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High cell density and high-resolution 3D bioprinting for
fabricating vascularized tissues
Shangting You1†, Yi Xiang1†, Henry H. Hwang1, David B. Berry1,2, Wisarut Kiratitanaporn3,
Jiaao Guan4, Emmie Yao1, Min Tang1, Zheng Zhong1, Xinyue Ma5, Daniel Wangpraseurt1,6,
Yazhi Sun1, Ting-yu Lu7, Shaochen Chen1,3,4,7*

Three-dimensional (3D) bioprinting techniques have emerged as the most popular methods to fabricate 3D-
engineered tissues; however, there are challenges in simultaneously satisfying the requirements of high cell
density (HCD), high cell viability, and fine fabrication resolution. In particular, bioprinting resolution of
digital light processing–based 3D bioprinting suffers with increasing bioink cell density due to light scattering.
We developed a novel approach to mitigate this scattering-induced deterioration of bioprinting resolution. The
inclusion of iodixanol in the bioink enables a 10-fold reduction in light scattering and a substantial improvement
in fabrication resolution for bioinks with an HCD. Fifty-micrometer fabrication resolution was achieved for a
bioink with 0.1 billion per milliliter cell density. To showcase the potential application in tissue/organ 3D bio-
printing, HCD thick tissues with fine vascular networks were fabricated. The tissues were viable in a perfusion
culture system, with endothelialization and angiogenesis observed after 14 days of culture.
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INTRODUCTION
Three-dimensionally (3D) engineered tissues are artificial function-
al tissues composed of biomaterial scaffolds and living cells (1–3).
Engineered tissues have found many biomedical applications, in-
cluding basic biomedical research, disease modeling, drug testing,
personalized medicine, regenerative medicine, and organ trans-
plantation (4–8). 3D-engineered tissues are expected to accurately
recapitulate the 3D architecture, cell types, and physical and bio-
chemical environment of the native tissues, providing in vitro
tissue or organ models with better biorelevance, scalability, and re-
producibility compared to traditional 2D monolayer cell models or
animal models (9). Furthermore, 3D-engineered transplantable
tissues and organs developed with autologous cells may potentially
mitigate the problems associated with organ donor shortage and
immune rejection (10). Therefore, tissue engineering has attracted
substantial research interest.
Native human tissues typically have a cell density on the order of

1 to 3 billion cells/ml (11) and have complex 3D structures with fine
features on the micrometer scale. To closely recapitulate the native
tissues, high cell density (HCD) is essential in many 3D-engineered
tissues to establish cell-cell interactions, which are critical for the
artificial tissue tomature and function. For instance, 3D-engineered
cardiac tissue typically requires a cell density greater than 40 million
cells/ml to enable spontaneous contraction of the tissue (12). In ad-
dition, using HCD tissues in drug testing could potentially improve
the biochemical signal-to-noise ratio by boosting the cell

population, allowing more accurate and reliable responses (13). In
addition, HCD ensures physiological compatibility, potentially al-
lowing functional artificial organs for implantation. Now, the
typical cell density used in tissue engineering research is around 1
to 10 million cells/ml, which is two or three orders of magnitude
lower than that of native tissues (1, 14, 15). Therefore, achieving
HCD 3D bioprinting could potentially address various critical con-
cerns in the state-of-the-art of tissue engineering.
Apart from cell density, fine microscale features are also critical

to the native tissues’ viability and proper function. To mimic the
native tissues, in tissue engineering, geometrical cues are used to
guide the cells’ migration, alignment, and maturation (4, 16) and
are also used to guide the self-organization and morphogenesis of
organoids (17, 18). Furthermore, vasculature networks are essential
in tissues and organs for nutrient and gas exchange (19–22). The
diffusion limit for nutrient and gas exchange is between 200 and
300 μm (22). Traditionally, because of the lack of capability in fab-
ricating perfusable vasculature networks in conjunction with the
tissues of interest, the thickness of engineered tissues is limited by
this diffusion limit (23, 24). However, high-resolution 3D bioprint-
ing enables the fabrication of vasculature networks within 3D-engi-
neered tissues to support cell viability in the thick tissues. Hence,
any improvement in biofabrication resolution can lead to transi-
tioning away from thin tissue-engineered constructs to thick 3D-en-
gineered tissues and even transplantable organs. Therefore, there is
a need to simultaneously achieve HCD and high resolution in 3D-
engineered tissues.
3D bioprinting has emerged as the most popular method to fab-

ricate 3D-engineered tissues due to its ability to precisely deposit
multiple cells and biomaterials in user-defined shapes. Various
3D bioprinting techniques have been developed in recent years,
which can be broadly classified into two categories: extrusion-
based printing and light-based printing (25, 26). Extrusion-based
bioprinting methods, including nozzle-extrusion and ink-jet
methods, selectively deposit a bioink to the desired location to
build a 3D construct. Because of the limitation of the physical size
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of the nozzle or ink-jet head, the best fabrication resolution that can
be achieved is typically on the order of ~50 μm (25). By contrast,
light-based bioprinting methods, including stereolithography,
two-photon polymerization (2PP), digital light processing (DLP),
and volumetric methods (27, 28), selectively deliver photon
energy to the desired location to locally cross-link (solidify) a
bioink to fabricate a 3D structure (29, 30). Since light can be pre-
cisely manipulated by optical lenses and are not limited by physical
apertures, light-based bioprinting methods can achieve microme-
ter-scale or even submicrometer-scale nominal resolutions (29, 31).
Although a 50-μm nominal resolution can be achieved by extru-

sion-based printing and micrometer-scale nominal resolution can
be achieved by light-based printing, such fine features are usually
achievable only under the specific conditions optimized for fabrica-
tion, where low-biocompatibility materials without encapsulated
cells are used. In actual bioprinting applications where cell-encap-
sulated bioinks are used, the fabrication resolution often substan-
tially deteriorates compared to the nominal situation. For
extrusion-based 3D bioprinting, increasing cell density or using
spheroids in the bioink requires using a bigger nozzle tip; otherwise,
cell viability suffers markedly due to the shear stresses experienced
during extrusion. Typically, for 10 million cells/ml or a higher
density, a 200-μm or larger nozzle tip should be used, where the re-
sulting printing resolution ranges between 200 and 500 μm (32, 33).
For light-based methods, because of the light scattering effect
caused by the cells, the typical cell-encapsulated bioprinting resolu-
tion is a few tens to a few hundreds of micrometers (34–36). While
some chemical additives, such as (2,2,6,6-Tetramethylpiperidin-1-
yl)oxyl or (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl (TEMPO),
can mitigate the unwanted polymerization caused by light scatter-
ing, these chemicals are usually cytotoxic (37, 38). Computational
approaches have also been proposed to mitigate the effect of scatter-
ing and improve the fabrication resolution of cell-laden bioinks in
DLP and volumetric 3D bioprinting. However, these studies are
limited to low cell density (≤10 million cell/ml) (35, 36, 39).
Hence, it is difficult to fabricate a 3D-bioprinted structure that si-
multaneously has HCD (≥20 million cell/ml), high cell viability
(≥80%), and high fabrication resolution (≤50 μm). We refer to
this as the density-viability-resolution trilemma in 3D bioprint-
ing (Fig. 1A).
DLP-based 3D bioprinting has emerged as a promising biofab-

