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Kurzzusammenfassung

In dieser Arbeit wird das vielseitige Potenzial synthetischer, biokompatibler Polymere zur Herstellung
wohldefinierter Hydrogele durch verschiedene Vernetzungsstrategien untersucht. In der ersten
Strategie wird der Einsatz von Triblock-Copolymeren auf Basis von Poly(ethylenglykol) (PEG) und
Polycaprolacton (PCL) als physikalischen Gelatoren untersucht. Dazu werden PCL-PEG-PCL-Triblock-
Copolymere in verschiedenen Blocklangen durch Ringdffnungspolymerisation von e-Caprolacton unter
Verwendung von PEG-Diolen (> 8000 g mol?) als Makroinitiator synthetisiert. Durch eine Kombination
von Methoden wie GréBenausschlusschromatographie (SEC) und Kernspinresonanzspektroskopie (H-
NMR) wurden die Synthesebedingungen und der Reinigungsprozess unter Verwendung von Toluol als
selektivem Losungsmittel optimiert, um gut definierte Produkte mit unimodaler Molmassenverteilung
zu erhalten. Die gereinigten PCL-PEG-PCL-Triblock-Copolymere werden systematisch analysiert, wobei
der Schwerpunkt auf ihrem Sol-Gel-Verhalten und ihren thermischen Eigenschaften liegt. In der
nachsten Strategie wird PEG als Matrixmaterial fir photovernetzte Netzwerke durch
extrusionsbasierten 3D-Druck verwendet. Zu diesem Zweck wird Poly(ethylenglykol)dimethacrylat
(PEGgkDMA) (8000 g moll) mit einem hohen Funktionalisierungsgrad als Vernetzungskomponente
verwendet. Um die optimale Zusammensetzung fir den Druckprozess zu finden, wird die
Losungsrheologie eingesetzt, sowohl mittels Rotations- als auch Kapillarrheometrie. Dabei erweist sich
PEG100k (100000 gmol?) als ein sehr guter Viskosititsverbesserer. Die systematische Untersuchung von
wassrigen PEGggDMA-, PEGigok- und deren bindren PEGgxDMA/PEGiook-L6sungen mit unterschiedlichen
Massenanteilen zeigt, dass das beobachtete komplexe FlieRverhalten von der PEGioox-Komponente
dominiert wird. In den gedruckten Strukturen werden die PEG-basierten Hydrogelvorlaufer mit UV-
Licht von 365 nm und Lithiumphenyl-2,4,6-trimethylbenzoylphosphinat (LAP) als Norrish Typ-I-
Photoinitiator effizient vernetzt. Dabei wird deutlich, dass die mechanische Integritdt und die
rheologischen Eigenschaften der photovernetzten Strukturen im Endprodukt von der PEGgKDMA-
Komponente dominiert werden. Im Hinblick auf die angestrebten Anwendungen werden
Modellgitterstrukturen im Extrusionsdruckverfahren hergestellt und nachgehartet, sowie die
Verdruckbarkeit der formulierten Losungen bewertet. Auf der Grundlage der rheologischen
Eigenschaften der jeweiligen Losung werden verschiedene Herstellungsparameter, wie z. B. die
Nadelgeometrie, die FlieBgeschwindigkeit und die Aushartungsgeschwindigkeit getestet. Einige
Losungen, die aus einer PEG-basierten Zusammensetzung bestehen, werden als fortschrittliche Tinten
fur die Zellverkapselung in extrusionsbasierten 3D-Druckanwendungen vorgeschlagen. Im Rahmen der
letzten Strategie wurden photolabile Hydrogele untersucht, die einen UV-labilen Vernetzer enthalten.
Hierfiir wurden die photochemischen Eigenschaften von drei verschiedenen photolabilen Vernetzern
auf Basis von o-Nitrobenzyl (NB) zundchst in Lésung untersucht. Mittels UV-Vis-Spektrometrie werden
wichtige Parameter wie der Extinktionskoeffizient, die Geschwindigkeitskonstante und die
Quantenausbeute der Photoreaktionen bestimmt. Ein  Photolinker  (PLcap), der eine
carbamatverkniipfte labile Bindung enthalt, zeigt hinsichtlich der Quantenausbeute eine bessere
photolytische Aktivitat als die anderen. Die Verbindungen werden mit Acrylamid copolymerisiert und
bilden photolabile Hydrogele mit unterschiedlichem Vernetzungsgrad. SchlielRlich wird die
Photodegradation durch UV-Bestrahlung im Gelzustand untersucht, indem die Quellung der Gele in
Wasser wahrend oder nach UV-Bestrahlung bei 365 nm verfolgt wird. SchlieBlich wird eine Top-Down-
3D-Photostrukturierung von photolabilen P(AAm)-Hydrogelen durch um-aufgeloste Multi-Photonen-
Lithographie unter Variation der Prozessparameter wie Pulsenergie und Wiederholungsrate erreicht.
Die Moglichkeit, z. B. fein verzweigte GefdRsysteme in solche biokompatiblen Hydrogele zu
strukturieren, gilt als vielversprechend fiir das mikroskalige Engineering von Hydrogelen, z. B. fiir
Tissue-Engineering-Anwendungen.






Abstract

This thesis explores the versatile potential of synthetic, biocompatible polymers to create well-defined
hydrogels by following different crosslinking strategies. Inthe first strategy, the employment of triblock
copolymers based on poly(ethylene glycol) (PEG) and polycaprolactone (PCL) for a physical gelation is
investigated. Therefore, PCL-PEG-PCL triblock copolymers are synthesized at various block length via
ring-opening polymerization of e-caprolactone, using PEG diols (> 8000 g mol) as macroinitiators.
Using a combination of methods such as size exclusion chromatography (SEC), nuclear magnetic
resonance spectroscopy (*H-NMR), and a purification process in toluene, it is optimized to result in
well-defined products with unimodal molar mass distribution. The purified PCL-PEG-PCL triblock
copolymers are systematically analyzed with focus on their sol-gel behavior and thermal properties. In
the next strategy, PEG is used as the matrix material for photo-crosslinked networks by extrusion-based
3D printing. For this purpose, poly(ethylene glycol) dimethacrylate (PEGsxDMA) (8000 g molt) with at
a high degree of functionalization is used as crosslinking component. To find the optimal composition
for the printing process, solution rheology is employed, both by rotational and capillary rheometry.
Here, PEGi0x (100000 g mol?) is proven to be a very good viscosity enhancer. Systematic investigation
of agueous PEGg<DMA, PEGigok, and their PEGgkDMA/PEGook binary solutions at varying mass fractions
show that the observed complex flow behavior is dominated by the PEG;gox component. Inthe printed
structures, the PEG-based hydrogel precursors are efficiently crosslinked using UV light of 365 nm and
lithium-phenyl-2,4,6-trimethylbenzoylphosphinat (LAP) as a Norrish Type-I photoinitiator. In the final
product, the mechanical integrity, and rheological properties of the photo-crosslinked structures are
dominated by PEGgxDMA component. Concerning the aimed applications, model grid structures are
prepared by extrusion based printing and post-cured and evaluated concerning the printability of
formulated solutions. On the base of the rheological properties of the respective solution, various
manufacturing parameters, needle geometry, flow rate, and curing speed are tested. Some solutions
consisting of PEG-based composition are suggested as advanced inks for cell encapsulation in
extrusion-based 3D printing applications. In the last strategy, photolabile hydrogels containing a UV-
labile crosslinker have been investigated. For this, photochemical properties of three different o-
nitrobenzyl (NB)-based photo-labile crosslinkers are investigated initially in solution. Using UV-Vis
spectrometry, important parameters such as the extinction coefficient, rate constant, and quantum
yield of the photoreactions are determined. A photo linker (PLcr) containing a carbamate-linked labile
bond shows better photolytic activity than the others in terms of quantum yield. The compounds are
copolymerized with acryl amide, forming photolabile hydrogels with varying degrees of crosslinking. In
the gel state, photodegradation is examined by following the swelling response during or after UV
irradiation at 365 nm. Finally, a top-down 3D photopatterning of photolabile P(AAm)-hydrogels is
achieved through pm-resolved multi-photon lithography under variation of the process parameters
such as the pulse energy and the repetition rate. The possibility to pattern e. g. finely branched vascular
systems into such biocompatible hydrogels is highly promising for the micro-scale engineering of

hydrogels, e. g. for tissue engineering applications.
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1 INTRODUCTION

Hydrogels represent hydrophilic polymers that expand when in contact with water, maintaining their
structural integrity due to the presence of physical or chemical crosslinks.® These water-swollen gels
are used in widespread applications such as for tissue regeneration? and facilitating and drug delivery.
Hydrogels are highly favorable with remarkable viscoelastic properties owing to their soft and wet
nature. It can be employed for cell encapsulation due to its advantageous attributes, including
biocompatibility, structural similarity as an extracellular matrix, and customizable chemical and physical

properties.3

Synthetic polymers are attractive materials to create hydrogels with reproducible properties. Their
hydrogels can be fabricated depending on various gelation mechanisms. Physical crosslinking is utilized
for responsive hydrogels with change of external stimulus, which assists entanglements, hydrogen
bonding, hydrophobic associations, and crystallite microdomains.* Chemically crosslinking with various
mechanisms, such as photopolymerization and free-radical initiation, can be employed by selecting
functional polymers.> The crosslinking is crucial to design a hydrogel. It determines the mechanical
properties defined as elasticity of modulus, which is proportional to stiffness. The stiffness of hydrogels
can be modified according to polymer concentration and crosslinking ratio. Depending on tissue
functions, Young’s modulus ranges are between 0.1 kPa and 1000 kPa for native soft tissues and

organs.®8

Hydrogel precursors for light-mediated reactions, such as photopolymerization, photodegradation, and
photopatterning, are attributed to physicochemical, mechanical, and biological properties. These
characteristics play a pivotal role in shaping both the processing methods and the ultimate
performance of the hydrogel.? Photopolymerization can be achieved through a multi-step process
involving selective photo-crosslinking reactions of a light-sensitive prepolymer, creating precise
architectures and heterogeneous compositions. Photofabrication methods demonstrate their ability to
create 3D environments featuring intricate structures and diverse compositions. The fundamental
concept of photopolymerization is to utilize monomers or oligomers in a liquid state to provide a
solidification upon exposure to a specific wavelength of light.? During photocuring, photoinitiators play
a crucial role, driving the photochemical reaction below 400 nm.!! Conversely, photocleavable
hydrogels consist of photolabile linkers, which enable real-time control of their tunable dynamic
properties by irradiation of light or laser.1? With the integration of light-based chemistry, hydrogels can
permit spatiotemporal control and provide specific reactions within the volume of material by 3D

photopatterning techniques.!3



2 THEORETICAL BACKGROUND

2.1 Rheology

Rheology is a field of science that covers the flow and shear deformation properties of fluids and soft

matters to understand their complex behavior.'4

Sadimantation Extrusion, Pumgping

Brushing, mixing Raller coating, Spraying

-

10-%  107F 10! 10" 10! 10# 107 10 107 10

Raotational-Rheometer

High pressure Capillary-Rheometer

Figure 2.1. The range of shear rates in industrial applications.

Various industrial applications require deep knowledge of the rheological properties, including
spraying, pumping, extrusion, and painting (Figure 2.1). Polymeric components are often used as a
solution, ink, emulsifier, melt, and suspension agent for a formulation by varying their molar mass,
concentration, and solvents. Both rotational and capillary extrusion rheometry are powerful

techniques to understand complex behavior of polymeric systems for the addressed variables. 1>-18

Ideally, the viscosity of a liquid and the elasticity of a solid would follow the corresponding linear
relationships of Newton’s and Hooke’s laws, respectively. However, most soft materials have
viscoelastic properties, thus showing both elasticity and viscosity characteristics, leading to complex
behavior. It is possible to understand the complex response of a material considering the basic
parameters of modulus G and viscosity 1. The viscoelastic properties can be modeled with these

rheological terms. 1921

n G

Figure 2.2. a) Dashpot model of a viscous liquid b) Spring model of an elastic solid.



Simple models can describe the behavior under shear or extensional deformations. This

proportionality represents the response of an ideal elastic solid. In the dashpot model (Figure 2.2a),

the ratio of the shear stress o to the strain rate y (defined as d—]t/ ), gives the viscosity value.?!

o=ny (2.1)

For the spring model (Figure 2.2b), the ratio of stress ¢ and strain y is constant and equal to the shear

modulus G.%
o= Gy (2.2)

These models can be combined to better describe more complex systems in series and parallel models.
In contrast, in the case of a serial combination (Figure 2.3a), the Maxwell model describes a viscoelastic
fluid, while in the case of a parallel combination (Figure 2.3b), the Kelvin-Voigt model is a model for a

viscoelastic solid. 1°-21
a) b)

A

=

Figure 2.3. a) Maxwell model b) Kelvin-Voigt model.

On the other hand, the strain rate of a Maxwell fluid can be defined by the equation below:%

;=099

y=;+ - (2.3)
For a Kelvin-Voigt solid, the stress required for a certain deformation:%!

o=Gy +ny (2.4)

Both elasticity and viscosity contribute to both models' equations, which is the description of

viscoelasticity.

Theoretically, the fundamental equations of a Hookean solid and a Newtonian liquid do not represent
time-related behaviors. When viscous and elastic properties of materials are described in the full range
of variables such as shear stress, strain, shear rate, and time, some limitations are observed. For

instance, most polymeric solutions can show a shear-thinning or shear-thickening, mainly in a high



shear rate range. It can be described as a non-Newtonian fluid due to a deviation from shear rate

dependency.

The comparison of the non-Newtonian fluids with Newtonian fluids as the function of shear rate is

shown in Figure 2.4.

1 4 Shear-thickenning
OB fluid

Newtonian Mewtonian
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Shear-thinning
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Figure 2.4. Typical viscosity-shear rate curves of Newtonian and non-Newtonian fluids.

Newtonian viscosity is not dependent on the shear rate. In contrast, non-Newtonian viscosity does not

show a linear dependence with shear rate.

Its behavior is commonly seen as shear thinning or pseudoplastic flow, in which viscosity decreases
with increasing shear rate. Generally, shear thinning flow shows a constant viscosity at relatively low

shear rates, called the zero-shear viscosity 7.

Shear-thickening is a less common non-Newtonian behavior seen in flow under shear, in which
viscosity increases with increasing shear rate. A break in viscosity is observed at a critical shear rate y,,
that determines the shear-thinning or shear-thickening behavior. A power law can mathematically

describe the shear rate-dependent region.'*

A flow curve can be interpreted to estimate the shear rate-dependent viscosity by the equation:??
n=Ky"! (2.5)

Here; K and n represent the curve-fitting parameters that are the flow consistency coefficient and the
power-law index, respectively. For a shear-thinning behavior, the power-law index n is below unity.
The smaller the value of the power-law index, the greater the shear-thinning behavior of the fluids.
For a shear-thickening behavior, the power-law index is higher than unity. In the case of n =1,

Newtonian behavior is considered.



2.1.1 Rotational rheology

Rheological properties can be determined with the help of a shear or an extensional rheometer by
performing static or oscillatory measurements. Different types of measurement geometries can be
used in rotational rheometers. For the investigation of samples of very low viscosity, the concentric
cylinder geometry is preferred, whereas the plate-plate and the cone-plate geometry are used for
more viscous materials. A flow curve can be obtained by static measurements. In contrast, dynamic
measurement depends on the response of the materials against sinusoidal stress and strain.'* In case
of oscillating values, their amplitudes are formed as two waveforms giving the maximum stress .«

and maximum strain ¥, at a constant angular frequency w.*

phase angle

amplitude

angular frequency
Figure 2.5. Oscillation forms of stress and strain.

The ratio between the oscillating values of g, and Vax gives the complex modulus G *as a function

of frequency, w.'

G*(w) = Tmax (2.6)

Ymax
6 is the phase angle indicating the time lag between stress and strain amplitude due to sinusoidal
oscillation. 6 for an ideal viscous liquid is g, while it is zero for an ideal elastic solid. For an ideal

. . . . s
viscoelastic material, 6 is measured between zero and 7 14

The Maxwell model (equation 2.2) can be evaluated as the function of w considering the deformation
of a material under oscillation. The complex form of shear rate y*can be written as the function of

frequency in the case of sinusoidal deformation.?3
V' = iwy, et = iwy” (2.7)
The complex stress ¢ *can be calculated as:?

6" = iwoye' @t = jyg* (2.8)



G is defined as the function of decay time, 7,,:%

2
6'(@) = 6’ (W) + 6" () = G2 4 i

1+(wTy,)?
Here, G’ and G” are the storage and loss modulus, respectively.

Considering the complex viscosity, n* is:?

y* l(l.))/*
The relationship between G* and n* can be written as:?3

* G* G'+iG” G’ .G
n=—= - = ——1—
[10] Lw w w

Similarly, n* can be concluded as:?3

n=n—in”
Thus,?3
=&
n - w
" _ G
77 - w

(WTm)

1+(wTy)?

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

In general, n” the real part of the complex viscosity explains the viscosity of the system and can be

written as:?3
;_ Gty
"= 1+(wTy)>?
The Maxwell decay time t,,, is: 2
_n
T =
Accordingly, " goes to:%
. n
= 1+(wTy)?
Hence,?
n,w—>0 =n
Thus, for a Newtonian behavior,??
n=n)

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)



For a non-Newtonian behavior, viscosity is only valid at lower shear rate:?3

N wo0 = N()y50 (2.20)

Accordingly, at low shear rates, the magnitude of n* and v " are almost equal. The situation can be

expressed by:23
N oo = 1(V)y-0 (2.21)

This expression shows that the contribution of imaginary part of complex viscosity (") can be ignored,

and " dominates the oscillation response.

In conclusion, viscosity of a viscoelastic fluid following the Maxwell model behaves like a viscous fluid
at low frequencies. Regarding the flow behavior depending on shear rate and frequency, the Cox-Merz
rule is commonly used for identifying similarities between the rheological results obtained from
steady-state and oscillation tests.?* The Cox-Merz rule states that the steady-state and complex
viscosity are almost similar in equivalence situations.?* For polymer liquids (solutions), considering the
entanglement, the difference between n*(w) and n(y) is expected at a high shear rate region. Asthe
difference becomes more distinct between n*and 1, polymer solutions indicate a weak gel behavior,
n(w) > n(y). Hence, such polymer solutions cannot obey the Cox-Merz rule.?> It will be explained in

more detail in section 2.1.3.

2.1.2 Capillary extrusion rheology

Capillary rheometry is one of the simple methods to measure viscosity that can provide measurements
between 10 s~ - 10000 s7! in the shear rate range.?® A capillary method can be built simply consisting
of a piston-like head, a reservoir, and a capillary layer. Figure 2.6 displays a developed simple capillary
extrusion system. The plunger acts as a piston, which activates the movement of the fluid with the

applied force into the needle at a velocity.

The theory of capillary extrusion accepts some assumptions for straight-forward data interpretation of

some developed equations:?’

e The flow through the capillary is steady.
e The capillary flow is isothermal.
e No slip conditions at the capillary wall during extrusion.

e The viscosity of the extruded fluid is not pressure-dependent.



According to the represented capillary extrusion system in Figure 2.6, a capillary shear stress and shear

rate can be calculated according to the typical curve shown in Figure 2.7.

test machine F

|| syringe
@t
]l
o)
ki needle
Dy :

Figure 2.6. Schematic representation of the developed extrusion system.

The first regime represents the restoring forces criteria. The yield represents the transition to the
stable flow regime and originates from relaxation processes within the extruded solution. This regime
helps to understand the solutions which type of behavior, such as liquid-like and solid-like. The plateau
is assigned to the resistance to flow through the capillary. The plateau force determines viscous force

F{1, thus viscosity.

Figure 2.7. A typcial force-time curve obtained from capillary extrusion.

E

% 's valid only for the force that results from the fluid's viscosity and flow in the capillary, the total of

how much force acts upon the capillary setup. In a practical experiment, however, to set the flow in
action, additional force is needed, which refers to the friction of the syringe plunger. It can be assumed
to be constant throughout one experiment and independent of the flow rate. Thus, interception of
Fe from the Poiseuille - Hagen equation is considered a constant. Thus, it is required for each data
point to calculateF; by using the plateau value and subtract the intercept value in the corresponding

graph.



Under the appropriate conditions, the apparent shear stress can be defined as:%®

Ap
Tapp = 5, (2.22)
Ap is the pressure drop, and L is the length of the capillary. The shear stress is independent of fluid

properties. According to the curve analysis seen in Figure 2.7, Ap can be considered as:%®

_AF _ K
Ap = " = nRE (223)
Hence;
_ _RnFy
Tapp = P, (2.24)

Rg is the radius of the reservoir (syringe). The shear rate y can be defined as:%

y = il (2.25)
Ry is the radius of the capillary. Q is the flow volume can be calculated as:2°

Q = mR2v (2.26)

The apparent wall shear rate y,,, can be calculated as:*

. 4VR%
Yapp = oz (2.27)

However, the experimental analysis of capillary extrusion rheometry shows the real flow behavior as

non-Newtonian.

As seen in Figure 2.8 non-Newtonian flow presents slip velocity at capillary walls. Mooney’s approach

proposes the slip effect depending on flow rate.?®

d:ptn

on

FRAR 4

Newtonian flow non-Newtonian flow

Figure 2.8. Schematic representation of Newtonian and non-Newtonian flows through a capillary.



Firstly, n can be calculated, which is related to the shear-thinning effect of the flow through capillary

wall, n < 1:%
Napp = K *Vapp' (2.28)

Assuming non-Newtonian flow, the Rabinowitsch correction is employed to calculate ¥, at the

capillary wall:262°

. 3n+1, .
Yw = (T)Vapp (2.29)

The true wall stress 7, can be calculated from:26:2°

dl
= ot (2.30)
dlogvyapp
The true wall viscosity 7, is the ratio of the true wall stress t,, to y,, :2%?°
Ny = 2 (2.31)

Yw
2.1.3 Entanglement

Polymers with their neighboring chains are associated in a solution at adequate molar mass or
concentration. The associations can behave as crosslinking agents referring to polymer entanglement.
Like rubber elasticity, the entanglement of polymers can be described as a physically crosslinked
polymer. Long relaxation times, enhancement in the viscosity, and a rubbery region can appear in the
rheology of the polymer solutions owing to the appearance of the entangled polymer network.
Entanglement can be investigated by the function of polymer concentration in a solvent at a constant
molar mass.3° A viscosity-shear rate flow curve of polymer solutions typically exhibits three distinct

regions, as illustrated in Figure 2.9.

logn o
Mo %

power-law
region

logy

Figure 2.9. A typical viscosity flow curve of polymer solutions to demonstrate shear-thinning.
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The viscosity becomes independent from the shear rate up to the critical shear rate, known as zero-
shear or Newtonian viscosity. The second region is the shear-thinning region. Here, as the shear rate
increases, the viscosity of the solution decreases. This phenomenon occurs as the polymer chains
begin to align with an increase in the shear rate, represented by a power-law behavior or non-
Newtonian flow. The polymer chains become extensively aligned at high shear rates in the third region.
This alignment results in a dramatic reduction in the dynamic viscosities of the solution, a new plateau

value defined as infinite shear viscosity 7, .3

Cross model?? empirically explains the flow behavior of polymer fluids in a wide range of shear rates.

