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Keywords: Organoid cultures offer a valuable platform for studying organ-level biology, allowing for a closer mimicry of
Organoids human physiology compared to traditional two-dimensional cell culture systems or non-primate animal models.
Imaging

While many organoid cultures use cell aggregates or decellularized extracellular matrices as scaffolds, they often

zz;ﬁgﬁg lack precise biochemical and biophysical microenvironments. In contrast, three-dimensional (3D) bioprinting
Biomedicine allows precise placement of organoids or spheroids, providing enhanced spatial control and facilitating the direct

fusion for the formation of large-scale functional tissues in vitro. In addition, 3D bioprinting enables fine tuning of
biochemical and biophysical cues to support organoid development and maturation. With advances in the
organoid technology and its potential applications across diverse research fields such as cell biology,
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developmental biology, disease pathology, precision medicine, drug toxicology, and tissue engineering, organoid
imaging has become a crucial aspect of physiological and pathological studies. This review highlights the recent
advancements in imaging technologies that have significantly contributed to organoid research. Additionally, we
discuss various bioprinting techniques, emphasizing their applications in organoid bioprinting. Integrating 3D
imaging tools into a bioprinting platform allows real-time visualization while facilitating quality control, opti-
mization, and comprehensive bioprinting assessment. Similarly, combining imaging technologies with organoid
bioprinting can provide valuable insights into tissue formation, maturation, functions, and therapeutic responses.
This approach not only improves the reproducibility of physiologically relevant tissues but also enhances un-
derstanding of complex biological processes. Thus, careful selection of bioprinting modalities, coupled with
appropriate imaging techniques, holds the potential to create a versatile platform capable of addressing existing

challenges and harnessing opportunities in these rapidly evolving fields.

1. Introduction

Organoids are miniature three-dimensional (3D) tissue structures
that are grown in vitro using pluripotent stem cells (PSCs), such as em-
bryonic stem cells (ESCs) or induced PSCs (iPSCs), tissue-specific adult
stem cells (ASCs), or primary cells from healthy or diseased tissues such
as tumors (Figure 1A); they serve as unique microphysiological systems
with self-organization and self-renewal capabilities [1]. Organoids are
produced by cell-intrinsic genetic reprogramming that are primarily
triggered by meticulously chosen soluble biochemical niche signals
either in suspension cell cultures or 3D extracellular matrix (ECM)-like
cultures that promote the process of self-organization and tissue-specific
organogenesis [2-4]. These organoids possess many tissue-resident cell
types and replicate key aspects of the tissue-level morphologies and
physiological functionalities of the corresponding in vivo counterparts,
which are not achievable with conventional two-dimensional (2D) cul-
tures and xenograft or transgenic animal models [5,6]. Compared to
conventional 2D cultures that employ single cell-type populations
without spatial organization, 3D organoids better-resemble the native
microscale tissue/organ architectures with cellular heterogeneities,
tissue-specific gene and protein expressions, as well as metabolic ac-
tivities. On the other hand, reproducing human biology and diseases in
animals can be imprecise [7]. Moreover, organoids offer greater acces-
sibility for manipulation of multiple signaling pathways in in vivo-like
microenvironments for in-depth human-based biological studies as
compared to some animal models [5]. Organoids therefore provide
promising in vitro tools to advance studies in the fields of tissue
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development [8,9], regeneration and repair [10,11], and cell therapy
[12], as well as in disease modeling [9,13-15], diagnostics [16], drug
screening [17], and personalized medicine [18,19], while limiting the
need for animal studies. As such, organoids have been successfully
established for numerous tissues (Figure 1B), including but not limited
to the gut [20-34], kidney [35-43], brain [44-65], liver [66-76], heart
[77-82], mammary glands [83-89], pancreas [90-92], lung [93-103],
prostate [104-110], thyroid [111-117], and retina [118-125].

Multiple techniques have been used to assess the key aspects of the
organoids, such as cellular composition, morphology, molecular signa-
ture, as well as the intra- and inter-organoid heterogeneity. For example,
real-time polymerase chain reaction is commonly employed for a rapid
quantitative assessment of marker genes including crucial transcription
factors and differentiation markers [126]. Similarly, western blotting
analysis provides additional quantitative insights into relative abun-
dances of proteins, protein-protein interactions, as well as post-
translational modifications of proteins that are indicative of the cell
signaling pathways present in a particular type of cells [127,128]. Of
note, the most frequently used techniques to evaluate the cellular
composition and spatial distribution of cells within organoids involve
the use of immunofluorescence and immunohistochemical 2D imaging
of tissue sections or whole-mount samples to detect specific cell markers
[129,130]. Nevertheless, compared to conventional 2D imaging of tissue
sections or whole-mount samples, 3D imaging techniques offer a more
efficient method of acquisition and analysis of volumetric structures of
organoids for obtaining crucial information such as morphological
structures, cellular compositions, cell-cell interactions, and functions of

Primary cells

Brain organoid

Fig. 1. (A) Organoids can be generated from PSCs, adult stem cells, or primary cells. (B) Organoids, such as intestinal, pancreatic, and brain organoids, are often

generated using the conventional approach.
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intact organoids [131,132]. 3D imaging offers opportunities to investi-
gate the diverse cellular compositions, structural intricacies, and vari-
ability within or between organoids. Moreover, the use of automated 3D
imaging of organoids facilitates real-time monitoring of their develop-
ment, which is important for obtaining crucial information such as cell-
fate specification during organogenesis, cellular compositions, cell-cell
interactions and functions, as well as dynamic signaling of intact orga-
noids in a timely manner [133,134].

While organoids serve as physiologically relevant in vitro models that
are useful for investigating basic biology of organ development and
disease progression as well as for creating viable tissues for trans-
plantation and drug developments, there are several limitations of
organoids that need to overcome in order to achieve their even broader
biomedical applicability. Since organoids are generated by suspension
cell cultures or 3D ECM-like cultures with exogenous biochemical sig-
nals that guide cells to self-assemble, they often lack precise spatio-
temporal control and lead to significantly heterogeneous organoids with
varying levels of cellular composition, shape, and size [1]. Efforts have
been made for attaining improved regulation or enrichment of specific
cell populations, largely by refining biochemical cues while inducing
lineage-specific tissue morphogenesis [2,3]. For instance, culturing
murine adipose stem cell (ASC)-derived intestinal organoids initially in a
medium containing epidermal growth factor (EGF), Noggin, R-spondin,
CHIR99021 (a glycogen synthase kinase 3-inhibitor), and valproic acid,
maintains a high stem population and results in the formation of more
uniform and consistent spherical colonies as compared to those cultured
in differentiation medium without CHIR99021 and valproic acid [3]. On
the other hand, withdrawal of CHIR99021 and valproic acid that regu-
late Notch and Wnt signaling pathways, results in the differentiation of
multiple intestinal cell types, including enterocytes, goblet cells, and
Paneth cells while inducing the formation of crypt bud-like structures in
the intestine. Organoids, in general, also lack stromal, vascular, and
immunological components.

Additionally, the biochemical cues in standard organoid cultures do
not correspond to the tissue-specific spatiotemporal signaling and dy-
namic boundary conditions that are crucial for establishing local
signaling gradients and thus for in vivo-like organogenesis [4,135]. The
cells and tissues are constantly communicating with each other through
various signaling pathways that regulate the development of organs as
well as their functions during organogenesis. These signaling pathways
are highly specific in determining cell fates, via activating transcrip-
tional programs in response to extracellular signals. Importantly, these
signaling pathways undergo changes over time as the organs develop
[136]. Furthermore, the biophysical cues, such as fluid flow, shear
stress, and mechanical and compressive forces in surrounding micro-
environments of developing tissues and organs, play significant roles in
directing cellular differentiation and tissue morphogenesis, as well as
maintaining the functionality of tissues and organs [137,138]. There-
fore, the generation of organoids in standard cultures does not fully
replicate the complex process of organogenesis that occurs in vivo.
Hence, it is of utmost importance to improve organoid cultures by
incorporating the knowledge of organogenesis and comprehending the
way cells interact with their surrounding cellular and physical micro-
environment within the stem cell niche.

To this end, various strategies have been developed for engineering
dynamic boundary conditions, including both cell-intrinsic and cell-
extrinsic engineering approaches. In cell-intrinsic engineering, modifi-
cations to cell membrane properties or the application of synthetic
biology techniques are employed, resulting in programmed cell assem-
bly or controlled gene expression, respectively. On the other hand, cell-
extrinsic engineering involves the applications of bioengineering stra-
tegies to locally modify the biochemical and biophysical properties of
the supporting ECM [139]. Bioengineering approaches, in particular,
enable the generation of in vitro cell niches that more closely mimic
physiological conditions, thereby enhancing organoid culture methods.
Additionally, the integration of microfluidic systems contributes in
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generating morphogen gradients that can be spatially and temporally
adjusted [140]. As such, bioengineering strategies such as 3D bio-
printing can be further leveraged that facilitate precise spatial and
temporal regulation of differentiation or cell patterning signals during
organoid development. 3D bioprinting strategies have emerged as
promising approaches for engineering tissues in vitro that typically uti-
lizes computer-aided manufacturing processes to precisely place cells
and biomolecules embedded in hydrogel biomaterials in a predefined
shape, size, and orientation. 3D-bioprinted constructs provide tissue-
specific structures and microenvironments that supply with physiolog-
ically relevant cues for tissue maturation and acquisition of biological
functions, thus forming complex tissues that closely resemble native
tissues or organs [141-143]. Even though the bioprinting approaches
have been predominantly used for bioprinting of cells encapsulated in
hydrogels, significant advancements have also been made in recent
years in the field of 3D bioprinting of organoids. 3D bioprinting of
organoids enable precise placement of individual organoids, offering
improved control over the arrangement of organoids and overall struc-
tures in space while facilitating the direct fusion between organoids
resulting in the formation of large-scale functional tissues in vitro
[144,145].

In this review, we present the latest advancements in imaging tech-
nologies that have been employed in organoid research. In addition, we
discuss various bioprinting techniques and biomaterials that are
frequently used in the field, with a specific focus on recent progress in
organoid bioprinting. The article aims to highlight the rationale un-
derlying the selection of best-matched bioprinting methods and bio-
materials that guide the proliferation, differentiation, and
morphogenesis while facilitating the multicellular self-organization,
leading to the generation of functional engineered tissues across physi-
ologically relevant scales. In conclusion, we recommend selecting
appropriate imaging techniques based on the specific requirements of
the different studies while summarizing potential strategies and future
prospects for organoid bioprinting and imaging.

2. 3D imaging of organoids

Imaging has been crucial in unraveling and understanding the
intricate details of organoids. By visualizing the internal structures,
cellular organization, and dynamic aspects within organoids, imaging
has provided important insights in various fields such as developmental
biology, disease modeling, tissue engineering, and regenerative medi-
cine, as well as drug screening [146]. 2D imaging of thin tissue sections
after immuno(histo)chemical staining has been used widely to assess
internal structures of organoids. This approach enables researchers to
observe the distribution pattern of one or more markers within the
organoid volumes, thereby providing valuable insights into the struc-
tural organizations and functionalities of the organoids [57,147].

While 2D imaging provides important information, it is limited in
fully capturing the intricate complexity of 3D structures. Fortunately,
recent years have witnessed a remarkable advancement in the field of 3D
imaging, introducing revolutionary microscopic techniques capable of
examinations across multiple scales, ranging from individual cells to
entire tissues. These cutting-edge imaging strategies such as confocal
microscopy, two-photon microscopy [148], and light sheet-based mi-
croscopy [149] are being successfully implemented in the study of
organoids. These techniques enable researchers to obtain high-
resolution images that reveal the spatial organizations of different cell
types, tissue layers, and intricate cellular interactions within the intact
organoids. Furthermore, automated 3D live-cell imaging methods
enable the continuous observation of growing organoids, facilitating a
profound understanding of critical aspects such as cell-fate determina-
tion during organogenesis, cellular composition, intercellular in-
teractions, functional characteristics, and dynamic signals within intact
living organoids [150-152]. Using an image-based screening platform
combined with a chemical genetics approach to study intestinal
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organoids can advance our understanding of the mechanisms underlying
organoid development and the regenerative capacity of the intestinal
epithelium [153]. Here we introduce the most used imaging techniques
applied at various spatial scales. Depending on the research objectives
and the desired levels of detail, researchers can choose the appropriate
imaging technique or employ a combination of different imaging tech-
niques to gain comprehensive insights into the organoids’ characteris-
tics (Table 1).