rication technique due to its high resolution, high cell viability, and
rapid speed (6). Here, we present a unique method to address the
density-viability-resolution trilemma in DLP-based 3D bioprinting.
By incorporating iodixanol (IDX), a biocompatible supplement to
our bioink, we can precisely tune its refractive index tomatch that of
the encapsulated cells’ cytoplasm (40, 41). Bernal et al. (41) first
showed that using IDX can effectively reduce the scattering of
cell-laden bioink and substantially improve the fabrication quality
in light-based volumetric 3D bioprinting method. However, since
the traveling range of the light in the volumetric method is the
entire build volume, the fabrication resolution of the volumetric
method is intrinsically more severely affected by light scattering.
By contrast, the traveling range of the light in the DLP method is
only a layer thickness. Thus, it is less affected by light scattering.
Hence, HCD, high-resolution 3D bioprinting could be easier to
achieve via DLP 3D bioprinting technique.
Scattering caused by the mismatch of refractive index between

the cells and their surrounding biomaterials can be minimized via

refractive index tuning (Fig. 1, B and C). Measurement of the
bioinks’ optical properties and simulation of light propagation
confirm that IDX can effectively tune the refractive index of the
bioink and, thus, substantially reducing light scattering (by ~10-
fold) caused by the encapsulated cells. Here, we showcase 3D bio-
printing with HCD (0.1 billion cells/ml) with a fabrication resolu-
tion of 50 μm. Immunofluorescence images and RNA sequencing
(RNA-seq) also validate that healthy and functional 3D-engineered
tissues can be fabricated using this approach. No statistically signifi-
cant change in cells’ viability, proliferation, or phenotype was ob-
served when incorporating IDX in the bioink. We also
demonstrate that thick prevascularized tissues, with an overall size
of 17 mm by 11 mm by 3.6 mm, vascular channel diameters ranging
from 250 to 600 μm, with a cell density of 40 million cells/ml, can be
fabricated. Endothelialization and angiogenesis were observed in
these tissues after 14 days of perfusion culture.

RESULTS
Printing resolution
As shown in Fig. 1D, the DLP-based 3D bioprinting uses a digital
micromirror device to project a 2D cross section of the 3Dmodel to
the photo-crosslinkable bioink. Upon light exposure, the photo-
crosslinkable bioink, which can be either synthetic or natural, is so-
lidified (2). Next, the motorized stage lifts up by one-layer thickness
(typically a few tens to 200 μm) to allow uncured bioink to refill the
gap. Subsequently, the next cross-sectional image is projected to the
bioink, and the following layer is solidified. By repeating this
process, a 3D structure can be fabricated. In the ideal condition, a
newly formed layer would exactly match the shape of the projected
cross section. However, in practice, incorporation of cells in the
bioink causes severe light scattering, thus blurring the projected
light in the bioink. Consequently, the newly formed layers cannot
replicate the fine details of the projected cross-sections.
By tuning the refractive index of the bioink, the scattering effect

caused by the cells in the bioink can be minimized, and the fabri-
cation resolution can be substantially improved. Here, we demon-
strate that ~50-μm feature size can be achieved in a refractive index–
matched gelatin methacrylate (GelMA) bioink with a cell density as
high as 0.1 billion cells/ml (see Materials and Methods for detailed
bioink composition). We designed spoke-shaped and snowflake-
shaped 3D structures of 250-μm thickness and 3D-printed these
structures with our DLP-based 3D bioprinter using varying
bioink compositions: (i) without cells, (ii) with 0.1 billion cells/
ml, and (iii) refractive index–matched bioink with 0.1 billion
cells/ml, respectively. Figure 1E shows the bright-field microscopic
images of the printing results, where the acellular bioink has the best
printing resolution, whereas the bioink with 0.1 billion cells/ml
cannot resolve the spoke shape or snow shape due to light scatter-
ing. However, by tuning the refractive index of this HCD bioink, the
resolution can be substantially improved, and some of the fine
details of the designed structure can be resolved. Both positive fea-
tures and negative features (void space) of ~50-μm size can be re-
solved in this manner. This demonstrates that tuning the refractive
index of the bioinks can effectively improve the fabrication resolu-
tion, especially in HCD bioinks. Nonetheless, the achieved resolu-
tion by matching the index of refraction can likely be optimized
depending on the cell density, material composition, structural
complexity, and other key features unique to the tissue of interest.
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Optical properties
Light scattering in a cell-laden bioink originates from Rayleigh scat-
tering and Mie scattering (36, 39, 42). Natural or modified macro-
molecules such as hyaluronic acid, gelatin, and collagen are
commonly used in bioinks, which give rise to Rayleigh scattering.
Subcellular components such as nucleus and organelles cause Mie
scattering. The cytoplasm typically has a higher refractive index
than the monomer solution, resulting in the situation where each
cell can deflect photons passing through it akin to a microscopic
lens, causing severe Mie scattering.
Cytoplasm typically has a refractive index between 1.36 and 1.39,

depending on the cell types (43, 44), whereas hydrogel bioinks typ-
ically have a refractive index similar to water (around 1.33). The Op-
tiprep solution (60% IDX solution, from Sigma-Aldrich) has a
refractive index of approximately 1.45 (40). The biopolymer con-
centration in the bioink only minimally affects the refractive index
of the bioink. However, by adding IDX to the bioink, the refractive
index of the bioink can be effectively tuned to match that of the cy-
toplasm (fig. S9). Therefore, scattering caused by the mismatch of
refractive index between the cytoplasm and environment can be
minimized (Fig. 1, B and C).

