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Abstract
Tissue engineering has great potential to provide a functional de novo living valve replacement
capable of integration with host tissue and growth. Among various valve conduit fabrication
techniques, 3D bioprinting enables deposition of cells and hydrogels into 3D constructs with
anatomical geometry and heterogeneous mechanical properties. Successful translation of this
approach is however constrained by the dearth of printable and biocompatible hydrogel materials.
Furthermore, it is not known how human valve cells respond to these printed environments. In this
study, we develop 3D printable formulations of hybrid hydrogels based on methacrylated
hyaluronic acid (Me-HA) and methacrylated gelatin (Me-Gel), and utilize them to bioprint heart
valve conduits containing encapsulated human aortic valvular interstitial cells (HAVIC).
Increasing Me-Gel concentration resulted in lower stiffness and higher viscosity, facilitated cell
spreading, and better maintained HAVIC fibroblastic phenotype. Bioprinting accuracy was
dependent upon the relative concentrations of Me-Gel and Me-HA, but when optimized enabled
the fabrication of a trileaflet valve shape accurate to the original design. HAVIC encapsulated
within bioprinted heart valves maintained high viability, and remodeled the initial matrix by
depositing collagen and glyosaminoglycans. These findings represent the first rational design of
bioprinted trileaflet valve hydrogels that regulate encapsulated human VIC behavior. The use of
anatomically accurate living valve scaffolds through bioprinting may accelerate our understanding
of physiological valve cell interactions and our progress towards de novo living valve
replacements.

Keywords
tissue engineering; rapid prototyping; microenvironment; extracellular matrix; remodeling

1. Introduction
Heart valve disease is a serious and growing public health problem for which prosthetic
replacement is most commonly indicated [1]. Tissue engineering is an attractive potential
therapeutic strategy that delivers a living valve replacement capable of integration with host
tissue and growth with the patient [2, 3]. Many synthetic biopolymers such as polyglycolic
acid, poly(lactic acid-co-glycolic acid), and polyhydroxyalkanoates have been widely used
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as fibrous or foam scaffolds for tissue engineered heart valve (TEHV) [4–7]. However,
while these scaffolds provide critical initial strength for in vivo implantation, the materials
are too stiff for proper valve leaflet kinematics, resulting in elevated transvalvular gradients
[8]. Valve interstitial cells (VIC), the major cell population residing within the valve leaflets,
respond to their local tissue stress environment by altering cellular stiffness and phenotype
[9, 10]. When cultured within matrices with elevated stiffness, VIC may increase
myofibroblastic characteristics that could contribute to, rather than ameliorate pathology
[11, 12]. Recently, leaflet scaffolds that better mimic native properties have been fabricated
by implementation of electrospinning and microfabrication techniques using synthetic
polymers such as poly(ester urethane) urea (PEUU) and polyglycerol sebacate (PGS) that
offer tunable and flexible mechanical and degradation properties [13–15]. But these
electrospun and microfabricated membranes may be too compliant to serve as valve root and
thus cannot yet be formed into complete valved conduits. These approaches are also limited
in their ability to generate both anatomical complexity and heterogeneous tissue
biomechanics. Hydrogels are also promising scaffold materials for tissue engineered heart
valves due to their high physicochemical and mechanical tunability [16, 17], and
permeability to nutrients and waste for encapsulated cells [18, 19]. In addition, hydrogels
can mimic key aspects of the extracellular matrix (ECM) microenvironment to stimulate
VIC function and to promote the remodeling of engineered valve constructs.

A popular method to fabricate valved conduits utilizes valvular shaped mold, within which
polymer or hydrogel scaffolds (sometimes encapsulated with cells) are cast, removed,
subsequently cultured [19–21]. Anatomical mold designs for heart valves are very
challenging to create, forcing most researchers to use a simplified symmetric approximation
that may not ultimately generate the correct mechanical and fluid dynamic environment best
for the resident cells [22, 23]. Furthermore, the solution cast within the mold is necessarily
homogeneous, limiting the ability to fabricate structures with internal material differences
similar to the native valve [20, 24]. 3D bioprinting is an attractive extrusion based rapid
prototyping (RP) technique, which can follow computer-assisted design and/or computer-
assisted manufacturing design to build a complex tissue construct like a heart valve. Unlike
other RP techniques (e.g., stereolithography and selective laser sintering), 3D bioprinting
can incorporate biological and cellular components [25], and to introduce mechanical
heterogeneity by using multiple cell types, biohybrid materials with different mechanical
properties for organ or tissue printing [26, 27]. However, most bioprinting studies have
utilized bioinert hydrogels like alginate, Pluronic F127, poly(ethylene glycol) dimethacrylate
(PEGDMA) [25, 28, 29]. These hydrogels by themselves are poorly degradable and
incompletely remodelable, both of which are important characteristics for tissue engineering
applications. Other bioactive hydrogels like gelatin and hyaluronic acid are either lack of
printability due to utilizing low concentration and low viscosity [30, 31], or need non-
bioactive or non-biodegradable viscosity modifier like alginate and dextran [32, 33].

