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ABSTRACT

Three-dimensional (3D) printing is a resourceful technology that offers a large selection of solutions
that are readily adaptable to tissue engineering of artificial heart valves (HVs). Different deposition
techniques could be used to produce complex architectures, such as the three-layered architecture of
leaflets. Once the assembly is complete, the growth of cells in the scaffold would enable the deposition
of cell-specific extracellular matrix proteins. 3D printing technology is a rapidly evolving field that first
needs to be understood and then explored by tissue engineers, so that it could be used to create
efficient scaffolds. On the other hand, to print the HV scaffold, a basic understanding of the
fundamental structural and mechanical aspects of the HV should be gained. This review is focused on
alginate that can be used as a building material due to its unique properties confirmed by the
successful application of alginate-based biomaterials for the treatment of myocardial infarction in
humans. Within the field of biomedicine, there is a broad scope for the application of alginate including
wound healing, cell transplantation, delivery of bioactive agents, such as chemical drugs and proteins,
heat burns, acid reflux, and weight control applications. The non-thrombogenic nature of this polymer
has made it an attractive candidate for cardiac applications, including scaffold fabrication for heart
valve tissue engineering (HVTE). The next essential property of alginate is its ability to form films, fibers,
beads, and virtually any shape in a variety of sizes. Moreover, alginate possesses several prime
properties that make it suitable for use in free-form fabrication techniques. The first property is its
ability, when dissolved, to increase the viscosity of aqueous solutions, which is particularly important in
formulating extrudable mixtures for 3D printing. The second property is its ability to form gels in mild
conditions, for example, by adding calcium salt to an aqueous solution of alginate. The latter property
is a basis for reactive extrusion- and inkjet printing-based solid free-form fabrication. Both techniques
enable the production of scaffolds for cell encapsulation, which increases the seeding efficiency of
fabricated structures. The objective of this article is to review methods for the fabrication of alginate
hydrogels in the context of HVTE.
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1. INTRODUCTION

“Blue sky” tissue engineering is an extravagance that cannot be afforded today. Tissue engineering
needs to overcome specific problems and limitations to currently used solutions that are encountered
by clinicians. This demand necessitates continued communication and information flow between
tissue engineers and clinicians. It is remarkable to see how much discrepancy is still present between
current possibilities and medics’ expectation in relation to free-form fabrication techniques. Having a
desktop device standing in the corner of the operating theater, providing ready-to-use patient-
customized functional organs on demand, is perhaps realistic, but still a distant vision. To be efficient,
we need to be realistic and practical. To help with this, we discussed current achievements in 3D
biopolymer deposition for tissue engineering, and to navigate efficiently, we chose to narrow the field
to alginate hydrogel fabrication methods presented in the context of heart valve tissue engineering
(HVTE).

This paper is organized as follows. Section 2 discusses the properties of alginate and its current
biomedical applications. Section 3 gives a brief overview of current challenges related to the
development of the artificial heart valve (HV) that will mimic the functions of a native valve. Section 4
describes the types and basic features of 3D printers associated with the shaping of alginates, and
shows how the role of the printer operator depends on the type of printer. Sections 5 and 6 discuss the
principal methods for free-form fabrication of alginate-based structures, namely inkjet printing- and
extrusion-based deposition, respectively. These sections aim to show the limitations and advantages
of both strategies. As there are only a limited number of groups focused on HVTE, we report other cases
to show how a given procedure can be adapted to HVTE. We believe that this would be a standard
exercise for those tissue engineers who are trying to implement three-dimensional (3D) deposition as a
tool in their workflow.

Section 7 discusses current work on 3D printing of the HV, and highlights the gap between the current
state-of-the-art and a structurally adequate, functional construct capable of replacing the HV. This
section addresses the topic of instrumentation cost, and shows how groundbreaking research may be
conducted using in-house customized, low-cost equipment. This would help prevent adepts of free-
form fabrication from overpaying for instruments that are not adjusted to their needs or level of
expertise. Section 8 reveals that patterning of extruded threads is in principle similar to other yarn
processing techniques such as weaving. Weaving is a very mature technology compared with 3D
printing; textile techniques should also be considered as a powerful free-form fabrication tool.
Furthermore, Section g clearly identifies the present research direction as obtaining an alginate-based
HV scaffold structure. In this way, we intend to fend off allegations of being subjective in selecting
examples from the reviewed literature. Section 10 describes “new kids on the block” in the field of
alginate fabrication. With the first few examples of the literature available, we settle our conviction that
they are an early manifestation of the new direction of further development. Finally, Section 11 explains
why this review cannot and would not be complete; the revolution of 3D fabrication is advancing
rapidly. Thus, our only ambition is to leave the landmark that summarizes the current state-of-the-art. In
a year or two, this landmark will be far behind the advancing front lines. Nevertheless, we believe that
adepts will benefit from reading this paper and pioneers will get well-deserved credit for their early
involvement.

2. GENERAL PROPERTIES OF ALGINATE

Alginate is a naturally occurring polysaccharide mainly extracted from brown seaweeds, and has been
widely used as a hydrogel for tissue engineering.! Alginates can be prepared with a wide range of
molecular weights (e.g., 32—400kDa)' "> and are characterized by long chains that contain two
different acidic components, namely a-L-guluronic acid (G) and 1,4-linked B-p-mannuronic acid (M).

The overall M/G ratio and the way in which the G and M units are arranged in the chain can vary from
one species of seaweed to another. The origin and conditions of the extraction procedure can affect the
viscosity of aqueous alginate solutions, lowering it if conditions are too arduous.

The strength of the alginate hydrogel can also vary from one alginate to another. For example,
following a careful extraction procedure, Laminaria hyperborea gives strong gels, while Laminaria
digitata gives a soft-to-medium strength gel.# Bacterial biosynthesis may provide alginate with more
defined chemical structures that can be obtained from seaweed-derived alginate.> Generally, alginates
with a low M/G ratio will give a stronger gel.
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Alginate possesses several essential properties that make it suitable for use in HVTE. The first
property is its ability, when dissolved, to increase the viscosity of aqueous solutions, which is
particularly important in formulating extrudable mixtures for 3D printing. The second property is its
ability to form gels in mild conditions, for example by adding calcium salt to an aqueous solution of
alginate. Calcium cations displace sodium from alginate and bind long-chain alginate molecules
together, resulting in the formation of a hydrogel. This property is a basis for reactive extrusion and
inkjet printing-based solid free-form fabrication.

Unlike agar gels where the water must be heated to about 80°C to dissolve the agar and the gel
forms when cooled below about 40°C, the alginate hydrogel requires no heat for its formation;
moreover, the gel does not melt when heated. The ionically triggered gelation of alginate is chemo-
reversible while covalent cross-linking is permanent, and, therefore, it is possible to modulate
degradation rates and mechanical stiffness.®”

The next fundamental property of alginate is its ability to form films,®? fibers,"°~*2 beads,? and
virtually any shape in a variety of sizes. Moreover, as the partial oxidation of alginate does not
significantly interfere with its gel-forming capability, its customized degradation could be induced by
periodate oxidation of the alginate backbone.*

Within the field of biomedicine, there is a broad scope for the application of alginate including
wound healing, cell transplantation, delivery of bioactive agents, such as chemical drugs and
proteins, heat burns, acid reflux, and weight control applications.”* Recently, alginate-based
biomaterials used in the treatment of myocardial infarction have entered into the advanced
stage of clinical trials.*® In human studies,'® implementation of alginate within the
ventricular muscle wall has been shown to reduce the wall stress of the dilated heart and relieve
the muscle tension.’® With the similar strategy, the aqueous mixture of sodium alginate and calcium
gluconate has been used as a bioabsorbable cardiac matrix to prevent negative ventricular remodeling
following acute myocardial infarction.”” During the standard catheterization procedure, the hydrogel is
injected into the damaged heart muscle via the coronary artery. The injected material perfuses and
polymerizes the sites between the cells and fibers of the damaged tissue. The hydrogel content
provides the necessary physical support to the heart muscle during repair and recovery.