The optimal concentration of IDX in the final bioink solution
depends onmany factors, including the bioink composition, encap-
sulated cells’ type(s), osmolarity, temperature, light wavelength, etc.
A pilot experiment is recommended to optimize the concentration
of IDX for a given application (see Materials and Methods for rec-
ommended practice of the pilot experiment). Since the cytoplasm
typically has a refractive index between 1.36 and 1.39, the optimal
IDX concentration may vary from 20 to 35% (w/v).
We verified that IDX can effectively tune the refractive index by

measuring the refractive index of bioinks comprising 5% GelMA
and various concentrations of IDX at the working wavelength of
the bioprinter (405 nm). As shown in Fig. 2A, the refractive index
of the bioink linearly increases when increasing the IDX concentra-
tion from 20 to 35%. The refractive indices of bioinks comprising
5% GelMA and 0% IDX, as well as the as-purchased IDX solution
(Optiprep, Sigma-Aldrich) which contains 60% IDX are also
plotted in Fig. 2A for reference.
We further verified that a proper concentration of IDX can effec-

tively reduce the bioinks’ scattering effect. The scattering effect of
the material is usually characterized by scattering coefficient, an-
isotropy, and reduced scattering coefficient. We prepared bioinks

Fig. 1. Achieving high fabrication resolution in HCD bioinks. (A) The “impossible trinity” in 3D bioprinting: HCD, high cell viability, and high fabrication resolution
cannot be satisfied simultaneously. (B) A schematic showing light propagation in a refractive index–unmatched bioink. (C) A schematic showing light propagation in a
refractive index–matched bioink, where light scattering is substanrually reduced. (D) A schematic showing howDLP-based 3D bioprinter works. LED, light-emitting diode;
DMD, digital micromirror device. (E) Printing resolution comparison among three different bioink compositions: bioink without cells, bioink with 0.1 billion cells/ml, and
refractive index–matched bioink with 0.1 billion cells/ml. Scale bars, 500 μm.
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comprising 5% GelMA, 40 million cells/ml, and various IDX con-
centrations and used an approach combining Monte Carlo simula-
tion and particle swarm optimization algorithm to determine the
bioink’s scattering properties at the working wavelength of the bio-
printer (405 nm). The measured scattering coefficient, anisotropy,
and reduced scattering coefficient of these bioinks are shown in
Fig. 2 (B to D). The high scattering coefficients and the anisotropy
values that are close to 1 suggest that the cell-laden bioinks are
highly light scattering, with mostly forward scattering. The bioink
without refractive index tuning has a scattering coefficient of 11.76
mm−1 and a reduced scattering coefficient of 0.164 mm−1. By
tuning the refractive index with 30% IDX, the scattering coefficient
of the bioink substantially decreases to 1.377 mm−1, and the
reduced scattering coefficient decreases to 0.014 mm−1, which
means that this approach can reduce scattering by approximately
10-fold (also see visual appearance comparison in fig. S1). By care-
fully tuning the concentration of IDX, scattering can potentially be
further reduced.
To provide a more intuitive result to visualize how the refractive

index–matched bioink can reduce the scattering effect, we also used
a Monte Carlo approach to simulate the angular distribution and
spatial distribution of the scattered light. Figure 2E and fig. S6 are
the simulated angular distribution of travel directions of those
photons’ passing through a 1-mm-thick bioinks containing 40

million cells/ml and various IDX concentrations, and Fig. 2F is
the simulated spatial distribution of the photons inside the
bioink. We can see that the photons widely spread out when travel-
ing in the 0% IDX bioink while they are still highly aligned in the
30% IDX bioink. Furthermore, we designed a spoke-like pattern to
be projected onto the bioink and assumed that this pattern is infi-
nitely collimated. The simulation results (Fig. 2, G and H) show that
this pattern quickly blurred out in the bioink with 0% IDX, while it
can mostly resolve its details in the bioink with 30% IDX.

Biocompatibility
IDX has been generally considered biocompatible and nontoxic—it
is commonly used as a contrast agent to facilitate angiography, sold
under the trade name Visipaque, as well as a density gradient
medium under the trade name Optiprep (45). It is iso-osmolar
and chemically inert, making it compatible with a wide range of
bioinks and cell types.
To verify IDX’s biocompatibility with various biomaterials and

cell types, we performed bioprinting of thin slabs using three com-
monly used formulas: human umbilical vein endothelial cells
(HUVECs) in GelMA, human Schwann cells (HSCs) in glycidyl
methacrylate hyaluronic acid (GMHA), and C2C12 in alginate
methacrylate (AlgMA). Since the ideal IDX concentration range
varies between 20 and 35%, we chose to compare 3D-printed

Fig. 2. Optical properties and light energy distribution. (A) Refractive index of 5% GelMA bioink with various IDX concentrations at 405 nm and the refractive index of
Optiprep solution (60% IDX). (B toD) Scattering coefficient, anisotropy, and reduced scattering coefficient of 40million cells/ml cell–encapsulated bioink with various IDX
concentrations. (E) Angular intensity distribution of the light scattered by cell-encapsulated bioink with various IDX concentrations. Light propagates in the z direction. (F)
Spatial distribution (in YZ cross section) of light in the cell-encapsulated bioink with various IDX concentrations. (G) Projected pattern (in XY cross section) at different z
depths of the cell-encapsulated bioink with 0% IDX. (H) Projected pattern (in XY cross section) at different z depths of the cell-encapsulated bioink with 30% IDX. Color bar
denotes the relative light intensity in (E) to (H).
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tissues in which 0 or 35% IDX was used (see Materials andMethods
for detailed bioink composition). Metabolic activity strength mea-
sured using the Cell Counting Kit-8 (CCK-8) assay reveals exponen-
tial growth of the encapsulated cells in all three types of bioinks
during the 7 days of culturing. Furthermore, using IDX has no stat-
istically significant effect (n = 6, P > 0.1 for all pairs) on cells’ met-
abolic activity compared to controls, meaning that IDX did not
hinder the proliferation of cells (Fig. 3, A to C).

In addition, live/dead staining was also used to characterize cell
viability. HUVEC in GelMA bioink is printed as thin slabs with
either 0 or 35% IDX. Overall, the majority of the cells are alive for
both 0 and 35% IDX samples on days 1 and 7 of culture (Fig. 3D).
No significant qualitative difference was observed between 0 and
35% IDX, meaning that incorporation of IDX was found to not sub-
stantially affect cell viability. Furthermore, the cytoskeleton of
HUVECs was stained using phalloidin to visualize the cells’

Fig. 3. Biocompatibility analysis. (A to C) Comparison of metabolic strength of the printed tissues using bioinks with or without IDX. (D) Live (green) and dead (red) cells
of the printed tissues using bioinks with or without IDX. (E) Comparison of the images of cytoskeleton of the printed tissues using bioinks with or without IDX. (F) Principal
components analysis results of HUVEC slabs using bioinks with or without IDX (n = 3). (G) Network analysis of enriched gene sets in the Molecular Signature Database
curated collection. (H) Network analysis of enriched gene sets in the ontology collection. Red nodes, up-regulated gene sets; blue nodes, down-regulated gene sets. Abs,
absorbance. ns, not significant.
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morphology. HUVECs in both experimental conditions demon-
strated endothelialization on day 7, with no qualitative differences
observed (Fig. 3E).
In addition to confirming that HUVEC viability and angiogen-