In this study, we generated photocrosslinkable hydrogels consisting of methacrylated
hyaluronic acid (Me-HA) and methacrylated gelatin (Me-Gel) and encapsulated VIC within
the hybrid hydrogels for 3D bioprinting. Hydrogel properties were tunable by varying the
concentration of Me-HA and Me-Gel, which in turn changed the behavior of encapsulated
VIC, including cell spreading, proliferation, glycosaminoglycan secretion and phenotype.
We then implemented 3D bioprinting to fabricate a tissue engineered heart valve conduit
with living leaflets based on the hybrid hydrogels.
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2. Materials and Methods
2.1 Methacrylation of HA and gelatin

Me-HA (Novozymes, ~1200 kDa) was synthesized by a modification of a previously
published preparation [30, 34, 35]. Briefly, 10 ml methacrylic anhydride (MA, Sigma) was
reacted with HA aqueous solution at 40 °C for 6 h and the pH of mixture during reaction
was maintained at 8.5 by adding 5N NaOH. Me-Gel was synthesized as previously
described [30, 36]. Briefly, gelatin from bovine skin (Sigma) was dissolved at 10% (w/v)
into distilled water at 40 °C and then MA (1:5 v/v to gelatin solution) was added drop by
drop under stirred conditions at 40 °C for 1 h. The obtained Me-HA or Me-Gel solutions
were dialyzed for 3 days and lyophilized.

2.2 Hydrogel preparation and characterization
Me-HA (2%, 4% or 6% w/v) and Me-Gel (6%, 10% or 12% w/v) were dissolved in cell
culture medium with 0.05% w/v 2-hydroxy-1(4-(hydroxyethox)pheny)-2-methyl-1-
propanone (Irgacure 2959; CIBA Chemicals). The gel precursor was transferred into silicon
molds (Ø8 mm×1mm) and subsequently exposed to 365 nm UV light (EN-280L,
Spectroline, 2.0 mW/cm2) for 5 min. The fabricated hydrogels using Me-HA and Me-Gel
with different concentration were denoted as 2% (4% or 6%) Me-HA/6% (10% or 12%) Me-
Gel

Uniaxial compressive test of different hydrogels (8 mm in diameter, 2 mm in thickness, n=5)
were performed using an ELF 3200 (EnduraTec) mechanical test-frame. A 250 g load cell
(Sensotec) was attached to the bottom plate and a displacement sensor to the top plate with
the cross-head speed of 0.075 mm/s. The displacement and load data were converted to
strain and stress, respectively, by normalizing to sample thickness and area. The bulk
compressive moduli were calculated from the slope of the initial linear region (5%–10%
strain for compressive test) of the respective stress-strain curves. Rheological measurements
were taken on an AR2000 Rheometer (TA Instruments) fitted with cone-plate geometry
(cone diameter of 80 mm with a 4° angle). Stress viscosity measurements were conducted by
logarithmically ramping an applied shear stress from1 to 1000 Pa at room temperature.

2.3 Cell isolation and cell culture
Human aortic VIC (HAVIC) were isolated from the aortic valve leaflets of the donor heart
from 12-year old young patient undergoing cardiac transplant for a myocardial contractility
mutation that is not present in valves [37]. The valve leaflets were inspected to contain no
calcific deposits or thickened lesions. Tissue was procured with consent as approved by the
Institutional Review Board of Weill-Cornell Medical College in New York City. Cells were
cultured in MCDB131 medium (Sigma) supplemented with 10% fetal bovine serum (FBS;
Invitrogen), 1% penicillin/streptomycin (P/S; Invitrogen), 0.25 μg/L recombinant human
fibroblast growth factor basic (rhFGF-2; Invitrogen) and 5 μg/L recombinant human
epidermal growth factor (rhEGF; Invitrogen). Cells were used at passages 4–8 [38].

