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ABSTRACT OF THE DISSERTATION

Coordination Chemistry Enables Tunable Crosslinking, Reversible Phase Transition, and
3D Printing of Hydrogels for Biomedical Applications

by

Changlu Xu

Doctor of Philosophy, Graduate Program in Materials Science and Engineering
University of California, Riverside, December 2022
Dr. Huinan H. Liu, Chairperson

Hyaluronic acid (HyA) hydrogels are promising in various biomedical
applications such as tissue regeneration, drug delivery, cell therapy, and biosensing.
Three-dimensional printing (3D printing) can precisely control the structures and
properties of the HyA hydrogels, which is highly desirable for many biomedical
applications. However, the crosslinking and 3D printing of HyA hydrogels usually
require chemical modifications. This may raise toxicity concerns on the hydrogels,
especially when regulatory approval is required for the clinical translation of the final
products. This dissertation investigated the mechanisms of dynamic coordination and the
relationships among the key parameters in controlling the tunable crosslinking, reversible
phase transition, and 3D printing of HyA hydrogels for biomedical applications, without
blending with other polymers or adding new functional groups. In the first part, tunable
crosslinking and reversible phase transition of HyA hydrogels were achieved and
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demonstrated via dynamic coordination of Fe* ions with innate carboxyl groups. The
concentrations of Fe** and H* ions and the reaction time determine the coordination state,
leading to the low-to-high crosslinking densities and reversible solid-liquid phase
transition of HyA hydrogels. In chapters 3 and 4, three different 3D printing approaches
for HyA hydrogels were developed, for the first time. Two 3D printing strategies, namely
cold-stage and direct-writing methods, were achieved based on the tunable crosslinking
and reversible phase transition of the HyA hydrogel. Direct writing of HyA solution in
FeClz solution was also achieved by decelerating the solidification process of the
hydrogel in FeClz solution. In chapter 5, the cytocompatibility of HyA hydrogels with
different crosslinking densities and 3D-printed HyA constructs was investigated via the
direct exposure culture method with bone marrow-derived mesenchymal stem cells
(BMSCs). The last part of this dissertation investigated the incorporation of magnetic
nanoparticles (MNPs) in the HyA hydrogels in situ. The MNP content and agglomeration
in the magnetic hydrogels were tunable by controlling concentrations of Fe3* and Fe?*
ions. Cell study results indicated that BMSC adhesion density decreased when increasing

the MNP content in HyA hydrogels.
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CHAPTER 1 Background on the Crosslinking and Three-Dimensional Printing of

Hyaluronic Acid Hydrogels for Biomedical Applications

Hydrogels are three-dimensional (3D) crosslinked polymeric networks that can
maintain high water content in their structures and can be created from both synthetic and
natural polymers.! Hyaluronic acid (HyA) is a hydrophilic polysaccharide that naturally
presents in the human body and plays a critical role in the biological functions of many
different tissues and organs.>® The aqueous solution of HyA with a concentration greater
than 0.1 mg/mL is viscoelastic because of the entanglement of its molecular chains.* The
entangled molecular networks of HyA still retain flowability before crosslinking.* The
crosslinking of HyA can be achieved via interactions between its carboxyl groups and
cations such as Fe* ions,>® blending with other polymers,’® or modification with other
functional groups.®*® These three types of methods for crosslinking HyA have been
explored for a variety of biomedical applications, such as tissue repair,**’ drug
delivery,'®1° cell encapsulation,?®?! and biosensing.??® For example, HyA hydrogel
crosslinked via carboxylate-Fe* coordination has been clinically used as an adhesion
barrier gel, commercially called Intergel®, for preventing peritoneal adhesion after
surgeries such as laparotomy.> 6 24 Blending HyA with other polymers could also
produce crosslinked hydrogels. For example, when the oxidized HyA (aldehyde HyA)
was blended with N-succinyl-chitosan, the gelation was achieved via the Schiff base
reaction between aldehyde groups on the oxidized HyA and amino groups from the N-

succinyl-chitosan’ Lastly, HyA can be chemically modified to form HyA derivatives by



adding new functional groups, and these HyA derivatives can be crosslinked with or
without adding crosslinking initiator, as shown in Figure 1.1. For example, iminodiacetic
acids (IDA)-modified HyA relied on the addition of cations to achieve the crosslinking
via metal-ligand coordination.’* The methacrylate-modified HyA (MeHyA) was
crosslinked under ultraviolet (UV) irradiation with the addition of a photoinitiator.*? The
thiol-modified HyA molecules were crosslinked by oxidation of thiols to disulfides in the
air without an initiator.'° The crosslinking density of these HyA hydrogels can be tuned
by adjusting the parameters such as the molecular weight and concentration of HyA,? the
types and concentrations of crosslinkers, 26" the ratios of HyA to the co-blended
polymers,’ the percentage of modified functional groups,® as well as the conditions of
chemical reactions.? 282° The tunable crosslinking densities have been achieved using the
methods of functionalizing HyA® or blending HyA with other polymers,?® but the
reversibility of the crosslinked HyA hydrogels has not been demonstrated and some

crosslinked hydrogels such as UV-crosslinked MeHyA are not reversible.
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Reversible crosslinking is critical for hydrogels to achieve self-healing capability
that allows recovery of their original structure,®® mechanical properties,®-** and electrical
properties®3? after the fracture. Self-healing hydrogel is favorable for many applications,
e.g. repairing tissues that undergo cyclic loading such as heart muscle.>*-%¢ Reversible
crosslinking of HyA hydrogels has been achieved via reactions such as guest-host
interaction®”-® and dynamic ligand-metallic ion coordination.?® 3%-40 For instance,
adamantane (Ad) modified and cyclodextrin (CD) modified HyA (hamed as Ad-HyA and
CD-HyA) was crosslinked via Ad-CD guest-host interaction to form a self-healing
hydrogel,3"-*® and bisphosphonate (BP) modified HyA was crosslinked by Ca?* to form
the reversible BP-Ca®* crosslinking.?® The reversible phase transition of catechol
modified HyA hydrogels has been achieved via controlling catechol-Fe** coordination by
adding HCI or NaOH 340

Three-dimensional (3D) network structures of hydrogels are highly desirable for a
wide range of applications. To achieve controllable 3D microstructures and properties, it
is critical to create 3D printable hydrogels. HyA has achieved 3DP capability when
blended with other polymers as reported in various studies.?®?' For example,
alginate/HyA hydrogels at a weight ratio of 10:1 were successfully 3D printed into a
crosslinking solution containing 100 mM Ca?* ions, 25 mM HEPES buffer, 0.1 w/v%
PEI, and 0.95% w/v% Poly (vinyl alcohol) (PVA).2° Alternative methods without
blending with other polymers, such as Ad-CD guest-host interaction,®-3® BP-Ca®*
coordination,?® and photocrosslinking,? have also shown success in 3DP of HyA

hydrogels. However, all these HyA hydrogels required certain chemical modifications



such as blending with other polymers or adding functional groups to achieve 3D printing
(3DP), which may raise additional concerns on their interactions with host cells and
biocompatibility for medical applications, especially when the regulatory approval is
required for clinical translation of the final products.? “:-*> Moreover, blending with other
polymers increases the chemical complexity,” while the addition of new functional
groups raises the safety concern on undesirable solvent residue.®” The chemically
modified HyA hydrogels in literature have demonstrated some aspects of tunable
crosslinking, reversible phase transition, and 3DP,?® 373 put not all. Thus, it is highly
desirable to develop a new approach that could eliminate the need for chemical
modifications of HyA such as blending with other polymers or adding functional groups,
while achieving tunable crosslinking density, reversible phase transition, and 3DP

capability of hydrogels, all in one.



CHAPTER 2 Tunable Crosslinking and Reversible Phase Transition of Hyaluronic

Acid Hydrogels via Dynamic Coordination of Carboxyl Groups and Metallic lons

2.1 Introduction

In this chapter, | will elucidate the relationships of key parameters in controlling
the dynamic coordination of Fe** ions with the innate carboxyl groups on HyA chains,
and reveal how we can use such principles to achieve tunable crosslinking and reversible
phase transition of HyA hydrogels. Although the interactions between carboxyl groups
and cations such as Fe®* ions have been explored before,>® this study made several key
advancements. For the first time, this chapter revealed the effects of Fe* and H*
concentrations and reaction time on the ratios of mono-, bi-, and tridentate coordination
bonding, and described the mathematical equations governing the low-to-high tunable
crosslinking densities of the hydrogels and reversible solid-liquid phase transition. The
mechanism and principle for dynamic carboxylate-Fe®* ion coordination is applicable for

crosslinking of other polymer hydrogels with carboxyl groups.



2.2 Materials and Methods

2.2.1 Determine the Effects of Fe3* Concentration and pH Value on the Crosslinking
Densities and Reversible Phase Transition of HyA Hydrogels
2.2.1.1 Determine the Effects of Fe>* Concentration on the Crosslinking Densities and
Reversible Phase Transition of HyA Hydrogels

Sodium hyaluronate (abbreviated as HyA; Bulk Supplements, Henderson, NV)
solution at the concentration of 5 w/v% was manually printed onto a 6-well plate to
create a 24>24 mm network pattern with 16 squares of 6>6 mm. The 24>24 mm network
pattern was first drawn on a piece of paper that was placed under the transparent well
plates to serve as a guide during the printing. A syringe with a needle size of 0.35 mm
was utilized for printing. After creating the HyA network pattern, 10 mL of Fe®* solution
(FeCls, #169430010, Sigma-Aldrich, St. Louis, MO) at the concentrations of 2 mM, 3
mM, 5 mM, 10 mM, 20 mM, 30 mM, 50 mM, 100 mM, and 300 mM was added in
different wells to crosslink the HyA, respectively. After 24-hour immersion, the
crosslinking states of respective HyA gels were photographed.
2.2.1.2 Determine the Effects of pH Value on the Crosslinking Densities and Reversible
Phase Transition of HyA Hydrogels

FeCls solution at the concentrations of 10 mM, 20 mM, and 30 mM was prepared.
The FeCls solution at 10 mM, 20 mM, and 30 mM was adjusted to the respective pH
range of 2.1~2.4, 2.05~2.3, and 2~2.2, respectively using hydrochloric acid (HCI). HyA

network patterns were created in a 6-well plate as described above, 10 mL of FeCls



solution at 10mM, 20mM, and 30mM was then added to the respective wells. After 24-
hour immersion, the crosslinking states of HyA gels were photographed.
2.2.1.3 Determine the Effects of Fe>* Concentration and pH Value on the Storage
Modulus of Crosslinked HyA Gels

To investigate the effects of Fe®" concentration on the storage modulus of
crosslinked HyA gels, we prepared FeCls solution at the concentrations of 10 mM, 20
mM, and 30 mM, and the pH value of these solutions was intentionally adjusted to 1.7
using HCI. HyA solution at the concentration of 5 w/v% was injected into the respective
FeCls solutions of 10, 20, and 30 mM using a syringe with a needle of 0.35 mm in
diameter. At the respective time points of 5 min, 15 min, and 30 min, the crosslinked
HyA gels were collected using a spoon and tested for storage moduli using a rheometer
(MCR 92 with PP25 measuring system, Anton Paar), respectively. For rheological
testing, around 1 mL of each collected gel sample was added onto the stage of the
rheometer, and then the testing spindle (PP25, Anton Paar) was moved down and the
extra gel sample was removed. The gap between the bottom plane of the spindle and
stage was set as 1 mm. The strain angular frequency was set as 10 1/s for all the samples,
and the storage modulus of the sample at the shear strain of 1%~1000% (or shear strain
of 0.01-10) was recorded at 25 °C.

To investigate the effects of pH value on storage modulus of crosslinked HyA
gels, we prepared FeCls solution at the concentration of 20 mM and intentionally adjusted
its pH value to 1.5, 1.7, and 1.9 using HCI, respectively. HyA solution at the

concentration of 5 w/v% was injected into the 20mM FeCls solutions with respective pH



of 1.5, 1.7, and 1.9 following the same method described above. The crosslinked HyA gel

was collected and tested for storage modulus using the same rheometer setup.

2.2.2 Demonstrate the Tunable Crosslinking and Reversible Phase Transition of
HyA Hydrogels

Based on the different crosslinking degree (or coordination states), the crosslinked
HyA gels are classified as HyA hydrogel with low (HyA L), medium (HyA M), and
high (HyA_H) crosslinking degree.

Demonstrate the phase transition from HyA M to HyA L: For this, 8 mL sodium
hyaluronate (abbreviated as HyA; Bulk Supplements, Henderson, NV) solution at the
concentration of 5 w/v% was injected into a PTFE mold (Bottom size: 4>8 cm) using a
syringe with a needle of 0.84 mm in diameter. It took 10 min for the viscous HyA
solution to form a uniform HyA layer with a thickness of 0.25 mm on the bottom of the
mold. After that, 32 mL of FeCls (#169430010, Sigma-Aldrich, St. Louis, MO) solution
at the concentration of 300 mM was added into the mold to crosslink the HyA. The
crosslinking degree of HyA can be controlled by the reaction time with FeCls solution.
When the reaction time was 5 min, HyA M formed. When the reaction time was 1 hour,
HyA L formed.

Demonstrate the phase transition from HyA M to HyA H and HyA L to
HyA H: To obtain HyA H, the as-prepared HyA M or HyA L was immersed in DI
water in a beaker for 24 hours at room temperature and pressure. DI water was refreshed

every 12 hours.



Demonstrate the phase transition from HyA L to HyA M: HyA L is injectable
and can be used to directly write letters or patterns. To obtain HyA M, HyA L was first
injected onto a plastic weighing dish using a syringe with a needle of 0.84mm in diameter
to form a 1mm-thin layer of the hydrogel, and then 20 mL FeCls solution at the
concentration of 30 mM was added on top of the HyA L to completely cover the HyA L
layer. HYyA M formed after HyA L reacted with 30 mM FeCls solution for 5 mins at
room temperature and pressure.

Demonstrate phase transition from HyA H to HyA M and HyA M to HyA L:
When HyA_H was immersed in 300 mM FeCls solution in a plastic weighing dish for 1
hour, HyA H transformed to HyA_M. When HyA H was immersed in 300 mM Fe Cl3
solution in a plastic weighing dish for 2 hours, HyA H transformed to HyA L. The
collected HyA L can be injected or printed to form a line, letters, or patterns using a
syringe with a needle of 0.84 mm in diameter.

All the processes described above were recorded in both videos and photographs
using a camera.

2.2.3 Measure the Reduction of Size, Volume, and Water Content and the Release of
Fe3* lons During the Phase Transition From HyA M to HyA H

HyA M with a diameter of 13 mm and a thickness of 2 mm was immersed in the
DI water for up to 96 hours at room temperature and pressure. After immersed in DI
water for 0.25h,0.5h,1h,1.5h,25h,4 h, 12 h, and 24 h, 36 h, 48 h, and 96 h, the gels
were collected from the DI water using a tweezer and were then photographed

respectively. The diameter of the sample was measured before and after immersion in DI



water for a prescribed period, based on the scale bar in each photograph using the tools in
ImageJ software. The mass and buoyant mass of the sample was measured before and
after immersion in DI water for a prescribed period using the analytical balance (ME-T,
Meter Toledo) and buoyant balance (analytical balance equipped with a density Kit,
XPR-S, Meter Toledo). The volume (v) of the hydrogel before and after immersion in DI

water for a prescribed period was calculated as:

m; —m,
vV=—" (2.1)
p

Where v is the volume of the hydrogel at a specific timepoint, m; and m; are the
mass and buoyant mass of the hydrogel at a specific time point, and p is the density of
water (i.e. 1 g/cm3).

The volume change ratio at a specific time point was calculated as:

v
Volume change ratio = o (2.2)
0

Where v is the volume of the hydrogel at that specific time point, and vg is the
volume of hydrogel before immersion in DI water.

After being immersed in DI water for 96 h, the crosslinked HyA hydrogel was
lyophilized using a lyophilizer (FreeZone Benchtop Freeze Dryer, Labconco) at the
temperature of -54 oC and the pressure of 0.01 mBar. The water content in the sample at
a specific time point was calculated as:

my

m
Water content = ( ) X 100% (2.3)

Where m is the wet mass of the hydrogel at the prescribed time point, and mo is

the sample dry mass. The sample wet mass was measured after the gel was collected from
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the DI water and dried by a gentle wipe. The sample dry mass reached a constant after
Iyophilization and was then weighed as mo. The water content describes the mass
percentage of water in the wet swelling hydrogel.

The Fe** ion release during the phase transition from HyA_M to HyA H in DI
water was measured using inductively coupled plasma-optical emission spectrometry
(ICP-OES; Optima 8000, PerkinElmer, Waltham, MA). Specifically, HyA M with a
diameter of 13 mm and a thickness of 2 mm was immersed in 50 mL DI water in a 50 mL
tube at room temperature and pressure. At the time points of 0 h, 0.25h,0.5h, 1 h, 1.5 h,
25 h,4h, 12 h, 24 h, 36 h, 48 h, and 96 h, the immersion solution of 0.1 mL was
collected from the tube at each time point and was diluted with a factor of 1:100 using DI
water (Millipore). The diluted solution was loaded onto the autosampler for ICP-OES.
The Fe3* concentration in the immersion solution was calculated based on the curves of
Fe3* standards at the respective concentrations of 0.1, 0.5, 1.0 mg/L, which was prepared
by dissolving FeClsin DI water. The cumulative amount of Fe3* ion released from HyA
hydrogel into the DI water at each time point was calculated using the following
equation:

Fe3* ions released = ¢ X v (2.4)

Where c is the Fe3* concentration in the immersion solution measured using ICP-
OES, and v is the volume of the total immersion solution.

