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Abstract

Thermoresponsive hydrogels, which alter their shape in response to temperature changes,
have crucial applications in wound dressings, sensors, and other biomedical contexts due to their
responsive collapse behavior, high water content, and biocompatibility. Recent advancements in
3D printing have significantly improved the complexity and precision of hydrogel fabrication
beyond traditional casting methods. Bioprinting is the most prevalent method for 3D printing
hydrogels but is generally expensive, low-resolution, and restricted to academic settings. One
alternative photopolymerization-based 3D printing offers greater accessibility and compatibility
with synthetic hydrogel systems, capable of creating micrometer-sized features. However, the
mechanical limitations of the printed objects and the temperature fluctuations during

polymerization pose challenges for printing thermoresponsive hydrogels.

This thesis aims to develop 3D printing methods for thermoresponsive hydrogels using a
printed organo-gel precursor, which allows for enhanced mechanical properties without triggering
thermoresponsive behaviors during printing. This research targets applications in wound dressings
and digital health, facilitating point-of-care fabrication. Mask stereolithography was investigated
for creating thermoresponsive hydrogels from poly(N-isopropyl acrylamide) (PNIPAm) and
poly(oligoethylene glycol) acrylate, incorporating bio-based polysaccharides as strengthening
additives and ionic crosslinkers. The first experimental system used PNIPAm with poloxamers
and a double network of sodium alginate, yielding a resin capable of printing precise structures
and forming patient-specific wound dressings. This system displayed superior mechanical
properties at room temperature and temperature-dependent drug release and adhesion. However,

the use of dimethyl sulfoxide (DMSO) and NIPAm’s neurotoxicity prompted a shift to



poly(oligoethylene glycol) acrylate-based resins. In the second system, quaternized chitosan/3-
sulfopropyl acrylate (QCh:SPA) salts and 2-hydroxyethyl acrylate (HEA) was investigated for
producing supramolecular hydrogels along with the use of a cellulose-derived solvent Cyrene to
replace DMSO making the process greener. These hydrogels exhibited enhanced elasticity and
feature resolution compared to other systems, also showing conductive properties due to ionic
interactions. In the third system, the studies were conducted to investigate the incorporation
ethylene glycol methyl ether acrylate with HEA and the use of octylamine-grafted cellulose
nanofibrils (OA-CNF) and sodium alginate to develop core-shell microparticles. This enhanced
the hydrogel's mechanical properties and exhibited broad LCST behavior, offering improved
stability and laying the groundwork for future enhancements aimed at refining printability and

tuning LCST responses.
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Chapter 1:  Introduction and Objective

1.1. Introduction

Over the past few decades, the field of smart materials has experienced remarkable
advancements in capability and application. These materials have evolved to meet the complex
demands of various industries, including soft robotics and biomedical engineering. In soft robotics,
there is a growing need for systems that can dynamically modify properties such as adhesion,
friction, and hydrophobicity. Concurrently, integrating smart materials into biological applications
has opened new avenues for medical and pharmaceutical innovations. In these applications,
materials can change properties in situ, such as releasing drugs or undergoing phase changes to
facilitate controlled insertion and removal. Both applications rely heavily on smart materials to
achieve their respective goals, highlighting the importance of continued research and development
in this area. One medical area of specific interest is mechano-active wound dressings. By providing
a mechanical stimulus, the hydrogels attempt to mimic the environment observed in early human
embryonic wounds, where actin cords are used to pull the wound edges, closing the wound and
preventing the formation of scar tissue. Subsequently, the healing mechanism for this was found
to be mechanical signalling achieved through stretching, promoting cell proliferation and
differentiation within the wound, preventing scar tissue formation. These stimuli-responsive
properties are typically achieved with thermoresponsive polymers that collapse at a defined

temperature slightly below skin temperature.

One material that has garnered significant attention in smart materials is poly(N-isopropyl
acrylamide) (PNIPAm), a thermoresponsive homopolymer. PNIPAmM has been extensively
researched for its potential in creating thermoresponsive hydrogels. These hydrogels can undergo

significant changes in their physical properties in response to temperature variations, making them
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highly suitable for applications such as drug delivery systems, tissue engineering, and responsive
coatings. However, PNIPAm poses significant challenges despite its promising properties due to
the neurotoxicity of N-isopropyl acrylamide (NIPAm) and its oligomers. This has led researchers
to investigate alternative polymers that can offer similar or superior performance without the

associated health risks.

One alternative is poly(oligoethylene glycol acrylate) (POEGA), which has shown great
promise as a thermoresponsive polymer. POEGA and similar polymers exhibit tunable lower
critical solution temperature (LCST) behaviour, allowing them to transition from a hydrophilic to
a hydrophobic state in response to temperature changes. This tunability makes them attractive
candidates for developing thermoresponsive hydrogels. These hydrogels can form networks that
respond to temperature stimuli, making them suitable for various biomedical and industrial

applications.

However, thermoresponsive polymers alone often form poor hydrogel networks due to their
interactions with water. Below the LCST, these polymers bind significant quantities of water,
which prevents the formation of strong intermolecular forces between hydrophobic moieties.
Above the LCST, the system becomes energetically favourable for interactions between
hydrophobic moieties to occur, leading to water expulsion from the hydrogel. This transition also
results in phase separation within the polymer, where polymer-rich regions force water into
surrounding areas, causing the characteristic opacity change of thermoresponsive hydrogels. Due
to their high-water content and reduced intermolecular forces, neat thermoresponsive hydrogels
are quite fragile when fully swollen. Therefore, developing various crosslinking and strengthening

additives to improve the mechanical properties at ambient temperatures is of significant interest.



In recent years, 3D printing of hydrogels has seen a surge of interest, with significant
advancements in printing techniques and hydrogel design. The ability to create complex structures
with precise control over geometry and material properties has revolutionized the field. Currently,
many 3D printable hydrogels utilize bioprinters that rely on ionic, physical, or chemical
crosslinking. A major disadvantage of this method is the limitations of extruder geometry and the
viscoelastic properties of the ink. Furthermore, although extrusion-based 3D printers have become
more affordable, extrusion-based bioprinters remain expensive and are limited by proprietary
software. One technology that has seen significant adoption in the consumer market is
stereolithography (SLA) based printing. Unlike FDM printers that melt extruded filament and
bioprinters that rely on the viscoelastic properties of the material to maintain shape before
secondary crosslinking, SLA 3D printers function through photopolymerization using a controlled
light source. The advantages of SLA printers include high fidelity, greater control over printing
parameters, and the relative simplicity of modifying g-code. All these properties are desirable for
fabricating mechanoactive wound dressings, which are commonly produced through casting
techniques. Due to the complex geometries of the human body, it is desirable to develop material
systems for mechanoactive wound dressing that also facilitate drug loading and provide a platform

for further digital health research.

Despite these advantages, SLA-based 3D printing faces significant challenges when printing
thermoresponsive hydrogels. The primary limitation is the heat generated during
photopolymerization, which can interfere with the biologically relevant transition temperatures of
the polymers. This challenge necessitates the use of organo-gel intermediates during fabrication.
Organo-gels, which do not exhibit an LCST without water, can be printed and subsequently

hydrated to form thermoresponsive hydrogels. However, the use of organo-gels introduces



difficulties, particularly when incorporating bioderived polysaccharides. These natural polymers
are generally only soluble in water, necessitating processing methods that maintain their dispersion

within the organo-gel to form a cohesive network in the final hydrogel.

In the 3" chapter of this thesis, we explore the development of 3D printable PNIPAm
hydrogels. PNIPAm has been widely used in various methods of hydrogel printing, including two-
photon polymerization and extrusion printing. Two-photon polymerization allows polymerization
to occur within the monomer solution rather than at the interface, reducing stresses on the hydrogel
and eliminating the need to detach layers during printing. On the other hand, extrusion printing
utilizes reinforcements such as montmorillonite or sodium alginate to gelate after extrusion,
providing strength to the matrix. Despite their effectiveness, both methods are prohibitively
expensive and limit the scalability of fabrication. Recent advancements in SLA-based 3D printing,
which offer improvements in resolution, speed, and cost, present an opportunity to develop

PNIPAm-based resins for complex hydrogel structures with commercial scalability.

In this chapter, we developed a PNIPAm-based resin reinforced with sodium alginate and
cellulose nanocrystals (CNCs), capable of being printed in an SLA-type printer with mechanical
properties comparable to double-network PNIPAmM hydrogels. To add functionality to the
hydrogel, a thermoresponsive crosslinker was incorporated to introduce multiple LCST
behaviours. By exploiting these separate LCSTSs, the mechanical properties of the hydrogel could
be improved at ambient temperature and facilitate high drug loading at refrigerator temperatures.
Furthermore, the incorporation of tannic acid enabled thermoresponsive adhesion, allowing the
hydrogel to adhere to the skin at body temperature and deliver drugs transdermally before cooling
to room temperature to facilitate removal. This material demonstrated desirable properties as a

wound dressing, although limitations related to calcium chloride and NIPAm prevent adoption as



a point-of-care solution. While calcium chloride successfully crosslinked the alginate network, it
introduced cation mobility over time, leading to changes in mechanical properties as calcium ions
diffused out of the network. Additionally, NIPAm's neurotoxicity remains a concern, and although
3D printing and post-curing can lead to high conversions of NIPAm to PNIPAm, it is preferable

to utilize less-toxic acrylates.

These concerns led to the development of a novel 3D printable supramolecular hydrogel, which
is the focus of the 4™ chapter. Based on literature exploring POEGA as a thermoresponsive linear
polymer, we began investigating its use as a replacement for PNIPAm. Initial work focused on
developing an ionic crosslinker for photopolymerization-based printing of 2-hydroxyethyl
acrylate, with the final goal to incorporate hydrophobic monomers to enable tunable
thermoresponsive behaviour. Traditionally, photopolymerization-based 3D printing uses covalent
crosslinkers to provide mechanical properties during printing. Although printing structures with
low crosslink densities and high elasticity are possible, these systems are generally limited to low
layer counts and aspect ratios. We hypothesized that a poly(ionic salt) could be used as a
crosslinker for printing organo-gels without dissociating, enabling tensile strains previously only

demonstrated in bioprinting, with superior fidelity to the 3D models.

Based on initial research where chitosan was freeze-dried in the presence of a strong organic
acid to facilitate solubility in polar aprotic solvents, we explored whether quaternized chitosan
would exhibit similar behaviour. GTMAC chitosan emerged as a potential cationic network due
to its unique position as a biologically derived quaternized polysaccharide with commercial
availability, enabling the production of the poly(ionic salt) in the required quantities for 3D
printing. The acrylate group selected to form this salt was 3-sulfopropyl acrylate due to the high

pKa of the sulfonic acid group, with the intent that the relative strength of the cationic and anionic



components would improve the mechanical properties of the final hydrogel. In addition to
demonstrating the capability of this poly(ionic salt) to form a 3D printable organo-gel, we
investigated the behaviour of this salt when the ratios of the ionic components were tuned. This
revealed significant differences in mechanical properties and microstructure, providing proof of
concept for further exploration of poly(ionic salts) consisting of polysaccharides and ionic

acrylates.

In the 5™ chapter of this thesis, we integrate the findings from the previous sections by
incorporating sodium alginate and thermoresponsive behaviour into POEGA hydrogels. As
previously mentioned, adding ionic polysaccharides to organic systems poses significant
challenges. While we had demonstrated the capability of poly(ionic salts) to solubilize
polysaccharides in polar aprotic solvents, the presence of two oppositely charged soluble ionic
polysaccharides leads to immediate gelation®. This gelation is undesirable for a flowable resin used
in photopolymerization-based 3D printing. To address this, sodium alginate microparticles were
loaded into the precursor resin to achieve a similar network to the first study. We investigated the
production of these alginate particles using lecithin and hydrophobic functionalized cellulose
nanofibers (CNFs) as emulsifiers. The hydrophobic CNFs acted as Pickering emulsifiers and
stabilizers for the alginate emulsion. Adding isopropanol precipitated the alginate emulsion to form
alginate microparticles, which were then loaded into the organo-gel precursor resin. This form was
more desirable than commercial alginate, as the smaller particle size enables better resolution in

the printed structures and facilitates even distribution in the matrix.

We hypothesized that upon converting the organo-gel to hydrogel, the alginate would diffuse
into the network and increase the final hydrogel's porosity and the stability of the ionic

crosslinking. Furthermore, the high molecular weight of both ionic polysaccharides within the



network would prevent ion migration from affecting the mechanical properties over time.
Concurrently, the resin system developed in the second section was modified by adding methyl
ethylene glycol acrylate (MEGA). This system was chosen based on literature demonstrating the
development of linear thermoresponsive POEGA chains. By incorporating a hydrophobic portion
with an LCST below freezing, the LCST of the resulting copolymer could be decreased to a usable
temperature. Additionally, mEGA was selected for its ability to achieve a broad range of LCSTs
at low mass compositions. This was crucial for maintaining the solubility of quaternized chitosan

in the solution.

Initially, we investigated the effect of different mMEGA additions on the LCST of the resulting
hydrogel, quantified by both transmittance and swelling. This was followed by characterizing the
mechanical and structural properties of the thermoresponsive hydrogel loaded with alginate
microparticles. Finally, the developed resin was used to 3D print organo-gels that were
subsequently characterized. The thermoresponsive behavior of the final hydrogels indicates the
need for further improvements, the holistic system demonstrated excellent elasticity and shows

promise for wound dressing.

In the following Chapter 2, the principles of 3D printing and its applications for hydrogels will
be explained. The current literature on the development of 3D printable hydrogels will also be
discussed alongside a comprehensive review of different natural-synthetic networks for use in 3D
printing, along with state-of-the-art thermoresponsive hydrogel systems for 3D printing. Chapters
3-5 present the investigation of 3D printing organo-gel precursors for thermoresponsive hydrogels
along the evolution of the system. The dissertation ends with Chapter 6, with main concluding
remarks based on the results obtained throughout the study, the main contributions of the thesis

and, recommendations for future work and observations on possible improvements.



Chapter 2:  Literature Review

The chapter aims to provide a review of related literature to provide contexts for the research
subject of this thesis, including the introduction of different types of 3D printers and their
applications, the use of 3D printing for production of hydrogel-based materials, a general overview
of the main components used for UV polymerization, a comprehensive review of bioderived
materials used to form double network hydrogels. The final section of the literature review focuses
on the incorporation of thermoresponsive behaviour into natural, synthetic double network

hydrogels and methods to achieve them.

2.1. Additive Manufacturing and 3D Printing

3D printing, a common term for the field of additive manufacturing, is a versatile tool for one-
off production and the creation of geometries impossible by traditional subtractive manufacturing.
It has been considered the next great revolution in production akin to the Industrial Revolution?.
3D printing allows for the production of objects from computer-aided design (CAD) files that
previously would have been prohibitively expensive or impossible to machine. 3D printing has
steadily evolved over the past 35 years to the point where extrusion and stereolithography-based
systems have become commonplace in the hobbyist marketplace. The first demonstration of a 3D
printing technique was developed by Chuck Hull in 19862 as a stereolithography-based printer,
and fused deposition modelling printers have become the most affordable and common printers
seen on the market today. With new developments, printers are capable of printing a vast array of
materials, including metals, ceramics, hydrogels, plastics, concrete, etc., with faster lead times and
lower wastage than conventional subtractive manufacturing®. This has led to 3D printing being
used extensively in prototyping applications, allowing design flaws to be fixed earlier in the

development cycle by iterating multiple times a day®. While 3D-printed metal parts are typically



prohibitively expensive for mass-market production runs, they are invaluable for prototyping and

small production runs where the cost of tooling cannot be spread over many parts®.

In recent years, particularly during the COVID-19 pandemic, we have seen an explosion in the
use of 3D printing for medical and healthcare-related applications. Demand quickly outpaced the
supply of objects such as face shields, ventilators, masks, and isolation wards. Through
crowdsourcing, many hobbyists with 3D printers started producing face shields that were
distributed to healthcare workers without a reliable source. 3D-printed valves allowed the
conversion of continuous positive airway pressure machines to substitute ventilators for less severe
cases. Face scanning, along with 3D modelling, allows for the production of ergonomic masks that
could be designed to accept replaceable filters. 3D printing was even used to fabricate temporary
dwellings for patients, which could be assembled offsite and transported to where they were
needed most’. Other developments over the past year included an open-source high-temperature
extrusion printer capable of printing polyether ketone (PEEK) and polyetherimide (PEI) for under
$1000 USD, less than 1/10" the cost of comparable commercial printers. These engineered
polymers are capable of withstanding extreme chemical conditions and can be sterilized in the
same autoclaves used for medical tools in hospitals, allowing the printed medical devices to be

reused multiple times®.

3D printers vary significantly in form and function. The main categories include selective laser

sintering, stereolithography, 2-photon polymerization, extrusion and inkjet printing®.

2.1.1. Selective laser sintering
Selective laser sintering (SLS) and selective laser melting (SLM) function by depositing a

thin layer of powder that is selectively fused or melted by a high-powered laser. This process is



repeated for every layer of the part until the final layer is completed and the part is removed from
the bed of powder. It is capable of printing both metal and thermoplastic parts. SLS benefits from
the support of the powder bed, allowing parts to be printed without the need for external support.
One drawback of this technique is the relatively rough surface finish, which requires additional

surface finishing®.

2.1.2. Stereolithography

Stereolithography (SLA) was the original 3D printing technique developed in 1986. It
functions similarly to SLS, except SLA utilizes a vat of photopolymerizable resin and a laser UV
light source. The UV light is controlled by a scanner to polymerize an area on the surface of the
resin. The printing platform is then lowered to expose a fresh layer of resin that is then polymerized
into the next layer. This process repeats until a final part is achieved®. There have been many
improvements to this initial design, the most notable one being the inversion of the design. Modern
SLA printers have a platform that raises out of the resin tank and a flexible fluorinated polyethylene
(FEP) film at the bottom of the tank through which the laser can pass through®®. This change allows
for a greater Z-height with a lower volume of resin in the tank. Similar systems such as digital
light processing (DLP) and mask SLA (mSLA) are offshoots of the SLA design. DLP and mSLA
printers replace the laser light source in a SLA printer with a digital projector or an LCD mask and
UV light source, respectively. These designs are significantly cheaper to produce but are limited
by the resolution of the projector or LCD mask. As build volume is increased in the X and Y
directions, the resolution is correspondingly reduced because there is a limit to the total number of
voxels per layer. This limitation leads to newer-version SLA printers achieving more uniform
surfaces and eases scale-up with the resolution only limited by the laser spot size. However, the

constant resolution comes at the cost of longer build times for larger parts. DLP and mSLA printers
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cure the entire layer at once, leading to consistent layer speeds'®. But SLA cures only a small area
at a time. As the volume of the part increases, so too does the print time. One recent development
in SLA-based printers comes from continuous liquid interface printers (CLIP), where the
polymerization takes place above an oxygen-permeable film, creating a “dead zone” where
polymerization cannot occur. This allows for the continuous printing of the part, removing the
need to separate each layer from the FEP film. CLIP printers are significantly faster than typical

SLA, mSLA, and DLP printers while also providing a more seamless transition between layers*.

2.1.3. Two-photon polymerization

Differing from SLA printers, two-photon polymerization utilizes 800nm femtosecond laser
pulses. When 2 of these photons are absorbed by a photoinitiator in a small volume of
photopolymerizable resin, they act as a 400nm UV light source, triggering polymerization. This
allows for objects to be printed within a resin vat at the focal point of the light source rather than
the top or bottom*!. Two-photon polymerization printers are very capable of printing hydrogels.
Still, they can be limited by the opacity of the resin, making it unsuitable for resins containing high

solid loading or nanofillers.

2.1.4. Extrusion printing

Extrusion printing is the most common type of 3D printer available today, with fused
deposition modelling (FDM) printers being the most common type of extrusion printer. FDM
printers force filament through a heated tip, which is extruded as a layer on a heated bed. Stepper
motors control the movement of XY Z, with the most common control scheme having the bed move
on the X axis and the print head moving on the Y and Z axes. Recently, other layouts have become
popular, particularly core XY printers, where the bed move in the Z dimension with the print head

moving in the XY dimension®. FDM is limited to print plastics. 3D plotting printer is another type
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of extrusion printer capable of printing other viscous materials. 3D plotting printers function by
moving the printhead in all three dimensions and utilizing pneumatic pressure, a piston, or a screw
to feed the material through the print head. Unlike FDM printers, 3D plotters do not generally heat
the printhead but use other modifications such as ultrasonic actuators to temporarily lower the
viscosity of the solution, allowing printing of viscous liquids with high solid loading*3. 3D plotting
printers are commonly used to print hydrogels with secondary networks, such as alginate, due to

the high viscosity of alginate.

2.1.5. Inkjet printing

Unlike other 3D printing technologies, inkjet printing is the most capable of complex multi-
material printing. Inkjet printing is classified into two categories: continuous inkjet and drop-on-
demand jetting systems. Continuous inkjet systems feature a constant stream of ink exiting the
nozzle under pressure, generating a jet. This jet is broken into individual droplets, and electrical
signals control the direction of movement. Drop-on-demand jetting systems are modulated by a
heater or piezoelectric actuator that pulses to dispense a predefined volume of ink on the substrate.
This technique is commonly used to manufacture complex cell scaffolds due to the achievable
resolution of 50~500um and multi-material capability. It allows for scaffolds to be produced with

very controlled heterogeneity*.

2.2. 3D Printing hydrogels

With the development of many 3D printing methods, almost any material has multiple methods
to achieve 3D printability. One such material where 3D-printing represents significant potential
are hydrogels. A hydrogel consists mainly of water and a polymeric structure that is generally

water-soluble and crosslinked through physical, ionic or covalent methods!*. Before the
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introduction of 3D printing, hydrogels were generally produced through casting and as such the

resultant materials were significantly limited in the complexity of the shape they could achieve.

Three different methods of 3D printing have been utilized for the 3D printing of hydrogels,
including extrusion, 2-photon polymerization and stereolithography. By far, the most common
method is with an extrusion-style printer referred to as a bioprinter. These printers typically print
through a replaceable nozzle consisting of a flat-end syringe tip and are actuated pneumatically or
with a syringe pump. Through the use of precise motors, the hardware is capable of 1um step
resolution; the viscoelastic properties of the ink prevent final structures from achieving such
resolution, limiting the feature size to greater than 100um**, In addition to the fidelity limitations
of such 3D printers, nozzle clogging and the pneumatic systems typically used lead to inconsistent
extrusion during printing*®. As such, the development of other more precise printing techniques is
of interest. One such alternative is vat polymerization-based systems, including stereolithography
and 2-photon polymerization. The polymer systems used for stereolithography and 2-photon
polymerization are quite similar, with 2-photon polymerization capable of achieving significantly
finer resolution and can utilize different initiation schemes such as cationic polymerization in
addition to free radical polymerization!’. 2-photon polymerization has significant advantages
when compared to stereolithography-based techniques, particularly it does not need a separation
step from the print surface, but its resolution is limited in build volume, feature height and the
prohibitive cost of the printers®. SLA-based printers are comparatively low cost, with consumer
printers costing as little as $350'°. This low cost of purchase along with the relatively high
resolution achievable makes this technology desirable for scaling 3D printable systems and

integration into specialized applications where customization is necessary or desirable.
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2.2.1. UV Curable hydrogels

UV-curable hydrogels have received significant research effort because of the speed of the
reaction and the controllability of UV polymerization. Typically, UV-curable systems use free
radical chain polymerization. Other methods of UV polymerization include photo click systems
such as Thiol-Norbornene hydrogels?®. Although such materials provide novel methods of
crosslinking, they are material intensive, requiring carbodiimide chemistry to functionalize
materials with norbornene groups. The other limitation of this mechanism is the resolution when
stereolithography techniques are used. Since the polymerization does not require an oxygen-
depleted region, UV light can easily overexpose regions, reducing the specificity of the
polymerization. The following sections provide a broad overview of different components used
for UV photopolymerization-based hydrogels, focusing on monomers, photoinitiators and

secondary networks.

2.2.2. Monomers

Typical monomers used in UV curable systems have an acrylate group with various
different functional groups. For this research, the main thermoresponsive monomers used were N-
isopropyl acrylamide (NIPAM), 2-hydroxyethyl acrylate (HEA) and ethylene glycol methyl ether
acrylate (mEGA). NIPAm, once polymerized, is thermoresponsive, having a lower critical solution
temperature of 32°C. Across this LCST, the hydrogen bonding along the backbone switches from
water to itself, leading to PNIPAm losing solubility in water above 32°C2124, In a crosslinked
hydrogel, this leads to the polymer swelling when below 32°C and expelling excess water above
32°C, which are referred to as the swollen and collapsed states, respectively. HEA and mEGA,
while not thermoresponsive alone, can be copolymerized to form thermoresponsive random or

block copolymers. However, the lack of terminal isopropyl groups reduces the relative strength of
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hydrophobic interactions when compared to PNIPAm. Alternately, due to the copolymeric nature
they enable LCST tuning; by changing the ratio between HEA and mEGA or tuning the
hydrophobic block length in the case of block copolymers?. Other common monomers used in
hydrogels are hydroxyethyl methacrylate (HEMA) and acrylamide. PHEMA hydrogels are most
commonly found in disposable contact lenses but are also commonly used as a cell scaffold due to
their biocompatibility?®?. PAAm hydrogels are also commonly used due to their
biocompatibility?®3. Polyethylene glycol hydrogels are somewhat unique as they are composed
almost entirely of the crosslinker polyethylene glycol diacrylate. While crosslinkers are typically
added to bridge linear chains of polymers, this wide class of hydrogels has seen significant research
interest as a biocompatible synthetic hydrogel®? due to PEG’s high hydrophilicity and stability in
aqueous systems. In addition to being highly water-soluble, PEG is also highly soluble in many
organic solvents, allowing applications in many systems®3. One issue is that PEG can only be
partially metabolized; due to this, the whole polymer chain must be cleared by the body. PEG
chains with a MW less than 30kDa are removed by the kidneys, while the liver clears PEG chains
greater than 30kDa®**. At molecular weights under 1000, the chemical is liquid at room
temperature, with a melting point that increases with increasing MWs. This allows for tailoring

the melting and glass transition points of the polymers and hydrogel properties®®.

Apart from these main monomers that this research focuses on, many biomolecules can be
modified with acrylate groups to allow the formation of hydrogels such as GelMA3¢-3 Hyaluronic
acid methacrylate*®4?, Sodium alginate methacrylate*>®, etc. These materials are more commonly
used in bioprinting with a UV curing step, unfortunately due to the high viscosity of such materials,
applications in stereolithography based printing are limited to low degrees of loading to facilitate

flowability of the prepolymer resin.
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2.2.3. UV initiators

Photoinitiators can be broadly classified as type 1 and type 2 initiators (Fig. 2.1). Type 1
photoinitiators include peroxides, peresters, iminosulphones, or ketones. Free radical
polymerization is initiated through the fragmentation of the initiator by light. This occurs when O-
0, S-S, S-Nor C-C at a. or B is bound to a carbonyl group. Unlike type 1 initiators, type 2 initiators
do not fragment. When excited by the appropriate photon, the initiator generates a radical through
hydrogen abstraction. Type 2 initiators are useful for grafting as they can generate radicals on the
surface of a material. Type 2 initiators are typically slower and less efficient as they are a 2-
molecule process. For this reason, most initiators used in resin-based 3D printing utilize type 1

initiators as they are more active at higher wavelengths and allow for faster polymerization“®.
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Figure 2.1 Photoinitiation process using type 1 or type 2 initiators* (Reproduced with permission from MDPI)

The majority of UV initiators that exist for 3D printing are insoluble in water, precluding

their use in UV-curable hydrogels. This insolubility is due to the aromatic carbonyl group that
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fragments from the main chemical during radical generation. This aromatic group is highly non-
polar, and as such, photoinitiators require intentional design to incorporate hydrophilic groups to
facilitate water solubility. While these initiators are capable of acrylate polymerization, printing
hydrogels is difficult as the initiator must be homogeneously dispersed in the case of nanoparticles
or soluble in the solvent in which the polymerization occurs. For this reason, water-soluble
photoinitiators have seen significant development in recent years, with the most common involving
the modification of Diphenyl(2,4,6-trimethyl benzoyl)phosphine oxide (TPO), a type 1 initiator.
The most successful of these involve the addition of a lithium-ion to improve polar solubility*” at
the cost of efficacy or the formation of TPO nanoparticles with sodium dodecyl sulphate (SDS)
and poly(vinyl pyrrolidone) (PVP) 40k MW*8, Other commercial water soluble photoinitiators
include 2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone, also known as Irgacure 2959.
Irgacure 2959 demonstrates a low solubility of 7.6g/L in water, and a slow radical generation rate
limits its use in resin-based 3D printing due to the greatly extended curing times when compared

to lithium TPO or TPO nanoparticles.

2.2.4. Double interpenetrating network (IPN) hydrogels

IPN hydrogels are desirable; they have significantly improved mechanical properties
compared with single network (SN) hydrogels. IPN hydrogels are composed of various networks,
which can be broadly classified as Natural-Natural, Synthetic-Natural and Synthetic-Synthetic*.
Typically, one network is stiff and brittle, allowing for the dissipation of energy by fracturing the
network. The other network is capable of large deformations, holding the hydrogel together under

strain®.

Natural networks refer to a class of biologically derived polymers, including alginate*®444°-52,

carrageenan®>%, cellulose®®5°, chitosan®-%3, heparin®, hyaluronic acid*:¢4®°, polypeptide/protein,
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gelatin®"3"% and silk®’. These networks can be crosslinked in various ways; some examples
include alginate networks that can be ionically crosslinked in the presence of di and tri valent ions
such as Fe**, Ca?* and AI** 8, hyaluronic acid methacrylate networks that can be crosslinked with
typical acrylate crosslinkers, and carrageen networks that form hydrogels when a hot solution is
cooled in the presence of salts*?2. Synthetic networks refer to the synthesis method for the
hydrogel network. These networks include homopolymer crosslinked networks that consist of a
single hydrophilic monomer or a copolymer formed from the reaction of 2 or more monomers,
with at least one being hydrophilic. These networks can consist of various different monomers
including but not limited to PEGDA, POEGA/POEGMA, HEMA, AAm, Acrylic acid, NIPAm

and 2-acrylamido-2-methylpropanesulfonic acid*?.
2.3. Natural Polysaccharides

2.3.1. Sodium Alginate Network

Alginate is a water-soluble linear polysaccharide derived from brown algae or bacteria®.
It is a specific linear polysaccharide containing carboxylate active sites, but its properties can vary
significantly from source to source. This behaviour is due to the formation of 3 main blocks within
the polymer with varying concentrations of mannuronic acid (M Unit) and guluronic acid (G unit),
forming G unit-rich blocks, M unit-rich blocks and blocks consisting of alternating G and M units.
In general, it is regarded as a biocompatible and food-safe material, forming a gel network under
acidic conditions or in the presence of divalent or greater cations®®. In acidic conditions below pH
3, the carboxylic acid groups protonate to form alginic acid and intermolecular hydrogen bonds
form, leading to the precipitation of a fibrous gel network™. Conversely, in the presence of cations
capable of accepting 2 or more ionic interactions, a network is formed by ionic crosslinking, where

2 or more alginate chains interact with a single cation. Alginate gels are most commonly formed
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with various different divalent and trivalent cations, including Ca?* Mg?*, Sr?*, Ba?* or APF*"%72,
lonic crosslinking is achieved by regions containing sequential G blocks, where the local region
forms a 1Cq4 ring conformation allowing a multivalent ion to reside within the cage and interact
with 2 separate chains. It is for this reason that alginate gels demonstrate significantly different

mechanical properties when crosslinked with different cations’®.

In alginate systems, calcium is widely used for ionic crosslinking due to the size of the
cation and the relative biocompatibility of calcium ions®. This leads to the formation of a 3-
dimensional lattice of guluronic acids in different chains and calcium ions, referred to as an egg
box structure’. Furthermore, due high energy required for this conformation to rotate, the
guluronic acid is the major contributor to ionic crosslinking seen in alginate hydrogels. While
alginate hydrogels are desirable due to their biocompatibility and simplicity of crosslinking, they
are limited by the mechanism of crosslinking. Due to the size of cations used for crosslinking, over
time these ions diffuse into the surrounding medium resulting in a reduction in mechanical

properties over time®.

Alginate hydrogels are frequently used to make hydrogels with the casting method;
techniques to incorporate them into 3D printing are varied. Due to the solution's viscoelastic
properties of the solution one common approach is the extrusion of an alginate solution
concurrently with calcium chloride. Examples of this include Faulkner-Jones et al. where sodium
alginate solution and calcium chloride were dispensed through independent print heads’®, Freeman
et al. where various calcium salts were mixed with alginate before bioprinting™ and Gao et al.
where the alginate is extruded into a CaCl bath?’. Although extrusion is a useful method of 3D

printing alginates, it is not able to achieve the same resolutions as photopolymerization-based
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techniques. A second network or modification of the alginate with acrylate groups is required to

achieve photopolymerizable alginate hydrogels.

In terms of double-network hydrogels, different synthetic networks have been reported,
such as acrylic acid®, 2-hydroxyethyl acrylate, polyethylene glycol diacrylate’®, n,n methylene bis
acrylamide’ and acrylamide. Alternately, if an alginate is the sole component of the network, the
alginate itself can be directly acrylated*38%-82 and polymerized. While acrylate-based crosslinking
is the most common method of photo-crosslinking alginate, other more exotic solutions exist. One
such mechanism involves using a photo acid to generate cations in situ from light, as demonstrated
by Valentin et al.2%, utilizing sodium alginate, graphene oxide and diphenyliodonium nitrate as the
photoacid generator. This method is novel but only achieves millimeter-scale resolution with poor

mechanical properties (40-60 kPa ultimate compressive strength).

