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Stimuli-responsive hydrogels have gained increased attention for a broad range of
biomedical and biotechnological applications. Synthetic polymeric systems are an attractive
platform as they afford tunability through the control of monomer side-chains and block
composition. Additive manufacturing, as a versatile method of fabrication, is widely used in
bioprinting however, the range of functional materials is limited. This dissertation describes the
research on the design and development of novel polymer hydrogels and the characterization of
rheological characteristics to enable extrusion-based additive manufacturing applications. Chapter
1 is an introduction to additive manufacturing and stimuli-responsive polymeric hydrogels. The
study of Chapter 2 represents our work on developing a novel cross-linkable hydrogel based on

alkyl glycidyl ether monomers. The resulting gel has tunable stiffness based on photoinitiator



concentration and UV irradiation length. Chapter 3 focuses on the exploration of telechelic
functionalization of F127 to modify the gelation temperature and rheology. The only modifications
that resulted in a noticeable change were the addition of a urea spacer and formulation of boronic
acid chain-ends with galactose functionalized F127 or curdlan polysaccharide. The work of
Chapter 4 discusses the influence a water-soluble dithiol has on the competition between chain-
extension and polymerization on a methacrylated F127 hydrogel. When the dithiol is formulated
in excess, slow thiol-ene occurs over the course of days to increase the molecular weight of F127
chains before UV cure. Careful control of equilibration prior to UV cure affords a gel that is

stretchable and suturable when extruded through a coaxial nozzle.
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Chapter 1. INTRODUCTION INTO STIMULI-RESPONSIVE
HYDROGELS FOR DIRECT-INK-WRITE ADDITIVE
MANUFACTURING

1.1  INTRODUCTION INTO EXTRUSION-BASED ADDITIVE MANUFACTURING

A surprise to some, Additive Manufacturing (AM) or 3D Printing (3DP) has existed since
Hideo Kodama first designed a rapid prototyping system using a photopolymer resin.! Since then,
the technology has been commercialized and diversified into several economic sectors such as
medical and aerospace. Forbes magazine recently highlighted future potential by saying, “Additive
manufacturing plays a major role in the Industry 4.0 revolution; it will help upend traditional
economies of scale, making microfactories economically efficient; and it’s already contributing to
reshape global supply chains, strengthening local networks.”? In a separate article they also claim
that the expected market for 3D printing technologies will reach a revenue of $35.6 billion by
2024.2 One of the reasons AM has become popular is the ability to fabricate parts with complex
geometries without the need for molds and complicated tooling as is required in conventional
methods. Additionally, lattice frameworks allow one to craft a part with less material reducing the
material cost and weight. The facile progression of moving from CAD model to fabricated part
has innovated the iterative prototyping process to occur in the span of days rather than months.
More importantly, recent developments have expanded beyond prototyping with advancements in
the fields of biomedicine with tissue engineering* and implantable devices,® automotive and
aerospace with lightweight and strong parts,® construction for rapid house erection in areas where
low-cost housing is necessary,” among many more. Future improvements in the speed of AM will

continue to revolutionize the way we think about manufacturing.
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Figure 1.1 Schematic of (a) FFF, (b) SLA, and (c) DIW additive manufacturing methods.®
Copyright 2019 (Adapted with permission from Elsevier)

A wide range of printers are available and span different deposition methods (Figure 1.1)
such as Fused Filament Fabrication (FFF) which utilizes the melting transition temperature of
thermoplastic polymers such as PLA or ABS, Stereolithography (SLA) which involves a rastering
laser to rapidly polymerize a monomeric liquid resin, and Direct-ink-Writing (DIW) that relies on
a material’s viscoelastic properties to deposit a shear-thinning gel with rapid recovery. Among
these FFF is likely the most familiar to the average consumer as a means to create keychains and
coasters. However, this method has been proven to be incredibly versatile as it has been shown to
be used in personalized prosthetic development® and as a model for minor surgical training.°
Stereolithography is where AM was initially pioneered and involves a laser rastered across the
surface of a monomeric resin tank to rapidly polymerize each layer. One drawback of these types
of monomers is their limited scope, generally requiring acrylates to achieve the fast gel point
required. In exploring new materials, our group has investigated the use of bovine serum albumin

(BSA) formulated with PEGDA as a step towards achieving bio-sourced and biodegradable



photopolymers for AM. These materials showed moduli comparable to commercial resins and
show good cell viability after 21 days.!

Particularly interesting for 3D bioprinting is DIW where a hydrogel is extruded through a
pneumatically or screw-driven mechanism to deposit an ink layer-by-layer. This technique is
attractive because it allows for the inclusion of bio-based materials and a relatively benign
deposition method to afford materials capable of seeding cells for tissue engineering*? or bioreactor
fabrication.® Early research in this area involved the printing of gelatin and alginate which are
excellent bio-polymers, however, they are not tailored to AM and require precise temperature
control or support baths. An alternative strategy is to use synthetic polymers which grant tunability
in the mechanical properties required of AM at the cost of reduced bioactivity. However, starting
from a synthetic foundation allows for the expansion of functionality in addition to tunable
mechanical properties which has been demonstrated in recent years through the development of
stimuli-responsive “smart” polymers. The scope of innovation relies on a collaborative effort
between chemists, engineers, and medical professionals to design stimuli-responsive “smart”

polymers that replace the materials originally intended for traditional fabrication methods.

1.2 INTRODUCTION INTO STIMULI-RESPONSIVE HYDROGELS FOR DIW 3DP

Since the advancement of additive manufacturing as a viable alternative to traditional
manufacturing practices, there needs new design considerations for future polymers materials.
Given the wide range of printing techniques, the processing conditions depend on the method used
and gives chemists an opportunity to expand the scope of available functional polymers. As an
example, extrusion-based printers either require a thermoplastic polymer (FFF) or a shear-thinning
gel (DIW). Temperature can be controlled during the print process through localized heating either
at the print-head, cartridge, or build plate. In DIW, gelatin is a commonly used biopolymer that

3



requires a heated cartridge to allow for the polymer to flow and a cooled build plate to afford a
soft gel. The printed part often has low resolution which have been addressed by many groups by

using viscosity modifiers such as laponite!* and alginate.™

Figure 1.2 Cartoon comparing the self-assembly behavior of core shell micelles vs flower-like
micelles.

a) F127, ABA-type triblock (top) assembles into core-shell micelles that pack into a face-
centered-cubic lattice structure to form a hydrogel network. Alkyl glycidyl ether, BAB-type
assembles into flower-like micelles that rely on bridging to form hydrogel networks. b) F127
micelles slide past one another in response to shear whereas alkyl glycidyl ether’s hydrophobic

blocks pull-out of the micelle core.

