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Abstract

5C

Despi ces in the bioprinting technology, biofabrication of circumferentially

multilayered tub@lar tissues or organs with cellular heterogeneity, such as blood vessels,

B

trachea, 1 me, colon, ureter, and urethra, remains a challenge. Herein, we present a

promising annel coaxial extrusion system (MCCES) for microfluidic bioprinting of

l

circumferentially multilayered tubular tissues in a single step, using customized bioinks
-

constitg in methacryloyl (GelMA), alginate, and 8-arm poly(ethylene glycol)

acrylate wi ipentaerythritol core (PEGOA). We are able to tune up these perfusable

cannular constructs continuously from monolayer to triple layers at regular intervals across

the length of a bioprinted tube. Using customized bioink and MCCES system, we

.
demonstrated bioprinting of several tubular tissue constructs using relevant cell types with

J

adequate biofunctionality of including cell viability, proliferation and differentiation.

Specifi bioprinted cannular urothelial tissue constructs, using human urothelial cells

t

and human bladder smooth muscle cells, and vascular tissue constructs, using human

umbilical vein e@flothelial cells and human smooth muscle cells. These bioprinted cannular

3

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 towards creating human cannular tissues.

This article is protected by copyright. All rights reserved.
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{

The thre iginal (3D) bioprinting technology provides an excellent platform to

P

. I I .
fabricate hiomimetic complex tissue constructs.["?

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.’) In the past two decades, biofabrication

has been red extensively for generating 3D tubular tissues, particularly vasculature, by

S

simultaneous deposition of biocompatible materials and cells, through layer-by-layer

L

assembly of two-dimensional (2D) patterns to form 3D well-organized structures'! or by 3D

)

sacrificial bioprinting.””! However, most of these available approaches generate cell-laden

l

hydrogels with embedded microchannels that require the delicate process of precise stacking

of individually fabricated layers. In addition to slow and multistep processes, these

4

approaches lack ability to perfuse fluids directly through the tissue constructs.
More recently, extrusion bioprinting of biomaterials and blends using coaxial nozzles has

been showWln to produce perfusable hollow fibers,”™® which is the basic requirement for

g

generatin nal tubular tissues. Several studies have reported the fabrication of hollow
fibers usin 1ous 3D bioprinting approaches. For example, Zhang et al. employed a

coaxial-no#zle extrusion method that enabled direct bioprinting of cellular microfluidic

h

1

channe of hollow tubes.”'”) Similarly, Nishiyama et al.,''"! Christensen et al.,!'”

1

and Blaeser et #8.!'"! separately demonstrated layer-by-layer fabrication of vascular-like

U

cellular stru using an inkjet-based approach. Notably, Xiong et al. demonstrated the

bioprintin cellular tubes using laser-induced forward transfer,!'” whereas Ouyang et al.

A

showed the 3D bioprinting of heterogeneous and hollow filaments allowing fabrication of

complex engineered cell-laden constructs, using a coaxial extrusion printing system.!'”

This article is protected by copyright. All rights reserved.
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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,!'® and others

t

bioprinted multiple cell types along with sacrificial Pluronic F127 to generate hollow

)

channels.!"” 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
. . . [18]
tissue engineering.

In the end study, we introduce a novel digitally coded coaxial extrusion device that

S

can directly bioprint 3D complex tubular hollow fibers with multiple circumferential layers in

\

a single stpthout need of pre-/post-processing. The hollow filaments are directly

extruded by a pressure-assisted bioprinting system using gelatin methacryloyl (GeIMA)-

l

based hydrogels as bioinks. This system enables continuous fabrication of perfusable and
tunable circumferentially multilayered tubular fibers that can be switched between
monolayer a uble 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
I
endothelial layers of vascular tissues with bioinks containing human smooth muscle cells
(hSMCs) Man umbilical vein endothelial cells (HUVECSs), 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 (HUC) and outer human bladder smooth muscle cells (HBdSMCs),

l

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

This article is protected by copyright. All rights reserved.
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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.

GelM is a biocompatible biomaterial that has been extensively used in tissue

| m
engineerirs, 721 and bioprinting.!

achieve mviscosity for bioprinting. In our previous reports, we developed

24261 Alginate is also commonly combined with GeIMA to

GelMA/alg [5.27

hased bioinks for the encapsulation of cells."*”) We used alginate in our
customizw to improve printability and mechanical strength of the hollow tubes.
However, algindge is a bioinert material that can inhibit the adhesion of cells. Since the
stability 0&\6 depends on the stability of calcium complexes within the hydrogel, the

chelating

can quic@bilize the alginate. Therefore, to achieve adhesion, spreading, and

uch as ethylenediaminetetraacetic acid (EDTA) that strongly bind calcium

prolife Is in the bioprinted construct by minimizing the alginate concentration, we

immersed th rinted hollow constructs in an EDTA solution for 5 min. Our previous

reports have shown that most alginate can be removed within this time frame."

