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ABSTRACT: The convergence of 3D bioprinting with powerful
manufacturing capability and cellular self-organization that can
reproduce intricate tissue microarchitecture and function is a
promising direction toward building functional tissues and has yet
to be demonstrated. Here, we develop a granular aggregate-
prevascularized (GAP) bioink for engineering highly vascularized
bone tissues by capitalizing on the condensate-mimicking, self-
organization, and angiogenic properties of prevascularized mesen-
chymal spheroids. The GAP bioink utilizes prevascularized
aggregates as building blocks, which are embedded densely in | ==
extracellular matrices conducive to spontaneous self-organization. | °
We printed various complex structures with high cell density (~1.5

X 10% cells/cm?), viability (~80%), and shape fidelity using GAP

bioink. After printing, the prevascularized mesenchymal spheroids developed an interconnected vascular network through angiogenic
sprouting. We printed highly vascularized bone tissues using GAP bioink and found that prevascularized spheroids were more
conducive to osteogenesis and angiogenesis. We envision that the design of the GAP bioink could be further integrated with human-
induced pluripotent stem cell-derived organoids, which opens new avenues to create patient-specific vascularized tissues for
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therapeutic applications..
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1. INTRODUCTION

Three-dimensional (3D) bioprinting is widely applied in
regenerative medicine due to its powerful ability to control
the spatial deposition of cells and biomaterials." However, it is
challenging to reproduce the intricate microarchitecture, cell-
type composition, and function of native tissues by printing
individual cells at the appropriate place due to the printing
resolution (~100 um).” Recently, the field of regenerative
medicine has evolved toward a new concept of “in vitro
biomimicry of in vivo tissue development”.” Much effort has
been devoted to engineering the process of in vitro tissue
development rather than the target tissues with knowledge
from developmental biology.* During embryonic development
and regeneration, condensation as a result of stem cell
aggregation occurs and initiates cell differentiation and
morphogenesis in virtually every organ in the human body.”
For example, mesenchymal cell condensation is considered the
major event that initiates mesenchymal commitment to the
osteogenic and chondrogenic lineages.” Previous studies have
shown that cell condensation into spheroids triggers the in
vitro differentiation of human mesenchymal stem cells (MSCs)
into osteocyte-like cells,” indicating a critical role of cell
condensation in morphogenetic processes.

© XXXX American Chemical Society

7 ACS Publications A

Engineering the organization and fusion of multicellular
aggregates, such as spheroids and organoids, represents a
biomimetic cell assembly process fundamental to in vitro tissue
and organ development.” In this regard, cell aggregates with
intensive cell—cell contacts and dense extracellular matrix
(ECM) are more favorable components for conventional
bioinks than dispersive cells.” Thus, various approaches have
been developed for assembling these multicellular aggregates
into physiolo%ically relevant tissues, mimicking their native
counterparts.1 By using the Kenzan'' or aspiration-assisted
bioprinting strategy,"” individual spheroids can be assembled
into macroscale tissues with high positional accuracy; however,
the “pick-and-place” approach is inherently slow, making it
unsuitable for large-scale tissue fabrication.'> Using a micro-
molding technique, the geometric confinement led to the
fusion of the spheroids, resulting in a dense tissue construct
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Figure 1. Large-scale production and characterization of prevascularized spheroids. (a) Formation of spheroids at different seeding densities at 2
and 24 h. (b) Optical image of harvested MSC spheroids after 3 d. (c) Confocal live/dead image of MSC spheroids (Calcein-AM: green, PI: red).
(d) Morphology of multicellular spheroids (HUVECs: green). (e) Viability comparison of multicellular spheroids at various cell ratios of MSCs and
HUVECs. (f) Relationship between spheroid diameters and seeding densities. The dotted brown line indicates the fitted curve of the relationship
between spheroid diameters and seeding densities. (gh) Diameter and roundness measurement of multicellular spheroids. (i) Immunostaining of
MSC/HUVEC spheroids (CD44: green, CD31: red, cell nuclei: blue). (j) Confocal image of prevascularized spheroids consisting of GFP-MSCs
and RFP-HUVECs. The white arrows denote spheroid fusion into larger aggregates. (k1) 3D reconstruction showing capillary formation within
spheroids. The white arrows denote the cord-like structures formed by the self-assembly of HUVECs. (m,n) Confocal images of prevascularized
spheroids embedded in a 3D fibrin gel on day 1 (m) and day 7 (n). The white arrows denote the cell migration of prevascularized spheroids into
the surrounding fibrin matrix (MSC: green, HUVEC: red, cell nuclei: blue). Scale bars in (a—c) 100 gm; (d) SO ym; (i) 20 pum; (j) 100 pm; (k) 10
pm; (1) SO pm; (m) 200 pm; (n) SO ym. One-way ANOVA was used to analyze the data, “*” indicates statistical significance (*p < 0.05), and ns
indicates no significance.

