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Despite the recent advances in artificial tissue and organ engineering, how to generate large size viable and
functional complex organs still remains as a grand challenge for regenerative medicine. Three-dimensional
bioprinting has demonstrated its advantages as one of the major methods in fabricating simple tissues, yet it
still faces difficulties to generate vasculatures and preserve cell functions in complex organ production. Here, we
overcome the limitations of conventional bioprinting systems by converting a six degree-of-freedom robotic arm
into a bioprinter, therefore enables cell printing on 3D complex-shaped vascular scaffolds from all directions. We
also developed an oil bath-based cell printing method to better preserve cell natural functions after printing.
Together with a self-designed bioreactor and a repeated print-and-culture strategy, our bioprinting system is
capable to generate vascularized, contractible, and long-term survived cardiac tissues. Such bioprinting strategy
mimics the in vivo organ development process and presents a promising solution for in vitro fabrication of
complex organs.

Cardiac tissue fabrication

1. Introduction

Three-dimensional (3D) bioprinting is a promising approach to
fabricate complex human tissues and organs, which are largely needed
for regenerative medicine to treat organ-damage-related injury or dis-
eases [1,2]. However, the current 3D bioprinting approaches still face
difficulties in integrating printed cells with blood vessel networks to
generate long-lived functional organs. The in vivo organ formation
process requires blood supply for cells from the beginning of organo-
genesis [3,4]. Therefore, to obtain organs with physiological sizes and
functions, the bioprinted cells must be interlaced and connected with
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blood vessel network to maintain long-term survival [5,6]. Yet the route
to achieve such a goal still remains obscure. The commonly used 3D
bioprinters are usually modified from layer-printing-based Cartesian 3D
printers, which stack cells on simple-shaped flat planes with the assis-
tance of polymerized biomaterials [1,2,6,7]. Such approach is unable to
provide nutrient supplies to cells via blood vessel networks during the
bioprinting process [5]. Furthermore, the addition of artificial bio-
materials, which function as the “glue” to stick cells together, will
inhibit the formation of functional cell-cell contact and angiogenesis
among the already printed cells [8]. These limitations have become the
major impediments for producing human-scale live organs via

* Corresponding author. Institute of Genetics and Developmental Biology, Innovation Academy of Seed Design, Chinese Academy of Sciences, Beijing, 100101,

China.

** Corresponding author. Department of Mechanical, Aerospace and Civil Engineering, The University of Manchester, Manchester, M20 4BX, UK.
**% Corresponding author. Beijing National Research Center for Information Science and Technology, Department of Computer Science and Technology, Tsinghua

University, Beijing, 100084, China.

E-mail addresses: liuyongjin@tsinghua.edu.cn (Y.-J. Liu), changling.wang@manchester.ac.uk (C.C.L. Wang), xjwang@genetics.ac.cn (X.-J. Wang).
1 These authors contributed equally: Zeyu Zhang, Chenming Wu, Chengkai Dai, Qingging Shi.

https://doi.org/10.1016/j.bioactmat.2022.02.009

Received 13 October 2021; Received in revised form 5 February 2022; Accepted 10 February 2022

Available online 19 February 2022

2452-199X/© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).


mailto:liuyongjin@tsinghua.edu.cn
mailto:changling.wang@manchester.ac.uk
mailto:xjwang@genetics.ac.cn
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2022.02.009
https://doi.org/10.1016/j.bioactmat.2022.02.009
https://doi.org/10.1016/j.bioactmat.2022.02.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2022.02.009&domain=pdf
http://creativecommons.org/licenses/by/4.0/

Z. Zhang et al.

bioprinting, especially for printed cells/organs to achieve long-term
survival and genuine functions [6-9].

To solve these problems, we utilized a robotic arm with six degree-of-
freedom (6-DOF) to build a new 3D bioprinting system. The robotic arm
is composed of six 360° rotating joints, which has a greater flexibility
than the planar layer-based 3D printers and is capable to place cells onto
complex-shaped vascular scaffolds from all direction. Our robot-based
3D bioprinting system almost brings no harm to cells. In combination
with a pre-constructed vascular scaffold, a self-designed bioreactor and
a repeated print-and-culture approach, we were able to produce artifi-
cial blood vessels with de novo formed vascular branches and capillaries.
We also used the bioprinting system to generate vascularized and con-
tractable cardiac tissues, which maintained alive and beating for over 6
months. Combined application of two robotic arms enabled fast and
accurate deposition of multiple cell types to from cell mixtures with
designed patterns.

2. Materials and methods
2.1. Assembly and setup of the bioprinter

The bioprinter consists of two major parts: a 6-DOF robotic arm and a
Multipette-based cell ejector. The desktop 6-DOF robotic arm used in
this study (UR3) has a repeatability of +0.1 mm and was bought from
the Universal Robots company. In order to extend the reachability of the
robotic arm, we mounted its base onto a lab-made stainless-steel pillar
according to a previously published optimization method [10], then
assembled the robotic arm on a stable working table, which provided a
plane working surface and also minimized vibrations associated with the
robot movement. We chose a single-channel Multipette (Eppendorf
#M4) as the bioprinter for cell extrusion. The Multipette, together with a
self-made stepper motor or an electromagnetic thruster, was mounted to
the end-effector of the robotic arm by a 3D printed resin fixture (Fig. S2).
The stepper motor or the electromagnetic thruster controlled the
extrusion of bioink through the Multipette, and the action of the stepper
motor or the electromagnetic thruster was operated by an Arduino board
via in-house developed C++ scripts.

2.2. Assembly and setup of the bioreactor

The self-designed bioreactor consists of two major parts, a tank
within which the cells were printed and the bioprinted or post-printed
cells/tissues were cultured, and a nutrient circulator connecting the
vascular scaffold and external medium with latex tubes. The self-
manufactured trapezoid tank was made of titanium. To build a circu-
lation loop for the bioreactor, we installed a leakproof bearing (® = 8
mm) holding a short rotatable hollow rod onto each of the short side
wall of the tank. The inner end of each rod within the tank was used to
insert into the terminal lumen of the tubular scaffold, and the rod ends
outside of the tank each had a side-opening to connect to a latex tube. By
connecting both latex tubes to the same peristaltic pump (QiTe #BT1-
100 V-LCD) with cell nutrient medium, the tubular scaffold, the rods,
and the latex tubes could form a closed circulation to provide nutrients
for cells attached on the tubular scaffold. To enable rotation of the
tubular scaffold for multi-directional bioprinting, the rod ends outside of
the tank were each connected to a rotation motor. The motors were
supported by 3D-printed resin fixtures (UnionTech Lite 600) and were
connected to the same Arduino board controlling the stepper motor
mentioned above. The tank was fixed on top of a heating block (Inheco
TEC) to ensure stable temperature (usually 37 °C) during the long-term
culture process. The assembled bioreactor was covered by a removable
acrylic lid and installed onto a stainless-steel board, and the steel board
was then mounted to the working table at defined coordinates. The
entire bioprinting system was set up in an ISO Class 5 cleanroom (ISO
14644-1) equipped with two independent airways to keep the hygiene
environment and to maintain consistent CO, concentration (5%) in the
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air.
2.3. Computational control of the bioprinting system

The entire bioprinting system was controlled by in-house developed
C++ scripts. To precisely control the movement of the robotic arms, we
first designed the printing paths according to the shapes of different
objects/scaffolds. The printing target locations on the scaffold were
extracted and considered as a list of Cartesian coordinates, which were
smoothened to generate the movement paths for the robotic arms. The
movement trajectories and poses of the robotic arms toward each
printing position were computed by inverse kinematics, collisions were
avoided by methods reported in a previous publication [11]. After
reaching each target position, the Arduino board would follow the
command of the C++ scripts to initiate the motion of the stepper motor
to print cells.

