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1. Introduction

Every day in America, 13 individuals on the transplant waitlist die due to the lack of life-saving donated
organs/tissues. With a new person being added to the transplant waitlist every 8 minutes, the list is growing
exponentially with no effective solutions (Fig. 1) [1]. Bioprinting offers an alternative approach to this issue.
Bioinks can be derived from many sources, either natural or synthetic, with each having unique properties for a
diverse range of applications [2]. Natural biopolymers are biocompatible, biodegradable, and mimic the native
tissue environment which gives rise to advantageous cellular responses [3, 4]. Synthetic biopolymers are desirable
because of their modifiable features such as molecular weight and structure [4].
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Figure 1: Transplant waitlist compared to organ donation statistics.

Different bioprinting methods have been utilized in the fabrication of complex solid organs including the heart,
liver, kidney, and spleen [5]. These methods lead to improvements in personalized medical therapies by
fabricating patient-specific prints [6]. Extrusion is one of the most common mechanisms for bioprinting due to its
simplicity, affordability, and scalability [7]. The bioprinting process enables the fabrication of functional 3D
structures using various bioinks extruded through pneumatic or mechanical printers. Pneumatic methods utilize
compressed air for extrusion processes [8]. The printing pressure must be optimized to generate stable, uniform,
and continuous filaments [8]. High pressures lead to unstable flow and low pressures cause irregularities in the
print. Printing parameters affecting the pressure range include nozzle design, bioink viscosity, and yield stress [8].
Mechanical methods include piston and screw-driven processes. Piston-driven bioprinting allows for direct control
of extrusion through the nozzle, whereas screw-driven configurations are preferred for bioinks with higher
viscosity [9]. Pneumatic printers have simpler components making them user-friendly, but the prints have lower
quality due to lack of controlling precision [10]. Mechanical printers are more complex to use and may lead to
improvements in shape fidelity [10].

A pectin-based bioink has been developed. The two major components that ensure structural stability of the
bioink are pectin and Pluronic F-127 [11-13]. Pectin is a natural linear polysaccharide consisting of a-1-4 linked D-
galacturonic acid residues [14] that forms a stable hydrogel in the presence of a divalent cation such as Ca?* [11].
This arises from the coordination interactions between the electron-rich hydroxyl and carboxyl groups of pectin
and the divalent cation [15]. Pectin-based hydrogels have shown great potential for various biomedical
applications such as drug delivery and tissue engineering [15, 16]. Pluronic F-127 is a copolymer of polyethylene
oxide and polypropylene oxide. It is used to maintain the initial integrity of the print before the divalent cation is
added. Pluronic F-127's mechanical properties stem from its unique ability to change from a liquid to a gel at 37
°C. Then, pectin is gelled with a divalent cation to form the permanent structure [11-13]. This novel approach is
faster and requires only one syringe [11].

This project aims to realize the commercialization of a pectin-based bioink by optimizing its formulation and
bioprinting parameters. Both pneumatic and mechanical extrusion-based bioprinting parameters were optimized.
The industrial production process was designed using SuperPro Designer.
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2. Materials and Methods
2.1. Materials

Pluronic F-127 and pectin were obtained from Sigma-Aldrich (St. Louis, MO) and WillPowder (Miami Beach, FL)
respectively. D-Mannitol, N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES), and CaCl, were obtained
from Sigma-Aldrich (St. Louis, MO). A bioprinter (BIO X™, Cellink; Philadelphia, PA), including both pneumatic and
syringe pump printheads, was used for bioprinting.

2.2. Bioink Preparation

The composition and function of each component are summarized in Table 1. In brief, pectin and Pluronic
F-127 are the major constituents of the bioink. Pluronic F-127 provides initial integrity during bioprinting due to
gelation at a higher temperature, while pectin gives permanent structure due to crosslinking.

Table 1: Bioink components and their functions.

