vessel (RWV) bioreactors can provide efficient platforms
for culturing vulnerable cell types by providing unique microenviron-
ments and biophysical stimulation. The fundamental characteristic of
a rotating-wall bioreactor is minimized shear and turbulence, which
creates laminar flow in the culture vessel, leading to reduced mechani-
cal damage to cultured cells.108 Compared with intact PSC-derived ret-
inal organoids in static culture, retinal organoids grown in a RWV
bioreactor showed enhanced growth and differentiation, closely reca-
pitulating the spatiotemporal development of the retina in vivo. Varley
et al.109 studied the role of combining two axes of rotation (periodic
oscillation and orbital motion) on cell growth in culture with a goal of
showing that imposed rotation of culture media enhances mass trans-
port of oxygen and nutrients in the bioreactor. Fetal human osteoblasts
(fHObs) were seeded within collagen–glycosaminoglycan scaffolds

and then cultured in a RWV bioreactor for 21 days. No differences
were found between single axis and dual axis rotation bioreactors;
however, the study did show significant cell proliferation due to a bet-
ter supply of oxygen, nutrients, and removal of waste, as compared to
the static control group.

Hollow fiber bioreactors are another alternative that help to mini-
mize cell damage due to shear stresses. With a hollow fiber bioreactor,
cell aggregation starts on the surface between the spaces of the packed
fibers. Culture medium is pumped through the lumens of the hollow
fibers, allowing nutrients and metabolic products to diffuse in both
directions across the fiber walls to offer an in vivo–like environment,
with the fibers mimicking blood capillaries. After passing through the
fibers, medium can either be oxygenated and recycled or collected
while fresh medium is introduced. In 2017 a crossed hollow fiber bio-
reactor was used to make and grow liver spheroids.110 Results of this
study showed a shear stress–reduced microenvironment with continu-
ous feeding, minimal mass transfer limitations, and 3D cell interac-
tions, thus creating a desirable environment for the formation of
human liver organoids with long-term maintenance of liver-specific
activities. Similarly, a hollow alginate fiber bioreactor was constructed
using a multilayer coaxial laminar flow microfluidic system by Zhu
and co-workers111 for the purpose of improving cerebral organoid
generation. hPSC-based EBs were formed in a low attachment well
plate, then dispersed in Matrigel, gently injected into fibers, and grown
for 21 days in the device. Due to the large specific surface area, the
fibers facilitated sufficient exchange of nutrients and oxygen, and
removal of wastes during human cerebral organoid culture, hence con-
tinuously improving long-term 3D culture, in situ differentiation, and
formation of 3D brain organoids. Real time monitoring of the orga-
noid growth in the bioreactor revealed rapid neuroepithelial expansion
as compared to established techniques.

The final main category of bioreactors is perfusion systems that
utilize a pressure gradient to move media, thereby enhancing gas and
nutrient exchange.112 A perfusion microbioreactor usually consists of
a peristaltic pump with low pulsation channels to facilitate better cell
culture medium transport, an air bubble trapper, oxygenator, and cul-
ture medium reservoir.113 In one study, a perfusion microbioreactor
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FIG. 3. Main classes of bioreactors for
dynamic 3D cell culture to improve nutri-
ent transport.
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was made using 3D printing and was parallelizable up to four micro-
bioreactors, including a peristaltic pump, and oxygen measurement
instrumentation, which was assembled into one system. A highly auto-
mated cell seeding procedure together with real time measurement of
oxygen allowed high homogeneity and viability, with improved repro-
ducibility.114 The Vunjak-Novakovic group115 also hypothesized that
direct perfusion of cultured constructs could reduce diffusional distan-
ces for mass transport to enhance control of oxygen and nutrients in
the cell microenvironment, thereby increasing the spatial uniformity
of engineered cardiac muscle. To test their hypothesis, 3D neonatal rat
cardiac myocytes and fibrous polyglycolic acid (PGA) scaffolds were
cultured in a perfusion-based bioreactor. Due to the improved control
of local microenvironmental conditions within the forming tissue, the
spatial uniformity of cell distribution and the expression of cardiac-
specific markers were enhanced by perfusion culture. In total, these
studies point to the fact that direct perfusion brings culture medium of
a desired composition in closer contact with cells throughout a con-
struct volume, therefore directly reducing species mass transport limi-
tations between surface and the innermost regions.

B. Organs-on-a-chip

Bioreactors generally have the drawback of requiring large
amounts of media and cells to support 3D cell growth. Organs-on-a-
chip directly address this issue by utilizing microfluidic technologies
that allow for small-volume reactions with higher throughput for bio-
logical experiments.116 Similar to computer microchips, organ chips
are fabricated using lithography methods. These miniaturized bioreac-
tors contain hollow chambers and operate by controlled and continu-
ous infusion of fluids, which can be designed to create physiologically
relevant organ microenvironments and desired cell–cell interac-
tions.117 Due to this reason, cell culture chips can be harnessed for a
variety of applications, especially 3D in vitro cultures. According to
Dr. Konry’s group,118 microfluidics culture chips allow for the genera-
tion, maintenance, stimulation, and analysis of multicellular spheroids
in a single platform. As such, they fabricated alginate droplets contain-
ing MCF-7 breast cancer cells and maintained them up to 14 days on-
chip. They contended that the broad range of pore sizes in alginate
hydrogels permitted rapid and efficient transport of oxygen, nutrients,
and drugs to cells in the spheroids, and cells were more susceptible to
drug treatment in a 2D environment compared to 3D. Another study
conducted by Achberger and associates119 utilized a microfluidic chip
to generate improved conditions for the generation of retinal organo-
ids from hiPSCs. They were able to recapitulate the complex stratified
and interconnected tissue architectures found in the human retina, as
well as in vivo–like physiological processes such as outer segment
phagocytosis and calcium dynamics. Bauer et al.120 also proposed a
two-organ chip for the co-culture of human pancreatic islet microtis-
sues and liver spheroids. They showed that islet–liver crosstalk was
maintained during the 15-day culture period with stable insulin levels
(4.36 1.1nM). A more engineering-focused platform was presented
by Bovard et al.121 to co-culture 3D bronchial and liver spheroid tis-
sues in a single chip to increase the complexity and physiological rele-
vance of tissue responses following exposure to inhaled toxicants. This
chip retained metabolic activity of both lung and liver tissues for up to
28 days. Another recent study on this topic122 found that when hiPSCs
are encapsulated and grown in hydrogels made of Na-alginate (NaA)
and chitosan (CS), the proper permeability of the hybrid scaffold