It may be expressed as a kinetic interpretation of non-Newtonian flow33, the proposed flow equation:

_ Mo
= i (2.32)

A is the relaxation time, in case of 1 = 1/, it indicates a transition from the Newtonian region to the

power-law region. n is the flow index and measures the non-Newtonian characteristics.

A zero-shear viscosity-concentration graph plotted at log-log scale (Figure 2.10), polymer solutions can

be categorized into three groups, dilute, semi-dilute, and concentrated. 3!

logne| dilute  semi-dilute concentrated

'37-/\ m>1

¢ ¢ loge

Figure 2.10. Determination of concentration regimes for polymer solutions.

In the diluted regimes, the polymer chains behave as ideal chains and isolate themselves from other
chains. In the semi-dilute region, polymer chains can either be entangled or tightly filled with the
solvent, which increases viscosity significantly. In the concentrated region, polymer chains behave
highly stiff as entangled networks, and shear dependency significantly increases. The critical
concentrations ¢* and c¢** indicate a transition from dilute to semi-dilute and from semi-dilute to

concentrated regimes, respectively.3?
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2.2 Hydrogels

2.2.1 Classification of hydrogels

Hydrogels are crosslinked polymer networks that can swell by absorbing large amounts of water. The
chemical structure of polymer networks determines the physical and mechanical properties of the
hydrogels.! Hydrogels are made of physical crosslinking or chemical crosslinking (Figure 2.11). Chemical
crosslinking can be achieved using chemical crosslinkers3* or light irradiation.3>3¢ Physical crosslinking
physical crosslinking can be based on hydrogen bonds3’=3? ionic bonds “%*! hydrophobic interactions*?
and environmental conditions, such as pH and temperature. Physically crosslinked hydrogels can show
reversible properties thanks to dynamic interactions.*®* However, they are mechanically weak and lack
of homogeneity.** In contrast, chemical crosslinking is not dynamic that is preferred mechanically
strong hydrogels .**>In most real hydrogels, their polymer network structures deviate from ideality

because of defection, unreacted polymer chains, loops, and local entanglements are observed.*

Conventional hydrogels created from randomly crosslinked homopolymers provide limited
opportunities to develop their properties. Monomer or polymer concentration can only be varied to
adjust the crosslink density. Further, slow crosslinking process with uncontrollable crosslink density
makes hydrogels mechanically unfavorable. On the other hand, a decrease in the polymer fraction

results in a weak polymer network with a lack of energy dissipation.6—48

Chemical Crosslinking Physical Crosslinking

A Crosslinking Molecules '_,‘ Hydrophobic polymer Hydrophobic Interaction E

* Dicysteine . M’é\ %H;c;;ol;;ls | Bl * HA/MC
peptides, DTT \%/\L Oxidation Hv drophobi hydrogel

« Glutaraldehyde ~3~"~ Sulfonation, etc. interaction
Polar group
B Polymer-Polymer/Hybrid Polymer Chain Entanglement/lonic Interaction F
. Chltosan/algmale * Chitosan/
hydrogel alginate
* Chitosan-OB/ \‘}/\/9\-/ %’ M’{)UJD hydrogel
HA-AA hydrogel
C Photosensitive Agents Hydrogen Bonding G
* Azide BIOUPS ~ A, ",',,.,,W:n « PVA/DNA hydrogel
. PEG/chltosan bouding * PEO-PNIPAM with
hydrogel ureido pyrimidinone

D Enzymatic Crosslinking Crystalline Formation H
* Transglutaminase A A\ 4 i * Dextran hydrogel
» Horseradish -'ﬂ‘ m "‘D‘ i 2 é‘m'l"':‘ * Polymers with
sabon
peroxidase, ~NAA & a linear PEI
hydrogen peroxide Physical crossinking backbone

Figure 2.11. Crosslinking strategies in hydrogels. Reproduced from ref.44 with permission.

12



One class of physically crosslinked hydrogels consists of block copolymers that can exhibit gelation
from their sol state by triggering external conditions. Such a reversible transition from sol to gel in
response to temperature or pH can be observed in aqueous solutions of PEG-based copolymers with
polyesters®®, PAAM*® and derivatives of Pluronic.>® The resulting gel architecture can be formed
depending on the micellar packing®?, hydrophobic association®® and entanglement®* of the diblock and
triblock copolymers. Accordingly, polymers are classified into lower critical solution temperature
(LCST) or upper critical solution temperature (UCST).>> Considering the preparation methods, hydrogels
can be categorized into several groups. If a polymer network is formed by one monomeric repeating
unit or macromer, called as homopolymer hydrogel. When a network consists of different polymers
defined as copolymer hydrogels.>® On the he Interpenetrating network (IPN) hydrogels can be
produced by the crosslinking of polymers separately In a different way, one component is chemically
crosslinked, the other maintains the entanglements, defined as a semi-interpenetrating network
(semi-IPN).>” One origin for the superior strength of IPN and semi-IPN networks is micro-phase
separation. The degree of the phase separation process depends on the density of entanglements and
the viscosity of the precursors.>®>® Concerning the properties, IPN and semi-IPN methods are preferred
owing to improve the thermal and mechanical properties.®® The decoration of hydrogel-forming
polymers with functional groups is a powerful tool for tailoring hydrogel properties for specific needs.
One of the techniques is the functionalization of synthetic or bio-polymers with (meth)acrylate

61-63

groups. The functional poly(ethylene glycol) diacrylates (PEGDA) or methacrylates (PEGDMA),
gelatin methacrylate (GelMA), and methacrylated hyaluronic acid MeHA) can exhibit fast photo-
crosslinking.®* Their field of biomedical applications depending on their advantages are presented in

Table 2.1.

Table 2.1. Properties of some photo-crosslinkable (meth)acrylated polymers in biomedical applications

Hydrogel Property Application
Long degradation, non-cell adhesive and tunable mechanical Drug delivery®>-58
PEGDA ability, cancer model®®
high resistance to water absorption Biosensing’®

Tooth?, cartilage”®

GelMA Cell and tissue adhesive, tunable mechanical ability
nerve system’3, cardiac’*
Drug delivery, cancer therapy’>~
MeHA High tumour targeting, mechanical ability, cell-adhesive 7,

bone-tissue’®7°
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2.2.2 Network properties

Hydrogel properties, primarily mechanical properties and swelling, depend on several factors, such as
network chemistry, type of solution and hydrogel structure (mesh or pore size), and drying conditions.
Hydrogels with tunable properties can be obtained by regulating crosslinking ratio.® The crosslinking

ratio, a is defined as:

Ncrosslinker (2.33)

a =
Nmonomer t7crosslinker

Nmonomer @aNd Nerossiinker @re the moles of monomer and crosslinker, respectively.

The crosslinking ratio regulates the statistical distance between two polymer nodes in a crosslinked
network. The higher the crosslink ratio, the shorter the distance. In parallel, the crosslinker ratio
establishes the swelling process of a hydrogel that is driven by the relaxation of the crosslinked chains.
Hence, the higher the density of crosslinks, the less water is required to achieve equilibrium in chain
flexibility. 8 Assuming isotopically change in the mass, volume, and dimension values of a hydrogel

during swelling, the gel content G and the mass swelling ratio @, can be determined:

G% = mLx 100 (2.34)
monomer
Qm = 7’"“7;:”" (2.35)

Here mg, and my represent the swollen mass and the dry mass of the hydrogel, respectively.

Mpmonomer 1S the mass of monomers.

A critical parameter for hydrogels is mechanical property at a swollen equilibrium state. During
swelling, crosslinks should provide mechanical stability to the hydrogel network. Hydrogels can store

energy and also dissipate the applied force.

® Crosslinks

(Elastic contribution)

Chain loops
(Viscous contribution)

Figure 2.12. Polymer network of a real hydrogel.

However, as illustrated in Figure 2.12, crosslinking in a hydrogel can rarely be homogeneous.8°
Hydrogels with loop regions can exhibit limited mechanical performance in this case.®! Hydrogels are

complex materials for their viscoelasticity. The mechanical properties of hydrogels can be
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quantitatively evaluated under deformation (see section 2.1). The structure—property relationships of

hydrogels can be investigated by following the strain and frequency sweeps.

Figure 2.13 shows a typical curve obtained from strain-sweep. The strain-sweep test (amplitude-
sweep) is a standard rheological test to characterize hydrogels using increasing oscillatory strain at

constant frequency.

@ Gy
o
- Linear —\
3 viscoelastic
region
(LWR) Ve
Strain %

Figure 2.13. A typical strain-sweep curve of hydrogels.**

Strain-sweep describes linear viscoelastic region (LVR) in a strain range that demonstrates the ideality

of a polymer network. Above the critical strain, y > y,,, a hydrogel is deformable.**

With the determination of an appropriate strain, a frequency-sweep is performed to reflect the
viscoelastic properties and crosslinking mechanism. Figure 2.14 shows typical curves obtained from

frequency-sweep with an illustration of data interpretation.

b L:n b

Crossover

o, G Pa

GG Pa

frequency frequency

Figure 2.14. Typical frequency-sweep curves for A) physically crosslinked, and b) chemically crosslinked hydrogels.**

It is important that G” and G” in a range of w are incredibly dependent on the chain stiffness and
dynamics of the hydrogels.® Physically crosslinked and hybrid hydrogels mostly show a crossover
frequency w¢pqss that indicates a reversible crosslinking mechanism G° = G” (Figure 2.14a). Inthe case
of W < Weross, @ liquid-like behavior is predominant, G" < G”. In contrast, in the case of W > Wcrss,

a solid-like behavior is observed, G" > G”., on the other hand, no crossover is observed in the
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chemically crosslinked hydrogels®?, and the condition of G° > G’ is seen independent of the frequency

(Figure 2.14b). The plateau modulus G, quantitively gives the mechanical properties of hydrogels.**

Gy is proportional to a, described as:®384

Gy =2 = prT —2— (2.36)

MC Mmonomer

where p is the polymer density, R is the universal gas constant, T is the absolute temperature, and M,

is the molar mass between crosslinks. An alternative can be form of independent from molar mass:
Gy = VRT (2.37)

where v is the number of crosslink sites per unit volume.

2.3 Light-based 3D printing

Additive manufacturing is a powerful technology in tissue engineering, offering new possibilities for
creating complex, and functional tissue constructs. To mimic natural tissues, 3D printing offers the
design of the architectures of scaffolds at targeted geometry and pore sizes.®> 3D printing can be
integrated into cell seeding and encapsulation to fabricate biocompatible hydrogels with unique
properties (see section 2.2) that maintain the requirements for living cells such as supplying oxygen

and diffusion of nutrients.*8

Hydrogels are materials as carriers for cells and bioactive substances in various bio-fabrication
techniques, primarily in deposition-based methods. These techniques can be broadly classified into
laser-induced forward transfer, inkjet printing, and robotic dispensing (Figure 2.15).8% Each of these
methods requires some qualifications in the hydrogel-based bioinks, particularly in terms of their

rheological properties and photopolymerization kinetics.*®

Mechanical Force
" {pneumatic, piston
SOUrce Scanner system ' screw)

Laser pulse - - Fabricabon platforn Syrirge

Piezoslectric | l \

actuater * _.l

y . Move down Printable T# Nozzie
| - = I materists V/

L 1 R —

Thermal Piezosletric Laser assisted Laser/Light

Inkpel based Laser/light based Extrusion based

Figure 2.15. Deposition-based 3D printing applications. Adapted from ref. 86 with permission.

However, manufacturing parameters such as nozzle geometry and pressure are important to keep the
cell viability in extrusion-based 3D printing.>3=> The principle of inkjet-based printing is to generate ink

droplets onto a substrate, that can be carried out by different mechanisms such as thermal®’,
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piezoelectric®, and laser-assisted °. In laser/light-based printing, stereolithography, using laser or
other light sources is used to pattern the surface of a photocurable material.?® Extrusion-based printing

depends on applying a mechanical force to extrude a ink or material.

Table 2.2 presents the advantages and drawbacks of these 3D printing techniques. Among them, for
extrusion-based printers, one of the distinguishable properties is the ability of working conditions in a
wide range viscosity, which gives the opportunity of the fabrication of various biocompatible materials

including synthetic polymers.®1,2

Table 2.2. The common 3D printing techniques

3D-Printing
Advantages Disadvantages
technique
e  Patterns with high resolution
Suitable for thin layers Long printing time
Inject-based®¢—%8 Supportable with cells Limited to low viscous solutions

3D-structures with high Poor mechanical properties

resolution

Photopolymerization with living
Laser/light- cells possible Small size Implementation

based®? Easily-optimized printing Complex printing operation

parameters

Controllable printing Low limited to resolution
Extrusion- High printing speed High viscous inks

based 100-102

Low damage to cells

Effect of gelation and shear

thinning on cell viability

For a biomaterial to serve as a suitable source of bioink, it must meet specific critical criteria. These
criteria include biocompatibility, biodegradability, bioprintability, and the ability to maintain structural

integrity after the printing process.1%31%* To fulfill these demanding requirements, researchers have

been actively formulating diverse bioinks. One key focus has been on achieving the desired mechanical

properties necessary for successful 3D bioprinting.1%

Rheological properties play a pivotal role in determining the printability of hydrogels. In the context of
3D extrusion-based printing processes, several key rheological properties are crucial, including
viscosity and viscoelastic shear moduli. Viscosity significantly influences both the precision of printing

and the efficiency of cell encapsulation. In general, higher viscosities tend to result in better printing
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fidelity.1% However, it is essential to strike a balance because high viscosity also leads to increased
shear stress, which can impact the viability of the cells suspended within the bioink. Thus, optimizing
rheological properties is essential to achieving successful and biocompatible 3D bioprinting

processes.1%’

2.3.1 Photopolymerization

Photopolymerization is a versatile and valuable technique for converting liquid monomers or
macromers into hydrogels through free radical polymerization. This process allows for the rapid
formation of hydrogels under ambient or physiological conditions, suitable for various biomedical and
tissue engineering applications.®® The process begins with selecting the appropriate monomers or
macromers, like acrylamide or methacrylate derivatives, to form a hydrogel with tunable
properties.1®10 Photoinitiators are used in the precursors solution that are sensitive to specific
wavelengths of light, such as ultraviolet (UV) or visible light. When exposed to the appropriate light
source, photoinitiators create free radicals to initiate the polymerization process. Free radical

photopolymerization is based on the chain growth shown in Scheme 2.1.%!

Scheme 2.1. Mechanism of light-initiated free radical photopolymerization

i. I-2R

i. R+H,C=CHR, > RCH,CHR,

ii. RM;+M,; > RM,

iv. ~RM,+M,;->RM,_,,;

v.  RMy+RM, - RM;M;R

vi.  RM,+RM, - RM, + RM,
In the representative mechanism, H,C = CHR, presents the photopolymerizable monomer. I and R
symbolize the photoinitiator and methyl or hydrogen group, respectively. (Scheme 2.1i) Upon
irradiation, C—C, C—Cl, C — O or C — S bonds of the photoinitiator decompose to yield two free
radicals. The available free radicals to trigger the chain growth reacting with a monomer (Scheme
2.1ii). It is followed by propagation in which the radical monomer grows with another existing

monomer (Scheme 2.1iii) and (Scheme 2.1iv).1%2
For the termination step (Scheme 2.1v and Scheme 2.1vi), there are some possibilities:!!

1. Two propagated chains can be combined or disproportionated.
A propagating chain can react with a radical of the photoinitiator.

Chain transfer might take play between free-radical molecules occurs.

S

Impurities, like oxygen or inhibitors, can interrupt the reaction mechanism.
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Photoinitiators are generally split into two main groups: radical and cationic. The former is mainly used
owing to their biocompatibility, while the latter is found toxic because of generating cations when

exposed to the appropriate light.08113

Radical photoinitiators are subdivided into two main groups. Type-l such as benzoin, and
acetophenone derivatives, decompose into two primary radical molecules showing cleavage by
absorbing photons. In contrast, type-Il, such as benzophenone and thioxanthone, exhibit a hydrogen

abstraction mechanism in the presence of a co-initiator yielding secondary radicals (Figure 2.16).108113

Type-l photoinitiators generally exhibit superior photoinitiation efficiency compared to Type-lII
photoinitiators. The choice between Type-l and Type-ll photoinitiators depends on the specific
requirements of the application, including the desired wavelength range, photoinitiation efficiency,
and safety considerations. Type-I initiators offer higher efficiency but are often used with shorter-
wavelength light, while Type-Il initiators are preferred when visible light or reduced toxicity is

essential. 11
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Figure 2.16. Type-I and Type-ll mechanisms of photoinitiators. Reproduced from ref. 115 with permission.

Among the commonly used Type-| photoinitiators, 12959 and LAP are effective with nearly 365 nm UV
light. However, due to its low molar absorptivity (< 10 Lmol™! cm™), 12959 requires a high
concentration when it is used at 365 nm. In contrast, LAP has a relatively higher molar absorptivity (=
200 L mol™~?! cm_l), making it more efficient at lower concentrations. Additionally, LAP offers the
advantage of being usable in the visible light range, specifically at 405 nm, with a lower molar

absorptivity compared to its performance at 365 nm.

19



Table 2.3. Typical photoinitiators with the wavelength of absorbance maximum

Photoinitiator Type  Amax

1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1- propane-1-one (12959) ¥ Type-l 274

Lithium phenyl-2,4,6-trimethy| benzoyl phosphinate (LAP)? Type-l 375
2,2’-azobis [2-methyl-N-(2-hydroxyethyl) propionamide] (VA-086)*8 Type-l 375
Eosin-Y!16 Type-ll 524

Tris (2,2- bipyridyl) dichlororuthenium (lI) hexahydrate!*® Type-ll 453

Another commonly used photoinitiator is Eosin-Y, which can function as a Type-Il photoinitiator when
used in combination with a co-initiator and comonomer.'’® VA-086 photoinitiator has been reported
to facilitate photopolymerization in the case of alginate methacrylate and gelatin methacrylamide
through a free radical mechanism, particularly for cell post-encapsulation.?®'2° |n the context of metal-
based photoinitiators, tris(2,2-bipyridyl) dichlororuthenium(ll) hexahydrate (Ru(ll)(bpy)s?* is employed
as a photoinitiator with a co-initiator. An previous study describes the photopolymerization reaction
involving silk fibroin, in which the photoinitiator serves as a catalyst, and ammonium persulphate (APS)

functions as the electron acceptor to initiate free radical polymerization at 452 nm.'?!

Considering the reaction conditions, light source plays a crucial role in photopolymerization since it
generates a reactive species after absorption.*'? To initiate a photopolymerization, such as halogen and
household fluorescent lamps, laser diodes, LEDs, and black light UV lamps are used for

photoinitiations. Some of the emission spectra of some exemplary light sources are represented in

Figure 2.17.
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Figure 2.17. Typical emission spectra of (A) halogen lamps, (B) laser diodes, and (C) household lamps at different wavelengths.
Reproduced from ref.122 with permission.

Photopolymerization can be carried out in the wavelength range of 150 nm to 700 nm by selecting an
appropriate light source. However, to diminish toxic effects risks, light-based systems for biomedical
purposes typically operate within the range of 350 nm to 700 nm, ensuring the safety of biological
tissues and organisms. Several preferred light sources are commonly used for these applications.

Halogen and household lamps emit polychromatic light, covering a wide spectrum of wavelengths. The
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control over the wavelength is the problem. Laser diodes provide monochromatic light, offering high
precision and wavelength control. LEDs (Light-Emitting Diodes) offer quasi-monochromatic light. They
are a flexible choice for various applications. Black-light UV lamps emit quasi-monochromatic

ultraviolet light.1?3

2.3.2 Photodegradation and 3D photopatterning

Photochemistry has a profound impact on biological research, offering researchers the ability to both
observe and precisely control cellular signaling processes. Recently, significant advancements have
been made with the aim of utilizing light-mediated reactions to manipulate the chemical and physical
properties of hydrogel-based cellular microenvironments with spatiotemporal precision. Moreover, it
can be dynamically adjusted the stiffness of the matrix by employing light-induced secondary
crosslinks, leading to the stiffening of the microenvironment. Conversely, photocleavage reactions can
be employed to reduce the density of crosslinks, resulting in a decrease in microenvironmental
stiffness. Collectively, these innovative approaches offer a versatile toolkit for investigating the impact

of signals originating from the matrix, guiding the organization of cells, and influencing decisions

related to cell fate.1?*

Consequently, manipulating the mechanical properties of the cellular microenvironment has become
a central focus for researchers working on developing photo-responsive biomaterials. Achieving this
objective involves modulating the crosslink density within the polymer network, which directly

correlates with the material's modulus.

In a pivotal study, it is achieved that spatiotemporal control over reductions in the elastic modulus of
PEG hydrogels by incorporating photocleavable units into the polymer network. Itis also demonstrated
that the modulus could be predictably reduced by precisely regulating the irradiation dose, provided
the exposure time remained shorter than the critical time needed for complete degradation of the
polymer network.?®> In a different study, a temporally controlled softening is revealed that exposing

cells to stiffer substrates for extended durations during 2D culture predisposed them to undergo

osteogenic differentiation.?®

All referred study emphasizes that by providing the tunable mechanical properties by photocleavable
hydrogels, the modulus of the polymer network is related to the cleaved crosslinks upon irradiation
(Figure 2.18a). By investigating optimum crosslink density, critical light intensity, and exposure time, it
is possible to regulate the stiffness of the degradable hydrogels.'?® The photocleavable polymer
network can be fully degraded in light treatment above the critical irradiation time t.and light intensity

(Figure 2.18b).
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Figure 2.18. a) Relationship between crosslink density and modulus. B) Photodegradation of a polymer network. Adapted
from ref.124 with permission.

Considering the importance of photocleavage in chemistry and biology, photo linkers are the key
component to controlling the response of biomaterials. Some parameters are considered for an ideal
photolinker.?”:128 A photo linker should have an effective absorbance above the wavelength of 300 nm.
Accordingly, the molar absorption coefficient &€ (mol L™ cm™) is calculated by using the Lamber-Beer

law.
A= logll—0 = &cl (2.38)

Here; A is absorbance, ¢ (mol L™1) is the molar concentration and [ (cm) is the length of light beam

through the sample. I is the incident light intensity, and I is the exiting light intensity.