Component Function
Pectin Permanent structure
Pluronic F-127 Initial integrity and thermal sensitivity
D-Mannitol Maintain osmolarity and antioxidative capabilities [23]

Different bioink formulations, T1-T3, were developed by varying the concentrations of pectin and Pluronic
F-127. The base formulation consisted of 3.5 % (w/v) pectin, 20 % (w/v) Pluronic F-127, and 0.3 M mannitol. T1
contained an increased pectin concentration (5 %), T2 featured a higher Pluronic F-127 content (30 %), and T3
included elevated levels of both pectin (5 %) and Pluronic F-127 (30 %). Preliminary testing identified T1 and T3 as
the only viable formulations. These modifications were designed to improve the structural integrity and printing
resolution of the extruded constructs. Fig. (2) illustrates the bioink preparation process.

Pluronic F-127 Pectin D - Mannitol

Figure 2: Schematic of the bioink preparation process.

2.3. Bioprinting Process

The testing range for each printing parameter was evaluated across non-printhead-specific settings, pneumatic
printhead settings, and syringe pump printhead settings (Fig. 3).

During bioprinting, bioink was first loaded into a 3-mL syringe and then the syringe was fixed to the printhead.
Printing parameters, including printer bed temperature, were set. The bioink was extruded to the heated printer
bed and the structural integrity was maintained initially due to the gelation of Pluronic F-127. Warm (~37 °C) 150
mM CaCl, was added around the scaffold to gel the pectin, forming permanent structure.
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Figure 3: Image of the pneumatic (left) and syringe pump (middle) printheads of the Cellink BIO X™ printer.

2.4. Cell Culture and Cell Viability Assessment

MDA-MB-231 cells were cultured in Dulbecco's Modified Eagle Medium (DMEM; high glucose) and maintained
in @ humidified CO; incubator (5 %) at 37 °C. The medium was supplemented with 10 % Fetal Bovine Serum, 100
U/mL penicillin, and 100 mg/L streptomycin. Cells were suspended in DPBS (50 pL) and then gently mixed with the
bioink (containing HEPES with a final concentration of 10 mM) to reach a final cell density of 1 x 10° cells/mL.
Bioprinting was performed under the optimized printing parameters. Cell viability was assessed using the
LIVE/DEAD™ Viability/Cytotoxicity Kit for Mammalian Cells (L3224; ThermoFisher Scientific, Waltham, MA). Both
Calcein-AM (for live cells) and ethidium homodimer-1 (for dead cells) were added to the medium with a final
concentration of 5 pM each. After incubation for 5 min, the samples were assessed under a fluorescent
microscope [16].

3. Results and Discussion
3.1. Bioink Formulation Optimization

The results of constructs printed using the base bioink formulation were found to be inconsistent; hence,
various formulations were developed (T1-T3). T1 successfully produced high-resolution, reproducible structures
across a range of bioprinting parameters. The optimal bioink temperature for T1 required it to be heated to 15 -
22 °C. However, the addition of CaCl, led to unstable layering as extrusion progressed due to the increased pectin
concentration. T2 failed to produce a desirable construct. T3, which included increased concentrations of both
pectin and Pluronic F-127, was observed to be the optimal formulation. It demonstrated promising short- and
long-term gelation properties and resulted in high resolution and repeatable prints. Short-term gelation maintains
the print structure eliminating the need for the addition of CaCl;, which contributed to improved structural
integrity and consistency. The optimal bioink temperature was 5 - 16 °C, allowing its use directly from refrigeration
unlike T1. Based on the reliability and performance of T3, it was used for further studies.

3.2. Bioprinting Parameters Optimization

Optimal printing parameters are critical to ensure precise and reliable fabrication. Unoptimized conditions
resulted in inconsistent prints, as shown in Fig. (4). To optimize the bioprinting parameters, evaluation was
performed by printing a 10x10x5mm cuboidal structure consisting of 12 layers. Bioprinting process
optimization was first conducted using a pneumatic printhead. The print bed was maintained at 40 °C to facilitate
solidification of Pluronic F-127, forming the initial structure. The bioprinting parameters were optimized based on
the established parameters for the base bioink: printing speed was set between 10-15 mm/s with a layer height of
1.2 mm. Additionally, printing pressure was set at 20 kPa, with a pre-flow rate of 0-5 mm/s and a post-flow rate of
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5 mm/s. It was found that the pressure is bioink temperature-dependent (i.e., the lower bioink temperature, the
lower required pressure). Then, syringe pump printhead optimization was performed. The printing parameters
were found to be similar to those of the pneumatic printhead.

