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Abstract

Despite advances in the bioprinting technology, biofabrication of circumferentially multilayered
tubular tissues or organs with cellular heterogeneity, such as blood vessels, trachea, intestine,
colon, ureter, and urethra, remains a challenge. Herein, a promising multichannel coaxial extrusion
system (MCCES) for microfluidic bioprinting of circumferentially multilayered tubular tissues in
a single step, using customized bioinks constituting gelatin methacryloyl, alginate, and eight-arm
poly(ethylene glycol) acrylate with a tripentaerythritol core, is presented. These perfusable
cannular constructs can be continuously tuned up from monolayer to triple layers at regular
intervals across the length of a bioprinted tube. Using customized bioink and MCCES, bioprinting
of several tubular tissue constructs using relevant cell types with adequate biofunctionality
including cell viability, proliferation, and differentiation is demonstrated. Specifically, cannular
urothelial tissue constructs are bioprinted, using human urothelial cells and human bladder smooth
muscle cells, as well as vascular tissue constructs, using human umbilical vein endothelial cells
and human smooth muscle cells. These bioprinted cannular tissues can be actively perfused with
fluids and nutrients to promote growth and proliferation of the embedded cell types. The
fabrication of such tunable and perfusable circumferentially multilayered tissues represents a
fundamental step toward creating human cannular tissues.

Keywords
bioinks; cannular tissues; coaxial extrusion systems; microfluidic bioprinting; perfusion

The 3D bioprinting technology provides an excellent platform to fabricate biomimetic
complex tissue constructs.[::2] An important advantage offered by this technology is the
ability to deposit biomaterials or cell-loaded biomaterials individually or in tandem,
producing desired 3D tissue-like structures.I3] In the past two decades, biofabrication has
been explored extensively for generating 3D tubular tissues, particularly vasculature, by
simultaneous deposition of biocompatible materials and cells, through layer-by-layer
assembly of 2D patterns to form 3D well-organized structures(4! or by 3D sacrificial
bioprinting.[>-"] However, most of these available approaches generate cell-laden hydrogels
with embedded microchannels that require the delicate process of precise stacking of
individually fabricated layers. In addition to slow and multistep processes, these approaches
lack ability to perfuse fluids directly through the tissue constructs.

More recently, extrusion bioprinting of biomaterials and blends using coaxial nozzles has
been shown to produce perfusable hollow fibers, >8] which is the basic requirement for
generating functional tubular tissues. Several studies have reported the fabrication of hollow
fibers using various 3D bioprinting approaches. For example, Zhang et al. employed a
coaxial-nozzle extrusion method that enabled direct bioprinting of cellular microfluidic
channels in the form of hollow tubes.[®10] Similarly, Nishiyama et al.,[11] Christensen et al.,
[12] and Blaeser et al.[*3] separately demonstrated layer-by-layer fabrication of vascular-like
cellular structures using an inkjet-based approach. Notably, Xiong et al. demonstrated the
bioprinting of 3D cellular tubes using laser-induced forward transfer,[14] whereas Ouyang et
al. showed the 3D bioprinting of heterogeneous and hollow filaments allowing fabrication of
complex engineered cell-laden constructs, using a coaxial extrusion printing system.[1°]
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Moreover, some groups employed layer-by-layer fabrication of hydrogel mixtures
containing two different cell types to produce porous tissues with vertical channels,[16] and
others bioprinted multiple cell types along with sacrificial Pluronic F127 to generate hollow
channels.[17] However, 3D bioprinting of tunable circumferentially multilayered hollow
structures that would mimic tissues such as gastrointestinal tract, trachea, urinary bladder,
ureter, or urethra with structural and functional integrity, still remains a challenging task in
tissue engineering.[18]