2.3.2. Carageen

Like alginate, carrageenan is a linear water-soluble polysaccharide extracted from red
algae®*. Where the two polysaccharides differ is in the active ionic site; alginate has a carboxylate
group, and carrageenan contains a sulphate group. Carrageenan can broadly be classified into 3
major isomers: k-, 1- and A-carrageenan. The difference in the isomers relates to the position and
number of the ester sulphate groups on the repeating units. Both k-carrageenan and 1-carrageenan
are composed of 3,6-anhydro-d-galactose and sulphated d-galactose with the gelation properties
dependent on 3,6-anhydrogalactose. A-carrageenan, unlike the other 2 is solely composed of
sulphated d-galactose®. The carrageenan hydrogels can form in the presence of various salts upon
cooling a heated solution. These thermoreversible hydrogels have mechanical properties
dependent on the cation concentration, cation type and carrageenan concentration. Specifically,

for k-carrageenan, it is gelled most strongly by K* > Ca®* » Na*. K* forms rigid and elastic
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hydrogel, with Ca?* forming a stiff and brittle hydrogel. Conversely, 1-carrageenan gels most
strongly to Ca?*, followed by K* and finally Na*. Of the different isomers, k-carrageenan
demonstrates the strongest hydrogels®. Unfortunately, even though carrageenan demonstrates
useful properties as a network for hydrogels with sulphate groups providing a superior strength of
ionic interaction, thermal gelation has limited its use in UV-based 3D printing systems. Most
commonly, it has seen use in extrusion-based 3D printing systems where a hot end is in use as
demonstrated by Dianez et al.>3, where a hydrogel solely composed of k-Carrageenan was printed
with millimeter scale accuracy. Another group recently demonstrated the use of methacrylated
Carrageenan as a supplement to GelMa for extrusion-based 3D printing, reaching ultimate
compressive strengths of 250 kPa with 100 um resolution®. While k-Carrageenan has seen use as
a possible 3D printable hydrogel, it has been limited by the low structural integrity, shape fidelity,

and mechanical strength®®.

2.3.3. Sodium Hyaluronic

Hyaluronic acid (HA) is a water-soluble non-sulphated glycosaminoglycan, which can be
found in almost every vertebrate tissue®” 8. It is commonly used in cosmetic products to improve
the hydration of the skin due to its propensity to bind water molecules®. This biopolymer is
degradable through free radicals or the hyaluronidase family of enzymes, at this point, it undergoes
endocytosis and lysosomal digestion. In addition to its biocompatible and biodegradable
properties, HA plays an active role in various biological processes, including cell adhesion,
migration, proliferation, differentiation, and angiogenesis®. HA has commonly been utilized in
the field of extrusion bioprinting®°*°4, with limited research so far performed on the DLP and
SLA based systems. Although initial studies have demonstrated the capability of methacrylated

HA solutions to form cell-loaded hydrogels® utilizing SLA printing, there is not a significant body
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of research. Due to the high molecular weight and viscosity of HA solutions, the methacrylated
HA is more commonly used to fix structures printed through the extrusion process rather than the

main method of structure formation®-%-°9,

2.3.4. Chitosan Network

Chitosan is a linear polysaccharide prepared by N-deacetylation of chitin*. There are
multiple different mechanisms for the deacetylation of chitin; the most common one utilizes
concentrated NaOH and high temperatures. Reaction conditions can range from 50-70% NaOH by
mass and temperatures at typically 100°C. The resulting chitosan can range from 50-99%
deacetylated depending on the conditions, with reduced molecular weight depending on the
reaction conditions!®. Other methods of producing chitosan include enzymatic processes with
chitin deacetylase. While chitin is virtually insoluble in almost all solvents with the exception of
ionic liquids and deep eutectic solvents!®, chitosan is soluble in acidic aqueous environments.
This solubility is due to the protonation of the primary amine group on the glucosamine; as such,
deacetylation is crucial to enable the solubility of chitosan'®?. In addition to tuning the solubility
of chitosan through the degree of deacetylation. The mechanical properties and viscosity can also
be varied through control of the molecular weight, with higher molecular weights improving the

mechanical properties of resulting films'® and increasing the viscosity of chitosan solutions.

Extrusion-based 3D printing of chitosan hydrogels has been achieved through various
methods in the literature, including slow gelation at elevated temperatures through the addition of
glycerol phosphate!® or inclusion of a secondary network such as pectin to achieve suitable shear
thinning properties®. Like other polysaccharides, light-based 3D printing is achieved through 2

main pathways: 1) the inclusion of a photopolymerizable acrylate secondary network with
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examples including PEGDAG®! and acrylamide®? or 2) the modification of chitosan with acrylate or

methacrylate groups to directly polymerize the polymer®,

There has also been a significant body of research looking at the modification of chitosan
to incorporate additional chemical groups. By far the most common modification of chitosan is
the addition of quaternary ammonium groups to the polymer. Since chitosan has an intrinsic
antimicrobial activity in acidic conditions due to the protonation of primary amine groups resulting
from deacetylation, many groups have investigated methods of quaternization and the resulting
biocompatibility and antimicrobial activity. This can be achieved through multiple different
pathways, with the most common being n-alkylation with an alkyl halide or epoxidation to graft a
new quaternary amine-containing molecule to the primary amine. There are multiple methods to
incorporate quaternized chitosan into different hydrogels'®, but the current body of work utilizing
quaternized chitosan in 3D printable hydrogels is limited to its use as an additive!®’ rather than the
main source of cross-linking. There is a gap in the literature where quaternized chitosan is used as
the sole crosslinker in a hydrogel. Due to the potential applications of quaternized chitosan in
antimicrobial and biocompatible materials, the development of hydrogels composed of

quaternized chitosan is of significant interest.

2.3.5. Cellulose

Cellulose is the most abundant polysaccharide in nature extracted from plants or bacteria®®.
Unlike bioderived polysaccharides such as alginate or hyaluronates, cellulose is not soluble in
water at any pH and generally requires modification to achieve solubility*. Commonly water-
soluble cellulose derivatives are produced through modification of the hydroxyl groups by
esterification with methyl or ethyl groups. Examples of these polymers include ethyl cellulose,

carboxyethyl cellulose, carboxymethyl cellulose, hydroxypropyl methylcellulose, hydroxyethyl
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cellulose and methylcellulose®’. Methylcellulose has seen the most use as a potential 3D printing
material due to its gelation properties®®1%; nanocellulose in the form of CNC and CNF has also

seen significant use in 3D printing®®10%110,

Unlike soluble cellulose derivatives, CNC and CNF are nanoparticles produced from
cellulose stock. CNCs are produced through acid hydrolysis leading to the removal of amorphous
regions in the cellulose. These nanoparticles are characterized by short crystals anywhere from
100-500 nm in length and 2-20 nm in diameter. CNCs demonstrate extreme tensile strengths as
high as 7500-7700 MPa and elastic moduli ranging from 110-220 GPa!'l. As such they are seen
as a desirable strengthening additive due to their high mechanical properties and high
concentration of surface OH groups enabling modification. CNF is the other commonly used
cellulose nanoparticle, commonly produced through mechanical methods such as high-pressure
homogenization, micro fluidization and supermasscolloiders'?. These methods fibrillate the
cellulose and leave amorphous regions intact. CNFs are characterized by their high aspect ratios
when compared to CNCs, with lengths varying from 500nm to hundreds of micrometres. Unlike
CNCs, CNFs have a fibrillated appearance with diameters dependent on the method of fibrillation
and pretreatments, such as TEMPO oxidation'®. These high aspect ratios facilitate their use as
Pickering emulsifiers in oil in water emulsions*41® and as ideal bioprinting inks due to their
viscoelastic properties. CNFs are preferable to CNCs when used in bioprinting due to the lower
concentration required to achieve viscoelastic properties suitable for 3D printing. Furthermore,
CNCs and CNFs are commonly modified through a variety of additives to incorporate additional
functional groups through methods such as graft polymerization, atom transfer radical
polymerization*'"%8  reversible addition-fragmentation chain-transfer!'®'%  ring-opening

polymerization, nitroxide mediated polymerization'?1??, click chemistry and sialylation. Due to
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this wide variety of modification methods nanocellulose has significant applications in bioprinting
as a majority component of inks* and stereolithography-based 3D printing as a strengthening

additive®.

2.4. Thermoresponsive hydrogels

Thermoresponsive hydrogels are desirable for biomedical applications due to their change in
properties as temperature changes. Thermoresponsive polymers can be classified as positively or
negatively thermoresponsive. Positively thermoresponsive polymers have an upper critical
solution temperature (UCST), where below this temperature, the polymer experiences a phase
transition from a soluble state to an insoluble state. An example of positively thermoresponsive
polymers is gelatin, which forms a gel during cooling. Conversely, negatively thermoresponsive
polymers experience a phase change when raised above their lower critical solution temperature,
switching from soluble to insoluble. There are multiple examples of negatively thermoresponsive
polymers, such as poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) (PEO-b-
PPO-b-PEO) block copolymer, also referred to as poloxamers and poly(ethylene oxide)-b-poly(D,
L-lactic acid-co-glycolic acid)-b-poly(ethylene oxide) (PEO-b-PLGA-b-PEO) triblock
copolymers. However, there use is limited when compared to thermoresponsive homopolymers
due to the complexity of preparation*?®, Thermoresponsive homopolymers are defined by the
structure of the monomer, which is mostly hydrophilic with the inclusion of hydrophobic groups,
which include methyl, ethyl and propyl. N substituted acrylamides make up the most commonly
used thermoresponsive homopolymers, with examples including poly(N,N-diethylacrylamide)
(PDEAM), poly(N-ethylmethacrylamide) (PNEMAM) and poly(N-isoproplyacrylamide)

(PNIPAmM). Other thermoresponsive homopolymers include poly(methylvinylether) (PMVE),
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poly(2-ethoxyethylvinylether) (PEOVE), poly(N-vinylcaprolactam) (PNVCa) and poly(N-
vinylisobutyramide) (PNVIBAM). Of these thermoresponsive homopolymers, PNIPAm is the

most heavily studied due to its well-characterized structure and LCST at 32°C?%.

2.4.1. PNIPAmM hydrogels

PNIPAm’s thermoresponsive behaviour is a result of the amide (-CONH-) and propyl (-
CH2(CHz3)2) groups present in the polymer’s structure. At temperatures below the LCST, the amide
group is solvated by water molecules leading to solubility. As temperatures increase, the hydrogen
bonding is weakened, and the interactions between the propyl groups increase in strength. This
reaches a critical point at the LCST when the attraction between the hydrophobic moieties of the
polymer exceeds the attraction between the hydrophilic moieties and water leading to the collapse
of the swelled structure and the expelling of water*?*. The LCST of PNIPAm hydrogels can be
modified through the inclusion of hydrophobic and hydrophilic monomers to move the LCST to a

lower or higher temperature, respectively!.

In PNIPAm hydrogels, specifically a volume phase transition is observed at a temperature
slightly above the LCST. This behaviour is limited by the structure of the hydrogel. When above
the LCST, the PNIPAm chains rapidly segregate and expel bound water on a molecular scale,
forming a heterogenous microstructure as indicated by the opacity change of PNIPAm gels. The
rate at which water is expelled from the bulk material is limited by both the poroelastic limits of
the hydrogel that govern how water redistributes itself within the network?® and the formation of

a dense “skin layer” during deswelling*?”'?8 that limits the diffusion of water out of the hydrogel.
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The rate of swelling and expulsion of water can improve by increasing the porosity of the network
or the inclusion of a second hydrophilic network such as poly(vinylalcohol) to provide expelled
water paths to exit the hydrogel*?®. Furthermore, the swelling of a PNIPAmM network leads to an
extremely low polymer concentration in the final hydrogel. These networks are weak and generally
too weak to be measured??. The strength of a single network PNIPAm hydrogel can be improved
by increasing crosslinking, but this comes at the expense of swelling behaviour. One common
method to increase the strength is through the incorporation of a double interpenetrating network

hydrogel.

2.4.2. PNIPAm IPN hydrogels

IPN hydrogels have been researched to increase PNIPAm’s mechanical strength and
modify its swelling properties. Zhang et al. utilized poly(vinyl alcohol) as the secondary network,
composing 10-50% of the total polymer content. At higher PVA concentrations, the hydrogel was
capable of deswelling to near equilibrium within 1 minute'?® expelling 95% of its water content
when maintained at 49°C; this is a significant increase over pure PNIPAm hydrogels, which take
over 2 hours to reduce in mass by 50% when raised above the LCST. While PVA has been utilized
to improve swelling ratios, other secondary networks have been tested to improve the strength of
the PNIPAmM network. Many different network compositions have been tested in literature,

summarized by Hag et al. in Table 1.1
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Table 2.1 Mechanical properties of IPN PNIPAm hydrogel?? (reproduced with permissions from Elsevier)

Mechanical properties of IPN PNIPAM hydrogel

Polymer PNIPAM (%) ESR (swollen state) ESR (collapsed state) Swelling time (min) Strength (kPa) Strength ( kPa)
(swollen state) (collapsed state)

Caldum alginate [60] 83 24.50 123 30 120" 250"
Cellulose [84] 25 16 5 NR 55° NR

Poly( acrylamide) [89] 12.3 6.75 625 NR 101* 1207

Poly( acrylamide) [58] 90 1 NR NR 42.3% NR

PNIPAM [52] 100 7.8 NR 25 188" NR

P( NIPAM-co-AMPS) [52] 75 10 NR 12 341 NR

Poly{ N-vinylpyrrolidone) [59] 90 6.7 195 190 20,59 NR

Silk fibroin [ 62] 90 9.5 0555 250 100° NR

Silk fibroin [ 61] 90 9.0 175 0.66 40° a0

2.4.3. PNIPAmM nanocomposite hydrogels

Nanocomposites have also been explored as a method to increase the mechanical properties
of PNIPAm hydrogels, as shown in Table 1.2. Most commonly, nanoclays are used to increase
the elongation of PNIPAm networks due to their availability and low toxicity. Nanoclays also
show improvements in swelling kinetics by providing channels for water to enter and leave to
composite. Other additives that have seen use in recent years include cellulose nanocrystals
(CNC)®°. While both these additives can significantly increase the strength of the hydrogel, their
use is limited by their gelling behaviour. The gelling can be desirable in applications such as
extrusion printing, where shear at the nozzle allows for flow but stabilizes the gel once extruded.
In the case of stereolithography, the low shear forces present in printing leads to gelation during
printing at CNC concentrations above 1-2 wt%. As such, for stereolithography-based printing,
there are significant limitations to the loading of nanoparticles with 1D and 2D geometries due to
their thixotropic properties. In practice, this limits the degree of loading in stereolithography to

<~2%, with bioprinters using CNC concentrations above 10% to improve printability**3,
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Table 2.2 Mechanical properties of PNIPAm nanocomposites.?? (reproduced with permissions from Elsevier)

Mechanical properties of nanocompasite PNIPAM hydrogel

Nanoparticle Concentration (%) ESR (swollen state) ESR (collapsed state) Swelling time strength (kPa) Elongation atbreak (%)
(min) (swollen state)

Graphene oxide [64] 2 22 2 9 TS = 250 125

Graphene oxide [155] 5 32 2 10 s =216 NR

Laponite XLG [156] 20 25 NR 300 TS =423 1632

Laponite XLG [151] 19.8 NR MR 80 TS =69 1112
Ep=3.8

Laponite XLG [152] 11.8 NR MR NR TS =130 1500

Laponite XLG [157] 232 NR NR NR TS = 1600 741
Ep = 43,200

Laponite XLG [ 148] 6.6 18 2 10 TS =41 857
En=15

Laponite XLG Clay =10 25 25 125 CS = 3000 NR

Graphene oxide [158] GO =1

PNIPAM [38] 12.65 80 2 2 TS = 200 1400

Starch 300 nm [159] 100 17.2 NR 5 C5 = 8440 NA

Starch 300 nm [159] 25 40.4 MR 5 CS = 2570 NA

Tetramethaoxysilane [ 160] 50 20 270 10 NR NR

Au [161] 4 NE NR NR Ep = 6726 NR

Few04 [ 162] 70 NR NR NR Cs =190 NR
E, =218

Fe;0+ [163] Fe;0; = 10 25 7 100 Cs = 50,000 NR

Laponite XLG Clay = 50

* Based on NIPAM.

2.4.4. POEGMA hydrogels

POEGMA chains have shown promise in the formation of thermal-responsive polymers
through random copolymerization. Unlike PNIPAm, which is a homogeneous network,
Poly(oligoethylene glycol acrylates) is a tunable thermoresponsive polymer. While there has been
research into tuning PNIPAmM networks through the addition of other more hydrophobic
monomers, the achievable change in lower critical solution temperature is limited. The POEGMA
polymer refers to a wide family of acrylates with different lengths of ethylene glycol side chains.
Depending on the pendant group and the length of the glycol side chain, the hydrophobicity of
each monomer can be tuned. The most hydrophilic of the monomers is hydroxy ethyl acrylate,
followed by hydroxyethyl methacrylate and oligoethylene glycol acrylate. These polymers, when
polymerized alone, demonstrate LCSTs above the boiling point of water. Conversely, monomers
such as ethylene glycol methyl ether acrylate and diethylene glycol ethyl ether acrylate exhibit
LCSTs below the freezing point of water. By polymerizing a hydrophobic and hydrophilic

monomer in different ratios, the hydrophilicity of the whole polymer can be tuned, impacting the
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Gibbs free energy of mixing and, therefore, the LCST. In addition to the tunable ability, these
polymers have other advantages over PNIPAmM. For example, regarding the toxicity of the
monomers, N-isopropyl acrylamide is known to be neurotoxic and has the potential for unreacted
monomers to remain in the final hydrogel. POEGMA monomers do have their own concerns,
mainly the potential for chemical burns. Still, they do not demonstrate any neurotoxicity and show
higher reactivity leading to a lower proportion of unreacted monomers present in the final
hydrogel. For this reason, it is of interest to test the use of these thermal responsive polymers for
3D printing thermoresponsive hydrogels. So far, there is little research on the use of these polymers
to form hydrogels through 3D printing, as up to this point, research has focused on the formation

of linear chains of random copolymers with or grafting to form films.

2.4.5. Thermoresponsive organo-gels

In the realm of additive manufacturing, particularly in the fabrication of thermo-responsive
hydrogels through 3D printing, warpage poses a significant challenge. This deformation often
results from the temperature fluctuations induced by the excess heat generated during
photopolymerization processes. To mitigate this issue, a novel approach has been developed
involving organo-gel intermediaries'®. Unlike their hydrogel counterparts, organo-gels do not
exhibit a lower critical solution temperature (LCST) when exposed to solvents other than water,
thereby maintaining dimensional stability throughout the printing process. This characteristic
enables the production of complex, intricate structures without the detrimental effects of swelling
and shrinking that typically compromise the accuracy and fidelity of printed parts. Furthermore,
the distinctive mechanical properties of organo-gel precursors, which are markedly different from
those of fully swollen hydrogels, contribute to an enhanced resolution of small details. This

advantage is pivotal for applications requiring high precision and structural integrity in 3D printed
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materials. Thus, the utilization of organo-gel intermediaries emerges as a promising strategy for
overcoming the limitations associated with traditional photopolymerization-based 3D printing of
thermoresponsive materials, offering new avenues for the development of advanced functional

structures.

One possible polar aprotic solvent used for organo-gel printing is dimethyl sulfoxide (DMSO).
DMSO is suitable for this application due to the hydrophilic polymer precursor monomers
remaining soluble in DMSO before printing. Additionally, DMSO is useful for printing
thermoresponsive hydrogels as organo-gel precursors due to the lack of an LCST in DMSO®,
This allows for the printing of complex geometries and long print times without the occurrence of
warpage during printing. This behaviour is especially important for thermal-responsive hydrogels
as photoinitiators, and the polymerization of monomers generates significant heat during curing.
Printing in water leads to hydrogels adopting a collapsed state and subsequently swelling within
the resin solution during the printing, causing compounding errors and inaccurate prints. As such,
DMSO has significant advantages when compared to water for photopolymerization-based 3D
printing. Unfortunately, the transdermal properties of DMSO®? This leads to serious drawbacks
when the toxicity of the monomer is taken into account. Unpolymerized monomers can cross the
dermal barrier and lead to adverse health outcomes. This limits the use of DMSO as an organic
phase in the production of organogels for biomedical applications, requiring either time-intensive

washing steps or complete conversion of monomers to the final polymer.

Cyrene is another polar aprotic solvent that has recently been commercially available. This
solvent was discovered in 2016 and has seen significant increases in manufacturing, reaching
commercialization in the past four years. Cyrene, also known as dihydroxylevoglucosanone, is a

bicyclic, chiral, seven-membered heterocyclic cycloalkanone that is derived from cellulose and is
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fully biodegradable'®. Cyrene is most similar to dimethylformamide and N-methylpyrrolidone; it
is also a suitable replacement for DMSO since it is non-toxic. While there is no significant research
on the use of Cyrene as a potential replacement for polar aprotic solvents in the formation of
organo-gels, its benign properties and bioderived nature make it a more desirable polar aprotic

solvent when compared to alternatives such as DMSO, NMP and DMF*341%,
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Chapter 3:  Multi-thermoresponsive PNIPAmM Hydrogel®

3.1. Introduction

Thermoresponsive hydrogels have seen significant research progress over the recent decades.
In a biomedical context, thermoresponsive hydrogels are desirable due to their change in properties
as temperature changes*?*13-140 Thermoresponsive hydrogels are generally classified into 2
categories, homogeneous polymers and heterogeneous polymers. Of the thermoresponsive
homopolymers, poly(N-isopropylacrylamide) (PNIPAm) is the most extensively studied due to its
well-characterized structure and lower critical solution temperature (LCST) at 32°C?21:22:124,129.141
Heterogeneous thermoresponsive polymers rely on different blocks within the co-polymer that
experience a change in their interaction between blocks across the LCST. The most commonly
used thermoresponsive block copolymer is poly(ethylene oxide)-b-poly(propylene oxide)-b-
poly(ethylene oxide) with molecules fitting this structure referred to as a poloxamer. When the
temperature rises above the LCST in a poloxamer solution, the polypropylene oxide groups
segregate leading to the formation of micelles with a hydrophobic core and hydrophilic exterior.
In this work, we hypothesize that a poloxamer diacrylate (Pluronic P123) can be used to augment
the thermoresponsive network composed of PNIPAm to develop a multi-thermo responsive
hydrogel for 3D printing.

Early work on 3D printable thermoresponsive hydrogels utilized extrusion printing. Bakarich
et. al. reported a NIPAAm/Alginate system*2, while capable of printing, the resolution and finish
was limited leading to parts with a surface finish inferior to cast hydrogels. Later Gladman A. et.

al. reported a NIPAAmM/NFC/nanoclay**®. Although the surface finish of these structures was

! This chapter was partially reproduced from Bauman, L.; Zhao, B. Multi-Thermo Responsive Double
Network Composite Hydrogel for 3D Printing Medical Hydrogel Mask. J. Colloid Interface Sci. 2023, 638,
882-892. https://doi.org/10.1016/j.jcis.2023.02.021.
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superior, the printed parts were only made of 2-3 layers (<1mm thick) and the G-code was written
by hand, limiting modifications. Arslan H. et al. built on this technique to generate larger printable
hydrogels out of PNIPAm** with novel shape changes, though the printed hydrogels were still
limited by the extrusion nozzle with a maximum resolution of 200um. Naficy S. et al. reported
printing bilayers of PEO-PU-co-NIPAAm and PEO-PU-co-hydroxyethyl methacrylate'*® to form
hydrogel hinges. This technique achieved thermoresponsive shape change of a solid structure, but
again the printed structures were only 3 layers thick limited by the strength of the hydrogel and
the printer’s resolution.

While extrusion-based printing is capable of fabricating hydrogels with reasonable strength, the
inability to produce fine details is a significant drawback. For this reason, stereolithography (SLA)
based resin printers have gained popularity as increases in the resolution of mask stereolithography
printers (MSLA) and decreases in their price have enabled the fabrication of structures with fine
details. Recent developments in water-soluble photoinitiators have allowed resin-based 3D
printing of hydrogels to see significant growth*®146147 In recent years, researchers started to
explore 3D printing of thermoresponsive hydrogels. This can be seen in the fabrication of 4D
hydrogels through programmed chemo-mechanical gradients, which can be achieved through
swelling rates (through the addition of high surface area structures), crosslink density (through
variation of exposure times) or chemical composition (by exchanging the resin vat) as reported by
Odent et al.**®. Even with the significant progress in SLA-based hydrogel printing that has
occurred, it has not been used to fabricate large-scale structures such as medical hydrogel masks;
large 3D-printed hydrogel parts experience significant thermal cycling during
photopolymerization printing, leading to water-based resins experiencing warpage during printing

as each layer polymerizes above the LCST and subsequently cools and swells during the print. In
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this study, we investigate the use of N-isopropyl acrylamide and Pluronic P123 diacrylate-based
resin to form a double network system with sodium alginate, allowing to print a large hydrogel
that can be formed into patient-specific medical hydrogel, masks for customizable reloadable drug
delivery. We hypothesized that through the use of a thermoresponsive crosslinker and sodium
alginate, the resulting thermoresponsive hydrogel would demonstrate improved mechanical
properties at room temperature, mitigating the weak properties PNIPAm hydrogels are known for
in the swollen state. Additionally, through the use of an organo-gel system, PNIPAm-based
hydrogels could be prepared with mSLA techniques by preventing LCST behaviour and enabling
rapid printing of large hydrogel wound dressings enabled by the swelling of the organo-gel

precursor upon solvent exchange with water.

3.2. Experimental Section

3.2.1. Materials

N-isopropyl acrylamide 97% (TCI America), acrylamide 99% (Sigma Aldrich),
hydroxyethyl methacrylate 97% (Sigma Aldrich), diphenyl(2,4,6 trimethylbenzoyl) phosphine
oxide >98.0% (TCI America), cellulose nanocrystals (CNC) (Celluforce), sodium alginate (low
viscosity)(Sigma Aldrich), Pluronic P123 (Sigma Aldrich), methacrylic anhydride >94% (Sigma
Aldrich), dichloromethane 99.8% (Sigma Aldrich), pentane 99% (Sigma Aldrich), sodium
phosphate monobasic dihydrate >99% (Sigma Aldrich), sodium phosphate dibasic heptahydrate
>99% (Sigma Aldrich), tannic acid ACS reagent (Sigma Aldrich), Dulbecco’s phosphate-buffered

saline (Sigma Aldrich), Rhodamine B 99% (Sigma Aldrich)
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3.2.2. Synthesis of Crosslinker

Synthesis of Pluronic P123 diacrylate started with 0.0172 mol of Pluronic P123 that was
dried at 80 °C and -25 inHg relative pressure for 24hrs. The Pluronic P123 was added to a 1 L
round-bottomed flask along with 0.69 mol of methacrylic anhydride for a 20-time molar excess of
methacrylic anhydride to the Pluronic P123 terminal hydroxyl groups. This solution was stirred to
homogenize after which it was subjected to microwave irradiation at 1000 W in a consumer
microwave (MW) at 1-minute intervals for 10 minutes. Between MW-irradiation intervals, the
flask was placed on a rotary evaporator at 150 rpm under full vacuum until boiling ceased. This
step served 2 purposes: firstly, it increased the conversion of the Pluronic P123 terminal hydroxyl
groups to methacrylate groups since the methacrylic acid side product had the lowest boiling point
of all the components; secondly, it prevented overheating during MW irradiation and thermal
degradation of the intended product since the boiling at reduced pressures in the absence of heating
rapidly cooled reaction mixture. Once 10 minutes of MW-irradiation had elapsed, the flask was
put back to the rotary evaporator and held at 150 rpm and full vacuum in a 95°C water bath to
remove the remaining methacrylic acid and any unreacted methacrylic anhydride. Subsequently,
the reaction mixture was allowed to cool to room temperature before the addition of 50 ml of
dichloromethane and subsequent precipitation into -40°C pentane. The precipitate was then
filtered through a Buchner funnel and rinsed with fresh  -40°C pentane. Finally, the precipitate
was transferred to a vacuum oven and held at 40°C under vacuum for 2 hours before the heating

was turned off and was kept under vacuum for 12 hours to remove any remaining pentane.
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3.2.3. Synthesis of 3D printable resin

Figure 3.1 shows the key steps of synthesizing the printable resins. The resin was prepared
by first dispersing 1.8 g of CNC in 250 ml of ultrapure water using a probe sonicator (Qsonica
q125) with a ¥4 diameter probe tip at 80% amplitude for 4 minutes. 3.6 g of tannic acid was then
added to the dispersion and sonicated for another 2 minutes until fully dissolved. Concurrently 20
g of sodium alginate was added to a 2L round bottom flask along with 20 ml of glycerol, 50 ml of
dimethyl sulfoxide, 2.609 g of sodium phosphate monobasic dihydrate and 8.335 g of sodium
phosphate dibasic heptahydrate and mechanically stirred until homogeneously dispersed. The
CNC dispersion was then added to the sodium alginate solution; and another 250 ml of ultrapure
water was used to rinse out the remaining CNC dispersion and add it to the 2L flask. The resulting
solution was then stirred until the sodium alginate was fully dissolved resulting in a brownish red
translucent solution due to the coordination of tannic acid in a slightly basic solution as shown in
Fig. 3.1. S-1). The solution was then allowed to stir for 24 hrs until the red solution turned a dark
brown indicating the formation of poly(tannic acid) on the surfaces of the CNCs [seen in Fig. 3.1
S-2)]. The 2L flask was transferred to a Buchi rotary evaporator with the water bath set to 90°C at
200 rpm and full vacuum. The solution remained on the rotary evaporator until the solution
increased in opacity and a film could be seen in the upper portion of the flask ~200 ml of solution
remaining in the flask [seen in Fig 3.1. S-3)]. At this point, 15 g of acrylamide was added to the
flask and stirred for 2 hrs. The flask was then returned to the rotary evaporator at the same
conditions described above until evaporation stopped. Removal of water was confirmed by
exposing a sample to molecular sieves and ensuring no change in temperature. The remaining 120
g of N-isopropyl acrylamide, 10 g hydroxyethyl methacrylate, 45 g of PluDA 6000 were added to

the flask and mechanically stirred until a homogeneous solution was obtained. Finally, the flask
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was returned to the rotary evaporator once more for 5 minutes to remove any pentane remaining
in the synthesized PIuDA. The solution was then passed through a 250 um mesh drum sieve aided
by probe sonication to break up any sodium alginate aggregates [seen in Fig 3.1. S-4)]. The filtered
solution was then placed in a Thinky ARE-300 planetary mixer (THINKY U.S.A) along with 4.5
g of diphenyl (2,4,6-trimethylbenzyl phosphine oxide) and mixed for 2 minutes at 2000 rpm.
Components of hydrogel precursor resin and the purpose of each component are summarized and
listed in the supporting information Table 1. The prepolymer resin was printed in a Phrozen XL
4K 3D printer (Taiwan, China) with a layer thickness of 100 um and 30 s exposure time per layer
[reaction schematic shown in Fig 3.1. P-2)]. The resulting structure of the precursor can be seen in
Fig. 3.1. P-3).

Once printing was completed, samples were swollen in DI water at 4°C and allowed to
equilibrate for 12 hours, as seen in Fig. 3.1. PP). Once the hydrogel had swollen the temperature
was increased to 40°C and equilibrated for 3 hours. Once collapsed they were transferredtoa 1 M
calcium chloride solution at room temperature to swell for 12 hrs and crosslink the alginate
network. Finally, the hydrogel samples were transferred to room temperature DI water solution to

allow for the diffusion of any free calcium and chloride ions out of the hydrogel.
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Figure 3.1 Schematic diagram of the synthesis (S) and polymerization (P) of hydrogel precursor; L) lists the key
components and their symbols in the diagram. S-1) the initial state of alginate solution with additives CNC and tannic
acid. The tannic acid polymerizes on the surface of the CNCs in the basic alginate solution (S-2). The water is removed
forming a suspension of alginate/glycerol in DMSO (S-3). Upon removal of the water, acrylate monomers and
crosslinkers are added (P-1). The polymerization occurs under UV-initiated cleavage of diphenyl(2,4,6-trimethylbenzoyl)
phosphine oxide, generating free radicals and polymerizing the precursor resin (P-2) into the final composite before
solvent exchange (P-3). Once the final network is formed, water exchanges the DMSO and glycerol (PP), allowing the
alginate to homogeneously distribute itself throughout the network and ionically crosslinked in the presence of Ca2+

ions.
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3.2.4. Characterization

FT-IR spectroscopy was performed on the resin crosslinkers. Pluronic P123 and PIuDA
were measured by ATR with a zinc selenide crystal. DSC measurements were performed with TA
instruments Q20. Hydrogel samples prepared as described in post-print processing were frozen in
liquid nitrogen and ground to a fine powder. The powder was then dried and 4mg of powder was
added to a hermetic Tzero pan along with 20 pL of water and sealed. The reference sample was
also prepared with a hermetic Tzero pan and 20 pL of water. Samples were equilibrated at 1°C
and heated at 5°C per minute to 60°C. The SEM measurements were performed on a FEI Quanta
Feg 250 ESEM. The samples used for SEM were prepared as noted above. A slice of printed
calibration cubes equilibrated at 4°C, 20°C and 40°C was cut off and placed on a Ted Pella
aluminum Zeiss SEM stub with a brass clip. The samples were then transferred to liquid nitrogen
bath to prevent changes in the structure during transport and measurement before being measured
in the ESEM.

Tensile tests were performed with printed tensile test specimens using a tensile coupon.
The samples were printed using the optimal layer times and curing methods described above. Once
post-print processing was completed, the samples were equilibrated in 1 M calcium chloride
solution overnight at 4°C, room temperature ~21°C or at 40°C. During tensile testing, the samples
were stretched at a rate of .5 mm/second until failure.
Swelling studies were conducted in an Espec environment chamber with samples contained in a
water bath. During initial trials it was determined that the samples did not significantly change in
size after 12 hrs. To ensure an equilibrium state was achieved samples were allowed to equilibrate
at each new temperature for 24 hours before measurement. During measurement, the water bath

was removed from the environment chamber, and samples were only removed immediately before
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measurement to minimize any swelling or deswelling that would occur upon equilibration to room
temperature.