esis were not notably inhibited in IDX-incorporated bioinks versus
that of our controls, we also evaluated whether any phenotypic and
metabolic alterations were induced by the presence of IDX. This is
especially important for vasculature-on-a-chip studies, where the
metabolism and immune-regulation of the endothelium is of inter-
est. Clinically observed adverse effects and toxicological studies
have identified elevation of oxidative stress as the main mechanism
of IDX-induced endothelial dysfunction, and heme oxygenase-1 is
up-regulated to counteract the injury (46–49). Here, RNA-seq was
performed to comprehensively investigate the potential changes
caused by IDX exposure in the HUVECs in 3D-printed GelMA
hydrogel.
Differential expression was first investigated with DESEQ2. In

the principal components analysis, the samples did not cluster
into two groups (Fig. 3F), indicating that substantial phenotype al-
ternation was not induced by IDX. On the other hand, 587 genes
have been significantly up-regulated and 569 genes down-regulated,
with a cutoff of |log2 – fold change| > 0.5849 and P < 0.05 (data S1).
To further evaluate the biological impact that IDX brought to the
bioprinted vasculature, gene set enrichment analysis (GSEA)
using the Molecular Signature Database was used. In the hallmark
gene set collection [h.all.v7.4.symbols.gmt (Hallmarks)], xenobiotic
metabolism, heme metabolism, and complement gene sets were
identified as significantly enriched in the samples printed with
bioink containing IDX with false discovery rate < 25% and
P < 0.05 (fig. S2). The up-regulation of xenobiotic metabolism in-
dicated that biotransformation and the relevant enzyme expression
were activated by IDX. The heme metabolism was a result of the
oxidative stress (50) induced by the IDX, and the enrichment in
the complement system is potentially related to inflammatory re-
sponses. These findings correlate well with the clinically observed
adverse effects and previous toxicological studies of IDX (46–49).
Since the enrichment was observed in samples collected 7 days
after bioprinting when IDX should have been fully dissipated
from the slabs, it is necessary to take the delayed and long-lasting
molecular changes in HUVECs into consideration for
further studies.
Within the curated gene set collection [c2.all.v7.4.symbols.gmt

(Curated)], 3 gene sets were identified to be up-regulated, and 11
gene sets were down-regulated in response to IDX exposure (data
S2); in the ontology gene set collection [c5.all.v7.4.symbols.gmt
(gene ontology)], 18 gene sets were identified to be up-regulated,
and 1 gene set was down-regulated (data S3). As highlighted by
the network analysis by Cytoscape, porphyrin and chlorophyll me-
tabolism, glucuronidation, starch and sucrose metabolism, and
ascorbate and aldarate metabolism were down-regulated
(Fig. 3G), along with the down-regulation of glucuronosyltransfer-
ase activity (Fig. 3H), which is potentially related to the activation of
xenobiotic metabolism. Meanwhile, the allograft reject and graft-
versus-host disease gene sets were down-regulated (Fig. 3G),
while a group gene sets related to acquired immunity (regulation
of T cell differentiation, alpha-beta T cell activation, and regulation
of alpha-beta T cell activation; normal myeloid leukocyte morphol-
ogy and abnormality of neutrophils; and immunoglobulin receptor
binding and positive regulation of B cell activation) was up-

regulated, accompanied by the up-regulation of immunodeficiency
(Fig. 3H), implying an immunosuppressive regulatory role of the
endothelium induced by IDX.
Collectively, several notable changes in metabolic and immune-

regulatory activities of the endothelial cells were observed upon ex-
posure to IDX during bioprinting, which should be taken into con-
sideration in further studies in which pharmacokinetics and
pharmacodynamic (PK/PD), immunotherapy evaluation, and path-
ological progression are of the focus. However, the incorporation of
IDX in the bioink did not hinder the viability and endothelialization
of the HUVECs, and the phenotype of the HUVECs showed
minimal change due to exposure to IDX.

Vascularized thick tissue printing
Thick tissues refer to those engineered tissues with their sizes
beyond the diffusion limit (200 to 300 μm). Because of inefficient
nutrient and gas exchange, necrosis is inevitable in a solid thick
tissue. Therefore, vasculature networks are essential in thick engi-
neered tissues or organs. Although 3D-printed porous structures
such as 3D lattices or log pile geometries can well support the cell
viability in thick engineered tissues under an in vitro culture condi-
tion, the absence of vascular networks makes them unable to be in-
tegrated with the host vasculature upon transplantation (24, 51).
Thus, biofabrication of prevascularized thick tissue has attracted
intense research interest. To date, direct 3D fabrication of vascula-
ture networks with HCD remains a major challenge. Some studies
use sacrificial material to cast the vasculature networks, followed by
dissolving the sacrificial templates (14, 19, 52, 53). Since the sacri-
ficial materials contain no or low density of cells, a high fabrication
resolution can be achieved. However, the postfabrication processes
involving sacrificial template removal and endothelial cells seeding/
settling are complicated and time consuming (a few hours to a day),
and the perfusion culture cannot be started until finishing these
postprocessing steps. As a result, the cell viability within the thick
tissues is compromised. In addition, because of the effect of gravity,
the seeded endothelial cells will be nonuniformly deposited in the
vascular network (54). Hence, direct 3D printing of prevascularized
tissues with encapsulated endothelial cells provides a more promis-
ing approach, because the encapsulated endothelial cells can
migrate to and proliferate at the lumen, enabling endothelialization
of the prevascularized network and promoting angiogenesis (55).
Because of the density-viability-resolution trilemma caused by

cell-induced light scattering, previous research on direct 3D print-
ing of prevascularized tissues using light-based methods is usually
limited to either no/low cell density or poor fabrication resolution
(22, 34, 56, 57). We designed and 3D-printed a thick (17 mm by 11
mmby 3.6mm) prevascularized tissue construct (Fig. 4A) using our
refractive index–matched bioink containing 40 million cells/ml.
The diameters of the hollow vascular channels range from 250 to
600 μm. HUVECs and human dermal fibroblasts (HDFs) were en-
capsulated in the GelMA bioink at 23 and 17 million/ml density,
respectively (see Materials and Methods for detailed bioink compo-
sition). Figure 4B shows the micro–computed tomography (μCT)
images (perspective view and cross sections) of the 3D-printed
structure, and Fig. 4C shows the bright-field microscopic images
(top view and cross section) of the printed structure. Hollow chan-
nels were observed in the scaffold, supporting the claim that desired
complex microstructural features can be printed in cellularized scaf-
folds with high resolution and high fidelity. Figure 4D is the
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Fig. 4. 3D printing of vascularized perfusable thick tissues. (A) Schematic of the perfusion culture system and the 3D render of the printed tissue. (B) μCT images of the
printed samples (perspective view and cross sections). (C) Bright-field images of the printed samples (top view and cross section). (D) Fluorescence images of the printed
samples. (E) Cell viability in the thick tissue after 14 days of perfusion culture. (F) Immunofluorescence images of a cryosection in a plane perpendicular to the printed
channels. (G) Immunofluorescence images of a horizontally cleaved chunk. The z slices are in horizontal planes, and the maximum projection images are stacks of all z
slices. The white dashed lines denote the position of the 3D-printed lumen.
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fluorescence image of the printed tissue, where the two cell types
were stained with CellTracker Green and CellTracker Orange, re-
spectively. This confirms that high-density, uniformly mixed cells
were encapsulated in the printed structures.
Because of the vasculature networks, prevascularized 3D tissues