Alternatively, temperature-responses can be taken advantage of as in the case of Pluronic
F127 hydrogels. These polymers consist of PEO and PPO blocks and by tailoring the
hydrophobicity of PPO with the hydrophilicity of PEO micelles will form and given sufficient
concentration will gel. Similarly, alkyl glycidyl ethers polymerized from a PEG core will form
flower-like micelles and will undergo a similar transition as F127 (Figure 1.2).15-18 The transition
from solution to gel is reversible as the soluble unimers pack into micelles which allows for the
facile incorporation of additives such as composites or living cells at low temperature and printing
at room temperature. Both F127 and alkyl glycidyl ether copolymers are shear-thinning which

provides control of filament deposition through shear pressure rather than temperature to grant



increased control. Additional design considerations must also be met such as the yield stress, or
the force required to extrude the filament as well as recovery time to go from a free-flowing liquid
back to a gel. For gels that require large amounts of force, die swell becomes an issue but too low
and the gel will not be self-supporting and spread beyond the desired dimensions. Similarly, a slow
recovery will also result in poor resolution and therefore a rapid re-gelation is necessary. Many of
these issues may be solved through the optimization of polymer composition by altering the block

lengths or side-chain moieties.

Figure 1.3 Cartoon depiction of light-responsive F127 (top) and alkyl glycidyl ether (bottom)
triblock copolymers.
The chain-end determines where cross-linking takes place, for F127, the hydrophilic periphery

is polymerized. Alkyl glycidyl ether’s cross-linking is in the hydrophobic core.

Once the needs of the basic printing requirements have been met there is the opportunity
to expand the scope of functionality as stimuli-responsive “smart” materials. While there are many

strategies to accomplish this task, of note is through chemical modification at the chain-ends or



the sidechains of the polymer. For example, Frey and Obermeier have copolymerized ethylene
oxide with allyl glycidyl ether and through thiol-ene “click” chemistry append various
functionalities on the allyl ether alkene.r® On a simpler note, cross-linking may be achieved
through methacrylation of the alcohol at the chain-ends of F127%32%2% and alkyl glycidyl ether
triblock copolymers.2® This affords a material that is light-responsive to covalently fix the hydrogel
which is necessary for robust 3D printed constructs. Interestingly, as shown in Figure 1.3, one may
expect that polymerization taking place in the hydrophobic core vs the hydrophilic periphery
would be different. However, the rheological shear modulus is comparable, and both result in a
hydrogel that can be manipulated by hand without breaking.

The development of synthetic stimuli-responsive polymer hydrogels for DIW 3DP
applications is discussed in the following chapters. Chapter 2 covers the initial work of our lab in
the design of alkyl glycidyl ether triblock copolymers as alternatives to F127. Chapter 3 is a survey
of chain-end functionalized F127 and the exploration of their gelation and rheological properties.
Finally, chapter 4 is the in-depth investigation of the effect that a water-soluble dithiol has on the

hydrogel network of methacrylated F127 gels.
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Chapter 2. CROSS-LINKABLE MULTI-STIMULI-RESPONSIVE
HYDROGEL INKS FOR DIRECT-WRITE 3D PRINTING

2.1 ABSTRACT

Triple stimuli-responsive ABA triblock copolymer hydrogels composed of poly(allyl
glycidyl ether)-stat-poly(alkyl glycidyl ether)-block-poly(ethylene glycol)-block-poly(allyl
glycidyl ether)-stat-poly(alkyl glycidyl ether) were synthesized using controlled ring-opening
polymerization of glycidyl ethers. These polymers form triple stimuli-responsive hydrogels that
respond to temperature, pressure (shear-thinning), and UV light. The stimuli-responsive behaviors
of the gels were dependent upon the composition and molecular weight of the ‘A’ blocks of the
triblock copolymers. The hydrogels were analyzed rheometrically to characterize the stimuli-
responsive properties. The optimized compositions were 3D printed using a direct-write 3D printer
to afford robust 3D objects. We anticipate these materials creating new opportunities in the
biomedical and biotechnological fields, by enabling the simple and rapid fabrication of 3D

hydrogels.

2.2 INTRODUCTION

Stimuli-responsive hydrogels are of significant interest for their ability to adapt or change
with their environment. These materials also represent an emerging class of materials suitable as
bio-inks for direct-write 3D printing. In this method of 3D printing, a syringe fitted with a nozzle
is rastered across a surface as it dispenses an ink. An ideal material for printing under ambient
conditions is a stimuli-responsive material that demonstrates shear-thinning behavior in response
to applied pressure.}~1® Shear-thinning is a behavior of non-Newtonian fluids whereby a shear

response governs a decrease in viscosity allowing normally thick liquids or gels to flow freely.'’-
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21 The most common hydrogel inks used in direct-write 3D printing are hydrogels based on calcium
alginate or F-127.222° Other examples of shear-thinning inks include colloidal suspensions®®-3’
and polyelectrolyte gels.334! All of these materials can be printed at ambient temperatures into 3D
objects as a consequence of their shear-thinning behavior.

The Lewis and Zenobi-Wong groups have reported the direct-write 3D printing of hydrogel
inks composed of Pluronic F-127 which is a commercially available ABA triblock copolymer of
poly(ethylene glycol)-block-poly(propylene oxide)-block-poly(ethylene glycol) (PEG-b-PPO-b-
PEG).*? In addition to the shear-thinning behavior of F127 hydrogels, these materials are also
thermo-responsive due to the lower critical solution temperature (LCST) behavior of the PPO
block (~20 °C). When prepared as a 25 wt % aqueous solution of F-127, the polymers exist as
soluble unimers at 5 °C and afford a free-flowing solution. However, as the temperature is
increased to 25 °C, the solubility of PPO in water decreases, which drives the formation of micelles
comprised of a hydrophobic PPO core.***° The micelles pack into a face-centered cubic structure
in water resulting ina gel. This property of the hydrogel is particularly advantageous when loading
the hydrogel ink into the ink cartridge or the syringe of a direct-write 3D printer. Specifically, the
hydrogel ink can be poured into the cartridge while in its liquid state (5 °C) and then allowed to

warm to room temperature where it can be printed while in its gel state.
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Figure 2.4 Overview of alkyl glycidyl ether triblock copolymers

a) Poly(alkyl glycidyl ether)-block-poly(ethylene glycol)-block-poly(alkyl glycidyl ether)
triblock copolymer. b) Cartoon representation of temperature and shear response of alkyl glycidyl
ether triblocks. c) Pictures that show a 20 wt % polymer hydrogel at 20 and 5 °C in the gel and sol
states respectively.

We have previously demonstrated® that ABA triblock copolymers with the composition,
poly(isopropyl glycidyl ether)-b-poly(ethylene glycol)-b-poly(isopropyl glycidyl ether) (PiPGE-
b-PEG-b-PiPGE) forms dual-stimuli responsive hydrogels. These hydrogels reversibly respond to
both temperature (due to the LCST of the iPGE block) and applied pressure (Figure 2.1). These
hydrogels behave similarly to F-127 hydrogels but possess a higher modulus at lower polymer

concentration. Thus, the 3D printed objects are better suited to retain their shape after printing
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when compared to F-127 hydrogels at the same polymer concentration. However, in the absence
of cross-linked polymer chains after printing, the 3D printed objects derived from F-127 and
PiPGE-b-PEG-b-PiPGE readily dissolve when submerged into water.