For HAVIC encapsulation, monolayers of cells were trypsinized (trypsin/EDTA solution,
Gibco), centrifuged and then resuspended in the hybrid hydrogels with 4% w/v Me-HA and
Me-Gel with different concentration (in culture medium with Irgacure at concentration
described previously) at the density of 5×106 cells/ml. The cell encapsulated gel was
extruded into disc molds and subject to photopolymerization with UV light for 5 min. The
cell-hydrogel hydrogel discs were washed with PBS and maintained at 37 °C and 5% CO2.
The medium was changed after 24 h culture and then refreshed every two days.
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2.4 Cell viability, proliferation and glycosaminoglycan (GAG) secretion
The viability and circularity of encapsulated cells was determined using Live/Dead
(Invitrogen) as previously described [39] and fluorescence images were obtained using a
confocal laser scanning microscopy (CLSM, LSM 710, Carl Zeiss). The cell proliferation
were determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay [40]. Dimethylmethylene blue (DMMB) assay was performed to measure the
sulfated GAG production in the hydrogels after 3 and 7 day culture [41, 42]. The constructs
(n=4–5) were digested with 300 μg/ml papain in 50 mM phosphate buffer (pH 6.5),
containing 5 mM cysteine and 5 mM EDTA for 16 h at 60 °C. GAG concentration was
calculated by calibrating against a standard curve obtained with shark chondroitin sulfate
(Sigma). To assess the biosynthetic activity of the cells, results of GAG were expressed as
the ratio of GAG amount to DNA amount, which was assessed via the PicoGreen double
strand DNA assay (Invitrogen).

2.5 RNA isolation and quantitative real time polymerase chain reaction (PCR)
Total RNA was extracted from cell-laden hydrogels using QIA-Shredder and RNeasy mini-
kits (QIAgen) according to the manufactures’ instructions. Thirty nanograms of total RNA
was synthesized into first strand cDNA in a 20 μL reaction using iScript cDNA synthesis kit
(BioRad Laboratories). Real-time PCR analysis was performed in a CFX Connect Real-
Time PCR detection system (Bio-Rad) using SsoAdvanced SYBR Green Supermix (Bio-
Rad). cDNA samples (1 μl for total volume of 20 μl per reaction) were analyzed for gene of
interest and for the housekeeping gene 18S rRNA. The level of expression of each target
gene was calculated using comparative Ct method (also known 2−ΔΔCt method).

2.6 Bioprinting of 3D constructs
The Fab@Home™ open-source, open-architecture RP platform (www.fab@home.org) was
used for printing the Me-HA/Me-Gel gels. Two types of 3D geometries were designed and
printed. First, a cuboid shaped design with dimension of 5 mm×5 mm×1.5 mm (L×W×H)
was used to evaluate the printability and printing accuracy of Me-HA/Me-Gel gels with
different Me-Gel concentration. The printed constructs were imaged and the printing
accuracy was assessed by comparing the measured area to the design value. The other 3D
geometry we printed is a simplified heart valve structure with root and three leaflets. Both
geometries are designed by Solidworks® and saved as STL files which are further imported
into the printer. The software then converts the imported STL file into print paths by slicing
them into layers and generating contour and fill-paths for each layer based on specific print
parameters [43]. The Me-HA/Me-Gel hydrogels were loaded into the deposition syringes
and extruded along the X–Y target paths for each layer. After one layer completed the print
stage in was translated Z, thus sequentially building the constructs. One syringe was used to
print cuboid shaped constructs. For heart valve printing, dual syringes were applied. The
heart valve root was printed with acellular hydrogel, while the leaflet was printed with the
Me-HA/Me-Gel hydrogels suspended with HAVIC. After printing, the cuboid shaped
constructs were exposed to UV light for 5 min, while the printed heart valve conduit was
subjected to four minutes photocrosslink from the top and another four minutes from the
bottom.

2.7 Histology and immunohistochemistry
After 1 week culture, the bioprinted constructs were fixed, paraffin embedded, sectioned (10
μm) and stained for negatively charged GAGs using Safranin-O/fast green or for collagen
using Masson’s Trichrome and slides were imaged under Zeiss Discovery v20 stereo
microscope (Spectra Services, Inc.)
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For immunohistochemical staining, fixed laden hydrogels or sectioned bioprinted
constructed were permeabilized in 0.2% Trion X-100 for 10 min at room temperature, and
blocked with 1% bovine serum albumin (BSA) overnight at 4 °C. Hydrogels were treated
with primary antibodies to vimentin (1:100, mouse monoclonal anti-vimentin, Invitrogen)
and monoclonal anti-α-smooth muscle actin (αSMA)-Cy3 antibody (1:200, Sigma)
overnight at 4 °C. Secondary fluorescent antibodies and nuclear counterstaining (via Draq 5,
1: 1000, Biostatus) were performed for 30 minutes at room temperature and then samples
were imaged with Zeiss 710 CLSM.

