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Abstract

Gelatin-methacryloyl (GeIMA) has been a material of keen research interest in the past few decades,
with diverse potential applications such as drug delivery, tissue engineering, and 3D bioprinting,
due to it possessing many desirable properties. However, pure GelMA hydrogel materials in
published literature exhibit relatively weak mechanical properties when considering its application

as a tissue-engineering material for load-bearing tissues, such as cartilage or bone.

In this study, two new UV-curable additives based off the monosaccharide glucosamine were
developed, with one additive being monofunctional and the other polyfunctional. These additives
were explored to improve the mechanical properties of a GeIMA hydrogel and a
GelMA/nanohydroxyapatite composite material. Additionally, the effects of the divalent salt, CaCl,,
were explored as previous research on similar materials had shown favourable interactions to
lower the viscosity of uncured materials, improving handling and enabling the material to be used

as a 3D printer ink.

Cast hydrogel and composite materials were mechanically tested cyclically and compressively and
the effects of the additives compared. Rheological properties of all materials were explored using a
cup-and-bob rheometer with shear stress controlled between samples. Finally, the materials were

tested on a masked stereolithography 3D printer to determine material printability.

It was found that the monofunctional additive was unable to improve the mechanical properties of
the hydrogel or composite materials at any tested concentration, but the polyfunctional additive
improved the mechanical properties of the materials significantly, with the hydrogel being 125%
tougher than the control with a 1 molar concentration. Similar improvements were observed for
the composite materials. The inclusion of 100 mM CaCl; was found to lower the viscosity of all
hydrogel inks, as did the inclusion of the polyfunctional additive. The same trends were not
observed for the composite material, however, as both additives increased the viscosity of the
composites compared to the control, and the salt had minimal effect on the rheology of the control
and polyfunctional additive composites. Both the polyfunctional additive-containing hydrogel and

composite materials were found to be printable on a masked stereolithography 3D printer.

The development of the polyfunctional glucosamine additive represents a step forward in the
development of additives to improve the mechanical properties of biologically-derived hydrogel
and composite materials, and provides insight into potential mechanisms that could be exploited in
the design of future additives to drive the properties of these materials closer to the properties of

load-bearing tissues while maintaining manufacturability.
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1. Introduction

1.1 Limitations in Current Materials for Tissue Engineering
Significant advances in manufacturing processes, stem cell research, materials science, foreign body

response and other related disciplines has pushed the prospect of clinical use for tissue engineering
closer to reality. However, much work still needs to be done. An ideal material for tissue
engineering requires matching mechanical properties to the tissue being replaced, notable
bioactivity, good biocompatibility, biodegradability, tunable degradation rate, and non-toxic
degradation products, with some tissues having further requirements, such as bone needing
osteoconductivity and osteoinductivity! [1, 2, 3, 4]. Unfortunately, current materials rarely meet all
requirements for an optimum tissue engineering material. Synthetic materials, such as poly(vinyl)
alcohol, poly(ethylene glycol) are typically non-toxic, have tunable mechanical properties and
batchwise homogeneity [1]. However, many of these materials often lack bioactive sites for cell
adhesion and have unfavourable acidic degradation products, with large implants risking high local
acid concentrations that can lead to inflammation or necrosis of adjacent tissues [1, 2, 5, 6]. Natural
materials, such as collagen, alginate, chitin and gelatin, on the other hand, often show good
degradability, biocompatibility and often have bioactive sites [1, 7]. However, natural materials are
also often mechanically inferior with poor control over their properties, thermally unstable,

difficult to process and exhibit significant batch variance [7, 1].

1.2 Hydrogel Materials and Their Modifications
As polymeric materials with high water contents, hydrogels are a material class of keen research

interest as potential tissue engineering materials due to their resemblance to natural extracellular
matrix [8, 9]. To form a hydrogel, polymer macromolecules must be able to bind to one another in
some way in order to prevent solubilization. One way to classify hydrogels is through their binding
methods, namely physical hydrogels and chemical hydrogels. Physical hydrogels use molecular
interactions, such as physical entanglement, hydrogen bonding, Van der Waals interactions and/or
ionic interactions, to bind polymer molecules together [8, 10]. An advantage of physical hydrogels is
the ability to cause gelation without the use of potentially toxic additives through environmental
changes, such as changes in pH or temperature [8, 10, 11, 9]. However, physical hydrogels are often
weaker than chemical hydrogels, and gelation is often reversible if the gelling stimulus is removed

[12, 13]. Chemical hydrogels use covalent bonds and chemical crosslinks to bind the hydrogel

1 Osteoconductivity meaning bone will grow across the surface, osteoinductivity meaning the recruitment of pre-
osteoblast stem cells into/onto the material/implant



matrix together [8]. Chemical hydrogels must be cured, often through free-radical polymerization,
in order to form solid materials through permanent crosslinks, preventing the hydrogel from
dissolving into the aqueous phase [8, 14]. Additionally, chemical hydrogels tend to be stronger and
more thermally stable than their physically bound counterparts [4]. However, chemical hydrogels
often require the introduction of chemicals with known detrimental effects to the biological

response of the hydrogel if the additives aren’t reacted or removed before use [4, 14].

A number of approaches to crosslinking naturally derived polymers have been explored, including
condensation reactions, reacting hydroxyl groups with aldehydes, and free-radical polymerization
[14]. A common set of condensation reaction crosslinking agents are N,N-(3-
dimethylaminopropyl)-N-ethyl carbodiimide (EDC) with N-hydroxysuccinimide (NHS) acting as a
side-reaction suppressor [15, 16, 17, 18, 19]. These agents allow for native amine and hydroxyl
groups to be crosslinked with carboxylic acids. Glutaraldehyde was once an extremely prominent
crosslinking agent used to react with natively available hydroxyl groups, but cytotoxic effects of
free glutaraldehyde have raised concerns for the use of glutaraldehyde and other aldehyde
crosslinkers [20, 21, 22, 23, 24]. A very popular method to make a naturally derived polymer
capable of crosslinking via free-radical polymerization is by grafting it with methacryloyl groups.
Often, naturally occurring functional groups, such as amines, carboxyls and hydroxyls, are reacted
with molecules such as glycidyl methacrylate [25, 26, 27], methacrylic anhydride [28, 29, 30] or
methacryloyl chloride [31] to graft methacryloyl groups to the polymer chain. By adding vinyl
groups via methacryloyls, chemical crosslinking can be achieved via free radical polymerization in
the presence of an initiator and energy source. Optical or ultraviolet (UV) irradiation is typically

used to cure, though thermal crosslinking can also be used [31, 32, 33, 34, 35].

One of the most important structural proteins is collagen, a protein with a notable triple-helix
structure, noted for giving extracellular matrix its strength [4]. Unfortunately, collagen is quite
challenging to extract and has limited solubility in water. Gelatin, which is denatured collagen, is
readily water-soluble and inexpensive due to not requiring careful extraction processes. Gelatin
loses much of the collagen’s original triple-helix structure, though it retains the protein’s bioactive
motifs as the amino acid sequence is mostly unaffected, and additionally gelatin often shows good
biodegradation and biocompatibility [12, 36]. Gelatin can also form physical gels in water. However,
these gels tend to be mechanically weak and thermally unstable, and most gelatin gels will dissolve
at 370C, limiting its biomedical applications [12, 37]. As gelatin has plentiful reactive functional
groups and some attractive material properties, modifications of gelatin have been extensively

explored in recent years [37, 17, 38, 39, 40, 29, 41]. Van Den Bulke first published a method for



grafting vinyl groups to gelatin, forming a photocrosslinkable “gelatin-methacryloyl” (GelMA),
which when cured can overcome gelatin’s poor thermal stability [28, 12]. Many applications for
GelMA have been explored in the decades following, including as potential materials for wound
healing [34, 42], drug release [43, 44], tissue engineering [45] and bioprinting [32]. The cured
GelMA material shows good biodegradability, bioactivity, and biocompatibility, and through varying
the protein concentration, the extent of curing and the degree of functionalization, the hydrogel
material has tunable mechanical properties [12, 46, 47, 41]. Unfortunately, GelMA hydrogel
materials found in the literature still lack the mechanical properties required for use in tissue
engineering scaffolds intended for robust, load-bearing applications such as that of replacing bone

or articular cartilage (see Table 1)

Table 1 Comparative Table of the Compressive Strength and Modulus of Load-Bearing Tissue vs Recent GelMA-Based
Materials

Material

Compressive Strength

Compressive Modulus

Articular Cartilage

14-59 (mean 35.7)
MPa [48]

0.41-0.45 MPa [49]

Human Femoral Cortical Bone

153-205 MPa
(longitudinal) [50, 51]

11.7-18.97 GPa
(longitudinal) [50, 51]

57% amine-functionalized GelMA, 10%

concentration

10 kPa [41]

15% w/v GelMA, loaded with halloysite

nanotubes and nanosilver

0.5-0.12 MPa [52]

0.2-0.5 MPa [52]

GelMA-hydroxyapatite “hybrid
hydrogel”, HA formed in situ

13-25 kPa [53]

GelMA-PEGDA hydrogel (30% w/w
GelMA, 5% w/w PEGDA)

~320 kPa [37]

GelMA-nHA composite

6 MPa (Dynamic
Modulus) [45]

It is well established that the presence of salt and other ions has a significant effect on the
properties of proteins and their solutions, such as their solubility, viscosity and swelling
characteristics [45, 54, 55]. The species and concentration of ion play a significant role in the effect
observed on protein solutions, such as illustrated by the Hofmeister series ranking the effectiveness

of ions for salting-out globular proteins [56, 57]. At low concentrations of salt, protein solubility can



be increased with the addition of salt, which may shield surface charges on the protein and stabilize
its structure, leading to a salting-in effect [58, 59]. However, at high salt concentrations, salt-
induced protein-protein interactions can lead to the protein precipitating, potentially due to salts
interacting with the water such that water cannot hydrate the proteins as effectively, making
protein-protein interactions more favourable [57, 58]. Inorganic salts have also been used as
additives to lower the viscosity of highly concentrated protein solutions, thought to be due to the
anions interacting with the protein in such a way as to help break protein-protein interactions and
reduce the formation of protein networks [60, 61]. Work done previously in the lab has shown
some of these effects as well as the addition of the divalent salt, CaCl» lowered the viscosity of a
high-concentration GelMA solution [45]. It was also shown that highly-modified GelMA is negatively
charged, as the majority of the amines become capped with methacrylamide groups, and it is
thought that the addition of the Ca?+ effectively masked some of the charges on the GelMA, allowing
for less electrostatic repulsion between GelMA molecules and thus enabling the GelMA strands to
take on a less rigid, more free-flowing conformation, leading to the observed decreases in viscosity

[45].

1.3 Methods to Further Improve Hydrogel-Based Material Mechanical Properties
Further methods have been explored to improve the mechanical properties of hydrogel materials,

including the fabrication of double network hydrogels [62, 1, 63], small-molecule additives [64, 65,
37], and compositing with a stiffening phase, such as ceramic or clay micro- or nano-particles [66,
29, 67]. Double network hydrogels, a subset of interpenetrating networks, involve two intermeshed
polymer networks, often one a densely-crosslinked, brittle network, and the other a lightly-
crosslinked, ductile network [68, 69]. Internal fracture of the brittle network while the ductile
network remains unbroken allows for energy dissipation and increased material toughness [69].
Small molecule additives can be used to affect many material properties, such as changing the
uncured material’s viscosity and the cured material’s mechanical properties [64, 38]. Additionally,
small molecule additives can be free-floating or copolymerized into the hydrogel network as
crosslinking bridges [70, 64, 38]. Finally, when compositing a compliant hydrogel with a stiff
ceramic phase, the matrix helps distribute applied stresses across the stiff phase more evenly
through the material, reducing stress concentration effects on the stiff phase and increasing

strength by applying stress to the stronger phase [71].

Polymer science provides clues on how to improve the mechanical properties of hydrogel networks
further. Due to its pendant aromatic ring, styrene is used to tune the mechanical properties in a

number of materials, such as acrylonitrile butadiene styrene rubber and unsaturated polyesters,



through steric hinderance and phase separation, and polyether ether ketone (PEEK) and other
aromatic polymers are known to have extremely high mechanical properties due to having an
aromatic ring structure in the polymer backbone [72]. Unfortunately, many benzene-containing

molecules are toxic, and these polymers are typically not biodegradable.

Monosaccharides, such as glucose, ribose, and glucosamine (GIlcN) are small, naturally occurring
ring-structured molecules. Monosaccharides contain many reactive functional groups per molecule,
mostly hydroxyls and sometimes amines, but lack the double-bond resonance structure of benzene.
Additionally, most monosaccharides are capable of opening to a linear, aldehyde or ketone form, as
shown in Figure 1. If the hydroxyl on a monosaccharide’s carbon 1 is modified, the cyclic structure
is essentially locked in place as the ring-opening reaction is no longer possible. GIcN, a
monosaccharide resembling glucose with the hydroxyl on carbon 2 replaced with an amine, is an
abundant monosaccharide and a prominent building block of chitin and chitosan [73]. Given GIcN
has two different functional groups with different reactivities, it is an interesting case material for
testing methacryloyl functionalization of monosaccharides. The differing reactivities of the amine
and hydroxyls might be exploited to consistently make a material with only the amine grafted with
vinyl groups to make a monofunctional UV-curable material [64]. A polyfunctional UV-curable
material could possibly be fabricated by reacting all the amine and hydroxyl groups. A
monofunctional glucosamine-methacryloyl (GlcN-MA) would likely resemble polystyrene when
cured, with a linear backbone and pendant ring groups, where a polyfunctional GlcN-MA would be
anticipated to form a complex polymer somewhat resembling PEEK, with the ring structure
incorporated into the backbone, though the potential for pendant ring groups would still be

present.
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Figure 1 Chemical structure of glucosamine and aldehyde ring-opening reaction. B- represents a base and H* represents a
proton.