In the present study, we introduce a digitally coded coaxial extrusion device that can directly
bioprint 3D complex tubular hollow fibers with multiple circumferential layers in a single
step, without the need of pre-/postprocessing. The hollow filaments are directly extruded by
a pressure-assisted bioprinting system using gelatin methacryloyl (GelMA)-based hydrogels
as bioinks. This system enables continuous fabrication of perfusable and tunable
circumferentially multilayered tubular fibers that can be switched between monolayer and
double layers, at regular intervals, or even triple layers, across the length of the tube. As a
proof-of-concept study, to mimic the native cannular tissues, we demonstrated bioprinting of
several tubular tissues using relevant cell types. These include muscle and endothelial layers
of vascular tissues with bioinks containing human smooth muscle cells (hRSMCs) and human
umbilical vein endothelial cells (HUVECS), respectively, representing the cellular
heterogeneity of different layers and cellular phenotypes of the blood vessel-like tissues.
Similarly, we were also able to fabricate tubular urothelial tissues by bioprinting inner
human urothelial cells (HUCs) and outer human bladder smooth muscle cells (HBdSMCs),
simultaneously. These bioprinted tubular tissues can be actively perfused with fluids and
nutrients to promote the growth and proliferation of cells in different layers of the hollow
fibers. The bioprinted constructs showed characteristic features of human tubular tissues
allowing continuous perfusion of fluids for the growth and interaction of different cell types
within the bioprinted layers exhibiting sustained viability for up to 2 weeks in vitro. Our
current work expands the bioprinting platform to create multitude of tubular tissue
architectures for tissue regeneration and modeling.

GelMA hydrogel is a biocompatible biomaterial that has been extensively used in tissue
engineering,[2:19-23] and bioprinting.[24-26] Alginate is also commonly combined with
GelMA to achieve proper viscosity for bioprinting. In our previous reports, we developed
GelMA/alginate-based bioinks for the encapsulation of cells.>271 We used alginate in our
customized bioink to improve printability and mechanical strength of the hollow tubes.
However, alginate is a bioinert material that can inhibit the adhesion of cells. Since the
stability of alginate depends on the stability of calcium complexes within the hydrogel, the
chelating agents such as ethylenediaminetetraacetic acid (EDTA) that strongly bind calcium
can quickly solubilize the alginate. Therefore, to achieve adhesion, spreading, and
proliferation of cells in the bioprinted construct by minimizing the alginate concentration,
we immersed the bioprinted hollow constructs in an EDTA solution for 5 min. Our previous
reports have shown that most alginate can be removed within this time frame.[5]

In this study, we further customized a blend bioink formulation by mixing eight-arm
poly(ethylene glycol) (PEG) acrylate with tripentaerythritol core (PEGOA) in the GelMA/
alginate hydrogel to enhance the mechanical strength and stability of the crosslinked matrix.
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Previously, it has been demonstrated that increasing the branching of PEG molecules (e.g.,
using poly(ethylene glycol) tetraacrylate, PEGTA) not only improved the mechanical
strength of the hydrogels but also promoted growth and proliferation of the bioprinted cells
as compared to the linear PEG derivatives.[528] Thus, the purpose of replacing PEGTA with
PEGOA in our customized bioink in this work was to further promote growth and
proliferation of the encapsulated cells while maintaining printability and mechanical
strength of the 3D-bioprinted tubular constructs, which are prerequisites for the generation
of functional 3D cannular tissues. To obtain the optimum printable bioink, we evaluated the
printability of different formulations of customized bioinks containing 5 and 7% (w/v)
GelMA, 2 and 3% (w/v) alginate, and 1 and 2% (w/v) PEGOA. As shown in Figure 1, the
optimum bioprintability was obtained at 7% GelMA, 2% alginate, and 2% PEGOA, which
altogether was termed as the GAP bioink. Thus, our customized bioink, GAP (Figure 1A)
and the two-step crosslinking strategy (Figure 1B) could potentially provide favorable and
sustained physicochemical environment for the proliferation and maturation of different cell
types in the bioprinted constructs. The viscosity of GAP increased significantly as compared
to its individual components as shown by a slope test (Figure 1C). Both GelMA and PEGOA
could flow down the slope rapidly, exhibiting very low viscosities, whereas GAP showed
higher viscosity with no movement even at the perpendicular surface. These results were
consistent with the rheological studies. A logarithmic plot of the viscosity as a function of
shear rate for individual components and GAP showed a decrease in viscosity with
increasing shear rate for all materials. In addition, GAP exhibited a higher viscosity as
compared to pure alginate, GeIMA, or PEGOA (Figure 1D). In addition, when calcium
chloride (CaCl,) was added, both pure alginate and GAP indicated obvious changes in
storage (G”) and loss (G”) moduli as a function of time representing stiffness of the
hydrogel (Figure 1E). After crosslinking with CaCl, and/or ultraviolet (UV) light, GeIMA,
PEGOA, and GeMA/PEGOA exhibited transparent morphologies, whereas alginate,
GelMA/alginate, and GAP showed translucent appearances due to the presence of
crosslinked alginate (Figure 1F). Similarly, the stress—strain curves plotted for all materials
showed that the mechanical strength of GAP was significantly higher as compared to those
of other groups (Figure 1G,H).

