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For some time, hydrogel biomaterials have been of core interest in the field of tissue engineer-
ing. One of the main beneficial properties of hydrogels is the high tuneability of their mechanical
properties via the modification of the degree of crosslinking (DOC) between their structural units,
polymer chains. Increased crosslinking adds temporary non-covalent interactions or permanent
covalent bonds between polymer chains, allowing the controlled stiffening of the gel matrix. A
higher DOC matrix provides mechanical strength and shape fidelity, bearing some load, restricting
random motion and guiding e.g. cell movement and growth within the matrix in a desired direction.
Crosslinking applications range from rapid volumetric gelation of entire 3D constructs to intricate
localized patterns inside hydrogel matrices.

Photocrosslinking is a covalent crosslinking approach which utilizes a chemical compound
group called photoinitiators (PI). Photocrosslinking is a promising method for the spatially con-
trolled change of DOC in hydrogels due to the detailed and versatile pattern properties of light.
Pls absorb energy from photons of specific wavelength, producing radical reaction products which
form permanent bonds between polymer chains, increasing the DOC. The efficiency of the Pls
used in this research have been previously verified at non-toxic concentrations with photoactivity
within the visible light wavelength range, giving them potential to be integrated in sensitive hydro-
gel approaches.

In this research, we planned to explore the potential application of inverted selective plane
illumination microscopy (iISPIM) for the photopatterned crosslinking of methacrylated gellan gum
(GGMA) hydrogels. Hydrogels are designed to undergo primary ionic crosslinking in the presence
of calcium chloride and localized secondary crosslinking via visible light in the presence of a PI.
The light sheet illumination used in iSPIM is hypothesized to form stripe-like stiffened regions
within the softer, lower DOC matrix which it penetrates.

To evaluate this application, we used two Pl systems — lithium phenyl-2,4,6-trimethylbenzo-
ylphosphinate (LAP) and Eosin Y (EY). The photoactivation reaction of LAP is simpler and it has
a lower photoactive range (365-420 nm) than EY (480-550 nm), which has a more sensitive pho-
toactivation route. The two Pls were integrated in GGMA hydrogel precursors and irradiated by
appropriate wavelength light sources. Primary, secondary and dual crosslinked samples were
prepared in laboratory environments and gold nanoparticles (NP) and fluorophores were added
for characterization. Different samples were examined with bright field microscopy and microrhe-
ology paired with fluorescence microscopy to determine changes in refractive index and rheolog-
ical properties which stem from DOC variations.

This dual-crosslinking approach gave insight to the illumination and gel conditions required for
the fabrication and detection of intricately confined crosslinked areas. Different crosslinking mech-
anisms were optimized and their differences and effects on the heterogeneity of the final hydrogel
structure were examined. Obtained results show, that gels fabricated with certain material param-
eters are heterogeneously photocrosslinkable. The result is promising, because if this is feasible
with the light parameters of iSPIM, simultaneous photocrosslinking and imaging of hydrogels is
possible. Future developments include the expansion of the experimental part and acquiring more
benchmark results on patterns caused by photocrosslinking. The use of the iISPIM setup for pho-
tocrosslinking requires better correspondence between the photoinitiator of choice and the wave-
length of the excitation illumination.

Keywords: crosslinking, fluorescence microscopy, hydrogel, light sheet, microrheology,
photoinitiator, selective plane illumination, volumetric bioprinting
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Hydrogeelit ovat olleet jo jonkin aikaa mielenkiinnon kohde biomateriaaleina kudosteknologian
alalla. Yksi tarkeimmistd hydrogeelien mahdollisuuksista on mekaanisten ominaisuuksien saa-
dettavyys niiden rakenteellisten yksikdiden, polymeeriketjujen, valista ristisilloittumisastetta muut-
tamalla. Lisdantynyt silloittuneisuus lisaa tilapaisia ei-kovalentteja vuorovaikutuksia tai pysyvia
kovalenttisia sidoksia polymeeriketjujen valilla mahdollistaen geelimatriisin hallitun jaykistymisen.
Korkeamman silloittumisasteen geelimatriisi tarjoaa enemman mekaanista lujuutta ja pysyvam-
man muodon rajoittaen satunnaista liiketta ja ohjaten mm. solujen kulkua ja kasvamista matriisin
sisalla. Silloittamissovellukset vaihtelevat kokonaisten 3D-rakenteiden nopeasta volumetrisesta
jahmettamisestd monimutkaisten lokalisoitujen kuvioiden muodostamiseen matriisin sisalle.

Valosilloittaminen on kovalenttinen silloittamismenetelma, jossa hyédynnetaan fotoinitiaatto-
reiksi kutsuttuja kemiallisia yhdisteita. Valon yksityiskohtaisten ja monipuolisten kuvio-ominai-
suuksien myota valosilloittaminen on lupaava metodi hydrogeelien ristisilloitusasteen hallitulle
alueelliselle muokkaamiselle. Fotoinitiaattorit absorboivat energiaa tietyn aallonpituuden foto-
neista tuottaen reaktiotuotteina radikaaleja, jotka muodostavat pysyvia kemiallisia sidoksia poly-
meeriketjujen valille kasvattaen ristisilloitusastetta. Kaytettyjen fotoinitiaattorien tehokkuus on to-
distettu aiemmin kirjallisuudessa soluystavallisissa pitoisuuksissa ja nékyvan valon aallonpituus-
alueella, mika mahdollistaa niiden integroimisen herkkiinkin hydrogeelisovelluksiin.

Tutkimuksessa oli tavoitteena kaanteisen selektiivisen tasovalaistusmikroskopian (iSPIM) ar-
vioiminen mahdollisena sovelluksena metakryloidusta gellaanikumista valmistettujen hydrogee-
lien heterogeenisessa valosilloittumisessa. Tutkitut hydrogeelit on suunniteltu ristisilloittumaan
ensin primaarisesti kalsiumkloridiliuoksen sisaltdmien ionien avulla ja sen jalkeen sekundaarisesti
fotoinitiaattorien avulla, kun niita valaistaan nakyvalla valolla. iSPIM:ssa kaytetyn valotason ole-
tetaan muodostavan raitamaisia jaykistettyja alueita sen lavistdman pehmeamman, vahemman
ristisilloittuneen matriisin sisalla.

Sovelluksen arviointiin kaytettiin kahta fotoinitiaattoria — litiumfenyyli-2,4,6-trimetyylibentsoyy-
lifosfinaattia (LAP) ja Eosin Y:ta. LAP:n fotoinitiaatioreaktio on yksinkertaisempi ja silla on mata-
lampi fotoaktiivinen aallonpituusalue (365-420 nm) kuin fotoinitiaatioltaan herkemmalla Eosin
Y:1ld (480-550 nm). Kumpaakin fotoinitiaattoria integroitiin metakryloidusta gellaanikumista val-
mistettuihin hydrogeelin esiasteisiin ja geeleja valaistiin sopivan aallonpituuden valonlahteilla. Pri-
maari-, sekundaari- ja kaksoissilloitetut ndytteet valmistettiin laboratorio-olosuhteissa ja niihin li-
sattiin kulta-nanopartikkeleja ja fluoroforeja karakterisointia varten. Eri naytteita tutkittiin visuaali-
sesti optisella mikroskoopilla sekd mikroreologisesti fluoresenssimikroskoopin avulla ristisilloitus-
asteen vaihtelun aiheuttamien taitekertoimen ja reologisten ominaisuuksien muutosten maaritta-
miseksi.

Tama kaksoisristisilloitus-lahestymistapa loi katsauksen siihen, millaiset olosuhteet vaaditaan
tarkasti rajattujen silloitusalueiden muodostumiseen ja havaitsemiseen. Eri silloitusmekanismeja
optimoitiin ja niiden valiset erot ja niiden heterogeeniset vaikutukset lopullisen hydrogeelin raken-
teeseen olivat havaittavissa. Saadut tulokset osoittavat, etta tietyillda materiaaliparametreilla val-
mistettua hydrogeelia on mahdollista valosilloittaa heterogeenisesti. Tulos on lupaava, silla jos
tdma on mahdollista iISPIM-menetelman valoparametreilld, on mahdollista silloittaa ja kuvantaa
hydrogeelinaytteitd samanaikaisesti. Tulevaisuutta ajatellen kokeellista osuutta on laajennettava
ja valosilloittuneille kuvioille on luotava enemman pohjatuloksia. iISPIM-systeemin kayttd valosil-
loittamiseen vaatii fotoinitiaattorin ja valon aallonpituuden tarkempaa vastaavuutta.

Avainsanat: ristisilloittaminen, fluoresenssimikroskopia, hydrogeeli, valotaso, mikroreologia,
fotoinitiaattori, selektiivinen tasovalaistus, volumetrinen bioprinttaus
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1.INTRODUCTION

Hydrogels are an integral part of the developing field of biomedicine for many reasons.
Their hydrophilic, water retaining matrix structure is unmatched in terms of emulating the
extracellular matrix (ECM), making them ideal constituents of biomimetic tissue engi-
neering (TE) constructs which provide optimal support for cell adhesion, proliferation and
differentiation. These materials are highly responsive to changes in temperature, pH and
other physiological stimuli, which gives rise to tailored therapy alternatives in applications
like wound healing and regenerative medicine. Additionally, their simple routes of deg-
radation in physiological conditions make them useful as biodegradable vessels for con-
trolled drug delivery methods. Due to their viscous, gel-like consistency, they provide a
wide range of bioinks for three-dimensional (3D) bioprinting, both for medical and life-

scientific applications. [1]

Hydrogels are formed through the crosslinking of natural or synthetic polymer macromol-
ecules. Crosslinks are defined as temporary or permanent bonds between polymer
chains, pulling and holding chains together in a denser network structure than the one
prevalent without their presence [2]. Generally, a higher degree of crosslinking (DOC)
corresponds to a stiffer and more viscous, less porous and degradable gel structure while
lower DOC indicates softer, more flexible gels with higher water retention potential [3].
One of the unique properties of these materials is the ability to control their DOC, making
their mechanical strength, degradation rate and cell interaction all tuneable. Crosslinking
can occur spontaneously or be initiated via external triggers like chemical, thermal, or
light energy or by using crosslinking agents, offering dynamic and externally controllable
properties where the balance between mechanical stability and biological activity can be

tailored to the chosen application.

The same area or even the entire sample can be crosslinked multiple times through
different initiation methods. Dual crosslinking is a TE method in which an initially loose
gel or even liquid polymer solution is crosslinked via two separate mechanisms to stabi-
lize the material and balance suitable biological matrix structure with mechanical support.
The purpose of primary crosslinking is to immobilize and fix the hydrogel into shape while
retaining a loose, biocompatible and printable matrix where cells and nutrients can still

migrate. This is often performed through rapid and reversible physical crosslinking meth-



ods such as ionic or thermal crosslinking. Secondary crosslinking aims to create perma-
nent covalent bonds for structural reinforcement and long-term stability and is thus
achieved with chemical crosslinking mechanisms induced by light irradiation or diffusion
of an external crosslinker. Dual crosslinking unlocks even more of the tuneability poten-
tial of hydrogels. While maintaining the favourable conditions for cell growth and nutrient
transport, mechanical strength and degradation properties can be designed to fit very
specific application demands [4]. The spatial control unlocked by dual crosslinking is also
utilized to fabricate “hybrid” hydrogels, where gel matrices exhibit structural heterogene-

ity which mirrors the complexity examined in native biological tissues.

Photocrosslinking or polymer crosslinking initiated by light energy, has become a popular
field of research due to its nanoscale spatiotemporal control. Photoinitiators (Pls) are
light sensitive molecules that absorb light energy and split into smaller reactive species
which then initiate further reactions. When combined with certain polymers, these reac-
tive species specifically attack certain functional groups and form covalent bonds be-
tween formerly separate polymer chains [5]. This allows light to be used not only for
modifying the DOC of entire 3D structures but also for precisely targeting selected re-
gions within a uniform matrix, enabling the fabrication of intricate structures. Especially
in 3D bioprinting, photocrosslinking enables the non-contact deposition of higher DOC
bioinks within structures, allowing many benefits compared to traditional methods which
require contact and can thus cause wear and damage to equipment, inks and substrates
[6]. Like bioprinting itself, photocrosslinking has applications both in the biomedical and
life-science fields, but particularly in the former, the non-contact and overall gentle ap-
proach of photocrosslinking is highly applicable as damage to cells, tissues, organs and

organisms is never desired.

Because photocrosslinking is a simple and non-invasive method that allows the fabrica-
tion of tuneable medical biomaterials, an increased number of hydrogels are being stud-
ied and applied in light-based biofabrication. At the same time, since light itself is such a
fundamental component of nearly every field in medical research, novel ways of combin-
ing photocrosslinking with other methods are gaining popularity. For example, optical
imaging microscopy often utilizes light signals which may be capable to photocrosslink
suitably light-sensitive materials [7]. An intriguing factor is the combination of simultane-
ous imaging and biofabrication. Not only does it eliminate some major steps in research
workflow, but it reveals the possibility to make intricate material property changes while
concurrently recording and quantifying the details of the process. This approach could
provide insight into the finer details of biofabrication and help establish benchmarks for

optimizing material properties for specific biomedical applications.



Because hydrogels with delicately altered DOC may not withstand the stress caused by
common mechanical testing methods, optical imaging methods are useful in the charac-
terization of crosslinking mechanisms. Bright-field microscopy (BFM) is an inexpensive,
simple way to visualize denser hydrogel volumes, especially with integrated nanoparti-
cles (NP) which highlight affected volumes by reducing transparency. Fluorescence mi-
croscopy (FM) is also applicable, when using fluorescent tracer particles (FTP) and track-
ing their Brownian motion in hydrogel volumes of different DOC. Denser volumes allow
fewer moving particles to be detected and provide less available volume (AV) for the

particles which are capable of moving.

The aim of this Master’s thesis work is to explore the possibility of using a recently de-
veloped and implemented optical imaging microscope to create heterogeneous hydro-
gels via volumetric photocrosslinking. In the long run, this method could open a research
avenue for biomaterial fabrication with simultaneous imaging and recording of the pro-
cess. Primary crosslinked samples are selectively dual crosslinked in specific areas us-
ing the light emitted by the optical imaging microscope. The device in question is an
inverted selective plane illumination microscope (iSPIM), which functions by creating im-
ages by stacking thin optical sections of a sample illuminated by a light plane in the
visible wavelength range [8]. In practice, a thin plane of light penetrates a layer of a
primary ionic crosslinked hydrogel, resulting in a localized, stiff stripe. The rest of the
sample is unilluminated and unaffected, minimizing photobleaching and phototoxicity.
Successfully dual crosslinked structures within a 3D hydrogel matrix may be useful for
e.g. guiding cell growth ad proliferation, as cells and nutrients can travel within the looser
matrix while the stiffer structures provide sites for adhesion and direct the movement.
Longer cells like cardiomyocytes can be cultured to grow in parallel, potentially benefiting
the artificial mimicking of the heart in vitro. This research combines the selective illumi-
nation and minimal invasiveness and phototoxicity of an intricate visible light pattern with

the unique properties of a well-researched, photocrosslinkable biopolymer hydrogel.

In Chapter 2, the structure of hydrogels and their subsequent crosslinking ability is ex-
plained, along with crosslinking phenomena themselves. In Chapter 3, the different types
of 3D bioprinting are introduced, and the benefits of light-induced volumetric bioprinting
(VBP) are listed. In Chapter 4, the iSPIM system along with its background its implica-
tions are explained. Chapter 5 introduces methods to characterize crosslinking, particu-
larly the ones used experimentally in this work. Chapter 6 lists the materials and methods
used along with the experimental process. Results are depicted and explained in Chap-
ter 7 and discussed in Chapter 8. Developments and future steps are also listed. The

obtained results are concluded, and the project is summarized in Chapter 9.



2. HYDROGEL CROSSLINKING

Polymers are macromolecules consisting of repeating units called monomers or oligo-
mers, arranged in chain formations, which possess a huge range of beneficial properties
due to the ability of these chains to bend and link within each other [9]. Useful polymer
properties include light weight, high strength or modulus, corrosion resistance, lack of
heat and electrical conductivity and low cost of fabrication and processing [10]. With the
rapid modern expansion and optimization of different biofabrication methods, polymers
have secured their place as one of the most applied biomaterial groups in the field. This
stems from their chemical flexibility which allows the broad modification potential of their
material properties [11]. Polymer chains often contain functional groups with the capa-
bility of crosslinking with each other. Polymer crosslinking involves the formation of co-
valent or ionic bonds between polymer chains, which result in liquid, free-flowing polymer
solutions to arrange in multidimensional, solid polymer networks [2]. Polymer solutions
have a gel point, beyond which the increase of the degree of crosslinking results in a
sharp transition into a macroscopic system which no longer acts as a viscous liquid, but

an elastic solid [12].

Hydrogels are three-dimensional crosslinked polymer structures which withhold signifi-
cant amounts of water or biological fluids due to their hydrophilic nature. Hydrogels are
an interesting material group due to their biomimicking and biocompatible nature, as their
structural architectures can be tailored to match many biological tissues [13]. Desirable
unique properties in hydrogels include tuneable, usually high, water content, softness,
flexibility and biodegradable nature [14]. Commercially, these properties have opened
avenues for hydrogels in the manufacturing of hygiene products and contact lenses. In
the biomedical engineering context, these characteristics have been extensively re-
searched in TE and regenerative medicine fields, as hydrogels provide some ideal bio-
degradable drug delivery and soft tissue replacement applications and facilitate the

growth, movement and proliferation of cells [15].

Tuneability is one of the most interesting material characteristics in modern biomedical
engineering. Tuneable material properties allow for experiments to produce a wide vari-
ety of samples from the same precursor, which translate into more finetuned data. In the
biomaterials and TE field, this leads to the ability to optimize material properties to suit
exact biological conditions of the desired application and determine the quality of sample
batches more accurately. Hydrogels facilitate great tuneability with their variable DOC

[16]. Increased crosslinking between polymer chains causes changes in the physical



properties of the hydrogel matrix. The main effects of increased crosslinking, especially

relevant to hydrogels are listed in Table 1.

Table 1: Main effects of increased crosslinking on a hydrogel matrix.

Effect of crosslinking Explanation

Increase of elasticity Loose hydrogels become stiffer when cross-
linking density rises, making them more re-
sistant to deformation [17].

Increase of viscosity Crosslinking prevents polymer chains from
moving in parallel past each other, restrict-
ing the flow of the solution and improving
creep properties [6].

Increase of toughness Higher crosslinking density can improve re-
sistance to fracture, but excessively cross-

linked matrices may become brittle [18].

Decrease of flexibility Increased bonds between polymer chains
decrease the elongation at break, reducing
stretchability [19].

Decrease of porosity and swelling Dense crosslinked networks have smaller
ratio pore size and free volume, which leads to
decreased ability to absorb and retain water
and lower permeability which slows down

molecule diffusion [20].

