Published on 29 November 2024. Downloaded by Emory University on 2/3/2025 1:16:48 AM.

Biomaterials
Science

M) Check for updates

Cite this: Biomater. Sci., 2025, 13,
506

Received 25th July 2024,
Accepted 21st November 2024

DOI: 10.1039/d4bm00988f

™ COYAL SOCIETY
ap OF CHEMISTRY

A 3D bioprinted adhesive tissue engineering
scaffold to repair ischemic heart injury+t

Shuai Chen, €22 Lindan Tan,? Vahid Serpooshan®<“ and Haifeng Chen*?

Adhesive tissue engineering scaffold (ATES) devices can be secured on tissues by relying on their intrinsic
adhesive properties, hence, avoiding the complications such as host tissue/scaffold damage that are
associated with conventional scaffold fixation methods like suturing or bioglue. This study introduces a
new generation of three-dimensional (3D) bioprinted ATES systems for use as cardiac patches to regener-
ate the adult human heart. Tyramine-modified methacrylated hyaluronic acid (HAMA-tyr), gelatin meth-
acrylate (GelMA), and gelatin were used to create the hybrid bioink formulation with self-adhesive pro-
perties. ATESs were bioprinted and further modified to improve the adhesion properties. In-depth charac-
terization of printing fidelity, pore size, mechanical properties, swelling behavior, as well as biocompatibil-
ity was used to create ATESs with optimal biological function. Following in vitro testing, the ATESs were
tested in a mouse model of myocardial infarction to study the scaffold adhesive strength in biological
milieu. The method developed in this study can be used to manufacture off-the-shelf ATESs with
complex cellular and extracellular architecture, with robust potential for clinical translation into a variety
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Introduction

Tissue engineering scaffolds (TESs) imitate the native tissue
extracellular matrix to support cell growth, proliferation, differ-
entiation, and function." TESs are applied to injured or dis-
eased tissues as a temporary support to salvage and/or replace
the damaged regions and assist in tissue regeneration.*”® To
fulfill these missions, TES devices must exhibit adequate levels
of biocompatibility and bioactivity, pore size distribution (i.e.,
mass transport properties), mechanical properties, biodegrad-
ability, and swelling behavior.””® In conventional clinical appli-
cations, TESs are secured into/onto the host tissue through the
use of sutures or bioglues, which can introduce multiple
issues.’®'* Suturing might cause secondary damage to the
recipient injured tissue, and bioglues could result in adverse
structural/functional changes in the scaffolds."®">™"” For
example, the commonly used cyanoacrylate bioglue has rela-
tively high cytotoxicity and might cause inflammation or
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of personalized tissue engineering and regenerative medicine applications.

exothermic reactions.'® Fibrin glue, as another example, has
insufficient adhesive strength and poses infection risks." In
addition to these side effects, bioglues might also block
effective interactions between cells from the scaffold, and the
native tissues."

To address these issues, adhesive TES (ATES) systems have
been developed, offering intrinsic tissue adhesion properties,
hence, facilitating the fixation of the scaffold onto the recipi-
ent tissue surface without the need of suture or bioglue.'>>°7
They can circumvent drawbacks of conventional fixation
methods and reduce the complexity of application process,
particularly for tissues such as cardiovascular system® and
maxillofacial cartilage,** which often introduce deep and con-
stricted geometries and complex structures. In addition, ATESs
might be applied through conduits and subsequently adhered
to the tissue surface, preventing aggressive operations, such as
thoracotomy,>*2>28

Current ATES solutions are generally applied to the recipi-
ent tissue by casting or injecting pre-gel solutions directly to
the target area and in situ crosslinking of the solution.’®?” As
a result, these ATESs often lack complex and tailored structural
design and geometry. With the advent of additive biomanufac-
turing technologies, and in particular, 3D bioprinting, TES
systems can be fabricated following pre-designed, complex
designs.>*** 3D bioprinted ATESs could incorporate internal
structures, such as vascular network or heterogeneous cell dis-
tributions, to enhance the biomimicry, cellular function, and
eventually, the engraftment and regenerative efficacy of
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scaffold systems.?®?**> Additionally, 3D bioprinting could
achieve precise spatiotemporal control on the deposition of
cells, small molecules, and biomaterials,*® and imitation of
the distinct tissue geometry (ie., patient and damage
specificity).>”~*°

Among various extrusion-based bioprinting modalities, the
embedded or freeform reversible embedding of suspended
hydrogels (FRESH) technique allows for bioprinting a wide
variety of soft hydrogel-based bioinks via the use of a support
bath.*'™**> The support medium holds the extruded bioink in
place until solidification (curing), hence, offering the opportu-
nity to bioprint highly soft, otherwise non-printable, hydrogel
bioinks at adequate fidelity and precision.*™** In addition,
since bioink formulations at much lower viscosity can be used
in the FRESH method, the shear stress imposed on the cells
during extrusion can be markedly reduced.*>*” Among various
hydrogel biomaterials used to develop bioink solutions, modi-
fied hyaluronic acid (HA) and gelatin are commonly used, as
two of the major extracellular matrix (ECM) in the native
tissues, hence, offering adequate bioactivity.*5™>°

We recently reported the first generation of ATES devices,
created using extrusion-based 3D bioprinting of dopamine-
modified methacrylated HA (HAMA-Dopa) and GelMA in both
air and Carbopol support bath.’™> In this study, a new class
of 3D bioprinted ATESs with adequate/optimal manufacturing
workflow and adhesive properties was developed for specific
use in cardiovascular tissue engineering and regenerative
medicine. A novel bioink formulation was developed, contain-
ing tyramine-modified HAMA (HAMA-tyr), GelMA, and gelatin.
The efficacy of the ATES group with the highest adhesive pro-
perties was examined in vivo in a mouse model of myocardial
infarction (MI) to demonstrate their potential for clinical
applications.

