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1. Introduction

Laboratory-made 3D living constructs that 
fully retain the function of human tis-
sues and organs remain a major hope for 
regenerative medicine and for the develop-
ment of advanced in vitro models for drug 
discovery, toxicology testing, and precision 
medicine.[1,2] Biofabrication approaches, 
thanks to their ability to precisely orches-
trate the 3D patterning of multiple types 
of cells and biomaterials, have great poten-
tial to generate key architectural elements 
that can instruct the emergence of native 
functionalities in engineered tissues.[2] 
To date, various bioprinting techniques, 
a subset of biofabrication approaches 
in which one or several cellular com-
ponents are directly incorporated in an 
additive manufacturing process,[3] have 
played a primary role in several proof-
of-concept applications that showed the 
mimicry of salient organ functions in 
vivo, including in engineered ovaries,[4] 
thyroid glands,[5] and innervated skeletal 
muscle-like constructs.[6] The versatility 
and the freedom of design guaranteed 

Organ- and tissue-level biological functions are intimately linked to micro-
scale cell–cell interactions and to the overarching tissue architecture. 
Together, biofabrication and organoid technologies offer the unique potential 
to engineer multi-scale living constructs, with cellular microenvironments 
formed by stem cell self-assembled structures embedded in customizable 
bioprinted geometries. This study introduces the volumetric bioprinting 
of complex organoid-laden constructs, which capture key functions of the 
human liver. Volumetric bioprinting via optical tomography shapes organoid-
laden gelatin hydrogels into complex centimeter-scale 3D structures in under 
20 s. Optically tuned bioresins enable refractive index matching of specific 
intracellular structures, countering the disruptive impact of cell-mediated 
light scattering on printing resolution. This layerless, nozzle-free technique 
poses no harmful mechanical stresses on organoids, resulting in superior 
viability and morphology preservation post-printing. Bioprinted organoids 
undergo hepatocytic differentiation showing albumin synthesis, liver-specific 
enzyme activity, and remarkably acquired native-like polarization. Organoids 
embedded within low stiffness gelatins (<2 kPa) are bioprinted into mathe-
matically defined lattices with varying degrees of pore network tortuosity, and 
cultured under perfusion. These structures act as metabolic biofactories in 
which liver-specific ammonia detoxification can be enhanced by the architec-
tural profile of the constructs. This technology opens up new possibilities for 
regenerative medicine and personalized drug testing.
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by bioprinting technologies can be exploited both to gen-
erate anatomical-like as well as engineering-inspired  
architectures. While the exact degree of biomimicry that an 
engineered tissue should have right after the fabrication step is 
still a matter of debate, it is generally agreed that recapitulating 
every detail of physiological structures may not be needed, 
while providing cells with an environment to initiate and boost 
their own biological functionality is more important.[4,5,7,8] How-
ever, developing complex living structures of physiologically 
relevant size (i.e., dimension above the centimeter-scale) that 
can favorably guide cell behavior remains a major challenge. 
In addition, while bioprinting excels at modulating the envi-
ronment surrounding the printed cells, tissue morphogenesis 
events in vivo are primarily driven by cell–cell interactions and 
self-assembly at the microscale, and thus cannot be directly 
controlled in a bioprinting strategy. Thanks to the development 
of organoids, which are miniaturized 3D structures that express 
key organ-like behavior, harnessing such cell-driven organi-
zation in vitro has led to a major breakthrough in biomedical 
research.[9] Even though organoids can also be generated from 
differentiated primary cells, most of the systems developed up 
to now arise from stem cells (harvested from adult tissue, or 
induced pluripotent cells).[10] Stem-cell derived systems are par-
ticularly promising due to their self-renewal capacity, helping 
to obtain sufficient organoid numbers for downstream applica-
tions, and due to the potential of the cells to differentiate into 
the multiple lineages that compose the tissue of reference.[10] 
However, organoid development in conventional tissue culture 
on Matrigel-like substrates is highly aleatory, offering no con-
trol over individual architecture, and resulting in sizes limited 
to the millimeter range.

In this work, we introduce a new, generalizable strategy for 
the light-driven volumetric bioprinting (VBP) of complex, func-
tional organoid-laden constructs (Figure 1A). VBP is a layer-
less printing approach capable of printing positive and nega-
tive features (channels) at high resolutions (41.5 ± 2.9 µm and  
104.0 ± 5.5 µm, respectively) (Figure 1B,C) and large-scale con-
structs previously achieving volumes of up to 4.14 cm3 in less than 
30 s.[11] Given the novelty of the technology and of its working 
principle, which relies on the precise delivery of multiple tomo-
graphic light projections onto a cell-laden photopolymer, little is  
still known on the interplay between the cells and the precisely 
patterned projected light as well as on the printability require-
ments that a biomaterial needs to fulfill. Thus, first we investi-
gated a new technique to engineer the optical properties of cell-
laden hydrogels for VBP and unraveled its impact on printing 
shape fidelity. Leveraging this knowledge, in the present study 
VBP is combined for the first time with organoids that exhibit 
a microscale multicellular structure. These are herein bio-
printed into centimeter-scale structures with designed architec-
tures that facilitate access to metabolites. To meet the large cell 
numbers required for the volumetric bioprinting process (in 
the range of tens of millions of cells, at the densities shown 
throughout this study), a dynamic spinner flask culture system 
is used to establish organoid structures from human tissue 
samples (Figure 1D). As a proof-of-concept, we demonstrate the 
fabrication of centimeter-scale hydrogel-based objects embed-
ding human liver epithelial organoids, obtained from primary 
(stem) cells found in intrahepatic bile ducts.[8] Differently from 

dense aggregates obtained from differentiated hepatic cells, 
that do not usually acquire native microarchitectural features of 
the liver,[14] these organoids are epithelial in nature, and form 
a cyst-like structure with an inner hollow lumen surrounded 
by a thin cell (mono)layer (Figure  1D).[13] This specific organi-
zation is especially interesting since many liver functions are 
dependent on hepatocyte polarization, that is, the directional 
transfer and secretion of compounds from and toward the 
apical or basolateral side of the cell. Importantly, since the spe-
cialized microarchitecture of the organoids can be easily com-
promised by mechanical stresses, a particular attention was 
placed on the ability of the printing process to preserve the self-
organization of these biological building units. Thus, in this 
work, epithelial liver organoids were selected to study how they 
can act as metabolically active biofactories, in which a promi-
nent detoxification function of the liver can be modulated by 
the overall architecture of the construct, as defined via the volu-
metric printing process (Figure 1E).