The measurements were performed in triplicate samples for the diameter and
volume of hydrogels, water content in the hydrogels, and Fe3* ion release from the

hydrogels.
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2.2.4 Characterize Microstructure and Properties of the HyA L, HYA M, HyA H,
and HyA
2.2.4.1 Characterize the Microstructure and the Porosity of HyA M, HyA_H, and HyA
HyA M, HyA_H, and 5 w/v% HyA solution were lyophilized using a lyophilizer
(FreeZone Benchtop Freeze Dryer, Labconco) at the temperature of -54 °C and the
pressure of 0.01 mBar, the same as described in Section 2.3. The lyophilized samples
were then cut into half and mounted onto a 90°SEM sample holder, the cross-sections
were sputter-coated (model 108, Cressington Scientific Instruments Ltd., Watford, U.K.)
with platinum/palladium at 20 mA with a 90 s sputter time. The microstructures of the
cross-sections of lyophilized HYyA M, HyA H, and HyA were characterized using an
Everhart—Thornley detector (ETD) of scanning electronic microscopy (SEM, Nova
NanoSEM 450, FEI Co) with an accelerating voltage of 5 kV and a spot size of 3, at the
magnification of 1000><and 10000x Elemental compositions of the cross-sections of the
lyophilized HyA M and HyA H were characterized using a detector for energy
dispersive X-ray spectroscopy (EDS; X-Max 50 silicon drift detector) attached to SEM
with an accelerating voltage of 10 kV and a spot size of 3, at the magnification of
10000>< Aztec Energy software (Oxford Instruments, Abingdon, Oxfordshire, U.K.) were
used to analyze the elemental composition and distribution. The porosity of HyA M,
HyA H, and HyA was determined in the SEM images using the image analysis tools in

ImageJ software.
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2.2.4.2 Characterize the Thermal Properties of HyA L, HyA M, HyA H, and HyA

The HyA samples of interest were analyzed using a thermogravimetric analyzer
(TGA; TG 209 F1 Libra®, Netzsch) and a differential scanning calorimeter (DSC 214,
Netzsch) for thermal properties. Before the TGA and DSC testing, all the samples were
lyophilized using the same method as described in Sections 2.3 and 2.4.1. For TGA, the
lyophilized HyA L, HYyA M, HyA H, and HyA sample of 10 mg each were placed in
alumina crucibles and heated from 30 T to 800 T at a heating rate of 10 <C /min in a
nitrogen (N2) atmosphere with a N2 flow rate of 20 mL/min. The sample mass change
over the temperature was analyzed and plotted. For DSC measurements, the lyophilized
HyA L, HYA M, HyA H, and HyA samples of 5 mg each were placed in aluminum
containers and an empty container was used as a reference. The samples were heated
from 0 T to 120 <, then cooled to 0 T, and reheated to 350 <C. The heating and
cooling rates were set as 10 <C /min and the test was performed in a N2 atmosphere with
a N2 flow rate of 10 mL/min.
2.2.4.3 Characterize the Chemical Bonding of HyA L, HyA M, HyA H, and HyA

Fourier transform infrared spectroscopy-attenuated total reflection (FTIR-ATR,
Nicolet iS10, ThermoFisher Scientific) was used to measure the transmittance of the
HyA L, HYA M, HyA H, and 5 w/v% HyA solution at the wavenumber of 4000-500
cmL. Briefly, the sample was placed on the sample holder to cover the ATR crystal, and a
metallic cap was then placed above the sample to prevent water evaporation. FTIR-ATR
measurement was performed using the absorbance mode with 64 scans. After the

measurement for each sample, the sample holder and the metallic cap were cleaned using
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DI water and then dried using a cotton swab to avoid cross-contamination between the
samples.
2.2.4.4 Perform the Tensile Testing for HyA M and HyA H

The tensile properties of HYyA M and HyA H samples were tested using an
Instron 5969 dual column testing system equipped with a 10 N load cell (Instron,
Norwood, MA). The HyA M sample was cut into a dimension of 50<10>2 mm, and the
HyA H sample was cut into a dimension of 20>4>0.5 mm for tensile testing. The tensile
testing was performed with a 0.005 N preload and a crosshead speed of 10 mm/min. The
tensile stress-strain curves were plotted from the data calculated based on the load and
extension. The tensile strength was defined as the maximum stress before failure in the
stress-strain curve of the respective hydrogel sample. The tensile modulus was
determined from the linear region of the stress-strain curve by fitting a straight line
between 0% and 20% strain. The percent of sample elongation at the breakage point was
also calculated.
2.2.4.5 Measure the Dynamic Modulus and Viscosity of HyA_L and HyA

The rheological properties of HyA L and HyA (5 w/v%) were determined using a
rheometer (MCR 92 with PP25 measuring system, Anton Paar). For this purpose, the
HyA L was prepared by injecting 5 w/v% HyA solution to 300 mM FeCl3z solution using
a syringe with a needle size of 0.35 mm and reacted for 4 h. The storage modulus and
loss modulus of the sample at the shear strain of 1%~1000% (or shear strain of 0.01-10)

was recorded at 25 °C, similarly as described above. For viscosity measurement, the gap
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between the bottom plane of the spindle and stage was set as 1 mm, and the viscosity of

the sample at the shear rate of 0.1 1/s~100 1/s was recorded at 25 °C.

2.3 Results

2.3.1 Tunable Ratios of Mono-, Bi- and Tridentate Coordination in HyA Determine
the Low-to-High Crosslinking Densities and Solid-Liquid Reversibility of Hydrogels
It is well known that the ferric iron (Fe**) solution such as iron chloride (FeCls)
solution is inherently acidic because the electrons between the O-H bond of the water in
this solution become polarized until an H* ion from water is liberated.** Our results
indeed confirmed that the innate pH value of FeCls solution (i.e., FeClz solution dissolved
in DI water without pH adjustment) decreases as Fe®" concentration increases;
specifically, the innate pH of FeCls solution showed a negative linear relationship with

the logarithmic form of Fe3* concentration, as shown in Figure 2.1.

2.8 @@.'
.
2.44 @
Co.
220 Q.
@)
1 10 100

FeCl, concentration (mM)

Figure 2.1 The innate pH values of FeCls solutions at different concentrations.
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Figure 2.2a shows the chemical structure of sodium hyaluronate, which is the salt
form of HyA with one carboxyl group per disaccharide unit. When a FeCls solution is
added to the sodium hyaluronate, three different coordination of mono-, bi- and tridentate
coordination of carboxyl groups with Fe3* ions on HyA molecular chains could form, as
shown in Figure 2.2a. In addition to the Fe3* ions and their complex (e.g.,
[Fe(H20)6]*"),* the iron salt solution has abundant hydrogen ions (H*), thus forming an
acidic solution. As a result, the coordination sites of carboxyl groups in HyA can also be
occupied by H* ions due to the acidic nature of Fe** solution. Thermodynamically, both
Fe3* and H* (pH) ion concentrations determine the tunable ratios of mono-, bi-, and
tridentate coordination states and the resulted low-to-high crosslinking densities of Fe®*
crosslinked HyA hydrogels, as shown in Figure 1b. The equilibrium constant for mono
(K1), bi (K2), and tridentate (K3) coordination, and H* (Ka) replacement is defined below

respectively:

[Fe3+C00~]

1 = [F3¥[C00-] (2.5)
-y
o

[H*C00™] 28)

4+~ [H*][CO0™]
Equation (2.5a-2.8a) below are derived from Equation (2.5-2.8) to show the ratio

of bonded to free carboxyl groups.
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o] = [Fe3*]K;
[Fez;gi)o_?;)z] = [Fe**]K,
[PES%]_] = [H*]K,

(2.5a)

(2.6a)

(2.7a)

(2.8a)

Equation (2.5b-2.7b) are derived from Equation (2.5-2.8) to show the

concentration ratio of mono, bi, and tridentate carboxylate-Fe** to carboxylate-H*

coordination.
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Figure 2.2 Schematics for controlling dynamic Fe**-carboxyl coordination states and
tunable crosslinking densities of HyA hydrogels. (a) lllustration for dynamic carboxylate-
Fe3* ion coordination when sodium HyA solution is mixed with FeCls solution. Each
disaccharide unit of HyA molecular chain has one carboxyl group. The FeCls solution
consists of Fe** ion, Fe**complex, H* ion, and other CI- counter ions. Fe** could form
mono-, bi-, and tridentate coordination bonding with carboxyl groups on HyA chains, and
the carboxyl groups can also bond with H* in the acidic FeCls solution. (b) The key
parameters of Fe®* and H* concentrations and the reaction time determine the
coordination states of HyA hydrogels and the tunable crosslinking densities. (c)
Illustration for the reversibility of HyA hydrogels with low-to-high crosslinking densities.
(1) HyA_L with a low degree of crosslinking has a monodentate-dominant coordination
state. (2) HyA M with a medium degree of crosslinking has a mixed state of mono-, bi-,
and tridentate coordination. (3) HyA H with a high crosslinking density has a tridentate-
dominant coordination state. HyA P with the crosslinking densities between HyA L and
HyA_ M is 3D printable.
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Kinetically, however, the intermediate coordination states and the resulted
crosslinking densities can also be achieved by controlling the reaction time, as illustrated
in Figure 2.2b and 2.2c. When taking both thermodynamically equilibrium states and
kinetically metastable states into consideration, three different coordination states with
varied ratios of mono-, bi-, and tridentate coordination could form. Specifically, as shown
in Figure 1c, HyA hydrogel with low crosslinking density (named as HyA L) could form
when H* ions replace the Fe3* ions in the coordination site and Fe®* ions form
monodentate-dominant coordination with carboxyl groups; HyA hydrogel with high
crosslinking density (named as HyA_H) could form when Fe3* ions form tridentate-
dominant coordination with carboxyl groups; and HyA hydrogel with medium
crosslinking density (named as HyA M) could form as an intermediate state by
controlling the reaction time, when carboxyl groups are bonded with both H* ions and
Fe3* ions to form a mixture of mono-, bi-, or tridentate coordination with carboxyl
groups.

2.3.2 The Effects of Fe3* Concentration and pH Value on the Tunable Ratios of
Mono-, Bi-, and Tridentate Coordination and the Resulted Low-to-High
Crosslinking Densities of HyA Hydrogels

Figure 2.3 shows the effects of Fe** ion concentrations and pH values (H* ion
concentrations) on the ratios of mono-, bi-, and tridentate carboxylate-Fe** coordination
and the resulted low-to-high crosslinking densities of HyA hydrogels. As shown in
Figure 2.3a, we injected 5 w/v% of HyA solution onto a dish and added 2-300 mM FeCls

solutions to react for 24 hours. The 2-300 mM FeCls solutions were used at their
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respective innate pH values (Figure 2.1 in the supplementary materials). The HyA
exhibited dramatically different structural changes in the FeCls solutions of different
concentrations. At the Fe** concentration of less than 5 mM (2-3 mM), HyA hydrogels
swelled and lost the structural integrity. At the Fe3* concentrations of 5-30 mM, HyA
hydrogels crosslinked and retained their 3D structure. At the Fe3* concentration of greater
than 30 mM (50-300 mM), HyA dissolved in the FeClsz solution. To demonstrate the
effects of pH on HyA crosslinking, we further crosslinked the HyA utilizing 10-30 mM
FeClz solution with their pH adjusted to different values using HCI solution. As shown in
Figure 2.3b, we adjusted the pH values of 10 mM, 20 mM, and 30 mM FeCl3 solutions to
a respective range to achieve the solid or liquid states of HyA after a reaction time of 24
hours, as highlighted using red dashes. When the pH values of 10 mM FeCls solution
were adjusted to be > 2.2 up to the innate pH of 2.4, HyA exhibited as a solid phase.
When the pH values of 10 mM FeCls solution were adjusted to be < 2.15, HyA was in a
liquid phase. Similarly, HyA was in a solid phase when the pH values of 20 mM FeCls
solution were adjusted to be > 2.15 up to the innate pH of 2.22, or in a liquid phase when
the pH values were adjusted to be < 2.1. HyA showed as a solid phase when the pH
values of 30 mM FeCls solution were adjusted to be >2.11 up to the innate pH of 2.13, or
liquid phase when the pH values were adjusted to < 2.07. The results indicated that in the
FeCls solutions with higher Fe3* ion concentration, the lower pH values were required to
achieve the liquid phase of HyA gel. Furthermore, we performed the rheological testing
to determine the effects of Fe®* ion concentration, pH value (H* ion concentrations), and

reaction time on the storage moduli of HyA hydrogels at the solid or liquid phases.
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Figure 2.3 The structural stability of crosslinked HyA hydrogels demonstrated the effects
of Fe®* concentration and pH value on the tunable crosslinking of HyA hydrogels. (a) The
representative photographs of as-injected (or as-printed) network pattern of HyA solution
in the well at time zero (T=0 h) and HyA gels immersed in 2 to 300 mM of FeCls
solutions with innate pH values after 24 hours of reaction (T=24 h). (b) The
representative photographs of as-injected (or as-printed) network pattern of HyA solution
in the well at time zero (T=0 h) and HyA gels in 10 mM, 20 mM, and 30 mM FeCls
solution with decreasing pH values after 24 hours of reaction (T=24 h).

In Figure 2.4a, when the pH values of 10 mM, 20 mM, and 30 mM FeCls solutions
were adjusted to a constant of 1.7, the storage moduli of HyA hydrogels decreased as the
shear strain increased, indicating the shear-thinning property of the hydrogels. Shear-
thinning was also observed in HyA hydrogels formed by other metal-ligand coordination,
such as HyA hydrogels crosslinked via BP-Ca®* coordination® or catechol-
Fe®*.coordination.®® The storage moduli of the crosslinked HyA hydrogel increased with
the increase of Fe** concentration, which was observed at all time points of 5-15 min. In

Figure 2.4b, when the Fe* concentration was fixed at 20 mM, the storage moduli of the
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crosslinked HyA hydrogel decreased with decreasing pH values. In both Figure 2.4a and
2.4b, all hydrogel samples exhibited similar shear-thinning property and time-dependent
rheological property. The storage moduli of all groups decreased with increasing reaction

time from 5min to 15 min, revealing the reaction time as a kinetic parameter.
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Figure 2.4 The storage modulus of crosslinked HyA hydrogels demonstrated the effects
of Fe3* concentration, pH value, and reaction time on the tunable crosslinking of HyA
hydrogels. (a) The curves of storage modulus over shear strain for HyA hydrogels
crosslinked with 10 mM, 20 mM, and 30 mM FeClz solutions with a constant pH of 1.7
for 5 min (Left), 15 min (Middle), and 30 min (Right). (b) The curves of storage modulus
over shear strain for HyA hydrogels crosslinked in the 20 mM FeCls solution with an
adjusted pH value of 1.5, 1.7, and 1.9, respectively, for 5 min (Left), 15 min (Middle),
and 30 min (Right).
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2.3.3 Reversible Solid-Liquid Phase Transition of HyA Hydrogels Achieved via the
Tunable Ratios of Mono-, Bi-, and Tridentate Coordination and the Resulted Low-
to-High Crosslinking Densities

Solid or liquid phases of the HyA hydrogels are highly tunable and reversible,
based on the effects of Fe** ion and H* ion concentrations on the tunable ratios of mono-,
bi-, and tridentate coordination and the resulted low-to-high crosslinking densities in
HyA hydrogels. We achieved the reversible phase transitions between HyA L, HYA M,
and HyA_H by controlling the tunable ratios of mono-, bi-, and tridentate carboxylate-
Fe3* coordination, that is, adjusting Fe** and H* (pH) concentrations of the FeCls
solutions, as demonstrated in Figure 2.5. Specifically, we cast a thin layer of HyA
solution with the dimension of 4>8>0.25 cm in a PTFE mold, and 32 mL of FeCls
solution was poured into the mold to crosslink the hydrogel. When we used 300 mM
FeClz solution in this demonstration, the liquid phase HyA L formed at its equilibrium
state, based on the conditions established in Figures 2.3 and 2.4. As shown in Figure 2.5a,
the formation of HyA M and HyA L hydrogels is dependent on the reaction time. After
5 min of reaction, the soft HyA M hydrogel formed, and it bent when being held
vertically using a tweezer. When the reaction time was extended to more than 1 hour, the
soft HyA_M transformed into the viscous liquid HyA L. Interestingly, both HyA M and
HyA L transformed to a strong HyA_ H hydrogel when being immersed in deionized
(D1) water for 24 hours, and the HyA H did not bend when being held up vertically using
a tweezer. HyA L is a viscous liquid gel with certain fluidity and injectability, as shown

in Figures 2.5a and 2.5b. When a thin 1-mm layer of HyA L was printed onto a plastic
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dish in Figure 2.5b, a piece of soft and bendable hydrogel formed after 5 min of reaction
with 20 mL of 30 mM FeCls solution, indicating the phase transition from HyA L to
HyA_ M. In Figure 2.5c, the stiff HyA H shows the phase transition to HYyA M and
HyA_L. HyA_H swelled in 300 mM FeCls solution and transformed into soft and
bendable HyA M after 1 hour of reaction time. After another 1-hour reaction, the
transition of solid to liquid phase occurred and a viscous gel of HyA L formed,

demonstrating the phase transition from HyA M to HyA L.
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Figure 2.5 Reversible phase transition of crosslinked HyA hydrogels with low (HyA_L),
medium (HyA_M), and high (HyA_H) crosslinking densities. (a) Evidence of phase
transition from HyA M to HyA L, from HyA_M to HyA_H, and from HyA_L to
HyA_H. Specifically, adding 300 mM FeCls solution (indicated in brown color) in the
PTFE mold caused crosslinking of HyA solution (indicated in green color). A soft
flexible gel (HyA_M) formed after a 5-min reaction and a viscous liquid gel (HyA L)
formed after a 1-h reaction. A hard and stiff hydrogel (HyA_H) formed by immersing
HyA M or HyA L in DI water for 24 hours. (b) Evidence of phase transition from
HyA L to HyYA M. The as-injected HyA L transformed to HyA M after a 5-min
immersion in 30 mM FeClz solution. (c) Evidence of phase transition from HyA H to
HyA M and from HyA H to HyA L. HyA H transformed to HyA M after being
immersed in 300 mM FeCls solution for 1 hour; HyA H transformed to HyA L after a 2-
h immersion in 300 mM FeCls solution.

25



In the phase transition from HyA M to HyA H, as shown in Figure 2.6, the
dimension such as volume or diameter of HyA hydrogels and the water content in the
hydrogel decreased over the reaction time, while the Fe3* ion released from the HyA
hydrogel increased over the reaction time. The major changes in HyA dimension, water
content, and Fe** ion concentration occurred in the first hour of immersion in DI water
and reached a plateau after 1 hour. The photographs in Figure 2.6a show that the diameter
and volume of HyA M shrank dramatically when immersed in DI water over 0-1 hour
and gradually transformed into HyA H. In Figure 2.6b, when the diameter of HYyA M
was measured over the 96 hours of reaction, the diameter reduced from 13.02 +£0.37 mm
to 5.63 £0.24 mm, and the final over initial volume ratio reduced to 0.008 over the first
hour, and HyA hydrogel reached an equilibrium state after 1 hour. Similarly, the water
content of the hydrogel decreased from 95% =0.14% to 66.78% =+0.95% over the first
hour and reached a stable state as shown in Figure 2.6c. The cumulative release of Fe**
ions from the hydrogel increased to 5.45 +0.38 mg over the first hour of immersion in DI
water and stabilized afterward, as shown in Figure 2.6d, following the reverse trend of

the changes in diameter, volume ratio, and water content of the HyA hydrogel.
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Figure 2.6 Volume shrinkage of HyA hydrogels. (a) Photographs showing that the
HyA_M in DI water had a dramatic volume shrinkage over time to become HyA H
(from left to right). (b) Diameter and volume change ratio overtime during the phase
transition from HyA_M to HyA_H in DI water. Diameter is shown on the left axis with
data in red and volume change ratio is shown on the right axis with data in blue. Data are
shown as mean =+ standard deviation (n=3). Inset is the magnified graph of the first 4
hours. (c) The water content of the hydrogel overtime during the phase transition from
HyA_ M to HyYA H in DI water. Data are shown as mean = standard deviation (n=3).
Inset is the magnified graph of the first 4 hours. (d) Cumulative Fe3* released overtime
during the phase transition from HyA_M to HyA_H in DI water. Data are shown as mean
z+standard deviation (n=3). Inset is the magnified graph of the first 4 hours.
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2.3.4 The Microstructure, Composition, Thermal, Chemical, Mechanical, and
Rheological Properties of HyA Hydrogels With Low-to-High Crosslinking Densities
Figure 2.7 shows the microstructure and composition of HyA L, HyA M,
HyA H, and HyA control. As shown in Figure 2.7, scanning electronic microscopy
(SEM) images show dramatically different microstructures of the lyophilized HyA M,
HyA H, and HyA control and the Fe distribution of the hydrogels. At the original
magnification of 1000x, both HyA M and HyA H exhibited large pores that were
randomly distributed on their cross-sections and formed due to the lyophilization process.
Interestingly, at the same magnification of 10000x, the SEM image of the polymeric
matrix of the lyophilized HyA M shows highly porous networks with a pore size of
0.9140.24 pm, while the polymeric matrix of the lyophilized HyA H appears much
denser with sporadically scattered pores of 82435 nm in size. The porosity of lyophilized
HyA M was 82.88%=1.52%, which was significantly higher than the lyophilized
HyA H with a porosity of 26.98%=3.31%. This is because HyA M had medium
crosslinking density, relatively looser hydrogel network, and more space to retain higher
water content in its microstructure when compared with HyA H with high crosslinking
density. The overlaid SEM/EDS maps showed that Fe element distributed around the
pores and located on the polymeric network of lyophilized HyA M, but uniformly
dispersed on the dense polymeric matrix of lyophilized HyA H. The atomic percentage
of Fe element was 3.3% on the cross-section of lyophilized HyA M, and 2.6% on that of
HyA H. The atomic percentage and distribution of Fe element further confirmed that

HyA M formed the highly porous polymeric networks because of its lower crosslinking
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density than HyA H. The SEM images of HyA control showed a highly porous
microstructure at both low and high magnifications (1000x and 10000x) with a porosity
of 86.78%=1.9%. The lyophilized HyA control showed a higher porosity than both
HyA_ M and HyA_ H, possibly because 5 w/v% (4.76 wt.%) of HyA solution had a water
content of 95.24% and large pores with high porosity formed during the lyophilization

process.