2.4. Fabrication of printing scaffolds

The resin scaffolds of 3D blood vessel models (in Fig. 1D), 3D human
heart model (in Fig. S5C) and complex-shaped coronary scaffolds (in
Fig. 6) were printed by a stereolithographic 3D printer (UnionTech Lite
600). The tubular poly r-lactic acid (PLLA) scaffolds used in cell bio-
printing experiments were fabricated by electrospinning method (Uca-
lery). In brief, PLLA (average molecular weight = 1.7 x 10° g/mol) was
dissolved in a binary solvent system composed of methylene chloride
and N, N-dimethylformamide (v/v = 50/50) to obtain a polymer con-
centration of 10% w/v. The PLLA solution was placed in a plastic syringe
and pumped out to form a spray with a constant feeding rate of 1 ml/h
under the voltage of 15 kV. A self-made rod-shaped copper collector (¥
= 2 mm) covered with aluminum foil was placed 10 cm away from the
syringe to collect the electrospun PLLA fibers. After collection, the PLLA
scaffolds were air dried and carefully separated from the collector.

2.5. Cells and reagents

Experiments involving human embryonic stem cells (H9) were
designed in compliance with the ISSCR 2016 guidelines and were
reviewed by the IGDB Institutional Review Board. All cells were cultured
at 37 °C with 5% CO, and were routinely tested to avoid mycoplasma
contamination by PCR (GeneCopoeia #MP001). HeLa cells (ATCC
#CCL-2) and MOVAS cells (ATCC #CRL-2797) were routinely cultured
in the DMEM medium (Gibco #11965084) supplemented with 10% fetal
bovine serum (FBS, Biological Industries #04-001-1A) and 1 x anti-
biotic-antimycotic solution (Gibco #15240062). hCMEC/d3 endothelial
cells (Merck #SCC066) were routinely cultured in the RPMI-1640 me-
dium supplemented with 10% FBS, 1 x antibiotic-antimycotic solution,
1 x NEAA (Gibco #11140076) and 1 x GlutaMax (Gibco #35050061).
These cells were passaged every 3 days using 0.25% Trypsin (Gibco
#25200056).

H9 hESCs (WiCell #WAQ09) were maintained following the WiCell
guidelines. In brief, H9 cells were routinely cultured in TeSR-E8 com-
plete medium (StemCell #05990) on 1% Matrigel (Corning #354277)
coated 6-well plates and were passaged with ReLeSR (StemCell #05872)
every 4 days. H9 cells used in this study were below passage 50. Dif-
ferentiation of cardiomyocytes from hESCs were performed following a
Wnt pathway-based publication [12] with minor modifications. In brief,
HO9 colonies were digested by Accutase (Merck #SCR005) and plated on
1% Matrigel-coated 6-well plates at a density of 1 x 10° cell/ml in
TeSR-E8 complete medium + 2 pM Y-27632 (StemCell #72304). The
medium was replaced with TeSR-E8 24 h after plating and daily
refreshed afterwards. The growth of H9 cells was monitored under a
microscope till the colonies reached 90% confluency, which was noted
as day O for cardiomyocyte differentiation. Cells were cultured with
RPMI-1640 medium (Gibco #11875085) supplemented with 2% B27
minus insulin (Gibco #A1895601) and 8 pM CHIR-99021 (Tocris
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Fig. 1. Six-DOF robot bioprinter brings no damage to cells and supports multi-dimensional cell printing. (A) Composition of the 6-DOF robot bioprinter. An
Eppendorf Multipette equipped with a stepper motor is mounted onto the end-effector of a 6-DOF robot to assemble as a 3D bioprinter. (B) Mechanical damage
assessment of hCMEC/d3 cells printed by a 6-DOF robot bioprinter, a Cartesian bioprinter or an electromagnet cell ejector with different printing speeds. Shown are
the schematic display of the experimental workflow (left part) and the proportion of propidium iodide (PI) staining positive cells measured by FACS. Negative
control, cells without PI staining; positive control, cells pre-treated with Camptothecin (CPT, 1 uM for 24 h) to induce massive cell damage. n represents numbers of
independent trials. Error bars, standard error of the mean. See also Fig. S4 for representative FACS charts. (C) Printed eGFP-labeled hCMEC/d3 cells resembling
discrete “10”, continuous “10” and IGDB (from left to right). Scale bars, 1 cm. (D) Process (middle) and final outcome (right) of printing hCMEC/d3-eGFP cells onto a
complex vascular scaffold (left). Numbers at the upper-left corner of the middle panels are the timestamps during the photo recording process.

#4423/10) from day 0 to day 2, RPMI-1640 supplemented with 2% B27
minus insulin and 2 pM Wnt-C59 (Selleck #S7037) from day 2 to day 4,
and RPMI-1640 supplemented with 2% B27 (Gibco #17504044) from
day 4 to day 12 (refreshed every 2 days). Contracting cardiomyocytes
were observed on day 10 and were purified on day 12 by switching the
medium to glucose-free RPMI-1640 (Gibco #11879020) supplemented
with 2% B27 and 5 mM lactate (Sigma #L4263) [13]. The lactate
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medium was daily refreshed to remove dead non-cardiomyocyte cells
and was switched back to RPMI-1640 (Gibco #11875085) + 2% B27
medium on day 15.

2.6. Cell survival evaluation after bioprinting

As high cell ejection speeds may cause bioink to splash and damage
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the printed cells, we screened for an optimal bioink ejection speed of our
robot bioprinter and compared it with an extrusion-based Cartesian
bioprinter. We prepared endothelial cell bioink by suspending normally
cultured hCMEC/d3 cells in culture medium consisting of RMPI-1640
(Gibco #11875085) + 10% FBS with a concentration of 5 x 10° living
cells/ml, and printed the bioink using either our stepper motor-driven
robot bioprinter (nozzle diameter = 200 pm) or a Cartesian bioprinter
(nozzle diameter = 200 pm) with extrusion speeds of 4 mm/s, 8 mm/s
and 16 mm/s. To estimate cell damages caused by manual operation or
ultra-high bioprinting speed, bioinks were also manually operated using
an Eppendorf pipette or printed by a high-speed electromagnetic
thruster (printing speed = 100 mm/s, nozzle diameter = 200 pm). All
printing experiments were repeated 3 times. In each experiment, the
printed cells were immediately stained with 3 pM propidium iodide (PI,
Solarbio #P8080) for 10 min at 37 °C, then washed with 1 x PBS twice
and subjected to FACSAriall analysis for PI" cells. To generate positive
controls for cell damage measurement, a dish of hCMEC/d3 cells were
treated with 1 pM Topoisomerase inhibitor Camptothecin (CPT) for 24 h
to induce cell death, then stained by PI.

To measure the viability of printed human cardiomyocytes
(Figs. S6B-D), we carefully collected H9-differentiated cardiomyocytes
on post-differentiation day 18 using Cardiomyocyte Dissociation Me-
dium (StemCell #05026) and prepared bioink by resuspending the cells
in Cardiomyocyte Support Medium (StemCell #05027) to reach a con-
centration of 5 x 10° live cells/ml. The bioink was then either gently
hand-seeded or robot-printed (printing speed = 8 mm/s) into the culture
medium in 1% Matrigel-coated plates. Cardiomyocytes were cultured at
37 °C with 5% CO2 for 24 h, stained by Trypan Blue (Thermo
#15250061) and counted by Countess II FL (Thermo).

