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Objective: To evaluate the recellularization potential of a bioprinted aortic heart valve scaffold printed with highly
concentrated Type I collagen hydrogel (Lifeink® 200) and MSCs.
Materials and methods: A suspension of rat mesenchymal stem cells (MSCs) was mixed with Lifeink® 200 and was
3D-printed into gelatin support gel to produce disk scaffolds which were subsequently implanted subcutaneously
in Sprague-Dawley rats for 2, 4, 8, and 12 weeks. The biomechanical properties of the scaffolds were evaluated by
uniaxial tensile testing and cell infiltration and inflammation assessed via immunohistochemistry (IHC) and
histological staining.
Results: There was an average decrease in both UTS and tensile modulus from 2 to 4 weeks followed by an increase
between 4 to 8 weeks and a plateau from 8 to 12 weeks. IHC showed a continued expression of alpha smooth
muscle actin and vimentin biomarkers throughout the study demonstrating continued presence of interstitial-like
and fibroblast-like cells. Additionally, there was also an increase of elastin at each time point.
Conclusion: The profile of the stress-strain curves of the bioprinted aortic heart valve scaffolds indicated that the
scaffold transitioned through phases of resorption, synthesis, stabilization, and ultimately, remodeling. This is
supported by IHC and histology which showed favorable remodeling capacity demonstrating potential feasibility
for a 3D printed heart valve.
1. Introduction

According to the American Heart Association, there have been
approximately 600,000 deaths due to valvular heart disease (VHD) since
1979 [1,2]. Currently, the gold standard for aortic valve disease (AVD) is
limited to either mechanical or bioprosthetic valve replacement. Me-
chanical valves require anticoagulation and are typically applied to
younger patients, while bioprosthetic valves have limited durability and
are prone to calcific degradation [3]. Tissue engineered heart valves
(TEHV) have become increasingly important in the development of valve
replacement because of availability and customizability for individual
patients. Although TEHV have limitations such as antigenicity and loss of
extracellular matrix integrity to overcome, there is significant promise
showing autologous host cell remodeling of these scaffolds [4].
Three-dimensional (3D) bioprinting has become popular and increas-
ingly used in medicine to produce biomaterials ready for implantation.
The technology has applications that allow for living cells to be printed
within a synthetic scaffold that presents in a variety of shapes,
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complexities, and mechanical properties [5]. In recent years, the medical
industry has increasingly used 3D-printing to create patient-specific
prosthetics, surgical models, and drug delivery devices [6]. Unlike bio-
logical tissue, bioprinting allows for the artificial creation of organs and
tissues for on-demand manufacturing with patient cells [7].

3D-bioprinting allows for host cell integration coupled with ECM
remodeling to establish a viable TEHV that will grow and adapt with the
patient. This technology can achieve homogenous porosity and allow
deposition of different cell types within a construct [8]. 3D-bioprinted
valves are customizable to patients though direct digital input from pa-
tient imaging utilizing computed tomography and ultrasound imaging.
The precise spatial control has the capability to print complex native
valvular structures with autologous cells. 3D-bioprinting has been used to
construct a heterogeneous aortic valve structure, using different mate-
rials for the root and the leaflets. More recently, the technique has been
used to build a model of an aortic valve leaflet, giving each different layer
specific mechanical properties [9,10]. 3D-bioprinting enables reproduc-
ibility that cannot be replicated with biological tissue scaffolds [11].
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The biomaterial selected to produce a scaffold must have the proper
biocompatibility and degradation rate that will allow for structure
maintenance, cellular maturity, and enable active cellular remodeling.
Additionally, the material requires mechanical integrity and stability
throughout the printing process in order to prevent layer collapse.
Consideration of cell type and environmental conditioning is necessary to
strengthen the valve to endure hemodynamic pressures. Potential
mechanisms for crosslinking such as UV light or chemical crosslinking
maybe considered to strengthen the scaffold and allow for the structure
to maintain shape during environmental conditioning [12]. Thus, a novel
approach should be developed to constructing the 3D biological heart
valve.

The focus of the current manuscript is to evaluate the collagen-based
bio-ink biocompatibility and its recellularization potential for use as a
heart valve implant. This study involves a hybrid approach for 3D
printing and in vivo biomaterial characterization of the collagen-based
bio-ink via rat subcutaneous evaluation.

