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Introduction

Global demand for transplantable tissues and organs puts a heavy strain on the medical system as
the demand greatly outweighs the supply. Roughly 17 people die every day waiting for an organ, graft or
tissue, even in countries with donation programs (Organ Donation Statistics | Organdonor.Gov,
2024). Faced with this deficit, the potential of 3D bioprinted organs has taken the spotlight as a possible
way of resolving this problem (A. Lee et al., 2019). First through organoid-based disease models to push
more extensive treatment option development and knowledge about organ development and, ultimately
moving toward fully functional bioprinted organs and tissues (Y. S. Zhang et al., 2016; Urciuolo et al.,
2023). 3D cell culture development presents itself as a first step in understanding the necessary steps in

the workflow leading to how bionic tissues and organs should be produced (Fu et al., 2023).

Currently cellular scaffolds are considered as invaluable tools in 3D culture engineering and
development by proving a micro-environment that mimics natural physiology, facilitates cell adhesion,
migration, differentiation and long-term viability (Martinez-Espuga et al., 2023). Biofabrication can be
used in manufacturing cellular scaffolds by printing various biocomapitble of biomimtetic materials
(Levato et al., 2021). Later this can transition to bioprinting by mixing cells into the printing process.
However, most manufacturing methods struggle to deliver scaffolds that are simultaneously biomimetic,
reproducible and clinically scalable. Hydrogel suspensions are highly cytocompatible but lack porosity
and mechanical strength (Marks et al., 2012). Electrospun meshes achieve nanofiber architecture but
suffer from solvent toxicity and poor mass transport (Wilson et al., 2022). Stereolithography, which offers
layer-by-layer fabrication, can pattern centimeter-scale objects, though falling short at resolution, barely
achieving 10 um and having long print times. Extrusion bioprinting, while versatile, exposes cells to

severe shear and thermal stresses, limiting viability and structural fidelity (Kumar & Kim, 2020).

2 photon polymerization (2PP) offers a different approach to biofabrication and bioprinting Non-
linear absorption at the focal point of a sharp focusing lens confines polymer cross-linking to a voxel
smaller than the diffraction limit, enabling free-form architectures with sub-micrometer features
(Jonusauskas et al., 2018; Ezerskyté et al., 2022). Crucially, as a nozzle-free process 2PP has the potential
to eliminate the mechanical and chemical stressors, which inherently would boost biocompatibility and
adaptability of this technology. Additionally, 2PP uses either visible or infrared radiation, also eliminating
UV-related damage to cell DNA. Together with integrated spatial light modulation (SLM) 2PP becomes
a highly tunable tool for rapid manufacturing of various biocompatible constructs (Vitkiinaité et al.,

2024). Among numerous ways to improve the throughput of the 2PP recently proposed horizontal voxel



elongation seems to strike the best balance between simplicity, applicability and flexibility, especially in

the context of the biological applications.

The key for SLM operation is what is called a phase mask. The phase mask is normally a gray-
scale image where shades of grey denote how much the phase of the incident light will be retarded. Then,
after the phase is modulated, the wavefront would diffract in a way to create the desired intensity
distribution in the far field (i.e. infinitely far away) or in the focal plane of the focusing optic (Shirshneva-
Vashchenko et al., 2023). Overall, phase mask generation is a rather complicated process. At its simplest
level it can be imagined as a two-dimensional Fourier transform. Because of that, only a limited amount
of the most basic intensity distributions can be calculated deterministically. For anything more advanced
or proprietary Gerchberg-Sexton algorithm is used. The main issue with it is that in its basic form, it does
not account for intensity distribution before and after the focal plane. Additionally, because it is an
iterative approximate calculation method, the precision of the intensity distribution calculations depends

on the number of iterations.

So far, for uses in 2PP phase masks are generated using software provided by the vendor of SLM
(HOLOEYE). While it generally works, it is a “black box” solution with unclear tunability potential.
Therefore, before developing more sophisticated solutions for phase mask generation, we need more
understanding of what exactly can be achieved using current software and what are the primary
limitations. This thesis situates itself at the intersection of laser physics, materials science and
regenerative biology to demonstrate how 2PP with integrated SLM can be used in rapid manufacturing.
There are two main lines of work in this study: experimental investigation of intensity distributions with

the Z-scan and application of acquired best phase masks for 3D printing.

The aim of this study is to analyze the current capabilities and limitations of phase mask generation
while using the “HOLOEYE” software and use the best performing for 3D organoid scaffold printing.

Therefore, the tasks are approached as follows:

1) Test how intensity distribution depends on the width of the line in the initial image from which
the horizontally elongated voxel is generated. Measure it along the optical axis.
2) Characterize voxel parameters after applying the generated phase masks for 2PP printing.

3) Use generated phase masks for organoid scaffold printing.



1. Literature review

1.1. Challenges of bioprinted organs

The first successfully transplanted organ was the kidney. The surgery took place in 1959 in United
States of America, Louisiana. The case marked the first successful transplant between individuals who
were not genetically identical. The donor and recipient were fraternal twin brothers (Murray et al., 1962).
The early days of transplantation focused on kidneys. However by the late 1960s and early 1970s organs
like liver, heart and lungs were successfully transplanted (Hardy et al., 1964; Barnard, 1967; Starzl &
Demetris, 1990). As the transplantation procedure was being researched and applied as a lifesaving
treatment option, doctors faced many challenges from understanding how the immune system influences
the procedure by navigating the way of organ collection and donation. Despite the continues development
of organ transplantation methodology there’s still an array of challenges that hinder further progress,
viable donor shortage being one of them. Roughly 17 people die every day from a lack of organs for

transplantation (Organ Donation Statistics | Organdonor.Gov, 2024).

To battle the constant challenge of organ shortage, tissue regeneration as well as bioprinting begin
to emerge. 3D bioprinting describes a process in which cells are combined with other biomaterials as
printing inks and used to print complex 3D structures that would recreate the biological function of in
vivo tissues (A. Lee et al.,, 2019). The main goal of developing 3D printing technology in organ
reconstruction is to print fully functional bionic tissues in the direction of multi-organ reconstruction.
Significant progress has been made in recent years achieving printing with live cells (S. H. Lee et al.,
2023). However, there are still many challenges present when moving towards printing fully functional
organs. Many technologies although showing promising results in initial studies do not provide longevity
in their bioprinted tissues whether due to low cell viability caused by a stressful printing process, usage
of harmful solvents in bioinks or the dependance of the printing process on UV light which is a direct
carcinogen (Moncal et al., 2019; Z. Zheng et al., 2021). Currently no technology has been able to
demonstrate the printing of a fully functional solid organ that would be usable for tissue reconstruction
or transplantation. On the other hand, the emergence of 3D printed skin grafts (Fu et al., 2023), miniature
liver (Jaksa et al., 2023) and heart models (Y. S. Zhang et al., 2016) confirm the possibility of 3D printed

organs while pioneering the field of bioprinting.

In order to move forward in this field challenges like vascularization, multi-tissue printing, overall
printing throughput, cellular viability, immune response and mechanical tissue structure engineering need

to be resolved. 3D cell culture engineering poses itself as a starting step in 3D bioprinting. Structures like



organoids and spheroids provide valuable insight on cell differentiation, proliferation, viability and
generally what is needed for further tissue maturation and development (Mun et al., 2019; Rolver et al.,
2019; Urciuolo et al., 2023). It is crucial to understand cellular behavior when modeling the bioprinting
process as it ensures that the developed technology can be aligned with the specific needs of printed

organs.

1.2. 2D and 3D cell cultures

In the past most studies on cellular behaviors in mammalian cells were either carried out in vivo,
in mice or in vitro within two-dimensional (2D) cell cultures (Rederer et al., 2023). Response to different
stimuli, gene expression or biochemical signaling pathways are a few examples of topics that 2D cell
cultures were used to research (Saleem et al., 2002). For these studies cells were grown in 2D and
attached to polystyrene utensils or flat adherent surfaces (Kleinman et al., 2003; Ishiguro et al., 2023).
During the attachment process cells would form monolayer aggregates which then would be studied
under varying conditions. Historically, this type of system has been used by scientists since the early
1900s, specifically in co-culturing of cellular heterogeneity and in oncological research in order to
evaluate the efficacy of chemical compounds (Habanjar et al., 2021). Despite the advantages of mouse
models and 2D cell cultures used in research, both systems presented significant shortcomings when it
came to working with them. Maintenance of transgenic mouse models and in vivo studies have high
costs, are time consuming and present an array of ethical issues within their usage. At the same time
conventional two-dimensional, in vitro, cell cultures are well established, cost effective and much easier
to handle (Rederer et al., 2023). Unfortunately, 2D cell culture models cannot reproduce the necessary
cellular microenvironment that is needed for tissue formation including intra- and cell-cell interactions
with different communication pathways. This in turn causes results gathered from working with 2D cell
cultures to be less translatable when working on drug response studies, disease modelling or cellular
behavior research (Vidyasekar et al., 2016; Lin et al., 2020; Martinez-Espuga et al., 2023; Rederer et al.,
2023). Additionally due to characteristics of 2D cell culture environment it has been observed that cell
proliferation and differentiation is also affected, further distorted the generated structures characteristics
when compared to natural tissues (Duval et al., 2017; Jeibouei et al., 2022; Salinas Vera et al., 2022;

Vitkiinaité et al., 2024).

Evidently three-dimensional (3D) cell culture models are more physiologically relevant than 2D
cell models (Mun et al., 2019; Kerslake et al., 2023). 3D cell models revolutionized research, allowing
the creation of an in vivo-like tissues using an in vitro environment, which is more complex and

physiologically relevant than traditional monolayer cultures (Table 1) (Kerslake et al., 2023). The
6



development of organoid and spheroid models capable of long-term expansion with competent tissue
functionality may provide a versatile and valuable platform for physiologically and pathologically

relevant tissue studies (Mun et al., 2019).

Table 1 Differences between 2D and 3D cell culture systems (Kerslake et al., 2023).