Contact adhesion measurements were performed using a custom-built temperature control
chamber for the universal mechanical tester (UMT, CETR) see Fig. S5 a) with a 5.5mm diameter
flat hydrogel probe punched from a 3D printed sheet of hydrogel equilibrated in DI water after 1M
CacCl; crosslinking described above. The disc was then superglued to a %4” SEM stub (Ted Pella)
and placed in the holder seen in Fig. S5 b) immediately before testing to prevent dehydration of
the surface. Adhesion was measured against a porcine skin sample equilibrated in pH 6 or 8
phosphate buffered saline for 24 hours. The porcine skin samples were cleaned by scrubbing the
skin side with a brush and ethanol to remove deposits of fat on the surface followed by DI water
before equilibrating in PBS at the pH of the respective test. A 17 circular punch was then used to
form disks of porcine skin followed by mounting on a microscopy slide with super glue (krazy
glue). To approximate the conditions of tissue at a wound site, the top 200 um of porcine skin (the
typical thickness of the porcine epidermis is 140 pm'*°) was removed with a Leica vibratome
(Wetzlar, Germany). Following the removal of the epidermis, the samples were rinsed with ethanol
followed by DI water before equilibrating in PBS at the pH of the respective test. After
equilibrating for 24 hrs, the porcine skin was removed from the PBS and rinsed with ethanol,
followed by DI water to prepare the samples for testing. Before testing the surface pH of the skin
was measured with an EXTECH Instruments ExStik flat-bottomed pH probe (Nashua, New
Hampshire) with the samples measuring 6.2 and 7.6 pH for 6.0 (140 mM NaCl, 12 mM NaxHPO4
and 88 mM NaH2PO4) and 8.0 (140 mM NaCl, 93.2 mM Na;HPO4 and 6.8 mM NaH.PO.) pH
PBS respectively. The temperature-controlled chamber consisted of an insulated enclosure

containing a Peltier assembly. The temperature was controlled by means of a Horus Technologies
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Inc temperature controller (Newmarket, Ontario) driving 2 Peltier elements in series. The
temperature was regulated based on the temperature of the heat spreader assembly with the
thermocouple seen in Fig 1. ¢). To ensure the measurement chamber was at the proper temperature
(4°C, 20°C or 37°C), all measurements were performed within an acrylic enclosure within the
insulated enclosure. Before each measurement excess water on the surface of porcine skin was
removed with compressed air and then equilibrated within the enclosure with the central hole
covered for 10 minutes along with a Kimwipe soaked in DI water to prevent the skin from drying.
After the equilibration period the probe was removed from the DI water and dried with compressed
air before attaching to the probe assembly. Indentation was performed at a constant force rate until
preload of 2 g was reached over 30 s at which point the force remained constant for 30 s before
retracting at a speed of 200 um/s. After each measurement was performed with a fresh probe, a
section of the porcine skin was used for the following measurement.

Characterization of the drug release behaviour of the hydrogel was performed on a Jasco
J-815 CD Spectrometer (Tokyo, Japan) with a temperature-controlled holder with magnetic
stirring. Absorbance measurements were performed in a 10mm quartz cuvette with a 2x7 mm stir
bar and a lid modified with a copper hook to suspend the hydrogel sample above the beam path.
The hydrogel samples were prepared with a 5 mm biopsy punch from a 1.8 mm thick sheet of the
printed hydrogel equilibrated in DI water at 20°C. The hydrogel discs were then transferred to 1
M CaCl, at 20°C for 12 hours at which point the temperature was increased to 37°C for 3 hours
before rinsing with DI water and transferring to a 100mg/L rhodamine B solution at 4°C. The
samples were allowed to equilibrate for 24 hours before the release measurement. Before each
measurement the sample chamber and the cuvette filled with 4 ml of DI water were equilibrated

at the temperature 4°C, 20°C and 37°C for 20 minutes. Once the temperature stabilized, a blank
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measurement was taken, and the cap and the hydrogel were placed on top and sealed with parafilm
to prevent water from evaporating during the measurement. The absorbance was measured every
2 seconds witha D.1.T. of 64 ms for 8 hours. The maximum loading for each sample was calculated
from the initial mass before measurement and the final mass after vacuum drying at 60°C and -12
psig by Eqgn. 3.1.
Equation 3.1 Mass of rhodamine-b loaded into sample
Mioaa = (Minitiar = Mrina1) * Pry0eacc * Cioading sotution

The percent drug release was calculated by first running a calibration curve of rhodamine
B in DI water at 0.01, 0.05, 0.1, 0.5, 1, 5, 10 and 50 mg/L at 4°C, 20°C and 37°C. The line of best
fit was then used to calculate the concentration in the cuvette during each release test and the %
drug release was calculated with Eqgn. 3.2.

Equation 3.2 Cumulative % release of rhodamine-b from sample

Ct*W
% release = =¥ x 100
load

3.3. Results and discussion

3.3.1. Design and fabrication of 3D printable PNIPAm-alginate double network
hydrogel resin

PNIPAmM hydrogels on their own are typically weak and brittle when fully swollen as the

network is strained by the absorbed water and external stress can not be dissipated by means other

than chain cleavage. Double network hydrogels have been used to address these mechanical

limitations?249:142150-152 "1 this work, we used alginate to form a double network with PNIPAM.
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Alginate is a biologically derived polymer and can physically crosslinked via ionic interactions; it
has often been used for tuning the mechanical properties of PNIPAmM hydrogels'®3. Formulating
the PNIPAm and alginate precursor for resin printing is more challenging than conventional
extrusion printing because resin printing builds the structure layer-by-layer via UV
polymerization, which requires well-balanced resin flowability and minimal solvent evaporation.
While alginate is commonly used for extrusion-based hydrogel printing®.:’"1%+-1€0 incorporation of
alginate into photolithography printing is less common as alginate aqueous solutions are very
viscous.

Photolithography printing thermally cycles the printed layers across the LCST of PNIPAm.
With water as a solvent, the printed PNIPAm layer forms in a collapsed state and subsequently
cools, resulting in swelling and delamination, which terminates the printing process. We find
dimethyl sulfoxide (DMSO) is a suitable alternative solvent since PNIPAm does not have a phase
change and DMSO can be readily exchanged with water after printing to realize the final hydrogel.
Note that DMSO is a good solvent for acrylate monomers but a poor solvent for sodium alginate.
To disperse the alginate, water was used to dissolve the alginate in DMSO with added glycerol;
the glycerol prevented the precipitation of sodium alginate during subsequent water evaporation.
For high-fidelity 3D printing, the resulting resin also needs to have sufficient strength and
dimensional accuracy during printing. CNCs were added along with tannic acid creating an
enhanced network through the formation of poly(tannic acid) on the CNC surface with subsequent
Schiff base reaction with acrylamide. Thus, CNC acts as bridging points, improving the stiffness
of the hydrogel precursor. A series of FTIR analyses were performed to verify these interactions

(see detailed description in the supporting information).
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The dual temperature responsiveness of the hydrogel is provided by the polymers PNIPAmM
and Pluronic P123 (PIuDA) as illustrated in Fig. 3.2 a); the incorporation of a PIuDA crosslinker
with a separate LCST, a 3rd equilibrium state could be realized between the 2 LCSTSs, where the
hydrogel mechanical properties are improved while still demonstrating a large volume change
across PNIPAm’s LCST. Other methods of increasing the strength of PNIPAm hydrogels in their
swollen state are limited by the significant decrease in volume change. The use of a
thermoresponsive crosslinker enables loading the hydrogel at 4°C and by allowing the soaking
solution to exceed 9°C before application. The extra strength and elasticity provided by the PIuDA
above its LCST prevents damage during application with minimal shrinkage before application.
The LCST of the PNIPAm has been widely studied and used in a multitude of biomedical
applications as shown in Fig. 3.2. a). Pluronic P123 (P123) is a polymeric surfactant and has a
critical micelle temperature (CMT) of 9°C, above which the hydrophobic interactions promote the
formation of micelles with a polypropylene oxide core and polyethylene!®® oxide shell. Of the
various poloxamers, P123 was chosen as its CMT was below room temperature and it can help
stabilize the precursor resin. P123’s terminal hydroxyl groups can be modified to methacrylate
groups forming Pluronic P123 diacrylate (PluDA). With this combination of polymers, the formed
network can swell to the highest water fraction possible at temperatures below 9°C. As the
temperature of the system rises above 9°C, the CMT of PIuDA P123 fraction is crossed, and the
hydrogel shrinks due to hydrophobic attraction between PPO blocks. These hydrophobic
interactions provide additional strength to the network, reducing the low elasticity of the fully
swollen hydrogel. As the temperature is raised above 32°C, the PNIPAm portion of the hydrogel
expels the water surrounding it and further reduces the size of the network along with an increase

in strength. The behaviour of this system is confirmed by the DSC as shown in Supplementary
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Figure S2, where a large abrupt change in the heat flow occurs at 8.9°C along with a slower wider
signal shown from 28-52°C. The broad peak associated with the PNIPAm is due to the addition of
the hydrophilic monomers acrylamide and HEMA which modify the phase transition temperature

of the PNIPAm copolymer'®?,

PNIPAAm
a) PluDA LCST
CMT I(9"(‘) (33°0)

Volume

Temperature

Figure 3.2 .. a) Illustration of the thermoresponsive volume changes of the hydrogel with dual phase change temperature
9°C and 32 °C, b) ESEM images of the hydrogels at three temperatures- b-d.1 low magnification, b-d.2 high
magnification.

To confirm the existence of separate states in the hydrogel, ESEM was performed on
cryogenically frozen samples after incubation at 4°C, 20°C and 40°C as seen in Fig. 3.2. b-d).
When at 4°C [Fig. 3.2. b)] the hydrogel is fully swollen and was quite porous due to the structure
that remains after the alginate particles dissipate into the network. As the temperature increased to

20°C, as seen in Fig. 3.2. c), there is less porosity in the sample and shrinkage appearing from the
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PIuDA hydrophobic interactions has led to a partial collapse of the porous network. Finally, at
40°C in Fig. 3.2. d) we can see the network has fully collapsed with the least porosity evident of
all 3 samples. The ESEM images agree with expectations of the hydrogel from the design of the
resin and reinforce the reasonings behind the resin design philosophy.

The printability of the synthesized resin is shown in Fig 3.3., where a model structure with
fine details and a large-size facemask are demonstrated. To test the fidelity of the model a
resolution test was performed to gauge the capability of the resin to print fine structures. From
comparing Fig. 3.3. a-c) it was evident that the fidelity is impressively close to the 3D model.
While some fine details did not successfully print, this result is exceptional as rigid commercial
photopolymers struggle to achieve such results and the failures can be prevented through proper
support during printing. It was found that the resin was capable of printing for extended periods of
time with minimal warpage leading to a 50% scale hydrogel precursor facemask; and the facemask
fitted the model face that was used for this study exceedingly well with little gaps. Additionally,
using this hydrogel precursor, it is possible to print parts in small sizes, which then can swell up
to 4 times in volume to the final dimensions; this feature allows the print of large objects in a

shorter period.
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Figure 3.3 Demonstration of high printing fidelity with the hydrogel resin. a) 3D model and b) the corresponding printed
hydrogel precursor and c) final hydrogel at 20°C. d) Schematic diagram of working principles of mSLA
photopolymerization printing. e) a custom designed nasal mask printed from a scan of a mannequin head (3D model
scaled for 1:1 after hydrogel equilibrates at 20°C) and f) a custom-designed facial mask generated from the same scan
(3D model scaled for 1:1 scale at after hydrogel equilibrates at 4°C)).

3.3.2. Thermoresponsive swelling and contraction of PNIPAm-Alginate
Nanocomposite Hydrogel

To investigate the temperature responsive behaviour of the hydrogels, a series of

measurements of the dimensions of the samples were performed on printed hydrogel cubes at three

temperatures of 4°C, 20°C and 40°C. 4°C was chosen as it was below the LCST both

thermoresponsive components, 20°C was chosen as it was above the LCST of the Pluronic

component but below the LCST of the PNIPAmM component, 40°C was chosen as it was above the

LCST of both Pluronic P123 and PNIPAm. It was found at 4°C, the samples increased in size by

about 50% compared to the room temperature size as seen in Fig. 3.4. a), while at 40°C, the

48



samples shrunk by about 50% compared to the room temperature volume. As the samples were
cycled through temperatures, the size at room temperature was reduced, likely due to the
dissolution of free Ca?* present in the hydrogel. As the concentration of free ions was reduced, the
number of completed crosslinks in the alginate network would be increased. This would increase
the cohesive forces within the hydrogel and prevent it from swelling to the same degree as when
there is a greater number of ions present in the hydrogel. This hypothesis was reinforced by 2
phenomena observed when testing the hydrogel. When the cured hydrogel was swelled in DI water
without Ca?* ions present, the volume was significantly greater than the ionically crosslinked
hydrogel at 20°C as seen in Supplementary Figure S3; this was attributed to a lower rigidity of the
alginate network allowing for a greater degree of swelling. As the hydrogel was cycled through
temperature gradients, the hydration % was also affected. When equilibrated in 1 M CaCl; the
hydration reduced by 79% from 4°C to 40°C as seen in Fig. 3.4. b). It should be noted that the
mechanical properties of the hydrogel were not tested after swelling cycling, though no defects in
the material were observed after multiple cycles. This, however, was not true for hydrogels rapidly
deswelled from 4°C to 90°C, where obvious blistering became apparent after 1 cycle,
demonstrating the internal pressure associated with the hydrogel collapse could overcome the
cohesive strength of the hydrogel between layers. These samples also showed a lower degree of
change in the swelling volume compared to the samples cycled in DI water indicating the ions

increased the rigidity of the alginate network.
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Figure 3.4 Reversible swelling/shrinking behavior of the hydrogel. a) hydration percentage of hydrogel samples
equilibrated in 1M CaCl2 at representative temperatures. b) cyclic swelling tests of 3D printed hydrogel cubes in DI
water after post-curing salt treatment with error bars representing deviation over 10 replicates.

3.3.3. Thermoresponsive mechanical properties of 3D-Printed PNIPAm-Alginate
Nanocomposite Hydrogel Parts

To investigate the temperature-responsive behaviour of the 3D printed hydrogels, tensile

and compression tests were performed at 4°C, 20°C and 40°C across the two LCSTs. It was found

that the hydrogel had a high tensile strength in its collapsed state as shown in in Fig. 3.5. a). Initially

tensile strength of the hydrogels was weak with a maximum tensile strength at 4°C of 71 kPa with

a typical break point occurring at 60 kPa. At 20°C, the samples displayed an improved ultimate
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tensile strength at 200 kPa (average break at 168 kPa) and an increased strain of 110%. This trend
continued at 40°C with an ultimate tensile strength of 522 kPa (average break at 484 kPa) and
strain of 220%. In addition to tensile properties, the hydrogel also demonstrates high compressive
strength, as shown in in Fig. 3.5. b); the compressive strength of the hydrogel improved as the
network collapsed. At 4°C the samples demonstrated a maximum compressive strength of 77 kPa,
with cohesive failure occurring at 67% strain. At 20°C the ultimate compressive strength of the
samples increased to 500 kPa as well as the ultimate strain for cohesive failure 79%. Finally, at
40°C, the samples displayed the greatest compressive strength at 6.3 MPa with no cohesive failure
at 80% strain. These compressive properties are superior to other similar 3D printed systems
PNIPAm systems when compared with those reported in the literature seen in Fig 3.5. b).

The observed significant increases in strength were attributed to the reduction in initial
strain of the network resulting from the expelling of water at elevated temperatures along with the
increased amount of hydrogen bonding present in the material. The hydrogen bonding, along with
the ionic crosslinking of the Ca?+ ions, significantly improved the strength of the network. When
the overall curve of the mechanical tests is examined, an interesting trend emerges. At both 4°C
and 20°C, the samples do not display a difference in Young’s modulus, yet the overall strain at
break is increased. This indicates that much of the strength below the LCST of PNIPAm is due to
the ionic interactions in the alginate network, while the PIuDA enabled greater flexibility of the
network. This translates into similar mechanical properties with a break earlier in the curve for
more swollen samples. Note that this behaviour was not seen at 40°C, where there was a significant
increase in stiffness and strength, indicating hydrophobic interactions of poloxamers in networks
providing less strength than the PNIPAAmM portion. Notably, the precursor displayed a 2-order of

magnitude increase in tensile strength as shown in supporting information Figure S4 b); these
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strength and stiffness are important in that they enable the printing of compliant hydrogel
structures in geometries that would not bear the mechanical forces during printing, overcoming

the technical hurdle that other compliant hydrogel resins struggled to achieve?.
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Figure 3.5 Mechanical properties of 3D-printed samples. a) tensile stress-strain curves at the representative
equilibration temperatures with results of 5 replicates below. b) compressive stress-strain curves at the representative
equilibration temperatures. c) A comparison of this work to other 3D printable hydrogels in literature, 23142163

3.3.4. Thermoresponsive Drug loading and release properties of PNIPAm-Alginate
Nanocomposite Hydrogel

To investigate the ability of the hydrogel to load and release drugs, a model drug,

rhodamine b, was loaded by soaking a printed hydrogel cube in its water solution at 4°C.

rhodamine B was chosen as a model water-soluble drug to demonstrate the loading of the hydrogel

after synthesis and for its fluorescence. For the intended applications, antibiotics and painkillers

52



are highly desirable and generally demonstrate high water solubility; therefore, the model
compound selected was water soluble. Fig. 3.6. A is a photo of the drug delivery test. At37°C, it
was found that the solution concentration significantly increased over the first hour, with about
25% of the loaded drug released, as seen in Fig. 3.6. B. Over the course of the measurement, the
release rate of rhodamine consistently increased, but the rate of increase reduced in the first 5 hours
as the release transitioned from pressure-driven due to the hydrogel collapsing to diffusion-driven
when the hydrogel reached equilibrium. The release at 37°C displayed a significantly faster initial
release with a slope of 41%/h compared to 27%/h and 14%/h for the 20°C and 4°C samples
respectively. The consistent increase in the colour saturation of the solution is in the timescales
similar to that associated with the use of a medical mask or wound dressing, indicating the
applicability of the hydrogel medical mask. While these results indicate the applicability of this
material for wound dressings in our tests the hydrogel is immersed in DI water equilibrated at the
respective temperature and almost immediately reaches the test temperature. In practice, the actual
release rate would be slower and more linear due to the thermal transfer only occurring on one side
of the hydrogel; this would likely extend the period of hydrogel contraction-mediated release over
a longer period. Additionally, the choice of model compound was not ideal due to interactions
between the rhodamine b and alginate, trapping a large portion of the model compound in the
hydrogel at low loading concentrations. It is likely that at physiologically relevant concentrations
of loaded drugs, this interaction would be less of an issue (as the loading would be over 100mg/L).
Furthermore, in realistic use cases, the wound site would be constantly absorbing released drugs,
reducing the surface concentration and improving diffusion. In our drug release study, this was not
accounted for as the complexity of the system made measurements difficult enough without

exchanging the solution for fresh DI water and accounting for the total quantity of drug release
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over multiple solution changes. Note that our work is distinguished by the strength of the hydrogel
precursor Fig. S6 and the 2 distinct thermal response curves. The unique characteristics of this
system make it well-suited for printing large thin-wound dressings. Furthermore, the strength of
the hydrogel precursor enables the transport of printed hydrogels with little concern of damage or
dehydration during shipping. This enables the hydration of the precursor to a viable mask or wound
dressing with easily obtainable salts and loading the network with any desired hydrophilic drugs,
a benefit that has significant uses in personalized medicine where the loaded drug can vary from

one patient to the next. Additionally, they can be reloaded multiple times reducing medical waste.
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Figure 3.6 Drug release characterization of the hydrogel. a) schematic of the cuvette used for drug release measurements,
b) % loaded drug release with respect to time. c) Time-series images of drug-releasing of NIP033 cube loaded with 1%
rhodamine-b at 4°C placed in 100 ml of 37°C water
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3.3.5. Thermoresponsive adhesion of the printed hydrogel

Finally, we investigated the adhesion properties of the printed hydrogel mask as a wound
dressing. It is desirable for wound dressings to have self-adhesive properties so that no additional
medical adhesives are needed. The adhesive wound dressing should also be readily peeled off as
required. We found our hydrogel system can offer these desired features modulated by the natural
body temperature. Supplementary Videos 1-3 and Fig. 3.7. demonstrate the thermoresponsive
adhesion of the hydrogels. When in contact with dermal tissue at 4°C and 20°C (below the LCST
of PNIPAm), the hydrogel showed little adhesion and detached from dermal tissue easily under
acidic and basic conditions that would be seen in wound tissue (typical pH varies from 6-8 164
Fig. 3.7. c-f). This adhesion force increased upon contact with a natural dermal tissue at the body
temperature of 36°C; there is no peeling during vigorous shaking and other motion gestures.
Furthermore, the indentation results display around a ~300% increase in maximum pull-off force
and a larger pull-off distance in Fig. 3.7. c-e) demonstrating the smart adhesion capabilities of the
system. The mechanism for this improved adhesion is hypothesized to be due to both the shrinkage
of the hydrogel and the conformation change of the surface composition, as shown in Fig. 3.7. b).
As observed with the hydrogel cubes (Fig 3.4), the hydrogel volume shrank significantly at higher
temperatures, which enables a “gripping” action resulting in a more intimate contact between
hydrogel dressings and skin surface. Furthermore, there are likely some subtle conformation
changes in the surface composition enhancing adhesion. At temperatures below the LCST of
PNIPAm, the tannic acid-coated CNC are shielded by the hydrophilic PNIPAm portions, with few
presented on the surface. When the temperature is raised above the LCST of PNIPAm, the network

contracts and adopts a hydrophobic conformation. This change exposes the CNCs on the surface,
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allowing the bound tannic acid groups to generate surface interactions through the numerous
galloyl and catechol groups. This behaviour is particularly important for burn injuries where
literature has shown the benefit of redressing burn injuries multiple times a day, but in practice, is

limited by the discomfort associated with dressing changes*®®

. As such, the use of a wound dressing
with switchable adhesion could facilitate frequent dressing replacements and hypothetically
improve healing times with minimal waste, as 2 hydrogel dressings could be cycled rather than a
fresh dressing for each use. Furthermore, at skin temperatures, we observed that delamination
occurred continuously rather than spontaneously; this indicates the adhesion is not a result of
capillary forces but rather adhesive interactions between the two surfaces. These adhesive

characteristics and other smart properties demonstrate the hydrogel’s potential as a customizable

smart dressing for personalized medicine, which needs further investigation.
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Figure 3.7 Adhesion of hydrogel on skin at various temperatures: a) 3D rendering of the temperature-controlled adhesion
chamber. b) Schematic of how surface composition changes enabling temperature responsive adhesion. Above the LCST
of PNIPAm, the surface conformation changes exposing the tannic acid coated CNCs. This enables the galloyl and
catechol groups to interact with the skin surface. ¢) Summary of adhesion tests at 3 temperatures and 2 pH levels with 3
replicates each. d) Representative loading and unloading curves of the hydrogel probe on skin at pH 6.2. d)
Representative loading and unloading curves of the hydrogel probe on skin at pH 7.6. f) Low adhesion to porcine skin at
8°C. g) Low adhesion to porcine skin at 18°C. h) High adhesion to human skin at 33°C. Images are frames from
Supplementary Video 1.
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3.4. Conclusions

We report the development of a thermoresponsive hydrogel precursor capable of large format
printing with high fidelity and the investigation of its thermoresponsive properties. The hydrogel
is composed of a majority of PNIPAm providing the thermoresponsive collapse of the hydrogel
network seen around body temperature. A second LCST was incorporated into the polymer
through the addition of a poloxamer crosslinker consisting of diacrylate functionalization of
Pluronic P123, providing a sharp collapse at 8.9°C. It was found that the hydrogel displayed
significant changes in strength as it collapsed as expected with PNIPAm-based hydrogels, and the
2 thermoresponsive components would display 2 LCSTs rather than a single shifted LCST. This
behaviour allowed for a significant increase in the usability of these hydrogel structures at room
temperature mitigating the fragility associated typically with swollen PNIPAm hydrogels.
Additionally, the collapses associated with each respective LCST were shown to be repeatable
with little change in swelling volume over multiple cycles. We found the resin could be used to
print full-scale hydrogel medical masks with thermoresponsive release of a hydrophilic drug
analog, demonstrating their capability as a loadable patient-specific wound dressing. Furthermore,
we demonstrated the desired thermoresponsive switchable adhesion of the printed hydrogel on the
skin. Above the LCST of PNIPAm, the hydrogel fully collapses, triggering a change in surface
composition and exposing tannic acid-coated CNCs in addition to shrinkage. In this state, the
hydrogel demonstrated a >300% increase in force of adhesion compared to room temperature. The
use of tannic acid-modified CNCs in thermoresponsive systems for temperature-sensitive adhesion
would simplify synthesis requirements compared to other block copolymer systems®®. Further
research on this system would involve post print modification of the hydrogels to incorporate

antimicrobial nanoparticles in-situ and the tuning of the resin formulation for improved strength.
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Chapter 4:  Quaternized Chitosan Supramolecular hydrogels 2

4.1. Introduction

Hydrogels, characterized by their hydrophilic polymer networks, are integral to various
applications including tissue engineering*%1% drug delivery!®®17t and soft robotics!4148:158,
These networks, formed through physical, ionic®®->4157172 or chemical crosslinking®%1°8:163.173 gngd
excel in retaining substantial water quantities. Traditional hydrogel fabrication, largely limited to
casting methods, has been significantly advanced with the development of 3D printing
technologies. This progression has unlocked the potential for complex, precision-engineered
hydrogel structures*146, surpassing the capabilities of conventional methods. Such structures are
increasingly required in the fields of soft robotics and tissue engineering, where composite

structures are desirable due to the unsuitability of a single material.

Hydrogel 3D printing has primarily adopted two methodologies. The first one is extrusion-
based printing, which involves the deposition of hydrogel ink through a nozzle, forming structures
subsequently stabilized by crosslinking. This method has the advantage of multi-material
compatibility and diverse crosslinking capabilities'’* (physical, chemical, ionic) but is nonetheless
limited by the ink's rheological properties and the resolution constraints of nozzle extrusion®®.
The second approach is the vat polymerization, which constructs 3D hydrogel structures layer-by-
layer within a bath. It encompasses three technologies: stereolithography (SLA), using a laser
guided by mirrors; mask stereolithography (mSLA), employing an LCD mask; and digital light

projection (DLP), utilizing a micro-mirror array. While vat polymerization achieves finer

2 This chapter was partially reproduced from Conductive Supramolecular Hydrogels Enabled by
Quaternized Chitosan:Acrylate lonic Crosslinking for High Fidelity 3D Printing submitted to Carbohydrate
Polymers, 2024
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resolutions (2-40 um) compared to extrusion, it demands a high degree of crosslinking to
counteract the mechanical stresses of printing*. Advances in this field have demonstrated that
multiple-material printing is possible with photopolymerization-based systems, but the mechanical
limitations of current 3D printable hydrogel formulations prevent the development of all hydrogel
composites. Such composites would be highly desirable for applications in tissue engineering, soft
robotics and soft tissue prosthetics, where precise control over the structure would enable precise

emulation of soft tissues, a common goal in bio-mimetic research.

Chemical crosslinking is common in vat polymerization to achieve high resolutions but tends
to yield structures with limited elasticity due to high crosslink density or weak structures with high
elasticity and high deformation'®. For instance, Ge et al.!”® and Zhang et al. explored hydrogels
composed of acrylamide and low-concentration poly(ethylene glycol) diacrylate (PEGDA)Y ¢,
achieving ultimate tensile strengths of around 40 kPa. These hydrogels demonstrated enhanced
elasticity but were limited in strength and prone to deformation during printing. Furthermore, 3D
printable conductive hydrogels provide additional limitations due to the need for conductive
additives. Heo et al. demonstrated conductive gelatine methacrylate (GelMA) poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) hydrogels manufactured with SLA techniques
and were able to achieve a high compressive strength of 13 MPa, with a maximum resolution of
500 um*’®. Wu et al. demonstrated conductive hydrogels composed of GelMA and polyaniline
prepared with DLP techniques demonstrating 100 pum resolutions!’” with limited mechanical

characterization.

In contrast, extrusion-based methods, as demonstrated by Zhou et al., have successfully

produced hydrogels with superior mechanical properties. Their work involved a hydrogen bond
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crosslinked hydrogel comprising N-(pyridin-2-yl)acrylamide and methacrylic acid, which

172

exhibited ultimate tensile strengths exceeding 4 MPa*'4, showcasing the potential of extrusion

techniques in fabricating robust hydrogel structures.

This research addresses the need for alternative crosslinking strategies in vat polymerization of
hydrogels to balance mechanical integrity with elasticity. We introduce a novel polymeric salt-
based crosslinker, inspired by Sashiwa et al.'s study on chitosan solubilization in polar aprotic
solvents'’®, through the use of acidic monomers to solubilize quaternized chitosan and enable
crosslinking. We employ a quaternized chitosan (QCh) and 3-sulfopropyl acrylate (SPA) system
to form poly(ionic) salts that act as crosslinkers. We hypothesize that the quaternized chitosan will
form a salt with 3-sulfopropyl acrylate that is soluble but does not disassociate in the polar aprotic
prepolymer resin solution. This will enable the photopolymerization printing of a organo-gel at
high fidelity and aspect ratios that upon solvent exchange with water forms a hydrogel with
characteristics of ionically crosslinking. This strategy aims to enhance the hydrogel’s elasticity
without compromising their mechanical strength during printing, along with the poly(ionic)
hydrogel network adding conductive propertiest’®-182, We further explore the influence of pH and
ion ratios on the final mechanical properties, utilizing pTSOH with a strong anionic acrylate to
modulate anion density without impacting pH. Furthermore, while our previous work utilized
dimethyl sulfoxide (DMSO) for synthesis of the organo-gel precursor*®?, in this work we introduce
Cyrene as a sustainable alternative to DMSO™* for synthesizing organo-gel precursors. Similar in
solvating properties, Cyrene has demonstrable non-toxic properties and a lack of the transdermal
transport behavior DMSO is known for®*, Thus, the reported material herein advances the field

towards environmentally friendly, photopolymerization based 3D printable hydrogels.
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4.2. Materials and Methods

4.2.1. Materials

2-hydroxyethyl acrylate (HEA) (Sigma Aldrich), 3-sulfopropyl acrylate potassium salt
(SPA:K), hexane (Sigma Aldrich), diethyl ether (Sigma Aldrich), Irgacure 819 (BASF), CInd™
Chitosan Quaternary Ammonium Salt (QCh:Cl) (CD Bioparticles)(Mw = 550 kDA by viscosity,
90% degree of deacetylation and 99.7% substitution by acid base titration[confirmed by AgNOs3
titration] product information provided by supplier) Cyrene (Sigma Aldrich), Irgacure 2959
(Sigma Aldrich), SSTC60 (Purolite), Amberlyte a26 (Dupont), sodium hydroxide (Sigma

Aldrich), phosphoric acid 85% (Sigma Aldrich), para-toluene sulfonic acid (pTsOH)

4.2.2. Resin formulation

All resins were formulated on a weight basis of 2.5g QChCI per 100 g HEA, with an
equimolar amount of QChOH weighing 2.195 g. For QCh:SPA:pTsOH (1:1:0) 4.0569 of the final
salt contained an equivalent number of moles of QCh as 2.5g of QChCI a comprehensive list of
amounts of QCh and SPA in each salt can be found in Supp. Table 1. In a typical synthesis of the
QCh:SPA:pTsOH (1:1:0) resin, 100g of purified 2-HEA was homogenized with 4.056g of
QCh:SPA:pTsOH (1:1:0) salt at 10000 rpm for 5 minutes to form a translucent slurry. At which
point 12.5 g of Cyrene was added and homogenized for 5 minutes, followed by sonication for 5
minutes at 100% amplitude [Q125 Y4” probe (Qsonica, USA)], at which point the solution turned
from a translucent slurry to a viscous clear yellow liquid. This was followed before the addition of
1 g Irgacure 819. Finally the prepolymer resin was mixed (2000 rpm) and degassed (2200 rpm) in

an ARE-310 (Thinky, USA) planetary mixer before printing.
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4.2.3. 3D Printing
All samples tested in this paper were printed with a Phrozen 4K Sonic XL (Phrozen,
Taiwan) resin printer, with a 7000 ms exposure time per 50um layer. The supporting information

detailed print time optimization.

4.2.4. Post-print processing

Following printing, the organo-gels were rinsed with ultrapure water (UPW) followed by
isopropanol. Samples were then heated to 80°C for 10 minutes to evaporate IPA and aid separation
from the print stage. Samples were cured for 10 minutes under nitrogen in a purpose-built 300 W
curing chamber outputting 365-405 nm. Following post-curing, the samples were equilibrated in

UPW (Impedance = 18.2 MQ) for 72 hours, exchanging every 24 hrs.

4.2.5. QCh:SPA Degradation study by NMR Spectroscopy

All samples analyzed utilized Neutral QCh:SPA:pTsOH (1:1:0) formulation as it was the
most representative formulation. Water-containing samples followed weight ratios in the resin
formulation section, substituting water for Cyrene and Irgacure 2959 for Irgacure 819. Samples
were cast in square Sylgard 184 moulds and cured using the same curing and solvent exchange

parameters as other formulations.

The Cyrene sample was prepared as described in the 3D printing section. Degradation was
achieved by soaking 5g of hydrogel in 0.1 M KOH in methanol (50 ml) for 24 hours. Followed by
neutralization with 1 M aqueous HCI and dialysis (14,000 MWCO) against UPW for 72 hours
before freeze-drying. The dried products were then re-dispersed in d4 MeOH, D20, or d6 DMSO
at 10 mg/mL. Prior to NMR, the solutions were centrifuged at 10,000 g, then filtered with a 0.2

pm PTFE filter to remove undissolved solids.
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4.2.6. Rheometric and Mechanical measurements

Viscosity measurements utilized a CAP 2000+ viscometer (Amtech Brookfield, USA) and
1H spindle. Measurements were performed at 22°C with 200 pL and a hold of 60 seconds.
Rheometric measurements were performed on a Rheospectrus C500+ (Rheolution, Canada) with
1mm thick printed sheets of hydrogel with standard post-processing punched into a 25.4 mm
diameter disk. During measurement, samples were sparingly coated with 1000 cP silicon oil to
prevent evaporation. Tensile tests (strain rate .5 mm/s) and compression tests (strain rate .5 mm/s)
were performed on a CETR-UMT (Bruker, USA). Printed Tensile coupons and cube specimens

were used for tensile and compressive tests respectively.