Decrease of solubility and degrada- As polymer chains are held together more
tion rate tightly, hydrogels do not dissolve as easily
but rather absorb solvents. Cleavage sites
for enzymatic or hydrolytic degradation be-

come less accessible. [21]

Hydrogels can be divided into ‘physical’ or ‘reversible’ and ‘chemical’ or ‘permanent’ gels
based on the crosslinking bonds that are in charge of forming the network [22]. Physical

hydrogels are crosslinked via non-covalent bonds like ionic interactions, hydrogen



bonds, hydrophobic forces or molecular entanglements, which occur as temporary cross-
links with the ability to break and reform reversibly [23], [24]. In chemical hydrogels, the
crosslinks are formed by covalent bonds, meaning their networks are irreversible and
need external energy to form and break down [25]. Differences between the two cross-

linking types in hydrogels are shown in Table 2.

Table 2: Physical and chemical hydrogel characteristics.

Hydrogel type Physical hydrogels Chemical hydrogels

Crosslinking

(BN Reversible Permanent

ity

Crosslinking mechanism

Material properties

Fabrication

Non-covalent interactions
(ionic or hydrogen bonds,

hydrophobic forces) [22]

Weak and soft, easily de-
gradable, high swelling ca-

pacity, homogeneous [25]

Electrostatic  interactions,

often self-assembled and

Covalent bond formation
[22]

Stiff, durable, more re-
sistant to degradation,
tuneable but limited swell-
ing,
[25]

non-homogeneous

Requires external cross-

linker molecules or energy

no external factors needed
[22]

from chemical reactions,
irradiation or heat curing
[22]

Applications Injectable gels, drug deliv-

ery,
[25]

Structural tissue engineer-
ing,
materials [25]

soft tissue scaffolds load-bearing  bio-

As mentioned, external energy or crosslinking agents are required to formulate the co-
valent bonds which crosslink chemical polymer networks. External energy for bond ex-
citation can be achieved with irradiation (e.g. electron beam or gamma rays) or chemical
reactions and subsequent addition of heat or, sometimes, pressure [2]. These factors
generally cause bonding sites to be exposed to each other via cleavage, addition or
condensation [26]. For the application to be discussed in this research work, we focus

on light-induced crosslinking, or photocrosslinking. Out of the covalent bond excitation



methods, photocrosslinking includes the most material safe and chemically neutral reac-

tions and offers a wide range of applications achieved by using non-complex setups.

2.1. Light-induced crosslinking

Electromagnetic radiation, particularly ultraviolet (UV) light, is a common chemical stim-
ulus that affects many polymers. Generally, UV radiation causes unwanted, adverse and
often degradative chemical reactions in biological tissues and materials including poly-
mers, however UV and other electromagnetic radiation can also promote reactions which
create beneficial products or enhance desired material properties [27], [28]. Polymer for-
mation can also be catalysed by the emission of light - photopolymerization is a light-
initiated reaction where monomers or oligomers are connected into a polymer chain se-
quence when exposed to an electromagnetic catalyst signal, typically in the presence of
a Pl [29]. A Pl is a molecule that, upon electromagnetic irradiation, reaches an excited
state and forms reactive species which initiate further consecutive reactions [30]. In pho-
tocrosslinking, these polymerization reactions allow the functional groups of single mon-
omers or attached polymer chains to react with each other, forming smaller, linked chains
which connect in larger chain polymer networks [31]. If there is enough Pl produced
radical species available, prolonged light exposure causes covalent crosslink bonds to
for between polymer molecules, resulting in a familiar hydrogel structure. The most com-
mon and applied form of photopolymerization is free radical photopolymerization (FRP),
where highly reactive radicals produced as a result of the light excitation of Pls attack
double carbon-carbon bonds in the monomer or polymer structure [30]. A common com-

ponent in industrial photoinitiators is the aryl ketone group shown in Figure 1.

R, CO—R,

Figure 1: The aryl ketone group [32].

FRP can be divided into two types based on the Pl excitation reaction mechanism — type
| (a-cleavage) and type Il (hydrogen abstraction or electron transfer). The type of radical
formation mechanism is defined by substitution reactions which occur at the R+ functional
group location [32]. Type | cleavage is defined by a substitution of alkyl and type Il ab-
straction is defined by a substitution of aryl from R;. Light exposure results in the excita-

tion of the Pl into a triplet state from which free radicals are produced according to the



mechanism type. The R; location facilitates substitutions which influence the wavelength

value at which the photoinitiator absorbs light, regardless of the type of mechanism [32].

In type | cleavage, the energy from the photons is enough to induce direct simultaneous
cleavage of alkyl-CO bonds within the excited triplet states and polymerization is initiated
quickly in many molecules at a time via the resulting substitutions. Photocrosslinkable
monomers, oligomers and polymers are often acrylate based, making them susceptible
to bonding with radical cleavage products of alkyl ketone groups. In practice, this occurs
when the cleaved free radicals attack double bonds within the acrylate-based structure,
forcing the broken bond to be replaced with a single bond shared between two mono-
mers or polymer chains. Alkyl substitution leads to the formation of a benzoyl radical,
which is the main factor in photocrosslinking initiation, however in some cases the alkyl
radical fragment may also contribute [33]. Figure 2 shows the light-induced FRP reaction

scheme of a diacrylate monomer in the presence of a benzoyl-radical PI.
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Figure 2: Photopolymerization of a diacrylate monomer in the presence of a
benzoyl photoinitiator, induced by laser.

Type Il photocrosslinking is characterized by specific Pls which work together with a

hydrogen donor ingredient called a co-initiator [34]. This is because the CO-aryl bond



energy is higher, and the photon energy is not enough to cleave it. An excited Pl remains
in a stable triplet state until the introduction of a co-initiator, from which the Pl abstracts
a hydrogen atom. As a result, the Pl becomes a weakly reactive ketyl radical and the co-
initiator becomes a highly reactive donor radical [35]. Co-initiators can also sometimes
act as electron donors, resulting in an anionic Pl and a cationic co-initiator. Thus proton
transfer occurs, resulting in a neutral photoinitiating radical derived from the amine co-
initiator and a Pl radical which is generally inactive or inhibiting towards the photocross-

linking reaction [36].

Both types of FRP are rapid chain reactions, which can be quickly terminated once illu-
mination is halted, causing remaining free radicals to naturally recombine with each
other. This typically occurs when atmospheric oxygen molecules form bonds with either
reactive chain end, resulting in stable oxygen-centred radicals unable to initiate further
polymerization [37]. The double bond normally present between the two oxygen atoms
breaks and becomes single, and the molecule forms a bridge between the reactive ends.

A schematic of the spontaneous inhibition FRP is shown in Figure 3.

iy
" CH;—Cs + ':|}‘ Oxygen
O« molecule

chain end Reactive

Reactive l
chain end

R
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radical R T
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Figure 3: FRP inhibition due to presence of atmospheric oxygen.

Photocrosslinking is an extension of photopolymerization and can occur when photopol-
ymerizing illumination is extended or by illuminating a solution containing already syn-
thesized or naturally occurring polymers [38]. The products of the reaction caused by the
ilumination aid in the formation of junctions between polymer chains, resulting in a more
viscous gel structure [6]. As light can be directed at the polymer solution in a very con-
trolled pattern, the resulting crosslinked areas can take complex and intricate forms, aid-

ing in e.g. fabrication of TE constructs [39].

Photocrosslinking, like other light-induced chemical reactions, supports precise spatial
and temporal control and controlled illumination rates to allow high initiation rates when

needed [27]. The ability to alter the incident light beam angle and intensity allows for the
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accurate shaping of photocrosslinked 3D constructs to very small scales without affect-
ing non-target areas at all. Photocrosslinking is a solvent-free process which is possible
to conduct at low energies and with cost-efficient setups [33]. Altering the duration and
intensity of light exposure provides a wide range of DOCs which correspond to samples
with different mechanical properties, making photocrosslinking an ideal method for opti-
mizing the characteristics of desired hydrogel constructs. The main limiting factor of pho-
tocrosslinking is the potential phototoxic effect of prolonged irradiation, especially con-
cerning cell-laden hydrogels [26]. Photobleaching of materials can also be detrimental,
as it hinders the ability to employ photocrosslinking in repetition [40]. These are factors
which must be optimized when performing research and finding an optimal irradiation

power and duration is an integral part of photocrosslinking applications.

2.2. Hydrogel bioink precursors

Photocrosslinkable hydrogels are interesting materials to apply as bioinks for bioprinting,
as they can be deposited or moulded in various ways as their less viscous precursor
solutions and then either fully or partially gelated to different 3D shapes and sizes. Before
and after gelation, photocrosslinkable constructs can contain volumes with different
DOCs, suitable for different biofabrication techniques including casting, injecting and 3D
bioprinting, with the final application area being hydrogel scaffold production for TE [13],
[41], [42]. Hydrogel precursor molecules must have one or more functional groups with
the capability of light-induced crosslinking, and the remaining differences in their molec-
ular structure define properties like viscosity, mechanical responses and shape fidelity
before and after photocrosslinking [43], [44]. Naturally, different precursors support var-
ying gelation times, too. Out of the wide range of hydrogels derived for biomedical appli-
cations, ones acquired from natural polypeptides and polysaccharides are of special in-
terest due to their ability to replicate the 3D structure, viscoelasticity and permeability of
the ECM [45]. Therefore, they provide especially suitable environments for cells to ad-
here, spread and proliferate. Polypeptide- and polysaccharide- derived hydrogels as raw
materials are in general not mechanically stable or pure enough for clinical grade cell-
laden approaches but adding tuneable properties via photocrosslinkable functional
groups give them potential as precursors to applicable hydrogels. The most used method
of functionalizing polypeptide- and polysaccharide- derived hydrogels is methacrylating
them [43], [46]. Methacrylation is the process of esterifying hydrogels with methacrylic
anhydride (MA). MA is an organic compound derived from methacrylic acid (MAA), which
is used as a monomer itself in polymer fabrication but is especially useful in adding meth-

acryloyl groups into the chain structure of polymers [47]. Methacryloyl groups contain
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double carbon-carbon bonds, which can be chemically cleaved by free radicals [30]. In
principle, MA reacts with polymer chains by substituting a methacryloy! unit from its struc-
ture with a functional group like a primary amine (-NH:), hydroxyl (-OH) or carboxyl (-
COOH) group. As MA reacts with a polymer functional group, it forms an ester bond and

releases MAA as a byproduct. The chemical structure of MA is shown in Figure 4.

CH> CHo

HsC © CHj

O O

Figure 4: Molecular structure of methacrylic anhydride. Image from Sigma-Al-
drich specification sheet [48].

Methacryloyl-functionalized compounds are sensitive to FRP due to the presence of eas-
ily accessible carbon double bonds present in methacryloyl unit structures, which suit
efficient crosslinking processes due to the rapid nature of the reactions between them
and the free radicals produced by excited Pls [49]. In this section, 5 of the most common
and researched MA-functionalized hydrogel precursors, i.e. gelatin methacrylate
(GelMA), collagen methacrylate (ColMA), hyaluronan methacrylate (HAMA), alginate
methacrylate (AlgMA) and methacrylated gellan gum (GGMA) are introduced.

Collagen (type |) is the most abundant protein found in mammals [50]. It acts as the main
building block of connective tissues found all around the body, from bones, tendons and
ligaments to the cornea and skin. Collagen is found in the ECM in the form of triple helix
polypeptide fibrils with thicknesses ranging from some tens to hundreds of nanometres
[51], [52]. These fibrils are self-assembled and bundled into a fibre matrix structure in
neutral conditions [53]. In an aqueous solvent, collagen becomes a hydrogel. Gelatin is
a bioactive, thermoresponsive polypeptide polymer obtained from the partial hydrolytic
degradation of naturally occurring collagen [54], [55]. Above body temperature (> 40 °C)
gelatin is soluble in water, however in cooler temperatures it forms a transparent, ther-
moreversible hydrogel matrix [56]. Being a natural polymer and having these unique gel-
ling properties, gelatin has been of great interest for centuries of research. In addition to
having natural hydrogel properties, both collagen and gelatin polymers are resorbable,
non-antigenic and suitable for physicochemical modulation like chemical crosslinking
due to their abundance of available amino acid functional groups [57], [58]. Both hydro-
gels are also especially cytocompatible due to the abundance of arginine-glycyl-aspartic
acid (RGD) sequences in their structure [59]. The RGD maotif is recognized by a subset

of cell membrane ligands and is one of the main gateways of natural cellular crosstalk
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and cell adhesion [60]. Due to the hydrolysis which differentiates the structures of colla-
gen and gelatin, gelatin’s structure is looser than the fibrillar structure of collagen and it
consists of more randomly coiled polypeptide chains, with more bioactive motifs and
functional groups exposed. This makes gelatin hydrogels softer, more tuneable and more
biocompatible for e.g. cell adhesion than the more rigid collagen gels with less exposed
bioactive components. Naturally, this makes collagen hydrogels more suitable for long-
term applications prone to undergoing strain, like solid cell scaffolds for corneal epithelial

cells and injectable delivery hydrogels for e.g. cardiac cells [61].

For protein-based hydrogels, the main reactive groups are amine groups. The triple-helix
structure of collagen contains an abundance of both amine- and carboxyl groups, of
which amine groups are primarily accessed by MA and carboxyl groups are usually ad-
ditionally functionalized after methacrylation. The native fibrillar structure of collagen is
retained also after methacrylation, providing ColMA with more mechanical strength and
elasticity before additional crosslinking than GelMA [49], [62]. On the other hand, the
looser, more random coil structure of gelatin provides MA more functional groups to bind
to, with both amine and hydroxyl groups available in abundance. This gives GelMA a
generally higher relative methacrylation degree (MD) than ColMA and makes photo-
crosslinking easier [63]. The methacrylation reaction of primary amine groups in a poly-

peptide-based polymer chain is shown in Figure 5.

Amine group
NH2
NH:2
NH:2 o 0
+ ﬁ)l\ o)l\f — )-m, NH
o]
NH2
Polypeptide Methacrylic
biopolymer anhydride Methacrylated polypeptide

Figure 5: Basic reaction scheme of the synthesis of methacrylated polypep-
tides, GelMA and ColMA.

Hyaluronic acid (HA) or hyaluronan is a linear polysaccharide polymer which is synthe-
sized by the cellular plasma membrane and found in the ECM of all tissues and fluids in

the body [64]. HA belongs to the family of anionic, non-sulphated glycosaminoglycans
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(GAG), meaning its structure is unbranched and consists of repeating amino sugar and
uronic acid disaccharide units [65]. HA polymer chains vary in length and thus molecular
weight (MW), and are capable of natural water retention due to repeating hydrophilic
functional groups which form hydrogen bonds with H.O molecules [66], [67]. Pure HA,
like other pure biopolymers, is not mechanically stable enough for e.g. scaffold and
wound dressing applications, and HA in particular is also prone to enzymatic and hydro-
lytic degradation due to high swelling rate [68]. The repeating subunit of HA contains
several hydroxyl and carboxyl groups and a single amide group which act as anchoring
points for chemical modifications. Especially the abundance of primary hydroxyl and car-
boxyl groups allows for plenty of sites for MA to substitute methacryloyl units into the HA
polymer chain and thus functionalize it [69]. Carboxyl group methacrylation in HA is only
significant in more complex multifunctionalization processes, and thus the synthesis of
HAMA via hydroxyl group methacrylation follows a similar route to the methacrylation of
other polysaccharide-based polymers. The basic schematic of this is shown in Figure 6.
Methacrylated hyaluronic acid (HAMA) combines the excellent biocompatibility, water
retention and tissue hydrating properties stemming from the hydrophilicity of HA with the
self-healing potential and tuneability unlocked by the chemical or light-induced crosslink-
ing capability of methacryloyl units. HAMA has many unique applications due to its par-
ticularly water retaining matrix structure, including ECM mimicking lab-on-a-chip plat-

forms, neural and soft tissue 3D bioinks and drug delivery vehicles [70].

Alginate is another naturally occurring anionic polysaccharide, which can be found and
harvested from brown seaweed, expressing excellent biocompatibility and -degradability
[71]. Alginate has been extensively researched and applied especially in the pharmaceu-
tical field, due to its mild and tuneable gelation properties. Especially ionic crosslinking
of alginate in the presence of divalent cations like Ca?* has been studied for decades
and applied in several successful cell transplantation and drug delivery methods with
pore sizes small enough to immobilize cells and release them in a controlled manner
once the vessel degrades [72]. However, ionic crosslinking and the native structure of
alginate provide some drawbacks in biomedical applications, including the uneven dis-
tribution of pore size and limited long term stability in physiological conditions, which
stem from the retainment and spontaneous release of divalent cations into the surround-
ing media [73], [74]. Using anhydride chemistry on alginate and targeting secondary hy-
droxyl groups or carboxylic acid moieties in the polymer chain for substitution with meth-
acryloyl units is a useful method in functionalizing alginate. The prospect of photopoly-
merizing alginate hydrogels offers spatiotemporal control over the gelation via the alter-

ing of the incident beam direction, intensity and exposure time [75]. The synthesis of
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AlgMA follows the same basic protocol as the methacrylation of HAMA and other poly-
saccharide polymers, as schematic of which is shown in Figure 6, however carboxylic
acid groups can also be targeted by MA. AlIgMA gels retain the ability to crosslink both
ionically and via light exposure, allowing for multi-dimensional hydrogel functionalities
and processing. AlgMA is especially suitable for cell encapsulation and transplantation,

and the tuneable properties allow for applications with prolonged duration [76], [77]

Gellan Gum (GG) is a linear anionic polysaccharide produced by Sphingomonas strain
bacteria, which has many characteristic abilities to crosslink and form multifunctional gels
[78]. Many of GG’s properties, like molecular weight and polymer concentration can be
modified during synthesis, to affect the physical characteristics of the formed gel. At in-
creased temperatures, GG dissolves in water and takes random coil shape similar to
gelatin, and at lower temperatures it organizes itself spontaneously into a double helix
structure [79]. Similarly to alginate, the structural integrity of GG gels can be stabilized
using divalent cations, however ionic stabilization in itself does not provide enough me-
chanical stability for GG hydrogels to be applied in vivo [80]. Like with other polysaccha-
rides, the methacrylation of GG is a rather simple and effective way to functionalize the
polymer chains and enable photocrosslinking in the presence of Pls [81]. In the presence
of MA, spontaneous substitutions between the abundant hydroxyl groups in the repeat-
ing tetrasaccharide units of GG and the methacryloyl units in MA occur via esterification
and as a result, methacrylated gellan gum (GGMA), a mechanically tuneable hydrogel,
is formed. The synthesis of methacrylated polysaccharide polymers including GGMA is
shown in Figure 6. Because of the tuneable stiffness provided by retained ability of ionic
crosslinking along with photocrosslinking potential of GGMA, it is especially useful in 3D
bioprinting applications. To ensure mechanical stability, it is often mixed with other ma-
terials such as chitosan [82], gelatin [83] or synthetic polymers like poly (ethylene glycol)
diacrylate (PEGDA) [84] to overcome issues with 3D stability to ensure good shape fi-
delity. Naturally, extensive mixing corresponds to longer and more complex solution
preparation and potential variations between batches fabricated at different times.
GGMA offers especially good shape fidelity and shear-thinning properties at physiologi-
cal temperatures, and its DOC can be altered both physically and chemically. GGMA is
mechanically very similar to the gel-like inner core of an intervertebral disc, and studies
have shown that it facilitates controlled cell infiltration and vasculature formation in re-

generative medicine applications [85].
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Figure 6: Basic reaction scheme of the synthesis of methacrylated polysac-
charides, HAMA, AlgMA and GGMA.