In a review by Ruvinov and Cohen,'® alginate is described as a material of non-thrombotic nature,
which is confirmed by numerous alginate medical applications and its use in clinical trials. However,
there is a lack of direct confirmation in the literature to support this opinion, probably because
“evidence of absence” is hard to present. For this reason, we investigate this matter more extensively.

For example, Cabrales et al. *° used alginate as a plasma expander to maintain perfusion and plasma
viscosity during extreme hemodilution. They found no incidence of thrombosis when alginate (0.7%
w/v) together with dextrans and other components were injected into the bloodstream of hamsters.
However, they did not eliminate the possibility that dextrans hindered thrombosis of alginate.

Duncan et al.*® monitored the fate of alginate following intravenous administration in mice. At 24 h
after intravenous administration, they found that the low-molecular-weight fraction of the injected
polymer was excreted in the urine and that the larger polymer fraction remained in the circulation,
which did not readily accumulate in any of the tissues. In the case of thrombosis, the accumulation of
alginate would be a reasonable scenario.

Furthermore, Leor et al.** investigated the effect of intracoronary injection of the alginate hydrogel on
reversing left ventricular remodeling in swine. Examination of the heart following injection showed that
alginate was deposited as the hydrogel in the infarcted tissue. Importantly, the intracoronary injection
of alginate into a healthy heart showed no evidence of intravascular thrombi.

More direct evidence on non-thrombotic nature of alginate was provided by Goe et al.**>. Among
others parameters, researchers compared platelet adhesion to native and modified polyvinyl chloride
(PVQ) surfaces. Surface modifications included covalent bonding of sodium alginate, heparin, and
sodium alginate/heparin composites. Alginate modification caused a fourfold reduction in platelet
adhesion compared with unmodified PVC. A reduction in the platelet attachment by a factor of 10 was
observed for PVC surfaces treated with a sodium alginate/heparin composite compared with untreated
PVC. This result set the comparison scale; however, more work is needed to estimate the influence of
cross-linking on the thrombogenicity of alginate.

Based on the above-cited publications, it can be stated that the non-thrombogenic nature of alginate
has made it an attractive candidate for cardiac applications,”>”** including scaffold fabrication
for HVTE.?®
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Solid free-form fabrication techniques supporting biomedical applications of alginate can be realized
through two technologies: inkjet-based and extrusion-based systems. Both methods enable the
production of scaffolds for cell encapsulation that increases the seeding efficiency of fabricated
structures.

3. GENERAL CHARACTERISTICS OF THE AORTIC HV AND SCAFFOLD REQUIREMENTS

The aortic HV (AHV, see Figure 1) is responsible for the unidirectional blood flow between the left
ventricle and the aorta. It is a highly demanding environment where the valve opens over 100,000
times each day, and is subjected to shear stress, bending forces, strain, and loading forces.?” While
most humans will have a normal valve function, some will need AHV replacement surgery due to
several problems such as sclerosis, stenosis, and aortic aneurysm. It has been estimated that by 2050,
the annual number of patients requiring HV replacement worldwide will be about 850,000.2

Figure 1. (a) The basic functional/structural aspects of the HV. (i) Schematics of the 2D position of the four valves
on the valvular basal plane of the heart, where P: pulmonary valve, AO: aortic valve, M: mitral valve, and

T: tricuspid valve, (ii) porcine pulmonary HV, and (iii) decellularized porcine AHV. (b) Leaflet consists of three
individual layers: fibrosa, spongiosa, and ventricularis. (c) Each layer contains specifically oriented fibers. The
red arrow indicates circumferentially oriented fibers of collagen. The blue arrow indicates radially oriented fibers
of elastin. (d, e) The types (collagen, fibronectin, elastin) and arrangement of fibers are responsible for the
function of the valve (opening and closing). (f) The fibrosa layer is a continuation of the aorta, and ventricularis is
a continuation of the ventricular channel. (g) The view of the sheep aortic valve from the ventricular side, after
dissecting the heart. (h) The leaflets contain glycosaminoglycans (mainly in spongiosa, blue color), which works
as a lubricant between layers, and shock absorber. (1) Histology of the hinge area (between the arrows)
highlights the importance of fiber arrangement. The cells are hosted and maintained by a highly organized
network of fibers. Figures (a)-(e) were reprinted with permission from.33

Currently, the valve is replaced with a mechanical or bioprosthetic valve. The problem with these
kinds of replacement is that the patient will need to be on lifetime anticoagulants (mechanical valves),
whereas bioprosthetic valves are limited to tissue degradation. An alternative that has been widely
studied is the use of a biodegradable scaffold that has a mechanical integrity close to the aortic valve,
where the cells can grow and remodel the structure and the final product will be a functional
autologous aortic valve.>®3°

This scaffold must be able to mimic the complexity of the AHV. One significant feature of the AHV is
its ability to interact with its constituent parts through passive and active communications and adjust
the appropriate response to the environment.3* A passive communication can be seen during the
changes in the sinuses upon establishing the vortices that ensure valve closure, preventing blood
backflow and coronary flow during systole.*” Examples of active communication are changes in the
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shape, size, and stiffness of the cusp, annulus, sinus, and sinotubular junction during specific parts of
the cardiac cycle.?* Thus, to achieve this complexity, the substitute scaffolds must host cells that will be
able to be housed, and produce an extracellular matrix (ECM) that will function in a similar way to the
native valve.

An important role of the scaffold is to provide a temporary 3D structure for cellular attachment,
infiltration, and proliferation. The materials should possess biomimetic properties and should be highly
porous, thereby facilitating cellular infiltration, stimulation of neo-tissue formation, and integration with
native tissue.>* The scaffold should be non-immunogenic, capable of attracting, housing, and
instructing cells to produce the specific phenotype.® It must also reproduce the performance and
mechanical properties of the native valve in both the short and long terms. As the target geometry of
the ARV, tissue engineers use a simplified model of the native valve (see Figure 2, bottom panel).

-
Ly
.

L
Ascending aorta

m==Sinutubular junction
Leaflet attachment

Aortic root

Figure 2. The geometry of the native AHV (top) and scaffold (bottom). The top panel was reprinted with
permission from *7,

4. 3D PRINTERS SUITABLE FOR ALGINATE DEPOSITION — THE ROLE OF OPERATOR
There are two opposing approaches in 3D printing technologies. The first category of devices includes
printers working with only specific materials, usually delivered from manufacturers in ready-to-use
form. The material is customized to work with a given device. An example of such printer is Objet
Eden260VS — 3D printer (Stratasys, Edina, Minnesota, USA). This equipment operates with several
types of cartridges consisting of inkjet printable, photocurable monomers yielding stiff or elastic, white,
black or semi-luminal objects. The involvement of the operator in printing is limited. The process is as
complex as printing a paper document in the standard desktop printer. Due to the compatibility of ink
and its dispensing mechanism, the resolution of printing is high and an object with many details can be
obtained (see Figure 3 to compare CAD design with printed HV).