4.2.7. Electrical measurements

Conductivity measurements were performed on a SP-300 potentiostat (BioLogic Scientific
Instruments, France) with a 4-point holder (Cascade Microtech, USA) and C4S 57/1S 3716 probe
(Cascade Microtech, USA). During EIS, measurements utilized a 4 V bias at the working
electrode. Conductivity was calculated from the bulk resistivity of a semi-infinite volume; the
equations for the calculation are provided below. Impedance measurements of the liquid solutions

were performed with a purpose-built liquid chamber seen in Fig. 4.1.

Equation 4.1 Conductivity equation

1
0=-—
p

Equation 4.2 bulk resistivity equation
vV t ty V
p=7 R F(y)=2ns A())
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Equation 4.3. Thickness correction factor
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Figure 4.1 Impedance measurement cell. a) Cross-sectional 3D Model of 4-point probe liquid cell. b) 4-point probe. c)
Fully assembled 4-point probe liquid cell
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4.2.1. Characterization of quaternized chitosan chloride salt degree of substitution
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Figure 4.2 Conductometric titration of CInd™ Chitosan Quaternary Ammonium Salt with AgNO3

The degree of substitution was calculated based on a standard silver nitrate conductometric
titration. 12 mg of CInd™ Chitosan Quaternary Ammonium Salt was dissolved in 50ml of
ultrapure water and titrated with 10 mM AgNOz. The minimum was found to be 2.76 ml, which
was converted to the degree of substitution using the following equation. V is the volume of
solution used, c is the concentration, W is the weight of the sample being tested, and 314 is the

weight of the modified glucosamide, with 162 being the weight of the unmodified glucosamide

unit.

Equation 4.4.18

c
Vagno, * 1000 1
= 0,
DS v 314 *DDA 100%
c + 1000
1000 162
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The measured degree of substitution was calculated to be 100.7% which is similar enough
to the reported degree of substitution (99.7%) to be acceptable. Overestimation of the degree of
substitution is likely due to the experimental error in preparing the silver nitrate solution or human
error in the determination of the onset point. Additionally, the degree of deacetylation could be
slightly higher than reported by the manufacturer, leading to a degree of substitution greater than
100% since the material would have a higher number of deacetylated groups per gram than
specified. For this material, there was no way to measure the degree of deacetylation as the material
was received in a highly substituted form with no deacetylated groups visible in the NMR spectra
reported below. As such, the only value provided for the degree of deacetylation was that provided

by the manufacturer.
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4.2.2. Synthesis and characterization of QCh:SPA

Q-Chitosan/acrylate salt synthesis
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Figure 4.3 Schematic of salt synthesis.

To form a salt from Quaternized chitosan and 3-sulfopropyl acrylate potassium salt, the
respective base and acid forms must first be formed by passing the materials through a cationic

and anionic resin respectively [Fig. 4.3.]. Both columns were 300 mm in length with a 30mm i.d.
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fed by a 500 ml reservoir at atmospheric pressure. The cationic column consisted of Amberlyte
a26 converted to its OH form by passing 250 ml of 2 M NaOH through the column and rinsing
until neutral before use. The anionic column consisted of purolite SSTC60 converted to its acid
form by passing 250 ml of 10% wt phosphoric acid through the column and rinsing until neutral
before use. This process was also used to regenerate each column between purifications to ensure

the highest conversion achievable.

In a typical synthesis 15 g QChCI powder was dissolved in 700 ml of ultrapure water and
passed through the cationic column followed by ultrapure water, until the product measured pH 8.
Next 15 g of 3-Sulfopropyl acrylate potassium salt (SPA) was dissolved in 50 ml of ultrapure water
and passed through the anionic column forming a 3-(acryloyloxy)propane-1-sulfonic acid (SPAA)

solution followed by ultrapure water, until the product measured pH 6.

Table 4.1 Ideal weights and yields of QCh:SPA salts used for each resin formulation

Weight Ratio

QCh:SPA 1:1 Molecular Weight Weight (g) % Yield [QCh:SPA]:HEA (g:9)
QChCI (repeat unit) 330.81 2.325

QChOH (repeat unit) 312.37 2.195

SPA 232.29 2.500

SPAA 194.2 2.090

QCh/SPA 4.285 0.992 0.851:20
Weight Ratio QCh:SPA 1:0.75

QChCI (repeat unit) 330.81 2.325
QChOH (repeat unit) 312.37 2.195
SPA 232.29 1.875
SPAA 194.2 1.568

QCh/SPA 0.750:20

Weight Ratio QCh:SPA 1:0.5
QChCI (repeat unit)

QChOH (repeat unit) 312.37 2.195

SPA 232.29 1.250

SPAA 194.2 1.045

QCh/SPA 3.240 0.989 0.641:20
Neutral QCh:SPA:pTsOH 1:1:0

QChCI (repeat unit) 330.81 2.325

QChOH (repeat unit) 312.37 2.195

SPA 232.29 2.225

SPAA 194.2 1.860

QCh/SPA 4.056 0.998 0.809:20
Neutral QCh:SPA:pTsOH 1:0.5:0.5

QChCI (repeat unit) 330.81 2.325

QChOH (repeat unit) 312.37 2.195
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SPA 232.29 1.113

SPAA 194.2 0.930

pTsOH 172.2 0.825

QCh/SPA 3.950 0.990 0.782:20
Neutral QCh:SPA:pTsOH 1:0.25:0.75

QChCI (repeat unit) 330.81 2.325

QChOH (repeat unit) 312.37 2.195

SPA 232.29 0.556

SPAA 194.2 0.465

pTsOH 172.2 1.236

QCh/SPA 3.898 0.989 0.771:20

Neutralization

Neutralization was performed under a weight ratio or a neutral endpoint depending on the
salt formed. For weight ratio salts, the weight ratio used consisted of the weight of the quaternized
chitosan chloride salt to the 3-sulfopropyl acrylate potassium salt. For example, in the case of the
1:1 QCh:SPA salt, all 50ml of SPAA solution was used to neutralize the QChOH solution. For
salts formed to a neutral endpoint, the SPAA solution was added to the QChOH solution slowly
under stirring until a pH of 7.00 was measured by a digital pH meter (Thermo Fischer Scientific).
The same method was used to form salts partially neutralized with pTsOH by splitting the QChOH
solution in 1:1 or 1:3 ratios, then neutralizing each respective solution with the SPAA solution and
10 wt% pTsOH before recombining. All salt solutions formed were then flash-frozen in liquid

nitrogen, followed by freeze-drying.

4.2.3. Preparation of poly(ionic) salt samples for NMR

For the NMR characterization of QCh:SPA salt, including its reactants, intermediates, and
final product, samples were prepared and analyzed in deuterated water (D20). Based on prior
observations, the intermediate acid and base are known to be stable in aqueous solutions but are

prone to degradation when dried. To mitigate this, we employed a distinct set of ion exchange
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columns designed for this purpose. Each column was constructed from a 25 ml glass serological
pipette, with the tip removed and the neck packed with glass wool for filtration. The ion exchange
resin was regenerated following a standard protocol, then rinsed with isopropanol and dried in a
vacuum oven at 80°C under a pressure of -25 mmHg for four hours. Subsequently, the resin was

rehydrated with D20 overnight.

The ion exchange process involved the passage of 10 ml each of quaternized chitosan
chloride (QChCI) for the cationic column and sulfopropyl acrylate (SPA) for the anionic column,
both dissolved in D20 at a concentration of 2.5 wt%. A portion of the resultant solutions was used
to synthesize the neutral QCh SPA:pTsOH (1:1:0) salt, with the rest reserved for analytical
purposes. All NMR spectra were acquired using a Bruker 300 MHz high-resolution NMR

spectrometer.

4.2.4. Confirmation of Salt composition by NMR

NMR spectra were performed at each stage of the salt synthesis. From the spectra seen in
Fig. 4.4, we can conclude that there is no significant change in the structure of SPA (Fig. 4.4. a)
when converted to SPAA (Fig. 4.4. b) as with QChCI (Fig 4.4. c) when converted to QChOH (Fig.
4.4. d). It should be noted that the prominent peaks present at 1.00 ppm and 3.86 ppm indicate an
isopropanol impurity, indicating the incomplete removal of the solvent used to dry the resin before
rehydrating in D20. To confirm the impurity, the NMR of the rinse solution used to rehydrate the
ion exchange resins was performed, as seen in Fig. 4.5. isopropanol was evident in both the SSTC
60 and A26 rinse solution, confirming the contaminant was not generated during the process.
Unsurprisingly, there was no measurable difference between the reactant and intermediate due to

the nature of the H and OH groups of SPAA and QChOH, respectively, to be exchanged with
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deuterium in the D20, hiding the peak of interest. Finally, when observing the spectra of the QCh
SPA:pTsOH (1:1:0) synthesized in D>O and the sample dried and redissolved in DO, no
difference is noticeable except the isopropanol contamination. These results confirm the salt
formation described in the methods section and the presence of isopropanol in the D20 columns,

as the product formed from the water columns does not contain the isopropanol peak.
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Figure 4.4 NMR spectra of the reactants intermediates and final salt products synthesized in D-0.
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Figure 4.5 NMR spectra of D20 used to rehydrate the a) A26 OH resin and b) SSTC H 60 compared the NMR of the
respective column product, confirming isopropanol in the synthesis NMR was a result of impurities from the water
removal step.

4.3. Resin composition and characteristics

Monomer Purification

Before use, 2-hydroxyethyl acrylate was purified through sequential washings to remove
ethylene glycol diacrylate and acrylic acid. First, a 25 wt% solution of HEA in water was washed
with hexane four times to remove ethylene glycol diacrylate impurities, followed by salting with
NaCl at 200g/L and four subsequent washes with diethyl ether to remove HEA. The diethyl ether
phase was then dried with magnesium sulphate and transferred to a rotary evaporator at 35°C to

remove the diethyl ether. The purified HEA was stored at -20°C over molecular sieves before use.
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Printing Parameter Calculation

Initial print parameters were calculated with an exposure working curve Fig. 4.6.
Penetration depth (Dp) and critical exposure energy (Ec) were determined with a logarithmic line

of best fit and Eqn. 4.5-7

Equation 4.5 Calculation of Penetration Depth (Dp).

E
Cq =D,ln (E—) = 267.6In(E) — 392.3

c

Equation 4.6 Limits to define the critical exposure energy (Ec).

E E
Cd=O=Dpln<E—c>—>ln(E—C>=O, E=E

Equation 4.7 Calculation of critical exposure energy (Ec).

39231,
cm ]

____cm= m
E, = e2676um = 4332 —
cm
Equation 4.8. Critical exposure energy
E.=D,*D,*107*

Equation 4.9. Critical exposure dose

mJ
B 43SSEL
¢ D,*107* 267.6 um * 10~* “cm3
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Equation 4.10. Exposure time for specified layer thickness (d)

4
— pDp , € 3
tgxp = € p*Em*f*lo

Eqn. 4.10. along with an exposure test Fig. 4.7 determined optimized layer exposure times.
For a 50 um layer, 1700 ms was calculated, while Fig. 4.7. suggests 7000 ms as ideal for a 50 pm
layer due to layer delamination. Additional print settings can be found in Fig. 4.8.
-./
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Figure 4.6 Exposure working curve results.

0.4s 0.8s 1.2s 1.6s 2.0s 24s 2.8s 3.2s 3.6s 4.0s

44s 48s 52s 5.6s 60s 64s 68s 7.2s 7.6s 8.0s h

Figure 4.7 Multiple exposure test for single layer with 6.8s demonstrating suitable adhesion to preceding layer.
Bubbles evident in the test were due to a lack of degassing before printing.
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Figure 4.8 Printing parameters

4.4. Results

4.4.1. The design of QCh:SPA Salt for Crosslinking HEA Polymer in Cyrene

For 3D printing of conductive supramolecular hydrogels, crosslinking of the polymer
network is a critical element for high-fidelity printing of the desired structure due to the stresses
associated with the photopolymerization printing process. During the separation of the printed
structure from the resin tank, the force of delamination and viscous forces from movement can
deform the printed structures and prevent the proper alignment of subsequent layers. These forces
are the major limiting factor in fabrication of high-fidelity structures with the vat polymerization

process. To mitigate these factors, large amounts of covalent crosslinkers such as N,N-methylene
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bisacrylamide, ethylene glycol diacrylate or poly(ethylene glycol) diacrylate are used to enhance
the network rigidity, enabling the printing of overhanging structures and higher resolutions at the
expense of network elasticity. Conversely, when a smaller amount of crosslinkers is used to
improve the elasticity, it is at the expense of rigidity, limiting printable structures to low aspect
ratio objects with minimal overhangs. Furthermore, for 3D printable organo-gel precursors, the
solvent is essential for the sustainability of the 3D printing process because many polar aprotic
solvents are derived from the fossil fuel industry. Our previous work aimed to mitigate the impact
of these factors through the printing of an intermediary organo-gel using DMSO*, While DMSO
improves the mechanical properties during printing, it is both unsustainable and introduces toxicity
concerns due to DMSQO’s propensity to facilitate dermal transport of toxic monomers through the
skin. Through the use of Cyrene in place of DMSO, these concerns can be mitigated due to
Cyrene’s non-toxic properties and sustainable production, furthering the field of sustainable

photopolymerization-based hydrogel 3D-printing.

To facilitate high-fidelity printing with high toughness, a new type of crosslinker was
designed that based on the solubility of a poly(ionic) salt containing an anionic monomer and a
cationic biopolymer. During polymerization, the anionic monomer component of the salt
copolymerizes into the primary network, providing ionic interactions between the biopolymer and
the primary network. Increased rigidity is achieved by polymerization in a polar aprotic solvent,
where the strength of the ionic interactions is increased dramatically due to the absence of water,
preventing disassociation and enabling high-fidelity printing through increased rigidity. For this
purpose, 3-sulfopropyl acrylate (SPA) and quaternized chitosan were chosen as the anionic
monomer and cationic biopolymer, respectively. During polymerization in Cyrene, the SPA

monomers are incorporated into the growing pHEA chain. As each SPA monomer is associated
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with a quaternized amine group on chitosan, this crosslinking provides significantly greater rigidity
than the ionic interactions or physical crosslinking alone. After solvent exchange with water, these
associated groups can disassociate, considerably improving the elasticity of the network. Through
this mechanism, the hydrogels can behave like a covalently crosslinked network during printing
as an organo-gel and convert to a flexible ionically crosslinked network after solvent exchange
with water. While multiple formulations of the crosslinking salt are possible and in preliminary
tests, all could act as a crosslinker for photopolymerization-based 3D printing. This work focused
on improving the toughness of the resulting hydrogel through a poly-ionic crosslinker. We
hypothesized that by tuning the ratio of the anionic to the cationic component, increased network
elasticity could be achieved through variation in the number of free ionic sites. Initially, the weight
ratio of QCh:SPA was considered a suitable variable to tune, enabling an excess of cationic or
anionic sites. Since chitosan is well known for its pH responsiveness, the variable pH could impact
its properties. For this reason, we also explored using pTsOH as a non-polymerizable anionic

component to enable the formation of salts with variable ionic ratios with a constant pH.

To validate the crosslinking potential of the QCh:SPA salt for hydroxyethyl acrylate
(HEA), two distinct samples, one with and one without the QCh:SPA salt, were synthesized.
Polymerization was induced using a 200 mW/cm?2 UV LED point source for 5 min, as depicted in
Figure 4.9. a & b. These comparative tests elucidated the crosslinking role of QCh:SPA; there are
notable differences in the mechanical properties of the two samples. The HEA polymer sans
QCh:SPA exhibited characteristics akin to physically crosslinked polymers, marked by high
elongation and limited structural memory. In contrast, including QCh:SPA in the organo-gel
resulted in a material that retained its shape post-polymerization, enabling detachment from the

glass slide without notable structural alterations. We speculate that the QCh:SPA salt disperses
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within the HEA resin, maintaining the integrity of the quaternary amine-sulfo ionic bond, leading
to high localized SPA concentrations near quaternized chitosan, forming a quasi-block copolymer,
as illustrated in Figure 4.9. e. This configuration contrasts with the linear HEA network (Figure
4.9. ¢). Evidence of crosslinking was further observed in Figure 4.9. a & b, where the salt-free
organo-gel dissolved in methanol over 12 hours, whereas the QCh:SPA containing sample

exhibited only swelling, indicating the efficacy of QCh:SPA as an ionic crosslinker.
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Figure 4.9 Method of QCh:SPA crosslinking HEA & analysis of polymer structure . a) HEA organo-gel prepared with
10g HEA, 1.25¢g Cyrene and 100 mg Irgacure 819 cured with 365 nm at 200 mW/cm—2 for 5 minutes. Inset image on top
left demonstrates complete dissolution after 12 hours in methanol b) QCh:SPA:pTsOH (1:1:0) resin cured with 365 nm
at 200 mW/cm—2 for 5 minutes. QCh:SPA containing salt exhibits higher elasticity and exhibits elastic rather than plastic
deformation. The inset image on the top left demonstrates swelling after 12 hours in methanol. c-e) 3D Schematic of the
different hydrogel networks representing no QCh:SPA [c], disassociated QCh:SPA (H20) leading to a random
copolymer [d] and dissolved but associated QCh:SPA:pTsOH (Cyrene) causing molecular templating and a quasi-block-
co-polymer structure [e]. f) Impedance measurements of the neutral QCh:SPA:pTsOH 1:1:0 salt in different
formulations, red= 20:0.809 Cyrene:[QCh:SPA:pTsOH 1:1:0] by weight, green= QCh:SPA:pTsOH 1:1:0, blue=
[QCh:SPA:pTsOH 1:1:0] 12.5% water substituted for Cyrene, black= 20:0.809 Water:[QCh:SPA:pTsOH 1:1:0]. All
solutions have a ratio of Major Component: eq. wt. of QChCI of 40:1. g) Spectra of the water-polymerized hydrogel
degradation products. h) Spectra of the Cyrene polymerized hydrogel degradation products.
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To elucidate its macromolecular structure, seen in Figure 4.9. c-e, a series of degradation
studies Figure 4.9. f & g were performed where ionic interactions in the hydrogel were reduced
through the introduction of KOH in methanol, allowing the networks to dissolve; after purification
with dialysis, the resulting polymer was dissolved in various solvents to determine what sections
of the network were soluble. We hypothesized that a quasi-block copolymer structure would affect
the solubility of the resulting degradation products, as demonstrated with block copolymers in the
literature'®. When polymerized in a polar aprotic solvent, the sulfo group was anticipated to
remain associated with the quaternary amine, leading to a quasi-block-copolymer structure.
Conversely, polymerization in water was expected to result in salt dissociation and a more random
structure. Spectral analysis in various solvents revealed two primary trends: degradation affected
the ionic bonds and the synthetic network, and the DMSO spectra (Figure 4.9. g & h) showed a
notable difference in peak ratios at 3.5 and 3.4 ppm. These spectra served as controls, with
subsequent analyses in DO and d4 methanol (Fig. 4.9. g & h) indicating a reversal in spectral
patterns depending on the polymerization solvent. This suggests variations in the molecular order
and solvation properties of the polymer. Moreover, a significant peak shift was observed in
deuterium oxide (D20), where polymers formed in Cyrene and water exhibited shifts of -0.03 ppm
and -1.525 ppm, respectively, attributed to differing degrees of hydrogen bonding. Impedance
measurements (Fig. 4.9. f) on various prepolymer resins and QCh:SPA:pTsOH (1:1:0)
formulations further supported these findings. QCh:SPA:pTsOH in water demonstrated the lowest
impedance, followed by the water-based prepolymer resin. The Cyrene-based systems showed
higher impedance, with QCh:SPA:pTsOH in Cyrene exhibiting the highest. These results indicate
that salt dissociation is significantly hindered in Cyrene, suggesting the formation of a networked

structure where SPA groups cluster near the QCh.
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4.4.2. Impact of Cation: Anion Ratio on Hydrogel Structure

To understand how the different components of bioderived poly(ionic) salt affect the
crosslinking performance, we varied the ratio of QCh:Cl to SPA:K without pTsOH. Before curing,
the prepolymer resins demonstrated varying viscosities based on the ratio of SPA in the salt, as
seen in Fig. 4.10. a) with the 1:0.75 & 1:0.5 ratios displaying the lower viscosities, which was
attributed to the QCh not fully dispersing into the network. After solvent exchange with water, the
mechanical properties of the various ratio hydrogels can be seen in Fig. 4.10. b, ¢ & d. Note that
pH changed with the varied ratios, significantly affecting mechanical and electrical properties. The
mechanical and electrical results indicated interesting behaviour, with 1:0.75 QCh:SPA
demonstrating the highest stiffness and inductive behaviour. Environmental scanning microscopy
(ESEM) (Fig. 4.10. g-I) was performed to further investigate these trends to reveal the structural
differences. Acidic QCh:SPA 1:1 hydrogels, observed at 4000x magnification (Fig. 4.10. g & j),
exhibited a porous network with fibrous structures. These fibres, resulting from QCh:SPA salt
solubilization in the resin, led to a secondary network within the hydroxyethyl acrylate (HEA)
matrix. In contrast, QCh:SPA 1:0.75 & 1:0.5 hydrogels (Fig 4.10. h, i, k & ) showed nodular
formations instead of fibres, indicating less QCh dispersion in the resin, with the nodules acting as

crosslinkers.

These microstructural variances shed light on the distinct mechanical properties of the
hydrogels. The QCh:SPA 1:0.75 & 1:0.5 samples exhibited higher tensile and compressive
strengths and a steeper loss modulus slope with frequency, as detailed in Fig. 4.10. b-d. These
mechanical traits correlated with the pH changes in the salt during freeze-drying, as observed in

pH measurements post-salt synthesis and post-freeze-drying. After redissolving in water (Fig.
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4.10.). Basic salts showed decreased pH and incomplete redispersion, suggesting instability of
QCh in basic form during freeze-drying, leading to reduced hydroxyl ions and irreversible
aggregation in the network. Consequently, distinct salt nodules formed in the polymer, markedly
altering its mechanical and electrical properties. These findings highlight the pivotal role of salt
composition and pH in determining QCh:SPA hydrogel microstructures, which directly influence

their mechanical and electrical characteristics Fig 4.10. e-f.
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Figure 4.10 Mechanical & structural characterization of quaternized chitosan 3-sulfopropyl acrylate-co-2-hydroxyethyl
acrylate hydrogels with varying QCh:SPA salt formulations. . a-c) mechanical properties after varying weight ratio of
quaternized chitosan hydroxide to 3-sulfopropyl acrylate before acidification)(red=1:1, green=1:0.75, blue=1:0.5). a)
Viscosity curve as a function of RPM on a cone plate viscometer. b) Storage and loss modulus of the weight ratio salt
hydrogels. c) tensile stress-strain curves, d) compression stress-strain curves to 80% strain (replicate measurements
available in Supplementary Figure 9), €) 4-point conductivity measurements of the hydrogels at varying frequencies. f)
Nyquist impedance plots of the hydrogels indicative of behaviour similar to model circuits.. g-1) Environmental SEM of
the frozen HEA hydrogel cross-section crosslinked with 1:1, 1:0.75, 1:0.5 QCh:SPA (left to right). The images in the
upper row (g-i) were taken at 1000x magnification, and those in the lower row (j-1) were taken at 4000x magnification.
The pH of the salt used in each hydrogel is reported at the bottom of each column. pH refers to the pH of the aqueous
solution that, after freeze drying, forms the salt at ~1 wt%, while the pH [dried & rehydrated] refers to the pH of the
freeze-dried salt redissolved in water at 2 wt%.
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443, Impact of Acrylate Anion Concentration on Hydrogel Structure and
Mechanical Properties at Neutral pH

The above investigations revealed that the pH of the salt solution before freeze-drying
significantly influences the structural composition of the resulting hydrogel. The addition of varied
amounts of SPA being the sole acidic component led to variations in the molar ratio of acidic to
basic groups. To investigate the role of acrylate anion concentration on the hydrogel structure, we
formulated the salts with equal anionic and cationic groups but with the addition of pTsOH to
replace a portion of SPA forming neutral SPA salts with varying anionic acrylate density. Viscosity
measurements, as illustrated in Figure 3.11. a) showcased a notable dependency on salt
composition. The neutral SPA salt exhibited a peak viscosity of 300 cP, surpassing the 250 cP
observed in the previous 1:1 QCh:SPA resin. Interestingly, other neutral salts containing pTsOH
(Neutral 1:1 SPA:pTsOH & Neutral 1:3 SPA:pTsOH) mirrored the viscosities of the ratio salts.
All neutral salts displayed enhanced shear-thinning properties compared to their ratio counterparts
(Fig. 4.12), indicating a significant dissolution of quaternized chitosan within the resin, suggesting

altered salt structures in the prepolymer resin.
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Figure 4.11 Mechanical & structural characterization of quaternized chitosan 3-sulfopropyl acrylate-co-2-hydroxyethyl
acrylate hydrogels with varying the molar ratio of 3-sulfopropyl acrylate to pTsOH used during neutralization
(red=1:1:0, green=1:0.5:0.5, blue=1:0.25:0.75). a) Viscosity curve as a function of RPM on a cone plate viscometer. b)
Storage (- line) and loss modulus (— line) of the neutral salt hydrogels. c) Tensile stress-strain curves, d) compression
stress-strain curves to 80% strain (replicate measurements available in Supplementary Figure 9), ) 4-point conductivity
measurements of the hydrogels at varying frequencies. f) Nyquist impedance plots of the hydrogels. g-1) Environmental
SEM of the frozen HEA hydrogel cross-section crosslinked with 1:1:0, 1:0.5:0.5 and 1:0.25:0.75 QCh:SPA:pTsOH (left
to right) the ratios are based on the number of ionic sites in the salt. The images in the upper row (a-c) were taken at
1000x magnification, and the pictures in the lower row (d-f) were taken at 4000x magnification.
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Figure 4.12 Demonstration of the viscoelastic properties of the neutral salts. From left to right, the salt used are as

follows: WR 1:1, WR 1:0.75, WR 1:0.5, N 1:0, N 1:1, N 1:3.

Rheometric analysis (Fig. 4.11 b) revealed consistent storage and loss moduli across
different neutral salt hydrogels, with the formulation lacking pTsOH exhibiting marginally higher
moduli. This trend is attributable to a denser ionic crosslink network with fewer free cationic sites.
Surprisingly, tensile and compressive tests indicated that while the initial elasticity of the network
remained relatively unchanged across different anionic acrylate concentrations, the ultimate tensile

strain and stress varied substantially with SPA concentration. The optimal SPA concentration was
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found at a 1:1 ratio with pTsOH, yielding an ultimate tensile strength of 300 kPa, compared to 200
kPa for the SPA salt and 100 kPa for the 1:3 SPA:pTsOH salt. Similarly, in compressive tests, the
1:1 SPA:pTsOH formulation exhibited the highest compressive strength of 625 kPa. However, the
increase was not as pronounced as in the tensile tests, with all samples failing at similar

compressive strains.

The structural changes are evidenced in conductivity measurements (Fig. 4.11. e). Unlike
the ratio salts, none of the formulations exhibited the previously observed frequency/resistance
dependence from 10 kHz to 500 kHz. Instead, conductivity gradually decreased with reduced
frequency. Nyquist plots (Fig. 4.11. f) suggested a Randles equivalent circuit characteristic of an
electrochemical system, deviating from the Warburg region observed in ratio salts. Environmental
Scanning Electron Microscopy (ESEM) on the frozen hydrogels (Fig. 4.11. g-1) provided insights
into how microstructural variations impact mechanical and electrical properties. The porous
structures differed markedly from basic ratio salts (QCh:SPA 1:0.75 & 1:0.5), with a closer
resemblance to the QCh:SPA 1:1 sample evident in the neutral salt compositions. As the ratio of
SPA:pTsOH decreased, increased porosity was observed in the hydrogel, with the network shifting

to a fibrillar composition at the lowest concentration of SPA.
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Figure 4.13 Swelling ratio of different formulations.

Equilibrium swelling behaviour (Fig. 4.13) also varied, with basic salts swelling to a lesser
extent. Fibrillar regions, indicative of quaternized chitosan, were observed in QCh:SPA:pTsOH
1:1:0 but absent in other neutral salts. Differences in porosity and swelling degree likely contribute
to the increased ultimate tensile strength and elongation at break observed in specific formulations,
with the change to a fibrillar network significantly impacting mechanical properties. Overall, these
results demonstrate that the interaction between anionic groups and quaternized chitosan
significantly affects the hydrogel's mechanical and electrical properties, with the pH of the salt
solution and the concentration of the anionic acrylate at neutral pH playing a pivotal role in

determining the hydrogel's structural and functional characteristics.
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4.4.4. Printability of Neutral QCh:SPA:pTsOH 1:1:0 Resin Formulation
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Figure 4.14 Demonstration of QCh:SPA:pTsOH 1:1:0 printing resolution. a) commonly used resolution test. b) 3D
printed organo-gel generated from the previous model. c) Eiffel tower model. d) 3D printed organo-gel generated from
the Eiffel tower model. e) 3D printed Eiffel tower hydrogel after solvent exchange f) geometric mesh model g-h) Top and
side views of 3D printed organo-gel generated from the geometric mesh. i-j) Top and side views of 3D printed hydrogel
generated from the geometric mesh after solvent exchange. k) Demonstration QCh:SPA:pTsOH [1:1:0] to act as a circuit
material, Circuit 3D printed with 0.125 wt% Sudan 111 for visibility, encapsulated with acrylamide hydrogel and soaked
in UPW. I-n) Comparison of different 3D printable hydrogels in literature along with the region occupied by the reported
system. ) isometric view, m) side view, n) top view. Blue region includes 3D printable hydrogels utilizing

photopolymerization based methods, green region includes 3D printable hydrogels utilizing extrusion based methods.
62,66,146,167,175,187-191

To demonstrate the fidelity capabilities of the QCh:SPA:pTsOH resins, several small
structures were printed as seen in Figure 4.14. , showcasing its potential for intricate 3D printing
applications. The resolution test (Fig. 4.14. a) demonstrated the hydrogel's proficiency in printing
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detailed geometries. Most features of the model were accurately replicated apart from the thin
tower at the back, indicating a limitation in printing extremely slender structures. This outcome
suggests a high degree of resolution in the x and y directions, highlighting the hydrogel's potential
for detailed fabrication. For the Eiffel Tower model (Fig. 4.14. c), the printed organo-gel (Fig.
4.14. d) exhibited a remarkable resemblance to the original design, especially in the upper portion
where intricate details were successfully captured. However, inaccuracies were observed in the
lower observation decks, attributable to over-polymerization in the z-direction. This phenomenon,
while impacting the precision of finer details, is a common challenge in photolithography-based
3D printing and reflects the depth of penetration and curing of light in the hydrogel material. The
geometric mesh model (Fig. 4.14. e) and its corresponding printed organo-gel (Fig. 4.14. f-g)
further reinforced these observations. Both the top and side views of the printed sample displayed
significant resolution in the x and y planes. However, similar to the Eiffel Tower model, over-
polymerization in the z-direction was evident, affecting the print's vertical precision. It is important
to note that the tendency for over-polymerization in the z-direction is primarily due to a low mass
absorption coefficient, resulting in light penetration through to previously cured layers. This issue
could potentially be mitigated by incorporating a colored or transparent photo absorber. However,
such modifications were beyond the scope of this study and present an opportunity for future
research to enhance the z-directional resolution of this material while maintaining its transparent

properties.

A comparison of different 3D printable hydrogel systems is provided in Fig. 4.14. h-j,
comparing the mechanical properties and XY resolution of the printed hydrogels with other work
in the literature. By comparing our work to the regions occupied by photopolymerization (blue)

and extrusion-based printing (green), it is clear that the QCh:SPA system is capable of bridging
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the gap between the two methods, facilitating mechanical properties similar to extrusion-based
methods at resolutions achievable with photolithography based printing. The introduction of 3D
printable poly(electrolyte) hydrogels opens up many possibilities for photopolymerization-based
3D printing, facilitating the production of high-resolution complex hydrogel structures with
tunable mechanical and electrical properties. Thus, the QCh:SPA:pTsOH 1:1:0 hydrogel
demonstrates promising printability with high resolution in the x and y directions, though
improvements in z-directional accuracy are needed. These findings showcase the hydrogel's
potential in detailed 3D printing applications and highlight areas for further material and process

optimization.

4.4.5. Discussion

When observing the effect of hydrogels crosslinked through double network
polyelectrolytes, we can see that ionic interactions between the quaternized chitosan and the sulfo
groups in 3-sulfopropyl acrylate provide ionic crosslinking of the network. These ionic interactions
enable the 3D printing of hydrogels with high elasticity at high fidelity using consumer-grade
equipment, an achievement not previously reported. To our knowledge, this system is the first
reported use of polyelectrolyte salts as the sole crosslinker in a hydrogel network formed by
photopolymerization. We can derive four main scientific insights from the systems reported in this
study. First, the use of a non-toxic polar aprotic solvent (Cyrene) prevents the SPA from
disassociating from the QCh, leading to the concentration of SPA within regions containing high
concentrations of QCh molecules, as seen from the NMR degradation studies. This enables higher
elasticity of the final network as regions with low SPA are majorly crosslinked through physical
interactions. In contrast, regions high in SPA contain larger quantities of ionic crosslinking,

forming the supramolecular hydrogel. The use of Ccyrene is particularly important, as previous
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work has utilized other toxic or non-renewable polar aprotic solvents for organo-gel 3D printing.
Through the use of a bio-renewable, non-toxic polar aprotic solvent, this work makes steps towards
the development of safer majority biobased systems for photopolymerization-based 3D printing.
Second, the pH of the salt solution before freeze-drying directly impacts the hydrogel structure.
While unstable at basic pH values of the QCh salt, the resulting hydrogel demonstrates stiff
properties with higher conductivity, which could act as a strain sensor. Third, with the neutral salts
we observed that the tensile strength, electrical properties and network morphology could be tuned
by partially neutralizing the QCh with a non-polymerizable acid. Depending on the ratio, a porous
or fibrous network could be achieved, along with a significant modulation of the ultimate strain at
break, with little change to the elastic characteristics of the network. This change in morphology
was attributed to interactions in the hydrogel between the two networks during the solvent
exchange with water. Although the neutral sample without pTsOH had visible quaternized chitosan
regions, when the SPA was partially replaced with pTsOH, these regions were no longer visible.
Therefore, it was concluded that the HEA network was forming around the positively charged
chitosan as pTsOH no longer screened the charge after leaching out of the network. As the quantity
of unscreened charge increased, the HEA network became more porous and finally assumed a
similar fibrillar form to the dispersion of quaternized chitosan within the hydrogel. This behavior
could also be utilized to improve the percolation characteristics of networks. Normally, a large
quantity of additive is required to reach percolation for a finite volume as opposed to this system,
where the morphology change improves percolation, resulting in increased conductivity at low
SPA concentrations. One promising continuation of this work is the inclusion of electrically
conductive additives that template with the network, allowing lower concentration percolation.