Quantum vyield should be high that measures of the amount of the released cleaved group upon

irradiation The quantum yield ¢ can be calculated using the following equation.

kNpVhvu
¢ j—

= m (2.39)

N, is Avogadro's constant and V is volume of irradiated sample. h is the Planck's constant, v is the
frequency and I, the light intensity of light source. ¢ is the extinction coefficient at the irradiated
wavelength. ¢ is the concentration of irradiated sample. d is layer thickness, and A is the irradiated
area. In addition, photo linker should be a selective compound and be stable in a photolytic system.

The selected photo linker must be soluble in the targeted media.!?®

NB derivatives are one of the major photo linkers that can be removed in the UV and visible light

wavelength range.
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Figure 2.19.a) An example for NB-based photo linker with various labile bonds. B) Photohotocleavage of a NB-based photo
linker at 365 nm. Adapted with permission from ref.12%, Copyright 2020 American Chemical Society).

Figure 2.19a shows a modified NB-based photo linker with the different labile bonds at the benzylic
position. The leaving group of NB-based photo linkers can consist of different photolabile linkers such
as phosphates, carboxylates, carbamates, and alkoxides. The type of leaving group type directly affects
the cleavage process related to reaction rate and quantum yield.3° Concerning structural modification,
firstly, aromatic ring formation of NB derivatives can be modified, and kinds of substitutions offer an
increase in the molar absorption for a specific wavelength with an enhancement of quantum
yields.131132 Secondly, the benzylic position can be altered to improve photochemical properties. A
methyl group substitution at the benzylic position of NB is considered to trigger the cleavage kinetic
and leads to more stable byproducts.'3® Similarly, a modification of the ring structure of NB with the
methoxy group shifts the specific absorbance of the photo linkers to the higher wavelengths of light,
although it decreases the quantum yield.'3* Considering the chemistry of the photodegradable groups
with photocleavage properties at different states, NB-ester shows faster photolytic kinetic than NB-
amide consisting of the same ring structures in the solutions state. However, the degradation rate of
NB-amide decreases more in the case of an immobilization onto a solid-phase resin.'33!3> When these
linkers act as crosslinks among PEG-based polymer network, the hydrogels, including NB-amide, shows

slower degradation upon light irradiation than the hydrogels, including NB-ester,136-139

As seen in Figure 2.19b, the photodegradation is performed at a 365 nm light source, and their
photolytic degradation is compared at the small molecule and hydrogel states. According to the
photolabile moieties, the photodegradation rate of their hydrogels is calculated as (NB-carbamate >
NB-ester > NB-carbonate > NB-amide). Interestingly, the quantum yield of NB-amide is the highest of
the other photolabile small molecules in the solution state; it significantly decreases when used as a

crosslinker for their PEG-bis-NB hydrogels.'?® It is understood that the chemical bonds of the polymer
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network, in terms of hydrophilicity and hydrophobicity, impact the photodegradation performance of

the related molecules.'3132

Photodegradable hydrogels have become valuable platforms for studying cell function, tissue
engineering, and cell delivery due to their ability to control their physical and chemical properties using
light dynamically. These hydrogel systems typically integrate photolabile o-nitrobenzyl (NB) derivatives
into the hydrogel backbone. This choice is advantageous because these linkers can be cleaved through

both one- and two-photon absorption processes.4°

Photopatterning is a process which photosensitive materials respond to light, particularly based on
photon absorption.''> In photopatterning, the photosensitive material absorbs photons of specific
wavelengths, leading to photochemical or photophysical changes within the material. These changes
can include polymerization, crosslinking, or other chemical reactions that selectively occur in regions
exposed to light. By controlling the intensity, wavelength, and duration of light exposure, it is possible
to precisely pattern and manipulate photosensitive materials.!'> Apart from the chemical aspects,
there are also crucial practical considerations to address the process of photopatterning. In the case
of single-photon patterning, in photopatterning with traditional photolithography and masking

techniques to facilitate the patterning process.!?*

Photolithography Direct laser writing
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Figure 2.20. Comparison of photolithography and direct laser writing process for micropatterning of a network. Adapted from
ref.141 with permission.

While microscopy-based photopatterning can be accomplished using single-photon irradiation from
visible light lasers, two-photon pulsed excitation offers significantly improved spatial resolution.3® In
contrast to single-photon excitation, two-photon excitation relies on lower-energy photons. The

collective energy of two such photons become equivalent to the energy required for excitation.
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In comparison to standard lithography, direct laser writing offers several advantages.#? It streamlines
the process by reducing the number of required steps and affords greater freedom in patterning
through electronic control of the light source. Multi-photon lithography is a high-tech fabrication
method to create 3D micro- and nanostructures based on multi-photon absorption initiated with a
tightly focused pulsed laser. Ultrafast pulsed lasers with low duty-cycle can deliver femto-second, high-
intensity bursts of photons to excite molecules locally and achieve a multi-photon absorption, without

damaging the material.
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3 CONCEPT OF THE WORK

The central concept of this thesis includes the synthesis of the characterization of novel synthetic
polymers and the design of hydrogels based on different synthesis and crosslinking mechanisms for

different manufacturing methods.

The first approach synthesizes PCL-PEG-PCL triblock copolymers at different lengths of PCL blocks
initiated by macroinitiators PEG. It investigated the effect of synthetic conditions on the molar mass
distribution, thermal properties, and aqueous behavior. Polymer characterization techniques,

including SEC, *H-NMR, DSC, and DLS, are utilized to explain the structure-property relationships.

The second approach focuses on synthesizing highly functionalized PEGgxDMA for producing photo-
crosslinked hydrogels, particularly for 3D printing applications. Polymer solutions are reinforced with
a linear, high molar mass component of PEGigox to adjust viscosity, making them suitable for use as
inks. The rheological properties of binary solutions consisting of PEGgxkDMA and PEG;qok are thoroughly
investigated using rotational and capillary rheometry, with varying mass fractions of each component.
Semi-IPN hydrogels are fabricated through photopolymerization in the presence of Type-l and Type-II
photoinitiators at 365 nm and 405 nm, respectively. The properties of these hydrogels are explored
through swelling measurements and rheological analysis. The printability of the formulated polymer
solutions is assessed under different manufacturing parameters to facilitate the fabrication of

hydrogels using extrusion-based 3D printing, followed by post-curing.

The third approach is to characterize the photocleavage properties of three photolabile linkers in
solution and gel states. The photolytic activities of NB-based photo linkers are examined by UV-Vis
spectrometry, focusing on labile bond chemistry. The molar extinction coefficient, photocleavage
kinetics, and quantum vyield of the photo linkers are determined by UV-Vis spectrometry. Copolymer
hydrogels of P(AAm) are synthesized via redox-initiated free radical polymerization. The swelling
behavior of the hydrogels are examined upon UV irradiation at 365 nm, enabling an assessment of gel-
state photolytic activities. Finally, P(AAm) copolymer hydrogels incorporating carbamate labile bonds
are patterned via multi-photon absorption. Process parameters are optimized during 3D

photopatterning, considering the structural properties of the hydrogels.
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4 RESULTS AND DISCUSSION

4.1 Structure-property relationships of triblock copolymers synthesized by
ring-opening polymerization of €-caprolactone using poly(ethylene

glycol) macroinitiators

Amphiphilic block copolymers can spontaneously disperse in specific solvents that act as a good solvent
for one block of the copolymer while serving as a poor solvent for the other.!*> When the segments
consist of hydrophobic polyester blocks, such as PCL and hydrophilic PEG blocks, it is possible to modify
the physical and chemical properties of their copolymers.!*®> PEG possesses remarkable attributes,
including hydrophilicity, water solubility, and non-toxicity, while PCL takes the attention with

exceptional biocompatibility and biodegradability.14414>

The design of their block copolymers by ring-opening polymerization of &-CL depends on various
factors, such as monomer concentration, catalyst selection, and initiators. According to previous
works, the role of monomer concentration in minimizing the cyclic oligomers is critical. *¢ A broad
molar mass distribution is observed when the ROP of lactones is initiated by alkali metal alkoxides or
alkyls. ¥ In contrast, alkoxyl derivatives of aluminum, zinc, and tin demonstrate a very efficient

performance as a catalyst in controlling polydispersity.14814°

In this chapter, various PCL-PEG-PCL triblock copolymers are synthesized in presence of high molar
mass PEG macroinitiators (>8000 g mol?), and Bu,SO4 as a catalyst. The thermal properties and

aqueous behaviors of the triblock copolymers are explained according to synthetic conditions.

4.1.1 Effect of synthetic conditions on molar mass distribution

The PCL-PEG-PCL triblock copolymers are synthesized by coordination-inserted ROP of e-CL initiated by
PEG diols using Bu,SnO as a catalyst. The synthesis of triblock copolymers is started with an azeotropic
distillation of hygroscopic PEGgk, PEGssk, and PEGigox macroinitiators in toluene to remove water and
moisture residues from the solvent at 65 °C. The corresponding amounts of e-CL and PEG are reacted
under an inert atmosphere at 130 °C for five hours. It is observed that the viscosity of the reaction
solutions increases as the polymerization occurs, drastically so in the presence of PEGig
macroinitiators. The reaction is completed by cooling the synthesis solutions to room temperature.

Adding enough chloroform dilutes the viscous reaction solutions, and the resulting solutions are
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precipitated slowly in excess ice-cold petroleum ether 40/60. The filtered white powder raw products

are obtained by drying at 35 °C under a vacuum.

Table 4.1. Synthetic conditions for preparing triblock copolymers and the experimental results for purified triblock copolymers
by 1H-NMR and SEC

_ Ntheo M NNMR MWSEC M“SEC M
POLYMER n¢g/ny  Nwp/Mear X, W/ W
gmol™! gmol™! gmol! gmol? "

PEGgk - - 202 - - 8940 8889 1.01
PEG3sk - - 723 - - 33100 31870 1.04
PEG100k - - 1320 - - 107400 58150 1.85
CiEsCy 17.70/1.01 3.4 17.5 10890 10531 n.d. n.d. n.d.
CiE35C 4.75/0.27 0.9 17.6 33878 33636 46250 44420 1.04
C1E100C1 1.72/0.10 0.3 17.2 60113 58358 86060 50080 1.69
C3EsCs 38.82/0.74 2.5 525 14878 16657 n.d. n.d. n.d.
C3E35C3 12.99/0.25 0.9 52.0 37801 34725 44850 43850 1.01
C3E100Cs 4.99/0.09 0.3 55.4 64479 59079 101700 58840 1.73
CsEgCs 49.84/0.57 1.9 87.4 18871 24239 n.d. n.d. n.d.
CsE3s5Cs 19.63/0.22 0.8 89.2 42055 36647 31560 28560 1.11
CsE100Cs 7.98/0.09 0.3 88.7 68271 59723 74900 41010 1.83

Scheme 4.1. Ring-opening polymerization of g-CL initiated by PEG diols in presence of Bu2SnO

o—° Bu,SnO i i
o uson
(g+w) @ + H{ \/1\OH —_ H{O\/\/\)L}O/\/{O\/\}O/PJ\/\/\/O}H
n 130°C a -1 w
e-CL PEG diols PCL-PEG-PCL

The synthetic conditions of triblock copolymers are designed by the molar mass of macroinitiator, My

and the polymerization degree of &-CL, X,,. The total mass of triblock copolymers M, is calculated by:

__ — __ n __
M, = (2X,Mc) + My, = (#;IMCL) + My (4.1)
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Here, Mcy is the molar mass of the monomer, ng, and ny; are the moles of &-CL and PEG
macroinitiators, respectively. According to the desired molar masses of each block, all experimental

conditions are presented with synthesis results in Table 4.1.

According to the described synthetical procedure, nine PCL-PEG-PCL triblock copolymers with three
different polymerization degrees and compositions initiated by the PEG diols at three molar masses
are synthesized. The nomenclature of the triblock copolymers is organized by the theoretical PCL molar
mass of one PCL block and the molar mass of PEG. For instance, C1EgC; represents a molar mass of the
PEG macroinitiator of 8000 g mol? and the expected molar mass of each PCL block of 1000 g mol?,
respectively. Since PEGs act as macroinitiators in the performed reactions with the diol functional
group, the polydispersity of the macroinitiators must be considered in the synthesis. SEC results of

triblock copolymers and macroinitiators shown in Figure 4.1.
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4x10* T

linear differential molar mass

linear differential molar mass

0 e 0 L
10° 10* 10° 10° 10* 10°

molar mass / g mol™ molar mass / g mol™

2x10° T T

linear differential molar mass

0 1 1
10° 10* 10° 10°

molar mass / g mol*

Figure 4.1. SEC results of raw triblock copolymers and macroinitiators. A) PEGsk (black), C1EsCi(red), C3EsCs (blue), CsEsCs
(green) B) PEGssk (black), C1E35C1(red), C3EsCs (blue), CsE3sCs (green) C) PEG100k (black), C1E100C1(red), C3E100C3 (blue), CsE100Cs
(green).

The molar mass distribution of PEGgk is very narrow, but it is moderate and broader for PEGssx and

PEG100k, respectively. The low molar mass of commercial PEG is synthesized by the reaction of ethylene
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oxide with water, anionic polymerization,'*® thus a narrow molar mass distribution. In contrast, the

high molar mass PEGs are produced by polycondensation, yielding higher polydispersity.

Although the PEGgk macroinitiator has a narrow molar mass distribution, its triblock copolymers are
broad and multimodal. In the triblock copolymers initiated by PEGssk, the new peaks are seen at lower
molar masses than the molar mass of the PEG3s¢ macroinitiator. PEGigok-initiated PCL-PEG-PCL triblock
copolymers demonstrate a broad molar distribution proportionally to PCL polymerization degrees. We
consider the growing peaks at lower molar masses to be PCL-rich macromolecules as byproducts. The
following findings literature®®?, the reasons are emphasized: Bu,SnO is a transesterification catalyst.
The protic PEG macroinitiators are chain transfer agents. Some uncontrollable experimental reasons

exist, such as water residues and moisture traces.

The hypothesis of the low molar mass side products being rich in PCL can thus be separated by
fractionation is investigated. Initially, a suitable solvent that behaves as a good solvent for PCL-rich
chains is selected. The Huggins constants for PCL and solvent Xgovent—pcrL With Hildebrand solubility

parameters § are considered to determine a fractionation solvent.

Table 4.2. Some of solubility parameters for PCL in various organic solvents

Huggins Hildebrand (MPa)/2
Solvent
Xsolvent—PCL. O H-bonding tendency
Toluene 0.08 18.2 poor
Cyclohexane 0.88 16.8 poor
n-butane 1.22 13.9 poor
THF 0.13 18.6 intermediate
Ethanol 1.01 26.8 strong

Considering this parameter, toluene is chosen as the suitable solvent for PCL fractionation at room
temperature. Toluene has a good Huggins value and poor H-bonding tendency, as seen in Table
4.2.552153 According to the Huggins parameters and poor H-bonding tendency, toluene is decided as a
suitable solvent for purification. The fractionation of the raw PCL-PEG-PCL triblock copolymers is
performed at the concentration of 10 w/v % to follow solvent power impacts. The supernatant contains

the PCL-rich, soluble fraction. The triblock copolymers are precipitated as insoluble fractions. The
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fractionation of the raw PCL-PEG-PCL triblock copolymers is performed at the concentration of 10 w/v

% to follow solvent power impacts, asillustrated in Figure 4.2 .Using toluene as solvent it is known that:

e The supernatant contains the PCL-rich, as soluble fraction.

e The triblock copolymers are precipitated, as insoluble fraction.

Xl

toluene

III*

Figure 4.2 Schematic illustration of fractionation.

As aresult of fractionation, the soluble mass fractions increase with the number of PCL repeating units,

while the insoluble fraction increases proportional to the number of PEG repeating units.

Table 4.3. The insoluble pins and soluble psol mass fractions calculated from the purification in toluene

Triblock copolymers  Uins  Hsol
C1EsCq 0.68 0.32

C3EgCs 0.09 0.91

CsEgCs 0.08 0.92
Ci1E35Cy 0.88 0.12
C3E35Cs 0.80 0.20
CsE3sCs 0.62 0.38
C1E100Cy 0.95 0.05
C3E100C3 0.95 0.05
CsE100Cs 0.92 0.08

In addition, we observe that the soluble fractions vary from viscous liquid to jelly-like depending on

the amount of PCL side product in agreement with the selection of good solvent for PCL.

To better compare the SEC elugrams before and after the fractionation process, we perform a multiple

peaks fit analysis to the elugram using Gaussian equation.'>*
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The base of curves y,, the area A > 0, the full width of the half maximum w, and the center of the

peak x, are the parameters of the Gaussian function.

Accordingly, Figure 4.3 shows deconvoluted SEC measurements of the raw and the purified CsE3sCs
triblock copolymers. The SEC results of the raw CsE3sCs show multimodal distribution before
purification. There are four prominent deconvoluted peaks detected as sub-fractions. Firstly, the
smaller fractions are obtained at the molar mass of 5415 g mol* and 8550 g mol2. Secondly, there is
a broad fraction but a very high molar mass at 29359 g mol2. Finally, the sharpest peak is convoluted
at 37774 g mol. The relative area of the peaks at the highest degree of polymerization is calculated
as 0.770, and the fractionated insoluble mass fraction is calculated as 0.623 by gravimetric analysis. It
is observed that toluene allowed the purification of the triblock copolymer in good agreement with

the theoretical considerations mentioned above.

2x10* T — T

|

\
PCL-PEG-PCL J

linear differential molar mass

molar mass / g mol™

Figure 4.3. The deconvoluted SEC curve of raw CsEssCs with the peaks fitted by Gaussian function.

Figure 4.3 displays that the molar mass distribution of PCL-PEG-PCL triblock copolymers is significantly
narrowed to their macroinitiators after purification. The challenge in fractionation is observed in the
PCL-PEG-PCL triblock copolymers initiated by PEGgc. Due to the presence of comparatively higher
hydrophobic PCL blocks, CiEgCi, C3EsCs, and CsEsCs are almost dissolvable in toluene, making

fractionation inefficient.
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Figure 4.4. SEC of THE purified triblock copolymers comparison with macroinitiators. A) PEGssk (black), C1E3sCi(red), CsEsCs
(blue), CsEssCs (green) B) PEGiook (black), C1E100Ca(red), CaE100Cs (blue), CsE100Cs (green).

The SEC results of the purified triblock copolymers initiated by PEG3sx and PEGigox demonstrate quite
a narrower molar mass distribution than their raw states. The peaks indicating the low molar mass
formations disappear with purification in toluene. Thus, a significant improvement of the
polydispersity of PCL-PEG-PCL triblock occurs with PCL-rich separation. It is found that the average-
number molar mass of triblock copolymers shifts to a lower molar mass after purification of PCL-rich

molecules. It might also be due to modifying the diol end groups with PCL.

In addition to the SEC measurements, end-group analysis of the synthesized PCL-PEG-PCL triblock

copolymers is supported by *H-NMR.
O

d Q f f
I e S

a e

Figure 4.5. Proton groups of PCL-PEG-PCL triblock copolymers, and 'H-NMR spectrum of the purified CsEssCs triblock
copolymer.
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As seen in Figure 4.5, the methylene protons of &-CL repeating units are characterized at 4.24, 4.08,
2.32, 1.66, and 1.40 ppm assigned to f/, a, e, b-d, and c, respectively. The methylene protons of the

ethylene glycol repeating units appeared at 3.66 ppm, symbolized as f.

The typical spectrum of the triblock copolymers presents the typical end-group analysis of a PCL-PEG-
PCL triblock copolymer by *H-NMR with characteristic peaks. The ethylene glycol repeating units are
proved with a peak at 3.66 ppm. The signal at 4.24 ppm indicates the junction to PCL terminated blocks.

No signal is observed at 2.64 ppm, indicating an absence of unreacted &-CL monomer.

Using the corresponding peaks, the total number-average molar mass of each triblock copolymer

M, g is calculated according to the total number-average degree of polymerization X

nNMm NpCLNMR’

— 2l &

XnPCL,NMR - NpgG (4.3)

If

2
NNMR — Npgg

M + M (4.4)

I NpEG

I, and If are the integrals of the corresponding peaks at 2.30 and 3.60 ppm, respectively. Here, Zlﬁ is
f

the ratio of the total repeating unit of &-CL to ethylene glycol units. Using the integrals of the specific

peaks to the PCL and PEG blocks, IWHNMR of the triblock copolymers is calculated to reinforce M S

Nsgc a

seen in Table 4.1.

Based on the fractionation, the soluble and the insoluble fractions are evaluated to estimate the ratio
of the number of growing PCL-rich chains to the purified PCL-PEG-PCL triblock copolymers. Accordingly,
the ratio of hydrophobic repeating units of PCL, 71 to the hydrophilic repeating units of PEG, ngis

defined as:

21 n
I_fe == ﬁ_E (4.5)

The ratio is also helpful for estimating the kinetics and mechanism of the ROP, as well as for
understanding the structure-property relationships of the synthesized triblock copolymers. It shows
the repeating unit ratios of PCL to PEG before and after fractionation to explain the distribution of the
PCL-rich byproducts and the purified PCL-PEG-PCL triblock copolymers according to the raw state (*H-

NMR) and theoretical calculations.
To predict the influence of the synthetic conditions, in Figure 4.6, it is plotted the theoretical values of

(ﬁc/r—lE)theoversus experimental results of (ﬁC/ﬁE)NMR obtained by *H-NMR.
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Figure 4.6. Comparison of repeating unit ratios of PCL to PEG before and after fractionation by *H-NMR. Triblock copolymers
initiated by PEGsk (black), PEGssk (red), and PEGiook (blue). Theoretical ratios of repeating units (solid line). The raw product
(filled circles). The purified fractions (open circles) and the soluble fractions (triangles).

In general, the variations between the soluble and the insoluble fractions indicate the presence of the
side product. Importantly, the trend in the soluble fractions indicates that an increase in the
polymerization of PCL-rich fraction is proportional to the theoretical degree of polymerization in each
PEG-initiated series. This proportionality is additionally seen with the number-average molar mass of
the macroinitiators. The difference between the two fractions is lower in triblock copolymers initiated
by the PEGgx macroinitiator and higher in the triblock initiated by PEGssx and PEGigox macroinitiators.
Owing to the *H-NMR evaluation, the most significant deviation between the soluble and insoluble
fractions is obtained for CsE3sCs. PCL-rich byproduct is formed with the highest number of repeating
units of e-CL among the synthesized triblock copolymers. This proves the situation of these samples in

SEC measurements that similarly show the most significant deviation in their molar mass.