2D Cell culture

3D Cell culture

Cells grown in monolayers — biologically
simple

Cells form  differentiated  aggregates,
spheroids, or organoids — biologically complex

Gene and protein expression differ in vivo

Gene expression closely mimics in-vivo

Uniform exposure to chemical stimuli; drugs
often appear effective

Nonuniform growth results in toxicity profiles
and diffusion gradients closely related to in
vivo

Long-term cell cultures can develop genetic
drift

Growth is typically short-term, minimizing
genetic drift

Oxygen diffusion is uniform and higher than
many in vivo structures, thus augmenting
mitochondrial function and reactive oxygen

Oxygen distribution varies and hypoxic cores
are evident, mimicking in vivo variations of

many complexes

production
.. | Required additional nutrients, biological
Cheaper, less complex and easily . . .
. . scaffolding, are more expensive and time
recapitulated in lab !
consuming

Established protocols Limited established protocols

3D cell cultures can be divided into scaffold-based and scaffold-free systems. Usually scaffold-free
approaches include hanging drop cultures, liquid suspensions, usage of non-adhesive wells, rotating well
vessels or magnetic levitation (Boyer et al., 2018; Vu et al., 2021). The mentioned methodologies usually
result in cell culture forming spherical aggregates also called spheroids or organoids depending on the
properties of the cell culture. The main characteristic differentiating organoids from spheroids in 3D cell
cultures is the differentiation properties of the used cell lines (Wehrli et al., 2024). Cell aggregates that
are formed from a single cell line, especially immortalized or cancer cell lines are called spheroids.
Meanwhile organoids are generated from stem cells or primary cells isolated from specific tissue. Mature
organoids consist of several cell types (Bonanini et al., 2022). Scaffold-free 3D cell culture models offer

significant advantages and are generally better suited for research than 2D cell cultures (Mun et al., 2019).

However, challenges related to size, shape and integrity arise when forming scaffold-free cell
cultures. Additionally, the extracellular matrix (ECM), which is crucial for cell aggregate formation, in

scaffold-free spheroid models is influenced by different cell lines and outside stimuli that occurs as
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numerous variations of cell culture generation protocols (Figure 1) (Dissanayaka et al., 2014). Therefore,
there are noticeable differences when comparing generated cultures as it is difficult to maintain stable,
unchanging conditions (de Aratjo et al., 2024). Additional shortcomings of scaffold-free cell culture
include: the time-consuming protocols of spheroid generation and harvest; lack of control over size,
shape, and cell density; low-throughput type assays; the requirement for special equipment; the need to
transfer the generated co-culture into specific environments dependent on assays (Lin et al., 2020). The
need for transferring of the generated co-cultures especially disrupts spheroid or organoid generation as
cell cultures become prone to the loss of integrity. This especially applies to cells that have poor cell-cell
adhesion (Berens et al., 2015; Shoval et al., 2017). Such drawbacks need to be addressed to achieve more

uniform cellular structures that bring researchers even closer to true tissue models (Figure 1).

A 2D cell culture B 3D cell culture

3Dcell-cell .
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Figure 1 Illustration represents the main differences between 2D and 3D cell cultures. A - 2D cell
cultures where cells are grown in a mono layer. B - 3D cell culture where cells aggregate into an organoid
with multiple outside factors influencing the culture development. Proliferative cells — cells that are
actively going through cell division. Quiescent cells - cells that have stepped out of the active cell.
Hypoxic cells — cells that are experiencing oxygen concentrations below the level they normally need for
optimal metabolism and survival. ECM - extracellular matrix. (Salinas Vera et al., 2022).

Multiple studies emphasize the importance of cell microenvironment for maintaining and
regulating essential cell behaviors like stemness, differentiation and migration by providing support

which has a significant effect on gene expression (Fanhchaksai et al., 2016; Cheng et al., 2024; Havel &



Griswold, 2024). The integration of a supportive structure, like a scaffold, creates a necessary
environment for 3D cellular attachment, proliferation and differentiation as it closely mimics the
extracellular environment of live tissues. Scaffolds provide a role of mimicking tissue-tissue, cell-cell or
cell-ECM interactions and chemical gradients that are normally present within a living system
(Campuzano & Pelling, 2019). Additionally, scaffolds can be covered with bioactive compounds,
regulating the cellular behavior, as well as having biodegradable properties meaning that the protein
polymers would be absorbed by the body over time allowing for tissue remodeling and integration
(Colangelo et al., 2020; Dong et al., 2022). This property not only allows for the development of accurate
cell culture but also creates an opportunity to use cellular scaffolds for live tissue regeneration in vivo.
Depending on the used scaffold material the structure provides benefits like customizability allowing
precise control over scaffold properties tailoring them specifically for the used cell culture, consistency
in shape and stability, porosity and permeability, biocompatibility overall preserving tissue specific
characteristics (Abdul Samat et al., 2023). Materials used for scaffold generation can be generally
classified into natural or synthetic later branching out into groups like polymers, hydrogels,
decellularized tissue and hybrid organic-inorganic polymers (Sokocevic et al., 2013; Hendrikx et al.,
2016; J. Zhang et al., 2022). Materials like cellulose, chitin/chitosan, alginate, recombinant silk,
polylactic acid (PLA), polycaprolactone (PCL), provide low costs, consistent and tunable scaffolds which
can be applied for cell culture generation (Colangelo et al., 2020; P. Li et al., 2021; X. Liu et al., 2023;
Suryavanshi et al., 2023). However, with many advantages there are a number of disadvantages usually
related to the scaffold material and its fabrication process (Table 2).

Table 2 Different types of 3D scaffolds typically used for cell culture generation. Table adapted
from Habanjar et al., 2021.

Fabl?’i]c)afif)?lfﬁ)l\/[lgtho d Scaffold Properties Advantages Disadvantages
Easily accessible | Not porous.
A dense network of fibers d apolicabl High risk of poor
and applicable. :
Suspended Hydrogel | suspended in a chemical solution. | PP cell and nutrient
Solution ‘ | High levels of cell | distribution.
(Marks et al., 2012; | Properties of fibers heavily viabili Poorly  controlled
Habanjar et al., 2021; depend on the manufacturing RE ' architectl‘lr'e'— low
Nerger et al., 2024) Well established | reproducibility.
process. Poor  mechanical
user protocols. )
properties.




Continuation of Table 3 Different types of 3D scaffolds typically used for cell culture generation.
Table adapted from Habanjar et al., 2021.

3D Scaffold . .

Fabrication Method Scaffold Properties Advantages Disadvantages
Requirement  for
harmful solvents.

. High  price of
Dense and tight array of fibers,
. solvents.
nano — micro scale. Generated by .
o . . | Wide range of | Dence fiber

Electrospinning applying a high-voltage electric :

) ) . . achievable networks cause

(W. Liu et al., 2016; | field which causes an eruption of | . . )

. ’ . size/diameter  in | poor cell and

Wilson et al., 2022; | the polymer from the tip of the . .

o . architecture. nutrient
Piscitelli et al., 2024) | needle. During the process the | ... s C
. High cell viability. | distribution.
solvent evaporated leaving a o .
dried-fiber scaffold Varlgblhty n
’ architecture batch
to batch — low
reproducibility.
Difficult freezing
Homogenous  suspension of | Wide  generation | process.

Lyophilization collagen with acid. Developed | range in terms of | High variability in

(Habanjar et al., | through heat treatment for the | pore sizes. architecture batch

2021; Anderson & | sublimation of ice crystals under | Highly porous. to batch — low

Segura, 2022) vacuum to the defined freezing | Inexpensive. reproducibility.

point before returning to 0 °C. High cell viability. | Poor = mechanical
properties.
Capable of
producing
scaffolds mm - cm
in size.
Highly
reproducible. .
Stereolithography . It can be combined High cost. .
Printed layer-by-layer, usually | . Low resolution.
(Zhu et al., 2016, from a UV curable material with hydrogels or Slow process
Kumar & Kim, 2020) ' electrospinning. P '
High cell
differentiation rate
and adhesion.
Imitation of
complex in vivo
architecture.

Engineering of 3D cell cultures depends on a few points: specific properties of the cell, 3D
microenvironment imitating the natural ECM, scaffold-based biomaterials, signaling molecules and cell
culture that can support tissue development (Kerslake et al., 2023). To create a platform that would allow
us to generate reproducible tissue models suited for disease modeling, drug testing and fundamental

research it is essential to optimize as many components as possible. Currently there are little to no
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technical options to generate nearly identical scaffolds perfectly tailored for cell growth. Nevertheless,
by evolving the currently present stereolithography scaffold generation process we can move close to
being able to efficiently generate perfectly optimized constructs specifically tailored for 3D cell culture

generation.

1.3. Organoids
Organoids are defined as 3D cell cultures that are grown in vitro from various cell sources
including: adult stem cells (ASCs), collected directly from biopsies of different tissues, pluripotent stem
cells (PSCs) like embryonic (ESCs) or induced (iPSC) stem cells obtained by reprogramming
differentiated cells (S. Wang et al., 2019; Silva et al., 2021; Geurts et al., 2023). Placed in an in vitro
environment the mentioned cells tend to self-organize and differentiate into functional cell types,

mimicking the structures and functions of an organ in vitro (Figure 2).

2D culture Spatial organization,

Somatic Cells cellular manipulations differentiation

3D Culture - Organoids

Adult tissue

Figure 2 Schematic illustration of main cell courses for organoid cell culture generation. Cells are
isolated from embryonic or adult stem cells or derived from reprogramming of somatic cells. Under
specific conditions the prepared cells aggregate into 3D structures - organoids (Ageilan, 2020).

The key objective for an organoid is to resemble some morphological, functional, and
transcriptomic features of human organs. Usually, such 3D cell cultures are engineered to harbor specific
disease-causing mutations or are grown directly from patient cells in order to provide insights into the
progression of the disease (Cowan et al., 2020; Lewis-Israeli et al., 2021). One of the first discoveries in
organoid research occurred in 1987 when it was observed that breast epithelial cells can form complex

3D cultures which appeared to be able to form ducts and secrete milk proteins (M. L. Li et al., 1987).
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Organoid research pointed scientists to move from 2D onto 3D cell cultures as they offered more
complexity and accuracy when comparing cellular behavior of naturally occurring tissues with widely
used 2D cell cultures (Mun et al., 2019). Nowadays various protocols have been developed in order to
generate a variety of organoids including gastrointestinal (Gerli et al., 2024), tongue (Vincent-Chong &
Seshadri, 2020), liver (Shinozawa et al., 2021), pancreatic (Chen et al., 2024), brain (Hu et al., 2025),
retinal (Norrie et al., 2021), kidney (Nerger et al., 2024) and other types of organoids. As protocols evolve

and improve organoids are becoming one of the main cell-culture tools in biomedical studies.