Figure 2A,B represents the schematics showing the components of the multichannel coaxial
extrusion system (MCCES) and the process of bioprinting using the blend bioink composed
of GelMA, alginate, and PEGOA, respectively. Figure S1A (Supporting Information) shows
the actual bioprinting setup to generate a complex and highly organized 3D hollow tube in a
single step using the MCCES. The MCCES, consisting of three concentrically assembled
needles, enabled direct extrusion of multicircumferential and perfusable hollow tubes with
varying diameters. With optimized flow rate of bioink in each channel during the bioprinting
process (Figure S1B, Supporting Information), different cell-laden bioinks were delivered
through the second and third layers of the nozzle, while the CaCls, solution was
simultaneously delivered through the core channel.

The alginate component in the bioink was first crosslinked with the calcium ion (Ca2*) in
the solution and the GelMA component was subsequently photocrosslinked by exposing the
bioprinted constructs under UV light, resulting in generation of organized and stable hollow
tubes (Figures 1B and 2B). Although many reports suggest that high concentration and
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persistent existence of alginate might adversely affect the cell proliferation and migration,
[29] the bioinert alginate can be removed by using Ca2*-chelating agents, such as
ethylenediaminetetraacetic acid (EDTA), when necessary, to facilitate cell spreading,
migration, and proliferation in the bioprinted constructs (Figure 2B).[]

The unique feature of our MCCES s its ability to fabricate multilayered hollow tubes,
consisting of continuously altering shapes and sizes, without the need of changing the
nozzles. To observe the different layers in the bioprinted multilayered hollow tube, we used
different fluorescent microbeads, at the concentration of 20 pL/3 mL bioink, with distinct
fluorescence in each channel during bioprinting, and we confirmed that a tubular structure
with multiple layers could be constructed simultaneously in a single step (Figure 2C,D,
Figure S2A,B, and Movies S1 and S2, Supporting Information). Figure 2E,F represents the
cross-sectional views of the hollow structures, distinctly showing walls of a singlelayered
tube and a double-layered tube, respectively, each colored fluorescence representing a layer
(Figure 2Fi). Furthermore, we intentionally delaminate the layers of a bioprinted double-
layered hollow tube to show the two distinct layers (Figure 2Fii). We obtained hollow tubes
with varying layers either by turning on/off the bioink flow in the desired channel or by
changing the flow rates for the bioink extrusion. On average, the diameters of the inner
lumen and the outer lumen were measured to be 663 + 52 and 977 + 63 um, respectively,
while the thicknesses of the inner wall and the outer wall were 62 + 10 and 94 + 10 um,
respectively (Figure 2G and Figure S2A, Supporting Information).

Using our designed MCCES, we were able to develop advanced tubular structures with
multiple channels demonstrating a platform to create complex cannular tissue architectures.
Figure 2H shows fluorescence microscopy images of a bioprinted tri-layered hollow tube
with the innermost green layer, the middle red layer, and the outermost blue layer. To test the
perfusability of the bioprinted hollow tubes, we successfully bioprinted long hollow tubes
and traced the active perfusion in the tubes with fluorescent microbeads along the entire
length. Figure 21-K represents schematic and experimental demonstrations of the perfusable
tubular networks mimicking multiple tissues to simulate the supply of nutrients among them.
During perfusion, the structural integrity of the continuous hollow fiber remained intact.
Thus, we elucidated that the bioprinted multilayered tubes with varying diameters and layers
maintain their perfusable hollow structures throughout the entire length.

