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ABSTRACT

Chaotic bioprinting enables the fabrication of microstructured hydrogel fibers with

co-extruding permanent and fugitive inks using a kenics static mixer (KSM) print-

head. However, these fibers degrade completely after 7 days of static culture. Sur-

vival of hydrogel constructs for prolonged periods is critical for tissue maturation.

Therefore, in this project, chaotic bioprinting was optimized to reinforce multichan-

nel hollow fibers, thereby extending the culture time to enable skeletal muscle tissue

maturation. A KSM printhead equipped with eight inlets and two mixing elements

was used to print hydrogel fibers with three materials: a bioink suitable to load

cells, a sacrificial material to create hollow channels, and a structural material to

provide mechanical stability (without cells). Each bioink layer was placed 62.5 µm

apart from a hollow channel. Furthermore, the optimal ratio for each material was

determined to enhance structural stability. The tensile test and degradation analysis

indicated that the hydrogel fibers composed of 37.5% of the structural ink, 37.5% of

the bioink and 25% of the sacrificial ink exhibited sufficient strength (elastic modu-

lus = 12, 8 kPa) to conserve more than 75% of their mass after 72 h of continuous

agitation in a rocking bioreactor. In contrast, the fibers containing no reinforcing

ink entirely degraded in the same period or earlier. The bioprinting experiments

also showed that mouse myoblasts adhering to the reinforced hollow fibers exhib-

ited greater cell viability (95%) than myoblasts on reinforced solid filaments during

14 days of static culture. In the future, these reinforced multichannel fibers could

mature musculoskeletal tissue with culturing under continuous agitation.

Keywords:

chaotic bioprinting; hydrogel fibers; hollow fibers; skeletal muscle; mechanical rein-

forcement; agitated culture.
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RESUMEN

La bioimpresión caótica permite la fabricación de fibras de hidrogel microestruc-

turadas. Esta consiste en coextruir una tinta permanente y una fugitiva a través

de un cabezal de impresión Kenics Static Mixer (KSM). Sin embargo, estas fibras

se degradan después de 7 d́ıas de cultivo estático. La supervivencia de los con-

structos de hidrogel durante peŕıodos prolongados de tiempo es fundamental para

la maduración del tejido. En este proyecto, se optimizó la bioimpresión caótica para

reforzar las fibras huecas multicanal para prolongar el tiempo de cultivo. Para ello,

se utilizó un cabezal de impresión KSM equipado con 8 entradas y 2 elementos de

mezclado para imprimir con tres materiales: una biotinta para cargar células, un

material sacrificable y un material estructural. Los filamentos se imprimieron var-

iando la proporción de las tres tintas y su posición en el cabezal de extrusión sin

comprometer la proporción de material estructural, el número de capas con células y

acomodando microcanales huecos al menos cada 200 µm de las capas con células. El

ensayo de tracción y el análisis de degradación indicaron que las fibras de hidrogel que

contienen 3/8 de la tinta de refuerzo, 3/8 de la biotinta y 2/8 de la tinta de sacrificio

exhiben suficiente resistencia (módulo de elasticidad = 12,8 kPa) para conservar más

del 75% de su masa después de 72 h de agitación continua en un biorreactor oscilante.

Por el contrario, las fibras que no conteńıan refuerzo se degradaron completamente

en el mismo peŕıodo de tiempo o antes. Los experimentos de bioimpresión muestran

que los mioblastos de ratón adheridos a las fibras huecas reforzadas exhiben mayor

viabilidad celular (un 95% más) que los mioblastos en filamentos sólidos durante 14

d́ıas de cultivo estático. En el futuro, estas fibras podŕıan utilizarse como plataforma

para madurar tejido musculoesquelético con cultivo en agitación continua.

Palabras clave:

bioimpresión caótica; fibras de hidrogel; fibras huecas; músculo esquelético; refuerzo

mecánico; cultivo en agitación
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INTRODUCTION

Presentation of the research topic

Tissue engineering is an emerging, interdisciplinary branch of bioengineering that

seeks to manufacture artificial human tissues. The term ”tissue engineering” was

first coined around 1980 by Joseph Vacanti and Robert Langer, who are considered

the pioneers of this field. Nevertheless, after 40 years of research, functional three-

dimensional (3D) tissues and organs have yet to be obtained. Specific properties

are necessary for these tissues, such as being multicellular, vascularized, and me-

chanically stable[1]. Fabricating a tissue with all these properties is a challenge the

scientific community must address.

Different biofabrication techniques have been developed to obtain artificial

tissues, but 3D bioprinting has become the most popular strategy. This technol-

ogy creates complex 3D constructs with live cells by depositing layers of bioinks.

Hydrogels are polymeric biomaterials commonly used as bioinks because they can

maintain a distinct 3D structure after deposition, provide mechanical support for

the construct, and simulate the structure of the native extracellular matrix (ECM)

for cell growth and proliferation[2]. 3D bioprinting has multiple advantages, includ-

ing creating external and internal structures similar to natural biological tissues;

creating flexible, targeted models; and minimizing waste with the help of computer

software[3]. Additionally, a 3D structure model can be designed and printed with

different bioinks according to its purpose to replicate native tissues and organs with

higher accuracy.

One method to create 3D biological structures using multiple bioinks simulta-

neously is multimaterial 3D bioprinting. Among the different types of 3D bioprinting

approaches, multimaterial chaotic 3D bioprinting has demonstrated its potential for
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obtaining hydrogel fibers with different materials in one step. Hydrogels are non-

Newtonian materials that can be extruded and mixed in layers through chaotic ad-

vection. Chaotic flows are predictable because they can be modeled through Navier-

Stokes equations. They also present exponential growth due to their stretching and

folding properties. These flows can generate sharp structures at the nanoscale and

facilitate the creation of layers[4]. Mixing is possible with static mixers that use

geometric reorientations to split and reconnect different materials. Kenics Static

Mixer (KSM) is one static mixing tool adapted as a printhead in chaotic bioprint-

ing. The KSM contains mixing elements that create inner-lamellar structures to

print hydrogel fibers[5].

Description of the problem

In the global healthcare landscape, musculoskeletal conditions affect the mo-

bility of the human body in patients worldwide. Musculoskeletal conditions in-

clude muscle atrophy, congenital disorders, musculoskeletal injuries, and volumet-

ric muscle loss. Approximately 1.71 billion people worldwide have musculoskeletal

conditions[6]. Globally, the proportion of prevalent cases due to categories of muscu-

loskeletal disorders in 2017 was higher for low back pain (36.8%), followed by other

musculoskeletal conditions (21.5%), osteoarthritis (19.3%), neck pain (18.4%), gout

(2.6%), and rheumatoid arthritis (1.3%)[7]. Musculoskeletal disorders are a signifi-

cant health concern in Peru, too. Just in 2017, around 2000 Peruvians over the age

of 50 were hospitalized due to diseases of the musculoskeletal system and tissue [8].

Additionally, the demand for alternative treatments against musculoskeletal disor-

ders is expected to increase in Peru during 2024. The market revenue is expected to

be US$219.40 million for new treatments, including surgical procedures for patients

who require hospitalization due to degenerative diseases [9].
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Due to insufficient tissue and organ donors worldwide, regeneration of skeletal

muscle tissue seems to be a better approach to treating these conditions. Currently,

a few strategies to stimulate skeletal muscle tissue regeneration exist, including satel-

lite cell transplantation. Satellite cells (or muscle stem cells) are precursors of skeletal

muscle cells, and they can differentiate into myoblasts that initiate skeletal muscle

formation. Satellite cell transplantation involves inserting these cells into the patient

to regenerate muscle tissue at a specific site. Although this strategy is promising,

it does not guarantee entire regeneration in cases of volumetric muscle loss[10]. An-

other strategy is the insertion of muscle grafts, in which healthy muscle is taken

from one body part and inserted into another that requires regeneration. Although

this approach promotes regeneration after volumetric muscle loss, the post-operative

phase typically consists of patients resting for an extended period. This makes re-

covery difficult because the lack of movement limits the skeletal muscle’s natural

ability to be restored structurally and functionally[11]. For this reason, there is a

need for new strategies that facilitate muscle regeneration to facilitate the functional

regeneration of tissue.

Among current biofabrication strategies that enhance tissue regeneration, 3D

bioprinting is a promising technique for recreating human tissues with potential clini-

cal applications. However, this strategy still has some challenges. For example, recre-

ating the internal microarchitecture of the muscle accurately, including different cell

types, blood vessels, and nerves, is a technical challenge. Therefore, most successful

applications of skeletal muscle tissue bioprinting have not included vascularization.

This can lead to limited cell growth, especially in printed constructs’ cores or deep

sections. While some attempts to create prevascularized constructs have been made,

most techniques require post-processing steps that may damage cells and increase

the risk of contamination due to the high sample manipulation[12]. Additionally,

since tissue engineering and 3D bioprinting are emerging fields in Latin America,

scientists trained in the topic are lacking, and specifically, only a few institutions
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perform research in this field. This is due to the high cost of biofabrication tech-

nologies and the lack of investment in scientific research in the region. Therefore,

some existing bioprinting strategies are challenging to replicate in Peru. Finally,

high materials and equipment costs can create limitations for reproducibility and

scalability in the long run.

Chaotic 3D bioprinting uses chaotic flow principles to obtain hydrogel and

cell-laden fibers in a single step with high throughput. Although this technique has

been proven effective at the nanoscale to fabricate prevascularized hollow fibers, it

still faces some limitations. Hollow fibers made with this method lack mechanical

stability; therefore, they are not resistant to erosion by flow and break easily under

agitation conditions. To address this problem, researchers have attempted to use

stiffer hydrogels as scaffolds. However, these rigid hydrogels are not a suitable

environment for cells, which require porous surfaces to grow, expand, and proliferate

adequately[13].

Problem statement

Bioprinting is a tool for replicating artificial tissue in the laboratory for tis-

sue engineering applications. For example, it enables the creation of skeletal mus-

cle fibers for treating patients with musculoskeletal disorders. Unlike traditional

bioprinting, chaotic bioprinting is a one-step technique that can fabricate hydrogel

fibers economically and at high throughput, including multichannel hollow fibers[14].

However, despite the benefits of creating void microchannels for vascularized con-

structs, the multichannel hollow constructs cannot withstand more than 7 days in

static culture due to their poor mechanical stability[15].

The ideal maturation process involves agitation in a controlled environment

(i.e., in a bioreactor), as agitation recreates what occurs inside the human body with

fidelity. Moreover, bioreactors with agitation improve the perfusion of culture media
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inside the void microchannels of the fiber, improving the mass transfer of nutrients

to cells inside the construct, as well as cell growth and viability[16]. Therefore, a

reinforced hydrogel fiber that can resist agitated culture for a prolonged period is

needed. The most apparent approach to fabricating such a fiber is increasing the

stiffness of the matrix. However, cells aggregate and cannot spread when seeded in

a too rigid hydrogel. Thus, the mechanical properties of the construct, the hollow

microchannels (which allow prevascularization), and the cells’ ability to spread in

the matrix must be optimized.

This research project proposes printing multi-material, compartmentalized

scaffolds that gather different materials into one structure. Through this approach,

this project aims to develop a biofabrication strategy based on chaotic advection that

enables the production of mechanically resistant hollow hydrogel fibers. Combining

three types of hydrogels (matrix hydrogels to load cells, structural hydrogels to

provide mechanical support, and sacrificial hydrogels to create void microchannels)

in one bioprinting-compatible structure will address this current gap in research

regarding the need for longer-lasting hollow hydrogel fibers for skeletal muscle tissue

engineering.

Research Objectives

Main objective

The main objective of this research is to optimize chaotic bioprinting for producing

reinforced hollow hydrogel fibers that can sustain the maturation of skeletal muscle

tissue under agitation.

Specific objectives

The specific objectives of the project are:
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1. Develop protocols based on chaotic printing to create a multichannel fiber using

structural, cell-adhesive, and sacrificial hydrogels.

2. Optimize the mechanical properties of the reinforced hollow fibers while preserv-

ing the maximum number of cell-adhesive layers.

3. Measure the degradation of reinforced and unreinforced hydrogel fibers under

continuous agitation over time.

4. Evaluate the biological compatibility of reinforced hollow fibers in static culture

over time.

5. Assess the cell alignment of skeletal muscle precursor cells on the reinforced hol-

low fibers in static culture over time.

6. Determine whether the agitated culture in a rocking bioreactor improves the cell

viability of reinforced fibers over time.

Justification

Multimaterial chaotic bioprinting is a biofabrication technique that produces

multi-material hydrogel fibers at a low cost and with high throughput. Using chaotic

flows, it can utilize three types of inks (matrix, structural, and sacrificial) in a sin-

gle construct to create fibers with a predictable microarchitecture. This technique

solves the common problems faced in 3D bioprinting, such as expensive materials

and equipment, recreation of human tissues’ biological complexity, vascularization,

structural integrity maintenance, and scalability. This project is expected to opti-

mize this strategy by printing reinforced hollow fibers that sustain the maturation

of skeletal muscle tissue under agitation. Additionally, this technique has the poten-

tial to be optimized for other types of tissue[5] and other applications, such as the

recreation of cancer microenvironments[17]. Therefore, it is a promising technique

for advancing tissue engineering and regenerative medicine.
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Scope and limitations

The project aims to develop a bioprinting strategy as a proof of concept in

a laboratory environment. Due to time limitations, the quantitative assessment of

the cells when differentiated into mature tissue (which could be done using real-

time PCR) is outside the previously stated objectives and should be addressed in

future research. Additionally, it should be studied first in an animal model to en-

sure that the proposed reinforced hollow hydrogel fiber is safe for humans and can

induce skeletal muscle tissue regeneration. However, this research is still in its initial

stages, and the analysis of animals requires more resources that could be utilized

in future steps of the project. Finally, to obtain artificial skeletal muscle tissue, its

functionality must be evaluated. This would require incorporating other materials

to induce electroconductivity in the fibers, something that is not considered in this

project because of time and budgetary constraints.

The experimental section of this thesis project was developed in the Alvarez-

Trujillo biomedical engineering laboratory of the Monterrey Institute of Technology

and Higher Education (ITESM) in Monterrey, Mexico, for 10 months.
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CHAPTER I

CRITICAL LITERATURE REVIEW

1.1 3D bioprinting for skeletal muscle tissue engineering

Although it is a promising alternative, 3D bioprinting is an emerging technology

that still requires optimization for skeletal muscle tissue engineering. Various reports

have outlined the fabrication of skeletal muscle-like tissue without vascularization,

employing diverse bioprinting techniques and bioinks. Among different bioprinting

techniques, extrusion bioprinting is the most common approach in current research.

Extrusion bioprinting enables the creation of skeletal muscle tissue with bun-

dles and internal structures on the microscale. Fan et al. (2021) have demonstrated

that 3D bioprinting of muscle cells in confined spaces enhances the maturation of

skeletal muscle tissue. Using bioinks, such as gelatin and fibrinogen, they created

muscle bundles with different widths[18]. Thinner structures improved myotube

alignment, myogenic gene expression, and mechanical forces. Moreover, the cell via-

bility (live cells) in three sample groups was more significant than 90%. Nonetheless,

this method only showed these results with thin bundles. Therefore, an improved

strategy should scale up the technique to obtain anatomically relevant muscle struc-

tures.

Lee et al. (2021) demonstrated the capacity of pneumatic bioprinting (a

type of extrusion bioprinting) to produce self-aligned myofibers using a decellular-

ized extracellular matrix (dECM)-based bioink. The bioink was made of porcine

methacrylated dECM and polyvinyl alcohol (PVA) with embedded human primary



muscle cells[19]. This bioink provided biochemical and topographical cues that im-

proved the muscle tissue’s contractile force while enhancing cell alignment. While

the printing parameters and bioink formulation resulted in high cell viability (>90%

in constructs of 100 µm), finding the optimal extrusion pressure to ensure good print-

ing resolution and high cell viability was challenging[20]. Additionally, the method

for providing topographical cues for cellular alignment limits the printing to a single

direction, thereby preventing the creation of more complex tissues.

Another extrusion bioprinting strategy is chaotic bioprinting, which uses

chaotic flows to fabricate hydrogel fibers. Frias et al. (2021) injected a millimeter-

scale droplet of GelMA pre-gel with viral nanoparticles into glycerin and applied

iterative two-dimensional (2D) chaotic flows to generate a hydrogel fiber. The ad-

dition of viral nanoparticles improved the cell alignment, metabolic activity, and

cell adhesion of C2C12 cells, but the mechanical properties of the fibers were not

evaluated. However, although viral nanoparticles are not toxic for humans, concerns

regarding their safety do exist among patients and regulatory agencies, such as the

Food and Drug Administration (FDA)[21]. Therefore, an ideal solution should not

raise this biosecurity concern when scaled to pre-clinical and clinical assays.