Figure 4: Image of incomplete structure (I) and low resolution (l) prints produced under non-optimized parameters. Scale bar
represents 5 mm.

Optimized printing parameters are summarized in Table 2. Furthermore, complex geometries were fabricated
with the optimized parameters, such as an aortic valve (Fig. 5).

Table 2: Operational and optimized bioprinting parameters.

inge P Printh
Non-Printhead Specific Settings Pneumatic Printhead Specific Settings Syringe _u_mp r_lnt ead
Specific Settings
Nozzle Bed Layer Ink Pressure | Pre Flow Post Speed Extrusion Speed
Size Temp | Height | Temp (kPa) (ms) Flow | m/s) | Rate(uL/s) | (mmis)
(°C) (mm) (°C) (ms)
Operational 15-20
P gauge 35-50 | 041-15 4-28 10-60 -10-10 0-10 5-25 1-13 5-25
Range .
conical
- 16-18
Optimized gauge 40 | 041-045| 5-16 | 30-55 6 5 5 8 10
Range .
conical

3.3. Industrial Production Process Design

The industrialization process was modeled using SuperPro Designer. A batch bioreactor was preferred as the
vessel for bioink formulation due to its quality of mixing [17]. A cooling jacket and mechanical agitator were
incorporated into the design as substitutes for the lab-scale ice bath and stir bar. Pluronic F-127 is first added in
1.5 g increments using a conveyor belt system to ensure uniform distribution. This is followed by the gradual
addition of pectin, where continuous agitation facilitates complete dissolution of the components. D-mannitol is
added last and aseptic conditions are maintained throughout the process to ensure sterility.

After mixing, the bioink proceeds through a fluid flow valve into the filling stage, where it is partitioned into
15 mL sterile vials. The bioink-filled vials are labeled and packaged for distribution to hospitals and bioprinting
facilities. A critical aspect of the production process is the sterility of packaging [18]. The most used practice in
industry is implementing a large-scale aseptic filling plant capable of completing tasks such as washing,
sterilization, and closing of vials [19]. This is followed by external cleaning, labeling, and final packaging. These
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processes provide a completely sterile and aseptic environment for the production and distribution of clinical-
grade bioink (Fig. 6).

M3IA doj

Cuboidal print

MBIA 3pIS

Aortic valve

Figure 5: Image of constructs printed under optimized parameters using a pneumatic printhead. Scale bar represents 5 mm.
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Figure 6: Designed process for the industrial bioink production.

3.4. Biocompatibility of the Bioink

The novel bioink containing MDA-MB-231 cells was loaded into a syringe, and bioprinting was carried out
under the optimized parameters. Cell viability within the printed constructs was assessed using the LIVE/DEAD™
Viability/Cytotoxicity Kit. Calcein-AM, a cell-permeable dye, is converted to calcein and retained in live cells,
producing intense green fluorescence. In contrast, ethidium homodimer-1 penetrates only cells with
compromised membranes and binds to nucleic acids, resulting in bright red fluorescence [20]. Viability
measurements taken immediately after bioprinting (day 0) and after three days of incubation (day 3) both
indicated high cell survival rates, with approximately 99% viability, as shown in Fig. (7). These results demonstrate
that the bioink is biocompatible and that the bioprinting process does not adversely impact cell viability. This
challenges the traditional view that cell viability is typically lower following extrusion-based bioprinting compared
to other printing methods, highlighting the benefit of this bioink [21, 22].
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Day 0

Day 3

Figure 7: Microscopic images of cells within the printed scaffold. Left: bright field images, Right: merged fluorescent images.
Scale bar represents 100 ym.

4. Conclusion

A pectin-based bioink formulation, along with its associated pneumatic and mechanical extrusion-based
bioprinting parameters, was optimized. This dual optimization of both bioink composition and bioprinting
conditions resulted in stable, high-fidelity constructs with a high cell viability of 99%. The industrialization process
was modeled for scalable production using SuperPro Designer, ensuring the bioink can be efficiently
manufactured and distributed. Future directions include cell behavior within the bioprinted scaffold,
vascularization potential, and industrial production process optimization. Overall, there is immense potential for
bioink in tissue engineering and regenerative medicine.
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