2.8 Statistical analysis
All quantitative data are expressed as the mean±standard deviation (SD). Statistical analysis
was performed using ANOVA with Scheffé post-hoc tests. A value of p<0.05 was
considered to be statistically significant.

3. Results
3.1 Me-HA/Me-Gel hydrogel preparation and characterization

Photocrosslinkable hybrid hydrogels consisting of Me-HA and Me-Gel were first prepared
in the presence of Irgacure. Me-HA and Me-Gel were synthesized by methacrylation of
hydroxyl groups and primary amine groups, respectively, using methacrylic anhydride. The
successful derivation was verified by 1H NMR (Supplementary Figure S1). The degree of
methacrylation was approximately estimated to be 22.5% for Me-HA and 61.1% for Me-Gel
based on the 1H NMR spectroscopy. Bulk compressive properties of Me-HA/Me-Gel hybrid
hydrogels were investigated and moduli for the hydrogels with various concentrations are
shown in Fig. 1A. Unexpectedly, the compressive modulus of Me-HA/Me-Gel decreased
with increasing Me-Gel concentration (Fig. 1A). Me-HA/6% Me-Gel hydrogels were
significantly stiffer compared to Me-HA/12% Me-Gel hydrogels (p<0.01). When Me-Gel
concentration was fixed to be 6%, the compressive properties significantly increased with
increasing Me-HA concentration from 2% to 4% and 6% (p<0.01). However, no significant
difference was detected between hydrogels with 10% and 12% Me-Gel composition. 4%
Me-HA/6% Me-Gel hydrogels with moderate Me-HA concentration and lowest Me-Gel
concentration showed highest stiffness (13.0±3.2 kPa), while 6% Me-HA/12% Me-Gel
hydrogels with highest viscosity at room temperature presented lowest stiffness (4.2±0.8
kPa).

We then determined hydrogel viscosity as a function of shear stress for Me-HA/Me-Gel
hybrid macromers with various concentrations, as shown in Fig. 1B. For all samples, a
viscosity plateau is observed at low shear stress. Generally, the zero shear viscosity of
hydrogel precursors increased with increasing the concentration of Me-HA and Me-Gel.
Shear thinning behavior was determined in each formulation, characterized by a decrease in
viscosity with increased shear stress. The wall shear stress that occurs in our 3D printer
ranges from around 100 Pa to 800 Pa [44], as indicated by dash line in Fig. 1B. Within this
shear stress range, the hybrid hydrogel precursors with 2% Me-HA and 6–10% Me-Gel
showed viscosity value lower than 100 Pa·S, which is too watery to hold the printed shape.
On the contrary, Me-HA/Me-Gel hydrogels with 6% Me-HA and 10–12% Me-Gel with
viscosity more than 104 Pa·S are too viscous and difficult to be deposited smoothly.
Therefore, we used the hybrid hydrogels with 4% Me-HA and 6%, 10% and 12% Me-Gel
for follow-on investigations of encapsulated HAVIC behavior and bioprinting.

3.2 HAVIC viability, morphology, proliferation and GAG deposition within hydrogels
Fig. 2 presents cell viability and cell circularity measured based on Live/Dead images
obtained at least 50 μm below the hydrogel surface in order to avoid any interference from
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spread cells attached on the hydrogel surface. The near exclusive green fluorescence in Fig.
2A shows that the encapsulated VIC in Me-HA/Me-Gel hydrogels with various Me-Gel
concentrations were almost all alive after 3 day and 7 day culture. Cell viability was higher
than 90% for all the hydrogel conditions (Fig.2B). Most encapsulated VIC remained
spherical in shape after 3 days culture and more cells had spreading morphology within the
hydrogels on day 7, showing significantly lower cell circularity with increasing the culture
time (Fig. 2C). On day 3, the circularity for VIC in 4%Me-HA/12%Me-Gel hydrogels with
lower stiffness was significantly lower than that in 4%Me-HA/6%Me-Gel hydrogels with
higher stiffness, as shown in Fig. 2C. Similarly, after 7 day culture, the stiffer hybrid
hydrogels (4%Me-HA/6%Me-Gel and 4%Me-HA/10%Me-Gel) delayed cell spreading and
exhibited significantly higher cell circularity comparing to softer hydrogels (4%Me-HA/
12%Me-Gel).