A vast number of tissue types, the expansion and modification capacity, and the physical 3D
architecture turn organoids into a powerful new technology for many biological and clinical applications.
Precision and regenerative medicine, drug testing, disease modeling, development and gene editing
studies are amongst many application fields that organoids can aid in (Corrd et al.,, 2020).
Neurodevelopmental disorder research has significantly advanced by employing organoids as they can
replicate early brain development and generate diverse cell types found in vivo. For example single-cell
brain organoid screenings help identify developmental ques in diseases like autism (C. Li et al., 2023).
Additionally organoid research help understand tumorigenesis that rise from hepatitis B virus infections
which are modeled directly from patient cells (De Crignis et al., 2021). In addition to that organoids can
also be used to model direct disease progression when discussing treatment options for patients offering
drug-toxicity screenings and patient specific drug development whilst screening for disease-specific drug

vulnerabilities (Calandrini & Drost, 2022).

1.4. Additive biofabrication

Additive manufacturing (AM) technology is a fabrication method introduced into the field of
engineering for solid model fabrication based on a computer file (Gibson et al., 2021). This technology
defines a process of joining materials to make objects from 3D models, fabricating it layer by layer. This
technology can also be referred to as additive fabrication, additive process, direct digital manufacturing,
rapid prototyping, rapid manufacturing, 3D printing, ect. (Alammar et al., 2022). Biofabrication is
defined by a number of techniques which produce 2D or 3D structures from materials like living cells,
proteins, biomaterials and molecules (Ino et al., 2020). AM combined with biofabrication develops into
a number of strategies for additive biofabrication including droplet, extrusion, light and laser assisted

bioprinting (Moncal et al., 2019; Roversi et al., 2022; Kunwar et al., 2024). Every mentioned approach

12



has a different working principle with its associated advantages and disadvantages which mostly affect

cell processing, the resolution of the printed structures and the material portfolio (Figure 3).

Energy absorbing

layer
Extruder
\
Piezoelectric
actuator or
heater - P Bioink
’ ’
o - -
/ \e= / vee /
Extrusion-based Droplet-based Laser assisted
bioprinting bioprinting bioprinting
Achievable resolution:  Hundreds of um Hundreds of um Single cells
Print throghput: High High Slow
Materials: Cell laden pastes Cell laden liquids Various

Figure 3 Schematics of the 3 most popular 3D bioprinting technologies: extrusion-based, droplet-
based and laser-assisted / LIFT.

Extrusion based biofabrication relies on selectively dispensing the used material through a nozzle,
much like simple bioprinters that are used to work with plastics and other materials (Moncal et al., 2019).
Extrusion of the material through a nozzle allows to generate 3D structures with feature size of about
100 pm — 1 cm, the technology allows for the deposition of more physically relevant cell densities,
however the entire process is usually incredibly damaging to the cells due to the used heat and mechanical

stress (Hooper et al., 2024).

Droplet-based bioprinting describes a printing technique in which cell-containing material droplets
are selectively ejected to form a 3D structure drop by drop. With this technology you can usually achieve
a resolution of 10 um — 300 um (Ji et al., 2019). The process itself has a high printing throughput and
uses cell-laden liquid materials. However, this methodology cannot reach physiologically relevant cell
densities (reaching about < 10° cells/ml) or large enough tissue sizes. Typically achieved thickness of the

3D constructs does not exceed 3 cm (Kotlarz et al., 2022).
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Laser-based biofabrication which includes two photon polymerization, projection micro
stereolithography and volumetric printing utilizes the principle of selective solidification of a cell
containing hydrogel by applying light as an energy source (Vidler et al., 2024). This technology offers
an advantage over droplet and extrusion based biofabrication as it is not limited by sheer mechanical
stress and can allow the manufacturing of constructs that are cm in size with incorporated features
reaching only a few microns (Levato et al., 2021). However, this technology faces challenges related to
the low throughput and reliance on UV in certain fabrication methodologies (Huh et al., 2021; Hooper et
al., 2024). Laser-based biofabrication is a sub type of light-based biofabrication, which employs a
selective application of a pulsed laser to an absorbent layer, containing a cell-laden hydrogel ink, that
promotes the transfer of a cell-hydrogel droplets to a receiver substrate, droplet by droplet generating a
3D structure (Gruene et al., 2011). Yet this method can only generate structures 10 pm — 300 um in size
and is a generally slow process and in certain methodologies uses UV light for polymer curing (Roversi

etal., 2022).

Additive biofabrication is directly linked to bioprinting as it allows the in vitro fabrication of
biological constructs with precise combinations of cells and biomaterials. The complimentary digital
manufacturing processes additionally provides a future perspective for biological structures to be shaped
into the geometry of the target tissue or organ (Castilho et al., 2020). Generally, there are three main
points that bioprinting technology needs to address to be able to print biological tissues. The technology
must print 3D structures in size range from pm to cm, materials used for bioprinting need to be
biocompatible or bioactive and finally, the printing time should be short to maintain cell viability and be
economically feasible. Currently there is no single additive biofabrication technology that would satisfy

all the criteria mentioned.

1.5. 2 photon polymerization
Out of all optical 3D printing techniques, 2 photon polymerization (2PP) stands out as an excellent
tool for producing various 3D structures with sub-pum precision (Jonusauskas et al., 2018). It positions
2PP as a quite promising technology adaptable for bioprinting applications. 2PP works by focusing a
femtosecond laser is on a photoactive material (pre-polymer), where a high-intensity (~TW/cm2) area is
created in the focal volume. This induces nonlinear absorption in the focal point, resulting in

cross-linking of pre-polymer (Ovsianikov et al., 2010). Because the process is nonlinear and has an
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intensity threshold, material around the focal volume is not affected, allowing to construct structure

point-by-point one volume pixel (voxel) at the time (Figure 4) (Keiser, 2021).

Laser beam

Obijective Polymeric 3D
Organic solvent microstructure
Prepolymer
Voxel g

Glass substrate

1) Laser writing 2) Development 3) Finished structure

Figure 4 General principle of 2PP style 3D printing. A focused femtosecond laser pulse induces
localized polymerization in a photosensitive material. After the printing process the polymerized
structure is developed in an organic solution and then air dried or cured depending on the protocol.

Depending on material properties, laser system peculiarities, and focusing optics volume pixel can
be as small as several hundred nm (L. Zheng et al., 2019). In regular 2PP systems, this feature size can
be tuned by changing the numerical aperture (NA) of the focusing objective by 2-3 orders of magnitude
(JonusSauskas et al., 2019). Additionally, there are virtually no limitations to the 3D geometry, other than
the resolution of the process. It can be applied in numerous ways to enhance the throughput of the printing
process. Before printing, the model must be sliced into layers and each layer hatches with its fill pattern.
Increasing layer thickness and hatch spacing expedites fabrication but may reduce mechanical strength
and dimensional fidelity. Employing voxel elongation mitigates these limitations, enabling higher

production speeds while maintaining structural robustness and geometric accuracy (Figure 5).

Figure 5 Model visualizing slicing and hatching. “dz” - represents slicing. “hsxy” — represents
hatching.
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Overall, 2PP is a very versatile tool for additive microfabrication. 2PP-produced structures can
have very smooth surfaces, with RMS being less than 10 nm (Jonusauskas et al., 2019; L. Zheng et al.,
2019). One of the areas where 2PP was explored by many groups is 3D biofabrication (Ovsianikov et al.,
2010; Tytgat et al., 2020; Weisgrab et al., 2020). Here, bioprinting differentiates as a technology where
cell-laden bio-ink is used for structuring and biofabrication produces objects needed for biomedicine, yet
cells are introduced to it after the manufacturing process. In biofabrication, 2PP was used to produce
various scaffolds, that were used for cell cultivation (Remuzzi et al., 2020), cell-material interaction
investigation (Richter et al., 2017), and even for pre-clinical uses (Maciulaitis et al., 2015). Architectures
of such structures also differed heavily, from simple square pores all the way to complex, shape-shifting
structures (Danilevicius et al., 2015; J. Liu et al., 2023). As a result, there is already substantial
understanding and general knowledge about the biocompatibility of many 2PP processable materials.
This also includes various hydrogels like polyethylene glycol diacrylate - PEG-DA and gelatin
methacryloyl — GeIMA, biopolymers, and even naturally derived photopolymers (Barner-Kowollik et al.,
2017; Merkininkaité et al., 2019).

At the moment, 2PP is well-established in the field of 3D biofabrication (Nguyen & Narayan,
2017). All this knowledge forms an excellent base to evolve 2PP from purely biofabrication to
bioprinting. Additionally, 2PP uses either green or infrared light for structuring, which is substantially
better than UV in terms of residual effects on cells present in bio-inks (Nieto et al., 2020). Next, as 2PP
1s an intensity-driven process, if the bio-ink formulation polymerization threshold is substantially lower
than the laser-induced damage threshold of cell polymers and / or water, the light should have no effect
on cells. Finally, it was shown that 2PP is an inherently cold process, excluding even this pathway for
process-cell interaction during printing (Mueller et al., 2013). All of this, together with the capability of
printing pum-sized 3D features makes it an excellent underlying technology for 3D bioprinting, as it was
already shown to adhere to two out of three main requirements for an ideal 3D bioprinting technology -

sufficient resolution and relevant material selection.

However, this technology still faces issues regarding its throughput. Theoretically, 2PP can be
scaled up by changing the numerical aperture of focusing optics. Then the voxel size scales according to
the Gaussian focusing laws (JonuSauskas et al., 2019). Nevertheless, scaling is highly anisotropic, as
voxel height increases a lot faster than the width. Thus, not only resolution is lost, but it is lost in such a
way that after NA<0.3 2PP basically becomes a 2D structuring technique with voxels becoming
50-70 pum height, which mimics stereolithography methodology (Danilevicius et al., 2012). It was

attempted to at least partially remedy anisotropic scaling by dynamic NA tuning using laser beam
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diameter manipulations, but even then, results were limited (Varak et al., 2020). Therefore, 2PP is limited
to structures in the range of a few mm, with the sweet spot still being in sub-mm manufacturing. For
bioprinting, it means that 2PP in its current state can be used for academic experimentation but lacks true
scalability to become an attractive commercial solution. Thus, some substantial development in this area
is needed. The created solution should somehow preserve the high-resolution capability of 2PP but also

should enable on-demand structured volume increase towards filling in large volumes.