In thim we further customized a blend bioink formulation by mixing 8-arm
poly(ethyQ/col) (PEG) acrylate with tripentaerythritol core (PEGOA) in the
GelMA/algi ydrogel to enhance the mechanical strength and stability of the crosslinked
matrix. Pr@yiously, it has been demonstrated that increasing the branching of PEG molecules
(e.g. uswthylene glycol) tetraacrylate, PEGTA) not only improved the mechanical
strength O@rogels but also promoted growth and proliferation of the bioprinted cells
as compare e linear PEG derivatives."*® Thus, the purpose of replacing PEGTA with
PEGOA 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

This article is protected by copyright. All rights reserved.
6



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 F3‘% (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 GAP bioink. Thus, our customized bioink, GAP (Figure 1A) and

the two-suslinking strategy (Figure 1B) could potentially provide favorable and
p

sustained chemical environment for the proliferation and maturation of different cell

S

types in t nted constructs. The viscosity of GAP increased significantly as compared

to its individual @mponents as shown by a slope test (Figure 1C). Both GeIMA and PEGOA

U

could flow_down the slope rapidly, exhibiting very low viscosities, whereas GAP showed

1

higher viscsi ith no movement even at the perpendicular surface. These results were
consistenlme rheological studies. A logarithmic plot of the viscosity as a function of
shear r. individual components and GAP showed a decrease in viscosity with increasing
shear rate fo aterials. 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, bos Rure alginate and GAP indicated obvious changes in storage (G’) and loss (G”)
moduli a tion of time representing stiffness of the hydrogel (Figure 1E). After

crosslinkin CaCl, and/or ultraviolet (UV) light, GeIMA, PEGOA, and GeIMA/PEGOA

h

exhibited Wansparent morphologies, whereas alginate, GelMA/alginate, and GAP showed

translu ances due to the presence of alginate (Figure 1F). Similarly, the stress-

L

strain curves pldited for all materials showed that the mechanical strength of GAP was

H

significantl r as compared to other groups (Figure 1G and 1H).

A

Figu nd 2B represent the schematics showing the components of multi-channel
coaxial extrusion system (MCCES) and process of bioprinting using blend bioink composed

of GeIMA, alginate, and PEGOA, with/without cells, respectively. Figure S1A shows the real

This article is protected by copyright. All rights reserved.
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bioprinting setup to generate a complex and highly organized 3D hollow tube in a single-step
using the MCCES. MCCES, consisting of three concentrically assembled needles, enabled
the direct sion of multi-circumferential and perfusable hollow tubes with varying
diametersmﬂzed flow rate of bioinks in each channel during the bioprinting process
(Figure- Sﬁferent cell-laden bioinks were delivered through the second and third layers
of the no@hile the CaCl, solution was simultaneously delivered through the core
channel.

The alwmponent in the bioink was first crosslinked with the calcium ion (Ca®") in
the solution andghe GeIMA component was subsequently photocrosslinked by exposing the
bioprinted cts under UV light, resulting in generation of organized and stable hollow
tubes (Fiﬂ and 1B). Although many reports suggest that high concentration and
persistent me of alginate might adversely affect the cell proliferation and migration,*”!
the bi%inate can be removed by using Ca’-chelating agents, such as
ethylenediaminetetraacetic acid (EDTA), when necessary, to facilitate cell spreading,
migratimiferation in the bioprinted constructs (Figure 2B)."!

The u%amre of our MCCES is its ability to fabricate multilayered hollow tubes,
consisting@nuously altering shapes and sizes, without the need of changing the nozzles.