2. Results and Discussion

Volumetric bioprinting is an emerging light-based technology 
capable of sculpting cell-laden photoresponsive hydrogels—also 
termed bioresins—into 3D constructs of various sizes, ranging 
up to several cubic centimeters, and complex geometries in a 
layerless fashion.[11] Leveraging the principles of tomographic 
additive manufacturing,[15,16] in VBP, a vat containing the 
bioresin is illuminated with visible light from multiple angles 
using a sequence of filtered back projections of the object to 
be printed. While the light patterns address the whole build 
volume, the cumulative energy dose provided by the projec-
tions exceeds the bioresin’s photocrosslinking threshold only 
in the geometry corresponding to the programmed object, 
thus building the whole construct at once. In this way, VBP 
yields centimeter-scale structures embedding microscale fea-
tures in tens of seconds.[17] The rapid fabrication time and cell-
friendly light doses are beneficial for preserving cell viability 
and functionality post-printing, whereas extensive printing 
times required to fabricate large parts can be of concern for 
conventional layer-by-layer manufacturing (i.e., extrusion- and 
lithographic-based methods).[18] Moreover, via VBP, elements 
like overhangs, moving parts, and convoluted porous networks 
typical of native tissues, can be easily recapitulated without the 
need for sacrificial or support materials, as previously reported 
reproducing the trabecular meshwork of cancellous bone.[17]

As the first step toward the fabrication of organoid-laden 
structures, we investigated the impact of the optical properties 
of the bioresin on printing resolution, in particular the ability 
of the cell-laden material to homogenously transmit light. As 
opposed to extrusion-based bioprinting (EBB), in which printa-
bility is predominantly governed by the rheological properties of 
a bioink,[19–22] in VBP and other light-based approaches, such as 
stereolithography and digital light processing, the printing reso-
lution is defined primarily by the photopolymerization kinetics 
of the material, and by the ability to precisely control the spa-
tial distribution of the light dose within the bioresin volume. 
While EBB of photocrosslinkable materials requires rapid 
polymerization kinetics as well to ensure construct stability,  

Adv. Mater. 2022, 34, 2110054

 15214095, 2022, 15, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202110054 by E
pfl L

ibrary B
ibliothèque, W

iley O
nline L

ibrary on [13/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advmat.dewww.advancedsciencenews.com

2110054  (3 of 16) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

in VBP the latter is key in achieving highly accurate prints. 
This factor is largely dependent on the resolution of the 
light projection, the spatial coherence of the light source,  
the algorithm for generating the set of patterns (for a digital 
micromirror device (DMD), the optical resolution is given by 
the effective pixel size projected in the print volume), and the 

presence or absence of scattering elements. The latter is of par-
ticular relevance for bioprinting applications, since cells and 
many subcellular structures are capable of altering the path of 
incident light, either causing attenuation of ballistic photons  
or scattering, therefore affecting printing resolution. In par-
ticular, scattered light will blur the projected tomographic 

Adv. Mater. 2022, 34, 2110054

Figure 1.  Overview of the high-resolution volumetric printing process and study design. A) Schematic representation of the volumetric printing pro-
cess. B,C) Highest-resolution prints of positive (B) and fully perfusable negative (B) features achieved with the 5% gelMA + 0.1% LAP bioresin used in 
this study (scale bars = 1 mm). Samples are imaged when being immersed in PBS directly after printing. D) Diagram of the hepatic organoid culture 
system, starting with human liver biopsies and isolation into single cells, which are then dynamically cultured in a spinner flask system to establish high 
yields of hollow epithelial organoid structures (microscopy image scale bar = 250 µm). E) Illustration of a complex, organoid-laden printed biofactory 
cultured under dynamic perfusion to enhance hepatic function, showing a representation of the breakdown of perfused compounds (purple circles) 
into metabolites (black squares).
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images, causing an increase of the light dose in regions of 
the volume adjacent, but external to the part to be printed. 
Depending on the length of the scattering mean free path at a 
given wavelength (which is a measurement of the average dis-
tance between two consecutive scattering events, thus inversely 
proportional to the cell density[23]), this can result in off-target 
polymerization and loss of resolution. In addition, the ballistic 
light attenuation caused by scattering decreases the addressable 
size of the construct in the vial.

To investigate this effect, we printed a 5% w/v gelatin meth-
acryloyl (gelMA)-based bioresin (Figure S1, Supporting Infor-
mation) supplemented with 0.1% w/v lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) as photoinitiator carrying 
either a single cell suspension of a well-known hepatic cell 
line (HepG2) (Figure 2A) or epithelial organoids derived from 
human liver (Figure 2B) in the form of a hollow disc with an 
S-shape filament (thickness = 500  µm) placed at its center 
(Figure S2, Supporting Information). This specific size was 
selected to generate filaments that could completely embed 
the produced organoids, even though finer printing resolution 
are possible as shown before in Figure  1B,C, in which resolu-
tion superior to what is shown with volumetric printing up to 
date has been demonstrated.[15,16,24,25] In an ideal print, both the 
thick border of the disc and the thinner filament, herein used 
as a benchmark to quantify the printing resolution, should 
solidify at the same time after receiving the same, optimal light 
dose. Exceeding this optimal dose will cause overcuring of the 
fine feature, thickening of the filament wall, and eventually 
clogging of the disc. At a low cell density (1 × 106 individual 
cells mL−1) the bioresin is photocrosslinked at an exposure dose 
of 250 mJ cm−2, and the fine features can be correctly resolved 
(at 312 mJ cm−2) with both single HepG2 cells and organoids. 
At higher cell concentrations, the minimal light dose required 
for crosslinking single cell suspensions rises, and the slope 

of the dose–thickness curve rapidly increases, narrowing the 
ideal printing window. Consequently, with the currently avail-
able hardware and software, printing at high cell densities is 
possible (as previously shown with up to 107 articular cartilage 
progenitor cells mL−1).[17] However, this requires a fine empir-
ical adjustment of the delivered dose, which is often imprac-
tical when cells are available in limited amounts. A similar 
trend was observed for organoid-laden bioresins, although 
the printing process yielded a larger printability window com-
pared to what was observed with single cells, as loss of shape 
fidelity in reproducing the fine feature was observed only at 
5 × 106  cells mL−1 (Figure S3, Supporting Information), a cell 
density selected for this investigation due to its already proven 
suitability for functional liver tissue engineering studies.[26–35] 
This result can be explained by the fact that liver organoids 
form cyst-like, hollow structures delimited by an epithelial cell 
monolayer.[13] Due to their relatively large size (≈300 µm), orga-
noids have a longer scattering mean free path, compared to 
single cell suspensions at any given equivalent cell concentra-
tion. Recent research efforts are introducing novel algorithms 
for tomographic printing that can correct for scattering events 
at the filtered projection-level, and thus ensure high resolu-
tion printing even in opaque media.[36] Although this has been 
only shown with resins carrying homogenously sized particles 
so far,[36] future translation to materials laden with cells, which 
have more complex light-scattering profiles, will help expand 
the range of applications of VBP.

Cell-mediated scattering can also be addressed from the bio-
material-design perspective, by tuning the optical properties of 
the bioresin. In this study, we introduced a biocompatible and 
water-miscible refractive index matching compound, iodixanol, 
in order to modulate the optical performance of the gelMA-
based bioresins (Figure 3A). Iodixanol was selected as it was 
proven not to harm cellular structures and tissue components,  

Adv. Mater. 2022, 34, 2110054

Figure 2.  Effect of single-cell and organoid density on volumetric bioprinting accuracy in the absence of optical corrections. A,B) Fine feature thick-
ness in constructs printed at increasing light doses (250–625 mJ cm−2) with bioresins containing different densities of single cell (A) and organoid (B) 
(1–5 × 106 cells mL−1). The dashed line represents the programmed feature dimension of the printed model (selected to be 500 µm to accommodate 
for the size of the printed organoids) (n = 3).
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Figure 3.  Enhancing volumetric bioprinting of single cells and hepatic organoids through bioresin optical tuning with iodixanol. A) Schematic of the 
bioresins used for volumetric bioprinting consisting of gelMA and LAP, supplemented with iodixanol to optically tune the bioresin for enhanced printing 
accuracy in the presence of cellular structures. B) Stereomicroscopy images of non-optically tuned bioresin (i,ii) and iodixanol-containing bioresins 
(iii,iv) for printing single cells and organoids (scale bars = 1 mm). C) Refractive index of the pristine and optically tuned bioresins (n = 3). D) Schematic 
of the light scattering measuring setup, and E) resulting anisotropy coefficient of different bioresin samples containing 5 × 106 mL−1 single cells and 
organoids and increasing iodixanol content (n = 3). F) Printability window of 5 × 106 mL−1 single cells and organoids represented by the ratio of the 
printed fine feature thickness to the programmed thickness (n = 3). G) Soluble fraction of gelMA samples containing increasing iodixanol concentra-
tions (n = 3). H) Side and top view of cross-sections from the 3D reconstruction of a complex bioprinted gyroidal structure with the optimized bioresin 
formulation carrying 10% w/v iodixanol (scale bars = 2 mm). * = significant difference (p < 0.05).