1.4 Three-Dimensional Printing

The field of three-dimensional (3D) printing has been rapidly growing in the recent past, and has
seen research and success in many fields, such as aerospace engineering and bioprinting [74]. Two
common 3D printer types used with polymeric materials are the direct ink writing (DIW) 3D
printer, and the mask stereolithography (mSLA) 3D printer. One of the main properties that
determines what type of printer an ink is suitable for is the ink’s rheological properties, such as its
viscosity over different shear stresses, if it has a shear-yield strength, or if the ink is a Newtonian
fluid or shear-thinning [75, 29]. With DIW printers, ink is deposited layer-wise onto a print bed via
a nozzle following a preprogrammed pattern, and the ink is cured almost immediately upon
laydown. DIW printers typically make use of UV-curable, viscoelastic inks that exhibit a notable
shear yield (>50 Pa) and some degree of shape-holding, as there is a brief period of time between
laydown and curing where the ink may slump and reduce print shape fidelity [76, 75]. mSLA
printers work by dipping the print bed into a pool of photo-curable ink to a defined distance above
a liquid crystal display (LCD) screen which emits the curing light in the pattern of each layer. Once
the layer is cured, the print bed is lifted and dipped back into the ink to replenish the available
uncured ink between print bed and LCD screen. Since mSLA printers require inks to be free-
flowing, low-viscosity (<5 Pa:s) inks without shear yield strength and shape holding properties are

ideal [77].

1.5 Objectives and Hypotheses
The main objective of this work is to develop a new, monosaccharide-based UV-curable additive for
hydrogels to increase the mechanical properties closer to that of load-bearing tissues. As such, a

number of hypothesis have been posited:



1)

2)

3)

4)

5)

It is thought that the reactive functional groups on glucosamine, namely hydroxyls and
amines, can be reacted with vinyl-containing molecules to form glucosamine-methacryloyl
(GlcN-MA).

Given the inherent ring structure of monosaccharides, it is hypothesized that these
additives will form rigid crosslinking bridges between GelMA molecules when cured and
improve the mechanical properties of the hydrogel material.

The anticipated improvement in hydrogel mechanical properties is also hypothesized to
translate to improved mechanical properties of a composite material using the developed
hydrogels as the polymer matrix.

Due to masking charges, the addition of CaCl; will reduce the viscosity of the GelMA/GIcN-
MA based materials.

With tunable rheology, the hydrogel and composite materials are expected to be able to

print on 3D printers.



2. Experimental Outline

With the end-goal of developing a composite material based on nHA, GelMA and the GlcN-based
additives, a strong experimental plan was necessary to ensure success. The broad overview of this

experimental plan is given in Figure 2.

Develop methacrylation procedure for D-GIcN

Characterize GlcN-MA with 'H-NMR to confirm
functionalization

Test additive types with three concentrations in
GelMA hydrogels

Move forward with

best additive
concentrations

Y
Explore effect of divalent salts on hydrogel inks

Test additive

interactions with nHA,
pre-composite testing

Develop composite inks, hydrogel + nHA
Demonstrate printability of hydrogels and
composites

Figure 2 High-level overview of thesis experimental plan.

The first step in this thesis was to develop the procedure necessary to fabricate the additives tested
throughout the thesis. This step included literature review of similar procedures, testing and
optimization of the procedure to provide the most practical and effective functionalization method
[36, 64, 78]. Successful functionalization and batch consistency during the methodology

development was confirmed using proton nuclear magnetic resonance (NMR) spectroscopy.

Once the GlcN-MA fabrication procedure was finalized, the additives were tested at three different
concentrations to explore the effects of each additive on the GelMA hydrogel. Throughout the work,
the material’s rheology, curing kinetics, compressive and dynamic mechanical properties, and
water-uptake in aqueous environments was explored. Once the most promising concentration for

both additives is determined, those materials were chosen for continued exploration.



Understanding that the presence of ions can significantly affect the properties of proteins and their
solutions, and previously performed research in the lab on similar materials showed improved
rheological properties with the inclusion of salts [45], hydrogels with the chosen additive
concentrations were fabricated using a salt solution. The same characterizations previously
performed were performed on salt-containing materials, and the effects of the presence of salt were
determined by comparing to the previously obtained salt-free materials. Additionally, the hydrogel
materials were printed using an mSLA printer as a proof of concept to show that the developed

materials could effectively be used as 3D printer inks.

Before fabricating composite inks with the chosen hydrogels, nHA-additive interactions were tested
through gravimetric settling. As the polarity, charge and hydrogen-bonding capability of each
additive is expected to be different, it is possible that nHA particles, with surface phosphates and
calcium ions, may interact favourably with one or more of the additives. Favourable nHA-additive
interaction may allow for improved dispersion and/or longer suspension times, but could also
affect the composite ink’s rheological characteristics. This may provide preliminary insight into the

performance of the composite materials with the developed additives.

Finally, composite materials of the hydrogel materials and 10% volume fraction (VF) nHA, with and
without salt, were fabricated. The same characterization techniques performed on the hydrogel
materials were performed on the composite materials. Results from the composites were compared
to their respective hydrogel materials, and the effects of salt on the composite material compared.
Finally, a composite material containing the developed additives was printed on an mSLA printer to

confirm its potential as a 3D printer ink.



3. Materials and Methods

3.1 Materials

All materials were sourced from Millipore-Sigma and used as received, unless otherwise stated.
Type-B, 255-bloom gelatin from bovine skin and D-(+)-Glucosamine HCI were the base materials
used for methacrylation. Methacrylic anhydride was used as the methacrylating agent. Sodium
hydroxide (NaOH) pellets and hydrochloric acid were used to maintain pH throughout the study.
CaCl;-2H20 was used to make 100 mM CaCl; solutions in MilliQ (mQ) water. Lithium phenyl-2-4-6
trimethylbenzoylphosphinate (LAP) was used as the photoinitiator for the UV curing inks. 120 nm
long, 20-30 nm diameter rod-like calcium-deficient, carbonated nHA with 66% crystallinity and Ca/P

molar ratio of 1.52 was obtained from MKNano, Mississauga, Canada and used as received [79].

3.2 Gelatin Methacrylation

Highly functionalized (>90% amine conversion) GelMA was fabricated following an already
published procedure with minor modification [36]. 100 g of Type-B Gelatin was dissolved in 800
mL of mQ H20 heated to 40°C under constant stirring. The solution’s pH was adjusted to pH 7.4
using 4 M NaOH, measured using a pH meter (Thermo Fisher Scientific Accumet AB150). 52 mL of
methacrylic anhydride (10:1 methacrylic anhydride molecules to free gelatin amines) was added
dropwise, and then reacted for 2 hours while protected from excess light, with the pH maintained
between 7.0 and 7.4. The solution was then brought to pH 8.0 and placed into cellulose dialysis
tubing (MWCO ~13 kDa) to dialyze against room-temperature mQ water over one week while
protected from light, and with the solution rebuffered and water replaced at the halfway timepoint.
The GelMA was then frozen at -4°C, and lyophilized (using a Labconco Freezone) for 3 days to
obtain the dry, spongy GelMA material. Dry GelMA was powdered using a mechanical grinder to

allow for easy dissolution, stored sealed at room temperature, and protected from light until use.

3.3 Glucosamine Methacrylation

As no other published methodology for methacrylating D-GIcN was known at the time of writing, a
procedure was developed following procedures on similar materials as guidelines [36, 78]. It is
important to note, however, that there has been precedent in developing an acrylated GIcN with the
use of acryloyl chloride, lending support that functionalizing GlcN is possible [64]. However, the
equivalent chemical to that used for the acrylated GlcN for methacrylating, methacryloyl chloride, is
noted for being very dangerous, with the SDS from ThermoFisher Scientific citing “fatal if inhaled”

as one of its hazard statements [80]. As such, a method for functionalizing GlcN with a significantly
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less dangerous methacrylating agent, such as methacrylic anhydride was desired [81]. A
pictographic representation of the methacrylation procedure using methacrylic anhydride is given

in Figure 3.

7N

Q-E - LLJ

* Prepare Aqueous GlcN + Add methacrylic anhydride,

Solution (pH 8, 1 M) react (1.2 Mor5M, pH 8, 2 hr)
{4 {4 R —
cold ethanol
(24 hr settle)
* Characterize via NMR * Dry, powder and store
+ Add to GelMA Hydrogel GleN-MA

Figure 3 Flowchart of the methacrylation of glucosamine.

A 1 M solution of D-GlcN HCl was prepared by dissolving 10.749 g of D-GIcN HCl in 60 mL of room
temperature mQ water under constant stirring. The pH of the solution was measured and brought
to pH 8.0 using 4 M NaOH, and the sides of the beaker covered to prevent excessive light exposure.
Two anticipated levels of functionalization were tested throughout this work, achieved by adjusting
the amount of methacrylic anhydride used for the reaction. Either 10.8 mL (~1.2 molar equivalent)
or 45 mL (~5 molar equivalent) of methacrylic anhydride was added dropwise to the GlcN solution
over approximately 5 minutes. The solution was allowed to react over 2 hours, with the pH
maintained between 7.7 and 8.3 using 4 M NaOH. This produced what is referred to throughout this
work as “1.2X GIcN-MA” (from 1.2X molar equiv.) or “5X GIcN-MA” (from 5X molar equiv.). The pH
was then adjusted to 6.0 using 4 M HCI, quenching the reaction. Using toluene as the organic phase,
excess methacrylic anhydride and by-products (methacrylic acid), which enter the organic phase,
was removed using liquid-liquid extraction. The aqueous solution containing the GlcN-MA was then
concentrated using heated convection until signs of precipitation appear. The concentrated solution
was then precipitated into ~200 mL of cold (-4°C) ethanol, which was covered and kept at -4°C
overnight to allow for the precipitation to finish and products to settle to the bottom of the vessel.
The eluent was then poured off and dried, and when liquid was no longer visible, the remaining

material was dried at 50°C until the sugar was no longer tacky. The dried GlcN-MA was then
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collected, powdered with a mortar and pestle to allow easier dissolution, sieved and stored in a

sealed glass jar in a refrigerator until use.

3.4 Proton Nuclear Magnetic Resonance Spectroscopy

Proton (*H) NMR spectroscopy was performed to confirm successful functionalization of GIcN-MA,
and to ensure batch consistency of GelMA functionalization. NMR samples were prepared by
dissolving 20 mg of material into 1.4 mL of deuterium oxide, which was then placed into liquid-
state NMR tubes. GelMA functionalization was analyzed by monitoring the existence of lysine amino
acid peaks, centred around 3.0 ppm, and the appearance of methacrylate vinyl group peaks from
approximately 5.25-5.75 ppm [47]. GlcN methacrylation was monitored by observing the loss of
spectral peaks from 2.8-3.3 ppm and 3.4-4.0 ppm (amine and hydroxyl protons, respectively), and
the gain of peaks from 1-2 ppm and 5.2-5.8 ppm (methyl and vinyl protons, respectively), along
with comparisons to literature proton NMR spectra for GlcN [82, 83, 84]. 1H NMR was performed on
a Bruker 500 MHz NMR, and data was analyzed using Topspin 1.3.

3.5 Hydrogel Ink Fabrication

Hydrogel inks consisting of 62% w/v GelMA, and varying concentrations of 1.2X- or 5X GlcN-MA,
were fabricated with the recipes shown in Table 2. Concentrations of GIcN-MA were chosen to
maintain a consistent ratio of anticipated GelMA methacryloyl groups (assuming full amine
conversion) and GlcN-MA molecules. Three concentrations of GIcN-MA were chosen, 50 mM, 250

mM and 1 M, which correspond to GlcN-MA: GelMA amine ratios of 0.25, 1.25, and 5, respectively.

Inks were fabricated by heating the water to ~40°C while mixing at 60 RPM, then dissolving the
ingredients roughly in order of increasing molecular weight; LAP, then GlcN-MA (if applicable), and
finally, dissolving the GeIMA scoopwise. Once all solids were dissolved, 1-Octanol was added
dropwise as an anti-foaming agent [85]. The beaker was then fully covered with aluminum foil to
protect the ink from excessive light exposure and allowed to mix at heat for 20 minutes. The heat
was removed, and the ink allowed to mix and slowly cool towards room temperature over 15
minutes. The ink was then poured through a fine-meshed sieve into a 50 mL conical tube, which
was sealed, fully covered in aluminum foil, and stored overnight to allow any remained bubbles to

dissipate before use.
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Table 2 Material contents in %w/w for tested hydrogel inks

Ink Name | Solvent Lithium phenyl-2-4-6 1.2X 5X GelMA 1-
(mQ Hz0 | trimethylbenzoylphosphinate | GlcN- GIcN- Octanol
or 100 photoinitiator MA MA
mM
CacCly)
Control 60.23 0.06 0.00 0.00 39.21 0.50
50 mM
1.2X 59.78 0.06 0.74 0.00 38.92 0.50
250 mM
1.2X 58.08 0.06 3.58 0.00 37.81 0.48
1M 1.2X 52.45 0.052 12.91 0.00 34.15 0.44
50 mM 5X 59.30 0.06 0.00 1.54 38.61 0.49
250 mM
5X 55.86 0.06 0.00 7.25 36.37 0.46
1M 5X 45.89 0.05! 0.00 23.81 29.87 0.38

1 the values given in the table are weight %, and the large mass of additive shifts the overall mass of the ink enough to cause the %w/w to appear low, but

the ratio of GelMA to LAP remains the same

3.6 Composite Ink Fabrication

To see if improvements seen in the hydrogel inks translate to a composite ink, 10% VF nHA
composite inks were fabricated with previously developed hydrogel inks as the matrix. The ratio of
GelMA methacryloyl groups to GIcN-MA molecules was maintained between the hydrogel and
composite inks. Hydrogel materials were first fabricated as reported above. Then, 5 mL of hydrogel
was then added to 15 mL conical tubes, and 1.637 g of nHA (p=2.92 g/mL) was added scoop-wise to
achieve the 10% VF nHA content. A probe ultrasonicator (Branson Sonifier 450) was used at 50%
duty cycle for 1 min to disperse and mix each scoop of nHA into the hydrogel. Inks were covered
and allowed to cool between sonication to ensure ink did not get too hot and gel pre-emptively. As

sonication is known to introduce air bubbles into the inks, the composite inks were allowed to sit
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overnight sealed and protected from light. Inks were sonicated for 30 seconds before use to

disperse the particles with minimal air bubble introduction.