Chaotic bioprinting has been adapted to fabricate hydrogel fibers with mul-

tiple layers. This can be achieved by co-extruding a bioink to serve as a cell matrix

and another bioink to provide robustness and intercalate both layers. Bolivar et al.

(2021) used 3D chaotic flows to fabricate muscle-like constructs that mimic the ar-

chitecture of actual skeletal muscle tissue. Using a KSM printhead, they modulated

the printing resolution by modifying the number of mixing elements in the print-

head. The fibers showed high post-printing cell viability (more than 85%) after 28

days of culture, highly aligned microstructures constrained by arginylglycylaspartic

acid (RGD)-free physical barriers, and expression of myosin and sarcomeric actin.

However, nutrient perfusion was limited at the inner region of the filament due to
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the fiber dimensions (approximately 1 mm diameter of solid hydrogel fiber without

hollow microchannels)[14].

Hwangbo et al. (2022) used extrusion bioprinting and in situ crosslinking to

develop a muscle construct with a bioink of cell-laden gelatin methacryloyl (GelMA)

with murine myoblasts cells (C2C12). After GelMA was extruded from the printing

nozzle, the in situ crosslinking system showed superior uniaxial alignment (with a

high orientation factor) and density of cells in myogenesis compared to the con-

ventional strategy (post-printing crosslinking). Furthermore, the constructs showed

high cell viability (more than 90% on days 1 and 3), indicating that the ultraviolet

(UV) light dose used was safe [22]. Nonetheless, performing in situ photocrosslinking

during the bioprinting process increases the cost and complexity of this technique,

as exposure to UV light can damage the skin. Finally, cell viability assays for at

least 7 days must be conducted to determine UV light wavelength safety on cells.

Variations of traditional extrusion printing have been developed to overcome

the limitations of conventional methods. For example, Lee et al. (2023) developed

a novel bioprinting method—microvalve-assisted coaxial 3D bioprinting—to fabri-

cate functional skeletal muscle tissue. The muscle tissue-like structure they created

comprises a core filled with C2C12 cells and a hydrogel shell made of GelMA and

glycidyl methacrylated hyaluronic acid. This bioprinting method allowed cell de-

position with high cell viability (86%) at high throughput, responded to electrical

stimulation, and represents histologically regenerated muscle tissue in rats. How-

ever, the viscosity of the bioink is limited to 200 Pa.s to avoid clogging the nozzle,

which constrains the amount of bioink that can be extruded using this technique.

Furthermore, samples with a cell strand showed necrosis on day seven in the core

parts of the construct when compared to cell scraping[23]. Thus, the cell collection

strategy should also be optimized to guarantee the high cell viability of the artificial

muscle tissue.
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Li et al. (2023) developed a novel extrusion-based 3D bioprinting method

that uses a Carbopol support gel and a GelMA-Fibrinogen bioink to obtain muscle-

like bundles with tunable stress relaxation. This system enabled high-resolution

printing (around 100 µm), high efficiency in the differentiation and organization of

oriented skeletal muscle bundles in vitro, and good biocompatibility and regeneration

potential in vivo[24]. However, post-processing steps were required to remove the

support gel to obtain the printed construct, which increases the process’s overall

time and the probability of contamination due to post-printing manipulation of the

bundle. Additionally, exposure to UV light requires optimization to ensure cell

safety.

Filippi and colleagues (2023) proposed an extrusion-based bioprinting method

using permanent and sacrificial bioinks to obtain a perfusable, muscle-like structure

with channels. Their technique ensured higher cell viability (more than 90%) in

channeled constructs compared to solid ones due to improved mass transfer of nutri-

ents. They used a GelMa-Alginate bioink, which offered mechanical and rheological

properties suitable for tissue formation. The mature muscle-like constructs reached

an elastic modulus of 14.7 kPa. Although the study showed promising results,

long-term evaluation of the bioprinted muscle tissue and its functionality in clinical

applications is still pending[25].

Lee et al. (2023) proposed optical fiber-assisted bioprinting (OAB) for effi-

cient in situ crosslinking of methacrylated hydrogels. Optimized printing conditions,

including UV light dose and processing temperature, ensured efficient crosslinking

and the formation of mechanically stable structures with high cellular alignment

and myogenic activity. Furthermore, the OAB process did not compromise cellular

integrity or functionality and showed significant regenerative potential in a murine

model. Some disadvantages of this method are high costs and complexity due to

the optical fiber and cooling system required, as well as a lack of homogeneity
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in the crosslinking process that can affect mechanical properties and multilayered

constructs[26].

1.2 Vascularization strategies using 3D bioprinting

When tissue engineering was established as a new field of study, the need to create

vascularized artificial tissues was addressed. Langer and Vacanti were the first to

describe the characteristics of an ideal cell-polymer matrix. They proposed that this

matrix should be prevascularized or become vascularized after immunization to en-

sure the transportation of nutrients[27]. Recent reports show that the most popular

strategies to incorporate vascularization involve 3D bioprinting[28]. In bioprinting,

the co-extrusion of two different bioinks enables the creation of complex structures

and has been explored to recreate blood vessels in hydrogels.

For instance, Choi et al. (2019) co-extruded two tissue-derived bioinks (one

loaded with muscle cells and the other with human umbilical vein endothelial cells

(HUVECs)) to obtain prevascularized muscle constructs through coaxial bioprinting.

This technique improved vascularization, promoted de novo muscle regeneration

in an animal model, stimulated innervation, and showed low hypoxia levels in the

construct’s core parts. However, producing a larger construct was challenging due to

the low viscosity and mechanical and resolution properties of the dECM bioinks[29].

Additionally, post-processing steps were required to remove the gelatin printing

reservoir. As shown by this approach, vascularization requires recreating a blood

vessel inside the muscle fiber and printing an anatomically relevant-sized tissue in a

single step without compromising the construct’s mechanical stability.

The co-extrusion of two bioinks was also explored by Cui and colleagues

(2019)[30]. They utilized coaxial 3D bioprinting to create a small-diameter vas-

cularity with a layered architecture, incorporating smooth muscle and endothelial
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cells. This was achieved by employing catechol-functionalized methacrylate gelatin

(GelMA/C) as the cell matrix. Despite obtaining a biomimetic structure, they did

not achieve a vascular construct that was robust enough to connect blood circula-

tion directly, and the printing system has yet to be optimized to produce relevant

structures for clinical application. While blood vessel engineering can be achieved,

these blood vessels must be incorporated into more complex tissues, and mechanical

stability is still a problem.

Using sacrificial bioinks in extrusion bioprinting is an efficient mechanism

for obtaining pre-vascularized, muscle-like structures. For example, Bolivar et al.

(2022) co-extruded a cell-laden matrix (GelMA) and a sacrificial ink to fabricate thin

hydrogel filaments with void microchannels. Using chaotic bioprinting, they printed

fibers with C2C12 cells in a single step and at high throughput. The printed fibers

contained multiple microchannels with diameters less than hundreds of micrometers.

These hollow fibers showed greater viability (>90%) and metabolic activity than

solid constructs, promoted the expression of a proliferation biomarker (Ki67), and

improved cell alignment[15]. However, the fibers could not withstand more than 7

days of static culture because of mechanical instability in the microchannels’ walls.

1.3 Bioreactors for artificial tissue maturation

Bioreactors have been widely applied in the biotechnology industry to improve the

culture conditions of cells in suspension, and this concept has been transferred into

tissue engineering. Instead of growing in suspension, the cells adhere to a biologically

compatible scaffold suspended in the culture medium, enabling the formation of

artificial tissues due to the accumulation of cells in a 3D matrix. Under cultivation in

bioreactors, this technique is expected to improve control over cell growth parameters

and the culture medium (for example, incorporating glucose or power of hydrogen
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(pH) sensors). Furthermore, another advantage of exploring this approach is that

bioreactors facilitate automation and scaling in tissue production.

Researchers have explored the feasibility of cultivation in bioreactors and how

much it accelerates or benefits the formation of artificial tissue. One of the first find-

ings on this topic was published by Freed, Vunjak-Novakovi, and Langer in 1993,

who studied the formation of a cartilage implant in porous microscaffolds. They

found that including micropores fulfills the function of blood vessels in native tissue

since these empty cavities allow the transfer of nutrients throughout the 3D con-

struct. Furthermore, they compared cell cultures in static and agitated bioreactors.

They concluded that agitation culture (either by magnetic stirring or shaking) im-

proved cell density and decreased cell doubling time compared to static culture[31].

Similarly, Freed described methods for culturing a single cell type and using a single

material. However, the current challenge faced by skeletal muscle tissue engineering

is creating templates using at least two materials to replicate the original architec-

ture of the tissue and, ideally, the culture of two cells simultaneously. Despite Freed’s

promising findings, few subsequent reports have addressed cell culturing with stirred

or shaking agitation.

Perfusion bioreactors have mainly been described as an alternative to passing

culture medium with a constant flow to improve its absorption in 3D constructs. As

Silva et al. (2020) demonstrated, additive manufacturing enables low-cost perfused

bioreactors to be created for artificial tissue maturation. For example, a 3D-printed

perfusion bioreactor was used to study the effect of shear stress on the chondro-

genic differentiation of stem cells and human mesenchymal cells on porous poly(e-

caprolactone) scaffolds. The perfused and non-perfused constructs showed similar

cell metabolic activity (approximately 30000 a.u. at day 21 for both samples). Cell

viability was not assessed, but gene expression analysis showed that cell culture in

the perfusion bioreactor had a higher expression of differentiation markers than that
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in the non-perfused bioreactor[32]. The authors suggested that this system can be

adapted to culture cells in hydrogels or electrospun fibers. However, the evaluation

was conducted on a single-material scaffold, and the maturation of muscle fibers was

not assessed.

To obtain vascular models, Liu and colleagues (2020) studied the maturation

of HUVECs, mesenchymal stem cells (MSCs), and smooth muscle cells (SMCs) in a

multilayer hydrogel using a 3D-printed bioreactor. A transparent polydimethylsilox-

ane (PDMS) bioreactor was connected to continuous infusion without complicated

assembly. This strategy enabled the precise design of parameters such as lumens’

length, thickness, and diameter and the completion of vascular constructs without

sophisticated equipment[33]. Although the technique can theoretically be applied

to the construction of nearly every tissue, the PDMS bioreactor is similar to a mi-

crochip, so scaling it up to the maturation of larger constructs can be challenging.

Additionally, the study did not compare the behavior of cells with non-perfused hy-

drogels to determine whether the perfusion bioreactor was a better option for tissue

maturation than static culturing.

Another strategy to induce perfusion involving agitation is a wave bioreac-

tor. Nguyen et al. (2019) used porous gelatin microcarriers to expand human MSCs

(hMSCs) in a wave bioreactor. The microcarriers showed higher growth and prolif-

eration rates in a dynamic wave-type culture until day 40. Histological evaluations

and live/dead staining were used to investigate the proliferation of static and dy-

namic culturing of cells. Cells in dynamic culture exhibited a doubled or greater

proliferation rate than their static counterparts[34]. Nevertheless, a wave bioreac-

tor system requires strict control and monitoring of various parameters, which can

increase operational complexity. Despite the method’s apparent benefits for cell

expansion, the authors did not measure any maturation parameters in this study.
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Without this information, the feasibility of this technology for fabricating artificial

tissues is uncertain.

A rotating bioreactor can also induce constant perfusion for cell differenti-

ation. Li et al. (2019) showed that a rocking bioreactor could differentiate MSCs

into endothelial cells and vascular SMCs on an ECM scaffold. This dynamic culture

system significantly increased cell differentiation efficiency compared to the static

system, as evidenced by a higher expression of alpha-actin and smoothelin in the

dynamic mode and high viability after 2 weeks of culture[35]. However, this study

did not evaluate the maturation of skeletal muscle cells into artificial tissue.

Bioreactors with constant perfusion and agitation have demonstrated greater

cell viability in most scenarios. Nevertheless, the use of bioreactors to grow mul-

tichannel hydrogel fibers with mechanical reinforcement has not yet been reported

for the maturation of skeletal muscle tissue. This thesis shows, for the first time,

the combination of these three parameters: mechanical reinforcement of a hollow

hydrogel fiber with layers of structural material, growing cells in a reinforced hollow

hydrogel, and 3D cell culturing of the reinforced hollow fibers in a rocking bioreactor

for skeletal muscle tissue maturation.
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CHAPTER II

THEORETICAL FRAMEWORK

2.1 Tissue Engineering

Tissue engineering is a branch of regenerative medicine, a subsect of biomedical

engineering. It is an interdisciplinary field of research that combines engineering

principles and life science and uses cells, biomaterials, and biomolecules to replace

or regenerate tissues and organs in patients. It seeks to fabricate functional tissues

in vitro by using scaffolds as support for the cells to regenerate tissues in patients

(Fig. 2.1).

Figure 2.1: Components of tissue engineering. Adapted from Valdivia-Silva
(2020)



2.1.1 Skeletal muscle tissue engineering

The final target of skeletal muscle tissue engineering is fabricating constructs where

the cells can develop into contractile muscle cell precursors (myofibers). Engineering

skeletal muscle tissue can be performed in situ, in vivo, or in vitro[36] (Fig. 2.2).

Figure 2.2: Tissue engineering approaches[36].

In situ tissue engineering promotes endogenous regeneration, as the scaffold

can direct host cell recruitment, activation, proliferation, and differentiation by im-

planting an acellular biomaterial scaffold into the patient’s wound. While in situ

tissue engineering is the easiest method for scalability and clinical translation, it

presents some limitations. For example, it has limited regeneration capabilities due

to the absence of cells. Thus, this approach is inefficient when the lost tissue vol-

ume is too high and, therefore, unsuitable for tissue regeneration in patients with

volumetric muscle loss.

In vivo tissue engineering is more challenging since it includes seeding cells on

scaffolds before transplantation. In vivo tissue engineering is more efficient because

the scaffold consists of cells participating in the regeneration process. While this

method is effective since seeded cells participate in the regeneration process, it can

also leave them vulnerable to immunological rejection and retention[37]. Scaling
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up and translating this approach to clinical practice is also a challenge because,

ideally, the cell-laden scaffold should be adapted to use each patient’s cells, leading

to variability in the final product.

Finally, in vitro tissue engineering involves inducing tissue maturation in

the laboratory. Functional tissue is created from cell-laden scaffolds using 3D cell

culturing techniques, and the mature tissue is transplanted into the patient. It is

the most efficient for volumetric muscle loss regeneration and enables disease and

drug modeling. In vitro tissue engineering is the most challenging tissue engineering

method because it involves complex techniques for assembling biomaterials, different

cell types, and growth factors. Therefore, the scientific community is attempting to

find new methods (such as 3D bioprinting) to recreate skeletal muscle tissue in vitro.

2.2 Skeletal muscle

Skeletal muscle is one of the three types of muscle tissue in the human body, and

the structural units of skeletal muscle tissue are muscle cells (also known as muscle

fibers). In contrast to smooth and cardiac muscle, skeletal muscle can be controlled

by conscious commands from the brain. In other words, skeletal muscle conducts

voluntary movements. Additionally, it provides mechanical strength to the entire

body to maintain posture and stability in the joints[38].

Figure 2.3: Structure of skeletal muscle tissue. Image by Lecturio.
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2.2.1 Structure of the skeletal muscle

Skeletal muscles are attached to bones and tendons to contribute to the movement

of the body’s extremities. A skeletal muscle comprises several fascicles, or bundles of

muscle fibers, and connective tissue intertwined with blood capillaries that provide

nutrients and oxygenation (Fig. 2.3). Muscle cells are composed of myofibrils,

organelles in charge of muscle contraction. Each myofibril is composed of bundles

of complementary proteins known as myofilaments. The most critical myofilaments

are actin and myosin because they work together in muscle contraction[39].

2.2.2 Maturation of skeletal muscle cells

Myoblasts are progenitor mononucleate cells that have the potential to differentiate

into muscle fibers. They lack the distinctive myofilaments of muscle cells and cannot

fuse with neighboring cells[40]. When myoblasts enter a differentiation process, they

elongate due to an increased production of actin and myosin. Subsequently, they

transform into myocytes. Myocytes then fuse into multinucleated cells as myotubes

(Fig. 2.4). These myotubes continue undergoing maturation until they become

functional myofibers, which are big enough to perform their contractile function

adequately[41].

Figure 2.4: Maturation of skeletal muscle cells[34].
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2.3 Vascularization

Vascularization is the blood vessel growth process in tissues. This process is vital

because blood vessels improve the transfer of nutrients and communication between

cells and other tissues (such as skeletal muscle tissue) and serve as a way to eliminate

waste byproducts from the cells’ metabolic activity.