 15214095, 2022, 15, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202110054 by E
pfl L

ibrary B
ibliothèque, W

iley O
nline L

ibrary on [13/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advmat.dewww.advancedsciencenews.com

2110054  (6 of 16) © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

since this iodine, non-ionic compound has been applied for 
in vivo imaging,[37] as contrast agent for X-ray imaging,[38] and 
as an agent for the isolation of extracellular vesicles when 
preserving the integrity of membrane proteins is needed.[39] 
In principle, scattering-driven artefacts could be completely 
obviated, if the refractive index of the hydrogels matches that 
of the scattering element (i.e., the cells). However, cells are 
highly heterogeneous, composed of several subcellular struc-
tures each characterized by its own average refractive index  
(Table S1).[40] Furthermore, different cell types and even indi-
vidual cells within the same population have a unique light 
scattering fingerprint. Selected concentrations of iodixanol 
could thus be tested to approximate the light refracting profile 
of key subcellular components that play a major role in light 
scattering at 405  nm (the wavelength used in the printer), 
which primarily includes the nucleus, contributing to increased 
ballistic light.[40]

Supplementation with iodixanol successfully improved 
printing resolution both when using bioresins embedding 
single cells or liver organoids at 5 × 106 cells mL−1 (Figure 3B), 
and it increased the refractive index of the bioresin in a con-
centration-dependent manner, from 1.352 (pristine gelMA) 
up to 1.3783 at a 40% w/v (Figure  3C). The characterization 
of the angular light scattering profile in bioresins laden with 
single cells and organoids, supplemented with increasing 
iodixanol concentrations (Figure  3D,E), confirmed the experi-
mentally found result that more optical power was directed in 
the forward direction. The extracellular refractive index change 
caused by the addition of iodixanol provides a better match 
to the overall refractive index of the organoids and thus light 
is less scattered, which is indicated quantitatively by a meas-
ured anisotropy coefficient closer to 1 (unity indicates no scat-
tering). This effect was observed for both single cells and orga-
noids. In terms of volumetric bioprinting, this made it possible 
to identify a working window for printing hepatocytic cells 
of 30% w/v iodixanol and organoids with as low as 10% w/v 
iodixanol (Figure  3F, Figure S4, Supporting Information, sta-
tistical analyses in Tables S2 and S3, Supporting Information). 
Importantly, the positive effect of the printing optimization via 
hydrogel optical tuning can be readily applied to produce thin 
features also when utilizing higher cell densities (herein tested 
with 1.5 × 107  cells mL−1). This was shown by printing star-
shaped hydrogel structures with the smallest resolved points 
measuring 49.2 ± 8.4 and 50.5 ± 6.0  µm, when using single 
cells and organoids respectively, although the organoids, given 
their large size exceeding the minimum print resolution, may, 
of course, protrude from the gel in the proximity of the finest 
features (Figure S5, Supporting Information). Notably, this 
approach for optical tuning of the biomaterials could potentially 
be combined with upcoming software-end based algorithms to 
further enhance printing resolution.[36]

It should be noted that, while these results apply to the liver 
cells tested in this study, such optimization of the refractive 
index of the bioresin is likely to result in a different optimal 
printing window when utilizing another cell population. From 
the chemico-physical point of view, iodixanol is intended as a 
fugitive additive, and it passively diffuses out of the hydrogel 
after crosslinking. Sol-fraction analysis revealed that in pres-
ence of iodixanol concentrations from 10 to 40% w/v, the sol 

fraction of the bioresins increased from 44.0 ± 4.7% to 75.3 ± 
3.9%, whereas pristine gelMA showed lower values (4.2 ± 2.1%) 
(Figure 3G). Such high values for the mass loss after 24 h can 
be explained by the partial diffusion of the refractive index 
matching compound out of the gels, but also indicate that part 
of the additive, which forms a viscous solution at room tem-
perature, is likely still trapped in the gel and may be released 
over a longer time frame. Thus, to minimize the presence of 
this extra component in the culture environment and ensure 
hydrogel stability for the subsequent prints embedding liver 
organoids, the bioresin formulation containing the lowest 
amount of iodixanol (10% w/v) was selected. This optimized, 
optically tuned bioresin composition made it possible to resolve 
complex 3D structures, such as gyroidal constructs (Figure 3H) 
printed in under 20 s (195 mJ cm−2, 19.5 s printing time), which 
are otherwise not possible to bioprint with conventional extru-
sion methods, especially with soft materials needed for tissue 
culture.

Having identified a bioresin formulation for printing with 
high shape fidelity in presence of increasing cell concentrations, 
we further explored the advantages of combining VBP and 
organoid technology to create a bioengineered construct able to 
perform native-like liver function, given the critical role of the 
liver in maintaining systemic homeostasis. Notably, the distin-
guishing ability of liver epithelial organoids to capture micro-
scale level architectures present in the liver, together with the 
fact that they can be readily obtained from individual patients 
and healthy donors via minimally invasive biopsies, holds 
potential for the development of advanced in vitro models for 
drug discovery and toxicology in personalized medicine. Such 
new platforms are especially needed in biomedical research, as 
liver damage is a primary cause for post-marketing withdrawal 
of new drugs,[41] a situation accentuated by the fact that current 
animal and cell culture models are insufficient to fully predict 
human physiology or donor-dependent responses.[42,43] The per-
formance of liver organoids within the selected hydrogel upon 
bioprinting via VBP was investigated. Given the inherent chal-
lenge in replicating the multifaceted biosynthetic functions of 
native hepatocytes in vitro, we specifically analyzed i) the via-
bility of the printed structures, and ii) the influence of the VBP 
on organoid microstructure and morphology, as a preliminary 
step to promote the differentiation and maturation capacity of 
the printed construct into hepatic-like structures.

The liver organoids used in this study were originally derived 
from adult stem cells positive for EpCAM and for leucine-rich 
repeat-containing G-protein coupled receptor 5 (LGR5),[13] 
obtained through expansion in a dynamic stirred bioreactor.[44] 
Recent works further probing the in vivo origin of these cells 
suggest that these cells may be intrahepatic cholangiocytes, 
which display bi-potent differentiation capacity.[12] These adult 
cells have already been demonstrated to maintain genomic sta-
bility over multiple passages,[13] suggesting they can be an ideal 
source when high cell numbers are required for liver tissue 
engineering applications. As these hepatic organoids are avail-
able from donor tissues, they also have the potential for simu-
lating a patient-specific response to drugs, as well as the pro-
duction of catabolites or toxic compounds natively metabolized 
in the liver for drug discovery and toxicology studies, or serve 
as promising building blocks for whole organ engineering.[45] 
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However, when freshly isolated and expanded, these cells do 
not normally display specific hepatocytic phenotype commit-
ment.[12] The liver organoids obtained from these cells are typi-
cally expanded in presence of laminin-rich basal membrane 
extracts (i.e., Matrigel), in culture media cocktails that maintain 
them in a proliferative state. Their differentiation into hepato-
cytic structures is accompanied by an inhibition of proliferation 
and can be triggered by switching the media composition (key 
components being bone morphogenetic protein-7 and fibro-
blast growth factor-19).[44] This process has also been shown to 
be greatly influenced by mechano-chemical stimuli provided by 
different biomaterials and culture conditions.[46] As a first step, 
it was paramount to assess how organoids in differentiation 
media respond to the milieu defined by the VBP process.