3.7 Dynamic and Quasi-Static Compressive Mechanical Testing

Mechanical testing for hydrogel inks was performed on cast cylinders with dimensions ~4 mm tall,
~4.5 mm diameter. To ensure the samples would not overload the loadcell, composite materials
were tested using cylindrical samples ~ 4 mm tall, 3.1 mm in diameter. Cylinders were cast in
polyethylene molds with glass slides bookending the mold. Inks were cured for 30 seconds using a
Dymax PrimeCure 385 nm LED wand at 100% intensity and no lens. Curing parameters were
chosen based on previously performed work in the lab, and confirmed later in this work through
Cure Depth [45, 86]. Of note is that the molds are not completely opaque, and the diameter of the
mechanical testing samples is significantly smaller than the Dymax wand, leading to additional
curing from indirect UV light. Cylinder dimensions were measured using a micrometer, loaded onto
a petri dish and fully covered with mQ water droplets to prevent the sample drying out during
mechanical testing. Samples were tested on a Univert tester with a 200 N loadcell (CellScale,
Waterloo, Ontario) shown in Figure 4. Samples were preloaded to ~0.5 N to ensure contact, and
then cyclically loaded to ~10% strain at a frequency of 0.1 Hz for three cycles, then compressed to
failure at a rate of 1 mm/min. The resulting engineering stress-strain curves were analyzed using
MATLAB code. The complex modulus was determined using a Fourier Transform of the cyclic
portion of the test. Toughness was defined as the area under the quasi-static portion of the stress-
strain curve. The elastic modulus was taken as the slope of the initial linear portion (0.75-7.5%

strain) of the stress-strain curve. At least 5 samples were obtained for each material.
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Figure 4 UniVert CellScale mechanical testing apparatus with compression testing attachments and 200N loadcell.

3.8 Cure Depth

As one of the main thrusts of the work is to see if the developed materials are capable of functioning
as 3D printer inks, it is important to assess the curing kinetics, primarily the cure depth, of the
materials. This will allow early insight into potential issues for sufficient curing on a printer if it is
found that the materials require too large a dosage to cure sufficiently, or give assurance that curing
would not be an issue. For sufficient curing, the materials should be able to easily cure on the order
of hundreds of microns, a typical length scale for 3D printer layers. To determine the curing kinetics
of the UV curing inks, samples in ~1 cm deep polyethylene molds were cured with a single Dymax
Primecure 385 nm wand with no lens. Lenses were not used for cure depth to ensure even curing,
as a lens would focus the light to its focal point. Intensity was maintained at 100%, and exposure
time was changed to vary the total dosage of energy to the sample, 3 samples were made per
dosage. Energy dose was measured 3 times before curing the samples. Cured samples had side-
profile photos taken next to an object of known height (Canadian nickel, height = 1.76 mm). Images
were analyzed using Image] (National Institutes of Health, University of Wisconsin) to obtain the
height of the cured samples. Cure depth was then plotted against the natural log of normalized

energy dosage, and fitted using the equation:
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Cd = Dp In (E—)
Cc

where Cq represents cure depth, Dy, is the depth of penetration, E is the applied energy dosage, and
Ec is the critical energy of the material. As previously noted, the main focus of this study for each
material is to determine if there are likely to be curing issues for a given printer, and as such, while
the curing kinetic parameters of D, and E. will be analyzed, the thrust of the experiment is for

sufficient cure depth at low dosages.

3.9 Swelling

Often hydrogels swell and increase in both size and mass when submerged in water, which could
lead to issues for implants made of these materials. Therefore, given that the anticipated
applications for the developed materials involve being used in aqueous environments,
understanding how much water the developed materials absorb when submerged in water is

important for predicting potential future issues for implants.

Samples for swelling were prepared using the same method and molds as used for mechanical
testing. Freshly cured samples were weighed initially (M,), and then placed in 5 mL of room
temperature mQ water in 15 mL conical tubes. mQ water was chosen as the swelling medium to
prevent any potential salt-induced interactions from ions not intentionally added to the system.
Samples were allowed to swell for 24 hours and were then had their surface carefully dried with a
Kimwipe and then reweighed (Mz4). The water was then replenished, and the samples swelled for a
further 6 days before being dried and weighed again, for a total swelling time of 1 week. Mass gain
as a fraction of initial mass was determined by dividing a swelled time-point by the initial mass of
the sample, as calculated with the example equation for the 24-hour time point given below. Three

specimens were tested per material.

%swell = 100 * (@ - 1)
M

3.10 Rheology

To understand which 3D printer types the developed hydrogel inks would be best suited for, and
gain insight into molecular interactions of the uncured inks, rheological measurements were taken
over a range of shear stresses (0.1-250 Pa). First, the effects of adding the three concentrations of
GIcN-MA additive were explored to gain insight on the potential interactions of the two additives

and GelMA. Then, as it was expected that adding nHA to the tested hydrogels would significantly
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increase the viscosity of the uncured materials, the hydrogel materials were tested with the
inclusion of 100 mM CacCly, as recently published research from the lab on a similar GelMA material
has shown the addition of salt significantly lowers the viscosity of the tested materials [45]. Given
the interaction of salts with GIcN-MA is unknown, characterizing the effects salt has on the hydrogel

material would prove useful before fabricating the composites.

Inks intended for rheology were fabricated using the same methods used to make hydrogel inks
intended for mechanical testing or compositing. Viscosity was measured using a Bohlin CS
Rheometer and a C25 cup-and-bob geometry at room temperature, as shown in Figure 5. Three

rheology measurements were made per ink.

Figure 5 Bohlin CS Rheometer with C25 cup-and-bob geometry measuring the viscosity of a composite GelMA/nHA material.

3.11 Settling Experiments

It is known that nHA has multiple charged sites, with negative phosphates and positive calcium
ions, which may allow the particles to interact with liquid-state molecules, lowering the amount of
particle aggregation and settling. Given the varying levels of polarity and hydrogen bonding
capabilities of the developed additives, gathering evidence of favourable interactions may give
additional insight on how stable suspensions of the pre-cured composite materials will be with the

differing types of additives.

In preparation for the compositing of the hydrogels, getting a preliminary understanding of the

interactions between the two functionalized GlcN-MA, water and nHA was desired. 20 mL of
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solution (mQ water, 50 mM 1.2X GlcN-MA and 50 mM 5X GlcN-MA) was prepared and placed in a
20 mL scintillation vial with 0.1 g of nHA, or ~0.5 wt% particle concentration, near the reported
upper limit for use in light scattering techniques for settling [87, 88]. Samples were then sonicated
for 1 minute, and photos taken against a dark background at timepoints 0s, 1 min, 2 min, 5 min, 10
min, 20min, 30 min, 24 hr, and then visually compared. Solutions that can suspend the nHA
particles for longer periods of time are thought to have more favourable interactions with the nHA,

which keep the nHA particles dispersed [87].

3.12 mSLA 3D Printing of Hydrogel and Composite Materials

To test if the developed materials can function as 3D printer inks, a hydrogel and composite
material were chosen for test prints on a Phrozen Sonic Resin 3D Printer, an mSLA printer.

Materials are fabricated as previously discussed.

The Phrozen printer makes use of 405 nm light to cure, and a layer thickness of 100 pm was chosen
to reduce overall print time. Hydrogel materials were printed with 30 seconds of curing per layer,
and composite materials were cured for 45 seconds per layer, as preliminary tests indicated these

cure times should be sufficient to cure the layer height with the Phrozen printer.

3.13 Data Analysis

Data is graphically presented as the mean value with error bars representing one standard
deviation. Statistical significance compared to a control was determined using a one-way analysis of
variance with a Holm-Sidak post hoc test, and tests comparing two variables were analyzed using a
two-way analysis of variance with a Holm-Sidak post hoc test. Results are considered significant for

P < 0.05.
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4. Glucosamine Methacrylation and Hydrogel Characterization

4.1 Results

4.1.11H NMR
As the GelMA used in this study was fabricated in house, regular consistency checks to ensure the

anticipated degree of functionalization is achieved are important. Checks were performed using

proton NMR, with a sample spectra of gelatin and the fabricated GelMA provided in Figure 6.
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Figure 6 1H NMR spectra for Gelatin (red, bottom) and GelMA (blue, top)

As can be observed in the red shaded box, the gelatin peak at 3.0 ppm, representing the lysine
residue, is not observed in the spectra of the fabricated GeIMA. Additionally, significant peaks not
observed for the gelatin spectra appear between 5 and 6 ppm for the GeIMA spectra, which are
related to the addition of vinyl groups to the gelatin structure. These combined results suggest the

successful fabrication of a highly-modified GelMA.

Given that the procedure used for fabricating the GIcN-MA is new, it is of critical importance to
characterize the material and ensure that functionalization proceeded as expected. As with GelMA,

the functionalization of GIcN can be examined using proton NMR, as shown in Figure 7.
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Figure 7: A) 1H NMR spectra for D-GIcN (Blue, bottom), 1.2X GlcN-MA (Red, middle), and 5X GlcN-MA (Green, top) B)
Anticipated chemical structures of GlcN-based additives with red numbers indicating which group of NMR peaks the
hydrogens are thought associated with.

Examining the gains and losses of peaks between the bottom, blue spectra of unreacted D-GIcN and
the other two spectra representing GlcN-MA gives insight into the state of GlcN’s functionalization.
Looking at the middle, red spectra of the 1.2X GlcN-MA, peaks from 2.8-3.3 ppm are no longer
present when compared to the bottom spectra of D-GIcN. However, peaks appeared over the ranges
of 1-2 ppm and 5-6 ppm. Examining the top, green spectra of the anticipated 5X GlcN-MA4, it is
immediately apparent that the majority of the peaks originally between 2.8 and 4 ppm in D-GlcN
are no longer present, but peaks at 1-2 and 5-6 ppm are also present. This gives evidence of

successful modification of amines and hydroxyls on the original GIcN structure.
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4.1.2 Salt Negative Hydrogel Rheology
The rheological characteristics of the uncured hydrogel materials with varying concentrations of

GIcN-MA additive without salt are displayed in Figure 8 below.
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Figure 8 Rheological profiles of salt-negative GelMA/GIcN-MA hydrogel inks of varying GIcN-MA type and concentration
compared to a GelMA-only control, N=3.

To begin, all of the inks tested in this experiment appear to be Newtonian, as there is a linear

relation between shear rate and shear stress. Additionally, as the curves all appear to pass through

the origin in the shear stress vs shear rate graph, there is no observed shear yield point for the

tested inks [89].
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The viscosity of the inks was dependent on the type and concentration of additive used. The
viscosity of the inks increased compared to the control when the 1.2X GIcN-MA is used as the
additive, with higher viscosities observed with higher concentrations of additive. At the 50 mM
concentration, the difference in high-shear viscosity is not significant compared to the control (P=
0.691). However, the high-shear viscosity increases by ~ 27% at 250 mM (P=0.002), and nearly
doubles with the 1 M concentration of 1.2X GIcN-MA (P<0.001). In contrast to the 1.2X GIcN-MA,
however, the viscosity of the inks decreases with the addition of 5X GIcN-MA. Interestingly, 50 mM,
the lowest concentration tested, showed the largest effect by having the lowest viscosity of all the
tested inks at ~1.2 Pa‘s, an ~22 % drop compared to the control (P=0.010). The viscosity appears
to rise slightly with the higher concentrations of 5X and are not statistically different from the

control at high shear (P=0.071 and 0.076 for 250 mM and 1 M concentrations, respectively).

4.1.3 Salt Negative Hydrogel Cure Depth
Representative curves and key properties for hydrogels cured with 385 nm light are given in Table

3 and Figure 9 below.

Table 3 Depth of UV light penetration and critical energy for GelMA/GIcN-MA solutions cured with 385 nm light.

Sample Depth of Penetration Critical Energy (m]) R2
(mm)

Control 2.14 23.0 0.94
50 mM 1.2X 2.04 21.1 0.98
250 mM 1.2X 1.93 25.6 0.98
1M 1.2X 1.81 42.2 0.94
50 mM 5X 2.48 43.7 0.96
250 mM 5X 1.95 17.2 0.95
1M 5X 2.17 39.7 0.95
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A Cure Depth Profiles for 1.2X GlcN-MA Containing Inks B  Cure Depth Profiles for 5X GlcN-MA Containing Inks
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Figure 9 Cure Depth Profiles for 1.2X (A) and 5X (B) GIcN-MA/GelMA inks compared to a GelMA-only control for 385 nm UV
light, N=3.

The most immediate take away regarding fabricating with these inks is that all of the inks cure
quickly. For all materials, the lowest dosage of UV light, which is measured on the order of 0.2 ] /cm?2
and relates to only ~0.2 seconds of curing time, was sufficient to cure more than 2 mm of material.
Regardless of additive type, the critical energy for initiating curing is less than 50 m], and the depth
of UV penetration is above 1.8 mm. The addition of GIcN-MA does appear to lower the overall
curing of the hydrogel materials, especially for larger cure depths, as most readily observed in

Figure 9. However, drawing further trends from the obtained data set becomes difficult.

4.1.4 Salt Negative Hydrogel Mechanical Testing
Representative engineering stress-strain curves, and average mechanical properties shown in

Figures 10 and 11 below.
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Figure 10 Representative (of an N of at least 5) compressive engineering stress-strain profiles of salt-negative hydrogel inks.
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Figure 11 Comparison of compressive and dynamic mechanical properties of salt-negative GelMA/GlcN-MA hydrogel inks
with varying types and concentrations of GlcN-MA. *” represents values statistically different from the GelMA-only control.
N=5

The average ultimate compressive strength (UCS) of the GelMA-only control ink was approximately
5.4 MPa. Overall, the 1.2X GIcN-MA additive did not significantly improve the UCS of the hydrogel at
any concentration. At 50 mM, the additive appears to be slightly detrimental to the material’s UCS,
lowering the UCS ~21% to 4.3 MPa (P<0.001). The UCS recovers with higher concentrations but
does not significantly improve the UCS at any concentration. For 5X GIcN-MA, the low, 50 mM
concentration does not significantly change the UCS from the control (P=0.445). However, the UCS
improves with the higher concentrations of additive, with the 250 mM ink at about 8.2 MPa (+52%)
and the 1 M ink nearly doubling the UCS at 9.3 MPa (both P<0.001).

The elastic modulus of the control material was approximately 9.6 MPa. At the 50 mM and 250 mM
concentrations, the 1.2x GIcN-MA does not detectably effect the hydrogel’s elastic modulus
(P=0.476 and 0.259, respectively). However, at the 1 M concentration, the 1.2X GlcN-MA had a
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detrimental effect on the material’s elastic modulus, lowering to about 7.6 MPa (-21%, P<0.001).
The trend for 5X is quite interesting, as the 50 mM and 1M concentration inks show significantly
improved elastic moduli, at 10.6 (+10%, P=0.040) and 11.4 MPa (+19%, P<0.001), respectively, but

the middle, 250 mM concentration showed no detectable improvement over the control (P=0.736).