Blood vessels, including arteries, arterioles, and capillaries, are of varying

sizes. The distance between two capillaries surrounding a layer of cells cannot be

more than 200 µm due to the diffusion limitation of oxygen[42]. When this distance

is greater, the cells from the core portion of tissues (especially in thick tissues) begin

to die because they do not receive adequate nutrients or oxygen.

There are two mechanisms of vascularization: vasculogenesis and angiogenesis

(Fig. 2.5). In vasculogenesis, blood vessels are formed de novo from precursor

endothelial cells to create the main vascular networks in the human body. This

process typically occurs during embryonic development. In angiogenesis, in contrast,

secondary blood vessels are made from preexisting ones[43]. This process occurs

continuously during adulthood whenever the regeneration of some tissue is required.

Figure 2.5: Mechanisms of vascularization[43].
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2.4 Biomaterials

A biomaterial is any substance engineered to interact with biological components at

a physiological level to cure, improve, or replace a tissue[44]. Biomaterials can be

divided into different categories based on their composition: They can be natural or

synthetic, and they can also be made of polymeric, metallic, ceramic, or composite

materials.

2.4.1 Polymeric biomaterials

A polymeric biomaterial comprises chemical subunits of monomers that form more

extensive polymer networks. Polymeric biomaterials are preferred for tissue engi-

neering applications because they have tunable mechanical properties, are biodegrad-

able, and can be personalized through surface modification to enhance their properties[45].

2.5 Scaffolds

Scaffolds are 3D structures composed of biomaterials that support the regeneration

of tissues and organs. Their primary function is to provide a physical framework for

cell growth. Scaffolds are typically made with polymeric biomaterials and come in

different presentations like hydrogels, sponges, films, and fibers (Fig. 2.6). In appli-

cations involving the regeneration of bones, they can also be composed of minerals.

Some scaffolds are made of ”exotic” materials, such as eggshells, marine sponges,

and vegetables[46].

Scaffolds can be designed and synthesized in the laboratory to improve tis-

sue regeneration. These scaffolds can recreate an artificial microenvironment that

resembles the ECM of native tissue. They must combine biophysical cues (such as
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topography, porosity, and dynamics) and biochemical cues (like bioactive chemicals)

to guarantee optimal regeneration of the tissue[47].

Figure 2.6: Some types of scaffolds[48].

2.6 Hydrogels

Hydrogels are gel-like materials comprising a 3D network of hydrophilic polymers

dispersed in water or a comparable aqueous solution. They can absorb and retain

significant volumes of water while retaining structural integrity[49]. Hydrogels are

highly adaptable and may be manufactured with various physical qualities, such

as stiffness, elasticity, and porosity, making them appropriate for a wide range of

applications. They are used in tissue engineering, drug delivery systems, wound

dressings, and biosensors, among others[50]. Hydrogel synthesis involves pre-gel

preparation in a polar solvent (i.e., distilled water (dH2O)) and the subsequent

crosslinking of polymeric chains.

2.6.1 Mechanical properties of hydrogels

Mechanical properties are those properties shown by any biomaterial when forces

are applied. In the case of hydrogels, the most important mechanical properties
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are elasticity, compressibility, and stiffness, which determine the material’s ability

to deform, compress, and resist deformation. Furthermore, these properties can

be assessed with a universal tensile machine to obtain the Young’s modulus of a

material under various stress conditions[51].

Understanding the material’s mechanical properties in tissue engineering is

essential to knowing the similarity between one biomaterial and a native tissue or

organ. Ideally, the mechanical properties of the hydrogels should be similar to those

of the tissue to be replaced or regenerated. Additionally, identifying these properties

helps understand cell behavior in cell-laden materials. Finally, they indicate whether

the material possesses adequate mechanical stability to function correctly.

2.7 Hydrogel Fibers

Hydrogel fibers are hydrogels in a fibrous state. In tissue engineering, hydrogel

fibers replace skeletal muscle tissues, nerves, blood vessels, and other structures

with an elongated shape. They can be produced by fabrication methods such as

electrospinning and chemical crosslinking after 3D bioprinting.

The mechanical properties of a hydrogel fiber can be assessed through tensile

assays. The compatibility of hydrogel fibers with tensile test is attributed to their

elongated geometry. Tensile tests consist of exposing hydrogel fibers to uniaxial

stretch until they break. Results from tensile tests can vary according to the fiber’s

condition. The elastic modulus of a hydrogel fiber, typically measured in kilopascals

(kPa), can vary based on whether the hydrogel is wet or dry[52].

Hydrogel fibers can be solid or hollow. Solid fibers have a continuous structure

and consistency in their cross-section, while hollow fibers possess at least one hole

in their structure, surrounded by hydrogel walls. The holes can be seen under the

microscope by observing a cross-section.

26



2.7.1 Multichannel Hydrogel Fibers

A type of hollow fiber, multichannel hydrogel fibers are hydrogels in a fibrous state

with multiple void microchannels inside the structure. Besides possessing holes,

they have various compartments of different materials that are layered together into

one structure. These fibers can be fabricated with sacrificial materials, which are re-

moved after the printing process, are removed to leave holes inside the construct[53].

Multichannel hollow fibers have higher cell viability than solid fibers. Solid

fibers have cell viability on their surface but a necrotic core. Meanwhile, higher cell

viability in hollow fibers is due to the void spaces that simulate the function of blood

vessels and allow perfusion in the core parts of the structure[15]. Therefore, these

fibers enable the improved mass transfer of nutrients in thick scaffolds (Fig. 2.7).

Additionally, multichannel hydrogel fibers are an ideal platform to induce vascular-

ization inside the void spaces, thereby improving tissue maturation in vitro.

Figure 2.7: Differences between a scaffold without vascular networks (i.e., a
solid hydrogel fiber) and a scaffold with vascular networks (a multichannel hydro-

gel fiber resembles this structure)[54].

However, these multichannel hydrogel fibers do not possess mechanical sta-

bility, and their Young’s modulus is lower than that of solid hydrogel fibers. This

limitation renders 3D cell culturing difficult for extended periods and nearly impossi-

ble in culture conditions that involve continuous agitation[15]. The poor mechanical
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stability of these fibers also raises concerns about their applicability in regenerating

tissues exposed to constant movement, such as skeletal muscle tissue.

2.7.2 Reinforced Multichannel Hydrogel Fibers

Reinforced multichannel fibers are hollow fibers that are mechanically reinforced.

Different methods have been used to improve the mechanical stability of hollow

fibers, including multimaterial bioprinting to include a structural material (such

as alginate) as an additional layer in the structure [14], the synthesis of composed

hydrogels[55]], the addition of dECM[56], and the addition of nanoparticles inside

the hydrogel[57].

2.8 Cell culture

Cell culture is a laboratory technique that allows the growth of cells in vitro. It

enables the development of isolated cells or characterized cell lines in a controlled

environment that preserves the physiological conditions of temperature, pH, and

carbon dioxide (CO2). A critical component in cell culture is the culture medium,

which provides all the amino acids, nutrients, salts, and growth factors needed by

the cells[58].

Cell culture can be performed two or three-dimensionally (Fig. 2.8). 2D cell

culture can be conducted in Petri dishes or flasks and is used to cultivate adherent

cells that require a surface to attach. 2D cell culturing is the traditional cell culture

method used in tissue engineering to expand cells until a desired concentration is

reached for other experiments. In contrast, 3D cell culture cultivates cells on a 3D

scaffold. The 3D environment allows the cells to have a spatial arrangement that

replicates their physiological conditions in tissues and organs with more fidelity. This

technique differs from the traditional cell culture method and is more suitable for

28



disease modeling, artificial tissue maturation, and drug delivery experiments[59].

Figure 2.8: a) 2D cell culture and b) 3D cell culture. Adapted from lifETIME
CDT.

2.9 Bioreactor

A bioreactor is a vessel used in biotechnology that provides a controlled environment

for the biological activity of cells, bacteria, and yeast. Cultivating cells, or microor-

ganisms, in a bioreactor aims to transform a substrate into products and bioproducts

while scaling up the entire process for industrial applications. In tissue engineering,

bioreactors are used to cultivate stem cells and as part of the maturation process of

artificial tissues.

2.9.1 Rocking bioreactor

Rocking bioreactors operate with a gentle rocking motion, moving from one side to

the other continuously (Fig. 2.9). This rocking motion helps the culture medium

perfuse inside the void microchannels of porous or hollow scaffolds to improve the
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mass transfer of nutrients and oxygenation. The advantage of working with a rock-

ing bioreactor is that it induces low shear forces that do not damage the cells or the

scaffold[60].

Figure 2.9: Rocking bioreactor. Adapted from [61].

Other types of bioreactors also provide agitation. For example, the spinner-

flask bioreactor creates agitation by rotating its helixes. However, this agitation

is not uniform, and the shear stress varies with the volume of the bioreactor[62].

Therefore, a spinner-flask bioreactor may not be optimal for tissue engineering ap-

plications, as it can expose cells in certain areas to high shear stress and destroy

scaffolds with mechanical agitation. Gentle and uniform agitation is preferred for

the continuous maturation of tissues, which can only be achieved through 3D cell

culture in a rocking bioreactor[63].

2.10 3D Bioprinting

Three-D bioprinting uses 3D printing techniques to combine cells, growth factors,

and biomaterials to fabricate biomedical parts, often to imitate natural tissue char-

acteristics. Generally, 3D bioprinting can utilize a layer-by-layer method to deposit

materials known as bio-inks to create tissue-like structures used in various med-

ical and tissue engineering fields[64]. Currently, bioprinting can print tissue and

organ models for researching drugs and potential treatments[65]. Some types of 3D
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bioprinting include inkjet bioprinting, extrusion bioprinting, and stereolithography

(Fig. 2.10).

Figure 2.10: Different 3D bioprinting strategies[66].

2.10.1 Stereolithography

Stereolithography (SL) is an additive manufacturing technique that uses a UV laser

to cure layers of liquid resin to create 3D objects. The primary mechanism of SL is

projecting a light beam onto the surface of photocurable liquid resin using a UV laser

and a directed mirror array. To create the 3D pieces, this light beam is repeatedly

projected along the vertical axis in each layer. The primary drawback of SL is the

UV light source, which damages cells and leads to skin cancer[67]]. A substitute is

visible light SL, developed in bioprinting by optimizing and stabilizing the printed

scaffolds [68]. Standard printing methods typically result in porous networks with

weakly constructed 3D scaffold structures. Light-sensitive bioinks help to build the

structure because SL bioprinting relies on a specific light source to govern printing.

Consequently, the bioinks are deposited plane by plane[69].
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2.10.2 Inkjet Bioprinting

The use of 2D desktop inkjet printers allows for the non-contact technique of inkjet-

based bioprinting. Piezoelectric inkjet bioprinting, thermal inkjet bioprinting, and

electrostatic inkjet bioprinting are the three main categories of this technique[70].

A piezoelectric actuator produces acoustic waves through the bioink chamber in

piezoelectric inkjet bioprinters. A voltage pulse is created for electrostatic inkjet

bioprinters to form droplets by exerting pressure between a pressure plate and an

electrode. Heat is produced in the bioink chamber in thermal inkjet bioprinting,

causing pressure to build. Although the fabrication method relies on producing ink

droplets, the demand for this bioprinting method has grown due to their reasonable

cost and biocompatibility[71].

2.10.3 Extrusion-based bioprinting

Extrusion-based bioprinting, often called direct ink writing, has a significantly in-

creased use in tissue engineering and biofabrication [72]. Based on two fundamental

mechanisms, pneumatic force (gas or pressurized air) and mechanical force, the ex-

truded bioinks are distributed broadly (screw or piston). The bioinks are applied

to a building substrate, and a screw-driven mechanism controls the bioink overflow

during the piston-driven deposition setup. This bioink overflow process is essential

for depositing high-viscous biomaterials[71].

A computer-aided design (CAD) file is imported into fabrication as a .stl

file and printed according to the specified structure. In contrast, due to machine

developments, some printheads can now deposit multiple bioinks while controlling

porosity, shaping, and the distribution of cells in the manufactured parts. Extrusion-

based bioprinting enables the deposition of large cell densities and various printable

materials.
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2.10.3.1 Co-extrusion bioprinting

Co-extrusion bioprinting is a technique in which two or more bioinks can be si-

multaneously extruded to create multimaterial structures. Ideally, all the materials

should possess different mechanical and biological properties. In this way, they can

create heterogeneous tissues with different layers and a higher level of complexity.

Additionally, this approach enables printing two or more cell types simultaneously

to imitate their organization in native tissue accurately.

2.10.4 3D Chaotic Bioprinting

Continuous chaotic bioprinting uses a simple laminar chaotic flow induced by a static

mixer to create delicate, complex structures at the micrometer and submicrometer

levels within polymer fibers[5] (Fig. 2.11). Chaotic flows are used to mix in the

laminar regime, where low speed and high viscosity conditions preclude turbulence to

achieve homogeneity. However, a much less exploited characteristic of chaotic flows

is its potential to create defined multi-material and multi-lamellar structures[73].

Figure 2.11: Chaotic Bioprinting. A. Co-extrusion of two inks through a KSM
printhead. B. Geometry of a single KSM mixing element. C. Illustration of the

inks division in a KSM printhead[5].
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2.11 Bioinks

Bioinks are materials in 3D bioprinting processes to fabricate artificial tissues and

organs. A bioink is the foundation for bioprinting procedures because it enables

the exact layering of cells, biomaterials, and biomolecules to construct functional

living scaffolds (Fig. 2.12). The distinct composition of a bioink enables it to pro-

vide structural support while preserving the printed cells’ viability and functionality,

making it an essential component for tissue engineering, regenerative medicine, and

organ transplantation[74].

Figure 2.12: Composition of a bioink. Adapted from[75].

Some essential features of an ideal bioink material are bioprinting ability,

high mechanical integrity and stability, insolubility in the cell culture medium,

biodegradability at a rate appropriate to the regenerating tissue, non-toxicity and

non-immunogenicity, and the ability to promote cell adhesion[76]. Three types of

bioinks are used for bioprinting in tissue engineering: matrix bioinks, sacrificial

bioinks, and structural bioinks (Fig. 2.13).
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Figure 2.13: Types of bioinks. Adapted from Allevi.

2.11.1 Matrix bioinks

Matrix bioinks are cell-friendly bioinks in which cells are attached during bioprinting

and posterior 3D cell culturing. The properties of these bioinks are similar to those

of the ECM, which guarantees optimal cell adhesion and spreading. To achieve

optimal print resolution, matrix bioinks must shield cells from shear stresses during

printing, closely mimic the ECM, and offer quick, nontoxic gelation[77]. Matrix

materials will also be introduced in this text as cell-adhesive materials because they

allow cell adhesion and growth.

2.11.1.1 GelMA

GelMA is a semi-synthetic material derived from gelatin. Unlike common gelatin

hydrogels, the gelatin amine groups in GelMA have been chemically modified by a

process called methacrylation (Fig. 2.14). GelMA hydrogels have a high cell viabil-

ity due to their porosity and composition resembling the ECM. Moreover, GelMA

is favorable for cell growth, as it has a high similarity to the ECM due to the pres-

ence of RGD motifs that mediate cell attachment in the native ECM, allowing cell

spreading of different types of cells[78],[79].
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Figure 2.14: Gelatin methacryloyl structure[80]

2.11.2 Sacrificial bioinks

Sacrificial bioinks can offer temporary support or can be used to create complex

geometries within a structure for vasculature networks. Ideally, a sacrificial bio-

material offers high print fidelity, cytocompatibility, and ease of removal. Using

sacrificial bioinks in bioprinting aims to leave space for hollow structures that lead

to vascularized, perfusable channels that resemble real tissue[81].

2.11.2.1 Hydroxyethyl cellulose

Hydroxyethyl cellulose (HEC) is a natural water-soluble polymer derived from cellu-

lose. It is obtained by treating cellulose with sodium hydroxide and reacting it with

ethylene oxide. Since this modification increases water retention, HEC can be used

as a hydrogel. Furthermore, HEC is highly soluble in water. Therefore, it has been

used as a sacrificial material to fabricate prevascularized scaffolds[82]. Besides its

applications in tissue engineering, HEC can be used as a stabilizer and thickening

agent in the food, cosmetic, and pharmaceutical industries. The chemical structure

of HEC is depicted in Fig. 2.15
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Figure 2.15: Hydroxyethyl cellulose structure[83]

.

2.11.3 Structural bioinks

Structural bioinks enhance the mechanical properties and structure of scaffolds.