2. Materials and Methods

2.1. Specimen preparation

A computer aided design model (CAD) for the implant disk scaffolds
was created utilizing Solidworks (Dassault Syst�emes, Waltham, MA) and
Magics Materialise 3D rendering software (Materialise n.v. 2011, Magic
EnvisionTec 32 bit V16.2.0.20). CAD model files were exported to Per-
factory software (EnvisionTec v 3.2.2945), converted to stereo-
lithography (.STL) files, and uploaded to the 3D-bioplotter control
software Visual Machines (version 2.8.129r1).

2.1.1. FRESH preparation
Freeform Reversible Embedding of Suspended Hydrogels (FRESH)

slurry was made under aseptic conditions according to previously pub-
lished methods [13]. FRESH slurry was dispensed into 50mL Falcon
tubes. Centrifugation was performed and supernatant removed and
replaced with DMEM. Tubes were shaken to homogenize the DMEMwith
resuspended gelatin particles. This was repeated several times to remove
insoluble gelatin and to incorporate the cell culture medium into the
FRESH slurry. The DMEM-FRESH slurry was dispensed into a 6-well
plate.

2.1.2. Cell culture and bio-ink preparation
Allogenic rat mesenchymal stem cells (rMSCs) labelled with green

fluorescent protein (GFP) (Cyagen Biosciences Inc., Santa Clara, CA)
were cultured at 37 �C in 5% CO2 in Dulbecco’s modified Eagle’s Medium
(DMEM, Gibco, Life Technologies). This was supplemented with 5%
heat-inactivated fetal bovine serum (FBS, Atlas Biologicals) and 1%
antibiotic-antimycotic (A/A, Gibco) until the number of necessary cells
was reached. Media was changed every two days. Cultured cells,
passaged at 80% confluence, were washed 3 times using phosphate
buffer saline (PBS), detached from the culture vessel with Trypsin-EDTA
(Gibco Life Technologies), suspended in DMEM, and centrifuged at 1800
RPM. The supernatant was removed and cells were counted and resus-
pended to achieve a concentration of 6� 106 cells/mL of Bio-ink (5:2
ratio of Lifeink® 200: cell media) per manufacturer’s protocol. The cell
suspension was loaded into a 5mL syringe and attached to the tip of a
10mL syringe containing Lifeink® 200® using a lumen connector. Life-
ink® 200 and the cell suspension were mixed until a homogenous Bio-ink
was achieved. The cell-laden Bio-ink was loaded into a syringe (EFD
Nordson) compatible with the EnvisionTEC 3D-Bioplotter (EnvisionTEC
GmbH, Gladbeck, Germany).

2.1.3. 3D-printing of the implant disk scaffolds
The CAD model for the implant disk scaffolds measured 1mm-thick

and 28mm-diameter was sliced into a 0.1 mm thickness, and uploaded to
Visual Machines. This geometry was utilized as it could be easily
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implanted in the rat subcutaneous space and easily mounted in the
support frame which prevented migration and folding. A more physio-
logically relevant shape could not be easily implanted in the subcu-
taneous space and likely would not have a large impact on the
recellularization or remodeling as the biological and physical cues would
not have been greatly altered. One disk scaffold was printed per well-
plate. The inner diameter of the needle to extrude the Bio-Ink was
0.1 mm and 25mm in length. The needle transfer height was 35mm,
needle offset was 0.1mm, and printing speed and pressure were 14mm/s
and 1.6 bar, respectively. The temperature of the printing platform and
the printing head were set at 4 �C and 23 �C, respectively. Disk scaffolds
were printed in a layer-by-layer fashion, each layer printed in a contin-
uous manner with a 0.3 mm distance between individual extruded
strands and a 90� offset between the strand orientation in each layer. The
description of the strands here is applicable during the printing process;
during cross-linking, the individual strands fuse together. Pre-flow and
post-flow delays were set at 200ms and 100ms, respectively. After the
printing process, well-plates were placed in a 37 �C, 5% CO2 environment
for 45–60min. The liquefied gelatin was subsequently removed and the
Bio-ink disk scaffolds were cultured for 5 days in DMEM with 1% A/A
and 5% FBS. Under aseptic conditions, the cultured Bio-ink disk scaffolds
were placed between polycaprolactone (PCL) support frames. Vetbond
(3M, Maplewood, MN) surgical glue was used to fix both PCL frames
together with the disk scaffolds in the middle [14]. In our previous study
we investigated the effect of a PCL support frame on tissue remodeling in
the rat subcutaneous space with decellularized pericardium. We found
superior remodeling and fewer propensities for tissue folding or migra-
tion with the PCL support frames and so utilized this approach in this
work [14].