with relatlvely simple arch1tectural features.'* As an alternative, of the spheroids to organize.”’ This lack of organization

acoustic'” and magnetic fields'® have been used to drive the
patterning and fusion of spheroids to yield functional tissue
constructs. It is noteworthy that spheroid fusion often results
in morphogenesis as well as significant changes in shape that
are difficult to predict.'’” This is due to the complex
interactions between the spheroids, which are not fully
understood.'® As a result, such field-based approaches are
limited to structures of low complexity. This limitation is
further compounded by the fact that the spheroid fusion
process is inherently slow.'” In a recent study, Goulart and
colleagues developed a bioink contalmng spheroids that can be
used to print hepatic tissues;*’ however, encapsulating only a
relatively low concentration of spheroids inhibited the ability

resulted in a poor representation of the hepatic lobule
architecture.

In the absence of vasculature, tissue constructs formed by
spheroid fusion often have difficulty scaling up to viable thick
tissues beyond the millimeter scale and thus cannot replicate
the macroscopic architecture of native solid organs.”” To
introduce vasculature into thick tissue constructs, Skylar-Scott
et al.*? recently developed the sacrificial writing into functional
tissue (termed SWIFT) technique to support the bioprinting
of embedded vascular networks to ensure tissue viability by
leveraging densely packed spheroids as a suspension bath. The
SWIFT strategy can only produce bulk tissues with a vascular
network since the tissue constructs are not 3D printed but cast

https://doi.org/10.1021/acsami.3c08550
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/10.1021/acsami.3c08550?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c08550?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c08550?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c08550?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c08550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

a

-JjJ
50

r (G
by L)

GeIMA

)

Q Lﬁp

Fibrin Gelbrin hydrogel
5 3
b 10 C H11)2 ‘_~1o? ¢ G e 1o G G
w10t & = —_— = = gt e
] = = =
& 10 5 5 3
T °
) g L[
o
8 10’ = 10° k 1 ] { =
2 100 2 2 L’ L 2
>
10 @ 10"+ @ 1004 » 10°
0 20 40 60 80 100 10! 0 200 400 800 5 10 15 20 25 30 35
Shear Rate (1/s) Time (s) Temperature (°C)

Strain(%)

b : CON
v A1) 5 g - § ”
ﬂ \ " g ‘< i L ”
B Y L
% = = ek : o>l

]

Figure 2. 3D bioprinting and characterization of GAP bioink. (a) Schematic diagram for the composition of GAP bioink. (b—e) Rheological
characterization showing shear thinning (b), strain yielding (c), self-healing properties (d), and a wider temperature window for 3D bioprinting (e).
() 3D bioprinting of a circular construct using GAP bioink. (g—k) 3D bioprinting of an ear model (g,h), nose model (ij), and multilayer lattice (k)
in a suspension medium (inset on the top right: 3D CAD model). (lm) Fluorescent images of the printed constructs. The white arrows denote the
fusion between adjacent layers. (n) Magnified fluorescent image of a 3D printed lattice structure. The red channel denotes the hydrogel, while
spheroids are not shown. (o) SEM image showing a honeycomb-like structure of the printed structure. (p,q) 3D printed structures consisting of
prevascularized spheroids on day 1 (p) and day 7 (q) (HUVECs: red; cell nuclei: blue). Scale bars are in (f) 2 mm; (g—k) 2 mm; (1-n) 500 pm;

(0) 20 pm; and (p,q) 100 ym.

using a custom mold. The thick tissue constructs maintained
high viability through perfusion of the printed vascular
network; however, capillaries at the size of several microns
are too small to be printed by SWIFT. Capillaries in vivo
provide an efficient exchange of nutrients and oxygen™* as well
as beneficial effects on cell-specific functions.”” In previous
studies, vessel-forming cells have been incorporated into
multicellular aggregates to generate prevascularized spheroids
for regenerative applications.”® In a recent study, De Moor et
al. demonstrated that prevascularized spheroids can be
encapsulated within the GelMA hydrogel for 3D bioprinting.””
However, prevascularized spheroids were merely used as
supplementary materials with relatively low concentrations,

which significantly limited spheroid fusion and tissue
remodeling rather than as primary vascularization units for
bioprinting physiologically relevant tissues with high cell
density and vascularity.

