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Abstract

Three-dimensional (3D) printing of core/shell filaments allows direct fabrication of channel structures with a stable shell that is cross-linked at the
interface with a liquid core. The latter is removed post-printing, leaving behind a hollow tube. Integrating an additive manufacturing technique
(like the one described here with tailor-made [bio]inks, which structurally and biochemically mimic the native extracellular matrix [ECM]) is
an important step towards advanced tissue engineering. However, precise fabrication of well-defined structures requires tailored fabrication
strategies optimized for the material in use. Therefore, it is sensible to begin with a set-up that is customizable, simple-to-use, and compatible
with a broad spectrum of materials and applications. This work presents an easy-to-manufacture core/shell nozzle with luer-compatibility to
explore core/shell printing of woodpile structures, tested with a well-defined, alginate-based scaffold material formulation.

Video Link

The video component of this article can be found at https://www.jove.com/video/59951/

Introduction

Arguably, the ultimate objective of tissue engineering (TE) is to produce functional tissues or organs in vitro, which can be used to regenerate
or replace injured or diseased parts of the human body1,2,3. Current research in tissue engineering (TE) is focused on individual aspects of the
field (scaffolding materials, fabrication procedures, cell sources, etc.)4,5, as well as developing simple in vitro models of tissues and organs that
mimic fundamental aspects of their in vivo counterparts. Such models are already useful for many applications, such as drug screening and
toxicity studies, especially in cases where conventional 2D cell cultures fail to mimic the dynamic responses of the native tissues6,7,8,9. Three-
dimensional in vitro models are usually constructed by combining cells10, physico-chemical cues11, and biologically active molecules12,13 on
scaffolds, which are obtained from decellularized tissues or constructed de novo from biological or biocompatible materials14,15,16,17,18.

It is crucial that scaffolds recapitulate the complex 3D microarchitecture and hierarchical structure of the native tissues to enable functionality
of the engineered tissues, representative of in vivo tissues19. Despite the significant technological advancement in TE, development of
physiologically relevant artificial tissue constructs remains a challenge. Thick tissues ( >200 µm in thickness) are especially problematic, due
to limitations such as oxygen and nutrient diffusion20. Progress towards larger tissue constructs has been made; however, the required high
proximity of cells to blood vessels in order to transport oxygen and nutrients and promote waste removal must be recapitulated. Vascularization
of tissues (or alternatively, fabrication of interconnected 3D vascular networks within tissue constructs) plays a critical role in maintaining cell
viability and promoting functions of in vitro engineered tissues, which is more difficult for models in prolonged experiments21,22. Furthermore, the
required resolution, structural integrity, and simultaneous biocompatibility has yet to be achieved23.

Several TE approaches have been proposed in an attempt to construct blood vessel-like structures and facilitate vascularization in vitro.
Some examples include seeding endothelial cells (also co-cultured with other cells types such as fibroblasts) that self-assemble to generate
microvascular networks24, use of vascular progenitor cells and pericytes that promote endothelial cell growth21,25, the delivery of angiogenic
growth factors that induce vascularization20,26, using cell sheet technology that allows for control over vascular layering20, and fabrication of
highly porous scaffold structures that promote angiogenesis27. The mentioned approaches focus on angiogenesis induction, which generally
requires considerable amounts of additional growth factors (e.g., VEGF) and time to form. However, the biggest drawbacks are their limited
reproducibility and restricted spatial control over vascular patterning, usually resulting in a random vasculature distribution within the tissue
construct that does not necessarily facilitate perfusion.

Additive manufacturing (AM, such as 3D bioprinting) is increasingly involved in the fabrication of 3D constructs using biological or biocompatible
materials to create scaffolds suitable for TE. Several AM approaches are being used and developed in parallel (e.g., ink jet- and microextrusion-
based methods, different types of lithographic techniques) to produce scaffolds that mimic native tissues in their architecture, biochemistry,
and functionality. The individual techniques exhibit certain advantages and disadvantages28, which is why various modifications being explored
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(e.g., micro-patterning, induced angiogenesis, etc.) to increase the extent to which large, complex, and stable vascular networks can be
fabricated22,29,30.