2.2. Collagen- based bio-ink biomaterial characterization

2.2.1. In vivo performance
Twelve Sprague Dawley rats were obtained and raised in a pathogen-

free environment. In vivo assessment of the scaffolds was conducted at 2,
4, 8, and 12 weeks (each rat had n¼ 4 implants, for a total of n¼ 48 and
n¼ 12 for each time point). All experiments were performed in strict
accordance with the guidelines in the Guide for Institutional Animal Care
and Use Committee (IACUC protocol number: A00003286-17). The
surgical procedure and the PCL support frames (Fig. 1A) used to house
the Bio-ink disk scaffolds were 3D-printed following the same method
described in previous studies [14]. Explanted disk scaffolds were divided
for 1) mechanical testing, and 2) fixed in 10%Formalin and preserved in
70% EtOH for immunohistochemistry.

2.2.2. Immunohistochemistry, immunofluorescence, and histology
Bioprinted implant disk scaffolds were paraffin-embedded then

sectioned at the Mayo Clinic Pathology Core (Scottsdale, AZ). Immuno-
histochemistry (IHC) methodology can be found in previous publications
[4,14]. Primary antibodies were used to express recellularization,
extracellular matrix remodeling, and immune reaction of the bioprinted
explant. Primary antibodies utilized were CD163 (Abcam, Cambridge,
UK) and CD3 (Abcam) for immune reaction, Vimentin (Abcam) and
Alpha smooth muscle Actin (Abcam) for interstitial-like cell phenotypes,
CD31 (Abbiotec, San Diego, CA) for endothelialization, Elastin (Abcam)
for elastic tissue, and Collagen I (Thermofisher) for Collagen Type 1.
Images were quantitatively analyzed in terms of antibody signal surface
area using ImageJ software and a digital slide scanner (MoticEasyScan,
Motic). Immunofluorescence (IF) was performed to visualize the green
fluorescent protein (GFP)-positive cells preseeded on the bioprinted
acellular implant disk scaffolds. Sections were incubated with the pri-
mary antibody rabbit polyclonal to GFP (ThermoFisher, Waltham, MA)
overnight at room temperature. The stain was labelled using a secondary
antibody donkey anti-rabbit IgG H&L Alexa Fluor 488 (Thermofisher)
mounted using Prolong Gold Anti-Fade Mountant with DAPI (Thermo-
fisher), and visualized with a confocal microscope. Additionally, samples



Fig. 1. Top view images showing (A) half the PCL
support frame, and (B) the bioprinted sample. The 3D-
printed heart valve scaffold (C) explanted at 12 weeks
in vivo. Immunohistochemistry staining of explanted
scaffold (D) Hematoxylin and eosin (H&E) visualized
using a Motic EasyScan slidescanner, scale¼ 300 μm.
There was an observed increase in host cellular con-
centration found at the periphery (red arrow) and
infiltrating within the 3D bioprinted disk scaffold.(E)
Masson’s trichrome, scale¼ 300 μm shows a diffuse
blue expression representative of collagen within the
3D bioprinted disk scaffold. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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were stained with Hematoxylin-Eosin (H&E), Masson Trichromeand
elastin stains to observe cellularity, collagen depositionand fibrosis;
respectively.

2.3. Mechanical performance

The mechanical properties of the explanted bioprinted scaffold were
assessed by conducting uniaxial tensile testing per ASTM F2150-13
(n¼ 12 per time point 2, 4, 8, 12 weeks). The tensile testing was per-
formed using a tensile tester (Instron, USA, Series 5900). Each sample
was cut with a constant width of 4mm and varying length. The thickness
was measured with a drop gauge (Mitutoyo America Corp., Aurora, IL,
USA). The samples were placed within the grips of the machine, and the
specimen gauge length was measured and recorded. The samples were
stretched until failure, which occurred midway between the grips, using
a displacement rate of 0.16667mm/s. The load as a function of the
extension data was recorded and processed using MATLAB and Statistics
Toolbox Release R2016a (The MathWorks Inc., Natick, Massachusetts).
The ultimate tensile strength was computed as being the maximal value
on the stress-strain curve, and the tensile modulus was computed as being
the slope in the linear region on the stress-strain curve.