To address this challenge, we report a novel design of a
granular-aggregate-prevascularized (GAP) bioink to leverage
prevascularized spheroids for the 3D bioprinting of vascular-
ized complex tissue constructs. The GAP bioink consists of
two phases, namely, densely packed prevascularized aggregates
that occupy the major space as discrete phases and an ECM
solution that integrates the aggregates in a robust manner. As a
result of the granular nature of the cell aggregates, the GAP
bioink behaves like classic jammed microgel bioinks with the

https://doi.org/10.1021/acsami.3c08550
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necessary viscoelastic, shear thinning, and shear-recovery
properties for extrusion bioprinting. Printing parameters and
aggregate content were optimized to balance printability and
fusion capabilities, resulting in high cell density and satisfactory
viability postprinting. We demonstrated that the condensation
condition and angiogenic capabilities of the GAP bioink
accelerated the vascularization and osteogenesis processes.
This strategy provides a more efficient method of printing
dense complex tissues with intricate vascular networks, which
have great potential for bone and tissue regeneration.

2. RESULTS AND DISCUSSION

In this study, MSCs were used for their capability to
differentiate into multiple lineages.”® For the large-scale
production of MSC spheroids, we used commercially available
AggreWell 400EX plates (StemCell Technologies) with inverse
pyramidal-shaped microwells. MSC spheroids self-assembled
and compacted after 24 h (Figure 1a). The poor cell—substrate
adhesion allowed facile harvesting of the intact MSC spheroids
with a regular round shape and reproducible size on day 3
(Figure 1b). Live/dead staining revealed that the culture and
harvest process was minimal to the cell viability of MSC
spheroids (Figure 1c). The spheroids appeared to be hollow
mainly due to the inability of fluorescent dye to 9penetrate the
dense outer cell layers, as previously reported.”” MSCs have
been widely reported to facilitate the formation of capillary
networks by human umbilical vein endothelial cells (HU-
VECs).” Therefore, we generated prevascularized spheroids
by coculturing MSCs with HUVECs. The ratio between MSCs
and HUVECs was optimized at 2:1 to generate a higher extent
of capillary formation (Figure 1d). Notably, HUVECs alone
failed to form compact spheroids and completely disintegrated
during culture (Figure S1). Despite the shear stress during
pipetting, these spheroids maintained very high viability
(>95%) during culture (Figure le). The spheroid sizes were
easily adjustable by changing the seeding densities (Figure 1f).
The harvested MSC spheroids with 200 cells were charac-
terized as having a narrow size distribution with diameters of
145 + 18 ym and roundness of 0.87 + 0.04 (Figure lgh).
While smaller spheroids would enable higher-feature resolution
of 3D bioprinting, the volume of the spheroids generated
decreases significantly as d for a fixed number of microwell
arrays. Therefore, spheroids containing 200 cells were
routinely used in the following experiments.
Immunostaining analysis for platelet endothelial cell
adhesion molecule 1 (PECAM-1 or CD31) and CD44 (cluster
of differentiation 44) confirmed a dense organization of the
MSCs and HUVECs (Figures 1i, S2), in line with a previous
report.”> To visualize microvessel formation, we used
prevascularized spheroids containing red fluorescent protein-
expressing HUVECs (i.e., RFP-HUVECs) and green fluo-
rescent protein-expressing MSCs (i.e., GFP-MSCs). Spheroid
fusion occurred within less than 12 h under rotational culture,
indicating a high level of self-organization (Figure 1j).
Confocal images showed vessel anastomosis by spheroid
fusion to form an interconnected vascular network (Figure
1k,1). Due to its natural presence in humans and FDA approval,
fibrin gel has been widely used in regenerative medicine.’’ By
encapsulating the MSCs and HUVECs within the fibrin
hydrogel (10 mg/mL), we successfully generated extensive
capillary-like networks (Figure S3). Similarly, we observed the
cell migration of prevascularized spheroids into the surround-
ing fibrin matrix within 24 h (Figure 1m). On day 7,

angiogenic sprouting and vessel formation occurred (Figure
1n); however, the fibrin hydrogel shrank substantially and was
compacted into a crinkled structure as a result of cell
spreading-induced forces and fibrinolysis, consistent with
previous reports.‘i’2

The encouraging results motivated us to explore using
prevascularized spheroids as regenerative units that can be
further scaled up to print dense vascularized tissues. Although
the fibrin matrix is highly conducive to tissue remodeling and
morphogenesis,” fibrin and its prepolymer form (fibrinogen)
are notoriously known as burdensome candidates for 3D
bioprinting.34 As a result, we developed an ECM solution
comprising gelatin—methacryloyl (GelMA) and fibrinogen
(termed Gelbrin), in which the GelMA hydrogel rendered
the printability of fibrinogen and tuned the physiological and
mechanical properties of the Gelbrin composite hydrogel. To
leverage the unique self-organization potential of prevascular-
ized aggregates, we prepared the GAP bioink by densely
packing these aggregates via centrifugation and mixing them
with the Gelbrin solution (Figures 2a, S4). For MSC spheroids
with a diameter of 145 + 18 um, we used a 21G syringe needle
at 21G (inner diameter: 510 ym) with an appropriate nozzle-
to-spheroid diameter ratio of ~3.5. Generally, a smaller nozzle
would increase printing fidelity if extrudable;>> however, a
smaller opening of the printing nozzle results in higher stress
that significantly reduces cell viability and causes the rupture of
spheroids.”® Therefore, there is a trade-off between printing
fidelity and cell viability that must be considered in terms of
printing parameters. The compacted spheroids were mixed
with Gelbrin solution to produce the GAP bioink at various
volume fractions of spheroids (VFS), including 40, 60, and
80%. By comparing the cell viability and cell densities after
extrusion, we used GAP bioink with VFS at 60% for the
following experiments, which exhibited a cell density of ~1.5 X
10° cells/cm® and a viability of ~80% under optimized
conditions (Figure S5).