2.7. Immunohistochemical analysis of printed cells/tissues

To prepare cell samples for immunohistochemical analysis, bioinks
(cardiomyocytes, hCMEC/d3 or HeLa cells, 5 x 10° cells/ml) were
printed or manually plated onto poly-p-lysine-coated coverslips and
cultured for 24-48 h. Coverslips were fixed with 4% PFA for 10 min at
room temperature (RT), washed with 1 x PBS for 3 times, then per-
meabilized and blocked with 0.1% Triton X-100 dissolved in 2% BSA (1
x PBS) for 10 min at RT.

To prepare tissue sections for immunohistochemical analysis,
tubular scaffolds were fixed in 4% PFA overnight with gentle rocking at
4 °C, washed by 1 x PBS for 3 times (10 min each), then dehydrated by
30% sucrose overnight at 4 °C. Dehydrated printed tissues were
embedded in TFM (General Data #TFM-5), frozen at —20 °C and
sectioned using a Leica cryostat microtome (15-20 pm per section, Leica
#CM30508S). Glass slides carrying tissue sections were washed with 1 x
PBS to dissolve the TFM, permeabilized and blocked with 0.1% Triton X-
100 in 2% BSA for 20 min at RT.

Permeabilized coverslips and glass slides were incubated with the
primary antibodies (diluted in 0.1% Triton X-100 + 2% BSA) overnight
at 4 °C, washed with 1 x PBS for 3 times, then incubated with the sec-
ondary antibodies for 1 h at RT, counterstained with 0.5 pM DAPI
(Abcam #ab228549) for 15 min at RT, and washed with 1 x PBS for 3
times. Coverslips and slides were mounted using Prolong Gold Antifade
Reagent (Thermo #P36930) and imaged using a Leica TCS SP8 confocal
microscope. Z-stacks were generated using Leica LAS X software (v.
2.0.1.14392). Images were analyzed using ImageJ software (v. 1.51k).
Antibodies used in this study are listed in the Supplementary Materials.

2.8. Cell cycle analysis

To analyze whether our bioprinter would bring any changes to cell
cycle, HeLa and hCMEC/d3 bioinks (5 x 10° cells/ml in DMEM + 10%
FBS or RPMI-1640 + 10% FBS respectively) were either manually
seeded or printed into Petri dish and cultured for 48 h at 37 °C with 5%
CO,. H9 hESCs cultured on Matrigel-coated 6-well plates were
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continuously passaged using ReLeSR (4 days per passage) for 5 times by
either manual operation or robot printing. EAU (10 pM, Thermo
#C10337) was added to the cell culture medium (DMEM + 10% FBS for
HelLa cells, RPMI-1640 + 10% for hCMEC/d3 cells, and TeSR-E8 for H9
hESCs) for 1 h to label nascently synthesized DNA. The cells were then
washed by 1 x PBS for 3 times, digested by either 0.25% Trypsin (HeLa
and hCMEC/d3 cells) or Accutase (H9 cells) for 3 min at 37 °C, and
washed by 1 x PBS once. After that, cells were collected and fixed by 4%
PFA for 10 min, permeabilized by 0.1% Triton X-100 for 10 min, and
washed by 1 x PBS for 3 times. Cells were then incubated with the
staining solution from Click-iT EdU Alexa 488 kit (Thermo #C10337) for
30 min, counterstained by 0.1% Hoechst 33342 (Thermo #998468) for
10 min, then washed by 1 x PBS for 3 times, and measured by FAC-
SAriall. Experiments after fixation were performed under RT.

2.9. Printing on different ECMs under oil bath

To evaluate the attachment ability of cell culture medium on
different ECMs under the oil bath, we prepared different ECM-coated
surfaces as follows: nonadherent plastic flasks were filled with one of
the following materials, namely poly-b-lysine (100 pg/ml, Solarbio
#P2100), fibronectin (50 pg/ml, Merck #FC010), gelatin (50 pg/ml,
ADI #GELB11), collagen I (50 pg/ml, Thermo #A1048301), and
Matrigel (1%) diluted in ice cold RPMI-1640 medium without phenol
red (Thermo #11835030), and incubated at RT for 24 h. Then the
coating solutions were discarded, and the flasks were air dried at RT for
24 h and filled with embryo grade mineral oil (OVOIL #10029). Cell
culture medium (RPMI-1640 + 10% FBS without cells, 1 pl per drop)
was printed onto the inner vertical surface of oil-filled flasks, which
were then kept still at RT for 24 h. The attachment status of RPMI-1640
medium drops to different ECM surfaces was recorded right after
printing and after 24-h incubation at RT using a digital camera equipped
with a micro-lens (Sony # SEL50M28).

2.10. Screening for optimal cell concentration in bioink

hCMEC/d3 cells were suspended in RPMI-1640 medium consisting of
10% FBS at various concentrations and then printed onto Petri dishes
under oil bath: 1 pl bioink consisting of 100, 500, 1000 or 5000 cells
were each incubated for different time intervals (10 min, 30 min, 60
min, 4 h or 16 h) at 37 °C with 5% CO,. After incubation, cells were
washed by 1 x PBS for 3 times to remove any nonattached or weakly
attached cells. Cells remained on the plates were stained with the Live-
Dead Cell Staining Solution (Solarbio #CA1630), which marked live
cells with activated Calcein-AM and dead cells with PI. Stained cells
were imaged using a fluorescence microscope (Leica DMI 3000B).

2.11. Preparation of tubular scaffold and setup of bioprinting
environment

Before performing the bioprinting experiments, we first sterilized the
tubular scaffold and the bioreactor. Tubular PLLA scaffold was con-
nected to the needle pins at both ends, fastened by suture, then sub-
merged in 75% ethanol for 1 min and washed by 1 x PBS + 3 x
antibiotic-antimycotic solution for 3 times for sterilization. The steril-
ized PLLA scaffold was precooled in cold RPMI-1640 basal medium, then
coated with Matrigel by incubating in 1% Matrigel solution (diluted in
RPMI-1640 basal medium) at 37 °C overnight. To sterilize the biore-
actor, tank and circulation loop were first perfused with 75% ethanol for
1 h, then perfused with 1 x PBS + 3 x antibiotic-antimycotic solution
for 1.5 h (the entire perfusion medium was refreshed every 0.5 h). We
next assembled the Matrigel-coated tubular scaffold onto the rotation
rods inside the bioreactor by screwing the needle pin into the rod
opening, then filled the tank and perfused the circulation loop with
buffer medium (basal RPMI-1640 medium + 3 x antibiotic-antimycotic
solution) overnight. The bioreactor at this stage was ready for cell
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perfusion and cell printing experiments.

2.12. General process of bioink preparation for bioprinting on the tubular
scaffolds

hCMEC/d3, H9 hESCs and differentiated cardiomyocytes were
cultured as mentioned above. To prepare bioink consisting of endothe-
lial cells, hCMEC/d3 cells reaching 80% confluency were digested by
0.25% Trypsin for 3 min at 37 °C, followed by adding equal volume of
RPMI-1640 + 10% FBS medium to terminate the digestion, then
collected and centrifuged at 1000 rpm for 3 min. The collected hCMEC/
d3 cells were washed with 1 x PBS once, counted by Countess II and
resuspended in appropriate medium at defined cell concentration (see
Supplementary Materials for more details).

To prepare bioink consisting of hESCs, H9 colonies cultured on
Matrigel-coated 6-well plates with 80-90% confluency were dissociated
by Accutase digestion for 5 min at 37 °C, the digestion was terminated
by adding equal volume of TeSR-E8 medium to the plates. Cells were
collected and centrifuged at 800 rpm for 3 min, and then washed by 1 x
DMEM/F12 (Cellgro #10-092-CV) once, counted by Countess II and
resuspended in appropriate medium at defined cell concentration (see
Supplementary Materials for more details).