On average, the control ink reaches UCS at approximately 34.4% strain. Comparing between the
1.2X GIcN-MA inks, the strain at UCS increases with concentration. However, when comparing these
results to the control, the 50 mM has a lower strain at UCS than the control at about 31.3% (-9%,
P<0.001)), and at the 250 mM concentration, there is no significant difference between it and the
control (P=0.796). Only at the 1 M concentration of 1.2X GlcN-MA is the strain at UCS higher than
the control at about 38.0% (+10%, P<0.001). Like the 1.2X GIcN-MA, the 5X GlcN-MA also
demonstrated increasing strain at UCS with concentration when comparing within the group, and
when comparing with the control, the 50 mM ink also has lower strain at UCS than the control.
However, 5X GIcN-MA exhibits significant improvements for both the 250 mM and 1 M
concentrations, at 41.1% (+19%) and 46.2% (34%), respectively (both P<0.001).

The toughness of the control hydrogel was found to be about 0.73 MPa. For 1.2X GIcN-MA, the 50
mM ink was less tough than the control at ~0.55 MPa (-25%, P<0.001), and did not significantly
increase at any tested concentration of additive. For the 5X GlcN-MA, on the other hand, the
toughness was either maintained, as with the 50 mM ink, or improved when compared to the
control. The 250 mM concentration was found to be ~69% tougher than the control, and the 1M

concentration more than twice as tough, with a 125% increase (both P<0.001).

For all inks, the storage modulus follows a similar trend to the elastic modulus discussed
previously. The 1.2X GlcN-MA appears to lower storage modulus with increasing concentration,
with the 250 mM concentration lowering by ~9% (P=0.003) and 1 M concentration lowering by
25% (P<0.001). The 5X GIcN-MA increases the storage modulus at the 50 mM and 1 M
concentrations 10% (P=0.004) and 9% (P=0.005), respectively. The loss modulus also generally
shows the same trend, with the 1 M 1.2X GlcN-MA lowering the loss modulus by ~24% (P=0.002).
Interestingly, the 50 mM 5X GIcN-MA concentration doesn’t improve the loss modulus, and the 250
mM concentration lowers the modulus significantly (-21%, P=0.011). Only the 1M 5X GlcN-MA

concentration increases the loss modulus over the control, with a 37% increase (P<0.001).

4.1.5 Salt Negative Hydrogel Swelling
The amount of mass gain compared to freshly cured samples when submerged in room

temperature mQ water for given periods of time is reported in Figure 12.
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Salt-Free Hydrogel Swelling in Room-Temperature mQ Water, Varying

Additive Concentration
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Figure 12 Swelling in terms of mass gain for salt-negative GelMA/GIcN-MA hydrogel inks, compared to a GelMA-only control,
in room temperature mQ water. “*” indicates statistical significance (P<0.05) when compared to the control for a given
swelling time point. N=3.

All inks, with the exception of 50 mM 1.2X GIcN-MA, gained significantly more mass than the
control, which gains ~10% more water over 1 week in water. There also appears to be a positive
correlation between the amount of swelling and the concentration of additive used. Another
observation across all inks is that the bulk of the water uptake occurs within the first 24 hours,

minimal mass gain if any occurs between 24 hours and 1 week in water.

Comparing between the two additives, 1.2X GlcN-MA appears to be less sensitive to swelling than
the 5X GIcN-MA for the same concentration. The 1 M 1.2X GlcN-MA ink, which swelled most of the
set of 1.2X GlcN-MA inks, swelled to approximately the same degree as the 250 mM 5x GlcN-MA ink
at 30% mass gain. The most concerning result, however, is for the 1 M 5X GIcN-MA ink, exhibiting
more than a 60% mass gain over a week submerged in water. Notable increases in sample

dimensions were noted, but only mass change was measured.

4.1.6 Salt Effect on Rheology
Given that the 1 M concentrations showed the most promising mechanical results for each of the
developed GlcN-MA materials, only the control, 1M 1.2X GIcN-MA and 1M 5X GlcN-MA hydrogel

formulations are carried forward for the rest of the study.
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The rheological characteristics of the hydrogel materials made with 100 mM CaCl; and compared to

those made with mQ water are given in Figure 13.

A Salt Effect on Hydrogel Rheology

35

o) —e—5alt Negative Control
é‘; e —e—5Salt Positive Control
= —e—5alt Negative 1.2X
g —e—Salt Positive 1.2x
ER MH 3 . _—e—salt Neg.a.tive 5X
=> B — T—e—Salt Positive 5X
W T T 1
l 1
mrTr Tt : }
! ! ! —1
EDG-I-Q—;L; —3 3 3 I I I
44— 3§ ¢ 1
- - = »
1
0 50 100 150 200 250 300
Shear Stress (Pa)
B

Salt Effect on Hydrogel Rheology

300

250

g

—e—>5alt Negative Control
Salt Positive Control
—e—>5alt Negative 1.2X
—e—Sa|t Positive 1.2X
—e—5alt Negative 5X
—e—Salt Positive 5X

Shear Stress (Pa)
g

0 50 100 150 200 250

Shear Rate (1/s)

Figure 13 Rheological measurements of GelMA/GIcN-MA hydrogels made with 100 mM CaCl; solution (positive) or mQ water
(negative) compared to GelMA-only controls, N=3.

Upon first look at the rheological results, the trend between additive types appears maintained with
the inclusion of salt. The 5X GIcN-MA additive lowers the viscosity of the hydrogel material

compared to the control, and the 1.2X GIcN-MA increases the viscosity.
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The addition of divalent salts lowered the viscosity for all tested inks when compared to the same
formulation without salts. The effect is more pronounced for the control than the 5X GlcN-MA ink.
The control’s high shear viscosity lowers ~17% from ~1.6 Pa-s without salt to ~1.2 Pa-s with CaCl;
(P<0.001), where as the 5X GlcN-MA ink lowers ~8% from ~1.3 Pa‘s to ~1.2 Pa:s when salt is
incorporated (P=0.022). The effect is even more pronounced for the 1.2X GlcN-MA material, which
had its viscosity dropped by nearly 30%, from ~2.75 Pa-s to ~1.94 Pa-s with the incorporation of
divalent salts (P<0.001).

4.1.7 Salt Effect on Cure Depth
The cure depth and curing kinetics results for the salt positive hydrogel cure depths are given in

Table 4 and Figure 14

Table 4 Experimental results comparing the effects divalent salt has on the hydrogel’s curing kinetics with 385 nm light.

Sample Depth of Penetration Critical Energy (m]) R2
(mm)
Salt-Negative Control 2.14 23.0 0.94
Salt-Negative 1M 1.2X 1.81 42.2 0.94
Salt-Negative 1M 5X 2.17 39.7 0.95
Salt-Positive Control 2.70 48.8 0.96
Salt-Positive 1M 1.2X 1.60 16.0 0.94
Salt-Positive 1M 5X 2.24 17.5 0.92
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Cure Depth Profiles for GelMA/GIcN-MA Hydrogel Materials
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Figure 14 Cure Depth Profiles for GelMA/GICN-MA hydrogel materials, compared to GelMA-only controls, with and without
salt, cured with 385 nm light. N=3

Regarding Figure 14, it is noted that with the lowest measured dosage, approximately 0.2 J/cm?,
which relates to 0.2s of cure time, all of the tested materials cured over 2 mm deep. Additionally, at
larger dosages, the incorporation of salts appears to lead to the materials curing slightly deeper for
similar UV dosages, regardless of GIcN-MA additive. There may be some differences for curing
kinetics between hydrogels with and without salt present, as seen in Table 4. However, both with
and without salt present, the depth of penetration of the UV light is above 1.6 mm and the critical

energy required to begin curing is below 50 m]J.

4.1.8 Effects of Salt on Mechanical Properties
The comparison between the salt-positive hydrogels and their corresponding salt-negative

counterparts is given in Figure 15.
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As a whole, the same trends observed for the hydrogels made without salt are observed for the
hydrogels made with salt; the 1.2X GlcN-MA-containing hydrogels show equal or lower mechanical
properties than the control, while the 5X GIcN-MA-containing hydrogels show improved mechanical

properties over the control across the board.

Notably, pair-wise comparison between salt-negative and salt-positive hydrogels of otherwise
equal formulations shows a significant drop in the complex modulus (storage and loss) for the
control formulation, among other notable decreases in mechanical properties. This loss in complex
modulus was not expected given previously reported data from the laboratory [45]. A potential

source of error is the difference in season for testing, due to the CoViD-19 pandemic, the salt
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negative results were obtained in the relatively drier winter season, while the salt positive results
were obtained during the summer months. To parse if the observed effects are due to
environmental changes between seasons, the control formulation was fabricated with and without

salt at the same time and compared, as shown in Figure 16.
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The first observation noted from Figure 16 is that the storage modulus is approximately the same
regardless of salt content when the hydrogels are tested at the same time, which is in line with the
previous results from the lab. However, the loss modulus appears to increase ~26% with the
inclusion of salt (P<0.001). Additionally, the elastic modulus and strain at UCS converged to be not

detectably different regardless of the addition of salt once tested at the same time. However, the
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toughness and UCS of the salt-positive hydrogels appears to be significantly lower even when tested
at the same time as the salt-negative hydrogel, lowering ~28% (P<0.001) and ~27% (P<0.001),

respectively.

4.1.9 Salt Effect on Swelling

The swelling results for salt-containing hydrogels submerged in mQ water is given in Figure 17.
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Figure 17 Swelling characteristics by mass comparing freshly cured salt-negative and salt-positive GlcN-MA/GelMA
hydrogels, with GelMA-only controls, in room-temperature mQ water. “*” represents significance with the pairwise
comparison for salt within an additive group. N=3

No significant change in swelling was noted for the control hydrogel with salt (P=0.634). For the 5X
GIcN-MA hydrogel, the inclusion of salt lowered the swelling mass gain by about a third, from ~60%
gain without salt to ~38% with (P<0.001). The 1.2X GlcN-MA hydrogel also exhibited a drop in

water uptake of about a third with the inclusion of salt, lowering from ~26% mass gain without salt

to ~17% mass gain with salt (P<0.001).

4.1.10 mSLA Printing Proof of Concept
The result of printing the 1M 5X GlcN-MA hydrogel with CaClz is shown in Figure 18.
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Figure 18 A dogbone of cured 1M 5X GlcN-MA/GelMA/CaCl2 hydrogel material printed on a Phrozen mSLA printer.

The print shown in Figure 18 was printed with a layer height of 100 microns, and the print
measured 1.1 mm in thickness post-printing. Therefore, the 1M 5X GlcN-MA hydrogel was able to

cure 11 consecutive layers on an mSLA printer.

4.2 Discussion

4.2.1 The Methacrylation of Glucosamine
Regarding Figure 7, the peaks that are gained or lost between the various samples can be correlated

and assigned to known proton-containing functional groups by the chemical shifts of the peaks. In
the unreacted D-GlcN spectra, the peaks ranging from 2.8-3.3 ppm are attributed to primary amine
groups [83]. Thus, the observed loss of these peaks in the 1.2X GlcN-MA spectra indicates the loss of
amine protons due to the reaction. The two ranges of new peaks are indicative of protons
associated with methacrylate groups (methyl protons at 1-2 ppm, vinylic protons 5-6 ppm) [82].
This provides good evidence that the amine is selectively grafted with a methacrylamide group, and

that the fabrication of a monofunctional GIcN-MA was successful.

Returning to the unreacted D-GlcN spectra, the group of peaks ranging from 3.3-4.0 ppm can be
assigned to the various hydroxyl groups of the sugar [82]. Seeing as these peaks, along with the
previously discussed amine peaks, are not present in the NMR spectra of the 5X GIcN-MA, this
indicates near full conversion of the amine and hydroxyl functional groups of D-GlcN. Additionally,
many of the previously discussed peaks in the methyl and vinylic regions appear in the 5X GlcN-MA

spectra, which strongly indicates the successful fabrication of a polyfunctional GlcN-MA additive.
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Given the results obtained from 'H NMR, a method for developing monofunctional and
polyfunctional GlcN-MA using significantly less dangerous methacrylating agents has successfully

been developed.

4.2.2 Salt Negative Hydrogel Rheology

The rheological characteristics of the uncured inks are important to assess since properties such as
viscosity and a shear-yield strength affect which handling methods and manufacturing processes
are best suited for the materials. For example, a Newtonian material with low viscosity and no
shear yield may be ideal for mSLA 3D printing or casting, whereas a pseudoplastic (shear-thinning)
ink with an observable shear yield and higher viscosity may be better suited for extrusion

processes such as DIW printing.

As noted previously from Figure 8, there is a positive correlation with additive concentration and
viscosity, regardless of additive type. However, the 1.2X GlcN-MA increases the viscosity compared
to the control for all concentrations, acting as a thickening agent, where the 5X GlcN-MA decreases

the viscosity compared to the control, acting as a plasticizer.

While the GelMA used in this study is known to be highly modified, it still has many groups with the
potential to act as hydrogen bond donors and acceptors, such as hydroxyls, secondary amines, and
carboxylic acids. It is possible that some of the viscosity observed for the GelMA solution is due to
hydrogen bonding between GelMA strands. Referring to Figure 19, which reexhibits the proposed
structures of the modified GIcN, the 1.2X GIcN-MA has many hydroxyl groups and a secondary
amine, all of which are capable of acting as hydrogen bond donors and acceptors. Perhaps, with the
addition of 1.2X GlcN-MA, the total amount of potential hydrogen bonding sights increases, and the
1.2X GlcN-MA may even increase the amount of hydrogen bonding between GelMA molecules by
acting as a hydrogen bonding bridge, with functional groups on different parts of a 1.2X GlcN-MA
molecule interacting with different GelMA strands, or other 1.2X GlcN-MA molecules. Thus, as the
concentration of 1.2X GIcN-MA increases, the hydrogen bonding within the system increases,

leading to an increase in molecular interaction and an increase in viscosity.
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Figure 19 Expected chemical structures of methacrylated GIcN

Following a similar line of thought, the 5X GIcN-MA additive is expected to have all the GlcN’s
hydroxyls and amines reacted with methacryloyl groups, leaving the molecule, for the most part,
incapable of acting as a hydrogen bond donor, with the exception of one secondary amine.
Therefore, perhaps the 5X GIcN-MA interacts with the GelMA and other 5X GlcN-MA molecules
more weakly than the 1.2X GlcN-MA, as it cannot significantly donate protons for hydrogen
bonding. Instead, it may cap some of the hydrogen bonding functional groups natively on GelMA by
accepting the GelMA'’s protons, but not having protons itself to further hydrogen bonding with
other GelMA or 5X GlcN-MA molecules. Thus, by adding 5X GlcN-MA, the ability for GelMA to form
hydrogen bonding bridges between other GelMA molecules is reduced, and the overall system’s
interactions reduces, leading to a lowering of viscosity as observed. This effect might be saturated
at lower concentrations, however, and perhaps at higher concentrations the lone secondary amine
on the 5X GIcN-MA may have a larger effect and start forming further hydrogen bonding bridges,
leading to the observed drop in viscosity for the 50 mM concentration, but the viscosity rising again

for higher concentrations of 5X GlcN-MA.