Experimental procedures

Materials

HA, methacrylic anhydride (MA), 1-ethyl-3-(3-dimethyl-
aminopropyl) carbodiimide (EDC), N-hydroxy succinimide
(NHS), sodium hydroxide (NaOH), hydrochloric acid (HCI),
ethanol, deuterium oxide, gelatin, and phosphate buffer solu-
tion (PBS) were all purchased from Sigma (USA). Tyramine
hydrochloride, H,0, solution, horseradish peroxidase, di-
methylbenzene, and paraffin were purchased from Aladdin
(China). Carbopol was purchased from Lubrizol (USA).
Genipin was purchased from Energy Chemical (China).
Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was
purchased from Engineering for Life (China). Formaldehyde
solution was purchased from Solarbio (China). Masson stain-
ing kit, neutral balsam, and the cell counting kit (CCK-8) were
purchased from Yeasen (China). Complete medium for L929
cells was purchased from Procell (China). Cell freezing
medium was purchased from NCM Biotech (China). Live/Dead
assay kit was purchased from Abbkine (USA).
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Animals

8- to 10-week-old male C57/6] mice were purchased from the
laboratory animal center of Peking University (China) and uti-
lized following the rules and regulations of Animal Care and
Use Committee at Peking University, as described previously.>

Synthesis of functional hydrogel-
based bioink

Synthesis of HAMA

Following a published protocol,”* 1 g of HA was dissolved in

PBS solution at 1 wt% concentration. Next, 19 mg ml™" of MA
was added to the solution in a drop-by-drop manner under vig-
orous stirring. The pH of the mixture was set to be 8-11 with
the help of a 5 M NaOH solution. The stirring continued until
the MA drops were dispersed uniformly in the HA solution.
Then, the system was maintained at 4 °C for 24 hours.
Following the reaction, the solution was added to cold
ethanol. The white precipitate was obtained by centrifuge
under 9500 RPM for 10 min to remove the supernatant. The
precipitate was re-added to cold ethanol and centrifuged
again. The process was repeated three times, and the final
product was dialyzed for three days against distilled water. The
product was then freeze-dried for three days and stored at
—20 °C until use.

Synthesis of HAMA-tyr

Following a published protocol,>® 1 g of HAMA was dissolved
in PBS solution at 1 wt% concentration. Next, 7.2 mg ml™" of
EDC, 4.3 mg ml™" of NHS, and 5.2 mg ml™" of tyramine hydro-
chloride were added to the system, and the reaction was
allowed to continue for 10 hours under the pH of 7 at room
temperature while being stirred. After three days of dialysis
against distilled water, the solution was freeze-dried and
stored at —20 °C until use.

Synthesis of GelMA

20 g of gelatin was dissolved in 200 mL PBS solution and the
system was heated to 50 °C. Next, 0.2 g of MA was added to the
system 10 times, with the total amount of 2 g MA added to the
solution. After each MA addition, the pH of the solution was
adjusted to 8-11. After 2.5 hours, the reaction was stopped by
lowering the pH of the solution down to 7 using 5M HCI solu-
tion. The system was diluted with 400 mL PBS solution pre-
heated to 50 °C and was filtered using a 0.2 pm syringe filter
to remove precipitates. The solution was then dialyzed for
three days against distilled water and freeze-dried for another
3 days to obtain the final GeIMA product.”®

'H NMR spectroscopy

The hydrogel components (HA, HAMA, HAMA-tyr, gelatin, and
GelMA) were dissolved in deuterium oxide at the concentration
of 5 mg ml™" and the solution was freeze-dried. The dried
components were re-dissolved in deuterium oxide and freeze-
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dried again. The process was repeated three times in total to
reduce the peak height from hydrogen oxide. The obtained
products were dissolved in deuterium oxide at the concen-
tration of 5 mg ml™" and the solutions were transferred to
NMR tubes to perform 'H NMR spectroscopy using a 500 MHz
spectrometer (Bruker, US).

In the NMR spectrum acquired for HA, HAMA and HAMA-
tyr, the peaks at 5.6 and 6.1 ppm represented the methacrylate
protons (Area, ), the peak at 6.8-7.2 ppm was from the 4 phenyl
protons of tyramine groups (Area,), and the peak at 1.9 ppm
represented N-acetyl glucosamine of HA (Area; in the spectrum
of HAMA and Area, in the spectrum of HAMA-tyr). The degree
of substitution of MA group to the backbone of HA (Dyasia)
was calculated by the following equation:

Dasis =3 v, ®

The degree of substitution of dopamine group to the back-
bone of HAMA (Dy,) was calculated by the eqn (2):

_ 3 X Area,
" 4 X Area,

tyr (2)

In the NME spectrum for gelatin and GelMA, the peaks at
2.8-2.95 ppm (Areas) represented lysine methylene protons
from the unreacted lysine groups of the gelatin and peaks at
5.2-5.7 ppm (Areag) represented acrylic protons of methacry-
late groups. The degree of substitution of MA group to the
backbone of gelatin (Dya-gelatin) Was calculated using the eqn

(3):

Areag
Areas + Areag

(3)

DMA-gelatin =

Embedded (FRESH) 3D bioprinting
process to create ATES systems
Carbopol support bath preparation

To prepare the support bath, 0.8% Carbopol was added to dis-
tilled water and stirred for 24 hours. Then 0.75% genipin and
2 mM H,0, were added to the system, which was stirred for
another 1 hour. The pH of the system was adjusted to 7 and
the mixture became viscous. The Carbopol support bath was
stored at 4 °C until use.

Bioink preparation

0.25% HAMA-tyr, 5% GelMA, and 5% gelatin were dissolved in
distilled water, and then 10 U ml™" horseradish peroxidase
and 0.25% LAP were added to the solution. The bioink was
kept at 4 °C until use.

ATES biofabrication workflow

CAD software was used to create the 3D digital models. The
bioink was extruded and printed layer by layer into the support
bath based on the 3D model, and then solidified overnight in
the Carbopol support. ATESs were extracted from the support
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bath with the help of PBS solution. Subsequently, the scaffolds
were coated with dopamine by immersing the constructs in
0.01 g mL™" dopamine solution for 10 minutes. The surface of
the ATESs were next dehydrated (to remove excess water) at
37 °C for 10 minutes. For the in vitro adhesion testing, a dried
collagen sheet (The Sausage Maker, USA) was used as the
adhesion substrate, imitating the recipient tissue. The modi-
fied ATESs were applied and adhered to the substrate surface.
The vinyl groups were initiated by blue light for 30 seconds to
enhance the interaction with moieties on tissue surface, result-
ing in an increase in the adhesion properties. Experimental
conditions for different groups are listed in Table 1.