As explained in the prior section, the double carbon bonds within the substituted meth-
acrylate groups shown in Figures 5 and 6 are the bonds which are susceptible to “at-
tacks” from radicals produced by both types of FRP. The simple mechanics behind the
addition of these double bonds to polymer chains without compromising their structure
otherwise makes methacrylated biopolymers especially useful in applications which re-
quire further modifications via increased and permanent crosslinks [86]. Five of the most
common methacrylated biopolymers in biomedical and TE applications are listed in Ta-
ble 3.
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Table 3: Most common methacrylated (bio)polymers used in biomedicine and

tissue engineering.

Material group Polymer Benefits
Polypeptides GelMA RGD motifs available for
efficient cell adhesion
(53], [56], [57],
Gelation at physiological
Reactive group: [83], [87], [88]
temperatures
Primary amine Thermoresponsive

ColMA Mechanical strength

[49], [61], [62] ECM mimicking, cell adhe-
sion, migration and differ-

entiation

MVEETT A Ef M HAMA Excellent hydrophilicity

[68], [69], [70],
Reactive group: [k
Hydroxyl
AlgMA Excellent biocompatibility

[74], [75], [90] lonic crosslinking

GGMA Shear thinning properties
& shape fidelity

[79], [80], [83],

[85] lonic crosslinking

Long term stability

Applications

Bioprinted regenera-

tive tissues

Scaffolds for nerve

regeneration

Wound dressings

Solid cell substrates
for epithelial cell pro-
liferation and deliv-

ery

Injectable hydrogels
for stem cell delivery

Lab-on-a-chip plat-

forms

Regenerative  soft

tissues, bioinks & fill-

ers
Drug delivery
Cell encapsulation

and transplantation
Drug and nutrient
delivery

3D bioprinting

Mimicking and repair

of cartilage tissue

MD is directly correlated to the amount of MA available for functionalization. Increased
MD of functionalized polymers results in faster crosslinking and larger DOC. The DOC
for methacrylated polypeptide- and polysaccharide- derived hydrogels is defined by the

atomic structure and concentration of the present Pls and subsequent reactive groups
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and the intensity of light used for initiating the reaction [91]. In turn, the DOC achieved
after light exposure affects crucial properties like stiffness and hydrophilicity of the pho-
tocrosslinked hydrogel. According to rheological experiments in a study by Jongprasitkul
et al [42], increase in UV exposure intensity, exposure time and MD all lead to higher
storage modulus (G’) and rigidity in GelMA, ColMA, HAMA and AlgMA. Increased MD in
fabrication of the hydrogels resulted in higher DOC, which produced stiffer photocross-
linked hydrogels. Higher UV intensity resulted in faster crosslinking in all 4 hydrogel
types. Hydrophilicity of photocrosslinked hydrogels was measured in the same research
using a contact angle (CA) camera, defining the degree of attraction between water mol-
ecules and the hydrogel surface. Here, denser hydrogel networks facilitated by higher
MD were generally observed to have less water on their surfaces compared to looser
networks, indicating hydrophobic behaviour, apart from with ColMA which had excess

water on the surface when its MD was higher [42].

2.3. Dual crosslinking

There are a few general yet integral properties that hydrogel biomaterials should support
in addition to water retention in TE and biomedical applications. These include mallea-
bility and shape fidelity, strength, resilience and sometimes self-healing to withstand
damage induced by cyclic loading both in vitro and in vivo [18]. The water content ab-
sorbed and withheld by biopolymer hydrogels described in the previous chapter often
makes hydrogels brittle and mechanically weak, limiting their application potential. This
is why methods like dual crosslinking, which increase mechanical properties directly by
increasing DOC either locally or throughout the sample matrix, are important in the fab-

rication and optimization of these materials [92].

The dual crosslinking process consists of two separate crosslinking phases. When hy-
drogels are fabricated from their primary units, usually powders dissolved in solvents,
their structure is yet far from the viscous, gel-like consistency of biological soft tissues
[18]. The primary crosslinking phase is usually employed rapidly, and the goal is to facil-
itate an initial loose, gel-like shape to the polymer solution and stabilize and immobilize
it onto the designated substrate. Primary crosslinking mechanisms are usually achieved
by physical crosslinking means, and thus the bonds formed are easily degradable and
even reversible in suitable conditions [42]. The primary crosslinked gel is usually soft,
flexible and only partially stable, making it suitable for 3D bioink applications and, im-
portantly, further tuning [93]. The secondary crosslinking phase can usually be prolonged
depending on the material consistency and reaction conditions, as its aim is to enhance

and finetune mechanical properties and structural integrity [94]. Secondary crosslinking
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often involves chemical crosslinking bonds, resulting in permanent, more durable hydro-
gels with less swelling potential [86]. Light pattern properties allow precisely spatially
controlled secondary crosslinking and can be used to create localized variations like
higher DOC shapes and structures within the looser primary crosslinked matrix [95]. This
potential to crosslink spatially heterogeneous hybrid hydrogels is in the core of interest

of the research reported in this thesis.

Hydrogels are the most promising biomaterials for culturing of cells due to their soft tissue
mechanical biomimicry, similar salient features to the native ECM and enabling of cell
adhesion and protein formation [96]. As the DOC of hydrogels increases, the ability of
cells to migrate within the hydrogels is limited, and rather stiffer hydrogels are used as
surfaces for cells to adhere to [97]. Dual crosslinking could be a method to utilize in the
fabrication of heterogeneous hybrid hydrogels with stiffer regions integrated within a
looser matrix. This would make it possible for cells to adhere and take the direction of
the stiffer features, while moving along the stiff-loose boundary and responding to e.g.

mechanical stimuli and nutrients delivered via the less viscous hydrogel [98].

2.3.1. Primary crosslinking

As discussed, biopolymer hydrogels are usually fabricated by dissolving a powder-like
hydrogel precursor into a solvent like deionized water (DIW) or polybutylene succinate
(PBS). These hydrogel precursor solutions are only capable of spontaneous, weak
crosslinking interactions which are very thermosensitive and thus reversible, mitigating
the characteristic hydrogel ability of water retention. Especially when aiming to use hy-
drogel compounds at lower concentrations, reversible crosslinking bonds are introduced
between polymer chains to immobilize the solution and facilitate basic elasticity and
shape fidelity and even injectability [94]. Primary crosslinked hydrogels are optimal for
coating substrates and extrusion, as their shape is yet undefined but supports much
greater adhesion properties than non-crosslinked liquid solutions. These bonds include
various dynamic covalent bonds induced via the modification of physiological conditions
like temperature and pH, and non-covalent interactions like hydrogen bonding or ionic
interactions [93]. These bonds are characteristic of the continuous, spontaneous and
dynamic bond dissociation and recombination, which provide the primary crosslinked
gels with the ability to self-heal and return to their original form after deformation [17]. Of
these reversible bonds, ionic interactions stand out as the most reliable and widely stud-

ied. lonic interactions do not require many additional, complex chemical fabrication
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steps, and provide rapid crosslinking gelation under mild conditions [99]. lonic interac-
tions are useful in stabilizing hydrogels from basic scaffold compounds to cell-laden bio-

inks and are known for their biocompatibility [100].

The ionic crosslinking ability of GGMA stems from the presence of carboxylate groups in
its polymer backbone [82], [101]. These groups are prone to ionic interactions, and es-
pecially in the presence of divalent cations like Ca?*, ionic bridges are formed between
adjacent chains, as shown in Figure 7. Ca?* cations enter the hydrogel matrix via diffu-
sion at low temperature and pH conditions when the gel is immersed in a solution con-
taining these ions, a typical example being calcium chloride (CaCly) [81]. Free calcium
ions find unoccupied carboxylate groups and electrostatically interact with them, pulling
chains closer together. Because only one carboxylate group is found per GG repeating
unit, ionic bridges form in a somewhat periodic manner, leaving the remaining portions
of the repeating unit unaffected. As mentioned, ionic interactions are temporary and char-

acteristic of spontaneous formation and deformation [18].

GGMA repeating unit
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Figure 7: lonic bridges between two GGMA polymer backbones formed by di-
valent calcium cations.

2.3.2. Secondary crosslinking

Because of the reversible and often sensitive nature of the primary crosslinking interac-
tions discussed above, achieving a final, structurally sound hydrogel matrix which can
withstand load-bearing strain which is characteristic to biological environments requires

further modification and, above all, permanent interactions between polymer chains [99].
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To conquer this challenge, two-step crosslinking resulting in a dual crosslinked network
has emerged as a technique to fabricate biomimetic, high water content and mechani-
cally strong materials for TE applications [92]. Dual networks are defined by the presence
of two polymer components of different physical natures — a loosely crosslinked, ductile
component and another, higher DOC, rigid component. These networks can be achieved
by applying two separate crosslinking mechanisms to the same matrix, achieving a ho-
mogeneous bulk compound network for load bearing and strain-requiring applications,
but two networks can also coexist in heterogeneous, hybrid structures. Two hydrogel
networks consisting of different polymers can be incorporated or, alternatively, an initially
homogeneous polymer can be made heterogeneous by applying permanent, chemical
crosslinking factors in a spatially controlled manner using precision tools [95]. Secondary
crosslinking can be facilitated via various means like photoinitiation, enzymes, thermal
activation, dehydration or high-energy radiation [102]. Photocrosslinking is the most
widely used method in TE, as it provides the most spatial control and rapid gelation in
non-complex conditions [38]. Heterogeneous hybrid hydrogels can facilitate a permeable
network for the diffusion and transport of nutrient molecules and the movement of cells,

with integrated rigid structures for the adhesion and direction of cells [95].

Photocrosslinking in GGMA occurs at the methacryloyl groups substituted onto certain
hydroxyl groups on the polymer backbone. When a Pl is activated, it attacks the meth-
acryloyl’s double carbon bonds, forming similar “bridges” as divalent cations, only con-
sisting of permanent and stronger covalent bonds [103]. The two different crosslinks in
dual-crosslinked GGMA are shown in Figure 8 and characteristics of both crosslink types

are listed in Table 4.

Secondary
photocrosslinking

COOr

Ca?*

Primary ionic
crosslinking

Figure 8: Dual crosslinked GGMA polymer chains, with primary ionic cross-
links and secondary photocrosslinks visible. R denotes a FRP radical.
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Table 4: Distinction between the primary and secondary crosslinking mecha-
nisms which define dual crosslinking.

Crosslinking Primary crosslinking

Rapid formation of a physical or
chemical network to give the hy-
drogel its initial shape and me-
chanical stability [42]

Dynamic covalent bonds or non-

covalent interactions [93]

Compound-specific modifications
of physiological conditions like
temperature, pH and ionic condi-
tions [81].

Soft, partially stable gels suitable
for further modification [93]

Secondary crosslinking

Enhancement of mechanical
properties and structural integrity,
either entire or localized volumes

[92]

Photoinitiation, enzymes, dehy-
dration, radiation

[102]

high-energy

Secondary reactions are often lo-
calized to only certain volumes by
using precision tools for con-

trolled spatial resolution [95]

Stiffer, mechanically robust ar-

eas, spatial heterogeneity [102]

2.4. Photoinitiators for different wavelengths

Pls have been applied in many fields, from different photolithography and photocuring
methods in life science solutions like glues, building materials, adhesives, coatings and
inks [104]. In the medical context, Pls not only crosslink and cure materials to be me-
chanically stronger but can also catalyse other chemical reactions in medical applications
and induce photodegradation. For each application, it is important to carefully evaluate
the specific requirements and system compatibility. For photocrosslinking, an important
factor is the trade-off between irradiation intensity and crosslinking efficiency, which
means that the choice of Pl should not require overly harsh irradiation properties to

achieve the desired amount and possible shape of the crosslinked material [105].

The polymer precursor used in an FRP application naturally has the biggest impact on
the final structure and properties of the fabricated material, but the initiator system is just
as integral when it comes to defining the photocrosslinking reaction characteristics [106].
In the context of FRP applications, there are many alternative Pls available to apply to
achieve an optimal experimental setup, which are mainly defined by the excitation wave-
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length range at which they produce their respective radicals. In general, the energy ab-
sorbed from photons of a certain wavelength range is sufficient to turn the PI into an
excited species [32]. Each PI has a theoretically defined wavelength range which defines
its photoactivity, with a certain wavelength corresponding to peak photoactivity, or ideal
reaction conditions. The structure of the Pl molecule also characterizes it as either a
Type | or Type Il PI, as described previously. Because type Il photoinitiation utilizes en-
ergy from co-initiators to break radical bonds, the energy required from the photons in
the excitation irradiation is lower and thus type Il Pls generally have excitation peaks at
longer wavelengths than type | Pls [32]. This is explained by Planck’s equation, written
in Equation 1,

E=7 (D

where E is the photon energy, h is Planck’s constant, c is the speed of light in a vacuum
and A is the photon wavelength [107]. For biomaterials, especially cell scaffolds or cell-
laden hydrogels, higher wavelength, lower energy irradiation is preferred, to mitigate any
adverse effects on cells caused by UV light of low wavelength [32]. When exposed to
excessively high chemical energies of any types, cells tend to lose their ability to prolif-
erate and multiply due to the denaturation of proteins caused by ionization [108]. Using
light sources in the visible wavelength range also has benefits in multifaceted solutions
like simultaneous photocrosslinking and in situ imaging, as many optical imaging tools
use light patterns in the visible zone [109]. Therefore, type Il Pls are more applicable in
biomedical manufacturing which involves living factors, while type | Pls are more suitable
for life-scientific applications where materials inherently withstand more photobleaching

and phototoxicity [32].

When analysing fluorophores and Pls theoretically, the most important factor to assess
is the quantum yield (QY). The general QY in photoinitiated reactions is the ratio of the
number of specific events caused by photon absorption and the number of photons ab-
sorbed. In fluorophores, QY represents the number of photons emitted relative to the
number of photons absorbed [110]. In the PI context, where absorbed photons catalyse
molecule structural changes, QY refers generally to the ratio between produced radicals
and absorbed photons in the reaction [111]. A high QY corresponds to less absorbed
photons being required for a Pl to generate a free radical [112]. QY is highly dependent
on the specific conditions of the reaction, including the exact excitation wavelength and
physical environment where the reaction takes place. The efficiency of the photocross-
linking reaction is a function of the overall PI QY, including co-initiators and side reactions

[30]. Type | Pls have a higher individual QY, since all the absorbed photon energy is



23

used on cleaving the alkyl-CO-bond unlike type Il Pls, where the co-initiator also requires
part of the absorbed energy to transfer hydrogen atoms or electrons for the free radical
to be produced. An important note is the connection between the QY value and required
concentration of Pls. The higher the QY of a PI, the lower concentration is required to
facilitate appropriate photoinitiation and a lower chemical concentration allows for more

chemically sensitive Pl applications and multifunctionality [113].

For hydrogel photocrosslinking, Pls are evaluated for high water solubility and QY com-
bined with molar absorptivity at cytocompatible wavelengths. Out of the many chemical
Pls on the market, only a few adhere to cytocompatibility standards; these include type
| Pls Irgacure 2959 (1-2959) and lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)
as well as type Il Pls Eosin Y (EY) and Rose Bengal (RB) [114]. 1-2959 is widely used in
UV photocrosslinking applications, but its absorptivity drops to near zero at the visible
light range, making it non-ideal for photosensitive applications due to the high excitation
energy values of UV radiation. On the other end of the spectrum, RB also has some
phototoxic traits, as its activation produces singlet oxygens which can unwantedly dam-
age cells if not controlled [115]. The most promising PlIs for generally cytocompatible and
material-friendly photocrosslinking are LAP and EY, which are the two Pls chosen for
experiments in this research [116], [117]. All four of the mentioned Pls and their photo-

activation wavelengths are shown in Table 5.

Table 5: Common photoinitators and their respective photoactivity ranges.

Photoinitia- | Irgacure 2959 LAP Eosin Y Rose Bengal

(o]

Initiation Type | Type Il

type

Photoactiv- ~520 nm ~550 nm

ity peak

Wavelength Visible Visible

“one Green Greenl/yellow

480-550 nm 540-570 nm

T [116], [118], [120], [121],  [124], [125], [115], [128], [129]
[119] [122], [123]  [126], [127],
[114]
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2.4.1. Lithium phenyl-2,4,6-trimethylbenzoylphosphinate

LAP is a Pl whose photoactive wavelength range falls onto the lower threshold between
UV and visible light. LAP gets its abbreviation from its shorter denotation, lithium
acylphosphinate, and is available commercially as a white to off-white crystalline powder
[120]. LAP is classified as a lithium salt, and its synthesis was first demonstrated by
Majima et al. in 1991 [121]. The main commercial use of LAP is the polymerization of
hydrogels and other polymeric materials, and it has overtaken 1-2959 in the biomedical
market due to its higher water solubility and increased polymerization rates at lower con-
centrations with 365 nm UV radiation. The structure of LAP can be divided into a benzoyl
and phosphinate unit, which are connected via a carbon-phosphorus (C-P) bond. The
benzoyl unit contains the photosensitive aryl-ketone group. [32] The molecular structure

of LAP along with this key bond is shown in Figure 9.
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Figure 9: Molecular structure of lithium phenyl-2,4,6-trimethylbenzo-
ylphosphinate. Image from Sigma-Aldrich specification sheet [130]. The carbon
phosphorus bond connecting the benzoyl and phosphinate groups is highlighted
in blue.

LAP has a local maximum photon absorption with radiation of around 375 nm in wave-
length, which is at the higher end of the UV spectrum [122]. The key factor which sets
LAP apart from other UV-sensitive Pls is the weak, however measurable absorbance of
visible light of wavelengths 400-420 nm. Visible light is significantly less phototoxic com-
pared to UV radiation, allowing LAP to be considered a biocompatible Pl alternative for
TE applications. The absorption spectrum of LAP is shown in Figure 10. The visualized
data is adapted from the results reported by Fairbanks et al, who measured the absorb-

ance of a LAP solution with a concentration of 4 mM in water [122].
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Figure 10: LAP absorption spectrum in water.

The water solubility of LAP gives it applicability in the FRP and photocrosslinking of many
appropriate monomers and polymers [122]. LAP is known for its rapid polymerization
and crosslinking illumination, which is a promising trait considering the low photoactive
wavelength range. The quick nature of photoinitiation is allowed by the type | Pl nature
of LAP, which also consequently means that the reaction does not require external
agents or co-initiators, and the produced free radicals are only cleavage products of LAP
itself. LAP is often compared to the widely applied 12959, which it triumphs over in many
aspects like water solubility, higher quantum yield (lower required concentration) and

photoactivation at longer wavelengths [116].