Herein, we describe a 3D printable triblock copolymer hydrogel that responds to
temperature and pressure (shear thins), and is also capable of cross-linking upon exposure to 365
nm UV light. Allyl-containing triblock copolymers®->* were synthesized and formulated into
hydrogels suitable for direct-write 3D printing. We initially hypothesized that thiol-ene reactions
between these polymers and a multivalent thiol would be necessary to enable inter-polymer chain
cross-linking; however, we discovered that multivalent thiols were not necessary to covalently
bind the polymers. The triblock copolymers were prepared by anionic copolymerization of allyl
glycidyl ether with isopropyl or ethyl glycidyl ether from a poly(ethylene glycol) macroinitiator.
Under ambient conditions, these ABA triblock copolymers possess two temperature-responsive
hydrophobic blocks which are likely to form flower-like micelles and bridged micelles in aqueous

solution.%®5%8

2.3 RESULTS AND DISCUSSION

Living anionic polymerization is an effective method for the ring-opening polymerization
of glycidyl ether derivatives to afford polymers of controlled molecular weight and polydispersity
(Figure 2.2). Previously, we observed that PiPGE-b-PEG-b-PiPGE triblock copolymers formed
temperature responsive hydrogels that were also shear thinning.>® Therefore, we began the current
investigation by synthesizing PAGE-b-PEG-b-PAGE with the aim of utilizing the allyl side-chains
in thiol-ene reactions to enable cross-linking of the polymer chains. Triblock copolymers of

PAGE-b-PEG-b-PAGE were synthesized via anionic ring-opening
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Figure 2.5 Synthesis of alkyl glycidyl ether statistical copolymers

Synthesis of poly(alkyl glycidyl ether-stat-allyl glycidyl ether)-block-poly(ethylene glycol)-
block-poly(alkyl glycidyl ether-stat-allyl glycidyl ether). When z is no zero, R represents an ethyl
or isopropyl group. The compositions of the polymers synthesized for this study are described in
Table 2.1

Table 2.1 Polymer compositions with different monomer ratios

Composition Alkyl P(R)GE/PAGE-b- DP DP iPGE? DP EGE? b
Ethers PEG-b- AGE?
P(R)GE/PAGE?
Polymer 1 AGE 1.4k-b-8k-b-1.4k 24 - - 1.11
Polymer 2 EGE 1.6k-b-8k-b-1.6k - - 32 1.11
Polymer 3 AGE/iIiPGE | 1.2k-b-8k-b-1.2k 24 17.8 - 1.10
Polymer 4 AGE/iIiPGE | 1.4k-b-8k-b-1.4k 4.4 19.2 - 1.11
Polymer 5 AGE/iIiPGE | 1.7k-b-8k-b-1.7k 16 13.2 - 1.12
Polymer 6 AGE/EGE 1.7k-b-8k-b-1.7k 19.2 - 11.2 1.11

4Determined by NMR
bDetermined by GPC

polymerization using PEG as the initiator and potassium naphthalenide as the base (Table 2.1).
The block lengths were controlled by varying the molar ratio of allyl glycidyl ether monomer to
PEG macroinitiator. As noted by Lynd and co-workers,>® during the polymerization, some of the
allyl side chains isomerized to the vinyl form. While this isomerization can be suppressed by
performing the polymerization at more moderate temperatures, we did not observe complete
suppression of the vinylic side chains. The degree of polymerization was determined using *H
NMR spectroscopy by comparing the integration values of the ethylene glycol protons (3.4-3.6

ppm) relative to the allyl and vinyl protons at 4, 5.2, and 5.9 ppm, respectively (Figure 2.12). The
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resulting Mn for polymer 1 was 1.4k-b-8k-b-1.4k g/mol. The degree of polymerization (DP) was
less than the theoretical value suggesting there may have been homopolymer impurities and/or
unreacted monomer in the initial crude product, which was removed after purification by

precipitation.

Figure 2.6 PAGE1g5-b-PEG1s1-b-PAGE g5 (polymer 1) 15 wt% concentration hydrogel

Unlike the PIPGE-b-PEG-b-PiPGE (DP 15) triblock copolymers which exhibited a gel-to-
sol transition at 16 °C, the PAGE-b-PEG-b-PAGE block copolymers did not form
thermoresponsive hydrogels. In fact, the hydrogels formed with polymer 1 were brittle and
inhomogeneous (Figure 2.3). Therefore, in order to combine the thermo-responsiveness of PIPGE-
b-PEG-b-PiPGE with the cross-linkable functionality of PAGE-b-PEG-b-PAGE, statistical
copolymers of PiPGE-stat-PAGE-b-PEG-b-PiPGE-stat-PAGE were synthesized. The polymer
compositions were altered by changing the iPGE and AGE monomer feed ratios, as well as the
molar ratios of the monomers to PEG macroinitiator. The polymer composition was determined
using *H NMR spectroscopy by comparing the integration values of the ethylene glycol backbone
(3.4-3.6 ppm) and allyl, vinyl, and methyl protons at 4, 5.2, 5.9, and 1.15 ppm, respectively, from
the allyl glycidyl ether unit and isopropyl glycidyl ether unit (Figure 2.14). The resulting Mn for
polymers 3, 4, and 5 were 1.2k-b-8k-b-1.2k g/mol (DP = 2.4 for AGE and DP = 17.8 for iPGE),

1.4k-b-8k-b-1.4k g/mol (DP = 4.4 for AGE and DP = 19.2 iPGE), and 1.7k-b-8k-b-1.7k g/mol (DP
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=16 for AGE and DP = 13.2 for iPGE), respectively. Generally, the allyl-iPGE co-polymers 3, 4,

and 5 performed poorly in forming homogeneous hydrogels.

Liquid Viscous Solution Gel
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Figure 2.7 Temperature-concentration phase diagrams summarizing the solution and hydrogel
properties of polymers (a) 4 and (b) 6.
Ethyl and allyl glycidyl ether were also co-polymerized to afford PEGE-stat-PAGE-b-
PEG-b-PEGE-stat-PAGE (polymer 6). Analysis by *H NMR spectroscopy showed that polymer 6
was successfully polymerized under the same conditions used to synthesize the iPGE copolymers,

and the composition was determined by *H NMR spectroscopy using the integration values of the

ethylene glycol backbone (3.4-3.6 ppm) and the allyl, vinyl, and methyl protons at 4, 5.2, 5.9, and
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1.2 ppm, respectively (Figure 2.15). The resulting Mn for polymer 6 was 1.7k-b-8k-b-1.7k g/mol
(DP =11.2 for PEGE and DP = 19.2 PAGE).