allows for the exchange of nutrients, gases, and metabolites. Here, an
all-in-water droplet microfluidic system was used to fabricate hybrid
hydrogel capsules that enable 3D culture and generation of islet orga-
noid. They validated the generation of islet-specific a- and b-like cells
with high expression of pancreatic hormone–specific genes and pro-
teins within the organoids.

Microfluidic devices can be also modified by ECs, which is often
referred to as endothelialized microfluidic technology. In this tech-
nique, adhesive ECM proteins are deposited within the microchannels
to provide stable endothelial cell anchorage followed by endothelial
cells perfusion into the device where they adhere across the wall.123

On-chip microvasculature provides perfusable channels for the trans-
port of small molecules, especially nutrients and oxygen, while allow-
ing deposition of the flowing cells.124 Chonan and co-workers125

utilized a 3D microfluidic platform to recapitulate the brain tumor
microenvironment constituted of engineered blood vessels in type I
collagen. They found out the invasive capacity of glioma cell popula-
tions into type I collagen gel was increased by the presence of
HUVECs in close proximity. Similarly, Zhang et al.126 formed a pul-
monary alveolus model using microfluidic platform and verified that
the alveolar epithelium interacted with the microvascular endothelium
synergistically strengthening the chemical resistance of the pulmonary
alveolus system to the exogenous pollutants due to better
functionality.

A rapid rise in the use of microfluidic platforms allows for nonin-
vasive monitoring of microenvironmental properties, such as oxygen
concentration, pH, and temperature in real time with direct coupling
to analysis systems.127 For instance, in 2017 Shin and co-workers128

developed a human liver-on-a-chip microfluidic platform that could
monitor cell-secreted soluble biomarkers from the organoids continu-
ously up to 7 days. Automation allows advantages of long-term moni-
toring without human intervention with continual monitoring of
biomarkers. In similar fashion, Schuster et al.129 developed an auto-
mated organoid culture platform for dynamic and combinatorial drug
screening of human-derived pancreatic tumor organoids. The 3D
culture chamber device was connected to a custom software for auto-
mated and programmable experimental control and live-cell time-
lapse fluorescence microscopy, which enabled robust experimental
analyses of organoids.

In summary, in vitromodels involving the culture of human cells
inside microfluidic chips, are increasingly demonstrating their value as
research tools for studying human health and disease by creating rele-
vant physiologic features, enabling enhanced nutrients, better removal
of waste, and real-time monitoring of cellular behaviors in 3D cell
culture.

C. Vascularization

While bioreactors and microfluidic chips support 3D cell culture
survival mainly through improved supply of nutrients and removal of
wastes, they do not fully imitate in vivo vasculature. In fact, one of the
biggest challenges in bioengineering today is generating clinically rele-
vant vascularized tissues. Vascularization allows cells that are within a
tissue to gain access to oxygen and nutrients for cell survival and func-
tions.130 The study of vascularization, both the fundamental aspects
and bioengineered approaches, has been well documented and dis-
cussed previously,131 and it is recognized as being the most important
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and challenging step in the process of engineering complex
organs.132,133

There are different strategies to induce vascularization within
spheroids and organoids or other engineered 3D constructs. One pre-
ferred approach utilizes vascular endothelial growth factor (VEGF)
signaling to target nearby established vasculature and/or stem cells
and progenitors. VEGF is widely considered to be one of the most
important factors in normal and abnormal angiogenesis both in vitro
and in vivo.134–136 In this regard, Remuzzi’s group developed an
approach for the generation of vascularized renal organoids from
single-cell suspensions.137 They pretreated them with VEGF and then
implanted these organoids below the kidney capsule of a living rat
host. The results of this study highlighted the improved effect of
VEGF pretreatment on growth and maturation of implanted organo-
ids. In 2020 Ham and associates138 also developed blood vessel–like
structures that offered similar properties of the blood–brain barrier
(BBB) in cerebral organoids by adding VEGF to the media during the
embryoid body formation (day 1–6) and throughout neural induction
(day 6–10). They are among the first to show co-differentiation of
cerebral organoids and blood vessel-like structures is potentially possi-
ble with this approach. According to the authors, the main downside
of this study is a decrease in the density of vascular-like structures in
long-term cultures (more than 36 days) and the fact that these vessels
were not functional in terms of circulating medium. One should note
that there are still few known reports of formation of robust function-
ing in vitro vascular networks combined with organoids/spheroids
without in vivo transplantation into a host species.139 For instance, in
a study the authors provided a detailed methodology to transplant
hPSC-derived human intestinal organoids in an animal model to

generate mature, functional human intestinal tissues in vivo.140

Organoids were transplanted under the kidney capsule of immuno-
compromised mice, like the study mentioned earlier with renal orga-
noids. Within 8weeks engrafted organoids formed a laminated
intestinal tissue with an epithelium supported by the host vasculature.