Thus, upon printing, liver organoid-laden hydrogels were 
cultured in differentiation media. First, it was confirmed that 
iodixanol had no detrimental effect on the metabolic activity 
of the organoids, even when used in concentrations up to 40% 
w/v. In particular, all the tomographically bioprinted samples 
performed similarly to cast controls in absence of iodixanol, in 
which a slight decrement of resazurin reduction from day 1 to 
day 10 of culture was observed (Figure 4A). This was in line 
with what was previously observed for liver organoids cultured 
in differentiation conditions using other natural-origin hydro-
gels such as cellulose nanofibril-derived gels.[47]

The evolution of the metabolic activity over 10 days was also 
assessed in further detail with the optimized bioresin supple-
mented with 10% w/v iodixanol. The performance of constructs 
obtained from cells from three adult donors, was evaluated 
comparing samples generated via VBP, EBB, and cast gelMA 
(with and without iodixanol) and Matrigel controls to assess 
the impact of different fabrication approaches and materials 
(Figure  4B, further statistical details in Figure S6, Supporting 
Information). In all gelMA samples, the metabolic activity 
remained constant, whereas, in the Matrigel control, a gradual 
increase was observed over the culture period. In the latter, this 
increment was accompanied by a higher amount of DNA in 
the samples (Table S4, Supporting Information). This result is 
coherent with the notion that Matrigel is a favorable substrate 
for organoid proliferation.[47]

Having demonstrated the cytocompatibility of the bioresin 
and of the printing process, an important objective was to 
evaluate if VBP could be used to preserve organoid structure, 
including the specific cell–cell contacts, tight junctions, and com-
munication channels established during the organoid formation 
phase. During the expansion phase, organoids can reach mil-
limeter-scale sizes, and in general, the growth to larger dimen-
sions is regarded as an indicator of cell health.[44] As a light-based 
biofabrication technology, VBP does not subject cells to poten-
tially harmful shear stresses that can instead be experienced in 
nozzle-based techniques.[48] Moreover, in EBB, nozzles typically 
displaying diameters 2–3 times larger than these organoid struc-
tures are required in order to avoid clogging,[49] thus imposing 
a compromise on printing resolution. Alternatively, organoids 
need to be fragmented via mechanical or enzymatic disruption 
to enable seamless flow of the bioink during printing.

A live/dead fluorescent staining post-printing revealed that 
organoids printed via VBP displayed superior viability (93.3  ± 
1.4%) and undisturbed average size (273.5 ± 49.9 µm) when com-

pared to EBB (73.2 ± 1.2% viability, 100.1 ± 14.2 µm average size) 
one-day post-printing (Figure 4C–E). Such high viability, as dem-
onstrated by the positive staining of Calcein AM into the cells 
lining the hollow organoid structures, was comparable or supe-
rior to cast gelMA and Matrigel controls. Notably, for all sam-
ples, it was found that most of the dead cells were single cells 
shed from the organoids, which appeared in higher numbers 
in the samples containing fragmented cells processed via EBB. 
This significant difference in dead cell numbers between the 
VBP conditions and the other processing methods can likely be 
attributed to the fact that the nozzle-free nature of VBP allows 
for the maintenance of the structural integrity of the organoids 
by minimizing the shear stresses induced on these large struc-
tures through actions such as pipetting or extruding through 
a nozzle. The EBB samples, which show the lowest viability at 
day 1, exhibit high number of dead cells likely due to i) a high 
number of single cells resulting from the mechanical frag-
mentation of the organoids pre-printing that are not capable of 
reassembly when incorporated in the hydrogels, and ii) further 
organoid damage and breakdown into single cells and smaller 
fragments due to the shear stresses experienced during extru-
sion through the nozzle (Figure  4D). This is further supported 
by the significantly smaller organoid sizes observed in EBB sam-
ples during the differentiation period (Figure 4E). Cast organoids 
in gelMA and Matrigel on the other hand, only undergo shear 
stresses as the embedded organoids pass through the narrow 
pipet tip for controlled volume deposition for the casting process, 
instead of the extensive fragmentation of EBB-printed organoids. 
This is likely the reason for the significantly higher viability com-
pared to the EBB condition. Over time, viability values reached 
comparable values (94.1–98.2%) for all experimental groups and 
controls. This was predominantly due to the fact that dead cells 
are removed from the culture environment with each media 
exchange, paired with the preservation of the cell viability already 
discussed for the biomaterials used in this study. To date, orga-
noid shaping via bioprinting has been demonstrated via extru-
sion of a suspension of single stem cells, which are then led to 
re-form into organoids post-printing.[50] Alternatively, biofabrica-
tion of pre-generated organoids has been prevalently performed 
via molding,[51] individual spheroid dispensing,[5] or robotic-
assisted pick-and-place techniques.[52] Although yielding impres-
sive results in terms of generating tissues with high cell content, 
these approaches are limited to relatively simple 3D geometries, 
and rely on the printing of thick filaments/spheroids with a 
400–1000  µm diameter range to achieve simple tubular struc-
tures.[5,50–52] Complementing the possibilities granted by such 
strategies, the ability of VBP to print pristine, undamaged orga-
noids offers an alternative to facilitate the free-form generation of 
intact organoid-laden constructs. Printing morphologically intact 
organoids can be advantageous for applications aiming to pre-
serve the organoid pre-deposited ECM, given the increasing evi-
dence that cells embedded in biomaterials alter their behavior via 
contact with the nascent, self-synthesized ECM.[53] Even though 
in the context of liver tissue engineering, hepatocytes alone have 
limited capacity to secrete extracellular matrix proteins, this could 
be relevant especially when incorporating other liver-specific cell 
types, such as stellate cells.[54]