Overall, these results suggest that, provided there are no interactions between the additives and
nHA, the lower viscosity of the 5X hydrogels may allow for easier fabrication of composite
materials. Additionally, being Newtonian fluids with a viscosity range between 1.2 and 3.8 Pa-s and
no notable shear yield strength, these inks are suitable for casting, where lower viscosities are
easier to handle, and mSLA printing, which ideally prints inks with viscosities between 0.5 and 5.0

Pa-s [77].
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4.2.3 Curing Kinetics of Salt Negative GelMA/GlcN-MA Solutions
Since the inks used in this study are cured through UV irradiation, quantifying the curing kinetics by

UV exposure is important for ensuring sufficient curing is achieved for various manufacturing
processes. For the salt-free hydrogel materials, each cured over 2 mm with the smallest tested
amount of UV exposure, ~0.2 J/cm?, which related to 0.2 s of cure time. Thus, for 3D printing
methods often involving layers on the order of hundreds of microns, such as mSLA and DIW, all
tested inks should readily cure for these fabrication methods if 385 nm light is used. Regarding the
critical energy and depth of UV penetration, there may be a small effect due to additive type and
concentration, but no clear trend can be drawn, and none of the results are concerning when in the

context of curing the inks layer-wise on a 3D printer.

4.2.4 Salt Negative Hydrogel Compressive and Dynamic Mechanical Properties

The main thrust of this study is to determine if one of the additives improves the mechanical
properties of a GeIMA/nHA composite ink by improving the mechanical properties of the GeIMA
hydrogel. Therefore, the first step to showing this was to determine how the developed additives

effect the properties of a GeIMA hydrogel at varying concentrations.

Referring back to Figure 11, it was noted that the elastic moduli of the two additive types have
different trends. Notably, the modulus for 1.2X GlcN-MA containing materials lowered with
increasing additive concentration, where the 5X GlcN-MA only saw improvements to the modulus at
the lowest and highest tested concentrations. The 1.2X GlcN-MA is expected to polymerize in a way
that resembles polystyrene (PS) with the sugar ring acting as a pendant group, as shown in Figure
20 below, so it can be reasoned that as the concentration of the additive increases, the distance
between GelMA molecules, and thus the total free volume, increases. Additionally, given the
expected structure of the 1.2X GlcN-MA has only the amine functionalized, the sugar ring may still
be capable of opening into its aldehyde form. Perhaps having a pendant ring that can take a linear
form does not aid the overall stiffness of the material, and the increasing molecular weight of the
crosslinks between GelMA molecules lowering the overall density of the matrix (more free volume

between molecules) is the cause for lower stiffness in the hydrogel material.
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Figure 20 Cartoon of expected crosslinking structure for ranges of GlcN-MA

1.2X GlcN-MA

The 5X GlcN-MA, having up to 5 reactive groups per ring, is expected to polymerize in a complex
way. The structure schemed in Figure 20 is likely a simplified version of the reality, as it can be
expected that the 5X will react to form branches along the crosslink, with rings in the polymerized
backbone like PEEK or other aromatic polymers. However, some sugar rings could also react 3+
times to form a star-polymerization core, or alternatively some additives may still react a single
group and form a section resembling PS like the 1.2X GlcN-MA. Additionally, due to the hydroxyl on
5X GlcN-MA'’s carbon 1 being functionalized, the sugar’s ring structure should be locked such that it
can’t form into the aldehyde structure under non-extreme conditions. This is due to carbon 1 in the
ring structure forming the aldehyde/ketone group in the linear form of the sugar, as displayed in
Figure 1. At low concentrations, the cured material may have short crosslinking bridges with a
backbone-ring structure that gives the stiffening effect of having a ring structure without being too
long to significantly increasing the matrix free volume, improving stiffness. However, as shown in
Figure 20, perhaps at moderate concentrations, the length and branches of the crosslinking bridges
starts to increase enough to start effecting the stiffness, but there hasn’t been enough material
added yet to have the branches between crosslinking bridges connect into a network, lowering the
stiffness compared to the lower concentration. At high concentrations, on the other hand, perhaps

the branching becomes significant enough that branches start connecting with one another,
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forming a GIcN-MA network between GelMA molecules, and once again increasing the stiffness and

strength of the material.

It is noted that for both additive types, the UCS increases with additive concentration. The increase
in UCS with concentration may be due to a larger fraction of curable material in the high
concentration inks, so there is more solid or “bound” phase in the cured material to spread the
applied force over, and less free water phase. The 1.2X GlcN-MA was noted to decrease the UCS at
the lowest concentration, which then steadily increased back to the UCS of the control with the 1 M
concentration. This suggests that the bonds associated with the 1.2X GlcN-MA may be weaker than
the bond formed between GelMA normally, but by increasing the number of these weak bonds by
increasing additive concentration, the applied force is spread over more bonds, meaning more force
has to be applied to break any of the GIcN-MA'’s bonds, and thus the material exhibits increasing
strength with increasing concentration. The same logic can be applied to the 5X GlcN-MA material.
However, the lower concentrations exhibit equal or higher UCS than the control, suggesting that the
5X GlcN-MA crosslink is at least as strong as the original GelMA-GelMA bond. Thus, but increasing
the number of bonds and spreading the force out to more groups, the high concentrations of 5X

GIcN-MA become stronger than the control.

The trends for toughness make sense when looking at the results of the UCS, modulus and max
strain. For example, 50 mM 1.2X has lower UCS and strain at UCS than the control and therefore is
less tough, but the 1 M ink is slightly stronger and had higher strain at UCS, but had a slight
decrease in elastic modulus, making it about as tough as the control. Similarly, for the 5X GIcN-MA
materials, for the 50 mM ink, likely the decrease in strain at UCS was slightly more impactful than
the increase in the modulus, resulting in a material slightly less tough than the control. The 250 mM
ink, however, had improved max strain and UCS, and thus showed a 69% improvement in
toughness. The 1 M ink significantly improved the UCS, elastic modulus and strain at UCS compared
to the control, and likewise the toughness for this material is more than double that of the control,

at approximately 1.62 MPa (+121%).

The first major observation made on the complex modulus for all tested inks is that the storage
modulus dominates, being approximately 20x greater than the loss modulus. This suggests that all
the materials are more elastic than viscous. Additionally, for the most part, the observed trends for
the elastic modulus translate to the trends for the storage modulus namely the decrease in modulus
with increasing 1.2X concentration, and improvement of modulus at the 50 mM and 1 M

concentrations of 5X. The loss modulus also follows the same trend as the elastic modulus for the
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1.2X GlcN-MA, with 1.2X lowering the loss modulus with increasing concentration, and the 250 mM
concentration of 5X showing the lowest loss modulus of the additive type, though only the 1 M

concentration of 5X GlcN-MA increases the loss modulus to a significant degree.

Overall, the 5X GlcN-MA showed the most promising mechanical results, with significant
improvements over the control for all compressive mechanical properties studied at the highest
tested concentration, with notable improvements at lower concentrations as well. Unfortunately,
the same cannot be said for the 1.2X, monofunctional GIcN-MA, which proved detrimental to many
mechanical properties at lower concentrations, and limited improvements even at the highest
tested concentrations. Relating the 1 M 5X GlcN-MA/GelMA hydrogel to the biological tissue
articular cartilage, the ultimate compressive strength is just under the lowest-reported value of 14
MPa, and elastic modulus of the hydrogels is approximately an order of magnitude higher than the

articular cartilage’s reported values [48, 49].

4.2.5 Salt Negative Hydrogel Swelling Profiles

An important observation made from Figure 12 is that most of the swelling occurs within the first
24 hours of submersion. This is good to note for both analysis of the swelling characteristics of the
material, as future experiments, such as further swelling tests, mechanical testing of the swelled
material, and attempting to add further material by submerging the cured material in a solvent
containing other monomers, may be performed sufficiently after 24 hours of swelling instead of a

full week.

Referring to Figure 12, it is observed that degree of swelling increases with additive concentration,
and that the 5X GlcN-MA increases swelling significantly more than the 1.2X GlcN-MA for similar
concentrations. There are a few potential explanations for this, which may not be mutually

exclusive.

Firstly, as noted previously, the 5X GIcN-MA is expected to form a branched crosslinking structure
at moderate to high concentrations, as shown in Figure 20, while the 1.2X GlcN-MA material is
expected to form a linear crosslinking chain. Additionally, the maximum crosslink density of the
GelMA material is limited by the number of methacrylates attached to the GeMA polymer chain. It
is known that the existence of branching in a crosslink can lead to further separation of primary
polymer chains (GelMA), which increases the free volume of the polymer further [90]. Additionally,
the swelling of a crosslinked polymer can be described by the Flory-Rehner theory of polymer
swelling, which relates an increasing molecular weight of the crosslinks to an increased degree of

swelling [91, 92]. Regarding Figure 19 and using the known masses of the constituent atoms, the
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molecular weight of the 5X GlcN-MA material should theoretically be much higher than the
molecular weight of the 1.2X GlcN-MA due to the additional methacrylate groups (519 g/mol and
~246 g/mol, respectively). Taking this into account, for similar concentrations, the molecular
weight of a crosslink made of 5X GlcN-MA should be larger than one made of 1.2X GIcN-MA, and the
combined effect of increased molecular weight of the crosslink and existence of branching in the
crosslink may contribute to the concentration dependence of swelling for both additives and overall
increased swelling observed for the 5X GlcN-MA material when compared to the 1.2X GlcN-MA

material.

A second possibility concerns the number of available hydrogen-bonding sites between the
materials. As can be gleaned from Figure 19, 1.2X GIcN-MA has 7 groups capable of hydrogen
bonding, though two of these sites are only capable of acting as hydrogen bond acceptors. 5X GlcN-
MA, on the other hand, has up to 11 hydrogen-bonding sites, though all but one are capable of only
being hydrogen bond acceptors. Perhaps due to the extra hydrogen bond accepting sites, 5X GlcN-
MA can adsorb more water when UV cured than the 1.2X GIcN-MA, and thus allowing the 5X GlcN-

MA to swell more when submerged in water.

4.2.6 Salt Effect on Hydrogel Rheology
Regardless of the additive, the addition of salt was found to lower the viscosity of the uncured
hydrogel materials. However, the degree to which the salt lowered the viscosity varied between

additive types, with 1.2X GIcN-MA being affected the most.

As discussed in the literature, GeIMA is known to have a significant negative zeta potential due to its
primary amines being capped with methacrylamide groups into secondary amines, lowering the
effective dipole and reducing their capability to hydrogen bond [45]. Masking the negative
functional groups with positively charged Ca?+* effectively neutralizes the zeta potential of the
GelMA strands, lowering the electrostatic repulsion between GelMA, allowing the strands to be in a
more relaxed, open conformation, flow around each other easier and lowering the material’s

viscosity [45].

It is thought that the observed results are a combination of two mechanisms, the extent of hydrogen
bonding due to the type of additive, as discussed in section 4.2.2, and the masking effect salt has on

the zeta potential and thus, electrostatic repulsion observed between molecules.

As noted previously, gelatin becomes negatively charged as the amines are functionalized, which is

the same situation for 1.2X GlcN-MA, where its amine is functionalized, but the hydroxyls are left.
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Therefore, it is possible that the 1.2X GlcN-MA has a non-zero zeta potential in these inks, while also
increasing the extent of hydrogen bonding within the hydrogel system as described previously. If
this is the case, the addition of CaCl, may passivate not only the negative zeta potential on GelMA,
but also the charges 1.2X GlcN-MA, and with both being affected, there is a larger decrease in
viscosity with the inclusion of salt for the 1.2X GlcN-MA/GelMA hydrogel compared to the control.
However, since the 1.2X GlcN-MA would still lead to increased hydrogen bonding, the viscosity of its

hydrogel is still higher than that of the control.

The 5X GlcN-MA, on the other hand, has all or nearly all of its hydroxyls and amines functionalized,
which, while likely still expressing a non-zero zeta potential, the extent might be lessened when
compared to the 1.2X or the GelMA alone. Thus, the addition of salt may largely be affecting the zeta
potential of the GelMA overall, so a drop in viscosity is still seen for the 5X GlcN-MA/GelMA
hydrogel, but the effect isn’t nearly as large as observed for the 1.2X GIcN-MA/GelMA or control
hydrogels. Additionally, the previously discussed “capping” of GelMA hydrogen bonding would still
be in effect with the 5X GIcN-MA, and thus the material has an overall lower viscosity than the

control hydrogel.

4.2.7 Effect of Salts on Curing Kinetics of GelMA/GlcN-MA Hydrogel Materials
As previously discussed, the intention of adding CaCl, was to lower the viscosity of the hydrogels to

allow the inks to be printed on 3D printers, such as mSLA. However, with the previously discussed
conformation changes expected to occur to the GelMA strands, the salt may have also affected the
curing kinetics and depth of the material, so it was important to ensure that curing was sufficiently

fast for 3D printing to still be viable.

As can be seen in Figure 14, like the hydrogels without salt, each of the tested hydrogels exhibit
over 2 mm of curing with the smallest tested dosage of UV light, ~ 0.2 ] /cm? or approximately 0.2
seconds of curing. For most 3D printing with layer heights on the order of hundreds of microns, this

is sufficient for curing.