The most popular way to increase 2PP throughput is continuous improvement to linear translation
velocity of the scanning system. Current commercial 2PP systems can achieve linear translation velocity
of well more than 1 m/s. Yet it faces problems and limitations tied to it. The first one is related to pulsed
laser usage in 2PP. Generally, the repetition rate of lasers used in 2PP roughly varies from 200 kHz for
amplified systems to 100 MHz for lower power oscillators (Fischer et al., 2013). At low velocities (bellow
1 mm/s) repetition rate of the laser pulse in 2PP is not relevant, because pulse overlap is in the range of
single-digit nm, even for amplified system (Malinauskas et al., 2010). However, when translation
velocity reaches and bypass 1 cm/s limit the distance between single pulses during scanning can reach
tens, or in some more extreme cases, hundreds of nm which in turn can cause architectural disruptions

in the 3D structure (Figure 6) (Qi et al., 2004).

Laser beam _ Focusing optic
=1 MHz Spot of a single pulse
/ ‘
v,=1um/s X
M 4d,=0.000nm
Vv,=1 mm/s
=l Ad,=1 nm
V,=1 m/s

[—14d,=1000 nm

Figure 6 Visualization explaining why increase in translation velocity (v, v2 and v3) can lead to
increase in intra-pulse distance (d;, 02, 03) at fixed repetition rate f.
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As aresult, there is a hard upper limit to how much the throughput of 2PP can be increased just by
continuously improving linear translation velocity via application of more and more advanced scanning

units.

Materials used for fabrication also play a big role in the printing process (Kalirajan et al., 2021). If
the used material has low two photon absorption cross section and the photopolymerization reaction is
in itself not very efficient an increase in translation velocity is not an option, as inherently longer exposure
times are needed to form cross-linked polymer matrix (Ezerskyté et al., 2022). This is an important
consideration in the context of bioprinting, because in a lot of cases various biomaterials have
substantially worse polymerization properties in comparison to synthetic photopolymers (Yu et al.,
2020). For this reason, it is obvious that continuous translation velocity increase might not be the way to

go in increasing 2PP throughput in the context of biofabrication and bioprinting.

1.6. Towards beam shaping solutions

Light is quite a malleable tool, and other beam profiles than Gaussian can be used for 2PP. This
means that laser beam shaping (LBS) can be a solution needed to push 2PP from sub-mm manufacturing
to true multi cm capability. Beam shaping is a process of getting the desired intensity distribution of the
incident beam (Kim & Choi, 2024). It can be realized in multiple different ways, using static elements
such as special refractive lenses (like axions), diffractive optical elements (DOE), or active means, such
as dynamic mirror devices (DMD) or spatial light modulator (SLM) (El-Tamer et al., 2020). Choice in
how to induce LBS depends on exact application and tolerance on how complex optical chain can be.
One of the main drawbacks of LBS is the severe increase in the complexity and sensitivity of the optical
chain (Sivarajah, 2023). Thus, to justify the application of LBS, the increase in functionality must be

dramatic.

Among ways to induce LBS, SLM has some distinct advantages in comparison to DMD, such as
higher base efficiency and the possibility to directly influence the phase of the incident laser beam
(Turtaev et al., 2017). As a result, the key for SLM operation is what is called a phase mask. The phase
mask is normally a gray-scale image where shades of grey denote how much the phase of the incident
light will be retarded. For some intensity distributions, it can be calculated deterministically, but for most
cases, iterative approximate methods are used, such as the Gerchberg-Saxton algorithm. Then, after the
phase is modulated, such beam would diffract to the desired intensity distribution in the “far field” (i.e.

infinitely far away) or in the focal plane of the focusing optic placed after SLM in the optical path
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(Shirshneva-Vashchenko et al., 2023). Beam shaping allows a lot more sophisticated laser beam

manipulation for material processing.

However, all of them have some kind of drawback limiting their widespread usage. For instance,
multi-focal point printing increases throughput by the number of focal points formed but also reduces
the effective working field to the distance between focal points (Gittard et al., 2011). It is acceptable for
highly periodic structures (Maibohm et al., 2020) or for mass production of very small (~tens of um)
particles (Kiefer et al., 2024), but not for big, irregular structures. Using SLM to scan structure in 3D
was also demonstrated, with the advantage of avoiding the usage of any moving components for the
structuring process (Vizsnyiczai et al., 2014). The drawback is the relatively low speed due to the refresh
rate of standard commercial SLMs being in the range of tens of Hz (normally 30, 60, or 120 Hz). Printing
the entire layer by single exposure was also demonstrated, making 2PP rather like DLP (Yang et al.,
2014). Nevertheless, it requires rather high laser power to maintain the intensity needed for
polymerization, which might optically damage the SLM itself. Alternatively, the amount of photoinitiator
in the material can be increased to sufficiently increase the material sensitivity so even lower intensity
can induce crosslinking, however it can have a negative impact on the biocompatibility of the bio-ink

(Kawasaki & Sendo, 2021).

To solve the challenge of throughout the beam shaping solution in question should result in a
methodology that does not reduce and is not limited at all by the working field of the focusing optic
(Jonusauskas et al., 2018). Also, to make sure that additives in bio-ink, such as photoinitiators, are kept
to the minimum, the process should not struggle to maintain the required intensity in the focal point
(~TW/cm2) with available commercial femtosecond laser system average powers (up to few W) (Huh
etal., 2021; Kawasaki & Sendo, 2021). Additionally, it should not impede the inherent procession of the
2PP process, allowing smooth switching between high-resolution structuring and high throughput
printing (Vitkiinaité et al., 2024). Last, it should be compatible with already existing printing strategies
enabling rapid merging of the process with the already existing software base. Also, it should not limit

3D geometry.

To adhere to these main criteria an SLM-based technique that exploits on-demand voxel elongation
was developed. The general premise of the technology is the capability to expand a voxel in one direction
without affecting the voxel size in the other direction and its height. Then the volume of structure that
does not require precision can be filled in at a high volume/time rate. For more precise parts beam shaping

can be turned off and structuring can be performed using a standard high-resolution focal point. This way
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it is possible to produce cm-scale objects while maintaining um-level precision/feature size. There are
multiple advantages of using such a solution for the up-scaling of 2PP. First, because the voxel is
expanded only in one direction, the volume in which intensity needs to be sufficient for cross-linking
increases a lot less than in the layer-by-layer case, allowing to use of less power and/or less photoinitiator.
This can be done with um-level precision, so it has no negative impact on printing resolution. It is
important to note that while continuous voxel is the simplest case, more complex intensity distributions
can be achieved. For instance, if the structure to be printed has some kind of periodicity, a dashed voxel
can be formed, allowing the drawing of several features of the structure at once, further increasing the
manufacturing throughput. Alternatively, ring-shaped distribution makes it possible to print vasculature
in one translation. All these distributions can be easily rotated in the horizontal plane. Full rotation in 3D
is also possible, but more sophisticated calculation algorithms are needed. As the developed technology
gives rise to a new way of bioprinting challenges regarding the uniformity of the mentioned brushed still

need to be solved (Figure 7).
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Figure 7 Principle of beam shaping using SLM.

So far, all phase masks used for voxel elongation are generated using software provided by the
vendor of SLM (HOLOEYE). Although, functional this solution for LBS works with seemingly very
little tunability and capability to influence the outcome of phase mask generation, thus greatly influencing
the biofabrication process. Therefore, before developing more solutions for tissue printing a deeper

understanding of phase mask generation must be achieved.
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Spatial light modulation offers a host of advantages for high-resolution biofabrication—and
ultimately bioprinting—when combined with two-photon polymerization. Yet before this potential can
be fully realized, the generation of accurate phase masks, the critical intermediary between light
modulation and printed geometry, must be thoroughly understood, optimized, and translated into the
printing workflow. In this work phase mask generation and voxel characterization will be carried out in

order optimize an organoid scaffold printing process.
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2. Materials and Methods

2.1. Phase mask generation
A precursor mask can be generated using any graphics editing software. Image dimensions -
1920x1080 pixels (px). The image entails an entirely black canvas with a line of white or gray-scale
pixels positioned in the middle of the canvas. The line represents desired intensity distribution in the
focal plane of focusing optic. The created image is exported from the software as a portable network

graphic (PNG) file and then is processed by HOLOEYE SLM software to create a functional phase mask

(Figure 8).
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Figure 8 Schematic representation of the study methodology. A — Visualization of phase mask
generation and application in 2PP. B — Visualization of phase mask generation and voxel parameter
characterization in 3D space. The width of the precursor phase mask represents the number of pixels
used in one phase mask.

The resulting voxels were then visualized in sifu with real-time imaging sub-system built into used
2PP setup to determine the correlation between the width of the line in the precursor image and the
polymerized width of the line in the 2PP setup. After, the precursor images of chosen phase masks were
modified and visualized with the Z-scan. The intensity distribution visualized with the z-can allowed to

determine which pixels of the precursor image need to be darkened to optimize the phase masks. When
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the optimization was completed the generated phase masks were used to characterize voxel in 3D space
by resolution bridge method. This allowed to determine the best parameters for organoid scaffold printing

(Figure 8).