Phase diagrams based on polymer concentration and solution temperature were constructed
to summarize the physical properties of the polymer solutions at temperatures ranging from 5 to
50 °C and polymer concentrations between 2 and 25 wt %. The vial inversion method was used to
ascertain whether each sample was a liquid, viscous liquid, or a gel. Polymers 4 and 6 demonstrated
the best performance as homogeneous hydrogels that undergo gel-to-sol transitions. As shown in
Figure 2.4, Polymer 4 in water remained as a clear solution from 5 to 30 °C at 2 to 10 wt %, but
the sample then became turbid above 35 °C. At 20 wt %, the mixture had a slow transition from a
clear solution at 5 °C to a viscous liquid until it gelled at 20 °C. This polymer did not form
homogenous hydrogels at 25 wt % and above. Polymer 6, which had a higher allyl glycidyl ether
composition with some ethyl glycidyl ether incorporated, also existed as a free-flowing solution
from 5 to 35 °C at 2 to 10 wt % concentrations. In comparison to polymer 4, a 20 wt % mixture of
polymer 6 demonstrated a sharper transition wherein the sample was a clear solution at 5 and 10 °C
and became a gel at 20 °C. This polymer was homogenous at 25 wt % which suggested that EGE
was more soluble than iPGE. The turbidity observed at the higher temperatures was attributed to
the formation of larger light-scattering aggregates. Interestingly, these aggregates are not present
at higher concentrations of polymer. We hypothesize that the dynamics of polymer chains changes

with concentration, and the origins of these differences will be reported in due time.
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Figure 2.8 Rheological experiments on polymer 4 and 6

Rheology performed on 18 wt% polymer 4 (black) and 20 wt% polymer 6 (red) hydrogels a)
Dynamic oscillatory temperature ramp experiment showing storage (filled) and loss (open) moduli.
b) Viscosity versus shear rate profile showing non-Newtonian behavior and shear-thinning
properties. ¢) Modulus versus stress showing the yield stress. d) Cyclic shear-thinning experiment
showing G’, storage modulus, response and instantaneous recovery to high (100%) and low (1%)
oscillatory strains. The solid lines show storage modulus of the polymer and the dotted lines

represent loss modulus. Experiments b-d were run at 25 °C

These hydrogels were further characterized by rheometry. Figure 2.5a compares the
dynamic elastic (G”) and viscous (G”) moduli for 18 wt % concentration of polymer 4, as well as
a 20 wt % concentration of polymer 6. The results confirmed that both hydrogels exhibit a

reversible sol-gel transition. The gelation temperature (which is defined by the intersection of the
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G’ and G” curves) was below room temperature for polymers 4 and 6 (13.5 and 14.3 °C,
respectively). Thus, at ambient temperature, the material occupied a gel state, but when the sample
was brought to a temperature below its gelation temperature, the material was a liquid. This
reversible temperature response is an important feature of these hydrogel inks as the ink can be
transferred into the 3D printer in its liquid state by cooling below its Tgel, but then printed at room
temperature in its gel state.

An ideal material for extrusion through a small diameter nozzle in direct-write 3D printing
is a shear-thinning polymer ink. Therefore, we investigated the shear-thinning behavior and the
gel yield stress at 25 °C. Figure 2.5b shows that the hydrogels corresponding to polymer 4 and
polymer 6 have linearly decreasing shear viscosities as the shear rate increases. The viscosity
versus shear rates are similar between the 18 wt % polymer 4 and 20 wt % polymer 6. These results
indicate the gels are non-Newtonian fluids and shear-thinning.

We further investigated the gel yield stress, an important parameter that correlates to the
force necessary for gel extrusion. The gel yield stress also provides an indirect indication of the
gel strength as it supports subsequent stacked layers during 3D printing. In other words, a gel with
a higher yield stress can support more stacked layers without printing defects such as sagging than
a gel with a low yield stress. Hydrogels of polymers 4 and 6 have a yield stress of 1.27 kPa at 18
wt % and 1.25 kPa at 20 wt %, respectively. Figure 2.5¢ suggests that the incorporation of ethyl
glycidyl ether instead of isopropyl glycidyl ether allows for higher allyl glycidyl ether
incorporation to obtain nearly identical yield stress results. These results suggest that these
polymer compositions will have similar printing performance and printing quality.

The shear-thinning and yielding behavior of these hydrogels originates from the dynamic

character of the self-assembled structures formed by the triblock copolymers in agueous media.
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As the gel experiences static or dynamic shear stresses, the viscoelastic behavior of the gel changes
as the mobility of the physically cross-linked polymers attenuates the applied stresses. The
reversible (and self-healing) nature of the physical cross-links that exist within these hydrogel
networks manifests itself in the instantaneous response of the gel modulus to changes in the applied
strain as illustrated in Figure 2.5d. In this experiment, 18 wt % polymer 4 and 20 wt % polymer 6
hydrogels were subjected to 5 consecutive cycles of low (1%) strain for 5 min followed by high
(100%) strain for 3 min. All of the hydrogels exhibited a marked decrease in the G’ moduli at high
strains and immediate recovery at low strains for each cyclic testing. Polymer 4 had G” moduli of
~17.5 kPa and 0.2 kPa at 1% and 100% strains, respectively. Polymer 6, being a slightly stronger
gel with higher concentration, had G’ moduli of ~20.8 kPa and 0.2 kPa at 1% and 100% strains,
respectively. All the hydrogels demonstrated the G’ response to high and low strains occurred in
less than 15 seconds. This rapid and reversible shear-thinning behavior is attributed to the
disruption of the physical network under large shear deformations while the recovery was due to
the rapid reformation of the transient network, which was promoted by hydrophobic interactions.
Furthermore, our hydrogels displayed minimal mechanical hysteresis between strain cycles. The
small degree of hysteresis between the first and second cycles was likely due to the initial
equilibration at 0% strain for 8 minutes leading to the observed higher G’ in the first cycle. This
rapid and reversible modulus response to shear stress suggested that these hydrogels can be
extruded from a nozzle but then quickly regain the mechanical integrity required to support
subsequent printed layers.

We initially hypothesized that thiol-ene reactions or alternative polymerization schemes®’
would be necessary to cross-link the polymer chains in the presence of a photoradical generator

(2-hydroxy-2-methyl propiophenone). However, our data show that in the absence of any dithiol
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cross-linking molecule, the triblock copolymers can undergo photo-initiated cross-linking. We

postulate that the allyl groups can undergo radical-initiated cross coupling to form carbon-carbon

bonds that bridge polymer chains. Thus, for this hydrogel system, thiol-ene mediated cross-linking

is not necessary to afford a covalently fixed structure. In fact, when the photo-initiated reaction

was performed in the presence of dithiols, we only saw an increase in the modulus at high (5 wt %

of the polymer mass) loading and the addition of dithiol added turbidity to the gel.(Figure 2.6 and
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Figure 2.9 Photorheology of polymer 4 with and without ethanedithiol

Dynamic oscillatory UV cure experiment showing an increase in storage modulus when lamp

IS turned on at the 60 second mark for 10 minutes of irradiation. Experiment performed on a)

polymer 4 with different photoinitiator concentrations based on polymer weight. b) polymer 4 with

1 wt% photoinitiator and different concentrations of ethanedithiol based on polymer weight.
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Figure 2.10 Picture of polymer 4 with ethanedithiol
Cross-linked polymer 4 with 5 wt% ethanedithiol of the polymer mass after UV curing
experiment. Addition of dithiol adds turbidity to the gel.