To prepare bioink consisting of cardiomyocytes, H9 hESC-
differentiated cardiomyocytes were harvested from the 18th to 20th
day of differentiation by using the Cardiomyocyte Dissociation Medium
following the manufacturer’s instruction. Collected cardiomyocytes
were centrifuged at 800 rpm for 5 min, washed by basal RPMI-1640
medium once, counted by Countess II and resuspended in appropriate
medium at defined cell concentration (specified in Supplementary
Materials).

2.13. General process of bioprinting on the tubular scaffold

In this study, all bioinks were printed at RT and post-printing
cultured at 37 °C. To print bioinks onto the tubular scaffolds mounted
in the tank, we first filled the tank with embryo grade mineral oil
(OVOIL #10029) to create a hydrophobic printing environment. During
the printing process, the lumen of the tubular scaffold was filled with
RPMI-1640 medium supplemented with 10% FBS, 1 x antibiotic-anti-
mycotic solution and 10 mM HEPES. We then calibrated the robot po-
sition by adjusting the linear distance between the printing tip and the
scaffold to 1 mm and avoiding collisions at the meantime. After cali-
bration, we returned the robot to its standby position, loaded bioink into
the Multipette, and initialized the printing program. To print on cylin-
drical tubular scaffolds, the entire surface of the scaffold was divided
into 3 equal parts along the longitudinal axis, each part was designed to
be covered by 4 printing paths. At each ejection of the Multipette, 1 pl
bioink was printed onto the scaffold with the assistance of oil bath. The
robot was programed to cover each part of the scaffold (with 4 paths) in
a zigzag manner at a moving speed of 1 mm/s. At the transition position
between two joining paths, the robot was programed to lift away from
the scaffold surface for 2 cm and then shift its orientation to the next
path to avoid collision. Upon finishing printing the upper 1/3 area (first
part), the system would pause for 20 min to wait for the cells to form
stable attachment to the scaffold, then invoked the rotation of the
scaffold to slowly switch the second 1/3 part upward in a speed of
0.268° per second, after which the robot resumed its initial printing
position and printed the next 1/3 part. After finishing printing the entire
scaffold, the robot would return to its standby position. See Supple-
mentary Materials for detailed method description on bioprinting of
artificial blood vessel, vascularized cardiac tissue and human embryonic
stem cells.

2.14. General procedures for post-printing cell culture

Upon finishing the bioprinting and cell incubation, we replaced the
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oil bath in the bioreactor with appropriate culture medium according to
the type of printed cells (specified in Supplementary Materials) and
cultured the cell-covered scaffolds at 37 °C with 5% COs, for 2 h. Then we
connected the perfusion tubes with the bioreactor and started perfusion
with corresponding culture medium (specified in Supplementary Ma-
terials) at a speed of 1 ml/min, and continued to culture the printed
tissue at 37 °C with 5% CO; for time intervals as needed. For tasks
requiring repeated bioprinting, the printing process would be reper-
formed at 24 h after the previous printing step. For long-term culture of
the cell-covered scaffolds, the rotation function of the rods would be
turned on at the 1st day after finishing all bioprinting processes to create
a condition mimicking 3D cell culture. The rods were programmed to
repeatedly rotate clockwise for 240° then anticlockwise for 240° at a
speed of 0.268° per second. For long-term culture, the culture medium in
the bioreactor and the circulation loop was refreshed every 7 days.

2.15. Collaborative printing by two robot bioprinters

As described in section 2.1, we assembled two UR3 robot-based
bioprinters on the diagonal margins of a stable working table, and
simultaneously controlled the motion of both robots through Arduino
board with in-house developed C++ scripts. The two robots were indi-
vidually loaded with different bioinks: one was loaded with hCMEC/d3
cells (5 x 10° cells/ml in RPMI-1640 + 10% FBS + 1% Matrigel) stained
by 1% Fast Green (Sigma #F7252), the other was loaded with H9-
differentiated cardiomyocytes (5 x 10° cells/ml in RPMI-1640 + 10%
FBS + 1% Matrigel) stained by 1% Neutral Red (Macklin #N814728).
We programmed the two robots to collaboratively print cells onto a
complex-shaped coronary scaffold submerged under oil bath. The
moving speed of both robots was set as 1 mm/s.

3. Results

3.1. Design of a 6-DOF robot-based bioprinting strategy to support
multidirectional cell printing

In order to tackle the long-term survival issue of cells in bioprinted
organs, we designed a 6-DOF robot-based print-and-culture system to
enable nutrient supply to cells during and after the bioprinting process.
The system is composed of a 6-DOF robotic arm with a cell ejector as the
bioprinter, a synthesized vascular scaffold to serve as the cell attachment
frame and nutrient delivery pipe, an oil-based hydrophobic printing
environment to facilitate the attachment of printed cells to the vascular
scaffold, as well as a self-designed bioreactor equipped with heating and
circulation devices to nurture cells during and after the bioprinting
process (Fig. S1). Such a system enables cell printing on complex-shaped
vascular scaffolds, as well as prolonged intervals between bioprinting
rounds to assist the formation of capillaries and functional cell-cell
connections among printed cells. By repeating this print-and-culture
process, large-scale bioprinted artificial organs could be generated
(Fig. S1).

To convert the 6-DOF robot into a bioprinter, we first designed and
installed a cell ejector onto the end-effector of the robotic arm (Fig. 1A
and Figs. S2A-C). The cell ejector is a stepper motor operated Eppendorf
Multipette with the corresponding pipette tip as the nozzle (Fig. S2D),
which continuously print cells after one bioink fill (Fig. S2E and Video
S1). The cell ejector was connected to the robotic arm by a customized
fixture (Figs. S2B and C), the motions of the stepper motor and the ro-
botic arm were both operated by an Arduino board via in-house devel-
oped C++ scripts (Fig. S3). To measure cell damages associated with the
printing process, we suspended human endothelial cells (hCMEC/d3
cells, hereafter termed as hECs) in culture medium to sever as the bioink,
then printed the bioink with various printing speeds (4, 8 and 16 mm/s),
and measured cell damage by propidium iodide (PI) staining (Fig. 1B).
For comparisons, we also printed hECs with an extrusion-based Carte-
sian bioprinter using the same printing speeds (4, 8 and 16 mm/s) and a
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high-speed electromagnet-driven cell ejector (100 mm/s, Video S2). PI
positive cells were only about 2% for our robot bioprinter at all tested
printing speeds, which were similar to the cell damage ratio associated
with manual operation (Fig. 1B and Fig. S4). Yet cell damage caused by
the Cartesian bioprinter was ~4% at the printing speed of 4 mm/s, and
increased slightly with the increment of printing speed (Fig. 1B and
Fig. S4). The high electromagnet-driven cell ejection (100 mm/s, Video
S2) caused severe cell damages, demonstrating the advantage of our
designed stepper motor in cell printing (Fig. 1B and Fig. S4). Basing on
these results, we chose 8 mm/s as the printing speed of our robot
bioprinter.

Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2022.02.009.

The 6-DOF robot can move and twist to reach any angle within a 3D
space (Video S3), thus is capable to print cells along all directions. We
first tested the flexibility and controllability of our robot bioprinter by
drawing a coronary blood vessel network on a resin human heart model
(Figs. SSA-C and Video S4), then printed eGFP labeled hCMEC/d3 cells
(hEC-eGFP) via tracks representing either dispersed or continuous “107,
as well as the letters “IGDB” (abbreviation for Institute of Genetics and
Developmental Biology) on horizontally placed Petri dishes (Fig. 1C).
Furthermore, we programmed the bioprinter to print hEC-eGFP cells on
a complex-shaped 3D vascular scaffold at defined spots or to form a full
coverage through various paths (Fig. 1D and Fig. S5D), demonstrating
the capability of our robot bioprinter to carry out complicated tasks.

Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2022.02.009.