Next, the expression of key hepatocyte differentiation 
markers was investigated (Figure 5). Organoids from all  
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Figure 4.  Viability of volumetrically bioprinted hepatic organoids. A) Metabolic activity of bioprinted organoids within bioresins with increasing iodix-
anol concentrations (0–40% w/v) over a 10-day differentiation period (n = 5). B) Metabolic activity (n = 5), C) representative live/dead images (scale 
bars = 250 µm), D) live-to-dead ratio area (n = 3) coverage, and E) average organoid sizes (n = 60) of VBP- and EBB-printed organoids with the opti-
cally tuned bioresin (gelMA + 10% w/v iodixanol), cast gelMA samples with (Cast +) and without 10% w/v iodixanol (Cast −) and cast Matrigel (MG) 
samples over a 10-day differentiation period. * = significant difference (p < 0.05).
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Figure 5.  Liver-specific markers in volumetrically bioprinted hepatic organoids. A) CYP3A4 activity and B,C) relative gene expression of CYP3A4 (B) 
and albumin (C) in VBP- and EBB-printed organoids with the optically tuned bioresin, cast gelMA samples with (Cast +) and without 10% w/v iodix-
anol (Cast −) and cast Matrigel (MG) samples after a 10-day differentiation period (n = 3). D−F) Representative fluorescence images of liver-specific 
and organoid polarization markers HNF4α and E-cadherin (D), MDR1 and albumin (E), and CK19 and ZO-1 (F) in the VBP, EBB, Cast +, and MG 
conditions after 10 days of hepatic differentiation. Scale bars = 50 µm. Individual data points shown for 3 different donors (N = 3).* = significant 
difference (p < 0.05).
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experimental groups showed comparable levels of cytochrome 
3A4 activity (which appeared significantly elevated in Matrigel-
based cultures versus EBB samples) normalized over the 
total protein content of the sample (Figure  5A), as well as 
gene expression levels of the same cytochrome and albumin 
(Figure  5B,C). In addition, all samples showed comparable 
normalized levels of various liver transaminases, such as aspar-
tate transaminase (ASAT, involved in amino acid metabolism), 
gamma-glutamyl transferase (GGT, involved in drug and xeno-
biotic detoxification), and glutamate dehydrogenase (GLDH, 
involved in the urea cycle) (Figure S7, Supporting Information). 
The presence of such markers indicates the successful com-
mitment toward a hepatocyte-like phenotype in VBP, EBB, and 
the cast controls, while only in the volumetrically bioprinted 
group this result was also paired with higher cell viability after 
printing. The evident donor-dependent variability observed in 
the expression levels indicates that liver organoids as in vitro 
models are better suited for personalized medicine applica-
tions or to establish bio-banks, for example, to study drug sus-
ceptibility on patient groups with similar genetic make-up, as 
already proposed for other tissue types.[55]

Immunofluorescence analysis of volumetrically bioprinted 
organoids within the optimized gelMA-based bioresin also 
revealed the intracellular presence of the hepatocyte markers 
hepatocyte nuclear factor 4 alpha (HNF4α), E-cadherin, high-
expression of albumin and tight junction protein-1 (ZO-1) 
(Figure  5D–F), as well as the absence of the cholangiocyte 
marker cytokeratin 19 (CK-19),[44] underlining the acquisition 
of a hepatocyte-like phenotype. Organoid morphology and gly-
cogen storage were also visualized in all experimental groups 
through hematoxylin and eosin (H&E) and periodic acid−Schiff 
(PAS) stainings (Figure S8, Supporting Information). Extru-
sion-based printed samples and castd controls also showed 
similar patterns, albeit with some key differences. In particular, 
the VBP samples clearly showed a significantly higher degree 
organoid polarization, with the formation of an apical side in 
the cyst lumen for the highest percentage of organoids (73.9 ± 
1.8%), as evidenced by the localized expression of multidrug 
resistance protein 1 (MDR-1).[56] Organoid polarization is an 
indicator of maturation and an important feature to study the 
directional uptake, transport, and eventual secretion of metabo-
lites present in the native liver, which is not observed in cell 
lines under conventionally established culture conditions (i.e., 
standard 2D culture of single liver cell lines, primary cells or 3D 
spheroid cultures). Moreover, while MDR-1 was also detected in 
EBB and cast gelMA controls (but not in Matrigel), quantita-
tive analysis of the polarized organoids showed significantly 
impaired polarization in these groups (12.1 ± 1.2% for EBB, 
36.9 ± 3.0% and 36.5 ± 3.6% 7 or the cast+ and cast- samples 
respectively) as opposed to VBP-printed organoids (Figure 5E,  
Figures S9 and S10, Supporting Information). This signifi-
cant difference between VBP-printed organoids and EBB and 
cast controls could be attributed to the fact that in VBP, struc-
tural integrity of the organoids is not disrupted during the 
printing process and seemingly results in the rapid acquisition 
of polarity markers when the differentiation process begins. 
Instead, EBB and cast organoids undergo shear stresses and 
fragmentation during their respective fabrication processes, 
and have to reassemble once they have been embedded in 

viscous hydrogels, a condition that may impair the onset of 
polarity across all organoids, as suggested by our results. These 
findings are also supported by the comparable trends observed 
in organoid viability post-fabrication (Figure 4), in which, much 
like for MDR-1 polarization, EBB showed the lowest values, 
followed by the milder casting process. In addition, Matrigel 
controls were also negative for MDR-1, and notably also for 
albumin, even if the marker was present at a gene expres-
sion level, indicating no synthesis of this protein and indica-
tive of a well-known common mismatch in molecular biology 
between mRNA levels and actual protein expression.[57–59] This 
result, paired with the previous finding of enhanced metabolic 
activity over time, further underlines how Matrigel is an ideal 
substrate for organoid proliferation. On the other hand, for 
hepatocytic differentiation, other hydrogels[46,47,60] including 
gelMA as shown in this study, appear to provide a more suit-
able 3D environment. While the exact mechanism by which 
gelMA facilitates organoid differentiation remains to be eluci-
dated, previous studies with other RGD-modified polyethylene-
glycol hydrogels have identified stiffness values in the range 
between 1–2 kPa as beneficial for organoid growth and differen-
tiation.[46] Conversely, the same hydrogels in softer or stiffer for-
mulation lead to inferior organoid yield and expression of liver 
fibrosis markers, respectively.[46] Interestingly, gelMA-iodix-
anol bioresins yielded gels with compressive moduli of 1.73  ± 
0.09 kPa, nearly identical to the matrigel compressive modulus 
(1.72 ± 0.09 kPa), suggesting that mechanosensing may indeed 
be a contributing element to the enhanced organoid differen-
tiation, and the biological cues provided by the gelatin-derived 
gelMA resin may be a key factor in creating a more permissive 
environment for differentiation compared to the proliferative 
enhancement observed in Matrigel culture systems. These soft 
gels are also likely a consequence of the higher sol-fraction after 
crosslinking, since unmodified gelMA prepared at the same 
prepolymer concentration with no optical tuning resulted in 
stiffer gels (5.04  ± 0.10  kPa) (Figure S11, Supporting Informa-
tion). Notably, both gelMA resins were shown to remain bio-
degradable after the photocrosslinking process, as found upon 
exposure to a collagenase-laden media,[61] an essential charac-
teristic of biocompatible materials used in the field of tissue 
engineering (Figure S12, Supporting Information).

Upon confirming that VBP samples in optically tuned 
gelMA bioresins provide a suitable environment for liver orga-
noid differentiation, we investigated the potential of bioprinting 
to modulate the functionality of the organoid-laden constructs, 
when cultured in a dynamic perfusion setting. At first, we 
selected a series of 3D objects with convoluted pore distribu-
tion from a pool of mathematically defined triple periodic 
minimal surface structures. This class of geometries is well-
known in the field of tissue engineering, as lattices belonging 
to this family have been investigated to produce mechanical 
metamaterials,[62] to maximize cell seeding in polymeric scaf-
folds,[63] and to promote in vivo bone ingrowth in biomaterials-
based implants,[64] among other applications. Specifically, we 
selected three lattice structures with interconnected porosity: 
Schwarz D, Schwarz G, and Schwarz P.[65–68] At a comparable 
volume (between 383.17 and 394.25 mm3), these structures 
show a decrease in surface area to volume ratio (from 2.05 to  
1.88 mm−1), and decreasing average tortuosity of the porous  
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network (from 1.32 to 1.04) respectively. (Figure S13 and  
Table S5, Supporting Information). Thus, the choice of these 
structures provide the possibility to modulate key geometrical 
parameters, and, under perfusion, the flow profile within 
the porous construct, that are paramount for the interaction 
between the embedded cells and the solutes within the cul-
ture media, without significantly altering the cell content and 
cell density. Therefore, these architectures offer an ideal plat-
form and proof-of-concept to study the effect of the geometry 
imposed by the printing process on the functionality of the 
embedded cells. Notably, such complex geometries are in gen-
eral extremely difficult to reproduce at high resolution with 
extrusion technologies, especially when soft hydrogels are used 
as carrier materials. Hydrogel-based gyroidal structures can 
instead be easily printed with digital light projection bioprinting 
techniques, although generally requiring extended printing 
times that scale linearly with the height of the construct.[69]