HyA M
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50 A By
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Figure 2.7 SEM images of cross-sections of lyophilized HyA M, HyA H, and HyA at
the original magnifications of 1000><and 10000, and the overlay of SEM and EDS maps
for HyA_M and HyA_H at the original magnification of 10000 Red circles indicate the
areas that were magnified in the images highlighted with the red border. Fe elemental
distribution in EDS maps is indicated by red color.
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Thermogravimetric analysis (TGA) in Figure 2.8a shows the mass%-temperature
curves of lyophilized HyA L, HyA M, HyA H, and HyA control, and varied slopes
were observed at distinct temperature ranges. Specifically, HyA L first underwent a
continuous mass loss of 12% from 50 °C to 150 °C, followed by the second slope of 35%
mass loss from 150 °C to 600 °C, and the third slope of 32% mass loss was from 600 °C
to 800 °C. After TGA for HyA L, 21% of the sample mass remained. The mass%-
temperature curves of HyA M and HyA H were similar with significant overlap, and
both samples showed a slope of 12% mass loss from 50 °C to 200 °C, followed by the
second slope of 53% mass loss from 200 °C to 400 °C, and then a reduced slope of 15%
mass loss for HyA_M and 12% for HyA_H from 400 °C to 800 °C . The residual sample
mass after TGA was 20% for HyA M and 23% for HyA H. HyA control showed a mass
loss of 8% from 50 °C to 150 °C, and the mass remained stable at 50 °C to 230 °C.
Subsequently, a slope of 41% mass loss at 230 °C to 300 °C and a reduced slope of 12%
mass loss at 300 °C to 800 °C were observed for HyA control. The residual mass of HyA
control after TGA testing was 29%. It has been reported that polysaccharide degradation
in the thermogravimetric analysis (TGA) proceeds in four steps, including (1)
evaporation of free moisture, (2) dehydration of bonded water, (3) decomposition
accompanied by the rupture of C-O and C-C bonds in the ring units resulting in the
evolution of CO, COz and H20, and (4) formation of polynuclear aromatic and graphitic
carbon structures.*® Because all of the samples have been lyophilized to remove free
moisture before testing, the weight loss at the first slope was mainly attributed to the

dehydration of bonded water for HyA M, HyA H, and HyA control. However, for
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HyA L, the hydrogel underwent a swelling process and absorbed a large amount of water
in its network during the phase transition from HyA M to HyA L, and the Fe** and CI-
ions dissolved in the absorbed water remained in the lyophilized HyA L. Therefore, the
lyophilized HyA L contained a much higher amount of residual FeCls particles than the
lyophilized HyA_M and HyA_H. The residual FeCls can react with the released water
from both FeCls-6H20 and HyA polymeric chain at 100 °C to 200 °C to form Fe(OH)3
and HCI gas. The mass loss in the first slope of HyA L was therefore possibly due to the
dehydration of bonded water and the evaporation of HCI gas. At the temperature higher
than 200 °C for HyA M and HyA H and higher than 230 °C for HyA, the mass loss was
mainly caused by the decomposition process of the HyA polymeric phase. For HyA L,
the mass loss after 150 °C mainly resulted from the decomposition of HyA chains and
Fe(OH)s, and a small amount of bonded water and HCI gas could be released at 150 °C-
200 °C. It has been reported that Fe(OH)s—polyacrylamide hybrid polymer had a dramatic
weight loss from 575 °C to 675 °C because the ionic bond formed between Fe(OH)3 and
polyacrylamide chains increased the thermal stability of the hybrid,*® which could explain
the second slope of rapid mass loss of HyA L after 600 °C. The remaining sample mass
is mainly composed of polynuclear aromatic and graphitic carbon materials after
decomposition. Moreover, the residual materials of HyA L, HyYyA M, and HyA H groups
may also contain Fe.Os, and HyA residual mass may contain Na.COs. As shown in the
differential scanning calorimeter (DSC) results in Figure 2.8b, the glass transition
temperature (Tg) was 125 °C for HyA L, 142 °C for HyA M, 150 °C for HyA_H, and

140 °C for HyA. Generally, hydrogels with higher crosslinking density will exhibit a
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higher Tq.*” The Tg of HyA hydrogels increased from HyA L, to HyA M and HyA H
when the crosslinking densities of these three types of HyA hydrogels increased. T4 of
HyA L, however, was much lower than HyA group. which may be attributed to the
relatively high content of residual FeCls salt particles. It has been reported that the Tg4 of
polymer nanocomposites can increase or decrease when the concentration of
nanoparticles increases, depending on the specific physical or chemical interactions
between the nanoparticles and polymer matrix.**%° For example, the alumina
nanoparticles in PMMA have been found to reduce Tg of PMMA nanocomposite, and
alumina is known to have limited interactions with PMMA.%° Similarly, we believe the
high content of FeCls particles in HyA L may lead to the reduction of Ty, because the
residual FeCls salt particles in lyophilized HyA_ L are expected to have limited
interactions with HyA matrix.

Figure 2.8c shows the FTIR-ATR spectra of HyA L, HYA M, HyA H, and HyA
control. The red rectangles in Figure 4d highlight the peaks between 1200 cm-1 and 1800
cm® that are assigned to the asymmetric and symmetric stretching vibrations of carboxyl
groups.33 The separation of the bands Av, which is defined as Av = vasym(COO-) —
vsym(COO-), differed for HyA with low-to-high crosslinking densities. Specifically, Av
= 205 cm-1 for HyA M and Av = 190 cm-1 for HyA H, while both HyA_L and HyA
have a Av of 230 cm™. The similarity between the spectra of HyA L and HyA as
highlighted in Figure 2.8c may be attributed to the fact that both samples have
monodentate-dominant coordination states. Specifically, HyA L had monodentate-

dominant carboxylate-Fe3* coordination, while the HyA control had monodentate-
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dominant carboxylate-Na* coordination because sodium hyaluronate was utilized in this
study. The different separation of the bands among the peaks of HyA L, HyA M, and
HyA_H suggested the change of carboxylate-Fe** coordination states, further supporting

the transition of the tunable ratios of mono-, hi-, and tridentate coordination illustrated in

Figure 2.2c.
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Figure 2.8 Thermal properties and chemical bonding of HyA hydrogels with low-to-high
crosslinking densities. (a) Mass (%) of HyA L, HYA M, HyA_H, and HyA as the
temperature increased in the TGA testing. (b) DSC curves of HyA L, HYA M, HyA H,
and HyA. (c) FTIR-ATR spectra of HyA_L, HYA_M, HyA_H, and HyA.
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The tunable ratios of mono-, bi-, and tridentate coordination state determine the
low-to-high crosslinking densities and varied microstructures of the hydrogels, which
play a significant role in their mechanical properties. Figure 2.9a and 2.9b show the
photographs of HYA M and HyA H during tensile testing, and they were both highly
stretchable. The representative stress-strain curves of HyA M and HyA H in Figure 2.9c
demonstrated their huge difference in mechanical properties. Specifically, in Figure 2.9d,
the tensile strength of HyA H reached 26204490 kPa, which was almost three orders of
magnitude higher than HyA M with a tensile strength of 7.340.65 kPa. In Figure 2.9¢,
similar to tensile strength, the tensile modulus of HyA H was 1250190 kPa, while
HyA M was 8.66+1.81 kPa. In terms of elongation in Figure 2.9f, HyA M had an
elongation at break of 330481.85%, while that of HYyA H was 282.00%11.53%. The
tridentate-dominant coordination state and the resulted high crosslinking density in
HyA H led to the significantly higher tensile strength and elastic modulus of HyA H
than HyA M. The high elongation at break for both HyA M and HyA H was attributed
to the dynamic coordination that provided the hydrogel with reversible bonding to
dissipate the mechanical energy and increase deformability. This mechanism of
reversible bonding has also been applied in acrylic polymers to enhance the mechanical
properties.>! For example, carboxylate-Fe3* coordination was utilized as a secondary
crosslinking to further strengthen the p(AAm-co-AAc) hydrogel which reached a tensile
strength of 5.9 MPa.>® Moreover, different strain rates utilized in the tensile testing
dramatically affect the performance of the hydrogels. Figure 2.10 shows the tensile

testing results of HyA H at different strain rates of 10 mm/min, 20 mm/min, and 30
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mm/min. Specifically, as the strain rate increased, tensile strength and tensile modulus of
the HyA H hydrogels increased but the elongation at break decreased, as shown in
Figure 2.10a-2.10d. This is mainly because the reversible coordination bonding in HyA
hydrogels is capable of dissipating the mechanical energy generated during the tensile
stretching, and the varied strain rates used for tensile testing affect the time available for
energy dissipation. For example, at a lower strain rate, more time would be available for
reversing the bonding and dissipating the mechanical energy; and thus, the hydrogels
should have lower tensile strength and modulus but higher elongation at break in the
tensile testing.

The rheological properties of HyA L and HyA in Figure 2.9g and 2.9h showed that
both HyA L and HyA experienced shear-thinning. In Figure 2.9g, the storage modulus
and loss modulus of HyA L and HyA decreased when the shear strain increased. In
Figure 2.9h, the viscosities of HyA L ranged from 20514 mPa's to 1499 mPa-s at the
shear rate of 0.1 1/s to 100 1/s, and HyA showed the viscosities from 655000 mPa-s to
6498 mPa-s at the shear rate of 0.1 1/s to 100 1/s. HyA L with a low crosslinking density
absorbed more water in its network during the solid-liquid phase transition, and thus, had
a lower HyA concentration than the HyA control group at 5 w/v% (4.76 wt.%). As a

result, HyA_L had a lower dynamic modulus and viscosity than HyA control.
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Figure 2.9 Mechanical and rheological properties of HyA hydrogels with low-to-high
crosslinking densities. (a,b) The photographs of elongation for (a) HyYyA M and (b)
HyA _H during the tensile testing. (c) The representative stress-strain curves of HyA M
and HyA_H. (d) Tensile strength of HyA_M and HyA_ H. (e) Tensile modulus of
HyA M and HyA H. (f) Elongation of HYA M and HyA H at break in the tensile
testing. In (c-f), the data for HyA M are in orange color on the left axis, and the data for
HyA H are in red on the right axis. In (d-f), the data are shown as mean = standard
deviation (n=3). (g) The curves of storage modulus (G’) and loss modulus (G’”) over
shear strain for HyA L (yellow) and HyA (black) according to the rheological testing. (h)
The viscosity over shear rate for HyA_L (yellow) and HyA (black).
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Figure 2.10 Tensile testing results of HyA H at different strain rates. (a) Representative
stress-strain curves from the tensile testing of HyA H at different strain rates of 10
mm/min, 20 mm/min, and 30 mm/min. (b) Tensile strength of HyA H at different strain
rates of 10 mm/min, 20 mm/min, and 30 mm/min. (c) Tensile modulus of HyA H at
different strain rates of 10 mm/min, 20 mm/min, and 30 mm/min. (d) Elongation at break
of HyA_H at different strain rates of 10 mm/min, 20 mm/min, and 30 mm/min. Data in
(b, c, d) are shown as mean =standard deviation (n=3).
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2.4 Discussion

In this part, | elucidated the principles of dynamic coordination of Fe** ions with
carboxyl groups and applied these thermodynamic and kinetic principles to integrate the
tunable crosslinking and reversible phase transition of HyA hydrogels.
Thermodynamically, Fe** and H* concentrations define the tunable coordination states at
equilibrium; and Kinetically, the reaction time defines the intermediate states of the
hydrogels, as illustrated in Figure 2.2. The reversible solid-liquid phase transition HyA
hydrogels are based on the tunable crosslinking densities of HyA hydrogels at specific
conditions that we revealed in this article. Specifically, the tunable ratios of mono-, bi-,
and tridentate coordination of the hydrogels determine the crosslinking densities of the
HyA hydrogels, which enables the reversible solid-liquid phase transition of hydrogels.
Additionally, we believe the tunable and reversible crosslinking can enable the self-

healing capacity of hydrogels.®

Thermodynamically, both Fe®** and H* concentrations determine the tunable
coordination state and crosslinking density of the HyA hydrogel at its equilibrium state.
As shown in Equations (2.5a)-(2.8a), at the same HyA concentration with innate pH, the
Fe3* ion concentration directly determines the ratio of [Fe3*COO)/[COOT], [Fe**(COO
)2)/[CO07]? and [Fe**(COO)sJ/[COOT. That is, the ratios of [Fe**COO7]/[COOT,
[Fe**(CO0)2)/[COOT?, and [Fe**(COO)s)/[COOT® increase when the Fe* ion
concentration increase. As shown in Equation (2.8a), the H" ion concentration (pH) of
HyA solution directly determines the ratio of [H*COO]/[COO]. That is, when the pH of
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HyA solution decreases, the ratio of [H'COO]/[COQ] increases, because more COO
ligands are bonded with H ions. The innate pH of HyA solution decreases when the
concentration of HyA increases; and the pH of HyA solution can also be intentionally
adjusted to be higher or lower using an acid such as HCI. The concentration ratios of
mono-, bi-, and tridentate carboxylate-Fe®" to carboxylate-H* coordination (on the left of
Equation 2.5b-2.7b) determine the HyA crosslinking density. As shown in Equation
(2.5b-2.7b), K1, K2, Ks, and K4 are constant when the environmental conditions such as
temperature and pressure are the same. As shown in Equation (2.5b), the ratio of Fe** and
H* ion concentration, that is, [Fe**]/[H*], directly determines the ratio of monodentate
[Fe3*COO)/[H*COO], when Ki and Kg are constants. In the cases of bidentate and
tridentate coordination in Equation (2.6b) and (2.7b), both [Fe3*]/[H*] and the [COO]
(i.e., the concentration of free COO in HyA) determine the ratios of bi and tridentate
coordination states, that is, [Fe**(COOQ").]/[H*'COO7] and [Fe**(COO")s])/[H* COO]. The
ratios of bi- and tridentate coordination states directly define the HyA crosslinking

density.

The relationship between the HyA crosslinking density at equilibrium and the
concentrations of Fe3* and H* ions in Equation (2.5b-2.7b) clearly explains the results in
Figure 2.3a, that is, why HyA was crosslinked to retain its 3D shape in 5-30 mM Fe®*
solutions but dissolved in >30 mM (50-300 mM) Fe®* solutions after 24 hours of
reaction. Specifically, Figure 2.1 in supporting materials showed the innate pH of FeCls
solution had a negative linear relationship with the logarithmic form of Fe®*

concentration, which suggested that the FeClsz solutions with innate pH values have a
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constant ratio of [Fe3*]/[H*]. Moreover, at the constant HyA concentration, more free
carboxyl groups (COO") became bonded to Fe** ions when Fe®** concentration increased,
as shown in Equation (2.5a-2.7a). This means that the concentration of free carboxyl
groups ([COOT) decreases as Fe3* concentration increases when HyA concentration
remains the same. As shown in Equation (2.5b-2.7b), [Fe**(COO").]/[H* COO] ratio and
[Fe3*(COO")s)/[H* COO] ratio will decrease as [COO] decreases, when Kz, Ks, K4, and
[Fe3*)/[H"] ratio are constant. In these cases, when the concentration of FeCls solutions
was increased to be higher than 30 mM (50-300 mM), [Fe3*]/[H*] ratio retained as a
constant and [COO7] decreased, resulting in the decrease of [Fe**(COO),])/[H* COO]
ratio and [Fe®*"(COO)s]/[H" COO] ratio. The hydrogel thus transitioned toward the
monodentate-dominant coordination state, which resulted in low crosslinking density as
seen in the swelling and dissolution of the HyA in the high concentrations of 50-300 mM
FeCls solutions.

Kinetically, the formation rate of coordination bond is determined by the Kinetic
constant k(T) that is defined below:

k(T) = Ae Ea/RT (2.9)

where T is the temperature, A is the constant of proportionality, Ea is the
activation energy, and R is the gas constant. Upon the addition of FeCls solution to HyA
solution, HyA_M with a mix of mono-, bi, and tridentate carboxylate-Fe** coordination
first formed because the formation of carboxylate-Fe®* coordination has a greater k(T)
than carboxylate-H* bonding. As the reaction time increased, Fe3* ijons at the

coordination sites are gradually replaced by H* ions toward the equilibrium state of
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coordination bonding. The rheological results in Figures 2.4a and 2.4b confirmed that the
reaction time is a kinetic factor.

Our FTIR-ATR spectra in Figure 2.8c confirmed the varied coordination states of
HyA L, HyYA M, and HyA H and their differences in chemical bonding. The dramatic
differences in microstructure, glass transition temperature, and rheological and
mechanical properties of HyA L, HyA M, and HyA H also confirmed their differences
in crosslinking densities, which indicates their respective changes in the coordination
states. Similarly, the changes of the dynamic coordination states have been demonstrated
in another study where the poly(acrylamide-co-acrylic acid) (p(AAm-co-AAc)) hydrogels
were crosslinked via carboxylate-Fe** coordination.! Specifically, when adding Fe3* ions
in a pre-crosslinked p(AAm-co-AAc) hydrogel, Fe** ions formed a mixed coordination of
mono-, bi-, and tridentate bonding with carboxyl groups on the PAA molecular chains.
When the hydrogel was immersed in DI water, the coordination bonding was reorganized
and Fe** ions formed tridentate-dominant coordination with carboxyl groups, resulting in
the enhanced mechanical properties of the hydrogels. Moreover, Lee et. al. also
confirmed the changes of coordination states under different conditions in the catechol
modified HyA hydrogels crosslinked via catechol-Fe** ion coordination, and showed
monodentate-dominant coordination at the pH of 4-5, bidentate-dominant coordination at
the pH of 7-8, and tridentate-dominant coordination at the pH of 10-11.%°

We demonstrated the reversible phase transition in Figure 2.5 under the specific
conditions that we identified according to the thermodynamic and kinetic principles.