Conversely, a considerable amount of work is usually involved in preparing the ink and optimizing
the printing parameters for hydrogel deposition, especially when the cells are part of the formula. In the
extrusion-based technique, the printer is, in fact, a syringe attached to a programmable XYZ positioning



Liberski. QScience Connect 2016:3

Figure 3. Examples of HVs printed using Objet Eden260VS — 3D printer (Stratasys, Edina, Minnesota, USA) by
inject printing light-curable acrylate monomers. The diameters of the bases of the root are 28 mm. (a,-a;) CAD-
designed geometries of HV. (b) Three half-way printed valves. Cross-sections of the valve are filled with support
material. HV printed in white, stiff polyacrylate, view from (c,) the side and (c,) ventricular side. HVs made out of
(d,—d.) flexible semi-luminal and (e, -e,) rigid semi-luminal polyacrylates. Both are provided with the texture-
mimicking surface of woven fabric. The printer is not suitable for direct printing of the alginate structure;

however, it yields an elastic and firm object with high precision (only minor operator involvement is required).

platform. The freedom of choosing the printed material is accompanied by reduced speed and
precision of printing. The basic parameters that need to be adjusted for a given formulation include the
width and height of the path as well as the speed of the path deposition. For example, a printing
solution with a low concentration of alginate will generate wide but low paths; on the contrary, a high
concentration of alginate may yield narrow but high paths. The particular parameters of the paths need
to be estimated and fed to the printing system to avoid gaps or material overprinting in the structure.
Usually, the trial-and-error method is the only solution for parameter optimization, so the printer
operators’ experience plays a pivotal role in organizing the experiments. Nevertheless, useful tips may
be found in the literature. For example, Kang et al.>® conducted a study on quantitative optimization of
solid free-form deposition of aqueous hydrogels. In this interesting work, a set of standard methods
and parameters for monitoring both the precision and resolution of Fab@Home-mediated 3D printing
were described. Porcine aortic valve interstitial cells (PAVICs) were used as a model cell type to assess
cell viability. Printing conditions did not affect PAVIC viability within the ranges applied. However, the
pressure, path space, and path height all significantly affected print resolution and accuracy. Based on
this work, the optimal extrusion parameters yielding accurate 3D geometries could be predicted.?®
Further work reported from Cohen et al.,’” revealed the importance of mixing the ingredients before
extrusion, which improves hydrogel homogeneity and the quality of 3D-printed constructs.

5. 3D PRINTING OF ALGINATE USING INKJET-BASED TECHNIQUES

Inkjet printing is a process in which droplets of ink extruding from nozzles are directed onto a
substrate.3® Boland et al.3 used the inkjet-based technique to construct biodegradable synthetic
scaffolds. They filled the ink cartridge with calcium chloride (CaCl,) and sprayed on an underlying
alginic acid solution to form biodegradable hydrogel scaffolds. The divalent cations promoted the
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cross-linking of individual negatively charged alginic acid chains, resulting in a 3D network structure. By
spraying cross-linkers onto ungelled alginic acid, hydrogels with controlled microshell structures were
built under mild conditions (see Figure 4). Endothelial cells were attached to the inside of these
microshells and remained viable in constructs as thick as 1cm due to the programmed porosity.
Models with mechanical properties matching cardiac tissue were developed based on a finite-element
modeling and computer-aided design (see Figure 4a). In this study, there were two major concerns
related to alginate-based HVTE. First, the relatively complex architecture of the object was obtained;
perhaps the same technique could be adapted to develop the HV. The second important concern is the
encapsulation of endothelial cells, which was successfully used for HVTE by other authors.*°

Geometrically the same structure was used by Boland et al.>® to fabricate functional 3D tissue
constructs by arranging alternate layers of mammalian cardiac cells and biocompatible alginate
hydrogels, according to predesigned 3D patterns. The printed scaffolds demonstrated adequate elastic
moduli and tensile strengths for harmonic responses to cardiomyocyte contractility.#* It may be
especially useful to recreate the trilaminar layer architecture of HV leaflets.

d

Figure 4. (@) Macroscopic and (b) microscopic views of inkjet-printed alginate structures generated by Boland
et al.?®. (c-f) SEM micrographs of endothelial cells attached to alginate shells. (c) Shell wall shows nanosized
pores in the alginate. (d) An endothelial cell is shown to be attached inside an alginate shell. (e) Filopodia and
lamellipodia, typically involved in cell motility, are observed to be interacting with the alginate material.

(f) Fibrous secretion is shown to be interacting with alginate. Reprinted with permission from 3°.
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In the context of HVTE, the drawback of the aforementioned strategies is construct saturation with
calcium, which may affect calcium-dependent signaling pathways of the cells and, in the longer term,
may enhance the calcification of cardiac tissues.*?

Some may argue that alginate and its cross-linker would be eluted and its role will be taken over by
cell-secreted ECM proteins before calcification. Nevertheless, to eliminate calcium-related risk, other
divalent cations such as Zn>*, Ba®>* and Sr** may be inkjet-printed as cross-linking agents,*>* after
estimating their cytotoxicity at a given concentration.

Inkjet printing of a complex multi-component construct, which is required in HVTE, is not
straightforward. An alginate substrate would need to be frequently and comprehensively exchanged to
seed valvular endothelial cells and valvular interstitial cells (VICs) within the structure alternately.
Moreover, to avoid casual cell mixing, the construct would need to be washed to remove one type of
cells before implementing another one. A solution to this limitation that potentially enables quick
fabrication of multicellular HV-like structures was proposed by Arai et al.*®. In this case, to fabricate 3D
gel structures, the cell-suspended sodium alginate solution was inkjet-printed onto an underlying CaCl,
solution. Alginate beads (8o wm in diameter) were assembled layer by layer into pyramid-like objects.
There is a favorable match between the CAD design and the final structure; however, it would not be
feasible to obtain the HV geometry in a method proposed by Arai et al.**, as the HV structure would
collapse without a support material during printing. Furthermore, the university logo mark was
fabricated by three-layer lamination (see Figure 5).4> 3D inkjet biofabrication of images has a particular
importance for HVTE, as it is the first step for 3D printing governed by data obtained from magnetic
resonance imaging and X-ray computed tomography.4®

Another Japanese group used the same strategy to inkjet print 3D biological structures composed of
alginate hydrogels and living cells. The structures were printed with much enhanced precision and
resolution as the performance of the inkjet nozzle was optimized for hydrogel deposition.#”. Drops with
diameter <25 wm were generated. The printing parameters were further optimized to obtain single

UNIVERSITY
OF TOYAMA

Figure 5. (a—d) CAD models and photographs of the inkjet-printed structures. Samples of 3D alginate hydrogels.
(a) 3D computer model of a pyramid structure. (b) Fabricated 3D pyramid structure obtained by inkjet printing
cell-suspended alginate. (c) Logo mark image. (d) Fabricated logo mark of three-layer lamination obtained by
inkjet printing cell-suspended alginate. Reprinted with permission from 4.
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Hela cell-laden beads. Subsequently, the beads were patterned and assembled into 3D structures
such as tubes and sheets (see Figure 6), which are highly relevant to the structural features of the HV
architecture, as shown in Figure 1. For example, printing the hydrogel in the form of a spiral tube may
yield structures with similar elasticity to the ventricularis.

10mm
—

Figure 6. Macroscopic and microscopic views of inkjet-printed alginate structures generated by Nishiyama

et al.*, (a) Alginate gel lamination: the threads of alginate were combined, thanks to the optimization of the
nozzle head speed and ejecting frequency. (b) Alginate beads including one HelLa cell per bead. (c) Gel tube with
an enlarged view of the opening at the tip of the tube. (d) Alginate tube with Hela cells. Reprinted with
permission from 47,

Furthermore, printing with single-cell precision is a very attractive feature for HVTE applications.
Three distinct layers of the HV are interconnected, thereby preventing delimitation. Controlling the
interpenetration of cells by printing them with high precision potentially enables the optimization of the
interaction between the layers of HV leaflets.