To observe ifferent layers in the bioprinted multilayered hollow tube, we used different

h

fluorescentimicrobeads, at the concentration of 20 ul/3ml bioink, with distinct fluorescence in

1

each ¢ ng bioprinting, and we confirmed that a tubular structure with multiple

layers could be d@nstructed simultaneously in a single step (Figure 2C, 2D, S2A, S2B, and

Gl

movies S1 2). Figure 2E and 2F represent the cross-sectional views of hollow

A

structures, ctly showing walls of a single-layered tube and a double-layered tube,
respectively, each colored fluorescence representing a layer (Figure 2Fi). Furthermore, we

intentionally delaminated the layers of a bioprinted double-layered hollow tube to show the

This article is protected by copyright. All rights reserved.
8



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 of the

bioink exi ion. On average, the diameters of the inner lumen and the outer lumen were
measured 52 um and 977 + 63 pm, respectively, while the thicknesses of the
N

inner wallgand the outer wall were 62 + 10 um and 94 + 10 um, respectively (Figure 2G and
S2A).

Usinggigned MCCES, we were able to develop advanced tubular structures with
multiple elgydemonstrating a platform to create complex tissue architectures. Figure 2H
shows fluorescefige micrographs of the bioprinted tri-layered hollow tubes with the innermost

green layjﬁiddle red layer, and the outermost blue layer. To test the perfusability of the

bioprinte tubes, we successfully bioprinted long hollow tubes and traced the active
perfusion mubes with fluorescent microbeads along the entire length. Figure 2I-K

ic and experimental demonstrations of the perfusable tubular networks

mimicking e 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 %Rrinted multilayered tubes with varying diameters and layers maintain their
perfusabl structures throughout the entire length.

Mostgntly, we further demonstrated precise control over the architecture of the
bioprinte&;bes constructing a wide range of multilayered hollow tubes with desired
diamete“ber of circumferential layers at the same time, in a continuous manner, by
switching@channels on or off at desired intervals (Figure 3A). To construct a tube
with such fi , we initially bioprinted a double-layered hollow tube, switched smoothly
to a Silﬁ 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,

This article is protected by copyright. All rights reserved.
9



respectively, and observed the dynamic conversion between the single- and double-layered
hollow tubes by confocal laser scanning microscopy. The confocal images clearly
demonstra! e outer red and inner green fluorescent microbeads representing double-
layered r id@ the green microbeads represent an inner single-layered region of the
N ,
tunable h(gow tube (Figure 3C). Figure 3D further represents the close-up confocal images
of the jun@gions where the double-layered tube (possessing both outer red and inner

green fluor e signals) gradually transitioned into a single-layered tube (possessing only

S

green sig ! lmdeed, intensity analyses of the signals revealed the persistent existence of

the green signalghroughout the tube, representing the inner green layer. In contrast, the red

t

ﬂuoresce‘r’lﬁl appeared at regular interval, present at high intensity in the outer layer of

the tube Wl dually disappeared, indicating the conversion of the double-layered lumen
into a single!Iayered tube (Figure 3E). These results were consistent with results shown in
y, perfusability of a bioprinted hollow tube with continuous single- and

double-layer lls 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 (Finge 3F).

We terrogated the biocompatibility of GAP bioink on several cell lines and
subsequemability of double-layered hollow tissue construct. First, we encapsulated
C2C12 s&;tal myocytes in GAP, cross-linked and cultured for up to 3 weeks. The F-

actin/4 mo-}phenylindole (DAPI) staining of encapsulated cells showed that there

was promineEliferation and spreading of C2C12 cells within the GAP bioink indicating
muscle-like ti formation (Figure S3A). Afterwards, we labelled NIH/3T3 fibroblasts and
C2C12¢n 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.

This article is protected by copyright. All rights reserved.
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As shown in Figure S3B, 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 bigprinted double-layered hollow tissue with smooth perfusion (Figure S3C),
analogous, ithout cells (Figure 2D). During the entire process of perfusion, the
bioprint-e mmaintained good structural integrity without fluid leakage.

We neat explored our MCCES along with customized bioink for bioprinting of
biomimetmhal tissue construct. The urethra is a fibromuscular tube through which
urine is diw from the bladder to the exterior of the body. The native urethra consists of
three cell MCluding the urothelial epithelium, fibroblasts, and smooth muscle cells.

—

Urothelial epithelial lining and smooth muscle cell layer form the most important layers of

the urethrages

ious urothelial pathologies such as inflammatory lesions, urothelial
strictures, €0 % ital anomalies, and malignancy often necessitate the replacement of

urothelial tissuegCurrently, urethroplasty remains the most effective treatment option for

urothelial de 31 The most commonly used urethroplasty are anastomotic urethroplasty
and widening the urothelial lumen using flaps or grafts of tissues from different origin such

. 2 . .
as skin, bladder, or buccal mucosa.*?! However, in many circumstances, shortage of local

tissues, 1 ppression, and complications arising from the use of non-native tissues

have urged velop bioengineered urothelial tissues.”” Conventional tissue engineering

h

approacheS\or in vitro urethra reconstruction involves formation of porous scaffold such as

{

collage trices, synthetic polyesters, and protein-derived biological scaffolds, which

are manually seedled with urothelial cells and smooth muscle cells or unseeded. Although this

L

approach ha successful in several animal and clinical studies, it has several limitations

A

associate omogenous seeding of cells throughout the entire scaffold, distribution of

multiple cell types, and control of the scaffold microarchitecture.***’!