GAP bioink displayed the requisite shear-thinning (Figure
2b), strain-yielding (Figure 2c), and self-healing properties
(Figure 2d), protecting cells from high shear wall stresses
during printing and maintaining structural stability after
printing. Gelbrin bioink was highly temperature-sensitive
because of the sol—gel transition property of the GelMA
hydrogel (Figure S6a); however, due to the jammed nature of
GAP bioink, its temperature sensitivity was reduced, resulting
in a wider extrusion bioprinting temperature window between
15 and 30 °C (Figure 2e). We successfully printed a circular
construct (Figure 2f) with smooth extrusion and high fidelity
by matching the printing speed and extrusion rate, followed by
photo-cross-linking of GelMA (Figure S6f) and enzymatic
cross-linking of fibrinogen with a thrombin solution. It is often
challenging for conventional extrusion bioprinting to fabricate
human anatomical structures encompassing complex geo-
metrical features (e.g., overhangs and cavities).”” By incorpo-
rating a Carbopol-based suspension bath, we successfully
printed an ear model (Figure 2gh), nose model (Figure 2i),
and multilayer lattice (Figure 2k) with high fidelity. The
printed constructs displayed good filament adhesion between
adjacent layers (Figure 2L,m) to ensure mechanical stability. To
visualize the granular morphology of the 3D bioprinted
filaments, we prelabeled the MSC spheroids with green
fluorescence and the Gelbrin precursor solution with red
fluorescence. Fluorescent images (Figure 2n) of a printed
lattice structure showed that spheroids were densely packed
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Figure 3. Vasculogenic evaluation of GAP bioink. (a) Illustration of four types of bioinks. (b—d) Confocal images of the printed structures on day 1
(b), day 3 (c), and day 7 (d). (e,f) Quantitative analysis of vascular tube formation after 3 and 7 days in culture. (g—i) Comparative analysis of the
mRNA expression of genes involved in angiogenesis-related processes on day 7. Scale bars in parts (b—d) are 100 ym. Student’s t-test was used to
analyze the data, “*” indicates statistical significance (*p < 0.0S; **p < 0.01; **¥p < 0.005), and ns indicates no significance.

and separated by the surrounding Gelbrin matrix, as confirmed
by the scanning electron microscopy (SEM) image (Figure
20). The honeycomb-like structure of the GAP bioink is highly
beneficial for cell—cell contact and tissue remodeling. The
prevascularized spheroids formed capillary-like networks on
day 1 after printing (Figure 2p). We observed angiogenic
sprouting from these spheroids on day 7 (Figure 2q),
suggesting that the Gelbrin matrix provides a soft micro-
environment that facilitates cell fusion and reorganization,
similar to in vivo tissue remodeling and morphogenesis. The
mechanical requirements for the regeneration of native bone,
particularly load-bearing bone, should be taken into consid-
eration. The GAP bioink had a lower elastic modulus (14.3 +
2.5 kPa) than the Gelbrin bioink (128.3 & 7.2 kPa) due to its
high cell density (Figure S7ab). The GAP bioink-printed
constructs can be repeatedly compressed at 60% strain many
times, whereas Gelbrin fatigued at a $2% strain (Figure S7¢,d),
suggesting its ability to maintain structural integrity through
flexible deformation at the defect site. It is noteworthy that the
printed tissue constructs produced by the GAP bioink alone
cannot match the mechanical performance of bone tissue in
vivo. In future experiments, mechanical matching with bone