These materials are most valuable when developing tissues that require higher me-

chanical strength, such as bone or cartilage. Because they have a higher stiffness

than matrix hydrogels, they are not always loaded with cells, and in the case of

skeletal muscle cell precursors, their high stiffness does not allow cell spreading[84].

2.11.3.1 Sodium Alginate

Sodium alginate is a natural hydrogel derived from brown algae and is the sodium

salt of alginic acid. It has an anionic linear polysaccharide with hydroxyl and car-

boxyl groups attached to its backbone (Fig. 2.16). Sodium alginate is widely used

in tissue engineering as a scaffold and can be found commercially with different

viscosities[85]. High-viscosity alginate (Alg(H)) is preferred when the goal is to en-

capsulate cells and create a hydrogel with good mechanical stability. This type of

alginate can be used as a structural material to improve the mechanical properties

of hydrogel fiber. In contrast, low-viscosity alginate (Alg(L)) is preferred for cell

spreading and higher cell viability. It has lower mechanical stability compared to

high-viscosity alginate[86].
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Figure 2.16: Sodium alginate structure[87].

2.12 Crosslinking

Crosslinking is a stabilization process that extends polymeric chains, resulting in

network structures. Through crosslinking, hydrogels are formed into stable struc-

tures that differ from their raw materials[88] by using heat, UV light, or a crosslink-

ing agent (Fig. 2.17). Crosslinking agents (crosslinkers) chemically bind polymeric

chains to create hydrogels. For example, calcium chloride (CaCl2) is a crosslinker

that connects polymeric chains due to the binding of calcium ions to functional

groups with a negative charge[89].

Figure 2.17: Crosslinking of polymeric chains[90].
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2.12.1 Photocrosslinking

Photocrosslinking is a crosslinking method using UV light to bond polymeric chains

chemically. Depending on whether cells are included in the utilized bioinks, the

UV exposure time and photoinitiator concentration must be adjusted to attain an

acceptable polymer crosslink. Thus, photocrosslinking enables a rapid crosslinking

process.

A photoinitiator compound is necessary to make a polymeric solution sensi-

tive to light for photocrosslinking. For example, lithium phenyl-2,4,6-trimethylbenzoyl-

phosphinate (LAP) is a cytocompatible photoinitiator usually added to a bioink for

3D bioprinting. After adding LAP, the bioink is exposed to UV light, and a hydrogel

scaffold is created as a result of photocrosslinking[91].

Figure 2.18: Photocrosslinking of GelMA[80]

Different chemical functional groups, including methacryloyl groups, have

been conjugated to natural polymers to make them photocrosslinkable, allowing

the mechanical properties of natural polymers to be precisely tuned. Examples

of these polymers include GelMA (Fig. 2.18), hyaluronic acid methacrylate, car-

boxymethyl cellulose methacrylate, glycidyl methacrylate, oxidized methacrylate

alginate (OMA), and methacrylate alginate[92].
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2.13 Newtonian fluid

A Newtonian fluid is characterized by a linear correlation between the viscous

stresses resulting from the fluid’s flow and the local strain rate—the rate of change of

the fluid’s deformation over time[93]. Stresses are proportional to the rate of change

of the fluid’s velocity vector. In other words, a Newtonian fluid has a constant vis-

cosity value independent of the shear rate. Some examples of Newtonian fluids are

water, honey, and oil.

2.14 Non-Newtonian fluid

A non-Newtonian fluid is a fluid that does not follow Newton’s law of viscosity.

In non-Newtonian fluids, viscosity can change when under force to be more liquid

or solid. Most commonly, the viscosity of non-Newtonian fluids (i.e., the gradual

deformation by shear or tensile stresses) depends on their shear rate or shear rate

history[93]. One example of a non-Newtonian fluid is hydrogels, commonly used in

regenerative medicine and 3D bioprinting.

2.15 Viscosity

The viscosity of a fluid is a measure of its resistance to deformation at a given rate.

In general, viscosity depends on a fluid’s state, such as its temperature, pressure, and

deformation rate. However, the dependence on some of these properties is negligible

in some instances. For example, the viscosity of Newtonian fluids remains constant

despite changes in temperature, pressure, or shear rate[94].
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Figure 2.19: Deformation of a rubber block placed between two parallel plates
under the influence of a shear force[95].

2.16 Shear Stress

Shear stress is the component of stress coplanar with a material cross-section. A fluid

deforms continuously under the influence of shear stress, ultimately approaching a

constant strain rate when a constant shear force is applied. A visual description

of shear stress is described in Fig. 2.19 with the example of a deformed rubber.

Mathematically, the shear stress is expressed as:

τ = F/A, (II.1)

where τ is shear stress (Pa), F is force (N), and A is Area (m2)[95].

For a one-dimensional shear flow of Newtonian fluids, shear stress can be

expressed by the following equation:

τ = µ · du
dy

, (II.2)

where τ is shear stress (Pa), µ is the dynamic viscosity of the fluid (Pa.s),

and du/dy is the velocity gradient[95].
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2.17 Reynolds Number

The Reynolds number is a dimensionless number used in fluid mechanics to charac-

terize the movement of a fluid. Changes in flow patterns can be predicted with this

number.

Laminar flow occurs at low Reynolds numbers, where viscous forces dominate,

and is characterized by smooth, constant fluid motion. In contrast, turbulent flow

occurs at high Reynolds numbers and is dominated by inertial forces, which tend

to produce chaotic eddies, vortices, and other flow instabilities[96]. Chaotic flows

can lead to elastic flow instability at Reynolds numbers well below the transition

number (Re = 2000) for turbulence flow[97].

2.18 Advection

Advection refers to the transport of a particle by fluid from one region to another

due to the fluid’s horizontal bulk motion[97]. The term ”passive advection” is used

to specify that the particle moving with the fluid has so little mass that it cannot

interfere with the flow; instead, it adjusts its velocity to the flow (Fig. 2.20). To

simplify this statement, advection can be described as follows:

−→
V fluid =

−→
V particle (II.3)

The velocity of this passive particle is given by the rate of its position in a 3D space:

V particle = (
dx

dt
,
dy

dt
,
dz

dt
) (II.4)

42



Figure 2.20: Advection of passive particles in an open flow setup with an
obstacle[98].

2.18.1 Chaotic Advection

Chaotic advection is the chaotic motion of passive particles in a deterministic velocity

field. Hasan Aref first coined the term in 1984[98]. Chaotic advection can generate

small-scale structures in the spatial distribution of advected fields. This is possible

due to chaotic flows’ stretching and folding properties, which tend exponentially to a

geometric pattern[99]. Mixing by chaotic advection has advantages over turbulence.

It does not require extensive energy input and can induce mixing in microfluidics

with low Reynolds numbers.

2.19 Static Mixers

Static mixers are systems based on geometric re-orientations to mix two fluids. They

blend fluids (liquids or gases) through their stationary mixing elements placed inside

the pipe housing. The mixing elements split two regions and reconnect them[98].

2.19.1 Kenics static mixer

A kenics static mixer (KSM) is an arrangement of motionless helicoidal mixing

elements fixed in a cylindrical housing, as shown in Fig. 2.22. The extrusion of
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Figure 2.21: The partitioned pipe mixer, an example of a static mixer[100].

Figure 2.22: KSM inducing chaotic advection for mixing two hydrogels[101].

two fluids through a printhead containing a KSM increases the number of interfaces

between them exponentially, according to the number of mixing elements used.

The number of striations generated by a KSM of 2 inlets can be calculated

according to Equation II.5 :

s = 2n (II.5)

where s is the number of striations and n is the number of KSM mixing

elements.

The following equation can calculate the width of each striation:

l = d/s (II.6)
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where l is the width of striations, d is the diameter of the KSM nozzle tip, and s is

the number of striations[5].
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CHAPTER III

METHODOLOGY

Type and design of study

Since experimental techniques and instrumentation were used to optimize a tech-

nology—in this case, chaotic bioprinting—this project can be classified as applied

research.

Figure 3.1: Methodology schematic

The methodology is divided according to the six specific objectives. The first

three objectives are focused on experiments without cells to develop the printing

strategy, evaluate the mechanical properties of fibers, and asses the degradation

over time of the reinforced hydrogel fibers. Objectives four, five, and six are focused



on experiments with cells to understand biological compatibility, cell alignment,

and the effect of the agitated culture on cell viability. The general methodological

workflow is explained in Fig.3.1.

3.1 Printing protocols based on chaotic printing

The development of chaotic printing protocols was achieved in three stages: the

fabrication of the printhead, the optimization of printing protocols, and the archi-

tectural characterization of the hydrogel fibers. The methodological workflow for

the first specific objective is explained in Fig.3.2.

Figure 3.2: Methodology schematic for specific objective N°1.

The first step consisted of choosing correctly the design of the printhead. A

KSM that has 8 inlets and 2 mixing elements was selected by following four criteria

that will be explained in a further section. Then, the KSM was fabricated with

resin through 3D printing. The second stage consisted of preparing a structural,
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a sacrificial, and a matrix ink; the chaotic printing of solid and hollow fibers; and

the crosslinking of the materials to obtain a hydrogel fiber. Finally, the last stage

consisted of the architectural characterization of solid and hollow fibers by taking

images in the fluorescence microscope and image processing.

For solid fibers made of Alg(H) only, the inlets were loaded with three fluores-

cent particles to represent the structural, sacrificial, and matrix materials using blue,

black, and orange particles, respectively. The independent variable was the number

of inlets loaded with blue fluorescent particles. The dependent variables were the

blue, black, and orange area (%) on the fibers’ cross-section. Hollow fibers were

assessed qualitatively by imaging the lateral view of the fibers. The independent

variable was the number of materials used to fabricate the fibers. The dependent

variable was the number of colors observed in the microscope, as each material was

assigned a different color.

A list of the solutions used in this first set of experiments is described in

Table 3.1

Table 3.1: Solutions used for experiments without cells

Solution Concentration Solute Amount Total Volume Solvent

CaCl2 2% (w/v) 10 g 500 mL dH2O
HEC 0.6% (w/v) 0.3 g 50 mL dH2O

2% (w/v) 1 g 50 mL dH2O
Alg(H) 4% (w/v) 2 g 50 mL dH2O

6% (w/v) 3 g 50 mL dH2O
Alg(L) 7% (w/v) 0.7 g 10 mL dH2O
GelMA 6% (w/v) 0.6 g 10 mL DPBS
LAP 0.2% (w/v) 0.02 g
Fluorescent particles 5% (v/v) 0.5 mL 10 mL dH2O

Additionally, the equipment that was used for developing the printing strat-

egy and performing the architectural characterization is listed in Table 3.2
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Table 3.2: Equipment used for experiments without cells

Equipment Application

Formlabs 3D printer
Formlabs Form Wash KSM Fabrication
UV Curing Lamp
Digital Balance
Analytical Balance Inks Preparation
Centrifuge
Multichannel Pump Optimization of Printing Parameters
Omnicure UV Curing
Fluorescent Microscope Architectural Characterization
Universal Tensile Machine Tensile Tests
Rocking Bioreactor Degradation Analysis

3.1.1 KSM Printhead Design

KSM of eight inlets and two mixing elements was designed in AutoCAD with a nozzle

diameter and length of 1 mm and 3 mm, respectively. The walls’ thickness, including

the mixing elements’ thickness, was 1 mm to provide enough mechanical strength

to the KSM[102]. The design needed additional structural support to withstand

the 3D printing process without collapsing. In that sense, additional scaffolds in

PreForm Software were added to preserve the KSM’s structure. Specific dimensions

of the nozzle and inlets of the KSM cannot be included in this document because

the design is in the process of registration as a patent in Mexico and the United

States. A conceptual design of the KSM is provided in Fig. 3.3.

Four criteria guided the printhead design:

1. Ability to co-extrude a sacrificial, a matrix, and a structural ink:

Using eight inlets enables printing with three materials. The conventional KSM can

co-extrude only two inks. Fortunately, a KSM can be adapted to have 4, 6, or 8

inlets for co-extrusion of two or more inks[103].
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Figure 3.3: Conceptual design of the KSM printhead with 8 inlets and 2 mixing
elements.

2. Capability to include different materials into a single structure:

Using two mixing elements is optimal for placing hydrogels of different viscosities

together in a predictable pattern without mixing them thoroughly. Using more than

two mixing elements results in better mixing of the materials, but it also decreases

the elastic modulus of the hydrogel fibers[5]. Using two mixing elements is preferred

to maintain the constructs’ mechanical stability while creating hydrogel fibers with

multiple layers.

3. Ability to generate chaotic flows: Like any static mixer, the KSM

induces chaotic flows when extruding non-Newtonian fluids, such as inks, through

its mixing elements[98].

4. Capability to be manufactured in-house with a 3D printer: The

KSM is easily adaptable for 3D printing manufacturing because it has helicoidal

mixing elements. Helicoidal structures facilitate the precise layering of resin dur-

ing the printing process[104]. Other static mixers, like Ross or Sulzer SMX, have

intricated geometries that are difficult to adapt for 3D printing fabrication[100].
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3.1.2 KSM Fabrication

The KSM was fabricated through resin 3D printing. A resin 3D printer uses UV

light to cure photosensitive resin, layer by layer; a screen partially blocks the UV

light, and the exposed resin layer hardens. After printing, the KSM was exposed to

an isopropyl alcohol (IPA) bath for 20 minutes. Then, the structural support was

removed carefully. Subsequently, the KSM was exposed again to an IPA bath for

10 minutes. The KSM was dried gently with an air compressor and finally photo-

crosslinked with UV light for 15 minutes. The fabrication process is described in

Fig. 3.4, and the equipment used is shown in Fig. 3.5.

Figure 3.4: Steps for the KSM printhead fabrication.

Figure 3.5: Equipment used for KSM fabrication. Form 3+ Resin 3D printer
from Formlabs (left) and Formlabs Form Wash to remove resin from the KSM

(right).
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The Form 3+ resin printer cures an entire layer simultaneously, allowing

for faster 3D printing with a high resolution as thin as 0.025 mm (Appendix 1).

However, a longer post-processing step is needed to remove residual resin and im-

prove the mechanical properties of the printed object[105]. Additionally, the resin

is cancerogenic, so the printed construct must be manipulated with gloves until the

post-processing step is complete.

3.1.3 Preparation of inks

Three inks were prepared using chemical methods: structural, matrix, and sacrifi-

cial. Alg(H) was used as a structural hydrogel due to its mechanical properties[106].

Concentrations of Alg(H) since 4% have been reported to provide mechanical support

to hydrogel fibers [103]. Therefore, a solution of Alg(H) at 4% (w/v) was prepared

using 2 g of Alg(H) dissolved in 50 mL of dH2O. This solution was mixed with a

magnetic agitator on a hot plate at 70°C for 45 seconds (Fig. 3.6).

Figure 3.6: Protocol for preparation of Alg(H) 4% (w/v).

A solution of GelMA with Alg(L) was used as a matrix ink. A bioink made

of Alg(L) 3.5% and GelMA 3% (w/v) was reported to sustain cell growth with high

cell viability[14]. The first step of the matrix ink preparation is to synthesize Alg(L)

at 7% (w/v) (Fig. 3.7). This was achieved by adding 0.7 g of Alg(L) in 10 mL of
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dH2O. This solution was mixed with a magnetic agitator on a hot plate at 50°C

for 45 minutes. Then, a GelMA solution at 6% was prepared with LAP as a pho-

tocrosslinking agent. For a total GelMA/Alg(L) solution of 20 mL, 0.6 grams of

in-house lyophilized GelMA were added to 10 mL of Dulbecco’s phosphate-buffered

saline (DPBS) with 0.02 grams of LAP. The protocol for synthesizing lyophilized

GelMA is described in Appendix 2. Alg(L) 7% (w/v) was added to the GelMA 6%

(w/v) solution in a proportion of 1:1 to obtain 20 mL of GelMA 3%/Alg(L) 3.5%

(w/v). Finally, the solution was heated in a water bath at 70°C for 10 minutes to

homogenize the ink (Fig. 3.8).

Figure 3.7: Protocol for preparation of Alg(L) 7% (w/v).

Figure 3.8: Protocol for preparation of GelMA 3%/Alg(L) 3.5% (w/v).

HEC was used as a sacrificial ink. Low concentrations of HEC have been re-

ported to dissolve easily in liquid solvents[107]. In addition, previous reports showed
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that HEC 0.6% (m/v) dissolves in a CaCl2 bath and creates hollow channels in hy-

drogel fibers[15]. To obtain an HEC solution at 0.6% (m/v), 0.3 grams of HEC were

dissolved in 50 mL of dH2O under agitation at 70°C for approximately 45 min, being

careful of water evaporation (Fig. 3.9).

Figure 3.9: Protocol for preparation of HEC 0.6% (w/v).