Among these, extrusion bioprinting is the most commonly used method, especially due to the broad range of compatible materials (a generally
cell-friendly process28,31,32) as well as exceptional versatility in terms of applications (e.g., embedded and sacrificial printing23,33, fabrication of
hollow structures34,35, etc.). The main challenges preoccupying present studies include the transfer from 2D to 3D structures, formation of a
dense network of hollow tubes with high spatial resolution, and overall mechanical integrity and shape fidelity during fluid flow in cell culture
conditions30.

The most straightforward approach to perfusable tissue is the fabrication of an interconnected network of channels within the construct. The
creation of such perfusable channels within a tissue scaffold is expected to solve many of the aforementioned problems, as it immediately allows
for nutrient and oxygen diffusion while removing waste products. Therefore, the potential formation of necrotic regions within the construct is
avoided36. Such channels may additionally be seeded with endothelial cells (ECs) and serve as artificial blood vessels in 3D tissue models37.
In the most elementary sense, a vessel can consist of a hollow channel, soft layer of ECs, and stiff shell. Recently, 3D extrusion of two different
materials in a core/shell fashion utilizing co-axial needles for extrusion has gained much interest38,39,40,41, as it allows for fabrication of hollow
tubes.

Similar to conventional microextrusion 3D printing, core/shell printing is performed with a co-axial nozzle (e.g., two needles with different
diameters aligned on the same axis in a manner, so that the wider needle encloses the narrower one). Thus, two materials can be extruded
simultaneously, with one as the central filament or “inner” core and a second as the “outer” shell41. To date, co-axial bioprinting has been utilized
to fabricate structures with solid42, core/shell43, and hollow strands40,44; however, the materials used have not been optimized for both optimal
cell viability and mechanical robustness of the printed constructs. As mentioned, the technique provides the possibility to combine biomaterials
with different mechanical properties, in which the stiffer one supports the softer one. More importantly, if the scaffold material (e.g., alginate,
carboxymethyl cellulose) is extruded as the shell, while the core composed of the cross-linking agent (e.g., calcium chloride) is dispensed from
the inner capillary then rinsed out post-printing, it is possible to fabricate a continuous hollow tube in a single step45.

With this in mind, a simple and repeatable one-step method was developed to build well-defined and perfusable scaffolds for the engineering
of vascular structures and other tubular tissues. To develop a cost-effective technology, fabrication should ideally be a single-step process.
Therefore, a core/shell set-up was adapted and integrated into the 3D bioprinter. The basic design consists of a central nozzle made of metal
to avoid deformation during injection, around which a second nozzle of a larger diameter is placed. Such a co-axial nozzle set-up allows for co-
extrusion of the two flows and immediate cross-linking of the extruded hydrogel channel. This enables direct fabrication of multilayered hollow
filaments, while subsequent cross-linking with higher concentrations of calcium chloride (CaCl2) ensure more permanent stabilization from the
outside.

As such, this method allows for concurrent printing of scaffolds and microchannels, in which the hollow hydrogel filaments serve as a scaffold
to support the mechanical integrity of 3D constructs and simultaneously act as built-in microchannels to deliver nutrients for cell growth. This
protocol provides a detailed procedure of the core/shell 3D bioprinting strategy based on use of a custom-made co-axial nozzle in which hydrogel
3D structures with built-in channels are fabricated by controlling cross-linking to produce hollow filaments, which remain perfusable during cell
culture.

The 3D printing set-up used in this work is configured as previously described by Banović and Vihar46 and can be divided into three main
components: A) a three-axis CNC mechanical set-up with 50 μm positioning accuracy in the X, Y, and Z directions; B) two extruders, adapted for
disposable, 5 mL luer-lock syringes, with 1.2 μL voxel resolution; and C) controlling electronics and software.

To facilitate core/shell printing, an appropriate nozzle was developed that can be mounted on one of the extruders (primary extruder, printing the
core) and is compatible with G27 blunt-end needles. It also has luer-lock compatibility to connect with the second extruder (printing the shell).
The first prototypes were fabricated by inserting a blunt-end G27 needle (inner diameter = 210 μm, outer diameter = 410 μm) into either a G21
needle (inner diameter = 510 μm, outer diameter = 820 μm) or G20 conical tip (inner diameter = 600 μm), then inserting a secondary needle
laterally to supply the shell material. However, due to slight bending of the needle shaft, it is not possible to produce a nozzle tip with concentric
alignment of the inner and outer needles.