2.1. Electron microscopy

Transmission electron microscopy (TEM) and scanning electron mi-
croscopy (SEM) are two widely used techniques for imaging the ultra-
structures of various specimens, including organoids [154,155]. TEM
involves passing a beam of electrons through a thin specimen, allowing
for the visualization of internal structures at very high resolutions. It can
provide detailed information regarding cellular components, organelles,
and fine structural details. TEM can achieve nanometer-scale resolution,
surpassing the capabilities of conventional optical microscopy. How-
ever, TEM requires complex sample preparation, including the prepa-
ration of ultra-thin sections (nanometer-range) and the imaging process
is conducted in a vacuum.

In contrast, SEM scans the surface of the specimen using a focused
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beam of electrons. It provides a detailed, 3D representation of the
sample’s surface topography, allowing for the visualization of surface
features and textures [155,156]. SEM offers a larger depth of field
compared to TEM, enabling the imaging of samples with uneven sur-
faces. Sample preparation for SEM is generally simpler than for TEM,
and imaging may be performed in a regular atmospheric environment.
However, conventional SEM primarily focuses on surface structures and
does not provide as much information relating to internal cellular
components [155,157].

Thus, both TEM and SEM play important roles in studying organoids.
While TEM is well-suited for investigating the internal ultrastructure
and finer details of organoid components, SEM offers the advantage of
capturing images of samples from various angles, providing insights into
their 3D shapes and distributions that are important for studying surface
morphologies. For example, TEM images of an airway organoid cross-
section exhibited the polarized epithelium comprised of basal, secre-
tory, brush, as well as multi-ciliated cells and apical microvilli
(Figure 2A), whereas SEM imaging of an airway organoid showed its 3D
surface morphology (Figure 2B) [155].

2.2. Bright-field microscopy

Bright-field microscopy (BFM) is a commonly used technique for

Table 1
Commonly used imaging technologies used for imaging organoids.
Imaging Resolution Sample preparation Advantages Disadvantages Applications Refs.
technology
Electron ~1 nm Requires fixation, High resolution with Time-consuming Ultrastructural [154-157]
microscopy dehydration, and thin detailed structural imaging. preparation; not suitable studies

Bright-field

~200 nm (xy); poor

sectioning of the sample

Sample preparation is

May not need staining; large
field of view; high speed;

Easy to use; low cost; large
field of view and low

microscopy axial (z) resolution for easy, often using a slide
large targets and a cover slip; thin or  low cost.
thick samples
Wide-field ~200 nm (xy); poor Requires fluorescent
fluorescence axial (z) resolution for labeling; thin or thick
microscopy large targets samples

Laser-scanning

~200 nm (xy); ~500

Requires fluorescent

phototoxicity; high speed;
live cell imaging
High axial resolution;3D

confocal nm (z) labeling imaging;
microscopy
Multiphoton ~200 nm (xy); ~500 Requires fluorescent Deeper penetration depth;
microscopy nm (z) labeling with limited less out-of-focus
fluorophores photobleaching
Fluorescence ~200 nm (xy); poor Requires fluorescent Measures fluorescence
lifetime axial (z) resolution for labeling decay time; provides
imaging large targets

Light-sheet
microscopy

Super-resolution

~300 nm (xy); ~600
nm (z)

~30 nm (xy); ~100 nm

Requires fluorescent
labeling; sample is often
semitransparent and
embedded in clear gel
Requires specific

functional information; less
sensitive to photobleaching
High-speed imaging; low
photobleaching

Sub-diffraction resolution

Deep penetration depth;
high optical absorption

fluorescence (z) fluorescent dyes and
microscopy sophisticated sample
preparation.

Optical ~10 pm (xy), <10 pm Minimal preparation Non-contact; deep
coherence (z) penetration
tomography

Photoacoustic Scalable from a few Minimal preparation;
tomography micrometers to may use contrast agents

hundreds of
micrometers (xy), tens
of micrometers to
hundreds of
micrometers (z)

labeling the molecules.

contrast; inherent depth
sectioning; can work with
both fluorescent or non-
fluorescent samples

for live imaging; limited
to thin samples; high cost
Low contrast; low
resolution

Lack of optical sectioning
and can image only thin
samples

Limited depth of
penetration; long
imaging time; high
photobleaching and
phototoxicity

Complex, expensive
equipment; long imaging
time; phototoxicity with
high peak excitation
intensity

Additional signal
analysis; expensive setup
with photon counting

Complex setup; limited
sample thickness

may cause serious
photobleaching; low
imaging speed

Low resolution; lack of
functional and molecular
sensitivity

Relatively low
sensitivity; low imaging
speed

General cell
morphologies;
tissue structure

General cell
morphologies

Detailed tissue
architectures;
intracellular
structures

Deep tissue
imaging; dynamic
processes in live
cells

Biochemical
changes; protein
interactions

Long-term imaging
of living samples

Molecular
interactions;
subcellular
structures

Tissue
morphologies;
developmental
biology

Vascular imaging;
tissue oxygenation
studies

[158-160,162]

[168,170]

[173,174]

[177,178,181]

[134,148,182,184]

[187-191]

[170,204,206,207]

[210-215]

[216-219]
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Fig. 2. Electron Microscopy. (A) TEM images of an airway organoid cross-section exhibiting the polarized epithelium comprised of basal, secretory, brush, and multi-
ciliated cells, followed by detailed visualizations of apical microvilli and cilia with their characteristic microtubule structures. Scale bars, 10 um (left), 2 pm (right
top), and 500 nm (right bottom). (B) SEM images of a partially opened airway organoid showing its 3D architecture, followed by detailed visualization of apical
surfaces of secretory and multi-ciliated cells. Scale bars, 50 um (left) and 2 pm (right). Reproduced under the terms of the Creative Commons Attribution 4.0 In-

ternational License [155].

imaging organoids, providing a panoramic view that enables the
assessment of overall morphology, cellular arrangements, and general
structural features of organoids [158,159]. BFM operates on the prin-
ciple of passing light through the sample, and the resultant image is
formed by the differences in light absorption and scattering through the
specimen. BFM allows for the observation of organoids under normal,
non-specific lighting conditions, making it suitable for routine exami-
nations and qualitative analyses. For example, BFM was utilized to
visualize the expansion rates of wild type (WT) and Miller Dieker Syn-
drome (MDS) patient-derived organoids, which helped in assessing the
real-time migration of neuronal cells in both WT and MDS patient-
derived organoids, starting one day after organoid attachment and
continuing for up to 48 h [159]. WT neurons exhibited a characteristic
saltatory migration pattern, with an average speed of 20 pm h™! with
track straightness close to 1. In contrast, many of the MDS neurons
deviated from saltatory migration and displayed a significantly reduced
migration speed of 13 pm h! and lower track straightness. BFM pro-
duces images by capturing the transmitted light through the specimen,
revealing the general structural characteristics and cellar arrangements
within the organoids [160]. It is particularly useful for assessing the
overall shape and size of organoids, providing vital details about their
growth and development. For instance, BFM was used to examine ce-
rebral organoids for size and the presence of ring structures in the pe-
ripheral regions of the organoid [161]. Cerebral organoids within the
range of 500—700 um in diameter and having multiple ring structures
throughout developed into mature forebrain organoids. Those cerebral
organoids lacking ring structures did not successfully mature into
organoids. In addition, with extremely low illumination light intensity,
BFM is unlikely introduce photobleaching and thus allows for real-time
imaging of live organoids, making it suitable for observing dynamic
processes or time-lapse studies [162]. BFM has been used to image
neuromuscular organoids for studying contraction of skeletal muscle
cells through changes based on acetylcholine receptors in the neuro-
muscular junction [163]. Various deep learning-based tools have been
used to localize and quantify human intestinal organoids [164]. These
tools can automatically recognize, label, and track individual organoids
[165], as well as identify various classes of organoids, including cystic,
non-budding, early, late organoids, and spheroids [166].

However, BFM has certain limitations in terms of resolution and the
ability to visualize fine details or subcellular structures. The resolution
of BFM is generally limited by the wavelength of light and the focusing
capability of the optical objective, which restricts its ability to capture
nanoscale features. In addition, BFM images are planar, and are not
appropriate for 3D imaging. Also, BFM usually does not support fluo-
rescence imaging of the samples. Therefore, if detailed subcellular
structural analyses are required, complementary techniques such as
fluorescence microscopy and electron microscopy may be more suitable.
However, BFM due to its simplicity serves as a valuable tool for initial

observations and characterizations of organoids, complementing other
imaging techniques that offer higher resolution, volumetric imaging
capacities, and specific information about cellular components [167].
Additionally, BFM is a cost-effective option for routine imaging and does
not require specialized equipment.

2.3. Fluorescence microscopy

Fluorescence microscopy is another commonly used imaging tech-
nique in the field of biological research, including the study of organo-
ids. It utilizes fluorescent dyes or fluorescently labeled molecules to
visualize specific cellular components or molecular processes within the
organoids (Figure 3) [168]. In fluorescence microscopy, fluorescent
probes are introduced into the sample, targeting specific structures,
organelles, or biomolecules of interest. These probes emit fluorescent
light with longer wavelengths when excited by a light source. By
capturing and detecting the emitted fluorescent light, the microscope
creates high-contrast images that highlight the labeled structures or
molecules.

One of the major advantages of fluorescence microscopy is its ability
to provide specific and localized information. By using different fluo-
rescent probes or markers, various cellular components or molecular
events can be visualized simultaneously within the organoids. For
example, fluorescence microscopy was used for identifying and char-
acterizing structural features in mammary epithelial organoids, such as
the expression of basal cell markers, the presence of multiple lumens per
lobule, the edge of mammary structures, and the differentiation and
maintenance of luminal cell populations [169]. This allowed for the
investigation of various biological processes, such as cell proliferation,
apoptosis, protein localization, and gene expression, at the single-cell
level [170]. Fluorescence microscopy also offers the possibility of live-
cell imaging, enabling the observation of dynamic processes and real-
time changes occurring within the organoids. This can be achieved
through specialized imaging setups that maintain the organoids under
controlled physiological conditions [171].

Fluorescence microscopy, despite its advantages, does have certain
limitations including use of fluorescent markers or dyes that may
sometimes irreversibly alter the imaged samples, rendering them un-
usable for subsequent analyses or experiments. In addition, fluorescent
markers are prone to photobleaching, the gradual fading of fluorescence
signal over time, that limits the duration of live-cell imaging experi-
ments and can affect the accuracy and reliability of the acquired data.
Furthermore, the excitation light used in fluorescent microscopy can be
phototoxic to cells, causing damage or altering their behaviors. Pro-
longed exposure to intense light can induce cellular stress responses,
influence cellular processes, or even result in cell death making long-
term, live-cell imaging experiments challenging [172]. Another
notable limitation of classical fluorescence microscopy is its inability to
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Fig. 3. Fluorescence Microscopy. hiPSC-derived cortical spheroids produced in hyaluronic acid ECM. 10-pm-thick cryosections of 90-day-old control spheroids were
stained for ECM component markers, with HA as detected by HABP (green), HAS2 (red), and CD44 (white). Scale bars, 100 um (top panel) and 20 um (bottom panel).
HA: hyaluronic acid; HABP: hyaluronic acid-binding protein; HAS2: HA synthase; CD44: cluster of differentiation 44 (HA-receptor). Reproduced under the terms of

the Creative Commons Attribution 4.0 International License [209].

allow 3D imaging of the samples. While it is effective for imaging
monolayer cell cultures and thin tissue sections, its application is limited
in the context of 3D samples. This limitation is because the image quality
deteriorates as the imaging depth increases, as the fluorophores
throughout the entire sample thickness are uniformly excited, resulting
in a blurred signal and a strong background.