This single-cell precision in the cell deposition process has not yet been reported by any other
technique.“® Given the potential of inkjet printing for operating in a high-throughput manner, this
technology holds much potential for further development.4”

6. 3D PRINTING OF ALGINATE USING EXTRUSION-BASED TECHNIQUES
A considerable amount of literature has been published on the extrusion-based fabrication of 3D
scaffolds for tissue engineering. The extrusion-based systems often require melting of deposited
materials and involve an elevated temperature that is undesirable from the perspective of scaffold
bioactivity. Several techniques that overcame this limitation were proposed (see Figure 7) to process
alginate and other hydrogels.#*>°

The shape of 3D structures (see Figure 7) that summarizes research on 3D printing of alginate using
the extrusion method is not a random choice. Grids play a pivotal role in the quality control for the 3D
deposition process. It can be used to optimize the printing parameters and to estimate whether the
extruded formulation will be suitable for producing objects with desired precision and complexity.
Since the spaces between the vertical and horizontal columns of the gel can be easily measured and
homogeneity of printed patterns can be quantified, the grids can also be used to estimate the effect of
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H
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Figure 7. Bioprinting of 3D grid pattern structures. (a) Schematic of the bioprinting process with a single cell type
and single syringe. (b) Alginate/gelatin hydrogel structure bioprinted after ionic cross-linking. (c) Fluorescent
image of a printed grid with encapsulation of a cell tracker red-labeled VICs. Reprinted with permission from °.
(d) Adipose-derived stromal (ADS) cells encapsulated in the 3D structure, cultured on a plate, immunostained
against CD34" (ADS cells and endothelial cells indicated in green). (e) ADS cells in the 3D structure controlled to
differentiate into endothelial cells (green) and adipocytes (red). Reprinted with permission from 5. (f) Printed
human cardiomyocyte progenitor cells (1[CMPCs) in 10% alginate scaffold. Confocal analysis of live/dead assay
of printed hCMPCs in (g1) unmodified and (g2) RGD-modified alginate scaffolds after two weeks of culture.
Reprinted with permission from 52, (h) Top view of 3D HeLa/hydrogel constructs on days o, 5 and 8. Scale bar:
5 mm. (i) HelLa cells in 3D HeLa/hydrogel constructs observed by using a phase-contrast microscope on days o, 5
and 8. Scale bar: 200 um. Black arrows indicate cells and cellular spheroids in the 3D construct. Reprinted with
permission from 33,

cell encapsulation and proliferation within the construct (shrinking, swelling). Moreover, the interaction
of the extruded material on junctions determines how layer-by-layer deposition may be arranged to
yield 3D objects. In fact, grid printing is a starting point for most of the free-form fabrication projects.
Therefore, it is important to summarize how researchers present this basic step of their process, which,
for the novice, can be trivial. Even if the final target achieves a structure as complex as HV,2° the first
step is to print a grid (see Figure 7a—c).
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Xu et al.** demonstrated an approach in which a blend of sodium alginate, gelatin, fibrinogen, and
cells was networked by the stepwise cross-linking of sodium alginate with a CaCl, solution and
fibrinogen with a thrombin solution. Gelatin was blended as a co-material that served to provide
solution-to-gel phase transition during the fabrication process. Researchers demonstrated that within
the structure, adipocytes and B-cells, (obtained by in situ differentiation of ADS cells) constituted the
adipo-insular axis that regulates energy metabolism. The derived 3D model of the disorder was found
to cover most of the physiological and pathological features of the metabolic syndrome. As shown in
Figure 7d, e, ADS cells encapsulated in the 3D structure can be in situ differentiated into endothelial
cells (green).>*. For HVTE, this work is essential for a few reasons. First, other researchers showed that
ADS cells sense mechanical stimulation and produce collagen and elastin, which has positive
implications for HVTE.>* Another advantage is that ADS cells can be isolated from a patient’s tissue.>
Moreover, ADS cells that can be in situ differentiated into endothelial cells may also be used for
recreating cellular components of the HV.4%5°,

It is acknowledged that unmodified alginate does not support cellular proliferation.’ Therefore, to
investigate whether cellular proliferation in alginates may be enhanced, the tissues constructed with
alginate and RGD-modified alginate were compared. The differences in cell morphology were
distinct after one week of culture. More elongated cells were observed in the RGD-modified alginate
scaffold, while in the unmodified alginate, the cells were mostly organized in spheroid-like structures
(see Figure 7g). This previously reported phenomenon clearly demonstrates the differences in the
affinity of alginate-based hydrogels to support cellular proliferation.*® Tissue engineering strategies
involving these affinity differences in the complex 3D cellular patterning are overlooked and not yet
reported in the literature. In the future, by alternating alginate with its modified derivatives during
layer-by-layer deposition, it may be possible to precisely govern the cellular growth within the 3D
structure. For HVTE, it could be an extremely powerful tool, especially with regard to the smart scaffold
strategy. The smart scaffold is implemented in patients without cells and must recruit the host patient’s
cells.?® In this case, providing the structure with hydrogels of different cellular affinity would potentially
help guide the cells to predetermined locations. For example, a subset of endothelial progenitor cells
can be transferred by hydrogel channels to spongiosa and can differentiate inside the leaflet,
differently from the other cells located on the surface of the leaflet.

The mixture of alginate, gelatin, and fibrinogen was used by Zhao et al.>® to create a cervical tumor
model. A fibrinogen/HelLa mixture, gelatin solution, and sodium alginate solution were mixed and
drawn into a syringe, from which the mixture was extruded in a layer-by-layer fashion at 10°C, followed
by alginate and fibrinogen cross-linking with CaCl, and thrombin, respectively. Then, matrix
metalloproteinase activity, chemo-resistance, protein expression, and cell proliferation were measured.
The results revealed that the 2D planar cell culture models had significantly less simulated tumor
characteristics than the printed 3D models.>® Figure 7h shows how changes in the dimensions of the
3D-printed grid may be used to monitor cellular growth and scaffold degradation in time. On the other
hand, Figure 7i shows the typical behavior of cells within unmodified alginate, where the single-cell
suspension is transformed into clump suspension over time. Perhaps increasing the initial
concentration of cells would enhance clump interconnectivity. Therefore, the significance of this paper
for HVTE also lies in measuring the chemo-resistance of cancer cells in a 3D environment. The culture of
any cells ex vivo, including those constituting the HV, carries a risk of mutation because the cells grow
away from the protection of the recipient’s immune system. From this perspective, the incorporation of
an anticancer drug into alginate hydrogels may be necessary for eliminating or preventing the
occurrence of mutated cells within the construct.

A low-temperature deposition strategy was used by Li et al.>” to assemble multiple cells and ECM
materials in a single construct. ADS cells were combined within an alginate/gelatin/fibrinogen hydrogel
to form a vascular-like network and hepatocytes combined with gelatin/alginate/chitosan were placed
around it. The construct was stabilized in a CaCl,/thrombin/Na;P;0,, solution after the assembly was
complete. Subsequently, the ADS cells were induced to differentiate into endothelial-like cells with an
endothelial growth factor to mimic vascularization of a liver-like structure.”” This example is important
for HVTE since recruited and/or encapsulated pluripotent cells need to be specialized in a mature
construct. This process may be triggered by including growth factors as in the example discussed
above.

Gaetani et al.>* described the example of tissue engineering that involves hCMPCs. To generate
in vitro tissue with homogeneous distribution of hCMPCs in the scaffold, sodium alginate was
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dissolved in the culture medium, cells were added, and the solution was printed using the 3D tissue
printer BioScaffolder (GeSiM, Grosserkmannsdorf, Germany). After printing, the tissues were incubated
with CaCl, in H,0 and 0.1% FBS to allow the polymerization of the cell/alginate constructs. While the
geometries of the constructs were simple (patches), the authors wisely used it to optimize alginate
concentration and construct porosity to maximize the viability of the encapsulated cells. After printing,
it was determined that 92 and 89% of the cells were viable at one day and one week of culture,
respectively. Importantly, printed hCMPCs had not only retained their commitment to the cardiac
lineage, but also the expression of the early cardiac transcription factors and the sarcomeric protein
TroponinT (cardiac differentiation markers) was enhanced in the 3D culture when compared with the
2D culture. Moreover, from the perspective of HVTE, the authors noted a very crucial property of the
alginate-based cell encapsulation system, namely its capacity to enable cell migration out of the
alginate matrix into surfaces with larger cell attachment affinity. Printed hCMPCs were able to migrate
from the alginate matrix and colonize a matrigel layer, thereby forming tubular-like structures, after
three weeks of culture. It indicated that alginate could be used as a sacrificial cell delivery vehicle while
retaining the functional properties of the cells and supporting their viability. As mentioned above,
calcium-containing alginate hydrogels may be linked with valvular calcification. Thus, the fact that
alginate may be dispensed in the process of construct maturation is critical to its application in HVTE.