This article is protected by copyright. All rights reserved.
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Hence, to address these issues, we bioprinted a biomimetic urothelial tissue construct
using human urothelial cells (HUCs) and human bladder smooth muscle cells (HBdASMCs)
pre-labelc%# reen and red trackers, respectively. These cells were encapsulated in the
GAP indi‘& bioprinted using MCCES, resulting in a double-layered urothelial
constru:t @ing inner urothelial layer (green) and outer HBASMC:s (red) (Figure 4A).
The viabiligy ofighe cells was 85 = 2% on day 1 and remained as high as 89 = 3% on day 7
(Figure 4m)). Likewise, in a separate experiment, the bioprinted HUCs and
HBdSMcwained with F-actin, a major component of the cytoskeleton and DAPI on
day 7 to o@e cell proliferation and cellular phenotypes within the bioprinted tissue
constructs. UCs and HBASMCs were homogenously distributed within their
respectiveﬁthout losing the structural integrity of the tubular tissue construct (Figure
4C). Thesm demonstrated that our customized bioink created a favorable

microcp for encapsulated urothelial cells and MCCES facilitated the formation of

perfusable u ial tissue-like tubular structures.

Prior to confirming the biofunctionality of the bioprinted urothelial tissue constructs, we

first examh behaviors HUCs and HBASMCs in the GAP bioink by

immunoccal analysis. The cells were encapsulated in the GAP bioink separately and

crosslinke UV without bioprinting, followed by incubation at standard cell culture

s. At day 7, the cells in the GAP hydrogel were fixed and performed
immunoc ical staining of HUCs with E-cadherin and zonula occludens-1 (ZO-1, tight
junction markers)] and HBASMCs with a-smooth muscle actin (a-SMA). Figure S4 shows
the highg@i@®1lity and proliferation of both HUCs and HBASMCs in GAP, with HUCs
expressing ZO-1&ight junction protein essential for normal function of urothelium,** and E-

cadherin, cell-cell adhesion molecule that plays important roles in epithelial cell behavior and

This article is protected by copyright. All rights reserved.
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tissue formation,”*”! while HBASMCs expressed a-SMA. The biofunctionality of the
bioprinted urothelial tissue constructs was further analyzed via immunocytochemical staining
at day 14 at joprinting. Confocal microscopy images of the immunostained urothelial
tubes after 14 days showed the formation of mature monolayer of spreading HUCs, with the
expresswrsf both ZO-1 and E-cadherin, confirming the presence of critical tight junction

protein-1 cell-cell adhesion molecules necessary for proper urothelial function. In
e 1

addition, on of 0-SMA by HBASMCs"® was also observed (Figure 4E).

Similarly, diseases affecting blood vessels such as arteritis, atherosclerosis, and

q

thrombosis are a major health concern worldwide and have a great financial impact.”*”!

Hence, it Eent 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 innermgst @othelial cell layer, the middle smooth muscle cell layer, and the outer layer
of ﬁbroMg with their associated matrices. Among them, the endothelial cells and

smooth muscle cells play crucial roles in maintaining homeostasis and mechanical properties
I

of blood vessels, respectively.**! Thus, both smooth muscle cells and endothelial cells are

required to be incorporated into the tubular scaffold to build a blood vessel-like structure.””’