Most importantly, we further demonstrated precise control over the architecture of the
bioprinted tubes constructing a wide range of multilayered hollow tubes with desired
diameters and numbers of circumferential layers at the same time, in a continuous manner,
by switching the coaxial channels on or off at desired intervals (Figure 3A). To construct a
tube with such features, we initially bioprinted a double-layered hollow tube, switched
smoothly to a single-layered tube by turning off the flow of bioink in the outmost channel,
and then switched again to the double-layered tube, all in a single continuous process
(Figure 3B). We labeled the outer and inner layers of the tube with red and green fluorescent
microbeads, respectively, and observed the dynamic conversion between the single and
double-layered hollow tubes by confocal laser scanning microscopy. The confocal images
clearly demonstrated the outer red and inner green fluorescent microbeads representing the
double-layered region while the green microbeads represent the inner single-layered region
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of the tunable hollow tube (Figure 3C). Figure 3D further represents the close-up confocal
images of the junction regions where the double-layered tube (possessing both outer red and
inner green fluorescence signals) gradually transitioned into a single-layered tube
(possessing only green signal). Indeed, intensity analyses of the signals revealed the
persistent existence of the green signal throughout the tube, representing the inner green
layer. In contrast, the red fluorescence signal appeared at regular intervals, present at high
intensity in the outer layer of the tube which gradually disappeared, indicating the
conversion of the double-layered lumen into a single-layered tube (Figure 3E). These results
were consistent with results shown in Figure 3C. Finally, perfusability of a bioprinted hollow
tube with continuous single- and double-layered walls at regular intervals was tested. The
perfusion of fluorescent microbeads throughout the length of tube is a clear indication of
perfusability of the bioprinted tunable tube (Figure 3F).

We further interrogated the biocompatibility of the GAP bioink on several cell lines and
subsequent perfusability of the double-layered hollow tissue construct. First, we
encapsulated C2C12 skeletal myocytes in GAP, crosslinked and cultured for up to 3 weeks.
The F-actin/nuclei staining of encapsulated cells showed that there was prominent
proliferation and spreading of C2C12 cells within the GAP bioink indicating muscle-like
tissue formation (Figure S3A, Supporting Information). Afterward, we labeled NIH/3T3
fibroblasts and C2C12 with green and red cell trackers, respectively, and mixed separately
with the GAP bioink. We then bioprinted these cell-laden bioinks using the MCCES,
resulting in a double-layered hollow construct and allowed the cells to grow under standard
cell culture conditions. As shown in Figure S3B (Supporting Information), the bioprinted
hollow construct possessed two distinct layers, with the outer layer containing C2C12 cells
and the inner layer, NIH/3T3 cells. Finally, we obtained a bioprinted double-layered hollow
tissue with smooth perfusion (Figure S3C, Supporting Information), analogous to those
without cells (Figure 2D). During the entire process of perfusion, the bioprinted lumen
maintained good structural integrity without fluid leakage.

We next explored our MCCES along with the customized bioink for bioprinting of
biomimetic urothelial tissue construct. The urethra is a fibromuscular tube through which
urine is discharged from the bladder to the exterior of the body. The native urethra consists
of three cell layers including the urothelial epithelium, fibroblasts, and smooth muscle cells.
Urothelial epithelial lining and smooth muscle cell layer form the most important layers of
the urethra.[30 Various urothelial pathologies such as inflammatory lesions, urothelial
strictures, congenital anomalies, and malignancy often necessitate the replacement of
urothelial tissue. Currently, urethroplasty remains the most effective treatment option for
urothelial defects.[31] The most commonly used urethroplasty are anastomotic urethroplasty
and widening the urothelial lumen using flaps or grafts of tissues from different origin such
as skin, bladder, or buccal mucosa.[32] However, in many circumstances, shortage of local
tissues, immunosuppression, and complications arising from the use of non-native tissues
have urged to develop bioengineered urothelial tissues.[3%] Conventional tissue engineering
approaches for in vitro urethra reconstruction involves formation of porous scaffolds such as
collagen-based matrices, synthetic polyesters, and protein-derived biological scaffolds,
which are manually seeded with urothelial cells and smooth muscle cells or unseeded.
Although these approaches have been successful in several animal and clinical studies, they
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show several limitations associated with homogenous seeding of cells throughout the entire

scaffolds, distribution of multiple cell types, and control of the scaffold microarchitecture.
[32,33]