To solve this issue, a new nozzle design was devised that fulfilled the following criteria: 1) it can be manufactured using a 3-axis CNC mill, 2)
it can be made from various materials (high performance plastics, such as PEEK or metals), 3) it has luer-lock compatibility for applying shell
material, and 4) is compatible for a G27 blunt-end needle and holds it in place at two positions to align the tip with the central axis. A schematic
of the nozzle prototype is shown in Figure 1.

Protocol

1. Preparation of hydrogels and cross-linking solutions

1. Briefly, by vigorously mixing, dissolve ALG and CMC powders in ultra-pure water to obtain a total 3 wt% ALG and 3 wt% CMC solution.
 

NOTE: In this work, 5 mL syringes are used for printing; thus, the final amount of material is adjusted to that volume. However, for other
extrusion cartridges and printed sample sizes, the amount of prepared material should be scaled accordingly.

2. Add 1.5 wt% cellulose nanofibers to the ALG-CMC mixture for additional mechanical reinforcement to reach the desired viscosity, suitable for
printing.

3. Agitate the hydrogel suspension until homogeneous using an overhead mixer.
 

NOTE: No fibers or bubbles should be present in the hydrogel.
4. Prepare 10 mL of 100 mM calcium chloride (CaCl2) solution in ultra-pure water, which is used as the primary cross-linking solution for

printing.
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5. Prepare 10 mL of 5 wt.% CaCl2 solution in ultra-pure water, which is used as a secondary cross-linking solution in post processing of
scaffolds.
 

NOTE: Generally, all hydrogel formulations, which are suitable for immediate chemical cross-linking, allow for one-step fabrication of hollow
tubes and can be used with this type of core/shell set-up. The printing and cross-linking mechanisms need to be optimized accordingly.
Viscosity of the hydrogel will vary depending on the desired composition; however, it can be adjusted with polymer concentrations and the
addition of thickening agents (e.g., nanofibers). The ideal viscosity for 3D printing of stable structures is high enough for the extruded filament
to retain its shape and for the scaffold to hold its own weight before cross-linking.

2. Core/shell printing of perfusable scaffolds

1. Prior to printing, sterilize the bioprinter by spraying 70% ethanol thoroughly and expose it to UV light for 1 h.
2. Turn on the bioprinter and run the controlling software, which comes in a bundle with the 3D printer.
3. Perform the homing procedure by pressing the Home icon.
4. Using the toolbar command File | Import G-Code, import the generated scaffold g-code.
5. Transfer the hydrogel to a sterile 5 mL syringe and place it in one of the extruder mounts of the 3D printer. Via the luer-lock and a short tube,

connect it to side luer input of the core/shell nozzle.
6. Transfer the cross-linking solution (100 mM CaCl2) to another sterile 5 mL syringe with an attached G27 blunt-end needle and insert it into

the top needle holder of the core/shell nozzle. The inner needle should slightly protrude (~1 mm) from the outer core/shell nozzle. Adjust the
alignment manually. Insert the second syringe in the extrusion mount.

7. To correctly insert the syringes into the mounts (set-up shown in Figure 2), manually control both extrusion mounts by clicking the A and B
and Up and Down arrows.

8. Before the printing starts, separately extrude the hydrogel and the cross-linking solution to clear all excess air bubbles in the core/shell nozzle
and ensure a continuous hydrogel flow.

9. Using the Z and Up and Down arrows, manually adjust the distance between the nozzle and printing substrate. It is recommended to
use a flat, glass-printing substrate, which has good adhesion. The extrusion nozzle should not be in contact with the substrate to allow for
uninterrupted flow of the hydrogel. The optimal distance between the nozzle and substrate (layer height) is typically the same as the width
of the outer nozzle diameter, but it is adjusted to the material used and individual printing parameters. Adjust the starting printing height
according to individual needs.

10. Press the Play button to start the printing process.
 

NOTE: It is recommended to include the printing of a skirt (Figure 3) surrounding the scaffold to ensure the laying of a homogenous
hollow filament before printing of the actual scaffold starts. To achieve optimal hydrogel flow with the intention to print optimal scaffolds,
vary formulation composition, cross-linking solution composition, and printing parameters (i.e., printing speed, extrusion pressure, printing
temperature, distance between the substrate and extrusion nozzle, etc.).