In terms of bioengineering approaches, capillary-like structures
are formed either by self-organization initiated by crosstalk between
cells in 3D culture or via developing geometric platforms to encourage
vasculogenesis.141 This approach includes the use of channeled scaf-
folds, which offer potential for vascular cell alignment, reduce the dis-
tance for oxygen diffusion, and also increase the formation of
nutrients gradients within scaffolds.142 Given these points, vasculariza-
tion strategies are discussed in the Secs. below. Table II summarizes
key examples for the generation of vascular networks for enhancing
nutrient and oxygen delivery.

1. Sacrificial networks

As mentioned above, one approach to form vascular networks in
situ is coculturing with ECs in 3D structures. Rouwkema et al.157

developed a spheroid coculture model with human MSCs and
HUVECs. The cells self-organized into a pre-vascular network in vitro
with fourfold upregulation of the osteogenic marker alkaline phospha-
tase. However, it seems this strategy is restricted to relatively thin con-
structs to permit gas and nutrient exchange. In addition, most of the
reported vascular networks made by the co-culture of ECs are not per-
fusable and leaky due to the lack of functional connections between
lumina.158 To better assure interconnection and perfusibility, the

TABLE II. Examples of modeling vascularization in vitro using different types of engineering methods.

Method Polymerþ photo initiator þ cell type Ref.

Stereolithography � PEGDA þ LAP þ human non–small-cell lung cancer 143
� PEGDAþ TPOþMCF-7þ L929 cells 144
� PEGDA þ Irgacure 2959þOP-9 marrow stromal cells 145

Sacrificial networks Sacrificial template 1 polymer 1 cell type
146� PVOH - calcium acetate template þ polyacrylamide, PEG, alginate þ neuroepithelial cells

� Gelatin þ transglutaminase mixed with collagen I þ iPSCs 147
� Sucrose þ polycaprolactone-PU and poly (glycerol sebacate urethane) þ H9c2 cell line 148

Endothelial cell
co-culture

Polymer 1 cell type 1 strategy
149� Methacrylated hyaluronic acid (HA-MA) and fibrinogen þ endothelial cell, smooth muscle cell

þ composite hydrogels
� Fibrin gel þ human umbilical vein endothelial cells (HUVEC) and normal human lung fibroblasts
(LF) þ microfluidic device based on PDMS

150

� Collagen gel þ magnetically labeled B16F1 and human umbilical vein endothelial cells (HUVECs)
þ pin-holder device

151

Bioprinting Scaffold-based
152� Agarose rods þ CHO (Chinese hamster ovary) spheroids

� Alginate hydrogelþ 50% HUVECs and 50% hMSCs 153
� GelatinþMCF-7 154
Scaffold-free
� Needle array þ cardiac spheroids (HUVECs and NHDFs) 155
� Tubular permeable alginate capsules þ chondrocytes 156
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preferred research strategy is focused on the use of sacrificial templates
followed by cell seeding to form vascular networks.

A main focus of research on sacrificial networks is currently on
printing fine resolution filamentous network structures.159 There are
several examples of sacrificial inks used for the printing of these struc-
tures, including PLA dissolved by chloroform,160 Pluronic F127 lique-
fied at low temperatures,161 agarose liquefied at high temperature
(80–95 �C),162 gelatin that dissolves in water,163 and alginate removed
via exchange reactions with monovalent cations.164 After printing a
sacrificial template using the proper ink and embedding then casting
the hydrogels, the sacrificial template is melted or dissolved to form
branched vascular-like channeled scaffolds.165 Miller and co-work-
ers166 reported a biocompatible sacrificial glass made from mixtures of
inexpensive carbohydrates (glucose, sucrose, and dextran). They
printed rigid filament networks using this material to make a perfus-
able scaffold with channels and junctions and then successfully
showed that it has the ability to dissolve rapidly and safely in the pres-
ence of living cells. In their study, the maintenance of cellular meta-
bolic activity was associated with better nutrient transport through the
channeled scaffold. In another study, Negrini et al.167 produced a pre-
vascular channel in tissue-mimicking crosslinked gelatin hydrogels for
adipose tissue engineering. They used aligned alginate microbeads
(20lm in diameter) as the sacrificial component, which left hollow
channels within 3D printed gelatin hydrogel filaments. Similarly, aga-
rose was used as a sacrificial vascular network material that was suc-
cessfully printed then surrounded by HepG2/C3A cell-loaded GelMA
bulk hydrogels.168 The whole construct was then exposed to UV light
for cross-linking, then the agarose fibers were manually removed to
create hollow microchannels. HUVECs were finally seeded inside the
hollow channels to create an endothelial layer on the inner surface for
the tissue-engineered liver constructs. This approach allowed for the
creation of more physiologically accurate vascularized models in bulk
constructs. Tseng and team169 used a similar approach where they
extruded a glucose-sensitive hydrogel based on poly(ethylene glycol)
diacrylate (PEGDA) as the sacrificial layer consisting of branched
tubular channels. The PEGDA network was embedded in a
non–glucose-sensitive hydrogel (fibrin or chitosan gel) containing
neural stem cells (NSCs). By soaking the construct in the culture
media, the glucose-sensitive component was rapidly dissolved and
formed the channels inside the other non–glucose-sensitive hydrogel.
Vascular ECs seeded in the channels, migrated in the non-sacrificial
hydrogel, and formed capillary networks. The results of this study
showed considerable cell proliferation (�160%) within the construct,
and during long-term culture (�14 days) the ECs formed capillary-
like structures (vascular networks) while NSCs formed neurosphere-
like structures (indicative of neural development) in the constructs.
Shao et al.170 reported a new sacrificial microgel-laden bioink for
directly bioprinting constructs with mesoscale pore networks in order
to enhance nutrient delivery. Their bioink containing GelMA and gel-
atin microgels was first bioprinted into temporally stable structures
using a reversible thermo–cross-linking mechanism. Next, permanent
photo–cross-linking of the GelMA phase via UV exposure was fol-
lowed by the dissolution of the gelatin microgels inside the printed
constructs to form an inter-connected porous network. This method-
ology allowed for effective oxygen/nutrient diffusion to osteoblasts and
HUVECs encapsulated in the constructs to facilitate formation of
complex tissue constructs. In another study, a fibrin-based composite