LAP undergoes type | cleavage photoinitiation when exposed to appropriate wavelength
radiation according to Figure 10. In practice, this means that energy absorbed by the
ketone group from photons results in the scission of the carbon-phosphorus bond be-
tween the benzoyl and phosphinate units, resulting in a benzoyl radical and a phos-
phinoyl alkyl radical. As explained in Section 2.1., the benzoyl radical initiates crosslink-
ing by attacking double carbon bonds in polymer chains. The alkyl radical is usually a
neutral factor, although in some reactions it may also act as a partial initiator or inhibitor
[33].

24.2. EosinY

EY is a red coloured powder material, commonly used in histological staining applica-
tions, pH indication and dyeing agent in synthetic chemistry [125]. EY is categorized as
a synthetic dye in the group of xanthenes. Commercially, EY is available in a disodium

salt powder form [131]. The molecular structure of EY is shown in Figure 11.
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Figure 11: Molecular structure of Eosin Y disodium salt. Inage from Sigma-Al-
drich specification sheet [131].

The highest absorption of photons experienced by EY occurs at a wavelength of around
520 nm, corresponding to visible green light. The exact absorption peak depends on the
solvent in which the Pl is deposited. EY is able to absorb light efficiently at the wavelength
range from around 480-550 nm, where absorption results in rapid intersystem crossing
to its lowest energy triplet state [132]. The absorption spectrum of Eosin Y in a basic
ethanol solvent is shown in Figure 12. The spectrum data is obtained from the Photo-
chemCAD™ database [133].

Eosin Y absorption spectrum

Molar absorption coefficient
(1/(M-cm))

220 270 320 370 420 470 520 570 620 670
Wavelength (nm)

Figure 12: Eosin Y absorption spectrum in basic ethanol solvent [133].

EY is highly water soluble, making it a generally accessible and multifunctional Pl. The
main drawback of EY is the prerequisite requirement of a co-initiator to facilitate the type
Il photoinitiation reaction. The most applied co-initiator in combination with EY is trieth-

anolamine (TEOA). TEOA is an amine-functionalized co-initiator which contains three
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hydroxyl groups, which are useful for the hydrogen abstraction mechanism of type Il Pls.

The molecular structure of TEOA is shown in Figure 13 [134].

T OH

Ho™ >N on

Figure 13: The molecular structure of triethanolamine. Image from Sigma-Al-
drich specification sheet [134].

The type Il photoinitiation reaction of EY follows the hydrogen abstraction pathway ex-
plained in Section 2.1.: The EY molecule absorbs a photon in its photoactive range and
enters an excited triplet state, which has an active duration of 24 us [132]. The triplet
state EY acts as a photosensitizer and abstracts a hydrogen atom from the TEOA co-
initiator which acts as the actual initiator, forming a radical centre on the double carbon

bonds found e.g. in the methacrylated functional groups in polymers [135].

EY provides a spatiotemporally controlled photoinitiation reaction, especially suitable for
delicate light patterns. In TE applications, the low concentration requirement and high
water solubility of EY combined with its high peak absorption wavelength make it a highly
biocompatible alternative for type | photoinitiators which absorb lower wavelengths and
therefore higher energy radiation [127], [136]. However, the requirement of additional
material compounds in the fabrication of the EY PI solution makes adjusting the compo-
sitions more complicated, which is most likely the main reason why lower wavelength
type | UV and visible light Pls like 12959 and LAP are preferred in hydrogel photocross-

linking despite their biosafety concerns [114].
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3.VOLUMETRIC BIOPRINTING

3.1. 3D bioprinting

By definition, the field of bioprinting consists of an array of techniques which transfer
biologically relevant materials on to a substrate, producing defined patterns and assem-
blies [137]. Bioprinting approaches are used in a variety of scales from the molecular
level patterning of DNA and proteins to multi-cellular organ printing. Bioprinting normally
relies on three-dimensional printing equipment and bioinks, and depending on the equip-
ment used, the resulting pattern structures can be printed as zero-dimensional (0D)
points, one-dimensional (1D) lines, two-dimensional (2D) layers or three-dimensional
(3D) volumes [138]. Bioprinting approaches can also be divided into contact and con-
tactless bioprinting techniques, which both possess unique advantages and disad-
vantages. Contact bioprinting methods including extrusion-based [139] and microfluidic
[140] bioprinting, which involve direct contact between the printing mechanism and the
bioink, substrate or both, are especially useful for large construct printing and higher
viscosity bioinks, however they are susceptible to mechanical constraints like nozzle
clogging or stress caused by prolonged contact. Contactless bioprinting methods includ-
ing inkjet bioprinting [141], laser-assisted bioprinting (LAB) [142] and stereolithography
(SLA)-based [143] bioprinting provide applications which require minimal stress and pro-
vide high resolution but are limited to low-to-medium viscosity bioinks and involve com-
plex and high-cost equipment. 3D bioprinting is one of the fastest growing modern
engineering fields, with its range of applications spreading from large industrial
constructs to very intricate structures for medical use [137]. The opportunity of pre-
programming and modifying a model to have an exact desired structure and mirroring
the predetermined design into a physical 3D construct is naturally a very useful concept
regardless of the size scale [143]. Additionally, the ability to choose from a variety of
bioink materials widens the scope even more. In Figure 14, the division of the bioprinting
field is showcased, along with the method in the focus of this research, light-based VBP.
The aim of this research is to explore the applicability of a tool utilizing light, previously
developed and studied for optical imaging, to simultaneously image a hydrogel sample
and induce photocrosslinking to enhance material properties in a spatiotemporally

controlled manner [144].
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Figure 14: Division of the bioprinting field into contact and contactless ap-
proaches. The inverted selective plane illumination microscopy method studied
in this thesis is a potential light-based volumetric bioprinting teqhnique.

3.2. Stereolithography

With the increased requirements of complex TE constructs and the subsequent emersion
of novel photocrosslinkable biomaterials, namely polymers, SLA-based bioprinting has
become a prominent method with several improvements to conventional 3D bioprinting
and additive manufacturing methods. SLA uses electromagnetic radiation from the UV
to infrared (IR) wavelength scale to photopolymerize suitable bioinks in a selective layer-

by-layer fashion. [145]

In practice, SLA-based bioprinting uses a matrix made of a bioink susceptible to certain
wavelength photocatalysts which form patterns with altered mechanical properties within
it. The advantages of SLA-based bioprinting include higher resolution due to selectivity,
scalability and fast printing times with no contact stress on either the bioink or the equip-
ment. One limitation which is common to all conventional 3D bioprinting techniques, in-
cluding SLA-based ones, is the layer-by-layer approach, which increases printing time
significantly. Layer-wise printing typically requires sequential material deposition one
layer at a time, which proves time-consuming especially with larger, more complex struc-
tures and can cause mechanical stress and wear over time, especially to more viscous,
mechanosensitive, fragile or cell-laden structures [146]. Conventional layer-by-layer bi-
oprinting methods may also falter when printing patterns with intricate internal structures

or overhangs which require support from external struts or printing beds. The minimal
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material stress advantage provided by SLA-based methods is also countered by the fact

that long printing times result in photobleaching and phototoxicity [147].

3.3. Volumetric bioprinting

The ability to fabricate entire pre-determined 3D constructs simultaneously rather than
one layer at a time opens new avenues in the field of TE, allowing for more cost- and
time-efficient printing of complex structures. VBP is a promising bioprinting method stem-
ming from SLA, which improves the layer-by-layer operating scale into more geometri-
cally complex, larger scale constructs while also retaining rapid printing times [138]. The
first inherent example of VBP was performed by Shusteff et al. in 2017, with their holo-
graphic three-beam volumetric system in which a green 532 nm laser illuminated a pho-
tosensitive resin, forming millimetre-scale additive structures [148]. The simultaneous 3D
illumination of the resin was made possible by splitting and directing the incident beam
into three components, each directed onto a different path of incidence. This research
proved that the geometric limitations and printing speed of additive manufacturing using
previously reported SLA methods could be improved, using low concentrations of Pls
(~0.1%) and modest light intensity (~10 to 100 mW). Since then, many VBP methods
have been successfully implemented with improved resolution and simultaneous imag-
ing functionalities [149]. Depositing energy into resins or even organoids containing bio-
inks to direct specific portions of the volume into selected positions or viscosities is an
exciting advancement with broad applicability in additive manufacturing, TE and biomed-
icine. Light is the most common catalyst for processes which enable VBP, however re-
cently e.g. ultrasound waves [150] and magnetic fields [151] have shown promise due to

their edge in penetration depth and scalability.

3.3.1. Light-based volumetric bioprinting

VBP is often generalised into methods which only use dynamic light patterns to irradiate
and solidify an entire 3D object. For a while after its first appearances, the VBP field did
rely solely on light-based techniques, meaning that they have since been developed,
replicated and optimized significantly. Photocrosslinkable polymers have always been
central components of VBP, and their functionality has been utilized long before their
application as VBP bioinks [38]. Light-based VBP has been reported to have the ability
to fabricate both high-resolution features in the micrometre scale and large-scale con-
structs of volumes up to several cubic centimetres. With a wide range of possible bi-
oprinted constructs, light-induced VBP is consistently rapid, producing intricate features

and entire constructs in printing times of only tens of seconds [146]. The high-resolution
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positive and negative channel features are useful in creating vasculatures and adhesion
sites for cells to move and proliferate. Light is a superior catalyst for VBP, because the
angle and beam properties of the incident radiation can be modified to very fine margins,
resulting in controlled cumulative energy doses and crosslinking which affects only de-
sired areas [152]. Photobleaching and phototoxicity are the main limiting factors of light-
induced VBP, yet they only concern certain sensitive, typically cell-laden applications. A
typical VBP setup utilizing light consists of a light pattern system, a printing platform and
an observation system. The light pattern is produced by a digital light processing (DLP)
device and associated light direction components like collimators and lenses which direct
the focused beam onto the sample holder from one or more directions [138]. Typically,
the printing platform includes a vat containing the bioink or bioresin. The platform may
include a motor to rotate the sample, making the changing of irradiation areas easier
than via moving the DLP device. Additionally, an observation system can be connected
to the VBP device to allow the monitoring of the printing process. The light pattern is
typically pre-programmed, so that even though the whole sample is irradiated, only the
programmed geometry is photocrosslinked [153]. A basic schematic of a light-utilizing

VBP setup is shown in Figure 15.
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Figure 15: Schematic of a light-based VBP device.

3.3.2. Acoustic volumetric bioprinting

Electromagnetic signals are viable catalysts for directing and shaping bioinks in VBP, as
especially visible light typically causes no adverse effects on cell-laden bioinks, and dy-
namic light patterns can be constructed in the microscale. However, light-induced reac-
tions are very dependent on reaction conditions and material properties. Ultrasonic
waves can penetrate up to hundreds of times deeper into non-transparent, optically scat-

tering materials like biological tissues, making them useful in higher scale volumetric
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bioprinting and deep tissue excitation [154]. The polymerization and crosslinking of ul-
trasound-reactive bioinks is based on reaggregate oxygen species (ROS) production,
which triggers the spatial radical polymerization of vinyl precursors into polymer networks
[155]. ROS are hydroxyl and peroxide radicals, which form covalent hydrogels when pre-
sent in ultrasonic water cavities in an aqueous medium containing vinyl oligomers [156].
Another undeniable benefit of acoustic technologies in VBP is the inherent periodic na-
ture of the acoustic wave. This property allows the additive manufacturing of high-
throughput cell patterns and multicellular layered constructs in a controlled manner even
within scaffolds [157]. High penetrability in non-transparent fluids, solids and gels along
with the distinguished periodicity of acoustic waves makes acoustic VBP a very viable
method in arranging and assembling cells and, thus, 3D bioprinting with cell-laden inks
[156].

3.3.3. Magnetically guided volumetric bioprinting

Contactless bioprinting can also be facilitated completely by guiding and manipulating
the arrangement of a predeposited bioink within a low-viscosity hydrogel. Magnetic field
responsiveness is a simple and effective tool for this and integrating nanoparticles like
iron oxide into the bioink matrix and exposing it to a magnetic field can result in well-
defined, externally guided and assembled 3D structures [158]. Iron oxide micro- or na-
noparticles (IOP) are the most common magnetic additive in magnetorheological bioinks.
In addition to magnetic responsiveness, IOPs offer other beneficial properties to bio-
materials as well, including antibacterial and anti-biofilm properties [159] and tumour
growth inhibition [160], and they have been integrated in applications before the novel
approach of magnetically assembled bioinks. Depending on the size and concentration
of the magnetic particles, bioink matrices in the form of e.g. microfibres or filaments [158],
[161] can be magnetized and their structure can be reassembled with high spatial control
and size tunability. This approach is especially useful in cell seeding, as cells embedded
in the hydrogel or on top of it align with the assembled IOP structures. Individual cells
can also be magnetized with particles like IOPs, and pre-cultured cells can be guided
externally to scaffold-free locations and assemblies which mimic 3D tissues [162]. Once
fabricated, these tissue-mimicking bioprinted 3D constructs can also be mechanically
stimulated at desired frequencies by compression or stretching using magnets, which
opens plenty of avenues in the field of cardiac muscle TE. Because of the well-re-
searched and proven non-toxic nature of IOPs, magnetorheological VBP is another

promising and useful method for cell assembly and cell-laden 3D bioprinting [163].
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4.INVERTED SELECTIVE PLANE ILLUMINA-
TION MICROSCOPY

The novel part of this research was the potential integration of an inverted selective plane
ilumination microscope (iISPIM) to the process of hydrogel photocrosslinking. If the light
pattern produced for imaging purposes by the iSPIM configuration can induce photo-
crosslinking in a hydrogel matrix, the result may offer a very exciting method of simulta-
neously imaging and volumetrically crosslinking hydrogels in the long run. iSPIM is in-
herently an imaging technique which produces light patterns in the form of sheets, which
form a 3D image of the sample when stacked. In practice, the irradiation area which
would excite the photoinitiators integrated in the hydrogels would be a thin, straight

stripe, useful in e.g. cardiomyocyte culturing, as briefly discussed earlier in the text.

4.1. Light sheet fluorescence microscopy

Selective plane illumination microscopy (SPIM) is an imaging method which stems from
light sheet fluorescence microscopy (LSFM). LSFM, like other fluorescence microscopy
(FM) methods rely on luminescence, or the emission of light from a substance as a result
of external excitation [164]. There are many types of luminescence defined by the nature
of the excitation, including chemiluminescence, bioluminescence and photolumines-
cence [165]. Photoluminescence is the phenomenon where molecules in the lumines-
cent substance absorb and subsequently emit electromagnetic radiation, or photons, of
certain wavelengths [166]. These molecules, called fluorophores, can be covalently
linked to antibodies to produce highly specific fluorescence labelling for different biomol-
ecules. This makes them useful in e.g. staining certain cellular constructs or whole cells
in biological tissues [110]. FM methods use fluorophore staining to label specific areas
of the sample being imaged, resulting in sensitive images of target areas with high spatial
and temporal resolution. In general, FM setups using photoluminescence consist of an
incident beam source, an area to place the sample and an imaging component to detect
light emitted from the sample due to fluorescence. FM has been studied and developed
for centuries, and a wide variety of FM methods are used in the optical imaging field
currently, with different irradiation area sizes scaling from point-to-point exposure to illu-
minating the entire sample at once. Challenges which have been addressed along the
way of developing FM methods include photobleaching, phototoxicity, image acquisition

time and resolution. Photobleaching is the phenomenon where the fluorescent signal
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emitted by the excited molecules fades over time, even during observation [40]. Fluoro-
phores may undergo permanent structural changes or completely degrade during exci-
tation, inhibiting the ability to repeat the excitation with similar results. Phototoxicity is
characterized by the cellular damage caused on typically live-cell samples, where ex-
cessive illumination leads to physiological changes and abnormal responses in cells

[167]. These are usually caused by reactive oxygen species.

LSFM has been applied in different modalities since the 20" century. With the develop-
ment of more compact, accurate and cost-friendly equipment, LSFM has enabled some
recent advances in the FM field, and in 2014 it was merited as Nature Methods method
of the year [168]. It is a very promising technique, as it provides significant improvements
in all the challenges of traditional FM methods mentioned previously. Not only does
LSFM aim to cause minimal photobleaching and phototoxicity, but it also enables high
resolution, fast volumetric 3D imaging all the way to the subcellular scale [169]. In LSFM,
the sample is illuminated from the side by a thin sheet of light which can be practically
considered a 2D plane. The thickness of the incident light sheet depends on the type of
beam and optical configurations used [170]. Some extensively applied FM techniques
are wide field microscopy (WFM) and confocal microscopy (CM), both of which illuminate
the sample through the imaging objective. The concept behind LSFM and how it com-

pares to WFM and CM is shown in Figure 16.
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Figure 16: Comparison between the concepts of detection in light sheet (A),
wide field (B) and confocal (C) fluorescence microscope.

SPIM was first introduced by Stelzer et al. in 2004 as a variation of previous confocal
LSFM techniques, with the novel application of in vivo imaging of green fluorescent pro-
tein (GFP)-labelled tissue [171]. A cylindrical lens is used to focus excitation light along
a separate optical path orthogonal to the axis of detection. Because the excitation and
detection units of a SPIM setup are on different optical paths, both can be adjusted sep-
arately. Thus, the sample is optically sectioned into single planar images, which are pro-
cessed and stacked into a 3D image. Only the focal plane of the detection axis is illumi-

nated, causing no out-of-focus fluorescence or photobleaching outside of the currently
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observed plane, although the rejection of all out-of-focus light can be guaranteed only

with tissues which facilitate little to no native scattering properties [172].

Many configurations of SPIM have been developed throughout the years to suit different
sample types and handling methods. iSPIM differs from other SPIM systems in terms of
geometry and sample compatibility and accessibility. In traditional SPIM, the sample is
suspended vertically in a cylindrical vial of resin, e.g. agarose and illuminated from the
side, with excitation and detection units being 90 degrees apart in angle. This mounting
process typically requires specialized equipment and holders. Optical iISPIM was first
brought to light in 2011 by Wu et al. to counter difficulties with previously reported vertical
sample mounting, replacing it with a horizontal sample compatible with inverted micro-
scopes, meaning that the sample is placed on top of a conventional-esque microscope
stand or inside a holder [173]. lllumination and detection objectives are aligned at 45-
degree angles relative to the sample plane. A simplified schematic of an iISPIM setup is

shown in Figure 17.

Excitation Detection

Sample

Light sheet

Figure 17: Schematic of iSPIM. Objective A illuminates a thin plane of the sam-
ple with a light sheet. Objective B represents the detection unit, which connects
to the imaging system.