3.2. The robot bioprinter fully preserves cell viability and activity

To examine whether the bioprinting operation would bring long-
term side effects on cell proliferation and activity, we cultured robot
printed or manually seeded HeLa cells and hECs for 48 h, then examined
their genome integrity. No difference on DNA damage or cell cycle
distribution was detected between the robot printed and manually
seeded cells (Fig. 2A and B, and Fig. S6A). In addition, both manually
seeded and robot printed hECs formed well-developed vascular network
with similar numbers of branch points after 24-h culture on Matrigel,
demonstrating the well-preserved angiogenesis ability of endothelial
cells after printing (Fig. 2C). As cardiomyocytes are highly vulnerable to
mechanical stress, we next printed human embryonic stem cell (hESC)-
differentiated cardiomyocytes (hCMs), and found no additional damage
among printed cells as compared with the manually seeded ones after
24 h (Figs. S6B-D). Similar cardiac gap junction [14] densities were
detected among the printed and manually seeded hCMs (Fig. 2D), and
both groups of cells resumed contraction after 48 h, further proved the
good performance of our robot bioprinter in preserving the viability and
functions of printed cells.

3.3. The robot bioprinter prints cells in multiple directions with the
assistance of oil bath

Unlike the conventional Cartesian bioprinters which usually print
cells layer-by-layer in a bottom-up manner [7], our 6-DOF robot-based
bioprinter is capable to print cells toward any directions. To avoid cell
damages brought by the commonly used self-consolidation materials
[2], we developed a hydrophobic cell printing environment to print
aqueous bioink under an oil bath along any direction and utilized the
hydrophobic-hydrophilic force to keep printed cells attached to the
complex-shaped scaffolds. The scaffolds were pre-coated with extracel-
lular matrix proteins to facilitate cell attachment in oily environment
without the assistance of other fixation biomaterials, and the oil bath
was switched to cell culture medium after full attachment of the cells
(Fig. S7A). To screen for suitable ECM proteins, we first coated the inner
surface of plastic flasks with poly-p-lysine (PDL), fibronectin, gelatin,
collagen, or Matrigel, then filled the flasks with mineral oil to create a
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hydrophobic environment (Fig. S7B). After printing 1 pl cell culture
medium onto the vertical inner surface of the flasks, all coating proteins
supported the stable attachment of the bioink to the coated vertical
surfaces (Fig. 3A and Fig. S7C). In particular, the printed culture me-
dium stretched to form a monolayer on Matrigel coated surface, there-
fore could better facilitate the attachment of newly printed cells with the
previously printed ones (Fig. 3A and Fig. S7C). We thus chose Matrigel
as the coating material for the bioprinting scaffolds.

As our bioprinting strategy utilize a repeated print-and-culture
method to assist vascularization among printed cells, we then
screened for the optimal cell concentration of bioink and the suitable
post-printing incubation duration under the hydrophobic bioprinting
condition. We printed 1 pl bioinks containing either 100, 500, 1000 or
5000 hECs under oil bath and incubated the printed cells in the oil bath
for 10 min, 30 min, 1 h, 4 h, or 16 h. Under these conditions, nutrients
for cells were only supplied by the culture medium in the 1 pl bioink.
After incubation, cells were washed with PBS and measured for viability
by live-dead cell staining in RPMI-1640 medium (Fig. 3B). The results
showed that the longer the incubation time, the more cells were attached
to the supporting surface (Fig. 3B). For all tested incubation durations, 4
h or less preserved cell viability well, and dead cells were only detected
in the 16 h incubation samples (Fig. 3B, Fig. S7D). We further cultured
the 4 h oil-incubated cells in normal hEC culture medium for another 48
h, and found no difference between these cells and the manually seeded
cells without oil treatment in terms of both cell proliferation and sur-
vival rates (Figs. 3C-E). We further found that adding 1% Matrigel into
the bioink could improve cell attachment and generate firmly attached
cell monolayer on the supporting surface after oil incubation for only 30
min (Fig. S7E). Basing on these optimizations, we chose ~5000 cells/pl
plus 1% Matrigel as our bioink setting, and oil incubation for 30 min as
the cell attachment condition.

3.4. Design of a bioreactor to support efficient multidirectional printing
and cell culture

In order to obtain functional in vitro manufactured organs, the
printed cells should be cultured during bioprinting intervals to allow the
formation of cell-cell contact and blood vascular networks. To facilitate
repeated cell print-and-culture, we designed a multifunctional biore-
actor, which is composed of a thermostatic square-shaped tank equipped
with a pair of rotatable short hallow rods (Figs. 4A and B, and Fig. S8A).
The rods were used to connect synthesized vascular scaffolds (a piece of
synthesized vessel in this experiment) with an external pump, which
enables blood or cell culture medium to consistently flow through the
vascular scaffolds to provide nutrient supports to printed cells (Fig. S8B).
To ensure even distribution of printed cells on all surface of the scaffold,
we applied a print-and-rotate strategy in each print-and-culture cycle
(Figs. S9A and B). Taking the tubular scaffold as an example, its entire
cylindrical surface was divided into 3 equal parts along the longitudinal
axis. After printing cells on each part with 4 adjacent and parallel
printing paths (30° interval), the system remained static for certain
period (e.g., 30 min) to enable the printed cells to attach to the scaffold,
then gradually rotated the rods to bring the next 1/3 surface upward and
started the next round of bioprinting (Fig. S9). By repeating such pro-
cedure, cells were printed onto the entire surface of the vessel (Fig. S9).
If equipped with a larger tank and more complicated vascular scaffold,
more complex artificial organs with bigger sizes could be generated.

3.5. The print-and-culture strategy enables vasculogenesis and
angiogenesis of artificial blood vessels

After installation of the above-described robot bioprinting system
(Fig. 4A), we designed a general workflow (Fig. S10A) to fabricate
artificial blood vessels. The poly 1-lactic acid (PLLA) tubular scaffolds
were first sterilized and coated with Matrigel, connected to the rotating
rods inside the bioreactor, we then filled the bioreactor with mineral oil
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Fig. 2. Six-DOF robot-based bioprinting preserves genome integrity, proliferation capacity and biological activity of printed cells. (A) Immunohistological analysis of
DNA damages of manually seeded and robot printed hCMEC/d3 cells or HeLa cells. Damaged foci are marked by yH2A.X (left) and P53BP (right). CPT treated
hCMEC/d3 cells are used as DNA damage controls. (B) Robot printed cells and manually seeded cells have similar cell cycle distributions. (C) Tubular formation
comparison between manually seeded and robot printed hCMEC/d3-eGFP cells. (D) Gap junction density comparison between manually seeded and robot printed
cardiomyocytes. n = 5 replicates in (C) and 12 replicates in (D). Error bars, standard error of the mean, P-values are calculated by Student’s t-test. Scale bars, 10 ym in
(A), 250 pm in (C) and 50 pm in (D).
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(Figs. SIOB-E). To create an endothelial inner layer for the blood vessel,
we perfused hEC-eGFP cell suspensions at a concentration of 10° cells/
ml through the scaffold lumen for 24 h (Fig. 4B). Fluorescence detection
showed that hEC-eGFP cells attached well to the inner wall of the
scaffold (Fig. 4C and Fig. S10F). No fluorescence signal was detected in
mineral oil or on the outer surface of the scaffold (Fig. 4C), proving that
the PLLA scaffold, together with the bioreactor, formed an enclosed
circulation, and the perfusion of hECs produced endothelium layers
inside the tubular scaffold.