hydrogel including fibrinogen, gelatin, aprotinin, glycerol, and hyalur-
onic acid was used as a bioink.171 Primary cardiomyocytes suspended
in the bioink were sequentially printed with a sacrificial hydrogel (gela-
tin, glycerol, and hyaluronic acid) and a supporting polymeric frame
made of polycaprolactone (PCL). Upon removal of the sacrificial
hydrogel phase, open spaces were created, which enabled better gas
and nutrient transport. Finally, bioprinted cardiac tissue was formed
with uniformly aligned, dense, and electromechanically coupled car-
diac cells and developed spontaneous synchronous contraction in
culture.

2. Endothelial cell (EC)–spheroid/organoid co-culture

Since vasculature is a recognized important component of solid
tissues, there is directed effort working to add ECs and to encourage
them to form tubular-like structures within spheroids and organo-
ids.172,173 Takahashi et al.174 generated vascularized islets in vitro by
co-culture of pancreatic islets isolated from human and mouse with
HUVECs and human MSCs. They obtained satisfactory results from
in vivo study proving that vessels in human islets connected to the
host vessels and made non-leaky functional vascular network after
transplantation. Pham and associates175 showed that coating human
cerebral organoids with iPSC-derived ECs leads to a vasculature-like
network in organoids within 5weeks in vitro. They hypothesized that
upon transplantation, these cerebral organoids would send signals to
promote ingrowth of blood vessels from the host. To test it the pre-
vascularized and non-vascularized cerebral organoids were used for
transplantation in the brain resection cavity of a mouse. They observed
that non-vascularized organoids did not survive 2weeks after the
transplantation, whereas there was robust vascularization of the outer
and some penetration of host vessel into the pre-vascularized human
organoids. Unlike previous research studies, they were unable to see
functional connections with the pre-vasculature and the host micro-
vasculature. The findings from these two studies point toward the idea
that even using a host animal cannot guarantee the formation of func-
tional vessels. This has led scientists to investigate organoid vasculari-
zation in physiologically relevant conditions such as by using a
microfluidic device.176 An example of this is the methodology pre-
sented by Osaki et al.,177 who generated 3D networks by co-culturing
human ES-derived motor neuron (MN) spheroids and iPS-derived
ECs in a microfluidic device. For this purpose, a collagen gel with iPS-
ECs and MN neurospheres (diameter <150lm) was injected into the
channels, followed by cross-linking for 10min. After 2 days, EC net-
works formed followed by MNs extending neurites outward from the
spheroids. In 5 days, they could obtain vascular lumens with an aver-
age diameter of �60lm. Homan et al.178 also developed an in vitro
method for culturing vascularized and mature (hPSC)-derived human
kidney organoids under flow in a 3D-printed lab-on-a-chip. For this
purpose, a layer of engineered ECM that included fibrin, HUVECs,
and human neonatal dermal fibroblast cells (HNDFs) was cast in the
3D-printed chip. Then a subsequent layer of renal organoids was
achieved by seeding into the perfusable millifluidic chip such that they
adhered to the ECM coating. As a result of inter-lineage endothelial–
epithelial communication, kidney organoids cultured in this device
under perfusion supported better glomerular vascularization com-
pared to organoids cultured under static condition, which generated
limited vasculature with immature gene expression profiles. Moreover,
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to examine the extent of perfusable vasculature, the authors added
fluorescent beads into the flowing media and subsequently acquired
confocal images of the organoids. They confirmed the presence of
beads in the vessels together with some sprout-like structures, sugges-
tive of angiogenesis. According to the author’s claim, there is still
ambiguity if the microvascular networks present in these kidney orga-
noids will be readily perfusable. Recently, the term “inside-out” was
used by Zhang and co-workers179 to refer to vasculature networks
formed within the organoid that expand and grow into the surround-
ing matrix, either a channel in a microfluidic device or a neighboring
hydrogel. In this strategy, first pre-vascularized organoids are formed
by encapsulating them in a hydrogel containing ECs followed by
embedding them in microfluidic channels that were also vascularized.
Upon embedding, established vessels in the channels penetrated into
the organoids and interconnected to the networks. In an innovative
approach, Huh’s group180 developed engineered perfusable channels
housed in an open-top microfluidic device. Needle templates were
used to generate perfusable hydrogel cell-culture scaffolds. Next, a
fibrinogen solution mixed with a suspension of primary HUVECs and
fibroblasts was injected into the channels. Once enzymatic gelation
was completed, the needles were removed from the scaffold to gener-
ate hollow microchannels. HUVECs were then seeded and cultured in
the created microchannels, allowing the side channels to form perfus-
able networks with endothelial tubes in the hydrogels. They went on
to show the application of this system for constructing models of vas-
cularized human adipose tissue, the blood�retinal barrier, and a 3D
organotypic model of vascularized human lung adenocarcinoma. They
observed that during a period of 7 days, lung spheroids maintained
their spherical shape as well as structural integrity and appeared to be
integrated with their surrounding microvessels, thereby making per-
fusable networks in and around the cancer spheroids. In light of this
information, the use of ECs is an effective way to produce perfusable
microvascular constructs when it is used along with a hybrid micro-
fluidic platform that also contains perfusable microchannels. Taken
together, considerable progress has been made to remove mass trans-
port limitations by using ECs as a common strategy for promoting
vascularization; however, significant progress is still required to dem-
onstrate functionality, including the ability to flow media (or blood)
and recapitulate in vivo functions.