2.2. Z-scan setup

The light source used in the experimental systems is a femtosecond laser “LightWire” (EKSPLA,
Vilnius, Lithuania) which emits 133 fs pulses at 50 MHz repetition rate and wavelength of 1032 nm. The
light is directed into the power attenuator “LPA” (Optogama, Vilnius, Lithuania), and a 3x fixed ratio
beam expander (Optogama, Vilnius, Lithuania). These components ensure that the laser beam completely
fills out the apertures of the SLM and objective lens. SLM used in the setup is PLUTO-2.1 (Holoeye,
Berlin, Germany) with a matrix size of 1920x1080 pixels. After the SLM two lenses forming a 4F system
follow, with the iris being placed in the focal plane acting as a spatial filter. In front of the camera there
is another lens focusing on the camera, with a focal length of 200 mm. After, a charge-coupled device
(CCD) camera (Ophir® SP920, Vilnius, Lithuania) is placed for system and beam shaping diagnostics.
The camera is stationed on a moving axis allowing to image the resulting intensity in the Z axis (NRT100,
Thorlabs, Germany). For phase mask analysis the camera moves in Z axis and makes stops every 2 mm.
During the brief stops the camera creates an image visualizing the shape of the laser beam. When the
camera reaches the end coordinate of the moving Z axis the images get compiled in the data analysis

software to create a 3D projection of the shape of the voxel (Figure 9).
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Figure 9 Schematics of the Z-scan setup optical chain.
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2.3. 2PP 3D Printing setup

The optical chain guides the laser beam towards the material vat where the 2PP printing takes place.
The light source in experimental systems is a femtosecond laser “Biolit 2” (Litilit, Vilnius, Lithuania)
emitting 80 fs pulses at 40 MHz repetition rate. II harmonic crystal follows, converting fundamental
wavelength of 1045 nm to 522 nm radiation needed for printing. Then the light is directed to the power
attenuator “LPA” (Optogama, Vilnius, Lithuania), polarization rotor “MRO” (Optogama, Vilnius,
Lithuania), and 3x beam expander — telescope (Optogama, Vilnius, Lithuania). The beam is expanded to
fill the full apertures of the SLM and objective lens. SLM used in the setup is Leto (HOLOEYE, Berlin,
Germany) with a matrix size of 1920x1080 pixels.

Two lenses forming a 4F system follow, with the iris being placed in the focal plane acting as a
spatial filter. The dichroic mirror then directs the laser beam to the objective lens which focuses it on the
sample. The printing setup also has an integrated light-emitting diode (LED), lens, and complementary
metal oxide semiconductor (CMOS) camera (Levenhuk, Prague, Czech Republic), which allows

monitoring of the printing process in real time (Figure 10).
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Figure 10 2PP 3D printing setup, that was used for experimental voxel characterization and
organoid scaffold printing.

2.4. 3D structure printing, development and characterization
The glass substrate used for 3D structure fabrication is prepared by first slicing the microscopy
slides (631-1550, Avantor, Pennsylvania, U.S.) into squares with 25 x 25 X 1 mm dimensions. Then, the
glass slides are cleaned by sonication for 1 h at 37 °C) in a MilliQ water solution with 1.5 wt % Alconox

powdered detergent. After, the glass slides are thoroughly rinsed in excess MilliQ water, followed by
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rinsing in excess ethanol (95 %). Slides are transferred to a sanitizing solution of 300 mL ethanol (95
%), 15 mL of silane compound (3-trimethoxysilyl-propyl-methacrylate; Sigma-Aldrich, St. Louis, MO),
and 10 mL diluted acetic acid (10 %). Slides are allowed to react for 12—24 h in the solution at room
temperature. After they are rinsed in excess ethanol (95 %) followed by excess MilliQ water. When the
process is complete the slides are baked on a stove at 60 °C for 5—12 h. If not used immediately the glass

slides can be stored for up to 2 months protected from light at 4 °C.

PEDGA (Mn 700, Sigma Aldrich, Burlington, MA, USA) is warmed in a 40 °C bath to lower its
viscosity. Then in an amber vial 1 wt % of the photoinitiator 2-Hydroxy-4’-(2-hydroxyethyl)-2-
methylpropiophenone (Igracure 2959, Sigma Aldrich) is added. The vial is capped and vortexed for 1-2
min. If the crystals remained the solution was sonicated in a closed vial in a lukewarm (~30 °C) bath for
5 min or stirred with a magnetic bar until clear. After preparation the material was stored at 4 °C, in a
tinted vial protected from light. Shelf life is ~3 months unopened. If the solution turned yellow or its
viscosity increased, it was discarded as expired. Before initiating the printing process, the material used
for printing is brought to room temperature and poured into the material vat. The glass substrate prepared
for the printing is placed into a sample holder. The glass substrate is then submerged into the material vat
and positioned in 3D space by using mechanical stages, i.e., the sample holder is moved in relation to the
focal point (Figure 11). The structure then is fabricated layer-by-layer in XY plane and extracted out of

the vat in Z direction after each layer is completed.

3D models for scaffold printing or resolution printing experiments were generated with
AutodeskFusion 360 (https://www.autodesk.com/in/products/fusion-360/free-trial) and, with Microsoft
3D Builder (https://apps.microsoft.com/detail/9wzdncrfj3t6 ?hl=en-us& gl=PH).

Sample is drawn out of the material

after every fabricated layer l

Material VAT Transparent
window

L

Figure 11 Visualization of the sample holder and the material vat.
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After the printing process is completed, the printed structure is removed together with the glass
substrate and submerged completely into 99.8 % isopropanol (1096341011, Sigman ALDRICH Co.,
Germany) solution for 20 min. Then the structure is air dried for 10 min at room temperature. When dried
the printed structures were viewed with a light microscope MRCL700 3D Imager Pro (Microqubic AG,
Zug, Switzerland). The morphology of the 3D-printed structures was characterized using a scanning
electron microscope (SEM TM-3000, Hitachi, Chiyoda, Tokyo). The samples are not additionally
prepared for SEM.

2.5. 3D structure characterization
After visualizing the shape of the voxel with Z-scan, a standard technique of resolution bridge
printing applied in 2PP for voxel shape characterization was used to define the voxels in 3D space
(Jonusauskas et al., 2016). Figure 12 shows the structure which was used to define the voxel shape. It

consisted of 2 pillars and 5 lines placed on top of them, which allows to measure the parameters of voxels

in X, Y and Z planes.

Figure 12 Visualization represents resolution bridges.

Since the printed structures would be visualized with SEM TM-3000 which has no built-in way to
rotate or otherwise manipulate the sample. The resolution bridges needed to be fabricated at the edge of
the glass substrate to ensure the best accuracy for measurements. In order to measure the size of the voxel
in Z axis the fabricated samples would be placed on a 45° stand, therefore these structures were placed 5
in a row alongside the corner of the glass substrate. Each resolution bridge was stationed 0.5 mm from

the edge of the glass substrate and 0.3 mm apart from each other (Figure 13).
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Glass substrate

Figure 13 Schematic representing the printing of resolution bridges.

To measure the voxel in X and Y planes the fabricated lines were analyzed visualizing them from
above the structure. During phase mask generation the width of the line was expanded only in one
direction, therefore during printing lines fabricated alongside X plane might have different parameters

when compared to lines printed in Y plane (Figure 14).
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Figure 14 Illustration represents the different width of the polymerized area in X or Y plane.
A — general shape of voxel and movement axes. B — Translational direction of the voxel movement in Y
axis. C — translational movement of the voxel in X axis. “a” — represents the polymerized width of the
line when the laser moves in Y axis. “b” — represents the polymerized width when the laser moves in X

axis.
The 3D model presented in Figure 15 was used as a scaffold for spheroid culture development. The

scaffold embodies a spherical shape with various hollow channels to facilitate cell attachment, growth
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and proliferation. The second model dimentions are 1 mm in XYZ axis together with 100 pm pores

placed though the spreroidical structure.

Figure 15 3D model of a speroidical structure used for cell seeding. A — visualisation of the scaffold
in XY plane. B — visualisation of the scaffold in ZY plane. C — Visualisation of the scaffold in 3D space.

2.6. Data Analysis
ImagelJ (https://imagej.net/ij/) was used to analyze the images captured by the SEM microscope.
Microsoft Excel (https://www.microsoft.com/en-us/microsoft-365/excel) was used to analyze data.
Graphs were plotted using GraphPad Prism version 8.0.0 for Windows, GraphPad Software, San Diego,
California USA, (https://www.graphpad.com/).
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3. Results

3.1. Phase mask width correlation with the polymerized area of material

31 phase masks were generated with dimensions of 1 px in the Y axis and 10 px in the X axis. Each
phase mask was increased by 10 px in the X axis until it reached 300 px. All pixels in this experiment
were exclusively white. An additional phase mask with dimensions of 1 px in the X axis and 1 px in the
Y axis was generated. This phase mask was used as a base line for voxel modifications. The generated
masks were first analyzed during a printing experiment with the setup described in section 2.5. During
the experiment the generated phase masks were uploaded to the SLM software one by one, changing
them before every separate measurement starting from the 1 px phase mask and moving on until the
300 px phase mask. The experiment visualized how the number of pixels in a phase mask precursor
translates to um during the actual printing process (Figure 16). The experiment was carried out by
analyzing what area of the pre-polymer is polymerized after 1 s or 10 s of exposure to laser light. The
polymerization reaction was determined experimentally by increasing the power of the laser from 1 mW

until the polymerized area became visible in situ in real time as an image though the built-in camera.
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Figure 16 Polymerized width vs. Phase-Mask Size at 1 s and 10 s Laser Exposure.

The graph visualized in Figure 15 allowed to determine that overall, for both conditions, the
polymerized width expands as the brush size increases. However, the curves of the graph beyond 120 px
saturates in comparison with the steeper increase of polymerized area of brushes sizes from 1 to 120 px.
This trend suggests a practical upper limit where widening the beam provides little extra polymerized

width. Additionally, the 10 s exposure time consistently provides greater modifications width than the 1
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s exposure. 10 s of exposure generates a larger polymerized area by about 15 — 25 um. According to this
graph, 5 phase masks were chosen for further analysis and optimization: 1 px, 10 px, 50 px, 100 px and
200 px, as they represent range where pixel width increase also results in significant modification
widening and one value from the middle of the range where without optimization it has seemingly
saturated. 1 px phase mask represented the baseline for all further measurements. 10 px and 50 px points
were chosen as representations of masks with rapidly increasing polymerized lines. 100 px phase mask
was chosen as a point before the flattening of the curve and 200 px were chosen as a representative of
the measurements after. We did not choose any phase masks beyond 200 px, because the wider phase

masks require more power output during fabrication, which may not be practical.

3.2. Intensity distribution analysis and optimisation
The first iteration of phase masks were generated from a black canvas with exclusively white pixels
forming either a single dot or a line. The measurements were carried out with the Z-scan, that generated
intensity distributions for the masks. This allowed us to determine the baseline for the phase masks and

how they could be modyfied (Figure 17).