2.4. Laser-scanning confocal microscopy

Laser-scanning confocal microscopy (LSCM) is a specialized fluo-
rescence microscopy technique and represents a powerful imaging tool
used in biological research, including the study of organoids. It uses a
laser beam to obtain high-resolution, 3D images of fluorescently labeled
samples with improved optical sectioning [173]. In LSCM, a focused
laser beam scans the sample point-by-point in a raster pattern. The
emitted fluorescent light from the sample is collected by a detector after
passing through a pinhole, which eliminates out-of-focus light, resulting
in sharper and more precise images. The confocal imaging technique
improves contrast and resolution, allowing for better visualization of the
labeled structures within the organoids [174].

LSCM offers several advantages for organoid imaging. It enables the
capture of optical sections at different depths within the specimen,
facilitating the reconstruction of 3D images and providing detailed in-
formation about the spatial organization and distribution of cellular
components. This is particularly useful for studying complex organoid
structures and cellular interactions within the 3D environment. In an
example, high-resolution 3D confocal imaging allowed for detailed
visualization of the mouse mammary organoid structures, including
identification of the cellular composition, observation of cellular
morphology and organization, and analysis of luminal organization and
functionality [174]. 3D confocal imaging analyses revealed that basal-
derived organoids possessed K14" and p63" basal cells, along with
K8/18" and E-cadherin™ luminal cells. Notably, the basal/myoepithelial
cells exhibited their characteristic elongated morphology, remarkably
resembling the observed morphology in vivo, as they wrapped around
buds of cuboidal luminal cells (Figure 4). Additionally, LSCM allows for
the visualization of dynamic processes in real-time. Time-lapse imaging
with LSCM provides insights into the dynamic behavior and functional
changes of organoid systems. For example, LSCM was used to acquire
long-term time-lapse imaging of intestinal organoids embedded in
triple-decker hydrogel sandwiches comprised of consists of a base coat
of poly(2-hydroxyethyl methacrylate), a thin overlay of Matrigel onto
which cells were deposited, and a top coat of Matrigel [175]. Similarly,
in a recent study, LSCM was used for live imaging of stimulation of
OptoShroom3, optogenetic variant of Shroom3 that is a critical

regulator of apical constriction in multiple morphogenetic processes in
vertebrates, including neural tube closure and lens placode invagina-
tion, and the morphogenesis of the gut and kidney [176]. This study
demonstrated that an increase in apical tension leads to tissue folding,
thickening, flattening, and lumen shrinkage in both epithelial cell sheets
and neural organoids.

However, the LSCM imaging process is time-consuming, as the laser
scans the sample point-by-point. The high-intensity laser light used in
LSCM can also induce photobleaching and phototoxicity, affecting the
sample’s viability and long-term imaging capabilities. Proper experi-
mental design, including optimizing laser power and exposure time, is
essential to minimize these effects [167].

2.5. Multiphoton microscopy

Similar to LSCM, multiphoton microscopy (MPM) also allows for
high-resolution, 3D imaging of fluorescently labeled samples using the
principle of multiphoton absorption [177,178]. In MPM, instead of using
a single high-energy photon for excitation, it utilizes two or more lower-
energy photons to excite the fluorophores within the sample simulta-
neously. This occurs only at the focal point where the photons are most
concentrated, resulting in highly localized excitation. The emitted
fluorescence is then detected, enabling imaging of specific structures or
molecules within the organoids.

The use of multiple photons for excitation in MPM offers several
advantages. It reduces the likelihood of out-of-focus photobleaching and
phototoxicity compared to traditional confocal microscopy, as the
excitation is limited to the focal plane. This enables prolonged imaging
sessions, making it suitable for long-term observations of dynamic pro-
cesses within organoids. For instance, the long-term developmental
trend of retinal organoids was monitored by two-photon microscopy,
highlighting the shift from predominantly glycolytic phosphorylation to
predominantly oxidative phosphorylation between 2 and 3 months of
culture [179]. By using longer excitation wavelengths, MPM also pro-
vides reduced excitation light attenuation and improved depth pene-
tration compared to traditional microscopy techniques. This allows for
imaging deeper into thick samples, such as 3D organoids, while mini-
mizing the background signal and increasing image clarity. In another
example, using label-free three-photon imaging, assessment of intact
uncleared cerebral organoids could reach up to ~2 mm in depth [180].
Moreover, MPM is compatible with a wide range of fluorescent dyes and
markers, providing flexibility in labeling specific cellular components or
molecules within the organoids. It enables the visualization of various
biological processes, such as cell migration, signaling events, and
cellular dynamics, with high spatial and temporal resolutions [181].
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Fig. 4. Laser Scanning Confocal Microscopy. (A) Whole-mount 3D confocal images of basal-derived mammary epithelial organoids, immunostained for K8/18, K14
and F-actin. Scale bars, 25 ym (whole mount) and 5 pm (optical section). (B) Whole-mount 3D confocal image and an optical section of an organoid immunostained
for E-cadherin, p63, and K14. Scale bars, 30 um (whole mount) and 8 um (optical section). Followed by optical section of an organoid immunostained for F-actin and
counterstained for nuclei with DAPI. Scale bar, 20pm. (C) Whole-mount 3D confocal image and an enlarged section of a luminal-derived epithelial organoid
immunostained for K8/18, K14, and F-actin. Scale bars: 35 um (whole mount) and 10 um (optical section). Followed by a magnified region of a whole-mount 3D
confocal image and an optical section of basal-derived organoids immunostained for ER, p63, and F-actin. Scale bars, 8um. (D) Whole-mount 3D confocal images and
magnified optical sections of basal-derived organoids with or without Prl stimulation, immunostained for F-actin and milk. Scale bars, 50 um (whole mount) and 20
um (optical section). DAPIL: 6-diamidino-2-phenylindole, Prl: Prolactin. Reproduced with permission from The Company of Biologists [174].

However, MPM requires specialized equipment, including a femto-
second pulsed laser as the excitation source. The setup and operation of
MPM is more complex and expensive compared to conventional fluo-
rescence microscopy techniques.

2.6. Fluorescence lifetime imaging microscopy

Fluorescence lifetime imaging microscopy (FLIM) measures the
fluorescence decay time, or fluorescence lifetime, of fluorophores within
a sample to gain crucial insights into molecular interactions, protein
dynamics, cellular processes [148], and cell metabolism in organoids
[182]. By analyzing the fluorescence lifetime, FLIM can provide quan-
titative information about the local environment, concentration, and
interactions of the fluorophores.

FLIM offers several advantages for organoid imaging. It provides a
robust and quantitative measurement of fluorophore behaviors. Unlike

intensity-based imaging techniques, FLIM is less sensitive to factors such
as photobleaching and photodamage, making it particularly suitable for
long-term, time-lapse imaging experiments for tracking molecular in-
teractions and dynamic processes within organoids. Notably, FLIM can
be used for in situ analyses of cancer organoids. For example, it facili-
tated monitoring of the cellular and metabolic responses to drug treat-
ments such as cisplatin and venetoclax in organoids derived from
bladder cancer cell lines, primary tumor biopsy tissue, and patient urine
[183]. The non-invasive feature of FLIM enabled monitoring of meta-
bolic changes in these cells, aiding the detection of early adaptive re-
sponses to hypoxia. In addition, FLIM can discriminate between
different fluorophores with overlapping emission spectra. By analyzing
their distinct fluorescence lifetimes, FLIM allows for multiplexing and
the simultaneous detection of multiple fluorophores within the orga-
noids. This allows the visualization of multiple molecular components or
signaling events within a single experiment, providing fundamental
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information regarding complex cellular processes [134,184].

Furthermore, FLIM can be combined with fluorescence resonance
energy-transfer (FRET) techniques to study protein-protein interactions
and conformational changes within organoids. By measuring changes in
fluorescence lifetime resulting from FRET, FLIM-FRET, it enables the
investigation of molecular interactions and signaling dynamics in a
spatially resolved manner [185]. The integration of FLIM with a custom
phasor approach for analyzing FLIM data has been reported for non-
invasive detection of shifts in cellular metabolic activities towards
glycolysis or oxidative phosphorylation in 3D Caco-2 models of colo-
rectal carcinoma, offering a valuable tool for studying cellular meta-
bolism in 3D cultures [186]. However, FLIM also requires specialized
equipment, including a short-pulsed laser, a time-correlated single-
photon counting system, and sophisticated data analysis techniques. The
setup and operation of FLIM can be more complex compared to tradi-
tional fluorescence microscopy techniques.
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2.7. Light-sheet microscopy

Light-sheet microscopy (LSM) enables fast, high-resolution imaging
of samples while minimizing phototoxicity and preserving sample
integrity [187,188]. In LSM, a thin sheet of laser light is used to illu-
minate a specific plane within the organoid sample. The emitted fluo-
rescence from the illuminated plane is then captured by a separate
objective lens positioned perpendicular to the illumination path. This
configuration allows for precise optical sectioning, reducing out-of-focus
light and providing sharper images with improved contrast and
resolution.

LSM offers several advantages for organoid imaging. The use of a
light sheet minimizes photodamage to the sample by selectively illu-
minating only the focal plane of interest. This reduces phototoxicity,
allowing for long-term imaging experiments and preserving the viability
and functionality of the organoids over extended periods. LSM also al-
lows rapid image acquisition. By illuminating a single plane at a time
and capturing the fluorescence from that plane, LSM is able to acquire
volumetric data of the entire organoid with high speed and efficiency.
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Fig. 5. Light Sheet-based Fluorescence Microscopy. Time-resolved live LSM recordings for detailed qualitative inspections of dynamic morphological processes in
organoid development. hCCAOs and mPOs were cultured for long-term live observations. Approximately 120 organoids were recorded in image stacks up to 900 z-
planes deep for at most 7 days. The images exhibit maximum intensity z-projections demonstrating the expressions of the nuclei markers, (H2B-eGFP (magenta) or
Rosa26-nTnG (grey) and the F-actin cytoskeletal marker, LifeAct-mCherry (green). Scale bars, 50 um and 25 pm (inset). hCCAOs: human cholangiocarcinoma-derived
organoids; mPOs: murine pancreas-derived organoids; H2B-eGFP: histone-enhanced green fluorescent protein. Reproduced under the terms of the Creative Commons

Attribution 4.0 International License [194].
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This makes it suitable for time-lapse imaging, capturing dynamic
cellular processes, and studying the development and behavior of
organoids over time [189-191]. Additionally, the optical sectioning
capability of LSM provides improved depth penetration, allowing for the
imaging of thick, 3D organoid structures, enabling the visualization of
intricate cellular arrangements, spatial relationships, and complex in-
teractions within the organoids. However, LSM also requires specialized
equipment, including a light-sheet module, high-performance objec-
tives, and precise sample positioning systems. The setup and operation
of LSM may be more complex as compared to traditional microscopy
techniques.

Furthermore, LSM can also be combined with fluorescence labeling
or multi-color imaging, to study specific cellular components or mo-
lecular events within the organoids. This flexibility allows researchers to
investigate various biological processes, protein localization, and gene
expression patterns within the context of organoid systems. Thus, LSM
has been used for long-term live imaging with high temporal resolution,
such as monitoring the dynamics of the endocrine differentiation in
human pancreas organoids for up to 6 days [192]. Light sheet-based
fluorescence microscopy was also used to trace the spatial arrange-
ment of clones over 100 hours in developing brain organoids [193] and
to observe the morphological changes in pancreas and chol-
angiocarcinoma organoids up to 7 days (Figure 5) [194].