Rheometrical experiments with in-situ UV curing were performed to evaluate the photo-
initiated cross-linking of the allyl side-chains. Polymers 4 and 6 were formulated as hydrogels with
photoinitiator concentrations that varied from 0 to 5 wt % of the polymer mass. (Figure 2.8).
Polymer 6 possesses a higher allyl glycidyl ether composition, and therefore, a higher storage
modulus after UV curing as a consequence of the increased cross-link density.

The elastic modulus of the hydrogel was also dependent upon the UV exposure time and
photo-initiator concentration (Figure 2.9). When 1 wt % photoinitiator (relative to the polymer)
was added to the polymer 6 hydrogel, the cross-linking reached its peak in 400 s to afford a
modulus of 80 kPa. Continued UV exposure beyond this time did not change the G’ modulus.
Adjusting to shorter cure times reduced the cross-linking density, and afforded G’ of 40 kPa and
68 kPa for 60 and 200 s cure times, respectively. The introduction of covalent bonds between the
polymer chains significantly changes the dynamic character of the triblock copolymer chains of
the hydrogel. The crosslinked polymer network no longer exhibits the shear-thinning behavior that

was originally required for printing.
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Figure 2.11 Photorheology of polymer 4 and 6 with different photoinitiator concentrations

Dynamic oscillatory UV cure experiment showing increase in storage modulus when lamp is
turned on at the 60 s mark for 10 min of irradiation. Experiment performed on (a) 18 wt% polymer
4 and (b) 20 wt% polymer 6 hydrogels with different photoinitiator concentrations based on

polymer weight.
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Figure 2.12 Photorheology of polymer 6 with different UV cure times

Dynamic oscillatory UV cure experiment showing tunability of G’ moduli by altering length
of UV irradiation. Experiment performed on polymer 6 at 20 wt% concentration and 1%
photoiniator concentration based on polymer weight with 60 s dwell time followed by 60 to 600 s

cure times and a 10 min post-cure at constant strain.

We demonstrated the ability to 3D print the hydrogels into multi-layer 3D objects. The
hydrogel inks were transferred into the syringe for the direct-write 3D printer by cooling the gel
to 5 °C and pouring the solution into the syringe barrel. Upon warming to ambient temperature,
the ink became a gel which were printed via extrusion through a 210, 260, or 410 um diameter
nozzle. Figure 2.9 shows that the 3D printing of layered grid structures was successful for polymer
6 (see Figure 2.10 for Polymer 4). Layer thickness could be controlled by modifying the nozzle
diameter, as well as the print speed. As the speed at which the nozzle moved across the printing
surface increased, the diameter of the printed strand decreased. Additionally, grid structures up to

40 printed layers in thickness were demonstrated with excellent fidelity. The printed objects were
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cured for 10 minutes using 365 nm LED bulbs, which afforded robust structures that could easily
be gripped by tweezers or manipulated by hand. These cross-linked structures could also be

submerged into water without any visual disintegration.

Figure 2.13 3D printed grids of polymer 6

a) Grid printed with 0.21 mm ID nozzle at 5 mm/s. b) cross-linked gel of a. c) 20-layer grid
printed at 5 mm/s d) 40-layer grid printed with 0.41 mm ID nozzle at 10 mm/s. Structures a-c were
printed with polymer 6 at 20 wt% and d was printed at 25 wt% from a direct-write printer (scale

bar 2 mm).

Figure 2.14 3D printed grids of polymer 4
a) Grid printed with 0.26 mm ID nozzle. b) grid printed with 0.41 mm ID nozzle. c,d) cross-
linked gels of a and b respectively. All structures were printed from a direct-write printer at 5 mm/s

(scale bar 2 mm).
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2.4 CONCLUSIONS

Living anionic ring-opening polymerization of glycidyl ethers was used to synthesize
PiPGE-stat-PAGE-b-PEG-b-PiPGE-stat-PAGE and PEGE-stat-PAGE-b-PEG-b-PEGE-stat-
PAGE triblock copolymers. These polymers self-assembled in aqueous media to afford triple
stimuli-responsive triblock copolymers hydrogels, which respond to temperature, pressure, and
UV light. The stimuli-responsive capabilities of these hydrogels are critical to the printability of
these materials using a direct-write 3D printer: (1) the temperature response facilitates easy
handling and transfer of the gel, (2) the pressure (or shear-thinning) response allow the material to
be printed at ambient temperature, and (3) the light response facilitates cross-linking of the
polymer chains afford a robust 3D object. Interestingly, these allyl-containing polymers were
readily cross-linked in the presence of a photo-initiator and did not require the addition of other
additives to cross-link the polymer chains. These hydrogels afforded inks that were suitable for
direct-write 3D printing to create 3D objects. The hydrogels based on these triblock copolymers
provide a platform to expand the set of materials available for direct-write 3D printing, and
demonstrates that the properties of the hydrogels, such as the modulus, can be tuned based on the
compositional make-up of the polymer. We are currently exploring the application of these
materials for biotechnology applications which require robust 3D hydrogels, and will report these

results in due time.
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2.5 EXPERIMENTAL

2.5.1 Calculation of Mn

Number average molecular weight was calculated using *H NMR and an example for a
copolymer of PiPGE-stat-PAGE-b-PEG-b-PiPGE-stat-PAGE is given. The M, of PEG is 8k Da
which corresponds to approximately 182 ethylene glycol units per macroinitiator. If we use Figure
2.14 as the example spectrum then the number of isopropyl and allyl glycidyl ether units can be
calculated by finding the PEG to PiPGE and PEG to PAGE ratio. The integration for the peak at 2
ppm corresponds to the methyl groups on iPGE and is usually set to 1. The peaks between 3.2 and
3.9 correspond to protons e-m and were integrated to a value of 8, and the peaks at 4, 5.1 t0 5.3,
and 5.9 ppm corresponding to proton a-d equaled a total of 0.125. Since iPGE and AGE have peaks
that overlap in the 3.5 ppm region, their contribution to the overall integration must be subtracted
as shown below.

182 ethylene glycol units

6 PiPGE CH,
Coprecm ) (8 -1-0125)

= 17.6 iPGE units

Then, the integrations for PAGE allyl and vinyl protons at 4, 5.1 to 5.3, and 5.9 ppm can
be summed and multiplied by the number of iPGE units to give the number of AGE units as shown

below.