To create 3D branched vascular systems, Huang et al.>® developed a hybrid hierarchical
polyurethane (PU)-cell/hydrogel construct by a double-nozzle low-temperature deposition method.
PU was used as an external scaffold material to provide mechanical support, while the
alginate/gelatin/fibrinogen hydrogel was used as an internal scaffold material for the accommodation
of ADS cells. After fabrication, the 3D composite construct was thawed at room temperature and
cross-linked/polymerized. The construct was cultured under static or dynamic conditions, showing
stable architectures and excellent biocompatibilities. It is known that molecular segments of PU can be
tuned to obtain specific mechanical properties of the polymer.>® Therefore, together with alginate, PU
may be able to provide distinct mechanical properties to specific regions of the HV while retaining cell
hosting capacities.

Another interesting method used for the direct free-form fabrication of cell-seeded alginate
hydrogels in arbitrary geometries was described by Cohen et al.®® (see Figure 8). The authors used
calcium sulfate (CaSO,) as a cross-linking agent for the alginate hydrogel to produce pre-seeded living
implants. Due to its lower solubility, calcium sulfate can slow the gelation rate and extend the working
time of alginate gelation. Alginate hydrogel was mixed and loaded into a syringe and allowed to cure
for 10 min before extrusion. This step increased the viscosity of the hydrogel that enabled a more
accurate deposition. Moreover, deposited layers of alginate merged efficiently due to the longer

Figure 8. CAD models and photographs of extruded samples of 3D alginate hydrogels. (a,) Single and (b,) multi-
material constructs made by reactive extrusion of alginate and (a,, b,) their corresponding CAD models. (c) The
layout of extrusion paths generated with trajectory planning software. (d) Spatially heterogeneous construct
based on (c), made by reactive extrusion of alginate. Scale bars: 1cm. Reprinted with permission from ©°,
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cross-linking time provided by CaSO,. The process was determined to be sterile and enabled high cell
viability (over 9o%). The constructs were used for in situ repair of osteochondral defects. As mentioned
previously, to be functional, the HV must contain a specific anisotropy of the fibril ECM, which can be
triggered by instructing the cells to grow in an oriented manner. Slowing down the alginate
cross-linking by applying a less soluble salt of calcium enables the deposition of highly viscous
alginate blends. The extruded columns could preserve its fundamental cylindrical geometry. By altering
cell-laden and cell-free threads, the lengthwise migration of the cells can be enforced, leading
potentially to oriented ECM deposition.

Based on the study by Cohen et al.®°, the match between the CAD models and photographs of
extruded samples of 3D alginate hydrogels can be estimated (see Figure 8). Considering that scale bar
as 1cm, the precision of printing demands for improvement. Figure 8c shows the layout of extrusion
paths generated with the trajectory planning software. This aspect is an important point of
consideration for HVTE. As anisotropy of the fibril structure of the HV is a critical factor for its
performance, the paths of the material deposition should be planned to follow the anisotropy. For
example, by altering the extrusion of cell-free and cell-laden alginate threads, it allows us to impose the
cellular growth in an oriented manner as the migration of cells lengthwise will be preferential over the
cross-thread migration.

Other researchers have found that the 3D structure can be efficiently plotted by alternating layers of
alginate and/or poly(e-caprolactone) (PCL) fibers aligned with 9o® rotation in criss-cross patterns (see
Figures 9 and 10). Material deposition is often linked to a particular brand of device, for example,
3D-Bioplotter System (EnvisionTEC, Gladbeck, Germany) was also used in work reported by Luo et al.®*
(see Figure 9). The authors demonstrated a method to create a 3D porous scaffold consisting of a
network of hollow fibers (see Figure 9a—c). The fibers varied in diameter from 400/100 to 1,
190/450 pm and were fabricated using the so-called “shell nozzle” that was constructed by inserting a
smaller nozzle within the larger one. The material was a paste consisting of concentrated alginate
(16%) and aqueous polyvinyl alcohol solution. The latter component, working as a viscosity modulator
and a sacrificial porogen, was dissolved and subsequently washed with the CaCl, solution during
post-fabrication alginate cross-linking. To demonstrate system biocompatibility, the construct was
seeded with human bone marrow mesenchymal stem cells. Viable cells were attached to both the inner
and outer surfaces of hollow fibers. By combining the criss-cross plotting with a high concentration of
extruded materials, it was possible to fabricate a porous construct with remarkable mechanical
properties. Young’s modulus was up to 3 MPa for the wet construct and 50 MPa for a dry one.
Nevertheless, cell encapsulation within the material was not discussed by the authors, probably due to
the cytotoxic conditions of dispensing. Luo’s method of deposition of hollow fibers is particularly
attractive for HVTE, as it can potentially yield a porous structure in which cell migration (and
subsequent oriented ECM deposition) occurs along the length of the channels inside the threads.

The significant drawback when working with hydrogels is their poor mechanical strength. Therefore,
improving and maintaining the mechanical integrity of the processed construct has become a key issue
for 3D hydrogel structures. There is one possible way of addressing this matter as presented by Lee
et al.%% in his work on ear regeneration. In this case, 3D printing of PCL and cell-laden alginate was
assisted by the deposition of polyethylene glycol (PEG) that served as a sacrificial layer to support the
main structure. After complete fabrication, the PEG was removed, with no effect on cell viability. For
“fabricating the ear”, adipocytes and chondrocytes encapsulated within the hydrogels were dispensed
into the fat and cartilage regions, respectively (see Figure 9d, €). The role of PEG was to serve as a
temporary support for constructs made out of PCL and cell-laden alginate. Building the HV requires
forming the leaflets within the Valsalva; therefore, printing PEG, as a sacrificial support material for PCL,
is an alternative way to perform free-form fabrication.

Kim et al.%® and several other research groups investigated the use of hybrid materials consisting of
stiff thermoplastic polymers and hydrogels. Their approach involves the combination of extruded
micro-sized PCL (see Figure 10a, d, e), electrospun PCL nanofibers (see Figure 10b, f), and cell-laden
alginate struts (see Figure 10c, g). Each layer consists of micro-sized PCL struts coated with PCL
nanofibers that provide support to osteoblast-like cell-laden alginate. Such a hierarchical scaffold
enables homogeneous mesenchymal stem cell attachment and proliferation (see Figure 10).%*

Combining micro- and nanofibers of biopolymers supplemented with alginate hydrogels should
trigger the attention of HVTE adepts for the following reasons. The HV scaffold must be geometrically
stable and permanently fixed in the aortic root. For this purpose, the microfilaments constituting the
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Figure 9. Hollow and PCL-enforced alginate scaffolds. (a) Macroscopic view of a 3D hollow fiber scaffold plotted
with shell/core nozzles of 610/150 um. (b) SEM image of the hollow fiber scaffold plotted with shell/core nozzle.
() Microscopic image of the plotted hollow fibers. Scale bar: 5 mm. Reprinted with permission from 6. (d) Top
and (e) side views of the printed cellular structure using 3D bioprinting technology with the sacrificial layer
process. The lobe region is indicated in blue and auricular cartilage region is indicated in red. CAD designs of (f)
the main part of PCL and sacrificial part of PEG, (g) PCL structure overhanging PEG support, and (h) PCL structure
after removing the PEG with distilled water. Reprinted with permission from ©2,

stent-like structure should be superior. Certainly, those durable filaments will leak when they come in
contact with blood. Therefore, the nanofibers of biopolymers can be used to seal the structure and
simultaneously be an environment for oriented cellular growth. To ensure specific cell and scaffold
interaction, the alginates with enhanced cell affinity may be used. To control the fate of the recruited
cells, alginate can be supplemented with growth factors, such transforming growth factor-B.%>
Interestingly, in isolation, alginate hydrogels, micro- or nanofilaments cannot play their role within the
scaffold.