Figure 17 Visualising the instensity distributions. A — 1 px phase mask. B — 10 px phase mask.
Z-scan imaging of 1 px and 10 px phase masks revealed the shape of a baseline voxel. Along the

Z-scan, CCD sensor is positioned on the center of the focal plane. This can be explained by how close
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resulting intensity distribution is to what would be acquired using regular non-beam shaped Gaussian
laser beam. Therefore, any modifications made to 1 px or 10 px precursor image of the phase mask is

redundant. So, their version of phase masks were used in further experiments.

Figure 17 visualises the side by side comparison of unoptimised and optimed phase masks. The
visualisation of 50 px, 100 px and 200 px intensity distributions before modefication prove that the phase
mask generation is a non-deterministic calculation model that often results in ununiform intensity
distributions with many random peaks. These are considered to de defects and need to be corrected in
order to create an intensity distribution witch ideally eliminated or at least minimizes random intensity
peaks in Z direction, towards more uniform distribution. This can be done by taking the white line that
was drawn originally and attempting to darken the pixels that form the unwanted peaks in a finished
version of a phase mask. An optimised version of 50 px, 100 px and 200 px models are viualised in

Figure 18.
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Figure 18 Comparison of intensity distribution of phase masks before and after optimisation. A —
50 px phase mask before optimisation. B — 50 px phase mask after optimisation. C — 100 px phase mask
before optimisation. D — 100 px phase mask after optimisation. E — 200 px phase mask before
optimisation. F — 50 px phase mask after optimisation.

The optimised phase masks visualised with the Z-scan in Figure 17 were used in further voxel

shape characterisation in 3D.
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3.3. Microstructure fabrication
1 px, 10 px, 50 px, 100 px and 200 px phase masks were used to generate the resolution bridges in
section 2.5 for voxel shape characterisation in 3D space. Figures 19 — 23 illustrate resolution bridges
printed by applying the generated phase masks - 1 px, 10 px, 50 px, 100 px, 200 px respectively. For
each resolution bridge 3 images are presented illustrating the shape of the voxel in X, Y and Z axes.
Resolution bridges illustarting the fabricated lines in X and Y axes were visualised directly above the

printed structures. Voxel parameters in Z axis were visualised by taking the printed samples and tilting

the ptinted structure by 45°.

X s !

gre 19 Resolution bridges fabricated with 1 px phase mask. A — resolution bridge for Y axis
mesurements. B — resolution bridge for X axis mesurements. C — resolution bridge for Z axis

measurement.

|

Figure 20 Resolution bridges fabriéated with 10

px phase mask. A — resolution bridge for Y axis
mesurements. B — resolution bridge for X axis mesurements. C — resolution bridge for Z axis
measurement.
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Figure 21 Resolution bridges fabricated with 50 px phase mask. A — resolution bridge for Y axis
mesurements. B — resolution bridge for X axis mesurements. C — resolution bridge for Z axis

measurement.
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Figure 22 Resolution bridges fabricated with 100 px phase mask. A — resolution bridge for Y axis

mesurements. B — resolution bridge for X axis mesurements. C — resolution bridge for Z axis
measurement.
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Figure 23 Resolution bridges fabricated with 200 px phase mask. A — resolution bridge for Y axis

mesurements. B — resolution bridge for X axis mesurements. C — resolution bridge for Z axis
measurement.

3.4. Voxel characterization with 2PP
For one point on the graph 3-5 lines that were visualized with the SEM, measured and averaged.
Additionally, voxel analysis for each phase mask consisted of measuring 5 sets of resolution bridges with

different fabrication power settings. The range of laser power used for each phase mask analysis was
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determined experimentally by fabricating the microstructures starting with the lowest power setting of 1

mW and gradually increasing it until stable resolution bridges were fabricated.

3.4.1. 1 px phase mask
Figure 24 represents voxel parameters generated from a 1 px phase mask. The graph represents the
changes in the voxel parameters as the amount of laser power is increased for printing structures. Voxel
generated with 1 px phase mask was characterised by printing the microstructures while increasing the

used laser power from 2.5 mW to 4.5 mW.

50—
~ 40
I
=
=
T 30 — Voxel size in ZY axis
-i — Voxel size in ZX axis
() . . .
N 20 — Voxel size in Y axis
GE) — Voxel size in X axis
>
(@]
[a 104
. 7
01— A T T | 1
2.5 3.0 3.5 4.0 4.5
Power (mW)

Figure 24 Characteristics of the voxel generated with the 1 px phase mask. The black line
represents measurements in ZY axis. Teal line represents measurements in ZX axis. Pink like represents
measurements in Y axis. Blue line represents measurements in X axis. Error bars represent the standart
deviation of the measurements.

The measurements show that there are no observable differance between the lines generated in X
and Y axes. The smallest measurement was observes in the X axis — 2.63 pm £ 0.24 um. The biggest
measurement was observed in Y axis — 3.83 pum # 0.41 um. Voxel expansion in Z axis was observed to
be about 10 times greater than the width of the lines measured in X and Y axes. The hight of the voxel
observed in the ZY axis configuration resolution bridges reached 47.06 um + 1.67 um, while the height

of voxel in the ZX axis reached only 37.93 um £ 0.61 pm. in height at their maximum. Measurements in
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Z axis present a trend that the voxel expands while the ammount of power used for fabrication is

increased. We do not observe this trend in X and Y axis measurements within margin of error.

3.4.2. 10 px phase mask
Figure 25 represents measurements taken from resolution bridges printed with a 10 px phase mask.
In the graph we can see how the observable voxel parameters change depending on the amount of laser
power used for microstructure generation. The lines on each resolution bridge were generated under laser

powers spanning from 4.0 mW to 6.0 mW.
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Figure 25 Characteristics of the voxel generated with the 10 px phase mask. Black and teal lines
represent measurements in Z axis (black — ZY, teal — ZX). Blue line represents measurements in X axis
while pink represents the Y axis. Error bars indicate the standart deviation of the measurements.

The graph visalises that there are no observable differences between X and Y axes. Even with the
increase of laser power used for microstructure generation the width of the voxel remains relatively the
same. The maximum width for both X and Y axes is 4.41 pm + 0.64 pm and the minimal observed width
1s 2.77 pum £ 0.47 um. In case of measurements of the Z axis we can observe an increase in voxel length
correlating with the increased laser power used for microstructure generation. Overall the voxel expands
from 34.24 pm £ 1.80 um to 55.07 um = 1.05 pm observed in the ZX axis and from 43.75 pm £ 0.52 pm
in the ZY axis.
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3.4.3. 50 px phase mask
Figure 26 illustrates the data gathered from measurements of microstructures printed with the
optimized 50 px phase mask. The graph presents a trend of rapidly increasing length of the voxel as the
used laser power increases. We do not observe such an increase in width while observing changes in X

and Y axes. Laser power was set from 4.0 mW to 6.0 mW to fabricate the lines on the resolution bridges.
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Figure 26 Voxel parameters generated with a 50 px phase mask. Black and teal lines accordingly
represent measurements in ZY and ZX axes. Blue and pink lines represent the X and Y axes accordingly.
Error bars indicate the standart deviation of the measurements.

X and Y axes remain relatively consistent with their measured widths even after increasing the
fabrication power. The polymerized line has a greater width in the Y axis when compared with the X
axis. The lowest value observed in X axis reached 1.62 um £ 0.22 um, while the highest observed value
was 2.66 pm + 0.08 um. The width of the Y axis remained relatively consistent as well with the lowest
measurement reaching 2.73 um + 0.31 pm and the highest measurement reaching 3.59 pm + 0.68 pm.
ZX and ZY values rapidly increase as the fabrication power increases. The voxel reaches its maximum
at 46.04 um + 1.14 pm in ZY measurements at the same time the minimal value of ZY was measured to
be 18.47 um £ 0.43 um. ZX values also exhibit rapid growth with increasing power. The minimal value

was measured to be 11.25 pm + 0.95 um and the maximal value was measured to be 36.49 pm +0.67 pm.
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3.44. 100 px phase mask
Figure 27 represents the data gathered by measuring the resolution bridges printed with a phase
mask which contained a 100 px gray-scale line drawn on a black canvas. Overall, the graph reveals how
voxel parameters change by increasing the laser power for fabricating the resolution bridges. The lines

on the resolution bridges were fabricated in a power range of 12.0 mW — 14.0 mW.
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Figure 27 Voxel dimensions were recorded using a 100-pixel phase mask. The black and teal lines
correspond to the ZY and ZX planes, while the blue and pink lines correspond to the X and Y axes. Error
bars indicate the standard deviation of each data set.

Voxel size in X axis showed a mild increase correlating with the increase of laser power used during
fabrication. However, it is the smallest increase in width compared to other voxel parameters generated
with this phase mask. The smallest value was measured to be 3.72 um + 0.38 um while the biggest value
was measured to be 8.67 um + 0.41 pm. Voxel size in Y axis was roughly two to three times bigger than
observed in the X axis. The smallest width measured in Y axis consisted of 14.12 pm + 0.85 um, while
the biggest width was measured to be 22.63 pm £ 0.63 um. Overall, ZX and ZY parameters were both
increasing as the laser power was increased during fabrication. The highest voxel value was observed in
ZX configuration — 77.65 pum + 0.79 um, while the smallest measurement in ZX configuration reached
58.87 um £ 0.42 um. Voxel values in ZY configuration were observed to reach 77.47 um + 0.71 pm at
their height and 57.09 um + 0.37 um at their lowest point.
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3.4.5. 200 px phase mask
Figure 28 summarizes the measurements taken from microstructures fabricated with an optimized
200-pixel phase mask. The measurement results reveal that voxel length grows sharply as laser power
rises during fabrication, while voxel width remains essentially unchanged along the X and again has a
sharp increase corelating with the used power in the Y direction. The resolution-bridge lines were

produced using laser powers between 20.0 mW and 28.0 mW.

60

— Voxel size in ZY axis
Voxel size in ZX axis
— Voxel size in Y axis

Polymerized width (um)
w
T

20+ — Voxel size in X axis
10—
0—— A T | | 1
20 22 24 26 28
Power (mW)

Figure 28 The 200pixel phase mask was used for voxel parameter generation. The ZY and ZX
directions are charted in black and teal, whereas the X and Y directions appear in blue and pink. Error
bars indicate the associated standard deviations.