Thermodynamically, the phase reversibility of a hydrogel crosslinked via metal-ligand

41



coordination is dependent on the equilibrium constant (Keq) of the coordination bonds. If
the Keq value is excessively large (e.g., > 10%°), the hydrogels are considered to be too
stable to be characterized by a “break-after-recovery” behavior, i.e. irreversible > °2 If

the Keq is in a range of 103-10%, the phase reversibility and self-healing property of the

hydrogels could be achieved.®

2.5 Conclusion

This chapter elucidated the mathematical relationships of the Fe3*and H* ion
concentrations and the reaction time in controlling dynamic coordination of Fe3* ions
with the innate carboxyl groups on HyA chains, and demonstrated the integration of
tunable crosslinking and reversible phase transition of HyA hydrogels for the first time.
The concentrations of Fe**and H* ions and the reaction time determined the tunable ratios
of mono-, bi-, and tridentate coordination states and the resulted low-to-high crosslinking
densities of the HyA hydrogels. The liquid or solid hydrogels of HyA L, HyA M, and
HyA H with low-to-high crosslinking densities were prepared and the reversible phase
transition among these hydrogels was demonstrated by controlling the concentrations of
Fe3*and H* ions and the reaction time. Specifically, HyA L was a viscous liquid. The
solid stiff HYyA H had a much lower porosity in microstructure than the solid soft
HyA M, and exhibited a dramatically higher tensile strength and tensile modulus than

HyA_M.
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CHAPTER 3 Three-Dimensional Printing of Hyaluronic Acid Hydrogels via

Reversible Phase Transition: Cold-Stage and Direct Writing Approaches

3.1 Introduction

Traditionally, unmodified HyA solution is not considered to be 3D printable
because of the limited structural stability of the printed constructs.’’ Hydrogels
crosslinked via interactions between carboxyl groups and cations such as Fe3* ions
usually lose injectability and 3DP capability because the rapid crosslinking process
makes the hydrogel solidify so quickly that it is difficult to extrude the solid hydrogel out
of a needle or nozzle. Although some researchers have achieved tunable crosslinking
densities®® and reversible solid-liquid phase transition®° of the hydrogel via metal-
ligand coordination chemistry, the 3DP of these hydrogel has not been demonstrated. As
we mentioned above, HyA has been blended with other polymers?®-?! or modified with
new functional groups % 23 3738 to achieve the 3DP capability. Currently, only a few
strategies, such as adamantane (Ad)-cyclodextrin (CD) guest-host dynamic
crosslinking,®”-3® bisphosphonate (BP)-Ca?* coordination, and photocrosslinking*? were
utilized to achieve the 3DP of HyA hydrogels without blending polymers. For both Ad-
CD guest-host interaction®”-3® and BP-Ca?* coordination’® methods, the 3D printed
constructs had limited structural stability, and a supportive hydrogel was required during
printing, especially for the printing of complex structures.?® * The 3DP of HyA hydrogel

without a supportive gel can be achieved when the HyA molecular chains were modified
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with photocurable functional groups and the UV irradiation was applied during the
printing process. For example, when methacrylate groups were added to HyA chains
modified with respective Ad or CD groups (named as Ad-MeHyA and CD-MeHyA),
HyA hydrogel can be printed onto a glass substrate under UV irradiation and showed
desired structural stability.®” Another example also showed that HyA functionalized with
methacrylate groups (MeHyA) can be 3D printed to porous cubes and non-porous human
L3 vertebrae shapes under UV irradiation.!? However, blending polymers or new
functional groups may raise additional concerns on their interactions with host cells and
biocompatibility for medical applications, especially when the regulatory approval is
required for clinical translation of final products.? 4142

In Chapter 2, tunable crosslinking and reversible liquid-solid phase transition of
HyA hydrogels were achieved and demonstrated. I hypothesized that 3D printable HyA
(HyA P) can be prepared by controlling the coordination state and the resulted
crosslinking density of the hydrogel. Specifically, HyA hydrogels with a crosslinking
density between that of HyA L and HyA M may have injectability and relatively good
structural stability at the same time. The HyA P can retain its structure after 3D printing,
and the 3D printed constructs can be transformed to HyA H to further increase their
structural stability. Based on the principles of liquid-solid phase transition, two 3D
printing approaches, namely cold-stage and direct writing methods, were demonstrated in

this Chapter, for the first time.
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3.2 Materials and Methods

3.2.1 Determine the Conditions for Preparing HyA P

Crosslinked HyA hydrogels were prepared by injecting 5 w/v% HyA solution into
300 mM FeCls solution using a syringe with a needle size of 0.35 mm. The reaction time
was set to be 5 min, 15 min, 30 min, and 120 min. The samples were collected using a
spoon for rheological testing using the same method as described above. The storage
modulus, loss modulus, and viscosity of crosslinked HyA hydrogels with different
reaction times and HyA control (5 w/v%) were measured to highlight the conditions to

achieve HyA P.

3.2.2 Demonstrate Cold-Stage Method and Direct Writing Method for 3D-Printing
of the HyYA P

To prepare the HyA P, 10 mL of HyA solution at the concentration of 5 w/v%
was injected into 40 mL of 300 mM FeCls solution using a syringe with a needle size of
0.35 mm. After 15 min of reaction, the HyA P was collected using a spoon and filled in
the printing tube. HyA P was printed onto the cold petri dish surface at 0 °C using a 3D
Bioplotter (Developer series, EnvisionTec, Germany). The architecture was changed by
printing filaments with 0 and 90 angles between two successive layers. The injection
pressure, speed of the printing head, nozzle size, and the distance between neighboring
filaments were set as 1.5~3.0 bar, 5~10 mm/s, 0.84 mm, and 2.3 mm, respectively. After

printing, the as-printed gel was immersed in DI water for 24 hours, and optical images of
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both the top and bottom view of the printed sample were recorded using an optical
microscope (SE303R-P, Amscope).

HyA P was prepared using the same protocol described above, but the reaction
time was extended to 1 h. The HyA P was directly printed onto a petri dish (10 cm in
diameter) containing DI water. To increase the adhesion of the printed gel onto the
substrate, masking tape was placed on the bottom of the dish to increase surface
roughness. The injection pressure, speed of the printing head, nozzle size, and the
distance between two neighbor filaments were set as 1~1.5 bar, 3~8 mm/s, 0.84 mm, and
2.3 mm, respectively. After printing, the printed gel was immersed in DI water for 24
hours, and optical images of both top and bottom views of the printed sample were
recorded using optical microscopy (SE303R-P, Amscope).

3.2.3 Evaluate the Morphology and Structural Stability of the Filaments Printed by
Two Different Methods

For the cold-stage method group, a single filament was printed on a cold petri
dish surface at 0 °C, kept at room temperature and pressure for 0 min, 1 min, 5 min, and
10 min, respectively, and then immersed in DI water for 24 h. For the direct writing
method group, a single filament was directly printed into a petri dish with DI water, and
these filaments were continuously immersed in DI water during printing and after
printing for 24 h. The filaments were cut, and their cross-sections were imaged using
optical microscopy (SE303R-P, Amscope). The height (H) and width (W) of the filament

cross-section in the optical micrographs were measured using Image J. The aspect ratio
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(AR) of height/width was calculated for the filament cross-section. These measurements

were repeated for 5 samples.

3.3 Results

3.3.1 Effects of Fe** and H* lon Concentrations and Reaction Time on HyA P for
3DP

We further demonstrated the feasibility of 3DP of HyA via dynamic coordination
of carboxylate-Fe®* ion, inspired by the tunable crosslinking densities and reversible
phase transition capability of HyA achieved via tunable ratios of mono-, bi-, and
tridentate coordination (Figures 3.1a and 3.1b). Traditionally, unmodified HyA solution
is not considered to be 3D printable because of the limited structural stability of the
printed constructs.®” In this study, we demonstrated that HyA hydrogels had tunable
crosslinking densities and reversible phase transition capability, enabling 3DP at certain
conditions.

Figure 3.1c shows the conditions of Fe** concentration and pH value at which the
solid-to-liquid phase transition can be achieved, based on the data in Figures 2.3 and 2.4.
We identified the range of crosslinking densities of HyA hydrogels that are between
HyA L and HyA M (Figure 2.2c), at which HyA gels have good injectability under
certain shear strain due to the shear thinning and the printed structures have good
structural stability after 3DP. Hereafter, the 3D printable HyA gel with the suitable range
of coordination states and crosslinking densities was named as HyA P. Theoretically,

FeCls solution at the concentrations and pH values in the green region in Figure 3.1c can
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produce HyA P with the crosslinking densities between HyA L and HyA_ M. Moreover,
we can obtain HyA P either by (1) reversing the crosslinking from HyA H or HYyA M to
HyA P via the reversible phase transition, or (2) directly crosslinking the HyA to HyA P
under specific conditions. In this article, we used method (1) to demonstrate the 3DP of
HyA hydrogel.

Specifically, HYA M or HyA H was immersed in FeClsz solutions at the
concentrations and pH values in the green region of Figure 3.1c, for a specific suitable
reaction time, to reverse the crosslinking to achieve HyA P. The suitable reaction time is
dependent on the specific concentration and pH of FeCls solutions. To demonstrate, we
injected 5w/v% HyA solution to 300 mM FeCls solution with an innate pH of 1.3 to form
HyA_ M immediately, and then we extended the reaction time to 5-120 min to achieve
HyA P. Figure 3.1d and 3.1e show the various rheological properties of partially
crosslinked HyA P that were produced with the extended reaction time of 5 min (red
square), 15 min (green circle), 30 min (pink diamond), and 120 min (brown triangle),
respectively, and HyA control (black star). Storage modulus (G’), loss modulus (G’),
and viscosity of the various HyA P all decreased when the reaction time increased. For
all of the samples, G’ and G’ decreased when the shear strain increased as shown in
Figure 3.1d, and their viscosity also decreased when the shear strain rate increased as
shown in Figure 3.1e. The partially crosslinked HyA P and HyA control all exhibited a
solid-state at low shear strain range (G’>G’’). Specifically, the “gel point” (G’=G’’) of
the partially crosslinked HyA gels at different reaction time was 156% at 5 min, 118% at

15 min, 100% at 30 min, and 49% at 120 min. In contrast, the “gel point value” for the
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5w/v% HyA control was 73%. The results further confirmed that at the specific Fe®*
concentration and pH value, the rheological properties (G’, G’’, and viscosity) of
partially crosslinked HyA P are controllable and tunable simply by adjusting the reaction

time of HYA M or HyA H in FeCls solution.
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Figure 3.1 The conditions required for three-dimensional printing (3DP) of crosslinked
HyA gels. (a) Ilustration showing thermodynamic and Kinetic factors determine the
coordination states of HyA hydrogels. (b) Three coordination states of HyA hydrogels.
(c) Boundary conditions of FeCls concentrations and pH values for HyA gel to be
printable. The green region indicates the conditions with feasible FeCls concentration and
pH value for achieving printability of crosslinked HyA gels. (d) The curves of storage
modulus (G”) and loss modulus (G’”) over shear strain for the HyA hydrogels crosslinked
in 300 mM FeCls solution for the reaction time of 5-120 min and non-crosslinked HyA.
(e) The viscosity of the crosslinked HyA hydrogels and non-crosslinked HyA in (b). In
(b,c), red square, green circle, pink diamond, and brown triangle indicate the reaction
time of 5, 15, 30, and 120 min, respectively; and the black star indicates a non-
crosslinked HyA solution as a control.
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Figure 3.2 Structural stability of (a) the printable gel (HyA P) with a crosslinking
density between HyA L and HyA M over a period of 20 minutes, in contrast to the rapid
structural change of (b) the HyA control over 15 seconds, after they were printed or
injected onto the surface of a petri dish.

A balance between structural stability and injectability should be achieved for 3DP
of the hydrogels. The hydrogels that require a higher shear strain to reach the gel point in
Figure 3.1d should have higher structural stability. For example, the HyA P produced at
15-min reaction time showed better structural stability than HyA in Figure 3.2.
Specifically, when printed or injected onto the surface of a petri dish, HyA P produced
using 15-min reaction time still maintained its original structure after 20 min (Figure
3.2a) while the HyA control lost its original architecture rapidly after 15 s (Figure 3.2b).
However, the hydrogels with high viscosity may require higher force or pressure to inject

or extrude for 3DP, which poses additional requirements for 3DP instruments.
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As demonstrated in Figures 3.3a and 3.3b, we used two strategies for 3DP of HyA
hydrogels, namely, the cold-stage method and the direct writing method. In Figure 3.3a,
we printed HyA P on a cold stage at 0 °C to enhance the structural stability of the printed
constructs and then immersed the printed constructs in DI water to achieve stable
HyA H. In Figure 3.3b, we directly printed HyA P in DI water, utilizing the phase
transition from HyA P to HyA H in water and the supporting benefit of water to enhance
the structural stability of the printed constructs. The requirements on the rheological
properties of the HyA P were different in these two 3DP methods. The cold-stage
method requires HyA P to have high structural stability and good injectability, and thus,
the reaction time in 300 mM FeCls solution should be 15 min to 30 min to obtain HyA_P.
In contrast, the direct writing method reduces the requirements for structural stability and
accepts the HyA P with a wider range of structural stability, because the phase transition
from HyA P to HyA H in water provides additional structural stability during 3DP.
Thus, the suitable reaction time in 300 mM FeCls solution should be 15 min to 120 min to

obtain HyA P for direct writing.
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Figure 3.3 Illustration showing two types of 3D printing methods. (a) Illustration of the
cold-stage method for 3DP of printable HyA hydrogels (named as HyA_P), in which the
HyA P was printed on a cold stage followed by immersing in DI water. (b) Illustration of
the direct writing method for 3DP of HyA_P, in which the HyA_ P was directly printed in
DI water at room temperature.

3.3.2 Morphology and Structural Stability of 3D Printed HyA Hydrogels via Cold-
Stage and Direct Writing Methods

The optical micrographs in Figure 3.4a show the top and bottom view of the
printed HyA hydrogels via the cold-stage method, and the printed structure appeared
similar to what we designed. The images presented that the printed filament on the top
layer maintained the original cylindrical shape well while the filament on the bottom
layer exhibited flat. The deformation of filaments on the bottom was attributed to the
spreading of the gel on the substrate during the printing process. The magnified image
shows that the intersection of two filaments at neighboring layers deformed due to the
surface tension. The optical micrographs in Figure 3.4b exhibit the hydrogels printed
using the direct writing method with the layer-by-layer structure as what we designed.

The filaments of hydrogels presented similar morphology at both top and bottom view,
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and all maintained their original cylindrical shape after printing. Moreover, the
intersection of two layers from neighboring layers also maintained an ideal cylindrical
structure, further indicating the significant structural stability enhancement effects of the
phase transition from HyA P to HyA H and water on the 3DP. Figure 3.4c shows the
comparison of the cross-sections for the hydrogel filaments printed via the cold-stage
method and direct writing method. For filaments prepared using the cold-stage method,
these gels were kept for 0 min, 1 min, 5 min, and 10 min, respectively, at room
temperature and pressure, after printing, and were then immersed in DI water for 24 h.
The representative micrographs show that the filament printed on the cold stage gradually
deformed due to the gravity. The quantitative height/width ratio of the cross-section
reduced with time for the samples that were printed using the clod-stage method and were
kept in room conditions for a different time, specifically, 0.8540.08 for 0 min, 0.7940.04
for 1 min, 0.5940.04 for 5 min, and 0.4740.05 for 10 min. In contrast, the cross-section of
filament printed by direct writing method showed a near-circular shape with a
height/width ratio of 0.920.05, and confirmed that the hydrogels printed in DI water

retained their structure better and are more close to the designed structure.
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Figure 3.4 Structural stability of 3D printed constructs. (a, b) Top and bottom view of
HyA hydrogels printed by (a) the cold-stage method and (b) the direct writing method.
(c) Cross-section view of the filament printed using the cold-stage method and direct
writing method, and their respective aspect ratios post-printing. The aspect ratio is
height/width (AR=H/W). Data are mean *standard deviation (n=5).
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3.4 Discussion

To achieve the 3DP, we utilized tunable crosslinking densities and reversible
solid-liquid phase transition of HyA hydrogels based on the thermodynamic and kinetic
principles as well as the specific conditions that we identified. Specifically, we prepared
HyA_P by transitioning the solid HyA M phase to an injectable phase with a lower
crosslinking density, and we stabilized the printed constructs by transitioning the
injectable HyA P to a solid HyA H with a higher crosslinking density, under the specific
conditions we revealed in this study. The thermodynamic principle explains the
mechanism of the phase transition from HyA P to HyA_ H in DI water during the 3DP.
Specifically, after immersing the printed constructs in DI water or directly printing
HyA_P into DI water, the COO" concentration increased because the Fe3* and H* ions
that were bonded onto the carboxyl groups decreased while the HyA concentration
remained a constant. The ratio of bi- and tridentate carboxylate-Fe®** to carboxylate-H*
coordination and the resulted crosslinking density of the hydrogel thus increased when
[Fe3*)/[H*] is a constant, as shown in Equation (2.5b-2.7b).

The structural stability of HyA P highly determined the morphology and
geometry of the printed constructs, especially when a cold-stage method was used, as
demonstrated in this study. Unfortunately, when we prepare HyA P from HyA H and
HyA M via reversing crosslinking, HyA P is usually in an intermediate state and has a
crosslinking density between HyA M and HyA L, at which the crosslinking density will

further decrease with the reaction time. Thus, the structural stability of HyA P decreased
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with the reaction time, since the equilibrium state of this system is HyA L. This was
confirmed by the results that HyA hydrogels printed on a cold stage had worse structural
stability and the resulted shape changes were greater when they were kept in air for a
longer time before immersed in DI water. The relationship between the coordination state
and structural stability of the hydrogel suggests that when preparing HyA P reversed
from HyA H and HyA M, it is important to select suitable Fe®** and H* ion
concentrations which guarantee the equilibrium state of the hydrogel system is HyA P.
For example, we can immerse HyA H or HyA M into innate FeCls solution at the
concentration of 30-50 mM, at which the equilibrium state of HyA gel is between the
HyA M and HyA L, thus the HyA P will have relatively constant structural stability
during the 3DP. Theoretically, it is also possible to directly crosslink the HyA to form
partially crosslinked HyA P, that is, skipping the reverse phase transition from HyA M
or HyA H. HyA solution with reduced pH will make the H* ions occupy the coordination
sites first. After the addition of Fe®* ions, the Fe3* ions will need to replace the H* ions at
the coordination sites and eventually achieve equilibrium. In this scenario, we only need
to consider the thermodynamic factors, the exact pH of HyA solution and the
concentration of FeClz can be determined based on the results in Figures 2.3 and 2.4 and
the relationship between crosslinking density and the concentrations of Fe®* and H* ion,
as shown in Equation (2.5b-2.7b). For example, we can inject HyA solution with reduced
pH directly to 5-30 mM FeCls solutions, the final pH value of the hydrogel should be
lower than the innate pH of the 5-30 mM FeClz solutions but higher than the innate pH of

50 mM FeCl3 solution. Theoretically, we can also directly print HyA solution with
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reduced pH into 5-30 mM concentration range of FeCls solution. It is difficult to directly
print HyA solution with innate pH values into the FeClsz solution because the instant
crosslinking of HyA hydrogel will prevent the bonding of printed filaments at the
neighboring layers. However, when injecting HyA solution with a reducing pH into the
FeCls solution, a large amount of H* ions initially occupied the coordination sites would
slow down the hydrogel crosslinking, which allows time for the printed filament to bond

to one another in the layer-by-layer structure.

3.5 Conclusion

This study successfully demonstrated 3DP of HyA hydrogels using the cold-stage
method and direct writing method via controlling the dynamic coordination of Fe3* ions
with the innate carboxyl groups on HyA chains, without adding other polymers or
functional groups. Better structural stability of 3D constructs was achieved using the

direct writing method.
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CHAPTER 4 Direct Writing of Hyaluronic Acid Solution in Fe3* lon Solution

4.1 Introduction

In Chapter 3, 3D printing of HyA hydrogels was achieved by both cold-stage
and direct writing methods via reversible phase transition. However, the lack of structural
stability of 3D printing ink in the cold-stage method and undesired volume shrinkage that
occurred during direct writing largely limited the application of these approaches,
especially when 3D printing is time-consuming.>® It is highly desirable to achieve the
direct writing of HyA solution in Fe** ion solution since this approach can increase the
structural stability and reduce the volume shrinkage of 3D printed constructs. However,
kinetically, Fe** ions crosslink the HyA solution in a very short time, leading to rapid
solidification of HyA solution in Fe*" ions. As a result, different layers printed in the Fe*"
solution cannot form integrity. To achieve the direct writing of HyA solution in Fe*" ion
solution, one strategy is to decelerate the crosslinking (or solidification) rate of HyA
hydrogel. We hypothesized that the preloading of cations in HyA solution may slow
down the crosslinking because it takes more time for Fe** ions to replace these cations on
the crosslinking sites than to react with the unoccupied carboxyl groups on the HyA
molecular chains.