MTT assay was also used to quantify the cellular metabolic activity of encapsulated HAVIC
within the 3D hydrogels. As shown in Fig. 3A, HAVIC in all the hydrogels proliferated
during 7 day culture, with significant increase in MTT absorbance comparing to day 3
(p<0.01). During the first 3 day culture, the MTT absorption for stiffer hydrogels (4%Me-
HA/6%Me-Gel) was significantly higher than that of softer hydrogels (4%Me-HA/12%Me-
Gel). However, there was no significant difference in proliferation rate for different Me-HA/
Me-Gel hydrogel formulations at day 7.

The level of sulfated GAG produced by encapsulated VIC in different hydrogels after 3 and
7 day culture was quantitatively determined by modified DMMB assay. The GAG content
of Me-HA/Me-Gel hybrid hydrogels was measured to be markedly higher on day 7
comparing to day 3 (p<0.01), as shown in Fig. 3B. On day 3, the GAG/DNA value was
significantly higher for 4%Me-HA/12%Me-Gel than 4%Me-HA/6%Me-Gel (p<0.01).
However, on day 7, no significant difference of GAG content was detected for different
hydrogel samples. This may be because that HAVIC remodel the hydrogels by secreting
different matrix components at different times/rates.

3.3 HAVIC phenotypes and gene expression
As shown in Fig. 4, the encapsulated HAVIC expressed both αSMA and vimentin within all
the hydrogel samples after 7 day culture, indicating the activation of HAVIC from
fibroblastic to myofibroblastic phenotype. Quantitative analysis of gene expression was
conducted using real-time PCR, normalized to 18S, and expressed relative to 4%Me-HA/
6%Me-Gel. On both day 3 and day 7, 4%Me-HA/6%Me-Gel expressed less αSMA
vimentin and periostin than 4%Me-HA/10%Me-Gel and 4%Me-HA/12%Me-Gel hydrogels
with lower stiffness (p<0.01) (Fig. 5A B and C). As shown in Fig. 5B, vimentin gene
expression was dramatically increased with decreasing stiffness of different hydrogels
(p<0.01). No significant difference was observed among the hydrogels for collagen I
expression (Fig. 5D). With increasing the culture time, expression of αSMA was
significantly upregulated for 4%Me-HA/6%Me-Gel. In addition, periostin and collagen I
expression was significantly elevated for all the hydrogels after 7 day culture comparing to
day 3 (for periostin, p<0.05 for 4%Me-HA/6%Me-Gel and p<0.01 for 4%Me-HA/10%Me-
Gel and 4%Me-HA/12%Me-Gel; for collagen I, p<0.05).

3.4 Bioprinting of 3D constructs
A simple cuboid shaped constructs were first printed using the hybrid hydrogels with
different Me-Gel concentration, as shown in Fig. 6. The hydrogels with lower viscosity
(4%Me-HA/6%Me-Gel and 4%Me-HA/10%Me-Gel) better maintained their geometry and
mechanical integrity after extrusion and crosslinking (Fig. 6A, B), while the printed
constructs using 4%Me-HA/12%Me-Gel had incomplete and missing structure (Fig. 6C).
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The printing accuracy (percentage overlap of printed to designed area) for 4%Me-HA/
6%Me-Gel and 4%Me-HA/10%Me-Gel was 124.0±11.6% and 111.3±7.2%, respectively,
which indicated that the constructs spread after printing and had larger area than design. In
contrast, 4%Me-HA/12%Me-Gel printed constructs had smaller area and lower printing
accuracy (74.9±5.4%). In all the printed constructs, high HAVIC viability (>90%) was
observed for the cells encapsulated to depths exceeding 700 μm below the surface
(Supplementary Figure S2). This indicated that the printed constructs could be fed
completely via nutrient diffusion.