3.1.4 Chaotic printing of hydrogel fibers

The hydrogels were warmed in a water bath at 50°C for 20 minutes and stained

with fluorescent microparticles to distinguish them under the fluorescence micro-

scope. Fibers of Alg(H) 4% were printed using three different colors, representing

the following inks: Alg(H) (light blue), HEC (black), and GelMA/Alg(L) (orange).

For solid fibers of Alg(H) 4% (w/v) only, the perfusion rate was 1 ml/min.

These fibers were printed to compare their cross-sections with those predicted by

computational simulations. For hollow fibers of Alg(H) 4% (w/v) and HEC 0.6%

(w/v), the perfusion rate was 0.5 ml/min. For multimaterial hollow fibers, Alg(H)

4% (w/v), HEC 0.6% (w/v), and GelMA 3%/Alg(L) 3.5% (w/v) were co-extruded

at a printing rate of 0.2 mL min-1. Both Alg(H) and Alg(L) were crosslinked in a

CaCl2 solution of 2% (w/v) due to the presence of Ca2+ ions [106]. The crosslinking

of GelMA was done with UV light at a delta length of 365 nm for 45 minutes due
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to the presence of LAP as a photocrosslinking agent. A multichannel syringe pump

was used to control the velocity of perfusion of the inks, while an Omnicure S2000

curing system was used for GelMA/AlgAlg(L) photocrosslinking (Fig. 3.10). The

printing protocol is shown in Fig. 3.11.

Figure 3.10: Equipment used for chaotic printing. The multichannel pump was
adapted for 8 syringes (left), and Omnicure S2000 was used for the photocrosslink-

ing of GelMA (right).

Figure 3.11: Schematic representation of the chaotic bioprinting strategy im-
plemented
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Chaotic printing has a high throughput; therefore, 2 meters of fiber could

be printed in less than 5 minutes. Nonetheless, one limitation of this technique is

that the syringe pump needed to be adapted to use eight syringes simultaneously,

and there is little control over the geometrical arrangement of the fibers in the 3D

space. While photocrosslinking GelMA, it is preferable that exposure to UV light is

no longer than 2 minutes, as prolonged exposure times can kill cells [79].

3.1.5 Architectural Characterization

Conceptual images of the cross-sections were obtained with Computational fluid dy-

namics (CFD) simulations. The CFD images were a courtesy of Diego Quevedo.

Cross-section images of solid fibers (of just Alg(H)) were obtained by cutting a tiny

portion of the fiber with a blade, wetting them with dH2O, and visualizing the

cross-sections in an Axio Observer.Z1 microscope (Zeiss, Germany) equipped with

Apotome, and a 10x objective. The proportion of each ink was calculated by measur-

ing the light-blue, black, and orange areas in ImageJ. The calculation was repeated

three times (n=3) using three images. The following equation calculated the area of

each ink:

Pi(%) =
Ai

At
· 100(%) (III.1)

where Pi is the proportion of ink, Ai is the Area of ink ”i” (pixels), and At

is the Total area (pixels).

Images of the lateral view of hollow fibers (Alg(L), GelMA/Alg(L), and HEC)

were obtained by an axio observer.Z1 microscope in the dark field mode to assess

the formation of hollow microchannels inside the constructs. The assessment was

done qualitatively by observing the number of colors in the microscope and the color

distinction between each layer.
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3.2 Optimization of mechanical properties

Three steps were followed to improve the mechanical properties of the reinforced hy-

drogel fibers. The first step consisted of the chaotic printing of fibers with variations

in the following independent variables: number of holes, proportion of Alg(H), and

Alg(H) concentration. The second step consisted of performing the tensile tests in

a homemade universal testing machine. After the test, the values of the dependent

variables were obtained from the stress-strain curve. Such variables are strain, stress

at break (kPa), and elastic modulus (kPa). Finally, a statistical analysis was per-

formed using two-sided ANOVA and Tukey Test to evaluate statistical differences

between the dependent variables’ values. The methodological workflow for the sec-

ond specific objective is explained in Fig. 3.12.

Figure 3.12: Methodology schematic for specific objective N°2.

3.2.1 Chaotic printing of fibers

Printing protocols developed in the previous section were used to print hydrogel

fibers for the tensile tests. Regarding the inks, a GelMA 3%/Alg(H) 3.5% (w/v) was
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used as a matrix ink, and HEC 0.6% (w/v) was used to generate hollow channels.

Alg(H) was prepared at concentrations of 2%, 4%, and 6% (w/m). Alg(H) 2% (w/v)

was prepared using 1 g of Alg(H) dissolved in 50 mL of dH2O. Then, Alg(H) 4%

(w/m) was prepared using 2 g of Alg(H) dissolved in 50 mL of dH2O(w/v). Finally,

Alg(H) 6% (w/m) was prepared using 3 g of Alg(H) dissolved in 50 mL of dH2O(w/v).

All the solutions were mixed with a magnetic agitator on a hot plate at 70°C for 45

seconds. The chaotic printing and crosslinking processes were the same as described

in the printing protocols.

3.2.2 Tensile Tests

Tensile tests were performed on a do-it-yourself (DIY) tensile testing machine fab-

ricated in the laboratory. The mechanical structure of the machine is made with

3D-printed parts, and the electrical system is based on Arduino UNO. The tensile

tests for each set of experiments were repeated three times (n=3) to calculate the

average values and standard deviations. The strain at break, stress at break (kPa),

and elastic modulus (kPa) were extracted from the stress-strain curve of each set of

hydrogel variations.

The test followed American Society for Testing and Materials (ASTM) stan-

dards for tissue engineering scaffolds (ASTM F2150-13) and plastics (ASTM D638)

[108]. The fibers had a thickness of 1 mm, according to the values provided by the

ASTM D638 standard (between 1 and 14 mm). Additionally, the 1 kg load was

applied at a rate of 36 mm/min as this velocity allowed for better stretching of poly-

meric materials[109] and followed the values provided by the ASTM D638 standard

(1-500 mm/min). The load was applied until the samples finally broke from the

center of the structure (Fig. 3.13). A video showing how the tensile test was done

can be found in Appendix 3.
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Figure 3.13: Tensile test machine made in the laboratory and its parts (left).
Holding grips of the tensile machine with a hydrogel fiber as a sample (right).

The samples consisted of reinforced hydrogel fibers with variations on:

1. The number of holes: Hollow fibers have a pre-vascularized structure

with void channels that resemble the vascularization of native tissues. In that sense,

creating fibers with the maximum number of holes possible is preferred to improve

the cells’ viability in the scaffold. However, the amount of pre-vascularized channels

should not affect the mechanical stability of the scaffold. Based on a chaotic printing

strategy, the proportion of sacrificial ink in the printhead influences the number of

void microchannels created inside the fiber.

For this reason, the number of inlets with HEC was changed to test the

mechanical properties of fibers with 1, 2, and 3 HEC inlets. These variations created

reinforced hollow fibers with 2, 4, and 6 hollow channels, respectively. Once the

proportion of HEC was optimized, this proportion was not changed in the subsequent

printings to optimize the following parameter. The fibers were printed using GelMA

3%/Alg(H) 3.5% (w/v), HEC 0.6% (w/v), and Alg(H) 2% (w/m).
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2. The proportion of Alg(H): Another parameter that needed optimiza-

tion was the proportion Alg(H) in the reinforced hollow fibers. The mechanical prop-

erties of the hollow fibers are influenced by the proportion of structural material used

during the printing process. While increasing the number of Alg(H) layers results in

better mechanical properties, it also decreases the proportion of GelMA/Alg(L) lay-

ers. GelMA/Alg(L) is the matrix material; thus, it provides a friendly environment

for cells to adhere to. If the number of GelMA/Alg(L) layers is reduced, there will

be less space within the fiber for cells to grow. As skeletal muscle tissue is mainly

made of cells, keeping as many cell-friendly layers as possible is better.

Figure 3.14: KSM used to print hydrogel fibers with variations in Alg(H) pro-
portion.

Therefore, an optimal point between the proportion of Alg(H) and the pro-

portion of cell-adhesive layers inside the fiber must be reached. To determine the

optimal proportion of Alg(H), the number of Alg(H) inlets was changed from 2, 3, 4, 5,

and 8 inlets (Fig. 3.14). The fiber with 8/8 Alg(H) inlets was used as a control sam-

ple. Once the proportion of Alg(H) was optimized, this proportion was not changed

in the next printings to optimize the next parameter. The fibers were printed using

GelMA 3%/Alg(H) 3.5% (w/v), HEC 0.6% (w/v), and Alg(H) 2% (w/m).

60



3. The concentration of Alg(H): The concentration of the structural ma-

terial was the last parameter assessed. The mechanical properties of the reinforced

hollow fibers are also affected by the concentration of the structural material. The

fibers were printed using GelMA 3%/Alg(H) 3.5% (w/v), HEC 0.6% (w/v), and with

different concentrations of Alg(H). To determine the optimal Alg(H) concentration,

concentrations of 2%, 4%, and 6% (w/m) were tested.

The data obtained by the Arduino code (displacement (mm) vs. Force (N))

was used for calculating the stress-strain curve in Microsoft Excel with the following

equations:

Strain =
D

Lo
(III.2)

where D is Displacement (mm), and Lo is Initial length (mm).

Stress(kPa) =
F

A · 100
(III.3)

where F is Force (N), and A is Cross-sectional area (mm2).

Then, the elastic modulus (kPa) was calculated by finding the slope from the

linear region of the stress-strain curve through linear regression in Microsoft Excel.

3.2.3 Statistical Analysis

Statistical analysis was performed in Excel. All data were reported as means ± stan-

dard deviations. A two-sided one-way analysis of variance (ANOVA) and Tukey’s

test for multiple comparisons were used for the statistical analysis. A p-value < 0.05

was considered statistically significant, while a p-value < 0.01 was considered highly
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significant. Once the optimal proportion of HEC, Alg(H), and optimal Alg(H) con-

centration were chosen, optimized reinforced hollow fibers were printed for the degra-

dation analysis.

3.3 Mass degradation of hydrogel fibers in a rocking bioreactor

Improving the mechanical properties of the fibers was based on the fact that, sub-

sequently, they would be exposed to a 3D culture with continuous agitation in a

bioreactor. A mass degradation analysis is one way to evaluate whether mechani-

cally reinforced fibers can withstand continuous agitation over time. First, it was

necessary to assemble the homemade bioreactor. Then, mechanically reinforced

(experimental samples) and non-reinforced fibers (control samples) were printed.

Finally, a degradation analysis was conducted for 72 hours, measuring the percent-

age of mass remaining in both reinforced and unreinforced fibers. The degradation

experiments were repeated three times to calculate the average values and standard

deviations. The methodological workflow for the third specific objective is explained

in Fig.3.15.

3.3.1 Rocking Bioreactor Set-up

A homemade rocking bioreactor was set up using two Arduino Nano boards for

the electronic circuits, one for controlling temperature and the other for controlling

agitation velocity. The fibers were put inside the rocking bioreactor in phosphate-

buffered saline (PBS) (pH=7.4) in a proportion of 1:1 (w/v) (5 grams of hydrogel

fibers in 5 mL of PBS). The temperature was set at 37°C because mouse myoblasts

(the precursor cells chosen for experiments with cells) grow at that temperature.

That temperature is also a standard for any mammalian cells. The velocity of the
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Figure 3.15: Methodology schematic for specific objective N°3.

stepper motor that induces agitation was set up at 60 RPM, with a continuous back-

and-forth cycle that lasted 1 minute.

Figure 3.16: DIY bioreactor system. A T25 flask was attached using a 3D-
printed piece of resin to the magnet connected to the motor.

The bioreactor’s vessel was a T25 flask, commonly used in 2D cell culturing

but, in this case, adapted for 3D cell culturing of cell-laden hydrogel fibers. The
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bioreactor was designed to withstand the continuous agitation of two T25 flasks

simultaneously. This design was made to culture the maximum amount of cell-laden

hydrogel fibers at the same time as a way to scale up the tissue maturation process.

Additionally, it allowed to conduct two sets of experiments with cells simultaneously

to save time and space. Fig. 3.16 shows all the components of the DIY bioreactor,

including the mechanical support, stepper motor, Arduino Nano board, and holders

for two vessels.

3.3.2 Printing of fibers for degradation experiments

Reinforced and unreinforced hydrogel fibers were printed for the degradation experi-

ments. Reinforced fibers are all the hydrogel filaments that have layers of Alg(H) (the

structural material). In contrast, unreinforced fibers are all the hydrogel filaments

that do not have layers of Alg(H).

• Unreinforced solid fibers: They were the first control group and were made

of GelMA/Alg(L) only. In other words, they were entirely made of matrix

material and did not have holes.

• Reinforced solid fibers: They were the second control group and were made

of GelMA/Alg(L) and layers of Alg(H). In other words, they were made of

matrix and structural material.

• Unreinforced hollow fibers: They were the third control group and were

made of GelMA/Alg(L) and HEC (the sacrificial ink). In other words, they

were made of matrix and sacrificial material.

• Reinforced hollow fibers: These fibers were the experimental group. They

were made of Alg(H), HEC, and GelMA/Alg(L). They were developed after

the optimization of the proportion of HEC, the proportion of Alg(H), and the
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concentration of Alg(H). The exact composition of these fibers will be described

in the Results and Discussion section.

The control samples were made of just one or two materials (one material

per inlet). For this reason, they were printed with a KSM of 2 inlets and 4 mixing

elements to simplify the printing process (Fig. 3.17). This KSM created fibers with

16 layers (the same number of layers created by the 8-inlet 2-mixing elements KSM).

Figure 3.17: Composition of control samples for degradation experiments.

3.3.3 Degradation of fibers

The initial mass of printed fibers (without cells) was measured with an analytical

balance on a milligram scale. The analytical balance measured the wet mass at t =

8 h, 12 h, 24 h, 48 h, and 72 h. The remaining weight (%) was calculated with the

following equation:

Rm(%) =
Mo−Mi

Mo
· 100(%) (III.4)

where Rm is Remaining mass (%), Mo is Initial mass (mg), and Mi is Mass

at a time ”i” (mg).
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3.4 Evaluation of biological compatibility

After optimizing the mechanical properties of the reinforced hollow fiber and veri-

fying that it can withstand continuous agitation, the biological compatibility of the

fiber was evaluated. The evaluation involves several steps.

Figure 3.18: Methodology schematic for specific objective N°4.

First, 2D cell culturing is necessary for the expansion of C2C12 cells. After

having the required number of cells, bioinks were prepared by following the print-

ing protocols with some variations. All the bioinks were solved in DPBS, and the

matrix ink was loaded with cells. Then, chaotic bioprinting of the control samples

(reinforced solid fibers) and the treatment samples (the optimized reinforced hollow

fibers) was done.
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The bioprinted scaffolds were cultured for 14 days in an incubator, and

live/dead assays were performed on days 1, 7, and 14. Image processing of live/dead

staining images in the fluorescence inverted microscope revealed the amount of vi-

able (%) and dead (%) cells. Finally, statistical analysis showed the meaningful

significance of cell viability among control and treatment samples over time. The

independent variable is time (days 1, 7, and 14), while the dependent variable is

the percentage of viable cells (%). Cell viability assays were done three times (n=3)

per sample type. The methodological workflow for the fourth specific objective is

explained in Fig.3.18.

A list of the solutions used in experiments with cells is described in Table

3.3.

Table 3.3: Solutions used for experiments with cells

Solution Concentration Solute Amount Total Volume Solvent

CaCl2 2% (w/v) 10 g 500 mL dH2O
HEC 0.6% (w/v) 0.6 g 100 mL DPBS
Alg(H) 4% (w/v) 2 g 50 mL DPBS
Alg(L) 7% (w/v) 0.7 g 10 mL DPBS
GelMA 6% (w/v) 0.6 g 10 mL DPBS
LAP 0.2% (w/v) 0.02 g
Anti-anti 1X 0.15 mL 15 mL PBS
Live 1 µg/mL 2 µL 1 mL PBS
Dead 1 µg/mL 1 µL
Phalloidin 1 µg/mL 1 µL 1 mL PBS
DAPI 1 µg/mL 10 µL
Paraformaldehyde 4% (w/v) 2 g 45 mL PBS

3.4.1 2D Cell Culture

A cell suspension of 1 mL with a concentration of 1 million cells/mL was defrosted

at room temperature. The cell suspension was put in a T25 flask with 4 mL of
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Dulbecco’s modified eagle medium (DMEM) media containing 1% of antibiotic/an-

timycotic (anti-anti) and 10% of fetal bovine serum (FBS). The T25 was incubated

at 37°C and 5% CO2 for one day. The day after, the media was changed to remove

dimethyl sulfoxide (DMSO), a toxic cryopreservative that was included in the frozen

cell suspension, from the media.