tissue in vivo can be achieved by coprinting the high-strength
synthetic polymer, such as poly caprolactone and polylactic
acid, as a supporting framework as previously reported.”®~**
The rapid and sufficient vascularization of the 3D bioprinted
tissue constructs is essential to ensure the optimal cell survival
and integration in vivo for large-scale tissues.* Furthermore,
vascularization plays a key role in bone healing, in both natural
and artificial bone implants.** Therefore, we further explored
the vasculogenic and angiogenic potential of the GAP bioinks
by comparing them with conventional dispersive cell-laden
(DCL) bioinks in the context of extrusion bioprinting.
Conventional DCL bioink containing dispersive MSCs and
GFP-HUVECs at a density of 7.5 X 10° cells/cm® was used as
a control (group #1) since the typical cell density suitable for
3D bioprinting is (0.1—10) X 10° cells/cm®. Three groups of
MSC-/HUVEC-laden GAP bioinks were used to examine the
effects of prevascularization of spheroids and HUVEC
inclusion on tissue vascularization (Figure 3a). GAP bioinks
comprising MSC spheroids/GFP-HUVECs (group #2),
MSC&RFP-HUVEC spheroids (group #3), and MSC&REP-
HUVEC spheroids/GFP-HUVECs (group #4) were printed
and cultured for 7 d in an MSC growth medium (GM)/
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Figure 4. 3D bioprinting of vascularized bone tissues using the vasculogenic and osteogenic GAP bioink. (a) Illustration of four types of bioinks.
(b) In vitro osteodifferentiation protocol. (c) Confocal images of the printed structures on day 7 (Calcein-AM: green; HUVEC: red; cell nuclei:
blue). (d) Quantitative analysis of vascular tube formation on day 7. (e) Immunofluorescence staining on day 17 (F-actin: green, RUNX2: red,
HUVEC: white, cell nuclei: blue). (f) Immunofluorescence staining of samples in group #4 on day 24 (F-actin: green, OPN: red, HUVEC: white,
cell nuclei: blue). (g—i) H&E, Masson’s Trichrome, and Alizarin Red staining of samples in group #4 on day 17. (j—n) Quantification of VEGF (j),
BMP-2 (k), ALP (1), and OCN (m), and OPN (n) expression by ELISA on day 24. Scale bars in (c,e,f) 100 #m and (g—i) SO ym (subset: 20 ym).
Student’s t-test was used to analyze the data; “*” indicates statistical significance (*p < 0.05; **p < 0.01; ***p < 0.005; ****p < 0.001), and ns

indicates no significance.

endothelial cell growth medium-2 (EGM-2) mixed medium.
The cell density of GFP-HUVECs was the same for groups #1
and #2; the cell ratio of dispersive MSCs to HUVEC:s in group
#1 was set at 2:1, as was the cell ratio of prevascularized
spheroids in groups #3 and #4. The only difference between
group #2 and group #4 was whether the spheroids were
prevascularized. For group #3 and group #4, the only

difference was whether the HUVECs were included in the
continuous phase of the GAP bioink, i.e., the ECM solution.
GFP-HUVECs were initially maintained in the interstitial
space between the aggregates but rapidly organized into
tubular vessel-like network structures on day 1 for both group
#2 and group #4 (Figure 3b). However, most GFP-HUVECs
remained round, and only a few capillaries formed on day 3 for
group #1 (Figure 3c), suggesting that MSC spheroids
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significantly promoted vascularization. In groups 3 and #4, the
preformed microvessels quickly grew out of the spheroids into
the surrounding ECM gel on day 3, indicating that they were
stable and exhibited angiogenic activity. On day 3 in group #4,
the microvessels from these prevascularized spheroids formed
connections with the surrounding microvessels in the ECM gel
(Figure S8). Additionally, on day 7 for group #3,
prevascularized spheroids developed an interconnected vessel
network through angiogenic sprouting (Figures 3d, S9). A
quantitative analysis of vessel formation (Figure 3e,f) revealed
greater capillary-like formation in GAP bioink (group #3) than
in DCL bioink (group #1) as well as upregulated expression
levels of angiogenesis-related genes, including transforming
growth factor f§ 1 (Figure 3g), vascular endothelial growth
factor (VEGF) (Figure 3h), and matrix metallopeptidase 2, on
day 7 (Figure 3i). As group #2 had a significantly longer tube
length than group #1, mesenchymal condensation accelerated
the angiogenic process; however, the differences were minimal
by day 7. HUVEC inclusion in the continuous phase (group #4
vs group #3) and prevascularization of MSC spheroids in GAP
bioink (group #4 vs group #2) significantly promoted the
angiogenic capabilities of HUVECs on day 3; however, no
significant changes were observed on day 7. These results
indicate that GAP bioinks with prevascularized spheroids are
more effective in accelerating blood vessel formation than GAP
bioinks with MSC spheroids or DCL bioinks.