Within extrusion-based systems in 3D printing of alginate hydrogels, the main challenges are low
mechanical strength and accuracy, slow processing, requirement of precise control of material
properties, toxicity of cross-linking agents, uncontrolled fusion within the construct (collapsing of pores
and channels), and lack of predefined ECM protein orientation. Future development will need to focus
on optimizing new hydrogel formulations that will improve material printability as well as engineering
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Figure 10. Cell-printed hierarchical scaffolds. (a—c) Schematic of scaffold fabrication. (d) Optical images of the
PCL scaffold. (e) Micro-sized PCL. (f) Electrospun PCL nanofibers and (g) cell-laden alginate struts. Reprinted with
permission from 4,

new derivatives of alginate that would enable the precise control of mechanical parameters and
structural anisotropy within the construct.

A promising solution, proposed by Hong et al.°>, addressed some of the challenges highlighted
above (see Figure 11). The authors created a PEG—alginate—nanoclay hydrogel that consisted of
poly(ethylene glycol) diacrylate (PEGDA), sodium alginate, a photoinitiator, CaSO,, and encapsulated
human embryonic kidney cells or human mesenchymal stem cells. The formulation was extruded to
form a variety of shapes. Calcium ions cross-linked deposited alginate, which enabled the preservation
of the shape of the hydrogel after printing. Printed objects were exposed to UV light to initiate the
polymerization of PEGDA. The resulting construct was able to endure high stress in both tension and
compression (see Figure 10b). Encapsulated cells showed viability at the level of 75% after one week of
culture. They demonstrated a hydrogel that is 3D printable, strong, and suitable for cell culture.

[.66

7. 3D PRINTING OF ALGINATE HVTE
Expensive equipment is a substantial disadvantage when it comes to 3D printing of alginate. However,
open-source, low-budget, extrusion-based systems have recently found their way into this research

a

Figure 11. 3D printing of tough and biocompatible PEG -alginate—nanoclay hydrogels. (a) Various 3D constructs
printed with the hydrogel. (b) A printed pyramid undergoes a compressive strain of 95% while returning to its
original shape after relaxation. Reprinted with permission from 6.
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domain. A hydrogel-compatible example is the Fab@Home system.®® This relatively cheap 3D printer
(6,000 USD) has been used to construct aortic valves based on a (PEGDA)/alginate or alginate/gelatin
blend.2%¢7

Duan et al.?° used a Fab@Home bioprinter to prepare scaffolds from gelatin/alginate-blended
hydrogels. VICs and aortic root sinus smooth muscle cells (SMCs) were encapsulated separately into
the alginate/gelatin blend before printing the HV root (using SMCs) and leaflets (using VICs). After one
week of culture, the mechanical properties of the acellular scaffolds were found to be much lower than
those of the cell-laden 3D printed hydrogels. This shows the importance of cell-dependent maturation
of the construct (see Figure 12a). What is now needed is further advancement, focused on the role of
the cells and cell-secreted proteins in enhancing the functionality of the construct.

The Fab@Home printer was also employed by Hockaday et al.%”. They demonstrated a photo
cross-linking system with PEGDA hydrogel, used to 3D print heterogeneous and complex aortic valve
scaffolds.®” This excellently written manuscript could be referred to as an example of 3D fabrication
based on the printing of the encapsulated cell, which is not the case.”®. To avoid confusion, the details
of the cell embedding experiment are described below. In one variant of the experiment, aortic valve
conduits were printed with the mixture of PEGDA/alginate. To temporarily increase viscosity during the
printing extrusion process, an unmodified soluble alginate (15%, w/v) was mixed into PEGDA precursor
formulations (PBS, photoinitiator, and PEGDA). The printed hydrogel was rinsed with phosphate--
buffered saline overnight to leach out the non-cross-linked alginate. Following rotary cell seeding, the
conduits were cultured in a flask. After three weeks of culture, it was found that due to the presence of
alginate gel and the printed orientation, the engineered constructs from the blended hydrogel had a
stiffness that was ten times greater than the scaffold constructs engineered from PEGDA only.

It indicates that the prior scaffold system can withstand dynamic physiological pressures
(see Figure 12b). One unanswered question is whether hydrogels containing PEGDA would be suitable
for cell encapsulation, which increases the seeding efficiency of the fabricated structures.

P
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Figure 12. Bioprinting of the aortic valve conduit. Aortic valve model reconstructed from micro-CT images. (a,)
The root and leaflet regions were rendered separately into 3D geometries into the stereolithography (STL) file
format (red, valve leaflets; green, valve root). (a,) Fluorescent image of printed two layers of the aortic valve

conduit. VIC for the valve leaflet was labeled by cell tracker indicated in red and SMC for the valve root were

labeled by cell tracker indicated in green. (a;) As printed, alginate/gelatin aortic valve conduit. Reprinted with
permission from 2. (b,) Printed valve scaffold with 700 MW PEGDA/alginate. (b,) Live/dead imaging of PAVIC
cultured on printed valve constructs. Live cells were visible both in the root and on the leaflets’ surface for up to
three weeks. Scale bars: 2 mm. (b;) Extrusion paths for each layer (red, contour; green, fill-in paths). Scale bars:
1cm. Reprinted with permission from 7.



Liberski. QScience Connect 2016:3

8. ALTERNATIVE WAYS OF 3D CONSTRUCT FABRICATION USING ALGINATE FIBERS AND STRIPS
The extrusion method discussed above could be described as a process of assembling of freshly
extruded threads. These threads are not usually interlaced, so there is a need to fuse them together
(by melting or solving) to constitute the stable structure. Textile technologies may also be considered
as a free-form fabrication method, in which the threads are produced in advance. The advantage of
woven, knitted, and braided structures is interlacing of yarns that results in enhanced scaffold
stability.®®. Examples of weaving alginate threads loaded with viable cells are highly relevant to
HVTE and briefly summarized in Figure 13.">™ Here, cells are deposited directly into the dedicated
location within the structure, avoiding time-consuming cellular diffusion through the construct

(see Figure 13a, d).*>"

Organ weaving is a strategy based on assembling “living threads” consisting of alginate and
encapsulated cells, enforced by polyester (PET) yarn.' “Living threads” are created by immersing
threads that are soaked in a CaCl, solution into a sodium alginate-loaded cell suspension bath.
Alginate encapsulation of the cells creates a bio-friendly, easily manageable starting material for
building up the larger scaffold. Connecting different types of threads into 3D objects provides unique
opportunities to construct the HV. However, new types of looms would be required to weave complex
geometries of the HV (see Figure 13a—¢).

Onoe etal.* created similar living threads using a microfluidic device with the double coaxial laminar
flow. Meter-long core/shell alginate microfibers with encapsulated ECM proteins and differentiated
cells or somatic stem cells were fabricated. The microfibers were assembled by weaving and
reconstituted intrinsic morphologies and functions of living tissues. The generated fibers were very
fragile; thus, limiting its use in free-form fabrication of the HV (see Figure 13d—f).

Careful preparation of threads before the assembling step has an additional advantage, as
demonstrated by Leng et al.®® Using the microfluidic device, they coded the continuous strip of the
hydrogel. After winding on the roll, the bar constitutes the spatial object in which the location of
cardiomyocytes was predefined (see Figure 13g—i). Combining this strategy with a high-throughput
textile technique would virtually enable us to make large complex structures consisting of viable cells
that may quickly maturate, and has the potential to yield functional organs such as HVs.