We thus implemented 4%Me-HA/10%Me-Gel hydrogels for further bioprinting of heart
valve conduits by considering hydrogel properties, encapsulated cell behavior, and
bioprinting accuracy. A simplified trileaflet heart valve model was designed by Solidwork®,
as shown in Fig. 7A. The model has inner diameter of 20 mm, outer diameter of 26 mm and
height of 8 mm for valve root, and three leaflets with radius of 10 mm. The heart valve
conduits were successfully bioprinted with acellular root and HAVIC encapsulated leaflets
using 4%Me-HA/10%Me-Gel hydrogels (Fig. 7B). The bioprinted valve conduits well
maintained the structure after photocrosslink and static culture for 7 days (Fig. 7C). As
shown in Fig. 7D, nearly all encapsulated cells (92.1±2.5%) were alive, even for the cells
that were several hundred micrometers below the surface, indicating the capacity of oxygen,
nutrition supply and waste removal. In addition, HAVIC were found to be subconfluent on
the conduit surface. Fig. 7E and F shows the histological staining of encapsulated HAVIC
within printed Me-HA/Me-Gel conduits. Although negatively charged Me-HA attracted the
cationic Safranin O dye and showed pink color, the encapsulated individual cells were
observed to be surrounded by an ECM containing sulfated GAG, as indicated by Safranin O
staining (Fig. 7E). Similar observations were also reported in valve conduits by other
researchers [45, 46]. The sulfated GAG content of printed leaflets was measured to be
61.3±9.5 μg GAG/μg DNA, which was less than that of 4%Me-HA/10%Me-Gel hydrogel
discs. Masson’s Trichrome staining of printed leaflets showed that more intense blue color
was found around the encapsulated HAVIC, indicating the newly deposition of collagen
(Fig. 7F). The encapsulated HAVIC also expressed both αSMA and vimentin protein after 7
days culture.

4. Discussion
3D bioprinting is a versatile technique that has great potential to fabricate heterogeneous
tissues with multiple cell types and biohybrid materials with different mechanical properties
[39, 47, 48]. However, there is a pressing need to develop more enabling bioactive,
biofunctional materials for 3D bioprinting, and to understand how printed
microenvironmental features affect encapsulated cell phenotype [49]. We describe here the
3D bioprinting of living heart valve conduits based on photocrosslinkable Me-HA and Me-
Gel hybrid hydrogels. The major objectives of this study were to: 1) identify the range of
hybrid hydrogel composition for bioprinting, and 2) to determine how encapsulated HAVIC
are altered within this range and the effects of printable microenvironment on HAVIC
behavior.

The bioprinted materials, material processing and environmental conditions (UV exposure,
temperature, et al.) should ensure encapsulated cell viability and phenotypes. Different from
many printable bioinert materials like alginate, agarose, Pluronic F127, et al., HA and
gelatin are well-known bioactive biomaterials with cell adhesion and cell degradation
motifs. Me-HA and Me-Gel are also widely used for various cell encapsulations [36, 50,
51]. Recently, Me-HA/Me-Gel hybrid hydrogels has been reported to support human
umbilical cord vein endothelial cells [52] and regulate valve interstitial cell behavior [30].
Skardal et al. has also implemented Me-HA/Me-Gel hybrid hydrogels for bioprinting of
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simple cylindrical tissue constructs, but the required pre-crosslinked materials limit the size
and/or accuracy of printable geometries [31, 44]. In this study, we first characterized the
mechanical properties and viscosity of different Me-HA/Me-Gel hybrid hydrogels, which
potentially can be used for bioprinting. The compressive properties of hybrid hydrogels are
tunable by varying the component concentrations. Unexpectedly, the compressive properties
were not enhanced by increasing polymer concentration, which was in contrast to previous
studies reported by other researchers [52, 53]. This is probably because relatively high
viscosity of the hybrid hydrogels investigated in this study results in lower photocrosslink
efficiency and density which are known to greatly affect mechanical properties of hydrogels
[54, 55]. When Me-HA concentration was fixed, increasing Me-Gel concentration further
increases the viscosity due to the concentration and the thermoreversible gelation effect, and
thus significantly decreases the compressive properties of hybrid hydrogels. However, the
viscosity and stiffness were independent of each other when considering both Me-HA and
Me-Gel concentrations (Supplementary Figure S3). These levels of stiffness are within the
range of local and global elastic moduli of VIC (~3–20 kPa) cultured on polyacrylamide
substrates with different stiffness (3–144 kPa) [56]. Most TEHV research has focused on
replicating the material stiffness at failure strain [57–59], which is much stiffer than in vivo
physiological stiffness and very rarely encountered by resident cells during physiological
function [60]. These highlight the need to identify and replicate the physiological
biomechanical targets of the heart valve in TEHV biomaterial design. The Me-HA/Me-Gel
hybrid hydrogels may thus better mimic the leaflets with the mechanical properties in the
physiological strain range.