Native bone is formed mainly through intramembranous
ossification and endochondral ossification, which are initiated
by the condensation of mesenchymal cells and coincide with
the evolution of capillaries.”” To evaluate the osteogenic
differentiation potential, GAP bioinks were cultured in
osteogenic conditions by comparing them with conventional
DCL bioinks consisting of MSC-only or MSC/HUVECs
(Figure 4a). The 3D bioprinted structures were first cultured
with GM/EGM-2 for 3 days to promote the proliferation of
MSC:s and vascularization of HUVECs and then replaced with
osteogenic medium (OM) for 21 days to induce osteogenesis
(Figure 4b). As a result of osteogenic culture conditions, the
capillaries formed by endothelial cells in the DCL bioink
(group #2) quickly degenerated (Figure S10), which is
consistent with previous reports.*>*” However, the capillaries
formed by prevascularized spheroids in the GAP bioink were
much more robust on day 7 (Figure 4c,d). To confirm the
expression profiles of osteogenic markers, we determined the
early osteogenic marker Runx2 and late osteogenic marker
osteopontin (OPN) by immunostaining on day 17 (Figure 4e)
and day 24 (Figures 4f; S11), respectively. Moreover,
HUVECs were labeled with green fluorescence to monitor
capillary dynamics. As osteogenesis and vascularization are
tightly coupled, the GAP bioink with intact capillaries
exhibited more significant expression of Runx2 and OPN
after 2—3 weeks of osteogenic culture. Using H&E (Figures 4g,
S12a) and Masson’s trichrome staining (Figures 4h, S12b), we
found that the newly formed osteoid tissues from the GAP
bioink groups were rich in collagen. In contrast, the DCL
bioink groups were primarily stained red, indicating a lack of
active bone regeneration. Alizarin Red staining (Figures 4i,
S12c) revealed higher calcium deposition in the GAP bioink
containing prevascularized spheroids, which was further
confirmed by SEM images of hydroxyapatite crystals (Figure
S$13). During bone development in vivo, MSCs stimulate blood
vessel §rowth by secreting angiogenic growth factors such as
VEGF, " which in turn promotes osteoblast differentiation and

matrix mineralization.”” Bone morphogenetic protein-2 (BMP-
2) has been found to be involved in bone formation and
mineralization, while VEGF is essential for the formation of
new blood vessels. The increased secretion of both BMP-2 and
VEGF (Figure 4j,k) on day 24 indicates that the GAP bioink is
more effective in inducing bone and blood vessel formation.
The secretion of early (alkaline phosphatase: ALP) and late
osteogenic markers (osteocalcin: OCN; OPN) (Figure 41—n)
on day 24 indicated a superior osteogenesis capability of the
GAP bioink by combining the angiogenic niche and osteogenic
niche, further confirmed by upregulated expression levels of
osteogenesis-related genes, including ALP, Runx2, and SOST
(i.e, Sclerostin) (Figure S14). Together, we printed highly
vascularized bone tissues by capitalizing on the osteogenic and
vasculogenic properties of the GAP bioink.

3. CONCLUSIONS

The convergence of the bioprinting technique and cellular self-
organization offers a promising avenue for fabricating complex
functional tissues with a close to physiological cell density,
microarchitecture, and function. In this study, the GAP bioink
has been shown to offer excellent self-organization and
angiogenic capabilities, where prevascularized aggregates
(e.g., spheroids and organoids) are used as primary
vascularization units for regenerative applications. The GAP
bioink can be printed into complex tissue constructs with high
cell density (~1.5 X 10% cells/cm?), viability (~80%), and
shape fidelity. By recapitulating the bone developmental
process, we were able to fabricate vascularized bone tissues
that exhibited a higher degree of angiogenesis and osteogenesis
than those of conventional DCL bioinks. Perfusable vascular
networks are required to satisfy the metabolic demand of thick
bone tissues with a high cell density. Therefore, our ongoing
work focuses on printing perfusable vascular networks within
dense tissue constructs by integrating GAP bioink with
advanced bioprinting strategies.

4. EXPERIMENTAL SECTION

4.1. Materials. Gelatin (type A, 300 bloom from porcine skin),
fibrinogen, and thrombin from bovine plasma were purchased from
Sigma-Aldrich. GeIMA hydrogels with a methacrylate degree of 30%
were purchased from EFL Inc, Suzhou, China. Red- and green-
fluorescence-conjugated GelMA hydrogels were used to visualize the
bioprinted constructs. Primary HUVECs and adipose-derived MSCs
were purchased from Zhong Qiao Biotechnology Co., Ltd., Shanghai.

4.2. Cell Culture. Primary HUVECs were cultured in EGM-2
BulletKits (CC-3162, Lonza). The culture plates were precoated with
SO pg/mL fibronectin (Corning Inc., US). The MSCs were cultured
in GM consisting of high-glucose Dulbecco’s modified Eagle medium
(DMEM) with 10% v/v fetal bovine serum (FBS, Bioind) and 1% v/v
penicillin/streptomycin (P/S, Life Technologies). Primary HUVECs
and MSCs at passages 3—6 were used in the experiments. The MSCs/
HUVECs were cocultured in a mixture of EGM-2 and GM at a 1:1
ratio (GM/EGM-2). Osteogenic differentiation was induced in OM
comprising low-glucose DMEM supplemented with 10% v/v EBS, 1%
v/v P/S, 100 nM dexamethasone, 10 mM sodium-f-glycerophos-
phate, and 0.05 mM ascorbic acid-2-phosphate.