11. After printing, carefully remove the substrate with the printed scaffold and pour the secondary cross-linking solution (5 wt.% CaCl2) over the
entire scaffold to ensure the cross-linkage over the entire scaffold. Incubate for 1 min at room temperature (RT).
 

NOTE: Make sure that the entire scaffold is submerged in the cross-linking solution. This step is crucial for achieving desired strength
properties of the scaffold but will vary depending on the material and cross-linking method used.

12. Using a scalpel manually cut the excess skirt material.
13. Sterilize the scaffolds under an UV light for 30 min. Carefully flip the scaffold and repeat the sterilization process.
14. Carefully detach the scaffold from the substrate by gently pulling it sideways. If the scaffold adheres strongly to the substrate, separate it by

inserting a sharp edge between them.
15. Transfer the scaffold into a colorless cell culture media (DMEM supplemented with 5 wt.% FBS, 100 U/mL penicillin and 1 mg/mL

streptomycin), and incubate them at 37 °C in an atmosphere containing 5 wt.% CO2 for at least 24 h.

3. Preparation of endothelial cells and live/dead assay solution

1. For cell culturing, prepare the advanced DMEM cell culture medium with added phenol red and supplement it with 5 wt.% FBS and 2 mM L-
glutamine. Add 100 U/mL penicillin and 1 mg/mL streptomycin.

2. Initiate the human umbilical vein endothelial cell (HUVEC) line and passage them in accordance with HUVEC culturing protocols as
described47.
 

NOTE: It is recommended to culture the cells in cell culture media with added phenol red for simple visualization during injection of the cells
into white translucent scaffolds as described below.

3. For cell counting, pipette 100 μL of cells suspended in cell culture media and stain them with 900 μL of 0.1 wt.% trypan blue solution.
4. Use an automated cell counter or manual hemocytometer to count and obtain the estimated number of cells in suspension.
5. For the live/dead assay, prepare a solution of 4 mM Calcein-AM and 2 mM propidium iodide in sterile PBS.

 

NOTE: The live/dead solution should be prepared directly before conducting the assay.

4. Transferring cells into scaffolds

1. Remove the scaffolds from cell culture media and transfer them into a sufficiently large glass Petri dish.
2. Immediately before injecting the cells into the scaffolds, dissociate the HUVECs from the flasks using treatment by 0.25 wt.% trypsin.

1. Briefly, dispose cell culture media and incubate the cells with 0.25 wt.% trypsin (~2 mL) for 5 min at 37 °C.
2. After incubation add ~3 mL of cell culture media to the trypsinized cells and transfer all detached cells to a centrifuge tube.
3. Centrifuge the cells at 200 x g for 5 min and dispose of the supernatant.
4. Resuspend the cells in fresh cell culture media.

3. Count the cells as described previously. Adjust the total cell concentration according to individual needs. In this work, a starting concentration
of 340,000 cells/mL is used.
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4. Resuspend the cells in a sterile syringe with an attached blunt G27 needle.
5. Find an entry point and start carefully injecting cells into the scaffolds. The cell suspension flow through a translucent scaffold should be

visible. Make sure that the entire scaffold fills up with cell suspension.
6. Submerge the scaffolds in cell culture media and incubate them at 37 °C in an atmosphere containing 5 wt.% CO2 for up to 10 days.
7. Replenish the cell culture media according to experimental needs.

5. Live/dead assay and cell imaging

1. After incubation, rinse the scaffolds with PBS.
2. With a blunt-end needle, carefully inject the previously prepared live/dead solution (4 mM calcein-AM and 2 mM propidium iodide in PBS) into

the scaffolds and incubate them in PBS for 30 min at 37 °C. Make sure that the solution flows through the length of the entire scaffold.
3. Rinse the scaffolds with PBS.
4. Carefully transfer the scaffolds to a glass slide.
5. Observe the dyed cells directly in the scaffolds under a fluorescence microscope.

 

NOTE: Viable cells produce green fluorescence and dead cells emit red fluorescence light.

Representative Results

The aim of this work was to develop an easy-to-manufacture core/shell nozzle with luer-compatibility for core/shell printing of woodpile
structures. In addition, a straightforward and repeatable one-step printing protocol was described, which is simple to modify and accommodates
a broad range of materials and different chemical cross-linking mechanisms to build well-defined and perfusable scaffolds for engineering of
vascular and other tubular tissue structures.