Hence, to address these issues, we bioprinted a biomimetic urothelial tissue construct using
HUCs and HBdSMCs prelabeled with green and red trackers, respectively. These cells were
encapsulated in the GAP individually and bioprinted using MCCES, resulting in a double-
layered urothelial construct constituting the inner urothelial layer (green) and the outer
HBASMCs (red) (Figure 4A). The viability of the cells was 85 + 2% on day 1 and remained
as high as 89 + 3% on day 7 (Figure 4B,D). Likewise, in a separate experiment, the
bioprinted HUCs and HBAdSMCs were stained for F-actin, a major component of the
cytoskeleton and nuclei on day 7 to observe the cell proliferation and cellular phenotypes
within the bioprinted tissue constructs. Both HUCs and HBASMCs were homogenously
distributed within their respective layers without losing the structural integrity of the tubular
tissue construct (Figure 4C). These results demonstrated that our customized bioink created
a favorable microenvironment for encapsulated cells and MCCES facilitated the formation
of perfusable urothelial tissue-like tubular structures.

Prior to confirming the biofunctionality of the bioprinted urothelial tissue constructs, we first
examined the behaviors of HUCs and HBdSMCs in the GAP bioink by
immunocytochemical analysis. The cells were encapsulated in the GAP bioink separately
and crosslinked under UV without bioprinting, followed by incubation at standard cell
culture conditions for 7 d. At day 7, the cells in the GAP hydrogel were fixed and
immunocytochemical staining of HUCs with E-cadherin and zonula occludens-1 (ZO-1,
tight junction markers), and HBdSMCs with a-smooth muscle actin (a-SMA) was
performed. Figure S4 (Supporting Information) shows the high viability and proliferation of
both HUCs and HBdSMCs in GAP, with HUCs expressing ZO-1, tight junction protein
essential for normal function of urothelium,[34l and E-cadherin, cell-cell adhesion molecule
that plays important roles in epithelial cell behavior and tissue formation, 351 while
HBdSMCs expressed a-SMA. The biofunctionality of the bioprinted urothelial tissue
constructs was further analyzed via immunocytochemical staining at day 14 after
bioprinting. Confocal microscopy images of the immunostained urothelial tubes after 14 d
showed the formation of mature monolayer of spreading HUCs, with the expression of both
Z0-1 and E-cadherin, confirming the presence of critical tight junction protein-1 and cell-
cell adhesion molecules necessary for proper urothelial function. In addition, expression of
a-SMA by HBdSMCs[38] was also observed (Figure 4E).

Similarly, diseases affecting blood vessels such as arteritis, atherosclerosis, and thrombosis
are a major health concern worldwide and have a great financial impact.[37] Hence, it is an
urgent necessity to engineer blood vessel substitutes for the replacement of damaged or
diseased vascular tissues. Typically, the walls of blood vessels are composed of the
innermost endothelial cell layer, the middle smooth muscle cell layer, and the outer layer of
fibroblasts along with their associated matrices. Among them, the endothelial cells and
smooth muscle cells play crucial roles in maintaining homeostasis and mechanical properties
of blood vessels, respectively.[38] Thus, both smooth muscle cells and endothelial cells are
required to be incorporated into the tubular scaffold to build a blood vessel-like structure.[3°]
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In addition, due to the limited proliferation ability and loss of contractility of smooth muscle
cells, creating blood vessel substitutes remains a challenge in tissue engineering.

To address these issues, we encapsulated hSMCs and HUVECs in the GAP bioink separately
and bioprinted directly through the different channels of the MCCES, resulting in a
biologically relevant hollow vascular construct that represented the cellular heterogeneity of
different layers as seen in normal blood vessels. We further incubated the bioprinted vascular
constructs at 37 °C and 5% CO, in a common medium consisting of 1:1 volume ratio of the
endothelial growth medium (EGM-2) and the smooth muscle growth medium-2 (SmGM-2)
for up to 14 d. Prior to bioprinting, we studied the survival and proliferation of HUVECs and
hSMCs in the GAP as monocultures and coculture systems using this common medium for
14-21 d. We observed the viability, confluency, and proliferation of the encapsulated cells in
GAP under fluorescence microscope after live/dead assay and F-actin/nuclei staining. As
shown in Figure 5, both HUVECs and hSMCs could proliferate and spread in GAP
demonstrating their capability to form networks (Figure 5A,C). The viability of HUVECs
and hSMCs in GAP was similar in monocultures in their respective media and cocultures in
the common medium (HUVECs + hSMCs 99 + 1%; HUVECSs 99 *+ 1%; hSMCs 99 + 1%,
Figure 5B). In addition, we also confirmed the biofunctionality of vascular cells in the GAP
bioink by immunocytochemical analysis. The cells were encapsulated in the GAP bioink
separately and crosslinked under UV without bioprinting, followed by incubation under
similar cell culture conditions for 7 d. Figure S5 (Supporting Information) shows the high
viability and proliferation of both cell types in GAP, with strong expressions of VE-cadherin
and CD31 for HUVECs and expression of a-SMA for hSMCs. CD31 and VE-cadherin are
endothelial-specific adhesion molecules expressed on the membranes of endothelial cells
and at junctions between endothelial cells, respectively.[40-42]