Fourth, depending on the pH and ratio of non-polymerizing acid, different characteristic circuits
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could be achieved with a single system as seen in the Nyquist impedance results, demonstrating
that different formulations of this hydrogel could be used to emulate different circuits when
embedded in soft materials. Overall, this work demonstrated the capability of natural polymer:
synthetic acrylate salts to be utilized as a crosslinker for ionic hydrogel formation and 3D printing.
This design has many possible applications and could be modified to different natural polymers
such as sodium alginate or sodium hyaluronate. As such, there are many potential bioderived
polysaccharide:acrylate salt combinations that would allow further development of this system.
Furthermore, other iterations potentially include the use of peptide chains with cationic or anionic
groups to replace the polysaccharide component. As such, this novel method of ionic crosslinking
has the ability to open a new class of photopolymerization-based 3D printable materials, enabling

material properties previously restricted to extrusion-based systems.

As for the technical implications for practical applications, the adaptability of these
hydrogels as an iontophoresis medium offers a promising avenue for localized drug delivery. The
customization potential through 3D printing enhances the applicability of this technique, making
it more patient-specific and efficient. The reduced risk of transdermal compound transfer further
underscores the clinical viability of this approach since no small molecules contribute to the
conductivity. Future applications include the prospect of using these hydrogels in smart contact
lenses as circuit materials, which is particularly intriguing. While further research is needed to
optimize transparency and conductivity, the potential of creating less obtrusive and more
biocompatible circuits in soft materials is an exciting development. This could lead to

breakthroughs in wearable technology and biomedical devices.
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It is worthwhile to note that the poly(ionic) salt crosslinker design could be applied to many
different natural polymers and opens a new class of crosslinkers for 3D printing utilizing ionic
polysaccharides. This differs significantly from previous work as the polysaccharide acts as a core
component of the main hydrogel network rather than a secondary strengthening network seen in
typical double-network hydrogels. Thus, our findings extend the fundamental understanding of
hydrogel behaviour in not only the presence of associated poly(electrolytes) but also open, diverse
possibilities for their application in medical and technological fields. The tunability of these
materials, in terms of both physical and chemical properties, makes them a promising candidate

for future innovations in soft material science.

4.5. Conclusion

In this study, we reported the development of a novel crosslinking scheme utilizing
poly(ionic) salts derived from natural sources. These salts were capable of ionically crosslinking
2-hydroxyethyl acrylate hydrogels to a degree that facilitated their production with vat-
polymerization-based 3D printing techniques, enabling the fabrication of high-fidelity 3D
hydrogels with high elasticities. Printability studies confirmed the capability of the QCh:SPA salt
to facilitate printing of high fidelity organo-gels as hypothesized, with NMR and conductivity
measurements indicated the structural differences between the solvent exchanged organo-gel and
the hydrogel formed in water indicating a change in copolymer structure of 2-hydroxyethyl
acrylate and 3-sulfopropyl acrylate along with the lack of disassociation in the prepolymer resin.
This was attributed to the association of the sulfo groups in 3-sulfopropyl acrylate to the
quaternized amine groups in quaternized chitosan during polymerization. A comprehensive study
of the effect of salt composition on material properties was performed. This revealed the significant

impact of the salt solution's pH on morphology and material properties, along with the effect partial
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substitution of the acrylate anion with an inert anion had on final material properties. Due to the
quaternized chitosan:3-sulfopropyl acrylate interactions, the hydrogel demonstrated tunable
conductive properties, enabling its possible use as a circuit material in hydrogel composites. This
application was facilitated by the high elasticity and transparency of the final hydrogel compared

to other conductive hydrogel systems.

To our knowledge, this is the first time that polysaccharide salt is used as a crosslinker for
light-based 3D printable hydrogels. This development differs significantly from previous work as
the polysaccharide acts as a core component of the main hydrogel network rather than a secondary
strengthening network seen in typical double-network hydrogels. This type of poly(ionic) salt
crosslinker design could be applied to many different natural polymers and opens a new class of

crosslinkers for 3D printing utilizing ionic polysaccharides.

In summary, this work proves the capability of quaternized chitosan:acrylate salts to function
as a crosslinker for organo-gel 3D printing. This enables the fabrication of solely ionically
crosslinked hydrogels through photopolymerization-based 3D printing. This work demonstrates
the first step in poly(ionic salt) crosslinkers for 3D printing opening the possibility for other

polysaccharide:acrylate salt systems use as photopolymerization crosslinkers.

Chapter 5:  Thermoresponsive poly(oligo ethylene glycol acrylates) hydrogels loaded with

alginate microparticles

5.1. Introduction
In this chapter, we expand on our previously developed system utilizing quaternized chitosan
and 3-sulfopropyl acrylate as poly(ionic salts) to form supramolecular hydrogels. While PNIPAm

is commonly used for thermoresponsive hydrogels, its monomers are known for their
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neurotoxicity*><. Alternatively, poly(oligo ethylene glycol acrylates) (POEGA) have emerged as

promising replacements due to their tunability and lack of neurotoxic properties®.

Unlike PNIPAm, which has a limited tunable LCST range, POEGA polymers demonstrate a
broader LCST spectrum. Steinhauer et al. reported LCSTs ranging from 5.7°C to 58°C with
copolymers of HEA and ethylene glycol methyl ether acrylate (mEGA)!**, with Boyer et al.
achieving LCSTs from 22°C to 70°C using diethylene glycol ethyl ether acrylate and oligo
ethylene glycol acrylate!®. This tunability stems from the varied derivatives of ethylene glycol in
the side chains. The LCST behaviour results from the transition of the polymer from a coil to a
globule state, expelling water and forming polymer-rich regions. The balance between the enthalpy

of hydrogen bonding and the entropy of mixing governs this transition.

By modifying the hydrophilicity of the polymer, it is possible to adjust the temperature at which
the LCST occurs, which is determined by the Gibbs free energy of mixing. When the enthalpy
contribution of the polymer hydrogen bonding with the water dominates the equation, a negative
Gibbs free energy enables spontaneous solubilization of the polymer in water. As the temperature
increases, the entropy term becomes dominant, resulting in a positive Gibbs free energy occurring
and manifesting as phase separation'®. Tuning of this crossover point enables control over the
LCST and is achieved by altering the polymer's backbone, side chain, and end groups. Within the
POEGA family, acrylate and methacrylate backbones are common!®"-2%, though other backbones
like styrenics, vinyl ethers, and carbonates have seen use®. Methacrylate groups are generally
more hydrophobic and stable compared to acrylates?®*. The major contributor to the hydrophilicity
of the polymer is determined by the side chain length, e.g. the number of ethylene glycol units and
the end groups (methyl, ethyl, or hydroxyl). Specifically, the hydrophilicity is proportional to the

number of repeat ethylene glycol units with terminal hydroxyl groups, such as in HEA,
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significantly increasing the hydrophilicity and longer terminal hydrocarbons, such as ethylene,

increasing the hydrophobicity*®.

The application of POEGA in 3D printing is significant due to its biocompatibility and well-
defined thermoresponsive behaviour. However, POEGA polymers are traditionally produced
using fossil fuel-based technologies. As green production methods gain traction, there is a growing
need to develop stimuli-responsive materials incorporating biobased components, ultimately

aiming for fully biobased polymers.

One natural polysaccharide showing promise as an additive to acrylate-based hydrogels is
sodium alginate. Derived from algae, alginate can crosslink with divalent and trivalent cations due
to its carboxylate groups’®. However, this crosslinking method poses challenges, such as cation
mobility and salt presence, which can degrade mechanical properties over time and cause pain
when exposed to open wounds*. These issues limit the application of alginate-containing
hydrogels in fields like soft robotics and wound dressings, where mechanical stability and minimal

pain response are crucial.

To address these challenges, we propose a system in the loading of alginate microparticles in
the POEGA organo-gel crosslinked with quaternized chitosan. These particles were insoluble in
the polar aprotic prepolymer resin, enabling high loadings of alginate to be achieved, which could
then interact with the hydrogel network once solvent exchange with water was performed. The
intended goal of this microparticle was to improve the mechanical properties of the final hydrogel
while introducing controlled porosity. This would be achieved through the formation of alginate
microparticles formed through an emulsion process assisted by a hydrophobic CNF Pickering

emulsifier and lecithin.
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Cellulose nanofibers (CNFs), derived from the most abundant biopolymer on earth, have
emerged as a promising, environmentally friendly stabilizer for emulsions. Their high aspect ratio,
mechanical strength, and modifiable surface chemistry make them ideal candidates for this
purpose. These bioderived surfactants have seen increased research activity in O/W4202-207 gnd
water in water emulsions, yet their use in water in oil [W/O]2%8-2'2 emulsions typically require
intensive synthesis steps. Specifically, to function as a W/O emulsifier, the CNFs need
hydrophobic surface modification. This can be achieved through various surface modification
treatments, such as grafting?'®, silanization?*2'°>, EDC coupling?‘® and esterification?*” enhances
their compatibility with oil phases, thus facilitating the stabilization of water-in-oil (W/O)

emulsions.

Hydrophobic CNF particles were chosen as a potential emulsifier due to the previously reported
capabilities of unmodified CNF particles for stabilizing oil in water [O/W] emulsions. These
bioderived surfactants have seen increased research activity in O/W and water in water emulsions,
yet their use in water in oil [W/O] emulsions is lacking. Most commonly, polyglycerol
polyricinoleate (PGPR), Tween 80 or Span 20 are used for W/O emulsions?'®. While surfactant-
based methods are suitable for emulsions, the structure provided by an interfacial assembly of CNF
particles would assist in maintaining the shape of the particles during solidification and preventing

coalescence.

Of different modification schemes the one-pot synthesis demonstrated by Cranston?'® has
significant desirability compared to other methods mentioned due to the use of plant polyphenols
and ease of purification. This method utilizes tannic acid to form a conjugate with the surface of
the CNF and facilitates grafting of amine-containing molecules under basic conditions through

Schiff base formation.
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In this chapter, we aim to demonstrate the capability of HEA/mEGA copolymer to form
thermoresponsive supramolecular hydrogels with quaternized chitosan poly(ionic salts).
Furthermore, through the formation of alginate/CNF microparticles, we aim to improve the
porosity of the resulting hydrogels, along with their mechanical properties and the speed of thermal

response.

5.2. Materials and methods

5.2.1. Materials

2-hydroxyethyl acrylate (HEA) (Sigma Aldrich), ethylene glycol methyl ether acrylate
(mEGA), 3-sulfopropyl acrylate potassium salt (SPA:K), hexane (Sigma Aldrich), diethyl ether
(Sigma Aldrich), Irgacure 819 (BASF), Cind™ Chitosan Quaternary Ammonium Salt (QCh:Cl)
(CD Bioparticles, Cyrene (Sigma Aldrich), Irgacure 2959 (Sigma Aldrich), SSTC60 (Purolite),
Amberlyte a26 (Dupont), sodium hydroxide (Sigma Aldrich), phosphoric acid 85% (Sigma
Aldrich), para-toluene sulfonic acid (pTsOH), Sodium alginate(low viscosity) (Sigma Aldrich),
lecithin technical grade (Fischer Scientific), white paraffin oil , cellulose nanofibers (Cellulose
lab) 3% weight slurry, octyl amine >99.0% (Sigma Aldrich), tannic acid ACS reagent (Sigma

Aldrich)

5.2.2. Thermoresponsive hydrogel precursor resin

Neutral QCh:SPA:pTsOH [1:0.25:0.75] was prepared as described in Chapter 2. Once
prepared the 200g resin was stirred vigorously in a round bottom flask kept at -70°C by a dry ice
acetone bath. To this 244.4 g of mMEGA was added to the flask dropwise over the course of 40
minutes. This blend formed the 45:55 HEA:mEGA, referring to the weight ratio of HEA resin to

MEGA monomer. Other blends were formed by mixing HEA resin with the 45:55 HEA:mEGA
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resin. In the case of the 42:58 blend, additional mMEGA was added to 45:55 HEA:mEGA resin to

reach the required ratio.

5.2.3. LCST Transmittance measurements

To test the LCST of the HEA/mEGA blends, thin films of 150um were cast between 2
glass slides using glass coverslips as spacers. The films were cured in a custom-built UV curing
chamber and swollen in ultrapure water to separate the films from the glass slides. After swelling,
the films were placed in a glass cuvette and held in place with an aluminum clip. Transmittance
measurements were performed on a Jasco J-815 CD Spectrometer (Tokyo, Japan) with a
temperature-controlled holder with magnetic stirring. Each sample was measured with a
temperature wavelength sweep from 3°C-95°C at a heating rate of 2°C/min with a wave scan every

3°C from 600-800nm.

5.2.4. Equilibrium swelling measurements

To test the equilibrium swelling of the HEA/mEGA blends, specimens were cast in PDMS
moulds and cured in a custom-built UV curing chamber, followed by demolding and subsequently
swollen in ultrapure water. After swelling each sample was placed in a glass vial filled with fresh
ultrapure water and equilibrated at 5°C for 72 hours in an environment chamber. The mass and
volume of each sample were measured, followed by increasing the temperature to 10°C and
allowing it to equilibrate for at least 8 hours. From this point onwards, the mass and volume were

recorded every 10°C after at least 8 hours of stabilization.
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5.2.5. OA-CNF Alginate Microparticle Synthesis

CNF Dispersion TA-CNF Dispersio OA-CNF Dispersion

OA-CNF Dispersion OA-CNF/Alg Emulsion OA-CNF/Alg Microparticles

X5
Paraffin Oil

Figure 5.1 Synthesis schematic of OA-CNF/Alg microparticles. Initially CNFs are dispersed in water at 1 wt% [a]. After
the addition of tannic acid at a pH of 8 the tannic acid coordinates with the surface of the CNF forming what is referred
to as TA-CNF [b] with change in solution color to greenish brown. Octylamine reacts with TA-CNF surface to form
hydrophobic OA-CNF which aggregates in the aqueous solution [c]. Following purification, the OA-CNF nanoparticles
are redispersed in paraffin oil [d], and lecithin is added. The alginate water phase is then added and emulsified forming
OA-CNF/Alg emulsion [e]. Finally the emulsion was solidified with the addition of isopropanol and subsequently purified

[f].
Cellulose nanofibers (CNF) were prepared by diluting 333.3 g of CNF slurry (containing 10 g of

CNF) with 666.6 g of ultrapure water to form a 1% solution. This solution was sonicated for 5
minutes at 70% amplitude using a Q Sonica Q125 probe sonicator with a ¥4” probe to ensure

sufficient dispersion. [Fig 5.1. a]

Modification Process:
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Following sonication, the solution was adjusted to pH 8.0 by adding 1M NaOH. Subsequently, 1
g of tannic acid was dissolved in 5 ml of deionized water and added to the CNF solution (10 wt%
of CNF). The mixture was vigorously stirred for 6 hours until the colour changed from light
yellow to brownish green, indicating the onset of tannic acid oxidation [Fig 5.1. b]. After this
period, 100 mM octylamine was added to the solution and stirred overnight, resulting in a colour

change to deep yellow [Fig 5.1. c].

Purification and Concentration:

The hydrophobically modified CNF, now agglomerated at the top of the reaction vessel, was
purified by performing three centrifugations with water followed by three with ethanol. The
samples were then centrifuged at 22,000 G for 15 minutes to concentrate the CNFs. The
concentrated CNFs were dispersed in paraffin oil at a concentration of 15 mg/mL using a high-
speed homogenizer. Residual ethanol was removed by drying the samples in a vacuum oven at

70°C and -29 inHg overnight [Fig 5.1. d].

Aqueous Phase Preparation:

The aqueous phase was prepared by mixing 60 g of sodium alginate with 40 g of glycerol
until fully wetted. This mixture was then combined with 300 ml of ultrapure water under
vigorous stirring and mechanically stirred overnight to ensure complete dissolution of the sodium
alginate. The oil phase was prepared by diluting 15 mg/mL of octylamine-modified CNF in

paraffin oil to 10 mg/mL and adding 10 mg/mL of lecithin to the mixture.
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Emulsion Production:

Emulsions were produced by mixing the two phases at a volume ratio of 60:40 using a high-
speed homogenizer at 10,000 rpm for 5 minutes. In a typical synthesis, 200 ml of the alginate
solution was added to 300 ml of paraffin oil containing 10 mg/ml OA-CNF and 10 mg/ml
lecithin, followed by initial emulsion formation by high-speed homogenization. The mixture was
then passed through a UP400St (Hielscher ultrasonics, Germany) with an FC22K flow cell and
S24d22D probe at 90% amplitude 3 times with a peristaltic pump at 10 ml/min through a %4”

silicon tube [Fig 5.1. e].

Particle Solidification and Purification:

Alginate particles were solidified by adding an equivalent volume of the aqueous phase of
isopropanol dropwise while stirring at 600 rpm. The particles were then purified by
centrifugation at 5,000 rpm with three washes of isopropanol followed by three washes of ethyl
acetate to remove any remaining lecithin and paraffin oil. The purified particles were dried at

50°C and -29 inHg for 4 hours before characterization [Fig 5.1. f].

5.2.6. OA-CNF/Alginate microparticle Characterization

Characterization of the CNF and OA-CNF was performed with FTIR, AFM and contact
angle. For FTIR, 1% CNF dispersion in water or isopropyl alcohol for unmodified and modified
CNFs, respectively, were added to potassium bromide in a mortar and pestle and ground into a
slurry. The resulting slurry was dried in a vacuum oven at 80°C and -700 mmHg overnight to

remove any solvent. The resulting powder was ground with fresh KBr and pressed into a pellet
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before measuring on a thermoscientific Nicolet FTIR. AFM was performed on a mica slice after
depositing a 0.0005 wt% OACNF or CNF dispersion by spin coating at 1000 rpm. Particle size
distributions were measured using a Shimadzu SALD-201V particle size analyzer with isopropyl
alcohol as the working fluid. SEM was performed on a Tescan VEGA TS-5130 SEM at 20 keV
after depositing the particle dispersions in isopropyl alcohol on a 5 mm x 5 mm piece of silica
wafer, followed by air drying and subsequent sputter coating with gold for 2 minutes at 20 keV.
The creaming study was initially homogenized by the same method as the flow cell emulsions and
final emulsions were prepared with probe sonication at 80% amplitude for 2 minutes on a ql125

probe sonicator (Qsonica, USA) with a ¥ in the probe.

5.2.7. OA-CNF/alginate Microparticle Loaded HEA/mEGA resin

Dried OA-CNF/alginate microparticles were loaded into the 45:55 HEA:mEGA resin on a
weight basis. In a typical synthesis, 12.5g of OA-CNF/alginate microparticles were added to 87.5
g of 45:55 HEA:mEGA resin before mixing for 10 minutes in a Thinky ARE-310 (Thinky, USA)

planetary mixer for 10 minutes at 2000 rpm.

5.2.8. Viscosity and Mechanical Measurements
Viscosity measurements utilized a CAP 2000+ viscometer (Amtech Brookfield, USA) and 1H
spindle. Measurements were performed at 22°C with 200 pL and a hold of 60 seconds. Tensile
tests (strain rate 2 mm/s) were performed on a CETR-UMT (Bruker, USA). Unless otherwise
specified, tensile coupons were cast in PDMS moulds, followed by 10 minutes in a custom-built
300 W curing chamber before demolding and solvent exchange with water. 3D-printed tensile
coupons were printed with a layer time of 8.5s per layer on a Phrozen 8K mini before cleaning

with isopropyl alcohol and curing for 10 minutes in a custom-built 300 W curing chamber.
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5.3. Results and discussion

5.3.1. Characterization of CNF

FTIR and AFM analyses were conducted on raw and modified CNFs to confirm the
successful grafting of octylamine. The FTIR spectra revealed characteristic changes at 2800 cm™,
indicative of aldehydes, and 1640 cm™, indicative of C=N bonds (Fig. 5.2. a). While these results
do not conclusively confirm the modification, they strongly suggest successful grafting.
Additionally, contact angle measurements exhibited a significant increase from 45°+9° in
unmodified CNFs to 135°£7° in modified CNFs (OA-CNF), indicating a substantial rise in
hydrophobicity (Fig. 5.2b & c), providing further evidence of successful grafting of octylamine on

the surface of CNFs.
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Figure 5.2 Characterization of the unmodified CNF and OA-CNF particles. A) FTIR measurements of the CNF (blue)
and OA-CNF (orange). Contact angle measurements of the CNF films (b) and OA-CNF films (c). AFM images of the
CNF (d) and OA-CNF(e) deposited on mica slides.

After confirming hydrophobic modification, AFM was employed to analyze the structural
characteristics of dilute solutions of spin-coated CNFs on mica. The modified CNFs retained
similar lengths (1-2 um) and thicknesses (10-20 nm) compared to the unmodified CNFs, indicating
that the tannic acid and octylamine modification did not significantly alter the CNF structure (Fig.
5.2. d & e). Furthermore, the formation of nodule-like structures on the modified CNFs suggests
a non-uniform modification pattern, which is beneficial for interfacial assembly applications,

enhancing the stability of macroemulsions.

Although lecithin alone could form emulsions suitable for solidification, the resulting

powder could not be purified. During centrifugation with isopropyl alcohol, lecithin-only
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emulsions aggregated and could not be redispersed, even with sonication. Conversely, emulsions
with OA-CNF exhibited superior dispersibility after centrifugation, requiring only gentle stirring

during purification.

SEM and particle size analyses revealed the effect of mixing methods on particle size
distribution and shape. Mechanical stirring produced more homogenous particles in terms of
sphericity but with a broader size distribution, with many particles exceeding 100 um (Fig. 5.3a &
c). Flow sonication, however, resulted in smaller, more uniformly sized particles, with none
exceeding 100 um (Fig. 5.4a). High shear mixing methods produced better dispersions and smaller
particles, attributed to the high viscosity of the sodium alginate solution. These findings confirm

that mechanical mixing alone was insufficient for creating small sodium alginate particles required

for printing.
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Figure 5.3 Characterization of OA-CNF/Alg microparticles prepared through mechanical stirring at 600 RPM. (a) SEM
image of OA-CNF/Alg particle at 4kx magnification. (b) Surface at 25kx magnification. (c) Image of a fractured OA-
CNF/Alg microparticle at 2kx magnification. (d) Magnified area of the fracture showing different morphologies. (e)
Particle size distribution of microparticles, with the majority between 50-100 pum.
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Figure 5.4 Characterization of OA-CNF/Alg microparticles prepared by flow sonication. (a) SEM image of OA-CNF/Alg
microparticles at 2.5kx magnification. (b) Surface at 17.5kx magnification. (c) Particle size distribution of microparticles,
with the majority between 10-50 pm.

5.4. 3D Printable POEGA Hydrogels Results

After initial success with the formation of supramolecular hydrogels composed of HEA
and QCh:SPA salt, as described in Chapter 4, attention was focused on the addition of mEGA to
form a thermoresponsive 3D printable system. While the 1:1 SPA:pTsOH neutral salts
demonstrated significantly higher strengths when compared to the 1:3 SPA:pTsOH, the latter
shown higher compatibility with the mEGA monomer. When adding the mEGA monomer, the
neutral QCh SPA:pTsOH 1:1 salt tended to precipitate out of solution indicated by achange in
opacity and a significant decrease in viscosity. During initial trials, it was found that the 1:3
SPA:pTsOH salt demonstrated the best compatibility with the mEGA and tended to form a more

homogeneous resin than the 1:1 SPA:pTsOH.
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Figure 5.5 Absorbance temperature scans of HEA/mEGA blends crosslinked with neutral QCh SPA:pTsOH [1:3]. [a]
90 wt% HEA resin : 10 wt% mEGA monomer, [b] 80 wt% HEA resin : 20 wt% mEGA monomer, [c] 70 wt% HEA resin
: 30 wt% mEGA monomer, [d] 60 wt% HEA resin : 40 wt% mEGA monomer, [e] 50 wt% HEA resin : 50 wt% mEGA
monomer, [f] 45 wt% HEA resin : 55 wt% mEGA monomer.

As POEGMA hydrogels were typically produced as random copolymers using reversible
addition—fragmentation chain-transfer polymerization or atom transfer radical polymerzation?®,
samples prepared by free radical polymerization and the LCST behaviour of the formed hydrogels
were investigated. Various blends modifying the ratio of HEA resin to mMEGA monomer were
prepared to see the effect of increasing hydrophobic content in the network on the thermal
response. The thermal responsive properties were measured with two different techniques to
ensure the LCST opacity change was associated with the shrinkage seen in thermoresponsive
polymers. At a low mEGA content of 10% [Fig. 5.5. a] no significant change in opacity was
observed. The spike in opacity was attributed to the boiling of the water within the cuvette. At
increasing MEGA contents[Fig. 5.6. b&c], an observable LCST occurs, with 20 wt% mEGA

demonstrating an LCST at 80°C and 30 wt% mEGA showing LCST behavior in the 50-70°C
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range. As mEGA content increased, the temperature onset of the LCST decreased, and the degree
of opacity increased with the 45:55 HEA resin to mEGA by weight, demonstrating the lowest
thermal response of the blends tested with onset at 20°C. While each polymer blend demonstrated
a different LCST temperature, the blends do not behave as expected of thermoresponsive
homopolymers such as PNIPAm. Due to the random nature of the blends, the polymers reorient
their networks as the temperatures increase, leading to variations in the opacity. This behaviour
was most pronounced in the 60:40 and 45:55 blends, where above the measured LCST
temperature, the 60:40 film began to decrease in opacity at around 60°C as seen in other POEGMA
systems??°, This behaviour contrasted with the 50:50 and 45:55 blends, where there was a
significant increase in opacity at lower wavelengths around 60°C. The variation of the LCST
behaviour indicates that the use of POEGASs in this system was likely not ideal for the generation
of 4D printable hydrogels as the opacity change was significantly more gradual than
thermoresponsive homopolymers. This characteristic is unsuitable for 4D printable hydrogels, as
a sharp LCST is required to trigger a usable shape change. Since the LCST occurs gradually, the
LCST of different sections can overlap, preventing the selective collapse of specific regions.
Alternatively, this hydrogel demonstrated thermoresponsive properties over a large range, which
is suitable for applications where a proportional response is desirable. For example, a valve could
be composed of this material with an orifice that allows a greater flow at low temperatures,

allowing the device to self-modulate.
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Figure 5.6 Equilibrium swelling graphs of different HEA:mEGA blends at increasing temperature. [a] Relative mass
compared to 5°C of each hydrogel sample at increasing temperatures. [b] Mass change of the sample per °C [dark blue]
HEA:mEGA 90:10, [blue] HEA:mEGA 80:20, [green] HEA:mEGA 70:30, [yellow] HEA:mEGA 60:40, [orange]
HEA:mEGA 50:50, [red] HEA:mEGA 45:55.

Due to the irregular behaviour of the POEGMA hydrogels, a swelling study was then
conducted to investigate the change in equilibrium swelling volume at different temperatures [Fig
5.6. a]. We see responses From the swelling tests that do not align with the previously performed
opacity tests. The maximum degree of shrinkage occurred throughout heating, rather than at a
defined LCST. Surprisingly, the largest change in mass was observed in the 5-20°C range rather
than the >20°C range, as demonstrated by the opacity results [Fig 5.6. b]. These behaviours are
significantly different than other thermoresponsive polymers and give insight into the function of
POEGA polymers. In the literature, POEGA polymers have demonstrated self-assembly behaviour
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when dispersed in solution as linear polymers, particularly the tendency to precipitate at a defined
temperature before rearranging at higher temperatures and increasing in size??. Surprisingly, the
LCST is not correlated with the equilibrium swelling mass in the prepared blends. This indicates
that phase segregation at the LCST was not a driving factor of water expulsion; rather, the
increased intermolecular interactions between hydrophobic groups drove water expulsion as it
occurred at significantly lower temperatures than the LCST. While there is significant initial
shrinkage in the hydrogel, samples containing lower concentrations of mEGA displayed a wider
shrinkage range, with significant shrinkage still occurring at 60°C before stabilizing near zero at
higher temperatures. This behavior indicates a segregated structure of the final hydrogel due to the
compatibility of the mEGA with the QCh salt, which led to phase separation within the polymer
resulting in a wide range of LCST temperatures within the polymer and the irregular thermal

response.

Although this was not expected behavior when compared to thermoresponsive
homopolymers such as PNIPAm, this result is interesting as it demonstrates these thermal
responsive hydrogels can be tuned in both the LCST and the degree of shrinkage based on the
structure of the polymer produced. Surprisingly for the tested samples, the thermal responsive
volume change was significantly different than the measured opacity change indicating that in the
case of this network the LCST and the equilibrium swelling percent are distinct temperatures.
Interestingly, although all the equilibrium swelling measurements demonstrated similar behavior,
the absorbance at higher temperatures significantly varies. This behavior is most obvious when
comparing the 60:40 HEA/mEGA to the 45:55 HEA/mEGA. The former demonstrated a decrease
in opacity at elevated temperatures, while the latter saw a significant increase in opacity above

60°C. This behavior points to a significant variation in microstructure, where the blends containing
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higher portions of hydrophilic monomers initially displace water forming a phase separated
structure, before expelling sufficient water where the size of the phase separations decreases.
Conversely networks containing greater proportions of hydrophobic monomers phase separate at
lower LCSTs before a significant increase in opacity was seen at 60°C. This is quite different from
PNIPAmM networks where these two behaviors occur at the same temperature. Unlike linear
POEGA copolymers, swelling results of this material indicate that the control of LCST for this
POEGA system was not as simple as varying the ratio of HEA and mEGA due to the phase
separation of the monomers prior to printing, the second goal of this section was to incorporate
sodium alginate into the hydrogel with the goal of increasing the strength of the network in addition

to the speed of the networks thermal response [Fig. 5.8.].
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Figure 5.7 Synthesis steps of the ionically crosslinked hydrogel. [Prepolymer] HEA/MEGA 45:55 prepolymer resin.
[Suspension] Dried OA-CNF/Alg microparticles are added to the prepolymer resin and dispersed with planetary mixing.
[Organo-gel] The monomers are then photopolymerized by 405nm light forming an organo-gel with bonds to the Q-Chit
acrylate salt. Due to the nature of the salt the resulting thermoresponsive network has templated anionic charges at the
regions that interact with Q-Chit. [Hydrogel] After a solvent exchange with water, the anionic polysaccharide is able to
integrate into the network and form ionic bonds to the Q-Chit network. The spaces occupied by the anionic
polysaccharide then form a controlled pore network based on the size of the initial microparticles. These void spaces are
then reinforced by the remaining nanoparticles.
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To determine a suitable concentration of sodium alginate particles to load into the network,
the viscosity of the pre-polymer resin was tested (Fig. 5.8). The 45:55 HEA resin exhibited a
dynamic viscosity range from 8.5 £ 0.5 to 40 £ 4.1 cP, inversely proportional to the shear rate.
Lower shear rates were not tested as the viscometer displayed inaccurate results outside the linear
power curve range of the motor. The viscosity increased proportionally to the loading
concentration of alginate microparticles, with 12.5 wt% alginate demonstrating the highest
viscosity, ranging from 70.7 £ 2.4 to 154.0 £ 4.5 cP. Although the loaded resins' viscosity was not
significantly different from previous work using quaternized chitosan in HEA, the resulting resin's
shear-thinning properties limited its printability. At concentrations above 15 wt%, the resin would
not flow under its weight when inverted, preventing its use in SLA-style machines, though suitable

for devices like bioprinters where shear-thinning resin is desirable.
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Figure 5.8 Viscosity measurements of HEA/mEGA 45:55 containing different loadings of OA-CNF/Alg microparticles.
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Following viscosity characterization, the tensile properties of loaded hydrogels were
measured (Fig. 5.9). Surprisingly, the unloaded hydrogel performed poorly compared to previous
hydrogels containing only HEA, with an ultimate tensile strength of 40 kPa and an ultimate strain
of 156%. Higher sodium alginate microparticle loading increased tensile strength and elasticity,

with a trend of increasing tensile strength and Young’s modulus as loading increased.
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Figure 5.9 Tensile measurements of cast HEA/mEGA 45:55 hydrogels containing different loadings of OA-CNF/Alg
microparticles.
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Table 5.1 Average ultimate tensile strength and strain of cast samples with various alginate loading percentages.

Alginate  Loading Tensile Standard Ultimate Standard
(wt%0o) strength Deviation Strain (%) Deviation
(kPa)

0.0% 40.8 5.4 156 % +39.7%
2.5% 40.3 1.4 164% +10.9%
5.0% 84.2 125 194 % +16.0%
7.5% 72.6 +10.0 140% +14.1%
10.0% 95.8 +13.4 202% +8.7%
12.5% 113.1 £10.5 171% 127.2%

While the tensile properties of the cast hydrogels were unexpectedly low, the
microstructure of the cast organo-gel and final hydrogel were investigated by SEM and ESEM,
respectively. The cross-sections of the cast organo-gel (Fig. 5.11a-d) showed visible alginate
particles as white particles at 2.5 wt% loading. As loading increased, more particles were visible
in the cross-section, and the smooth matrix surface displayed rougher characteristics, indicating
smaller alginate particles interacting with the matrix and stiffening the surface. These samples
were cryogenically cooled in LN2 and subsequently fractured. Due to the brittle nature of the
polymer at these temperatures, the samples did not display the expected geometry of alginate
particles seen earlier. Despite this, the increasing alginate loading varied the fracture plane of the

matrix, and an even distribution of OA-CNF/Alg microparticles was observed.
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Figure 5.10 SEM images of cast HEA/mEGA 45:55 organo-gels containing 2.5 wt% [a], 5 wt% [b], 7.5 wt% [c] and 10
wt% [d] loadings of OA-CNF/Alg microparticles.