9. 3D PRINTING-MEDIATED STRATEGY FOR DEVELOPING ALGINATE SPATIAL OBJECTS

The attractive alternative for providing alginates with desired shapes and components is to use highly
precise 3D printing as an intermediate step of prototyping. To demonstrate this strategy, a scaffold
reproducing the complex geometry of AHVs was obtained in a few easy steps. The geometrical and
structural design of a typical AHV?73*333> was obtained using Blender’® software (see Figure 2). The
generated 3D file was converted into the STL format and 3D printed in Objet Eden260VS — 3D printer
(Stratasys, Edina, Minnesota, USA) using light-curable polyacrylate monomers. After printing, the
supporting material was manually removed, which yielded a flexible valve-like structure with sinuses of
Valsalva and three coapting leaflets. Subsequently, agarose molds were obtained by casting agarose
saturated in the solution of divalent cations into the 3D-printed form. Finally, the alginate scaffold was
prepared by immersing agarose molds into alginate solutions. Calcium ions diffused from the agarose
molds and efficiently cross-linked alginate solution in close vicinity, resulting in an alginate gel layer.
The agarose molds could be easily removed in a subsequent step. The resulting alginate structure
closely matched the agarose mold geometry and hence the 3D-printed replica of a human aortic valve
(see Figure 14). Moreover, by extending the length of mold immersion into sodium alginate solutions,
scaffold thickness and composition could be controlled. Such control would allow us to forecast further
improvement in mechanical properties and to facilitate cellularization and tissue formation.

Alginate can form versatile and tunable hydrogels, which can be cast in 3D configurations that mimic
the shape of a human aortic valve. As preparation steps can be freely adjusted to incorporate viable
cells, such structures could serve as the basis for in vitro tissue formation, which would further improve
mechanical properties of the hydrogel. Also, the ease of chemical modification and functionalization of
alginate with cell ligands provides tools to increase cell interactions and attract cells in situ, which are
necessary steps in the formation of functional valves in vivo.

Overall, this novel and flexible technique that can be readily integrated with other strategies presents
a great potential to create the “ideal” scaffold for producing a living valve substitute.



Liberski. QScience Connect 2016:3

200 pm

HUVEC-ACol
fibre

Cortical cell-PCol fibre

g Biopolymer 1-T

(- w::‘ )—.(_Encom)—- , - ':»(om-)—-ﬁ-- mn::mo )

4

TORONTO

Focusing Fluld

Base

Incorporate

Biopotymer
Base Biopolymar -7

Figure 13. Alternative ways of 3D construct fabrication using alginate fibers and strips. Fiber-supported living
threads, fluorescence images of the double-treated thread including fluorescently labeled Lg29 cells stained
with (a1) CellTracker Green CMFDA and (a2) MCF-7 cells stained with nuclear stain Hoechst-33342. (a3) Overlay of
images (a1) and (a2), showing two distinct layers of cells. (b1) Living thread immediately after preparation. (b2)
The same after eight days of incubation. (c) Organ weaving: connecting tissues using gradients. An example of
plain manual weaving using three cell lines. Reprinted with permission from *°. (d) Fiber-based assembly of
higher-order 3D macroscopic cellular structures. (e) Fluorescence micrograph of an HUVEC/ACol (top panel) and
primary cortical cell/PCol fiber (bottom panel) at day 35. Scale bars: 20 pm. (f) Schematic of a microfluidic
weaving machine working in culture medium. Reprinted with permission from **. (g) Illustration of encoding
information by dynamically incorporating spots of a secondary (fluorescently labeled) biopolymer into a base
biopolymer and subsequently decoding the information contained in the hydrogel sheet. (h) Line camera
intensity scan (top) and fluorescence image of encoded letters. (i) Fluorescence image of a pattern formed with
10 million/ml cardiomyocytes in 1.2% wt alginate and 0.08% wt collagen type | from a rat tail at day o. Reprinted
with permission from ©°.
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Figure 14. Alginate aircraft was printed with highest, previously reported resolution using the reactive extrusion
method (A). Reprinted with permission from 7*, Alginate can form versatile, multicomponent, and tunable
hydrogels. Multicomponent alginate valve on the (B) post and (C) after post-removal. (D) A view from the
ventricular side. (E) HV printed with highest previously reported precision versus (F) HV obtained with 3D
printing-assisted method. (G) Blue sinuses of Valsalva and transparent leaflets combined in one construct
demonstrate the versatility of the method and endless options for governing alginate-based materials quickly
and with high precision. Figure (E) was reprinted with permission from 2°.

10. PERSPECTIVES OF 3D PRINTING OF ALGINATE FOR HVTE

The performance of the engineered valve ultimately depends on the self-assembling capacities of
cells, the orientation of secreted proteins, and the cross-talk between the cells and the ECM.
Therefore, the bioprinting of cellular microspheroids, which can work as bio-ink particles (as reported
by Tan et al.”?), is an attractive option for obtaining 3D structures such as HVs. In the first step,
alginate solution was deposited on calcium-containing substrates in a layer-by-layer fashion to
prepare 3D molds. Then, spheroids containing 50% endothelial cells and 50% SMCs were robotically
placed into the 3D-printed alginate molds. The cells then fused into toroid-shaped tissue units.
Immunofluorescence and histological analysis indicated that the cells secreted ECM proteins. This
solution appears to be attractive from the perspective of calcium-free fabrication. However, only
objects with simple geometry have been created so far (see Figure 15a). Further research in this field
should focus on providing the inner mold areas with oriented biocompatible absorbable fibers
together with peptides, enzymes, and growth factors that would control the direction of cellular
growth and, as a result, the overall anisotropy of the system (see Figure 15b). The distinct
disadvantage of the method, described by Tan et al.”?, is that the complexity of the 3D mold
structure is limited by the mechanical properties of the hydrogels and the removability of the mold
after casting the cells.

To enable HVTE, mechanical robustness of the alginate could be further enhanced by combining
alginate and acrylamide in formulations suitable for extrusion printing, as described by Bakarich et al.”.
lonic—covalent entanglement gels were fabricated through an extrusion printing process modified to
facilitate in situ photopolymerization. The resulting hybrid gels exhibit an outstanding mechanical
performance because the ionic cross-links in the biopolymer network act as sacrificial bonds that
dissipate energy under stress.”® The reversible nature of ionic cross-links of alginate could be exploited
further, as shown in Figure 15b, and used as a temporary linker, which, after construct maturation,
would enable sequential removal of the mold (see Figure 15b, left side).

Another possible way to obtain 3D-printed scaffolds with complex geometry and high cell viability
is the photo cross-linking of cell-laden methacrylate-modified alginate.”* The selection of photoinitiator
is a matter of primary importance with regard to cell viability, which varies between 70 and 85% in this
study after 48 h of culture. The long-term cytotoxicity of the unreacted acrylate moieties and the
photoinitiator would need to be further investigated.
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Figure 15. 3D alginate hydrogel printing for tissue unit fabrication. (a) Schematic (left side and center) and actual
product (red square and right side) of casting the vascular spheroids containing endothelial cells and SMCs
within the alginate mold. Scale bar: 1 mm. Reprinted with permission from 72, (b) Hypothetical process of
constructing a fiber-supported, spheroids-based construct for HVTE. Dark blue color represents covalently
cross-linked hydrogel and light blue color represents reversibly cross-linked alginate that enables mold removal
after cellular fusion and attachment to the fibers.