Measurements taken in X axis show no correlation with the increasing laser power. The voxel size
remains relatively consistent thouout the measurements reaching its maximum at 4.42 um + 0.59 um and
minimum at 2.70 um £ 0.57 um. Measurements in Y axis show a steep increase at 22 mW mark. The
voxel size increases from just 3.54 um + 0.51 um to 28.48 um + 0.89 um as the fabrication power
increases. The maximum voxel size in Y axis reached 38.98 um + 1.32 um Voxel size in ZX and ZY also
show an increase in size correlating with the increase of used power for microstructure fabrication. As
the applies power increases the voxel size goes from 27.80 um +0.42 pmto 56.14 um £ 1.16 um in ZX
axis. At the same time, in ZY axis the voxel size expands from 24.88 um + 0.82 um to

43.99 pm £ 0.93 pum.
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3.5. Scaffold printing for cell seeding

If the spheroidical model decpribed in section 2.5. of the work was printed with the 1 px phase
mask the entire structure would be completed in 2 days and 5 hours. Such print time is unacceptable and
not compatible with the capasity that is needed for these structures to completely carry out cell seeding
experiments. However, the voxel parameters that were obtained by printing the resolution bridges
allowed to tune the used phase mask and printing parameters for spheroidical structure production. After
measuring the voxel characterisation in 3D space a 200 px phase mask was picked for printing the
speroidical structure for cell seeding. Overall, the print time for spheroidical structures went from 2 days
and 5 hours to just 30 minutes per spheroid. At hatching step of 1 um and slicing step of 10 um the print
took 53 hours. When applied the 200 px phase mask a hatching step of 20 pm and a slicing step of 45 um

was applied, which shorthened the printing time to about 30 minutes.

The spheroidical model was once trial printed to 30 % and 80 % completion to visualise the inner
chanels and pores to make sure that the finished structures features were up to standart. Later full
sutructure was printed and used for cell seeding by the National Cancer Institute of Lithuania

(Figure 29).

Figure 29 Printed spheroidical structures used for cell seeding. A — 1/3 of the spheroidical structure
printed, with 100 um pores. B — 2/3 of the spheroidical structure printed, with 100 um pores. C — fully
printed structure 1 cm in XYZ axes, with 100 pm pores.
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4. Discussion

Results presented in this work showcase the current capabilities of phase mask generation software
and how it can be applied for phase mask optimisation. The generated phase masks were analysed by
using the Z-scan which allowed to determine their what actual intensity distributions they allow to
achieve in 3D. Phase mask optimisation then took place by attempting to mnimise the random elongated
peaks present in data generated from Z-scan. Then the optimised phase masks were used during 2PP
printing so that voxel parameters could be determined in 3D space. The phase mask with the best
characteristics was used for organoid scaffold printing and the development process went from taking
over 2 days to completion in just over 30 minutes. When determining which phase mask would be best
suited to print the scaffolds for cell seeding the measured voxel parameters were compared in X, Y and
Z planes. When comparing the voxel sizes in X axis it becomes apparent that despite the phase mask
differences in length and applied modifications — the polymerized voxel width stays relatively similar

(Figure 30).
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Figure 30 Voxel size comparison in the X axis. The blue line indicates a 1 px phase mask. Pink
line indicates 10 px phase mask. Teal line indicates a 50 px phase mask. Black line indicates a 100 px
phase mask. The green line indicates a 200 px phase mask.

1 px, 10 px, 50 px and 200 px phase mask on average generated a line 3.50 um in width. However,
it is important to note that the more pixels are used in a phase mask generation the bigger power output
it requires to generate the polymerized lines of the same size. Every voxel must experience a peak
intensity above the material’s polymerization threshold to print a line. Therefore, when more pixels are
used in phase mask generation the available pulse energy is divided among a larger set of diffraction

orders, so the dose of power delivered to each voxel falls. This in turn explains why a 200 px phase mask
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requires about 10x more power to print a line of the same width as a 1 px, 10 px or 50 px phase mask.
Jumping from the 10 px to the 200 px phase mask increases the threshold from 5mW to 25 mW.
Surprisingly the 50 px phase mask resulted in the smallest voxel width in X axis reaching only 2.20 pm.
This can be attributed to the fact that this phase mask only reached the size of 0.66 cm in the Z-scan and
had the least amount of generated intensity peaks when compared to other phase masks. The intensity
distribution generated for the 50 px phase mask was the most uniform compared with other generated

phase masks. The polymerized area in X axis changed from 1.62 pm to 8.67 um.

When it comes to the Y axis 1 px, 10 px and 50 px phase mask on average generated a line 3.50 pm
in width. The measurements are nearly identical to the measurements of the X axis, which would mean

that the voxel generated from these phase masks resembles a shape of a circle (Figure 31).
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Figure 31 Voxel size comparison in the Y axis. The blue line indicates a 1 px phase mask. Pink
line indicates 10 px phase mask. Teal line indicates a 50 px phase mask. Black line indicates a 100 px
phase mask. The green line indicates a 200 px phase mask.

Additionally, this reinforces the claim in section 3.2. that modifications to the precursor phase
masks of 1 px and 10 px do not generate any difference. The 50 px phase masks, although different from
1 px and 10 px phase masks still generates a line of similar parameters. This can be attributed to the fact
that it concentrates energy in one dominant peak. That keeps the effective dose profile close to the single-
Gaussian baseline, so the printed line width results in 3.50 um. Additionally, 50 px phase mask operates
in a similar power range during fabrication. However, the tendency of the bigger number of pixels in the

phase masks the more power needed for fabrication - remains. Starting from 100 px there is an observable
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increase of a polymerized area in fabrication going from 3.59 pum observed in 50 px phase mask to
22.63 um, observed with a 100 px phase mask. On average 100 px phase mask reached 21.08 um. A
200 px phase mask generates an even wider voxel on average reaching about 39.05 pm. In case of 200
px phase mask the voxel size went up from 3.54 um to 38.98 um. It is important to note that the 200 px
phase mask began fabricating a wider voxel exhibited threshold-like behavior, starting to widen only
after certain power was reached. At 20-22 mW the 200 px phase mask generated a voxel with the same

width parameter as 1 px, 10 px or 50 px phase masks.

Figure 30 illustrates the comparison of voxel height in Z planes. There is a persistent correlation
between an increasing amount of power used in fabrication and the increasing voxel size. 1 px and 10 px
phase masks show that while using this phase mask the voxel grows nearly linearly with power. The
10 px phase mask expands at a similar rate to a 1 px phase mask. 1 px phase mask on average expands
from 20.61 um to 42.49 um. However, the 10 px phase mask generates a voxel of a greater size than the
1 px phase mask expanding from 38.95 um to 57.79 pm. The 1-pixel and 10-pixel phase masks draw
relatively narrow lines in X and Y, but their voxels are tall in Z, so using them for printing tiny, precise
features may be difficult. The 50 px phase mask, despite the higher pixel count, still polymerizes less
area per watt — evidence that this mask concentrates light into a tighter, more uniform voxel, which
positions the 50 px phase mask as the most optimal for fine feature printing. The 50 px phase mask
expands from 14.86 um to 41.26 um. In the case of the 100 px phase mask a big jump in both threshold
and printed size is observed going from 66.3 um to 77.56 um. Together with the voxel characteristics
from X and Y planes it positions this phase mask as a valuable tool for large size structure generation.
As the intensity distribution measurements suggested, the 200 px phase mask was overall shorter than
the 100 px phase mask. In turn when applied experimentally the 200 px phase mask generated a smaller
polymerized area in the Z axis when compared to the 100 px even at higher power going from 26.65 pm
to 50.06 um. Since the phase mask has 2x more pixels the same pulse energy is shared among more

diffraction orders, therefore only a narrow region polymerizes (Figure 32).
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Figure 32 Voxel size comparison in the Z axis. A — illustrates the ZX plane. B — illustrates yhe ZY
plane. The blue line indicates a 1 px phase mask. Pink line indicates 10 px phase mask. Teal line indicates
a 50 px phase mask. Black line indicates a 100 px phase mask. The green line indicates a 200 px phase
mask.

Overall, low-threshold or heat-sensitive resins may be difficult to work with once you reach the
100- or 200-px phase masks, because the laser power needed to exceed threshold approaches levels that

risk burning or ablation.

Voxel characterisation provided a nesscessary backbone to determine how the parameters for
organoid scaffold should be modified to increase the efficiency of their fabrication. The originally used

1 px phase mask can only fabricate a voxel sizes of 3.15 um in X axis, 3.43 um in Y axis and 33.00 pm
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in Z axis. While the 200 px phase mask can generate a voxel with parameters of 4.42 um in X axis,
39.98 um in Y axis and 56.14um in Z axis. The expanded voxel in the Y axis allowed to thin out the
dence hatching of a printed spheroid model (Figure 33).

Side view  Topview 3D view

channel

Figure 33 Cell seeding scaffolds showing main components and dimensions. Pore size — 100 pm
(Vitkinaite et al., 2024).

The modified printing parameters allowed to fill the volume of the print much faster, which in turn
greatly shortened the overall printing time. The spherical structure was being developed for cancer
culture modeling and cancer cell seeding (Zhu et al., 2016). Scaffold-based 3D culture development
models ensure that the cell cultures are formed uniformly if the used scaffold structure is optimized to
the cell (Berens et al., 2015). Since there isn’t a single standard diameter for a cancer cell, because cell
sizes vary depending on the tumor type (e.g. small-cell lung carcinoma vs giant-cell sarcomas), cell cycle
stage and ploidy and finally whether the cell culture line was developed from the primary - tumor tissue
or circulating tumor cells. For most common cancers you can expect individual cells to be ~12-20 pum in
diameter, roughly 172-3 times the size of a red blood cell (6—8 um) (Q. Li et al., 2015; Hao et al., 2018).
Rare “giant” tumor cells or polyploid sub-populations can exceed 30 pm, while highly compact
“small-cell” phenotypes can be below 10 um, but those are exceptions rather than the norm (J. Liu et al.,
2022). For the initial trials of the spheroidal structure it was decided to create a construct with consistent
100 um pores to ensure that the cells could move freely through it, interact with it, form colonies and
hopefully to still have enough room to increase the metabolism of the 3D cell culture (Taniguchi et al.,
2016; Han et al., 2021). The developed scaffolds were used to carry out a cell seeding study by Vitkiinaité
et al. (2024). Two human ovarian cancer cell lines (SKOV3 and A2780) were seeded on scaffolds printed
from OrmoClear or PEGDA with 1 % w/v Igracure 2959 photoinitiator. The main aim of the study was

to analyze if the scaffold made a difference in cell culture development. The seeding experiment showed
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that cells were quite receptive to the provided scaffold and the cell line A2780 that normally did not form
organoid scaffolds, formed a uniform cell culture Close to 150 scaffolds were produced to accommodate
the experiment. (Figure 34). The used spherical scaffold was preferred by the cells in comparison to a

cubic one used parallel in the study by Vitkiinaité et al. (2024).