To evaluate the long-term survival and vascularization ability of
endothelial cells after printing, we prepared endothelial bioink and
printed them onto the outer surface of a Matrigel-coated vascular scaf-
fold for 2 print-and-culture cycles (Fig. 4D, Figs. S10G, S11A and B, and
Video S5), then cultured the printed vessels inside the bioreactor with
gentle rotation. RPMI-1640 medium with or without angiogenic factors
was perfused through the inner lumen of the vessel (Fig. S11C). To avoid
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interference of fluorescence signals from the inner lumen of the scaffold,
we did not add hEC-eGFP cells to the perfusion medium in this experi-
ment. A full coverage of endothelial cells on the scaffold surface was
detected 24 h after 2 cycles of print-and-culture process, regardless the
addition of angiogenic factors to the perfusion medium (Fig. 4E). On
post printing day 8, a random overgrowth of endothelium (represented
by clumps of endothelial cells) was observed on the scaffold perfused
with RPMI-1640 medium without angiogenic factors (Fig. 4F). Excit-
ingly, with the perfusion of angiogenic factors, capillary-like structures
started to form at the 4th day post printing, and became more regular-
shaped along with the culture process (Fig. 4G-I and Fig. S11D). In
addition, we observed sprouting of endothelial cells from the vascular
wall under the angiogenic factor perfusion condition at post printing day
18 (Fig. S11E), which later formed a secondary vascular structure pro-
jecting toward the culture environment (Figs. S11E and F). Such process
highly resembled in vivo vasculogenesis [15-17], and the vascular
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outgrowth formed a lumen by a thin layer of cells, with more endothelial
cells distributed around the tip (Fig. S11F), demonstrating the potential
of our bioprinting system to facilitate vasculogenesis and angiogenesis
among printed cells.

Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2022.02.009.

To further explore the angiogenic and vasculogenic ability of our
printed artificial blood vessels, we cultured them either on Matrigel
matrix (Fig. S12A) or adjacent to an aggregate of smooth muscle cells
(aSMCs) (Fig. S13A). Angiogenic projections from the artificial blood
vessel were observed within 3 days of Matrigel culture (Fig. S12B), and
after 3 weeks of adjacent culture to aSMCs (Figs. S13B and C). These
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results indicated the potential of our artificial blood vessels to form
connections with already existed blood vessel networks after in vivo
implantation.

3.6. Generation of vascularized and contractable cardiac tissues by the
bioprinting system

Taking advantage of the angiogenesis ability of our bioprinting sys-
tem, we next evaluated its feasibility in producing complex tissues, such
as vascularized cardiac tissues. We first tested whether the functions of
cardiomyocytes could be preserved after bioprinting by examining the
muscular bundle formation and collective contraction of

Fig. 5. Generation of vascularized car-
diac tissues via bioprinting. (A) Bio-
printing of bioink (H9-differentiated
cardiomyocytes) onto a defined spot
(indicated by the black arrowhead) of
the tubular scaffold. (B) Zoom-in image
of printed cells in A. (C) Printed
tdTomato-labeled cardiomyocytes form
a full-layer on the scaffold and resume
beating (see Video S6). (D) Cross-
section of the tubular scaffold at 2
days post-printing. Cardiac muscular
bundle is visualized by immunostaining
of sacomeric Actinin (a-Actinin). (E)
Post-printed hCMEC/d3-eGFP  cells
(green) and cardiomyocytes-tdTomato
(red) resume contraction and form
capillary-like structures after cultured in
the bioreactor for 3 days with the
perfusion of angiogenic factors (see

a-Actinin

x‘VA\

Tubular
scaffold

100 pm

Video S7). White arrows indicate
capillary-like structures. hCM, H9-
tdTomato differentiated car-

diomyocytes. hEC, hCMEC/d3-eGFP. (F
and G) Histological characterizations of
the print-and-differentiated vascular-
ized cardiac tissues. Cardiomyocytes
(a-Actinin) and endothelial cells (VE-
cadherin) are detected in post-
differentiation day 30 (F and G) and
day 180 (G). Capillary-like structures of
the endothelial cells are shown in both
sagittal and transverse planes from
multi-dimensional Z-slice (F), the inter-
connected vascular networks are
shown in Z-volume (G). In A to D, x-axis
represents the direction in parallel with
the tubular scaffold, y-axis represents
the direction perpendicular to the
tubular scaffold.

hEC Merge

Post differentiation
day 180
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cardiomyocytes. After printing cardiomyocyte (hCM) bioinks
(Fig. S14A) onto the tubular scaffold (Fig. 5A and B), the printed hCMs
resumed collective contraction within 48 h under the normal car-
diomyocyte culture condition and maintained rhythmic beating for at
least 10 days (Fig. 5B and C and Video S6). In addition, the printed hCMs
also formed well-organized sacomeric Actinin® muscular bundles
(Fig. 5D), resembling the in vivo structures of cardiac tissues.

Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2022.02.009.

In order to generate vascularized cardiac tissue, we mixed hCM-
tdTomato with hEC-eGFP at 10:1 ratio and printed the cell mixture
onto a tubular scaffold (Fig. S14B). Similar to the results mentioned
above, the printed cardiomyocytes resumed contraction within 2 days
post-printing. With the perfusion of angiogenic factors, capillary-like
structures formed by self-organized hEC-eGFP were observed 3 days
post-printing (Fig. 5E and Video S7). Moreover, angiogenic perfusion
also prolonged the synchronous contraction of cardiac tissue for more
than 30 days.

Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2022.02.009.

In addition to differentiated cells, we further examined whether our
bioprinting system was capable to handle more fragile human embry-
onic stem cells (hESCs) and support organ generation through stem cell
differentiation. We first tested whether our robot bioprinter was suitable
for stem cell operations. H9 hESC colonies passaged by the bioprinter for
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5 consecutive times still maintained their colonial morphology, with
~95% cells remained SOX2" and OCT4" (Figs. S15A and B). These
hESCs had normal karyotype and proliferation speed, and were com-
parable to the ones passaged manually (Figs. S15C and D). We therefore
prepared the H9 hESCs as bioink and printed them onto a tubular
scaffold with 3 print-and-culture cycles and cultured them for 2 days,
then carried out cardiovascular differentiation inside the bioreactor by
changing culture mediums following a WNT-pathway based cardiovas-
cular differentiation protocol [12] (Fig. S16A). Angiogenic factors were
added to the perfusion medium on day 8 post differentiation (day 8 PD),
and the first observable cardiac contraction of the printed and differ-
entiated cells appeared on day 12 PD (Video S8). By applying this
print-and-differentiation strategy, we fabricated a piece of vascularized
cardiac tissue (2 cm in length, 200-500 pm in thickness, and ~1.256
cm? total area) on the tubular scaffold (Fig. S16B), which maintained
contraction for at least 6 months (Video S9). We carried out histological
analyses of cardiac tissue on day 30 and day 180 PD, and found no
noticeable tissue damage at both time points. In addition, car-
diomyocytes were striated with well-organized Z-lines (marked by
a-Actinin in Fig. 5F and G), suggesting that the fabricated cardiac tissue
had developed and maintained intact myofibril structures, which is the
physiological basic for heart contraction [18,19]. Cardiac differentiation
from hESCs in the bioreactor also generated VE-Cadherin® endothelial
cells, which were deeply buried inside the cardiac muscles (Fig. 5F and
G) and formed capillary-like structures with potentially functional
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Fig. 6. Two-robot platform enables cooperative bioprinting of different bioinks onto complex-shaped scaffolds. (A) Setup of the two-robot bioprinting platform. Two
6-DOF robot-based bioprinters are loaded with bioinks containing either Neutral Red-stained hCMs (colored in red) or Fast Green-stained hECs (colored in green) to
carry out bioprinting on a vascular scaffold resembling coronary major vessels. (B) Side view and top view of the printed bioinks on the scaffold. (C) Jointly printing
of two bioinks onto the positions of the scaffold. Inset images show the alternative printing of the red-colored and green-colored bioinks to the same positions by the
two robots. (D) A well-organized hEC-hCM cell layer structure produced by jointly printing of the two robots on one branch of the coronary scaffold. Shown are cells

on post-printing day 4.
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lumens (Fig. 5F). During the long-term culture, endothelial cells in the
180-day-PD cardiac tissue exhibited better network-like structures by
forming more vascular branches and branching points as comparing to
the 30-day-PD cardiac tissue (Fig. 5G and Figs. S16C and D). Such
endothelial network highly resembled the structure of coronary plexus
[20], which may play a key role in maintaining the vitality and activity
of the cardiac tissue during long-term culture. Taken together, these
data demonstrated the capability and superiority of our robot bio-
printing system in engineering vascularized functional tissues.
Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2022.02.009.