The molar mass distribution analysis from SEC and *H-NMR explains the immortal polymerization of &-
CL in the presence of Bu,SnO and a high molar mass linear PEG macroinitiator. We assume the chain
transfer ability of the macroinitiators is significantly triggered by the transesterification catalyst of
Bu,SnO, as already explained by Inoue.'> Hence, although nine series of triblock copolymers are
synthesized at reasonable polydispersity, the raw polymer contains different constituents of PCL-rich
byproduct and PCL-PEG-PCL at different degrees of polymerization. Bu,SnO is prone to activate many
more molecules, resulting in a PCL-rich byproduct at a high degree of polymerization.'>® Water residues
in PCL used as macroinitiators might also have taken a role. As seen in CsE3sCs results, the triblock
copolymers synthesized at several sub-fractions present lower molar masses than the central molar

mass of triblock copolymers.
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4.1.2 Analysis of thermal properties

The crystallization of PEG occurs as extended chains below the molar mass of 4000 g mol™? and as
folded chains above the molar mass of 4000 g mol.25” Moreover, imperfect crystallization of PEG-PCL
diblock copolymers is also found fora PEG molar mass of 5000 g mol?, depending on the relative block
lengths.'>® It has also been reported that the melting behavior of PCL-PEG-PCL triblock copolymer for
various block lengths, but only at low polymerization degree of PCL and below the molar mass of 8000
g mol? of PEG.143158-161 |n this work, the thermal properties of the synthesized PCL-PEG-PCL triblock
copolymers are evaluated with two parameters: the block length of PEG and the block length ratio of

PCL to PEG obtained by 'H-NMR. The related values are presented in Table 4.4.

Table 4.4. Melting temperatures enthalpies, crystallinity of the macroinitiators and triblock copolymers with the block lengths
ratio from 1H-NMR

_ T AH X
Sample (nP/ ﬁE)NMR ogl igt " %c
PEGgy - 62.5 178 99
PEG3sk - 66 171 96
PEG100k - 63 138 77
C1EsCy 0.056 58 108 59
C3EsCs 0.266 n.d. n.d. n.d
CsEsCs 0.527 53/57 74 55
Ci1E35Cy 0.017 61 137 71
C3E35Cs 0.028 58 133 70
CsE35Cs 0.046 62 121 66

C1E100C1 0.001 63 93 47

C3E100C3 0.005 61.5 85 43

CsE100Cs 0.025 61 127 65

The heating thermograms of the macroinitiators and triblock copolymers are shown in Figure 4.7. The
shortest macroinitiators of PEGg display melting temperatures of 62.5 °C.162163The moderate and long
macroinitiators of PEGsskx and PEGygox display melting temperatures of 66 °C and 63 °C, respectively.
However, the melting enthalpy of PEG macroinitiators decreases from 178 j g'to 131 j gtwith a

considerable increase in the molar mass from 8000 g mol* to 100000 g mol™.

The purified PCL-PEG-PCL triblock copolymers are seen as semicrystalline polymers. In general, the
melting temperatures are very narrow between 58 °C and 63 °C with a unimodal thermogram except

for CsEgCs. Only CsEgCsdisplays multiple melting temperatures due to the high block length of PCL. On
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the other hand, triblock copolymers initiated by longer macroinitiators display melting temperatures
above 60 °C except for C3E3sCs. When the block length of PEG is noticeably high, the melting
temperature of the triblock copolymers approaches the value of their macroinitiators.®* A similar
relation is considered for melting enthalpy in the PCL-PEG-PCL triblock copolymers. It is pointed out
that the melting enthalpies of the synthesized triblock copolymers initiated by the same

macroinitiators decrease with an increase in PCL ratios.
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Figure 4.7. Melting thermograms of purified triblock copolymers and macroinitiators. A) PEGsk (black), C1EsCi(red), CsEsCs
(green) B) PEGssk (black), C1E3sCi(red), CsEsCs (blue), CsEssCs (green) C) PEGiook (black), CiE100Ca(red), CsE100Cs (blue), CsE100Cs
(green).

To investigate the effect of end-group functionalization on the PEG backbones, the crystallinity of the

triblock copolymers X is calculated by:®
AHp,

% X, = —
(1-pcLymp) X197 ) 8

(4.6)

IpcLyyg 1S the mass fraction of PCL calculated from 'H-NMR, and 197 j gis the value of melting

enthalpy for 100 % crystallized PEG.1%®
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The crystallinity of PEG above 8000 g mol* decreases as the molar mass increases. A drastic decrease
in crystallinity for PEG is seen when it has a molar mass of 100000 g mol™. For the amphiphilic triblock
copolymer, the crystallinity of PEG at all molar mass decreases with PCL end-groups. When the block
length ratio of the PCL blocks at the same molar mass of PEG increases, the crystallinity of the
copolymers tends to decrease. In addition, PCL is relatively high in the series triblock of PEGgk a drastic
decrease occursin crystallinity compared to non-functional PEGgg. Similarly, when the PEG is relatively
too long as seen in the series triblock of PEG;o0k the lowest crystallinity takes place. Interestingly, the
crystallinity drastically increases with a higher PCL ratio CsE100Cs than C1E;100C1and C3E100Cs. Considering
the triblock copolymers initiated by PEGssk, the effect of PCL functionalization is less effective when

PEG is relatively at moderate molar mass.

4.1.3 Characterization of aqueous solution behavior

To investigate the behavior of the synthesized PCL-PEG-PCL triblock copolymers in water, dilute
solutions are prepared at 0.05 w/v %. Since the hydrophilicity of the triblock copolymer changes
depending on each block length, their distributions in water show diversity. The diluted purified
triblock copolymers in water display block hydrophobic PCL length-dependent behavior observed
during sample preparation. The most hydrophobic triblock copolymers C3CsCs and CsEsCs are not
dissolved even at dilute conditions. The triblock copolymer initiated by the macroinitiators over 8000
g mol! molar mass shows that the nature of hydrophilic PEG is more powerful at aqueous media
behavior. Accordingly, the series of triblock consisting of PEGssx and PEGigox macroinitiators shows
transparency in dilute solution. The presence of triblock copolymer dispersion at different sizes affects
the solution behavior. Significantly, the presence of a more hydrophobic byproduct determines the
optical properties of the prepared solution. As seen in Figure 4.8, he solution appearance changes from
translucent to transparent in the case of PCL-rich byproduct separation by both fractionation and

filtration.

The CsE3sCs diluted solutions used for DLS measurements become transparent like purified polymers
when a syringe filter is used at 0.45 um pore size. This demonstrates that the polar syringe filter
filtrates the hydrophobic PCL-rich oligomers. Considering the two essential factors, we only filter the
water during sample preparation. The actual length of amphiphilic triblock copolymers can be affected
by the pore size of filters in aqueous medium. Itis also impossible to use the same size of syringe filter
since the filtration might be a problem for higher molar mass and more hydrophobic triblock

copolymers.
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filtrated purified

filtration

Figure 4.8. The dilute solutions of raw, filtered, and purified CsE3sCs, ¢ =0.05 w/v %.

Figure 4.9 shows the number distribution of CsE3sCs and CsE10oCs diluted solutions before and after
purification. In comparison, DLS analysis shows unstable results that indicate inhomogeneities for
unpurified samples; stable DLS histograms can be obtained for purified samples. DLS investigates the

hydrodynamic size Dy, of the purified triblock copolymers and some comparison with their raw product

in aqueous media.
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Figure 4.9.The intensity distribution of the aqueous raw (A) and purified (B) CsE3sCs, and the raw (C) and purified (D) CsE100Cs
at 0.05 w/v %. The curves show five independent measurements.

Table 4.5 exhibits data sets obtained by DLS. DLS results based on number distribution represent
structure-property relationships of the PCL-PEG-PCL triblock copolymers. The hydrodynamic diameter
of the dispersed polymers is found in the range of 250 nm — 450 nm, almost homogenously regarding

the number of repeating unit ratios. As expected, C1EgC;y, with the shortest PEG and the highest PCL
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ratio, shows the smallest hydrodynamic diameter in water. In the series of PEG3sk- and PEGgok- initiated
triblock copolymers, the hydrodynamic diameter decreases with increasing PCL block length ratio to
PEG block lengths. In this case, the association between hydrophobic PCL end groups increases with
the number of repeating units, making the triblock copolymer sizes smaller in water. Surprisingly,
PEGiook-initiated triblock copolymers demonstrate shorter hydrodynamic sizes than PEGssk initiated
triblock copolymers. Itis supposed that the heavier hydrophilic PEG blocks might be surrounded faster

by water molecules.

Table 4.5. The hydrodynamic diameter of the purified triblock polymers in water, measured from DLS. The comparison of
triblock copolymers is according to the block lengths ratios obtained H-NMR.

Triblock copolymers (ﬁp/ﬁE)NMR ::1 Main P:‘k Area
C1EsCy 0.056 274 £ 234 92.8
C1E35Cy 0.017 467 £ 44.4 923

C1E100C1 0.001 249 £ 9.04 100
C3E35C; 0.028 352 +5.38 99.6
C3E100Cs 0.005 342 +1.30 100
CsE3sCs 0.046 286 + 6.53 100
CsE100Cs 0.025 298 + 8.91 100

4.1.4 Conclusion

Due to the nature of ROP, PCL-PEG-PCL triblock copolymers are synthesized, showing broad molar
mass distribution depending on the synthetic conditions. PCL-rich side products are characterized by
SEC and 'H-NMR. By fractionating the raw polymers in toluene, the polydispersity of the block
copolymers can be enhanced, and the deconvolution of SEC curves demonstrates the extraction of the
low molar mass byproducts. The characterization of thermal behaviors also indicates a successful
purification since their thermograms are unimodal. The crystallinity of the triblock copolymers
drastically changes when the molar mass PEG is relatively low and high with PCL functionalization. The
aqueous behaviors of the triblock copolymers show controllable hydrodynamic diameter depending

on the block length ratio of PCL to PEG.
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4.2 Investigation of poly(ethylene glycol)-based precursors for 3D printing

3D printing as a manufacturing strategy experiences increased attraction in many applications,
including tissue engineering. A potential bioink comprises a hydrogel precursor providing a
biocompatible, 3D tissue-like microenvironment for potentially living cells. A printable bio-ink should
fulfill optimized rheological requirements before and after printing for successful tissue

reconstruction.

The employment of bimodal functional polymer solutions as precursors based on poly(ethylene
glycol)s and their photoset into semi-IPNs is our strategy to independently tailor the flow viscosity of
the ink, as well as the mechanic properties, including modulus, toughness, and viscoelasticity, and
swelling behavior of the resulting hydrogels. Thereby, photopolymerization bridges the bioink solution
and the 3D-printed hydrogel object. Using photopolymerized hydrogels instead of physical gels also
allows the material properties to be more easily tuned. PEGDMA chains can be photopolymerized to
form hydrogels in a controlled way. While the mechanical properties of the gels can be tailored by
variation of the concentration of a functional PEG, a high molar mass polymer provides the viscosity
and homogenous flow of the bioink. Thus, semi-IPN can overcome the difficulties of conventional

hydrogel precursor solutions and investigate the context of appropriate polymer concentration and

crosslink density.*®

In this chapter, PEG-based binary solutions are investigated for their suitability as an ink. The flow and
the viscoelastic behavior are investigated according to the rheological requirements. The binary
polymer solutions are photo-crosslinked, and swelling measurements and mechanical properties of
the hydrogels are characterized by varying the polymer concentration. The formulated polymer

solutions are tested based on the manufacturing parameters in extrusion-based 3D printing.

4.2.1 Synthesis of poly(ethylene glycol) dimethacrylate

PEGDMA is a water-soluble and cross-linkable polymer composed of ethylene glycol repeating units
and methacrylate functional groups at both ends. The presence of methacrylate groups allows
PEGDMA to be photopolymerizable, forming crosslinked polymer networks. For this purpose,

PEGs<DMA (8000 g mol™) is synthesized as described in the literature.6”
Scheme 4.2. Synthesis of PEGsgkDMA
o 0]
o) J/\/OH TEA o) o)
/\/ + —_— /\/
HO {\/\0 DCM, RT OM \/\}O
n-2 Cl ’ n-2 o}
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As a result of the functionalization of PEG diols with methacrylate terminated end groups, PEGgkDMA
is synthesized at a high functional degree, f > 90 %.HNMR spectrum of the synthesized PEGgDMA

is displayed in Figure 4.10.

b,c

9 e
O O
d n-2 O

Figure 4.10. Proton groups of PEGskDMA and *H-NMR spectrum.

The methylene protons of the ethylene glycol repeating units appear at 3.66 ppm, with the junction
proton of ethylene glycol at 4.31 ppm. The protons of the vinyl group signal are seen at 5.59 ppm and

6.15 ppm, indicating the occurrence of methacrylation by the proton of methyl substitute at 1.96 ppm.

4.2.2 Flow behavior and linear viscoelasticity of binary solutions

Rheological properties are one of the main requirements to print an ideal ink. Oscillatory time-sweep
is also essential when testing a polymer that may undergo macro- or micro-structural rearrangement
with time. These rearrangements directly influence rheological behavior. PEGgkDMA is a hydrophilic

polymer with a methacrylate end group, and aqueous PEGgcDMA solution at the mass fraction of 20

m% is analyzed by time-sweep measurement.

Figure 4.11 illustrates a typical example of shear-induced gelation. Under a small strain, the elastic

modulus G’ linearly increases, a crossover point appeared, G = G”'. The crossover time shifts from 9 s

to 450 s when the degree of functionality decreases from 90 % to 75 %.
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Figure 4.11. A) Time-sweep measurements of PEGekDMA solution at two degree of functionality B) The phase angle f = 90 %
(filled), f =75 % (open). G’ (black), G” (red). yo = 0.5 % and upma = 20 m%

In parallel to moduli behavior, the phase angle curve of f = 90 % reaches plateau at § = 0 that
explains the solid-like behavior of PEGgkDMA chains in water. On the other hand, when the functionality
decreases to 75 %, the phase angle reaches a plateau at 18 °C. A rapid association at high functional
PEGskDMA chains express the end-group associations. After approaching approximately onset value
around 400 s, G’ increases with time for f = 90 % indicating sticky chains in water. In contrast, G’

displays almost reaching a plateau value for f = 75 %, stating the relaxation of the polymer chains.

In addition to time-dependent behavior, understanding the flow behaviors helps to deal with the
challenges of the printing process. A poor ink, like low viscous, can reduce the extrusion quality and
affect the mechanical properties of the deposited solution in during extrusion proces. These drawbacks
are related to the rheology of fluids. As explained in section 2.1.3, concentration and molar mass mainly

control the viscosity of a polymer.

A binary system is considered to develop an ink in which PEGgxDMA and PEGigox (PEGskDMA/PEG100k)
are formulated by adjusting the mass fraction of the individual components. High molar mass linear

PEG00k is a viscosity enhancer for the functional PEGg«DMA solutions.

The composition of the solutions is presented in Table 4.6. The formulations can be categorized into
two groups. The first group consists of homopolymer solutions adjusted by PEGgkDMA mass fraction,
upma. The second group of solutions consists of two polymers, forming binary solutions named
PEGgkDMA/PEG1o0k. Within this group, BS1p denotes binary solutions with PEGgkDMA mass fraction of
10 m% while BSyo denotes those with a PEGsxkDMA mass fraction of 20 m% at various PEGigox mass

fractions, Kook
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Table 4.6. The composition of polymer solutions (inks).

Hpma Hi100K

Solution (ink)  ppgg..oma/ HpEG
8K 100K m% m%

PEGskDMA 5/0 5 0

10/0 10 0

20/0 20 0

BS10 10/1 10 1
10/3.5 10 3.5

10/5 10 5

BS20 20/1 20 1
20/3.5 20 3.5

20/5 20 5

20/10 20 10

20/20 20 20

The rheology of the formulated solutions is evaluated by the following two methods: steady-state and

dynamic measurements. First, the steady-state is performed for PEGigok solutions to determine the

concentration regimes, as mentioned in section 2.1.3.

Figure 4.12. A) The flow curves of PEG1ook solutions at various mass fractions. 0/0.5 (black), 0/1 (red), 0/1.5 (green), 0/2 (blue),
0/2.5 (cyan), 0/3 (pink), 0/4 (yellow), 0/5 (dark yellow), 0/10 (wine), 0/15 (olive), 0/20 (grey), 0/25 (pink), 0/30 (orange), 0/35
(purple).

Figure 4.12 displays viscosity curves of PEGigok solutions in a wide range mass fraction. The viscosity
curves are Newtonian below the mass fraction of 5 m%. The viscosity of the solutions decreases at the
high shear rate, and the critical sear rate y,, is found in the range of 0.4 s — 110 s when pu;q0x
increases from 10 m% to 35 m%. A shear deformation of PEGipk solutions is put in evidence, and

theyappear to be weak polymer networks contrary to lower mass fractions.
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These solutions show extreme shear-rate dependency above the mass fraction of 25 m%; thus, shear

degradation is considered.
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Figure 4.13. Zero-shear viscosity of PEG1ook solution as the function of the mass fraction, and the concentration regimes of
PEGi100k solutions.

Figure 4.13 shows the zero-shear viscosity depending onthe mass fraction of PEGgok. The three distinct
regimes with different slopes indicate the dilute, semi-dilute, and concentrated regimes of PEGigox
solutions. The transition points between two regimes determine the critical mass fractions of PEG;ok
that is calculated u* =3 m%, representing the dilute ( m = 0.75) and semi-dilute regimes, (m =
3.01). The other is seen at u™ = 20 m%, that defines the concentrated regime (m = 7.36). Hence,

entanglement mass fractions of PEG1go are determined to lead to a drastic increase in viscosity.'68
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Figure 4.14. The flow curves of PEGskDMA and binary solutions at various mass fractions. 5/0 (open square), 10/0 (open
triangle), and 20/0 (open circle), 10/1 (black triangle), 10/3.5 (blue triangle), 10/5 (green triangle), 20/3.5 (blue circle), 20/5
(green circle), 20/10 (purple) and 20/20 (orange).

Similarly, the flow behavior of PEGgkDMA and binary solutions of PEGg<DMA/PEG1po are investigated
by varying mass fractions. The obtained flow curves in Figure 4.14 demonstrate Newtonian flow

behavior PEGgkDMA solutions, although pppa increases from 5 m% to 10 m%. Similarly, the series of
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BSi0 is also Newtonian since no power-law region is observed. On the contrary, the effect of linear
PEGi00k is seen on the solutions of BS,o above the entanglement mass fraction of PEGig; shear-

thinning is observed in the range of 1 51— 140 s%, thus PEGsxDMA can be used as non-Newtonian.
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Figure 4.15. Zero-shear viscosity of BS1o (red) and BSxo (blue) versus the mass fraction of PEG1ook.

As seen in Figure 4.15, from the zero-shear viscosity of the binary solutions, BSip is dominated by
PEGi00k since there is no significant increase in 7y with increasing in 50k On the contrary, the
viscosity in BSyo significantly increases with u*. n, of the BSy is between 0.02 Pa s and 11 Pas. In the
case of 19k > 1" in BSz, a complex flow behavior is assumed due to the high associations in the
concentrated binary solutions. The entangled polymer chains in water refers to the viscous and elastic
behavior of the binary solutions. Dynamic measurements can describe viscoelastic fluid behavior by

complex viscosity, another flow parameter in rheology that measures the viscosity under deformation.
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Figure 4.16. The complex viscosity curves of 10/0 (black) and BS1o, 10/1 (red), 10/3.5 (blue), 10/5 (green).

Figure 4.16 introduces complex viscosity curves n* curves of BSyo. Itis visible that the curves consist of
three distinctive regimes: a reduction, a plateau, and an increment.'®® The reduction is seen in the low-

frequency range. In this regime, an entanglement occurs between aqueous PEGg<DMA and PEGigok
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chains. A short plateau regime follows it; however, the range of plateau increases when g9k increases
to 5 m%, in which solid interactions dominate the binary solutions. On the other hand, the upturn
behavior in the curves in the last regime indicates the resists of an entangled network against

deformation. n* of BSyg increases with an increase 4ok at lower shear rates but not at higher shear

rates.
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Figure 4.17. The complex viscosity curves of 20/0 (black) and BSzo, 20/3.5 (blue), 20/5 (green), 20/10 (purple), and 20/20
(orange).

In contrast, Figure 4.17 shows significantly longer plateaus at all y9x- The stable viscous behavior is
owing to concentrated polymer chains, still 20/0 is highly dynamic in this range of frequency. A gel-like

network is expected in higher frequency range for BS;.

The phase angle curves of the solutions explain the expected solution behaviors BSig is poorly

entangled and easily deformable since there is no plateau (Figure 4.18).
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Figure 4.18. Phase angle of A) BS10: 10/1 (red), 10/3.5 (blue), 10/5 (green), and B) BSz0: 20/3.5 (blue), 20/5 (green), 20/10

(purple), and 20/20 (orange).
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Itis assumed that the linear polymer of PEGigok primary dominates with the polymer associations, as
seen in the phase angle curve of 10/3.5. With the entanglement mass fraction, a solid -like behavior is
considered above the angular frequency of 10 rad s™L. In contrast, BS;o seems highly concentrated, two
water soluble polymers are associated, § > 45, itis considered a deformable and binary linear polymer

solutions.

In addition to rotational rheometry, the flow behavior of the binary solutions is investigated by
capillary extrusion rheometry with a home-developed plunger-based syringe-needle system. The
essential features of capillary rheometers are explained in section 2.1.2. Capillary extrusion is
performed for 15 s, and a uniaxial force is applied to a syringe at a constant velocity at room
temperature. The capillary set-up consists of the needle length of Ly= 44 + 0.2 mm, the needle inner
radius Ry=0.475 mm, and the inner radius of Rs=7.950 mm in 10 mL syringe. A uniaxial force is applied
to a syringe at a constant extrusion rate v, 8.3x10% ms?, 16.7x10% ms?, 33.3x 10*m s, 66.7 x 10°
4ms? and 100 x 10*m s, The experiments are performed at room temperature. The experimental

data sets are interpreted according to the mass fractions of components and the extrusion rate.
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Figure 4.19. True-wall viscosity of BS20 and PEGiook solutions. 20/3.5 (filled red), 20/5 (filled blue), 20/10 (filled green), 0/3.5
(open red), 0/5 (open blue), and 0/10 (open green).