Bioprinting fidelity analysis. The fidelity of embedded bio-
printing was examined in both micro- and macro- (bulk) scales
based on previously published protocols.’”*>*7%% For the
measurement of micro fidelity, the bioink was extruded on a
glass slide based on a lattice pattern and Image] software was
used to measure the diameter of the lines, the angle between
two crossed lines, and the area entrapped within the printed
lines. The percentage ratios between the print versus CAD
model were calculated for the line diameter (7gjameter), angle
(Tangle), and area (rarea) using the following equations to rep-
resent the micro-fidelity of embedded printing:

o dprintﬁmicro
T'diameter =

X 100 (4)
dmodel,micro
where dpringmicro 1S the diameter of the printed lines and
@model,micro 1 the diameter of lines in the original CAD model.
P
rangle — prmt,mlcro % 100 (5)
@model,micro
where @pringmicro 18 the angle between the printed lines and
Omodel,micro 15 the angle between lattice lines in the original
CAD model.
A . .
Farea = print,micro % 100 (6)
Amodelﬁ,micro
where Apiingmicro iS the surface area between the printed lines
and Apmodel,micro 18 the surface area between lattice lines in the
original CAD model.

For the measurement of macro (bulk) fidelity of embedded
printing, a 3D model of letter “P” was created using CAD soft-
ware and used to bioprint the ATES constructs. Using Image],
the surface area, length, width, and perimeter of the bio-
printed ATESs were measured, and their ratios were calculated
based on those of the CAD model using the following
equations:

Lprinnmacro

Rlength = x 100 (7)

Lmodel.macro
where Rieng, is the ratio (percentage) of the length of the
printed scaffold (Lprinemacro) to that of the original CAD model

(Lmodel,macr0)~

Whrint,
Ruidih = print,macro %« 100 (8)

Winodel,macro
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' dopamine hydrochloride solution, 10min dehydration at

10 min immersion in 0.01 g ml™" dopamine hydrochloride solution and 10 min

=
S
12}
()
=
=5
[+
-
s
@) =
° [
= 3
on
g o 2
<) %]
=1 = °s &
® g N 13}
9 =} NS
& s Zo=E
= 2 5 E .20
= o —
g E EEXe
kS 532
on S S
=) = [
=} o LS o
= o ‘&;‘"‘Q
=) = S g®
=9 B= RS
g5 £ EZEV
~ — T o~

Embedded printing - overnight in None
Embedded printing - overnight in
Embedded printing - overnight in
Embedded printing - overnight in

on
£
=
=
=
72}
- 72}
g |
|2 5 &g &g &g
» = T T <] T
= g 2 0.0 0.0 0.9
© | s EEETETE
< £E o o =] o
- e Q0 8 0 &
4] = &8 Qg a'g o' &
8} = Q =1 =] =1 =]
=} A& O 7] 7] 7] ©n
2
5 Elg 2 8 %
o 1 n n n n
Bl S I 3
a gl 2 5 ¥
= =} n n n n
< T I 2 I
- gl =2 5 =
o) -] re] o o
c el a4 a q
) Q| o =) o o
S
©
2 — = e~
5 g £ g g
© E=] E=} g} E=}
ks N .
B3 ) ) ) )
o w | ob B Bh 5o
. - = = = =
) : - - - -
§| gz 5 & &
gl b= B I T T o o ol
5| E|32:2333:3:
L2 [ L2 [
@ E|ZOZOTZOTO
.0
E=
2
0 9 9
° 2 =
= 154 ©
8 o) o)
C Q Q
0 < <
£ & 3
=
g - 2 o8¢
R g ©W © TYa
o &8 8 &9
= < I < &
- 7] =) = = oo
. | EE 3 oz oz
s Bl & & 2=
© = (=} %) %) U op
[ OllL A A A=

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

where Ryiqmn is the ratio (percentage) of the width of the
printed scaffold (Wprine,macro) to that of the original CAD model

(Wmodel,macr0)~

Pprinttmacro

x 100 (9)

Roerimeter =
permeter Pmodel,macro

where Rperimeter iS the ratio (percentage) of the perimeter of the
printed scaffold (Ppyrin,macro) to that of the original CAD model

(Pmodel,macro) .

Rigeg — brintmacto -y o0 (10)
Amodelﬁmacro
where Ry, is the ratio (percentage) of the surface area of the
printed scaffold (Aprint,macro) to that of the original CAD model
(Amodel,macro)-

Evaluation of mechanical properties of 3D bioprinted ATES
constructs. A mechanical tester (AGS-X, Shimadzu, Japan)
equipped with a cylindrical probe, was used for mechanical
analysis of ATES constructs. The height of the scaffolds was
measured by lowering the upper probe until the upper surface
of the ATES got in touch with the probe. The height was deter-
mined as the distance between the lower surface of the probe
and the upper surface of the platform. The probe pressed the
scaffolds at a steady speed of 1 mm s~ under the control of
the mechanical tester until the loading force of the probe
reached 5 N. The load-displacement data was recorded by the
mechanical tester and the stain-stress relationship was calcu-
lated using the following equations:

load

Stress = —— - 11
initial scaffold cross sectional area (11)

displacement

Strain =
T = i itial scaffold height

(12)

The Young’s modulus was calculated from the slope of the
strain-stress curve for each study group at the 9-11% of displa-
cement interval.