4.3. Retroviral Transduction. For live imaging, the cells were
infected with retroviruses expressing GFP or RFP by strictly following
the instructions from the manufacturer (Hanbio, Shanghai, China).
Briefly, cells at 60% confluence were washed gently with PBS and
treated with a virus-containing medium with polybrene (S pg/mL).
After 24 h, the culture medium was replaced with fresh medium. Most
cells started to express RFP or GFP 48 h after transfection. RFP- or
GFP-expressing cells were harvested after 3 days of viral infection.
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4.4. Massive Generation of Spheroids. Spheroids were formed
by suspending cells into microwells (Aggrewell 400; StemCell
Technologies) at a density of 100—1000 cells/microwell, as described
in the previous report.’® Each 6-well Aggrewell plate has
approximately 300 microwells. Thus, the number of cells collected
in each microwell can be estimated by dividing the total number of
cells by the number of microwells. Single cells were transferred to
Aggrewell plates and centrifuged to facilitate aggregation. After 72 h,
spheroids were transferred to rotary orbital suspension culture (at a
speed of 60—6S rpm) and maintained for further culture and
characterization. The diameters and roundness of the spheroids were
analyzed using Image] software (NIH).

4.5. Bioink Preparation. GAP bioink was prepared by mixing
spheroids with Gelbrin solution. A S wt % Gelbrin solution was
prepared by mixing 10 wt % GelMA and 10 mg/mL fibrinogen stock
solution at a volume ratio of 1:1. The spheroids were harvested
manually using a pipet with wide-bore tips. The spheroids were
collected from S—10 plates at a time and transferred into a single 15
mL centrifuge tube. Upon collection, the spheroids were allowed to
settle by centrifugation at 1000 rpm for 3 min. After the supernatant
was aspirated, the volume (x mL) of compacted spheroids was
estimated visually by pipetting known volumes of PBS solution into a
second tube to match the height of the pellet in the spheroid-laden
tube. We subsequently washed compacted spheroids in a 3X volume
of Gelbrin solution. After mixing with the wide-bore pipet, the 15 mL
tube was centrifuged at 1000 rpm for 3 min. Next, the Gelbrin
supernatant was aspirated and replaced with 2X volume of Gelbrin
solution. The mixed spheroids were transferred to a syringe and
further compacted before printing. The final volume of the mixed
spheroids was estimated as y mL. The volume fraction of spheroids
could be calculated by x/y. As a control group, DCL bioink
containing cell-laden Gelbrin solution (S wt %) was used at a density
of 7.5 X 10° cells/cm®. As with prevascularized spheroids, the cell
ratio of dispersive MSCs to HUVECs was set at 2:1.

4.6. 3D Bioprinting. 3D bioprinting was performed using a
commercial 3D bioprinter (SunP Inc., China). All digital models were
converted to STL format files and imported into slicing software to
generate G-Code instructions. The printer chamber was UV-sterilized
for 60 min before printing. GAP bioinks were loaded into a 1 mL
syringe (BD) and centrifuged at 1000 rpm for 10 s to remove air
bubbles. For 3D printing of the GAP bioink, a printing speed of S
mm/s and an extrusion rate of 1.8 mm?®/s were used. Upon print
completion, the Petri dish containing the printed construct was
immediately exposed to visible light irradiation (405 nm, ~10 mW/
cm?) for 60 s, followed by enzymatic cross-linking with thrombin
solution (10 U/mL). For embedded printing, we used a Carbopol-
based suspension medium (SunP Inc., China) consisting of
poly(acrylic acid)-based microgels with diameters of ~7 um. After
printing and photo-cross-linking, the Carbopol-based suspension
medium was removed by repeated rinsing with PBS solution. The cell
density of the printed structures was quantified by dissociating them
into single cells, followed by automatic counting using a cell counter
(Countstar, China).

4.7. Morphological Characterization. The microstructure of
the 3D-printed constructs was observed by using SEM. The samples
were first fixed at room temperature in formalin for 1 h and washed
with ultrapure water, followed by dehydration in increasing ethanol
gradients and infiltration with tertiary butanol. The samples were
freeze-dried, sputter-coated with gold (thickness: 20 nm), and imaged
with a Zeiss Auriga SEM system at 15 kV.