Various LSM modalities have been developed over the last decade.
These include: i) lattice LSM, which replaces the conventional Gaussian
beam with the Bessel beam [195], and overcomes the light diffraction of
conventional LSM and enabled high temporal and spatial resolution
[149,196]; ii) dual-sided illumination LSM, which eliminates light
scatter seen at the far end of single illuminated objects, enabling imaging
the larger target [197], and is applicable for imaging organoids, both
live or fixed specimens [194,198-200]; and iii) inverted LSM, that re-
quires a V-shaped sample holder to benefit the sample mounting and
medium exchange for long-term imaging [192,193,200-203].

Recently, a unified light-sheet imaging framework, LSTree, was
introduced that converts extended light-sheet imaging of live intestinal
organoids into digital representations known as ‘digital organoids’
[191]. Utilizing deep learning techniques, the framework accurately
segmented individual organoids, including their lumens, cells, and
nuclei in 3D over extended time intervals. Simultaneously, large lineage
trees were predicted for each organoid and adjusted to iteratively
enhance the tracking and segmentation performances over time. The
framework was found to effectively segment and track the growth of
intestinal organoids from single cells for several days, encompassing
biological scales until the organoid reaches a size of hundreds of cells.
Information on organoid, lumen, cell, and nucleus volumes, along with
other multivariate features, can be visualized simultaneously with
lineage tree data which were further analyzable using a web-based
Digital Organoid Viewer, facilitating a comprehensive understanding
of dynamics at subcellular resolution.

2.8. Super-resolution fluorescence microscopy

Super-resolution fluorescence microscopy (SRFM) is an advanced
imaging technique that surpasses the diffraction limit of traditional
fluorescence microscopy, allowing for the visualization of fine cellular
details and molecular structures within organoids at a higher resolution
[170]. In SRFM, several innovative approaches are used to overcome the
diffraction limit, which traditionally restricts the resolution of optical
microscopy to around half the wavelength of light used. By adopting
specialized imaging techniques, SRFM achieves resolution enhance-
ments, enabling the observation of subcellular structures and molecular
interactions with greater clarity.

One commonly used SRFM technique is stimulated emission deple-
tion (STED) microscopy. In STED microscopy, a focused gaussian-
shaped laser beam is used to excite the fluorophores in the sample,
while a second, doughnut-shaped laser beam is applied to deplete the
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fluorescence from the outer regions. By carefully controlling the in-
tensity and timing of the depletion beam, STED microscopy can effec-
tively shrink the point spread function, allowing for super-resolution
imaging [204]. For example, dual-color gated STED imaging could
obtain a pixel size of approximately 80 nm when imaging microglial in
cerebral organoids [205]. However, the main drawback of STED mi-
croscopy is that high laser intensity can cause severe photobleaching
and phototoxicity [206].

Another approach in SRFM is stochastic optical reconstruction mi-
croscopy (STORM). STORM utilizes the controlled activation and sto-
chastic blinking of individual fluorescent molecules to capture their
precise positions. By repeatedly imaging and localizing these molecules,
a super-resolution image is reconstructed, providing detailed informa-
tion about the spatial organization and distribution of labeled structures
within the organoids. STORM can achieve nanometer-scale lateral and
axial resolutions [207]. Nevertheless, there are mainly three limitations
of STORM. First, the temporal resolution of STORM is low. Second,
STORM imaging relies on blinking fluorophores, and fluorophores’
quality and sample preparation are essential. Third, STORM can only
image thin samples of no more than a few micrometer-scale since the
thick tissues will involve strong scattering [208]. STORM has been used
to acquire images of cortical spheroids that enabled detection of distinct
pre- and post-synaptic compartments within 3D cortical spheroids
(Figure 6) [209]. SRFM also requires specialized equipment, including
high-performance lasers, sensitive detectors, and sophisticated image
reconstruction algorithms. The setup and operation of SRFM can be
complex, and data analysis may involve post-processing techniques to
generate super-resolution images.

2.9. Optical coherence tomography

Optical coherence tomography (OCT) is a laser interferometry-based
imaging technique that provides a non-invasive, high-resolution imag-
ing of translucent or opaque biological tissues with excellent depth
penetration, allowing for the visualization of internal structures and
morphological features [210,211]. In OCT, a low-coherence light
source, typically a near-infrared laser, is used to illuminate the sample.
The backscattered light from the sample is interfered with a reference
beam, and the resultant interference pattern is measured. By analyzing
the interference pattern, OCT generates cross-sectional images of the
sample, similar to ultrasound imaging but with higher resolution.

OCT provides high-resolution, real-time imaging with micrometer-
scale axial and lateral resolutions. This allows for the visualization of
fine tissue structures, cellular arrangements, and organoid morphology
in a label-free manner, providing important insights into the develop-
ment, organization, and functionality of organoids [212]. Additionally,
OCT is a non-destructive imaging technique and has good depth pene-
tration capability, enabling imaging of organoids over time while pre-
serving their integrity and behaviors, thus contributing to the
understanding of the complex 3D architecture, layering, and cellular
interactions within the organoids [213-215]. This method is particularly
useful for long-term studies, enabling continuous monitoring of orga-
noid development and behavior while minimizing damage to the tissues.
OCT’s depth penetration capabilities also make it ideal for examining
complex 3D structures within organoids. The disadvantage of OCT is
that when the laser penetrates through the sample, it will produce a
distant shadow, which is not suitable for observing internal structures of
strongly-scattering samples [212]. In addition, it also requires special-
ized equipment, including high-performance light sources, in-
terferometers, and sensitive detectors. The setup and operation of OCT
systems may involve specific sample preparation procedures and image
processing techniques for data analysis and visualization [212]. More-
over, OCT usually lacks the molecular sensitivity to different cell types
or molecular activities.
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2.10. Photoacoustic tomography

Photoacoustic tomography (PAT) is an emerging imaging technique
that combines the principles of optical excitation and laser-induced
photoacoustic effect to visualize biological tissues, including organo-
ids, with high resolution and contrast [216,217]. PAT provides deep
imaging by utilizing the photoacoustic effect, where pulsed laser light is
absorbed by tissues, resulting in the generation of ultrasound waves that
are detected and used to reconstruct images. In PAT, a short-pulsed laser
beam is directed towards the organoid sample, causing localized heating
and expansion. This leads to the generation of ultrasound waves, which
are detected by ultrasound transducers. The detected ultrasound signals
are then processed to create a 3D image of the organoid.

PAT presents several advantages for organoid imaging. It provides
excellent spatial resolution at depths that are typically inaccessible to
other imaging modalities. By combining the high-resolution capabilities
of ultrasound with the optical absorption contrast of photoacoustic
signals, PAT enables the visualization of cellular structures and fine
details within the organoids. PAT is a label-free imaging technique that
eliminates the need for exogenous contrast agents or dyes and allows for
non-invasive imaging of organoids while preserving their integrity and
functionality. Furthermore, PAT can provide functional information by
exploiting different optical wavelengths. By selecting specific laser
wavelengths, PAT is able to measure the absorption spectra of different
tissue components, allowing for the characterization of specific mole-
cules or functional parameters within the organoids [218]. PAT may also
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be combined with other imaging modalities, such as fluorescence or
ultrasound imaging, to provide complementary information regarding
the organoids’ structures and functions [218,219]. This multimodal
imaging approach enhances the understanding of organoid biology and
facilitates comprehensive studies [220]. Nevertheless, PAT also requires
specialized equipment, including pulsed laser sources, ultrasound
transducers, and sophisticated image-reconstruction algorithms. PAT
often requires acoustic coupling medium such as water or ultrasound
gel, which might not be applicable to some organoid studies. The setup
and operation of PAT systems may involve careful optimization of laser
parameters and imaging protocols for optimal results.

2.11. Other imaging modalities

Besides the abovementioned commonly used imaging modalities,
some other imaging modalities have also been used for organoids with
specific imaging requirements. For example, swept confocally aligned
planar excitation microscopy (SCAPEM), a hybrid imaging technique
that combines elements of both LSCM and LSM, uses a single objective
for both illumination and detection purposes. Such an arrangement al-
lows SCAPEM to image conventional imaging slides and plates, making
it compatible with standard microscopy setups, facilitating high-
throughput imaging, as it eliminates the need for specialized sample
chambers or preparation techniques associated with LSM [221]. Simi-
larly, Brillouin microscopy, in conjunction with LSCM, utilizes a laser to
interact with heat-induced pressure waves within a sample, enabling the
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measurement of the scattering spectrum. This imaging technique allows
for high spatial resolution imaging while also providing information
about the mechanical properties such as viscoelasticity of the sample
[222]. Likewise, in recent years Raman microspectroscopy (RM) has
demonstrated its advantages in imaging organoids. The combination of
Raman microscopy with the chemical analysis technique, Raman spec-
troscopy, has demonstrated its potential as analytical tool for both
quantitative and qualitative assessments of biological samples at the
molecular level [223]. RM facilitates a detailed analysis of the molecular
composition and changes within organoids without altering their natu-
ral states, showcasing its ability for non-invasive, label-free, and highly
specific chemical characterizations at a microscopic level [224]. For
instance, RM was employed for assessing the metabolic states of brain
organoids, providing insights into neurodevelopmental disorders [225].
Additionally, it has been applied to evaluating the maturation and
functionality of kidney organoids, contributing to the understanding of
kidney development and diseases [226]. Moreover, expansion micro-
scopy (ExM) that physically expands the samples has emerged as an
innovative imaging tool for organoid imaging [227]. It allows for high-
resolution imaging over large volumes and significantly improves
quality of labeling, clarity of images, and accuracy of subsequent image
analyses compared to standard chemical immersion clearing methods.
Related, phototransfer by allyl sulfide exchange-ExM (PhASE-ExM) has
shown the potential to achieve in situ super-resolution imaging of
organoids and ECM interactions [228]. Some other technologies also
hold the potential for unraveling profound insights into cell dynamics
and interactions within their native microenvironments in organoids.
For example, Image-seq, combined with high-resolution imaging with
single-cell RNA sequencing allowed for the isolation of cells from spe-
cific spatial locations under image guidance while preserving their
spatial context [229]. A comprehensive study of the development of
human retinal organoids has been achieved by combining iterative in-
direct immunofluorescence imaging, single-cell transcriptome, and
chromatin accessibility analysis [230].

In addition to abovementioned imaging modalities, diffuse optical
imaging methods, such as diffuse optical tomography and diffuse cor-
relation spectroscopy have been developed to image strongly scattering
samples, with significant compromise in the spatial resolution [231].
Structured illumination microscopy, combined with two-photon exci-
tation, was also shown to improve the depth penetration of super-
resolution imaging in thick scattering samples [232,233].