Cell passing was performed inside a hood when the cells reached 80% con-

fluence. The media was extracted with a serological pipette from the T25 flask. To

deactivate the FBS, 1 mL of PBS was used to wash the flask. Trypsin 0.25 (2 mL)

was added to the flask to detach the cells from the wall. The T25 flask with trypsin

was incubated at 37°C for 5 minutes. To ensure the cells were detached, they were

observed under an optical microscope at x10.

The cells with trypsin were added to a Falcon tube of 15 mL with 1 mL of

DMEM and centrifuged at 1000 RPM for 5 minutes. The supernatant was discarded,

and the pellet was resuspended with 6 mL of DMEM. The cell suspension was

distributed with the same volume in two T25 flasks (3 mL per flask). The flasks

were stored in an incubator at 37°C until use. Cellpasing was repeated until 12

million cells were obtained.

A list of the equipment used in cell culturing is described in Table 3.4.

Table 3.4: Equipment used for cell culturing

Equipment Application

-80° Refrigerator Cryopreservation of cells
-20° Refrigerator Storage of antibiotics and trypsin
4°C Refrigerator Storage of culture media and PBS
Laminar Hood Change of media and passaging cells
Centrifuge Cell separation
Inverted Microscope Cell counting
Incubator Cell growth
Fluorescent Microscope Cell imaging
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3.4.2 Bioinks preparation

A solution of Alg(H) at 4% was prepared using 0.8 g of Alg(H) dissolved in 20 mL

of DPBS. This solution was mixed with a magnetic agitator on a hot plate at 70°C

for 45 minutes or until completely dissolved. To obtain an HEC solution at 0.6%,

0.12 grams of HEC were dissolved in 20 mL of DPBS under agitation at 70°C for

approximately 45 min, being careful of water evaporation.

A GelMA solution at 6% was prepared with LAP as a photocrosslinking

agent. For a total solution of 10 ml, 0.3 grams of lyophilized GelMA was added to

5 mL of DPBS with 0.01 grams of LAP. The solution was heated in a water bath at

70°C for 15 minutes. Secondly, a solution of Alg(L) at 7% was prepared with 0.35 g

of Alg(L) in 5 mL of water. This solution was mixed with a magnetic agitator in a

hot plate at 50°C for 45 minutes or until completely dissolved. Finally, the GelMA

6% solution was mixed with Alg(L) 7% in a proportion of 1:1. The final solution was

composed of GelMA 3% and Alg(L) 7% in 10 mL. The whole process was done in

darkness to avoid the photocrosslinking of GelMA.

The inks were sterilized with a syringe filter of 0.4 µm in porous diameter,

allowing bacteria and other microorganisms to detach from the hydrogels before

printing. All hydrogels were tempered to 37°C before the bioprinting for compati-

bility with C2C12 cells. To prepare the bioink (hydrogel loaded with cells), a cell

suspension of C2C12 with a concentration of 3 million cells/mL was used. Five mL

of cell suspension was centrifuged at 1,000 RPM for 5 minutes. The suspension was

discarded, and the pellet was then resuspended in the GelMA 3%/Alg(L) 3.5% (m/v)

solution.
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3.4.3 3D Bioprinting with cells

A KSM of eight inlets and two mixing elements was used for the treatment samples

as the chaotic bioprinting printhead. Under sterilized conditions and inside a lami-

nar hood, 8 syringes were loaded with 2 mL of hydrogel and connected to the KSM

inlets through silicon elastic tubes. The GelMA/Alg(L) ink was loaded with C2C12

cells at a concentration of 3 million cells/mL, while Alg(H and HEC were not loaded

with cells. All hydrogels were perfused at a 0.1 ml/min rate through the KSM print-

head into a beaker containing CaCl2 2% (w/v). Both alginates (Alg(H and Alg(L)

were crosslinked in the CaCl2 bath for 1 minute, and GelMA was crosslinked with

UV light at a delta length of 365 nm for 45 seconds. After printing, the fibers were

washed twice with sterile PBS to remove the CaCl2 from the fibers (Fig. 3.19).

Figure 3.19: Bioprinting strategy for reinforced hollow fibers (treatment).

For the control samples, a KSM of two inlets and four mixing elements was

the printhead in the bioprinting system. In the laminar hood, 2 syringes were loaded

with bionks. One syringe had cell-free Alg(H), while the second had a cell-loaded
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GelMA/Alg(L) bioink with a cell concentration of 3 million cells/mL. Printing and

crosslinking conditions were the same for printing the treatment samples (Fig. 3.20).

Figure 3.20: Bioprinting strategy for reinforced solid fibers (control).

A list of the equipment used in 3D chaotic bioprinting using cells is described

in Table 3.5.

Table 3.5: Equipment used for 3D chaotic bioprinting

Equipment Application

Digital Balance
Analytical Balance Bioinks preparation
Centrifuge
Laminar Hood
Multichannel Pump 3D bioprinting
Omnicure UV Curing
Incubator 3D cell culturing
Fluorescent Microscope Cell viability and spreading analysis
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3.4.4 Static 3D cell culture

For static culture, the hydrogel fibers were divided into small sections of 5 cm inside

each well of a 12-well plate with DMEM media containing 10% FBS and 2% anti-

anti (Fig. 3.23). The high amount of antibiotics was necessary because bioprinting

involves high manipulation of instruments and equipment, possibly leading to cross-

contamination. The next day after bioprinting, the antibiotic was reduced to 1%.

On day 5, the media was changed to a DMEM media containing 2% FBS and 1%

anti-anti. The medium was changed every two days, and the fibers were cultured

inside an incubator with 5% of CO2 and 37°C.

3.4.5 Cell Viability experiments

The viability of the cells in the printed constructs was assessed on days 1, 7, and

14. Cross-sectional cuts were washed three times with PBS and assayed using a

live/dead cell imaging kit containing 2 mM calcein AM and 4 mM ethidium homod-

imer (EtHD1). The samples were then placed in a dark, humidified incubator at

room temperature for 1 h. Subsequently, they were washed with PBS and imaged

using an axioscope.Z1 microscope equipped with Colibri.2 LED illuminations and

an Apotome.2system (Zeiss). Every micrograph in the viability assays was taken

with a 10X objective.

3.4.6 Statistical Analysis

Statistical analysis was performed in Excel using two-sided ANOVA and Tukey’s

test. A p-value < 0.05 was considered statistically significant, while a p-value < 0.01

was considered highly significant.
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3.5 Cell alignment assesment

In native skeletal muscle tissue, the cells are highly aligned. The alignment gives

functionality to the muscle tissue, as it allows the transmission of electrical signals

for muscle contraction. Therefore, the degree of alignment of the cells in the hydro-

gel fibers was evaluated. The independent variable is time (days 7 and 14), while

the dependent variable is the degree of orientation (°). The control sample was a

reinforced solid fiber of Alg(H) and GelMA/Alg(L), while the treatment was the op-

timized reinforced hollow fiber made of Alg(L), HEC, and GelMA/Alg(L). Printing

protocols were the same as the ones described in the Evaluation of biological

compatibility section. Cell alignment assessment was done three times (n=3) for

both treatment and control samples. The methodological workflow for the fifth spe-

cific objective is explained in Fig.3.21.

Figure 3.21: Methodology schematic for specific objective N°5.
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3.5.1 Actin/DAPI staining

To evaluate cell alignment, it was necessary to visualize the actin filaments of the

cells. The actin filaments are more visible when cells have higher spreading (flatten-

ing). The 4’,6-diamidino-2-fenilindol (DAPI) staining enables the visualization of

the cell nucleus. Samples of days 7 and 14 were fixed with 4% (w/v) paraformalde-

hyde solution for 30 minutes. All the samples were stained with phalloidin-iFluor

647 (1:1000) for actin and DAPI 1 (µg/mL) for nuclei according to the manufac-

turer’s protocol. The constructs were submerged overnight in the staining solutions

to enable effective diffusion.

The analysis was conducted with an Axio Vert.A1 microscope (Zeiss) equipped

with a Colibri 2.0 illumination and an Apotome system. The AF647 channel (wave-

length = 635 nm) was used to visualize phalloidin-iFluor (1:1000) staining, while

the DAPI channel (wavelength = 358 nm) was used to visualize the stained nuclei.

3.5.2 Cell orientation assessment

The orientation angle of the myoblasts was estimated using the directionality tool

in Fiji software using representative images from the Actin/DAPI staining at days 7

and 14. Fourier components and 13 bins per scalar from -90° to 90° were selected for

the image processing. Frequencies were plotted as a polar histogram using compound

graphics (radial) in Microsoft Excel.

3.6 Determination of cell viability in agitated culture

After assessing cell viability and cell orientation in static culture, the next step in-

volved evaluating the cell viability in an agitated culture. Cell viability assays were

done three times (n=3) per sample type. The methodological workflow for the sixth
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specific objective is explained in Fig.3.22.

Figure 3.22: Methodology schematic for specific objective N°6.

3.6.1 Three-D cell culture in a rocking bioreactor

For culture with continuous agitation, the fibers were divided into sections of 10 cm

inside a T25 flask (the bioreactor container). The cells were incubated at 37°C with

5% CO2 for 7 days (Fig. 3.23), and the media was changed every 2 days. On the

same day of bioprinting, DMEM media containing 10% FBS and 4% anti-anti was

used for 3d cell culturing. The next day, the medium was changed to 2% anti-anti.

On day 5, the media was changed to DMEM containing 2% FBS and 2% anti-anti.

3.6.2 Cell Viability experiments

The viability of the cells in the printed constructs was assessed on days 1 and

7. Cross-sectional cuts were washed three times with PBS and assayed using a
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Figure 3.23: 3D Cell Culturing Conditions: static (left) and under constant
agitation in a rocking bioreactor (right).

live/dead cell imaging kit containing 2 mM calcein AM and 4 mM ethidium homod-

imer (EtHD1). The samples were then placed in a dark, humidified incubator at

room temperature for 1 h. Subsequently, they were washed with PBS and imaged

using an axioscope.Z1 microscope equipped with Colibri.2 LED illuminations and

an Apotome.2system (Zeiss). Every micrograph in the viability assays was taken

with a 10X objective.

3.6.3 Statistical Analysis

Statistical analysis was performed in Excel using a two-sided ANOVA and Tukey’s

test. A p-value < 0.05 was considered statistically significant, while a p-value < 0.01

was considered highly significant.

3.7 Ethical Considerations

UTEC and ITESM approved the project. Since it was performed in vitro without

the intervention of animal models or human participants, this project did not require

approval from an ethics committee. The design of the KSM for chaotic bioprinting is
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under patent in the United States and Mexico. Thus, this document cannot include

the original sketch or complete measurements.
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CHAPTER IV

RESULTS AND DISCUSSION

4.1 Development of printing protocols

Regarding the first specific objective, the following results were achieved: fabrication

of the KSM printhead, computational simulation of chaotically-printed solid fibers,

development of a mathematical equation estimating the number of layers within

hydrogel fibers, chaotic printing of solid fibers, architectural characterization of solid

fibers, printing of hollow fibers using two inks, and printing of hollow fibers using

three inks.

A KSM printhead plays a pivotal role in the chaotic printing process by facili-

tating the co-extrusion and layering of inks. This capability arises from the multiple

inlets in the top part of the KSM, allowing for the co-extrusion of inks. Addition-

ally, the KSM generates chaotic flows through its mixing elements, facilitating layer

stratification inside a hydrogel fiber without ink blending. Consequently, the chaotic

printing strategy used in this thesis cannot be feasible without a KSM printhead.

For this reason, a KSM printhead with 8 inlets and 2 mixing elements was created

using resin 3D printing. The rationale for selecting the number of inlets and mixing

elements was explained in the Methodology.

Characterizing the inner microarchitecture of the hydrogel fibers is necessary

to control the fibers’ composition and design when printing with multiple materials.

Computational simulations elucidated each layer’s shape and spatial distribution

inside the fiber when using an 8-inlet KSM with 2 mixing elements. Then, a math-

ematical equation was introduced to determine the total number of layers within a



fiber just by knowing the number of inlets and the number of mixing elements. The

equation demonstrated that altering the number of mixing elements within the KSM

can impact the number of layers within a hydrogel fiber. Additionally, the equation

can be used to calculate the amount of layers inside a fiber printed by KSMs with

varying numbers of inlets and mixing elements.

Cell-free fibers were printed in the following sequence: solid fibers of one

material, hollow fibers with two materials (one permanent ink and a fugitive ink),

and finally, hollow fibers incorporating three materials (two permanent inks and a

fugitive ink). This sequence was designed to streamline the printing protocols, pro-

gressing from the simplest to the most intricate procedure. Introducing additional

printing materials (each one with a different viscosity) heightened the complexity

of the printing system. Similarly, fabricating hollow channels introduced an extra

layer of complexity due to the need for crosslinking and subsequent dissolution of

the sacrificial ink.

First, solid fibers were printed with only one material (alginate) using three

colors to represent three different materials. The printed fibers were used to quantify

the proportion of each color in the crosssections. Then, they were compared to the

color proportion in conceptual crosssections. This analysis aimed to assess whether

the distribution of materials aligned with theoretical expectations and to identify

any potential need for adjustments to printing parameters. In skeletal muscle tissue

engineering, the hydrogel fibers’ structure and composition are vital to recreate a

functional artificial tissue.

Afterward, hollow fibers were printed using structural and sacrificial ink.

The structural ink was identifiable under the microscope due to its distinct color,

while the sacrificial ink dissolved, leaving void channels through which light passed.

Subsequently, multi-material hollow fibers were printed, utilizing three materials:

sacrificial ink, structural material, and another material for cell adhesion. Each
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permanent ink was distinguishable under the microscope due to its unique color,

whereas the sacrificial ink created void spaces within the fiber. The color distinction

verified that the printing of hollow fibers did not affect the creation of layers with

permanent, non-fugitive materials.

The computational model accurately depicted the distribution of layers within

the fiber and their proportional relationship to the cross-sectional area. Based on

simulations, the proposed mathematical equation generalized the number of layers in

KSMs with varying numbers of inlets and mixing elements. Similarly, the printing

protocols developed for the 8-input, 2-element KSM were effectively modified for

chaotic printing of both solid and hollow fibers using up to three materials with

varying viscosities.

4.1.1 Printhead fabrication

The KSM printhead was designed successfully in AutoCAD, and the scaffolds for

stability during 3D printing was created using the PreForm Software. The scaffolds

were placed to sustain the inlets and the top part of the KSM (Fig. 4.1).

Figure 4.1: KSM design. a) 3D design of a KSM of eight inlets and two mixing
elements. b) Adaptation of 3D KSM design in PreForm to ensure the structural

conservation of the object during the printing process.
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The KSM was printed on a 3D resin printer in a time lapse of 3 h. The

resin scaffolds helped preserve the structure of the KSM printhead without breaking

during the printing process. As part of the post-printing process, the washing process

with IPA assisted in removing the exceeding resin from the KSM without affecting

its structure (Fig.4.2).

Figure 4.2: KSM just after the printing process was completed (left) and after
washing with IPA to remove resin remains (right).

After removing the printing scaffolds, the eight inlets for the extrusion of

multiple inks were visible. Then, the photocuring process with UV light was done

successfully to solidify any remaining resin that was still viscous and improve the me-

chanical properties of the printhead. After post-printing, the two helicoidal mixing

elements preserved their shape (Fig. 4.3).

Figure 4.3: KSM printhead after removing scaffolds and photocuring (left).
Top view (center). Helicoidal mixing elements (right)
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4.1.2 Chaotic printing of hydrogel fibers

Solid and hollow fibers were printed without cells to optimize printing parameters

such as extrusion speed and ink volume.

4.1.2.1 For solid fibers of Alg(H) only

Printing fibers without holes was accomplished using Alg(H) 4% in all eight inlets

of the KSM. Fluorescent inks (blue, red, green, and yellow) were added to make

the layers visible under the fluorescent microscope. Fig. 4.4 shows how the syringes

were configured in the multichannel syringe pump. Additionally, the elastic silicone

tubes connected the syringe nozzle with all the Kenics inlets. After printing, the

fluorescent inks left a color trace in the KSM head, indicating that the inks moved

through the static mixer correctly.