have a much larger surface area than nonvascularized 3D tissues;
thus, the gas and nutrient exchange efficiencies can be greatly im-
proved. Although the diffusion limit can be overcome by adding
vasculature networks to the 3D-engineered tissues, under static
culture conditions, the exchange efficiencies are still insufficient
to support the viability of HCD thick tissues. Therefore, it is neces-
sary to use perfusion culture with the prevascularized tissues.
Gravity-driven perfusion is widely used for perfusion culture.
However, for thick tissues with complex vasculature networks, the
pressure provided by gravity is insufficient to drive the culture
medium through such high-resistance vasculature networks (54,
58, 59). A perfusion culture driven by a peristaltic pump is an alter-
native solution that provides increased control over the system and
scalability (54). We used a microfluidic peristaltic pump to actively
pump the culture medium through the vasculature network imme-
diately after 3D bioprinting (Fig. 4A). The system was maintained
for 14 days in an incubator, and then the printed construct was har-
vested. Flow cytometry was used to count the number of live/dead
cells (stained with a Zombie Green viability kit) in the harvested
tissue. A 66% of live cells (Fig. 4E) indicates that cells were highly
viable in this thick tissue across the 14-day perfusion culture, sug-
gesting that necrosis was avoided because of the 3D-printed vascu-
lature and perfusion culture.
The harvested samples went through immunofluorescence stain-

ing to evaluate changes in cell morphology and function in response
to perfusion culture. DAPI (4′,6-diamidino-2-phenylindole) and
phalloidin were used to stain the nucleus and cytoskeleton, and
VE-cadherin was used to label the cellular junctions between
HUVECs. Immunofluorescence images of cryosection in a plane
perpendicular to the channels are shown in Fig. 4F, at which two
vascular channels are merging/splitting. A monolayer of HUVECs
was observed around the channel’s cross section, confirming the en-
dothelialization of the 3D-printed vascular channels. In addition,
immunofluorescence images from a horizontally cleaved chunk
are shown in Fig. 4G and fig. S8. Images from various horizontal
planes (z slices) further confirm that a dense and uniformmonolay-
er of endothelial cells was formed along the printed lumen. Angio-
genesis beyond the printed lumen was observed in the maximum
projection images stacking all z layers, indicating potential sites of
spontaneous formation of new capillaries. These immunofluores-
cence images confirm that the cells in the 3D-printed vascular net-
works are viable, functional, and replicate key morphological
changes that are observed in vascular networks in vivo.

DISCUSSION
3D bioprinting techniques that can achieve HCD and high resolu-
tion simultaneously are highly demanded in tissue engineering. In
extrusion-based 3D bioprinting, when printing with an HCD, large
nozzles need to be used to preserve cell viability, leading to poor
fabrication resolution. In light-based 3D bioprinting, light scatter-
ing caused by the embedded cells also substantially decreases the
resolution. Hence, HCD, high cell viability, and high fabrication

resolution cannot be pursued simultaneously in current 3D bio-
printing techniques.
We demonstrated that by tuning the refractive index of the

bioinks through the addition of IDX in DLP-based 3D bioprinting,
HCD and better fabrication resolution can be achieved. We demon-
strated that the light scattering effect was substantially reduced (by
~10-fold), and the fabrication resolution can be substantially im-
proved. Tuning the refractive index of bioink with IDX is a widely
applicable method, which can be applied to most cell types and hy-
drogel bioinks. The refractive indices of most hydrogel bioinks are
lower than that of the cytoplasma, and the biopolymer concentra-
tion only minimally affects the refractive index (fig. S9). IDX can
effectively increase these bioinks’ refractive indices to match that
of the cytoplasm. However, note that the bioinks’ scattering
mainly comes from two aspects: refractive index mismatch
between the cytoplasm and the surrounding biomaterial and sub-
cellular components such as nucleus and organelles. This approach
can effectively reduce the scattering from the former aspect, yet it
has no effect on the scattering from the latter aspect. Thus, in a
bioink with a very HCD (much greater than 0.1 billion cells/ml),
although the total scattering can be effectively reduced, the remain-
ing scattering could still substantially affect the printing quality.
The addition of IDX slightly increases the bioink’s viscosity (fig.

S10A). If a high-viscosity bioink is desired, other additives could be
considered to be added. For instance, xanthan gum and glycerol
were used to improve the homogeneous distribution of cells and
reduce cell clumping (34). While the DLP 3D bioprinting resolution
could be substantially improved on the XY plane, the z (the direc-
tion of light propagation) resolution mainly depends on the mate-
rial’s light attenuation properties. Stronger light attenuation leads to
a shorter light penetration depth and thus finer z resolution. Light-
absorbing dyes have been widely used to increase the light absorp-
tion of the bioinks and thus improve the z resolution (34). However,
this also results in a longer printing time as the layer thickness is
decreased. Since a prolonged printing time (>20 min) could com-
promise the cell viability, it is important to keep a good balance
between the z resolution and the printing time.
We also demonstrated that the refractive index tuning agent IDX

is biocompatible, with negligible effect on cell viability, prolifera-
tion, and phenotype. We also identified the potential alternation
of metabolic and immune-regulatory function caused by IDX expo-
sure, which should be taken into consideration in further studies
where PK/PD, immunotherapy evaluation, and pathological pro-
gression are involved. On the other hand, since the HUVEC tran-
scriptome response to IDX is comparable to the reported IDX
toxicology and side effects, the IDX primed vasculature is potential-
ly helpful in the prediction of treatment response for the diseases
that usually involved angiography for diagnosis.
We further demonstrated bioprinting of an HCD, prevascular-

ized thick tissue using this approach. HUVECs and HDFs were en-
capsulated in the bioink. Such tissues were viable in a perfusion
culture system, and endothelialization and angiogenesis of
HUVEC were observed after 14 days of culture without the need
to seed cells. The printed tissues maintained their structural integ-
rity well after 14 days of perfusion culture, and the printed vascula-
ture remained perfusable after harvest.
This approach could be applied to other light-based 3D printing