Furthermore, overcoming the challenges of 3D imaging posed by the
light scattering can be achieved through the utilization of optical tissue
clearing (OTC) methods [131,234,235]. OTC methods, such as Benzoic
Acid Benzyl Benzoate (BABB) [236], Three-dimensional Imaging
Solvent-Cleared Organs (DISCO) [237,238], Clear, Unobstructed Brain/
Body Imaging Cocktails and Computational analysis (CUBIC) [239], See
Deep Brain (SeeDB) and Clear Lipid-exchanged Acrylamide-hybridized
Rigid Imaging/Immunostaining/in situ-hybridization-compatible Tis-
sue hYdrogel (CLARITY) [240] and fructose, urea, and glycerol
(FUnGI3) [132], reduce the scattering of light by homogenizing the
refractive index of tissues, enabling clear observation throughout the
sample thickness [131]. Of note, ExXM can simultaneously achieve
sample-clearing while expands it [227]. Various non-invasive optical-
sectioning microscopic technologies, including confocal, SRFM, MPM
and LSM, have been combined with OTC methods that enabled the
acquisition of images of whole 3D organoids, facilitating the study of
structural complexity, spatial distribution pattern, phenotypic identity,
and cellular states of all individual cells constituting the 3D human cell-
derived organoids [131,234]. For examples, OTC using FUnGI3 facili-
tated the acquisition of human airway organoid immunolabeled with
acetylated-tubulin using SRFM and human colonic organoid labeled for
F-actin using MPM and LSM [131,132]. Thus, the diverse imaging
methods can be leveraged together with OCT methods to efficiently
address the challenges associated with imaging strongly scattering
organoids.
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3. 3D bioprinting

3D bioprinting, a form of additive biomanufacturing technology, has
been widely used in tissue engineering and regenerative medicine due to
its remarkable capacity to control the deposition of cells, hydrogel
biomaterials, and/or biologically active molecules precisely in a pre-
defined planar or 3D architecture to produce functional tissues or organs
[143,241,242]. Typically, the bioprinting procedure entails several
stages, starting with the imaging of the target tissue using medical im-
aging techniques. This is followed by the utilization of computer-aided
design/computer-aided manufacturing software to create a blueprint
of the tissue’s structure. The next steps involve preparing the bioink by
combining appropriate cells or/and biomaterials, bioprinting of the
tissue, and culturing and maturing the tissue in vitro [243]. 3D bio-
printing can be broadly categorized into extrusion-based bioprinting
[244-246], inkjet-based bioprinting [247-249], light-assisted bio-
printing [250-256], and other bioprinting approaches such as laser-
assisted bioprinting [257,258] and Kenzan bioprinting [259,260],
among others. Each bioprinting method has unique advantages and
disadvantages, and they vary in multiple aspects including the type of
bioinks used, bioprinting resolution (Table 2) and thus the intricacy of
bioprinted structure produced [261].

3.1. Extrusion-based bioprinting

Extrusion-based bioprinting involves loading hydrogel-based bioinks
into a printhead and extruding them from a nozzle to generate filaments
that are then deposited in a layer-by-layer manner to construct the
desired structures [244,245,262,263]. There are two subcategories of
extrusion-based bioprinting techniques, namely pneumatic extrusion
and mechanical extrusion. Pneumatic extrusion utilizes compressed air
to extrude bioink from a nozzle (Figure 7A) whereas mechanical
extrusion utilizes either a piston (Figure 7B) or a screw (Figure 7C) to
apply mechanical force to extrude the bioink. Extrusion-based bio-
printing has been utilized to create 3D tissue structures with high cell
densities by bioprinting bioinks containing cells or even only cells in the
form of single-cell suspension or cell spheroids [244,264]. The versa-
tility of extrusion-based bioprinting in depositing a variety of biocom-
patible bioink formulations, such as cell pellets, organoids or spheroids,
and hydrogels including decellularized ECM (dECM), makes it arguably
the most commonly used bioprinting approach [264]. In addition, this
bioprinting method offers both cost-effectiveness and ease of use as
compared to other bioprinting techniques such as inkjet- and light-based
bioprinting methods [244,245].

Over time, various adaptations of extrusion-based bioprinting have
been developed including co-axial bioprinting, embedded bioprinting,
and chaotic bioprinting. Co-axial bioprinting enables biofabrication of
standalone solid or hollow tubular fibers by simultaneous extrusion of
two or more hydrogel bioink components including oftentimes alginate
in addition to those based on gelatin or collagen, among others, with or
sometimes without cells, and a crosslinker solution through a coaxial
nozzle made up of two or more concentric needles [246,265-267]. The
biofabrication of hollow tubular fibers involves dispensing of a single-
layer or multilayer hydrogel sheath and a core of calcium chloride
(CaClyp) for instant physical crosslinking of the hydrogel (Figure 7D).
This method is commonly used for biofabrication of functional cannular
tissue structures such as vascular, intestinal, and ureteral tissues [265-
269]. On the other hand, the extrusion of hydrogel bioink through a core
and a crosslinker solution through the outer needle of the co-axial nozzle
results on the formation of solid fibers (Figure 7E). Depending on the
bioinks used, these bioprinted tubular fibers can be further chemically
stabilized by using additional crosslinking methods, such as photo-
crosslinking [266] and enzymatic crosslinking [265]. This method is
generally used for biofabrication of functional osteochondral and
cartilage tissues [270-272]. It is possible to generate fibers with tunable
dimensions by adjusting the flow rates of one or more hydrogel bioinks
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bioprinting

Kenzan bioprinting

bioink onto a substrate
using laser pulses

Precise positioning of
spheroids within a
microneedle array to
fused into tissue
constructs

Spheroids of
~500 pm in
diameter are
fused to form
larger tissue
constructs

relatively fast
bioprinting speed;
high cell density
High cell density;
high cell viability;
may not require
supporting
biomaterial scaffold

requires high-viscosity
bioinks; comparatively
high cost

Requires pre-fabrication
of spheroids; complex
bioprinting setup; may
induce damage due to
needle

regeneration via bioprinting
using single cells or cell
aggregates

To biofabricate tissue
structures utilizing cell
spheroids as the
fundamental building blocks

Table 2
Common 3D bioprinting modalities and their general characteristics (may subject to changes with specific bioprinting systems).
3D bioprinting Description Resolution range Advantages Disadvantages Applications Refs.
modality
Conventional Compressed air or 100—2000 pm Multi-material Nozzle clogging; To biofabricate 3D tissue [244,245,262-264]
extrusion mechanical screw or bioprinting; high moderate cell viability structures in a layer-by-layer
bioprinting piston drives the bioink scalability; high cell ~ due to shear stress manner
through a nozzle density; cost-
Co-axial extrusion Simultaneous extrusion 200—2000 pm effective Complex setup; To biofabricate standalone [246,265-269]
bioprinting of bioinks and challenges in tuning flow  solid or hollow tubular
crosslinker solution rates for each bioink fibers
through coaxial nozzle simultaneously
Embedded Extrusion of bioink into ~20 pm Challenges in removal of ~ To biofabricate complex [246,273-276,280]
extrusion supportive bath into a support matrix; may tissue structures using
bioprinting support bath that holds require additional mechanically weak bioinks
the bioprinted structure. processing steps
Chaotic extrusion Chaotic flow of two or ~10 pm Nozzle clogging; To generate continuous [291,292,297-299]
bioprinting more bioinks using a moderate cell viability fibers with internally
nozzle equipped with a due to shear stress; not aligned lamellar
Kenics static mixer suitable for high- microstructures
viscosity bioinks
Inkjet-based Electrically heated ~50 pm High bioprinting Low cell viability; non- To biofabricate tissue [247,300-
bioprinting printhead or speed; precise uniform droplets; scaffolds by precise 302,305,308,310-
piezoelectric actuator deposition of bioink  printhead clogging; placement of small droplets 312]
ejects small droplets of droplets; cost- requires low cell density of bioink onto a substrate
bioink out of the nozzle effective and low viscosity bioinks
Stereolithography Either single- or two- ~1 pm Nozzle-free; Requires photocurable To biofabricate tissue [313-316]
photon laser and raster relatively fast bioinks; moderate cost structures by exposing
scanning selectively that bioprinting speed; bioink to the laser that
cures a bioink in a point- high cell viability selectively cures a bioink in
by-point manner a point-by-point manner
Digital light Either UV or visible light =~ ~35—100 pm To biofabricate tissue [253,314,325,326]
processing prepatterned from a structures by exposing light
projector selectively that through a digital mask or
cures the bioink in a pattern onto the surface of
layer-by-layer manner the bioink in a layer-by-
layer manner
Volumetric Simultaneous exposure ~40—100 pm To biofabricate [250,332-335]
bioprinting of UV or visible light geometrically complex
onto a rotating vat of tissue construct in a
bioink that creates a centimeter-scale in a single
desired structure in a step.
single step
Laser-assisted Precise deposition of the ~10—100 pm High precision; Limited cell viability; To facilitate tissue [255,341,347,348]

[259,351,352]

and the crosslinker solution such as CaCls.

Embedded bioprinting enables the biofabrication of complex tissue
structures by extruding bioinks into a support bath that holds the bio-
printed structure in place until it is cured (Figure 7F) [246,273-275].
This approach is particularly useful for bioprinting complex tissue
structures using mechanically weak hydrogels such collagen [276],
tropoelastin [277,278], Matrigel [279], and dECM [280]. Other
extrusion-based bioprinting methods face difficulties with these hydro-
gels due to low viscosity, gravity-induced collapse, and deformation of
the bioprinted structures. In addition to supporting the bioprinted
structure, the support bath also provides an environment during the
bioprinting process that maintains high cell viability. Gelatin [12],
alginate [281], agarose [282], hyaluronic acid (HA) [283], xanthan gum
[281], and gellan gum [284] have been commonly used as supporting
matrices, in the form of bulk hydrogels [276,285], granular hydrogels or
microgels [276,286], and hydrogel microparticle composites [287,288].
Embedded bioprinting has demonstrated its effectiveness in bio-
fabricating vascular-like networks [285,289] and other complex tissue
constructs including heart with internal structures [290].
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Chaotic bioprinting involves chaotic flows generated by a printhead
equipped with a Kenics static mixer (KSM) featuring multiple mixing
elements and two or more inlets (Figure 7G) [291,292]. It is used to
generate continuous fibers with internally aligned lamellar microstruc-
tures through the repeated action of reorienting and splitting the bio-
inks, such as alginate, as they travel along the mixing elements. The
bioprinted fiber is typically crosslinked using CaCl, at the KSM exit to
achieve stabilization. KSM enhances mixing of two or more bioinks
under laminar flow conditions, causing split of each bioink at the fore-
front of each mixing element and takes the shape of the patterns created
by that element. As the bioink moves through each subsequent mixing
element, the patterns continue to divide resulting in an increasing level
of layering. To be precise, the number of layers produced is 2", where ‘n’
represents the number of elements in the KSM [293-296]. Thus, chaotic
bioprinting produces fibers with high precision, speed, and predict-
ability and is particularly useful for producing complex and heteroge-
neous tissue structures that possess interfaces and striations, like those
found in muscle tissues [297-299].
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Fig. 7. Extrusion-based bioprinting methods. (A) Pneumatic pressure-driven extrusion bioprinting and mechanical force-driven extrusion bioprinting using (B)
piston or (C) screw. In pneumatic extrusion bioprinting, air pressure provides the driving force whereas in mechanical extrusion bioprinting, direct piston-driven or
screw rotation-driven force causes mechanical displacement, thereby enabling continuous flow of bioink through the nozzle. (D) Co-axial bioprinting of hollow
tubular fiber by simultaneous extrusion of hydrogel sheath and a core crosslinker solution. (E) Co-axial bioprinting of solid fiber by simultaneous extrusion of
hydrogel bioink through a core and a crosslinker solution through the outer layer. (F) Embedded bioprinting of a ring structure within the support bath. The support
bath is responsible for securing the bioprinted structure in position until it undergoes the curing process. (G) Continuous chaotic bioprinting of fibers with internally
aligned lamellar microstructures. Chaotic bioprinting uses KSM possessing multiple mixing elements that facilitates the mixing and splitting of two or more bioinks

under laminar flow conditions.
<
<

3.2. Inkjet-based bioprinting

Inkjet-based bioprinting allows for the precise placement of small
droplets of bioink onto a substrate in a precise pattern to create 3D tissue
structures [300-302]. There are two methods for generating droplets in
inkjet-based bioprinting, ie., thermal and piezoelectric methods
(Figure 8). The thermal method uses electrically heated printhead to
vaporize a small amount of bioink and create a bubble that pushes a
droplet out of the nozzle (Figure 8A) [303,304]. The piezoelectric
method, on the other hand, uses a piezoelectric actuator to generate
acoustic waves that form bioink droplets at regular intervals (Figure 8B)
[305]. Hydrogel bioinks that are frequently used for inkjet-based bio-
printing include alginate [248], chitosan [306], collagen [304], silk
[307], and poly(ethylene glycol) [308].