Measurement of swelling behavior of 3D bioprinted ATES
constructs. The weight of ATES samples from each group was
measured and recorded right after printing (W.-,). Scaffolds
were then transferred to a cell culture dish and submerged in
PBS solution. At certain intervals, the scaffold weight was
measured and recorded (W;). Every other day, the liquid in the
cell culture dish was discarded and replaced with fresh PBS
solution. The swelling behavior of ATESs was represented by
the weight ratio of the scaffold after and before immersing in
PBS solution and was determined as a percentage (WR) using
the following equation:

Wi

t=0

WR =

x 100 (13)

Pore size analysis of embedded bioprinted ATES constructs.
ATESs (sliced in half and full construct) were rapidly frozen in
liquid nitrogen for 45 seconds and then freeze-dried. The
scaffolds were next adhered to a copper tape fixed on a plate
and the surface or the cross section of the ATESs were sput-
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tered for 90 seconds with gold particles under 120 mA. The
scaffolds were examined by SEM (Quanta FEG 45, FEI, USA) to
analyze the pore size distribution on the surface as well as at
the cross section of the constructs. Image] was used to
measure the pore size. The data was then analyzed using
Origin software to create a histogram illustrating the pore size
distribution. The distributions were fitted into a nonlinear
curve based on Lognormal function. In addition, a nonlinear
curve based on the Boltzmann function was used to match the
cumulative pore size frequencies. Based on the cumulative fre-
quency curve, the pore sizes corresponding to d;g, dso, and do
(where d,, denotes the diameter of pores larger than n% of all
pores) were measured.

Evaluation of in vitro adhesion properties of bioprinted
ATESs. The in vitro adhesive properties were determined with
the help of a mechanical tester (AGS-X, Shimadzu, Japan),
which was equipped with two symmetrical clamps. Two
T-shaped aluminum alloys were clamped onto the machine
symmetrically. A piece of collagen sheet was glued to one of
the aluminum alloys, and the ATES was then adhered to the
collagen sheet. The opposite side of the ATES was glued to the
other aluminum alloy. During the adhesion test, the mechani-
cal tester gradually drew the aluminum parts apart at the
speed of 3 mm s~ until the bonding between the ATES and
the collagen sheet broke. The maximum stress that the
bonding could withstand under tensile stress (ASiensile) Was
recorded as adhesive strength for each study group, using the
following equation:

AStensile = % (14)
area
where load,,, is the maximum load that the bonding could
tolerate and area is the adhesion surface area between the
ATES and the collagen sheet.

Measurement of cytotoxicity of the bioprinted ATESs (CCK-8
test). Mouse fibroblast (L929) cells were cultured in tissue
culture plates for three days in complete cell culture medium
(MEM + NEAA + 10% FBS + 1% P/S) at 37 °C and 5% CO,. The
media was changed every other day. ATESs were exposed to UV
light for 1 h for sterilization and then incubated in cell culture
media at the concentration of 10% (0.1 g ATES in 1 mL culture
medium) for 24 h at 37 °C. The extractions (collected from
supernatant media) were sterilized by passing through a
syringe filter with 0.2 pm pore size. L929 cells were seeded at a
density of 3 x 10> cells per well in 96-well plates and incubated
overnight in 100 pL per well of cell culture medium. After dis-
carding the cell culture medium, 100 pL of extraction was
added to each well. For the control group, complete cell
culture media was added. The extraction and cell culture
media were replaced every other day. At certain time intervals,
the media in each well was removed and 100 pL of fresh cell
culture medium with 10% CCKS8 kit reagent was added. The
whole plate was incubated at 37 °C for 1 h before being ana-
lyzed using a microplate reader. The optical density (OD)
under 450 nm was measured.’”®® The OD ratio (OD,a,) of
experimental groups (cultured with extraction media) to the
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control group (cultured with fresh and complete media) was
calculated using the following equation as a measure of ATES
cytotoxicity:

0D,

ODyatio = O—D1 (15)
where OD, is the optical density of the experimental group
(cultured with the extraction media) and OD; is the optical
density of the control group.

Live/Dead assay. ATESs were UV-sterilized for one hour and
then put in 24-well culture plates. Next, 5 x 10> cells per mL of
L929 cells were seeded onto the ATES samples and cultured at
37 °C with 5% CO, for 6 h to ensure cell attachment.
Following this period, the media was discarded, and 1 mL of
fresh complete cell culture medium (MEM + NEAA + 10% FBS
+ 1% P/S) was added to each well. The culture media was
changed every other day. ATESs were collected for examination
at selected time points.

The Live/Dead assay reagents were diluted with 1x PBS to
the concentration of 1 pL ml™'. Each ATES was cultured in
1 mL of the solution for 30 minutes in an incubator covered
with aluminum foil before being examined with a fluorescence
microscope for imaging and quantification.®"**

Evaluation of in vivo adhesive
properties of bioprinted ATES
constructs

The creation of the myocardial infarction (MI) model

Animal studies were conducted following the regulations
approved by the Institutional Animal Care and Use Committee
(IACUC) of Peking University. Our team had received the
approval from the IACUC to conduct the animal experiments.
The mouse model of sham and MI was created following the
protocol of our lab which was published in an article.®® Briefly,
mice were placed in the chamber of anesthesia machine, and
3% anesthetic (isoflurane) was applied for one minute. After
being rendered unconscious, the mice were placed on the
operating table. Depilatory cream was rubbed over the mouse
chest, and the chest hair was shaved to expose the surgical
region. The ventilator was activated, and the glottis of the
mouse was cut open. An endotracheal tube was inserted along
the trachea to link the mouse to the ventilator. The chest cavity
of the mouse was opened by cutting the tissues between the
third and fourth costa, and the heart was exposed to its
entirety. Experimental groups included: the sham operated
mice (no MI, no patch), the MI mice without ATES treatment
(control), and MI mice treated with ATES patch (main study
group). To induce the MI, the position of the left coronary
artery (LAD) was identified; an Surgical needle was penetrated
in the tissue at the lower edge of the left atrial appendage. The
LAD artery was blocked by a suture to totally obstruct its blood
supply. For the sham group, the chest cavity of the mouse was
closed without ligating the LAD artery. For the sham, MI-only,

This journal is © The Royal Society of Chemistry 2025
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and MI treated with ATES patch group, one mouse was used
for each group.

Applying the ATESs onto the MI tissue

For the experimental group treated with patch, the ATESs were
adhered to the epicardial surface of the heart to fully cover the
infarct and peri-infarct regions. Subsequently, the ATES patch
was exposed to the blue light for 10 seconds to initiate the MA
groups and effective adherence. The thoracic aperture was
then thoroughly closed. For the control group (MI without
patch), after ligating the LAD artery, the thoracic aperture was
closed immediately with sutures. After surgery, the endotra-
cheal tube was withdrawn from the trachea, and the mice were
carefully monitored for respiratory problems. Animal studies
continued for 4 weeks.