techniques besides the DLP method, including stereolithography,
2PP, and volumetric method. The efficacy of this approach in
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volumetric 3D bioprinting has been demonstrated (41). While the
volumetric method has a faster fabrication speed than DLP, its fab-
rication resolution is intrinsically more vulnerable to light scatter-
ing than the DLP method due to its long light traveling range in the
bioink. That means, for the same bioink with a certain degree of
light scattering, the DLP method could reach a finer resolution
than the volumetric method. Or, under the same requirement of
the fabrication resolution, the DLP method could use a bioink
with a higher cell density than that of the volumetric method.
The application of IDX in stereolithography or 2PP methods has
not been studied yet. However, since these methods use a raster
scanning style fabrication, their fabrication speed is much slower
than the DLP or volumetric method, which could limit their appli-
cations in 3D bioprinting even if their fabrication resolution could
be improved by adding IDX.
There are a few limitations associated with this approach. Since

this approach is based on the DLP 3D printing technique, its bioink
utilization rate could be lower than that of the extrusion-based 3D
bioprinting. However, it has a much higher resolution and much
faster fabrication speed than extrusion-based methods. In addition,
when printing large-scale, highly overhanging soft structures, poor
mechanical strength could lead to deformation or failure during
printing. Light-based volumetric 3D printingmethods could poten-
tially address this issue. However, fabrication resolution of the vol-
umetric printing method is more severely affected by light
scattering due to its long light penetration depth. Overall, this
work represents the state-of-the-art technique achieving both
high resolution and HCD in 3D bioprinting.
We have achieved 50-μm resolution in an IDX-added GelMA

bioink with the cell density of 0.1 billion cells/ml. In addition, we
were able to 3D print GelMA cylinder structures (1.5 mm in diam-
eter and 1 mm in height) with a cell density as high as 0.225 billion
cells/ml without compromising the structural integrity (fig. S10, C
and D). These HCD-engineered tissues are soft (their Young’s
moduli are around 1 kPa) (fig. S10B) but stable, and they did not
disassemble during manipulation. Although such soft constructs
are difficult to manipulate when free standing, they are easy to ma-
nipulate if printed on coverslips. While their cell densities are still
below what is observed physiologically (1 to 3 billion cells/ml), this
technique enables 3D bioprinting with HCD, high viability, and
high resolution simultaneously. This technique is straightforward
and generalizable and can be easily applied to most biomaterials
and cell types. It is an important step toward being able to fabricate
functional large scale, clinically transplantable tissues or organs,
where HCD and fine vascular networks are essential.

MATERIALS AND METHODS
Bioink composition
Typically, bioinks for light-based 3D bioprinting consist of mono-
mers/oligomers, photoinitiators, solvents, cells, and other additives.
In this study, we used various monomers/oligomers, including
GelMA, GMHA, and AlgMA. We used lithium phenyl-2,4,6-trime-
thylbenzoylphosphinate (LAP) as a photoinitiator and phosphate-
buffered saline (PBS) as a solvent. We used various cell types, in-
cluding 293Ts, HUVECs, HDFs, C2C12, and HSCs. We used IDX
as a refractive index tuning agent. Detailed bioink composition for
each experiment is elaborated below.

The acellular bioink used in resolution test (Fig. 1E) consists of
5% (w/v) GelMA, 0.6% (w/v) LAP, and PBS as a solvent. The cell-
laden bioink in this experiment consists of 5% GelMA, 0.6% LAP,
293T cells (0.1 billion cells/ml), and PBS as the solvent. The cell-
laden refractive index–matched bioink in this experiment consists
of 5% GelMA, 0.6% LAP, 293T cells (0.1 billion cells/ml), 30%
IDX, and PBS as the solvent.
The bioink used in the refractive index measurement (Fig. 2A)

consists of 5% GelMA, 0, 20, 25, 30, or 35% IDX, and PBS as the
solvent. The bioink used in the scattering coefficient measurement
(Fig. 2, B to D) consists of 5% GelMA, 0, 20, 25, 30, or 35% IDX,
293T cells (40 million cells/ml), and PBS as the solvent.
The bioink used in the HUVEC viability experiment (Fig. 3 A, D,

and E) consists of 5% GelMA, 0.6% LAP, HUVEC cells (2 million
cells/ml), 0 or 35% IDX, and PBS as the solvent. The bioink used in
the HSC viability experiment (Fig. 3B) consists of 2.5% GMHA,
0.6% LAP, HSC cells (10 million cells/ml), and 0 or 35% IDX; in
addition, 0.5% GelMA is also added to the solution to improve
cell adhesion. The bioink used in the C2C12 viability experiment
(Fig. 3C) consists of 1% AlgMA, 0.6% LAP, C2C12 cells (10
million cells/ml), and 0 or 35% IDX; in addition, 0.25% GelMA is
also added to the solution to improve cell adhesion. The bioink used
in the HUVEC RNA-seq experiment (Fig. 3F) consists of 5%
GelMA, 0.6% LAP, HUVEC cells (10 million cells/ml), 0 or 35%
IDX, and PBS as the solvent.
The bioink used in the thick tissue printing experiment (Fig. 4)

consists of 5% GelMA, 0.6% LAP, 1% yellow food dye, 30% IDX,
HUVEC (23 million cells/ml), HDF (17 million cells/ml), and
PBS as the solvent. The bioink used in the rheology testing (fig.
S10A) consists of 5% GelMA and 0 or 30% IDX. The bioink used
in the Young’s modulus testing (fig. S10B) consists of 5% GelMA,
0.6% LAP, 30% IDX, and 293T cells (0 cell/ml, 40 million cells/ml,
0.1 billion cells/ml, or 0.225 billion cells/ml).
GelMA, GMHA, and LAP were synthesized following published

protocols (60–62). The IDX solution was purchased from Sigma-
Aldrich (Optiprep, D1556-250ML, Sigma-Aldrich). AlgMA was a
gift from Allegro 3D Inc. (San Diego, CA).

Determining the optimal concentration of IDX
Cytoplasm typically has a refractive index between 1.36 and 1.39.
Assuming that IDX linearly changes the refractive index of the
bioink, the concentration of IDX should be in the range between
20 and 35%. However, the optimal concentration is difficult to de-
termine before 3D bioprinting since it depends on many factors in-
cluding the bioink composition, cell type, osmolarity, temperature,
light wavelength, etc.
A good way to determine the optimal concentration is to make

bioinks with a series of IDX concentrations and without photoini-
tiator and then use an optical goniometer type setup to measure the
scattered light distribution of a 1-mm-thick bioink. Another less ac-
curate method is to fire laser through a 1-cm cuvette containing the
bioink and then use a camera that can lock the exposure value to
record the scattered light spot (fig. S3). We do not recommend
using total transmittance or total reflectance to determine the
optimal IDX concentration, because their change is quite small
when using different IDX concentrations.
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Refractive index measurement
The refractive index of bioink is measured using a homemade re-
fractometer with a 405-nm laser in three technical replicates. As
shown in fig. S4A, the laser beam is focused on the hypotenuse of
a right-angle prism, which is made of N-SF11 glass and has a refrac-
tive index of 1.8421 at 405 nm. The converging beam enters the
prism-sample interface at different angles, and total internal reflec-
tion (TIR) occurs at some of these angles. The diverging beam exits
the prism, is collimated by a lens, and collected by a camera. The
pattern collected by the camera shows the boundary where TIR
happens (fig. S4B), and the critical angle of TIR can be determined
on the basis of this pattern (fig. S4C). To accurately relate the TIR
boundary position on the captured image to the actual reflecting
angle, water and isopropanol, whose refractive index and thus
TIR critical angles are known, were used to calibrate this relation.
The refractive index of water, isopropanol, and N-SF11 glass can
be found at https://refractiveindex.info.