)

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 media-2 (SmGM-2) for

This article is protected by copyright. All rights reserved.
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up to 14 days. Prior to bioprinting, we studied the survival and proliferation of HUVECs and

hSMCs in the GAP as monoculture and co-culture systems using this common medium for

L —

14-21 days observed the viability, confluency and proliferation of the encapsulated cells
in GAPu cence microscope after live/dead assay and F-actin/DAPI staining. As

N . .
shown in Eigure 5, both HUVECs and hSMCs could proliferate and spread in GAP

demonstra'Qi/’r capability to form networks (Figure SA and 5C). The viability of

HUVECs a Cs in GAP were similar in mono-cultures in their respective media and

co-culturesyimthgfcommon medium (HUVECs + hSMCs 99 + 1%; HUVECs 99 + 1%;

Us

hSMCs 9 ogpFigure 5B). In addition, we also confirmed the biofunctionality of vascular
cells in the ioink by immunocytochemical analysis. The cells were encapsulated in the
GAP bioi tely and crosslinked under UV without bioprinting, followed by incubation

under simmﬁulture condition for 7 days. Figure S5 shows the high viability and
prolifemﬁ%th 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-

l\

specific adhesion molecules expressed on the membranes of endothelial cells and at junctions

between endothelial cells, respectively.!***

—
Similbioprinted urothelial tissues, we monitored the viability of the cells in the

bioprinﬁlayered hollow vascular tissues using the live/dead assay on days 0—7 and

day 14! ity of vascular cells in the bioprinted tissue was found to be 93 + 2%

immedﬁioprinting (Figure 5D and SE). Thus, the bioprinting of vascular tissues
using GA er parameters optimized in this study had minimal effects on vascular cells
during %ﬁ process. Overall the viability of the vascular cells, both HUVECs and
hSMCs, was fotfid to be in between 85% to 97% with prolonged culture time (Figure SD
and 5E). However, slight fluctuation in cell viability was found due to the fact that there

This article is protected by copyright. All rights reserved.
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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.

could the

[
Our resultgyof viability of the vascular cells are consistent with previous reports.

leading to increased viability reaching more than 90% within 14 days.

Asa resull, ﬁiability of cells in days 2—4 was found to reduce. However, the healthy cells
I

[43,44]

Prior 6 imm@nocytochemical studies with vascular cell specific markers, the bioprinted
cells were mwith F-actin/DAPI to characterize the cell proliferation and vascular cell
phenotypes: bserved the proper spreading and proliferation of the cells throughout the

bioprinted vascul@r tissue constructs (Figure 5F). We then performed immunofluorescence

U

staining of VE¥cadherin and CD31 for the vascular tissue constructs at day 14 after
bioprinting to show the biofunctionality of bioprinted vascular tissue constructs. In addition,
immunoﬂugre&nt staining of a-SMA was performed for hSMCs. Confocal microscopy
imagesMunostained vascular tubes after 14 days showed the formation of mature
monol endothelium with the expression of both CD31 and VE-cadherin by the
spreading HUVEC:s, confirming the presence of critical junctions necessary for proper
vascular e&al function, and expression of a-SMA by hSMCs, an actin isoform
V.

predominantly present in vascular SMCs that plays an important role in fibroblast
e

contractility (Figure 5G).">*"!

Hew a digitally tunable multi-layer coaxial nozzle that enables the bioprinting
of comple rfusable hollow tubes with multiple circumferential layers in a single step.
This generalized bioprinting method can be extended for the fabrication of many different
types r 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
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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 customized GelMA-based bioinks. We used 8-
arm poly(ethylene glycol) acrylate with a tripentaerythritol core (PEGOA) that enhanced the
mechamci strength and stability of the crosslinked hydrogel. Our customized blend bioink,

based on Qure of GelMA, alginate, and PEGOA with optimized concentrations,

represents rable physicochemical matrix for proliferation and early maturation of a

S

wide ran cell types. However, there is still plenty of room for improvement of this 3D

bioprinting sys and optimization of the blend bioink for enhanced mechanical strength

U

and stabilit he bioprinted constructs to achieve proper organization and eventually

function issue constructs. The bioprinting of circumferentially multilayered hollow

l

tube is the basis for reconstruction of complex hollow tissue or organs and we believe, the

\W\\J

fabrication of such perfusable circumferentially multilayered tissue constructs represents a

fundamental step towards creating human cannular tissues. We believe that our system has

l\

the potential to expand current bioprinting platforms to create multitude of tubular tissue

architectures for tissue regeneration and modeling.
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Figure 1. ization of bioink. (A) Schematic structures of GelMA, alginate, and PEGOA. (B) Schematic
depiction of formaipn of GAP hydrogel via crosslinking with calcium chloride and UV exposure. (C)

Illustratio osity of hydrogels on a slope surface (scale bar, 1 cm). (D) Influence of the shear rate on the
rheologi f the customized bioink and different components of bioinks. (E) G’ and G” as a function
of time representing stiffness of the customized bioink and different components of bioinks. (F) Visual
inspection of the customized bioink and different components of bioinks. after CaCl, and UV-light exposure. (G)
Compressiv@l stress-strain curves for the customized bioink and different components of bioinks. (H) The
Young’s mo e hydrogels determined from the strain-stress curves. G: 7% GelMA; A: 2% alginate; P: 2%
PEGOA; GAg7% GelMA and 2% alginate; GP: 7% GelMA and 2% PEGOA; GAP: 7% GelMA, 2%
alginate, andi2% PEGOA.