The direct writing of HyA solution in Fe** ion solution can be used in the 3D

printing of constructs with complex structures. For example, this strategy is promising in
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the field of biofabrication, such as the bioprinting of tissues and organs with complex

structures.

4.2 Materials and Methods

4.2.1 Preload Cations in HyA Solution

In this chapter, we used H* and Ca®" ions to occupy the crosslinking sites in the
HyA solution. To preload H' ions, HCI solutions at concentrations of 20, 40, 60, and 80
mM were prepared. HyA powders were then added to each HyA solution to form a 5 w/v%
HyA solution. The HyA solution was mixed by dual asymmetric centrifugal (DAC 150.1
FVZ-K, FlackTek, Inc.) speedmixing at 2500 rpm for 5 minutes every 8 hours. It took 2-
3 days for the solution to become uniform. These samples are named as H20, H40, H60,
and H80. The preloading of Ca®" ions followed the similar method described above,
CaCl; concentrations of 0.5, 1, 2, and 2.5 M were utilized in this study. The samples were
named as Ca0.5, Cal, Ca2, and Ca2.5. For HyA solution preloaded with H* and Ca*" ions,
the samples had Ca®" ion concentrations of 2 M and H" ion concentrations of 20, 40, 60,

and 80 mM. These samples were named as CH20, CH40, CH60, and CHS80.

4.2.2 Measure the Rheological Properties

The rheological properties of HyA solutions preloaded with cations were
determined using a rheometer (MCR 92 with PP25 measuring system, Anton Paar). The
gap between the bottom plane of the spindle and the stage was set as 1 mm. The storage
modulus and loss modulus of the sample at different frequencies of 0.1-100 and at the

constant shear strain of 1% were recorded at 25 °C. The storage modulus and loss

59



modulus of the sample was also measured at the different shear strain of 1%-1000% and
at the constant frequency of 10. The ratios of storage modulus and loss modulus at
different frequencies and shear strain were calculated and plotted. The viscosity of the

sample at the shear rate of 0.1 1/s~100 1/s was recorded at 25 °C.

4.2.3 Characterize the Chemical Bonding

Fourier transform infrared spectroscopy-attenuated total reflection (FTIR-ATR,
Nicolet iS10, ThermoFisher Scientific) was used to measure the transmittance of HyA
solutions with and without the preloading of cations at the wavenumber of 4000-500 cm”
!, Briefly, the sample was placed on the sample holder to cover the ATR crystal, and a
metallic cap was then placed above the sample to prevent water evaporation. FTIR-ATR
measurement was performed using the absorbance mode with 64 scans. After the
measurement for each sample, the sample holder and the metallic cap were cleaned using
DI water and then dried using a cotton swab to avoid cross-contamination between the
samples.
4.2.4 Determine the Direct Writing Capability of HyA Solution

To determine the boundary conditions of cation loading on the direct writing
capability, HyA solution preloaded with cations was printed to crossed filaments on the
petri dish filled with 30 mM FeCls solution using a syringe with a needle of 0.84 mm.
After 1 min, the FeCls solution was poured out of the petri dish. The filament on top of
the crossed lines was peeled off by using a tweezer to see whether the two filaments were
stuck or detached. The HyA solutions can be directly printed in the FeCls solution to

form a 3D structure when their corresponding filaments can stick with each other.
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4.2.5 Determine the Boundary Condition of Reaction Time

To determine the minimum reaction time that the Fe** ions can fully crosslink the
HyA filaments, HyA solution was injected into FeClz solutions at different concentrations
of 10-300 mM. After different reaction times, the crosslinked hydrogel filaments were
lyophilized using the same method as described in chapter 2. The cross-section of these
filaments was characterized using SEM, following the same method as described in
chapter 2.

To determine the maximum reaction time that the crosslinked hydrogel filaments
can retain their solid states, hydrogel filaments were prepared using the same method as
described above. At different timepoint, these filaments were picked out of the FeCls
solutions and were photographed using a camera. The reaction time was recorded once
the solid-liquid phase transition occurred.

4.2.6 Determine the Boundary Condition of pH of Water

After the secondary crosslinking, 3D-printed constructs were immersed in water
to form HyA H. To determine the boundary condition of pH of water that the 3D printed
constructs can transform to HyA H, HyA M hydrogels were prepared using the method
described in chapter 2 and then immersed in water with different pH value. The acidic
water was prepared by adding HCI in DI water, while the alkaline water was prepared by
adding ammonia hydroxide to the DI water. At the timepoints of 0, 0.25, 1, 2, and 24 h,

the hydrogels were photographed using a camera.
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4.2.7 Demonstrate the Direct Writing of HyA Solution in FeCls Solution

To demonstrate the direct writing of HyA solution in FeCls solution, HyA
solution preloaded with 30 mM HCI and 2 M CaCl» was directly printed onto a petri dish
(10 cm in diameter) containing 30 mM FeCls solution. The architecture was changed by
printing filaments with 0 and 90 angles between two successive layers. The injection
pressure, speed of the printing head, nozzle size, and the distance between two neighbor
filaments were set as 1~1.5 bar, 3~8 mm/s, 0.84 mm, and 2.3 mm, respectively. After
printing, the printed gel was immersed in 300 mM FeClz solution for 1 min, followed by
in DI water for 24 hours. Optical images of both top and cross-sectional views of the

printed sample were recorded using optical microscopy (SE303R-P, Amscope).

4.2.8 Determine the Effects of HyA Concentration and FeCls Solution Concentration
on the Shrinkage Coefficient of HyA Hydrogels During Phase Transition

HyA_ M discs with a diameter of 13 mm and thickness of 1 mm were prepared
using a similar method as described in chapter 2. To determine the effects of HyA
concentration on the shrinkage of hydrogels, 10%, 7.5%, and 5% HyA solutions and
constant FeCls solution concentration were utilized in the preparation. The as-prepared
HyA M discs were then immersed in the DI water for 24 hours. The volume of the
hydrogel before and after immersion was measured, and the volume shrinkage was
calculated. To determine the effects of FeCls solution concentration on the shrinkage of

hydrogels, FeCls solutions at the concentrations of 50, 100, 200, and 300 mM and a

constant HyA concentration of 5% were utilized. The volume shrinkage was calculated

using the same method as described above.
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4.3 Results

4.3.1 Direct Writing of HyA Solution in FeCls Solution

Figure 4.1a illustrates the status of HyA filaments crosslinked using FeCls
solution at different concentrations. As shown in Figure 3.3, HyA hydrogels exhibited the
solid phase at equilibrium state when crosslinked using FeCls solutions in the region |
and showed liquid phase at equilibrium state when crosslinked using FeCls solutions in
region Il. As shown in Figure 4.1a, the HyA solution will have a core-shell structure
when crosslinked using FeCls solutions in the region I. Specifically, a dense HyA
hydrogel layer will form on the outer layer of the filament, and the hydrogel layer will
prevent the diffusion of Fe** ions towards the center of the filament, making the filament
has a crosslinked shell and non-crosslinked core. When crosslinking the filaments using
FeCls solutions in region Il it is easier for the diffusion of Fe®** ions towards the center of
the filament, and the whole structure will be crosslinked. The filaments will transform
into a liquid state when extending the reaction time.

To achieve the Direct writing of HyA solution in FeCls solution, the HyA solution
should be printed into the FeClz solutions in the region | to retain the solid states of the
printed constructs. However, the rapid solidification of HyA solution in Fe** ions will
make the printed filaments fail to stick together, as shown in Figure 4.2. As shown in
Figure 4.1b, when preloading cations in HyA solution to occupy the coordination sites,
the crosslinking and solidification of HyA filaments may be delayed. The printed

filaments may have enough time to react and stick with each other. Since the as-printed
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structure will have a core-shell structure, a secondary crosslinking of printed constructs

using FeCls solutions in region Il is needed to fully crosslink the hydrogels.

-:: Solid shell
Liquid core

Cross-section | Limited diffusion of Fe** ions

: A
_FeCl3 solution ([/ 0]_, J Reaction time
— HyA filament

Fully crosslinked Liquid

Tridentate-dominated

A Reorganization

FeCl, solution I = s
or AP, Ce**, etc. Core-shell structure Fully crosslinked
@1 @ @ve

Figure 4.1 Schematic diagrams showing direct writing of HyA solution in FeCls solution.
(a) Crosslinking and phase transition of HyA hydrogels crosslinked using FeCls solution
at different concentrations. (b) Procedures of directly writing HyA solution in FeCl3
solution.
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Figure 4.2 Photograph showing HyA filaments prepared by direct writing of HyA
solution in the FeCls solution.

4.3.2 Rheological Properties of HyA Solution Preloaded With Cations

Figure 4.3 shows the rheological properties of HyA solution preloaded with 20,
40, 60, and 80 mM HCI. As shown in Figure 4.3a and b, G’ and G’* of HyA solution
preloaded with 20, 40, and 60 mM HCI and HyA control at different frequencies were
similar, while HyA solution preloaded with 80 mM HCI exhibited significantly greater
structural stability (G’/G’’). As shown in Figure 4.3c and d, G’ and G’ of HyA groups at
different shear strains showed a similar trend as described above. HyA solution preloaded
with 80 mM HCI also showed the highest viscosity among all the groups, as indicated in
Figure 4.3e.

Figure 4.4 shows the rheological properties of HyA solution preloaded with 0.5,
1, 2, and 2.5 M CaCl,. When the concentrations of CaCl; were from 0.5-2 M, the G’, G”’,

and viscosity of the HyA solution were similar. At the CaCl, concentration of 2.5 M, all
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the parameters significantly increased, indicating the crosslinking effects of Ca?" ions at
this concentration range.

Figure 4.5 shows the rheological properties of HyA solution preloaded with Ca**
ion concentration of 2 M and H" ion concentrations of 20, 40, 60, and 80 mM.
Interestingly, all the HyA solutions loaded with cations exhibited similar G’, G’, and

viscosity.
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Figure 4.3 Rheological properties of HyA solution at different HCI concentrations. (a-b)
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Figure 4.4 Rheological properties of HyA solution at different CaCl, concentrations. (a-
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Figure 4.5 Rheological properties of HyA solution at different HCI and CaCl;
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69



4.3.3 Direct Writing Capability of HyA Solution Preloaded With Cations

Figure 4.6 shows the FTIR-ATR spectra of HyA solution preloaded with different
cations. When increasing the concentrations of H" and Ca?*, the characteristic peak for
the carboxyl group switched toward the region with greater wavenumber, indicating the
occupation of the crosslinking site by these cations. As shown in Figure 4.7, when
loading with H* or Ca" ions only, the injected hydrogel filaments cannot stick with each
other, indicating the rapid solidification of HyA in FeCls solution. In the groups of HyA
solution loaded with two types of cations, the injected filaments stuck together, indicating

the 3D printing capability of these samples.
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Figure 4.6 FTIR-ATR spectra of HyA solution preloaded with different cations.
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Figure 4.7 Determination of direct writing capability of HyA solution preloaded with
cations. (a) Illustration showing the direct writing of HyA filaments in FeClI3 solution. (b)
Photographs showing the status of crossed filaments. (c) Status of the crossed filaments.
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4.3.4 Minimum and Maximum Reaction Time in Solution 1

As shown in Figure 4.8a, filaments crosslinked using 10-40 mM FeCls solutions
exhibited large pores, indicating the non-crosslinked core of the filament. As shown in
Figure 4.8b, when crosslinking using FeCls solutions at concentrations of > 50 mM, the
morphology of the filament cross-sections changed from large pores to small pores over
time, indicating the full crosslinking of the filament. Interestingly, when using FeCls
solutions at higher concentrations, it took a shorter time to fully crosslink the hydrogel
filaments. Moreover, Figure 4.9 shows the photographs of hydrogel filaments crosslinked
using FeCls solutions at different concentrations for varied reaction times. The results
indicated that when using FeCls solutions at higher concentrations, the maximum reaction
time that the filament can retain the solid phase becomes shorter. Figure 4.10 shows the
quantitative data of minimum and maximum reaction time that the filament can be fully

crosslinked but retain a solid state.
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Figure 4.8 Determination of FeCls concentration and minimum reaction time. (a) Cross-
sectional SEM images of HyA filaments crosslinked using FeCls solution at
concentrations of 10-40 mM. (b) Cross-sectional SEM images of HyA filaments
crosslinked using FeCls solution at concentrations of 50-300 mM for different reaction

times.
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Figure 4.9 Photographs showing the status of HyA filaments crosslinked using FeCls
solution at the concentrations of 50-300 mM for different reaction times.
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Figure 4.10 Reaction time in the secondary crosslinking of HyA hydrogels. (a) The
minimum reaction time of obtaining fully crosslinked HyA filaments using FeCl3s
solution at the concentrations of 50-300 mM. (e) The maximum reaction time of retaining
solid HyA filaments using FeCls solution at concentrations of 50-300 mM.

74



4.3.5 Effects of pH Value of Water

Figure 4.11 shows the photographs of HyA M samples in the water at different
pH values over time. Specifically, when the pH values were from 1.3-2.5, the hydrogels
gradually dissolved in the water, indicating their liquid phase at the equilibrium state.
When the pH values ranged from 3-8, HyA M gradually transformed to HyA H, and the
volume shrunk at the first hour of immersion. At the pH of 11, the samples became red,

indicating the generation of Fe(OH); under alkaline conditions.
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Figure 4.11 Optical images showing the change of HyA hydrogels immersed in water
with different pH values.
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4.3.6 Demonstration of Direct Writing of HyA Solution in FeCls Solution

Figure 4.12 demonstrated the direct writing of HyA solution in FeClz solution. As
shown in the optical image, the printed filaments maintained their as-designed cylindrical
shape although dramatic volume shrinkage occurred during the phase transition. The
cross-section also exhibited that the 3D printed constructs had a layer-by-layer structure,

indicating excellent structural stability during the 3D printing process.
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Figure 4.12 Procedures of Direct writing of HyA solution in FeClz solution and the
optical images of printed HyA hydrogels.

4.3.7 Effects of HyA Concentration and FeCls Solution Concentration on the
Shrinkage Coefficient of HyA Hydrogels During Phase Transition

Figure 4.13 shows the effects of HyA concentration and FeCls solution on the
shrinkage coefficient of HyA hydrogels during phase transition. The results indicated that
the volume shrinkage dramatically decreased when using higher concentrations of HyA
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solutions. Moreover, the HyA hydrogels exhibited similar volume shrinkage when the

FeCls solutions were from 100-300 mM. The volume shrinkage significantly decreased

when the FeCls solution of 50 mM was used to crosslink the hydrogel.
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Figure 4.13 3D printing resolution enhancement via volume shrinkage. (a) Photographs
showing the volume shrinkage of HyA hydrogels prepared using different concentrations
of HyA solution. (b) Photographs showing the volume shrinkage of HyA hydrogels
crosslinked using different FeCI3 concentrations. (c) Quantitative volume shrinkage of
HyA hydrogels prepared using different concentrations of HyA solution. (d) Quantitative
volume shrinkage of HyA hydrogels crosslinked using different FeCI3 concentrations.
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4.4 Discussion

Due to their low structural stability, hydrogel materials are relatively difficult to
be 3D printed. Traditionally, hydrogels can be 3D printed into layer-by-layer structures
on a substrate, and chemical modifications such as functionalization are usually
inevitable.’*>*> In Recent years, several studies have reported the direct writing of
hydrogels in aqueous solutions or soft gels.?® > Compared to the hydrogel constructs
prepared on a substrate, hydrogels printed in the solution or soft gel usually show better
structural stability. This is because the buoyancy force applied on the 3D printed structure
helps reduce the effects of gravity.

For the direct writing of hydrogels in the aqueous solution, it is very important to
control their solidification rate. When the solidification process is slow, the 3D printed
constructs may not retain their structural integrity during the 3D printing. When the
solidification process is fast, the printed hydrogel filaments may not stick together to
form integrity. There are many factors that may affect the solidification process of
hydrogels in the aqueous solution, such as temperature, crosslinking agent, and hydrogel
concentration. In this study, for the first time, I developed a strategy to slow down the
solidification of hydrogels by pre-occupying the crosslinking sites on the polymers with
cations. This method is versatile and can be applied to other hydrogels having carboxyl
groups. Moreover, different cations can be used to serve as the preload ions, such as H',
Ca?", Mg?*, Na®, Cu**, etc. In the future, different ions may be used to reduce the toxicity

of the 3D printable HyA solutions.
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4.5 Conclusion

For the first time, this study achieved the direct writing of HyA solution in FeCls
solution via pre-occupying the crosslinking site of HyA molecules. Boundary conditions
for achieving the 3D printing such as FeCls solution concentration and reaction time were
determined. The resolution of 3D printing was dramatically enhanced via a novel volume
shrinkage structure. The concentrations of HyA solution and FeCls solution influenced
the shrinkage of HyA hydrogels during the phase transition. In the future, different
polymers and cations may be used to reduce the toxicity of the material. This method is

promising in printing complex structures, such as tissues and organs.
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CHAPTER 5 Cytocompatibility of Hyaluronic Acid Hydrogels Crosslinked via

Dynamic Coordination of Innate Carboxyl Groups and Metallic lons

5.1 Introduction

Different cell culture methods can be used to evaluate the in vitro
cytocompatibility of biomaterials of interest for various aspects of applications in vivo.
As shown in Figure 5.1, three in vitro culture methods, i.e., direct culture, direct exposure
culture, and exposure culture, to mimic different in vivo scenarios where biodegradable
implant materials are used inside the human body, are most commonly used.>® The direct
culture method is mainly used to evaluate the behavior of newly seeded cells directly
adherent to and surrounding the implant materials. The direct exposure culture method
mimics the in vivo scenario where the implant materials come into direct contact with the
established cells and tissues. The exposure culture method can be used to show how the
degradation products from the implant materials and changes in the local
microenvironment can affect the established cells and tissues that are not directly in
contact with the implant materials. To evaluate the cytocompatibility of biodegradable

HyA hydrogels, the direct exposure culture method was utilized.
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Figure 5.1 Illustration showing three different cell culture methods to evaluate the
cytocompatibility of biodegradable materials. This figure is adapted from>¢-’.
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5. 2 Materials and Methods

5.2.1 Evaluate the Cytocompatibility of HyA Hydrogels With BMSCs in Direct
Exposure Culture in Vitro

5.2.1.1 Harvest and Culture BMSCs

Following the protocol approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of California at Riverside (UCR), rat BMSCs were
harvested and cultured similarly as described in our previous work.® %61 Briefly, the
distal and proximal ends of the femoral and tibial bones were dissected, and the bone
marrow was flushed out of the bone cavity by Dulbecco’s Modified Eagle Media
(DMEM, #SLBC9050, high glucose, D5648, Sigma-Aldrich, St. Louis, MO)
supplemented with 10% fetal bovine serum (FBS, HyClone, #SH30910, Thermo Fisher
Scientific Inc., Waltham, MA) and 1% penicillin/streptomycin (P/S, HyClone,
#SV30010, Thermo Fisher Scientific, Inc., Waltham, MA) using a syringe and collected
in the centrifuge tube. Hereafter, the complete DMEM supplemented with 10% FBS and
1% P/S is referred to as the culture media in this study. The collected cells were filtered
using a 70-um nylon strainer (Fisher Scientific, NH, USA) and then cultured in media
under standard cell culture conditions (i.e., 37 T, 5%/95% CO2/air, humidified, sterile
environment) to 90-95% confluency. The descriptions for cell harvesting were reprinted
(adapted) with permission from (Zhang, C.; Lin, J.; Nguyen, N.-Y. T.; Guo, Y.; Xu, C,;
Seo, C.; Villafana, E.; Jimenez, H.; Chai, Y.; Guan, R. Antimicrobial Bioresorbable Mg—

Zn—Ca Alloy for Bone Repair in a Comparison Study with Mg-Zn-Sr Alloy and Pure
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Mg. ACS Biomaterials Science & Engineering 2019, 6 (1), 517-538). Copyright (2020)
American Chemical Society.