2.3.1. Statistical analysis
Data distribution was analyzed utilizing MATLAB statistics toolbox

using a one way ANOVA followed by a multi-comparison test. Data is
presented as mean� SD with statistical significance defined as P
value< 0.05. Furthermore, to determine if there was a relationship be-
tween the tissue stiffness and the quantified concentrations of the IHC
parameters linear regression analysis was performed across all time
points with the R2 value reported to indicate goodness-of-fit.

3. Results

3.1. Collagen-based bioink in-vivo biomaterial characterization

All animals (n¼ 12) survived the implantation procedure without any
clinical evidence of wound infection or inflammation. Prior to implan-
tation, the Bioink implants were observed to be fragile; however, after
each time point, the physical handling of each explant had improved.
After four weeks, the Bioink explants contained a fibrous capsule with
neovascularization. Additionally, it was observed that layers of the host
tissue had integrated with the Bioink explant, and after eight weeks, both
3

layers had become indistinguishable (Fig. 1). Despite this integration, the
structural integrity of the extracellular matrix remained intact with cel-
lularization of host cells on the Bioink explant. Fibrosis was prevalent on
the cutaneous side of the Bioink explant as seen with Masson’s trichrome
(Fig. 1).

For immunohistochemistry, immunofluorescence and histology,
semi-quantification was done utilizing the surface area of the tissue and
expression of specific biomarkers. Chronic inflammation and ECM
remodeling were observed with the biomarkers CD3 and CD163 (Fig. 2).
The linear regression analysis found that no IHC parameters had strong
correlation with the tissue stiffness (Table 1). The highest R2 value was
for vimentin (0.277) and the lowest for collagen (0.002).

3.1.1. Weeks 2–4 post-implantation
There was a decreased expression of CD3 as observed from the cross-

sectional surface area of explanted Bioink tissue fromweek 2 (2.47� 0.5)
to week 4 (1.16� 0.09) due to a reduced presence of chronic inflam-
matory cells (p¼ 0.002). There was a decrease in CD163 expression from
week 2 (2.55� 0.24) to week 4 (2.15� 0.21). Fromweek 2 (1.36� 0.17)
to week 4 (3.43� 0.58), there was a statistically significant increase in
the expression of the CD31 biomarker for endothelialization and angio-
genesis between the host tissue and Bioink explant (p< 0.05) (Fig. 3).
Alpha smooth muscle actin and vimentin biomarkers revealed an in-
crease of interstitial-like cells infiltrating the Bioink explants over time
(Fig. 4). At weeks 2 and 4, there was an increased concentration of
vimentin in the surrounding tissue (Week 2: 3.84� 1.12; Week 4:
5.49� 0.31). There was also an increase in presence of elastin during this
time period. From a mechanical property standpoint; stress versus strain
plots from tensile testing are shown in Fig. 5. Between 2 and 4 weeks, the
strength of the mean sample decreases. The UTS and tensile modulus are
given in Fig. 6 as mean� standard deviation. One-way analysis of vari-
ance (ANOVA) was run. The values for UTS were 0.344� 0.120 and
0.169� 0.077MPa for 2 and 4 weeks, respectively, showing a decrease
over time. The same statistical analysis was run for the tensile modulus,
which was taken to be the slope of the stress-strain curve. There was a
decrease in the tensile modulus from 2 to 4 weeks (1.186� 0.872 and
0.548� 0.341MPa, respectively).

3.1.2. Weeks 4–8 post-implantation
There was a decrease in CD163 expression from week 4 (2.15� 0.21)

to week 8 (1.74� 0.14) (Fig. 2). Overall, there was a steady decrease of
CD163 expression from week 1 (2.55� 0.24) to week 8 (1.74� 0.14;



Fig. 2. (A–D) CD163 and CD3 immunohistochemistry staining for heart valve scaffold printed with rMSCs, visualized using a Motic EasyScan slidescanner, at 4 and 12
weeks, scale¼ 300 μm. Red arrows show expression of CD163 and CD3 biomarkers that are used to determine inflammation and type II macrophages. Week 4 shows
expression along the disk scaffold periphery while at the end of the study, type 2 macrophages where observed to be interspersed throughout the disk scaffold. The
graphs to the right show CD163 and CD3 quantifications at 2, 4, 8, and 12 weeks where significance (P< 0.05) is displayed. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Slope and R2 value from a linear regression analysis of the quantified IHC with
the tensile modulus.