However, printing similar convoluted structures in cell-
friendly processing times and at the same time ensuring shape 
fidelity when using soft, cell-friendly hydrogels like the gelMA-
iodixanol bioresin tested in this study remains a major challenge 
in the field of biofabrication. Via VBP, we could successfully 
generate all three Schwarz structures laden with organoids, and 
the construct could maintain their shape when retrieved from 
the printing environment and immersed in aqueous media. To 
facilitate handling and permit a seamless coupling of the con-
structs with a fluidic circuit for perfusion culture, we modified 
the design of the lattices. These were encased in a hydrogel-
made fluidic chamber, equipped with an entry and an exit port, 
to which plastic microfluidic tubing could be coupled. The mod-
ified design could be reproducibly printed, with a printing time 
ranging from 14 to 15.5 s, depending on the geometry (Figure 6A,  
Videos S1–3, Supporting Information). When compared to 
the extensive printing times that would be needed to fabricate 
these same centimeter-scale structures under optimal printing 
conditions (between 24.7–34.0 min, even when using the easily 
printable and high-shape fidelity ink Pluronic F127, Figure S14,  
Supporting Information), the extremely rapid printing speed 
offered by VBP pose a promising advantage to overcome the 
detrimental effects on cell functionality that have been previ-
ously observed over extended printing times.[18] Given the high-
speed printing achieved with VBP, these structures could also 
be printed for high-throughout analysis in a matter of min-
utes (Figure S15, Supporting Information). The system was 
first perfused with a constant flow of buffered solution sup-
plemented with fluorescent microspheres to evaluate the flow 
profile within the structures. Tracking of the trajectory of the 
beads confirmed that these particles followed a nearly straight 
path in the Schwarz P lattice, as opposed to an increasingly 
wavy path in the other geometries (Figure  6B, Videos S4–6,  
Supporting Information). This was quantitatively proven by 
the significantly larger trajectory amplitudes exhibited by the 
Schwarz D structure (0.214  ± 0.098  mm) compared to the G 
and P architectures (0.157 ± 0.109 and 0.077 ± 0.105 mm respec-
tively, Figure S16, Supporting Information). Given the constant 
flow rate (1.5 µL min−1) imposed by the pump connected to the 
system and a smaller equivalent cross-sectional area along the 
flow pathway within more convoluted lattice in the Schwarz 
D, the average particle speed in this system was the highest 

(0.416  ± 0.009  mm s−1), whereas the lowest speed was found 
for the Schwarz P lattice (0.241 ± 0.009) (Figure 6C). Thus, the 
Schwarz D and P geometries, that showed the most marked dif-
ferences in terms of flow profile, were printed embedding liver 
organoids, and conditioned in differentiation media, prior to 
being connected to the perfusion system for 24 h.

During this time, the culture media was collected to measure 
the secretion of albumin and of the liver-specific enzyme 
GLDH, which is a key player in protein catabolism, ammonia 
production, and in the generation of substrates for the syn-
thesis of ATP (Figure 6D–F).[70] Albumin levels secreted over a 
24 h period of continuous flow perfusion were highest in the 
Schwarz P structure (0.061 ± 0.051 mg mgtotal-protein

−1) compared 
to Schwarz D (0.013 ± 0.008 mg mgtotal-protein

−1) and static con-
trols (0.002  ± 0.001  mg mgtotal-protein

−1) (Figure  6D). The total 
albumin production (3.40  ± 1.75 and 17.00  ± 13.03  µg mL−1  
for Schwarz D and P, respectively, Table S6, Supporting Infor-
mation) exhibited by the complex printed structures was 
also superior to previously reported experimental results 
from liver-like constructs, where albumin values range from 
≈0.004,[47]  ≈0.3,[71,72] and ≈0.6  µg mL−1,[73] over longer medium 
collection periods of 7–10 days. Taking into account the total 
volume of medium collected in our perfusable system (≈28 mL), 
these highly complex VBP-printed biofactories outperform pre-
vious tissue engineering attempts in terms of albumin produc-
tion. As for GLDH, printed and static constructs exhibited sim-
ilar enzyme levels (Figure 6E). Most notably, the organoid-laden 
bioprinted lattices were able to actively remove ammonia from 
the media injected in the perfusion chamber (Figure  6G), a 
key function normally performed by the liver through the urea 
cycle. Ammonia detoxification was significantly higher under 
perfusion culture (33.5 ± 5.8 and 24.3 ± 1.4 nmol mgtotal-protein

−1  
for Schwarz D and P, respectively) when compared to static 
controls (12.7  ± 0.3  nmol mgtotal protein

–1), suggesting that the 
applied flow promotes organoid function, possibly due to 
stimuli provided by the fluid shear stresses on the gelMA-
embedded organoids. Previous studies using perfusion sys-
tems in combination with liver cell lines,[74] stem cells,[27] and 
differentiated primary cells[30] have shown enhanced liver-like 
functions in smaller-scale systems. In addition, fluid flow-
induced shear stresses have demonstrated to enhance organoid 
maturation in different tissue engineering and organ-on-a-chip 
applications (i.e., kidney),[75] further supporting the hypothesis 
that shear stimuli also played a role in our system. Impor-
tantly, in Schwarz D samples, due to the higher flow velocity 
compared to the Schwarz P lattice, ammonia molecules have a 
shorter residency time within the construct (24.0 versus 41.5 s).  
Yet, ammonia elimination also occurred at a significantly faster 
rate, indicating that the ammonia detoxification capacity of the 
bioprinted organoids can be effectively boosted by the accurate 
selection of the architecture imposed to the organoid-laden 
hydrogel, in this case, using a highly convoluted, tortuous 
structure like the Schwarz D construct (Figure  6H). While it 
can be inferred that part of this modulation of the biological 
functionality in response to the engineered geometry can be 
due to an improved surface area available for exchange of sol-
utes, it is also likely that the design-driven enhancement in 
diffusion could directly stimulate the encapsulated liver orga-
noids. It should also be noted that, given the design of these 
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Figure 6.  Modulating hepatic organoid function through volumetric bioprinting of mathematically derived lattices with differing flow properties. A) Complex, 
perfusable architectures are successfully printed within seconds with an adjusted lattice design that enables coupling to microfluidic tubing as shown in 
the STL models (i–iii) of the Schwarz D (i), Schwarz G (ii), and Schwarz P (iii) architectures. iv–vi) 3D reconstructions from µCT scans and vii–ix) macro-
photographs showing the different complex and interconnected pore networks exhibited by the Schwarz D (iv,vii), G (v,viii), and P (vi,ix) structures (scale 
bars = 2 mm). B) These complex architectures are shown to modulate the flow trajectory of microspheres moving through the Schwarz D (i), G (ii), and 
P (iii) prints, as well as C) the average speed of the flowing particles (n = 485–1210). D) Albumin secretion and E) GLDH levels of organoids embedded in 
Schwarz D and P architectures, after 24 h of continuous perfusion (n = 4–8). F) Sterile perfusion setup, which enabled perfusion of differentiation medium 
supplemented with 1.5 × 10−3 m NH4Cl through complex architectures and resulted in G) differing total NH4Cl elimination compared to statically cultured 
cylindrical control samples and H) architecture-dependent NH4Cl elimination rates (n = 4–8). * = significant difference (p < 0.05).
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constructs, organoids were also present in the casing with con-
nectors placed around the lattices, and these additions to the 
Schwarz structures were identical for all three architectures. 
Nevertheless, the variation in geometry imparted in the central 
part of the object was sufficient to observe a difference in terms 
of cell behavior during culture. In the context of our in vitro 
system, these mathematically defined lattices were shown to 
offer unique potential to control the fluid flow within the pores 
and to modulate the communication between the bioprinted 
organoids and solutes found in the media, leading to a modula-
tory effect on ammonia detoxification. Moreover, it is important 
to remark that, although in this specific study focused on bio-
printing for in vitro 3D culture applications, and thus in vivo 
regenerative medicine applications go beyond the scope of this 
work, such user designable, bioprinted structures that can max-
imize the ability of the cells to interact with the surrounding 
nutrients and signals could have valuable applications also for 
producing transplantable grafts. Overall, these results underline 
the importance of architectural cues in the design of advanced 
tissue-engineered and biofabricated constructs.