Bioprintable materials need enough fluidity to be extruded intact through a narrow tube/
needle, but yet retain sufficient viscosity to hold shape after printing and before crosslinking
[25]. The viscosity of Me-HA/Me-Gel hybrid hydrogels is dependent on the applied sheer
stress. Within the shear stress range that works during extrusion process, the hybrid
hydrogels with 2% Me-HA are less viscous to hold the printed shape, whereas 6% Me-HA
hydrogels are too viscous to be smoothly deposited. The mostly suitable hydrogel viscosity
range for Fab@Home 3D bioprinting system in this study is from around 400 to 4000 Pa·s.
The suspended cells probably reside in the middle of the tip and are protected from wall
shear during extrusion [44]. The hybrid hydrogels with 4% Me-HA and 6%, 10% and 12%
Me-Gel are thus more appropriate for 3D bioprinting. It is also of significant importance to
investigate the cellular behaviors of encapsulated cells within bioprintable
microenvironment. Increasing Me-Gel concentration from 6% to 12% decreased the
hydrogel stiffness and increased the cell adhesion density. The change of microenvironment
improved cell spreading and increased GAG secretion in 3 day culture. Cell spreading
depends on the matrix stiffness and cell adhesion site density [30, 61, 62]. Increasing
hydrogel stiffness decreases the pore size, which limits the space for cellular elongation,
spreading, and migration [63, 64], while increase of cell adhesion site density promotes cell
adhesion [65, 66] and affects subsequent cellular events like proliferation [67], migration
[62], and differentiation [68, 69]. In addition, the more spreading HAVIC within hybrid Me-
HA/Me-Gel hydrogels (4% Me-HA/10% Me-Gel, 4% Me-HA/12% Me-Gel) had more
expression of all the target genes (αSMA, vimentin, periostin and collagen I), indicating that
the encapsulated HAVIC are more active. Decreasing stiffness while increasing cell
adhesion site density in Me-HA/Me-Gel hydrogels upregulated vimentin, which is one of
major biomarkers of fibroblastic phenotype of VIC. This indicates addition of Me-Gel
decreased myofibroblastic activation, which is consistent with our previous findings with
non-printable hybrid hydrogel formulations [30]. Overall, by changing the concentration of
gelatin component, Me-HA/Me-Gel hydrogels demonstrated tunable 3D microenvironments
that can regulate cellular response.
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By combining 3D bioprinting with optimized Me-HA/Me-Gel hybrid hydrogels, we
generated trileaflet heart valve conduits with morphologically similar to the original CAD
design with direct encapsulation of HAVIC within the printed leaflets. Strategies to develop
anatomically accurate and mechanically heterogeneous living heart valve conduits with
similar ECM microenvironment to native tissue has gained importance for the advancement
of heart valve tissue engineering [70]. We previously showed that we could generate
anatomically complex valves via 3D bioprinting [39, 43]. 3D bioprinting technique is also
capable of fabricating full valve conduits (consisting of both valve leaflets and root). In this
study, we used the model with simplified valve geometry instead of natural anatomy to test
the bioprintability of the hybrid hydrogels and focused on the response of encapsulated
HAVIC within bioprinted valve leaflets. One concern for hydrogel based tissue and organ
printing is the cell viability and functions within the constructs [49]. In this study, the
encapsulated HAVIC kept high cell viability (>90%) after extrusion during printing process
and further photocrosslink. In addition, cells easily adhered to, and formed a monolayer on
the bioprinted construct surface, while the encapsulated cells below the surface started to
remodel the hydrogel after 3 day culture. Successful tissue engineered heart valve strategies
must enable cells to remodel their initial microenvironment and secret their own ECM [71,
72]. The Me-HA/Me-Gel hydrogels we developed were remodeled by the HAVIC. Since
these components are ECM analogs, excellent biodegradability and bioactivity can be
expected as previously shown [73, 74].

Apart from cell viability, there are several other key challenges for tissue and organ printing,
including (1) the resolution of bioprinter and accuracy of bioprinted constructs; (2)
vascularization; (3) heterogeneous structure and biomechanics. Fab@Home 3D bioprinting
platform supports fabrication of tissue constructs with anatomical shape [43] and potentially
enables heterogeneous printing of tissue constructs using multiple materials and cell types
[26, 39]. Systematic optimization of printing conditions and parameters can improve the
accuracy of 3D printing platforms for biofabrication and tissue engineering applications [44,
75]. Healthy human valve leaflets are almost entirely avascular [1, 76] and this structure
only requires diffusion of nutrients and metabolites. The 3D cell-laden hydrogel construct
with reasonable thickness can fulfill this requirement and thus maintain high cell viability
and normal phenotype for valve cells. The bioprinted hydrogel based valve conduits also
provide more suitable physiological environment to VIC comparing to other synthetic
polymers which have much higher stiffness and may pathologically active myofibroblastic
phenotype of VIC [9, 77]. The short-term static culture of our printed constructs represents a
first step towards creating a mature, functional valve conduit. These printed hydrogel valve
constructs do not yet fulfill the full mechanical range of native valve tissue, though we
believe that fidelity of the physiological domain of biomechanical performance is as
important as its failure material strength characteristics. Further enhancement of material
properties of bioprinted valve conduits can be achieved through conditioning in pulsatile
bioreactor, as has been demonstrated with many other groups [78, 79]. It is not yet clear how
hemodynamic stimulation affects the shape change and remodeling of printed valve
conduits. Through the 3D printing approach, we can in the future address how important
prescribed material composition and its spatial organization contribute to macro and micro-
scale valve structural and mechanical fidelity.