CD 163 CD 3 CD 31 Elastin Vimentin α SMA

Slope �0.181 �0.069 �0.222 0.2383 1.238 0.126
R2 0.122 0.005 0.036 0.010 0.277 0.022

Fig. 3. (A–D) CD31 staining of the heart valve scaffold explants at 2, 4, 8 and 12 wee
cellular endothelialization. (E–H) Elastin staining of the heart valve scaffold explants
elastin biomarker for elastin composition in the 3D bioprinted tissue. Statistical repres
in the graphs below, where significance (P< 0.05) is displayed. (For interpretation o
version of this article.)
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p< 0.05) reflecting a decrease in inflammation. At week 4, the expres-
sion of CD31 biomarker started to taper (Week 4: 3.43� 0.58; Week 8:
2.56� 0.25). During this time period, the elastin presence continued to
increase, and the largest increase of elastin occurred between week 2
(3.74� 0.62 and week 8 (7.12� 1.13) (p¼ 0.03). The stress-strain plots
show a change in shape in the general curve and a visible increase in
strength from 4 to 8 weeks. There was an increase in the UTS from 4 to 8
weeks (0.275� 0.166MPa). There was also a statistically significant
ks, scale bars¼ 300 μm. Red Arrows show expression of the CD31 biomarker for
at 2, 4, 8 and 12 weeks, scale bars¼ 300 μm. Red Arrows show expression of the
entations of CD31 and Elastin quantifications at 2, 4, 8, and 12 weeks are shown
f the references to colour in this figure legend, the reader is referred to the Web



Fig. 4. Vimentin staining of the heart valve scaffold at (A) week 4 and (B) week 12. Alpha SMA staining at (C) week 4 and (D) week 12, scale bars¼ 300 μm. Red
arrows show expression of vimentin and α-SMA biomarkers that are used to determine interstitial-like and myofibroblast-like cells that are found in active tissue
remodeling. Graphical representation of Vimentin and Alpha SMA expression throughout the in vivo study. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 5. Stress versus strain plot of the heart valve scaffolds at 2, 4, 8, and 12
weeks. The solid line demonstrates the mean and the transparent regions the
variability of the data. The mechanical property evolution demonstrates the vast
transition of the tissue engineered scaffold as it undergoes resorption, synthesis,
stabilization, and remodeling phases.

Fig. 6. Mechanical property analysis for heart valve scaffold with the (A) Tensile mod
12 weeks, where * denotes significance (P < 0.05).
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increase in the tensile modulus from 0.548� 0.341 to
1.425� 0.620MPa (p< 0.05).

3.1.3. Weeks 8–12 post implantation
There was an increase in CD163 expression from week 8

(1.74� 0.14) to week 12 (2.28� 0.32) due to subsequent infiltration of
M2 macrophages (Fig. 2). The expression of CD31 biomarker continued
to decrease (Week 8: 2.56� 0.25, Week 12: 2.20� 0.25) and fibrotic
tissue started to encapsulate the Bioink explant by week 12. After week 8,
vimentin concentration within the Bioink explant increased (Week 8;
6.14� 0.85) (p¼ 0.05) (Fig. 4). From 8 to 12 weeks, there is a decrease
in strength again, along with a change in the shape of the plot curve,
which returns to more of a shape similar to 2 and 4 week samples but
with lower strain at fracture. The UTS was 0.306� 0.176MPa at 12
weeks, showing an increase between 8 weeks and 12 weeks. There was a
very slight decrease in the tensile modulus from 1.425� 0.620 to
1.376� 0.616MPa. The increase of the tensile modulus from 4 to 12
weeks was computed to be of statistical significance (p< 0.05).

4. Discussion

The current study demonstrated that 12 week rat subcutaneous im-
plantations revealed the pathway to remodeling for this scaffold that
included resorption, synthesis, stabilization, and remodeling phases. The
ulus after 2, 4, 8 and 12 weeks and (B) Ultimate tensile strength after 2, 4, 8 and
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in vivo studies showed increased host cellularization potential, biocom-
patibility, and biomechanical behavior results. The bio-ink was success-
fully printed with MSCs and showed remodeling. Thus, the current study
supports the potential use of a collagen-based bio-ink as an alternative for
a tissue engineered heart valve implant.