0.125 6 PIPGE CH, 17.6 = 2.6 AGE unit
. * * 0 = 4.
5 PAGE CH, + CH ures

2.5.2 Materials and Instrumentation.
All chemicals and solvents, unless otherwise stated, were purchased from Sigma-Aldrich
or Fisher Scientific and used without further purification. Poly(ethylene glycol) (PEG, Mn 8,000)
was dried under vacuum at 50 °C overnight in a flask prior to use. Allyl glycidyl ether (AGE, 99%,

Acros), isopropyl glycidyl ether (iPGE, 98%), and ethyl glycidyl ether (EGE, 98%, TCI America)

28



were dried over CaHy, distilled into a flask containing butyl magnesium chloride solution (2M in
THF), distilled, and stored under an inert atmosphere. Dry tetrahydrofuran was obtained by
purification over alumina column on a Pure Process Technology purification system. Potassium
naphthalenide was prepared by dissolving naphthalene (5 g) in THF (50 mL) and adding potassium
(1.5 g) and storing in an inert atmosphere. *H NMR spectra were obtained on a Bruker Avance
300 or 500 MHz spectrometer.

Gel permeation chromatography was performed using a Waters chromatograph equipped
with two 10 um Malvern columns (300 mm X 7.8 mm) connected in series with increasing pore
size (1000, 10000 A), using chloroform as the eluent, and calibrated with poly(ethylene glycol)
standards (102 to 40000 g/mol). Relative molecular weights were measured in chloroform using
poly(ethylene glycol) standards and a refractive index detector (flow rate: 1 mL/min).

2.5.3 Synthesis of poly(allyl glycidyl ether)-b-poly(ethylene glycol)-b-poly(allyl glycidyl ether)
(PAGE-b-PEG-b-PAGE)

PEG (10 g, 1.25 mmol, M, = 8,000 g/mol) was dried under reduced pressure in a reaction
vessel at 50 °C overnight. THF (100 mL) was added under an argon atmosphere to dissolve PEG
at room temperature. Potassium naphthalenide solution was titrated into the flask until a slight
green color persisted, indicating that the hydroxyl groups of the PEG have been fully deprotonated.
The reaction vessel was then warmed to 30 °C and AGE (4 mL, 34 mmol) was added via buret.
The reaction was left to stir for 48 h and was quenched with degassed acidic methanol (10 mL, 1
vIv % acetic acid). The reaction mixture was concentrated under reduced pressure and added to
cold diethyl ether to precipitate. The resulting suspension was poured into centrifuge tubes and
spun at 4400 rpm for 10 min. The supernatant was decanted and resulting material was dried in a

vacuum oven to afford a white solid. *H NMR (500 MHz, CDCls): & 5.86-5.95 (m, 1 H, CH.-
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CH=CH), 5.15-5.30 (m, 2 H, CH,-CH=CH), 4.01 (s, 2 H, O-CH,-CH=CH), 3.47-3.89 (m, 4 H,
+ 5 H, PEG backbone, PAGE backbone). Mn = 10800 g/mol (determined by *H NMR 500 MHz,

CDCI3). b=1.11 (determined by SEC using RI detection and CHCl3 as eluent).

a b
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D o

I I I I I I I I I I I I
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 20 ppm
Figure 2.15 *H NMR spectrum of PAGE-b-PEG-b-PAGE (polymer 1) triblock (500 MHz, 293

K, CDCls).
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Figure 2.16 *H NMR spectrum of PEGE-b-PEG-b-PEGE (polymer 2) triblock (500 MHz. 293
K, CDCls).
2.5.4 Synthesis of poly(ethyl glycidyl ether)-b-poly(ethylene glycol)-b-poly(ethyl glycidyl
ether) (PEGE-b-PEG-b-PEGE)

PEG (10 g, 1.25 mmol, M, = 8,000 g/mol) was dried under reduced pressure in a reaction
vessel at 50 °C overnight. THF (100 mL) was added under an argon atmosphere to dissolve PEG
at room temperature. Potassium naphthalenide solution was titrated into the flask until a slight
green color persisted, indicating that the hydroxyl groups of the PEG have been fully deprotonated.

The reaction vessel was then warmed to 50 °C and EGE (4.8 mL, 44 mmol) was added via buret.
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The reaction was left to stir for 48 h and was quenched with degassed acidic methanol (10 mL, 1
vIv % acetic acid). The reaction mixture was concentrated under reduced pressure and added to
cold diethyl ether to precipitate. The resulting suspension was poured into centrifuge tubes and
spun at 4400 rpm for 10 min. The supernatant was decanted and resulting material was dried in a
vacuum oven to afford a white solid. *H NMR (500 MHz, CDCls): & 3.48-3.92 (m, 4 H, + 7 H,
PEG backbone, PEGE backbone), 1.18-1.19 (m, 3 H, O-CH2CHz3). M, = 11300 g/mol (determined

by *H NMR 500 MHz, CDCls). B = 1.11 (determined by SEC using RI detection and CHClj3 as

eluent).
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Figure 2.17 *H NMR spectrum of PiPGE-stat-PAGE-b-PEG-b-PiPGE-stat-PAGE (polymer 3)
triblock (500 MHz, 293 K, CDCls).
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2.5.5 Synthesis of poly(isopropyl glycidyl ether)-stat-poly(allyl glycidyl ether)-b-poly(ethylene
glycol)-b-poly(isopropyl glycidyl ether)-stat-poly(allyl glycidyl ether) (PiPGE-stat-
PAGE-b-PEG-b-PiPGE-stat-PAGE)

PEG (10 g, 1.25 mmol, M, = 8,000 g/mol) was dried under reduced pressure in a reaction
vessel at 50 °C overnight. THF (100 mL) was added under an argon atmosphere to dissolve PEG
at room temperature. Potassium naphthalenide solution was titrated into the flask until a slight
green color persisted, indicating that the hydroxyl groups of the PEG have been fully deprotonated.
The reaction vessel was then warmed to 30 °C AGE (0.72 mL, 6.1 mmol) and iPGE (3.3 mL, 26
mmol) were added via burets. The reaction was left to stir for 48 h and was quenched with degassed
acidic methanol (10 mL, 1 v/v % acetic acid). The reaction mixture was concentrated under
reduced pressure and added to cold diethyl ether to precipitate. The resulting suspension was
poured into centrifuge tubes and spun at 4400 rpm for 10 min. The supernatant was decanted and
resulting material was dried in a vacuum oven to afford a white solid. *H NMR (500 MHz, CDCls):
§ 5.88-5.97 (M, 1 H, CH2-CH=CH), 5.16-5.28 (m, 2 H, CH2-CH=CH>), 3.99 (s, 2 H, O-CH.-
CH=CHy), 3.47-3.89 (m, 4 H, + 5 H, + 6 H, PEG backbone, PAGE backbone, PiPGE backbone),
1.14-1.21 (d, 6 H, O-CH-2CHs3). M, = 10700 g/mol (determined by *H NMR 500 MHz, CDCls).

b =1.11 (determined by SEC using RI detection and CHCl3 as eluent).
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Figure 2.18 'H NMR spectrum of PEGE-stat-PAGE-b-PEG-b-PEGE-stat-PAGE (polymer 6)
triblock (500 MHz, 293 K, CDCls).