Figure 4.19 shows true-wall viscosity 7,, data sets of PEGigox and BS;o calculated according to the
Rabinowitsch correction (section 2.1.2). A slight shear-thinning is seen in PEG1gok solutions of 0/3.5 and
0/5 in the capillary system. In contrast, no power-law region is observed for 0/10. Similarly, BSyis not
shear-dependent. Considering the solutions at constant g0k, Nw is greatly enhanced in the binary
system. For instance, 7,, are 0.10 Pa s for 0/10 and 0.34 Pa s for 20/10. Consequently, it is considered

that the applied viscous force increases with polymer concentration.
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As a summary of the rheology of the solutions, viscous properties are significantly affected by the
dynamics of entangled networks of long and short chain lengths of PEGigox and PEGgDMA,
respectively. Considering the non-ideality of polymers in water, separated polymer chains provide

network-like behavior.

4.2.3 Phase behavior in binary solutions

DSC measurements investigate the phase behavior of aqueous PEGigok solutions and BS;o. The
influence of the mass fraction between 1 m% and 10 m% in dilute and semi-dilute aqueous polymer
solutions for PEG1gok, and BSyp are investigated by DSC thermograms. The melting temperatures of the
water-rich Ty, \, and the polymer-rich phase T, , change with polymer concentration. Figure 4.20
shows the heating thermograms for aqueous PEG1gox and BS,o. These thermograms exhibit two distinct

melting peaks, which signify the existence of phase separations in a miscible polymer solution.
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Figure 4.20. A) DSC thermograms of water (dashed) and PEGiook solutions. 0/1 (black), 0/3.5 (red), 0/0.5 (green), and 0/10
(blue). B) DSC thermograms of BS»o solutions. 20/0 (dashed) 20/1 (black), 20/3.5 (red) and, 20/5 (green).

According to the values in Table 4.7 obtained from DSC measurements, Ty, \, slightly decreases with an
increase in fi1gok in PEGiook solutions, and Ty, , is almost constant. Then, T, appears around 60 °C
when pigok is 5 Mm% and 10 m%. Figure 4.20B reveals thermograms of the binary solutions. In
comparison, there is no significant difference in Tm,p, but T, w islower in BSythan in PEGigok. A similar
trend is also seen in melting enthalpies of both phases, AH, ,and AH, ,,. Multiple Ty, appears above
40 °C in BSy0 with the entanglement mass fractions PEGigok representing a transient network in the

binary system,7°

Considering the binary viscosity, as the total polymer concentration increases, the nucleation of water
molecules proceeds slower because of the strong associations between polymers and polymer-water
molecules. All these findings demonstrates the formation of weak gel networks in semi-dilute and

concentrated binary solutions, where polymer chains are no longer isolated from each other.7-173
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Table 4.7. The melting temperatures and the melting enthalpies of PEG-based solutions.

Water PEG 00k BSzo
H100K AH , qter Tm’p Thw AH m,p AH,, Tm,p Thw AH m,p AH,,,
m% jg! K K jigt  jg! K K is™t  jg!
0 278.48 - - - - 263.82 2689 263.82 268.9
1 - 263.65 280.4  263.65 2804 26407 27032 264.07 270.32
35 - 26424  279.82 26424 279.82 26423 27315 26423 273.15
5 - 264.15  279.15  264.15 279.15 263.73 27215 263.73 272.15
10 - 264.48 27673 26448 276.73 - - - -

4.2.4 Synthesis and characterization of photo-crosslinked hydrogels

The formulated binary solutions are hydrogel precursors in photopolymerization (Figure 4.21). Their
photo-crosslinking is initiated by Type-l and Type-Il photoinitiators of LAP and Ru, respectively. The

network properties of photopolymerized hydrogels are characterized by swelling measurement and

—_—
Photocrosslinking

Binary solution Semi-IPN

rheology.

Figure 4.21. lllustration of photopolymerization from polymer precursor solutions to semi-IPN hydrogels.

4.2.4.1 LAP-initiated photopolymerization
LAP is a water-soluble and biocompatible photoinitiator commonly used for methacrylated polymers

to obtain their hydrogels via photopolymerization (section 2.3.1).

Scheme 4.3. The cleavage of LAP
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Photo-initiated radical polymerization is performed by irradiation at 365 nm, and LAP absorbs light and

then composes into two radicals that trigger photo-polymerization.!** Figure 4.22 presents the
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spectrum of LAP, where the absorbance maximum is 369 nm as a UV photoinitiator. The molar
extinction coefficient is calculated £ = 333 mol L' cm™ at 365 nm in the aqueous solution of ¢ = 1.87 x

10“mol L.
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Figure 4.22. The absorption spectrum of LAP solution, c=1.87 x 103 mol L1

The investigated PEG-based binary solutions are used as precursors for photopolymerizable hydrogels.

The composition of LAP-initiated hydrogels is presented in Table 4.8.

Table 4.8. The composition of LAP-initiated hydrogels

Network Hydrogel Homa Haoox
m% m%
SNs 5/0 5 0
SN7.s 7.5/0 7.5 0
SNio 10/0 10 0
SN0 20/0 20 0
semi-IPNs 5/1 0 1
5/3.5 0 35
5/5 0 5
semi-IPNyg 10/1 10 1
10/3.5 10 35
10/5 10 5
10/10 10 10
semi-IPNyg 20/1 20 1
20/3.5 20 35
20/5 20 5
20/10 20 10
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The precursors are prepared for two different polymer networks. The first is for the single network

(SN) of PEGgkDMA hydrogels, denoted as 5/0, 7.5/0, 10/0, and 20/0. The second category consists of

semi-IPN hydrogels, PEGskDMA/PEGoox hydrogels, in which ppya is held constant while varying 14 ox-

Examples of these semi-IPN hydrogels include 20/0, 20/1, 20/3.5, 20/5, and 20/10, at the mass fraction

of 20 m%.

A hand-held lamp irradiates the hydrogel precursors at the light intensity of I, ~ 1.5 mW cm™? for

480 s in circle-shaped molds. The spectrum of the light source is presented in Figure 4.23.
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Figure 4.23. The emission spectrum of the hand-held lamp used for LAP-initiated photopolymerization.
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The hydrogels are synthesized via photo-initiated radical polymerization in the presence of LAP. After

photo-crosslinking, tough hydrogels are put into water to calculate the gel content G and the mass

swelling ratio @, to reach the swelling equilibrium.
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Figure 4.24 A) The gel content and B) the mass swelling ratio of LAP-initiated SN and semi-IPN hydrogels, semi-IPNs (green),

semi-IPN7.s (blue), semi-IPN1o (red), and semi-IPN2o (black).
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In Figure 4.24A, it is seen the relationship between G and pg0k- The plots of SN hydrogel, ((1gox =
0) reveals nearly complete monomer conversion by UV. As p11 40k increases, G progressively decreases
in the represented semi-IPN hydrogels. Figure 4.24B shows that it is observed for SN hydrogels
(U100k = 0) as upma increases from 5 m% to 20 m%, Q,,, significantly decreases from 260 to 9. On the
other hand, the semi-IPNy hydrogels do not swell much in water Q,,, = 10 atall pt1yog- The semi-IPN7s
and semi-IPNyg hydrogels show moderate swelling that p;ok is more effective. When their semi-IPN
hydrogels are produced at p,gox > U, Qn- Interestingly, semi-IPNs hydrogels exhibit the most

significant swelling among all hydrogels with Q,, > 510 due to the low photo-crosslinked PEGgDMA

content.

Rheological properties of LAP-initiated hydrogels are investigated after synthesis and in the swollen

state. It presents oscillation measurements of the LAP-initiated hydrogels after synthesis.
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Figure 4.25. Oscillation measurements of LAP-initiated hydrogels after-synthesis. A) Strain-sweep at 6.283 rad s-1 and B)

frequency-sweep at strain 0.1 %, G (filled) and G” (open). 20/0 (black), 20/1 (red), 20/3.5 (blue), and 20/5 (green).

Figure 4.25A shows all hydrogels show LVR according to the strain-sweep measurements that slightly
decrease with 149k from 0.9 % to 0.7 % strain. Figure 4.25B, the frequency-sweeps of G’, with G, =
11000 Pa is for SNyo hydrogels. In contrast, the elastic moduli of semi-IPN, hydrogels decrease
approximately from 7500 Pa to 3250 Pa, as p11gok increases from 1 m% to 5 m%. It can be noted that

G" and G” highly close to each other after-synthesis state.

The rheological properties of the swollen-equilibrium LAP-initiated hydrogels are followed in Figure

4.26.
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Figure 4.26. Strain-sweep measurements of LAP-initiated swollen equilibrium hydrogels at 6.283rad s, A) G" and B) G”*, 20/0
(black), 20/0.5 (grey), 20/1 (red), 20/3.5 (blue), and 20/5 (green).

According to strain-sweep in Figure 4.26, 20/0, 20/3.5 and 20/5 display LVR of G’, up to 1 % strain.
However, the same behavior for semi-IPN,y hydrogels of 20/0.5 and 20/1 cannot be observed. Since
the hydrogels are prepared as a mixture of low and high molar-mass precursor chains, the possibility
of an ideal bimodal polymer network is limited. Two polymer chains are chemically crosslinked and
trapped in the semi-IPN, in which it is impossible to crosslink homogenously in local volumes of the
semi-IPN hydrogels using water as a solvent. Here, in the case of u < u* the weaker crosslinked strands
between the PEGgkDMA network and PEGigok, the disparities in the crosslinks of the semi-IPN fail the
mechanical properties. On the other hand, in the case of u > u*, the chains of the PEGioo« are more
trapped in the photo-crosslinked PEGg<DMA network, making the semi-IPN hydrogels stiffer; thus, the

polymer network responds to better elasticity during deformation.

The frequency-sweeps of the swollen equilibrium LAP-initiated hydrogels are displayed in Figure 4.27.
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Figure 4.27. Frequency-sweep of LAP-initiated swollen equilibrium hydrogels at strain 1%, A) G" and B) G”, 20/0 (black), 20/0.5
(grey), 20/1 (red), 20/3.5 (blue), and 20/5 (green).
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According to elastic moduli, G, is calculated at 140 Pa for 20/0. For 20/3.5 and 20/5, it is 500 Pa and 20
Pa, respectively. 20/0.5 and 20/1 lack plateau regimes due to the considerations above. In addition,
considering the gel content, when the mass fraction of PEG1gox is 5 m%, G’ is slighty higher than G for
swollen state. This indicates the dominance of linear and hydrophilic PEGig chains as a viscous
component considering gel content calculations. Although longer PEG chains are not fully entangled
into the chemically crosslinked PEGgDMA networks at swollen equilibrium, the moduli curves 20/5

represent a viscoelastic soft material.

4.24.2 Ruthenium-initiated photopolymerization
As explained in section 2.3.1, Ru is a Type-Il photoinitiator and a poor water-soluble compound. Since
it requires a co-initiator to initiate a photopolymerization, PEG-based hydrogels use non-cytotoxic APS
at various concentrations.’’* The photo-crosslinking is carried out by irradiation using a UV LED point

light source with emission spectrum at 405 nm, as shown in Figure 4.28.
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Figure 4.28. The emission spectrum of UV-led light source.

Several preliminary experiments by irradiating hydrogel precursors are performed to optimize the

photopolymerization of Ru-initiated hydrogels. The effect of the initial mole of Ru (ng, ), the mole
ratio Of Ru to APS (nRu/nAPS), the light intensity (I4¢5),and the irradiation time (t;..) on the gelation

process and optical appearance are investigated as reported in Table 4.9.

Table 4.9. The preliminary composition of the precursor solutions for Ru-initiated photopolymerization

PEGgxDMA Ngu I4o5 tirr

% ol MRu /) APS W cm=2 ) Observation

16 10 1/20 439 600 no gelation

16 2 1/50 439 300 viscous

14 4 1/50 439 240 gel, opaque

14 2 1/100 439 180 gel, nearly transparent
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Accordingly, a gelation observed at 439 mW cm, when (ng,) increases from 2 mmol to 4 mmol at

constant (nR“/nAPS). However, the obtained gel is not transparent. A transparent hydrogel can be

produced in a shorter time, if (nR“/nAPS) = 1/100. Although ng, increases to 10 mmol, there is no

photo-crosslinking in 600 s. Consequently, itis considered the photopolymerization rate dependent on
naps rather than ng,.
A diluted aqueous Ru solution of ¢ = 6.84 x 10~* mol L™! and Ru/APS solution (1/200) are analyzed

without irradiation by UV-Vis spectrometry.
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Figure 4.29. UV-Vis spectra of Ru solution (black), ¢ =6.84 x 104 mol L't and Ru/APS solution (red) at the mole ratio of 1/200.

Figure 4.29 shows their spectra, in which the absorbance is decreased, with APS showing a
bathochromic effect and a minor absorbance maximum above 400 nm. Itis considered that a hydrogen

abstraction takes place according to the Type-Il mechanism (see Figure 2.16).

As a result of the slow crosslinking mechanism, less concentrated polymer solutions are considered
than LAP-initiated polymer solutions. PEGiook varies up to entanglement mass fraction, y*. Ru-initiated
hydrogels are systemically followed according to the composition of the precursors listed in Table 4.10.
The mole ratio of the (co)initiators varies by adjusting the amount of Ru while keeping the amount of
APS constant. Additionally, the mass fraction of PEGig is varied. Similarly explained in the previous
section, SN and semi-IPN denote single network and semi-IPN hydrogels, respectively. All Ru-initiated
hydrogels are only produced at PEGgDMA mass fraction of 14 m%. Thus, the numeric values
correspond to pqgok in semi-IPN. In addition, the index indicates the mole ratio of Ru to APS. For
instance, semi-0.71/10 symbolizes the semi-IPN hydrogel with the mole ratio of Ruto APS, 1/100, in

which PEGgcDMA and PEGjook mass fractions are 14 m% and 0.7 m%, respectively.
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Table 4.10. The composition of photo-crosslinked hydrogels initiated by Ru/APS at 405 nm

Network Hydrogel Homa Haoox R Ny /Maps
m% m% mmol

SN144/100 SN-144,100 14 0 2 1/100
semi-IPN144,100 semi-0.71/100 14 0.7 2 1/100
semi-2.41100 14 2.4 2 1/100
semi-3.51/100 14 35 2 1/100
SN141/2000 SN-141/5000 14 0 0.1 1/2000
semi-IPN141 2000 semi-0.71/2000 14 0.7 0.1 1/2000
semi-2.41 /2000 14 2.4 0.1 1/2000
semi-3.51/2000 14 3.5 0.1 1/2000

Ru-initiated hydrogels are photo-crosslinked at 439 mW cm, the hydrogels are cured for 300 s. After
synthesis, the hydrogels are put in water to follow swelling measurements. As seen in Figure 4.30A,
there is no full conversion in both Ru-initiated SN and semi-IPN hydrogels. G are calculated 56 % and
64 % for SN141/100and SN141/5000, respectively. In general, semi-IPN hydrogels have lower gel content
than their SN hydrogels. The gel content of the semi-IPN144/5000 decreases from 61 % to 50 % when

K100k from 0.7 m% to 3.5 m%. The gel content for semi-IPN141/1090 no significant change with PEG;qox.
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Figure 4.30. A) The gel content, and B) the mass swelling ratio of Ru-initiated SN and semi-IPN hydrogels, semi-IPN141/2000
(black), semi-IPN141/100 (red).

Figure 4.30B shows that Ru-initiated hydrogels do not swell much in water. The expected swelling
behavior of each series is observed, and Q,, = 16 is for semi-IPN144/5000 and Q,, = 13 for semi-

IPN141/100.
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Figure 4.31. Oscillation measurements of LAP-initiated hydrogels after-synthesis. A) Strain sweep at 6.283 rad s! and B)
frequency sweep at strain 1 %, SN141/2000 (black), semi-IPNO.71/2000 (red), semi-IPN2.41/2000 (blue), and semi-IPN3.51/2000
(green).

Ru-initiated hydrogels do not exhibit a straightforward quantitative comparison, unlike LAP-initiated
hydrogels. In Figure 4.31A, SN141/2000, Semi-IPN0.71/2000 and semi-IPN2.41/2000 hydrogels display a linear
viscoelastic region in G" up to 1 % strain. However, the linear behavior is not observed for semi-
IPN3.51/2000, indicating a highly dynamic network behavior. Regarding the frequency-sweep shown in
Figure 4.31B, G, is measured 120 Pa for SN141,200, While it is 90 Pa and 80 Pa for semi-IPNO.71/2000 and

IPN2.41/2000, respectively.

To summarize, the rheological characterization of all photo-initiated semi-IPN hydrogels, PEGgkDMA
contributes to mechanical property, while PEGipoc €nhances the viscous characteristics. However, this
combination results in an irregular trend due to the nature of the semi-IPN system. The existence of
linear and relatively longer chains of PEGioox causes the formation of looped regions within the
hydrogels. It must be emphasized that photo-initiated radical polymerization might cause

inhomogeneity.

4.2.5 Investigation of the manufacturing parameters in 3D printing

PEG-based polymer solutions serve as inks for creating 3D engineered hydrogels by extrusion-based
printing. The study explores various manufacturing parameters specific to the developed ink
formulations. A critical aspect involves the evaluation of print quality to identify the optimal extrusion
parameters. Itis accomplished using Ru/APS (1:2000) at 405 nm, and LAP photoinitiator at 365 nm for
post-curing. In the final step, circle-shaped printed hydrogels are characterized by focusing on swelling

and rheological properties.

The print tests are done by extruding a 2 cm x 2 cm grid structure. For this, a binary solution with a

ratio of 20/3.5 is selected due to its moderate viscosity for u* (section 4.2.2). The extrusion process for
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these structures is examined with the needle diameter (Dy) of 0.25 mm. The specific print parameters

are detailed in Table 4.11.

Table 4.11. The printing parameters to test print fidelity

Ink Parameter
Flow rate Compensation
PEGgxDMA/PEG 100¢
mm s mm s?
20/3.5 2/2 -
20/3.5 2/1.5 1

The applied pressure during extrusion monitors the flow rate v. The flow rate of 2 mm s is employed
for printing the outer lines, while a slightly reduced flow rate of 1.5 mm stis utilized for the inner lines.
A compensation mechanism is employed by regulating the upward movement rate of the plunger to
reduce over-extrusion after each line is printed. Following these criteria, Figure 4.32 shows the printed

grid structures using the 20/3.5 ink formulation.

Figure 4.32. The extruded 2 x 2 cm grid structures of 20/3.5 at A) constant flow rate, and B) adjusted flow rate with
compensation.

As seen in the printed grid structures, the pores appear in a strongly rounded shape round when the
flow rate is 2 mm s. With the compensation rate at 1 mm s%, the pores inside the grids show sharper

edges.

A post-curing process is employed to evaluate print quality further to solidify the grid line structures.
This post-curing is done at 405 nm for Ru-initiated photopolymerization with a light intensity of 175
mW cm™. The ink formulation of 20/3.5 is extruded to create 2 cm x 2 cm grid structures. The specific

manufacturing parameters are outlined in Table 4.12.
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Table 4.12. Printing parameters of Ru-initiated 2 cm x 2 cm grid structures

Flowrate Compensation Curingspeed

PEGgxDMA/PEG 100« i
mm s? mm s? mms?
20/3.5 2/1.5 1 2.5
20/3.5 2/1.5 1 4

The curing speed significantly impacts the printed structures' stability, as seen in Figure 4.33.

Figure 4.33. Ru-initiated 2 cm x2 cm grid structures of 20/3.5. irradiated with of A) The curing speed is 2.5 mm s and B) the
curing speed is 4 mm st, Flow and compensation rate are 2/1.5 mm s 1, respectively.

The grid structure rapidly loses its aqueous state and dries when the curing speed is 2.5 mm s™.
Although the grid structure exhibits a jelly-like property, it seems mechanically weak. Thus, the
fabrication of hydrogels initiated by Ru/APS may have manufacturing challenges, as mentioned in
section 4.2.2.2. The printing process is examined using LAP as the photoinitiator at 15 mW cm™(Figure

4.34).
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Figure 4.34. Emission spectrum of the light source in 3D printer used for LAP-initiated photopolymerization.
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The manufacturing parameters are systemically investigated by the variations the needle diameters,

flow rates, and mass fractions of PEG1gox.

To explore the impact of flow rates on print quality, extrusion is carried out with a perimeter speed of
25 mm s and a compensation rate of 1 mm s'1. The curing speed is set at 3.5 mm s'to solidify the inks
with varying ratios of 20/0, 20/1, 20/3.5, 20/5, 20/7.5, and 20/10. The resulting images of the printed

structures are displayed in Figure 4.35.

In Figure 4.35, a clear correlation is observed between v and 4ok for achieving high-quality print
fidelity in the ink series of BSyo. For 20/0 (1190x = 0), grid structures cannot be generated at any
measured flow rates. The visibility of grid lines is partly improved by 20/1 with an increase in v. In case
of ty00x > 1*, well-designed grid structures can be successfully produced at all flow rates. For 20/3.5
and 20/5, moderate print quality is achieved, which slightly improves with higher flow rates. When
Mook increases to 7.5 m% and 10 m%, the grid structures can be shaped with well-defined, sharp

edges. Generally, v of 4/2 mm s provides the sharpest pore edges at all 119k -

To assess the impact of Dy on print quality, extrusion is carried out with a perimeter speed of 25 mm
stand a compensation rate of 1 mm s1. From our previous printing experiments, v = 4/2 mm s7Lis
chosen as the optimal flow rate. The curing speed remains constant at 3.5 mm s for solidifying the
inks with varying ratios of 20/0, 20/1, 20/3.5, 20/5, 20/7.5, and 20/10. The resulting images of the

printed structures are displayed in Figure 4.36.

According to the grid structures in Figure 4.36, it is observed that print fidelity is also dependent on
Dy. The grid structures cannot be entirely created at all measured flow rates for 20/0 (u;00x = 0),
and 20/1. In the case of yygox > p*, the print quality can be enhanced at all investigated Dy. 20/3.5
and 20/5 have a moderate print quality at the operated manufacturing conditions. The shape fidelity
is comparably developed with anincrease in Dy and p19ok, @s seen in the image of 20/7.5. When 150k
increased to 10 m%, the grid structures can be shaped with better sharp edges. According to pore wall
evaluations, as Dy decreases, the sharpness of the pore edges can be improved a decrease in pgok-

For instance, Dy = 0.33 mm is the ideal for 20/7.5, while Dy = 0.41 mm is the optimum for 20/10.
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Figure 4.35. The LAP-initiated 2 cm x2 cm grid structures at three different flow rates: A) 3/1.5, B) 4/2, C) 5/2.5 for 20/0; D)
3/1.5E) 4/2,C) F) 5/2.5for 20/1; G) 3/1.5, H) 4/2, 1) 5/2.5 for 20/3.5;1) 3/1.5,K) 4/2, L) 5/2.5 for 20/5; M) 3/1.5,N) 4/2,0)
5/2.5 for 20/7.5; p) 3/1.5, R) 4/2, S) 5/2.5 for 20/10. Dn=0.25 mm.
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Figure 4.36. The LAP-initiated 2 x 2 cm grid structures at three different needle diameters: A) 0.25 mm, B) 0.33, C) 0.41 for
20/0;D) 0.25mm, E) 0.33,F) 0.41for 20/1; G) 0.25mm, H) 0.33,1) 0.41 for 20/3.5;J) 0.25 mm, K) 0.33, L) 0.41 for 20/5; M)
0.25 mm, N) 0.33, 0) 0.41 for 20/7.5; P) 0.25 mm, R) 0.33, S) 0.41 for 20/10. v =4/2 mm s'L,
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Figure 4.37. A) The calculated pore area of the LAP-initiated grid structures as the function of flow rate of inner line, Dy =
0.25 mm. B) The pore area of the grid structures as the function of the needle diameter, v = 4/2 mm s~1. 20/3.5 (black),
20/5 (red), 20/7.5 (blue), and 20/10 (green).