The iSPIM setup allows for better user experience than the traditional SPIM modality,
and also fixes some of the shadow artifacts involved with SPIM especially regarding non-
uniform samples [8]. The iISPIM system is subject to beam distortion when light enters

the sample at any angle divergent from the plane of orthogonality, making horizontally



36

positioned coated surfaces, microfluidic chambers and chips ideal samples to examine
[174].

4.2. Light sheet beam profile

Light sheets in LSFM must adhere to certain common characteristics but can otherwise
be formed in various ways depending on the optical system available. The three main
light sheet profiles used in LSFM are Gaussian, Bessel and lattice light sheet. Gaussian
beams are most applied as LSFM excitation sources due to their ease of implementation
with cylindrical lenses. Gaussian beams and planes are characterized by the lengthwise
middle of the beam/plane having the smallest thickness. Here, the beam has a waist
parameter which defines the minimum beam size and thus, the focal plane of LSFM.

Beam waist w, is defined by Equation 2 [174].

Apx
= 2
Wo TN Apy (2)

Here, Agy is the wavelength and NAgy is the numerical aperture of the excitation objec-
tive. The light sheet geometry follows the principle of the Rayleigh range, which defines
a Rayleigh length z, where beam area doubles from the minimum at the waist [175]. z,
is related to the beam waist as shown in Equation 3:

1 2
Zp = EkWO (3)

Here, k = 2 /Agx is the wave number of the Gaussian beam, and thus Equation 3 can

be rewritten into Equation 4.

_ wg? @
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Combining Equations 2 and 4, z; can also be expressed with relation to NAgy:
A
ZR = 2 (5)

B TNAgy?

According to literature, the confocal parameter b can be defined as twice the Rayleigh

range [176]. Denoting Rayleigh length using Equation 5, b is expressed in Equation 6:

" TNAgy®

(6)
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Confocal parameter b thus defines the distance over which the light sheet is considered
relatively and uniformly thin [177]. Figure 18 shows a simple schematic of the side profile

of a collimated waist region of a Gaussian light sheet.

] T~
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Figure 18: Collimated waist region of a Gaussian beam. Adapted from [175].

As shown in Figure 18, light sheet thickness t corresponds to double the beam waist.

This is shown in Equation 7:

"~ mNAgy

()

As seen in Equations 6 and 7, both light sheet thickness and confocal parameter contain
a dimensionless constant multiplier m = 2/m, which is often denoted with a letter, as it

can be varied depending on the chosen definitions. Common theoretical definitions use
denotations m; = m, = % ~ 0.64 [177]. This expression gives us the final common for-

mulas for light sheet thickness t and confocal length b of a Gaussian light sheet:

AEX
t = 8
myq * NAgy (8)
b=m,* AE"Z 9)

m; =m, = 0.64

Gaussian beams can provide light sheet thickness of around 2-10 ym with reasonable
confocal length [178]. Gaussian beams’ main drawback is the direct connection of their
sheet thickness to their confocal length. Other light sheet profiles overcome this draw-
back and thus can produce sheets with smaller thicknesses of the sub-micron scale.
Bessel beams stem from projections of illumination patterns through annular ring masks

or collimated beams which are irradiated through an axicon [179]. Ideal Bessel beams
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satisfy the criteria of non-diffractive beams [8]. Bessel light sheets have a longer confo-
cal length, corresponding to a thinner profile over a longer distance, i.e. larger penetra-
tion depth with reduced scattering and higher focal confinement [170]. This makes them
useful for deep tissue applications. Without additional beam modification, Bessel beams
include a trade-off between thin light sheets over extended distances and out-of-focus
fluorescence caused by side lobe excitation. The out-of-focus photoactivation affects ar-

eas outside of the focal plane, which can cause photobleaching over time [180].

Lattice light sheets are formed via the interference of multiple coherent laser plane wave
beams which causes a periodic 2D or 3D lattice pattern [181]. This pattern is directed
axially to illuminate the sample plane. Like an ideal Bessel beam, an ideal 2D lattice
fulfils non-diffractive criteria, as it propagates in a certain direction without changes to its
cross-sectional profile. Lattices are available in square and hexagonal shapes, with
slightly different propagation properties [170]. The latter has better axial resolution char-
acteristics but suffers in optical sectioning due to increased side lobes at larger propa-
gation lengths, while the former is more applied due to its well-defined balance between
axial resolution and optical sectioning. Bessel and lattice beams can provide light sheets
approximately 400-600 nm thick, up to ten times thinner than Gaussian beams [182].
Although Gaussian beams diverge rapidly outside of the area of focus, they are the most
useful in general applications of LSFM, while Bessel and lattice light sheets provide more

accuracy and suit specific sample types like deep tissue or live cell applications [170].

One factor which is often considered as a drawback of all LSFM methods is the require-
ment of additional optical components to generate an adequate light sheet. The position-
ing of the illumination objective lens and light sheet generation optics often requires the
microscope setup to be designed around the specific sample used, so a universal setup
model does not exist. This leads to there being many different types of configurations,
each with specific advantages and disadvantages of their own. Another universal LSFM
limitation is the scattering and absorption of light in the tissue. The longer the optical path
within the sample, the larger the decrease of image quality. Often, this drawback returns
to the consideration of balancing increased optical power and exposure duration with
minimal phototoxicity and duration, and applications which can take it into account in

alternative ways are therefore valuable. [172]

4.3. Biomedical applications

iSPIM is a rather new, unique approach in the field of 3D imaging. Its high-speed, low
photobleaching and phototoxicity, non-invasive characteristics provide a promising basis

especially for biomedical imaging applications [180]. High image acquisition speed stems
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from the simultaneous capture of fluorescence across the entire excitation plane. The
selective illumination ensures both low out-of-focus artifact detection and low photoin-
duced damage to samples, as the excitation is confined to the focal plane. Fluorophores
outside of the detection focal plane are unaffected and retain their full QY until they are
intended to be illuminated. This makes images obtained with SPIM eligible for Multiview
reconstruction, in which a single, superior 3D image is merged from multiple 3D datasets
of the same sample, taken from different directions and combined in postprocessing
[173]. A simple way to facilitate Multiview reconstruction is to use more than one detec-
tion lens [171].

After the introduction of fluorescence optical sectioning by Voie et al. in 1993 [183], a
plethora of different LSFM configurations were reported at the start of the 215 century,
with Huisken et al. introducing the SPIM imaging modality in 2004 [171]. The develop-
ment of LSFM towards SPIM mainly intended to mitigate limitations in resolution and

irradiation efficiency and develop more user-friendly sample mounting methods.

Since their introduction, SPIM imaging methods have been applicable on cells due to
their non-toxic, non-invasive nature. Cell cultures and live cell samples can undergo im-
aging processes over extended periods of time, as only a small, predetermined group of
cells is affected in the acquisition of each planar image. Extensive imaging of the same
sample allows the detection of live changes within the sample. This is useful in imaging
the movement and responsiveness of live cells [171], [180]. For example, the effects of
viral infection on intracellular transport mechanisms in living cells were studied with the
help of iSPIM [184]. Cells infected with influenza A were imaged live at 200 frames per
second (fps) and 330 nm resolution for time intervals exceeding 12 hours at a time. Fac-
tors associated with intracellular transport of viral RNA were fluorescently tagged and

their movement was tracked during infection [184].

iISPIM can also be helpful in the study of live cellular movement and live cell dynamics,
as reported in a recent article by Bissardon et al., where iSPIM was used to volumetrically
image organ-on-chip structures in microfluidic chambers [174]. The horizontal sample
orientation facilitated by iSPIM was crucial to avoid gravitational disturbance of the ob-
served fluidics. As discussed, this microscope modality was possible to build around the

chip and its holder to preserve the architecture and environment of the organoid.
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5.CHARACTERIZATION METHODS

5.1. Methacrylation degree

As listed in section 2.2, biopolymers with structures that can be functionalized with meth-
acrylate include polypeptides and polysaccharides [42]. Since the methacrylation substi-
tution reaction targets different functional groups depending on the polymer group, poly-
peptides and polysaccharides have different methods for the characterization of MD, i.e.
the amount of methacryloyl groups which have been successfully substituted into the

polymer chain backbone during the methacrylation reaction.

To quantify the MD of polypeptide-based hydrogels, a colorimetric method called the
TNBS assay is most applied. 2,4,6-trinitrobenzene sulfonic acid (TNBS) is a reagent
which is added to the methacrylated sample material. Similarly to MA, TNBS reacts with
free amine groups, if available, via nucleophilic substitution, forming a trinitrophenyl de-
rivative with a distinct yellowish-orange colour [185]. In hydrogels where methacrylation
has already occurred, there are less free amine groups for TNBS to react with. The ac-
curate quantification is done using UV spectroscopy, where the sample is illuminated
with 335 nm UV light and the absorption results in TNBS signal emission. Samples which
have undergone more methacrylation, i.e. have fewer available free amine groups, pro-
duce lower TNBS signals than unmodified control samples because they cannot absorb

as much UV light [186]. The MD percentage value is calculated using Equation 10:

0Dy
0, — —
MD (%) (1 -

)* 100 % (10)
0

Here, 0D stands for optical density and the values in the fraction numerator and denom-
inator are the TNBS signals measured from the methacrylated and control samples re-
spectively [88]. The TNBS assay is an inexpensive, fast and simple way to compare MD
of functionalized hydrogels and is specific to polypeptide-based compounds, which is

one of their distinct benefits [187].

NMR spectroscopy has been a leading method in polymer system characterization since
its introduction and has continued its significant popularization during the 21t century.
NMR can be used to measure various properties like composition, sequencing, stereo-
chemistry and molecular weight [188]. NMR is based on the magnetic behaviour of cer-
tain isotopic nuclei. The nucleus spins with a frequency proportional to the strength of an
external magnetic field and is irradiated by radio waves [189]. The radio waves are at a

right angle to the magnetic field, and when their frequency corresponds to the spin of the
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nucleus, resonance, i.e. energy absorption occurs. This means, that the presence and
abundance of certain nuclei in a material can be detected by examining the NMR spec-
trum. Polysaccharide-based hydrogels’, including GG, MD is quantified via proton NMR
("H-NMR). Functional methacryloyl groups introduced to the polymer backbone contain
vinylic protons, which correspond to resonance peaks which are not present in the NMR
spectrum of the unfunctionalized polymer. These peaks are characteristic to carbon-car-
bon double bonds of the methacrylate moiety. In practice, a reference proton resonance
peak from the methyl group found in the rhamnose ring of the GG backbone repeating
unit is compared with the vinylic proton resonance peaks found in the methyl group and
double carbon-carbon bond of the added methacrylate moiety [81]. The degree of meth-
acrylation was calculated by comparing the integrated protons’ peaks from methyl group
on rhamnose ring of gellan gum (d =1.26 ppm) with a methyl group on the methacrylate
moiety (d= 1.90 ppm) and vinylic protons on carbon-carbon double bond (d= 5.72 and
6.13 ppm). A basic calculation for the MD of a polysaccharide-based polymer is shown
in Equation 11:

E* onlefinic

MD (%) = «100 % (11)

f reference

Here, [ Apinylic and 1] Areference COrrespond to the integrated areas of the olefinic proton
peaks and the reference proton peak on the NMR spectrum respectively. The scalar

multiplierg is used when considering the number of protons corresponding to the vinylic

(2 protons) and reference (3 protons) peaks.

5.2. Degree of crosslinking

The main physical effects of increased crosslinking on the hydrogel matrix are listed in
Table 1 in Chapter 2. Naturally, severe increase in crosslinking of entire 3D matrices is
quantifiable via mechanical tests like compression and stretching to define the hydrogel’s
modulus and adjacent properties. However, delicate methods including physical cross-
linking and spatially controlled chemical crosslinking are more challenging to define with
mechanical means. Loose, ionically crosslinked hydrogels often lack structural integrity
to undergo stress/strain tests and intricately directed light patterns have an insignificant
effect on the overall hydrogel mechanics. Therefore, optical microscopy methods can be
used to define properties like refractive index and porosity without compromising the

physical hydrogel environment. [190]

Increased DOC results in polymer chains being pulled closer to each other, making it

more difficult for cells, particles and molecules to pass through. This applies with photons
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too, as light scattering increases and elongates the optical path of photons. For optically
transparent polymer materials, change in refractive index can be more challenging to
detect, but many biocompatible particles are available for decreased transparency and
increased fluorescence, which can help to define regions with higher polymer density.
This is especially useful, when the desire is to use simple and inexpensive optical imag-
ing methods like bright field microscopy (BFM). BFM is one of the simplest optical exam-
ination methods, where a wide wavelength range of visible light from a halogen or light-
emitting diode (LED) is transmitted through the entire sample volume and collected by
an image sensor [191]. BFM contrast is generated by the increased light absorption in

denser areas.

An example of biocompatible particles which decrease transparency efficiently are gold
ions, which undergo photoreduction into gold atoms upon suitable light exposure [192].
When light exposure is prolonged, these gold atoms form larger aggregate nanoparticle
(NP) clusters, which significantly alter the optical path of light which passes them [193].
Doping transparent photocrosslinkable hydrogel materials with gold NPs helps visualize
especially photocrosslinked areas without compromising the biocompatible nature of the
material. Gold has been implemented in polymer film fabrication by using patterned light
exposure facilitated by photomasks and gratings, giving it potential use in the visualiza-
tion of intricate volumetric bioprinting of photocrosslinked hydrogels, with successful gold

photoreduction and aggregation reported at a 473 nm wavelength [194].

Other than decrease of transparency, the increase of fluorescence is also a useful way
to visualize denser hydrogel volumes with increased DOC [195]. Biocompatible fluores-
cent NPs are available in different sizes and designs and integrating them in porous
hydrogel mesh structures allows for the detection of not only their presence but also their
movement. Stiffer, higher DOC hydrogels are less porous with smaller mesh size and
thus the available volume (AV) for particles to diffuse in is smaller [196]. Microrheological
investigations can be conducted to determine the number of moving particles and the
range of their Brownian motion [197]. For example, a fluorescence microscope captures
a video of a 2D area in the hydrogel, the depth of which can be defined. External software
can be used to analyse the video, tracking each particle with predetermined dimensions
and measuring its total movement [198, p. 9]. Fluorescent microrheology trials are useful
in determining the overall crosslinking efficiency over a certain volume and defining the
increase of DOC in chemical crosslinking solutions like photocrosslinking specifically
[199].
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6. MATERIALS AND METHODS

6.1. Preparation of photoinitiator-integrated methacrylated gel-
lan gum

The fabrication of the photoinitiator-integrated GGMA hydrogels which were to be dual
crosslinked consisted of three main parts: GGMA synthesis, Pl solution preparation and
precursor solution mixing. All these steps were conducted in the Biomaterials and Tissue
Engineering (BMTE) laboratories in Tampere University Hervanta campus and the ma-

terial components used during each fabrication step are listed in Appendix A.

In our lab work, hydrogel precursors synthesized from scratch used unpurified GG ac-
cording to protocol established in earlier works of the group. Synthesizing purified GG
precursors requires an extra fabrication step involving an ion-exchange resin to capture
and remove superfluous cations present in commercial GG [200]. For experiments, both

unpurified and previously prepared purified GGMA were used in parallel.

Pl solution preparation was done according to previous knowledge of effective photoac-
tivation, balancing it with a consideration of cell viability. The EY preparation protocol
was done without prior benchmarking done by this group, and thus it required some

refining.

6.1.1. Methacrylation of gellan gum

The first synthesis step involved dissolving GG (Gelzan™ CM, Sigma-Aldrich) in DIW at
a temperature of 60 °C until uniform. 2 g of GG powder was dissolved in 150 ml DIW in
a 3-neck round bottom flask (RBF) under stirring conditions of 600 rounds per minute
(rpm) in a digital hotplate magnetic stirrer (MR Hei-Tec, Heidolph) with temperature set
to 60 °C. Stirring took ~30-60 minutes until the solution was determined to be visibly
uniform. Typical solute to solvent weight/volume (w/v) ratios of GG hydrogels are around
1%. The amounts of GG solute and DIW solvent used in this work correspond to a GG

w/v concentration of ~1.3 %.

A total of 4.5 ml of MA solution (Sigma-Aldrich) was added in four increments with at
least 30 minutes in between each addition. The first increment was 1.5 ml, and the fol-
lowing three additions were 1.0 ml in volume. The addition of MA in batches was done
to improve the efficiency of reaction. The detailed reaction conditions of the methacryla-

tion of GG are illustrated in Figure 19.
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Figure 19: Schematic illustration of GG methacrylation. [81]

After all the MA was added, stirring conditions were maintained at a temperature of 60
°C and a pH between 8-9 to facilitate the reaction. A temperature probe and pH meter
were used for condition monitoring throughout this mixing. The pH value was maintained
by pipetting increments of 5M NaOH (Avantor) into the solution regularly. The conditions
were kept constant for at least 2 hours, after which the methacrylation reaction was con-
sidered complete. The solution was left to stir overnight, after which it was let cool to

room temperature.

After the methacrylate modification was complete, the GGMA precursor solution was
dialysed against DIW for removal of waste products and unused reactants. The hydrogel
solution was transferred into 11-14 kDa molecular weight-cutoff (MWCO) dialysis mem-
brane bags (Spectra/Por, Repligen Corp.) using a spatula and funnel. A blow heater was
used to reduce viscosity when needed to make the transfer easier and more thorough.
Dialysis bags were carefully clipped shut to avoid leaks. Dialysis was completed under
monitoring for 5 days and the water was changed 2-3 times a day. Photos from each

GGMA preparation step are shown in Figure 20.

Figure 20: GGMA synthesis steps. A: Mixing of GG powder into DIW in 3-neck
RBF; B: Dialysis of GGMA against DIW in dialysis membrane bags; C: Heating
and mixing of GGMA solution before sample deposition.
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After dialysis, gels were transferred into round-bottom flasks and dried by vacuum filtra-
tion followed by lyophilization over three days. To verify the success and extent of GG
functionalization, the produced GGMA was analysed by 'H-NMR spectroscopy. This pro-

tocol is explained in Section 6.4.

6.1.2. LAP and Eosin Y solution formulation

For LAP, the applicable concentration of the Pl was determined to be 0.1% w/v, as used
in previous photoinitiation reactions performed by the group. A batch of LAP solution was
formulated as follows: 50 mg of LAP powder (Sigma-Aldrich) was weighed on the labor-
atory scale and transferred into a 50 ml conical centrifuge tube (Falcon ®, Corning). 50
ml of Dulbecco’s Phosphate Buffered Saline (dPBS, Corning, Mediatech, Inc.) was
added into the tube which was placed in a 37 °C shaking incubator set to 100 rpm for
thorough, uniform mixing. The mixed solution was protected from light with laboratory foil

and stored in a refrigerator.