5.2.1.2 Prepare HyA Hydrogels and Controls for Cell Culture

HyA powders were disinfected under ultraviolet (UV) radiation for 1 hour and DI
water was sterilized by autoclaving. FeCls (#169430010, Sigma-Aldrich, St. Louis, MO)
was dehydrated in an oven at 120 °C for 30 min, weighed immediately afterward while it
was still hot, and then dissolved in the sterilized DI water to prepare the 300 mM FeCls
solution. HyA hydrogel samples of 3D printed HyA H (HyA H_3D), HyA H, HYA M,
HyA P, and HyA L were prepared using similar methods as described in Chapter 2.
Briefly, 2 mL of HyA solution at the concentration of 5 w/v% was manually printed onto
a petri dish using a syringe with a 0.5 mm needle. The printed filament had no gaps and
formed a uniform thin layer after 10 minutes in air at room temperature. After that, 10
mL of 300 mM FeClz solution was added to the petri dish to crosslink the HyA layer. The
HyA M was obtained after a 3-min reaction. The as-prepared HyA M film had a
thickness of 0.4740.06 mm and was punched into a cylindrical shape with a diameter of
12.1740.15 mm. To produce HyA H, the as-prepared HyA M cylinders were immersed
in sterilized DI water for 24 hours. The HyA H cylinders had a diameter of 5.4340.12
mm and a thickness of 0.2340.06 mm. To prepare HyA P and HyA L, 5 w/v% HyA
solution was manually injected into the 300 mM FeCls solution using a syringe with a
0.35 mm needle. The HyA P was produced after a 30-min reaction, while the HyA L

was obtained after 1 hour of reaction.
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We used the same volume and specific surface area of the HyA M, HyA P, and
HyA L for the cell study. Different volumes or specific surface areas of the samples may
affect the sample degradation rate and mode, and the contact area between cells and
samples, which both may cause undesirable deviations in the cell study results. To ensure
the HYyA_M, HyA P, and HyA_L have similar volume and specific surface area, HyA P
and HyA L were printed onto glass slides to form a cylindrical shape similar to HyA M.
Briefly, the as-prepared HyA P and HyA L were manually printed onto sterilized glass
slides (12 mm in diameter, LOT 18851, Fisher Scientific) using a syringe with a 0.5 mm
needle. The printed hydrogel filaments had no gap and formed a uniform hydrogel layer
completely covering one surface of the glass slides after 20 min in the air at room
temperature. The uniform HyA L layer formed after 5 min in the air at room
temperature. The hydrogel thicknesses on the glass slides were then measured to be

0.6340.15 mm for HyA P and 0.4740.06 mm for HyA L.

To prepare HYA H_ 3D, the as-prepared HyA P was manually printed onto a petri
dish using a syringe with a 0.5 mm needle to create a 15x<15 mm network pattern with
225 repeating units of 1L mm square, and DI water was immediately added after
printing. The 3D printed structure (HyA_H_3D) was obtained after immersing in DI
water for 24 hours. The 15x15 mm network pattern was first drawn on a piece of paper
placed under the transparent petri dish to serve as a guide during the printing. The
filaments in the first layer were printed in parallel, and the orientation was defined as 0°
angle. The filaments in the second layer were printed in parallel with an orientation of 90°
angle to the first layer. The distance between the parallel filaments in both layers was
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measured to be 1.14.34 mm. The HyA H_3D samples had two printed layers with an
overall thickness of 0.43#0.15 mm. To ensure the HyA H 3D and HyA H samples
contained a similar amount of hydrogel, the 3D printed constructs were cut to a

cylindrical shape with a diameter of 5.640.17 mm.

The respective HyA solution and Fe®** ion solutions were both included as control
groups in the cell study. Specifically, 1 mg/mL HyA in the cell culture media was used as
the HyA control. To prepare the HyA control, 3 mg of HyA powders (equivalent to the
amount of HyA in a single HyA hydrogel sample) was added into each culture well
containing 3 mL of media. FeClz solutions at the concentrations of 2.09 mM and 6.08
mM were used as the Fe** ion control groups, to represent the low and high Fe3* ion
contents in the HyA hydrogels with high to low crosslinking densities. The HyA H
sample had the lowest Fe3* jon content among all the hydrogel groups because most of
the free Fe* ions in the hydrogel network were released to DI water during the phase
transition from HyA M to HyA_H. HyA_L had the highest Fe** ion content among all
the hydrogel groups because it absorbed the highest amount of FeCls solution in its
network and had the lowest crosslinking density. The Fe®* solution at the concentration of
2.09 mM was used as a control to represent the low Fe** ion concentration in the media
when all Fe** ions in a HYyA H sample were completely released and dissolved in the
media. The Fe3* solution at the concentration of 6.08 mM was used as a control to
represent the high Fe3* ion concentration in the media when all Fe** ions in a HyA L
sample were completely released and dissolved in the media. The amount of Fe3* ions in

HyA H and HyA L samples were measured using ICP-OES. We first dissolved the
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respective HyA H and HyA L samples in 10 mL of 2 wt.% nitric acid. The 2 wt.% nitric
acid was used as the solvent because it serves as a cleaning agent for ICP-OES and it can
completely dissolve the crosslinked hydrogels to release all the Fe®" ions into the
solution. The nitric acid solutions containing the dissolved Fe*" ions from HyA H and
HyA L were then diluted with DI water at a dilution factor of 1:500 and fed into the
autosampler of ICP-OES, similarly as described in Section 2.3.

5.2.1.3 Direct Exposure Culture of BMSCs With HyA Hydrogels

The direct exposure culture method was used to determine the cytocompatibility
of HyA hydrogels with BMSCs, as established in the previous publication.® Briefly,
BMSCs were seeded into each well of a 12-well plate with a seeding density of 10,000
cells/cm?. The cells in each well were cultured in 3 mL of media under standard cell
culture conditions for 24 hours to form a monolayer of adherent cells. Before any
samples were added, the optical micrographs of the cells were captured using an optical
microscope (Eclipse Ti and NIS software, Nikon, Melville, NY, USA). Afterward, the
media and non-adhered cells were removed from each well, and the cells were rinsed
using a phosphate-buffered solution (PBS) three times. For HyA and Fe3* ion control
groups, 3 mL of fresh culture media containing 1 mg/L HyA, 2.09 mM Fe3* ions, or 6.08
mM Fe®" ions were added to each respective well. For all the crosslinked HyA groups,
the respective samples HyA H 3D, HyA H, HyA M, HyA P, and HyA L were added
on top of the adherent cells, as well as the fresh culture media. To ensure direct contact
between the cells and the samples, a sterile glass slide was placed on top of each sample
of HYyA H 3D, HyA H, and HyA M to prevent the samples from floating during the cell
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culture. The HyA P and HyA L samples were flipped over and placed directly on top of
the cell layer since they were prepared on the glass slides. The glass slides were also
included in the cell studies and referred to as the Glass control group, even though they
were merely used to hold the samples in place and should not affect the results of the cell
studies. A group consisted of BMSCs cultured in the media without any samples served
as a positive control, and referred to as the Cell group. The group containing the culture
media only without any cells or samples served as a blank reference, and referred to as
the Media group. Upon adding the samples, the photographs of each well were captured
using a camera, and the pH values of the media were measured using a pre-calibrated pH
meter (Symphony, Model SB70P, VWR). The BMSCs were then cultured with the
samples for 24 hours under the standard cell culture conditions.

5.2.1.4 Determine BMSC Morphology and Adhesion Density After 24-Hour Direct

Exposure Culture With HyA Hydrogels

After the prescribed direct exposure culture of cells with samples, the photographs
of each well were captured using a camera. The glass slides were removed from each
well using a tweezer after photographing, and the post-culture media were then collected
in the respective 15-mL centrifuge tubes for further analysis. BMSCs attached on the
well-plates were rinsed with PBS three times and fixed with 4% formaldehyde (10%
neutral buffered formalin; VWR, Radnor, PA, USA) for 20 min. The fixed BMSCs were
rinsed using PBS three times and stained with Alexa Flour 488-phalloidin (A12379, Life

technologies) for F-actin for 20 min. The stained cells were then rinsed using PBS three
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times and stained with 4’ ,6-diamidino-2-phenylindole dilactate (DAPI, Invitrogen) for

nuclei for 5 min. After that, the cells were rinsed with PBS three times before imaging.

The BMSCs directly under the samples, that is, in direct contact with the sample,
were referred to as the cells in direct contact conditions. In contrast, the BMSCs attached
on the culture plate surrounding each sample without direct contact with the samples
were referred to as the cells of indirect contact conditions. The stained BMSCs were
imaged using a fluorescence microscope (Eclipse Ti and NIS software, Nikon, Melville,
NY, USA). The micrographs of cells under direct and indirect contact conditions were
also captured using an optical microscope (Eclipse Ti and NIS software, Nikon, Melville,
NY, USA). DAPI-stained nuclei with normal morphology were counted to determine cell
adhesion density per unit area. For each group, at least five fluorescence images of
BMSCs under direct contact conditions and five fluorescence images of BMSCs under
indirect contact conditions were used for cell counting and statistical analyses.
5.2.1.5 Analyze the pH Value, the Concentrations of Fe’" and Ca’" Ions, and Hydrogel

Degradation in the Culture Media

The pH values of post-culture media were measured using a pre-calibrated pH
meter (Symphony, Model SB70P, VWR) immediately after collection. The
concentrations of Fe** and Ca?* ions in the post-culture media were measured using ICP-
OES similarly as described in Section 2.3 and 2.6.1. Specifically, the post-culture media
were centrifuged at 5000 revolutions per minute (RPM) for 3 min to separate the solid

from the liquid. The supernatant of the media was collected and diluted with DI water. To
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measure the Fe®" ion concentration, the dilution factor of 1:100 was used for the
crosslinked HyA groups, and the dilution factor of 1:3 was used for the control groups of
HyA, Glass, Cell, and Media. To measure Ca?* ion concentration, a dilution factor of
1:100 was used for all the groups. After dilution, the samples were placed on the

autosampler for ICP-OES measurement.

Photographs of the samples in the culture media before (T=0 h) and after the
prescribed 24-h incubation (T=24 h) were captured using a camera. Photographs of the
collected post-culture media containing degradation products from the samples were also
taken using a camera.

5.2.2 Evaluate the Cytocompatibility of HyA Hydrogels Prepared via Direct Writing
of HyA Solution in FeCls Solution
5.2.2.1 Prepare Samples for Cell Culture

To prepare 3D printed HyA samples, HyA solution (CH30) was printed into 30
mM FeCls solution to create a cylindrical structure with a diameter of 13 mm and a
thickness of two layers. The needle size was 0.84 mm, and the gap between filaments was
2 mm. The filaments in the first layer were printed in parallel, and the orientation was
defined as 0° angle. The filaments in the second layer were printed in parallel with an
orientation of 90° angle to the first layer. The printed constructs were subjected to a
secondary crosslinking in 300 mM or 50 mM FeClz solution for 1 min, followed by
immersing in DI water for 24 hours. Samples crosslinked using 300 mM and 50 mM
FeCls solution were named as HyA_ 300 and HyA_50, respectively. HyA solution ink
(CH30) was included in the cell study as a control group, the weight of CH30 in each
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well was 0.113 g, which is consistent with the weight of CH30 used to print one 3D
sample. Fe3+ ion control, HyA control, and cell-only reference were also included,
following the same method as described in 5.2.1.
5.2.2.2 Cell Culture and Post-Culture Analysis

The cell culture and analysis of cells and post-culture media followed the same

method described in 5.2.1.

5.3 Results

5.3.1 Cytocompatibility of HyA Hydrogels With BMSCs in Direct Exposure Culture
in Vitro
5.3.1.1 BMSC Morphology and Adhesion Density After Direct Exposure Culture With
HyA Hydrogels

Figure 5.2 shows the representative fluorescence images of BMSCs directly in
contact with the samples (i.e., direct contact) and BMSCs adhered on the culture plate
surrounding the respective samples (i.e., indirect contact) after the 24-hour direct
exposure culture. The fluorescence images show that the groups of HyA H 3D and
HyA H had more cells than the groups of HyA M, HyA P, and HyA L, under both
direct and indirect contact conditions. For all hydrogel groups, the number of cells under
indirect contact conditions was greater than the cells in direct contact conditions.
Interestingly, for some cells under direct contact conditions in the groups of HyA M,
HyA P, and HyA L and some cells in the groups of Fe@2.09 mM and Fe@6.08 mM,

their fluorescence images show the DAPI-stained cell nuclei clearly, but not the
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phalloidin-stained cytoskeleton. We speculated that Fe(OH)s may have precipitated on
the cells in the groups of HYA M, HyA P, HyA L, and Fe@6.08 mM that had higher
Fe3* ion contents than other groups, which possibly interfered the Alexa Flour 488-
phalloidin stain from entering the cells to bind with the cytoskeleton. Alexa Flour 488-
phalloidin has a larger molecular weight of 1320 Da than the DAPI of 457.5 Da
(molecular weight data was from the vendor), which may explain why the fluorescence of
nuclei was observed but fluorescence of cytoskeleton was missing in some cells. As
shown in Figures S4 and S5, the BMSCs all exhibited normal morphology with visible
cytoskeleton on the culture plate before (Figure 5.3) and after the 24-hour direct exposure
culture (Figure 5.4). The cells in the groups of HYyA M, HyA P, HyA L, and Fe@6.08
mM with higher Fe3* ion contents still showed normal morphology, indicating that the
missing F-actin fluorescence signals in some cells is likely caused by the staining process

of Alexa Flour 488-phalloidin.
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Figure 5.2 Representative fluorescence images of BMSCs directly in contact with the
samples (direct contact) and on the culture plate surrounding each corresponding sample
(indirect contact) after a 24-hour culture. Scale bar =100 um for all images.

92



100 pm

Figure 5.3 Optical image of the cells adhered on the culture plate before adding any
samples, that is, the cells at time zero (T=0).
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Figure 5.4 Representative optical images of BMSCs directly in contact with the samples
(direct contact) and cells on the culture plate surrounding each corresponding sample
(indirect contact) after 24-hour direct exposure culture. Scale bar =100 pum for all images.

Figure 5.5 shows the quantitative BMSC adhesion density in the cultures with
different hydrogel samples and control groups. In average, the 3D printed HyA H
(HyA_H_3D) and HyA_H showed higher cell adhesion densities than the HyA M,
HyA_P, and HyA_L hydrogel groups, under both direct and indirect contact conditions,
and only HyA H_3D showed statistically higher cell adhesion density than the groups of

HyA M, HyA_P, and HyA_L under direct contact conditions. For all hydrogel groups of
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HyA H 3D, HyA H, HYA M, HyA P, and HyA L, cell adhesion densities in direct
contact conditions were statistically lower than the same groups under indirect contact
conditions. When the cells were in direct contact conditions, the cell adhesion densities
for all crosslinked hydrogel groups were significantly lower than HyA control of
8123429 cells/cm? and Cell control of 80024477 cells/cm?. When the cells were under
indirect contact conditions, only HyA M, HyA P, and HyA L had statistically lower cell
adhesion densities than the control groups of HyA and Cell. Moreover, the cell adhesion
densities of HyA and Cell control groups were similar, and both values were statistically
higher than Fe3* ion control groups of Fe@2.09 mM and Fe@6.08 mM. Thus, we
attribute the lower cell adhesion densities in the crosslinked hydrogel samples than the

Cell control to the Fe3* and H* ions released from these samples.
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Figure 5.5 BMSC adhesion densities under direct and indirect contact conditions in the
groups of HYyA H 3D, HyYyA H, HYyA M, HyA P, HyA L, and Glass, and in the control
groups of Fe@2.09 mM, Fe@6.08 mM, HyA, and Cell. Data are shown as mean =+
standard deviation (n=3); *p<0.05, **p<0.01, ***p<0.001.
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5.3.1.2 HyA Degradation, pH Values, and Fe&’* and Ca’* Ton Concentrations in the
Culture Media

After 24 hours of cell culture, solid HyA H 3D and HyA H samples with
tridentate-dominant coordination and solid HyA M samples with a mixed coordination of
mono-, bi-, and tridentate bonding all lost their structural integrity in the media (Figure
5.6), and some hydrogel fragments were observed in the media (as highlighted in the

dashed circles in Figure 5.7), which indicated partial solid-liquid phase transition.

HyA_H_3D

Figure 5.6 Photographs of the samples in the culture media before (T=0) and after
(T=24) the prescribed 24-h incubation. The dashed circles indicate the samples in the
media. The brightness and contrast of the images were adjusted to highlight the samples
in the media. Scale bar=5 mm for all images.
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Figure 5.7 Photographs of the collected media containing visible degradation products
from the samples. Dashed circles are used to indicate the degradation products. Scale
bar=5 mm for all images.
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The changes in the pH values and ion concentrations of the media can
significantly affect cell behavior. As shown in Figure 5.8a, upon adding the samples into
BMSC culture, the pH values of the media for HyA M, HyA P, HyA L, Fe@2.09 mM,
and Fe@6.08 mM were in a range of 6.77-7.30, which were statistically lower than the
groups of HYyA_ H, HyA, Glass, and Media with the pH values in a narrow range of 7.72-
7.77. In average, the pH values of the media in HYyA_M, HyA P, HyA L, Fe@2.09 mM,
and Fe@6.08 mM were lower than HyA H 3D with a value of 7.62, even though no
statistical difference was detected. After the prescribed 24-h incubation, the pH values of
the media for all the groups except Fe@6.08 mM were in a narrow range of 7.85-7.93,
even though statistical significances were found between some groups. Figure 5.8c shows
the Fe3* concentrations in the post-culture media with different samples and controls. The
Fe3* concentrations in the culture with HyA H 3D and HyA H groups were
significantly lower than HyA M, HyA P, HyA L, and Fe@6.08 mM groups, but
statistically higher than the control groups of Fe@2.09 mM, HyA, Glass, Cell, and
Media. Figure 5.8d shows the Ca?* concentration in the post-culture media for different
groups. The groups of HYA M, HyA P, HyA L, Fe@2.09 mM, and Fe@6.08 mM
showed statistically lower Ca®* concentrations than any other groups, possibly because of
the Ca?" adsorption effects of Fe(OH)s. It has been reported that AI(OH)s and Fe(OH)s
can adsorb cations such as Ca?* and Cd?* via ionic interactions,®? and the groups of
HyA_M, HyA P, HyA L, Fe@2.09 mM, and Fe@6.08 mM had higher Fe®* ion contents

and more Fe(OH)3 precipitant formed in the media than the other groups.
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Figure 5.8 The media analysis for HyA degradation and associated changes in the BMSC
culture. (a) The pH values of media when the samples were added (T=0 h). (b) The pH
values of media after 24 hours of culture with the samples (T=24 h). (c, d) The
concentrations of Fe®* and Ca?* ions in the media at T=24 h. Data are shown as mean =+

standard deviation (n=3); *p<0.05, **p<0.01,

**%1<0.001.
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Figure 5.9 Representative fluorescence images of BMSCs cultured with HyA hydrogels
crosslinked via direct writing of HyA solution in FeCls solution after a 24-hour direct
exposure culture. Scale bar =100 um for all images

5.3.2 Cytocompatibility of HyA Hydrogels Prepared via Direct Writing of HyA
Solution in FeCls Solution
5.3.2.1 BMSC Morphology and Adhesion Density

Figure 5.9 shows the representative fluorescence images of BMSCs adhered on the
culture plate after the 24-hour direct exposure culture. The fluorescence images show that
BMSC:s in all the groups except CH30 had normal morphology compared to BMSC-only
reference. For the group of CH30, large blue dots were observed, indicating the leakage
of DNA from the cell nuclei. This may be attributed to the high concentrations of H" and
Ca®" ions in the sample.