In general, inkjet bioprinting offers the advantages of high speed,
high resolution, and low costs, making it well-suited for bioprinting
complex structures with fine details. However, inkjet-based bioprinting
has some limitations. This technique is constrained by the potential cell
death due to high temperature and mechanical stress generated locally
when droplets are ejected from the printhead [309]. Another limitation
is the formation of non-uniform droplets by inkjet printhead, which can
impact the accuracy and reproducibility of the bioprinted structures.
Furthermore, printhead clogging is an additional constraint associated
with inkjet-based bioprinting due to the high viscosity of the bioink or
the presence of cell aggregates or debris in the bioink. Several studies
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<«—— Bioink

Vapor

bubble Heater

Bioprinted structure

have been done to investigate the potential of inkjet-based bioprinting in
tissue engineering and tissue regeneration, including but not limited to
cardiac tissues [310], vascular tissues [247,311], bone [308], as well as
in situ cartilage repair [312].

3.3. Light-assisted vat-polymerization bioprinting

Light-assisted vat-polymerization bioprinting is a nozzle-free bio-
printing method that uses a vat to hold photocurable bioink and a light
source, mostly ultraviolet (UV) or visible light, that triggers photo-
polymerization of bioink, in the presence of photoinitiator, to create 3D
tissue structures [313-315]. A photoinitiator is a chemical compound
that initiates or triggers a chemical reaction upon exposure to light
[316]. When a photoinitiator is subjected to specific wavelengths of
light, it undergoes a photochemical reaction that generates highly
reactive free radicals or cations. These reactive species then initiate a
chain or cationic polymerization reaction, leading to the crosslinking
and solidification of the bioink. The commonly used UV/blue-light
photoinitiators include 1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-
methyl-1-propane-1-one (Irgacure 2959) and lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) [317]. On the other hand, com-
mon visible-light photoinitiators include eosin Y [318,319] and tris(2,2-
bipyridyl)dichloro-ruthenium(II) hexahydrate/sodium persulfate (Ru/
SPS) [251,320].

Light-assisted bioprinting often incorporates biocompatible
Piezoelectric
| e——
Bioink
Piezoelectric
actuator

Bioprinted structure

Fig. 8. Inkjet-based bioprinting methods. Thermal inkjet-based bioprinting that uses (A) electrically heated printhead to create bioink droplets and (B) piezo-
electric inkjet-based bioprinting that uses a piezoelectric actuator to generate bioink droplets.
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photoabsorbers along with photoinitiators in the bioink formulations.
Photoabsorbers are dyes absorbing and attenuating light by competing
with the photoinitiator for photons [316]. As such, the inclusion of a
photoabsorber in the bioink formulation helps prevent over-curing of
the bioink and improve the printability of internal structures. Never-
theless, the presence of a photoabsorber causes an exponential decay in
light intensity that results in a gradual change in curing levels within
each bioprinted layer, leading to variations in the mechanical properties
of the bioprinted structure. Commonly used photoabsorbers for bio-
printing applications include soluble natural or synthetic food dyes such
as tartrazine [321], anthocyanin [321], Ponceau 4R [322], 2-hydroxy-4-
methoxybenzophenone-5-sulfonic acid [323], due to their biocompati-
bility and low toxicity. The selection of photoinitiators and photo-
absorbers depends on several factors such as the desired curing
mechanism, the wavelength of light used for curing, and the compati-
bility with the bioink formulations. These factors have a direct impact on
the properties of the bioink, the speed of curing, the mechanical char-
acteristics, the resolution, and the overall quality of the bioprinted
structures. Consequently, selecting the appropriate photoinitiators and
photoabsorbers is crucial to achieve the desired bioprinting outcomes
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[316,321,324]. The widely used or emerging light-assisted bioprinting
methods include stereolithography (SLA), digital light processing (DLP),
and volumetric bioprinting [315]. Each of these methods utilizes light in
a distinct way to facilitate the bioprinting process and achieve desired
outcomes.

SLA utilizes either single-photon lasers (single-photon laser lithog-
raphy) or two-photon lasers (two-photon laser lithography, also known
as multiphoton polymerization lithography) and raster scanning to
selectively cure a bioink in a point-by-point manner. In a typical bottom-
up configuration, the light source selectively cures the bioink, following
the path generated by sliced 3D computer-aided design model, to form a
thin solid layer. Following the formation of the pattern for each layer,
the build platform is gradually lifted out of the vat while the bioink is
exposed to a light source. During this lifting process, each layer of the
structure is built, with the build platform being lifted by a small distance
between each layer. Once the building process is complete, the uncured
bioink is drained from the vat and then the 3D-bioprinted structure is
removed (Figure 9A). SLA bioprinting offers high resolutions and fast
bioprinting speeds, but it has limitations related to scalability and post-
processing requirements [314].

B

Build
platform Bioprinted

Bioink structure

Digital mirror\\

device

Light source

Bioprinted
' structure

Fig. 9. Light-based vat-polymerization bioprinting methods. (A) SLA bioprinting that utilizes a UV laser beam and raster scanning to selectively cure a bioink in
a point-by-point manner. (B) DLP bioprinting that uses either UV or visible light to cure the bioink in a layer-by-layer manner. (C) Volumetric bioprinting that uses
the bioink reservoir connected to a rotating platform and tomographic projections of intensity-modulated light patterns at different angles for bioprinting target

3D structures.
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On the other hand, DLP bioprinting uses either UV or visible light
prepatterned from a DLP projector to selectively cure the bioink in a
layer-by-layer manner [253,325]. DLP bioprinting involves creating a
structure by exposing light through a digital mask or pattern onto the
surface of the bioink (Figure 9B). The digital mask may be a digital
micromirror device (DMD) or a liquid-crystal display [326]. During
bioprinting, for example in the top-down setup, the bioink is placed in a
vat with the build platform partially submerged close to the surface of
the bioink. The bioink is then exposed to light through a digital mask or
pattern, causing the bioink to solidify in specific areas. The areas of the
bioink that are exposed to light solidify, while the areas that are not
exposed remain liquid. The build platform is then lowered, and a new
layer is added on top of the previous layer. This process is repeated layer
by layer until the desired structure is formed. In addition to high reso-
lution and speed, DLP bioprinting can create small, intricate structures
with high accuracy and reproducibility [314].

Both SLA and DLP bioprinting have been used for biofabrication of
tissues such as liver tissue [327], cartilage tissue [328], brain [251],
vascular networks [321] using photocurable hydrogels including gelatin
methacryloyl (GelMA) [251,327], hyaluronic acid methacryloyl
(HAMA) [251,327,329], collagen methacryloyl (ColMA) [253,330], and
silk methacryloyl (SilMA) [331] as well as poly(ethylene glycol)-
diacrylate (PEGDA) [321], among others.

Volumetric bioprinting, also known as tomographic 3D bioprinting,
is an emerging light-assisted vat-polymerization bioprinting technique
that enables the precise biofabrication of photoresponsive bioink into
3D tissue structures directly in a volumetric manner [332,333]. In
volumetric bioprinting, intensity-modulated UV or visible light is pro-
jected onto a rotating vat containing the photocurable bioink using a
series of filtered back projections of the desired structure. This enables
simultaneous irradiation of an entire volume of the photocurable bioink
from multiple angles causing the thorough penetration of illumination
light throughout the entire volume of the bioink (Figure 9C). This
unique feature allows for rapid and efficient biofabrication of the entire
tissue construct at once, leading to a substantial reduction in overall
biofabrication time [333]. Thus, volumetric bioprinting facilitates the
biofabrication of geometrically complex, centimeter-scale tissue con-
structs with significantly increased bioprinting speed [332]. For exam-
ples, volumetric bioprinting has been used to create bone [250,334],
cartilage [332], liver [335], muscle [250], auricle, and meniscus [332]
tissue constructs using single cell- or organoid-embedded photo-
responsive hydrogels including gelatin-based hydrogels such as GelMA
[332,335] and gelatin-norbornene [333], as well as silk-based hydrogels
such as silk sericin and silk fibroin [250].
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3.4. Laser-assisted bioprinting

Laser-assisted bioprinting utilizes laser pulses for precise deposition
of the bioink onto a substrate. The most common laser-assisted bio-
printing is based on the principle of laser-induced forward transfer that
involves a pulsed laser beam, a donor substrate serving as a support for
the bioink, and a receiving substrate for receiving the bioink droplets
[336]. The donor substrate is typically made of laser-non-absorbing
material such as glass or quartz coated with a thin layer of laser-
absorbing metal such as gold or titanium and a thicker layer of the
bioink. When the pulsed laser beam is directed through the donor plate
and into the absorbing metal, the absorption of energy results in the
generation of a high vapor pressure, which in turn propels the bioink
towards the receiving substrate (Figure 10A). The receiving substrate,
which typically consists of a biopolymer or cell culture medium to
support cell adhesion and growth, can be moved along the x- and y-axes,
enabling the continuous stacking of bioink droplets to create a 3D
structure [336].

Laser-assisted bioprinting is influenced by various factors, including
laser pulse energy, substrate wettability, bioprinting speed, and rheo-
logical properties of the bioink. Laser-assisted bioprinting allows pro-
cessing of bioinks with high cell density and high viscosity with good
degree of precision and resolution while minimizing mechanical stress
on the cells [337-339]. Furthermore, this method can also be used for
bioprinting of single cells and cell aggregates with remarkable accuracy
and cell viability throughout the process [337,340]. Laser-assisted bio-
printing has been used for the precise deposition of diverse cell types,
including but not limited to fibroblasts [341], endothelial cells
[342,343], mesenchymal stem cells (MSCs) [344], neural stem cells
[345], and cancer cell lines such as MCF-7 cells [346]. This bioprinting
method has led to some scientific progress in biofabrication of tissues
including skin tissue [341,347], bone tissue [255,348], cardiac tissue
[344], and corneal tissue [349], among others, using a range of hydro-
gels such as laminin [345], sodium alginate [343], as well as collagen-
nanohydroxyapatite matrix [255].

3.5. Kenzan bioprinting

The Kenzan bioprinting method is an approach that utilizes cell
spheroids as the fundamental building blocks [259]. It employs a
specialized 3D bioprinter to precisely position these spheroids within a
microneedle array. The microneedle array, referred to as ‘Kenzan’,
typically consists of stainless-steel needles that are 160-um thick and
spaced 500 um apart from one another [350]. With the help of the
customized nozzle, the preformed spheroids are carefully arranged one
on top of the other within each needle according to the predetermined
structure. The proximity of the spheroids promotes the secretion of ECM
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Fig. 10. Other bioprinting methods. (A) Laser-based bioprinting that uses a pulsed laser beam to generate bioink droplets, which are subsequently placed onto a
receiving substrate. (B) Kenzan bioprinting that utilizes the skewing of spheroids within a microneedle array.
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and facilitates cell growth (Figure 10B). Once integration and/or
maturation are achieved, the tissue construct is extracted from the
microneedle array for subsequent studies [259]. Of note, the deforma-
tion forces resulting from skewering the spheroids during assembly do
not adversely affect cell viability, ECM production, or fusion. Kenzan
bioprinting has been used to biofabricate various tissue structures such
by strategically using the appropriate types of spheroids and positioning
them accordingly. For examples, using the microneedle-based Kenzan
method, liver-like tissues [351] and microvascular fragments [352]
were successfully biofabricated by fusing spheroids formed from tissue-
specific cells. Nevertheless, the Kenzan method possess certain chal-
lenges such as the precise control of spheroid size to ensure proper
handling and placement during the bioprinting process and continuous
monitoring of hypoxia levels within the spheroids to minimize any