Figure 4.4: Printing setup for solid hydrogel fibers. a) A multichannel syringe
pump with eight syringes loaded with Alg(H) 4%. b) Connection of silicone tubes

with the eight KSM printhead inlets. c) Printhead inlets after printing.
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4.1.3 Printing hollow fibers of Alg(H) and HEC

The fibers with hollows were printed using Alg(H) 4% in six syringes and HEC 0.6%

in two syringes. The setup of the syringes in the pump was the same as shown in

Fig. 4.4. Hydrogel fibers with a homogenous structure were printed successfully

with a printing velocity of 0.5 mL/min. Higher printing rates created inconsistent

structures because the co-extrusion of two inks with different viscosities leads to a

mismatch in the material deposition. A slow printing rate reduces the shear stress,

leading to a stable extrusion and better mixing of the inks.

Figure 4.5: Printing setup for hollow fibers with two inks. Left: A multichannel
syringe pump and syringes loaded with inks. Right: Printed fiber.

4.1.4 Printing hollow fibers of Alg(H), GelMA/Alg(L), and HEC

Multi-material hollow fibers of Alg(H), GelMA/(L), and HEC were fabricated by

using the printing system shown in Fig. 4.6. The printhead was configured with

three inlets for Alg(H), three inlets for GelMA/(L), and two inlets for HEC. The

three inks were co-extruded at a velocity of 0.2 mL/min. The printing speed is

slow because all the inks have different viscosities. Alg(H) has a higher viscosity

than GelMA, and GelMA/Alg(L) has a higher viscosity than HEC[15]. When one of
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the inks has a higher viscosity than the others, the shear stress of the whole fluid

increases. This phenomenon can be explained by revising Eq. II.2:

τ = µ · du
dy

,

where τ is shear stress (Pa), µ is the fluid’s dynamic viscosity (Pa.s), and

du/dy is the velocity gradient.

The shear stress (τ) is directly proportional to the viscosity (µ). If the vis-

cosity increases, the shear stress increases as well. Therefore, decreasing the velocity

gradient is a strategy to keep the shear stress as low as possible. In bioprinting, the

velocity gradient is related to the extrusion rate.

Figure 4.6: Chaotic bioprinting system for printing multi-material hollow chan-
nels. a) Loading of hydrogels inside the KSM. b) Multichannel syringe pump with
loaded syringes connected to KSM during bioprinting. c) Hydrogels used for bio-

printing. Alg(H) is in red, GelMA is in yellow, and HEC is without color.

The fibers were crosslinked successfully with calcium chloride (for alginate)

and UV light (for GelMA). A homogeneous hydrogel fiber was obtained because
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the slow extrusion rate minimizes the tendency of clumping and agglomerations

(Fig. 4.7). Increasing the time under the calcium chloride solution did not affect

the crosslinking of alginate. However, GelMA exposition to UV light increased the

polymer chains’ bonding. GelMA hydrogel loaded with cells cannot be exposed to

UV light for more than 1 minute, as the UV starts killing the cells. Thus, the ex-

posure to UV light must be between 30 seconds and 1 minute [5]. The striations of

permanent inks and the void channels produced by the sacrificial ink can be appre-

ciated in Fig. 4.8.

Figure 4.7: Crosslinking of multimaterial hollow fibers. Left: Crosslinking
process. Right: Hydrogel fiber after crosslinking.

Figure 4.8: Multimaterial hollow fibers (without color).
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4.1.5 Architectural Characterization

According to Computational Fluid Dynamics (CFD) simulations (courtesy of Diego

Quevedo), when using a KSM with 8 inlets and two mixing elements as a printhead, a

hydrogel fiber with 16 layers is produced. The simulations considered the extrusion

of the same material through all 8 inlets of the KSM printhead. Despite being

the same material, each inlet was stained with a different color to visualize the

distribution of the layers in the crosssection.

The simulation illustrated that loading an ink into one inlet produced two

layers of that material within the hydrogel fiber. For example, inlet n°1 (in red)

produced 2 red layers inside the fiber. Similarly, inlet n° 7 (in blue) resulted in 2

blue layers in the crosssection distributed in a different space inside the fiber. The

same happened for all the inlets (Fig. 4.9).

Figure 4.9: Simulation of hydrogel layers arrangement in the head of KSM
(left) and in the crosssection of the fiber (right). Courtesy of Diego Quevedo.

Based on the simulation, the total number of layers inside a fiber can be

predicted by the following equation:
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s = N · 2(n−1) (IV.1)

where s is the number of layers, N is the number of KSM inlets, and n is the

number of mixing elements.

If we replace N and n values for a KSM printhead with 8 inlets and 2 mixing

elements, the mathematical expression would be:

s = 8 · 2(2−1) (IV.2)

Solving the equation yields that the number of layers is 16.

s = 8 · 21 = 16 (IV.3)

Similarly, the width of each striation can be calculated by the equation l=d/s,

where l is the width of striations, d is the diameter of the KSM nozzle tip (1 mm),

and s is the number of striations. When printing fibers with a KSM with eight inlets

and two mixing elements, the hydrogel fibers have 16 layers. Each entry loaded with

ink forms two layers of that same material inside the construct with a 62.5 µm

width. This width is appropriate considering that a microchannel is next to every

cell-friendly fiber layer since nutrients cannot perfuse deeper than 200 µm[42].

4.1.5.1 For solid fibers

The goal of printing solid fibers was to check the feasibility of the computational sim-

ulations. Hollow fibers with variations in the number of Alg(H) and GelMA/Alg(L)
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inlets were printed. The number of inlets with HEC remained constant, as depicted

by Fig. 4.10.

Figure 4.10: Hydrogel fibers of only Alg(H) with inks proportion variations in
the printing inlets. A comparison between conceptual and experimental results of

the crosssections’ architecture and inks’ proportion is also shown.

Results showed that the conceptual crosssections were similar to experimental

crosssections in geometry and spatial arrangement—moreover, the conceptual and

experimental results for the proportion of inks returned similar values. For example,

a fiber with a conceptual proportion of 50% for structural ink (light blue), 25% for

matrix ink (orange), and 25% for sacrificial ink had an experimental proportion of

50.6% for the structural ink, 26.3% for the matrix ink, and 23.1% for the sacrificial

ink. The same trend repeated in other ink configurations.
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Generally, the fibers’ crosssections were predicted accurately with the compu-

tational simulations. Chavez et al. also reported the predictable cross-sectional pat-

terns of chaotically-printed fibers with a 2-inlet printhead [5]. Ceballos et al. already

demonstrated that the simulations predicted the experimental crosssections of multi-

material hydrogel fibers. They characterized the microarchitecture of chaotically-

printed fibers with a 4-inlet, 6-inlet, and 8-inlet printhead[101]. Therefore, it is

possible to modulate the composition of a multichannel hydrogel fiber by changing

the proportion of each ink.

4.1.5.2 For hollow fibers

Obtaining crosssection images in the fluorescence microscope from hollow fibers was

not possible. For this reason, the architectural characterization of hollow fibers was

done qualitatively by observing the colors in their lateral view. Fluorescence images

only captured the green color for hollow fibers of Alg(H) and HEC. The Alg(H) layers

had a green fluorescent ink distinguished by the fluorescence microscope. The lateral

view under the bright field showed light passing in some striated regions along the

fiber. As Alg(H) does not allow light to pass in the bright field, the striated white

areas corresponded to void microchannels that were formed after the dissolution of

HEC in CaCl2 (Fig. 4.11).

Figure 4.11: Lateral view of a hollow fiber of Alg(H) and HEC under the bright
field and a green fluorescent channel.
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Fluorescence images captured the blue and red color for hollow fibers of

Alg(H), GelMA/Alg(L), and HEC. The Alg(H) ink was loaded with blue fluorescent

particles, whereas the GelMA/Alg(L) ink was loaded with red fluorescent particles.

The combined channels (red+blue) can be observed with sober black striations in

Fig. 4.12. Black striations correspond to void microchannels formed by HEC disso-

lution.

Figure 4.12: Fluorescent microscopy images of a multimaterial hollow fiber.

4.2 Tensile Tests

Mechanical tests were performed by optimizing the number of holes, the proportion

of Alg(H) layers, and the concentration of Alg(H). The tensile tests determined the

elastic modulus, strain at break, and stress at break of all the fibers’ experimental

variations. The elastic modulus describes the fiber’s ability to deform under load

and then return to its original shape when removed. The strain at break indicates

the ability of the fiber to stretch before reaching its strength limit, while the stress

at break shows the maximum force the material can withstand before breaking.

Optimization was done mainly by comparing elastic modulus values. However, strain

and stress at break values were used to differentiate between two fibers with an
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optimal elastic modulus when just one needed to be chosen. All the decisions were

based on the statistical analysis using ANOVA.

Knowing the mechanical properties of hydrogel fibers is necessary to optimize

them for skeletal muscle tissue engineering applications. The human body’s muscles

are mainly flexible and elastic; that is, they can stretch before breaking. In this

sense, the aim was to obtain a fiber with the highest strain at break value possible.

Likewise, it must tolerate a specific load force (stress at break) before breaking

without making the fiber too rigid. This must be achieved without compromising

the number of hollow channels manufactured by the sacrificial ink dissolution and

without drastically decreasing the number of cell-adhesive material layers.

4.2.1 The number of holes

Ideally, hydrogel fibers should have as many holes as possible to promote vascular-

ization and enhance cell viability. However, increasing the number of holes decreased

mechanical properties. Values from elastic modulus, strain at break, and stress at

break were obtained from the stress-strain curve (Fig. 4.13).

The ANOVA test showed that the elastic modulus of fibers with 4 holes (11.76

kPa) and 6 holes (9.44 kPa) was statistically different. In comparison, the difference

between the elastic modulus of fibers with 2 holes (10.74 kPa) and 4 holes (11.76

kPa) was insignificant (Fig. 4.13). This same pattern was found for the strain at

break values, in which significant differences were found only between fibers with 4

holes (0.76) and 6 holes (0.32) (Fig. 4.14). The stress at break values of fibers with

2 holes (2.15 kPa) and 4 holes (3.10 kPa) differed, although the difference between

fibers with 4 holes (3.10 kPa) and 6 holes (1.32 kPa) was more significant. The

bar plots showing statistical differences of the strain and stress at break values are
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Figure 4.13: Mechanical properties of hydrogel fibers with variations in the
number of hollow channels. The stress-strain curve (left) and bar plot represent

statistical significance between the elastic modulus values (right).

shown in Fig. 4.13.

Figure 4.14: Bar plots representing statistical significance between strain values
at break (left) and stress at break (right) of fibers with different numbers of holes.

Thus, a hydrogel fiber with 4 holes has the optimal amount of void mi-

crochannels without significantly decreasing the mechanical properties. Therefore,

fibers with 4 holes were printed by adding 2 printhead inlets with the sacrificial ink

(HEC) to perform the tensile assay in the next set of experiments.
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4.2.2 The proportion of Alg(H) layers

Increasing the proportion of Alg(H) inside the fibers improved mechanical proper-

ties. As shown by the stress-strain curve in Fig.4.15, the control sample (a solid

fiber of Alg(H) only) had better mechanical properties (17.87 kPa) than the hollow

fibers with different Alg(H) proportions. The fiber with the least Alg(H) proportion

(2 out of 8 inlets with Alg(H)) had the stress-strain curve with the lowest slope and

lowest strain and stress at break values. The ANOVA test showed differences in

the elastic modulus values of all the experimental samples compared to the control

sample. There were also differences between fibers with 2/8 Alg(H) (4.78 kPa) and

3/8 Alg(H) (8.93 kPa); and with fibers with 3/8 Alg(H) and 4/8 Alg(H) (11.76 kPa).

Figure 4.15: Mechanical properties of hydrogel fibers with variations in the
proportion of Alg(H) layers. Stress-strain curve (left) and bar plot representing

statistical significance between values of elastic modulus

Regarding strain at break values, just the experimental sample of 4/8 Alg(H)

(0.76) had a meaningful difference compared to the control sample (1.29). The other

difference was observed between 4/8 Alg(H) and 5/8 Alg(H) (1.52). All the experi-

mental samples’ stress at break values differed statistically from the control sample
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(6.73 kPa). In the experimental samples, the only difference in stress at break values

was observed between fibers of 2/8 Alg(H) (1.52 kPa) and 3/8 Alg(H) (2.55 kPa).

The bar plots showing statistical differences of the strain and stress at break values

are shown in Fig. 4.16.

Figure 4.16: Bar plots representing statistical significance between values of
strain at break (left) and stress at break (right) of fibers with different proportions

of Alg(H) layers.

According to these results, the optimal proportion of Alg(H) inside the fibers

must be between 3/8 and 4/8. As this work focuses on increasing the mechanical

properties of the construct while preserving as many cell-adhesive layers as possible,

a hollow fiber with an Alg(H) proportion of 3/8 was chosen as optimal. This fiber

proportion was used for the last set of tensile tests.

4.2.3 The concentration of Alg(H)

The final set of tensile assays involved optimizing Alg(H) concentration. The rein-

forced hollow fibers used in this section had the optimal proportion of Alg(H) layers

(3/8 of Alg(H)). The conceptual crosssection of this fiber is shown in the stress-

strain curve (Fig. 4.17), where the light blue layers correspond to Alg(H), orange to
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GelMA/Alg(L), and black to HEC.

Figure 4.17: Mechanical properties of hydrogel fibers with different concen-
tration of Alg(H). The stress-strain curve (left) and bar plot show the statistical

significance between elastic modulus values (right).

The hydrogel fibers’ mechanical properties increased as the Alg(H) concentra-

tion increased, and the stress-strain curve showed a similar slope in the linear region

of the curve between 2% and 4%. However, the slope significantly increased when

Alg(H) at 6% was used. The fiber with 6% was stiffer but also had limited stretch.

The ANOVA test showed that the elastic modulus values significantly differed be-

tween samples that used Alg(H) 4% (12.80 kPa) and 6% (25.83 kPa).

The fiber with higher deformability corresponded to the one with 4% algi-

nate, as it had a higher strain at break. The strain at break values had a meaningful

difference between Alg(H) 2% (1.07) and 4% (1.54), and between Alg(H) 4% and 6%

(0.86). The stress values at break showed significance between the first two concen-

trations but did not show any significance between Alg(H) 4% (6.96 kPa) and 6%

(7.05 kPa). This was due to the relatively high standard deviation of the values re-

lated to the 6% concentration (±2.55). The bar plots showing statistical differences
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of the strain and stress at break values are shown in Fig. 4.18.

Figure 4.18: Bar plots representing statistical significance between values of
strain at break and stress at break of fibers with different concentrations of Alg(H).

These results showed that a higher alginate concentration provided a more

mechanically stable and stiffer fiber. However, if the purpose is to fabricate a more

deformable and elastic muscle, the concentration of 4% alginate is more appropriate.

Choosing between these two concentrations depends on the final application of the

fiber: a stiffer or more deformable skeletal muscle fiber. The elastic modulus of a

human skeletal muscle fiber is around 10-40 kPa[110]. Therefore, either 4% (w/m) or

6% (w/m) of Alg(H) can be used, as both have an elastic modulus of 13 and 25 kPa,

respectively. Alg(H) 4% (w/m) was chosen for further degradation experiments since

it had the optimal concentration to provide enough resistance while maintaining a

deformable surface that has enough cell-adhesive layers for cell growth and expansion

of mouse myoblasts.

In summary, the optimized reinforced hollow fibers had ink proportions of

3/8 Alg(H) 4% (w/m) (structural ink), 3/8 GelMA/Alg(L) (cell-loaded bioink), and

2/8 HEC (sacrificial ink). The optimized fiber had an elastic modulus of 12.8 kPa,

consistent with the values of a mature muscle-like construct with void channels
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(14.7 kPa) reported by Filippi et al. in 2023 [25]. Other reports that used chaotic

bioprinting to fabricate skeletal muscle fibers did not report elastic modulus values

[21],[14],[15].

4.3 Degradation of fibers under continuous agitation

To evaluate erosion under agitation, experimental and control hydrogel fibers were

printed following chaotic printing protocols. Afterward, each fiber was placed inside

the DIY bioreactor to simulate 3D culture conditions with continuous agitation to

evaluate their degradation. To measure degradation, the remaining mass of each

fiber was measured over a period of time. Decreasing values of the remaining mass

indicates mass loss and, therefore, quantifies the degradation of the fibers over time.

Each fiber had a different proportion of structural material, while the presence of

hollow channels also varied. Both parameters influenced the loss of mass and, there-

fore, the degradation of the fibers.

Figure 4.19: Printed fibers for degradation experiments. Left to right: unre-
inforced solid fibers (control 1), reinforced solid fibers (control 2), unreinforced

hollow fibers (control 3), reinforced hollow fibers (treatment).

The experimental sample was the reinforced hollow fiber that was mechani-

cally optimized after tensile assays. The control samples were unreinforced hollow

97



fibers (hollow fibers without Alg(H) layers), reinforced solid fibers (fibers without

void microchannels but with Alg(L) layers), and unreinforced solid fibers (fibers

made of just GelMA/Alg(L)). The experimental and control samples were printed

successfully following chaotic printing protocols (Fig. 4.19).