Scattering measurement and simulation
In general, it is challenging to directly measure the scattering coef-
ficient and anisotropy in a highly scattering specimen such as a bi-
ological tissue or HCD bioink. Indirect methods involving
numerical simulation are usually required to accurately analyze
these properties (42, 63).
We used a well-developed 3D Monte Carlo method (64, 65)

combined with a particle swarm optimization algorithm (66) to nu-
merically calculate the scattering properties of the cell-laden
bioinks. The total transmittance and total reflectance at 405 nm
of the 1-mm-thick bioink containing 40 million cells/ml were mea-
sured using a Ultraviolet-Visible-Near infrared (UV-Vis-NIR)
spectroscope (PerkinElmer, Lambda 1050) with integrating sphere
(the mean of three replicates was used). The angular intensity dis-
tribution of the scattered light at 405 nm was measured with a
homemade optical goniometer type setup (the mean of three repli-
cates was used) (fig. S5). Given arbitrary optical properties, the total
transmittance, total reflectance, and angular distribution can be cal-
culated by the Monte Carlo method. We then used a particle swarm
optimization algorithm on MATLAB (MathWorks, Natick, MA) to
acquire the optical properties that best fit the measured total trans-
mittance, total reflectance, and angular distribution. Figure S6 plots
the same dataset as in Fig. 2E in line graphs instead of color maps
and shows that the simulated angular distribution of the scattered
light well fits the measurement values. Next, we used the acquired
scattering coefficient and anisotropy to simulate the spatial distribu-
tion of light inside the bioink with Monte Carlo method (Fig. 2F).
This spatial distribution is also the point spread function of scatter-
ing. Hence, the pattern scattering results (Fig. 2, G and H) are the
convolution of this point spread function and the original pattern.

Cell culture
Primary HUVECs and primary HDFs were purchased from Cell
Application Inc. and cultured per the manufacturer ’s protocol.
Briefly, HUVECs were maintained in the endothelial growth
medium (211-500, Cell Application Inc.), fed with fresh medium
every 2 days, and passaged 1:5 every 4 days. HDFs were maintained
in the fibroblast growth medium (116-500, Cell Application Inc.)
and passaged 1:3 every 3 days. Cells under passage 7 were used
for bioprinting and further studies.

HSC, C2C12, and 293T were purchased from American Type
Culture Collection and cultured in Dulbecco’s modified Eagle
medium (11995-065, Gibco) supplemented with 10% (v/v) fetal
bovine serum (10438026, Gibco). The cells were passaged every
3 days.
Before printing, the cells were washed with Dulbecco’s PBS

(DPBS; 14190144, Gibco) and disassociated with 0.25% trypsin-
EDTA (25200072, Gibco) for 3 min in a 37°C CO2 incubator, fol-
lowed by neutralization with their culture media and resuspension
in the bioink. 3D-printed thin slabs were rinsed with PBS three
times to remove the IDX residue, then cultured in an incubator,
and fed with fresh medium every 2 days.

Tissue perfusion culture
3D-printed thick tissues were briefly rinsed and then immediately
connected to a perfusion culture system using a peristaltic pump
(54, 67) to continuously feed fresh medium through the vascular
channels at a flow rate of 0.2 ml/min (Fig. 4A and fig. S7A).
Thirty milliliters of endothelial growth medium was added into
the reservoir (petri dish). Medium was changed three times in the
first hour of perfusion culture to remove the residual IDX and was
changed every 2 days during the subsequence culture period. The
tissues were harvested at day 14.
The perfusion culture system was constructed as following:

Using an fused deposition modeling (FDM) 3D printer (Prusa
MK3S+, Prusa Research), an open-top fluidic manifold was con-
structed out of polyethylene terephthalate glycol (fig. S7D). The
square hole in the center accommodates the glass coverslip substrate
upon which the DLP 3D-printed tissue scaffold is adhered to. The
open channels radiating away from the center provide multiple
degrees of freedom through which perfusion tubing can be threaded
to interface with the scaffold’s inlet/outlet. The manifold’s total di-
ameter is small enough to be placed inside a standard 90-mm petri
dish, in which 30 ml of media was placed as a reservoir.
Using an stereolithography (SLA) 3D printer (Form 3+, For-

mlabs) and open-source protocols (67), we constructed a small-
scale multichannel microfluidic peristaltic pump (fig. S7C). The
central component of the system is composed of an NEMA 17
stepper motor. The motor is connected to a 3D-printed central
shaft mounted on bearings to allow free spinning; the central
shaft itself has six stainless steel rollers, also mounted on bearings
to allow free spinning. This assembly is then enclosed within a
grooved manifold through which peristaltic tubing can be threaded.
Programmable control of the motor’s operation then rotates the
central shaft and associated rollers against the peristaltic tubing, re-
sulting in the repeated roller-induced contraction/expansion cycles
on the tubing that produce a peristaltic flow.
Immediately after DLP 3D bioprinting, the IDX-modified,

HUVEC-laden tissue scaffold adhered to the glass coverslip was
placed within the open-top fluidic manifold. Peristaltic tubing [sil-
icone, inside diameter (ID), 1 mm; McMaster-Carr] threaded
through the pump was connected to the tissue scaffold’s inlet via
Tygon tubing (ID, 0.5 mm; Cole-Parmer) and secured using
tissue adhesive (3M VetBond) (fig. S7B).

RNA sequencing
HUVECs were 3D-printed in 250-μm slabs using GelMA bioink
with 0 or 35% IDX. After 7 days of culture, the RNAs from the
3D-printed slabs are extracted with TRIzol reagent (15596018,
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Ambion) followed by purification using a spin-column method
with Direct-zol RNA Microprep (R2060, Zymo Research). The
RNA quality evaluation and sequencing were performed by
Novogen Inc. with three biological replicates of each condition.
The sequencing data were analyzed with FastQC, trimmed with
Trimmomatic, aligned with HISAT2, and annotated with StringTie.
Differential gene expression was analyzed with DESeq2. GSEA was
performed with GSEA_4.2.3 (Broad Institute). Network analysis
was performed with Cytoscape 3.9.1 using the EnrichmentMap
application.