It was also noted in Figure 14 that the incorporation of salt appears to lead to slightly deeper curing
when compared to the salt-free equivalent material, which is most notable at the higher tested UV
dosage ranges, and was observed for similar materials reported from the laboratory [45]. However,
the results for D, and Ec obtained by fitting the data show less clear trends. If it is true that the
addition of salt does improve curing kinetics, it may be due to salt loosening the conformation of
GelMA, as previously discussed, allowing reactive sites to interact and react easier when exposed to

photoinitiator and UV light.
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The main conclusion from the cure depth results, however, is that the addition of salt does not
negatively impact the cure depth of the tested materials and should not cause curing issues when

printed on a 3D printer using 385 nm light.

4.2.8 Salt Effect on Hydrogel Mechanical Properties

Regarding Figure 15, it was noted that many of the explored mechanical properties significantly
decreased with the inclusion of salt, including the complex modulus (storage and loss moduli),
which is not what was observed previously in the laboratory on a similar material [45]. However,
the effect of salt on hydrogel mechanical properties varies depending on the type of hydrogel, such
as a 2-hydroxyethyl methacrylate-sulfobetaine copolymer exhibiting reduced Young’s modulus in
the presence of potassium thiocyanate, or a poly(hexafluorobutyl methacrylate-acrylamide)
hydrogel which becomes tougher and stronger in the presence of sodium chloride salt [93, 94].
Additionally, there appears to be significant drops in many of the mechanical properties across the
ink types with the inclusion of salt, though a literature comparison cannot be made for these

properties.

There are a few potential reasons for the discrepancies. Firstly, due to lockdowns caused by the
2020 CoViD-19 pandemic, the salt-negative and salt-positive hydrogels were fabricated and tested
in different seasons, the salt negative materials in the cooler, less humid winter and the salt-
positive materials in the warmer, more humid summer. Due to the hydrogel’s sensitivity to water
content and hygroscopic nature, it is possible that the varying levels of humidity play a significant
effect on the material’s mechanical properties. Perhaps water adsorbed or absorbed from the air
into the dried GelMA or fabricated hydrogel causes a significant change in the water content of the
final hydrogel material between seasons or causes a conformation change in the dried protein that
remains in the hydrogel material. Alternatively, as many polymers are known to have temperature
dependencies on their mechanical properties, perhaps deviations in ambient temperature between
winter and summer seasons results in differing mechanical properties. An alternative is that the
data obtained is real and the tested inks are different enough from the materials previously

produced in the lab to allow for the salt to cause a real effect in mechanical properties.

To test the potential issue of changes in the environmental testing conditions due to season, the
control hydrogel was made with and without salt at the same time, resulting in Figure 16. Notably,
many of the previously observed differences lost statistical significance with the updated tests, with
exceptions being UCS, toughness and loss modulus, the former two decreasing with salt addition

and the latter increasing. The work done previously in the lab had shown little difference in
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complex modulus with the inclusion of salt but was also exhibited as the complex modulus instead
of splitting between storage and loss modulus. Noting that the storage modulus for the updated
mechanical testing was not statistically different, and is also over an order of magnitude larger than
the loss modulus, it is very likely that little difference in complex modulus would be seen if given as

the combined storage and loss modulus.

The more surprising results are the statistically significant lowering of UCS and toughness with the
inclusion of salt. Given the toughness is affected by the UCS, likely the two properties have the same
source of decreased performance. If the observed effect is real, it is possible that the presence of
calcium masks some of the known negative zeta potential on highly-modified GelMA in such a way
that the GelMA can be in a conformation that results in minimal loss of elastic modulus while
creating a weak point in the network. As illustrated in Figure 21 below, with less electrostatic
repulsion due to charges being masked, the GelMA is expected to be able to interweave more than
when electrostatic repulsion is high and the GelMA forms a more rigid, straight conformation with
little interweaving. Perhaps this more relaxed conformation allows for more microdefects, such as
inhomogeneities, to form, allowing for stress concentration to build and thus the material fractures

at lower stress.

High Electrostatic Repulsion Low Electrostatic Repulsion

Figure 21 Cartoon representation (blue lines = GelMA. black dashes = covalent crosslinks) of anticipated GelMA structure in
(left) mQ water, where the GelMA is highly charged and has high electrostatic repulsion, resulting in straight, stiff GelMA with
little interweaving of strands and (right) GelMA in a salt solution, with charges masked, low electrostatic repulsion and
significant overlap and interweaving of GelMA strands.

An alternative explanation is that UCS, being the maximum amount of force (over an applied area)

that a material can bear before breaking, is highly sensitive to material defects, the presence of
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which can lead to dramatically lower results. Though care was taken to avoid defects in samples
and an elevated sample size was used to try and prevent defects being a significant issue, it is
possible that enough defects, such as surface damage due to removal from the curing molds causing

stress concentrations, crept in to cause the observed decreases in UCS and toughness [95].

These results suggest that some of the trends previously observed between inks made with and
without salt were likely due to the environmental differences when testing, but the presence of salt

may indeed significantly lower the strength and toughness of the hydrogel materials [96, 97].

4.2.9 Salt Effect on Cured Hydrogel Swelling

Referring back to Figure 17, it was found that for all material formulations, materials made with salt
swelled significantly less than their salt-free counterparts. One potential reason for the improved
swelling characteristics with salt is that the salt may interact with the charges and polar groups on
GelMA favourably to form an overall tighter hydrogel matrix, or to make the matrix less attractive
for water to adsorb to. When the salt is included, the Ca2* is expected to interact with the free
hydroxyls and carboxylic acids left on the GelMA, effectively shielding these groups and making the
GelMA appear more neutrally charged. By neutralizing charges, it can be expected that electrostatic
repulsion between GelMA strands would be reduced, and the uncured hydrogel may exhibit more

interweaving between the strands.

With less interweaving between strands, it may be reasoned that there would be less resistance for
the strands to expand upon water penetrating the matrix than if the GelMA strands are more tightly
interweaved. This might allow a larger volume of water to enter the matrix, leading to the observed
results with the salt-negative materials with expected more electrostatic repulsion and less

entanglement showing increased levels of swelling.

Due to the positive correlation of additive concentration and degree of swelling, the Florey-Rehner
theory of polymer swelling discussed earlier likely still applies to the composite materials. Though
further improvements are necessary to obtain a reasonable amount of swelling with the GIcN-MA

containing inks, the inclusion of salt significantly improves their swelling characteristics.

4.2.10 mSLA Printing of GeIMA/GlcN-MA Hydrogel Materials
Due to its low viscosity, and cure depth showing sufficient curing the ink chosen for printing was

the salt positive 1M 5X GlcN-MA/GelMA hydrogel. Notably, the mSLA printer makes use of 405 nm
light to cure instead of 385 nm. However, while the photoinitiator used in the hydrogel inks, LAP,

has peak absorbance at 385 nm, the absorbance spectra shows there should be some level of curing
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capable with 405 nm light [98]. However, the curing efficiency would be significantly lower than if

385 nm light is used.

As shown in Figure 18, a small dogbone approximately 1.1 mm thick was printed on the mSLA
printer using the 5X GlcN-MA/GelMA hydrogel material. With a layer height of 100 microns, this
suggests 11 consecutive layers were printed to form this print. As a proof of concept, this gives
strong evidence that the developed hydrogel materials can work as mSLA 3D printer inks, even

when using a non-optimal wavelength as the curing light.
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5. The Effects of Compositing GelMA/GIcN-MA Hydrogels with nHA
5.1 Results
5.1.1 Particle Settling Experiment

Gravimetric settling experiments were performed with the two additives to gain a qualitative

understanding of the solvent-particle interactions, as displayed in Figure 22.

0 Min 1 Min 2 Min 5 Min 10 Min 20 Min

mQ water

50 mM 1.2X

50 mM 5X

Figure 22 Gravimetric settling results of nHA nanoparticles dispersed in solutions of the developed additives over 24 hours.

The 1.2X GlcN-MA shows better particle-solution interaction over the other two solutions. For the
control (mQ water) and 5X GIcN-MA solutions, settling begins to be apparent within the first 5
minutes after sonication, with a notable settled layer of nHA. Both solutions also show complete
settling within 24 hours of sonication. Unlike the control and 5X GlcN-MA solutions, the 1.2X GlcN-
MA solution shows no significant settling even 30 minutes after sonication, and 24 hours after

sonication, there is still a significant amount of suspended particles.

5.1.2 Composite Material Rheology

The rheological profiles for composite materials with and without salt are provided in Figure 23.
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Figure 23 Rheological profiles of 10 vol% nHA, GelMA/GIcN-MA composite inks with and without CaCl2 salt, compared to
nHA/GelMA-only composite inks, N=3 runs.
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Looking first at the effect of GlcN-MA on the composite material’s rheology, unlike the hydrogel
materials, both forms of GIcN-MA explored in this work increase the uncured composite’s viscosity
over the control. At high shear, without salt the 1.2X GlcN-MA increases the material’s viscosity by
approximately 4.3 times over the control, and the 5X material increases the viscosity about 2.2-fold
from the control (both P<0.001). With salt included the 1.2X increases the viscosity over the control
by about 2.3 times, and the 5X is approximately 1.9 times more viscous than the salt-containing

control (both P<0.001).

[t can also be seen that the addition of salt does not significantly affect the viscosity of the control or
5X GlcN-MA composite inks at high shear (P=0.212 and P=0.294, respectively). However, the
addition of salt does lower the high shear viscosity of 1.2X GIcN-MA containing composites, as the
salt positive composite material is approximately 35% less viscous than its salt-free counterpart

(P<0.001).

Another notable observation is that the composites containing salt do not appear to express any
significant shear thinning behaviour nor a significant shear yield strength. However, without salt
present, both the 1.2X and 5X GlcN-MA composite material express some shear thinning behaviours

and possibly shear yield strength.

5.1.3 Composite Material Cure Depth
The results of composite curing kinetics with and without the presence of salt is displayed in Table

5 and Figure 24.

Table 5 Curing kinetics and coefficient of determination of the fit for composite materials.

Sample Depth of Penetration Critical Energy (m]) R2
(mm)
Salt-Negative Control 0.281 9.5 0.94
Salt-Negative 1M 1.2X 0.212 6.9 0.95
Salt-Negative 1M 5X 0.390 33.0 0.98
Salt-Positive Control 0.398 62.9 0.97
Salt-Positive 1M 1.2X 0.197 9.5 0.96
Salt-Positive 1M 5X 0.315 13.7 0.97
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Cure Depth Profiles for 10 % Volume Fraction nHA, GelMA/GlcN-MA
Composite Materials With and Without Salt
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Figure 24 Cure depth profiles of GelMA/GlcN-MA/nHA composite materials, compared to nHA/GelMA-only composites, with
and without salt, cured with 385 nm light. N=3

As can be seen in Figure 24, at the lowest tested dosage of ~0.6 ]/cm?, which correlates to 0.5
seconds of cure time, each of the materials was able to cure over 0.5 mm, and with a dosage of ~ 1
J/cm?, each had cured at least 1 mm. The effect salt has on cure depth appears rather mixed for the
composite material’s curing profiles. The additive type appears to have an effect on the overall
curing, however, as the 1.2X GIcN-MA composite materials appear to plateau at a smaller depth
than the control and 5X GlcN-MA materials, regardless of salts presence. An important note, as seen
in Table 5, is that the depth of penetration for all tested composite materials is on the order of

hundreds of microns.

5.1.4 Composite Mechanical Testing

The compressive mechanical properties of these composite materials are shown in Figure 25.
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Figure 25 Comparison of compressive and dynamic mechanical properties of salt-negative and salt-positive GelMA/GIcN-
MA/nHA composite inks with nHA/GelMA-only controls. “*” representing a detectable effect due to salt presence. N25.

For all explored mechanical properties, effects of the two factors, salt presence and additive type, as
well as their interactions, are significant. The significance level of each factor and the interaction for

the explored mechanical properties are summarized in Table 6.
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Table 6 Significance of salt and additive factors for various mechanical properties of GelMA/GIcN-MA/nHA composite
materials as determined by two-way ANOVA and a Holm-Sidak post-hoc test.

Mechanical Property Salt Presence Additive Type Salt - Additive
Interaction

UCS P=0.023 P<0.001 P=0.002
Elastic Modulus P<0.001 P<0.001 P<0.001
Strain at UCS P=0.024 P<0.001 P<0.001
Toughness P=0.027 P<0.001 P<0.001
Storage Modulus P<0.001 P<0.001 P<0.001
Loss Modulus P<0.001 P<0.001 P<0.001

When comparing the effects salt had on the composite material’s UCS, the salt had minimal impact
for the control and 1.2X GlcN-MA composite materials, but the UCS of 5X GIcN-MA composite
material increased by ~16% with salt (P<0.001). Interestingly, the salt lowered the elastic moduli
of the control (-23%) and 1.2X GlcN-MA (-27%) composites but improved the modulus for the 5X
GIcN-MA (+16%) composite (all P<0.001). The strain at UCS was unaffected by the inclusion of salt,
with the exception of the 1.2X GlcN-MA, which increased 15% (P<0.001). The salt lowers the
control composite’s toughness (-16%, P=0.044), while increasing 5X GIcN-MA’s toughness (+22%,
P<0.001 ), but has no significant affect on the 1.2X GlcN-MA composite material’s toughness. Salt
affects the complex moduli parameters in similar trends as the elastic modulus, with the storage
and loss moduli lowering significantly for the control (-26% and -19%, respectively, both P<0.001)
and 1.2X GlcN-MA (-25% and 40%, respectively, both P<0.001), but for the 5X GlcN-MA, the salt
only had a significant effect on the storage modulus (+11%, P<0.001).