As EY is a type Il PI, it requires a co-initiator, which for the solution fabricated for this
work was TEOA. EY and TEOA were dissolved in DIW according to amounts discussed
in the protocol reported by Bahney et al., who defined an upper limit of cell viability at 0.1
mM [201]. In our work, 1.73 mg EY disodium salt powder (Sigma-Aldrich) was weighed
and dissolved in 10 ml DIW in a 50 ml sample tube, giving an EY concentration of around
0.25 mM. 10 ul of commercial TEOA solution (Thermo Fisher Scientific) was pipetted
into the 10 ml EY solution, for a 0.1% concentration which also considered the previously
cited literature. The solution was mixed in a 37 °C shaking incubator at 100 rpm and

stored in a refrigerator, similarly to the mixing of the LAP solution.

6.1.3. Hydrogel precursor storage and preparation

The fabricated GGMA was stored as a solid, cotton-like compound and the two Pls were
dissolved into solutions at appropriate concentrations, as discussed. All compounds
were stored in a -4 °C freezer, with Pl solutions protected from light with tin foil. The
preparation of individual GGMA/PI samples was done by weighing the GGMA compound
and dissolving it into an appropriate amount of PI solution by magnetic stirring at 100-
300 rpm over a hotplate at 40°C. Suitable solution sample volume for this work is 1.0 ml.
2.0% w/v GGMA/PI gels were fabricated by weighing 20 mg GGMA and dissolving it in
1.0 ml of each respective Pl solution. The w/v ratio of the GGMA and PI solution was
varied depending on the desired stiffness and viscosity, and concentration was varied
throughout our experiments between 1.0% and 2.5% w/v. After mixing, solutions were

protected from light and stored in a -4 °C freezer.
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6.2. Characterization methods

The following sections highlight the different methods employed to characterize and
quantify the success of the sample preparation and eventual crosslinking. Before inte-
grating Pls, GGMA hydrogels’ functionalization was evaluated using NMR spectroscopy.
Before performing crosslinking trials, GGMA/PI precursor solutions were further modified
with different NPs suitable for the characterization methods used. BFM sample analysis
and imaging was done in both BMTE laboratories in Hervanta and Computational Bio-
physics and Imaging Group (CBIG) facilities in Kauppi, and microrheological imaging
was done in Kauppi. The theoretical background of these methods is described in Chap-
ter 5 and the practical use of them in this work is described in the following sections and
Chapter 7.

6.2.1. NMR spectroscopy analysis

As explained in Chapter 5, the MD of GGMA was quantitatively characterized using 'H-
NMR spectroscopy. Specifically, the MD was determined by comparing the integrated
signal intensities of specific proton peaks. Between 7-8 mg of the compound was
weighed and dissolved in 750 ml D2O (Sigma-Aldrich), and the solution was placed in a
shaking incubator for 2 hours for uniform mixing. This solution was then transferred into
NMR tubes and an additional 1 pl of D,O was added to move all the solvent to the bottom
of the tube and ensure complete dissolution. The functionalization of GG was confirmed
using a 500 MHz NMR spectrometer (ECZ-R 500 MHz, JEOL Ltd.) in D,O solution.

The reference peak for the native GG structure corresponds to the methyl protons on the
rhamnose ring, appearing at a chemical shift of § = 1.26 parts per million (ppm). In con-
trast, the newly introduced methacrylate groups were identified by their characteristic
methyl peak at § = 1.89 ppm and vinylic proton peaks at § =5.71 ppm and § =6.17 ppm.
The ratio of these integrals presented earlier in Equation 11 was used to calculate MD,
providing a reliable measure of GG functionalization. The resulting MD was 25-30% and

the NMR spectrum is shown in Figure 21.
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Figure 21: "H-NMR (D:0, 500 MHz) of GGMA with 25-30% methacrylation.

6.2.2. Bright field microscopy

For more in-depth experiments described later in the next chapter, different NPs were
integrated into samples of each type, to help with the characterisation of crosslinking with
the help of visible changes in refractive index or particle motion. Samples were fabricated
and handled according to two different characterization methods introduced in Section

5.2.: BFM contrast examination and FM microrheology particle movement analysis.

For BFM contrast examinations, gold NPs were added to GGMA/PI samples before
crosslinking trials. Gold (lll) chloride trihydrate (HAuCls - 3 H>O, Sigma-Aldrich) powder
was dissolved in DIW to make a gol<d NP solution with a concentration of 10 %. 10 pl of
this solution was mixed into 1 ml of each GGMA/PI precursor solution for a 1% gold
concentration. The resulting solutions were purple in colour with visibly higher viscosity
than unmodified GGMA/PI solutions, giving them additional contrast and ease of han-

dling when placed under BFM.

For BFM analysis of samples, two systems were used: one in the BMTE laboratories in
Hervanta and one in the CBIG facilities in Kauppi. Laboratory BFM setups used in this
work were the Axioscope 5 and Observer.A1 (Carl Zeiss Microscopy GmbH). The Axio-
scope 5 microscope in the BMTE laboratory used an objective of 5x/0.13 NA, while the

Observer A.1 in Kauppi had a 10x/0.3 NA objective. For both microscopes, the brightfield
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functionality was used, meaning that illumination was administered from below and de-

tection of contrast was done from above.

6.2.3. Microrheological particle motion analysis

For microrheological particle motion analysis, fluorescent plain polystyrene embedded
fluorophores (Bangs Laboratories, Inc.) were integrated into the precursor solutions to
achieve another sample type. These fluorophores are available commercially in solution
form and were mixed into precursor solutions at a concentration of 1.0 %. Two types of
fluorophores were used, one for unpurified GGMA samples and one for purified GGMA
samples. The specifications for each fluorophore are shown in Table 6. Appendix B
shows the distinct sample solution names after the addition of detectable particles. The
microrheology sample testing was done in well-plates (u-Slide 8 Well "" Glass Bottom,
Ibidi GmbH), which were placed under a wide field FM (Eclipse Ti2, Nikon). Chosen
sample positions were illuminated with a laser with a wavelength corresponding to the

FTP integrated in the sample, as shown in Table 6.

Microrheology data was obtained from 5-second videos taken from chosen areas in the
gel samples. The videos were analyzed with a yet unpublished 3D microrheology soft-
ware, MuRheo [198, p. 9]. The software contains parameters to optimize the video scan-
ning accuracy. The video was uploaded and analyzed, and the software was used to
create a 2D map of the area, which was imaged, highlighting parts with different magni-
tudes of particle movement as a quantification of the mean square displacement (MSD)
of the particles. The software is run on Unreal Engine 5 and responds to a code on
Python. Particle tracking is based on the optimized nearest neighbor algorithm. Record-
ings for both sample types were done with the same imaging parameters, as shown in
Table 6.
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Table 6: Fluorescent tracer particles and laser characteristics used for
microrheological experiments.

Sample type Upurified GGMA/LAP Purified GGMA/LAP
Tracer particle FSSY002 (Suncoast Yellow) FSDGO003 (Dragon Green)
Particle diameter 0.194 pm 0.513 pm

Laser wavelength 550 nm 470 nm

| EC R ETE IR ELGES 20 um from plate bottom 100 um from plate bottom
Frame rate 50 fps

Exposure time 10 ms

Objective 60x

Imaging time 5 seconds

6.3. Dual crosslinking experimental setups

In this work primary crosslinking, regardless of the sample type, was performed by sub-
merging the sample in an aqueous calcium chloride (CaClz) solution. The CaCl, solution
was prepared by dissolving crystalline calcium chloride dihydrate (CaCl; - 2 H.O, VWR
Chemicals BDH Prolabo ®) in DIW to achieve a calcium molarity of 1.0 M. In our work,
a 1.0 M CacCl, concentration was applied throughout experiments, for visibly immobilized
and crosslinked hydrogel layers without the need for further characterization. The CaCl,
solution was prepared in batches of 50 ml, where 7.351 g of the CaCl> crystals were
weighed into 50 ml conical centrifuge tubes (Falcon ®, Corning) and dissolution was
performed in a 37°C incubator set to 100 rpm, until no more crystals were visible. Before
final deposition onto sample substrates, the GGMA sample solution was completely im-
mersed under varying amounts of 1.0 M CaCl for time periods of 2 minutes, after which

the ionic solution was removed.

Photocrosslinking was achieved by two different illumination setups. The first setup in-
cluded a 405 nm visible blue light LED (M405L4, Thorlabs) and an additional photomask
component provided by microlithography services. The second setup was the Arvo
iSPIM optical setup discussed below. lllumination setups were characterized to match

the photoactive wavelength ranges of LAP and EY, as discussed in Section 2.4. For both



50

setups, illumination duration varied between trials, however the first optimization trials
gave an idea for optimal irradiation time, confirming hypotheses based on previous ex-

periments.

6.3.1. LED setup

To explore photocrosslinking in a more general manner, GGMA/LAP -samples were illu-
minated with a blue LED. The LED was held above the petri dish containing sample
hydrogels with a height-adjusted flask holder so that the collimated illumination beam
illuminated the entire sample droplet. For all trials, the blue LED was used at maximum
power of 6.0 mW. LED trials using this setup which are discussed in Chapter 7 were all

done in the BMTE laboratories of Tampere University Hervanta campus. The blue LED

iluminating a hydrogel sample through the photomask is shown in Figure 22.

Figure 22: 405 nm blue LED illuminating a GGMA/LAP hydrogel through a pho-
tomask.

6.3.2. iSPIM setup

The second variant of photocrosslinking used in the experimental portion was facilitated
with iISPIM. The setup used for the iISPIM experimentation in this work was developed
and optimized in previous works by the CBIG group in Tampere University. As mentioned
earlier, LSFM setups including the iSPIM setup used here are often built around the
sample type used. This setup is known as a diagonally scanning iSPIM system, where
the excitation and detection objectives are placed directly above the sample in a 45-
degree angle with respect to the horizontal plane. The basic characteristics of similar

systems can be divided into three units — excitation unit, sample adjustment unit and
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detection unit. The detection unit of this setup was not used for our experimental work.

The physical setup of the iSPIM system we used is shown in Figure 23.

chamber

: .;‘"//fl
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Sample hélder stage. ’

Figure 23: Photograph of the iSPIM setup showing the excitation and detec-
tion objectives and sample holder stage. Detection unit was not used for our ex-
perimental work.

The sample stage consists of a platform to which a cylindrical sample holder can be
attached. For typical iSPIM experiments, the sample is attached to the bottom of the
cylindrical chamber, which is filled with water, submerging the sample entirely. The
chamber is positioned so that the excitation and detection objectives are within the inner
cylinder while measuring. When handling larger samples like hydrogel coated 75 mm x
25 mm microscope slips, the slip can be attached to the top of the chamber and iSPIM

illumination can be done in atmospheric conditions above the chamber volume.

For sample illumination, we used two available Cobolt 06-01 series laser wavelengths
(488 £ 5 nm and 561.2 + 0.3 nm). The laser power scale ranges from P =
2mW to 70 mW and is adjusted via PC software. The excitation laser objective used for
the experiments had a magnification of 10x and a NA of 0.3 and both objectives are
water dipped. For the duration of each of our iSPIM trials, the detection unit was com-
pletely covered with black foil and dissociated from the excitation unit, to avoid damaging

the camera optics while not having to dismember the setup.
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7.RESULTS

7.1. Hydrogel composition

The first result obtained in the experimental part of this thesis was the difference between
unpurified and purified GGMA in terms of handling and shape fidelity. Unpurified GGMA
contains ionic fragments including divalent Ca?* cations before any external crosslinking
methods are applied, leading to spontaneous self-crosslinking and thus increased vis-
cosity and decreased flow properties, as mentioned already in Table 1. Purified GGMA
only contains monovalent Na* ions natively, which are not capable of inducing self-cross-
linking, providing a more evenly distributed, free-flowing solution for precise external
crosslinking. Thus, unpurified GGMA is significantly more viscous than purified GGMA
when handled in room temperature, which was one reason for performing the drop cast-
ing and manual coating of microscope slips with both gels heated to physiological tem-
peratures nearing 40°C, to ensure that both covered the desired area of the slip with
suitably uniform thickness. The difference between the coating properties of unpurified
and purified GGMA can be seen in Figures 24 A and B, where the spreading of both gel
types in room temperature is shown. The size of the microscope slis shown in the figures
is 75 mm x 25 mm. The droplet of unpurified GGMA was spread by pressing it between
two microscope slips and removing the other, resulting in a heterogeneously distributed,
viscous gel. The purified gel variant droplet was spread easily by tilting the slip and letting
the gel spread via dripping. Figure 24 A highlights the difficulty of uniform coating of
higher w/v unpurified GGMA/LAP with self-crosslinking clearly present before introduc-
tion of dual crosslinking methods. In Figure 24 B, the liquid nature of purified GGMA/LAP
at room temperature is clearly seen, and with this sample concentration the coating was
possible without additional tools or equipment. Throughout experiments, it was noted

that the addition of Pls into the GGMA precursor solution did not influence viscosity.
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Figure 24: Coated 75 mm x 25 mm microscope slip samples at room tempera-
ture. A: 2.5% w/v unpurified GGMA/LAP. B: 2.0 % purified GGMA/LAP. C: 2.0%
w/v purified GGMA/LAP crosslinked with 1.0 M CaCl2 for 2 minutes.

Figure 24 C shows another sample of purified GGMA/LAP coating a microscope slip, this
time subject to the primary crosslinking protocol described in Section 6.2. The hydrogel
was pipetted onto the edges of the slip, and the slip was tilted manually to deposit a
thinner, uniform layer of gel towards the middle of the surface. The entire slip was sub-
merged in a bath of the ionic solution and removed after 2 minutes. Crosslinked strains
of polymer are visible, and when subjected to external forces by tweezers, the primary
crosslinked gel expressed visible elasticity. The presence of Pls in the hydrogel solution
was determined to have no effect on primary crosslinking efficiency. Thus, the primary
crosslinking protocol for this experimental work was optimized to 2 minutes of immersion
in 1.0 M CaCl..

7.2. Photocrosslinking optimization trials

Since the primary and secondary crosslinking methods used in combination to achieve
the desired dual crosslinking interact with different structures in the GGMA polymer struc-
tural units, both can be applied in succession without significantly inhibiting the outcome
of the other. In the primary ionic crosslinking, positively charged Ca?* cations bind with
carboxylate groups in the GG backbone which exhibit uneven negative charge. This
forms physical crosslinking interactions which pulls chains closer together. In the sec-
ondary photocrosslinking, radical photoinitiation products attack double bonds in the
methacryloyl functional groups, resulting in permanent chemical crosslinking between
polymer chains via covalent bonds. As discussed, primary crosslinking aims to stabilize
and immobilize the gel, while secondary crosslinking aims to provide the final structural

properties.

Both crosslinking mechanisms were performed on GGMA solutions integrated with LAP
and EY to examine the crosslinking efficiency on both Pl types separately. The Pl con-

centration added to the GGMA sample had no effect on ionic crosslinking. For each PI,
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both unpurified and purified GGMA samples were used separately. As the w/v ratio of
GGMA and PI solution for each experiment sample was constant, 2.0 %, different GGMA
and Pl type sample solutions were stored with labels shown in Appendix B, and these
labels will be referred to when describing trials performed with them. Primary ionic cross-
linking, if applicable, was performed following a single protocol throughout the experi-
mental trials, as described in the previous chapter. Success of primary crosslinking was

defined by the visible outlook of the hydrogels.

LED T1, iSPIM T1 and iSPIM T2 were all completed as trial runs to get familiar with the
iISPIM setup and the process of fabricating dual crosslinked hydrogels, and thus the aim
was not to gather comprehensive results, but to optimize the photocrosslinking process
and to have a benchmark protocol to repeat in characterization experiments. Summariz-

ing information of each of the trials is highlighted in Appendix C.

7.2.1. LED trials

In LED photocrosslinking trial 1 (LED T1 in Appendix C), a microscope slip was coated
with 200 pl of GGMAr/LAP via drop casting and manual tilting was applied for more
even distribution. As discussed, the photoactivation peak of LAP is in the lower wave-
length visible light range, around 375 nm, and thus the blue 405 nm LED was deemed
more suitable for photocrosslinking LAP hydrogels than the 488 nm iSPIM laser. Primary
ionic crosslinking of the sample was done via immersion in a 1.0 M CacCl, bath for 2
minutes, following by removal of the ionic solution. Primary crosslinking was evaluated
visually with the naked eye against light and by examining viscosity by tilting the slip.
Photocrosslinking then was applied using standardized LED irradiation time and intensity
of 10 minutes at 6.0 mW power, which was the maximum power available on the LED.
A photomask with a 10 um stripe array was placed between the LED and the sample,
with the purpose of blocking light in certain areas while allowing it to pass through the
striped regions, enabling the creation of crosslinked stripe patterns comparable to iISPIM

photocrosslinking.

7.2.2. iSPIM trials

Secondary photocrosslinking with iSPIM was performed comparatively on both previ-
ously non-crosslinked and primary crosslinked GGMA samples. Photocrosslinking ex-
periments with the iISPIM setup were done by illuminating selected areas of the gel and

moving the sample to a different position, then repeating. As discussed, the variable
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parameters of photocrosslinking are exposure intensity and duration. Each position-al-
tered repetition was done by keeping one of these variables constant and increasing the

other in even increments.

In iISPIM photocrosslinking trial 1 (iSPIM T1 in Appendix C), 300 pl GGMAR/LAP was
drop cast onto a microscope slip, forming a coating of heterogeneous thickness. Then,
the slip was immersed in 1.0 M CaCl, for 2 minutes to immobilize it. The slip was attached
to the iISPIM sample holder with a reusable adhesive putty. A series of 30 second illumi-
nations were performed with the power increasing in 10 mW increments, resulting in 6
different photocrosslinked areas (10 mW, 20 mW, 30 mW, 40 mW, 50 mW, 60 mW). It
should be noted that the true power at the sample surface is significantly lower than
adjusted PC value, possibly around tenfold lower. Here, the central points of all illumi-
nated planes were 50 um apart on the same horizontal axis, resulting in one illuminated
stripe area, with increased illumination power lengthwise along the plane. The same pri-
mary crosslinking procedure was repeated on a slip coated with 400 ul GGMAR/EY. For
this sample, the dual crosslinking illumination source was changed to the 561 nm green
iISPIM laser and a single plane on the coating was illuminated with the highest power, 60
mW, for 5 minutes, to determine a single highly crosslinked zone corresponding to the
dimensions of one light sheet penetration area. This was done to ensure complete pho-
tocrosslinking, because the type Il photoinitiation reaction of EY/TEOA requires more

energy.