2.5.6 Synthesis of poly(ethyl glycidyl ether)-stat-poly(allyl glycidyl ether)-b-poly(ethylene
glycol)-b-poly(ethyl glycidyl ether)-stat-poly(allyl glycidyl ether) (PEGE-stat-PAGE-b-
PEG-b-PEGE-stat-PAGE)

PEG (10 g, 1.25 mmol, M, = 8,000 g/mol) was dried under reduced pressure in a reaction
vessel at 50 °C overnight. THF (100 mL) was added under an argon atmosphere to dissolve PEG
at room temperature. Potassium naphthalenide solution was titrated into the flask until a slight
green color persisted, indicating that the hydroxyl groups of the PEG have been fully deprotonated.

The reaction vessel was then warmed to 30 °C AGE (3.1 mL, 26 mmol) and EGE (1.8 mL, 15
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mmol) were added via burets. The reaction was left to stir for 48 h and was quenched with degassed
acidic methanol (10 mL, 1 v/v % acetic acid). The reaction mixture was concentrated under
reduced pressure and added to cold diethyl ether to precipitate. The resulting suspension was
poured into centrifuge tubes and spun at 4400 rpm for 10 min. The supernatant was decanted and
resulting material was dried in a vacuum oven to afford a white solid. *H NMR (500 MHz, CDCls):
§ 5.88-5.89 (M, 1 H, CH2-CH=CHy), 5.14-5.27 (m, 2 H, CH2-CH=CH>), 3.98 (s, 2 H, O-CH.-
CH=CHy), 3.48-3.89 (m, 4 H, + 5 H, + 7 H, PEG backbone, PAGE backbone, PEGE backbone),
1.18 (m, 3 H, O-CH-CH3). M, = 11300 g/mol (determined by *H NMR 500 MHz, CDCls3). B =
1.11 (determined by SEC using RI detection and CHCl3 as eluent).
2.5.7 Rheological Experiments.

Dynamic oscillatory experiments were performed on a TA Instruments Discovery HR-2
equipped with a 20 mm parallel plate geometry. Samples, which were equilibrating in an ice bath
for at least 10 minutes, were carefully loaded onto the Peltier plate at 5 °C. A preshear experiment
was applied to ensure bubbles were eliminated from the sample cell. The sample was equilibrated
at 25 °C for 8 minutes. Strain sweep experiments were performed, and all experiments were
conducted using a strain value in the linear viscoelastic regime. Temperature ramp experiments
were performed at 1 Hz from 5-50 °C at 2 °C/min. Cyclic strain sweep experiments were conducted
to investigate the shear-thinning and recovery behavior of the hydrogels. Samples were loaded on
a 20 mm parallel plate geometry at 5 °C and a preshear experiment was performed to eliminate
bubbles from the sample. Cyclic shear thinning tests(frequency 1 Hz) were performed at 25 °C
using alternating strains of 1 % for 5 minutes and 100 % for 3 minutes per cycle. Viscosity versus
shear rate experiments were performed with a 20 mm parallel plate geometry at 25 °C. Gel yield

strains were measured under oscillatory strain (frequency 1 Hz, 25 °C) starting with an initial strain
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of 0.01 %. UV cure experiments were conducted to investigate the cross-linking behavior of the
hydrogels. Samples were loaded on a 20 mm parallel plate geometry and a preshear experiment
was performed to eliminate bubbles from the sample. The sample was equilibrated for 10 min to
bring sample to room temperature. A 60 s dwell time (frequency 1 Hz) preceded the UV lamp (365
nm LED with irradiation intensity 5 mW/cm2) was turned on for 10 min followed by a 10 min
post-cure constant oscillatory strain.

2.5.8 3D Printing of Hydrogels.

A direct-write printer was assembled from a Fab@Home V1 from Cornell University
which enabled the printer to translate in the X, y, and z directions at 25 um resolution. The hydrogel
inks were cooled to 5 °C and poured into a Nordson Optimum 10 cc fluid dispensing barrel
equipped with a Metcal conical (210, 260, or 410 um inner diameter) precision tip nozzle. The
syringe was pressurized using nitrogen gas (20 psi) to extrude the gel from the nozzle at ambient
temperature. The printer was controlled with an Arduino using Marlin firmware. The G-code was
made with Slic3r. Printed structures were cured in a custom-made box fitted with sunlite 365 nm
A19 UV Lamp(s) for 10 min. Irradiation intensity was 2 mW/cm? or 3.4 mW/cm? for 1 or 2 lamps,

respectively.
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Figure 2.19 Rheological temperature ramp of polymer 2
Dynamic oscillatory temperature ramp experiment showing storage (filled) and loss (open)
moduli performed on polymer 2. Experiment shows that PEGE-b-PEG-b-PEGE hydrogels are not
viable for printing but can assist in the gelation properties of PEGE-stat-PAGE-b-PEG-b-PEGE-
stat-PAGE hydrogels.
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Figure 2.20 Photorheology of PiPGE-b-PEG-b-PiPGE control
Dynamic oscillatory UV cure experiment on a triblock copolymer of PiPGE-b-PEG-b-PiPGE
showing no increase in storage modulus after UV lamp is turned on. The slight slope shown in the

graph is due to heating of the plate during lamp irradiation.
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Figure 2.21 Photorheology of polymer 5 with and without DOWEX treatment

Dynamic oscillatory UV cure experiment showing increase in storage modulus when lamp is
turned on at the 60 s mark for 10 min of irradiation. Experiment performed on (a) polymer 5 at
13.5 wt% and (b) polymer 5 treated with DOWEX cationic exchange resin to hydrolyze vinyl
ethers. Both polymers form cross-linked networks upon exposure to UV light in the presence of

phototiniator suggesting that vinyl ether itself is not necessary for cross-linking.
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Figure 2.22 Photorheology of polymer 6 with different UV intensities
Dynamic oscillatory UV cure experiment showing increase in storage modulus when lamp is
turned on at the 60 s mark for 10 min of irradiation. Experiment performed on polymer 6 at 20
wit% with 1 wt% photoinitiator with varied UV light intensities showing the rate of cross-linking

can be controlled with lamp power.
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Figure 2.23 Comparison of 20 mm parallel plate and 40 mm cone and plate geometries