3. Bioprinting

Recent advances in 3D extrusion-based printing have enabled
bioprinting of increasingly complex vascular conduits with improved
structural integrity and functionality. The most notable feature of
extrusion-based bioprinting is the ability to perform simultaneous
deposition of cells and biomaterials in a layer-by-layer fashion to form
well-organized structures similar to complex biological tissue architec-
tures.181 There are two main approaches for printing vascular net-
works via 3D printing. One is the generation of interconnected vessel
systems and channels via a sacrificial template (indirect printing, as
discussed above), while the second is the generation of free-standing
individual vascular conduits (direct printing).182 For all 3D printed
approaches, fabrication of perfusable channel systems enable O2 and
CO2 exchange and nutrient supply within the bulk of 3D printed tis-
sues.183 For instance, in one study hollow alginate filaments were 3D
printed by a coaxial nozzle, offering built-in microchannels to deliver

additional nutrients for enhanced cell growth. Hollow filaments cre-
ated had an average inner and outer diameter of 892 and 1192lm,
respectively. It was shown that L929 mouse fibroblasts cultured within
the constructs showed higher viability than cells encapsulated in algi-
nate structures without built-in microchannels.184 In their 2018 paper,
Zhao and co-workers185 presented a novel platform of airflow-assisted
3D bioprinting for producing spiral-based spheroids with sophisti-
cated vessel-like microarchitectures. Their printing setup utilized a
sodium alginate solution proportionally extruded out from a PDMS
microchip and rotated by the adjustable airflow allowing the flows to
be stretched into spiral structures during the rotation period. They
studied osteogenesis and angiogenesis in this artificial sphere-shaped
organoid by co-culturing HUVECs and human MSCs. The viability of
the encapsulated cells exceeded 75%, and osteogenic nodules were
found, suggesting that this technique was successful for building func-
tional organoids in vitro. They concluded that the arrangement of cells
and the resulting morphologies of printed microarchitectures had the
greatest impact on nutrient diffusion and in vitro angiogenesis.

A main challenge of constructing free-standing 3D vascular net-
works is the requirement of the printed structure to be supported dur-
ing printing so that cells can establish structural integrity for 3D tissue
engineering.186 In a recent paper by Yang et al.,187 a photocurable
hydrogel (including sodium alginate, photoinitiator, and PEGDA) was
printed to form a self-supporting matrix with the grooves of internal
channels. In the next step a sacrificial ink, PF127, was printed within
the previously formed hydrogel to fill the internal grooves and to facili-
tate fabrication of perfusable channels. Next, it was immersed in a
CaCl2 solution to cross-link the structure, and then the sacrificial ink
was removed by water to form 3D hollow channels. In another 2018
study, experiments on printability of fibrin/fibrinogen demonstrated
how to overcome the problematic printability of fibrin and make use
of its “glue-like” behavior to generate in vitro blood vessel models.188

For this purpose, the researchers mixed HUVECs with a sacrificial
material (gelatin) before printing and then later casting the mixture of
fibrin and collagen around the sacrificial material to prepare a simple
vascular structure that was lined by a single layer of endothelial cells.
They observed over 83% cell viability as well as the expression of VE-
cadherin, smooth muscle actin, and collagen IV indicating angiogene-
sis. This study established the ability to form perfusable complex struc-
tures with a functional endothelial lining. In another study, a branched
vascular model to improve delivery of O2 and removal CO2 was devel-
oped via a novel double-nozzle assembly technology.189 In this study,
adipose-derived stromal cells (ADSC) were combined within a gelatin/
alginate/fibrinogen hydrogel to form a vascular-like network, and hep-
atocytes combined in the gelatin/alginate/chitosan were placed around
these networks. During a 2-week culture, the hepatocytes inside the
construct performed enhanced liver metabolic functions, such as albu-
min and urea secretion, and the ADSCs at the periphery of the
vascular-like network demonstrated EC-like properties. In a different
study, Zheng et al.190 studied a combination of PEG and silk as a self-
standing printable bioink. The strength and toughness of the silk/PEG
ink after curing was sufficient to support 3D structures without the
need of additional supporting materials. These silk/PEG bioink gels at
varied concentrations from 3.75% to 10% w/v were loaded with
hMSCs then cultured in vitro, and the results showed that the presence
of cells did not change the printability and self-standing properties of
the bioink. Due to a more porous structure formed in the gel matrix to
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support nutrient transport, cells grew faster in the higher concentra-
tion (10% w/v) gels, as compared to the lower concentration ones
(7.5% and 5%, w/v). Interestingly, the printed cell-loaded 10% w/v
constructs maintained their shape during 12weeks of culture. Another
method for improving nutrient and oxygen diffusion in printed con-
structs was presented by Kang and co-workers.191 This work also dem-
onstrated methods to overcome limitations associated with structural
integrity and vascularization of bioprinted tissue constructs. As such,
mechanically stable human-scale tissue constructs (bone, ear, and
muscle) were developed by printing cell-laden hydrogels (consisting of
a mixture of gelatin, fibrinogen, HA, and glycerol) together with biode-
gradable polymers (poly(e-caprolactone) in integrated patterns and
anchored on sacrificial hydrogels (Pluronic F-127). The incorporation
of microchannels into the tissue constructs facilitated improved diffu-
sion of nutrients to printed cells and provided a favorable microenvi-
ronment for osteogenic differentiation of human amniotic
fluid–derived stem cells (hAFSCs), and ultimately the generation of
human ear–shaped tissue constructs or highly oriented myofiber bun-
dles. Freeman et al.192 also demonstrated a 3D rotary bioprinter with a
new bioink formulation based on fibrinogen and gelatin for vessel bio-
printing. To prepare a cell-laden bioink, they mixed HNDFs into the
gelatin–fibrinogen bioink before 3D printing, then crosslinked the
construct by the addition of thrombin. The authors went on to show
that the density of cells in the bioink influenced printability and tissue
volumetric changes of the printed vessel constructs during cultures.
SEMmicrographs of the blended bioink demonstrated a highly porous
structure, which would provide better culture conditions for cells to
grow and assemble into vessel-like structures. A more engineering-
based approach was presented recently where a microfluidic device
was combined with 3D bioprinting to mimic vascular-like net-
works.193 An elastin-like polypeptide (ELP)–RGD hydrogel was pre-
pared by mixing ELP with a diluted solution of the amine-reactive
crosslinker tetrakis(hydroxymethyl)phosphonium chloride (THPC) in
a 4:1 volumetric ratio, which was then used as a bioink for nervous tis-
sue engineered 3D in vitromodels with on-chip vascular-like channels.
Neural cell survival was reported as 88.9% after bioprinting, and analy-
sis of the endothelialized channels demonstrated distribution of endo-
thelial cells along the entire lumen of the channel.