In iSPIM photocrosslinking trial 2 (iISPIM T2 in Appendix C), GGMA/EY samples were
doped with gold NPs as discussed in the previous section, to increase contrast and em-
phasize the spatially controlled photocrosslinked zones due to the light sensitivity of the
integrated gold. Based on the previously reported research on gold NP photoreduction
and aggregation, the 488 nm green light laser wavelength of the iISPIM setup was defined
to be suitable for this trial. 200 yl of the GGMAunr, al/EY solution was drop-cast onto the
microscope slip, and secondary photocrosslinking was done in a 100 um step location
array at maximum power, 60 mW. After this, ~100 pl GGMAR, a/EY solution was pipetted
into a fluorinated ethylene propylene (FEP) plastic tube with inner and outer diameter of
2mm and 2.4 mm respectively. The FEP tube was sealed at both ends with Parafiim ®
M (Sigma-Aldrich) to avoid drying. The closed off tube could be placed inside the sample
holder chamber and submerged in water as normal protocol with the setup. iSPIM pho-
tocrosslinking was done in a similar sheet pattern as before, now with a 50 um gap be-

tween parallel illumination areas.
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7.3. Dual crosslinking characterization trials

As discussed in Section 6.2., optical contrast BFM and particle movement FM were used
as characterization methods to distinguish different crosslinked hydrogels from each
other. BFM characterization experiments LED T2 and iSPIM T3 were performed sepa-
rately after optimizing the dual crosslinking process to obtain concrete results and quan-
tify characteristics in hydrogels crosslinked with different methods. The microrheology

trial was done separately and is summarized accordingly.

7.3.1. Bright field microscopy

The LED photocrosslinking trial 2 (LED T2 in Appendix C) was done using another blue
LED, this time of wavelength 415 nm, due to the lower photoactive range of LAP. This
trial was on the most part an extensive repetition of LED T1, except for gold nanoparticles
being integrated in the gels and each crosslinking type thus being more accurately ex-
amined using BFM. The LED emits a non-patterned, wide beam of light, and thus this
experiment was done with the aim to use the larger contrast provided by light-induced
gold nanoparticle aggregation to distinguish the general composition of ionically cross-
linked, photocrosslinked and dual crosslinked samples. For result analysis, the photo-
mask used in LED T1 was not used. 100 ul of 2.0% w/v GGMAune, al/LAP and GGMAp,
aJ/LAP were deposited onto petri dish substrates, and crosslinked separately as de-
scribed in LED T1 in the previous section. Three adjacent hydrogel droplets expressing
primary, secondary and dual crosslinking respectively of each sample type were depos-
ited and examined using BFM. Each droplet had a diameter of around 0.5 cm. Figure 25

shows the three droplets of unpurified GGMA/LAP as seen with the naked eye.

Figure 25: Adjacent 100 ul droplets (~0.5 cm diameter) of GGMAunp, s/LAP hy-
drogel. Crosslinking types from right to left: Primary, Secondary, Dual.
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For iSPIM photocrosslinking trial 3 (iISPIM T3 in Appendix C), BFM was used to examine
the dual crosslinking facilitated by iSPIM. GGMAR/EY hydrogel samples were prepared
in sections of a FEP plastic tube with inner and outer diameter of 2 mm and 2.4 mm
respectively. EY itself being an orange dye molecule gave the solution an orange colour,
so adding contrast with gold NPs was not thought to be necessary. Before the final dep-
osition of the primary and dual crosslinking samples, they were drop-cast onto a petri
dish similarly to the samples in LED T2 described in the paragraph above. Primary cross-
linking was administered using the same protocol, 2 minutes of immersion in a 1.0 M
CaCl; droplet bath and removal of the ionic solution with a pipette. After this, 100 ul of
each sample type was pipetted into a separate FEP tube portion which was closed off
with Parafilm ® M (Sigma-Aldrich). Then, secondary and dual-crosslinking tube samples
were attached to the iSPIM sample stage, immersed in water and exposed to the 488
nm laser sheet separately. In this trial, illumination was administered in three temporally
increasing increments (60 s, 90 s, 120 s), each at maximum 60 mW power. All three
illumination planes were positioned along the lengthwise axis of the plastic tube. Figure
26 shows the three different tube sections with primary, secondary and dual crosslinked
hydrogels within them. The gel in Figure 26B was deposited as an unaffected liquid while

the gels in Figure 26A and C were primary crosslinked on a petri dish before deposition.

Figure 26: 2.0% w/v purified GGMA/EY samples in 2 mm plastic tubes. A: lon-
ically crosslinked. B: Photocrosslinked. C: Dual crosslinked.

As predicted and as seen in Figure 25 and 26, the visible distinguishment between pri-
mary, secondary and dual crosslinked samples was clear to the naked eye. The physical
contact between the ionic CaCl; solution caused gel droplets to become more unevenly
distributed, especially when the CaCl, on top of the gel was deposited and removed with

a pipette. For the GGMA/LAP droplet samples in Figure 25, this is seen as the gel surface
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being bumpy and droplet edges containing strands due to the mechanical pull of the

surrounding ionic liquid.

The same evaluation could be done for the GGMA/EY tube samples in Figure 26. The
primary and dual crosslinked samples were more difficult to deposit into the tube sec-
tions, and they were visibly clumpy and less uniform. A clear takeaway from the
GGMAV/EY tube samples in Figure 26 is the yellowish change of colour in the middle of
the sample in the tube. An arbitrary estimate for its cause would be photobleaching, but
its effective area had seemingly no direct connection to the intricate striped pattern esti-
mated to be formed by the iSPIM light sheet. As expected, the structural integrity of the

droplets exposed only to photocrosslinking was not compromised at all.

After general evaluation and imaging, all separate purified samples of both GGMA/LAP
and GGMA/EY composition were taken under BFM for characterization of different cross-
linking types. BFM examinations were done in different laboratory locations with different
microscope equipment available, as seen in Table 7. Table 7 contains images obtained
from different Pl samples with parallel crosslinking mechanisms applied. The left column
contains purified GGMA/LAP hydrogel droplets with integrated gold nanoparticles while
the right column contains tube deposited GGMA/EY samples with no integrated NPs.
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Table 7: Comparison between purified GGMA/LAP and GGMA/EY samples
with different crosslinking types. GGMA/LAP samples have integrated gold nano-

particles.
Sample | GGMAR, aJ/LAP GGMAR/EY
Micro- | Zeiss ™ Axioscope 5 Zeiss ™ Observer A.1
SCOPE | Opjective: 5x/0.13 NA Objective: 10x/0.3 NA

Primary crosslinking

Secondary crosslinking

Dual crosslinking




60

As seen especially in the purified GGMA/LAP images, primary and dual crosslinked gels
contain similar, shadow-like heterogeneous contrast changes throughout the matrix,
while the secondary photocrosslinked sample has a homogeneous background contrast
with dark particles of different sizes distributed quite evenly within the matrix. The parti-
cles were not specifically identified, so their nature might also be something other than
photoinitiated like laboratory dust, however their presence in only the photocrosslinked
sample indicates that their origin is in photoinitiation. The larger, ~100 um particles may
be impurities, but smaller, microscale particles are clearly present throughout the ana-
lysed photocrosslinked hydrogel matrices, and they are likely, yet not quaranteed, pho-
toaggregattes. Overall, the dual crosslinked sample represents the distinct characteris-
tics of the primary and dual crosslinking in an overlapping manner. From the dual cross-
linked purified GGMA/LAP sample figure, it is arbitrary to notice that the dark particles
are not distributed as uniformly as without the primary crosslinking. This is a sign of the
ionic crosslinking creating sporadic structural heterogeneity which alters optical proper-
ties, where the light penetrates less effectively and causes less efficient photoreduction
and aggregation. Still, the particles may not be photoaggregates, so the total success
can not be defined based on this. The less uniform particle distribution is an indication of

structural difference caused by primary crosslinking, though.

As for the purified GGMA/EY samples shown in their entirety in Figure 26 and micro-
scopically in the right column of Table 7, similar shadow artifacts which may be caused
by heterogeneous ionic crosslinking can be seen in both the primary and dual crosslinked
microscope sample images. The secondary and dual crosslinked gel do not show very
clear signs of stripe patterned crosslinking, which can be a result of two things. The first
alternative could be that the photocrosslinking failed to initiate, caused by a fault in gel
fabrication or insufficient light excitation. The second alternative could be that the BFM
setup used to examine and image the sample is not able to detect the intricate pattern,
either due to a lack of contrast or the pattern being in a wrong orientation. The latter can
be easily accredited to the tube sample nature, which is challenging to position in the
exact same orientation under the separate hardware. The yellowish change of colour in
the middle of the secondary and dual crosslinked tube samples was also detectable un-
der microscope, but again it had no clear indication of the thin, spatially controlled pattern

which was desired.

7.3.2. Microrheological particle motion analysis
To properly characterize and quantify the effect of each type of crosslinking used on both

unpurified and purified GGMA, an additional supporting trial was done using FTPs and
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assessing the hydrogels’ crosslinking characteristics via microrheology examinations. As
described earlier, more densely crosslinked areas have decreased porosity, providing
less AV to particles of increasing size. The more crosslinked the hydrogel, the shorter
distances particles can move, and the smaller particles are capable of trackable move-
ment at all. Two different FTPs were used, one for each hydrogel type as shown in Table
6 in Section 6.2.3. Unpurified GGMA contains ionic fragments including calcium natively
before ionic crosslinking, resulting in a more viscous, non-uniform structure due to self-
crosslinking. Thus, for unpurified samples, smaller diameter yellow particles were used
in case of less movement and for purified samples, larger diameter green particles were
used. Table 6 summarizes the properties of the FTPs, illumination laser and microscope

used for both sample types in this trial.

Primary crosslinking was done following the same ionic crosslinking protocol discussed
in previous sections, and secondary photocrosslinking was done via the photoinitiation
of LAP with a 405 nm LED. In this trial, no directed light patterns were employed, but
entire dual crosslinked volumes were observed to define the crosslinking efficiency of
predetermined, constant illumination conditions. This is why an LED was used, and
solely LAP photoinitiation was tested as the wavelength peak of 405 nm does not corre-
spond to photoactivation for EY. GGMAunp, svy/LAP and GGMAp, pe/LAP sample solutions
were prepared as demonstrated in Section 6.2.3. 150 pl of unpurified and purified micro-
rheology samples were pipetted onto six separate wells on a 4x2 well well-plate (u-Slide
8 Well M" Glass Bottom, Ibidi GmbH). Three wells on one row contained GGMAp,
sy/LAP and three wells on another row contained GGMAp, pc/LAP. The six different
sample droplets in their respective wells are shown in Figure 27, with the left-most wells

being left empty.
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Figure 27: Microrheological test sample hydrogels in 8-well plate. The upper
row contains unpurified GGMA while the the lower row contains purified GGMA.
Crosslinking types from left to right are primary, secondary and dual.

First, samples to be photocrosslinked (secondary and dual) were deposited in the four
right-most wells of the well-plate. 200 ul of 1 M CaCl. was pipetted on top of dual cross-
linking samples and removed after 2 minutes to achieve primary crosslinking. Then, all
four samples were illuminated simultaneously by 405 nm, 6mW LED light for 6 minutes
to achieve the same effect of secondary photocrosslinking in all. Because primary cross-
linking samples should be unaffected by photoactivation, they were deposited last and
primary crosslinked ionically in their respective wells with the same dose as the dual
crosslinked samples. Once all crosslinking was done, all samples were covered with 200

pl of PBS to preserve water content and avoid sample drying.

Next, the well-plate was transported to the Nikon Eclipse Ti2 WF FM. The well-plate was
placed in the microscope’s built-in holder and the FM objective was manoeuvred on top
of it using a joystick. Unlike iSPIM, the FM excitation and detection objectives are on the
same path, as depicted in Chapter 4. When imaging unpurified samples, the excitation
laser was used at 20% power and 550 nm wavelength, which corresponded to the exci-
tation parameter of the FSSY002 FTPs. The unpurified gels had a more heterogeneous,
fragmented and cloudy outlook, which can be seen in Figure 27 with the naked eye. Due
to this, all videos of them were taken close to the well plate bottom, around 20 ym above
it, where the live image of the microscope was deemed not too blurry. For purified gels,

the clearer outlook allowed videos to be taken closer in the middle of the droplet volume,
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around 100 pym from the well plate bottom. Two 5 second videos were taken of each gel
sample with the parameters described earlier. One video was taken with a visibly uniform
gel matrix area and one with visibly distinguishable large pores with no tracers present,
also known as inaccessible areas (lA). IAs were clearly more abundant and visible in
unpurified gels, due to the less uniform mixing which was attributed to prior self-cross-

linking.

The obtained videos were uploaded to the MuRheo software for particle movement anal-
ysis. Exported data returned MSD line plots describing the path which each detected
particle took during the imaging period. The y-axis value corresponds to the particle MSD
and the higher the certain line is on the y-axis, the more the certain particle moved. All
line plots were initially the same colour, but logarithmic MSD value thresholds were
placed within the data according to clearly visible path concentrations on the y-axis. Par-
ticles which move more than their neighbours have higher logarithmic MSD values, and
their paths are thus higher on the graph, while the paths of the particles with less move-
ment are lower on the graph. Thresholds generally highlighted particles from least to
most movement, splitting all detected particles into three groups based on movement
magnitude. The same threshold values were used for each sample type, and therefore
comparison between crosslinking types was emphasized. Because the software is still
in development phase, there was no other means to select thresholds other than visibly
analysing line plots and choosing y-values according to particle MSD path density on the

graph. The MSD line plots with thresholds visible are shown in Table 8.
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Table 8: Line plots depicting the MSD of fluorophores in unpurified and puri-

fied GGMA/LAP hydrogels after different types of crosslinking.
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MSD line plots already reveal the main result from the microrheology experiment; how-

ever, they are supported by Voronoi diagrams of the imaged areas. Voronoi diagrams

depict the gel volume, highlighting areas with little, moderate and great particle move-

ment according to the same thresholds used in the line plots. Voronoi plots of each mi-

crorheology sample are shown in Table 9.
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Table 9: Voronoi diagrams of imaged gel areas in 2D depicting particle move-

ment. The side length of each area is 225.28 um.

Unpurified GGMA

Purified GGMA

Primary crosslinking

Secondary crosslinking

Dual crosslinking

. = least movement D = moderate movement . = most movement
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From Table 9, the microstructure composition of the hydrogels can be visualized. The
area side length is 225.28 ym, which implies that in crosslinked hydrogels the particles
move distances no larger than 10 um directionally. This is especially clear for unpurified
GGMA samples, where primary, secondary and dual crosslinked gel matrices look very
similar in terms of moving particles. All three diagrams display a minority of particles
scattered over the entire area, which are capable of significantly more movement than
their neighbours. This is also shown in the respective line plots in Table 8, where lines
which reach higher MSD values are sparser than the abundant lines which remain under
a log MSD value of 2. The unpurified sample Voronoi diagrams also clearly display |As,
seen as larger areas with only a blue colour and no apparent moving particles. Overall,
the similarity of all line plots and Voronoi diagrams taken from unpurified GGMA samples
indicate that the different crosslinking methods had little to no distinct effect on particle
movement, leading to the assumption that the microstructure visualization which is seen
was present already before any crosslinking methods were applied. It can be assumed
that the self-crosslinking due to divalent ionic fragments create such bonds between pol-

ymer chains which cannot be restructured by external ionic or light induced crosslinking.

The diagrams of the purified GGMA samples provide a clear result and distinction be-
tween crosslinking types. The line plots supported by Voronoi diagrams of the secondary
and dual crosslinked sample reveal that crosslinking occurs quite efficiently, with even
less significantly moving particles detected than in unpurified samples. However, the pri-
mary crosslinked sample seems to facilitate entirely different particle movement. The
same thresholds were applied for all purified samples, however nearly all particles de-
tected in the primary crosslinked gel fall into the same category of moderate movement,
with the path shapes also having similar trajectories. Overall, it is clear to see that primary
ionic crosslinking had seemingly very little effect while secondary photocrosslinked areas
had significant restrictive effect on particle movement. Also, IAs were harder to distin-
guish in purified samples, which stems from the more liquid gel structure during mixing

in modest temperatures resulting in more uniform mixing.
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8. DISCUSSION

8.1. Result evaluation and justification

8.1.1. GGMA precursors

GGMA was specifically chosen for this research application because of its dual cross-
linking ability. The carboxylate groups in the GG backbone of the hydrogel facilitate rapid
primary gelation via ionic crosslinking with Ca?* ions while maintaining physiological, bi-
ocompatible conditions. The methacrylation of GG is a simple and efficient reaction pro-
tocol, which introduces functional groups to the polymer chains which allow spatially con-
trolled covalent crosslinking via photoinitiation. MA molecules perform substitutions on
the hydroxyl functional groups found in the glucose unit in the GG structure, and MA
must be added slowly to avoid oversaturation. As MA reacts with the GG backbone hy-
droxyl groups, it forms ester bonds and releases MAA as a byproduct, and as a result
the pH value decreases linearly as methacrylation advances. Therefore, a strong base
like NaOH is needed to neutralize the solution and control the pH value, to avoid exces-
sive acidification which can result in unwanted degradation. The reaction between MAA
and added NaOH produces methacrylate salt fragments which, along with other unused
reactants and waste products, are removed by dialysis. In this work, we aimed for GGMA
hydrogels of 20-25% MD, where enough methacryloyl groups are present for a robust
and stable hydrogel after photocrosslinking. Smaller MD would not facilitate enough pho-
tocrosslinking for concrete structural differences and overmethacrylation can reduce the
hydrogel’'s ability of primary ionic crosslinking, which is counterproductive for the dual-
crosslinking aim. The GG structure has abundant native hydroxyl groups, providing effi-
cient and high-density functionalization without compromising of structural integrity or

biocompatibility.

The integration of non-toxic Pls into the hydrogel precursor solution is also a simple pro-
cess, as GGMA gelation properties allow for liquid stirring at moderate temperatures.
GGMA is a well-researched hydrogel, and the gel concentration range at which it is suit-
able for handling and e.g. printing applications is widely studied. Reasonable limits of
GGMA concentration are 0.5-3% w/v, with lower concentration resulting in a liquid gel
precursor and higher concentration resulting in a denser, more viscous precursor. The

mixing conditions made sure that no thermal damage was done by excessive heating,
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and the formation of air bubbles was avoided by mixing at reasonable stirring rates. Ad-
justing GGMA concentration in the precursor solution provides a variety of mechanical

properties, which can be finetuned with the introduction of dual crosslinking.

The 2.0 % w/v ratio of GGMA/PI was chosen as a benchmark for a concentration which
results in gel solutions which are liquid enough for easy handling and even distribution
in the experimental work, yet dense enough to facilitate rapid primary and secondary
crosslinking. It is important to have a liquid precursor to properly see the effects of pri-
mary and secondary crosslinking. If the desire is to utilize only photocrosslinking, the
concentration can be increased to achieve a gel solution which is already somewhat
viscous and does not require primary crosslinking to take initial shape. Gel concentra-

tions higher than 2 % have proven to be harder to mix uniformly.

For this research, purified and unpurified GGMA were compared in parallel. This is due
to the presence of divalent ionic fragments, namely Ca?*, native within the unpurified
matrix forming physical bonds between monomers and polymer chains. Control samples
of both unpurified and purified GGMA were prepared, with the aim to clearly visualize
the difference between non-crosslinked, primary crosslinked and dual crosslinked hydro-
gels. From the hydrogel sample preparation step, it was already clear that unpurified
GGMA was difficult to handle and process, owing to its higher natural DOC due to self-
crosslinking. This led to more viscous hydrogels with poor properties for coating deposi-

tion and transport via pipette.