3.7. Two-robot platform enables flexible and cooperative printing on a
complex-shaped coronary scaffold

Unlike the Cartesian bioprinters, the functions of our robot bio-
printer can be easily extended by combining multiple robots to finish
complicated bioprinting tasks. For a proof of concept, we established a
two-robot platform to coordinately print hEC and hCM bioinks onto a
complex-shaped blood vessel scaffold, which partially resembled the
heart coronary network (Fig. 6A and Fig. S17A). To better visualize the
cooperative printing process, we stained cells in each bioprinter with
Neutral Red (hCM) or Fast Green (hEC), respectively (Fig. 6A). The two
bioprinters were first programmed to print cells onto separate target
sites on the scaffold. As shown in Fig. 6B and Video S10, such coordi-
nated operation enabled fast printing of cells on the complex-shaped
scaffold to cover all target sites. However, when we restricted the mo-
tion of the robotic arms only in the XYZ directions to mimic the move-
ment of Cartesian bioprinters, about 1/3 positions shown in Fig. 6B
became unreachable (Fig. S17B). Next, we set the two-robot platform to
alternatively print hEC and hCM bioinks onto the same position to
mimic the patterned cell type compositions of organs (Fig. 6C and Video
S11). Under such settings, we completed a full coverage of alternatively
printed hEC-eGFP and hCM-tdTomato bioinks on one branch of the
coronary scaffold. The printed cells formed about 0.4 mm thick well-
organized layers, with hCMs on the top of hECs (Fig. 6D), indicating
that larger and more complex artificial organs could be generated by our
bioprinting platform if more cells and robot bioprinters were used and
more print-and-culture cycles were applied.

Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2022.02.009.

4. Discussion

Vascularization and sustained cell survival have been the long-
lasting challenges for in vitro organ fabrication [1,2,6,8,9]. In this
study, we developed a novel bioprinting system with a 6-DOF
robot-based bioprinter and a self-designed bioreactor to conquer these
problems. By taking advantage of highly flexible robotic arms and a
hydrophobic force-mediated cell attachment strategy, we were able to
achieve bioprinting on complex-shaped scaffolds with minimum detri-
mental effects on printed cells. In addition to the culture medium in the
tank of the bioreactor, the system also utilized consistently perfused
medium through the vascular scaffolds to provide nutrients to printed
cells. Thus, both the outer layer and inner layer cells on the vascular
scaffolds were able to obtain nutrient supplies. We also demonstrated
that the repeated print-and-culture procedure, together with the addi-
tion of angiogenic factors to the perfusion medium, enabled vasculo-
genesis and angiogenesis in printed blood vessels and cardiac tissues.
The system therefore demonstrated a feasible way to generate
large-scale and functional artificial tissues/organs in vitro.

Most of the reported bioprinting methods use self-consolidation
artificial biomaterials as the "glue" to attach cells after printing [2,6,
7]. Although some biomaterials could degrade after certain period, their
presence still hinders the formation of cell-cell connections and impedes
nutrient supplies to printed cells [2,21,22]. Here, we creatively
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employed the hydrophobic force between the oily printing environment
and the water-based bioink to warrant the attachment of printed cells to
the scaffolds, such strategy not only preserved cell activity to the
greatest extent, but also facilitated the formation of blood vascular
networks.

In principle, the 6-DOF robot has infinite solutions to reach a destiny
coordinate in the space, it therefore could print cells onto any position of
a complex-shaped scaffold [10,11]. In the proof-of-concept experiments,
we demonstrated the feasibility of using single robot bioprinter or
coordinating of multiple robot bioprinters to print cells on
complex-shaped vascular scaffold. Such combination of multiple robots
into a collaborative printing platform could meet the practical needs for
simultaneously printing of multiple cell types, thus to generate complex
tissues/organs with patterned cell compositions in a more efficient way.

CRediT authorship contribution statement

Zeyu Zhang: Investigation, Methodology, Data curation, Formal
analysis, Visualization, Writing — original draft. Chenming Wu: Inves-
tigation, Methodology. Chengkai Dai: Investigation, Methodology,
Software. Qingqing Shi: Investigation, Software, Validation. Guoxin
Fang: Methodology, Software. Dongfang Xie: Resources. Xiangjie
Zhao: Methodology. Yong-Jin Liu: Conceptualization, Supervision,
Funding acquisition, Writing — review & editing. Charlie C.L. Wang:
Conceptualization, Supervision, Writing — review & editing. Xiu-Jie
Wang: Conceptualization, Supervision, Funding acquisition, Writing —
review & editing.

Declaration of competing interest

None.
Acknowledgements

This work was supported by CAS Strategic Priority Research Program
grants (XDA16020801 to X.-J.W.), the National Natural Science Foun-
dation of China (81790622 to X.-J. W. and 61725204 to Y.-J. L.). We
acknowledge Drs. Lei Su for assisting Leica SP8 confocal imaging, Ting
Li and Xia Yang for technical support of FACS analyses.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bioactmat.2022.02.009.

References
[1] S. Vijayavenkataraman, W.-C. Yan, W.F. Lu, C.-H. Wang, J.Y.H. Fuh, 3D

bioprinting of tissues and organs for regenerative medicine, Adv. Drug Deliv. Rev.

132 (2018) 296-332.

I. Matai, G. Kaur, A. Seyedsalehi, A. McClinton, C.T. Laurencin, Progress in 3D

bioprinting technology for tissue/organ regenerative engineering, Biomaterials 226

(2020) 119536.

D.B. Azizoglu, O. Cleaver, Blood vessel crosstalk during organogenesis—focus on

pancreas and endothelial cells, WIREs Developmental Biology 5 (5) (2016)

598-617.

R.E. Kalin, N.E. Banziger-Tobler, M. Detmar, A.W. Brandli, An in vivo chemical

library screen in Xenopus tadpoles reveals novel pathways involved in angiogenesis

and lymphangiogenesis, Blood 114 (5) (2009) 1110-1122.

J.S. Miller, K.R. Stevens, M.T. Yang, B.M. Baker, D.-H.T. Nguyen, D.M. Cohen,

E. Toro, A.A. Chen, P.A. Galie, X. Yu, R. Chaturvedi, S.N. Bhatia, C.S. Chen, Rapid

casting of patterned vascular networks for perfusable engineered three-

dimensional tissues, Nat. Mater. 11 (9) (2012) 768-774.

C. Mandrycky, Z. Wang, K. Kim, D.-H. Kim, 3D bioprinting for engineering complex

tissues, Biotechnol. Adv. 34 (4) (2016) 422-434.

M. Burke, B.M. Carter, A.W. Perriman, Bioprinting: uncovering the utility layer-by-

layer, Journal of 3D Printing in Medicine 1 (3) (2017) 165-179.

A.N. Leberfinger, S. Dinda, Y. Wu, S.V. Koduru, V. Ozbolat, D.J. Ravnic, L.