Another category of 3D deposition strategies that may play a pivotal role in alginate-based HVTE is
the extrusion/aspiration patterning system. The aspiration process could be guided with higher
precision than extrusion as cell viability is not a limiting factor. The 3D fabrication step consists of three
modes, namely extrusion, aspiration, and refilling, which can potentially deliver excellent resolution,
geometry, and complexity of the construct.”® So far, however, there have not been any reports on
applying that system to process an alginate hydrogel. Considering alginate’s ability to be cross-linked
reversibly, the potential of the method is noteworthy. From the perspective of HVTE, this approach can
be used to pattern the cells on the surfaces of leaflets. By applying high suction, the groves on the
leaflets may be provided. If grove width is sufficiently small, then cellular proliferation may be
enhanced in an oriented manner, by geometrical restriction of cellular growth.

Another promising idea for alginate deposition is “suspended deposition 3D printing technology”.”
This system consists of two complementary hydrogels, one of which works as an omnidirectional
gelatinous support medium, while the second may be 3D printed and suspended from the first
(see Figure 16). Commercially available polyacrylate beads could serve as a suspension medium,
while alginate can be deposited in the shapes that are not in the range of other processes
(e.g., bridges). However, to date, there are only a few reports using this method for alginate
deposition.””7®

Cui et al.” proposed light-triggered ionic cross-linking of alginates by incorporating a photosensitive
Ca** cage. Upon irradiation, free Ca®™ was released from the cage, triggering local gelation of the
alginate solution. By manipulating the radiation exposure dose, the authors were able to modulate
mechanical properties of the hydrogel and the cross-linking degree and enhance homogeneity of the
hydrogel compared with the mixture of alginate and soluble Ca®>" at comparable concentrations. For
HVTE, the irradiation-dependent method of gelation provides an opportunity to govern the gelation
with high precision and enables material patterning similar to photolithography techniques.

Bruchet et al.%° reported a different approach with a similar effect. They prepared the alginate
hydrogel cross-linked via Fe3*. By exposure to 405 nm light in the presence of lactic acid, Fe3* was
reduced to Fe?*, which cross-links the alginate less efficiently and makes the weaker gel easy to wash
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Figure 16. Freshly 3D-printed alginate in (A) suspension and (B) after Ca*>" release from the suspension medium.
Scale bars: 1 cm. Reprinted with permission from 77,

out. When the light was applied through the mask, then photolithography-like patterning of alginate
was performed. Due to its biocompatibility, the approach appears potentially useful for advanced
manipulation with cell culture, entrapping cells within the hydrogel or growing them on the surface. For
HVTE, the advantage is that cells exposed to the light will be leached out of the construct, thus any
mutagenic influence of light would not affect the leftover cells.

The prospective advances of alginate-based HVTE are not only determined by the progress in 3D
deposition technologies, but also dependent on enhancing the properties of alginate as a biomaterial.
The precise chemical degradation mechanism, timing, and approaches in the choice of alginate for
drug delivery have been broadly reviewed.®* More than 200 different alginate grades and alginate salts
are now used. Multiple mechanisms can be considered to regulate the release speed of a compound
using alginate. First, the size of the hydrogel can be controlled; a higher surface area will provide more
“space” for the molecule to diffuse through the hydrogel. The density of the polymer, and thus the
permeability of the hydrogel, can control the ease with which molecules can diffuse through the
polymer network.

Several laboratories have demonstrated the use of alginate for the controlled delivery of angiogenic
factors. The loss of ions in the alginate hydrogel can trigger its dissolution. Therefore, cross-linking
could be used to improve the mechanical stability and control the degradation kinetics of the alginate
hydrogel.®2~84 For example, vascular endothelial growth factor (VEGF) entrapped in the alginate
hydrogel has a steady and continuous release for more than one month.®5 Free VEGF is degraded
within 72 h post-injection, while VEGF injected into the alginate hydrogel is detectable up to 15 days
afterinjection. Moreover, to enhance affinity to angiogenic factors, alginate can be sulfated, such that it
mimics the structure of heparin.®® This modification of the hydrogel has stronger binding to hepatocyte
growth factor and achieves a higher therapeutic effect than the unmodified alginate. Collectively, this
makes alginate an interesting candidate as a biomaterial for controlling the fate and performance of
cells within the HV scaffold.

Hao et al.®” investigated whether local sequential delivery of VEGF followed by platelet-derived
growth factor-BB (PDGF-BB) with alginate hydrogels could induce a functional improvement and
angiogenic effect that is greater than the single factors after myocardial infarction in a rat model].
Hydrogels were administered intramyocardially along the border of the myocardial infarction.
Hydrogels comprised low- and high-molecular-weight alginate to enable the control of the release
kinetics of incorporated factors.®> Hydrogels were capable of delivering the growth factors sequentially.
The VEGF was released faster than PDGF-BB. It led to a higher density of a-smooth muscle actin
positive vessels than in the case of single factors, but no increase was found in capillary density.
Sequential protein delivery increased the systolic velocity-time integral and displayed a superior effect
than single factors. In the aortic ring model, sequential delivery led to a higher angiogenic effect than
single factor administration.®” The authors concluded that applying the growth factors sequentially
rather than individually could enhance the induction of mature vessels and the improvement of cardiac
function. In the context of HVTE, rapidly degrading alginates embedded with growth factors may
improve recruitment of cells on the scaffold, while slowly degrading alginates may provide drugs that
may protect colonizing cells from calcification, for example.
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11. CONCLUSIONS

A careful reader of our review may be startled by our hesitation in declaring 3D scaffold printing as
advantageous, compared with other scaffold preparation methods®® such as gas foaming,®® phase
separation,®® electrospinning,®* porogen leaching,®* fiber mesh,®> fiber bonding,?* self-assembly,®>
membrane lamination,®® and freeze dr\/ing.18 According to our assessment, such a declaration would
be misleading. The advantages of scaffold 3D printing include the ability to fabricate scaffolds with
homogeneous cell distribution and complex architecture.®” However, its drawback lies in scaffold
production time.9%9° Based on the results presented in Section 9, we conclude that 3D printing may
lead to outstanding results, especially when combined with other scaffold preparation methods. Thus,
it should be considered complementary rather than superior.

There are a number of take-home messages highlighted in this review. The number of reports on 3D
printing of alginate for HVTE is limited, so the field is open for research efforts. Functional construct of
the HV depends on its complex architecture, and the most rational approach to providing it is to use a
combination of inkjet and extrusion 3D deposition with other scaffold fabrication methods. Inkjet
printing is slow, but single-cell resolution can be obtained. Extrusion-based printing is quick, but the
resolution of printing is limited. Alginate, as a primary material, is a good candidate for HVTE as no
thrombosis occurred when injected into the human heart. Groundbreaking research can also be
performed with low-cost 3D printing platforms. 3D printing is not superior but complementary to other
scaffold fabrication methods. The challenge of enhancing the durability of the alginate hydrogel was
approached by using alginate in combination with other materials. The 3D printing methods in
suspension provide a possible structure with complex architecture; thus, this may be an exciting
direction for further development. Textile techniques are technologically more mature than 3D printing
methods and should be considered as vital free-form fabrication tools. Coding the yarn enables us to
obtain a spatial object with predefined localization of its structural components including cells. The
review on 3D printing should be considered as a landmark, not as a complete summary of
technological advances.

In the author’s opinion, the development of open-source 3D printers is the most prominent milestone
of the last decade in the field of solid free-form fabrication. It is easy to underestimate the importance
of benefits resulting from the inter-relationships between science and the public. However, it could
potentially trigger significant technological advancements. A good analogy is the computer revolution
that evolved from scientific laboratories'®® and gained substantial traction when a variety of “garage”
hobby projects entered into the public domain under the name of a personal computer. This movement
grew stronger to change the face of the world and became the backbone of some of the most daring
scientific projects, such as mapping of the human genome or the Human Brain Project. We speculate
that the same may occur for 3D printing technologies, as it appeals to the most common and
fundamental needs of humans, namely our needs of creation and beauty. Developments arising from
outside the academic world should be carefully examined for their potential to grow and become real
scientific breakthroughs, particularly in the field of HVTE.
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