Figure 5.10a shows the quantitative BMSC adhesion density after 24 hours of

direct exposure culture. The groups of CH30 showed statistically lower cell adhesion
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density than all other groups, and no statistical difference was detected between any other
groups.
5.3.2.2 Post-Culture Media Analysis

As shown in Figure 5.10b, the pH values in the media of all the groups except
CH30 were in a small range of 8-8.25. Due to the high concentration of H' ions, the pH
in the CH30 group was statistically lower than in other groups. As expected, the groups
of HyA hydrogel and Fe*" ion control groups exhibited statistically higher Fe** ion
concentration than other groups, as shown in Figure 5.10c. No other statistical difference
was observed between the other groups. As shown in Figure 5.10d, the group of CH30
exhibited higher Ca®" concentration than other groups, and no other statistical difference

was observed between other groups.
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Figure 5.10 Cytocompatibility of HyA hydrogels printed via direct writing. (a)
Quantitative BMSC adhesion density in different experimental and control groups. (b) pH
value of post-culture media. (c) Iron ion concentration of post-culture media. (d) Ca?*
concentration of post-culture media.
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5.4 Discussion

5.4.1 Phase Transition of HyA Hydrogels in Cell Culture Environment

Kinetically, environmental factors such as the concentrations of other cations in
the culture media could affect the rate of phase transition, that is, the time needed for a
complete reversible phase transition. For example, the solid-liquid phase transition may
not be complete within the time limit of 24-hour cell culture. Similar to H* ions, multiple
metallic ions, such as Ca?*, Mg?*, Na*, and K* ions can also bond to the carboxyl groups
of HyA molecule and replace the tridentate or bidentate carboxylate-Fe** coordination,
thus decreasing the crosslinking density of hydrogels during the cell culture. After the 24-
hour cell culture, the HyA hydrogels lost their structural integrity and dispersed in the
media, which confirmed the decrease in crosslinking density of hydrogels and partial
solid-liquid phase transition. Meanwhile, visible degradation products of the hydrogel
samples in the post-culture media suggested that the solid-liquid phase transition were not
completed in 24 hours of culture; that is, tridentate and bidentate coordination bonding
was still present and not fully transitioned to the monodentate-dominant coordination
state (Figures 5.6 and 5.7). Collectively, our results in Figure 2.5 confirmed that the
solid-liquid phase transition of the HyA hydrogels could be fully reversible under the
specific conditions, while Figures 5.6 and 5.7 suggested the solid-liquid phase transition
in the cell culture condition may take longer than 24 hours to complete, because other

cations in the culture media could affect the reaction Kinetics.

103



5.4.2 Strategies on Addressing the Toxicity Concern of Fe** and H* lons in the

Crosslinked HyA Hydrogels

The toxicity concern for our crosslinked HyA hydrogels is mainly related to the
Fe3* and H* ions released. The pH values of the culture media should be neutralized
quickly because of the bicarbonate buffering system in the media, as shown in Figures
5.8a and 5.8b. Similarly, Wetteland et al®® reported the effects of cell culture media
(DMEM) on neutralizing the changes in pH values caused by MgO and Mg(OH)z in an
immersion study. However, before the hydrogel samples lost their structural integrity and
became dispersed in the media, the region close to the samples would have a higher Fe**
concentration and lower pH values than the region farther away from the samples,
because of the dynamic gradient of Fe3* and H* concentrations around the samples. As a
result, the cells directly in contact with the samples and in a region closely surrounding
the samples were exposed to higher Fe3* concentration and lower pH values than cells
farther away from the samples. This explains why cell adhesion densities in direct contact
conditions were significantly lower than the same samples under indirect contact
conditions for all crosslinked hydrogel groups, as shown in Figure 5.5.

Fe3* ijons have shown dosage-dependent toxicity to cells®* and organs.®® In
mammals, iron is one of the essential elements and up to 25% is in the form of Fe®*
ions.% For example, when the Human CD4+ T cells were cultured in media at the
adjusted Fe3* ion concentrations of 0 mM, 0.05 mM, 0.5 mM, 1 mM, and 5 mM,
significant apoptosis levels of the cells were shown in the group of 5 mM Fe3* ion after
48-h culture.®* In another example, when the rats were exposed to the drinking water at
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the Fe3* ion concentrations of = 0.87 ppm (0.016 mM) for 100 days, the enzyme activity

of the glutathione system in the rat liver was significantly affected, indicating
hepatoxicity due to iron overdose.® In our in vitro studies with BMSCs, the Fe®** and H*
concentrations in the crosslinked HyA hydrogels have not yet been optimized. In the
future, we will reduce the Fe®* and H* ion concentrations in the crosslinked HyA to
minimize their toxicity concern for medical applications, while retaining the tunable
crosslinking, reversible phase transition, and 3D printing capability. Specifically,
according to our Equation 2.5b-2.7b, we can reduce Fe3* concentrations and control the
[Fe3*]/[H™] ratio to tune the crosslinking density.

Alternatively, some monovalent metal ions (M*) can be used to replace H* ions at
the coordination sites to eliminate the toxicity concern on excess H* ions. Theoretically,
some monovalent metal ions (M*) can bond to the carboxyl groups on HyA to form
monodentate coordination like H*. That is, the tunable ratios of mono-, bi-, and tridentate
coordination and the resulted low-to-high crosslinking densities of the hydrogels can be
achieved via the competition between Fe®* and M* ions (instead of H* ions) at the
coordination sites. In this case, the concentrations of Fe** and M* ions and the reaction
time can be used to control the ratios of mono-, bi-, and tridentate carboxylate-Fe*
coordination and the resulted crosslinking densities. The reaction equilibrium constant
(Kw) of the carboxylate- M* is defined below:

_ [M*coo7] :
M Moo ] &
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Equation (5.1a) is derived from Equation (5.1) to show the ratio of bonded to free
carboxyl groups.

[M*CO0™]
[COO~]

= [MT]Ky (5.1a)

When we combine Equation (2.5-2.7) and Equation (5.1), we can obtain Equation
(5.2-5.4) to show the concentration ratio of mono, bi, and tridentate carboxylate-Fe®*
coordination to carboxylate-M* coordination. The tunable ratios of mono-, bi-, and
tridentate coordination and the resulted low-to-high crosslinking densities of this new
hydrogel system with M* is expected to follow the thermodynamic and kinetic principles

in Equation (5.2-5.4).

[Fe3*CO00™] K; [Fe3']

TMTC00T " K M .
[Fe3+(COO_)2] 3 K, [Fe3+] _

00T TR T -[C007] (5.3)
[Fe’*(C007)s] _ K3 [Fe®*] (CO0T? (5.4)

[M*CO0-] Ky [M7]
Critically, Km should be in an appropriate range, such as 103-10°. When the
reaction equilibrium constant (Kwm) is too small, such as <10, a high concentration of the
monovalent metal ion is required to achieve the solid-liquid phase transition, which
would raise the toxicity concern of the crosslinked hydrogels for medical applications. In
contrast, when the reaction equilibrium constant is too high, such as >10%, the
crosslinked hydrogels would be irreversible. In the future, monovalent metal ions with
appropriate reaction equilibrium constant will be explored to eliminate the acidity
concern induced by H* ions.
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5.4.3 Prospects of HyA Hydrogels Crosslinked via Carboxylate-Fe** Coordination
for Biomedical Applications

The HyA hydrogel crosslinked via dynamic carboxylate-Fe** coordination is
promising for a wide range of biomedical applications. In this dissertation, we revealed
not only the basic principles but also the practical conditions to achieve tunable
crosslinking densities and reversible solid-liquid phase transition for HyA. Considering
that these principles can be applied to many other polymers and hydrogels with carboxyl
groups, our strategies can be used to create diverse hydrogels with specific properties for
many applications. As we discussed above, the toxicity concerns of the Fe®* crosslinked
HyA hydrogels can be minimized by reducing both the Fe** and H* ion concentrations;
and the acidity concern of H* ions could be eliminated by using other monovalent metal
ions (M*) with appropriate Km instead of H* ions. Therefore, biocompatible and
bioresorbable HyA hydrogels crosslinked via carboxylate- Fe** coordination could be
promising for biomedical applications such as tissue repair, wound healing, drug
delivery, and cell delivery. For example, the hydrogels crosslinked via dynamic
coordination could be promising as a cardiac patch because they can provide self-healing
property to endure cyclic loading in vivo.*®

Hydrogels crosslinked via dynamic metal-ligand coordination could provide
attractive phase reversibility and self-healing compacity, while the hydrogels crosslinked
with permanent chemical bonding could provide better structural stability.*> Each
crosslinking approach has its own advantages and disadvantages, which should be

carefully considered when designing hydrogels for specific applications. For example, the
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hydrogels crosslinked with permanent methacrylate bonding via UV curing are
considered irreversible, but UV-crosslinked hydrogels have better structural stability than
their counterparts crosslinked via metal-ligand coordination.?® Photo-crosslinked
hydrogels can retain their structural integrity longer when used for tissue repair in the
body.%” In contrast, HyA hydrogels crosslinked via dynamic metal-ligand coordination
alone are expected to undergo significant swelling and lose structural integrity when used
in a biological environment with abundant physiological fluid, such as the joint cavity
filled with agueous synovial fluid. Thus, the HyA hydrogel crosslinked via metal-ligand
coordination may be unsuitable for applications that require long-term structural stability
of hydrogels, but promising for certain applications where hydrogels are only needed to
retain structural integrity for a short period.

In addition, HyA hydrogels can be chemically modified with functional groups
such as IDA or BP, before crosslinking via metallic ion coordination, to meet the
requirements for specific applications. For example, HyA conjugated with IDA was
crosslinked by Fe** ions via IDA-Fe®** coordination to form a hydrogel for the prevention
of peritoneal adhesion. In the in vivo studies using a rat model with sidewall defect and
bowel abrasion, the animals treated with HyA IDA hydrogels showed a lower adhesion
score of 0.50 £0.93 than the non-treated control group of 1.50 £0.93, indicating a better
clinical outcome of HyA_IDA hydrogels in preventing peritoneal adhesion.®® In another
application, HyA modified with BP was crosslinked by Ag* ions via BP-Ag*
coordination and used for wound healing. The in vivo study using a rat model with full-

thickness skin wounds showed that the thickness of the newly regenerated epidermal
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layers in the wound treatment with the hydrogel at Day 10 post-surgery was 144.4 +32.5
m, which was significantly higher than the non-treated control group with an epidermal
thickness of 63.8 =+ 32.4 pm, indicating the potential of the HyA hydrogels in
regenerating skin tissue.®®

Importantly, tunable crosslinking densities and reversible phase transition enabled
the injectability and 3DP capability for HyA hydrogels, which could further extend the
hydrogels to even broader applications. For example, injectable HyA hydrogels can fill
tissue defects or wounds with irregular geometries and solidify via crosslinking in situ,
thus conforming to the defect size and shape for better wound healing. Injectable
hydrogels coupled with 3DP can produce well-controlled 3D structures with desirable
porosity, pore size, and pore shape, leading to tunable mechanical properties and
permeability, which is beneficial for wound healing. Moreover, HyA hydrogels (i.e.,
HyA P, HyA solution preloaded with cations) are promising ink materials for printing
3D tissues and organs with complex structures via our direct writing method. The
buoyancy force applied on the printed constructs in aqueous solutions can offset the
gravity effects, which can significantly increase the structural fidelity and stability. Live
cells or biomolecules can be loaded into biocompatible hydrogel ink to print biomimetic
tissues or organs. Hydrogel ink encapsulated with live cells can also be directly printed

into the tissue defects in situ, for tissue repair or regeneration.
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5.5 Conclusion

The in vitro cytocompatibility study showed that the HyA H_ 3D and HyA H had
higher average cell adhesion densities than HyA M, HyA P, and HyA L hydrogel
groups under both direct and indirect contact conditions; and the cell adhesion densities
in direct contact conditions were statistically lower than the same hydrogel groups under
indirect contact conditions. The results also indicated that HyA hydrogels prepared via
direct writing HyA solution in FeClz solution showed excellent cytocompatibility. In the
future, it is desirable to reduce the concentrations of Fe**and H* ions in HyA hydrogels or
use other monovalent metal ions to minimize the toxicity concerns for biomedical
applications, following the thermodynamic and kinetic principles elucidated in this

article.
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CHAPTER 6 Incorporation of Magnetic Nanoparticles in the Hyaluronic Acid

Hydrogels in Situ for Biomedical Applications

6.1 Introduction

Hydrogels are three-dimensional (3D) polymeric networks that contain high water
content in their structure. Hydrogels prepared from both natural and synthetic polymers
have been extensively investigated and applied in various biomedical applications in
recent decades.! 7! Hyaluronic acid (HyA) is one of the most well-known polymers that
is utilized in hydrogel synthesis. HyA exists and plays significant roles in many tissues or
organs. For example, it provides lubrication in the joint and serves as a shock absorber in
synovial fluid.” In the skin, it helps immobilize the water in the tissue and regulate cell
behaviors.”*™ It is a very important component in the matrix of cartilage.”>’® HyA

hydrogels crosslinked via different reactions have been widely studied and applied in

77-78 79-81

many biomedical applications, such as wound healing, cell encapsulation, cell

85-87 88-90

therapy,3*® drug and cell delivery, prevention of peritoneal adhesion, and
cosmetic applications.”® Hydrogels with polymer-only composition usually have
relatively low mechanical strength and modulus due to their high water content. The
materials science tetrahedron demonstrates the processing, structure, properties, and
performance of a material for a given application are inter-related. To alter the properties

of the hydrogels, some modifications in processing and structure control are developed.

For example, tunable mechanical properties of the hydrogels were achieved to control
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their crosslinking density.”! The integration of other materials such as ceramic and
metallic materials in the polymeric networks is another comment strategy to alter the
microstructure and related properties of the hydrogel.

Nanocomposite hydrogels integrated the advantages of both polymers and
nanoparticles. The incorporation of nanoparticles can alter the physicochemical
properties of the composite hydrogels. The added properties may play important role in
improving the performance of the hydrogel for a specific application. Magnetic
nanoparticles (MNPs) are the type of most commonly used nanoparticles that were
embedded in the hydrogel matrix for biomedical applications.’?** MNPs can respond to
the magnetic field and are promising in applications such as MRL*** drug delivery,’®*’
and hyperthermia.”® For the addition of nanoparticles in the hydrogel phase, it is highly
desirable to achieve the homogenous dispersion of nanoparticles. The traditional
approach to load MNPs in the hydrogel phase is to mix the MNPs and the polymer
solution directly, followed by the crosslinking process. It is relatively difficult to
uniformly mix the MNPs and polymer solution, especially when the concentration of
MNPs or polymer solution is high. Specifically, MNPs have high specific surface areas
and will dramatically increase the viscosity of the polymer solution after mixing. HyA
molecules have abundant carboxyl groups and exhibit negative charges, the HyA solution
thus showed relatively high viscosity due to the entanglement of molecules. This further
jeopardizes the MNP dispersion in the hydrogel. Moreover, although it is easier to
uniformly mix the nanoparticles with the polymer solution at low concentration, phase

separation will occur due to the settlement of the nanoparticle in a thin solution.
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To enhance the dispersion of the nanoparticles in the hydrogel matrix, strategies
have been developed to load the magnetic nanoparticles in situ.’> * For example, the
HyA solution can be crosslinked first to form hydrogel, and Fe*" and Fe** ions at the
molar ratio of 2:1 will be loaded into the hydrogel network. The HyA hydrogels loaded
with Fe’* and Fe?" ions are then exposed to alkaline solutions such as ammonia
hydroxide solution, and magnetic nanoparticles of Fe;O4 will generate in situ in the
hydrogel matrix via co-precipitation.

In our previous research, we demonstrated the tunable crosslinking and reversible
phase transition of HyA hydrogels by controlling the coordination bonding between
carboxyl groups on HyA and Fe** ions. We hypothesized that loading Fe** and F>* ions
in HyA solution can achieve the crosslinking of hydrogel while the MNPs will form in
situ when immersed the hydrogel in the ammonia hydroxide solution. The Fe*" ions will
serve as the crosslinking agent and a source for MNP synthesis. The dispersion of the
MNP will be enhanced and the MNP content in the hydrogel will be tunable by adjusting
the concentration of Fe** and Fe?" ions loaded in the hydrogel. The objective of this study
is to incorporate MNPs in HyA hydrogels in situ using the co-precipitation approach and
investigate the effects of Fe** and Fe** ion concentration on the content and dispersion of

MNPs, as well as the cytocompatibility of the magnetic hydrogels.
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6.2 Materials and Methods

6.2.1 Incorporate MNPs in HyA Hydrogels in Situ

The crosslinking of sodium hyaluronate (abbreviated as HyA; Bulk Supplements,
Henderson, NV) solution followed the method reported previously, and the MNPs were
generated in the crosslinked hydrogel network in situ via a co-precipitation approach, as
shown in Figure 6.1. Briefly, 1 mL HyA solution at the concentration of 5 w/v% was
injected onto the 10-mm petri dish using a syringe with a needle of 0.84 mm in diameter
to form a thin layer. The as-injected HyA solution became a uniform layer with a
thickness of around 1 mm via self-leveling. The mixed Fe’* and Fe** ion solution at the
Fe’": Fe?' ratio of 2:1 was added into the petri dish to crosslink the HyA for 3 min. To
control the MNP content in the magnetic hydrogel, different concentrations of 600 mM:
300 mM, 300 mM:150 mM, and 100 mM: 50 mM for Fe*": Fe’" were utilized. The
magnetic hydrogels were named as HyA/MNP_H, HyA/MNP_M, and HyA/MNP L to
represent the hydrogels with high, medium, and low content of MNPs. The iron ion
solution was poured into the waste bottle and the crosslinked hydrogels were cut into
discs with a diameter of 13 mm using a hole punch. The hydrogels were rinsed using DI
water to remove the iron ions on the surface and placed into the ammonia hydroxide
solution at a concentration of 2.5-2.8%. After 5 min, the magnetic hydrogels were
collected from the ammonia hydroxide solution and dehydrated using a lyophilizer

(FreeZone Benchtop Freeze Dryer, Labconco). Specifically, the hydrogels were frozen in
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-80 °C freezer for 2 hours and dehydrated in the lyophilizer at a temperature of -54 °C

and a pressure of 0.01 mBar for 24 hours.
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Figure 6.1 Illustration showing procedures of incorporating MNPs in HyA hydrogels in
situ.