5. Conclusions
This study has demonstrated 3D bioprinting of living heart valve conduits based on
photocrosslinkable Me-HA/Me-Gel hydrogels with tunable physical properties. The hybrid
hydrogels can well support the encapsulated HAVIC and regulate cellular response by
varying hybrid hydrogel composition. Increasing Me-Gel concentration resulted in hydrogel
stiffness decrease and cell adhesion density increase and thus facilitated HAVIC spreading
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morphology and better maintained fibroblastic phenotypes of HAVIC. By implementing 3D
bioprinting technique and Me-HA/Me-Gel hydrogels with optimized composition and
properties, we generated living trileaflet heart valve conduit with decent accuracy, high cell
viability and remodeling potential. Our findings herein expand the library of biomaterials
which can be utilized for 3D bioprinting, and provide important insight into the design of
bioprintable microenvironment for regulating VIC behavior. 3D bioprinted valve conduits
are thus a promising strategy for tissue engineered living valve replacements and are also
encouraging in vitro models toward improving valve scaffold designs and investigating
valve disease mechanisms.
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Fig 1.
Tunable mechanical and rheological properties of different hydrogels. (A) Modulus
(**p<0.01, # indicated significantly difference between 2%Me-HA/6%Me-Gel and Me-HA
(4%, 6%)/6%Me-Gel hydrogels; n=5 for compressive test); (B) viscosity in response to
shear stress.
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Fig 2.
Live/Dead assay for encapsulated HAVIC within different hydrogels. (A) CLSM images (3
day, up column; 7 day, down column); (B) cell viability measured based on Live/Dead
images (n=6); (C) cell circularity measured based on Live/Dead images (*p < 0.05, **p <
0.01; n=6).
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Fig 3.
Encapsulated HAVIC proliferation and GAG deposition within different hydrogels. (A)
MTT assay showed the proliferative capacity of HAVIC encapsulated within different
hydrogels (*p < 0.05, **p < 0.01; n=5); (B) GAG content detected by DMMB-based assay
and normalized to DNA content (**p < 0.01; n=5).
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Fig 4.
Immunohistochemical staining for encapsulated HAVIC after 7 day culture. αSMA (red);
vimentin (green) and nuclei (blue).
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Fig 5.
Real-time PCR analysis of (A) αSMA; (B) vimentin; (C) periostin and (D) collagen 1A1 of
HAVIC encapsulated in different hydrogels after 7-day culture. Relative gene expression is
presented as normalized to 18S and expressed relative to 4%Me-HA/6%Me-Gel.
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Fig 6.
Bioprinting of cuboid shaped constructs. Representative images of bioprinted constructs
using (A) 4%Me-HA/6%Me-Gel, (B) 4%Me-HA/10%Me-Gel and (C) 4%Me-HA/Me-Gel;
(D) printed accuracy of bioprinted constructs using different hydrogels (n=5).
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Fig 7.
Bioprinting of heart valve conduit with encapsulation of HAVIC within the leaflets. (A)
Heart valve model designed by Solidworks®; (B) as-printed valve conduit; (C) the
bioprinted valve conduit kept intact after 7-day static culture in culture tube; (D) cross-
sectional view of Live/Dead image showed high cell viability from surface to more than 300
μm depth; (E–F) histological staining of bioprinted leaflets after 7-day culture. (E) Safranin-
O staining was used to stain the GAGs red which also stained the Me-HA within the
hydrogel red; (F) Masson’s Trichrome staining was used to stain collagen blue with also
stained the Me-Gel within the hydrogel blue. The arrow showed the newly secreted collagen
around the HAVIC, indicating the remodeling process; (G) representative image of
immunohistochemical staining for αSMA (green) and vimentin (red), and Draq 5
counterstaining for cell nuclei (blue).
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