Day7 +5

A Day7 +0

Day7 + 10

Advanced Drug Delivery Reviews 208 (2024) 115237

negative impact on tissue growth.
4. 3D bioprinting of organoids

The bioprinting of organoids is a relatively new field and in general,
two distinct approaches have been reported thus far. The first approach
involves the bioprinting of undifferentiated PSCs, while the second
approach focuses on bioprinting of already differentiated stem cells or
the organoids themselves [353]. Although, both of these two strategies
represent different avenues of research in the pursuit of advancing
organoid bioprinting technology, the convergence of bioprinting and
self-assembled biological building units, such as organoids, has garnered
significant attention in the field of biofabrication. This approach offers
the potential to develop tissue models that closely resemble organs in
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Fig. 11. Extrusion-based bioprinting of kidney organoids. (A) Bright-field images showing the spontaneous formation of nephron over the culture period. Scale bars,
800 um. (B) Whole-mount immunofluorescence images of nephrons showing distal tubule: E-cadherin (green), proximal tubule: lotus tetragonolobus lectin (LTL,
blue); podocytes: nephrin (white); connecting segment/collecting duct: GATA3 (red). Scale bar, 100 pm. (C) Whole-mount immunofluorescence staining bioprinted
organoids showing podocytes (NPHS1), epithelium (EPCAM), proximal tubular segments (CD13, CUBN, LTL), tubular basement membranes (laminin; LMN), sur-
rounding stroma (MEIS1/2/3; MEIS), thick ascending limb of distal tubule/loop of Henle (SLC12A1; SLC), distal connecting segment (GATA3), and endothelium
(CD31). Scale bars, 100 pm. (D) Bright-field and whole-mount immunofluorescence images of bioprinted and manually generated kidney organoids from the same
batch of hiPSC-derived intermediate mesoderm showing epithelium (EPCAM, green), proximal tubule (LTL, blue), glomeruli (NPHS1, white), connecting segment/
collecting duct (GATAS3, red). Scale bars, 100 um (bright-field) and 50 um (immunofluorescence). Reproduced with permission from Springer Nature [354].
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terms of scale and functionality while combining the precise 3D spatial
control provided by bioprinting with the biological resemblance ach-
ieved by utilizing organoids as building blocks and bioink components.
This integration holds immense promise in establishing a humanized
testing platform for personalized medicine and drug screening, enabling
the development of novel models that bridge the gap between laboratory
research and clinical applications. To this end, essentially all bioprinting
approaches including extrusion-based, light-assisted, laser-assisted, and
Kenzan bioprinting have been reported for bioprinting of PSCs or
organoids.

Extrusion-based bioprinting has been adopted as a rapid and high-
throughput method to generate kidney organoids with favorable
reproducibility [354]. Using a cell-only bioink derived from dissociated
human iPSCs (hiPSCs) at the mesoderm developmental stage, precise
and rapid extrusion onto Transwell plates was achieved. The automated
bioprinting process enabled precise control over biophysical properties
such as cell number and organoid size, resulting in uniform self-
organizing kidney organoids. BFM and whole-mount LSCM were used
to demonstrate that extrusion-based bioprinting facilitated the auto-
mated biofabrication of self-organizing kidney organoids which were
comparable to those generated by conventional method at the level of
morphology, cell composition, and gene expressions (Figure 11). To
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further explore the impact of organoid conformation on morphology,
the authors created ‘lined’ organoids instead of ‘dot’ organoids using the
same number of starting cells. Organoids with increasing length but the
same number of starting cells displayed thinner tissues and increased
nephron numbers. Furthermore, the bioprinted kidney organoids were
assessed for nephrotoxicity by testing various drugs including doxoru-
bicin, amikacin, tobramycin, gentamicin, neomycin, and streptomycin.
It is important to note that this study only utilized a single nephron
progenitor cell population at the intermediate mesoderm stage, resulting
in the kidney organoids primarily consisting of derivatives of the
metanephric mesenchyme, lacking cell populations from the ureteric
bud, as well as a functional vasculature.

In an another study, extrusion-based bioprinting, named bioprinting-
assisted tissue emergence (BATE), was employed for guiding tissue
morphogenesis at physiologically relevant scales directly within highly
permissive ECMs such as Matrigel, collagen I, and methylcellulose
[355]. In BATE, stem cells and organoids were utilized as building
blocks that form interconnected and dynamic cellular constructs within
the ECM (Figure 12). They were directed to conform to predefined ge-
ometries and constraints, thereby enabling the controlled development
of tissue structures. The versatility of BATE in guiding the macroscale
self-organization of primary cells derived from human tissues was

Macro-scale Micro-scale

Fig. 12. Extrusion-based bioprinting of macroscale tissues. (A) Demonstration of BATE approach for bioprinting of hISCs, hMSCs, and HUVECs that self-organized
into respective organoids and then into large-scale tissues, followed by fluorescence confocal images of macroscopic and microscopic tissue structures. Scale bars,
500 um (bright-field), 250 pm (macroscale fluorescence), and 75 um (microscale fluorescence). (B) Fluorescence confocal images of intestinal tubes, showing the
expression of F-actin, Sox9, Lyz, or L-FABP and Edu by intestinal stem and progenitor cells, Paneth cells and enterocytes. Scale bar, 200 um. Followed by TEM of an
intestinal tube sections showing enterocytic brush border, goblet cells, and enteroendocrine cells. Scale bars, 2 um. Reproduced with permission from Springer

Nature [355].
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demonstrated by bioprinting three distinct cell types, namely human
intestinal stem cells (hISCs), human MSCs (hMSCs), and human umbil-
ical vein endothelial cells (HUVECs). hISCs were bioprinted in a linear
pattern within a Matrigel/collagen-precursor. The BFM and LSCM im-
aging showed that the hISCs underwent morphological transformations
and formed interconnected and polarized epithelial tubes within the
crosslinked matrix over the period of several days. When hMSCs were
precisely positioned within a Matrigel/collagen matrix, they exhibited
remarkable migration and invasion capabilities into the surrounding
ECM, ultimately forming a fibrous connective tissue-like structure.
Similarly, bioprinted HUVECs self-organized into branched vascular
tubes that possessed a perfusable lumen. Furthermore, when these
HUVECs were bioprinted in collagen I and stimulated with a high con-
centration of vascular endothelial growth factor (VEGF), they displayed
the ability to form de novo capillaries (Figure 12A). Next, mouse intes-
tinal stem cells (mISCs) were bioprinted in Matrigel and supplemented
with a defined cocktail of growth factors (epidermal growth factor,
Noggin, and R-spondin (ENR)), forming organoids that possess crypts
and villus-like compartments resembling the epithelium of the small
intestine in vivo. Guided by the imposed cylindrical geometry, the bio-
printed mISCs initially condensed into a thick tubular structure without
a lumen. However, they expanded as colonies and fused together after
some time, resulting in the formation of a polarized and lumenized
epithelial tissue (Figure 12B). The cellular composition of the bioprinted
intestinal tissues were analyzed by immunostaining of 8-day-old tubes
and revealed the presence of putative crypts (marked by SRY-related
HMG box (SOX) family of transcription factor 9, Sox9) containing
Paneth cells (lysozyme, Lyz), as well as a villus-like domain that
expressed the enterocyte marker (liver-fatty acid binding protein, L-
FABP)). Proliferative cells, identified by their labeling with the thymi-
dine analogue 5-ethynyl-2’-deoxyuridine (EdU), were exclusively
localized in the crypts. Furthermore, TEM provided evidence of the
presence of mature differentiated cell types within the tubes, including
enterocytes with a distinct apical brush border, mucus-producing goblet
cells, and enteroendocrine cells. Thus, these findings highlight the po-
tential of BATE to precisely guide the organization and development of
various cell types for creating complex and functional tissue structures
that closely resemble native physiological conditions.

In a recent study, volumetric bioprinting has been used to bio-
fabricate liver tissue constructs using human liver epithelial organoids
obtained from adult stem cells found in intrahepatic bile ducts [335].
These hepatic organoids were epithelial in nature, forming a cyst-like
structure with an inner hollow lumen surrounded by a thin cell layer.
Hepatic organoids were embedded in GelMA consisting of LAP and
placed in a cylindrical borosilicate glass vial. The bioprinting process
was induced by a laser beam at 405 nm directed onto a DMD that was
modulated into tomographic projections which were then projected into
the glass vials, facilitating the creation of liver tissue constructs. GelMA
bioink was further supplemented with iodixanol to optically tune the
bioink for enhanced bioprinting resolution in the presence of cellular
structures. The bioprinted hepatic organoids underwent hepatocytic
differentiation and demonstrated essential functions characteristic of
the human liver. Notably, these bioprinted liver tissues exhibited albu-
min synthesis, liver-specific enzyme activity, and remarkably acquired a
native-like polarization. The expression of organoid polarization
markers, including hepatocyte nuclear factor 4a (HNF4q), multidrug
resistance protein 1 (MDR-1), albumin, and cytochrome P450 3A4 ac-
tivity, was observed in the bioprinted liver tissue using LSCM. Moreover,
the bioprinted liver tissue released comparable levels of various liver
transaminases, such as aspartate transaminase (ASAT) involved in
amino acid metabolism, gamma-glutamyl transferase (GGT) involved in
drug and xenobiotic detoxification, and glutamate dehydrogenase
(GLDH) involved in the urea cycle. These findings indicated that the
volumetrically bioprinted liver tissue exhibited functional characteris-
tics similar to those of native liver tissue, showcasing its potential as a
valuable tool in drug metabolism studies and liver disease modeling.
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Kenzan bioprinting was utilized to fuse numerous liver bud (LB)-like
spheroids, resulting in the rapid creation of scaffold-free and scalable
liver-like tissue [351]. LB-like spheroids were generated using early
lineage hepatocytes, HUVECs, and MSCs. These LB-like spheroids were
subsequently skewed in a needle-array system to secure the LB-like
spheroids in a 3D arrangement, allowing for the biofabrication of
liver-like tissue with intricate geometries. This approach facilitated
immediate culture circulation after bioprinting, preventing the devel-
opment of an ischemic environment in vitro. Fluorescence microscopy
showed that the resulting liver-like tissue demonstrated self-
organization in vitro, and when transplanted onto a rat liver, it suc-
cessfully survived within a 100-um range.

A recent study has introduced an orthogonally induced differentia-
tion (OID) approach that allowed rapid programming and patterning of
hiPSCs, leading to the generation of genetically programmed human
stem cells, organoids, and 3D-bioprinted organ-specific tissues with
precise composition and organization within a short timeframe [356]. In
the OID approach, doxycycline-induced overexpression of transcription
factors was shown to operate autonomously in pre-programmed hiPSCs
to generate specific cell types, independent of differentiation induced by
culture media. Inducible endothelial cells (iEndos) were generated by
the overexpression of the ETS Variant Transcription Factor 2 (ETV2),
known for driving rapid and efficient directed differentiation of hiPSCs
into vascular endothelial cells. Inducible neurons (iNeurons) were
generated by upregulating Neurogenin 1 or co-expression of neuro-
genins, facilitating the rapid generation of neurons from hiPSCs. The
OID approach was applied to randomly pooled or multicore-shell
embryoid bodies, resulting in the construction of multicellular and
spatially patterned vascularized and multicore-shell cortical organoids
within days. Vascularized cortical organoids were cleared and immu-
nolabelled using an immunolabelling-enabled DISCO method, and
imaged using a confocal microscope. Moreover, the OID approach was
coupled with multimaterial 3D bioprinting using matrix-free, dense cell-
only bioinks, wild type (WT) hiPSCs, inducible-TF hiPSCs-, iEndos, and
iNeurons. Bioprinted WT hiPSC filaments formed a neuroectoderm
filament when differentiated in neural induction medium containing
doxycycline. Bioprinted iEndo filaments exhibited vasculogenesis,
forming a microvascular network over time, while bioprinted iNeuron
filaments differentiated into densely packed neuronal nuclear protein
(NeuN)" neurons, creating a network of protruding neuron-specific class
III beta-tubulin (Tuj1)™ neurites. Thus, the study showcased the poten-
tial of OID to generate vascularized cortical organoids in pooled and
multicore-shell configurations, as well as the creation of 3D cortical
tissues composed of multiple cell types patterned in spatially distinct
regions.