As aresult of all testing parameters, the pore area Ay, Of the grid structures is plotted in Figure 4.37
as the functions of v and Dy. The assessment of A, is the most important criteria evaluating of the
print quality in the 2 mm x 2 mm grid structure. Theoretically, one is to expect each pore to be 0.25
cm?. However, in practice, Apore is influenced by the sharpness of the pore walls. Consequently,
extrusion with larger pore wall dimensions leads to a reduction in the square area Aqr.. Figure 4.37A
illustrates that Apgre for the 20/10 composition approaches the theoretical value across all
investigated v values. For the other grid structures, A, decreases asvincreases. As shown in Figure
4.37B, Apore decreases with an increase in Dy, independent from g0k value. Apqye for the 20/10

composition is less affected by changes in Dy.

To summarize all characterization, some inks show an advanced formulation in manufacturing test
parameters. Significantly, the ink of 20/10 shows an excellent performance considering rheological
requirements (see section 4.2.1) and printability. The formulated inks are considered for 3D printable

hydrogels are summarized in Table 4.13.

Table 4.13. Comparison of the developed inks according to the composition, viscosity, and printability

*

u u n n n
Ink bma 100K 0 v Flow behavior Printability
m% m% Pas Pas Pas
20/10 20 10 0.750 0.390 0.340 Shear thinning very good
20/5 20 5 0.150 0.125 0.100 Shear thinning good
20/3.5 20 3.5 0.019 0.026 0.080 Newtonian moderate
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The advanced ink of 20/10 is extruded to obtain its printed hydrogel. The extrusion steps of the ink are
illustrated in Figure 4.38.

O—0—©

Figure 4.38. Schematic illustration of 3D printing of hydrogels.

Fabricating these gels depends on the filling process, meaning printing takes longer than printing grid
structures. Maintaining a high flow volume is necessary to ensure achieving hydrogels with sufficient
mass and diameter. To achieve this goal, we keep the flow rate, perimeter, and curing speed fixed at
5 mm st and use a needle with a slightly larger diameter of 0.51 mm. The LAP-initiated hydrogels are
then fabricated using a post-curing method with a light intensity of 15 mW c¢cm2at 365 nm. Figure 4.39

displays the images of the hydrogels.

Figure 4.39. The LAP-initiated printed hydrogels with a post-curing method irradiance of 15 mW cm=2 at 365 nm. A) 20/5, B)
20/7.5, and C) 20/10.

Transparent semi-IPN hydrogels with 190k > 1™ are printed in an extrusion-based system, and their
diameter is measured immediately after manufacturing. As g0k increases, there is an observable
decrease in the size of the hydrogels. This suggests that the extruded inks become more stable with
higher viscosity. Additionally, there is a significant increase in the hydrogel thickness when 40k is 10

m%.

The gel content G, and the mass swelling ratio Q,, of the printed gels are calculated and plotted in

Figure 4.40.

Figure 4.40A shows that the manufactured PEGgDMA/PEGioox gel content does not fully convert
hydrogels. A slight decrease is seen with the increase of p;yok.- One possible reason for the lower
conversion in printed hydrogels could be attributed to the oriented structure of the linear polymers
during extrusion. In Figure 4.40A, Q,, = 20 is calculated at all y;yox- The measured values for LAP-

initiated printed hydrogels appear to be lower than those of their conventional hydrogels.

65



100 — T T T T T 30 T T T T T T T T T T
A B
80 |- i
1 2 | ([ J 4
— o o
60 |- -
X o—o ° X
(L) (L)
40 | 4
10 - 4
20 4
0 1 1 1 1 1 1 0 1 1 1 1 1 1
0 2 4 6 8 10 0 2 4 6 8 10
o
Hago / M% Mook / Mm%

Figure 4.40. A) The gel content, and B) the mass swelling ratio of LAP-initiated printed hydrogels.

The rheological properties of swollen equilibrium LAP-initiated printed hydrogels are investigated by

rheometry. Figure 4.41 shows the rheological measurements.
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Figure 4.41. A) Strain-sweep measurement of the LAP-initiated printed hydrogel at 6.626 rad s™1. B) Frequency-sweep of the
LAP-initiated printed hydrogel at strain 1 %: 20/5 (green), 20/7.5 (cyan) and 20/10 (purple).

As seen in Figure 4.41A, the elastic response of swollen LAP-initiated printed semi-IPNyg hydrogels
shows LVR in G" up to 1 % strain. This linear behavior decreases as 4ok increases. Notably, the printed
semi-IPNyo hydrogels prepared at pyo50x > 4* that indicates an ideal hydrogel formation. The
frequency-sweeps in Figure 4.41B, their curves indicate a high stiffness. In addition, G, value for 20/10
is calculated at 1500 Pa. As p4g0k increases, G, decreases and 1120 Pa and 60 Pa are calculated for

20/7.5 and 20/5, respectively.

The printed hydrogels exhibit better mechanical properties, although their gel content is lower than
the hand-made hydrogels. The ideal network formation of the printed hydrogels can be the result of

the orientation of the linear polymer during the extrusion.
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4.2.6 Conclusion

PEG-based solutions are being explored by adjusting the mass fractions. The mass fraction of PEG100K
significantly developed the flow properties with entanglement in the binary solutions. On the other
hand, the functional polymer PEGgDMA contributes to viscoelasticity due to the methacrylate
pendant groups. The binary precursors of PEGgkDMA/PEGo0k, including the LAP photoinitiator, can be
converted into a photo-crosslinked network by UV irradiation at 365 nm. The flow stability shape
fidelity of the ink points out the importance of viscosity. The binary solution of 20/10 prepared above
the entanglement mass fraction of PEGook is the most favorable formulation, leading to optimal print

fidelity. Specifically, the printed hydrogels in the IPNygclass exhibit elastic moduli ranging from 1500
Pa to 650 Pa.
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4.3 Characterization of photolabile linkers and photodegradable

poly(acrylamide) hydrogels

Photocleavable compounds based on o-nitrobenzyl (NB) are widely favored in hydrogels due to their
biocompatibility and effective responsiveness to light. These compounds possess photolytic properties
that can be employed by incorporating various labile bonds, such as ester, amide, carbonate, and
carbamates at specific cleavage sites.!?® When exposed to light, PEG-based photodegradable hydrogels

containing NB photolabile linkers have outstanding photodegradation capabilities.'?

A category of photodegradable materials provides the ability to control and adjust properties within a

175

targeted system. These materials are used in diverse applications such as drug delivery,'’> polymer

177 primarily driven by the influence of photodegradable components.

design,’® and tissue engineering
The specific class of these materials can be determined by photolabile linker, which plays a pivotal role
in operating the material performance. Absorption maxima and quantum yields of the compound

influence the structural properties of matrices.

In this chapter, UV-Vis spectrometry investigates photolytic activities of NB-based photo linkers in
solution state. P(AAm)-based copolymer hydrogels are synthesized to analyze the gel-state
photodegradability of the photolabile linkers. At the end, 3D photopatterning is employed for the

hydrogels at various crosslinking ratios based on multi-photon absorption.

4.3.1 Synthesis of poly(ethylene glycol)-based photolabile linker

A photodegradable PEG-based compound, specifically a nitrobenzyl ether-derived unit, is chosen due
to its high photolytic efficiency and susceptibility to light-induced degradation. Comparable light-
sensitive functionalities are employed by multi-step modification in a synthetic approach.3> To create
a foundational photodegradable monomer, the process involves methacrylation of this photolabile

moiety using a hydroxyl group attached to a photodegradable methacrylate, as shown in Scheme 4.4.

Scheme 4.4. Synthesize of the methacrylated o-nitrobenzylether moiety
OH 0%
NO, O TEA NO, @)
¥ cl
o o *J\ DCM, RT “ o

ONLOH O\/\)LOH
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The methacrylate photolabile moiety is synthesized by using a pendant hydroxyl group, yielding
photodegradable methacrylate (Scheme 4.5) In this step, we attach methacrylated o-nitrobenzylether
to PEG—bis-amine (2000 g mol?), leading to a photocleavable dimethacrylate macromer called Plpeg.
As aresult of multi-step synthesis, the photodegradable methacrylated PEG-based macro photo linker

(PLpeg) is obtained at the functional degree of f ~ 76 %. 'HNMR spectrum is presented in Figure 4.42

Scheme 4.5. Synthesize of the photodegradable methacrylated PEG-based macro photo linker (PLeeg).
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Figure 4.42. 1H-NMR spectrum of the photodegradable methacrylated PEG-based macro photo linker (PLpeg).
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The methylene protons of the ethylene glycol repeating units appear at 3.51 ppm, and the junction
proton of ethylene glycol belongs to the peak at 4.31 ppm. The protons of the vinyl group are seen at

5.74 ppm and 6.14 ppm, indicating the occurrence of methacrylation.

4.3.2 Characterization of o-nitrobenzyl photolabile linkers by UV-Vis spectrometry

UV-Vis spectrometry measurements are systemically followed by preparing their diluted solutions; ¢ =
5.3710%mol LY, ¢ =2.68 10*mol L'}, ¢ = 1.3410*mol L'}, ¢ = 0.67 10*mol L%, and ¢ = 0.34 10*mol
L*for all photo linkers. The prepared solutions are placed in quartz cuvettes with a path length of 1 x

102 m2.

For the degradation kinetics, 2.68 10 mol L solutions are irradiated with the light intensity of 0.83
mW cm in a UV chamber. The quartz cuvettes are irradiated in the UV chamber at 365 nm. The

absorbance spectra of the irradiated samples are analyzed to determine the quantum vyields.

The synthesized macro crosslinker of PLpgg is a water-soluble compound. UV-Vis spectrometry analyzes

its aqueous solutions and absorbance curves in Figure 4.43.
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Figure 4.43. A) Absorption spectra of the aqueous PLpes solutions. ¢ = 5.37 10*mol L (black), ¢ =2.68 10*mol L (red), c =
1.34 10*mol L (blue), ¢ =0.67 10*mol L (green), and ¢ = 0.34 10*mol L (purple). B) The calibration curves for 307 nm
(black), 345 nm (red), and 365 nm (blue).

In Figure 4.43A, UV-Vis spectra of Plpgg represents a typical UV photo linker with two absorption
maxima at 307 nm and 343 nm. The molar absorption coefficients of the photo linker are calculated
using equation 2.38. From the calibration curves seen Figure 4.43B, the highest molar absorption
coefficient is calculated at 6494 mol L' cm™ at 307 nm. The molar absorption coefficients are lower at

365 nm and 345 nm calculated 4380 mol L'* cm™ and 3870 mol L' cm™, respectively.

The solution-state photodegradation kinetics is analyzed by following the absorbance maximum of

each curve after irradiation.
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Figure 4.44. A) Absorbance-wavelength spectra of the irradiated aqueous PLpes solution irradiated at 0.83 mW cm2, ¢ = 2.68
104 mol L. The curves correspond to the following irradiation times: tir = 0 (prior to irradiation) (black), tir = 900's (red), tirr
=1800s (blue), tir = 27005 (green), tir = 3600 s (purple), tir =4500s (brown), tir = 5400 (cyan), tir = 6300s (dark brown),
tir = 7200 s (dark yellow). B) Plot of concentration-irradiation time with curve fitting using linear regression fit.

Figure 4.44A displays a decrease in the absorbance maxima with irradiation time. The decrease in the
absorbance in the range of 300 nm - 365 nm indicates the occurrence of a photocleavage of PLpgs in
the solution state.'’® Figure 4.44B shows the change in the concentration during photodegradation.

The rate constant k (mol L™ s™1) can be described assuming a zero-order rate.

—d[PL]
dt

=k (4.7)

kprppe = 1.22x 1078 mol L™ s™, and the quantum yield of Plee, Ppy,,, = 0.0454 calculated

according to equation 2.39.

In contrast to PLpeg, the other NB-based photo linkers have no repeating units, they are functional with

acrylate end groups. The photo linker with the ester labile group is described as PLest. The other has

carbamate labile group at methyl substituted benzylic position, named PLcarb.

Scheme 4.6. Chemical structure of the photo linkers. A) PLest and B) Pleans
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The photo linkers are poorly water-soluble compounds. They are dissolved in water/ethanol (1:1 v/v)

to analyze by UV-Vis spectrometry. The outcomes are demonstrated in Figure 4.45.
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Figure 4.45. Absorption spectra of the A) PLest and C) PLears in water/ethanol (1/1v/v %) solutions. ¢ =5.37 10*mol L' (black),
c=2.6810%*mol L (red), c = 1.34 10*mol L? (blue), c = 0.67 10* mol L1 (green), and ¢ = 0.34 10*mol L (purple). The
calibration curves of B) PLestand D) PLcarb for 307 nm (black), 345 nm (red), and 365 nm (blue).

The presence of two distinct absorption maxima is observed in the UV-Vis spectra. Specifically, for PLegt,

absorbance maxima are located at 295 nm and 343 nm. A slight bathochromic effectis observed when

the labile bond changes to carbamate; PL.w, shows absorbance maxima at 307 nm and 345 nm.

According to the literature,?® it is expected that both photo linker exhibit moderate molar absorption

coefficients in the UV range as seen Table 4.14.

Table 4.14. The molar extinction coefficients of Plest and Pleary

Molar absorption coefficient, &£

Photo linker mol L cm™
A307 Asgs Ases
PLlest 5529 5897 4828
PLearb 5066 5563 4681

For the solution-state photodegradation kinetics, the photolytic behaviors of the PLest and PLear, in

water/ethanol (1:1, v/v) are analyzed by UV-Vis spectrometer. Their absorbance curves are displayed

in Figure 4.46.
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Figure 4.46. Absorbance-wavelength spectra of the irradiated A) PLestand B) PLears in water/ethanol (1:1v/v) irradiated at 0.83
mW cm2 in UV chamber, ¢ = 2.68 10-4 mol L. The curves correspond to the following irradiation times: t = 0 (prior to
irradiation) (black), tir =900 s (red), tir = 1800 s (blue), tir =2700 s (green), tir = 3600 s (purple), tir = 4500 s (brown), tir =
5400 s (cyan), tir= 6300 s (dark brown), tir=7200 s (dark yellow).

Figure 4.46A shows the absorption spectra of PLest that there is almost no change with irradiation.
Thus, we assume its photodegradation is poor. On the contrary, Figure 4.46B displays the absorbance
spectra of PLcw. There is a typical absorption behavior indication of a class of a-carbamates

compound.” The absorption maxima decrease at 307 nm and increases at 345 nm with irradiation.
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Figure 4.47. Plot of concentration-irradiation time with curve fitting using linear regression fit. PLest (open) and PLcar (filled)

Figure 4.47 shows the photodegradation kinetics of Pl and Plest, assuming a zero-order
photodegradation rate. According to equation 4.7, the reaction rate constants are kq,q =
1.33x107 8 mol L™t s7! and koo = 1.74 x 1072 mol L™ s71. Using the equation 2.39, the quantum

yield of PLcarb, Pcary, = 0.1450 is calculated higher than Plest, ¢esy = 0.0419.

Due to the investigation of NB-based photo linkers, the proposed photodegradation mechanism is
considered according to the well-known photodegradation mechanism of the 2-nitrobenzyl.’*® The
mechanism is displayed based on PL. in Scheme 4.7. Upon UV irradiation, photo linkers transition

from the ground to an excited state. Ahydrogen abstraction within the molecule triggers the formation
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of an aci-nitro form. A cyclization process follows a ring-opening, results in cleavage, and leaving grop

(LG) releases as a byproduct.

Scheme 4.7. Photolytic mechanism of PLcarb
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Considering the spectra Pl obtained by UV-Vis spectrometry (Figure 4.46), the decrease in
absorption maxima at 307 nm is attributed to mw — ™ aryl transitions causing photocyclization
(compound 3 in Scheme 4.7). Simultaneously, there is an increase in absorption at around 345 nm,
indicative of n — ™ transitions, associated with the formation of the keto-structure (compound 5 in

Scheme 4.7), the photocleaved structure.®

Among the other NB-based photo linkers, although PL.s; shows a higher molar absorption coefficient,
its quantum vyield needs to be higher. Itis assumed that the reaction rate is too slow to cleave the ester
labile bond at the benzylic position (compound 3 in Scheme 4.7) which is the rate-determining step.'*
Interestingly, a noticeable change in absorption maxima is observed for PLpeg despite consisting of
ester photolabile bonds. The substitution of a methyl group at the benzylic position enhances
photocleavage kinetics. Inaddition, PLpeg is a bifunctional photo linker regarding the number of cleaved

labile bonds in a molecule, its photodegradability is assumed to be better than Plest.

The photolytic activity of PLes is also tested in the solution state to investigate the effect of a light
source on the photolytic activity. In a similar way, the solution of 2.68 x 10 mol L in water/ethanol
(1:1 v/v) is irradiated by hand-held lamp (I, = 1.5 mW cm™2), the absorption spectra are presented
in Figure 4.48.
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Figure 4.48. Absorbance-wavelength spectra of the irradiated PLestin water/ethanol (1:1v/v)irradiated by hand-held lamp, /o
=1.5mWcm?2, c=2.68 10 molL™. The curves correspond to the following irradiation times: t = O (prior to irradiation) (black),
tir = 9005 (red), tir = 1800 (blue), tir =2700s (green), tir =3600s (purple), tir =4500s (brown), tir =5400s (cyan), tir = 6300
s (dark brown), tir = 7200 s (dark yellow). B) Plot of concentration-irradiation time with curve fitting using linear regression
fit.

With an increase in the light intensity by using different light sources with a broader light spectrum
(see Figure 4.22B), the photolytic activity of PL.s is enhanced. Its absorbance maxima decrease with

irradiation, and the quantum yield is calculated ¢’.s; = 0.3157 at these conditions.

4.3.3 Photodegradation of polyacrylamide hydrogels

Photolytic behaviors of the NB-based photo linkers are investigated with an in-depth UV-Vis
characterization. Specifically, we explore the crosslinking of P(AAm)-based hydrogels using the photo
linker. We aim to investigate their suitability for creating 3D patterns by multi-photon lithography.
Modifying a polymer network, including a photolabile linker, can significantly influence the stiffness of
a hydrogel network upon light irradiation. This can be achieved by increasing crosslinking, resulting in

greater stiffness or inducing degradation or cleavage to create softer regions.

Scheme 4.8. Crosslinking of P(AAm) with NB-based photo linkers via redox-initiated free radical polymerizations
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To evaluate the gel-state photocleavage characteristics of PLest and Plcarb, @ redox-initiated free radical
polymerization is employed to synthesize P(AAm) copolymer hydrogels. These photo linkers served as
crosslinkers in the presence of APS and TEMED. Furthermore, plain hydrogels without photo linker are

produced using N,N’-methylene-bis(acrylamide) (MBAA) as the crosslinker.

The precursors are used to proceed with the copolymerization for one hour. The synthesized
copolymer hydrogels of P(AAm-co-MBAA), P(AAm-co-PLest), and P(AAm-co-PL.rb) put into water, the

equilibrium mass swelling ratio, q,, is calculated:

Msw

Gm =2 (4.8)

The obtained results from swelling measurements are shown in Figure 4.49.
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Figure 4.49. A) The gel content of PAAm-based hydrogels, B) The equilibrium mass swelling ratio of PAAm-based hydrogels.
P(AAm-co-PLean) (black), P(AAm-co-PLest) (red), and P(AAm-co-MBAA) (blue).

Swelling measurements evaluate the network properties of the synthesized hydrogels. Figure 4.49A
shows that the gel fractions of P(AAm-co-MBAA) and P(AAm-co-PL.t) approach to complete monomer
conversion, G > 90 %, except for their hydrogels a = 0.009. In contrast, the gel fraction in P(AAmM-
co-PLcarp) hydrogels shows lower gel content at all @, in the range of 52 % - 44 %. Despite the low
conversion P(AAm-co-PLcrw) hydrogels demonstrate significantly higher g, between 42 and 70
depending on the crosslinking ratio (Figure 4.49B). The hydrophilicity of the photolinker can explain
this. PLcarb exhibits a considerably stronger affinity for hydrogen bonding than the hydrogels crosslinked
by PLest and MBAA. With the same considerations, P(AAm-co-PL.st) hydrogels are slightly more swell
than P(AAm-co-MBAA) hydrogels, and their g, shows a trend line decreasing with an increase in

crosslinking ratio.

The influence of NB labile bond chemistry on the rate of photodegradation is investigated by

monitoring the swelling measurements of the hydrogels upon irradiation at 365 nm in the UV chamber
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at the intensity of 10. 71 mW cm™, as illustrated in Figure 4.50.
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Figure 4.50. Schematic representation of photocleavage and swelling of hydrogels upon irradiation. Photolabile linkers
(purple).

The equilibrium mass swelling ratio upon the UV irradiation, qg" is calculated by swelling using the

following equation:

uv
Uv _ Msw
Im’ = (4.9)

Here, m{Y represent the swollen mass upon irradiation.

P(AAM-co-PLcar) hydrogel samples are irradiated at 365 nm for900 s, 1800 s, 2700 s, and 3600 s in the

UV chamber. The swelling measurements are followed for P(AAm-co-PL..) hydrogels upon irradiation.
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Figure 4.51. A) The equilibrium mass swelling ratio upon UV irradiation at different irradiation time for P(AAm-co-PLcan)
hydrogels, a = 0.0015 (black), @ = 0.003 (red), and « =0.0045 (blue). B) The equilibrium mass swelling ratio upon the UV
irradiation for P(AAm-co-PLean) hydrogels at tir = 300 s, « =0.003 (red), and a =0.0045 (blue)

The structure-property relationship after UV irradiation depending on t;.. and a:

1. For P(AAm-co-PLean) hydrogel with a@=0.0015, there is a proportional increase in g5’ with
tirr, Up to 2700 s. However, the samples of these hydrogels irradiated at all t;.. are leached

out. Thus, it is assumed that there is an increase in swelling due to a highly wet state.
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2. For P(AAm-co-Plm) hydrogel of @=0.003, q\V depends on t;... When irradiated fora longer
time, q}flv is a decreasing trend. Their gels are yellowish gels after UV irradiations, indicating

photodegradation.