Core/shell nozzle
 

The nozzle is composed of a G27 blunt-end needle (for printing the inner axial filament) and the nozzle body, which holds the needle in place
and creates an outer nozzle for the shell filament with a connection port for material input. A schematic is shown in Figure 1. Two 5 mL syringes,
which are placed into the individual extruders and provide the core and shell materials. Tubing connects the nozzle body with the syringe,
providing the shell material.

The complete assembly of the core/shell nozzle and syringe set-up is shown in Figure 2. The first functional prototype of the nozzle body was
manufactured by CNC milling a block of polyoxymethylene (POM). Compatibility and sealing between the element, a G27 needle and tubing was
tested by installing into Vitaprint. No leakage of the shell material was observed in the nozzle, luer-lock connector, or between body and needle.
The nozzle body fits tightly with the needle hub (luer connector), ensuring synchronized motion of the whole nozzle with the extruder.

Scaffold building
 

The most straightforward approach to fabricating scaffolds is by depositing materials layer by layer where printing direction is changed every
consecutive layer, typically at an angle of 90°. Due to the visco-elastic and hygroscopic properties of the hydrogels, retaining shape fidelity of
the printed structures remains challenging. The main purpose of this protocol section is 3D printing of perfusable core/shell scaffolds using two
polymers, which have previously shown promising results for scaffold building (ALG and CMC) with the addition of cellulose nanofibers (NFC) for
increased mechanical stability. Both ALG and CMC are negatively charged, water-soluble linear copolymers48 and both contain carboxyl groups,
which can be cross-linked with the addition of divalent cations. Ca2+ particles form ionic bonds with two functional groups simultaneously, forming
connections between polymer chains, increasing gel rigidity.

Printing of perfusable scaffolds
 

The aim of this process is to 3D-print simple woodpile scaffold structures, which span over several layers and retain their shape fidelity as well as
perfusability until becoming fully cross-linked. This requires even coextrusion of core and shell without crossover or retraction movements, which
can interrupt the flow. Therefore, typical CAD modelling and slicing methods are less suitable. In this work, a manually designed g-code is used,
and a python-based g-code generator was developed for fast g-code preparation.

The scaffolds were structured in a woodpile grid shape and built on a flat glass surface. The fabrication was performed layer-by-layer, depositing
the crossing lines of each succeeding layer in an angle 90° to the previous one. Additionally, each succeeding layer was 2% narrower in the X
and Y directions, ensuring continuous filament support by preceding layers. The distance between filaments (macropore size) can be precisely
designed in the g-code by taking into account the outer diameter of the extruded filament (0.8 mm) and the distance between gridlines (3 mm).

Scaffolds were required to fulfill key inclusion criteria for further consideration. First, scaffolds with at least 4 layers in height were required to
retain their structural integrity and geometry (e.g., macropore size) during printing, to be eligible for further development. Second, scaffolds
needed to remain perfusable (stable microchannels) even after being incubated for 7 days in cell culture media at 37 °C. At appropriate time
intervals (1, 2, 5, and 7 days) scaffolds were taken out of the culture media and tested to see if they were still perfusable. In Figure 4A, the
cross-section of a freshly printed and post-processed scaffold displays a clearly visible hollow channel inside the filament. In Figure 4B, it is clear
that even after 72 h incubation in cell culture media at 37 °C, the filament retains the hollow structure through the entire scaffold length.
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Several formulations were printable, remained structurally stable, preserved the printed geometry, and remained perfusable; however, a single
one was chosen for further testing (i.e., 3 wt.% ALG + 3 wt.% CMC + 1.5 wt.% NFC), which allowed printing of perfusable scaffolds with up to
10 layers. The printing process with the custom nozzle is shown in Figure 5A. Core/shell printing was possible with less viscous formulations;
however, gels with higher concentrations did not allow continuous flow through the nozzle. For primary cross-linking (core material, delivered
during printing) 100 mM CaCl2 was utilized, which adequately stabilized the continuous formation of a hollow filament, without causing gel
solidification within the nozzle. Post-printing, the scaffolds were soaked in a 5 wt.% CaCl2 solution to completely cross-link the hydrogel for long-
term shape fidelity. A finished scaffold sample is pictured in Figure 5B. During the optimization, process of the formulation an artificial dye was
used in the core solution, to allow visual evaluation and examining the quality of the extruded filament. The dye was not used for the fabrication
of the final scaffolds, which were prepared for cell seeding and cultivation.