Thus, 3D imaging of bioprinted organoids is crucial because it allows
for comprehensive visualization and analyses of their complex spatial
structures and internal dynamics. By capturing the 3D geometries,
cellular organizations, and tissue morphologies, the imaging techniques
provide essential details about the development, maturation, and func-
tionality of bioprinted organoids. These also allow the assessment of
cell-cell interactions and tissue architecture within the bioprinted con-
structs, facilitating a better understanding of their biological charac-
teristics and potential applications in regenerative medicine, drug
discovery, and disease modeling.

5. 3D imaging in advancing organoid bioprinting

3D imaging plays a crucial role in advancing bioprinting technology
and ensuring the successful bioprinting of tissue scaffolds with high fi-
delity and accuracy. The success of bioprinting depends on the precision
and reliability of the process, and 3D imaging aids in evaluating the fi-
delity and accuracy of the bioprinting process and ensures the quality
and reproducibility of bioprinted tissue scaffolds. 3D imaging technol-
ogies, such as OCT, have been integrated with 3D bioprinting platforms
to enable the visualization of the bioprinting process in real-time. This,
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in fact, allows the continuous monitoring of the precise deposition of
bioink, ensuring that the bioprinted layers align correctly and that there
are no defects or misalignments. Adjustments to bioprinting parameters
can be made promptly if any irregularities are observed during the im-
aging process. For example, in a recent study, pneumatic-based extru-
sion bioprinter equipped with a swept-source OCT (P-OCT) was
developed for real-time processing monitoring and quality evaluation
during the bioprinting of the scaffolds using polycaprolactone and
hydrogel composed of gelatin and alginate [357]. In the P-OCT system,
an OCT probe, consisted of a wavelength swept laser source with
a central wavelength of 1310 nm, a bandwidth of 105 nm, and a 50-kHz
A-scan rate, was positioned alongside the printing nozzle (500-um inner
diameter), enabling OCT imaging to be carried out in an alternating
fashion with the layer-by-layer bioprinting process. This system was
specially designed for imaging large-volume constructs of 20 mm (x) x
20 mm (y) x 9.3 mm (z) using a wide-field and full-depth imaging
strategies, yielding a measured axial resolution of 7.2 ym and a lateral
resolution of 15.0 um. For wide-field imaging, the checkerboard scan-
ning protocol was employed to achieve lateral image mosaic from which
overlapping areas were extracted, facilitating precise lateral registration
using point cloud alignment. On the other hand, full-depth imaging was
achieved by applying the stacking scanning protocol along with the gray
value maximum method for longitudinal image mosaic. Moreover, an
image-processing script was created using wide-field and full-depth OCT
data that allowed in situ assessment of filament size, layer thickness, and
pore size. The 3D wide-field and full-depth imaging of the scaffold was
achieved, composed of 270 sub-datasets and calculated size of 20.500
mm (x) x 20.380 mm (y) x 9.351 mm (z) which was close to the di-
mensions depicted by micro-computed tomography (20.536 mm (x) x
20.400 mm (y) x 9.385 mm (z)). Thus, P-OCT facilitated real-time
process monitoring and comprehensive quantitative and qualitative
evaluations by offering various volumetric parameters, including ma-
terial volume, volume porosity, and pore connectivity throughout the
3D bioprinting process, ensuring high structural fidelity.

In an another study, a multi-material bioprinting platform with in-
tegrated OCT was developed for real-time volumetric imaging, error-
identification, and 3D reconstruction [358].

It consisted of dual-extruder 3D bioprinter equipped with an inte-
grated OCT system, enabling real-time imaging during Freeform
Reversible Embedding of Suspended Hydrogels (FRESH) bioprinting (a
type of embedded bioprinting) using collagen I bioink and clear gelatin
microparticle support bath. The 3D bioprinter employed precision
translation stages to facilitate the convenient mounting of the OCT scan
head while ensuring repeatable positioning with an accuracy of ~8 um
for sequential imaging and also achieving high bioprinting speeds of up
to 40 mm s, A clear gelatin microparticle support bath was prepared
using iodixanol, and titanium dioxide was incorporated into the collagen
bioink as a contrast agent that significantly enhanced the signal-to-noise
ratio of the bioink. A benchmark model, featuring internal channels of
different widths ranging from 150—500 um, individual filaments of ~ 87
um in diameter and an overall construct size of up to 10 mm, was created
to evaluate bioprinter performance, resolution capabilities, and OCT
imaging quality. Furthermore, a custom MATLAB code was created that
interleaves the G-code for the gelatin microparticle support bath with
the G-code for the structure to be bioprinted, enabling the bioprinting of
the structure within the gelatin microparticle support bath. The process
was initiated with the deposition of the gelatin microparticle support
bath, followed by the bioprinting of a section of the structure using high-
contrast collagen. The OCT scan head was then positioned over the
bioprinted structure to capture an image. OCT image stacks of the bio-
printed structure were acquired at regular z-height intervals throughout
the entire bioprinting process. Subsequently, all the acquired OCT stacks
were then registered in 3D and merged to generate a comprehensive
composite OCT image stack. When the OCT image captured at the end of
the bioprinting process was compared with the composite OCT image
acquired through in-process OCT imaging, a significant improvement

20

Advanced Drug Delivery Reviews 208 (2024) 115237

was observed in image signal quality, especially as the thickness in-
creases (Figure 13). Enhanced OCT imaging quality throughout the
bioprinting process and the increased signal-to-noise ratio achieved
through the use of high-contrast collagen bioink allowed for a quanti-
tative evaluation of both the external and internal characteristics of the
bioprinted structures such as the width of the inner and outer walls and
the spacing between filaments. The OCT images obtained after release
showed that the bioprinting of the gelatin microparticle support bath did
not alter the dimensions of the final bioprinted structures, thus illus-
trating the remarkable geometric precision and accuracy of the bio-
printing process while highlighting the capability the FRESH bioprinting
and sequential OCT imaging for real-time 3D imaging and dimensional
analysis. Moreover, the use of a high-contrast collagen bioink along with
a clear gelatin microparticle support bath allowed for the identification
assessment of print defects and internal errors.

Likewise, a recent study has demonstrated the utilization of photo-
acoustic microscopy (PAM, a high-resolution implementation of PAT)
for label-free visualization of 3D-bioprinted vascular channels created
via DLP-based bioprinting by us [219]. The custom-built DLP-based 3D
printer, equipped with DMD chip (resolution: 1280 x 800 pixels) and a
projector projecting patterns with visible light of 25 mW cm?, was
employed to fabricate vascular channels. Various vascular channel de-
signs, including Y-shaped channels, single-loop channels, and complex
dodecahedron-patterned microchannels were fabricated at a speed of 10
to 70 pm s and with a layer height of 350 pm using PEGDA, GelMA, or a
bioink consisting of GelMA and HAMA along with Ru/SPS as the pho-
toinitiator. The study subsequently examined the imaging capabilities of
optical resolution-PAM (OR-PAM) and acoustic resolution-PAM (AR-
PAM) in visualizing 3D-bioprinted vascular channels and shown that
AR-PAM achieved greater penetration depth and enabled superior
visualization of vascular channels within volumetric structures
compared to OR-PAM. Indeed, OR-PAM offered a penetration depth of
~1 mm and a lateral resolution of ~3.7 pm, whereas AR-PAM could
achieve a penetration depth beyond the ballistic regime and a lateral
resolution of ~50 pm. Furthermore, PAM was employed to quantita-
tively assess the blood oxygenation within the 3D-bioprinted vascular
channels. The results revealed that thrombi exhibited lower oxygenation
levels compared to normal blood, highlighting the capability of AR-PAM
to detect changes in oxygen saturation of hemoglobin within bioprinted
vascular channels perfused with blood with different oxygenation levels
(0.93-0.55). The results revealed that thrombi exhibited lower
oxygenation levels compared to normal blood, indicating the capability
of PAM to quantify the blood oxygenation of thrombotic regions. In fact,
PAM holds a great potential for their applications in 3D bioprinting and
functionality measurements, particularly in vitro studies on a wide range
of vascular diseases.

6. Conclusions and future perspectives

Imaging techniques hold significant promise in the characterizations
and studies of organoid biology, both conventionally generated orga-
noids and 3D-bioprinted organoids. These techniques enable the visu-
alization of organoid structures, cellular dynamics, molecular
interactions, and functional properties. By providing detailed insights
into the spatial organization and behavior of organoids, imaging facili-
tates a deeper understanding of their biology and potential applications.

Currently, a range of imaging modalities is employed for imaging
organoids, including primarily TEM, SEM, BFM, fluorescence micro-
scopy, LSCM, MPM, FLIM, LSM, SRFM, OCT, and PAT. Each technique
offers unique capabilities and advantages, allowing researchers to
examine different aspects of organoid structures and functions. While
current imaging techniques play an important role in facilitating our
comprehension of organoid structures, there is a need for further
improvement in spatial resolution for 3D-bioprinted organoids. Higher-
resolution imaging would allow for the visualization of finer cellular
details and subcellular structures within the organoids. Furthermore,
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Fig. 13. Integration of OCT into the FRESH bioprinting platform. (A) 3D bioprinter with dual extruders and an OCT scan head, a benchmark model with internal
channels of varying widths and schematics showing the OCT imaging of a FRESH-bioprinted structure within the gelatin microparticle support bath. (B) Time-lapse
images of bioprinting of gelatin microparticle support bath followed by sequential process of bioprinting of the support bath, a collagen structure within the support
bath, and OCT imaging. (C) OCT imaging of bioprinted structure within clear gelatin microparticle support bath after completion of bioprinting process and in-
process OCT imaging and the composite OCT image obtained through in-process OCT imaging, followed by bioprinting errors such as air bubble and channel oc-
clusion detected by in-process OCT imaging and 3D reconstruction of composite OCT images of a benchmark model. Scale bars, 2 mm. Reproduced with permission

from IOP Publishing [358].

integrating multiple imaging modalities can provide a more compre-
hensive understanding of bioprinting process and organoid biology. For
example, a 3D bioprinting platform with the integrated 3D imaging
capacity serves as an essential tool in bioprinting process, playing a vital
role in assessing, ensuring quality control, and optimizing the bio-
printing process through real-time visualization, cell distribution and
viability assessment and tissue morphology characterization while as-
suring the reproducibility. Additionally, it facilitates the evaluations of
the functionalities of the bioprinted tissue structures. Combining imag-
ing techniques such as fluorescence imaging, LSCM/MPM, FLIM, and
functional photoacoustic imaging with bioprinters could offer comple-
mentary information relating to organoid structure, molecular compo-
sition, and cellular dynamics. Monitoring organoid development and
behavior over time is essential for studying their dynamic nature.

As 3D-bioprinted organoids hold the potential to create tissue models
that closely emulate organs in terms of scale and functionality, and thus
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are intended for further subsequent experimentation or transplantation.
Therefore, developing imaging techniques that enable long-term and
non-invasive imaging along with live imaging capabilities, would
greatly enhance the understanding of their growth, differentiation, and
response to stimuli. Furthermore, integration of imaging with functional
assays, such as gene expression assessments, cellular activity measure-
ments, or drug response studies, would enable more comprehensive
characterizations of 3D-bioprinted organoids and providing insights into
the functional properties and physiological relevance of the organoids.

In summary, imaging techniques are essential tools for the charac-
terization of 3D-bioprinted organoids. Advancements in imaging reso-
lution, multi-modal imaging approaches, long-term, and non-
destructive imaging, as well as integration with functional assays will
further improve the understanding of organoid biology and accelerate
their applications in regenerative medicine, disease modeling, and drug
discovery. Continued research and development in imaging
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technologies will undoubtedly contribute to the progress of 3D-bio-
printed organoids in the future.
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