6.2.2 Determine Microstructure and Elemental Composition

The microstructure and elemental composition of HyA/MNP_H, HyA/MNP M,
and HyA/MNP_L was characterized using scanning electronic microscopy (SEM, Nova
NanoSEM 450, FEI Co) and energy dispersive X-ray spectroscopy (EDS; X-Max 50
silicon drift detector). Specifically, the dehydrated HyA/MNP_H, HyA/MNP_ M, and
HyA/MNP_L were cut into two pieces to expose the cross-sections and were mounted
onto the SEM sample holder. The exposed cross-sections of the magnetic samples were
coated with platinum/palladium layer using a sputter coater (model 108, Cressington
Scientific Instruments Ltd., Watford, U.K.) at 20 mA with a 90 s sputter time. The
sputter-coated cross-sections were characterized using an Everhart—Thornley detector

(ETD) of SEM at an accelerating voltage of 5 kV, a spot size of 4, and the magnifications
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of 200x%, 3,500%, and 50,000x. Elemental compositions of the cross-sections of
HyA/MNP_H, HyA/MNP_ M, and HyA/MNP_L were characterized using EDS attached
to SEM with an accelerating voltage of 15 kV, a spot size of 4, and a magnification of
200x. Linear scanning was performed on both the edge and the center of the cross-section
to compare their difference in elemental composition. EDS mapping images were also
obtained to show the elemental distribution. Aztec Energy software (Oxford Instruments,
Abingdon, Oxfordshire, U.K.) were used to analyze the elemental composition and
distribution.
6.2.3 Determine Magnetic Response
The magnetic response of the HyA/MNP_H, HyA/MNP M, and HyA/MNP L

was evaluated using a N42 neodymium magnet (#DEX0, K&J Magnetics, Inc.,
Pipersville, PA) with a diameter of 22 mm, a height of 25 mm, a pull force of 47.2 LB,
and a surface field of 13,200 Gauss. The magnetic responses of HyA/MNP_H,
HyA/MNP M, and HyA/MNP L were tested in dry condition. Specifically, the
dehydrated sample was placed in a petri dish, the N42 permanent magnet was then
moved toward the sample. The maximum distance for magnetic responses were recorded
using a video camera.
6.2.4 Thermogravimetric Analysis

The HyA/MNP_H, HyA/MNP_M, and HyA/MNP_L were analyzed using a
thermogravimetric analyzer (TGA; TG 209 F1 Libra®, Netzsch) to determine their MNP
content. Before the TGA testing, all the samples were lyophilized using the same method

as described above. Briefly, the lyophilized HyA/MNP_H, HyA/MNP_ M, and
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HyA/MNP L of 5 mg each were placed in alumina crucibles and heated from 30 <C to
600 <C at a heating rate of 10 <C /min in a nitrogen (N2) atmosphere with a N> flow rate

of 20 mL/min. The sample mass change over the temperature was analyzed and plotted.

6.2.5 Crystal Structure

X-ray diffraction (XRD; Empyrean PANalytical) was used to analyze the crystal
structure of the lyophilized HyA/MNP_H, HyA/MNP_M, and HyA/MNP_L. The XRD
was run at 45kV and 40 mA with a step size of 0.02°. The XRD spectra were compared
with a library database using the HighScore software (PANalytical) to identify the
phases.
6.2.6 Evaluation of the Cytocompatibility of Magnetic Hydrogels

The descriptions of methods for this in vitro cell study are adapted with
permission from Zhang, C.; Lin, J.; Nguyen, N.-Y. T.; Guo, Y.; Xu, C.; Seo, C.;
Villafana, E.; Jimenez, H.; Chai, Y.; Guan, R. Antimicrobial Bioresorbable Mg—Zn—Ca
Alloy for Bone Repair in a Comparison Study with Mg—Zn—Sr Alloy and Pure Mg. ACS
Biomater. Sci. Eng. 2019, 6 (1), 517-538). Copyright (2020) American Chemical
Society.
6.2.6.1 Harvest and Culture BMSCs

This part is the same as the protocol described in Chapter 5.
6.2.6.2 BMSC Culture With Magnetic Hydrogels and Controls

The lyophilized HyA/MNP_H, HyA/MNP_M, and HyA/MNP_L were prepared
similarly as described in 6.2.1. Before cell culture, these magnetic samples were

immersed in DI water for 4 hours. HyA hydrogels without MNPs (HyA H), HyA without
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crosslinking, and MNPs were also included in the cell culture. To prepare HyA H, HyA
solution at the concentration of 5 w/v% was manually printed onto a petri dish using a
syringe with a 0.84 mm needle. The printed filament had no gaps and formed a uniform
thin layer after 10 minutes in air at room temperature. After that, 300 mM FeCls solution
was added to the petri dish to crosslink the HyA layer. The HyA hydrogel was obtained
after a 3-min reaction. The as-prepared hydrogels were punched into a cylindrical shape
with a diameter of 12.17+0.15 mm and immersed in sterilized DI water for 24 hours.
Both sides of HyA/MNP_H, HyA/MNP M, HyA/MNP_L, and HyA H were disinfected
under UV exposure for 30 min before cell culture. To prepare the HyA control, HyA
powder was disinfected under UV exposure for 1 hour, 3 mg HyA powders (equivalent to
the amount of HyA in a single HyA hydrogel sample) was then added into each culture
well containing 3 mL of media. To prepare MNP control, MNPs were heated in an oven
at 120 °C for 30 min and then weighed while they are still hot. The MNP concentration in
the media for the MNP control was 1 mg/mL.

The direct exposure culture method was used to determine the cytocompatibility
of magnetic hydrogels with BMSCs, as established in the previous publication. Briefly,
BMSCs were seeded into each well of a 12-well plate with a seeding density of 10,000
cells/cm?®. The cells in each well were cultured in 3 mL of media under standard cell
culture conditions for 24 hours to form a monolayer of adherent cells. Afterward, the
media and non-adhered cells were removed from each well, and the cells were rinsed
using a phosphate-buffered solution (PBS) three times. For the groups of HyA/MNP_H,

HyA/MNP_ M, HyA/MNP_L, and HyA H, the disinfected samples were then placed in
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the culture wells, 3 mL of fresh media was added to each well. For the group of HyA and
MNP control, 3 mL of media containing HyA or MNPs described above were added to
the corresponding well. A positive control, designated as the “Cell-only” group, consisted
of BMSCs cultured with the only DMEM in the wells, that is, without any samples.
DMEM alone without cells and samples was also included as a blank medium reference
and designated as the “Media” group. All the samples, control groups, and reference
groups were run in triplicate.
6.2.6.3 Characterize the BMSC Adhesion and Morphology

After the prescribed cell culture, the photographs of samples in the media were
recorded using a camera. The samples and post-culture media were collected for further
analysis. BMSCs attached on the well-plates were rinsed using PBS three times and fixed
with 4% formaldehyde (10% neutral buffered formalin; VWR, Radnor, PA, USA) for 20
min. The fixed BMSCs were stained with Alexa Flour 488-phalloidin (A12379, Life

technologies) for F-actin for 20 min and 4’ ,6-diamidino-2-phenylindole dilactate

(DAPI, Invitrogen) for nuclei for 10 min. BMSCs were imaged using a fluorescence
microscope (Eclipse Ti and NIS software, Nikon, Melville, NY, USA). DAPI-stained
nuclei were counted to determine cell adhesion density per unit area. The fluorescence
images of cells were analyzed using the ImagelJ software to quantify the number of cells
per unit area. The numbers of cells in each abovementioned spot were counted and

divided by the image area to calculate the average cell adhesion density (cells/cm?).
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6.2.6.4 Analyze the Post-Culture Media

The pH values of post-culture media were measured using a pre-calibrated pH
meter (Symphony, model SB70P, VWR) immediately after collection. The ion
concentrations of Fe**/Fe*" and Ca®' ions in the collected culture media were also
measured using inductively coupled plasma optical emission spectrometry (ICP-OES;
Optima 8000, PerkinElmer, Waltham, MA). To minimize the matrix effects in ICP-OES,
the collected DMEM aliquots were diluted to 1:100 solutions in DI water (Millipore).
Ionic concentrations were then calculated based on the calibration curves of Fe and Ca

standards (PerkinElmer) diluted to the range of 0.1-1.0 mg/L, respectively.

6.2.7 Statistical Analysis

All numerical data in this study were obtained from experiments run in triplicate.
The numerical data were examined using a one-way analysis of variance (ANOVA)
followed by a Tukey test, when the data sets fulfilled the parametric criteria (i.e., data
normality was greater than 0.05). Statistical significance was considered at p < 0.05 for
the Tukey test. For nonparametric data (i.e., data normality was less than 0.05), the data
sets were examined using the Kruskal-Wallis analyses followed by a Dunn test and
adjusted by Hochberg’s method. Statistical significance was considered at p < 0.025 for

the Dunn test.
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6.3 Results

6.3.1 Microstructure and Elemental Composition

Figure 6.2 shows the microstructure and elemental composition of the cross-
sections of lyophilized magnetic hydrogels. At the magnification of 200x%, all the samples
of HyA/MNP _H, HyA/MNP M, and HyA/MNP L had highly porous structures,
suggesting their high water content before freeze drying. EDS mapping images show that
the Fe element was uniformly distributed on the porous structure of the three samples.
Linear scanning on the edge and center of the samples further indicated the Fe element
was uniformly distributed in different areas. The MNP content in different magnetic
hydrogels was calculated based on the EDS data. As expected, the magnetic hydrogel
exhibited higher MNP content when higher concentrations of Fe*"/Fe** were utilized
during the synthesis. Specifically, HyA/MNP_H had an MNP content of 53.34 wt.% on
the edge and 53.90 wt.% on the center, HyA/MNP_ M showed an MNP content of 45.95
wt.% on the edge and 41.04 wt.% on the center, and HyA/MNP_L exhibited an MNP
content of 13.82 wt.% on the edge and 15.89 wt.% on the center.

SEM images with high magnifications of 3,500x and 50,000% showed
dramatically different MNP morphologies in three magnetic samples. MNPs trended to
agglomerate to larger particles in the sample of HyA/MNP H, while fewer
agglomerations were found in the group of HyA/MNP M. The MNPs dispersed
uniformly in the porous structure of HyA/MNP_L, and no observable agglomeration was

noticed.
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Figure 6.2 Microstructure and elemental composition of the cross-sections of lyophilized
magnetic hydrogels.
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6.3.2 Magnetic Responses

Magnetic responses of the HyA-based magnetic hydrogels were evaluated in vitro
for their potential to be magnetically guided in body fluids to a targeted location, as
shown in Figure 6.3. As expected, the magnetic hydrogels with higher MNP contents
showed a greater maximum distance that can respond to the magnet. Specifically,
HyA/MNP_H started to respond to the magnet at 30 mm away, HyA/MNP_M started to
respond to the magnet at 22 mm away, while HyA/MNP_L started to show the magnetic

response when the magnet was 17 mm away.

HyA/MNP_H

Figure 6.3 Photographs showing the responses of magnetic hydrogels to a magnet.
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6.3.3 MNP Content and Crystal Structure

TGA results in Figure 6.4a shows the percent mass over temperature for lyophilized
HyA/MNP_H, HyA/MNP M, HyA/MNP_L, and HyA. and varied slopes were observed
at distinct temperature ranges. Specifically, HyA/MNP_H first underwent a continuous
mass loss of 9.55% from 30 °C to 150 °C, followed by the second slope of 36.71% mass
loss from 150 °C to 600 °C. After TGA for HyA/MNP_H, 53.74% of the sample mass
remained. HyA/MNP_M showed a mass loss of 9.3% from 30 °C to 150 °C, and a second
mass loss of 40.65% from 150 °C to 600 °C. The remained sample mass for
HyA/MNP_M was 50.05%. HyA/MNP_L had a mass loss of 9.15% from 30 °C to 150
°C, followed by the second slope of 49.30 % mass loss from 150 °C to 600 °C. The
remained sample mass for HyA/MNP L was 41.55%. For HyA control, it showed the
first mass loss of 8% from 30 °C to 150 °C, and the second slope of 57.7% from 150 °C to
600 °C. The remained sample mass for HyA/MNP_ L was 34.21%. Because all of the
samples have been lyophilized to remove free moisture before testing, the weight loss at
the first slope was mainly attributed to the dehydration of bonded water. The weight loss
from 150 °C to 600 °C was caused by the decomposition accompanied by the rupture of
C-0O and C-C bonds in the ring units resulting in the evolution of CO, CO2, and H-0, and
formation of polynuclear aromatic and graphitic carbon structures.*

All the samples were lyophilized before the TGA, and thus the weight loss at the
temperature below 150 °C is attributed to the removal of bonded water. The mass loss
from 150 to 600 °C is attributed to decomposition of curcumin. The curcumin content in

CMNP was calculated using the following equation (1).
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MLyya

MNP content = Ryotq; — RPolymer = Reotar — MLSample/ (6.1)

Ruya

where Ry,¢q; 1S the total mass remaining of the magnetic sample after TGA,
Rpolymer 18 the mass remained caused by HyA in the magnetic sample, MLggmpe is the
mass loss of each magnetic sample from 150 to 600 °C, MLy, is the mass loss of HyA
control from 150 to 600 °C, and Ry, is mass remaining of HyA group after TGA.

In Figure 6.3b, the major XRD peaks of (311), (400), (511), and (440) planes at
the 5-65° 20 angle range matched the JDPCS card (19-0629), confirming the presence of
Fe304 phase in HyA/MNP samples. No characteristic peak was found in HyA H control
group. Moreover, major XRD peaks of (220), (311), (400), (511), and (440) planes at the

5-65° 20 angle range were found in MNP control group.
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Figure 6.4 Thermal properties and crystal structure of magnetic hydrogels. (a) Mass-
temperature curves of magnetic hydorgels. (b) XRD spectra of magnetic hydrogels.
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6.3.4 Cytocompatibility of Magnetic Hydrogels With BMSC in Vitro
6.3.4.1 BMSC Morphology and Adhesion Density After Direct Exposure Culture

Figure 6.5 shows the representative fluorescence images of BMSCs adhered on the
culture plate after the 24-hour direct exposure culture. The fluorescence images show that
BMSCs had normal morphology compared to Cell-only reference. For HyA/MNP
hydrogels that had higher MNP contents, fewer BMSCs adhered on the well-plate. The
images in the red boundary indicated the uptake of MNP in the BMSCs during the cell
culture. As shown in the groups of HyA/MNP and MNP, MNPs (white dots) entered into

the cells but surrounding the nuclei, indicating that the MNPs cannot enter nuclei.
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Figure 6.5 Representative fluorescence images of BMSCs cultured with magnetic
hydrogels after a 24-hour direct exposure culture.
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Figure 6.6 shows the quantitative BMSC adhesion density in the cultures with
different hydrogel samples and control groups. For the magnetic hydrogels with the
higher MNP content, the lower cell adhesion densities were shown. The group of
HyA/MNP _H shower statistically lower cell adhesion density than all other groups
except MNP control. The MNP control showed the lowest cell adhesion density among

all the groups. No other statistical difference was detected among different groups.
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Figure 6.6 Quantitative cell adhesion density of BMSCs cultured with magnetic
hydrogels after a 24-hour direct exposure culture.
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6.3.4.2 HyA Degradation, pH Values, and Fe’* and Ca’?* Ion Concentrations in the
Culture Media

After 24 hours of cell culture, all the magnetic hydrogels of HyA/MNP H,
HyA/MNP_ M, and HyA/MNP_L swelled but retained their structural integrity, as shown
in Figure 6.7. The samples of HyA H lost their structural integrity and were completely
dissolved in the cell culture media. The pH value of the post-culture media was in a small
range of 8-8.25, although some statistical differences were detected among the groups, as
shown in Figure 6.8a. Figure 6.8b shows the Fe’* concentration in the post-culture media
after 24 hours of direct exposure culture. Interestingly, magnetic hydrogel groups with
higher MNP contents exhibited lower Fe*" concentration in the media. This may be
because the hydrogel with higher MNP content had greater structural stability and fewer
ions released from the hydrogel network to the media. Although the MNP control group
had the greatest surface area among all the iron-containing samples, it showed the lowest
Fe** concentration among these groups. This is attributed to the fact that all other iron-
containing groups had Fe*" ions. Figure 6.8c indicates that the groups of HyA/MNP_H
and HyA/MNP_M had lower average Ca*" ion concentrations in the post-culture media
than other groups. The negative charges of carboxyl groups on the HyA molecules can
absorb cations such as Ca?" ions and good structural stability of these samples prevented

the release of the absorbed Ca*' ions.
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Figure 6.7 Photographs showing the status of hydrogels after a 24-hour direct exposure
culture.
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Figure 6.8 Post-culture analysis of media. (a) pH value. (b) Fe** concentration. (c) Ca*"

concentration in the post-culture media after a 24-hour direct exposure culture.
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6.4 Discussion

To improve the performance of nanocomposites for a specific application,
achieving uniform dispersion of nanoparticles in the polymer phase is significant. The
agglomeration or phase separation of nanoparticles in the polymer phase will change the
properties of the material, such as surface properties, mechanical properties, and
cytocompatibility. For example, Wetteland et al reported that PLGA (LA:GA = 50:50)
with 30 wt.% agglomerated MgO nanoparticles showed significantly higher cell adhesion
density than PLGA with 30 wt.% well-dispersed MgO nanoparticles.!® This is because
nanoparticle agglomeration increased direct contact of MgO with BMSCs and the
concentration of MgO on the top surface was at a relatively high-level which is toxic to
cells.!%

Compared to the method that mix the nanoparticles with polymer solution
directly, the incorporation of MNPs in situ significantly enhances the dispersion of
MNPs. In this article, Fe*" ions served as the crosslinking agent and a source for MNP
synthesis. The strategy is different from the approach that loading Fe** and Fe*" ions in
pre-crosslinked hydrogels. Specifically, for pre-crosslinked hydrogels, the diffusion of
the Fe** and Fe?' ions is highly dependent on the crosslinking density of the hydrogel.
For hydrogels with relatively high crosslinking density, a concentration gradient of Fe**
and Fe’" ions may exist in the hydrogel network. After the reaction in the alkaline
solution, the concentration of MNPs in the edge and the center of the hydrogel may be
distinct. In this article, however, the processes of Fe** and Fe*" ion and hydrogel

crosslinking occurred at the same time. Our previous results indicated that the HyA
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solution was in a liquid phase at an equilibrium state when the concentration of Fe*" ion
was > 50 mM. It suggested that diffusion of Fe** and Fe?" ions in the HyA hydrogels
would be easy during the crosslinking and ion-loading process. As a results, the MNPs
showed uniform distribution in both the edge and the center of the hydrogels.

In this article, we only reported the incorporation of bare MNPs in the HyA
hydrogels. However, bare MNPs may be oxidized and lose magnetism rapidly. To
increase the stability of MNPs loaded in the hydrogels, some coatings may be applied to
the MNPs. Our previous study indicated that curcumin and PVA coating can reduce the
agglomeration and oxidization of the MNPs. As small molecules, curcumin can be loaded
in the HyA solution and iron ion solution, and curcumin-coated MNPs can be
incorporated into the HyA hydrogels after the alkaline treatment. The magnetic hydrogels
with curcumin-coated MNPs are angiogenesis and promising in soft tissue repair.
However, PVA coating may be hard to apply on the MNPs loaded in the HyA hydrogels
in situ due to the entanglement of PVA and HyA polymeric chains. In the future, we may
focus on the small molecule coating of MNPs which can be applied to the MNPs loaded

in the HyA hydrogels in situ.

6.5 Conclusion

In this chapter, MNPs were successfully incorporated in the HyA hydrogels in
situ. The MNP content in the magnetic hydrogels was tunable by controlling the
concentration of Fe** and Fe?" ions. Magnetic hydrogels with low MNP content exhibited

enhanced dispersion of MNPs but showed the lowest maximum distance that can respond
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to a magnet. The results of 24-hour direct exposure culture with BMSCs indicated the
magnetic hydrogels with higher MNP content exhibited lower cell adhesion density. In
the future, coating based on small molecules such as curcumin may be applied in the

synthesis to reduce the oxidation of MNPs in the magnetic hydrogels.
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