To further investigate the composite material's microstructure, samples that had undergone
solvent exchange with water were cooled in liquid nitrogen, and the fracture plane was imaged
with ESEM (Fig. 5.11). Initial images of samples without alginate particles showed a rough surface
with small pores within 5-10 um. The 5 wt% alginate sample indicated larger pores, correlating
with the mechanical tests where 2.5 wt% did not affect mechanical properties measurably. As
alginate loading increased, porosity increased, with 7.5%-12.5% loading demonstrating more ~20

{m pores.
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Figure 5.11 ESEM images of cast HEA/mMEGA 45:55 hydrogels containing different loadings of OA-CNF/Alg
microparticles at 1000x magnification.

These increasing porosity results from the ESEM, along with the water content of each
hydrogel reported in Fig. 5.12, lead to the conclusion that the addition of alginate densifies the
network due to the development of holes within the network while maintaining the same water
content. This behaviour and the hydrophobic interactions between the octylamine-modified CNF
and the mEGA component of the material demonstrate a definitive strengthening behaviour of the

network.
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Figure 5.12 Water content of cast HEA/mEGA 45:55 hydrogels containing different loadings of OA-CNF/Alg
microparticles.

Following resin characterization through casting, a larger quantity of the 12.5% alginate
resin was synthesized to test 3D printability. While the material was 3D printable, high resin
loading complicated accurate prints. The 5x5x5 mm calibration cube exhibited accurate X and Y
dimensions (4.95 mm), but the Z dimension was significantly larger (6.2 mm), attributed to high
solids loading and large microparticle size. Particles above 50 um increased layer thickness,
compounding inaccuracies in the Z dimension. Despite this, the mechanical properties of printed
organo-gels were superior to cast samples (Fig. 5.13a). After a 3-day solvent exchange with water,
3D printed alginate-loaded hydrogels showed an ultimate tensile strength of 205 + 3 kPa and an
ultimate strain of 441 + 30.35%, an 81% increase in tensile strength and more than double the
strain compared to cast samples. These improvements were attributed to the uniform alginate

dispersion in printed samples and consistent polymerization, reducing matrix defects.
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Comparisons of 3D printed samples stored in DI water for 72 hours and 720 hours (Fig. 5.14. b)
showed a slight decrease in tensile strength over time but an increase in ultimate strain, suggesting
the cationic biopolymer mitigates mechanical property reduction in alginate hydrogels. Thermo-
mechanical properties showed a significant increase in ultimate strain (861 = 41%) and modest
tensile strength increase (272 + 9 kPa) upon network collapse and water expulsion. Surprisingly,
the POEGA network demonstrated significantly different stiffness behaviors from the PNIPAm
hydrogels investigated earlier. When collapsed, the POEGA networks demonstrated a more
pronounced stress dissipation region above 100% strain, while the stiffness was significantly lower
than the swollen network above 100% strain. This behaviour is opposite to that seen in the
PNIPAm hydrogels earlier in the thesis, where a significant increase in stiffness was observed

above the LCST.
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Figure 5.13 Tensile measurements of 3D printed HEA/mEGA 45:55 hydrogels with 12.5 wt% OA-CNF/Alg
microparticles. (a) Comparison of stress-strain curves of cast samples stored in DI water for 72 hours (black), 3D printed
samples stored in DI water for 72 hours (dark green), and 3D printed samples stored in DI water for 720 hours (green).

(b) Comparison of stress-strain curves of swollen hydrogels stored in DI water for 72 hours (green) at 5°C to collapsed
hydrogels stored in DI water for 72 hours (red) at 60°C.
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SEM was performed on 3D-printed organogels to determine microstructure. SEM images
(Fig. 5.14) revealed a significantly different structure compared to previous cross-sections.
Samples sectioned at room temperature with a scalpel showed clear alginate microparticles, with
circular regions composed of a rough surface well dispersed throughout the organogel. These
images prove that the OA-CNF/Alg microparticles are well distributed within the network and

maintain the shape seen after initial synthesis.

Figure 5.14 SEM images of a cut cross-section of the 3D printed organo-gel with OA-CNF microparticles emphasized
in green at 2.5kx (a) and 10kx (b).

Discussion

Overall, this section investigated using mMEGA as a co-monomer for 3D printing organo-gels

and following the confirmation of the HEA:mEGA copolymer forming a thermoresponsive
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hydrogel. The prepolymer was loaded with core-shell OA-CNF/alginate microparticles to improve
the mechanical properties of the final hydrogel and improve the stability of sodium alginate-
bearing thermoresponsive hydrogels. The thermoresponsive properties of the resulting hydrogel
demonstrated a more extensive range than expected. The secondary goal of improving the
mechanical properties of the HEA:mEGA copolymer and ionic stability alginate containing IPN
hydrogels were successful, with significant improvements in the ultimate tensile stress and strain.
Furthermore, the use of quaternized chitosan enabled the ionic crosslinking of alginate networks
that were not susceptible to cationic diffusion over extended periods. When applied to digital
health, these properties provide desirable improvements for alginate-based wound dressings. This
furthers the initial goals of this research, which are to develop robust thermoresponsive wound
dressings for drug delivery. At the same time, one potential application of thermoresponsive
hydrogels is their use in shape-change materials. In the literature, the formation of random
copolymers of mMEGA and HEA have demonstrated sharp LCST behavior®*, unfortunately the
characteristics of these linear polymers does not translate to the hydrogels synthesised. One likely
reason these polymers do not display suitable characteristics is the use of quaternized chitosan as
an ionic crosslinker to form the supramolecular hydrogels. Due to the phase separation of mMEGA
from the QCh and HEA-rich phase, a broad response was achieved. However, This limitation can
be seen as a positive for applications in self-regulating systems where the size of the hydrogel
impacts the temperature and digital health, where the skin temperature can be significantly lower
than body temperature. The wide range of thermal responses these systems provide provides a
greater range with which drug delivery could be effective. Additionally, using QCh has numerous

benefits for the final polymer, namely conductive characteristics and potential degradability, as
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demonstrated by the HEA hydrogels. Finally, using quaternized chitosan provides the potential for

antimicrobial properties and stabilizing the alginate network.

5.5. Conclusions

In this chapter, we successfully demonstrated the formation of thermoresponsive
supramolecular hydrogels by incorporating mEGA into the previously reported system. The
resulting hydrogels demonstrated broad thermal responses with tunable LCST behaviour.
Furthermore, through the development and subsequent loading of core/shell alginate
microparticles, the mechanical properties of the resulting hydrogels could be significantly
improved, reaching 400% when swollen and 860% when collapsed. The HEA/mEGA hydrogels
provide a promising system for thermoresponsive wound dressings with potentially antimicrobial
properties. In contrast, the core-shell alginate particles offer a method for incorporating an alginate

network into applications where solubilized alginate is undesirable due to its viscous properties.
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Chapter 6:  Thesis Conclusions, Remarks and Future work

This research program aims to investigate the use of organo-gel precursors to develop 3D
printable thermoresponsive hydrogels with desired properties for digital health and the rapidly
growing field of personalized medicine. The concluding remarks and some insights into the
development of 3D printable thermoresponsive hydrogel precursors acquired from this research

are listed below.

6.1. Multi-thermoresponsive PNIPAmM Hydrogel

Experimental studies were performed to develop 3D printable PNIPAm-based materials.
This work first reported 4 main findings. First, dimethyl sulfoxide is a superior solvent for
organo-gel 3D printing compared to isopropanol used in the literature. The low volatility and
compatibility with different acrylates enable the printing of large-scale hydrogels over long
periods at high fidelity. Second, the use acrylated poloxamers as crosslinkers for the DMSO
organo-gels maintained the original thermoresponsive properties of the poloxamer
independent of the main network. Third, by adding glycerol, alginate dispersions could
successfully form in DMSO, allowing high loading levels of alginate in organo-gels.
Additionally, the presence of tannic acid-modified CNCs modulates the size of the alginate
dispersion, preventing agglomeration and improving the system's fidelity. Finally, the tannic
acid-modified CNCs provide both thermoresponsive adhesion in the PNIPAm network and act
as a photo absorber during printing, further improving fidelity. This work benefits the field of
photopolymerizable hydrogels for 3D printing, specifically where ionic polysaccharides are
used as a secondary network. We published this work in the Journal of Colloid and Interface

Science. 2023, 638, 882—-892.
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6.2. Quaternized Chitosan Supramolecular hydrogels

Systematic studies on the use of quaternized chitosan:acrylate salts as an ionic crosslinker
for 3D printable organo-gels provided insight into the mechanism with which it ionically
crosslinked HEA hydrogels. By modulating the composition of the quaternized chitosan :
acrylate salt, the final hydrogel's mechanical, structural and conductive properties could be
tuned for desired applications. This work first reported using a poly(ionic) salt composed of an
ionic polysaccharide and an ionic acrylate and the first work to use Cyrene in the 3D printing
of hydrogels. Through the formation of salt from N-(2-hydroxy-3-trimethyl ammonium)
propyl chitosan and 3-sulfopropyl acrylate, the resultant poly(ionic) salt was soluble in the
polar aprotic resin while remaining associated. This enabled the high-fidelity printing of a
highly elastic hydrogel through an intermediate organo-gel. This work significantly benefits
the field of 3D printing hydrogels as the crosslinking scheme opens a new category of
crosslinkers for photopolymerization-based 3D printing. Furthermore, this work demonstrates
the use of Cyrene for organo-gel 3D printing as it provides numerous health and environmental
benefits compared to DMSO for digital health and personalized healthcare applications. This

work is under revision with Carbohydrate Polymers. 2024.

6.3. Thermoresponsive poly(oligo ethylene glycol acrylates) hydrogels loaded with
alginate microparticles
After understanding how quaternized chitosan:acrylate salt functioned with HEA to form
a supramolecular hydrogel, mEGA was incorporated within the resin to produce
thermoresponsive supramolecular hydrogels. This work first reported using poly(oligo
ethylene glycol acrylates) as a thermoresponsive hydrogel network for photopolymerization-

based 3D printing. While previous work has focused on POEGA to form linear polymers or as
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a graft, they have not previously been used in photopolymerization-based 3D printing.
Concurrently, a biobased system for large-scale production of sodium alginate/OA-CNF
microparticles was reported. This system utilized hydrophobically modified CNFs to act as a
Pickering emulsifier along with lecithin to produce alginate microparticles. This was the first
reported use of hydrophobic CNFs to act as a water-in-oil pickering emulsifier. This work has
significant implications in the cosmetics, food, and emulsions industries as it provides a simple
method of stabilizing water-in-oil emulsions containing high ion concentrations with biobased
surfactants. Finally, the resultant core/shell microparticles significantly increased the
mechanical properties of the thermoresponsive poly(oligo ethylene glycol acrylates)
hydrogels and prevented degradation of the alginate network over time due to cation diffusion.
This work significantly benefits biobased hydrogel research as it addresses core issues with
the stability of alginate hydrogels while also providing methods to form hydrogels from 2

oppositely charged polysaccharides accurately.

Overall, the research presented in this thesis contributes to advancing the field of 3D printable

thermoresponsive hydrogels, providing insights into new crosslinking methods for

photopolymerization-based 3D printing and methods of incorporating of different LCST

behaviour in the resulting hydrogels. Specifically, this work pioneers organo-gel precursors for

3D printing natural-synthetic double network hydrogels. Due to the solubility limitations of

bioderived polysaccharides and dispersion limitations of bioderived nanoparticles, an informed

design must be utilized to achieve compatible systems. Two approaches used in this thesis were

the design of polysaccharide microparticle systems in the 3rd and 5th chapters that were

insoluble in the prepolymer resin and diffused into the network upon solvent exchange and the

formation of polysaccharide acrylate salts, which facilitate solubilization of the polysaccharides
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in a polar aprotic resin. This provides two alternate methods of incorporating high biomaterial
loading within 3D printed hydrogels and provides a clear path forward for further development
of environmentally friendly thermoresponsive hydrogels. Furthermore, organo-gel 3D printable
systems enable the fabrication of large hydrogel objects with reduced printing time while
preventing LCST behaviours from affecting the fidelity of the printed structures. As such, this
work furthers the field of mechanoactive wound dressings, demonstrating the benefits of 3D
printing and methods to reduce the degree to which harmful compounds are used in

manufacturing.

6.4. Future work

Throughout this thesis, two comprehensively different 3D printed thermoresponsive hydrogels
were developed. Initially, chapter 3 focused on a thermoresponsive hydrogel with bioderived
components, but the use of PNIPAm, CaCl2, and DMSO limited its applicability in biomedical
and wound dressing applications. While the work demonstrated valuable properties, further
characterization of the drug release mechanism should be conducted. This mainly focuses on
removing geometric constraints and defining the hydrogel's intrinsic properties that govern the
drug release mechanism. Chapters 4 & 5 acted as a natural evolution of the thermoresponsive
systems developed, replacing PNIPAm and DMSO with a HEA mEGA copolymer and Cyrene,
respectively, and the use of a supramolecular crosslinking system, removing the need for CaCI2
to act, as a crosslinker for the alginate network. Future work for chapter 4 includes using 2D NMR
to characterize the supramolecular hydrogel better. While solid-state carbon NMR was performed
on the dried hydrogel, the spinning field lines obscured the areas of interest and prevented
conclusions from being reached. Future work would focus on the further characterization of the

supramolecular hydrogel.
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The HEA/mEGA system presented has multiple potential approaches that could be used to
improve the hydrogel described in this section and improve the properties of the resulting hydrogel.
While the photopolymerization-based 3D printing techniques traditionally utilize free radical
polymerization, the addition of QCh led to regions of varying composition of mEGA and HEA, as
evident by the broad thermal response seen in the LCST behaviour of the polymer. Recently,
Asadi-Eydivand et al. demonstrated the applicability of RAFT polymerization for light-based 3D
printing®?. Using RAFT techniques, it would be possible to form poly(HEA-co-mEGA) oligomers
separate from the QCh and add these to the HEA resin. This approach could potentially solve the
phase separation of the thermoresponsive monomers within the resin. Furthermore, by
polymerizing the mEGA beforehand with HEA, the thermoresponsive behaviour of the final
hydrogel could determined beforehand, leading to more controllability and reducing the volatility
of mEGA, preventing changes in the resin composition during long prints. The second
improvement that could be implemented for the HEA-co-mEGA system would be the testing and
implementing of different quaternized chitosan acrylate salts. Quaternized chitosan neutralized
with 3-sulfopropyl acrylate was used for all the work reported and composed most salt variations
tested; initial tests with acrylic acid indicated improved solubility in HEA. Other potential salts
could be utilized with 3-sulfopropyl methacrylate or methacrylic acid. Adding the methyl group
would increase the hydrophobicity of the resulting QCh salt and improve solubility within
HEA/mEGA systems. While initial results testing acrylic acid salts were promising with the
QCh:AA salts solubilizing within HEA without the use of high-power sonication, there was not
sufficient time to redevelop the 3D printing system as significant characterization and optimization
work had been performed on the SPA-based salt. Additionally, non-polymerizable acids other than

pTsOH could neutralize the quaternized chitosan to improve compatibility with mEGA. In the
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original work investigating solubilizing chitosan in polar aprotic solvents, camphor sulfonic acid
also enabled solubility in DMSO, possibly replacing pTsOH. Additionally, although quaternized
chitosan has seen significant applications as an antimicrobial agent with limited cytotoxicity, we
could not perform such studies on the system developed. As such, the characterization of the
antimicrobial and cytotoxic characteristics of the reported systems would significantly improve
the relevance of the hydrogels in digital health. Furthermore, further characterization of the OA-
CNF particles should be performed, specifically transmission electron microscopy with energy-
dispersive X-ray spectroscopy. This would allow the visualization of the modification of CNFs by

mapping the nitrogen groups on the fibrils.

Overall, this work takes steps to develop novel thermoresponsive hydrogels capable of
synthesis through the printing of intermediate organo-gels. The developed system was capable of
producing thermoresponsive hydrogels with high elasticity and stability, and the thermoresponsive
characteristics broadly provided further potential within the wound dressing and digital health
space. One potential application of these materials is as a replacement for traditional stitching and
wound dressings. Due to their high elasticity and stability, patient-specific tubular bandages could
be possible applications where the tension of the hydrogel could replace the need for wound

closures such as stitches.

132



Letter of Copyright Permission

ELSEVIER LICENSE
TERMS AND CONDITIONS

Aug 23,2024

This Agreement between Lukas Bauman ("You") and Elsevier ("Elsevier") consists of
your license details and the terms and conditions provided by Elsevier and Copyright
Clearance Center.

License Number 5855130252158

License date Aug 23,2024

Licensed Content Publisher Elsevier

Licensed Content Publication Materials Science and Engineering: C

Mechanical properties of PNIPAM based

Licensed Content Title hydrogels: A review

Licensed Content Author Muhammad Abdul Haq, Yunlan Su,Dujin Wang
Licensed Content Date Jan 1, 2017

Licensed Content Volume 70

Licensed Content Issue n/a

Licensed Content Pages 14

Start Page 842

End Page 855

133



References

1)

)
©)

(4)

()

(6)

(7)

(8)

9)

(10)

(11)

(12)

(13)

Arafa, E. G.; Sabaa, M. W.; Mohamed, R. R.; Kamel, E. M.; Elzanaty, A. M.; Mahmoud,
A. M.; Abdel-Gawad, O. F. Eco-Friendly and Biodegradable Sodium
Alginate/Quaternized Chitosan Hydrogel for Controlled Release of Urea and Its
Antimicrobial Activity. Carbohydr. Polym. 2022, 291, 119555.
https://doi.org/10.1016/j.carbpol.2022.119555.

Berman, B. 3-D Printing: The New Industrial Revolution. Bus. Horiz. 2012, 55 (2), 155—
162. https://doi.org/10.1016/j.bushor.2011.11.003.

Hull, C. W. Apparatus for Production of Three-Dimensional Objects by Stereolithography.
US4575330A, March 11, 1986. https://patents.google.com/patent/US4575330A/en
(accessed 2021-04-11).

Li, J.; Wu, C.; Chu, P. K.; Gelinsky, M. 3D Printing of Hydrogels: Rational Design
Strategies and Emerging Biomedical Applications. Mater. Sci. Eng. R Rep. 2020, 140,
100543. https://doi.org/10.1016/j.mser.2020.100543.

Mellor, S.; Hao, L.; Zhang, D. Additive Manufacturing: A Framework for
Implementation. Int. J. Prod. Econ. 2014, 149, 194-201.
https://doi.org/10.1016/j.ijpe.2013.07.008.

Atzeni, E.; Salmi, A. Economics of Additive Manufacturing for End-Usable Metal Parts.
Int. J. Adv. Manuf. Technol. 2012, 62 (9), 1147-1155. https://doi.org/10.1007/s00170-011-
3878-1.

Choong, Y. Y. C.,; Tan, H. W.; Patel, D. C.; Choong, W. T. N.; Chen, C.-H.; Low, H. Y ;
Tan, M. J.; Patel, C. D.; Chua, C. K. The Global Rise of 3D Printing during the COVID-
19 Pandemic. Nat. Rev. Mater. 2020, 5 (9), 637-639. https://doi.org/10.1038/s41578-020-
00234-3.

Skrzypczak, N. G.; Tanikella, N. G.; Pearce, J. M. Open Source High-Temperature
RepRap for 3-D Printing Heat-Sterilizable PPE and Other Applications. HardwareX 2020,
8, €00130. https://doi.org/10.1016/j.0hx.2020.e00130.

Melchels, F. P. W.; Feijen, J.; Grijpma, D. W. A Review on Stereolithography and Its
Applications in Biomedical Engineering. Biomaterials 2010, 31 (24), 6121-6130.
https://doi.org/10.1016/j.biomaterials.2010.04.050.

Mondschein, R. J.; Kanitkar, A.; Williams, C. B.; Verbridge, S. S.; Long, T. E. Polymer
Structure-Property Requirements for Stereolithographic 3D Printing of Soft Tissue
Engineering Scaffolds. Biomaterials 2017, 140, 170-188.
https://doi.org/10.1016/j.biomaterials.2017.06.005.

Liska, R.; Schuster, M.; Infuhr, R.; Turecek, C.; Fritscher, C.; Seidl, B.; Schmidt, V.;
Kuna, L.; Haase, A.; Varga, F.; Lichtenegger, H.; Stampfl, J. Photopolymers for Rapid
Prototyping. J. Coat. Technol. Res. 2007, 4 (4), 505-510. https://doi.org/10.1007/s11998-
007-9059-3.

Zhang, J.; Xiao, P. 3D Printing of Photopolymers. Polym. Chem. 2018, 9 (13), 1530-1540.
https://doi.org/10.1039/C8PY00157J.

Gunduz, I. E.; McClain, M. S.; Cattani, P.; Chiu, G. T.-C.; Rhoads, J. F.; Son, S. F. 3D
Printing of Extremely Viscous Materials Using Ultrasonic Vibrations. Addit. Manuf. 2018,
22, 98-103. https://doi.org/10.1016/j.addma.2018.04.029.

134



(14)

(15)

(16)

A7)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

Hu, W.; Wang, Z.; Xiao, Y.; Zhang, S.; Wang, J. Advances in Crosslinking Strategies of
Biomedical Hydrogels. Biomater. Sci. 2019, 7 (3), 843-855.
https://doi.org/10.1039/C8BMO01246F.

Zandrini, T.; Florczak, S.; Levato, R.; Ovsianikov, A. Breaking the Resolution Limits of
3D Bioprinting: Future Opportunities and Present Challenges. Trends Biotechnol. 2023,
41 (5), 604-614. https://doi.org/10.1016/j.tibtech.2022.10.009.

Tan, B.; Gan, S.; Wang, X.; Liu, W.; Li, X. Applications of 3D Bioprinting in Tissue
Engineering: Advantages, Deficiencies, Improvements, and Future Perspectives. J. Mater.
Chem. B 2021, 9 (27), 5385-5413. https://doi.org/10.1039/D1TB00172H.

O’Halloran, S.; Pandit, A.; Heise, A.; Kellett, A. Two-Photon Polymerization:
Fundamentals, Materials, and Chemical Modification Strategies. Adv. Sci. 2023, 10 (7),
2204072. https://doi.org/10.1002/advs.202204072.

Faraji Rad, Z.; Prewett, P. D.; Davies, G. J. High-Resolution Two-Photon Polymerization:
The Most Versatile Technique for the Fabrication of Microneedle Arrays. Microsyst.
Nanoeng. 2021, 7 (1), 1-17. https://doi.org/10.1038/s41378-021-00298-3.

Zuchowicz, N. C.; Belgodere, J. A.; Liu, Y.; Semmes, I.; Monroe, W. T.; Tiersch, T. R.
Low-Cost Resin 3-D Printing for Rapid Prototyping of Microdevices: Opportunities for
Supporting Aquatic Germplasm Repositories. Fishes 2022, 7 (1), 49.
https://doi.org/10.3390/fishes7010049.

Lin, C.-C.; Ki, C. S.; Shih, H. Thiol-Norbornene Photoclick Hydrogels for Tissue
Engineering Applications. J. Appl. Polym. Sci. 2015, 132 (8).
https://doi.org/10.1002/app.41563.

Alexander, A.; Ajazuddin; Khan, J.; Saraf, S.; Saraf, S. Polyethylene Glycol (PEG)-
Poly(N-Isopropylacrylamide) (PNIPAAmM) Based Thermosensitive Injectable Hydrogels
for Biomedical Applications. Eur. J. Pharm. Biopharm. 2014, 88 (3), 575-585.
https://doi.org/10.1016/j.ejpb.2014.07.005.

Hag, M. A.; Su, Y.; Wang, D. Mechanical Properties of PNIPAM Based Hydrogels: A
Review. Mater. Sci. Eng. C 2017, 70, 842-855.
https://doi.org/10.1016/j.msec.2016.09.081.

Sun, X.; Tyagi, P.; Agate, S.; McCord, M. G.; Lucia, L. A,; Pal, L. Highly Tunable
Bioadhesion and Optics of 3D Printable PNIPAm/Cellulose Nanofibrils Hydrogels.
Carbohydr. Polym. 2020, 234, 115898. https://doi.org/10.1016/j.carbpol.2020.115898.
Sliwa, T.; Jarzgbski, M.; Gapinski, J.; Grzeszkowiak, M.; Kleshchanok, D. Stimuli-
Responsive PNIPAM Based Copolymers: Modeling and Light Scattering Investigations.
Acta Phys. Pol. A 2014, 125 (5), 1236-1239.
https://doi.org/10.12693/APhysPolA.125.1236.

Vancoillie, G.; Frank, D.; Hoogenboom, R. Thermoresponsive Poly(Oligo Ethylene
Glycol Acrylates). Prog. Polym. Sci. 2014, 39 (6), 1074-1095.
https://doi.org/10.1016/j.progpolymsci.2014.02.005.

Chen, R.; Ma, H.; Zhang, L.; Bryers, J. D. Precision-Porous Templated Scaffolds of
Varying Pore Size Drive Dendritic Cell Activation. Biotechnol. Bioeng. 2018, 115 (4),
1086-1095. https://doi.org/10.1002/bit.26532.

Demir, M.; Oztiirk, S.; Bayrak, G.; Percin, L; Siiloglu, A. K. PHEMA-Based Cryogels as
3D Placental Scaffolds. Process Biochem. 2023, 133, 85-98.
https://doi.org/10.1016/j.prochio.2023.08.005.

135



(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

Tabatabaee, S.; Baheiraei, N.; Salehnia, M. Fabrication and Characterization of PHEMA-
Gelatin Scaffold Enriched with Graphene Oxide for Bone Tissue Engineering. J. Orthop.
Surg. 2022, 17 (1), 216. https://doi.org/10.1186/s13018-022-03122-4.

Tarasova, N.; Zanin, A.; Krivoborodov, E.; Toropygin, I.; Pascal, E.; Mezhuev, Y. The
New Approach to the Preparation of Polyacrylamide-Based Hydrogels: Initiation of
Polymerization of Acrylamide with 1,3-Dimethylimidazolium (Phosphonooxy-
)Oligosulphanide under Drying Aqueous Solutions. Polymers 2021, 13 (11), 1806.
https://doi.org/10.3390/polym13111806.

Li, Y.; Yang, D.; Wu, Z.; Gao, F.-L.; Gao, X.-Z.; Zhao, H.-Y.; Li, X.; Yu, Z.-Z. Self-
Adhesive, Self-Healing, Biocompatible and Conductive Polyacrylamide Nanocomposite
Hydrogels for Reliable Strain and Pressure Sensors. Nano Energy 2023, 109, 108324.
https://doi.org/10.1016/j.nanoen.2023.108324.

Chan, D.; Maikawa, C. L.; d’Aquino, A. I.; Raghavan, S. S.; Troxell, M. L.; Appel, E. A.
Polyacrylamide-Based Hydrogel Coatings Improve Biocompatibility of Implanted Pump
Devices. J. Biomed. Mater. Res. A 2023, 111 (7), 910-920.
https://doi.org/10.1002/jbm.a.37521.

D’souza, A. A.; Shegokar, R. Polyethylene Glycol (PEG): A Versatile Polymer for
Pharmaceutical Applications. Expert Opin. Drug Deliv. 2016, 13 (9), 1257-1275.
https://doi.org/10.1080/17425247.2016.1182485.

Harris, J. M. Laboratory Synthesis of Polyethylene Glycol Derivatives. J. Macromol. Sci.
Part C 1985, 25 (3), 325-373. https://doi.org/10.1080/07366578508081960.

Veronese, F. M.; Pasut, G. PEGylation, Successful Approach to Drug Delivery. Drug
Discov. Today 2005, 10 (21), 1451-1458. https://doi.org/10.1016/S1359-6446(05)03575-
0.

Mazzoccoli, J. P.; Feke, D. L.; Baskaran, H.; Pintauro, P. N. Mechanical and Cell
Viability Properties of Crosslinked Low and High Molecular Weight Poly(Ethylene
Glycol) Diacrylate Blends. J. Biomed. Mater. Res. A 2010, 93 (2), 558-566.
https://doi.org/10.1002/jbm.a.32563.

Zhu, M.; Wang, Y.; Ferracci, G.; Zheng, J.; Cho, N.-J.; Lee, B. H. Gelatin Methacryloyl
and Its Hydrogels with an Exceptional Degree of Controllability and Batch-to-Batch
Consistency. Sci. Rep. 2019, 9 (1), 6863. https://doi.org/10.1038/s41598-019-42186-X.
Bupphathong, S.; Quiroz, C.; Huang, W.; Chung, P.-F.; Tao, H.-Y; Lin, C.-H. Gelatin
Methacrylate Hydrogel for Tissue Engineering Applications—A Review on Material
Modifications. Pharmaceuticals 2022, 15 (2), 171. https://doi.org/10.3390/ph15020171.
Klotz, B. J.; Gawlitta, D.; Rosenberg, A. J. W. P.; Malda, J.; Melchels, F. P. W. Gelatin-
Methacryloyl Hydrogels: Towards Biofabrication-Based Tissue Repair. Trends
Biotechnol. 2016, 34 (5), 394-407. https://doi.org/10.1016/j.tibtech.2016.01.002.

Nichol, J. W.; Koshy, S. T.; Bae, H.; Hwang, C. M.; Yamanlar, S.; Khademhosseini, A.
Cell-Laden Microengineered Gelatin Methacrylate Hydrogels. Biomaterials 2010, 31 (21),
5536-5544. https://doi.org/10.1016/j.biomaterials.2010.03.064.

Chen, P.; Ning, L.; Qiu, P.; Mo, J.; Mei, S.; Xia, C.; Zhang, J.; Lin, X.; Fan, S. Photo-
Crosslinked Gelatin-Hyaluronic Acid Methacrylate Hydrogel-Committed Nucleus
Pulposus-like Differentiation of Adipose Stromal Cells for Intervertebral Disc Repair. J.
Tissue Eng. Regen. Med. 2019, 13 (4), 682-693. https://doi.org/10.1002/term.2841.
Schuurmans, Carl. C. L.; Mihajlovic, M.; Hiemstra, C.; Ito, K.; Hennink, W. E.;
Vermonden, T. Hyaluronic Acid and Chondroitin Sulfate (Meth)Acrylate-Based

136



(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)

(52)

(53)

(54)

Hydrogels for Tissue Engineering: Synthesis, Characteristics and Pre-Clinical Evaluation.
Biomaterials 2021, 268, 120602. https://doi.org/10.1016/j.biomaterials.2020.120602.
Spearman, B. S.; Agrawal, N. K.; Rubiano, A.; Simmons, C. S.; Mobini, S.; Schmidt, C.
E. Tunable Methacrylated Hyaluronic Acid-Based Hydrogels as Scaffolds for Soft Tissue
Engineering Applications. J. Biomed. Mater. Res. A 2020, 108 (2), 279-291.
https://doi.org/10.1002/jbm.a.36814.

Araiza-Verduzco, F.; Rodriguez-Veldzquez, E.; Cruz, H.; Rivero, I. A.; Acosta-Martinez,
D. R.; Pina-Luis, G.; Alatorre-Meda, M. Photocrosslinked Alginate-Methacrylate
Hydrogels with Modulable Mechanical Properties: Effect of the Molecular Conformation
and Electron Density of the Methacrylate Reactive Group. Materials 2020, 13 (3), 534.
https://doi.org/10.3390/mal13030534.

Tan, J.; Luo, Y.; Guo, Y.; Zhou, Y.; Liao, X,; Li, D.; Lai, X.; Liu, Y. Development of
Alginate-Based Hydrogels: Crosslinking Strategies and Biomedical Applications. Int. J.
Biol. Macromol. 2023, 239, 124275. https://doi.org/10.1016/j.ijbiomac.2023.124275.
Gao, Y.; Jin, X. Dual Crosslinked Methacrylated Alginate Hydrogel Micron Fibers and
Tissue Constructs for Cell Biology. Mar. Drugs 2019, 17 (10), 557.
https://doi.org/10.3390/md17100557.

Tomal, W.; Ortyl, J. Water-Soluble Photoinitiators in Biomedical Applications. Polymers
2020, 12 (5), 1073. https://doi.org/10.3390/polym12051073.

Nguyen, A. K.; Goering, P. L.; Elespuru, R. K.; Sarkar Das, S.; Narayan, R. J. The
Photoinitiator Lithium Phenyl (2,4,6-Trimethylbenzoyl) Phosphinate with Exposure to 405
Nm Light Is Cytotoxic to Mammalian Cells but Not Mutagenic in Bacterial Reverse
Mutation Assays. Polymers 2020, 12 (7). https://doi.org/10.3390/polym12071489.

Pawar, A. A.; Saada, G.; Cooperstein, I.; Larush, L.; Jackman, J. A.; Tabaei, S. R.; Cho,
N.-J.; Magdassi, S. High-Performance 3D Printing of Hydrogels by Water-Dispersible
Photoinitiator Nanoparticles. Sci. Adv. 2016, 2 (4), e1501381.
https://doi.org/10.1126/sciadv.1501381.

Darnell, M. C.; Sun, J.-Y.; Mehta, M.; Johnson, C.; Arany, P. R.; Suo, Z.; Mooney, D. J.
Performance and Biocompatibility of Extremely Tough Alginate/Polyacrylamide
Hydrogels. Biomaterials 2013, 34 (33), 8042-8048.
https://doi.org/10.1016/j.biomaterials.2013.06.061.

Drury, J. L.; Dennis, R. G.; Mooney, D. J. The Tensile Properties of Alginate Hydrogels.
Biomaterials 2004, 25 (16), 3187-3199.
https://doi.org/10.1016/j.biomaterials.2003.10.002.

Akkineni, A. R.; Ahlfeld, T.; Funk, A.; Waske, A.; Lode, A.; Gelinsky, M. Highly
Concentrated Alginate-Gellan Gum Composites for 3D Plotting of Complex Tissue
Engineering Scaffolds. Polymers 2016, 8 (5), 170. https://doi.org/10.3390/polym8050170.
Jing, X.; Sun, Y.; Liu, Y.; Ma, X.; Hu, H. Alginate/Chitosan-Based Hydrogel Loaded with
Gene Vectors to Deliver Polydeoxyribonucleotide for Effective Wound Healing.
Biomater. Sci. 2021, 9 (16), 5533-5541. https://doi.org/10.1039/D1BM00911G.

Diafiez, |.; Gallegos, C.; Brito-de la Fuente, E.; Martinez, 1.; Valencia, C.; Sanchez, M. C.;
Diaz, M. J.; Franco, J. M. 3D Printing in Situ Gelification of k-Carrageenan Solutions:
Effect of Printing Variables on the Rheological Response. Food Hydrocoll. 2019, 87, 321-
330. https://doi.org/10.1016/j.foodhyd.2018.08.010.