Live/dead assay
 

After incubation, a live/dead assay was used to visualize the ECs and distinguish between the living (green) and the dead (red) cells within the
incubated scaffold. This served two main purposes: A) to determine whether the scaffolds provide a biocompatible environment to promote
growth and adhesion without exhibiting harmful effects on the cell, and B) to visualize the structural integrity of tubular structures and their
internal channel system in more detail.

The results of the live/dead assay are shown in Figure 6. In the presence of intracellular esterases, the plasma membrane permeable Calcein-
AM is converted to Calcein, emitting green fluorescence light in live cells. On the other hand, apoptotic cells are visualized by membrane
impermeable propidium iodide, which fluoresces in red when intercalated in the DNA double helix. Live/dead images and bright-field pictures
of scaffolds were combined to help visualize the cells inside the hollow channels. The staining solution was injected, and the assay performed
directly in the 3D printed scaffolds after scaffold-cell incubation for 48 h.

It should be noted that a relatively small seeding density of ECs was used (340,000 cells/mL), as this study served only as a proof-of-concept
for core/shell printing of perfusable scaffolds. The most significant conclusion of the live/dead assay is that even after 48 h, no dead cells
(red) were observed, proving that neither the scaffold material itself, nor its degradation products exhibited toxic effects. Furthermore, the
ECs did in fact adhere and remain attached inside the scaffolds and seemed to form evenly distributed agglomerates when grown inside the
channels. This suggests that the described fabrication method and scaffold formulation provide a suitable framework for building in vivo, relevant,
tubular tissue morphologies. Besides mimicking cell-ECM interactions and tight cell-cell communication in all three spatial dimensions, complex
tissue engineering also requires constant cell exposure to fresh medium to sustain their viability. This in turn can be achieved by a dense
channel network under continuous perfusion, which warrants further investigation in future work, and will require optimizing material and growth
parameters to facilitate long-term tissue engineering of vasculature.

 

Figure 1: Core/shell nozzle prototype. (A) The overall design and the main components of the nozzle body prototype are shown. The nozzle
is completed by inserting a blunt-end G27 needle through the top. The top and bottom needle holders immobilize and realign the needle with
the nozzle axis, ensuring that the tip extends from the nozzle through the center.  To connect the nozzle with “shell” material extruded from the
secondary syringe, tubing with a luer-lock connector is attached to the lateral input. From here, the material is forwarded to the nozzle through
a narrow channel. The fabrication of the mentioned channel requires drilling in two positions, producing holes that need to be capped after
manufacturing). (B) Shown is a close-up of the nozzle with an inserted G27 needle, extending out of the nozzle. Please click here to view a
larger version of this figure.
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Figure 2: Final core/shell set-up. (A) Shown is the completed core/shell nozzle with correctly attached syringes containing the hydrogel (right),
building the “shell” and cross-linking solution (left) extruded as the “core”. (B) Shown is the core/shell set-up installed into the Vitaprint system
with two extruders. Please click here to view a larger version of this figure.

 

Figure 3: G-code of the tubular scaffold. Here a screenshot of the printer software  is shown, specifically the path preview (A) and raw g-code
of the first layer (B). The g-code is a set of instructions with target coordinates in absolute spatial directions (X, Y, Z), as well as extrusion (A,B) in
relative directions. The G command determines the type of instruction, whereas G1 represents linear movement towards the target coordinates
and G92 determines the initial starting position. In addition, the feed-rate of following commands is determined with instruction F in mm/min.
Please click here to view a larger version of this figure.

 

Figure 4: Cross-section of a scaffold strand with a hollow interior. (A) Shown is the cross-section slice of the freshly printed and post-
processed scaffold. (B) Shown is the cross-sectional slice of the scaffold after being incubated in cell culture media for 72 h. While the nozzle
shape defines the extrusion of a tube with a round cross-section, the filament appears to be somewhat flattened on deposition. The internal
channel, however, stays intact and retains its form during incubation. Please click here to view a larger version of this figure.
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Figure 5: Core/shell printing of scaffolds. Here, fabrication (A) of a three-layered hollow-tube scaffold and its final form (B) are shown. For
improved visualization, the cross-linking solution in the core was stained with a red dye. The formulation exhibits sufficient mechanical stability to
retain scaffold stability, even if thicker structures (up to 10 layers, data not shown) are fabricated. The outer dimensions of the final structure were
approximately 27 mm x 27 mm x 3.5 mm. Please click here to view a larger version of this figure.