Termination of in vivo experiments — analysis of adhesive
conditions of the implanted ATESs

At week 4 post grafting, the mice were euthanized through
spinal dislocation. The rear of the mouse was pushed by the
right hand, while the head was depressed by the thumb and
index finger of the left hand. Subsequently, the thoracic cavity
was reopened, and the mouse heart was revealed. In the patch-
treated group, the surgical location, geometry and structure,
and bonding condition of the ATES onto the myocardial tissue
were carefully examined and photographed. The heart was
then harvested, washed with cold saline solution, and then
underwent slicing and histological analyses.

Heart tissue processing and Masson’s trichrome staining

Extracted heart tissues were fixed by immersing in 4% formal-
dehyde solution for 48 hours. The tissue was then dehydrated
in 70% ethanol for 6 hours, 80% ethanol for 20 minutes, 90%
ethanol for 20 minutes, and anhydrous ethanol for 15 minutes
(2X). The dried sample was then immersed in dimethyl-
benzene and placed in molten paraffin at 55-62 °C for 1 hour.
The sample was then thoroughly cooled and mounted on the
rotary microtome for slicing into thin films at 3-4 pm thick-
ness. Tissue slices were placed in 37 °C water bath to be flat-
tened, then loaded onto glass slides and heated overnight at
37 °C to permanently adhere onto the slides. After dewaxing,
the slides were stained with Masson’s trichrome staining kit.
The slides were naturally dried and examined with an optical
microscope (CKX41, Olympus, Japan). After staining, connec-
tive tissue appeared in red and collagen fibers appeared in
blue.

Statistical analysis. All measured data were reported as
mean values + standard deviation (SD). The statistical signifi-
cance was examined by T-test, one-way or two-way analysis of
variance. Multiple comparisons were performed using Tukey
test by GraphPad Prism with an acceptable significance level
of p < 0.05. In this study, *p < 0.05, **p < 0.01, and ***p < 0.001
in comparison to the groups of control or reference.
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Results and discussion

Traditionally, TES devices are applied to the recipient tissues
and organs via the use of bioglues and/or sutures.'>®*
However, these methods often cause side effects, such as sec-
ondary damage or possible toxicity and/or infection.'®'%°
ATESs offer an alternative route for securing biomaterials onto
the tissues without the need for such aggressive
operations.">?® Previously reported ATES designs are based on
amorphous hydrogel systems,”®*®°®”  electrospun con-
structs,®® or non-hydrogel foams,*® which all lack the capa-
bility of creating complex structures and heterogenous cellu-
lar/biomaterial architectures. 3D bioprinting methods could
help to incorporate sophisticated designs, such as vascular
network or hollow structures,”® cell/cell factor patterning,”*
imitating the native tissue structure,”> or patient-specific
geometries.*®

The adhesion strength of ATES systems onto tissue surfaces
is based on molecular interactions, including covalent, ionic,
hydrogen, van der Waals, and hydrophobic bonding, as well as
polymeric interactions, including chain interpenetration and
entanglement.”® In this study, the adhesive properties of
ATESs were further enhanced by post-printing modifications
including dopamine coating and surface dehydration.
Dopamine groups could form chelation with the recipient
tissue surface through interaction between phenols of dopa-
mine groups and hydroxyl, thiol, or amine groups from the
host tissue.®®”* Surface dehydration could remove water mole-
cules from the surface of ATES, hence reducing the water
boundary, which forms a barrier between the scaffold surface
and the recipient tissue and therefore impedes molecular
interactions.”>’® After grafting onto the tissue surface, the
ATESs were exposed to blue light to trigger the MA groups on
the backbone of GeIMA and HAMA-tyr, to react with amine or
hydroxyl groups on the tissue surface, hence, increasing the
adhesion strength.>®

ATESs were fabricated using an embedded (FRESH) 3D bio-
printing method (Fig. 1). Bioink was printed and solidified
within the support bath (Fig. 1B). Bioprinted ATES was har-
vested from the Carbopol bath after crosslinking and was
modified by dopamine coating and surface dehydration to
increase the adhesion property (Fig. 1C). After applying the
scaffold onto the substrate, the ATESs were exposed to light for
MA group initiation (Fig. 1D). The adhesion of ATESs to sub-
strates was the result of the reaction of initiated MA groups
with the moieties on the substrate surface, as well as the chela-
tion and electric interactions formed between the dopamine
groups and functional groups on the substrate (Fig. 1E).

Among various hydrogel components to create bioinks, we
chose modified HA and gelatin considering their well-estab-
lished characterization and use in tissue bioprinting as
common native ECM components with adequate biocompat-
ibility and bioactivity.*>**”” Successful modification of HA
with MA groups was confirmed by the NMR spectra of HA and
HAMA (Fig. 2A). The peak at 1.9 ppm corresponds to the
proton of N-acetyl glucosamine of HA, whereas the peaks at 5.6
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Fig. 1 The workflow used for fabricating adhesive tissue engineered scaffolds (ATESs) through embedded 3D bioprinting. (A) Bioinks comprised of
Tyramine-modified methacrylated hyaluronic acid (HAMA-tyr), gelatin, and gelatin methacrylate (GelMA) were prepared and used to bioprint the
scaffold within a Carbopol support bath. Printed ATES was then solidified within the bath, harvested using PBS solution (B), and modified by dopa-
mine coating, surface dehydration (C), and light exposure while applied to the substrate to improve the adhesion properties (D). (E) Schematic illus-
tration of various mechanisms involved in the adhesion of ATES to the substrate.

and 6.1 ppm represent protons from MA groups. The degree of
modification was measured at 49.34%. Tyramine groups were
modified to the HAMA backbone, resulting in the peak at
6.8-7.2 ppm in the HAMA-tyr spectrum, corresponding to the
4 phenyl protons from tyramine groups (Fig. 2A).>**> The
degree of modification of tyramine groups was calculated at
18.98%.