With regards to additive type, many trends previously found in the study, namely sections 4.1.4 and
4.1.8, were detected. Firstly, the 1.2X GlcN-MA appears to significantly lower the UCS of the material
compared to the control, with a 35% drop (P<0.001) without salt and 18% drop (P=0.009) with
salt. The 5X GlcN-MA increased UCS over the control 46% (P<0.001) without salt, 87% (P<0.001)
with salt. Interestingly, the 1.2X GlcN-MA had no detectable effect on elastic modulus compared to
the control, but the 5X GlcN-MA dramatically increased the modulus of the composite material, 52%
(P<0.001) without salt and 128% (P<0.001) with salt. Without salt, the 1.2X GIcN-MA detectably to
lowered the strain at UCS of the material by 15% (P<0.001) from the control, but there is no
detectable difference between the control and 1.2X GlcN-MA with salt (P=0.872). The 5X GlcN-MA
increases the strain at UCS slightly over the control, with a 10% increase without salt and a 13%

increase with salt (both P<0.001). The 1.2X GIcN-MA material also appears to be less tough than the
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control, with a 41% decrease (P<0.001) without salt and 18% decrease (P=0.043) with salt. The 5X

GIcN-MA significantly increases the toughness over the control, however, with a 60% (P<0.001) and

130% (P<0.001) increase without and with salt, respectively. The additive type appears to affect

the storage and loss moduli with and without salt as well compared to the control. The 1.2X lowers

the storage modulus by ~7% (P=0.001) without salt, and 6% (P=0.007) with salt, compared to the

controls. Without salt, the 1.2X GIcN-MA increases the loss modulus by ~10% (P=0.034) over the

control, but with salt, it lowers the loss modulus by ~18% (P<0.001). The 5X GlcN-MA increases the

storage modulus by 38% without salt, and 107% with salt (both P<0.001) over the control, and the

loss modulus is increased 77% without salt and 128% with salt (both P<0.001). The effects of

compositing with 10% VF nHA on salt positive hydrogel and composite mechanical properties are

exhibited side-by-side in Figure 26.
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Firstly, all mechanical properties examined in this study show detectable differences between a
given hydrogel and its respective composite. The UCS increased upon compositing, with the control,
1.2x and 5X materials increasing by 69%, 138%, and 27%, respectively. The moduli were also noted
to increase for all materials when composited. Interestingly, only the 5X material showed a
significant decrease in strain at UCS when composited, lowering by 23%. The changes to the control
and 1.2X’s strain at UCS was much smaller, however, with the control losing 2% and the 1.2X
gaining 12% strain at UCS upon compositing. Finally, the toughness of all the materials were found

to increase detectably upon compositing, with the 1.2X increasing the most with a 138% increase.

5.1.5 Composite Swelling
To understand the effects of nHA on the hydrogel’s swelling, and the combined effect of salt and
nHA, composites with and without salt were submerged in mQ water over a week. These results are

exhibited in Figure 27.

Interestingly, the effect of compositing on swelling depended on the presence of salt, as can be
observed in Figure 27A and 27B. Without salt, compositing significantly decreased the degree of
swelling for all materials, with the control, 1.2X and 5X GlcN-MA materials decreasing by 30%, 42%
and 42%, respectively. However, with salt present, the compositing had negligible impact on the
control’s swelling, as did the 1.2X GlcN-MA. The 5X material with salt did appear to decrease its
swelling somewhat with compositing (-14% mass gain), but not nearly to the same degree as the

same materials without salt.

As observed in Figure 27C, the same trends for additive type observed for the hydrogels are
observed for the composite materials, with the control swelling the least and the 5X GlcN-MA
swelling the most regardless of salt content. Comparing the composite materials for the effect of
salt provides some interesting results. After 24 hours submerged in water, the control composite
shows no significant difference in swelling when salt is present (P=0.092), but after a week
submerged, the composite with salt swells ~43% more than without (P=0.020). The opposite effect
is observed for the 5X material, which after 24 hours appears to swell ~7% less with salt present
than without (P=0.005), but significance is lost after a week of swelling (P=0.406). The 1.2X GlcN-
MA appears to consistently swell more with salt present than without, ~34% after 24 hours of

swelling (P<0.001), and ~21% more after a week of swelling (P=0.001).
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5.1.6 mSLA Printing of Composite Inks
The result of attempting to print the 10 vol% nHA, salt-containing 5X GlcN-MA/GelMA composite

material in an mSLA printer is given in Figure 28.

Figure 28 A dogbone of cured 1M 5X GIcN-MA/GelMA/nHA/CaCl2 composite material printed on a Phrozen mSLA 3D printer.

The above print was fabricated with a 100-micron layer height, and the print measured 1.3 mm in
thickness. This suggests that the composite material was able to print 13 consecutive layers

without issue on an mSLA 3D printer.

5.2 Discussion

5.2.1 Particle Settling

Referring back to Figure 22, the 5X GlcN-MA solution appears provided no additional benefit over
the mQ water for maintaining a suspension of nHA. The 1.2X GIcN-MA solution, however, exhibited
no notable settling within 30 minutes of suspending the particles, and there were still a significant
amount of particles suspended 24 hours after the initial suspension. These results suggest that the
5X GlcN-MA solution should be no worse than mQ water for maintaining nHA dispersion, but the
1.2X GlcN-MA solution may provide a significantly more stable suspension with better particle

dispersion.

It is known that the nHA used in this study is calcium-deficient and carbonated, possessing a
negative zeta potential. Being calcium-deficient, it is reasonable to expect the particles to exhibit
phosphates, particularly oxygen anions, on the surface. Interestingly, neither the mQ water nor the
5X GlcN-MA solution showed notable differences in particle settling. However, since the GlcN-MA
solutions are mostly water, this stands to reason that the 5X is not providing any additional
interaction over the water itself. It is possible, as previously discussed, that the general lack of

protons available for hydrogen bonding donation on the 5X GIcN-MA may be the source of this, as if
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hydrogen bonding between solvent and the phosphate oxygens is the main source of interaction,
then the 5X GlcN-MA material would provide little benefit for interacting with the particles over
water alone. The 1.2X GlcN-MA, on the other hand, has plentiful groups that can act as hydrogen
bond donors, and was observed to have significantly more interaction with the nHA than water
alone. Previously published research has shown that unmodified GlcN interacts with
hydroxyapatite and similar materials through hydrogen bonding of GlcN’s amines and hydroxyls
with the ceramic/clay surface hydroxyls [73, 99]. While water may be able to provide some
hydrogen bonding for suspending the particles, perhaps the additional donor groups on the 1.2X

GIcN-MA improves the interaction further.

5.2.2 Composite Rheology

Regarding Figure 23, it was noted that for the composite materials, the addition of either GIcN-MA
increased the viscosity over the control. This suggests that, unlike previously assumed in the work,
there is some level of interaction between the nHA between both types of GIcN-MA. Regarding the
gravimetric settling results of Figure 22, it was shown previously that the 1.2X GlcN-MA interacts to
a significant degree with the nHA, allowing it to stay suspended much longer than was observed for
mQ water or the tested 5X GlcN-MA. Perhaps, since the 5X GIcN-MA molecule has a secondary
amine that can be a hydrogen bond donor, the 5X was exhibiting some interaction during the
gravimetric settling experiment, but the analysis or testing parameters were not finely adjusted
enough to see the effect. Relating the gravimetric settling results to the viscosity, the 1.2X, which
suspended nHA particles much better than the other two solutions, also exhibited a much higher

viscosity than the other two solutions.

Another notable rheological difference between the hydrogel and composite materials was the
effect the addition of 100 mM CaCl; had. Unlike the hydrogel material which showed decreases in
viscosity across all tested inks, only the 1.2X GlcN-MA composite ink showed any significant change
in high-shear viscosity with the addition of salt, dropping the viscosity by ~35%. Given previous
discussions on the salt’s effect on viscosity due to neutralizing zeta potential, the results for the
control and 5X are rather unexpected. A known phenomenon is that divalent salts, such as Ca?+*, can
form ion bridges between molecules [100, 101]. For the control, perhaps without salt, the
combination of electrostatic repulsion from the nHA and GelMA'’s negative zeta potential and
hydrogen bonding between GelMA and nHA phosphates leads to the observed increase in viscosity.
The addition of the Ca2* ions may reduce the zeta potential effect as seen previously, but the added

ions may also be forming ion bridges between the GeIMA and nHA, counteracting the benefits of
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neutralizing the system’s zeta potential, leading to the observed lack of improvement for viscosity.
A similar line of thinking might be applied to the 5X material for why minimal effect was seen when
the salt is added to the solution. However, as previously discussed, the 1.2X GlcN-MA is thought to
possibly exhibit a more notable zeta potential than the 5X, and perhaps due to the previously
observed large effect of adding salt to the 1.2X GIcN-MA hydrogel, the benefits of neutralizing the

zeta potential is greater for this system than the drawbacks of potential ion bridges.

The final key note made from Figure 23 is that both of the GIcN-MA containing composite materials
without salt appear to exhibit both a shear-yield strength and shear-thinning behaviour, as their
measured viscosity is higher at low shear than at high, and there is a notable plateau at the lowest
shear stress data points. These two inks may be suitable for use with a DIW printer due to having
the shear yielding property. However, with the addition of salt, the shear yielding behaviour
appears to lessen or disappear, along with the shear-thinning behaviour. Thus, the salt-containing
inks, as well as the salt-free control ink, may be suitable for mSLA printers, though ink viscosity

may be a concern as most of these inks are above the 5 Pa-s viscosity limit.

5.2.3 Cure Depth and Kinetics of GelMA/GIcN-MA/nHA Composite Materials
The addition of nHA to the developed hydrogel inks was anticipated to affect many properties of the

material, including properties critical for 3D printing effectively such as rheology and cure depth.

In terms of cure depth, all tested composite materials exhibited curing above 0.5 mm with the
lowest tested UV dosage of ~0.6 ]/cm2, which correlated to 0.5 seconds of cure time. For the
purposes of printing, a short exposure should be sufficient to fully cure a layer, as mSLA typically
uses layer heights of 100 microns or less, and while DIW can change layer height depending on

nozzle gauge, often layers are 400 microns or less [102].

Of note, however, is that the depth of penetration and critical energy is consistently lower for the
composite materials than their hydrogel counterparts by approximately an order of magnitude.
These results are not surprising, however, as the nHA is known to scatter incoming light, resulting
in the UV curing light not penetrating nearly as deeply for the composite materials as it does for the
hydrogels. This is attributed to Rayleigh scattering, due to the nanoparticles used being much
smaller than the wavelength of the curing light (60 nm particles, 385 nm wavelength light), and the
refractive index mismatch of nHA (1.63-1.64) and GelMA (1.387) [103, 104, 105].

Referring back to Table 4, it was noted that there might be a significant effect due to additive type

and salt on the depth of penetration and critical energy for a given composite material. However,
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due to only having one ink tested per sample type and the two parameters being derived from a fit,
the ranges of depth of penetration and critical energy are not easily determinable and thus

significance in the observed changes cannot be determined simply.

While significance between samples may be difficult to determine, the observed curing kinetics
values for the composite materials are still positive results in the context of using these materials as
3D printer inks. The depth of penetration for the composite inks is on the order of hundreds of
microns, and short exposure to UV light cures the material more than 500 microns regardless of
additives, which either matches or exceeds the expected layer thickness of the anticipated 3D
printers the inks would apply for. Therefore, in the context of 3D printing, none of the tested ink

compositions are expected to cure insufficiently.

5.2.4 Mechanical Properties of GelMA/GlcN-MA/nHA Composite Materials

Regarding Figure 25, it was noted that for the composite material, there appears to be a significant
effect of both salt and additive, as well as significant interaction between salt and additive across all
explored mechanical properties. Overall, similar trends were observed for the effects of GlcN-MA
addition between the hydrogel and their respective composites, with the 1.2X GlcN-MA providing
lower or comparable results to the control for most tested properties, and the 5X material

exhibiting improved mechanical properties over the control.

While each explored mechanical property appears to have at least one additive group where salt
exhibits a significant, though usually quite minor, effect, salt's most prominent effect appears to be
on the moduli of the composite materials. The elastic, storage and loss moduli are all lowered
significantly with the inclusion of salt for the control and 1.2X GIcN-MA composite materials.
However, the elastic and storage moduli increased significantly with the 5X GlcN-MA when salt is
included. Perhaps with salt, the expected entanglement of the GelMA strands allows the 5X GlcN-
MA to form a more interconnected crosslink network due to GeIMA being able to be physically
closer together without repulsion, providing the increased modulus with salt. Meanwhile, perhaps
the salts in the composite systems affect the conformation of the GelMA in the control and 1.2X
systems in such a way to make the materials less rigid, but due to not forming branched crosslinks,

no additional interconnectedness forms unlike for the 5X.

The comparison between the salt positive hydrogel and its composites (as the sets were tested in
the same season) are exhibited in Figure 26. Comparing between the hydrogel and its respective
composite’s mechanical properties, it is noted that for salt-containing inks, compositing raises the

UCS, modulus and complex modulus to varying degrees for all tested compositions. The max strain
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lowers for the 5X GlcN-MA but is nearly unaffected for the control and 1.2X GlcN-MA. With the
above results, the toughness increased with compositing for all cases, but the 1.2X increased the

most, approximately doubling its toughness as a composite.

Overall, the mechanical property results translating from hydrogel to composite material is not
surprising. A simple way to approximate the properties of a composite is through the rule of
mixtures, which predicts the resulting composite to have properties somewhere between the
properties of the constituent materials by assuming each material contributes to the composite
property proportional to its volume fraction [106]. Since the stiffening phase, nHA, has constant
mechanical properties throughout the study, but the matrix of the composite has changing
mechanical properties, the rule of mixtures would also predict that the resultant composites would
have mechanical properties changing with the associated matrix. Thus, the increases in UCS and
moduli are in line with what was expected. The max strain of the control and 1.2X GlcN-MA,
however, is unexpected, as the addition of a ceramic was expected to drop the max strain compared
to a hydrogel significantly, as seen for the 5X GlcN-MA material. It is possible that a significant
decrease in max strain would be observed for an elevated VF of nHA, and that the tested composites
didn’t contain enough ceramic to significantly affect the max strain of the composite and 1.2X GlcN-

MA materials.

5.2.5 Swelling Profiles for Composite Materials
The overall observed effects of salt, nHA compositing, and the combination of the two in terms of

swelling characteristics is quite interesting and a challenge to parse. First, regarding Figure 27 as a
whole, the previously discussed effect of molecular weigh of the crosslink appears to hold for all
tested inks throughout the study. As the Flory-Rehner theory would predict, regardless of salt or
nHA, the 5X GlcN-MA, with the largest molecular weight in its crosslink, swells the most and the

control, with the smallest crosslink size, swells the least.

Figure 27A shows clearly that compositing any of the salt-free hydrogels with 10% VF nHA
significantly decreases degree of swelling. The nHA nanoparticles are known to be hygroscopic, but
won’t dissolve in water. It is likely that the solid nanoparticles act as a physical barrier to impede

the flow of water into the composite matrix and restrict the expansion of said matrix.