 

Figure 6: Live/dead assay performed directly in the scaffolds. A suspension of HUVECs was injected into the inner scaffold channel,
incubated for 48 h, and treated with live/dead dye. Viable HUVECs emit green fluorescence light, which is represented in the bright spots of the
image. Dead cells emit green fluorescence light; however, none are visible in the observed scaffold. The distribution of the cells also signifies the
shape and retained perfusion capabilities of the channels. To a minor extent, the live/dead assay solution also stained the scaffolding material,
producing light fluorescence under the microscope. Please click here to view a larger version of this figure.

Discussion

Nozzle design
 

Using the developed core/shell nozzle, integrated into a two-extruder Vitaprint system, hollow, tubular scaffolds were fabricated in a single-step
process. To achieve an even thickness of the tube wall through most of the prepared scaffolds, the needle needs to be positioned centrally on the
axis of the outer extrusion ring. Standard gauge needles often exhibit a slight, yet significant eccentricity off the axis. Thus, the nozzle body was
designed to hold the needle in two places, once at the top (fixing the hub) and once before the final core/shell chamber (fixing the cannula itself),
correcting its axial alignment. The precision of the axial alignment increases with the distance between the fixation point. There is, however,
a tradeoff between needle length and available nozzle chamber volume. To improve functionality of the set-up further, certain modifications of
the nozzle can be implemented: A) a nozzle mount with improved stability, B) additional nozzles for a wider range of needle compatibility, C)
a precise adjustment mechanism for needle to nozzle positioning, and D) integrating additional inputs and microfluidic devices for on the fly
material preparation.

Hydrogel optimization
 

To determine the optimal ALG:CMC ratio, several material iterations were evaluated. Generally, core/shell printing with concentrations above
3 wt.% of both components was rendered impossible, because it did not allow for a continuous hydrogel flow or resulted in clogging of the
nozzle. Specifically, ALG concentration above 3 wt.% increased the viscosity excessively and resulted in nozzle clogging, while lower ALG
concentrations and higher CMC (>3 wt.%) concentrations slowed down cross-linking times and thus failed to provide sufficient structural support
of the scaffold. Core/shell printing was possible with less viscous formulations; however, extruded gel viscosity must be sufficient to sustain long
term shape fidelity. In the end, a 1:1 ALG:CMC ratio was proven to be the most suitable choice which confirms a previous study by Maver et al.49.
The addition of NFC significantly improved printability and structural rigidity of core/shell printed scaffolds but had no significant effect on cross-
linking properties of the material.

Custom applications, optimized for specific cell types and experimental set-ups will require well-tailored scaffolding materials, which will vary in
composition and cross-linking mechanisms. The method described in this work is based on an alginate-cellulose mixed polymer solution, which
is cross-linked ionically using Ca2+ ions. Alginate itself is a linear polymer of blocks of (1,4)-linked β-d-mannuronate (M) and α-l-guluronate (G)
residues that can be reversibly ionically crosslinked by application of Ca2+ and other divalent cations such as Sr2+, Br2+, Mg2+. Nevertheless,
the most widely used ion for cross-linking of alginate remains Ca2+ in the form of CaCl2. Ca2+ can also be used in the form of CaSO4 or CaCO3;
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however, the low solubility of CaSO4 relative to CaCl2 means slower gelation. CaCO3 yields even slower gelation times which can result in weak
and inconsistent mechanical properties.

Longer gelation times typically produce a more homogenous construct, however, certain applications, such as core/shell printing requires fast
gelation rates50. Mg2+ ions also induce gelation; however, their cross-linking efficiency is about 5x-10x lower, compared to Ca2+, with cross-linking
times of 2-3 h. In addition, magnesium ions are more selective towards guluronic units, hence the cross-linking depends more on the chemical
composition of the ALG51. In this case, a fast gelation rate is essential to ensure continuous hollow channel formation before the hollow structure
can collapse. CaCl2 yields the fastest gelation rate, which is crucial for the direct deposition of hollow filaments. 100 mM CaCl2 was utilized,
which adequately stabilized the continuous formation of a hollow filament without causing gel solidification within the nozzle.