Geonzon, L. C.; Descallar, F. B. A.; Du, L.; Bacabac, R. G.; Matsukawa, S. Gelation
Mechanism and Network Structure in Gels of Carrageenans and Their Mixtures Viewed at

137



(55)

(56)

(57)

(58)

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

Different Length Scales — A Review. Food Hydrocoll. 2020, 108, 106039.
https://doi.org/10.1016/j.foodhyd.2020.106039.

Patel, P.; Mujmer, K.; Aswal, V. K.; Gupta, S.; Thareja, P. Structure, Rheology, and 3D
Printing of Salt-Induced k-Carrageenan Gels. Mater. Today Commun. 2023, 35, 105807.
https://doi.org/10.1016/j.mtcomm.2023.105807.

Chang, C.; Zhang, L. Cellulose-Based Hydrogels: Present Status and Application
Prospects. Carbohydr. Polym. 2011, 84 (1), 40-53.
https://doi.org/10.1016/j.carbpol.2010.12.023.

Sannino, A.; Demitri, C.; Madaghiele, M. Biodegradable Cellulose-Based Hydrogels:
Design and Applications. Materials 2009, 2 (2), 353-373.
https://doi.org/10.3390/ma2020353.

Xu, Y.; Li, L.; Zheng, P.; Lam, Y. C.; Hu, X. Controllable Gelation of Methylcellulose by
a Salt Mixture. Langmuir 2004, 20 (15), 6134-6138. https://doi.org/10.1021/1a049907r.
Rees, A.; Powell, L. C.; Chinga-Carrasco, G.; Gethin, D. T.; Syverud, K.; Hill, K. E;
Thomas, D. W. 3D Bioprinting of Carboxymethylated-Periodate Oxidized Nanocellulose
Constructs for Wound Dressing Applications. BioMed Res. Int. 2015, 2015, 925757.
https://doi.org/10.1155/2015/925757.

Zarandona, |.; Bengoechea, C.; Alvarez-Castillo, E.; de la Caba, K.; Guerrero, A.;
Guerrero, P. 3D Printed Chitosan-Pectin Hydrogels: From Rheological Characterization to
Scaffold Development and Assessment. Gels 2021, 7 (4), 175.
https://doi.org/10.3390/gels7040175.

Morris, V. B.; Nimbalkar, S.; Younesi, M.; McClellan, P.; Akkus, O. Mechanical
Properties, Cytocompatibility and Manufacturability of Chitosan:PEGDA Hybrid-Gel
Scaffolds by Stereolithography. Ann. Biomed. Eng. 2017, 45 (1), 286—-296.
https://doi.org/10.1007/s10439-016-1643-1.

He, Y.; Wang, F.; Wang, X.; Zhang, J.; Wang, D.; Huang, X. A Photocurable Hybrid
Chitosan/Acrylamide Bioink for DLP Based 3D Bioprinting. Mater. Des. 2021, 202,
109588. https://doi.org/10.1016/j.matdes.2021.109588.

Wang, G.; Wang, X.; Huang, L. Feasibility of Chitosan-Alginate (Chi-Alg) Hydrogel
Used as Scaffold for Neural Tissue Engineering: A Pilot Study in Vitro. Biotechnol.
Biotechnol. Equip. 2017, 31 (4), 766-773.
https://doi.org/10.1080/13102818.2017.1332493.

Bencherif, S. A.; Srinivasan, A.; Horkay, F.; Hollinger, J. O.; Matyjaszewski, K.;
Washburn, N. R. Influence of the Degree of Methacrylation on Hyaluronic Acid
Hydrogels Properties. Biomaterials 2008, 29 (12), 1739-1749.
https://doi.org/10.1016/j.biomaterials.2007.11.047.

Wan, T.; Fan, P.; Zhang, M.; Shi, K.; Chen, X.; Yang, H.; Liu, X.; Xu, W.; Zhou, Y.
Multiple Crosslinking Hyaluronic Acid Hydrogels with Improved Strength and 3D
Printability. ACS Appl. Bio Mater. 2022, 5 (1), 334-343.
https://doi.org/10.1021/acsabm.1c01141.

Duan, B.; Hockaday, L. A.; Kang, K. H.; Butcher, J. T. 3D Bioprinting of Heterogeneous
Aortic Valve Conduits with Alginate/Gelatin Hydrogels. J. Biomed. Mater. Res. A 2013,
101 (5), 1255-1264. https://doi.org/10.1002/jbm.a.34420.

Dorishetty, P.; Balu, R.; Gelmi, A.; Mata, J. P.; Dutta, N. K.; Choudhury, N. R. 3D
Printable Soy/Silk Hybrid Hydrogels for Tissue Engineering Applications.

138



(68)

(69)

(70)

(71)

(72)

(73)

(74)

(75)

(76)

(77)

(78)

(79)

(80)

(81)

Biomacromolecules 2021, 22 (9), 3668-3678.
https://doi.org/10.1021/acs.biomac.1c00250.

Hu, C.; Lu, W.; Mata, A.; Nishinari, K.; Fang, Y. lons-Induced Gelation of Alginate:
Mechanisms and Applications. Int. J. Biol. Macromol. 2021, 177, 578-588.
https://doi.org/10.1016/j.ijbiomac.2021.02.086.

George, M.; Abraham, T. E. Polyionic Hydrocolloids for the Intestinal Delivery of Protein
Drugs: Alginate and Chitosan — a Review. J. Controlled Release 2006, 114 (1), 1-14.
https://doi.org/10.1016/j.jconrel.2006.04.017.

Draget, K. I.; Stokke, B. T.; Yuguchi, Y.; Urakawa, H.; Kajiwara, K. Small-Angle X-Ray
Scattering and Rheological Characterization of Alginate Gels. 3. Alginic Acid Gels.
Biomacromolecules 2003, 4 (6), 1661-1668. https://doi.org/10.1021/bm034105g.
Smidsred, O.; Skja’k-Brik, G. Alginate as Immobilization Matrix for Cells. Trends
Biotechnol. 1990, 8, 71-78. https://doi.org/10.1016/0167-7799(90)90139-0.

March, Y. A.; Donati, I.; Strand, B. L.: Skjak-Brak, G. Effect of Ca2+, Ba2+, and Sr2+
on Alginate Microbeads. Biomacromolecules 2006, 7 (5), 1471-1480.
https://doi.org/10.1021/bm060010d.

Abka-khajouei, R.; Tounsi, L.; Shahabi, N.; Patel, A. K.; Abdelkafi, S.; Michaud, P.
Structures, Properties and Applications of Alginates. Mar. Drugs 2022, 20 (6), 364.
https://doi.org/10.3390/md20060364.

Cao, L.; Lu, W.; Mata, A.; Nishinari, K.; Fang, Y. Egg-Box Model-Based Gelation of
Alginate and Pectin: A Review. Carbohydr. Polym. 2020, 242, 116389.
https://doi.org/10.1016/j.carbpol.2020.116389.

Faulkner-Jones, A.; Fyfe, C.; Cornelissen, D.-J.; Gardner, J.; King, J.; Courtney, A.; Shu,
W. Bioprinting of Human Pluripotent Stem Cells and Their Directed Differentiation into
Hepatocyte-like Cells for the Generation of Mini-Livers in 3D. Biofabrication 2015, 7 (4),
044102. https://doi.org/10.1088/1758-5090/7/4/044102.

Freeman, F. E.; Kelly, D. J. Tuning Alginate Bioink Stiffness and Composition for
Controlled Growth Factor Delivery and to Spatially Direct MSC Fate within Bioprinted
Tissues. Sci. Rep. 2017, 7, 17042. https://doi.org/10.1038/s41598-017-17286-1.

Gao, Q.; He, Y.; Fu, J.; Liu, A.; Ma, L. Coaxial Nozzle-Assisted 3D Bioprinting with
Built-in Microchannels for Nutrients Delivery. Biomaterials 2015, 61, 203-215.
https://doi.org/10.1016/j.biomaterials.2015.05.031.

Zoco de la Fuente, A.; Garcia-Garcia, A.; Pérez-Alvarez, L.; Moreno-Benitez, |.; Larrea-
Sebal, A.; Martin, C.; Vilas-Vilela, J. L. Evaluation of Various Types of Alginate Inks for
Light-Mediated Extrusion 3D Printing. Polymers 2024, 16 (7), 986.
https://doi.org/10.3390/polym16070986.

Kunwar, P.; Jannini, A. V. S.; Xiong, Z.; Ransbottom, M. J.; Perkins, J. S.; Henderson, J.
H.; Hasenwinkel, J. M.; Soman, P. High-Resolution 3D Printing of Stretchable Hydrogel
Structures Using Optical Projection Lithography. ACS Appl. Mater. Interfaces 2020, 12
(1), 1640-1649. https://doi.org/10.1021/acsami.9b19431.

Jeon, O.; Bouhadir, K. H.; Mansour, J. M.; Alsberg, E. Photocrosslinked Alginate
Hydrogels with Tunable Biodegradation Rates and Mechanical Properties. Biomaterials
2009, 30 (14), 2724-2734. https://doi.org/10.1016/j.biomaterials.2009.01.034.

Mishbak, H. H.; Cooper, G.; Bartolo, P. J. Development and Characterization of a
Photocurable Alginate Bioink for Three-Dimensional Bioprinting. Int. J. Bioprinting
2019, 5 (2), 189. https://doi.org/10.18063/ijb.v5i2.189.

139



(82)

(83)

(84)

(85)

(86)

(87)

(88)

(89)

(90)

(91)

(92)

(93)

Rouillard, A. D.; Berglund, C. M.; Lee, J. Y.; Polacheck, W. J.; Tsui, Y.; Bonassar, L. J.;
Kirby, B. J. Methods for Photocrosslinking Alginate Hydrogel Scaffolds with High Cell
Viability. Tissue Eng. Part C Methods 2011, 17 (2), 173-179.
https://doi.org/10.1089/ten.tec.2009.0582.

Valentin, T. M.; Landauer, A. K.; Morales, L. C.; DuBois, E. M.; Shukla, S.; Liu, M.;
Stephens Valentin, L. H.; Franck, C.; Chen, P.-Y.; Wong, I. Y. Alginate-Graphene Oxide
Hydrogels with Enhanced lonic Tunability and Chemomechanical Stability for Light-
Directed 3D Printing. Carbon 2019, 143, 447-456.
https://doi.org/10.1016/j.carbon.2018.11.006.

Funami, T.; Hiroe, M.; Noda, S.; Asal, I.; Ikeda, S.; Nishinari, K. Influence of Molecular
Structure Imaged with Atomic Force Microscopy on the Rheological Behavior of
Carrageenan Aqueous Systems in the Presence or Absence of Cations. Food Hydrocoll.
2007, 21 (4), 617-629. https://doi.org/10.1016/j.foodhyd.2006.07.013.

Campo, V. L.; Kawano, D. F,; Silva, D. B. da; Carvalho, I. Carrageenans: Biological
Properties, Chemical Modifications and Structural Analysis — A Review. Carbohydr.
Polym. 2009, 77 (2), 167-180. https://doi.org/10.1016/j.carbpol.2009.01.020.

Tytgat, L.; Van Damme, L.; Ortega Arevalo, M. del P.; Declercq, H.; Thienpont, H.;
Otteveare, H.; Blondeel, P.; Dubruel, P.; Van Vlierberghe, S. Extrusion-Based 3D Printing
of Photo-Crosslinkable Gelatin and k-Carrageenan Hydrogel Blends for Adipose Tissue
Regeneration. Int. J. Biol. Macromol. 2019, 140, 929-938.
https://doi.org/10.1016/j.ijbiomac.2019.08.124.

Chong, B. F.; Blank, L. M.; Mclaughlin, R.; Nielsen, L. K. Microbial Hyaluronic Acid
Production. Appl. Microbiol. Biotechnol. 2005, 66 (4), 341-351.
https://doi.org/10.1007/s00253-004-1774-4.

Laurent, T. C.; Fraser, J. R. E. Hyaluronanl. FASEB J. 1992, 6 (7), 2397-2404.
https://doi.org/10.1096/fasebj.6.7.1563592.

Kogan, G.; Soltés, L.; Stern, R.; Gemeiner, P. Hyaluronic Acid: A Natural Biopolymer
with a Broad Range of Biomedical and Industrial Applications. Biotechnol. Lett. 2007, 29
(1), 17-25. https://doi.org/10.1007/s10529-006-9219-z.

Knopf-Marques, H.; Pravda, M.; Wolfova, L.; Velebny, V.; Schaaf, P.; Vrana, N. E.;
Lavalle, P. Hyaluronic Acid and Its Derivatives in Coating and Delivery Systems:
Applications in Tissue Engineering, Regenerative Medicine and Immunomodulation. Adv.
Healthc. Mater. 2016, 5 (22), 2841-2855. https://doi.org/10.1002/adhm.201600316.

Si, H.; Xing, T.; Ding, Y.; Zhang, H.; Yin, R.; Zhang, W. 3D Bioprinting of the Sustained
Drug Release Wound Dressing with Double-Crosslinked Hyaluronic-Acid-Based
Hydrogels. Polymers 2019, 11 (10), 1584. https://doi.org/10.3390/polym11101584.

Zhou, Y.; Fan, Y.; Chen, Z.; Yue, Z.; Wallace, G. Catechol Functionalized Ink System and
Thrombin-Free Fibrin Gel for Fabricating Cellular Constructs with Mechanical Support
and Inner Micro Channels. Biofabrication 2021, 14 (1), 015004.
https://doi.org/10.1088/1758-5090/ac2ef8.

Hauptstein, J.; Bock, T.; Bartolf-Kopp, M.; Forster, L.; Stahlhut, P.; Nadernezhad, A.;
Blahetek, G.; Zernecke-Madsen, A.; Detsch, R.; Jungst, T.; Groll, J.; Telmar, J.; Blunk, T.
Hyaluronic Acid-Based Bioink Composition Enabling 3D Bioprinting and Improving
Quality of Deposited Cartilaginous Extracellular Matrix. Adv. Healthc. Mater. 2020, 9
(15). https://doi.org/10.1002/adhm.202000737.

140



(94) Hamlet, S. M.; Vaquette, C.; Shah, A.; Hutmacher, D. W.; lvanovski, S. 3-Dimensional
Functionalized Polycaprolactone-Hyaluronic Acid Hydrogel Constructs for Bone Tissue
Engineering. J. Clin. Periodontol. 2017, 44 (4), 428-437.
https://doi.org/10.1111/jcpe.12686.

(95) Lam, T.; Dehne, T.; Krlger, J. P.; Hondke, S.; Endres, M.; Thomas, A.; Lauster, R.;
Sittinger, M.; Kloke, L. Photopolymerizable Gelatin and Hyaluronic Acid for
Stereolithographic 3D Bioprinting of Tissue-Engineered Cartilage. J. Biomed. Mater. Res.
B Appl. Biomater. 2019, 107 (8), 2649-2657. https://doi.org/10.1002/jbm.b.34354.

(96) Duan, B.; Kapetanovic, E.; Hockaday, L. A.; Butcher, J. T. Three-Dimensional Printed
Trileaflet Valve Conduits Using Biological Hydrogels and Human Valve Interstitial Cells.
Acta Biomater. 2014, 10 (5), 1836-1846. https://doi.org/10.1016/j.actbio.2013.12.005.

(97) Ngo, T. B.; Spearman, B. S.; Hlavac, N.; Schmidt, C. E. Three-Dimensional Bioprinted
Hyaluronic Acid Hydrogel Test Beds for Assessing Neural Cell Responses to Competitive
Growth Stimuli. ACS Biomater. Sci. Eng. 2020, 6 (12), 6819-6830.
https://doi.org/10.1021/acsbiomaterials.0c00940.

(98) Wang, P.; Li, X.; Zhu, W.; Zhong, Z.; Moran, A.; Wang, W.; Zhang, K.; Chen, S. 3D
Bioprinting of Hydrogels for Retina Cell Culturing. Bioprinting 2018, 12, e00029.
https://doi.org/10.1016/j.bprint.2018.e00029.

(99) Poldervaart, M. T.; Goversen, B.; Ruijter, M. de; Abbadessa, A.; Melchels, F. P. W.; Oner,
F. C.; Dhert, W. J. A.; Vermonden, T.; Alblas, J. 3D Bioprinting of Methacrylated
Hyaluronic Acid (MeHA) Hydrogel with Intrinsic Osteogenicity. PLOS ONE 2017, 12 (6),
e0177628. https://doi.org/10.1371/journal.pone.0177628.

(100) Kou, S. (Gabriel); Peters, L. M.; Mucalo, M. R. Chitosan: A Review of Sources and
Preparation Methods. Int. J. Biol. Macromol. 2021, 169, 85-94.
https://doi.org/10.1016/j.ijbiomac.2020.12.005.

(101) Chitin Deacetylation Using Deep Eutectic Solvents: Ab Initio-Supported Process
Optimization | ACS Sustainable Chemistry & Engineering. https://pubs-acs-
org.proxy.lib.uwaterloo.ca/doi/10.1021/acssuschemeng.0c08976 (accessed 2024-05-30).

(102) Aranaz, I.; Alcantara, A. R.; Civera, M. C.; Arias, C.; Elorza, B.; Heras Caballero, A.;
Acosta, N. Chitosan: An Overview of Its Properties and Applications. Polymers 2021, 13
(19), 3256. https://doi.org/10.3390/polym13193256.

(103) Full article: Physical Properties and Molecular Behavior of Chitosan Films. https://www-
tandfonline-com.proxy.lib.uwaterloo.ca/doi/full/10.1081/DDC-
100000481?casa_token=22tK8FOW1y0AAAAAY%3AJGFQRAI1lpdC-6-
dcy20DAhjzM0_hnMY JArZy0k8ZK418WRvVVFahzl6Wxda5ze2hRvVAYghy7DXFK _
(accessed 2024-05-23).

(104) Demirtas, T. T.; Irmak, G.; Giimiisderelioglu, M. A Bioprintable Form of Chitosan
Hydrogel for Bone Tissue Engineering. Biofabrication 2017, 9 (3), 035003.
https://doi.org/10.1088/1758-5090/aa7b1d.

(105) Shen, Y.; Tang, H.; Huang, X.; Hang, R.; Zhang, X.; Wang, Y.; Yao, X. DLP Printing
Photocurable Chitosan to Build Bio-Constructs for Tissue Engineering. Carbohydr.
Polym. 2020, 235, 115970. https://doi.org/10.1016/j.carbpol.2020.115970.

(106) Freitas, E. D.; Moura Jr., C. F.; Kerwald, J.; Beppu, M. M. An Overview of Current
Knowledge on the Properties, Synthesis and Applications of Quaternary Chitosan
Derivatives. Polymers 2020, 12 (12), 2878. https://doi.org/10.3390/polym12122878.

141



(107) Xu, J.; Fang, H.; Su, Y.; Kang, Y.; Xu, D.; Cheng, Y. Y.; Nie, Y.; Wang, H.; Liu, T.;
Song, K. A 3D Bioprinted Decellularized Extracellular Matrix/Gelatin/Quaternized
Chitosan Scaffold Assembling with Poly(lonic Liquid)s for Skin Tissue Engineering. Int.
J. Biol. Macromol. 2022, 220, 1253-1266. https://doi.org/10.1016/j.ijbiomac.2022.08.149.

(108) Joshi, S. C.; Lam, Y. C. Modeling Heat and Degree of Gelation for Methyl Cellulose
Hydrogels with NaCl Additives. J. Appl. Polym. Sci. 2006, 101 (3), 1620-1629.
https://doi.org/10.1002/app.23565.

(109) Lille, M.; Nurmela, A.; Nordlund, E.; Metsa-Kortelainen, S.; Sozer, N. Applicability of
Protein and Fiber-Rich Food Materials in Extrusion-Based 3D Printing. J. Food Eng.
2018, 220, 20-27. https://doi.org/10.1016/j.jfoodeng.2017.04.034.

(110) Mietner, J. B.; Jiang, X.; Edlund, U.; Saake, B.; Navarro, J. R. G. 3D Printing of a Bio-
Based Ink Made of Cross-Linked Cellulose Nanofibrils with Various Metal Cations. Sci.
Rep. 2021, 11 (1), 6461. https://doi.org/10.1038/s41598-021-85865-4.

(111) Ee, L. Y.; Li, S. F. Y. Recent Advances in 3D Printing of Nanocellulose: Structure,
Preparation, and Application Prospects. Nanoscale Adv. 2021, 3 (5), 1167-1208.
https://doi.org/10.1039/DONAQ00408A.

(112) Zeng, J.; Zeng, Z.; Cheng, Z.; Wang, Y.; Wang, X.; Wang, B.; Gao, W. Cellulose
Nanofibrils Manufactured by Various Methods with Application as Paper Strength
Additives. Sci. Rep. 2021, 11 (1), 11918. https://doi.org/10.1038/s41598-021-91420-y.

(113) Das, M.; Bhattacharyya, R. Cellulose Nanofibers: Synthesis, Properties and Applications.
In Polymer Nanocomposites Based on Inorganic and Organic Nanomaterials; John Wiley
& Sons, Ltd, 2015; pp 1-37. https://doi.org/10.1002/9781119179108.ch1.

(114) Li, S.; He, Y.; Guan, Y.; Liu, X.; Liu, H.; Xie, M.; Zhou, L.; Wei, C.; Yu, C.; Chen, Y.
Cellulose Nanofibril-Stabilized Pickering Emulsion and In Situ Polymerization Lead to
Hybrid Aerogel for High-Efficiency Solar Steam Generation. ACS Appl. Polym. Mater.
2020, 2 (11), 4581-4591. https://doi.org/10.1021/acsapm.0c00674.

(115) Fujisawa, S. Material Design of Nanocellulose/Polymer Composites via Pickering
Emulsion Templating. Polym. J. 2021, 53 (1), 103-109. https://doi.org/10.1038/s41428-
020-00408-4.

(116) Guo, S.; Bai, L.; Li, J.; Bi, R.; Huan, S.; Rojas, O. J. Depletion Effects and Stabilization of
Pickering Emulsions Prepared from a Dual Nanocellulose System. ACS Sustain. Chem.
Eng. 2022, 10 (28), 9066-9076. https://doi.org/10.1021/acssuschemeng.2c01059.

(117) Morits, M.; McKee, J. R.; Majoinen, J.; Malho, J.-M.; Houbenov, N.; Seitsonen, J.; Laine,
J.; Groschel, A. H.; Ikkala, O. Polymer Brushes on Cellulose Nanofibers: Modification,
SI-ATRP, and Unexpected Degradation Processes. ACS Sustain. Chem. Eng. 2017, 5 (9),
7642—-7650. https://doi.org/10.1021/acssuschemeng.7b00972.

(118) Kaldéus, T.; Telaretti Leggieri, M. R.; Cobo Sanchez, C.; Malmstrom, E. All-Aqueous SlI-
ARGET ATRP from Cellulose Nanofibrils Using Hydrophilic and Hydrophobic
Monomers. Biomacromolecules 2019, 20 (5), 1937-1943.
https://doi.org/10.1021/acs.biomac.9b00153.

(119) Arredondo, J.; Woodcock, N. M.; Garcia-Valdez, O.; Jessop, P. G.; Champagne, P.;
Cunningham, M. F. Surface Modification of Cellulose Nanocrystals via RAFT
Polymerization of CO2-Responsive Monomer-Tuning Hydrophobicity. Langmuir ACS J.
Surf. Colloids 2020, 36 (46), 13989-13997. https://doi.org/10.1021/acs.langmuir.0c025009.

(220) Gomri, C.; Benkhaled, B. T.; Chaix, A.; Petit, E.; Cretin, M.; Semsarilar, M. Surface
Modification of Cellulose Nanocrystal Films via RAFT Polymerization for Adsorption of

142



PFAS. Polysaccharides 2024, 5 (2), 85-95.
https://doi.org/10.3390/polysaccharides5020006.

(121) Roeder, R. D.; Garcia-Valdez, O.; Whitney, R. A.; Champagne, P.; Cunningham, M. F.
Graft Modification of Cellulose Nanocrystals via Nitroxide-Mediated Polymerisation.
Polym. Chem. 2016, 7 (41), 6383-6390. https://doi.org/10.1039/C6PY01515H.

(122) Nitroxide-mediated graft copolymerization of styrene from cellulose and its
polymer/montmorillonite nanocomposite - Mojtaba Abbasian, Mojtaba Bakhshi, Mehdi
Jaymand, Saber Ghasemi Karaj-Abad, 2019. https://journals-sagepub-
com.proxy.lib.uwaterloo.ca/doi/10.1177/0095244318799498 (accessed 2024-08-01).

(123) Matanovi¢, M. R.; Kristl, J.; Grabnar, P. A. Thermoresponsive Polymers: Insights into
Decisive Hydrogel Characteristics, Mechanisms of Gelation, and Promising Biomedical
Applications. Int. J. Pharm. 2014, 472 (1), 262-275.
https://doi.org/10.1016/j.ijpharm.2014.06.029.

(124) Kumar, A.; Srivastava, A.; Galaev, I. Y.; Mattiasson, B. Smart Polymers: Physical Forms
and Bioengineering Applications. Prog. Polym. Sci. 2007, 32 (10), 1205-1237.
https://doi.org/10.1016/j.progpolymsci.2007.05.003.

(125) Ohnsorg, M. L.; Ting, J. M.; Jones, S. D.; Jung, S.; Bates, F. S.; Reineke, T. M. Tuning
PNIPAm Self-Assembly and Thermoresponse: Roles of Hydrophobic End-Groups and
Hydrophilic Comonomer. Polym. Chem. 2019, 10 (25), 3469-3479.
https://doi.org/10.1039/C9PY00180H.

(126) Islam, M. R.; Oyen, M. L. A Poroelastic Master Curve for Time-dependent and Multiscale
Mechanics of Hydrogels. J. Mater. Res. 2021, 36 (12), 2582—-2590.
https://doi.org/10.1557/s43578-020-00090-5.

(127) Spratte, T.; Arndt, C.; Wacker, 1.; Hauck, M.; Adelung, R.; Schréder, R. R.; Schiitt, F.;
Selhuber-Unkel, C. Thermoresponsive Hydrogels with Improved Actuation Function by
Interconnected Microchannels. Adv. Intell. Syst. 2022, 4 (3), 2100081.
https://doi.org/10.1002/aisy.202100081.

(128) Hauck, M.; Saure, L. M.; Zeller-Plumhoff, B.; Kaps, S.; Hammel, J.; Mohr, C.; Rieck, L.;
Nia, A. S.; Feng, X.; Pugno, N. M.; Adelung, R.; Schitt, F. Overcoming Water Diffusion
Limitations in Hydrogels via Microtubular Graphene Networks for Soft Actuators. Adv.
Mater. 2023, 35 (41), 2302816. https://doi.org/10.1002/adma.202302816.

(129) Zhang, J.-T.; Cheng, S.-X.; Zhuo, R.-X. Poly(Vinyl Alcohol)/Poly(N-
Isopropylacrylamide) Semi-Interpenetrating Polymer Network Hydrogels with Rapid
Response to Temperature Changes. Colloid Polym. Sci. 2003, 281 (6), 580-583.
https://doi.org/10.1007/s00396-002-0829-2.

(130) Sun, X.; Tyagi, P.; Agate, S.; McCord, M. G.; Lucia, L. A.; Pal, L. Highly Tunable
Bioadhesion and Optics of 3D Printable PNIPAm/Cellulose Nanofibrils Hydrogels.
Carbohydr. Polym. 2020, 234, 115898. https://doi.org/10.1016/j.carbpol.2020.115898.

(131) Robertson, H.; Nelson, A. R. J.; Prescott, S. W.; Webber, G. B.; Wanless, E. J. Cosolvent
Effects on the Structure and Thermoresponse of a Polymer Brush: PNIPAM in DMSO-
Water Mixtures. Polym. Chem. 2023, 14 (13), 1526-1535.
https://doi.org/10.1039/D2PY01487D.

(132) Otterbach, A.; Lamprecht, A. Enhanced Skin Permeation of Estradiol by Dimethyl
Sulfoxide Containing Transdermal Patches. Pharmaceutics 2021, 13 (3), 320.
https://doi.org/10.3390/pharmaceutics13030320.

143



(133) Stini, N. A.; Gkizis, P. L.; Kokotos, C. Cyrene: A Bio-Based Novel and Sustainable
Solvent for Organic Synthesis. Green Chem. 2022, 24 (17), 6435-6449.
https://doi.org/10.1039/D2GC02332F.

(134) Camp, J. E.; Nyamini, S. B.; Scott, F. J. Cyrene™ Is a Green Alternative to DMSO as a
Solvent for Antibacterial Drug Discovery against ESKAPE Pathogens {Electronic
Supplementary Information (ESI) Available. See DOI: 10.1039/C9md00341j. RSC Med.
Chem. 2019, 11 (1), 111-117. https://doi.org/10.1039/c9md00341j.

(135) Sherwood, J.; Bruyn, M. D.; Constantinou, A.; Moity, L.; Rob McElroy, C.; J. Farmer, T.;
Duncan, T.; Raverty, W.; J. Hunt, A.; H. Clark, J. Dihydrolevoglucosenone (Cyrene) as a
Bio-Based Alternative for Dipolar Aprotic Solvents. Chem. Commun. 2014, 50 (68),
9650-9652. https://doi.org/10.1039/C4CC04133J.

(136) Fan, Y.; Boulif, N.; Picchioni, F. Thermo-Responsive Starch-g-(PAM-Co-PNIPAM):
Controlled Synthesis and Effect of Molecular Components on Solution Rheology.
Polymers 2018, 10 (1). https://doi.org/10.3390/polym10010092.

(137) Yoshida, K.; Nezu, K.; Khosla, A.; Makino, M.; Kawakami, M.; Furukawa, H. Behaviors
of 3D-Printed Objects Made of Thermo-Responsive Hydrogels: Motion in Flow and
Molecule Release Ability. Microsyst. Technol. 2020. https://doi.org/10.1007/s00542-020-
04904-8.

(138) Akiyama, Y.; Yamato, M.; Okano, T. Characterization of Poly(N-Isopropylacryldmide)
Grafted Polydimethylsiloxane Surface as a New Temperature-Responsive Cell Culture
Substrate. 2012 Int. Symp. Micro-NanoMechatronics Hum. Sci. MHS 2012, 447-449,
https://doi.org/10.1109/MHS.2012.6492489.

(139) Lanzalaco, S.; Armelin, E. Poly(N-Isopropylacrylamide) and Copolymers: A Review on
Recent Progresses in Biomedical Applications. Gels 2017, 3 (4), 36.
https://doi.org/10.3390/gels3040036.

(140) Akiyama, Y.; Matsuyama, M.; Yamato, M.; Takeda, N.; Okano, T. Poly(N-
Isopropylacrylamide)-Grafted Polydimethylsiloxane Substrate for Controlling Cell
Adhesion and Detachment by Dual Stimulation of Temperature and Mechanical Stress.
Biomacromolecules 2018, 19 (10), 4014-4022.
https://doi.org/10.1021/acs.biomac.8b00992.

(141) Zheng, W. J.; An, N.; Yang, J. H.; Zhou, J.; Chen, Y. M. Tough Al-Alginate/Poly(N-
Isopropylacrylamide) Hydrogel with Tunable LCST for Soft Robotics. ACS Appl. Mater.
Interfaces 2015, 7 (3), 1758-1764. https://doi.org/10.1021/am507339r.

(142) Bakarich, S. E.; Gorkin 111, R.; Panhuis, M. in het; Spinks, G. M. 4D Printing with
Mechanically Robust, Thermally Actuating Hydrogels. Macromol. Rapid Commun. 2015,
36 (12), 1211-1217. https://doi.org/10.1002/marc.201500079.

(143) Sydney Gladman, A.; Matsumoto, E. A.; Nuzzo, R. G.; Mahadevan, L.; Lewis, J. A.
Biomimetic 4D Printing. Nat. Mater. 2016, 15 (4), 413-418.
https://doi.org/10.1038/nmat4544.

(144) Arslan, H.; Nojoomi, A.; Jeon, J.; Yum, K. 3D Printing of Anisotropic Hydrogels with
Bioinspired Motion. Adv. Sci. 2019, 6 (2), 1800703.
https://doi.org/10.1002/advs.201800703.

(145) Naficy, S.; Gately, R.; Gorkin 11, R.; Xin, H.; Spinks, G. M. 4D Printing of Reversible
Shape Morphing Hydrogel Structures. Macromol. Mater. Eng. 2017, 302 (1), 1600212.
https://doi.org/10.1002/mame.201600212.

144



(146) zZhang, B.; Li, S.; Hingorani, H.; Serjouei, A.; Larush, L.; A. Pawar, A.; Huang Goh, W.;
Hosein Sakhaei, A.; Hashimoto, M.; Kowsari, K.; Magdassi, S.; Ge, Q. Highly Stretchable
Hydrogels for UV Curing Based High-Resolution Multimaterial 3D Printing. J. Mater.
Chem. B 2018, 6 (20), 3246-3253. https://doi.org/10.1039/C8TB00673C.

(147) Patel, D. K.; Sakhaei, A. H.; Layani, M.; Zhang, B.; Ge, Q.; Magdassi, S. Highly
Stretchable and UV Curable Elastomers for Digital Light Processing Based 3D Printing.
Adv. Mater. 2017, 29 (15), 1606000. https://doi.org/10.1002/adma.201606000.

(148) Odent, J.; Vanderstappen, S.; Toncheva, A.; Pichon, E.; Wallin, T. J.; Wang, K.;
Shepherd, R. F.; Dubois, P.; Raquez, J.-M. Hierarchical Chemomechanical Encoding of
Multi-Responsive Hydrogel Actuators via 3D Printing. J. Mater. Chem. A 2019, 7 (25),
15395-15403. https://doi.org/10.1039/C9TA03547H.

(149) Branski, L. K.; Mittermayr, R.; Herndon, D. N.; Norbury, W. B.; Masters, O. E.;
Hofmann, M.; Traber, D. L.; Redl, H.; Jeschke, M. G. A Porcine Model of Full-Thickness
Burn, Excision and Skin Autografting. Burns J. Int. Soc. Burn Inj. 2008, 34 (8), 1119-
1127. https://doi.org/10.1016/j.burns.2008.03.013.