3. Conclusions

The first phase of the study takes fundamental steps to unravel 
the effects of different cellular components (single cells and 
organoids) on the volumetric printing process, namely due 
to the cell-mediated light scattering and its effect on printing 
resolution. Using this knowledge, an optically tuned, gelatin-
based bioresin was successfully developed and was able to 
reduce scattering through refractive index matching of specific 
intracellular components. This strategy is versatile, and could 
be potentially applied to resins used for volumetric additive 
manufacturing which use other photocrosslinking chemistries 
besides methacryloyl-based, such as thiol-ene step growth.[76] 
This development allowed high resolution volumetric bio-
printing with increasing cell densities, and provides important 
knowledge on the ideal design requirements for the develop-
ment of next-generation bioresins for VBP. In combination 
with more advanced tomographic algorithms, multi-material 
and multi-cellular printing approaches can be more easily 
established in order to increase the overall complexity of volu-
metrically printed architectures. Using the liver as a model 
tissue platform, this study demonstrated the ability to har-
ness the advantages of both VBP and organoid technology in 
a single approach that resulted in the fabrication of multi-scale 
biofactories capable of guiding tissue-specific functions. Liver-
derived organoids were successfully printed at high densities 
and demonstrated maintained viability and hepatic function 
compared to extrusion printed and cast controls. The layerless 
fabrication approach employed by VBP resulted in increased 
organoid viability post-printing, and enabled the preservation 
of organoid morphology and polarity compared to controls. 
The soft, organoid-laden bioresin was successfully sculpted 
into highly convoluted, mathematically derived structures with 
distinct structural properties. Successful printing of these cell-
laden structures in under 20 s and establishment of a sterile 
perfusion chamber allowed the printed organoids to act as bio-
factories capable of modulating liver-specific ammonia detoxi-

fication depending on the printed architecture. These findings 
demonstrate the close relationship between the shape of the 
constructs and their resulting biological functionality, further 
underlining the potential of biofabrication for advancing tissue 
engineering. This study, therefore, opens up new possibilities 
for the future development of self-sustaining biofactories that 
are able to carry out a wide variety to tissue-specific functions. 
Overall, the combination of the ultrafast VBP process with 
organoid technology holds great potential for the development 
of advanced regenerative medicine approaches and in vitro 
model development for fundamental biology research, person-
alized drug screening, and disease modeling.

4. Experimental Section
Materials: gelMA (93.5% DoF) was synthesized as previously 

reported,[77] and used as a 5% w/v solution in phosphate-buffered saline 
(PBS). Lithium phenyl(2,4,6-trimethylbenzoyl)phosphinate (LAP, Tokyo 
Chemical Industry, Japan) was added at 0.1% (w/v) as a photoinitiator 
to induce a photocrosslinking reaction. To perform optical tuning of the 
cell-laden bioresin, the gelMA and LAP solution was supplemented with 
different concentrations (0–40% w/v) of iodixanol (OptiPrep; StemCell 
Technologies, Canada).

Volumetric Bioprinting Procedure: Volumetric bioprinting of 
different structures was achieved using a Tomolite printer (Readily3D, 
Switzerland). For bioprinting, single cells and hepatic organoids were 
embedded in different gelMA bioresins at densities of 1–1.5 × 107  cells 
per mL and placed in Ø10 mm cylindrical borosilicate glass vials. The 
bioresin-filled vials were placed at 4 °C to elicit thermal gelation and 
prevent cell sedimentation throughout the printing process. Briefly, 
the printing process was induced by a laser beam at 405  nm directed 
onto a DMD that was modulated into tomographic projections. These 
projections were then imaged into the printing vials. The projections 
were calculated using a commercial software (Apparite, Readily3D, 
Switzerland) taking into account the material properties of the resin 
and the printing vials. The average light intensity before the printing 
container was 9.98 mW cm−2 during printing. Further details concerning 
the tomographic printing process can be found in literature.[16,17] Post-
printing, the printer vials were heated to 37 °C to melt the unpolymerized 
bioresin, and samples were washed with prewarmed PBS. For the 
printing optimization experiments, prints at different light doses were 
performed, by modulating the exposure time. Successful crosslinking 
was appreciated for doses at which every intended feature object could 
be resolved and the print did not redissolve when heating the bioresin. 
Finally, the as-printed parts underwent 5 min of additional crosslinking 
in 0.1% w/v LAP in PBS solution in a CL-1000 Ultraviolet Crosslinker (λ = 
365 nm; UVP, USA).

Hepatic Organoid Establishment, Expansion, and Differentiation: Healthy 
liver biopsies were obtained during liver transplantation at the Erasmus 
Medical Center Rotterdam in accordance with the ethical standard of the 
institutional committee to use the tissue for research purposes (ethical 
approval number MEC 2014-060). The procedure was in accordance with 
the Helsinki Declaration of 1975 and informed consent in writing was 
obtained from each patient. Disposable 125-mL spinner flasks (Corning, 
USA) were inoculated with 5 × 106 of the collected single cells in 20 mL 
expansion medium (EM), including 10% v/v Matrigel (Corning, New 
York, NY, USA) to increase organoid yield as previously described.[44] 
Rotation speed was set to 85  rpm. Every 2–3  days, new medium was 
added to the spinner flasks. After a 14-day expansion period, organoids 
were collected for printing and passaged into a new spinner flask. To 
assess the size of the organoids, aliquots from the spinner flasks 
were taken at the end of the culture time and imaged with an optical 
microscope, measuring the diameter of at least 150 organoids per 
spinner flask. In order to match the printed cell densities to the single 
cell conditions, aliquots of the organoid suspension were mechanically 
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fragmented and trypsinized into single cells, and were subsequently 
counted using an automatic cell counter. Post-printing, organoid-
laden structures were cultured in hepatic differentiation media (DM) 
for 10 days. For single cell studies, HepG2 cell line was used, (ATCC 
nr. HB-8065) and cultured in T175 culture flasks in HEPG2 EM, which 
was replenished twice a week. All cultures were kept in a humidified 
atmosphere of 95% air and 5% CO2 at 37 °C. Details of the cell isolation 
protocol from liver biopsies and of the culture media components are 
reported in the Supporting Information.