Another common 3D bioprinting technique is stereolithography,
where a laser-assisted method is utilized to achieve in vitro vasculariza-
tion. This detailed 3D bioprinting process involves computer-driven
and spatially controlled irradiation of a liquid resin, which enables
structures with precise microscale features (�20–100 lm) to be pre-
pared directly from a computer drawing.194 For instance, Magalh~aes
et al.195 employed stereolithography technology to create PEGDA and
GelMA vascularized structures with more than five layers and resolu-
tions between 42 and 83lm. Notability, this technique is well suited
for manufacture of complex structures since it does not require a sacri-
ficial material while demonstrating high accuracy for the printing of
cell-laden hydrogels.196,197 For generating vascularized systems, stereo-
lithography allows a suspension of endothelial cells in a photoink/
resin, thereby facilitating precise deposition of cells in desired locations
and spatial patterns. ECs can be either incorporated in a photocros-
slinkable biomaterial or post-seeded on the outer surface of the scaf-
folds after preparation.198 The Harris group199 developed a
photocurable resin consist of Bisphenol A (BPA)–ethoxylated-diacry-
late, lauryl acrylate and isobornylacrylate with Irgacure 184 (0.5 and

1wt. %) and used it to print vascular networks. Their main focus in
this study was to improve design rules for complex artificial vascular
networks using stereolithography. After preparation, the branched
networks were embedded in GelMA scaffolds loaded with HUVECS,
hASCs, and pericytes. Their measured cell death rates showed a sharp
drop (from 55% to 27%) due to better nutrient supply via the
vascular-like networks.

Finally, the recent evolution of 4D printing offers additional tem-
poral response or control as well as exciting possibilities to the field of
in vitro vascularization. Scaffolds made by 4D printing respond to the
microenvironment by changing their chemical or physical nature.
Smart materials used in this approach can enable scaffolds to mimic
the dynamic nature of tissues to a greater extent.200 One interesting
example is related to Senatov’s group201 that 3D printed a scaffold
based on polylactide (PLA)/hydroxyapatite (HA) with average pore
size and porosity of 700lm and 30 vol. %, respectively. The shape
recovery during compression-heating-compression cycles was about
96%, suggesting the approach as a good candidate as a self-fitting
implant for small bone defect replacement. Moreover, the porosity
and a suitable pore size provides favorable culture conditions for cell
seeding while enhancing nutrient diffusion throughout the structure.

D. Oxygenating scaffolds and microparticles for cell
culture

The last main approach researchers have utilized to support the
formation of large 3D cell models with enhanced functions is via
methods that directly enhance local oxygenation, as summarized in
Fig. 4.202 One common research strategy to enhance oxygen transport
within engineered microenvironments is by using oxygen-permeable
membranes at the bottom of culture dishes.203,204 This planar configu-
ration has been shown to enable oxygen transport from the top and
the bottom of the culture, thereby increasing the overall oxygen con-
centration in the media. Some authors have also suggested that similar
gas permeable wells/scaffolds can be used in combination with
oxygen-generating compounds, and such an approach has been used
to reduce necrotic cell death in vitro. In one study, porcine neonatal
pancreatic cell clusters were encapsulated in PDMS þ CaO2 scaf-
folds.205 This approach makes use of the fact that CaO2 eventually dis-
sociates into molecular oxygen via spontaneous reaction with water.
PDMS rings with incorporated CaO2 were able to gradually generate
oxygen under contact with the culture medium, and results showed
that this system could effectively enhance viability while decreasing
hypoxic cell expression patterns and ROS levels. In another study, the
synergic effects of oxygen-permeable microwells combined with an
antioxidant (AA2P) on pancreatic b-cell spheroids were examined.206

The results suggested that additional oxygen, together with removal of
ROS, may lead to a better approach to prepare more viable and func-
tional bioartificial pancreatic islets. Importantly, this method
addressed a major concern for the use of oxygen-generating com-
pounds regarding elevated levels of reactive oxygen species (ROS) gen-
erated inside cells. Besides contributing to cell death, ROS is also
known to play a role in b-cell dysfunction in diabetes.