3. For P(AAm-co-PLc) hydrogel of a=0.0045, qr[,JIV increases proportionally with t;.. in the
range of 1800 s to 3600 s, with the appearance of relatively dark yellowish gels after

irradiation.

There is a decrease in ¢V when t;,, is increased from 900 s to 1800 s, indicating a lower limit to cleave
labile bonds in the polymer network. There is a strong relationship between photodegradation and
stiffness of the hydrogels (section 2.3.3). The other parameters are the irradiation conditions, such as
irradiation time, light intensity, and light source. Figure 4.51 shows that P(AAm-co-PLa) hydrogels of
a=0.003 and show almost no swelling for 72 h, qr‘f,V =~ 1. Thus, no photodegradation is observed

when ;.. = 300 s

4.3.4 3D photopatterning

The photocleavage performance of PL.in solution state and gel state encourage to use them in 3D
photopatterning. Subtractive photopatterning of the swollen hydrogels is accomplished via multi-
photon lithography by using a state-of-the-art 3D printer (LightFab GmbH, Aachen). The
photodegradable hydrogels are exposed to the pulse energies E, ranging from 150 nJ to 40 nJ. The

pulse duration is at 500 fs, with a variable repetition rate frep of 1.5 MHz and 10 MHz, at 1030 nm. The

laser radiation is meticulously focused within the hydrogels using a 20 x / 0.4 objective, resulting in a
focal diameter of approximately 2 um. In the z-direction, the distance between two layers is precisely
set at 3 um, while x- and y-coordinates, the line separation is maintained at 2 um. The polarization of
the laser radiation is circular, remaining independent of the writing direction for the laser-induced

structures. 3D patterns are generated on P(AAm-co-PL.) hydrogels by multi-photon lithography.

The photopatterning is carried out on the P(AAm-co-PL.,b) hydrogels at the repeating rate of 1.5 Hz by

varying E,. The microscopic images of the cubic patterns are presented in Figure 4.52.

The images visually represent 3D photopatterns on P(AAm-co-PL.m) hydrogels generated by multi-
photon absorption. The speckles on the irradiated area indicate bubble formations due to the high
laser pulse energy due to surface erosion.'®! These pulses are absorbed by aqueous networks, causing
extremely localized heating and sublimation in tiny volumes, forming a small vapor bubble during
direct-laser contact. The high-speed processes are directly related to the laser energy and surface

chemistry. 182
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Figure 4.52. 3D patternning of P(AAm-co-PLcarb) A) =0.0015B) «=0.003 C) «=0.0045 D) a=0.009, and E) P(AAm-co-MBAA)
o =0.009 hydrogels. The values represent the applied pulsed energy. frep = 1.5 MHz. The scale bar is 500 um. (LightFab GmbH,
Aachen).

As aresult, the bubbles are seen when the pulsed energy E, > 60 nJ. On the other, the assessment of
photodegradation is based on optical appearance, distinguishing between the irradiated and non-
irradiated areas. The yellowish volumes in the images indicate the regions where the crosslinked
network undergoes cleavage. As in the reference gel, in the P(AAm-co-MBAA) hydrogel of a = 0.009,
its irradiated volumes show no color change at the pulsed energy of 70 nJ, 80 nJ, and 100 nJ. In P(AAm -
co-PLcrp) hydrogels, it is observed that the yellowish appearance changes proportional to the
crosslinking ratio. Based on this, the P(AAm-co-PLc) hydrogel at a= 0.0015 is poor in 3D
photopatterning. When the crosslinking ratio increases from 0.0015 to 0.003, the patterned volumes
appear milky-white considering a weak performance. In contrast, yellowish volumes are visible for the
hydrogels of = 0.0045 and a= 0.009, with less bubble at E;, = 70 nJ, and partially yellowish at 60

nl. However, the multi-photon absorption cannot be done when E}, < 60 n].

A staining experiment is conducted to identify the presence of the cleaved network. The idea is to
observe distinct patterns that exhibit a deep yellow coloration, which varies depending on the reaction
progress. This coloration phenomenon is expected from a chemical reaction between the dissolved
2,4-dinitrophenylhydrazine (DNPH) in HCl(5q)and the ketone group of the cleaved product (see Scheme
4.9).
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Scheme 4.9. The reaction between DNPH and the cleaved polymer network in P(AAm-co-PLcar) hydrogels
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Based on the staining experiment, a vascular branch system is patterned by multi-photon absorption.
The photopatterning is carried out on the P(AAm-co-PL) hydrogels at the pulse energy of 60 nJ with
the repeating rate of 1.5 Hz and 10 Hz. The microscopic images of the vascular branch system with

staining are shown in Figure 4.53.

A B

Figure 4.53. The images of vascular patterns on P(AAm-co-PL;) hydrogel of a=0.0045 with staining experiment at the pulsed
energy of 60 MHz. A) frep = 1.5 MHz B) frep = 10 MHz. Scale bar 500 um. Images from LightFab GmbH, Aachen.

Figure 4.53 illustrates a vascular branch model in P(AAm-co-PLcs) hydrogel of a = 0.0045 through
multi-photon absorption. A photocleavage process occurs within the polymer network, asindicated by
staining in the vascular branches. However, this staining is relatively indistinct when using a repetition
rate of 1.5 MHz, as seen in Figure 4.53A, In Figure 4.53B, when the repetition rate increases to 10 MHz,
the staining is greatly improved, and a vascular branch is done. It is considered that the absorbed
energy at a high repetition rate induces laser absorption that is finally feeding the chemical reaction

by the repetition rate.

4.3.5 Conclusion

The UV-Vis characterizations of NB-based photo linkers demonstrate the photolytic activities
depending on the chemistry of the cleave position. The photo linker of PLcar, including carbamate labile
bond, generally has a slightly higher quantum vyield than that of PLest and PLpeg, consisting of ester labile
bonds in solution state. In contrast, the molar absorption coefficients are calculated higher when the

80



labile bond is ester. Among the P(AAm)-based copolymer hydrogels crosslinked by photo linkers at the
same crosslinking ratio, P(AAm-co-PLr) hydrogel swells more because of the higher hydrophilicity of
the polymer network. 3D photopatterning P(AAm-co-Pl.) hydrogel, depending on multi-photon
absorption, indicates the influence of process parameters. Finally, the vascularized model is
successfully applied for P(AAm-co-PLcr) hydrogel @ = 0.0045 at the pulse energy of 60 nJ and the

repetition rate of 10 MHz.
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5 SUMMARY

This thesis evaluates the suitability of some synthetic polymers, their solutions, and hydrogels in the
context of their promising applications in biological systems. All comprehensive assessments consider
the distinct characteristics and properties of the investigated polymer architectures and networks by
matching the requirements of tissue engineering within the domains of 3D printing and microscale
techniques. The functionalized synthetic polymers of PEG and P(AAm) are specifically designed to
exhibit their structural properties that possess unique structural properties to enable them to perform
specific functions in their materials. The hydrophilic polymer of PEG diols at various molar masses is
successfully functionalized with different end-groups. PCL terminates the high molar mass of PEG
backbones to enhance the structural properties in water. The biodegradable and water-resisted PCL
improves the thermal properties of the triblock copolymers. PEG is also modified by methacrylate end
groups, allowing water-soluble and photopolymerizable macromers of PEGgkDMA. PEGg<DMA shows
outstanding properties as an intelligent polymer. Its solutions and hydrogels show tunable properties
by varying concentrations. The following functional form of PEG is synthesized as a macro crosslinker
with NB-based photolabile precursor and methacrylate end groups used as a photodegradable
polymer. Photo linkers functionalize the other synthetic P(AAm) to produce their copolymers and
conventional networks with MBAAM. The hydrophilicity of P(AAm)-based copolymers is greatly
improved with photodegradability.

In the first approach, with the aim of physical crosslinking via hydrophobic associations, amphiphilic
triblock copolymers of PCL-PEG-PCL are synthesized by coordination-inserted ring opening
polymerization initiated by PEG diols above the critical molar mass. It is demonstrated that the
synthetic conditions of the reactions significantly affect the resultant composition of the product.
Although the polydispersity of the synthesized triblock copolymers is in the expected range, the
presence of PCL-rich side product is detected by SEC measurements. An efficient fractionation method
to extract this fraction from the raw product is developed to understand the structure-property
relationships. *H-NMR characterization proves the occurrence of the triblock structure with different
block length ratios between the middle block of PEG and the end blocks of PCL. It is concluded that the
hydrophilic PEG block dominates the thermal properties of the purified triblock copolymer, and their
melting temperatures are around 60 °C. By DLS, the hydrodynamic radius of the aggregated Rp is
determined between 250 nm and 470 nm, indicating the state of dispersion of the triblock copolymers
in water. However, a sol-gel transition is not observed at an applicable temperature, even in
concentrated solutions. It is considered that the critical temperature significantly shifts to higher

temperatures by considering that PEG can display UCST properties.
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Secondly, PEG diol (8000 g mol?) is functionalized by methacrylate end groups to allow the production
of photo-crosslinked hydrogels in 3D printing approaches. The functional polymer of PEGgcDMA is
successfully synthesized with a high functionality of f > 90. PEGgDMA and PEGgDMA / PEGqok binary
solutions are formulated to adjust the viscosity of the 3D inks with varying mass fractions. Concerning
the relatively low viscosity profile of diluted and semi-diluted PEGskDMA solutions as a single-
component ink, PEGiook is found to be applicable as a viscosity enhancer to adjust the flow behavior
and by the introduction of entanglement above the critical concentration of PEGok, #* = 3.5 m%.
The resulting viscosity and flow behavior are the critical rheological parameters of the polymer
solutions concerning their use in an extrusion-based 3D printing process. The binary solutions
investigated comprise PEGgkDMA mass fractions between 10 m% and 20 m%, and the viscosity is
significantly increased up to 10 Pa s zero-shear viscosity in the presence of the linear PEGigox.
Importantly, PEGigok is observed to result in a shear-thinning behavior, which is for the adjustment of
3D-printing parameters. In addition to the shear rate-dependent viscosity behavior, frequency-sweep
measurements show the significant viscoelasticity of the formulated potential ink. Complex viscosity
curves demonstrate an advanced structural behavior compared to simple polymeric solutions. The
presence of entanglements in the final mixture is observed with the oscillation procedure. A weak-gel
formation is seen by varying the PEGioox mass fraction. The binary precursor solutions are converted
into semi-IPN networks by photopolymerization. According to the free-radical polymerization
mechanism, two photoinitiators are wused for crosslinking reactions. LAP initiates the
photopolymerization in the UV light range at the wavelength of 365 nm. In comparison, the Ru initiator
is activated in the presence of co-initiator APS in the visible light range at the wavelength of 405 nm.
Swelling measurements and rheology characterize the semi-IPN PEGgxDMA / PEGigox hydrogels. Typical
semi-IPN properties are observed, in which the chemically crosslinked PEGgxDMA provides the overall
stability of the polymer networks. At the same time, linear trapped PEGiqok plays the role of dissipating
the loaded energy. Concerning the whole entanglement of PEGigok to the photo-crosslinked PEGgxDMA
network, photo initiation with LAP shows a good performance in converting it into hydrogels. The gel
fraction shows a declining trend with an increase in PEG;00x mass fraction. The solid properties of the
hydrogels increase in modulus with an increase in PEGgxkDMA concentration and a decrease with an
increase in PEGgox concentration. A similar trend is also observed for the swelling ratio. The swelling
ratios of the IPNs, IPN7s, IPN1g, and IPNyg series of hydrogels significantly vary from approximately 1000
to 9 with the PEGgxDMA and PEGjgox mass fraction variation. Significantly, the network properties of
the IPN20 series can be primarily varied by PEGigox mass fractions. However, it is observed that PNy,
IPN7s, and IPNs hydrogels are more prone to be dominated by PEGigox components that can weaken

the stiffness of semi-IPN PEGg<DMA / PEG1qox hydrogels.
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The elastic modulus of IPNygis measured up to 7500 Pa after synthesis, while in the swollen-equilibrium
state, hydrogels show elastic moduli between 20 Pa and 50 Pa as a function of PEG;go« mass fraction.
In 3D-printing method development, the printing quality of the binary solutions is tested by varying
mass fraction of the components, needle diameter, and flow rate. Detailed tests on the effect of
manufacturing parameters on the properties of printed structures using the LAP photoinitiator,
provided the photoinitiation efficiency is observed as effective and directly impacts the created
structures' print fidelity. It is observed that the most critical parameter is the mass fraction of PEGg.
As the viscosity enhancer, significantly above the entanglement mass fraction, PEGyoox dramatically
increases the flow stability of the ink and the print fidelity of the grid structures, showing the
considerable contribution of the viscosity. Overall, the binary solution 20/10 (mass fraction of
PEGgkDMA / PEG1o0k) shows an optimum ink formulation. Since one primary parameter is the viscosity
of the ink formulation, the other manufacturing parameters are evaluated for this specific composition.
In this respect, the employment of the varying needle diameters affects the flow behavior of the inks
during the extrusion. In the case of using the needle at smaller diameters, inconsistent capillary flow
can be seen for the formulation. Applying these optimized extrusion parameters, the formulated inks
of 20/5, 20/7.5, and 20/10 photo-crosslinked semi-IPN hydrogels in the presence of LAP. The gel
fractions of the hydrogels, produced at the wavelength of 365 nm with the light intensity of 15 mW cm’
2, are around 60 %, and the swelling ratios are calculated around 20. The rheological investigation of
the printed hydrogels demonstrates good viscoelastic properties. The plateau moduli of the swollen
equilibrium printed hydrogels are calculated between 1500 Pa and 60 Pa depending on the PEGig

fraction, showing the versatility of the approach.

Last, P(Aam)-based photocleavable hydrogels are prepared and investigated concerning their 3D-
photopatterning properties. Two photo linkers are employed as crosslinkers, yielding copolymeric
network structures. By varying the crosslinker ratio, the P(AAm)-based hydrogels are chemically
crosslinked by PLest and PLcarh and compared with the hydrogels crosslinked by MBAA. Although P(AAm-
co-PLarb) hydrogels exhibit lower conversion, their hydrogels swell much more than P(AAm-co-Plest)
and P(AAm-co-bis) hydrogels since the more hydrophilic chemical structure of Pl probably
contributes to swelling properties of the P(AAm) network. Following the concept of this idea, photo
linkers, PLest and PLcarb, are analyzed in solution state by UV-Vis spectroscopy. Both photo linkers display
similar absorption profiles in ethanol/water (1:1 v/v) in a UV light range. Their absorption maxima are
detected at around 307 and 345 nm, respectively. Although Pl has a higher molar extinction
coefficient than PlLemw, the quantum vyield is calculated 0.0419 and 0.1450 for PLest and Plear,
respectively. The carbamate functional group and the methyl substituent in the cleavage position are

considered to enhance the photolytic efficiency of the PL.b. Regarding photocleave performance in a
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gel state, P(AAm-co-PL.,) hydrogels are exposed to UV at 365 nm to investigate the relationship
between irradiation time and crosslinking ratio. According to the mass swelling ratio upon irradiation,
the crosslinked network responds to UV light as expected. Weaker hydrogels are observed as the
crosslinking ratio decreases, especially those prepared at ¢ = 0.0015. Nevertheless, the mass-
swelling ratio of the hydrogels is calculated from 14 to 2 in the tested irradiation time of 300 s, 1500 s,
2700 s, and 3600 s. The P(AAm-co-PLcarp) hydrogels of @ = 0.003 and a = 0.0045 cannot be cleaved
when the irradiation time is 300 s. As a result, 3D photopatterning of P(AAm-co-PL.) hydrogels is
performed by multi-photon lithography. Similarly, the relationships between crosslinker ratio and
process parameters are investigated by varying the pulse energy and repetition rate. As the crosslinking
ratio increases, the required pulsed energy increases. However, bubble formations arise when the pulse
energy exceeds 60 nJ at all P(AAm-co-PL.ars) hydrogels. On the other hand, when the crosslinking ratio
decreases, weak 3D patterning is observed on the gel surfaces. The photocleavage is tested for the
vascular branch system with a staining experiment; because of expectation, vascularized P(AAm-co-
PLcarb) hydrogels of @ = 0.0045 are yellowish, indicating the presence of cleaved networks by multi-

photon absorption.

In conclusion, this thesis comprehensively assesses synthetic hydrogels created from PEG and P(AAm)
derivatives, focusing on their structural properties and potential. One of the key advantages of these
hydrogels is their versatility, as they can be designed with tailorable physical and chemical properties.
Exploring different crosslinking strategies for producing hydrogels also offers tunable mechanical and
chemical properties. Moreover, the advanced manufacturing methods, 3D printing, and multi-photon
lithography demonstrate the feasibility of fabricating functional PEG and P(AAm) hydrogels. These
techniques highlight the potential for precise and customized fabrication, and this adaptability makes

them promising candidates for various biomedical applications, particularly in cell encapsulation.
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6 EXPERIMENTAL PART

6.1 Chemicals

g-caprolactone

Dibutyl tin oxide

Toluene

Petroleum ether 40/60

Chloroform

Poly(ethylene glycol) (8000 g mol?)
Poly(ethylene glycol) (35000 g mol?)
Poly(ethylene glycol) (100000 g mol?)
Dichloromethane

Triethylamine

Methacryloyl chloride

Acrylamide
N,N’-Methylenebis(acrylamide)
Sodium dihydrogen phosphate monohydrate
Ammonium persulfate

N, N, N', N'-tetramethylene diamine
Taros 36886

Taros 38420

Lithium-phenyl-2,4,6-
trimethylbenzoylphosphinat

e-CL

BqunO

CeHsCH3

CHCls

PEGsk

PEG3sk

PEG100k

DCM

TEA

MACc

AA

MBAA

NaH;P04.H,0

APS

TEMED

Plest

PLcarb

LAP

Sigma Aldrich

TCI Chemicals

Fisher Scientific

techn.

Fisher Scientific

BioChemica
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Alfa Aesar
Sigma-Aldrich

Alfa Aesar

Taros Chemicals

Taros Chemicals

Sigma-Aldrich

>98.0%

>99.8%

>99.8%

299.5%

>99.5%

97%

>99%

99%

98%

> 98%

99%

> 95%

86



Pentamethylcyclopentadienylbis

(triphenylphosphine) ruthenium (I1) chloride

4-(4-(1-Hydroxyethyl)-2-methoxy-5-nitro

phenoxy)butanoic acid
1-Hydroxybenzotriazol monohydrate

2-(1H-Benzotriazole-1-yl)- 1,1,3,3-

tetramethyluronium hexafluorophosphate
N, N-Diisopropylethylamine

Poly(ethylene glycol) diamine

(M, = 2000 g mol?)

Diethyl ether

Potassium carbonate

Ethanol

(2,4-Dinitrophenyl) hydrazine

Concentrated hydrochloric acid

Ru

HOBt

HBTU

DIEA

PEGk

K2CO3
EtOH
DNPH

HCl(aq)

BLD Pharmatech

BLD-Pharmatech

Sigma-Aldrich

Carbolution

Chemicals

Sigma-Aldrich

IRIS-Biotech

techn.

techn.

Sigma Aldrich

tech.

95%

>97%

98%

299%

97%

37%
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6.2 Methods

Size Exclusion Chromatography (SEC)

Molar mass and molar mass distribution (PDI = M,,/M,,) of all polymers are determined Size
exclusion chromatography (SEC) using the solvent of THF-DMA-AcOH (flow rate: 1.000 mL/min,
refractive index: 1.403) equipped of light scattering and Rl detectors. The light scattering detector of
DAWN HELEOS is used at a wavelength of 658 nm with a calibration constant of 3.0397 x 101 (V cm)
! including cell type of K5. The RI instrument of OptilaB Rex is set with the calibration constant of

3.4629 x 10° RUI pixel ™.
Nuclear Magnetic Resonance Spectroscopy (*H-NMR)

'H-NMR measurements are performed on a Bruker Avance | 300 nuclear magnetic resonance
spectrometers (frequency H: 300.13 MHz). The measurements are carried out at 298 K, the chemical

shifts are given in parts per million (ppm) relative to the solvent signal.
Dynamic Light Scattering (DLS)

High-Performance Particle Sizer (HPPS, Malvern Instruments, laser 633 nm, angle 173°) are used to
determine the hydrodynamic diameter of the micelles. All measurements are performed at 25 °C. The
measurements of the aqueous polymer solution of 0.05 w/v % are performed in single-used
polystyrene cuvettes. The water is filtered before use. The measurements are evaluated according to

the Non-Negative Least-Squares algorithm.
Differential Scanning Calorimetry (DSC)

The thermal properties were characterized using a differential scanning calorimeter of DSC 821e
(METTLER TOLEDO) with FRS5 furnace. The commercially purchased PEGgk, PEGssk, and PEGigok, and
the raw and purified PCL-PEG-PCL triblock copolymers are characterized in the temperature between
of -10° C and 80° C under a liquid nitrogen atmosphere at a heating/cooling rate of 5 K min't. While
PEG-based aqueous solutions of the aqueous solution of raw and purified PCL-PEG-PCL triblock
copolymers are characterized in a temperature range of -30° C to 80° C at the same heating/cooling

rate. The second heating-cooling cycle is used to evaluate thermal properties for all measurements.
Rotational Rheology

The rheological measurements are performed by AR-G2 rheometer from TA Instruments. A solvent
trap is used to prevent water evaporation from the samples. Time-sweep measurements of solutions
are monitored at 25 °C with cone plate geometry (2°, 40 mm) at the strain of 0.5 % and (1 Hz) 6.283

rad s of angular frequency. Viscosity measurements of solutions are monitored at 25 °C with cone
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plate geometry (2°, 40 mm), peak holds at 4.775 Pa, and continuous ramp between shear stress 10! -
103 s, respectively. Oscillation deformation measurements are performed at 25 °C with a plate-plate
geometry (20 mm), cone plate geometry (2°, 40 mm) for hydrogels and binary solutions, respectively.
Strain-sweep is performed at a frequency of 0.628 rad s in the strain of 0.01 % - 100 % for binary
solutions and hydrogels. Frequency-sweeps are followed out with linear viscoelastic regime at a
constant strain of 0.1 % or 1 % for hydrogels. The plateau moduli of hydrogels are calculated according

to frequency-sweep measurements.
Capillary Rheology

Capillary extrusion is performed using Zwicki universal test machine with a syringe-needle system for
15 s. A uniaxial force is applied to a syringe at a constant velocity at room temperature. The capillary
set-up consists of Ly=44 = 0.2 mm needle length, Ry=0.475 mm of needle inner radius, and Rs=7.950
mm inner radius of 10 ml syringe as shown in section 4.2. The capillary extrusions are carried out at

constant velocity using 200 N load cell and pre-force is kept at 0.1 N.
UV-Vis Spectroscopy

The absorption spectrums are recorded using a UV-Vis Cary 3500 (Agilent) spectrophotometer by
scanning from 200 nm to 800 nm. The samples are placed in quartz cuvettes with a path length of 1
cm. The measurements are carried out at 25 °C. The reference solvent is the solvent of the analyzed

sample.
UV Curing

A hand-held lamp is used including a replacement tube UV light (Carl Roth, 365 nm, 6 W, 16 mm x 210
mm (diameter x length). Ru-initiated photocrosslinking is performed by UV LED Solo P (Opsytec Dr.
Grobel GmbH) point light source at the wavelengths of 405 nm. The spectroradiometer of UVpad E
(Opsytec Dr. Grobel GmbH) is used to measure the spectrum of the used light sources. During the
measurement, the spectrum is shown on the graphic display and the irradiances for UVA, UVB, UVC
and VIS are recorded. UV-LED CHAMBER BSL-02 (Opsytec Dr. Grobel GmbH) is used for UV irradiation
of photo linkers and their hydrogels. The irradiance and time are monitored by integrating the UV-MAT
Touch and UV-MAT.