Stereomicroscopy and Computed Tomography for Print Evaluation: 
Macroscopic images of cell- and organoid-laden structures were acquired 
using an Olympus SZ61 stereomicroscope coupled with an Olympus DP70 
digital camera (Olympus Soft Imaging Solutions GmbH, The Netherlands). 
Zoomed-in images were cropped and pasted over a black background 
to eliminate background reflections. µCT scans were performed with a 
Quantum FX µCT (voxel size = 15 µm3, 90 kV tube voltage, 200 µA current, 
and 26 s of scan time, Perkin Elmer, USA). 3D reconstructions were 
generated with the 3D viewer plugin in Image J (n = 3–6).

Refractive Index and Measurements of Scattering Phase Function of Cell 
Suspensions: The refractive index of bioresins with different iodixanol 
concentrations (n = 3) was measured with an Abbe refractometer (2WAJ, 
Optika, Italy). The scattering properties of the hydrogels were measured 
with a custom-made apparatus, as depicted in Figure 3D. The principle 
of the setup was similar to that introduced by Hunt and Huffman.[78] The 
apparatus setup and anisotropy coefficient calculations are detailed in 
the Supporting Information.

Metabolic Activity and Viability of Bioprinted and Cast Organoids: 
Cylindrical organoid-laden constructs (5 × 106 cells mL−1; 5 mm diameter 
× 2  mm height) were produced through: i) volumetric bioprinting  
(170 mJ cm−2, 17.0 s printing time) with and without iodixanol (0–40% 
w/v), ii) EBB with a pneumatic-driven system (25 G stainless-steel 
nozzle, temperature = 21 °C, pressure = 0.03  MPa, 3DDiscovery, 
REGENHU, Switzerland), iii) casting of the gelMA bioresin with and 
without idodixanol (10% w/v) and crosslinking for 15 min in a CL-1000 
Ultraviolet Crosslinker (λ  = 365  nm; UVP, USA) and iv) casting in 
Matrigel droplets, thermally crosslinked at 37 °C for 20 min. Importantly, 
EBB-printed organoids had to be mechanically fragmented using a P200 
pipette tip in order to prevent nozzle clogging prior to the fabrication 
step. Samples were cultured in organoid differentiation medium for  
10 days, which was refreshed every two days. Metabolic activity (n = 5) 
was measured with a resazurin assay (resazurin sodium salt, Alfa Aesar, 
Germany) and normalized by double-stranded DNA content per sample 
quantified using a Picogreen Quant-iT assay (Thermo Fischer Scientific, 
The Netherlands) after 1, 3, 7 and 10 days. Cell viability was evaluated 
using a live/dead assay (Calcein, ethidium homodimer, Thermo Fischer 
Scientific, The Netherlands) after 1, 3, and 10 days (n  = 3), imaged by 
a Thunder imaging system (Leica Microsystems, Germany). For each 
measurement in the printing/casting comparisons, 3 donors were 
evaluated (N = 3).

Hepatic Functionality Assessment of Bioprinted/Cast Constructs: 
CYP3A4 activity in organoids at day 10 of differentiation was quantified 
using the P450-Glo CYP3A4 Assay (Promega, USA) according to 
the manufacturer’s instructions. CYP3A4 levels were normalized to 
DNA amount in the samples determined with a picogreen assay (n  = 
3). Gene expression of liver-specific markers (CYP3A4 and albumin) 
was quantified through RT-qPCR (Bio-Rad, The Netherlands) at day 
10 of differentiation (n  = 3). Liver-specific and polarization marker 
expression upon hepatic differentiation (HNF4α, ZO-1, MDR1, CK-19, 
and E-cadherin) were visualized through immunofluorescent stainings 
and imaged using a Thunder imaging system (Leica Microsystems, 
Germany) (n  = 3). Details of the qPCR protocol primers and of the 
immunohistochemical procedures are reported in the Supporting 
Information. Liver transaminase and GLDH present in organoid-laden 
constructs and secreted albumin in the culture medium were measured 
with the clinical chemistry analyzer Beckman AU680 (Beckman Coulter, 
USA) using standard protocols (n  = 3). Values were normalized to 
total protein content quantified through a micro-BCA protein assay kit 
(ThermoFischer Scientific, The Netherlands).

Fluorescent Beads Tracking through Complex Printed Structures: Printed 
Schwarz D, G, and P strcutures were placed in a custom-made PDMS 
mold and connected to a syringe pump using FA microfluidic tubing 
(IDEX Health&Science, OD 1.6  mm, ID 0.75  mm). Green fluorescent 
polyethylene microspheres (125–150 µm diameter; Cospheric, USA) were 
perfused through the printed structures at a flow rate of 20  µL min−1 
(n  = 3). Videos of microsphere flow through the printed constructs 
were recorded using a custom-made imaging system (Supporting 
Information). The particle trajectories were calculated from the acquired 
videos with the Crocker and Grier algorithm,[79] using trackpy v0.5.0 
(https://zenodo.org/record/4682814). The particles identified in each 
video frame were linked into trajectories using a proximity criterion. 
Mean particle speeds were calculated as averages between each 
trajectory start and end point, where the contribution of each trajectory 
to the overall mean speed was weighed by the trajectory length. The 
amplitude was calculated on a subset of the oscillations within the 
trajectories shown in Figure  6B-i−iii (n  = 50–80). Local minima and 
maxima values were identified in the trajectory y positions. Amplitude 
was calculated as half of the distance in the direction orthogonal to 
the main direction of the flow from a maximum to the subsequent 
minimum. All code used for video analysis is available at: https://github.
com/VictorOnink/Particle-Trajectory-Analysis.

Ammonia Elimination Assay in a Sterile Perfusion Setup: Organoid-
laden, volumetrically bioprinted Schwarz D and P structures  
(5 × 106  cells mL−1, 200 mJ cm−2, 20.0 s printing time; n  = 8 and 4 
respectively) were cultured with differentiation medium for 10 days 
under static conditions. After 10 days the structures were transferred to 
a sterile flow perfusion chamber (Supporting Information) and perfused 
with DM supplemented with 1.5 × 10−3 m ammonium chloride (NH4Cl) 
for 24 h under continuous flow of 20  µL min−1. The fluidic chambers 
were cultured in sterile conditions at 37 °C, and medium was collected 
for 24 h. Ammonium chloride concentrations in the collected medium 
were determined using a Urea/Ammonia Assay Kit (Megazyme, 
Ireland). Medium samples were decolored using activated carbon 
(Merck, Germany). Static controls consisted of volumetrically printed 
non-porous cylinders (diameter 6 mm × 17 mm height) cultured under 
static conditions (n = 3). Media supplemented with 1.5 × 10−3 m NH4Cl 
that was incubated for 24 h without cells was used to determine the 
initial concentration (n = 3). Total ammonium chloride elimination and 
elimination rate were normalized to the total protein content.

Statistics: Results were reported as mean ± standard error of the 
mean (S.E.M.). Statistical analysis was performed using GraphPad Prism 
9.0 (GraphPad Software, USA). Comparisons between experimental 
groups were assessed via one or two-way ANOVAs, followed by post 
hoc Bonferroni correction to test differences between groups. When 
normality could not be assumed, non-parametric tests were performed. 
Differences were found to be significant when p < 0.05.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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