The modification of gelatin with MA groups was also con-
firmed with the NMR spectra of gelatin and GelMA (Fig. 2C).
The peak at 2.8-2.95 ppm reflects protons of lysine methylene
from unreacted lysine groups on the gelatin backbone,
whereas the peak at 5.2-5.7 ppm represents acrylic protons
from MA groups modified to gelatin chains.”®’® The degree of
modification was measured at 84.75%. Modified hydrogels
were dissolved in aqueous solution for the preparation of
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bioink, and were crosslinked using multiple mechanisms
(Fig. 2B and D).

Micro- and macro- (bulk) scale fidelity of the 3D bioprinted
ATES constructs examined the accuracy of scaffold fabrication
processes. For the measurement of micro fidelity, a square
lattice geometry was printed on glass slides (Fig. 3A-D). The
fidelity ratios for the diameter, angle, and area of bioprinted
strands were measured at 108.5 + 5.8%, 100.8 + 2.2%, and 93.4
+ 4.2%, respectively (Fig. 3D). The printed strand diameters
were larger than those of the model, likely due to the swelling
behavior, surface tension of the bioink, and gravity force
causing deformation/collapse of the deposited hydrogel.®°-%?
The strand angles were close to 90°, representing adequate
angle accuracy. The areas between two sets of parallel strands
were slightly smaller than that of the model. This could be

This journal is © The Royal Society of Chemistry 2025
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amine groups initiated by genipin.

attributed to the increased diameters of the printed strands
and a degree of extruded ink fusion/melting particularly at the
corners the printed pattern.*’

The bulk (macro-scale) fidelity of bioprinting was examined
by printing a 3D construct based on the digital model (Fig. 3E
and H). The fidelity ratios for the 3D construct’s length, width,
perimeter, and area were measured at 97.4 + 1.3%, 98.3 +
5.6%, 107.3 = 1.6%, and 105.0 = 1.4%, respectively (Fig. 3H),
indicating relatively high printing accuracy. Infiltration of
extruded bioink into the void spaces within the surrounding
Carbopol particles is likely a major contributing factor to the
uneven outline and divergence from the CAD design.*® The
length and width of the bioprinted scaffold were slightly
smaller than those of the CAD model, likely because of the re-
sistance of the Carbopol bath that reduced the flow rate of the
bioink. The perimeter of the printed scaffolds was larger than

This journal is © The Royal Society of Chemistry 2025

that of the model, which might be the consequence of non-
ideal micro-fidelity in printing strands. Together, these results
demonstrated relatively high levels of bioprinting fidelity for
the soft, adhesive, hydrogel-based bioink, both at the micro-
and macro-scales.

The adhesive strength of bioprinted ATES constructs was
first measured in dry conditions (in air) at 1.1 + 0.1 kPa, 2.2 +
0.1 kPa, 4.4 + 1.5 kPa, and 5.5 + 2.2 kPa, for the unmodified,
dehydrated, dehydrated/DOPA-coated, and dehydration/DOPA-
coated/photo-activated groups, respectively (Fig. 3I-K). The
ATES surface was dehydrated to remove superficial water mole-
cules which could form a barrier between the functional
groups on the surface of the tissues and the ATES, interfering
with their interactions.”>”® Hence, reducing the water barrier
could enhance the adhesive properties of ATES. In the de-
hydrated/DOPA-coated group, in addition to dehydration,
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scaffolds were coated with dopamine groups, which could
form chelation with functional groups such as hydroxyl,
amine, or thiol groups on tissue surfaces to further improve
the adhesion strength.®®®® In the final study group, the ATESs
were exposed to blue light after surface modifications and
application to the substrate, which initiated MA groups to
generate radicals and react with moieties on the substrate

514 | Biomater. Sci, 2025, 13, 506-522

surface, resulting in increased adhesive strength.>® These
in vitro results suggested that the ATES group that underwent a
combination of dehydration, dopamine coating, and photo-
activation of MA groups, exhibited the highest levels of
adhesive strength (Fig. 3K).

The swelling behavior of ATES in aqueous milieu was also
examined to further determine the functionality of such

This journal is © The Royal Society of Chemistry 2025
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scaffolds in the in vivo applications (Fig. 3L and M). The
weight ratios of unmodified ATES group were 93.2 + 1.8%, 92.3
+ 1.6%, 90.2 + 2.4%, and 88.5 + 2.3% on days 1, 3, 5, and 7,
respectively (Fig. 3M). The scaffold weight slightly reduced
over time, likely as the result of the released Carbopol particles
from the constructs. During the embedded bioprinting
process, Carbopol particles may penetrate the scaffold and par-
tially remain in the 3D structure after harvesting. In addition,
uncrosslinked polymers might also be released from the
ATESs, contributing to the weight reduction.*>®* The weight
ratios of dehydrated scaffolds were measured at 103.7 + 3.1%,
103.5 + 3.4%, 100.3 + 3.0%, and 98.0 + 5.3% on days 1, 3, 5,
and 7, respectively (Fig. 3M). The weight of ATESs rose margin-
ally before decreasing, which is likely due to the re-absorption
of water after surface dehydration. The weight ratios for the de-
hydrated/DOPA-coated group were at 104.0 + 4.0%, 107.4 +
8.0%, 109.4 + 10.5%, and 107.9 + 10.2% on days 1, 3, 5, and 7,
respectively (Fig. 3M). The coating of dopamine improved the
hydrophilicity of ATES, which likely caused a higher weight
2ain.®% Finally, the weight ratios for the scaffold group
treated with dehydration/DOPA-coating/photo-activation were
measured at 105.2 + 2.3%, 106.7 + 8.9%, 105.7 + 7.8%, and
103.0 + 9.0% on days 1, 3, 5, and 7, respectively (Fig. 3M). The
enhanced crosslinking density from vinyl group reaction was
likely the reason for the reduced weight gain in this group,
compared with the previous group.’” Overall, relatively small-
scale swelling was observed in all ATES groups, highlighting
the ability of these bioprinted scaffolds for maintaining their
shape/structural integrity in the in vivo (wet) applications.