Interestingly, the effect of compositing is much less clear when the base hydrogel contains salt. It
was previously shown and discussed that the presence of salt decreases the degree of swelling in
the hydrogel material. This effect can be seen by comparing Figure 27A with Figure 27B, as the salt-

positive hydrogel swells significantly less than the salt-free hydrogel. However, looking at the
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Figure 27B, the addition of 10% VF nHA to salt-containing materials does not appear to affect the
degree of swelling to a large degree nor consistently across additive types. This suggests that there
is likely minimal to no interaction between the salt and the nHA in terms of swelling, that one of the
effects predominates over the other, or that each matrix, depending on additive type, can only have
its swelling restricted so far, and both methods of lowering swelling hit this maximum restriction.
This trend can also be observed in Figure 27C, showing the effects salt has on the composite
materials for swelling. Only the 1.2X GlcN-MA composite material showed any change in swelling
with the inclusion of salt (increasing somewhat), but the degree of observed change is very small
when comparing the effects of salt or compositing alone. Interestingly, noted in the salt-positive
composite swelling stats as well, both the composite and additive sources of variation were found
to be significant (P=0.005 and P<0.001 at 1 week), but the composite-additive interaction was not

found to be significant (P=0.078).

5.2.6 mSLA Printing of GelMA/GIcN-MA/nHA Composite Materials
As with the hydrogel materials, being able to 3D print the composite shows further potential

applications and manufacturing processes available for the developed materials. Due to its
rheological profile and inclusion of one of the newly developed additives, the salt positive 1M 5X
GIcN-MA/GelMA/nHA composite material was chosen for printing on an mSLA 3D printer for proof
of concept. The viscosity of this ink, ~6 Pa-s, was known to be slightly above the recommended
viscosity range of 0.5-5.0 Pa-s cited for mSLA printers [77]. Additionally, as noted previously, the
mSLA printer available uses 405 nm light in its curing system, which, while not at the peak of the
photoinitiator’s efficiency, was shown to be sufficient to cure the hydrogel materials previously
developed. However, the cure depth results for the composites show significantly less curing for

much more exposure of 385 nm light.

Despite these potential challenges, Figure 28 shows the results of attempting to print a dogbone
using a composite GIcN-MA/GelMA/nHA material. The print was found to be ~1.3 mm thick, which,
at a layer height of 100 microns, showed successful consecutive printing of 13 layers. As a proof of
concept, this result lends strong evidence that, at least for the 5X GIcN-MA containing materials, the

composites can be used as mSLA 3D printer inks.
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6. Limitations

There are some known limitations to the study that should be noted.

Firstly, 1-Octanol was used as an anti-foaming agent, acting as a surfactant to prevent air bubble
defects in uncured inks, such that the cured samples would be as close to defect free as possible.
While 1-Octanol succeeds as an anti-foaming agent, it is also known to be cytotoxic, and its current
use in the inks could lead to poor biological response [107, 108]. A biocompatible surfactant to

replace 1-Octanol should be sought.

As seen in the salt-positive hydrogel mechanical testing, the environment that the GelMA-based
materials are made in, such as ambient humidity or temperature, may play a significant effect on
some mechanical properties. The initial mass of swelling samples might also be affected by
humidity. Thus, care should be taken in the planning stage of future works to ensure all relevant

experiments occur within the same seasonal timeframe or in a highly controlled environment.

It is also known that ultrasonication of the uncured inks leads to the introduction of air bubbles and
an excess of heat. As such, care was taken when compositing to ultrasonicate the least amount
while still effectively dispersing the nHA. However, sonication must be done before ink use (for
particle resuspension), increasing the chances for air bubble defects to be present in the cured
composite samples, which would ultimately lower the average mechanical properties of the

materials, and increase the variance in the obtained data.

Mechanical testing on both hydrogels and composite materials were performed at room
temperature with freshly cured samples. While this gives good information on the performance of
these materials for some applications, with the end-goal of using these materials for implants, the

experimental set-up is not accurate.

Additionally, the range of additive concentrations is quite large, with the 1 M concentration having
20x the amount of additive as the lowest tested concentration. However, water and GelMA content
was kept constant between inks, such that the 1 M concentration inks have significantly more solids
content than the 50 mM concentration or GelMA-only control, which may be an additional factor

when considering the observed mechanical properties.

For swelling, room-temperature mQ water was chosen as the swelling medium over salt-containing,
physiological analogues such as simulated body fluid (SBF) or Dulbecco’s phosphate buffer solution

(DPBS). Understanding that salt may play a key role in swelling, as also shown in the data of this
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study, mQ water was chosen as a likely worst-case scenario that would provide the most significant
swelling results while avoiding potential confounding factors with uncontrolled salt addition.
However, recognizing that the body contains many more solutes than mQ water, key influences may

be lost by not testing the swelling in a more physiologically relevant medium.

Regarding the collection of curing kinetics data, while each dosage had multiple samples, only one
set of inks was tested per material type, and as such deviation is not readily obtainable for the
explored parameters in this experiment. Therefore, the differences between hydrogels and
composites made with and without salt are difficult to truly test and should be considered with a

healthy dose of skepticism of there being a real difference.

Finally, the wavelength of curing light used for cure depth and curing kinetics measurements was
385 nm, while the mSLA printer used for printing efficacy tests uses 405 nm light to cure. While the
photoinitiator used in the study, LAP, can cure at both wavelengths, it is much more efficient at 385
nm as previously noted, and as such long cure times were required to print on the mSLA printer.
Additionally, the specific model of mSLA available uses a relatively large print bed and as such
requires a relatively large volume of ink to print properly, on the order of hundreds of mL.
Unfortunately, the largest volume of ink currently fabricated approaches 40 mL, severely limiting

the size of print that can be performed on the mSLA printer with the developed inks at this time.
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7. Conclusion
The original hypothesis of this work was that by adding UV-curable, monosaccharide-derived

additives that would resemble conventional polymers such as PS or PEEK when cured, these
additives would improve the mechanical characteristics of a GelMA hydrogel matrix, and by
extension, the mechanical properties of at GelMA/nHA composite material. It was also
hypothesized that by adding divalent cations in the form of salts, the viscosity of the hydrogel
materials would be lowered such that the materials would flow better, potentially allowing the
material to be worked with and composited easier, as well as allowing both the hydrogel and

composites to be printed.

Firstly, regarding the hypothesis based around mechanical properties, 5X GlcN-MA material
exhibited some promising results, especially at the highest tested concentration. The 1M 5X GlcN-
MA hydrogel showed overall improved mechanical properties when compared to the control
materials as a hydrogel. Therefore, for the 5X GlcN-MA case, the hypothesis that UV-curable
monosaccharides may improve a GelMA hydrogel material’s compressive mechanical properties
has been confirmed. Unfortunately, these mechanical improvements were not observed when
adding 1.2X GIcN-MA. With little exception, the 1.2X GIcN-MA material showed equivalent or lower
mechanical properties compared to the control at all tested concentrations. Additionally, as
expected, the majority of the improvements or detriments observed for the hydrogel materials
depending on additive type translated to the respective composite materials. As such, for the 5X
GIcN-MA, the hypothesis that noted improvements to hydrogels from the additive would transfer to

a composite material was also confirmed.

As hypothesized, it was found that the inclusion of CaCl; salt lowered the viscosity for all tested
hydrogel material compositions compared to their salt-free counterparts. The magnitude of the
effect varied depending on additive type, with the largest salt effect being seen with the 1.2X GlcN-
MA containing material, and the 5X GlcN-MA material being least effected. However, the effects of
salt on the composite material viscosity was mixed, as the control and 5X GIcN-MA/GelMA
composite materials showed no significant difference in viscosity with salt included, but the 1.2X

GIcN-MA/GelMA composite did show decreased viscosity with salt included.

It was also shown that, at least as a proof-of-concept, the 5X GIcN-MA/GelMA material was able to
be printed on an mSLA 3D printer both as a hydrogel and a composite.

Some additional conclusions beyond the initial hypothesis can be made with the data collected

during this work. Firstly, for the hydrogel materials, the 5X GlcN-MA additive appears to act as a
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plasticizer, lowering the viscosity when added, while the 1.2X GlcN-MA additive acts as a thickening
agent, increasing the viscosity. However, for the composite materials, both additives act as

thickening agents, making the viscosity higher than the control.

It was noted that for both additives, the amount of water uptake increased with concentration of
additive. The 5X GlcN-MA showed a stronger effect as well, with similar concentrations of additive
leading to 5X GIcN-MA swelling significantly more than the 1.2X GIcN-MA. The addition of salt can
help lower the degree of swelling for hydrogel materials quite dramatically, as can the addition of
nHA nanoparticles. However, there is not a significant benefit of adding both salt and nHA with
regards to swelling. The degree of swelling associated with the high-concentration materials may

be the largest concern associated with the newly developed additives.

Ultimately, this work represents a potential path and step forward for the development of more
robust biologically derived hydrogel and composite materials. The stiffness of the 1M 5X GlcN-MA
hydrogel and composite materials are over an order of magnitude higher than the values cited for
articular cartilage, and the UCS only a handful of MPa below the lowest cited value for articular
cartilage, values much higher than those observed in the literature for GelMA-based materials as
noted in Table 1. Much work still needs to be done for engineered GelMA hydrogel and composite

materials to reach the properties of cortical bone.
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8. Future Work

Should interest in this research lead to further exploration, there are a number of paths and future

projects possible.

Firstly, the mechanical properties of novel GIcN-MA monomers hydrogels alone should be assessed
if a solid, cured material is achievable. This may lead to the GlcN-MA material working as a pure
material instead of just as an additive, and additionally, the results may aid in understanding the

trends observed in this study.

Next, the volume fraction of nHA was quite low in the composites in this study. Judging from the
viscosity of the inks when fabricated, significantly more nHA could be loaded into some of the
hydrogels. If this were to be done, it would be expected that the viscosity of the uncured materials
could be increased such that Direct Ink Writing could be used as the fabrication process, and the
increased ceramic content would likely further stiffen and strengthen the material at the cost of the
material’s max strain. It is also possible that an increased volume fraction of nHA may decrease the

amount of observed swelling, which would be especially important for the 5X GlcN-MA materials.

Throughout this study, the mechanical properties of freshly cured materials were assessed.
Assessing the mechanical properties after the sample has been submerged in an aqueous
environment at physiological temperature for an extended period of time would provide a step

towards a more accurate assessment of how the material may behave in a body.

The mechanical properties in this work were obtained by studying the engineering stress and strain
profiles of the materials. However, these materials show significant strain before failure and as
polymeric materials, can be considered incompressible. Reanalysis of obtained data and future
analysis of mechanical data of polymers should be done using the true stress and true strain of the

materials, with surface area approximated using conservation of volume.

Since a body contains many solutes instead of just purely water, exploring the swelling
characteristics of the developed materials in a more physiologically relevant medium, such as DPBS
or SBF at 37°C may prove important to gain insight on how the material may react if implanted. In
this study, the degree of water uptake was compared to the freshly cured hydrogel’s initial mass,
the method chosen to match the anticipated end use of the material. However, it is recommended
that in future work, the samples be desiccated or lyophilized after the swelling time points have
been reached to obtain the solids mass of the samples, which would allow for the total water

content of the hydrogel to be calculated. Additionally, to better match what is commonly displayed
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in the literature, it is also recommended that an additional set of samples be made which are

lyophilized first, then submerged in the swelling medium.

Much of the work performed focused on phenomena resulting from the addition of GlcN-MA
additives, but little work was performed characterizing the material structure. To complement the
1H NMR data, carbon NMR on unreacted GlcN and the two developed additives is recommended to
provide further evidence towards the materials’ chemical structures. The bond conversion degree,
or curing efficiency, can be quantified via Fourier transform infrared spectroscopy, which could be
used to ensure full conversion of the 1.2X GlcN-MA materials, and to potentially approximate the
degree of interconnectedness for the 5X GlcN-MA crosslinks and potential networks. For better
quantification of the sample composition, thermal gravimetric analysis (TGA) can be performed on
the cured materials, and it is also recommended that dynamic scanning calorimetry be performed
on both cured and uncured to explore potential changes in thermal stability, phase changes such as
gelation or crystallization, or degree of crosslinking. If potential crystallinity is detected, x-ray
diffraction analysis may also be performed for further analysis. Finally, it is recommended that
scanning electron microscopy be performed at the fracture surfaces of the composite materials, as

this will allow for direct imaging of nanoparticle aggregates.

It had also been noted that some of the material properties might be affected by seasonal changes,
such as ambient humidity and temperature. A future project exploring the effects of
humidity/absorbed water in GeIMA powder vs. desiccated GelMA powder on hydrogel mechanical
properties may aid in parsing potential environmental effects. Absorbed water content could be

measured using TGA.

As many natural hydrogels, including gelatin, can physically gel, exploring the physical gelling
characteristics of the GeIMA/GlcN-MA based materials could prove very insightful. This would
include determining a method to consistently induce gelation, such as through temperature change
by placing uncured ink in a fridge or freezer. Additionally, exploring the effects of first physically
gelling, then chemically curing the material has on its mechanical properties and matrix structure

(crystallinity and polymer conformation) may prove fruitful.

Should the GlcN-MA be used for cell work, a more extensive purification process may be required to
get good cell response. Currently two purification steps are taken, a toluene liquid-liquid extraction
and an ethanol precipitation. Adding two more liquid-liquid extraction steps with toluene would

help to ensure the final obtained material is free of unreacted additives and by-products.
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Additionally, as previously mentioned, 1-octanol should be replaced with a more biocompatible
surfactant before cell work should be attempted. A small study of potential biocompatible
surfactants is recommended, ensuring efficacy of the anti-foaming properties while ideally not
effecting mechanical properties of the material. Commercially available, advertised as
biocompatible surfactants such as Tween 80, Triton X-100, or Pico-surf would be good starting

points for exploring more biocompatible surfactants.

Finally, many of the observed rheological trends are expected to be reliant on electrostatic effects
from non-zero zeta potentials. While previous research done in the lab has shown the zeta potential
of highly-modified GelMA with and without salts, gaining insight into the zeta potential of the 1.2X
and 5X GlcN-MA materials with and without salts, in their own solutions and with GelMA, would

give further evidence to parse the main effects causing the observed rheological trends.
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