Extrusion-based 3D Printing

The printing experiments are done with a extrusion-based 3D printing system (Bio V1 by Regemat 3D).
It is equipped with a print head and light sources. The configuration of the printing head and the wide

range of movements in x-, y- and z-direction allow a precise adjustment that allows the system to print

89



on different surfaces. The modular extrusion head is configured with different interchangeable
extrusion tools. The printing head is also configured with four different tools with adjustment
movement in the x- and y-direction. Two light sources are available for curing at 365 nm, and 405 nm.
The software Regemat3D Designer is provided by the company Regemat 3D. STL file format and
designing the self-made models via G-Code is suitable to manage manufacturing parameters. Before
the process, syringe-needle system is prepared by following a standard calibration. 5 mL transparent
piston including Regemat polyethylene and polypropylene syringe is used. The eextrusions of the inks

are performed at room temperature.
Multi-photon Lithography

Subtractive photopatterning of swollen hydrogels is performed by multi-photon lithography by means
of a 3D Printer by LightFab GmbH, Aachen. The device consists of a high dynamic 3D micro scanner
with a high precision 3-axis system for stepping, a fiber chirped pulse amplification (FCPA) laser
(Satsuma, Amplitude Systemes, Pessac, France), camera, vision system in automatic alignhment, and
CAD/CAM/nc software. The photodegradable hydrogels are exposed to pulse energies from 150 nJ to
40 nJ. With pulse duration adjusted at 500 fs, the repetition rate varied by 1.5 MHz and 10 MHz at a
wavelength of 1030 nm. The laser radiation is focused inside hydrogels using the laser beam by means
of a 20 x / 0.4 objective providing a focal diameter of approximately 2 um. The writing speed was set
to the maximum of 200 mm s! that the machine can provide with the given microscope objective. The
distance between two layers in the z- direction is set to 3 um, while the line distance in x- and y-
coordinates is 2 um. The polarization of the laser radiation is circular and thus independent from the

writing direction of the laser-induced structures.

90



6.3 Syntheses

Synthesis of PCL-PEG-PCL triblock copolymers

The monomer e-CL distilled from CaH,; is used in the reactions and stored over a molecular sieve before
use. The synthesis of triblock copolymers is started with an azeotropic distillation of toluene-based

solutions of the macro initiators of PEGgg, PEG3sk, and PEGigox. The used reactants of €-CL and PEG diols

are calculated according to yielding in 10 g products.

Table 6.1. Reactants for the synthesis of PCL-PEG-PCL triblock copolymers

Triblock nc NpeG MpeG Va me Motal yield
copolymer mmol mmol g mL g g %

C1EsCy1 17.698 1.01 8.1 1.875 1.9 10.0 44.6

C3EsCs 4.753 0.27 9.5 0.504 0.5 10.0 86.7

CsEsCs 1.722 0.10 9.8 0.182 0.2 10.0 83.3
CiE35C1 38.816 0.74 5.9 4.112 4.2 10.0 84.3
C3E35C3 12.994 0.25 8.6 1.376 14 10.0 41.1
CsE3sCs 4.995 0.09 9.5 0.529 0.5 10.0 58.9
Ci1E100C1 49.842 0.57 4.6 5.280 5.4 10.0 81.5
C3E100Cs3 19.626 0.22 7.9 2.079 2.1 10.0 92.6
CsE100Cs 7.980 0.09 9.1 0.845 0.9 10.0 92.1

The PCL-PEG-PCL triblock copolymers are synthesized in 40 mL of azeotropically distilled toluene by
coordination-inserted ROP of e-CL initiated by PEG diols using 0.29 mmol of Bu,SnO as a catalyst. The
calculated amounts of e-CL and PEG are contained under a nitrogen atmosphere at 130 °C for five
hours. After that, the final solutions are cooled to room temperature. By adding enough chloroform,
the viscous reaction solutions are diluted. The resulting products are precipitated drop by drop in
excess ice-cold petroleum ether 40/60. The white powder products are obtained and dried at 35 °C

under a vacuum overnight.
Purification of triblock copolymers

The triblock copolymers are purified at 10 % w/v concentration in 2 mL of toluene. An ultrasonic bath
is used to increase the dissolution rate at room temperature. Each sample is treated by centrifugation
until a clear supernatant is obtained over precipitation. The soluble fraction is transferred into a tared
vial, and the insoluble fraction remains in the tared centrifugation tubes. Both fractions are weighed

to calculate their mass fraction after being dried at 35 °C under vacuum.
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Synthesis of PEGgxDMA

The synthesis of PEGgDMA is performed as described in the literature 17, Firstly, an azeotropic
distillation is started using excess DCM at 60-70 °C using Schlenk and a vacuum line. The distillation is
performed until the PEG/DCM (w/v) ratio is approx. 1:2. After distillation, the system cools down to
RT, and TEA is added (2.2:1) to the reaction vessel under Argon. Adding MAc to PEG solution slowly
(4:1), the solution looks white-off. The reaction is conducted for at least 24 hours under protection

from light.

The functionalization process is controlled via *H-NMR, by taking a sample from the reaction system.
Following the spectroscopic data evaluation, the excess of MAc and TEA are added into the reaction
vessel at the same ratio according to the functionalization degree of PEGgk. After the functionalization
reaches the desired value, the reaction solution is transferred into 1.5 M K,COs solution in the
separatory funnel. The mixture is shaken vigorously for a few seconds and vented to the funnel to
release CO,. It is repeated until no more gas is released. The solution becomes a milky white colour.
The mixture should be separated into two phases in the separation funnel. The organic phase
containing the functionalized PEGgcDMA is moved to the bottom as a denser phase. The top phase is
aqueous (transparent), and the interphase is white. The organic phase is dried with anhydrous MgSQO4

until the mixture is clear.

Itis precipitated in excess ice-cold diethyl ether. PEGg<DMA is filtered as a white powder. The obtained
product is dried under a vacuum at 35 °C. It is stored at -20 °C and defrosted prior to use. The product

can be successfully obtained with a degree functionalization of f > 90% above the yield of 80 %.
Preparation of binary solutions

PEG-based polymer solutions are prepared in deionized water. PEGgxDMA is synthesized at a high
functionalization degree of = 90, and PEGigok (PD/ = 1.81) is commercially purchased. The miscible
binary polymer solutions are prepared at different mass fractions at room temperature. The mass
fraction ratios of PEGgkDMA to PEGioox (PEGekDMA/PEGio0k) are varied. 10/0, 10/1, 10/3.5, and 10/5
are categorized as BSio. 20/0, 20/1, 20/3.5, 20/5, 20/10 and 20/20 are categorized as BSyo. For the

homo solutions of PEG1gg, for instance, their solutions are shown as, 0/1, 0/3.5, 0/5, and 0/10.
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Table 6.2. The mass composition of PEG-based solutions.

Solution (ink) PEGsDMA/ PEG 100 oMA ook Mhwater
mg mg mg

PEG 100k 0/0.5 0 0.5 995
01 0 1 990

0/15 0 15 985

0/2 0 2 980

0/2.5 0 25 975

0/3 0 3 970

0/4 0 4 960

0/5 0 5 950

0/10 0 10 900

0/15 0 15 850

0/20 0 20 800

0/25 0 25 750

0/30 0 30 700

0/35 0 35 650

PEGexDMA 5/0 50 0 950
10/0 100 0 900

20/0 200 0 800

BS10 101 100 10 890
10/3.5 100 35 865

10/5 100 50 850

BS2 201 200 10 790
20/3.5 200 35 765

20/5 200 50 750

20/10 200 100 700

20/20 200 200 600

Synthesis of the Ru-initiated hydrogels

For the Ru-initiated hydrogels, PEGgkDMA and PEGigo is dissolved in water as explained preparation of
binary solutions, according to the mass fractions for both components. Stock solutions of Ru prepared
at 50 mM and 5 mM, and APS stock solution is prepared at 500 mM (Table 6.3). The stock solutions of
Ru are treated by the ultrasonic bath for a few minutes before adding into binary solutions. In general,
Stock ruthenium solutions and stock solutions of APS are added to 1 g of PEG-based polymer solutions
at the calculated amounts. Then, 300 ul of the precursor solutions are transferred into the Teflon molds
(12 mm x 2 mm) to be irradiated by the point light source at 405 nm, at the distance of 1 cm. After

photopolymerization, the hydrogels are put into water to test swelling by weighing of gel samples.
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The water is replaced regularly for 2 days. The swollen samples are dried at 35 °C under vacuum.

Table 6.3. Formulation of precursor polymer solution for Ru-initiated photopolymerization

PEGskDMA PEG100k Water RUgtock APSgi0ck
mg mg mg mv puL mM puL
200 0 800 50 10 500 80
200 0 800 50 40 500 200
200 0 800 50 40 500 400
200 0 800 50 80 500 400
200 0 800 50 200 500 40
200 0 800 50 40 500 400
200 10 790 50 40 500 400
200 35 765 50 40 500 400
200 50 750 50 40 500 400
200 0 800 5 20 500 400
200 10 790 5 20 500 400
200 35 765 5 20 500 400
200 50 750 5 20 500 400

Synthesis of poly(AAm-co-MBAA) hydrogels

The stock solutions of AAm, MBAA, NaH,PO,4, APS and TEMED are freshly prepared with deionized

water. The volume percentage of the used stock solution for a desired gel preparation is shown in

Table 6.4. AAm is dissolved in water, and then stock solutions of MBAA, NaH,PO4, APS and TEMED are

added, respectively. The prepared final solutions are transferred into the circle shape of Teflon molds

(20 mm x 2 mm), and the molds is covered with petri dishes. The polymerization is performed for 1

hour. After polymerization, samples of hydrogel were put into water to test swelling by weighing of

gel samples. The water is replaced regularly for at least 2 days. The swollen samples are dried at 35 °C

under vac

uum.

Table 6.4. The volume composition (% v/v) of stock solutions for the synthesis of Poly(AAm-co-MBAA) hydrogels

AAmM MBAA NaH,PO4 APS TEMED
a Water
(40 % w/v) (2 % w/v) (1.5 M) (0.4 M) (0.16 M)
0.0090 37.5 15 1 4 4 38.5
0.0060 37.5 10 1 4 4 435
0.0045 37.5 7.5 1 4 4 46
0.0030 37.5 5 1 4 4 48.5
0.0015 37.5 2.5 1 4 4 51
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Synthesis of poly(AAm-co-PLest) and poly(Aam-co-PL.) hydrogels

The stock solutions of PLest and PLcar, are prepared at different concentration as seen in

Table 6.5. According to desired crosslinker content. The stock solutions of AAm, NaH,PO,4, APS and

TEMED are freshly prepared (Table 6.4) with deionized water. AAm is dissolved in water, and then

stock solutions of MBAA, NaH,P0O,4, APS and TEMED, according to the final volume ratio are added,

respectively. The prepared solutions are transferred into the circle shape of Teflon molds (20 mm x 2

mm), and the molds is covered with petri dishes. The polymerization is performed for 1 hour. After

polymerization, samples of hydrogel were put into water to test swelling by weighing of gel samples.

The water is replaced regularly for at least 2 days. The swollen samples are dried at 35 °C under

vacuum.

Table 6.5. The concentration of PLest and PLcan stock solution according to the desired hydrogels

a c/mol L1
0.00075 0.41x102
0.0015 0.82x1072
0.0030 1.65x102
0.0045 2.49x1072
0.0060 3.30x107
0.0075 4.14x102
0.0090 4.98 x 102

The stock solutions of AAm (40% (w/v)), NaH,PO4 (1.5 M), APS (0.4 M) and TEMED (0.16 M) are freshly

prepared with deionized water. PL-based hydrogels of the volume composition of the used stock

solutions for a desired gel preparation is shown in Table 6.6.

Table 6.6. The volume composition (% v/v) of stock solutions

AAm NaH2PO4 APS TEMED
Photo linker Water
(40 % w/v) (1.5 M) (0.4 M) (0.16 M)
37.5% 38.5% 1% 4% 4% 15%

Staining test

100 mg of 2,4-Dinitrophenylhydrazine is dissolved in. 20 mL of concentrated HCI. The vascularized

hydrogels put into 8-10 mL of the stock solution in a petri dish. After 30 mins, the images are taken

under a microscope.
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Synthesis of photodegradable dimethacrylated PEG-macro crosslinker (PLpeg)

A NB-based moiety based on its proven photolytic efficiency is synthesized to create a
photodegradable macromer according to the literature.'?® The synthesis of photodegradable macro
crosslinker begins with synthesis of photodegradable moiety. It is suspended 1.22 mmol of 4-(4-(1-
hydroxyethyl)-2-methoxy-5-nitrophenoxy) butanoic acid in 11 mL of DCM under argon atmosphere in
a light-prevented flask. 3.71 mmol of TEA is added into a well-dispersed mixture and stirred inside an
ice bath for 20 min resulting in a color change from opaque pale yellow to transparent yellow. Then 5
mmol of methacryloyl chloride is dispersed in 2.6 mL of DCM, afterwards slowly added into the
solution. After removing the ice bath, the reaction solution is left stirring for 72 hours at room
temperature. To remove impurities and the unreacted reagents, the reaction solution is washed with
1.5 mL (5 % w/v) sodium bicarbonate solution, 1.5 mL of diluted HCI (1 % v/v) and 1.5 mL of water.
After observing the phase separation in the separatory funnel, DCM is evaporated from the organic
phase. With the addition of 20 ml of H,0/acetone (1:1) mixture, the product is left for stirring again at
room temperature for overnight. Finally, the solution is filtered with 25 mL of DCM and subsequently
washed with 1.5 mL of diluted HCI (1 % v/v) and 1.5 mL of water. The extracted phase is dried of
magnesium sulfate and evaporated with rotavapor. A yellow oily product is obtained as a

photodegradable moiety yield at 64 %.

0.27 mmol of the synthesized precursor is dissolved in 954 pL of N-methyl-2-pyrolidon (NMP) under
Ar atmosphere. 0.29 mmol of the coupling agent HBTU and 0.36 mmol of HOBt are dissolved in 1.91
mL of N-methyl-2-pyrolidon and added dropwise into the precursor solution. It is followed by the
addition of 0.52 mmol of N,N-Diisopropylethylamine (DIEA). 0.03 mmol of poly(ethylene glycol)
diamine dissolved in 0.954 mL of NMP is added to the reaction solution. With the adding 1 mL of N-
methyl-2-pyrolidon, the prepared reaction solution is left for 48 hours at room temperature protected
from light. The white sticky crude product is precipitated the ice-cold diethyl ether. Diethyl ether is
decanted after centrifugation, the product was dried at 35°C at 50 mbar. As the result, a yellow viscous
oily photodegradable crosslinker is achieved with the yield of 35.7 %. The functionality is calculated, f
=74%.
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8 APPENDIX

8.1 Additional Information

Table 8.1. Relative 'H-NMR signal intensities of all block copolymers fractions

TRIBLOCK CHEMICAL SHIFTS, 6 ppm
COPOLYMERS

1.4 1.65 2.3 2.6 3.66 4.08 4.28
C1EsC:1 16.2 50 15.74 0.05 398.95 13.62 1.36
purified 15.25 50 33.07 0 1180.17 24.37 2.1
separated 20.65 50 19.4 0.06 293.26 17.5 131
Ci1E3s5Cy 41 50 4.17 0.3 275.29 3.79 0.07
purified 4.47 50 40.49 0.31 4729.26 47.92 0.68
separated 23.94 50 21.12 0 193.91 18.86 0.23
C1E100C1 0.48 50 0.41 0.16 622.86 0.36 0.35
purified 0.34 50 0.49 0.3 909.99 0.26 0.16
separated 15.12 50 9.05 0.29 377.88 5.58 0.48
C3EsCs 24.85 50 24.34 0.02 181.36 22.7 0.47
purified 22.25 50 24.5 0.03 183.9 22.96 0.28
separated 21.98 50 21.58 0.02 153.63 20.4 0.67
C3E3sC3 9.88 50 10.01 0.01 325.37 9.17 0.25
purified 7.61 50 7.76 0.01 563.01 6.81 0.29
separated 22.95 50 20.91 0 129.37 19.76 0.09
C3E100C3 5.27 50 6.06 0.09 441.36 5.46 0.33
purified 1.23 50 2.46 0.01 1010.9 1.77 0.34
separated 22.1 50 17.49 0.06 168.79 15.17 0.65
CsEsCs 10.74 50 25.58 0.21 87.7 23.61 0.84
purified 41.86 50 19.63 0 74.52 19.32 0.00
separated 7.08 50 22.59 0 79.44 21.46 0.42
CsE3sCs 15.5 50 15.53 0 160.47 14.53 0.21
purified 13.21 50 13.5 0 586.82 12.4 0.55
separated 23.57 50 23,51 0 39.39 21.98 0.00
CsE100Cs 18.09 50 19.86 0.3 1496.18 15.42 1.61
purified 11.02 50 2.37 0.01 574.18 2.63 0.27
separated 24.33 50 18.92 0.06 142.43 16.84 0.74
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Figure 8.1. DLS curves of raw triblock copolymers. A) C1P3sC1, B) CaP35Cs, C) C3P100C3 and D) filtrated CsP100Cs . The curves show

five independent measurements.
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Figure 8.2. DLS curves of purified triblock copolymers: A) C1PsCi, B) C1P3sCi, C) C1P100C1 D) C3P3sCs. The curves show five
independent measurements.
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Figure 8.3. 'H-NMR spectra of the synthesized PEGskDMA.
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(black), 16.7 104 m x s (red), 33.3 10*m x s (blue), 66.7 104 m x s (green), and 100 x 104 m s (purple).
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Figure 8.5.A) Absorbance spectra of LAP solution, ¢ = 1.87 x 10*mol L (black), c=9.35x 10“#mol L'! (red), c=4.67 x 104 mol
L' (blue) B) Calibration curves at 300 nm (black), 343 nm (blue) 366 nm(red), and 405 nm (green)
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8.4 List of Abbreviations

Mo
yCI'

O-m ax

Ymax

)

<. CE

S

*

=

< S =

Ncap

yapp
Tapp

Yo

modulus

viscosity

stress

strain

shear rate

zero-shear viscosity

critical strain rate

power-law index

flow consistency coefficient
maximum stress

maximum strain

phase angle, solubility parameter
complex modulus

complex shear rate

angular frequency

time

complex stress

decay time

storage modulus,

loss modulus

complex viscosity

real part of complex viscosity
imaginary part of complex viscosity
flow rate,

pressure drop

length

capillary viscosity

viscous force

apparent wall shear rate
apparent wall shear stress

true wall shear rate
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SN
PEG
PAAM
PCL
LCST
UCST
PEGDA
PEGDMA
GelMA
MeHA
IPN
semi-IPN
a

anI’lO mer

Nerosslinker

G
Om

12959
LAP

true wall shear stress

the true wall viscosity
concentration

critical concentrations

infinite shear viscosity

relaxation time

single network

poly(ethylene glycol)
poly(acrylamide)
poly(caprolactone)

lower critical solution temperature
upper critical solution temperature
poly(ethylene glycol) diacrylate
poly(ethylene glycol) methacrylate
gelatin methacrylate
methacrylated hyaluronic acid
interpenetrating network
semi-interpenetrating network
crosslinkling ratio

mole of monomer

mole of crosslinker

gel content

the mass swelling ratio

swollen mass

dry mass

linear viscoelastic region
crossover frequency

plateau modulus

polymer density

universal gas constant

absolute temperature

molar mass between crosslinks
1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1- propane-1-one
Lithium phenyl-2,4,6-trimethyl benzoyl phosphinate
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VA-086  2,2'-azobis [2-methyl-N-(2-hydroxyethyl) propionamide]

Ru Pentamethylcyclopentadienylbis (triphenylphosphine) ruthenium (lI) chloride
APS ammonium persulphate

PL photo linker

NB o-nitrobenzyl

LG leaving group

DLS dynamic light scattering

Mpg;  the molar mass of PEG diols

X, polymerization degree

M, number-average molar mass
My mass of g-cl
My molar mass of PEG macroinitiator
Ney, moles of &-CL

Ngg moles of PEG

H-NMR  nuclear magnetic resonance spectroscopy

SEC size exclusion chromatography
My theo  the theoretical total number-average molar mass
Mn,NMR the number-average molar mass calculated by *H-NMR

M, sgc  the number-average molar mass calculated by SEC

X Huggin’s constant

ng the number of e-CL repeating unit

ng the number of ethylene glycol repeating unit
T melting temperatures

T, crystallization temperatures

4H, melting enthalpy

Dy, hydrodynamic size
u mass fraction
wr,u™  critical mass fractions
m slope
He entanglement mass fractions
BS binary solution
radius
diameter
I light intensity
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the layer thickness

initial light intensity, incident light intensity
absorbance, area

molar extinction coefficient

rate constant

guantum yield

Avogadro's constant

frequency

volume

Planck's constant

equilibrium mass swelling ratio

equilibrium mass swelling ratio upon the UV irradiation
swollen mass before UV exposure

pulse energy

repetition rate
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