The mechanical properties of ATESs should be comparable
to those of the native tissues that will receive the scaffold. Cell
attachment, differentiation, and function would also be sig-
nificantly influenced by the mechanical properties of these
scaffolds. The tissue stiffness in human body typically ranges
from <0.1 kPa, in the brain, to 20 GPa in the bone tissue.®® To
assess the mechanical characteristics of bioprinted ATES
systems, stress-strain data representing the mechanical
strength of scaffolds were obtained (Fig. 4A). Young’s modulus
which was calculated at 18.3 + 2.0 kPa, 18.5 + 2.4 kPa, 18.4 +
0.8 kPa, and 20.6 + 1.1 kPa, for the unmodified, dehydrated,
dehydrated/DOPA-coated, and dehydration/DOPA-coated/
photo-activated groups, respectively, without significant differ-
ences across groups (Fig. 4B). The slight increase in Young’s
modulus (stiffness) of the final group is likely due to higher
crosslinking degree from the blue light that triggered vinyl
group reaction. All four groups of ATES exhibited the mechani-
cal properties comparable to myocardial, breast, muscle, and
artery tissues.®*®' The mechanical properties of bioprinted
ATESs could be further altered by tuning hydrogels concen-
tration, functional group modification degree, and cross-
linking degree, to make these scaffolds applicable to a broader
range of organs and tissues.

Pore size and its distribution within 3D scaffold structures
dictate their mass transport properties, which would be essen-
tial in determining oxygen and nutrient accessibility of cells
within the 3D matrix, as well as the ability of cells to migrate

This journal is © The Royal Society of Chemistry 2025
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within the scaffold and remodel/synthesize the ECM.%>™%*
These features would, therefore, influence tissue adhesion pro-
perties of ATES systems. SEM imaging demonstrated relatively
smaller pore sizes on the surface of dehydrated/DOPA-coated/
photo-activated scaffolds (an average of 40.9 = 0.5 pm), in
comparison to the unmodified scaffolds (47.7 + 2.0 pm)
(Fig. 4C). The d;q, dso, and dg, values for the surface pores of
the dehydrated/DOPA-coated/photo-activated scaffolds were
measured at 29.4 pm, 38.8 pm, and 50.8 pm, respectively,
while these values for the unmodified scaffold were 33.1 pm,
44.0 pm, and 55.4 pm, respectively (Fig. 4C). The reduced
surface pore diameters in the treated ATES group could
possibly be the result of surface dehydration procedure. In
addition, the average pore size of the scaffolds’ cross-section
was measured at 44.8 + 0.5 pm and 36.3 + 0.8 pm for the
unmodified and modified groups, respectively (Fig. 4D). The
cross sectional d,, dso, and dg, values were 27.8 pm, 40.1 pm,
and 55.8 pm for unmodified group, and 26.4 pm, 34.2 pm, and
43.2 pm, for the modified group, respectively (Fig. 4D). The
average pore sizes and their distributions for both scaffold
groups were within the acceptable range for TE scaffolds (~5
to hundreds of pm), indicating that the procedures to improve
the adhesive properties of bioprinted scaffolds did not com-
promise their mass transport characteristics.

While obtaining adequate levels of printability, adhesive
strength, as well as mechanical and mass transport properties
in the developed ATESs is of great importance, the critical
requirement for such systems is maintaining proper biocom-
patibility and bioactivity. The cytotoxicity of the 3D bioprinted
ATESs was determined by culturing mouse fibroblasts with the
media extracts obtained from various scaffold groups and
measuring cell viability using the CCK-8 assay (Fig. 5A). The
OD ratios for the unmodified, dehydrated, dehydrated/DOPA-
coated, and dehydration/DOPA-coated/photo-activated groups
at day 1 were 1.0 + 0.0, 0.8 = 0.2, 0.6 + 0.1, and 1.0 + 0.3,
respectively, and at day 3 were 1.8 + 0.5, 1.6 + 0.5, 1.2 + 0.3,
and 1.3 + 0.3, respectively (Fig. 5B). On day 1, the dehydrated/
DOPA-coated/photo-activated ATES group, which had the
highest adhesive properties, exhibited an OD ratio approach-
ing 1, indicating negligible cytotoxicity of the extractions
obtained from this group. On day 3, the OD ratios of all groups
were >1, indicating that the ATES extractions were able to
support cell growth for a longer period.

We also seeded the fibroblasts directly onto the surface of
various ATES groups and examined cytotoxicity via the Live/
Dead assay (Fig. 5C). The Live/Dead staining on both days 1
and 3 indicated a substantial high number of live cells
(compared with red-stained dead cells), and a significant
increase in the number of live cells over the duration of
culture (Fig. 5D). These qualitative results confirmed the
capacity of bioprinted ATES systems to support cell growth and
proliferation. The results from unmodified ATES suggested
that the hybrid bioink components yielded minimal cyto-
toxicity, and results from the dehydrated/DOPA-coated/photo-
activated group indicated that the functionalization and modi-
fication procedures conducted to enhance adhesive strength,
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caused minimal interference with the bioactivity of these
scaffolds.

Following extensive and in-depth in vitro characterization of
ATES systems, we evaluated the adhesive properties and func-
tion of bioprinted scaffolds, as cardiac patch, in a mouse
model of MI (Fig. 6). The ATES group treated with dehydra-
tion/DOPA-coating/photo-activation was used in the in vivo
studies, since this group yielded the optimal combination of
adhesive properties, as well as other physiomechanical and
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biological features. The characterization of adhesive properties
of ATES in vivo, on the surface of heart tissue, was challenging
due to several factors. First, body fluids and blood covered the
surface of the heart, and it was difficult to thoroughly remove
these fluids prior to ATES application. The wet surface could
affect the adhesion processes as the water molecules establish
a barrier between the functional groups on the surface of ATES
and the myocardial tissue, inhibiting the effective engraft-
ment.”® In addition, due to the heart beating, dynamic forces