Throughout the in vivo study, the bioprinted implant scaffolds went
through a remodeling pathway characterized by 1) resorption, 2) syn-
thesis, 3) stabilization, and 4) remodeling. These stages were critical for
the tissue engineered scaffold to be strengthened over time. The
resorption stage, where the host environment integrates the scaffold and
partially degrades it, is seen by the initial drop in the tensile modulus and
UTS for the scaffold from week 2 to week 4. During this time, there was
an initial increase in CD3 biomarker from acute inflammation. In similar
studies, degradation and resorption responses in tissue engineered scaf-
folds made from porcine pericardial tissue and small intestinal submu-
cosa were also observed [13–16]. The synthesis stage, where the host
tissue begins infiltrating the scaffold, found an increase in UTS and
tensile modulus from week 4 to week 8. When evaluating CD31a
biomarker for angiogenesis and endothelialization, there was a signifi-
cant increase from week 2 to week 4. However, upon explantation the
scaffold had gross encapsulation from the host tissue and signs of
neovascularization.

The stabilizing stage occurred between weeks 8 and 12. The inflam-
mation leveled out as shown by the decreased CD3 biomarker expression.
At this point; elastin, vimentin, and alpha SMA production were at its
peak as observed by immunohistochemistry staining, which indicated
that the infiltrated cells were actively depositing collagen and strength-
ening the extracellular matrix in the bioprinted scaffold. Both the UTS
and the tensile modulus peaked and plateaued, which indicated a
biomechanical equilibrium for the scaffold. The final stage and perhaps
the most important was classified as a period of remodeling and occurred
starting at week 12. This stage was detected microscopically as well as
through the IHC straining results where the CD31 biomarker for angio-
genesis was at its maximum at week 12. The CD163 biomarker for M2
macrophages showed a steady increasing trend, and was at its greatest at
week 12 suggesting good regenerative capacity over time. Biomechanical
evaluation showed that both tensile modulus and UTS increased signif-
icantly from week 4 to week 12. The UTS and tensile modulus are
comparable to findings previously published with fibrin-based gel to
engineer a pediatric heart valve [17].

In addition to the results from the rat subcutaneous implantation, we
were able to successfully print a heart valve utilizing the same bio-ink
from the in vivo study with MSCs. Obtaining valve structure is a com-
plex balance of processes and materials. The bio-ink material must allow
cells to infiltrate, support itself during the printing process, and achieve
cell survival throughout the extrusion process. Researchers are exploring
new material combinations to obtain cell viability. Some materials
investigated include, but are not limited to alginate, agarose, collagen,
gelatin, hyaluronic acid (HA), decellularized tissue and poly-
caprolactone, polyethylene glycol (PEG) [9,18–23]. Duan et al. 3D-bio-
printed a living alginate/gelatin hydrogel valve using smooth muscle
cells and valvular interstitial cells, which showed viability in vitro for 7
days [9].

Similar mechanical behavior to the remodeling phase seen in this
work can be identified in reverse for tissues with elastin removed by
enzymatic digestion. The change in mechanical response between 12 and
8 weeks is similar to arterial tissues where elastin has been removed
[24–26]. Collagen, held in a crimped configuration, is released and so is
immediately stretched giving an immediate stiff response rather than
there being an initial toe region where the elastin is stretched and the
collagen unfurled. This coincides with our theory of tissue remodeling
where we speculate that the synthesized components are being reor-
ganized such that collagen is being crimped to give the two stage me-
chanical response common for soft tissues.

The bioprinted heart valve scaffolds have much lower strength
compared to native aortic valve cusps, where native valve cusps have an
6

average UTS of 2.6 and 0.4MPa in the circumferential and radial di-
rections, respectively [27]. Therefore, preconditioning will be of utmost
importance, slowly increasing the pressures applied to the scaffold until
physiological pressures are met and the scaffold can strengthen [6–8,11].
Potentially after preconditioning, if the scaffold is strong enough before
implantation the resorption phase will be smaller or may not occur at all.
There have also been various cross-linking methods used to increase
mechanical strength of the bioprinted structures post-printing, but most
of them involve a process that is cytotoxic [5]. Future steps will involve
using visible-light crosslinking with ruthenium and sodium persulfate
prior to valve preconditioning to achieve greater mechanical stability
[28–30].