Viability assay
Cell viability in the printed thin slabs was quantified with CCK-8
(K1018, ApexBio) with six biological replicates of each condition.
At designated time points, the slabs are washed with DPBS, incubat-
ed with 1 ml of fresh media with 10% CCK-8 reagent at their regular
incubation condition for 45 min. After incubation, 200 μl of the su-
pernatant was collected from each sample, and their absorbance at
450 nm was measured with Tecan Infinite 200 PRO.
The cell viability was also evaluated with Live/Dead staining. At

designated time points, the slabs were washed with DPBS twice and
incubated with 2 μM calcein AM (C3099, Invitrogen) and 3 μMpro-
pidium iodide (P3566, Invitrogen) in the fresh culture media at
their regular incubation condition for 30 min. After incubation,
the slabs were washed with DPBS twice and imaged with a fluores-
cence microscope (Leica DMI6000B).
Cell viability in the thick tissue was characterized by a Zombie

Green viability kit (423111, BioLegend). The tissue was cultured
in a perfusion culture system for 14 days and then harvested. A
thin section was taken from the middle portion of the sample
using a scalpel. The section was stained with a Zombie Green via-
bility kit, next fixed with 4% paraformaldehyde (PFA), and then di-
gested using 0.25% trypsin-EDTA to remove the GelMA. Cells were
strained using a 40-μm filter before loading onto the BD Accuri C6
Plus Flow Cytometer. Fifteen thousand cells were collected for anal-
ysis. Cells were first gated to exclude the cell debris. The remaining
cells were gated on the basis of the fluorescent intensity in the FL1
channel (488 nm).

μCT imaging
The soft hydrogel samples need to be scanned in an aqueous envi-
ronment; otherwise, they substantially deform. However, the radi-
ology contrast between the GelMA hydrogel and water is very low.
Therefore, a non–water-soluble contrast agent is needed. In this
study, we chose BaCO3 as the contrast agent. The sample was first
soaked in 1% (w/v) BaCl2 solution and then transferred to 1% (w/v)
Na2CO3 solution, immediately followed by Na2CO3 perfusion.
Thus, the external surface of the construct and the internal
surface of the vascular network were coated with BaCO3. Samples
were scanned using a Skyscan 1076 μCT scanner (Bruker, Konich,
Belgium) immersed in PBS in a custom-designed 3D-printed con-
tainer. Samples were scanned at 9 μm by 9 μm by 9 μm voxel size,
applying an electrical potential of 50 kVp, a current of 200 μA, 180°
in 0.8° steps, and using a 0.5-mmAl filter. All μCT image processing
was performed using MATLAB. Volumetric data were reconstruct-
ed and viewed using the Volume Viewer application.

Immunofluorescence staining and imaging
The thick tissues were processed into cryosections or chunks fol-
lowed by immunofluorescence staining and imaging.
Cryosection
The harvested samples were fixed with PFA for 30 min and then
soaked overnight in 30% sucrose solution at 4°C on a nutating
tube rocker. Next, they were immersed in optimal cutting temper-
ature compound (23-730-571, Fisher Scientific) and placed in a
cryostat set at −20°C. Cryosections of 40- or 60-μm thick were
made and placed on poly-L-lysine (0.1%, w/v)–coated slides.
The cryosectioned samples were gently washed with DPBS, per-

meabilized with 0.1% Triton X-100 (T8787, Sigma-Aldrich), and
blocked with 2% bovine serum albumin (A2153, Sigma-Aldrich).
Primary rabbit VE-cadherin antibody (2158, Cell Signaling Tech-
nology) was diluted 1:200 in cell staining buffer (420201, BioLe-
gend) and incubated with the samples at 4°C overnight. The
primary antibody was then labeled with donkey anti-rabbit immu-
noglobulin G CF543 secondary antibody (20308-1, Biotium), which
was diluted in cell staining buffer at 1:200 and incubated at 37°C for
2 hours. Cytoskeleton and nuclei were labeled with Phalloidin
eFluor 660 (50-6559-05, eBioscience) andDAPI (4083S, Cell Signal-
ing Technology) per the manufacturer ’s instruction before the
slides were mounted with antifade reagent (9071S, Cell Signaling
Technology).
Chunk
The harvested samples were fixed with PFA for 30 min and vertical-
ly cut into four pieces using a scalpel. Next, the small pieces were
horizontally split into two halves to obtain chunks that expose
half of the printed vascular channels. These chunks were cleared
using a tissue clearing kit (CytoVista, V11322, Thermo Fisher Sci-
entific) to facilitate imaging per the manufacturer’s protocol. The
primary and secondary antibody were diluted 1:200 in the antibody
dilution buffer, respectively. Phalloidin 660 and DAPI were diluted
1:1000 and coincubated with the secondary antibody.
In the cryosection process, the samples slightly swelled (~20%)

due to the sucrose treatment. In the chunk process, the sample sub-
stantially shrank (~2× to 3×) due to tissue clearing. Therefore, Fig. 4
(F and G) does not represent the actual size of the as-printed
samples. Figure 4C represents the actual size of the as-printed
samples. The stained samples were imaged on a Leica SP8 fluores-
cence confocal microscope, a Leica DMI6000B fluorescence micro-
scope, and a Keyence BZX800 fluorescence microscope.

Mechanical property testing
Young’s moduli of the printed structures were measured with a Mi-
croSquisher by CellScale using the ramp function in displacement
mode per the manufacturer’s manual. DLP-printed cylinders with a
diameter of 1.5 mm and a height of 1 mm were printed for testing.
The compression magnitude was set at 200 μm; both loading and
recovery were 25 s (0.125 s/μm). The test was performed with trip-
licate samples of each condition and repeated in three technical
replicates.
The rheological properties of GelMA bioinks were measured by

a rotational rheometer (Discovery Hybrid Rheometer HR 30, TA
Instruments), equipped with a cone geometry with a diameter of
40 mm and an angle of 2°, and a Peltier plate with temperature
control. The gap between the cone geometry tip and the Petier
plate was 52 μm for all measurements. The viscosity was measured
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by varying the shear rate from 1 to 1000 s−1 with the flow ramp
mode with three technical replicates.

Statistical analysis
Refractive indices (Fig. 2A and fig. S9), Young’s moduli (fig. S10B),
and viscosity (fig. S10A) were presented as means ± SD. Cell viabil-
ity tests (Fig. 3, A to C) were presented as means ± SE, where six
biological replicates were used, and pairwise comparison with Stu-
dent’s t test (two tailed) was performed to evaluate the statistical sig-
nificance. P values < 0.05 were considered as significant.

Supplementary Materials
This PDF file includes:
Figs. S1 to S10
Legends for data S1 to S3

Other Supplementary Material for this
manuscript includes the following:
Data S1 to S3
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