day 28

|

and LAD *. chest suture
ligation 1 ;
e S _—

C-i Ml treated with ATES patch

chest open - @ R~

E;gtli-oAnD chest suture

—_—
infarcted heart : light exposure for MA
group initiation
ATES from group D

Fig. 6 Evaluation of the in vivo function of adhesive tissue engineering scaffolds (ATESs) in a mouse model of myocardial infarction (Ml). (A) The
experimental procedure (A-i) and the Masson’s trichrome staining image (A-ii) of the sham animals (control, no MI and no patch). (B) The experi-
mental procedure (B-i) and the Masson'’s trichrome staining image (B-ii) of the MI-only animals (no patch). (C) The experimental procedure (C-i), the
Masson'’s trichrome staining image (C-ii), and the photo of treated heart (C-iii) of the MI mice, treated with the bioprinted ATES patches. Histological
examination of all groups was conducted at the end of 4-week study. Scale bars represent 1 mm.
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would be exerted to the scaffold, which could affect its
bonding to the heart. Further, the formation of damaged myo-
cardium (MI) causes an inflamed environment. Free radicals,
oxidative stress, and pH fluctuations might influence the cohe-
sive strength, degradation rate, swelling behavior, and
adhesive properties of the ATESs, particularly in the long
term.”® For instance, under low pH environment, amines on
the tissue surface would be inhibited by amine protonation,
hence impeding the interactions between the amine groups
and functional groups of ATES, which may, in turn, diminish
the adhesive strength.’¢

Grafted ATES remained fully adhered to the heart tissue
after four weeks (typical duration of cardia patch studies in
small animal models), suggesting adequate adhesive strengths
of the patch for in vivo applications (Fig. 6C-ii and iii, indi-
cated by the arrow). Masson’s trichrome staining of heart sec-
tions at the end of 4-week study also demonstrated the notice-
able effect of ATES patch in reducing the fibrosis, in compari-
son to the control group without patch (Fig. 6B). This high-
lighted the potential impact of ATES, by providing mechanical
support, of diminishing the adverse cardiac remodeling post
MI. Future research could be conducted to investigate the role
of ATESs in the treatment of myocardial infarction and other
illnesses. In this work, the in vivo adhesion property of the
ATESs under harsh conditions, such as under dynamic stres-
ses, inflamed environment,”’*° and moist milieu, was the
primary interest.

Tissue engineering scaffolds (TESs) had been used as func-
tional platform for cell growth and tissue regeneration.'®®
Recent years, adhesive TESs (ATESs)'°* %% were proposed as a
new generation of strategy for tissue engineering to avoid sec-
ondary damage of suturing'®* and toxicity or side effects of tra-
ditional bio-glue."®'®® In our recently published review,'*®
ATESs applied to various tissues and organs were discussed in
details. However, those ATESs were generally formed from
in situ solidified pre-gel solutions casted or injected to the reci-
pient tissue,'® which lack the probability of being tailored
into desired geometry and structure. We recently reported the
first generation of internal and external shape designable
ATESs fabricated by both air printing and FRESH printing
(embedded printing) technology.'®” The adhesion strength of
ATESs from the embedded printing method was not high
enough to be applied in vivo for clinical application. And while
the adhesion property of ATESs from the air printing method
was much higher, the method requires sophisticated equip-
ment and operation when being used for clinical application.
It is essential to investigate a method to develop 3D printed
ATESs with both high adhesion property to have in vivo appli-
cation potential, as well as accessible and easy fabrication
process for clinical application.

In this study, a brand new method to develop 3D printed
ATESs through FRESH printing method was proposed. The
protocol allows easy fabrication and application process for
the ATESs, which could be stored as an off-the-shelf product to
be used in surgery. The in vitro adhesion strength was tested
and the results suggested that after post-printing modifi-
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cations, the adhesion property of ATESs improved. In vivo
adhesion property was studied in a mouse model of myocar-
dial infarction. The results suggested that the ATESs developed
in this study had both in vivo application potential, as well as
accessible and easy fabrication process. Properties such as
mechanical property, swelling behavior, pore sizes and its dis-
tribution, and cytotoxicity were examined and the studies
suggested that strategies to improve the adhesion property of
ATESs would not affect the cell supporting function. Printing
fidelity under micro and bulk scale were examined and the
results demonstrated relatively high printing accuracy. The
design and protocol that was proposed in the study provided a
method to fabricate shape designable ATESs with in vivo appli-
cation potential, convenient fabrication and application
process, cell support function, as well as relatively high print-
ing accuracy.

In this study, we overcame the difficulty of improving the
adhesion property of ATESs after 3D printing and solidifica-
tion, and provided, for the first time, 3D printed shape design-
able functional ATESs with convenient in vivo application
potential. In future studies, complex internal and external
design,  including system,'®®'%  personalized
structures™®' and tissue imitations, were to be
printed. Also, comprehensive studies to investigate the ATESs
system for tissue regeneration application, such as myocardial
infarction, were to be conducted in order for future clinical
translation.

vessel
112,113

Conclusions

This study introduced a new generation of 3D bioprinted ATES
systems with adequate adhesive properties, together with
optimal biofabrication workflow, physiomechanical, and bio-
logical function both in vitro and in vivo. The HAMA-tyr,
GelMA, and gelatin components were used to form a hybrid
bioink formulation. An optimized embedded 3D bioprinting
technique was used to fabricate the ATES systems at adequate
micro- and macro-scale fidelity levels, while maintaining the
targeted adhesive properties. Post-printing modifications such
as dopamine coating, surface dehydration and light exposure
significantly improved the adhesive strength of the scaffold
both in vitro (in the dry and wet states) and in vivo, in the
mouse model of MI.

Future studies could further investigate the quantitative
impact of ATES as cardiac patch in restoring the cardiac struc-
ture and function post MI, using echocardiography, cardiac
MRI, and in-depth immunohistochemical assays. Further,
comparing conventional patch grafting techniques, such as
suturing, with the self-adhesion of ATESs would shed light
into potential advantages of the latter technique, by minimiz-
ing excessive damage to the heart and enhancing engraftment/
integration of the patch with the host tissue. Considering the
advanced bioprinting method used to create these patch con-
structs, future works could focus on tailoring the ATES geome-
try to create patient and damage specific cardiac patch

This journal is © The Royal Society of Chemistry 2025
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devices."'™'"® Also, complex vascular networks could be
printed within the patch to further enhance the blood per-
fusion and, hence, the regenerative function of ATES

systems.7°’“6’“7
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