The use of hydrogel beads has also been studied as a tool to regu-
late the structure and packing of multicellular spheroids to promote
enhanced oxygenation. In this approach, hydrogel beads are added to
the cell aggregates to obtain “densely packed” structures with micro-
channels enabling enhanced gas/nutrient exchange. This theory is
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supported by a range of in vitro cell-mixing experiments.207 For
instance, in one study gelatin microparticles (sized 5 to 63lm) were
employed to form spheroids with adipose-derived MSCs. It was shown
that cell viability and proliferation increased due to increased space
availability for diffusion of nutrients.208 In another study, Mihara and
colleagues209 reported a similar concept for improving the 3D culture
of HepG2 cell-based spheroids. They demonstrated that using hydro-
gel beads in combination with a gas-permeable plate leads to enhanced
oxygen supply to improve spheroid formation. The results revealed
that 20lm diameter hydrogel beads helped to best distribute oxygen
internally and to suppress cell death within the central regions of sphe-
roids as compared with spheroids comprised of only cells.

Another potentially effective strategy to overcome insufficient
oxygen supply is to synthesize 3D scaffolds with oxygen-generating
capability. In this regard, Newland et al.210 draw our attention to the
synthesis of PEGDA/CaO2 microspheres using photocrosslinking
methods. They showed that upon sphere contact with water, highly
cytotoxic hydrogen peroxide is produced. Eventually, they partially
solved this issue by adding a catalase to breakdown excess hydrogen
peroxide. Their results demonstrated that the addition of oxygen-
producing spheres to SH-SY5Y cells and MSCs increased oxygen lev-
els, with the conclusion that oxygen-producing spheres could compen-
sate for cellular oxygen consumption levels. Similarly, oxygen-
generating microparticles based on PCL, pluronic F-127, and calcium
peroxide (CPO) were fabricated through an electrospraying process.211

To evaluate cell viability responses, rat chondrocytes were encapsu-
lated in GelMA hydrogels with various concentrations of micropar-
ticles. It was shown that these microparticles released oxygen in a
sustained manner for up to 7 days, maintaining high cell viability. A
main weakness of both studies (and similar reaction-based
approaches) is that the generation of oxygen is exhaustible and can
lead to increased levels of cytotoxic ROS, as mentioned above.

Moreover, oxygen delivery in both cases is triggered upon contact with
water, which leads to the burst release of oxygen and subsequent cell
toxicity responses. Finally, it is worth mentioning that the generation
of oxygen from peroxides is an exothermic reaction, which further
increases the chance of cell death due to overheating.212

Perfluorocarbons (PFCs) offer another strategy for improving
oxygen transport and offer a solution to the finiteness and the toxic
side effects of oxygen-generating materials.213 Highly electronegative
fluorine groups in PFCs dissolve O2 according to Henry’s law.

214 Due
to the hydrophobic nature of PFCs, emulsion systems have mainly
been used to overcome their solubility issues. Early on in their discov-
ery and application, PFCs were pursued extensively for use as blood
substitutes215 as well as a support for pulmonary gas exchange216

in vivo; however, their clinical utilization has largely been discontinued
due to excessive organ retention and long clearance times. Moreover,
PFC emulsions suffer from insufficient long-term stability and han-
dling limitations, which require significant validation prior to clinical
use.217 Interestingly, the CO2-extraction abilities of PFCs (via similar
gas dissolving mechanisms as O2) has been much less investigated
than oxygen transport. CO2 is a major waste product of metabolism
that is more soluble in PFCs as compared to O2. Thus, PFCs could
hypothetically be employed to act as scavengers of gaseous waste com-
pounds and can likely perform this function better than supplying
oxygen.218 As a result, the known and long regarded ability of PFCs to
enhance oxygen levels could be directly related to the elimination of
CO2 from the region of interest.219

To address several shortcomings of PFC emulsions and free
PFCs, they can be covalently attached to polymer chains then formu-
lated into microparticles or scaffolds. For instance, White and co-
workers220 showed that incorporation of 7% perfluorooctyl bromide
into alginate gels increased oxygen transport mainly due to oxygen sol-
ubility in PFC-containing gels.
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FIG. 4. Techniques to improve static culture conditions in 3D cell culture models via (a) vascularization and (b) direct oxygenation approaches.
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Our group has also reported a strategy for covalently immobiliz-
ing PFCs to biopolymers as side chains enabling the creation of hydro-
gels with oxygen-carrying capabilities.70,221–226 The biopolymer of
choice has mainly consisted of chitosan modified with linear PFCs.
The lack of chemical bonds between O2 and PFC molecules allows for
the efficient release of gases when sinks (e.g., metabolically active cells)
are present, thereby enhancing the gradient/driving force for oxygen
transport. For the synthesis of our polymer, PFC chains are bonded to
methacrylamide chitosan via Schiff base nucleophilic substitution.221

Afterward, radical polymerization is used to form hydrogels. We have
observed generally that the material with the most fluorines per substi-
tution shows the greatest uptake and release of oxygen, while also sup-
porting in vitro cultures resulting in the highest number of viable cells
with the greatest metabolic activity.227 In a recent paper of ours70 we
extended this work to spheroids, where we made large-sized spheroids
(> 500lm) with severe oxygen transport limitations. By formulating

PFC-conjugated chitosan-based microgels (�20lm diameter) that
were subsequently added during spheroid agglomeration, we demon-
strated the unique ability of PFC microgels to drive oxygen transport
internally to reduce the oxygen gradient to the center of spheroids and
subsequently reduce cell hypoxia responses.