The self-crosslinking in unpurified GGMA samples was also seen as a difference in op-
tical properties. Unpurified GGMA had less uniform mixing capabilities which caused
volumetric separations resulting in increased scattering. Purified GGMA is relatively
transparent at the visible light wavelength range, allowing undisturbed light penetration
of different sample types with minimal absorption and scattering caused by the hydrogel
itself. This ensures that photocrosslinking via light absorption in Pls is conducted effi-

ciently and gelation in volumetric bioprinting approaches is rapid and uniform.

8.1.2. lonic crosslinking

Like all chemically induced hydrogel crosslinking, the efficacy of ionic crosslinking can
be affected by the concentration of ions in the solution and the exposure time, in this
case the time that the sample is submerged in the solution. Because the focus of the
experiments was the applicability of photocrosslinking as a secondary crosslinking
method and the ionic crosslinking was used namely as a supporting tool to facilitate dual
crosslinking, the concentration of the CaCl, solution and the submersion time were de-

fined and established according to previous works and chemical knowledge along with
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visual validation. In the group’s previous work, GGMA had been successfully primary
ionic crosslinked with 90 mM CacCl, for an ideally printable hydrogel, with variation in
CaCl, concentration producing too liquid or viscous gels for the reported 3D bioprinting
application [82]. The protocol we established for this experimental work used a much
stronger CaCl, concentration, which was chosen according to ease of preparation and
visual confirmation of successful crosslinking. The primary crosslinked gel was immobi-
lized on the slip and could be easily transported without worry of it leaking off the sub-
strate. The heterogeneous coating topography was more even after crosslinking due to

the even distribution of diffused calcium cations within the gel matrix.

8.1.3. Photoinitiators

Pl concentrations in the hydrogel solutions were also established with reference to pre-
vious knowledge. LAP solution was prepared at 0.1% concentration, which has been
determined to provide a balance between effective photoinitiation at 405 nm excitation
wavelength and cell viability [122]. LAP solution of the same concentration has been
used by this group also in previous works, and thus the formulation and handling were
done in a refined matter. There was no prior verification of a fabrication protocol of EY,
and formulating one went beyond the scope of this thesis. Thus, results with EY inte-
grated hydrogels may be subject to uncertainty in chemical fabrication. LAP and EY are
both visible light initiators, meaning that handling of the compounds and their solutions

was done with special care and sample vials were protected from light during storage.

EY has a significantly lower cytocompatibility concentration than LAP, and the solution
fabricated for this work would likely be too concentrated for cell laden applications. In the
publication by Bahney et al., the cell viable concentration of EY goes up to 0.1 mM [201].
As no cells were integrated in the experimental part of this work, a higher concentration
was used to allow for easier weighing and transport and clearer distinguishment of pos-
sible photocrosslinking. We aimed for a solution with concentration of 0.25 mM which
prioritizes simple fabrication but also allows for proven cell-compatible concentrations
with moderate dilution. 0.25 mM of EY corresponds to a w/v concentration of 0.0173 %,
which is under a fifth of the applied concentration of LAP. The EY powder, even at such
a low concentration, gave the solution a distinct reddish-orange colour. In the previously
cited article, Bahney et. al report a cytocompatible TEOA concentration range to be 0.05-
0.75%. The solution we fabricated had a TEOA concentration of 0.1%, which also con-

sidered the possibility of diluting for cell viability.
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8.1.4. Characterization

The success of characterization with BFM contrast analysis is largely dependent on the
microscope resolution. Because there was no prior knowledge of the outlook of a suc-
cessfully dual crosslinked gel, BFM provided very basic and general overviews and was
likely not able to visualize the desired patterns correctly. For example, the success of
gold NP photoreduction shown in Table 7 was not defined for certain, as the BFM reso-
lution may not be sufficient to provide that level of detail. Additionally, gold NPs require
a suitable photoreducing agent to exhibit photoreduction. It is hypothesized, that GGMA
can induce aggregation after a certain concentration threshold, but our GGMA concen-
tration of 20-25% is not proven to be enough for complete gold NP photoreduction. When
analysing photocrosslinked samples illuminated through the 10 um photomask, no dis-
tinct line pattern was noticeable. This lack of a result can be attributed to the lack of
resolution in the microscope. What we can see from the BFM images in Table 7 is the
potential overlapping of the separate dual crosslinking mechanisms, especially with pu-
rified GGMA/LAP hydrogels. The difference in gel outlook with primary and secondary
crosslinking is clear, and regardless of the scale of aggregation of the gold NPs, they are
present in both photocrosslinked samples, with altered distribution when the gel was dual

crosslinked.

An interesting takeaway from the imaged GGMA/EY samples which were exposed to the
iISPIM photopattern was the change in gel colour in the middle of the sample, which is
clearly seen in Figure 26. It is another visual change in gel outlook only present in pho-
tocrosslinked samples, leading to the assumption that its cause is in the administered
light exposure. An arbitrary estimate of its cause would naturally be photobleaching,
which would indicate that the light exposure conditions are enough to initiate photocross-
linking. When examining these samples with BFM, the same change in colour contrast
was detectable, however again the light pattern which should theoretically resemble a
higher contrast stripe with thickness of under 10 um was not visible. Using a higher res-
olution microscope may have produced different results, but now the outcome is incon-
clusive. The sample tube had an inner diameter of 2 mm, which the Gaussian light sheet
confocal length is a fraction of. This indicates that the diverging and converging light
sheet outside of the focused area confined by the Rayleigh range cause enough photo-
bleaching to discolour the sample throughout the tube. This photobleaching occurred
during 60, 90 and 120 second illuminations at 60 mW power using the 488 nm wave-
length laser. Another difficulty in detecting such intricate stripes is the orientation of the
tube sample, which was manually positioned in both illumination steps —iSPIM and BFM.

After moving the sample, it is impossible to position it so that the detection path of the
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BFM setup corresponds to the pattern orientation. Therefore, coating layers are the more

useful sample type to analyse with BFM overall.

The microrheological characterization provided two figures for each sample, shown in
Tables 8 and 9. Starting from the line plots, particle movement characterization was very
general due to the software being in development phase, and thus data should be as-
sessed with discretion. An important factor in this characterization was the application of
low, moderate and high particle movement thresholds. Thresholds for each sample type
were chosen according to visual assessment of line plot figures, and their reliability in

defining whole networks in terms of viscoelastic stiffness is uncertain.

What can be interpreted from line plots, however, is particles which disappear during the
recording, i.e. whose path does not reach the right side of the figure. These paths indi-
cate the presence of viscous pores which mitigates movement of particles, which we
defined earlier as IAs. Table 8 shows that these “disappearing” particles are more abun-
dant in unpurified GGMA samples, although purified secondary and dual crosslinked
GGMA samples seem to facilitate less particle movement in general. To support the re-
sult that unpurified GGMA contains more |As than purified GGMA regardless of the ap-
plied crosslinking mechanism, the Voronoi diagrams in the left column of Table 9 also
show larger areas with litle movement. Naturally, these do not indefinitely constitute as
areas with zero movement, but in combination with the “disappearing” line plots in Table

8, this result is reasonable and adheres to hypotheses.

Another combined microrheological characterization result is the similarity between all
line plots and Voronoi diagrams of unpurified GGMA samples. There is generally little
movement but small areas with high movement are found scattered within the matrix.
Especially because the dual crosslinked sample microstructure looks no different to the
separate mechanisms’ microstructure, it is likely that the applied crosslinking mecha-
nisms had little effect on the AV for FTPs. This is a surprising result, considering that the
FTPs used in these gels are of the smaller diameter variant, which lead to the initial belief
of more movement. It is a reasonable assumption, that the microrheology of unpurified
GGMA hydrogel networks is mainly affected by the spontaneous self-crosslinking in-

duced by divalent ions present in the matrix before any added crosslinking treatment.

The microstructure of purified GGMA reveals the most significant result. The dual cross-
linking hydrogel’s microstructure mainly expresses the properties of the secondary pho-
tocrosslinked matrix, and this correspondence is supported by line plot graphs in Table
9. The primary ionic crosslinked purified GGMA matrix expresses completely different

microstructure. The top right figures in Tables 8 and 9 clearly show, that most particles
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in the ionically crosslinked matrix move a significant amount compared to photocross-
linked matrices, with only few particles expressing little to no movement. The line plots
in Table 8 show more convoluted particle paths, implicating more free roaming of FTPs.
This is a clear result, additionally supported by the dual crosslinked purified GGMA matrix
having more areas of moderate movement than the matrix which was only photocross-
linked. This implies a structural change facilitated by primary ionic crosslinking which
remains somewhat in effect after secondary photocrosslinking. The reason behind this
result is most likely found in the structure of primary crosslinked GG. Figure 7 and Figure
19 give an explanation to this, showing the positioning of the single carboxyl group within
the GG repeating unit which is the binding site for divalent Ca?* ions to form bridges
between polymer chains. As seen in Figure 7, there is theoretically still plenty of space
between unbound portions of the polymer chains, which could allow NPs to travel
through. The fact that the ionic bridges are only temporary bonds between chains sup-
ports the assumption that ionically crosslinked purified GGMA restricts particle move-
ment quite marginally. The restriction is especially subtle compared to unpurified GGMA,
where more fragments of different divalent cations and impurities naturally hold polymer
chains closer together, causing self-crosslinking. When an ionically crosslinked purified
GGMA matrix is photocrosslinked, the crosslinking effect is more severe due to perma-
nent bond between methacryloyl groups. All in all, this distinction between the effect of
primary and secondary crosslinking on purified GGMA provides a good benchmark result

on its applicability in dual crosslinking.

8.2. Issues and improvements

The main way of improving the results in this work is to find a way to visualize crosslinked
patterns in an uncrosslinked surrounding matrix. When preparing the hydrogel precursor,
emphasis should be put on optimizing photosensitivity to the chosen photocrosslinking
system. Before performing crosslinking, the MD of the hydrogel precursor can be altered,
resulting in more available functional group sites for the free radicals to perform substi-
tutions on. As discussed in Chapter 2 and in the work of Jongprasitkul et al [42], increas-
ing the amount of MA in the precursor and thus increasing MD results in more efficient
crosslinking and higher DOC. Creating parallel samples with varying MD is another way
of finding an optimal combination of exposure time and intensity, which were generally

unaltered with each optical setup used in this work.

Sample optimization should also be considered, as in this work there was significant

potential for errors due to manual sample deposition. Especially when handling coating
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layer samples, it would be beneficial to use spin coating hardware to produce more uni-
form sample layers and perform film thickness measurements to ensure correspondence
between parallel samples. In this work, we relied on the hope of creating detectable dual

crosslinking features even in manually deposited samples, both in tubes and films.

There are several unexplored potential improvements on the dual crosslinking mecha-
nism itself. The ionic crosslinking facilitated via the CaCl; solution was done with the
intention of only immobilizing the precursor solution, and thus excessive primary cross-
linking was avoided to allow for as clear distinguishment between primary and secondary
crosslinking as possible. Based on prior experiments, it was known that 1-2-minute im-
mersion is enough for the primary crosslinking to give initial shape to the hydrogel. The
molarity of the CaCl, solution can be altered to achieve more delicate primary crosslink-

ing at lower concentrations.

Even more significantly, the photocrosslinking conditions chosen for this work have room
for optimization. None of the iSPIM setup wavelengths of 488 nm, 561 nm and 638 nm
corresponded fully to the peak photoactivation of LAP (385 nm) or EY (520 nm). Although
according to our experiments it is a reasonable assumption that EY did undergo photo-
activation under 488 nm illumination, it would be ideal to test these Pls with different
lasers, more tailored to the exact photoactivation peaks. Another way to approach the
matching of Pl photoactivation with the currently available iSPIM lasers would be to use
another Pl. Out of commercially available Pls, RB could be a valid candidate with its
photoactive range being higher than EY and its photoactive peak being around 550 nm.
Figure 28 highlights the iSPIM wavelengths used in our experimental work and compares
them to the photoactive ranges of EY and RB. Photoactivity spectra are obtained from
PhotoChemCAD database [124], [133], [202]. As seen, the RB photoactivity peak has

potential to match with the 561 nm laser currently configured in the iISPIM setup.
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Figure 28: Photoactive ranges of EY (blue) and RB (red). Current iSPIM wave-
lengths are shown in black dotted lines.

For a more comprehensive overview of the experimental methods used in this work, it
would be useful to perform similar LED trials for GGMA/EY hydrogels, as were done with
LAP. Adding gold NPs to hydrogels integrated with both Pls and using a photomask to
create line patterns would be a sufficient primary step before moving further testing to
the iSPIM configuration. Using a LED corresponding to the EY photoactive peak could
provide comparative images to both LED-crosslinked GGMA/LAP hydrogels and iSPIM-
crosslinked GGMA/EY hydrogels.

For more comprehensive image analysis, different microscopy methods should be con-
sidered. In some cases, BFM might be sufficient but other microscopy methods like CM
and nonlinear microscopy (NM) can provide more contrast, detail and focus on desired
photoinduced effects in dual crosslinking. CM uses a pinhole to reject out-of-focus light,
improving optical sectioning and contrast. NM methods do not require a pinhole because
signal generation is inherently confined to the focal plane due to the nonlinear interaction
of light with the sample. This makes NM particularly useful for imaging deeper into sam-
ples with reduced photodamage and background noise. A benchmark resolution scale
to aim for in image contrast analysis would be the Gaussian light sheet thickness
achieved by iSPIM, which is under 10 ym. At this scale, the chosen imaging method

should be able to visibly detect contrast variations caused by elevated DOC.
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9. CONCLUSIONS

To summarize, this topic is very broad and requires much further investigation. There
are plenty of avenues to take and many variable parameters to explore which allow for
countless more experiments. As literature suggests, ionic crosslinking and photocross-

linking form a promising partnership for dual crosslinking hydrogel applications.

Based on our results, unpurified GGMA can be discounted from future dual crosslinking
experiments, aside from being a control sample and serving as a comparison for general
hydrogel matrix imaging. The self-crosslinking properties that it facilitates natively make
it hard to distinguish the specific effects of dual crosslinking mechanisms, and its overall
poor handling qualities make it challenging to process. On the other hand, we have es-
tablished purified GGMA to be a suitable base hydrogel for dual crosslinking, with its
ability to crosslink via both ionic interactions and photoinitiation. Furthermore, it was ex-
perimentally inferred that the dual crosslinking mechanisms administered in this work
provide the desired heterogeneous matrix properties. Although the desired patterned
volumetric hydro gel was not visualized as a concrete result, the results reported here

point towards there being more to explore when using the proper tools.

The iSPIM system with a 488 nm wavelength had visible photoinducing effects on
GGMAJ/EY hydrogel samples, which should prompt at least some potential future re-
search of this application purpose. Regardless, optimizing a proper energy dose admin-
istered with the iSPIM system to achieve the exact desired effect will require rigorous
further testing. In the future, it will be crucial to optimize the conformity of available illu-
mination systems to the photoactive properties of available Pls. There are many ap-
proaches to do this, including acquiring more illumination sources to allow for parallel
comparison between the photoactivity of LAP and EY in GGMA hydrogels. Before mov-
ing on to more iSPIM photocrosslinking trials, the patterned photocrosslinking ability of
Pl integrated GGMA should be verified by using appropriate LED systems paired with

photomask components. Using other Pls activated by visible light would also be useful.

Equally as important for future experiments would be to establish an image characteri-
zation method with suitable properties to visualize crosslinking in itself, along with the
desired intricate patterns. A few alternatives are listed here but an experienced take on
different microscopy methods and their application ranges is crucial to define experi-

mental requirements moving forward.
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APPENDIX A: TABLE OF USED MATERIALS AND CHEMICALS

Material Abbreviation Manufacturer Molar mass
Gellan Gum GG Sigma-Aldrich ~10° g/mol

Methacrylic anhydride MA Sigma-Aldrich 154.16 g/mol

Hydrogel precursor preparation

Sodium hydroxide monohydrate NaOH - 1 H,O Avantor 58.01 g/mol
Deuterium oxide D20 Sigma-Aldrich 20.03 g/mol
Lithium phenyl-2,4,6-trimethylbenzoylphosphinate LAP Sigma-Aldrich 294.10 g/mol
Photoinitiator integration Eosin Y disodium salt EY Sigma-Aldrich 691.85 g/mol

Triethanolamine TEOA Thermo Scientific  149.19 g/mol




APPENDIX B: TABLE OF EXPERIMENTAL SAMPLE LABELS
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Unpurified GGMA

Purified GGMA

Photoinitiator

Crosslinking

Sample name (depending on added particles)

Primary GGMAunP/LAPprimary GGMAunP, Au/LAPprimary GGMAunP, SY/LAPprimary
% Secondary GGMAunP/LAPsecondary GGMAunP, Au/LAPsecondary GGMAunP, SY/LAPsecondary
—
Dual GGMAunP/LAPduaI GGMAunP, Au/LAPduaI GGMAunP, SY/LAPduaI
> Prlmal"y GGMAunP/EYprimary GGMAunP‘ Au/EYprimary
UE) Secondary GGMAunP/EYsecondary GGMAunP, Au/EYsecondary No samples
@ pual GGMA/EY aua GGMAunp, A/E Yo
Primary GGMAP/LAPprimary GGMAP Au/LAPprimary GGMAP DG/LAPprimary
% Secondary GGMAP/LAPsecondary GGMAP, Au/LAPsecondary GGMAP, DG/LAPsecondary
Dual GGMAP/LAPduaI GGMAP Au/LAPduaI GGMAP DG/LAPdua|
>_ Prlmary GGMAP/EYprimary GGMAP, Au/EYprimary
-§ Secondary GGMAP/EYsecondary GGMAP, Au/EYsecondary NO Samp|eS
L Dual GGMAunP/EYdual GGMAunP, Au/EYduaI




APPENDIX C: SUMMARY OF DIFFERENT PHOTOCROSSLINKING TRIALS

Sample name(s)

Sample type

Primary

crosslinking

Secondary

crosslinking

iSPIM T1 16.4. GGMAFP/LAP Coating 1.0M CaClz 2 min 488 nm iSPIM 6x30s
GGMAR/EY Coating 1.0M CaClz 2 min 561 nm iSPIM 5min
LED T1 29.4. GGMAunP/LAP Coating 1.0M CaClz 2 min 405 nm LED 10min
iSPIM T2 7.5. GGMAunr A/EY Coating - 488 nm iSPIM 5x1min
GGMAP, aEY 2mm FEP tube - 488 nm iSPIM 6x1min
LED T2 27.5. GGMAunPAu/LAP Coating 1.0M CaClz 2 min 415 nm LED 10min
GGMAPa/LAP Coating 1.0M CaClz 2 min 415 nm LED 10min
iSPIM T3 30.5. GGMArAW/EY 2mm FEP tube 1.0M CaClz 2 min 488 nm iSPIM 3x1min