Printing and post-processing of scaffolds
 

The following steps should be considered during this portion of the process, including 1) ensuring that all solutions and materials including the 3D
bioprinter are properly sterilized before printing. 2) When preparing the hydrogel, homogeneity of the material is crucial for continuous printing.
Introduction of impurities or air bubbles should be avoided, as they can clog the nozzle and/or disrupt the extrusion. 3) The syringes should be
properly connected to the core/shell nozzle via the luer-lock mechanism and correctly inserted in the extruder mounts as seen in Figure 2A,B. 4)
Before printing a complex structure, it is recommended to pre-extrude a small portion of the gel and cross-linking solution to clear the excess air
bubbles in the core/shell nozzle and ensure a continuous hydrogel flow. This can be incorporated directly into the g-code to improve repeatability.
5) It is helpful to add a skirt surrounding the scaffold to ensure the laying of a homogenous hollow filament before the printing of the scaffold itself
starts.

Additionally, 6) to improve adhesion between the printing filament and substrate, it is recommended to use a flat surface with good adhesion
(i.e., a glass slide or Petri dish). 7) The extrusion nozzle should not be in direct contact with the substrate to allow for uninterrupted flow of the
hydrogel. The initial distance will strongly impact the quality of the print, but thickness of the extruded filament is a good approximation of the
initial setting. 8) The starting printing height in the g-code should be adjusted according to individual needs. After the printing parameters are
optimized, the scaffold g-code should be imported into Planet CNC software and the printing process started as described in the protocol. 9) To
control and optimize hydrogel flow with the intention to print optimal scaffolds, both formulation composition and printing parameters should be
varied (i.e., printing speed, extrusion pressure, printing temperature, distance between the substrate and extrusion nozzle, layer height, scaffold
size, etc.).

In general, higher flow rates are required to print formulations with higher viscosity. As mentioned, all hydrogel formulations, which are suitable
for immediate chemical cross-linking, allow for one-step fabrication of hollow tubes and may be used with the described core/shell set-up. The
printing and cross-linking mechanisms need to be optimized accordingly. After printing, all scaffolds were post-processed by secondary cross-
linking with 5 wt.% CaCl2 solution, which assured complete cross-linking of the ALG-CMC component and sterilized from both sides under a
UV light for at least 30 min. It should be ensured to completely engulf the scaffold with the cross-linking solution and incubate for long enough
to complete the cross-linking process. Post-processing will differ based on the material and cross-linking mechanism used, which should be
considered beforehand. After post-processing, scaffolds should be removed carefully from the substrate, transferred to cell culture media, and
incubated in a controlled atmosphere for at least 24 h before cell seeding. Using a colorless medium will improve visibility of the cell suspension
during injection into the scaffolds.

Live/dead assay
 

The live/dead solution should be prepared directly before conducting the assay and kept in the dark before conducting the assay, as it contains
fluorescence dyes that are prone to bleaching. After the desired incubation time, the cell culture media should be carefully discarded surrounding
the scaffolds and rinsed with PBS. Ideally, the same entry point should be used for cell seeding followed by the live/dead assay being injected
into the scaffolds.

Importance of results
 

Both ALG and CMC have been already used to promote angiogenesis in vitro. Based on its ECM-mimetic features, physical cross-linking, and
biocompatibility, ALG has been commonly employed as a component for delivery and controlled release of angiogenic growth factors (e.g.,
bFGF, HGF, VEGF164, and Ang-1*respectively)52,53,54. Furthermore, in combination with gelatine, CMC has also been used for encapsulating
vascular endothelial cells due its rapidly cross-linking capabilities under physiological conditions55. NFC were added to further increase the
mechanical stability and shape fidelity of scaffolds. It should be emphasized that the objective was not to enhance the vascularization but
to demonstrate the possibility of producing perfusable, hollow ALG-CMC scaffolds, printed in core/shell fashion, which also facilitates the
attachment and proliferation of HUVECs. The choice of using an ALG-CMC mixture was based on findings of commonly used, easily accessible,
and biocompatible base materials that could enable core/shell printing of hollow channels. Many other materials may be more viable options
for enhancing angiogenesis; however, some are not suitable for core/shell printing, as they do not facilitate rapid gelation/cross-linking, which is
crucial in this approach.
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