Outside of valvular applications, current technologies that have been
explored include the work by Yu et al. where spheroid technology was
utilized to create tissue strands by printing alginate micro-conduits. They
synthesized cell tissue strands that were formed up to 4 days post-
fabrication with viability close to 90% [31]. For application in the ner-
vous system, Gu et al. constructed neural tissue by printing neural stem
cells using alginate, carboxylmethyl-chitosan, and agarose bio-ink [18].
While, Lee et al. 3D-bioprinted collagen bio-ink, reinforced with poly-
caprolactone, with 3 types of cells to construct artificial liver tissue where
a co-culture of the cells was maintained over time [19]. Skardal et al. also
3D-bioprinted primary liver spheroids with a modular HA and
gelatin-based hydrogel and showed high cell viability [20]. Lee et al.
used PCL and a cell-laden hydrogel to 3D-bioprint an ear and showed
chondrogenesis and adipogenesis through in vitro assays [23]. Finally for
printing of generic scaffolds, Ouyang et al. studied a dual-cross-linking
hyaluronic acid system that enabled them to achieve structures that
were stable for over a month [32]. While Pati et al. were able to 3D-bio-
print with decellularized extracellular matrix material showing high cell
viability and functionality [33]. These studies provide insight to the
challenges of obtaining shape, geometry, and function of the printed
construct while maintaining cell viability.

One limitation is that the cells used for the bioprinted scaffolds were
commercially bought, and not from the actual implanted rats. This could
be the cause of some of the inflammatory reaction and would need to be
further assessed. Additionally, this study did not evaluate the influence of
the presence of the PCL scaffolds on the remodeling process. PCL has
been shown to be biocompatible and to induce minimal inflammatory
responses [34]. Additionally, the implantation time was too short to
expect any type of degradation of the PCL, as PCL has been shown to have
long degradation times, exceeding the timeframe of this study [35,36].
An aspect that must be studied further is the effect of the remaining
FRESH gelatin in the Bio-Ink lattice, after cross-linking. However, we do
not expect this to have a negative effect. As mentioned in Ref. [37],
gelatin is biocompatible, and may actually enhance cell adhesion and
integration with the bioprinted scaffold [38].

The rat subcutaneous space does not provide the same mechanical
cues as the physiological valve environment. However, there are obvious
difficulties in performing large animal studies in sufficient numbers to
provide statistical power to the results. The goal of this study was to
evaluate the collagen-based bio-ink biocompatibility and its recellulari-
zation potential for use as a heart valve implant. From this, the bio-
printing approach can be refined prior to more costly and exhaustive
larger animal studies wherein the final optimized approach can be
ascertained from a reduced number of possible designs. Our previous
study utilized a similar approach with decellularized-sterilized porcine
pericardium to similarly evaluate the recellularization and remodeling
potential and performed subsequent finite element analyses to evaluate
the performance as a TEHV prior to large animal studies [39]. For this
work, the good association between the mechanical performance, his-
tology, and IHC of the 12 week explants and the native tissues lends
confidence to the current scaffold structure for this purpose and going
forward.

Finally, the fibrous capsule was not investigated in this study. It is
known that this is a key indicator to the host response to the implanted
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tissue including internal cellularization and differentiation [40–42].
However, we lacked the sample size to analyze this independently and
thus this must be considered a limitation of this work.

5. Conclusion

We evaluated a 3D printed collagen based bio-ink tissue engineered
heart valve scaffold. In vivo studies proved the scaffold had favorable
remodeling capacity with increasing elastin, vimentin, alpha SMA, and
CD31 throughout the 12 weeks. The pathway for remodeling stages
included resorption, synthesis, stabilization, and remodeling. Each phase
played a key role to improve strength and mechanical stability over time.
Additionally, the current study introduced a 3D bioprinted scaffold that
contains rMSCs that would assist in recellularization. The addition of
rMSCs to the 3D scaffold attracted host cells to repopulate the scaffold,
which further strengthened the synthetic ECM architecture. We hy-
pothesized that seeded rMSCs encouraged host cell recellularization
behavior. An aortic heart valve was 3D printed with MSCs and sustained
a valve shape. The results show great promise in the use of a collagen-
based bioink for heart valve construction using 3D-bioprinting
technology.
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