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Abstract

Tracheal reconstruction remains a major therapeutic challenge due to the unavailability of
donors and the lack of biomimetic tubular grafts. Anastomosis, an end to end surgery, is a
solution to circumferential damage, tumour and stenosis in the trachea. However, it is limited
when a lesion is extended to one-third of the tracheal length and half of the length for child and
adult individuals respectively. Allograft could be an alternative to the damaged trachea.
However, lifelong immunotherapy and the unavailability of the donor have limited the
transplant process. Hence, tissue-engineered synthetic implants of matched rigidity and
flexibility with appropriate regeneration offer a promising solution to repair long-segment
tracheal stenosis. Artificial tubular scaffolds fail to imitate the natural rigidity and flexibility of
the organ. Therefore, a trade-off between strength and flexibility asks for customized scaffolds
with enhanced flexibility and adequate rigidity. Limited work has been reported that discusses
the customization of shape and manipulation of material for tracheal scaffolds to match with

the biomechanical properties of the native trachea.

In order to fill this research gap, customized tubular scaffolds for tracheal tissue
engineering with a novel route using solvent-based extrusion 3D printing were successfully
fabricated. The manufacturing approach involved the extrusion of polymeric ink over a rotating
predefined pattern to construct the customized tubular structure of polycaprolactone (PCL) and
polyurethane (PU). The rheological properties were investigated to study the flow behaviour
and characterization of the solutions used for 3D printing. Dimensional deviations in thickness
of the fabricated scaffolds were calculated for various layer thicknesses of 3D printing.
Morphological and Physiochemical properties of scaffolds were investigated by Scanning
electron microscope (SEM), contact angle measurement, and Fourier Transform Infrared

Spectroscopy (FTIR). Preliminary mechanical assessments illustrated comparable mechanical



properties with the native human trachea. Furthermore, the scaffolds were found to be

biocompatible to promote cell adhesion from the preliminary in vitro cytotoxicity results.

No work has been done to study the effects of 3D printing parameters on the print
quality and the mechanical properties of tubular scaffolds. The work aims to fill the gaps by
investigating the effects of 3D printing parameters like infill density, layer thickness and print
speed on print quality and mechanical characteristics. Experimental runs were planned as per
the central composite design (CCD) to evaluate the effects of input parameters on the output
responses. The printing quality was quantified by measuring the average surface roughness of
the printed scaffolds and mechanical properties were evaluated by measuring radial
compressive load, and percentage elongation. The experimental investigations revealed that
printing quality was improved at higher infill densities and was deteriorated at higher print
speeds and layer thicknesses. Similarly, the radial compressive load was improved with the
increase in infill density and was decreased with an increase in layer thickness, print speed, and
percentage of PU. The percentage elongation was found to improve at higher infill densities
and percentages of PU and was reduced with an increase in layer thickness and print speed.
Additionally, a multi-objective optimization using Genetic Algorithm was used to evaluate the
optimum conditions to minimize surface roughness and maximize radial compression load and
percentage elongation. Finally, a case study was performed from the existing reports and the

results of the present work.

It could be elucidated from the literature that there exists a scope to investigate in the
field of customization of tubular scaffolds to manipulate the biomechanical properties without
compromising the graft rejection. Hence, customized tubular scaffolds of polycaprolactone
(PCL) and polyurethane (PU) similar to the goat trachea were fabricated using solvent-based
extrusion 3D printing. Three different types of scaffolds namely cylindrical, bellow shaped and
spiral scaffolds equivalent to the dimension of native goat trachea were fabricated. Mechanical
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investigations were performed for all combinations of formulations with various scaffold
shapes. The results were compared with native tracheal properties to find out suitable
formulations with matched mechanical properties. Spiral shaped scaffolds were found to be the
desired shape maintaining clear patency when subjected to longitudinal compression and

torsion load equivalent to the neck flexion and rotation.

Furthermore, the synthetic tracheal scaffolds were coated with natural polymers,
mixture of alginate and gelatin using solvent-based 3D printing to improve the biocompatibility
of the overall tracheal scaffolds. Optimum combinations of inks were found by evaluating the
dimensional stability for each formulation during 3D printing. Rheological characteristics were
investigated to study the flow behaviour of the formulated inks. The coated scaffolds were
characterized by various physical, morphological, and mechanical characterizations. The
coated tracheal scaffolds yielded hydrophilic surfaces by reducing contact angle by
approximately 70% compared to the uncoated synthetic tracheal scaffolds. Radial compression
test results showed coated scaffolds offered excellent radial strength compared to the strength

of native rat trachea.

In vitro degradation test was performed by immersing the scaffolds in phosphate buffer
solution (PBS) for 16 weeks to check for long term implantation. The printed uncoated
scaffolds were further evaluated for biological assay using bone marrow-derived human
mesenchymal stem cells (hnMSCs). All the scaffolds were proved to promote cell proliferation
and adhesion, though PCL70/PU30 combinations yielded the highest biocompatibility among
the uncoated scaffolds. Additionally, the biological assay for coated scaffolds showed excellent
compared to the uncoated scaffolds. Among all the coated scaffolds, PCL70/PU30 coated with
alginate 2%/ gelatin 4% (A2G4) was found to be the best biocompatible candidate for the

tracheal regenerative application.
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