Similar to the bioprinted urothelial tissues, we monitored the viability of the cells in the
bioprinted double-layered hollow vascular tissues using the live/dead assay on days 0-7 and
day 14. The viability of vascular cells in the bioprinted tissue was found to be 93 + 2%
immediately after bioprinting (Figure 5D,E). Thus, the bioprinting of vascular tissues using
GAP and other parameters optimized in this study had minimal effects on vascular cells
during the extrusion process. Overall the viability of the vascular cells, both HUVECs and
hSMCs, was found to be in between 85 and 97% with prolonged culture time (Figure 5D,E).
However, slight fluctuation in cell viability was found due to the fact that there existed shear
stress during cell extrusion from channels, which affected the cells in the bioprinted
constructs. The damaged cells or the cells under stress gradually died with time. As a result,
the viability of cells in days 2—4 was found to reduce. However, the healthy cells could then
proliferate leading to increased viability reaching more than 90% within 14 d. Our results of
viability of the vascular cells are consistent with previous reports.[43:44]

Prior to immunocytochemical studies with vascular cell-specific markers, the bioprinted
cells were stained with F-actin/nuclei to characterize the cell proliferation and vascular cell
phenotypes. We observed the proper spreading and proliferation of the cells throughout the
bioprinted vascular tissue constructs (Figure 5F). We then performed immunofluorescence
staining of VVE-cadherin and CD31 for the vascular tissue constructs at day 14 after
bioprinting to show the biofunctionality of bioprinted vascular tissue constructs. In addition,
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immunofluorescent staining of a-SMA was performed for hSMCs. Confocal microscopy
images of the immunostained vascular tubes after 14 d showed the formation of mature
monolayer of endothelium with the expression of both CD31 and VE-cadherin by the
spreading HUVECS, confirming the presence of critical junctions necessary for proper
vascular endothelial function, and expression of a-SMA by hSMCs, an actin isoform
predominantly present in vascular smooth muscle cells that plays an important role in
fibroblast contractility (Figure 5G).[45:46]

In summary, we have reported a digitally tunable multilayer coaxial nozzle that enables the
bioprinting of complex and perfusable hollow tubes with multiple circumferential layers in a
single step. This generalized bioprinting method can be extended for the fabrication of many
different types of tubular tissues possessing hierarchically layered structures, using a single,
digitally controlled extruder system. In our previous studies, we demonstrated the
bioprinting of only single-layered hollow tubes using GelMA-based bioinks. Based on our
previous work, we further studied the possibility to produce the more complicated hollow
structure with 3D bioprinting technology. In this study, we successfully bioprinted
circumferentially multilayered hollow tissue constructs using the customized GelMA-based
bioinks. We used PEGOA that enhanced the mechanical strength and stability of the
crosslinked hydrogel. Our customized blend bioink, based on a mixture of GelIMA, alginate,
and PEGOA with optimized concentrations, represents a favorable physicochemical matrix
for proliferation and early maturation of a wide range of cell types. However, there is still
plenty of room for improvement of this 3D bioprinting system and optimization of the blend
bioink for enhanced mechanical strength and stability of the bioprinted constructs to achieve
proper organization and eventually function of the tissue constructs. The bioprinting of
circumferentially multilayered hollow tubes is the basis for reconstruction of complex
hollow tissues or organs and the fabrication of such perfusable circumferentially
multilayered tissue constructs represents a fundamental step toward creating human cannular
tissues. We believe that our system has the potential to expand current bioprinting platforms
to create multitude of tubular tissue architectures for tissue regeneration and modeling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Ogtimization of the bioink. A) Schematic structures of GelMA, alginate, and PEGOA. B)
Schematic depiction of formation of the GAP hydrogel via crosslinking with CaCl, and UV
exposure. C) Illustration of viscosity of hydrogels on a slope surface (scale bar, 1 cm). D)
Influence of the shear rate on the rheological behavior of the customized bioink and the
different components of the bioinks. E) G’ and G” as a function of time of the bioink and
the different components of the bioink. F) Visual inspection of the customized bioink and
the different components of the bioink after CaCl, and UV-light exposure. G) Compressive
stress—strain curves for the customized bioink and the different components of the bioink. H)
Young’s modulus of the hydrogels determined from the stress—strain curves. G: 7% GelMA,;
A: 2% alginate; P: 2% PEGOA; GA: 7% GelMA and 2% alginate; GP: 7% GelMA and 2%
PEGOA,; GAP: 7% GelMA, 2% alginate, and 2% PEGOA.
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Figure 2.
3D bioprinting of circumferentially multilayered cannular tissues using the GAP bioink.