(150) Nonoyama, T.; Wada, S.; Kiyama, R.; Kitamura, N.; Mredha, Md. T. I.; Zhang, X.;
Kurokawa, T.; Nakajima, T.; Takagi, Y.; Yasuda, K.; Gong, J. P. Double-Network
Hydrogels Strongly Bondable to Bones by Spontaneous Osteogenesis Penetration. Adv.
Mater. 2016, 28 (31), 6740-6745. https://doi.org/10.1002/adma.201601030.

(151) Rodell, C. B.; Dusaj, N. N.; Highley, C. B.; Burdick, J. A. Injectable and Cytocompatible
Tough Double-Network Hydrogels through Tandem Supramolecular and Covalent
Crosslinking. Adv. Mater. 2016, 28 (38), 8419-8424.
https://doi.org/10.1002/adma.201602268.

(152) Yang, W.; Furukawa, H.; Gong, J. P. Highly Extensible Double-Network Gels with Self-
Assembling Anisotropic Structure. Adv. Mater. 2008, 20 (23), 4499-4503.
https://doi.org/10.1002/adma.200801396.

(153) Blacklow, S. O.; Li, J.; Freedman, B. R.; Zeidi, M.; Chen, C.; Mooney, D. J. Bioinspired
Mechanically Active Adhesive Dressings to Accelerate Wound Closure. Sci. Adv. 2019, 5
(7), eaaw3963. https://doi.org/10.1126/sciadv.aaw3963.

(154) Jia, J.; Richards, D. J.; Pollard, S.; Tan, Y.; Rodriguez, J.; Visconti, R. P.; Trusk, T. C.;
Yost, M. J.; Yao, H.; Markwald, R. R.; Mei, Y. Engineering Alginate as Bioink for
Bioprinting. Acta Biomater. 2014, 10 (10), 4323-4331.
https://doi.org/10.1016/j.actbio.2014.06.034.

(155) Khalil, S.; Nam, J.; Sun, W. Multi-nozzle Deposition for Construction of 3D Biopolymer
Tissue Scaffolds. Rapid Prototyp. J. 2005, 11 (1), 9-17.
https://doi.org/10.1108/13552540510573347.

(156) Schitz, K.; Placht, A.-M.; Paul, B.; Brliggemeier, S.; Gelinsky, M.; Lode, A. Three-
Dimensional Plotting of a Cell-Laden Alginate/Methylcellulose Blend: Towards
Biofabrication of Tissue Engineering Constructs with Clinically Relevant Dimensions. J.
Tissue Eng. Regen. Med. 2017, 11 (5), 1574-1587. https://doi.org/10.1002/term.2058.

(157) Luo, Y.; Lode, A.; Gelinsky, M. Direct Plotting of Three-Dimensional Hollow Fiber
Scaffolds Based on Concentrated Alginate Pastes for Tissue Engineering. Adv. Healthc.
Mater. 2013, 2 (6), 777—783. https://doi.org/10.1002/adhm.201200303.

(158) Bakarich, S. E.; Gorkin, R.; Gately, R.; Naficy, S.; in het Panhuis, M.; Spinks, G. M. 3D
Printing of Tough Hydrogel Composites with Spatially Varying Materials Properties.
Addit. Manuf. 2017, 14, 24-30. https://doi.org/10.1016/j.addma.2016.12.003.

145



(159) Sodupe-Ortega, E.; Sanz-Garcia, A.; Pernia-Espinoza, A.; Escobedo-Lucea, C. Accurate
Calibration in Multi-Material 3D Bioprinting for Tissue Engineering. Materials 2018, 11
(8), 1402. https://doi.org/10.3390/mal11081402.

(160) Miller, J. S.; Stevens, K. R.; Yang, M. T.; Baker, B. M.; Nguyen, D.-H. T.; Cohen, D. M;
Toro, E.; Chen, A. A;; Galie, P. A.; Yu, X.; Chaturvedi, R.; Bhatia, S. N.; Chen, C. S.
Rapid Casting of Patterned Vascular Networks for Perfusable Engineered Three-
Dimensional Tissues. Nat. Mater. 2012, 11 (9), 768-774.
https://doi.org/10.1038/nmat3357.

(161) Prasanthan, P.; Kishore, N. Self-Assemblies of Pluronic Micelles in Partitioning of
Anticancer Drugs and Effectiveness of This System towards Target Protein. RSC Adv.
2021, 11 (36), 22057-22069. https://doi.org/10.1039/D1RA03770F.

(162) Jain, K.; Vedarajan, R.; Watanabe, M.; Ishikiriyama, M.; Matsumi, N. Tunable LCST
Behavior of Poly(N-Isopropylacrylamide/lonic Liquid) Copolymers. Polym. Chem. 2015,
6 (38), 6819-6825. https://doi.org/10.1039/C5PY00998G.

(163) Hua, M.; Wu, D.; Wu, S.; Ma, Y.; Alsaid, Y.; He, X. 4D Printable Tough and
Thermoresponsive Hydrogels. ACS Appl. Mater. Interfaces 2021, 13 (11), 12689-12697.
https://doi.org/10.1021/acsami.0c17532.

(164) Sharpe, J. R.; Booth, S.; Jubin, K.; Jordan, N. R.; Lawrence-Watt, D. J.; Dheansa, B. S.
Progression of Wound pH during the Course of Healing in Burns. J. Burn Care Res. Off.
Publ. Am. Burn Assoc. 2013, 34 (3), e201-208.
https://doi.org/10.1097/BCR.0b013e31825d5569.

(165) Herndon, D. N. Total Burn Care; Elsevier Health Sciences, 2017.

(166) Ma, Y.; Ma, S.; Wu, Y.; Pei, X.; Gorb, S. N.; Wang, Z.; Liu, W.; Zhou, F. Remote Control
over Underwater Dynamic Attachment/Detachment and Locomotion. Adv. Mater.
Deerfield Beach Fla 2018, 30 (30), e1801595. https://doi.org/10.1002/adma.201801595.

(167) Hong, S.; Sycks, D.; Chan, H. F.; Lin, S.; Lopez, G. P.; Guilak, F.; Leong, K. W.; Zhao,
X. 3D Printing of Highly Stretchable and Tough Hydrogels into Complex, Cellularized
Structures. Adv. Mater. 2015, 27 (27), 4035-4040.
https://doi.org/10.1002/adma.201501099.

(168) Choi, J. R.; Yong, K. W.; Choi, J. Y.; Cowie, A. C. Recent Advances in Photo-
Crosslinkable Hydrogels for Biomedical Applications. BioTechniques 2019, 66 (1), 40—
53. https://doi.org/10.2144/btn-2018-0083.

(169) Donnelly, R. F.; Singh, T. R. R.; Garland, M. J.; Migalska, K.; Majithiya, R.; McCrudden,
C. M.; Kole, P. L.; Mahmood, T. M. T.; McCarthy, H. O.; Woolfson, A. D. Hydrogel-
Forming Microneedle Arrays for Enhanced Transdermal Drug Delivery. Adv. Funct.
Mater. 2012, 22 (23), 4879-4890. https://doi.org/10.1002/adfm.201200864.

(170) Vaupel, S.; Mau, R.; Kara, S.; Seitz, H.; Kragl, U.; Meyer, J. 3D Printed and Stimulus
Responsive Drug Delivery Systems Based on Synthetic Polyelectrolyte Hydrogels
Manufactured via Digital Light Processing. J. Mater. Chem. B 2023, 11 (28), 6547—6559.
https://doi.org/10.1039/D3TB00285C.

(171) Yang, Q.; Zhong, W.; Xu, L.; Li, H.; Yan, Q.; She, Y.; Yang, G. Recent Progress of 3D-
Printed Microneedles for Transdermal Drug Delivery. Int. J. Pharm. 2021, 593, 120106.
https://doi.org/10.1016/j.ijpharm.2020.120106.

(172) Zhou, Q.; Yang, K.; He, J.; Yang, H.; Zhang, X. A Novel 3D-Printable Hydrogel with
High Mechanical Strength and Shape Memory Properties. J. Mater. Chem. C 2019, 7 (47),
14913-14922. https://doi.org/10.1039/C9TC04945B.

146



(173) Guo, Z.; Ma, C.; Xie, W.; Tang, A.; Liu, W. An Effective DLP 3D Printing Strategy of
High Strength and Toughness Cellulose Hydrogel towards Strain Sensing. Carbohydr.
Polym. 2023, 315, 121006. https://doi.org/10.1016/j.carbpol.2023.121006.

(174) Xu, C.; Dai, G.; Hong, Y. Recent Advances in High-Strength and Elastic Hydrogels for
3D Printing in Biomedical Applications. Acta Biomater. 2019, 95, 50-59.
https://doi.org/10.1016/j.actbio.2019.05.032.

(175) Ge, Q.; Chen, Z.; Cheng, J.; Zhang, B.; Zhang, Y.-F.; Li, H.; He, X.; Yuan, C.; Liu, J.;
Magdassi, S.; Qu, S. 3D Printing of Highly Stretchable Hydrogel with Diverse UV
Curable Polymers. Sci. Adv. 2021, 7 (2), eaba4261.
https://doi.org/10.1126/sciadv.aba4261.

(176) Heo, D. N.; Lee, S.-J.; Timsina, R.; Qiu, X.; Castro, N. J.; Zhang, L. G. Development of
3D Printable Conductive Hydrogel with Crystallized PEDOT:PSS for Neural Tissue
Engineering. Mater. Sci. Eng. C 2019, 99, 582-590.
https://doi.org/10.1016/j.msec.2019.02.008.

(177) Wu, Y.; Chen, Y. X.; Yan, J.; Quinn, D.; Dong, P.; Sawyer, S. W.; Soman, P. Fabrication
of Conductive Gelatin Methacrylate—Polyaniline Hydrogels. Acta Biomater. 2016, 33,
122-130. https://doi.org/10.1016/j.actbio.2016.01.036.

(178) Sashiwa, H.; Shigemasa, Y.; Roy, R. Dissolution of Chitosan in Dimethyl Sulfoxide by
Salt Formation. Chem. Lett. 2000, 29 (6), 596-597. https://doi.org/10.1246/cl.2000.596.

(179) Jia, M.; Luo, L.; Rolandi, M. Correlating lonic Conductivity and Microstructure in
Polyelectrolyte Hydrogels for Bioelectronic Devices. Macromol. Rapid Commun. 2022,
43 (6), 2100687. https://doi.org/10.1002/marc.202100687.

(180) Diao, W.; Wu, L.; Ma, X.; Wang, L.; Bu, X.; Ni, W.; Yang, X.; Fang, Y. Reversibly
Highly Stretchable and Self-Healable Zwitterion-Containing Polyelectrolyte Hydrogel
with High lonic Conductivity for High-Performance Flexible and Cold-Resistant
Supercapacitor. J. Appl. Polym. Sci. 2020, 137 (34), 48995.
https://doi.org/10.1002/app.48995.

(181) Tang, Y.; Chen, S.; Xiao, X. Tough, lon-Conductive Poly(Vinyl Alcohol)/Polyelectrolyte
Hydrogels Based on a Double Network for Use as Strain Sensors. ACS Appl. Polym.
Mater. 2023, 5 (10), 7982—-7993. https://doi.org/10.1021/acsapm.3c01241.

(182) Lee, C.-J.; Wu, H.; Hu, Y.; Young, M.; Wang, H.; Lynch, D.; Xu, F.; Cong, H.; Cheng, G.
lonic Conductivity of Polyelectrolyte Hydrogels. ACS Appl. Mater. Interfaces 2018, 10
(6), 5845-5852. https://doi.org/10.1021/acsami.7b15934.

(183) Bauman, L.; Zhao, B. Multi-Thermo Responsive Double Network Composite Hydrogel
for 3D Printing Medical Hydrogel Mask. J. Colloid Interface Sci. 2023, 638, 882-892.
https://doi.org/10.1016/j.jcis.2023.02.021.

(184) Kong, D.; Dolzhenko, A. V. Cyrene: A Bio-Based Sustainable Solvent for Organic
Synthesis. Sustain. Chem. Pharm. 2022, 25, 100591.
https://doi.org/10.1016/j.scp.2021.100591.

(185) Peng, Z.-X.; Wang, L.; Du, L.; Guo, S.-R.; Wang, X.-Q.; Tang, T.-T. Adjustment of the
Antibacterial Activity and Biocompatibility of Hydroxypropyltrimethyl Ammonium
Chloride Chitosan by Varying the Degree of Substitution of Quaternary Ammonium.
Carbohydr. Polym. 2010, 81 (2), 275-283. https://doi.org/10.1016/j.carbpol.2010.02.008.

(186) Shao, Y.; Jia, Y.-G.; Shi, C.; Luo, J.; Zhu, X. X. Block and Random Copolymers Bearing
Cholic Acid and Oligo(Ethylene Glycol) Pendant Groups: Aggregation,

147



Thermosensitivity, and Drug Loading. Biomacromolecules 2014, 15 (5), 1837-1844.
https://doi.org/10.1021/bm5002262.

(187) Caprioli, M.; Roppolo, I.; Chiappone, A.; Larush, L.; Pirri, C. F.; Magdassi, S. 3D-Printed
Self-Healing Hydrogels via Digital Light Processing. Nat. Commun. 2021, 12 (1), 2462.
https://doi.org/10.1038/s41467-021-22802-z.

(188) Wei, J.; Wang, J.; Su, S.; Wang, S.; Qiu, J.; Zhang, Z.; Christopher, G.; Ning, F.; Cong,
W. 3D Printing of an Extremely Tough Hydrogel. RSC Adv. 2015, 5 (99), 81324-81329.
https://doi.org/10.1039/C5RA16362E.

(189) Hockaday, L. A.; Kang, K. H.; Colangelo, N. W.; Cheung, P. Y. C.; Duan, B.; Malone, E.;
Wu, J.; Girardi, L. N.; Bonassar, L. J.; Lipson, H.; Chu, C. C.; Butcher, J. T. Rapid 3D
Printing of Anatomically Accurate and Mechanically Heterogeneous Aortic Valve
Hydrogel Scaffolds. Biofabrication 2012, 4 (3), 035005. https://doi.org/10.1088/1758-
5082/4/3/035005.

(190) He, Y.; Yang, F.; Zhao, H.; Gao, Q.; Xia, B.; Fu, J. Research on the Printability of
Hydrogels in 3D Bioprinting. Sci. Rep. 2016, 6 (1), 29977.
https://doi.org/10.1038/srep29977.

(191) Mannoor, M. S.; Jiang, Z.; James, T.; Kong, Y. L.; Malatesta, K. A.; Soboyejo, W. O.;
Verma, N.; Gracias, D. H.; McAlpine, M. C. 3D Printed Bionic Ears. Nano Lett. 2013, 13
(6), 2634-2639. https://doi.org/10.1021/n14007744.

(192) Spencer, P. S.; Schaumburg, H. H. A Review of Acrylamide Neurotoxicity Part I.
Properties, Uses and Human Exposure. Can. J. Neurol. Sci. 1974, 1 (2), 143-150.
https://doi.org/10.1017/S0317167100019739.

(193) Moser, V. C.; Anthony, D. C.; Sette, W. F.; MacPhail, R. C. Comparison of Subchronic
Neurotoxicity of 2-Hydroxyethyl Acrylate and Acrylamide in Rats1. Toxicol. Sci. 1992,
18 (3), 343-352. https://doi.org/10.1093/toxsci/18.3.343.

(194) Steinhauer, W.; Hoogenboom, R.; Keul, H.; Moeller, M. Copolymerization of 2-
Hydroxyethyl Acrylate and 2-Methoxyethyl Acrylate via RAFT: Kinetics and
Thermoresponsive Properties. Macromolecules 2010, 43 (17), 7041-7047.
https://doi.org/10.1021/mal01122b.

(195) Boyer, C.; Whittaker, M. R.; Chuah, K.; Liu, J.; Davis, T. P. Modulation of the Surface
Charge on Polymer-Stabilized Gold Nanoparticles by the Application of an External
Stimulus. Langmuir 2010, 26 (4), 2721-2730. https://doi.org/10.1021/1a902746v.

(196) Weber, C.; Hoogenboom, R.; Schubert, U. S. Temperature Responsive Bio-Compatible
Polymers Based on Poly(Ethylene Oxide) and Poly(2-Oxazoline)s. Prog. Polym. Sci.
2012, 37 (5), 686—714. https://doi.org/10.1016/j.progpolymsci.2011.10.002.

(197) Lutz, J.-F. Thermo-Switchable Materials Prepared Using the OEGMA-Platform. Adv.
Mater. 2011, 23 (19), 2237-2243. https://doi.org/10.1002/adma.201100597.

(198) Ishizone, T.; Han, S.; Hagiwara, M.; Yokoyama, H. Synthesis and Surface
Characterization of Well-Defined Amphiphilic Block Copolymers Containing
Poly[Oligo(Ethylene Glycol) Methacrylate] Segments. Macromolecules 2006, 39 (3),
962-970. https://doi.org/10.1021/ma0521699.

(199) Lutz, J.-F.; Andrieu, J.; Uzgin, S.; Rudolph, C.; Agarwal, S. Biocompatible,
Thermoresponsive, and Biodegradable: Simple Preparation of “All-in-One” Biorelevant
Polymers. Macromolecules 2007, 40 (24), 8540-8543.
https://doi.org/10.1021/ma7021474.

148



(200) Hu, Z.; Cai, T.; Chi, C. Thermoresponsive Oligo(Ethylene Glycol)-Methacrylate- Based
Polymers and Microgels. Soft Matter 2010, 6 (10), 2115-2123.
https://doi.org/10.1039/B921150K.

(201) Zarafshani, Z.; Akdemir, O.; Lutz, J.-F. A “Click” Strategy for Tuning in Situ the
Hydrophilic—Hydrophobic Balance of AB Macrosurfactants. Macromol. Rapid Commun.
2008, 29 (12-13), 1161-1166. https://doi.org/10.1002/marc.200800176.

(202) Varanasi, S.; Henzel, L.; Mendoza, L.; Prathapan, R.; Batchelor, W.; Tabor, R.; Garnier,
G. Pickering Emulsions Electrostatically Stabilized by Cellulose Nanocrystals. Front.
Chem. 2018, 6, 409. https://doi.org/10.3389/fchem.2018.00409.

(203) Zhang, H.; Chen, Y.; Wang, S.; Ma, L.; Yu, Y.; Dai, H.; Zhang, Y. Extraction and
Comparison of Cellulose Nanocrystals from Lemon (Citrus Limon) Seeds Using Sulfuric
Acid Hydrolysis and Oxidation Methods. Carbohydr. Polym. 2020, 238, 116180.
https://doi.org/10.1016/j.carbpol.2020.116180.

(204) Pirozzi, A.; Capuano, R.; Avolio, R.; Gentile, G.; Ferrari, G.; Donsi, F. O/W Pickering
Emulsions Stabilized with Cellulose Nanofibrils Produced through Different Mechanical
Treatments. Foods 2021, 10 (8), 1886. https://doi.org/10.3390/foods10081886.

(205) Meirelles, A. A. D.; Costa, A. L. R.; Cunha, R. L. Cellulose Nanocrystals from Ultrasound
Process Stabilizing O/W Pickering Emulsion. Int. J. Biol. Macromol. 2020, 158, 75-84.
https://doi.org/10.1016/j.ijbiomac.2020.04.185.

(206) Kalashnikova, I.; Bizot, H.; Cathala, B.; Capron, I. Modulation of Cellulose Nanocrystals
Amphiphilic Properties to Stabilize Oil/Water Interface. Biomacromolecules 2012, 13 (1),
267-275. https://doi.org/10.1021/bm201599;.

(207) Courtenay, J. C.; Jin, Y.; Schmitt, J.; Hossain, K. M. Z.; Mahmoudi, N.; Edler, K. J.;
Scott, J. L. Salt-Responsive Pickering Emulsions Stabilized by Functionalized Cellulose
Nanofibrils. Langmuir 2021, 37 (23), 6864-6873.
https://doi.org/10.1021/acs.langmuir.0c03306.

(208) Tiban Anrango, B. A.; Naiya, M. M.; Van Dongen, J.; Matich, O.; Whitby, C. P.; Chen, J.
L.-Y. Nanoprecipitation to Produce Hydrophobic Cellulose Nanospheres for Water-in-Oil
Pickering Emulsions. Cellulose 2024, 31 (10), 6225-6239.
https://doi.org/10.1007/s10570-024-05983-w.

(209) Lee, K.-Y.; Blaker, J. J.; Murakami, R.; Heng, J. Y. Y.; Bismarck, A. Phase Behavior of
Medium and High Internal Phase Water-in-Oil Emulsions Stabilized Solely by
Hydrophobized Bacterial Cellulose Nanofibrils. Langmuir ACS J. Surf. Colloids 2014, 30
(2), 452-460. https://doi.org/10.1021/1a4032514.

(210) Andresen, M.; Stenius, P. Water-in-oil Emulsions Stabilized by Hydrophobized
Microfibrillated Cellulose. J. Dispers. Sci. Technol. 2007, 28 (6), 837-844.
https://doi.org/10.1080/01932690701341827.

(211) Rigg, A.; Champagne, P.; Cunningham, M. F. Polysaccharide-Based Nanoparticles as
Pickering Emulsifiers in Emulsion Formulations and Heterogenous Polymerization
Systems. Macromol. Rapid Commun. 2022, 43 (3), 2100493.
https://doi.org/10.1002/marc.202100493.

(212) Sun, Z.; Wu, C. Pickering Emulsions Biocatalysis: Recent Developments and Emerging
Trends. Small n/a (n/a), 2402208. https://doi.org/10.1002/smil.202402208.

(213) Cao, X.; Habibi, Y.; Lucia, L. A. One-Pot Polymerization, Surface Grafting, and
Processing of Waterborne Polyurethane-Cellulose Nanocrystal Nanocomposites. J. Mater.
Chem. 2009, 19 (38), 7137-7145. https://doi.org/10.1039/B910517D.

149



(214) Alimohammadzadeh, R.; Sanhueza, 1.; Cérdova, A. Design and Fabrication of
Superhydrophobic Cellulose Nanocrystal Films by Combination of Self-Assembly and
Organocatalysis. Sci. Rep. 2023, 13 (1), 3157. https://doi.org/10.1038/s41598-023-29905-
1.

(215) Mekonnen, T. H.; Haile, T.; Ly, M. Hydrophobic Functionalization of Cellulose
Nanocrystals for Enhanced Corrosion Resistance of Polyurethane Nanocomposite
Coatings. Appl. Surf. Sci. 2021, 540, 148299.
https://doi.org/10.1016/j.apsusc.2020.148299.

(216) Li, Z.; Yan, C.; Xu, W.; Shang, Y.; Wu, Q.; Mehmood, S.; Wang, F.; Cheng, C.; Liu, Q.;
Shao, Z. Hydrophobic Modification of Cellulose Nanofibers by Gallic Acid and the
Application in Pressure Sensing. Int. J. Biol. Macromol. 2024, 261, 129770.
https://doi.org/10.1016/j.ijbiomac.2024.129770.

(217) Sehaqui, H.; Zimmermann, T.; Tingaut, P. Hydrophobic Cellulose Nanopaper through a
Mild Esterification Procedure. Cellulose 2014, 21 (1), 367-382.
https://doi.org/10.1007/s10570-013-0110-5.

(218) Zembyla, M.; Murray, B. S.; Sarkar, A. Water-in-Oil Emulsions Stabilized by Surfactants,
Biopolymers and/or Particles: A Review. Trends Food Sci. Technol. 2020, 104, 49-59.
https://doi.org/10.1016/j.tifs.2020.07.028.

(219) Hu, Z.; Berry, R. M.; Pelton, R.; Cranston, E. D. One-Pot Water-Based Hydrophobic
Surface Modification of Cellulose Nanocrystals Using Plant Polyphenols. ACS Sustain.
Chem. Eng. 2017, 5 (6), 5018-5026. https://doi.org/10.1021/acssuschemeng.7b00415.

(220) Peng, B.; Grishkewich, N.; Yao, Z.; Han, X.; Liu, H.; Tam, K. C. Self-Assembly Behavior
of Thermoresponsive Oligo(Ethylene Glycol) Methacrylates Random Copolymer. ACS
Macro Lett. 2012, 1 (5), 632—635. https://doi.org/10.1021/mz300135x.

(221) Asadi-Eydivand, M.; Brown, T. C.; Bagheri, A. RAFT-Mediated 3D Printing of “Living”
Materials with Tailored Hierarchical Porosity. ACS Appl. Polym. Mater. 2022, 4 (7),
4940-4948. https://doi.org/10.1021/acsapm.2c00500.

150



Appendix (Supporting information)

Pluronic Diacrylate Synthesis Schematic
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Figure S2. FTIR spectra of the Pluronic P123 Diacrylate, Pluronic P123 [listed from top
to bottom]. The blue highlighted region highlights the region C=0 stretching is
displayed.

Comprehensive overview of the reasoning behind the design of the resin

Natural components

As illustrated in Figure 1, we used N-isopropyl acrylamide and pluronic p123 diacrylate-
based resin to form a double network system with sodium alginate. Sodium alginate was
selected as a secondary network to increase the networks flexibility once ionically
crosslinked by Ca+ ions. While extensively used as a double network for cast hydrogels
and extruded hydrogels, alginate’s rheological properties preclude its incorporation into
waterborne photolithography resins in significant concentrations and its limited solubility
complicates its use with non-water systems. To address this challenge, our approach
utilized both CNCs and glycerol to form micro-phase separated regions containing higher
concentrations of alginate and glycerol with CNCs acting as nucleation points. Previous
research within our group had found it possible to dissolve sodium alginate in a glycerol
by first creating a glycerol/water mixture and slowly removing the water through vacuum
drying. The resulting gel though was not dispersible in dimethyl sulfoxide, the chosen
solvent for this system. Building on this approach, sodium alginate was first dissolved in a
water/glycerol/dmso solution (40:1:2 volumetric ratio) and allowed to fully disperse at
which point the water was slowly removed by rotary evaporation. This technique generated
a viscous paste with relatively large aggregates that could be reduced through sonication
assisted filtration, though the resulting printed hydrogels still displayed poor surface finish

and print resolution due to the size of the filler.
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To mitigate this issue CNC nanoparticles were incorporated into the water solution before
the addition of alginate. The hypothesised mechanism would function by providing either
nucleation points for the formation of the alginate/glycerol phase or a pseudo-Pickering
emulsion preventing aggregation of alginate/glycerol particles by stabilization at the phase
transition. As hypothesized the addition of CNC nanoparticles reduced the particle size in
the resulting slurry improving resolution, though the printable resolution was still limited
by the material rather than hardware limitations. Concurrently tests were performed on
incorporation of various free-radical scavengers to prevent over polymerization. During
testing it was found tannic acid showed promise as an additive due to the high concentration
of hydroxyl groups. These groups provided significant strength improvements to cast
hydrogel precursors made of the resin. This would be beneficial during printing as
improved mechanical properties would allow for thinner features to be printed, further
improving resolution. While promising, the acidity of the tannic acid led to significant
settling of the alginate particles in the resin during printing. This was hypothesised to be
due to the formation of alginic acid from sodium alginate in an acidic environment. Rather
than select a different free-radical scavenger, it we decided to phosphate buffer to maintain
a pH of 7.6 in the alginate solution. Interestingly, this solution turned an off red color,
likely the result of a tannic acid coordination complex forming. While after evaporation,
the slurry regained its light brown color indicating the complex was stable in water and not
DMSO. The resulting resin at this point displayed superior strength and dimensional
accuracy during printing leading to fewer failed prints from layer adhesion failures. Based

on these results, the decision to scale up the synthesis for comprehensive testing was made.
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Figure S3. FTIR spectra of CNCs modified with tannic acid and subsequently acrylamide
[a)] and demonstration of the fidelity change in the resin that occurs with the addition of
the 24 h stirring step [b) & ¢)] and the visual change in the water solution before
evaporation [lower right hand corner of each section].

During this synthesis, evaporation step was taking longer than expected and the solution
was kept under stirring overnight, before continuing the next day. Unexpectedly, the
solution transitioned to a dark brown as the basic solution had allowed to tannic acid to
undergo oxidative polymerization. The resulting resin displayed a significantly lower
viscosity and better surface finish due to the formation of smaller alginate/glycerol

particles. Furthermore, the mechanical strength of the preswollen parts increased, reducing
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the amount of additional crosslinkers required for printing. It was suspected that acrylamide
in the synthetic components were reacting in a Schiff base scheme to form poly(tannic
acid) coated CNCs with surface bound acrylate groups. To investigate this behaviour, FTIR
spectra were collected of the tannic acid/CNC solution in phosphate buffer immediately
after mixing, after 24 h of mixing and after 6 h of subsequent mixing with acrylamide in
the ratios equivalent to that in the alginate solution. After mixing with acrylamide, the
samples were centrifuged and washed with water over 3 cycles and a further 3 cycles with
ethanol to remove any unbound acrylamide. As seen in Fig S3. from observing the
hydroxyl peaks at 3550-3200 cm™, 3200-2700 cm™, and the C=0 peak at 1800 cm™ we
can see the reduction in intensity after 24 h of mixing. Furthermore, the purified acrylamide
poly(tannic acid) CNC mixture displayed a N=C peak at 1670 cm™ indicative of a Schiff
base reaction as well as peaks indicative of acrylamide. To our knowledge this is the first
reported synthesis of acrylamide functionalized poly(tannic acid) CNC’s and the first
reported use of functionalized CNC’s generated in-situ with no further purification. While
previous works have shown one-pot synthesis of functionalized CNCs, they are typically
purified after synthesis and not incorporated into a sub-synthesis within an ongoing one-

pot synthesis.

Key insights gained from this investigation into the natural phase of the double networked
hydrogel can be summarized as follows. While alginate is not traditionally soluble in
glycerol, it can form an alginate glycerol dispersion in DMSO, facilitating high loading in
polar aprotic solvents. Alone the alginate/glycerol microparticles are too large to form a
homogeneous material on a macroscale, but the presence of CNC nanoparticles during their

formation reduces their size by an unknown mechanism. This mechanism is suspected to
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be through either the presence of nucleation sites, or the formation of a pseudo-Pickering
emulsion. Finally, the incorporation of tannic acid in photopolymerizable pre-hydrogel
resins provides a multifunctional role acting as both a free-radical scavenger and a
reinforcing agent through hydrogen bonding. Additionally, under the reported conditions.
Tannic acid can be polymerized on the surface of CNCs in-situ and form acrylamide
functionalized CNCs, that can provide additional crosslinking and stiffness, improving

printability.

Synthetic components

While prior discussion on the resin design focused on the development of the alginate
base. This section focuses on how the acrylates were chosen for the resin. The initial
design of the resin focused on the use of solely NIPAm and 1 wt% N,N'-
Methylenebis(acrylamide) and 2.5 wt% Diphenyl(2,4,6-trimethylbenzoyl)phosphine
oxide. During initial tests, it was found that the NIPAm tended to crystallize at the
concentrations present in the resin. While this could be mitigated by the addition of more
DMSO, this led to significantly reduced print quality and mechanical properties.
Alternatively, acrylamide was chosen as an additive to prevent the crystallization of the
NIPAm in the resin. It was found that at concentrations of 12.5 wt% of NIPAm, the
crystallization could be prevented. As discussed above, the aggregation and settling of the
alginate/glycerol particles caused multiple issues during printing. To improve the stability
of the suspension, the addition of other monomers and crosslinkers were tested. From
these exploratory studies, it was found that 2-hydroxyethyl methacrylate (10:120 mass
ratio to PNIPAm) and high mw poly(ethylene glycol) diacrylate (molar eqv. to MBAmM)

improved the suspension characteristics during printing. This allowed for long prints to
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be performed without settling. While the resulting hydrogels displayed satisfactory
strength at 37°C. In the swollen state their poor elasticity significantly reduced their
strength limiting real world applications. To address this problem, the poly(ethylene
glycol) diacrylate was replaced with the dimethacrylated poloxamer Pluronic P123
dimethacrylate. Pluronic P123 was chosen as the ideal poloxamer as its critical micelle
temperature is 8.9°C, below room temperature and the molecular weight promoted
flexible rather than rigid crosslinking. Additionally, the lower molecular weight enabled a
sufficient crosslink density while allowing for NIPAm to remain the major constituent of
the resin. Through its incorporation the resulting hydrogel displayed 3 distinct regions
swollen, partially collapsed and fully collapsed. This enabled the hydrogel to display
greater mechanical properties at room temperature. The key insight from this section
focuses on the use of acrylated surfactants to improve dispersions in resins. Traditionally
surfactants are only added in minimal quantities as excess surfactant can reduce the
interfacial bond between the filler and matrix. Through the use of thermo-responsive
acrylated surfactants, significant portions can be added to utilize their dispersive
properties while also imparting distinct thermal responses to the network without

sacrificing mechanical properties.
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Figure S4 DSC measurement of dried hydrogel and known volume of DI water in the

reference and measurement sample.

Table S1. Components of hydrogel precursor resin and the purpose of each component

Final Resin Weigh Purpose

Formulation t (9)

Sodium alginate 20 ionically crosslinked secondary network

Dimethyl sulfoxide 55 solvent/viscosity reduction

Glycerol 26 stabilizing sodium alginate in DMSO

Sodium  phosphate 2.609 sodium phosphate buffer .1M 7.1 pH

monobasic dihydrate prevents phase separation and reduces
viscosity

Sodium  phosphate 8.335 sodium phosphate buffer .1IM 7.1 pH

dibasic heptahydrate prevents phase separation and reduces
viscosity

Tannic acid 3.6 crosslinker and radical scavenger
reducing over polymerization

Cellulose 1.8 increasing hydrogel strength

nanocrystals
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Figure S5. a) 3D renderings of the temperature-controlled adhesion measurement setup,

b) cross-section of the setup with important components labelled.
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Figure S6 tensile test of the fully cured hydrogel precursor before swelling in water
[measured using tensile test specimen pictured in top left-hand corner of graph].

Supplementary Video 1 (SV 1.mp4) Demonstration of thermoresponsive adhesion of 3D
printed hydrogel to porcine & human skin at 8°C, 18°C and 33°C.

Supplementary Video 2 (SV 2.mp4) Peeling demonstration of 3D printed hydrogel on
human skin.

Supplementary Video 3 (SV 3.mp4) Adhesion demonstration of 3D printed hydrogel on
finger during extension and contraction.

160