I

C

Auth

This article is protected by copyright. All rights reserved.
19



» L M
= gl

Outer layer

- M °— Hollow
Inner Wiyer
C3|C|;
B
Innes v

Ouu:r__] B

1. In situ crosslinking  2-Secondary crosslinking

{loni crosslinking) [Covalent crosslinking)
Alginade GalMAPEGDA
= - =
—
4. Cultura 3, Washing

{Common msdium) (EDTAPES)

Figure 2. S&bmlted circumferentially multilayered cannular tissue using GAP hydrogel. (A and B)
Schematic ilNstragi@n of MCCES and a process of bioprinting of multilayered hollow tube. (C) Images showing

printed es with various shapes (scale bar, lcm). (D) Representative longitudinal fluorescence
micrograj ouble-layered hollow fibers (scale bar, 500 um). (E and F) Representative cross-sectional view
fluorescent micr hs of monolayered and double-layered hollow fibers with fluorescent beads (scale bar,
200 um) lameter and thickness of inner and outer layers of the bioprinted tube. (H) Fluorescent

printed tri-layered hollow tubes, where green fluorescent beads were embedded into
innermost layer, red fluorescent beads were embedded into middle layer and blue fluorescent beads were
embedded imto outermost layer during the bioprinting process (scale bar, 500 um). (I) Schematic of perfusion
among tissuMK) Images showing the simulation of perfusable multiple tissues (scale bar, 1cm).
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Figure 3. Hinting of tunable and perfusable double-layered constructs with MCCES. (A)

Schematic ill ion of tuning of layers of hollow fibers (between single and double-layers at regular intervals)
with MCC uring 3D printing process. (B) Fluorescent confocal micrograph showing dynamic conversion
between sin ouble-layered hollow tubes during printing process (scale bar 1 cm). (C and D) Simulation

with clear a demarcation of single-and double-layered region of hollow tube (scale bar, lmm, 500 um
and 200 pm! amic changing of intensity of green and red signal at demarcation of single and double-

layered regi low tube. (F) Perfusion of bioprinted hollow fiber with continuous single and double-
layered regular interval (scale bar, 3 cm).

of 150 scanned lageri showing dynamic conversion between from double-layered to single layered hollow tube
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Figure 4. 3DBiopEmting of urothelial—tissue construct. (A) Fluorescence images of bioprinted inner human
urothelial cellsglabeled with green cell tracker and outer human bladder smooth muscle cells labeled with red
cell tracker @n dayWl4. (B) Live/dead assay of human urothelial cells within different layers of bioprinted
urothelial tis ructs on day 7. (C) F-actin and DAPI stained images of bioprinted human urothelial cells
within urotheliaf™issue construct on day 7. (D) Viability of bioprinted human urethra cells within urothelial
tissue const 7. (E) Confocal microscopy images of the immunostained urothelial tubes after 14 days
showing tthpression of urethral cell specific biomarkers, ZO-1 (green) and E-cadherin (red) by HUCs, and a-
s

SMA (r

Aut
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Figure mﬁng of blood vessel tissue construct. (A) Fluorescence images of GFP-HUVECs within
GAP on omparison of viability of co-cultured HUVECs and hSMCs in combined media on day 14
with respective individual cell type and media. (C) F-actin and DAPI stained images of co-cultured HUVECs
and hSMCs in combined media on day 14. (D) Live/dead assay of HUVECs and hSMCs within different layers
of bioprinte!ﬁlood vessel on day day 14. (E) Viability of printed vascular cells on day 14. (F) F-actin and DAPI
images of lls within blood vessel construct on day 14. (G) Confocal microscopy images of the

immunostain ular tubes after 14 days showing the expression of vascular endothelial cell specific
biomarkers, en) and VE-cadherin (green) by HUVECs, and a-SMA (red) by hSMCs.

This article is protected by copyright. All rights reserved.
23



This article presents a multi-channel coaxial extrusion system for microfluidic
bioprinting of circumferentially multilayered tubular tissues. The fabrication of such

tunableMable circumferentially multilayered tissues represents a fundamental step

towards cmlan cannular tissues.
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