A,B) Schematic illustration of the MCCES and the process of bioprinting of a multilayered
hollow tube. C) Images showing bioprinted perfusable tubes with various shapes. D)
Representative longitudinal fluorescence microscopy images of double-layered hollow
fibers. E,F) Representative cross-sectional view fluorescent microscopy images of i)
monolayered and ii) double-layered hollow fibers with fluorescent beads. G) Diameter and
thickness of inner and outer layers of the bioprinted tube. H) Fluorescent microscopy images
showing bioprinted tri-layered hollow tubes, where green fluorescent beads were embedded
into the innermost layer, red fluorescent beads were embedded into the middle layer, and
blue fluorescent beads were embedded into the outermost layer during the bioprinting
process. 1) Schematic of perfusion among tissues. J,K) Images showing the simulation of
perfusable multiple tissues.
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Figure 3.
3D bioprinting of tunable and perfusable double-layered constructs with MCCES. A)

Schematic illustration of tuning of layers of a hollow fiber (between single and double layers
at regular intervals) with MCCES during a 3D bioprinting process. B) Fluorescence confocal
microscopy images showing dynamic conversion between single and double-layered hollow
tubes during the bioprinting process (scale bar: 1 cm). C,D) Simulation of 150 scanned
layers showing dynamic conversion from double-layered to single-layered hollow tube with
clear and gradual demarcation of single-and double-layered regions of the hollow tube. E)
Dynamic changing of intensity of green and red signals at demarcation of single and double-
layered regions of the hollow tube. F) Perfusion of the bioprinted hollow fiber with
continuous single and double-layered walls at regular intervals.
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Figure4.
3D bioprinting of urethelial tissue constructs. A) Fluorescence images of the bioprinted

inner human urothelial cells labeled with green cell tracker and the outer human bladder
smooth muscle cells labeled with red cell tracker on day 14. B) Live/dead assay of human
urothelial cells within different layers of the bioprinted urothelial tissue construct on day 7.
C) F-actin and nuclei staining images of human urothelial cells within the bioprinted
urothelial tissue construct on day 7. D) Viability of human urethra cells within the bioprinted
urothelial tissue construct on day 7. E) Confocal microscopy images of the immunostained
urothelial tubes after 14 d showing the expressions of urethral cell-specific biomarkers,
Z0-1 (green) and E-cadherin (red) by HUCs, and a-SMA (red) by hSMCs.
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Figure5.
3D bioprinting of blood vessel tissue constructs. A) Fluorescence images of GFP-HUVECs

within GAP on day 21. B) Comparison of viability of cocultured HUVECs and hSMCs in
combined media on day 14 with respective individual cell types and media. C) F-actin and
nuclei staining images of cocultured HUVECs and hSMCs in combined media on day 14. D)
Live/dead assay of HUVECs and hSMCs within different layers of the bioprinted blood
vessel on day 14. E) Viability of the bioprinted vascular cells on day 14. F) F-actin and
DAPI images of vascular cells within the bioprinted blood vessel construct on day 14. G)
Confocal microscopy images of the immunostained vascular tubes after 14 d showing the
expression of vascular cell-specific biomarkers, CD31 (green) and VE-cadherin (green) by
HUVECs, and a-SMA (red) by hSMCs.
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