T. Ozbolat, Bioprinting functional tissues, Acta Biomater. 95 (2019) 32-49.

Z. Zhang, X.-J. Wang, Current progresses of 3D bioprinting based tissue

engineering, Quantitative Biology 5 (2) (2017) 136-142.

[2]

[3]

[4]

[5]

(6]

[71

[8]

[91


https://doi.org/10.1016/j.bioactmat.2022.02.009
https://doi.org/10.1016/j.bioactmat.2022.02.009
https://doi.org/10.1016/j.bioactmat.2022.02.009
https://doi.org/10.1016/j.bioactmat.2022.02.009
https://doi.org/10.1016/j.bioactmat.2022.02.009
https://doi.org/10.1016/j.bioactmat.2022.02.009
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref1
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref1
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref1
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref2
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref2
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref2
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref3
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref3
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref3
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref4
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref4
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref4
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref5
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref5
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref5
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref5
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref6
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref6
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref7
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref7
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref8
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref8
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref9
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref9

Z. Zhang et al.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

C. Wu, C. Dai, G. Fang, Y. Liu, C.C.L. Wang, General support-effective
decomposition for multi-directional 3-D printing, IEEE Trans. Autom. Sci. Eng. 17
(2) (2020) 599-610.

C. Dai, C.C.L. Wang, C. Wu, S. Lefebvre, G. Fang, Y.-J. Liu, Support-free volume
printing by multi-axis motion, ACM Trans. Graph. 37 (4) (2018). Article 134.
P.W. Burridge, E. Matsa, P. Shukla, Z.C. Lin, J.M. Churko, A.D. Ebert, F. Lan,

S. Diecke, B. Huber, N.M. Mordwinkin, J.R. Plews, O.J. Abilez, B. Cui, J.D. Gold, J.
C. Wu, Chemically defined generation of human cardiomyocytes, Nat. Methods 11
(8) (2014) 855-860.

S. Tohyama, F. Hattori, M. Sano, T. Hishiki, Y. Nagahata, T. Matsuura,

H. Hashimoto, T. Suzuki, H. Yamashita, Y. Satoh, T. Egashira, T. Seki, N. Muraoka,
H. Yamakawa, Y. Ohgino, T. Tanaka, M. Yoichi, S. Yuasa, M. Murata, M. Suematsu,
K. Fukuda, Distinct metabolic flow enables large-scale purification of mouse and
human pluripotent stem cell-derived cardiomyocytes, Cell Stem Cell 12 (1) (2013)
127-137.

L.t. Velde, B.d. Jonge, E.E. Verheijck, M.J.A.v. Kempen, L. Analbers, D. Gros, H.
J. Jongsma, Spatial distribution of Connexin 43, the major cardiac gap junction
protein, visualizes the cellular network for impulse propagation from sinoatrial
node to atrium, Circ. Res. 76 (5) (1995) 802-811.

L.C. Goldie, M.K. Nix, K.K. Hirschi, Embryonic vasculogenesis and hematopoietic
specification, Organogenesis 4 (4) (2008) 257-263.

M.D. Garcia, I.V. Larina, Vascular development and hemodynamic force in the
mouse yolk sac, Front. Physiol. 5 (308) (2014).

150

[17]

[18]

[19]

[20]

[21]

[22]

Bioactive Materials 18 (2022) 138-150

D. Dong, P. Yang, Yolk sac, in: M.K. Skinner (Ed.), Encyclopedia of Reproduction,
second ed., Academic Press, Oxford, 2018, pp. 551-558.

N. Taneja, M.R. Bersi, M.L. Rasmussen, V. Gama, W.D. Merryman, D.T. Burnette,
Inhibition of focal adhesion kinase increases myofibril viscosity in cardiac
myocytes, Cytoskeleton 77 (9) (2020) 342-350.

A. Sponga, J.L. Arolas, T.C. Schwarz, C.M. Jeffries, A. Rodriguez Chamorro,

J. Kostan, A. Ghisleni, F. Drepper, A. Polyansky, E. De Almeida Ribeiro, M. Pedron,
A. Zawadzka-Kazimierczuk, G. Mlynek, T. Peterbauer, P. Doto, C. Schreiner,

E. Hollerl, B. Mateos, L. Geist, G. Faulkner, W. Kozminski, D.I. Svergun,

B. Warscheid, B. Zagrovic, M. Gautel, R. Konrat, K. Djinovi¢-Carugo, Order from
disorder in the sarcomere: FATZ forms a fuzzy but tight complex and phase-
separated condensates with a-actinin, Sci. Adv. 7 (22) (2021), eabg7653.

S. Gonzélez-Hernandez, M.J. Gomez, F. Sanchez-Cabo, S. Méndez-Ferrer,

P. Munoz-Canoves, J. Isern, Sox 17 controls emergence and remodeling of nestin-
expressing coronary vessels, Circ. Res. 127 (11) (2020) e252-e270.

M. Treiser, S. Abramson, R. Langer, J. Kohn, Chapter 1.2.6 - degradable and
resorbable biomaterials, in: B.D. Ratner, A.S. Hoffman, F.J. Schoen, J.E. Lemons
(Eds.), Biomaterials Science (third ed.), Academic Press2013, pp. 179-195.

J. Litowczenko, M.J. Wozniak-Budych, K. Staszak, K. Wieszczycka, S. Jurga,

B. Tylkowski, Milestones and current achievements in development of
multifunctional bioscaffolds for medical application, Bioactive Materials 6 (8)
(2021) 2412-2438.


http://refhub.elsevier.com/S2452-199X(22)00074-3/sref10
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref10
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref10
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref11
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref11
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref12
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref12
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref12
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref12
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref13
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref13
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref13
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref13
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref13
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref13
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref14
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref14
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref14
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref14
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref15
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref15
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref16
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref16
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref17
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref17
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref18
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref18
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref18
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref19
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref19
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref19
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref19
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref19
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref19
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref19
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref20
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref20
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref20
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref22
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref22
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref22
http://refhub.elsevier.com/S2452-199X(22)00074-3/sref22

	A multi-axis robot-based bioprinting system supporting natural cell function preservation and cardiac tissue fabrication
	1 Introduction
	2 Materials and methods
	2.1 Assembly and setup of the bioprinter
	2.2 Assembly and setup of the bioreactor
	2.3 Computational control of the bioprinting system
	2.4 Fabrication of printing scaffolds
	2.5 Cells and reagents
	2.6 Cell survival evaluation after bioprinting
	2.7 Immunohistochemical analysis of printed cells/tissues
	2.8 Cell cycle analysis
	2.9 Printing on different ECMs under oil bath
	2.10 Screening for optimal cell concentration in bioink
	2.11 Preparation of tubular scaffold and setup of bioprinting environment
	2.12 General process of bioink preparation for bioprinting on the tubular scaffolds
	2.13 General process of bioprinting on the tubular scaffold
	2.14 General procedures for post-printing cell culture
	2.15 Collaborative printing by two robot bioprinters

	3 Results
	3.1 Design of a 6-DOF robot-based bioprinting strategy to support multidirectional cell printing
	3.2 The robot bioprinter fully preserves cell viability and activity
	3.3 The robot bioprinter prints cells in multiple directions with the assistance of oil bath
	3.4 Design of a bioreactor to support efficient multidirectional printing and cell culture
	3.5 The print-and-culture strategy enables vasculogenesis and angiogenesis of artificial blood vessels
	3.6 Generation of vascularized and contractable cardiac tissues by the bioprinting system
	3.7 Two-robot platform enables flexible and cooperative printing on a complex-shaped coronary scaffold

	4 Discussion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