4.8. Rheological Characterization. The rheological properties
of Gelbrin and GAP bioinks were measured by using a rheometer
(MCR301, Anton Paar) with a 25 mm diameter cone plate geometry
(gap: 750 um). Shear rate sweeps ranging from 0.1 to 100 s™! were
performed to evaluate the shear-thinning property. Strain sweeps
ranging from 0.1 to 1000% (frequency: 1 Hz) were performed to
evaluate the strain-yielding property. The storage (G’) and loss
moduli (G”) were measured with alternating low (1%) and high
(300%) strains (1 Hz, 100 s) to evaluate the self-healing property.
Temperature sweeps ranging from 4 to 37 °C (strain: 0.1%,

frequency: 1 Hz) were performed to evaluate the temperature
responsiveness.

4.9. Mechanical Characterization. A uniaxial compression test
was conducted to determine the mechanical properties of the Gelbrin
and GAP bioinks. With the use of a mechanical test instrument (Bose
ElectroForce 3200, Bose Corp.), cylindrical samples (diameter of 8
mm, height of 5 mm) were loaded and compressed until rupture at a
rate of 0.1 mm/s. For the calculation of the elastic modulus, the elastic
part (O to 20% strain) of the stress—strain curve was selected. At least
three samples were tested for each condition.

4.10. Cell Viability. Cell viability was assessed by using a Calcein-
AM/PI Double Staining Kit (Dojindo Molecular Technologies).
Briefly, the samples were incubated with 2 mM calcein AM and 4.5
mM propidium iodide at 37 °C for 30 min and then visualized by
using a laser-scanning confocal microscope (FV3000, Olympus).
Using Image] software, we determined cell viability by dividing live
cell numbers by total cell numbers.

4.11. Histological and Immunofluorescent Analysis. After 3
weeks of osteogenic culture, 3D bioprinted constructs were fixed in
10% formalin for 24 h at 4 °C before being transferred to 70%
ethanol. Following paraffin processing, 10 ym sections were cut using
a microtome (Leica Microsystems Inc, USA) and stained with
hematoxylin and eosin (H&E), Alizarin Red, and Masson’s trichrome.
For immunofluorescence staining, all sections or samples were
permeabilized with 0.1% Triton X-100 (Sigma) and blocked in 10%
bovine serum albumin in PBST solution (0.1% Tween in PBS) for 1 h
before incubation with primary antibodies at 4 °C overnight. The
primary antibodies used in prevascularized spheroids were as follows:
CD44 (1:500, ab6124, Abcam) and CD31 (1:500, ab32457, Abcam).
The primary antibodies used in the osteogenic samples were as
follows: Runx2 (1:200, ab21595S, Abcam) and OPN (1:200,
ab63856, Abcam). Following washing with PBS, the samples were
incubated with fluorescein-conjugated secondary antibodies of Alexa
Fluor 488 goat antimouse (1:300, JAC-115-545-003, Jackson) and
Alexa Fluor 594 goat antirabbit (1:300, JAC-111-585-144, Jackson) at
room temperature for 2 h and counterstained with 4’,6-diamidino-2-
phenylindole (1:1000, Beyotime) to visualize cell nuclei. Actin
filaments (green) were stained with CytoPainter Phalloidin-iFluor 488
reagent (1:100, ab176753, Abcam). Nuclei were stained with Hoechst
33258 (Dojindo, Japan) at a 1/1000 dilution in PBS. Stained samples
were observed under a confocal microscope. The total and mean tube
lengths of capillaries were quantified by Image] software with the
Angiogenesis Analyzer plugin tool.

4.12. ELISA Quantification. The expression of human BMP-2
and VEGF in the culture supernatants was quantified using BMP-2
(QZ-10621) and VEGF (QZ-10748) ELISA kits according to the
instructions from Jiubang Biotechnology, Quanzhou, China. Similarly,
the expression of ALP, OPN, and OCN was also detected by using
ALP (QZ-10660), OPN (QZ-10628), and OCN (QZ-10626) ELISA
kits. The expression level was further normalized to the cell number.

4.13. Quantitative Real-Time Polymerase Chain Reaction.
Samples were homogenized to obtain mRNA using TRIzol
(Invitrogen), which was reverse-transcribed into complementary
DNA (cDNA) using a PrimeScript RT Reagent Kit (TaKaRa,
RR037A). Quantitative real-time polymerase chain reaction was
performed on a CFX96 real-time system (Bio-Rad, USA) using a
mixture of the obtained cDNA and TB Green Premix Ex Taq (Tl
RNaseH Plus) according to the manufacturer’s instructions. The
expression level of target genes was normalized to that of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) by the AACt
method.

4.14. Statistical Analysis. All of the experimental statistical data
were analyzed from at least three parallel samples and expressed as the
mean + standard deviation. Statistical analysis between the two
groups was performed using an unpaired two-tailed Student’s t-test
with GraphPad Prism software. Statistically significant differences
between multiple experimental groups were determined by a one-way
analysis of variance (ANOVA). Post hoc pairwise analysis was
performed with the Tukey’s honestly significant difference test. The
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differences were considered statistically significant if the p value was
below 0.05 (*).
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