SKOV3 A2780
!‘ PEGDA IGR2959 OrmoClear PEGDA IGR2959 OrmoClear \

Figure 34 Images visualizing cell growth of the ovarian cancer cell lines SKOV3 and A2780. 3D
cell cultures were grown on different scaffolds between 0 and 7 days. The scale bar represents 300 um
(Vitktinaite et al., 2024).

To get a better understanding of how scaffolds affect 3D cell culture formation an additional gene
evaluation experiment was carried out. In SKOV3 cell line there were no noticeable differences when
compared to the control group. However, the A2780 cell line showed heightened expression when it was
grown on the printed scaffolds. The study revealed that the material used for scaffold printing made no
impact on the 3D cell culture development as long as it was biocompatible and that the presence of
scaffolds elevated 3D cell culture generating abilities for the cell lines that normally do not form that

type of construct (Vitkiinaité et al., 2024).

Developing 3D cell culture techniques that more accurately model cancer tumor microenvironment
is a major focus area for many scientists. It has been shown that incorporating scaffolds for cell culture
development results in more accurate tissue modeling (Campuzano & Pelling, 2019; Weisgrab et al.,
2020; C. Lietal., 2023; Dozzo et al., 2023). Highly viscous scaffolds can enhance the stemness of cancer

cell lines. Providing more insights into tumor development (Wu et al., 2023). Aside from cellular
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behavior being affected by scaffolds, the tumor chemoresistance is also affected by the biochemical and
physical properties of the material used for scaffold development. For example ovarian cancer cells
grown on softer substrates were less sensitive to chemotherapeutical agents (Paradiso et al., 2022).
Similarly, the usage of hyaluronic acid matrices reduced chemotherapy induced apoptosis by around
50 % in glioma and lung cancer models (Xiao et al., 2020). Scaffolds have also been used for self-
mineralization of bone organoids in vitro (J. Wang et al., 2024) or even cortical organoids (Cadena et al.,
2024). Additionally, an open porous architecture of the scaffold provides transport channels for cell
migration, mass transport of cell nutrient and waste and support cell signaling. The range of pore sizes
of the scaffold also influences cell behavior. Micro pores of 100 nm — 5 um facilitate cell attachment, 5
um — 250 pum pores allow cell infiltration and migration throughout the scaffold and finally large pores
—over 250 um support neo vascularization (Jackson et al., 2023). To create more physiologically accurate
cell cultures, the developed scaffolds must be highly sophisticated and defined. Creating pore gradients

that would mimic the natural progression of organ or tumor development.

Many scaffold development techniques have been developed over the years, however most of them
have significant drawbacks when it comes to cell culture development, their development or scalability.
Hydrogels, although closely match the native ECM and enable efficient nutrient, oxygen and waste
transport have limited mechanical strength and are sensitive to sterilization protocols (Habanjar et al.,
2021; Nerger et al., 2024). Electrospun scaffolds provide a high surface area for cellular attachment and
are easily scalable. However, there is limited thickness and chaotic pore production (Piscitelli et al.,
2024). Lyophilized scaffolds provide a complex interconnected microporous network. At the same time
lyophilized scaffolds offer little to no control over pore sizes and are brittle (Anderson & Segura, 2022).
Stereolithography provide highly reproducible scaffolds, however provide an overall low resolution in
addition to being a slow process (Kumar & Kim, 2020). Scaffolds produced with 2PP can easily
overcome these issues. This technology provides resolution up to 1.62 pm in X, 2.77 pm in Y and
11.25 um in Z axes. 2PP can even reach resolutions of 100 nm, at the same time allowing to build
centimeter-scale structures (JonuSauskas et al., 2018). True 3D freedom allowing to meticolously tune
pore sizes or create structures specifically engineered for the needs of the cells (JonuSauskas et al., 2016;
El-Tamer et al., 2020). Not to mention the vast range of biocompatible materials, that can be used for
scaffold printing (Kufelt et al., 2015; EZerskyté et al., 2022; Vitkiinaité et al., 2024). Additionally, 2PP
can be easily applied to bioprinting, since the printing process uses visible or infrared radiation,
minimizing cellular damage via UV. Plus, 2PP is a cold process that further proves its adaptability for

bioprinting applications (Kufelt et al., 2015). The main drawbacks of the 2PP process is possible
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photoinitiatior toxicity and the overall slow printing process. Photoinitiator toxicity can be mediated by
using biocompatible photoinitiators like Igracure 2959 and Lithium phenyl-2,4,6-trimethylbenzoyl-
phosphinate (LAP). Finally, this work shows that by integrating spacial light modulation, the throughput

of the printing process can be increased making the scaffold production a more scalable process.

Using polymer scaffolds for cell culture development not only provides a biomimetic environment
of natural tissues but also recreates the ECM fostering cell proliferation and differentiation. All in all,
this creates a versatile platform for studying complex cellular behavior and holds immense promise for
individualized therapy development. Since 2PP is such a versatile tool, all that is really needed for cellular
scaffold development is a clear liquid material and a biocompatible photo initiator. With further research
multi-voxel printing can be developed to elevate the printing process even further and broaden the

scaffold development capabilities even finally reaching true bioprinting.
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Conclusions

5 phase masks were optimized (1 px, 10 px, 50 px, 100 px, 200 px) and their respective voxels
were characterized in X, Y, Z planes.

. Gray scaling experiments showed no effect on intensity distributions of 1 px and 10 px phase
mask.

. Resolution bridge measurements proved that voxel can be horizontally elongated in one
direction from 3.54 um to 38.98 um while maintaining comparatively similar voxel height at
around 48.54 um.

. Organoid scaffold printing optimized to take only 30 minutes instead of 53 hours.

. This work proved that while GS algorithm is sufficient for optimizing voxel shape for organoid
scaffold printing, due to its inherent randomness further works should be pursued in the
direction of creating more advanced mathematical algorithm for phase mask generation,
especially towards greater control of uniformity in Z direction.
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Supplementary

In this work an Al (Grammarly: https://www.grammarly.com) tool for grammar control and text

editing was used in order to make the text more coherent and presentable.
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ABSTRACT

Around the world, organ-donor shortages leave thousands of patients without lifesaving treatment
available to them creating an always present strain in the medical system. Bioprinting, the highly
promising technology for the assembly of living tissues, could provide a sustainable alternative, to solve
this issue. However, currently available technologies still struggle to recreate the fine architecture of real
organs. Three-dimensional cell cultures and organoids come forward as invaluable tools for organ and
tissue development studies and disease modeling. Biocompatible scaffolds are one of the tools
specifically designed to improve organoid culture development. Unfortunately, due to the lack of easily
reproducible and highly tunable scaffold fabrication, organoid research still leans on labor-intensive, low-

throughput methods.

Two-photon polymerization (2PP) offers the sub-micron resolution needed to print intricate
biocompatible scaffolds that could elevate 3D cultures and streamline the overall development process.
Integrating a spatial-light modulator (SLM) can improve the relatively slow 2PP technology by changing
the shape of the volumized pixel (voxel). For that process SLM uses phase masks. A phase mask is a
gray-scale image that recreates the desired voxel in 3D space. While effective, the process of phase mask
generation and voxel modification is complicated and hard to control deterministically. This in turn limits

applicability and proliferation of SLM enhanced 2PP in biofabrication and bioprinting.

This study aims to determine the current capabilities of phase mask generation and voxel

optimization in order to make the process of organoid scaffold printing more efficient.
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Magistro baigiamasis darbas

Greita 3D organoidiniy karkasy gamyba naudojant femtosekundinj lazerj

SANTRAUKA

D¢l organy donory trikumo visame pasaulyje tiikkstan¢iai pacienty negali gauti gyvybe gelbstinCio
gydymo, taip nuolat sukuriant apkrovimg medicinos sistemai. Biospausdinimas tampa vis populiaréjanti
audiniy inZinerijos kryptis galinti suteikti inovacijy audiniy persodinimo ar regeneracijos sferoje. Taciau
Siuo metu turimomis technologijomis vis dar sunku atkurti smulkig tikry organy struktiirg salyginai
dideliose audiniy tiiriuose. D¢l Sios prizasties trimatés 1gsteliy kultiros ir organoidai yra nejkainojamos
priemonés organy ir audiniy vystymosi tyrimams bei ligy modeliavimui, kadangi suteikia reikalingy
1zvalgy audiniy inzinerijos srityje. 3D karkasai Igsteléms spausdinamos i$ biosuderinamy medziagy yra
viena i§ priemoniy, specialiai sukurty organoidy kultiry kiirimui pagerinti. Organoidy eksperimentams
vis dar taitkomos daug laiko reikalaujancios, riboto naSumo procediiros, daugiausia dél to, kad universaliy

karkasy gamyba dar néra paprasta.

Dviejy fotony polimerizacija (2PP) uZtikrina submikroning skiriamaja geba, reikalingg
sudétingoms biosuderinamoms matricy formoms spausdinti, o tai galéty pagerinti 3D kultiiry kokybe ir
supaprastinti visg jy naudojimo procesa. Integravus erdvinj Sviesos moduliatoriy (SLM) galima
patobulinti palyginti léta 2PP technologija kei¢iant tiirinio pikselio (vokselio) forma. Siam procesui SLM
naudoja fazines kaukes. Faziné kaukeé - tai pilkosios skalés atvaizdas, kuris atkuria norimg vokselj 3D
erdveje. Nors Sis metodas yra veiksmingas, fazinés kaukés generavimo procesas yra ribotas. Tai savo
ruoztu suteikia labai ribotg kontrole ir mazai atskleidzZia, kaip tiksliai kauké atkuria intensyvuma iSilgai
optinés asies.

Siuo tyrimu siekiama istirti dabartines faziy kaukés generavimo ir vokseliy optimizavimo

galimybes, kad organoidiniy matricy spausdinimo procesas tarty veiksmingesnis.
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