The fibers containing alginate reinforcement (with at least one inlet with

Alg(H) 4% (w/v) in the printhead) resisted more time in continuous agitation than

solid and hollow fibers without alginate reinforcement. The hollow fibers with-

out alginate reinforcement (GelMA/Alg(L)-HEC) completely degraded after 24 h of

continuous agitation submerged in PBS. Meanwhile, solid fibers without alginate

reinforcement (GelMA/Alg(L)) completely degraded after 72 h of continuous agita-

tion. The solid fibers with alginate reinforcement (GelMA/Alg(L)-Alg(H)) and hollow

fibers with alginate reinforcement (GelMA/Alg(L))- HEC-Alg(H)) maintained more

than 65% of their mass after 72 h of agitation.

Figure 4.20: Remaining weight of fibers in the first 72 hours of agitation in a
rocking bioreactor.

Despite having layers of structural hydrogel (Alg(H)), reinforced hollow fibers

lost more mass (remaining weight=68.5%) than reinforced solid fibers (remaining

weight=89.4%). This could have happened due to the presence of void channels
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inside the construct, which led to perfusion and erosion in the internal walls of the

fiber. Additionally, reinforced solid fibers had a higher proportion of alginate (1/2

or 4/8 Alg(H)), while reinforced hollow fibers contained less alginate (3/8 Alg(H)).

A higher proportion of alginate resulted in better mechanical stability and a higher

percentage of remaining mass after agitation. The remaining weight (%) curves can

be shown in Fig. 4.20.

In summary, the reinforced solid fibers ((GelMA/Alg(L)-Alg(H)) had the most

remaining mass after 72 h of continuous agitation compared to the rest of the printed

fibers. Therefore, these fibers were chosen as a control for bioprinting experiments

using cells.

4.4 Cell viability in static culture

Assessing cell viability is crucial in 3D bioprinting, as it is the primary indicator

of whether the materials used, their composition, and their distribution support

adequate cell growth. The cell viability experiments began with 2D cell culturing

for cell expansion. Then, it involved the chaotic bioprinting of experimental and

control samples containing cells. Both samples were cultured in static conditions in

an incubator for 14 days. Finally, cell viability was assessed with live/dead staining.

Live/dead staining provides qualitative information about the number of live (green)

and dead (red) cells within the fibers. The use of ImageJ was necessary to convert

this information from qualitative to quantitative. In this way, viability values were

obtained in the form of percentages, which could then be statistically analyzed to

identify differences in cell viability between samples.
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4.4.1 Chaotic bioprinting

The C2C12 cells reached 70% confluence in 2D culture under the applied culture

conditions. This is shown in Fig. 4.21, in which the cells show a significant ex-

pansion in the T25 12-well plate. The cell expansion was repeated after obtaining

the necessary amount of cells (3 million cells per mililiter of cell-adhesive bioink).

The experimental samples were reinforced hollow fibers with optimized mechanical

properties. The control samples consisted of the fibers that withstood the agitation

best in the degradation experiments best. They consisted of 1/2 Alg(H) and 1/2

GelMA/Alg(L). The detailed bioprinting strategy was consolidated after mechanical

optimization. The conceptual crosssections of control and experimental samples are

described in Fig. 4.22.

Figure 4.21: Mouse myoblasts at 70% confluence

The cells attached successfully to the optimized reinforced hollow fiber se-

lected after tensile assays and degradation experiments (Fig. 4.23). The cells pre-

served their shape after printing and were unaffected by the chaotic flows.
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Figure 4.22: Bioprinting of the control sample (left). Bioprinting of the
optimized-reinforced hollow fiber (right).

Figure 4.23: Chaotically bioprinted hydrogel fiber at day 1 (left). Embedded
C2C12 cells in the hydrogel fiber (right).

4.4.2 Cell viability assessment

Fluorescence microscopy images for days 1,7 and 14 showed live (green) and dead

(red) cells (Fig. 4.24). Quantitatively, the number of live cells was higher on days 7

and 14. The sample with the highest number of dead cells was the solid fiber on day

1. The reinforced hollow fibers showed a cell viability of more than 90% compared

to the solid fibers at days 7 and 14 of static culture (>80%). Moreover, cell viability

improved between days 1, 7, and 14 in the hollow fibers in static culture. In the

solid fibers, cell viability increased between days 1 and 7, but between days 7 and
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14, the viability remained nearly the same (around 80-85%).

Figure 4.24: Live/Dead staining of solid and hollow fibers in static culture at
days 1, 7, and 14. Scale bar: 500 µm.

Figure 4.25: Statistical analysis of cell viability of fibers in static culture

These results indicated that void microchannels inside reinforced hollow fibers

improve cell viability in static culture. These findings are consistent with Bolivar et

al., who showed that the presence of hollowed microchannels enhances the viability

of C2C12 cells due to improved mass transfer of nutrients and gases[15]. However,

their fibers degraded after 7 days of static culture due to poor mechanical properties,

which is not enough time to achieve skeletal muscle tissue maturation. The optimized
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reinforced hollow fibers that were fabricated in this study withstood at least 14 days

of static culture. Fan et al.[111] and Lee et al.[19] reported constructs with cell

viability of >90%, but only for days 3 and 7 in tiny fibers (10-100 µm in width).

Hwangbo et al. reported cell viability of >90% for days 1 and 3[22], but the cell

viability of their constructs in the long term is unknown. Lee et al. reported cell

viability of 86% in their constructs[23], which is less than the cell viability of the

reinforced hollow fibers.

4.5 Cell alignment in static culture

Cell alignment was evaluated in the hydrogel fibers from the static culture. This

assessment was done because the degree of alignment of the cells in the early stages of

maturation can determine if the tissue will be functional. To evaluate cell alignment,

fibers were printed with cells, as described in the previous section. Then, the actin

filaments and the cell nucleus were visualized using actin/DAPI staining.

First, cell spreading was assessed to determine if the cells were attached

and extended along the hydrogel fiber. Cell spreading was evaluated by observing

actin filaments and cell flattening in the microscope. Actin filaments are more

visible in cells that have adequately adhered to the biomaterial and are beginning

to differentiate. The length of actin filaments serves as an indicator of the degree of

adherence and differentiation of the myoblasts. Conversely, the nucleus undergoes

expansion upon cell attachment and initiation of the differentiation process.

Although it is necessary to know the orientation in 2D images, it is also

crucial to know the distribution of cells in 3D space. This is because the fibers have

a diameter of 1 mm, and ideally, cell spreading should be visualized throughout the

entire volume of the fiber. To know the distribution of cells inside the fiber, images
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were taken using the z-stack. Z-stack is a functionality of the Zeiss microscope that

takes images layer by layer until obtaining a single 3D image.

Finally, image processing tools help calculate the degree of orientation of

actin filaments in 2D images. To indicate good cell alignment, it is preferred that

the majority of filaments be oriented towards the 0° degree with respect to the

hydrogel fiber.

4.5.1 Cell spreading

Cell spreading was evaluated to determine whether the C2C12 cells attached to the

reinforced fibers’ GelMA/Alg(L) layers in static culture. The cells remained spherical

during the first 7 days of culture in solid and hollow reinforced fibers. This was due to

the Alg(H) layers, which created a stiffer environment for this cell type and delayed

their spreading processes. Consequently, there was a lack of actin filaments, and

the actin fluorescence signal was low. Meanwhile, cell spreading in both fibers was

finally observed after 14 days of culture. Actin/DAPI staining images that show the

actin filaments (red) and cell nucleus (blue) are shown in Fig. 4.26.

It has not yet been elucidated whether the cells spread within the GelMA/Alg(L)

compartments in the core parts of the fiber or only at the surface. Although the

solid fibers seemed to showcase improved cell spreading at day 14, this was not nec-

essarily the case. The 2D images provided limited information about the volumetric

distribution of the cells inside the fiber because they only showed the upper part of

the fiber. Fig. 4.27 shows how the cell spread only on the surface of the reinforced

solid fiber, and the layer formed by cells was not deeper than 50 µm. A 360° video

of this fiber can be found in Appendix 4. Bolivar et al. reported similar results for

reinforced solid fibers at day 28, where the cells spread just on the fiber’s surface
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Figure 4.26: Actin/DAPI of reinforced hollow fibers at days 7 and 14

and resembled a crust.

Figure 4.27: Actin/DAPI of solid fibers at day 14

Void microchannels improved the perfusion of nutrients to cells in the fiber,

including the core. Therefore, Fig. 4.28 shows that spread cells were seen until 400

µm deep within the fibers’ core on day 14. They surrounded a higher surface area

than solid fibers, and the fiber’s shape were distinguished in the Actin/DAPI images

due to the spread cells along the surface. A 360° video of this fiber can be found in

Appendix 5.
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Figure 4.28: Actin/DAPI of reinforced hollow fibers at day 14

4.5.2 Cell orientation

Cell orientation of reinforced solid and hollow fibers was evaluated by extracting data

from the Actin/DAPI staining images. Fig. 4.29 depicts polar diagrams showing

the direction of the cells on each sample. The orientation of reinforced solid and

hollow fibers was random at day 7 because there were not enough actin filaments

to show a clear direction. Hollow fibers were not as dispersed as solid ones but did

not have a clear direction. At least 10% of the cells of solid and hollow fibers were

in random directions.

Figure 4.29: Actin/DAPI of reinforced hollow fibers at days 7 and 14

Both fibers had better alignment on day 14. Both fibers showed cell orien-

tation between -30 ° and 30°. In solid fibers, 15% of cells orientated towards 0°.
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However, that orientation is only on the fiber’s surface, as shown by Fig. 4.27. On

the other hand, hollow fibers had approximately 30% of cells orientated from -10°

to 10°. Other cells (24%) were orientated on -30° or 30°.

4.6 Cell viability in agitated culture

The sixth specific objective seeks to describe whether culture with continuous agita-

tion improves cell viability. To do this, the fibers were printed with cells and cultured

with shaking for 7 days. Fibers that were cultured in static mode served as a control.

Live/dead staining was performed on both samples. The photos were obtained in

the microscope. Subsequently, image processing was carried out to determine the

percentage of viable cells, followed by the application of relevant statistical analyses.

The live/dead images showed significant live cells (green) on days 1 and 7.

Qualitatively, both fibers had more live cells on day 7. The number of live cells in all

the images indicates a higher cell proliferation than in fibers in static culture. Cells

had a considerable volumetric proliferation in all the fiber, including the surface and

across 800 µm deep. A 360° video of live and dead cells of reinforced hollow fibers

is in Appendix 6. A similar video for reinforced solid fibers is in Appendix 7. Fig.

4.30 contains representative 2D images from all samples.

Generally, both fibers had higher cell viability when cultured under continu-

ous agitation than when they were cultured in static mode. Cell viability in agitated

culture (>95%) was higher on days 1 and 7 than in static culture in both fibers.

The statistical differences between static and agitated cultures were observed for

solid fibers between days 1 and 7. The difference was only observed on day 7 for

reinforced hollow fibers (Fig. 4.31).
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Figure 4.30: Live/Dead staining of solid and hollow fibers in agitated culture
at day 1 and 7.

Figure 4.31: Statistical analysis of cell viability of fibers in culture under agi-
tation

In summary, continuous agitation improved cell viability in both samples

compared to cells grown in static culture. These results demonstrated again that

culturing cells in a bioreactor enhanced cell growth. The seminal work of Freed and

coworkers demonstrated the same by calculating the doubling time of cells and the

proliferation rate inside a stirred tank bioreactor[31]. Subsequent works of Li et al.

and Nguyen et al. demonstrated that the constant agitation induced better perfusion
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of the medium inside the printed construct and improved cell viability[35],[34].
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CONCLUSIONS

In brief, chaotic bioprinting could be optimized to create reinforced multichannel

hydrogel fibers for skeletal muscle tissue maturation in a rocking bioreactor in an

economical fashion and at high throughput. It was concluded that:

• Chaotic printing allowed to manufacture reinforced hollow fibers with three

inks of different viscosity (structural, matrix, and sacrificial) using a KSM

printhead that created chaotic flows in a predictable pattern. The distribution

of layers in the hydrogel fibers was predictable since the computational cross-

sections were similar to the experimental images.

• Tensile tests allowed the design of a reinforced hollow fiber with optimal me-

chanical properties. The optimal proportion of the number of voids, proportion

of Alg(H) layers, and Alg(H) concentration was found to improve the mechan-

ical properties without altering other characteristics of biological relevance.

The optimized fiber had an elastic modulus of 12.8 kPa and was made of 3/8

Alg(H), 3/8 GelMA/Alg(L), and 2/8 HEC.

• Degradation tests demonstrated that the optimized reinforced hollow fibers

could withstand continuous agitation in a rocking bioreactor for 3 consecutive

days, retaining at least 65% of its mass.

• Reinforced hollow fibers had higher cell viability at day 14 (>90%) than re-

inforced solid fibers because they have void microchannels that simulate the

functionality of native blood vessels in human tissues.

• Both solid and hollow fibers in static culture demonstrated a degree of align-

ment between -30° to 30° at day 14 of culture. This was a sign that the

fibers would be functional once they had matured through extended culture

processes.
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• Culture under continuous agitation in a rocking bioreactor improved cell via-

bility compared to static culture, reaching values of >95%. Agitation improved

the cell viability of solid and hollow reinforced fibers.

For future research, the static and agitated cell culture time can be increased

until day 28 to evaluate tissue maturation. One way to evaluate tissue matura-

tion is through immunostaining to visualize specific biomarkers, such as sarcomeric

actin, by fluorescence. A more quantitative way to evaluate tissue maturation is

through qPCR. Specifically, reverse transcription qPCR (RT-qPCR) should be done

to quantify the amount of messenger RNA (mRNA) that expresses specific differen-

tiation genes. Each stage of muscle differentiation has associated genetic expression

markers. In this way, the precise state of tissue maturation can be known.
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RECOMENDATIONS

First, the proposed system for chaotic bioprinting provides little control for print-

ing on the X, Y, and Z axes. This is because the printing position depends on

the person manually manipulating the system. One solution to this problem is to

adapt the KSM head to a commercial bioprinter like BioX. Second, the system is

applicable only for printing fibers. Therefore, crosslinking the fibers after printing is

recommended to obtain more elaborate, human-like tissues and organs with a clin-

ically relevant size. Third, the diameter of the fibers is always 1 mm, as it directly

depends on the diameter of the KSM nozzle. Nanopipettes connected to the KSM

nozzle could be explored to decrease the fiber’s diameter. By using nanopipettes,

higher resolutions in printed constructs can be achieved. Moreover, the syringe

pump should be automated, as it depends on the person operating it. This leads to

more time-consuming and imprecise bioprinting processes. This could be solved by

fabricating a DIY syringe pump with a control system. Agglomerations can appear

in the fibers when three or more materials are used. Therefore, the rate of velocity

should be decreased while printing with multiple hydrogels simultaneously.
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APPENDICES

Appendix 1 - Technical Specifications of the Form 3+ 3D Printer

Obtained from https://formlabs.com/3d-printers/form-3/tech-specs/
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https://formlabs.com/3d-printers/form-3/tech-specs/


Appendix 2 - Protocol for Lyophilized GelMA Preparation

This image was adapted from [112]
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Appendix 3 - Video of a Tensile Test with a hydrogel fiber as a sample

Click to watch full video

Appendix 4 - Video of Actin/DAPI staining of Solid Fibers in Static

Culture (Day 14)

Click to watch full video
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https://drive.google.com/file/d/16BfFu5O-o1RfRO80Fs2WdzLX0Tcydzv8/view?usp=sharing
https://drive.google.com/file/d/1IuNZwSHT9rD7QEZEl21qOQaNZvNxz8UH/view?usp=sharing


Appendix 5 - Video of Actin/DAPI staining of Hollow Fibers in Static

Culture (Day 14)

Click to watch full video
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https://drive.google.com/file/d/19JvptFEJL17xHVXYIMPb8Uj7lZrwtK-w/view?usp=sharing


Appendix 6 - Video of Live/Dead Assay of Solid Fibers in Culture under

Agitation (Day 07)

Click to watch full video

Appendix 7 - Video of Live/Dead Assay of Hollow Fibers in Culture

under Agitation (Day 07)

Click to watch full video
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https://drive.google.com/file/d/1hybV3o-miF3WvX2Di5w1fOks-iXh4vaS/view?usp=sharing
https://drive.google.com/file/d/1wGZCRP375kXuPHqYe7wxWZzrMfOYwrFq/view?usp=sharing


Appendix 8 - Schedule
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Appendix 9 - Budget
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