In summary, in vitro cultures require both a constant supply of
oxygen and an effective mechanism to remove waste gasses such as
carbon dioxide, facts that are compounded by 3D cultures lacking suf-
ficient perfusion. Due to their unique chemistry, PFCs can be utilized
to facilitate efficient gas exchange to restore adequate oxygen delivery
to hypoxic areas, thereby offering a chance to bridge the need for vas-
cularization of 3D in vitro constructs.

IV. CONCLUSIONS AND FUTURE DIRECTIONS

In vitro spheroid/organoid models (or tissue-engineered con-
structs) lack functioning vasculature, which stymies tissue growth after

TABLE III. Summary of technologies used to remove mass transport limitations of spheroids/organoids.

Method Principle Advantage Disadvantage Scalability
Long-term
cell viability

Bioreactor Efficient distribution of
culture medium and
oxygen throughout

constructs

Improved oxygenation Cell death due to shear stress 250ml to 5000 l < 50 days
Uniform media delivery Increased heterogeneity by

increasing the size
Closely monitored and tightly
controlled environmental and

operating conditions

High cell density and large vol-
ume of media

Bulk media metabolism analyses High cost of media, cell, and
operation

Limited number of experiments
possible within a certain time

frame
Microfluidics Continuous pumping

of fresh media and
removal of waste

Small-scale cultivation; spatial
control over cell behavior

Cell adhesion to PDMS surfaces 1=200 to 400

(�1� 10 cm)
< 3weeks

Mimicking flow of ves-
sels in vivo

Connections between different
cell populations through the

device

Difficulty in removing the sam-
ples for further analysis

Improved mass transfer due to
laminar media flow condition
Real time detection of reactions
using noninvasive measurements

Vascularization VEGF-induced
vascularization

Enhanced cell viability and mass
transfer by developing capillary-
like structures within the 3D tis-

sue constructs

Short half-life of VEGF Lumen diame-
ters 100lm to

1mm

< 2weeks

Co-culture with endo-
thelial cells

No functional perfusion in vivo

Formation of bioengi-
neered channels

Oxygenating
scaffolds

Generation of oxygen
upon contact with

water

Enhanced oxygenation Presence of cytotoxic free
radicals

Nanoparticles to
bulk hydrogels

< 1week

Diffusion of dissolved
oxygen from PFC
modified scaffolds

Exothermic reactions
Finite supply not suitable for

extended culture
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a certain growth stage due to insufficient nutrient and waste transport.
To directly address this need, technological approaches are being pur-
sued to capture in vivo complexity more closely and ultimately in vivo
tissue functions. These platforms allow control over the adhesion of
cells, architectures formed, mechanical as well as chemical properties
of cell microenvironments, and therefore increase scientists’ ability to
develop better in vitro models. However, there is still room to over-
come common limitations of spheroids/organoids, such as inadequate
nutrient/oxygen supply, removal of cell waste products, and the ulti-
mate loss of cell/organ specific functions over long-term cultures.
These issues can be solved, or reduced in impact, by continuing to
integrate emerging knowledge from cell biology with novel engineer-
ing approaches (summarized in Table III).

In this review paper, we attempted to highlight the need for
increasing the complexity and size of current cell-based structures for
more relevant, reproducible, and quantitative studies to be used in
emerging fields such as personalized medicine, therapy, and screening.
This is evidenced by the fact that large 3D model systems are not
always easy to generate and culture due to a lack of efficient oxygena-
tion, nutrient uptake, and waste extraction. To date, methodologies for
adding complexity to 3D in vitro cell structures have improved drasti-
cally with enhanced potential to uncover more accurate cellular inter-
actions that may have otherwise been missed. Advances in bioreactors
and microfabrication techniques have been shown to be effective in
improving the consistency and reproducibility of larger sized sphe-
roids/organoids in research. Moreover, in terms of addressing
paramount oxygen transport limitations, PDMS-based well-plates,
oxygen-generating peroxides, and PFC polymer–based systems that
either enhance oxygenation or reduce gas transport limitations of large
size 3D models in culture systems offer informative examples. In total,
the studies highlighted in this review demonstrate the growing need
for generating larger and more complex spheroids/organoids and
maintaining them for long-term studies. Furthermore, this body of
work supports the desire of researchers to use more physiologically rel-
evant 3D in vitro models for areas such as disease modeling, drug
screening, and other preclinical protocols.

It is worth noting that while bioengineered microenviron-
ments offer interesting opportunities to study complex cell struc-
tures that more accurately model human physiology, there are still
unoptimized factors to consider continuing to move the field for-
ward. For instance, 3D in vitro human models do not capture the
unique genetic characteristics of each patient that could lead to dif-
ferent responses during disease modeling or therapeutics testing.
Therefore, the status of 3D in vitro technologies and their applica-
tions in personalized medicine remains largely unexplored. As one
key direction, future efforts will doubtlessly improve the complexity
of mini-organs by connecting more than one human organ system
such as through incorporating immune system elements derived
from individual patients, which may later serve as an extraordinary
platform to screen immunotherapy drugs. In conclusion, rapid
technical advances in the field suggest that spheroids and organoids
will provide unprecedented opportunities to advance the impact on
human health and disease in the near future.
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