Viscosity vs shear rate profiles comparing 40 mm cone and plate geometry with 20 mm parallel
plate geometry. Experiment performed on polymer 4 (top) at 18 wt% and polymer 6 (bottom) at
20 wt%. Graph indicates that there is not a significant difference between geometries.
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Chapter 3. CHAIN-END FUNCTIONALIZATION OF F127
POLYMER HYDROGELS

3.1 INTRODUCTION

Stimuli-responsive hydrogels have existed for quite some time and are attractive for
applications in drug delivery,! injectables,? soft actuators,® and strain sensors.* One strategy to
achieve a stimuli-responsive material is through chain-end functionalization of commercial
polymers. This method allows for facile modification through use of established chemistry and
rapid analysis without requiring extensive planning or optimization of polymerization conditions.
For example, poly(ethylene glycol) (PEG) has been used extensively in hydrogels by introducing
functional end-groups such as thiols,>® azides,” or acrylates® for cross-linking or conjugation.
However, PEG does not self-assemble in aqueous solution and requires an additional polymer
before a network is formed. Another polymer of interest is the triblock copolymer poly(ethylene
oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) commercially known as F127. This
polymer is attractive because it self-assembles in aqueous media between 20-35 wt% without
requiring additives. Derivatives of F127 have been presented in the literature such as F127-bis-
urethane methacrylate (F127-BUM)®*° and F127-diacrylate (F127DA).1® Both examples are light-
responsive to afford a cross-linkable hydrogel, however, the part that is generated is brittle.
Additionally, these hydrogels require a high concentration (over 25 wt%) to form gels that are
suitable for Direct-Ink-Write (DIW) printing. Therefore, there is room for improvement of the
gelation concentration, gelation temperature, and cross-linking by investigating alternative chain-
end functionalities.

Among possible end-groups, of note are ionic, physical, and dynamic covalent bonds. Acid

or amine chain-ends may alter the assembly behavior by providing an ionic cross-linking point
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that is relatively weak and may result in lower yield stress without sacrificing a robust printed
construct. Alternatively, incorporating a urea spacer into F127-BUM may provide additional
strength in addition to the urethane through hydrogen bonding assembly. Another possibility is
through the exploitation of binding affinity in dynamic covalent bonds that relies on an equilibrium
to allow for facile breaking points but rapid recovery in self-healing applications.

Herein, we present the functionalization of F127 to generate a series of telechelic polymers
and then explore the phase behavior and rheological properties. Among the end-groups studied we
looked at ionic, physical, and dynamic covalent bonds, and how these interactions alter the gelation
behavior by creating phase diagrams in various solvents and blends. Furthermore, rheology was
utilized to investigate the change in stiffness across the polymer formulations. Ultimately the effect
was less pronounced than expected and alternative projects were pursued but nonetheless the data

presented herein may aid in the design of future polymeric hydrogels.
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Figure 3.24 Synthetic scheme for the synthesis of telechelic F127 polymers

Abbreviations are as follows: bis-urethane methacrylate (F127-BUM, bis-urethane triol (F127-
BUT), bis-urethane catechol (F127-BUC), bis-urethane boronic ester (F127-BUBE), bis-urethane
amine (F127-BUA) bis-urethane lactobionic acid (F127-BULBA), and bis-urethane urea
methacrylate (F127-BUUM).

3.2 RESULTS AND DISCUSSION

Pluronic F127 was functionalized at the chain-end primarily through the activation of the
alcohol through either a tin catalyzed isocyanate coupling in the case of F127-Bis-urethane
Methacrylate (F127-BUM) or an imidazole intermediate by reacting with carbonyldiimidazole

(CDI). From the CDI functionalized polymer, several additional reactions are available to generate
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amine, boronic ester, or polyol moieties. The summary of synthetic scope is presented in Figure

3.1.
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Figure 3.25 Phase diagram of F127 in DI water.

F127 by itself is capable of forming hydrogels at 20-30 wt% and has a gelation temperature
(Tger) of around 15-20 °C (Figure 3.2). Early attempts of functionalizing this polymer began with
the tin catalyzed isocyanate coupling to achieve F127-Bis-urethane Methacrylate (F127-BUM)
with the intention of utilizing the methacrylate end-groups to cross-link the hydrogel network. To
determine the influence of the urethane and methacrylate contribution to the assembly behavior, a

phase diagram was constructed as is shown in Figure 3.3a. In comparing with native F127, it is
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clear that the chain-end functionalization has little effect on the gelation behavior and remains an

ideal candidate for extrusion-based printing.
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Figure 3.26 Phase diagrams of F127-BUM and F127-BUUM

In exploring methacrylate functionalization of F127 it was hypothesized that including a
urea spacer as part of the end-group may influence the self-assembly through hydrogen bond
interactions. Therefore, a new synthetic strategy as outlined in Figure 3.1 was developed by
functionalizing the chain-ends with CDI to activate the alcohol for a subsequent amide bond
formation with ethylene diamine. From here the same isocyanate coupling can be performed
without the need for a tin catalyst to achieve F127-Bis-urethane Urea Methacrylate (F127-BUUM).
In a similar fashion, a phase diagram was constructed (Figure 3.3b). Again, it is shown that there
is little difference between the native F127 and F127-BUUM suggesting that the urea spacer has
no effect on the gelation properties of the polymer.

While the gelation was unchanged there was still a question as to whether or not the
rheological properties were influenced by the changing end-groups. Figure 3.4 shows the yield
stress and viscosity comparisons between F127 and the two methacrylate derivatives. From this

data it is clear that the addition of the urea spacer between the urethane and methacrylate portions
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contribute to an increased viscosity and a resistance to yielding to applied shear. This led us to the

conclusion that F127-BUM was better suited to extrusion-based applications.
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Figure 3.27 Rheology of F127, F127-BUM, and F127-BUUM

Experiments performed at 25 °C in DI water. a) Yield stress showing that the addition of urea

into the end-group increases the stress required to break the hydrogel network. b) Viscosity
measurements demonstrating that urea also increases the viscosity for all shear rates.

After exploring the physical interactions between urethanes and ureas at the chain-end of
F127, there was interest in exploring alternative cross-linking methods between chain-ends by
looking at ionic or dynamic covalent linkages. It was hypothesized that by blending F127-Bis-
urethane Amine (F127-BUA) with F127-DiAcid in PBS media that the ionic interactions between
the carboxylate and ammonium groups would “stick” and therefore lower the required
concentrations to induce gelation. The amine chain-ends were synthesized as discussed previously
on the route to F127-BUUM but F127-DiAcid was synthesized through the ring opening of
succinic anhydride. Phase diagrams are shown in Figure 3.5 and compare F127-BUA and F127-
DiAcid by themselves and blended 1:1 in DI and PBS media. As may be expected, the addition of
the ionically charged groups slightly reduce the gelation behavior resulting in polymers that are
more soluble in water and therefore have a higher Tge than native F127. The blends of F127-BUA
and F127-DiAcid in a 1:1 ratio are more interesting in that the hydrogels formulated in PBS offer
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a slightly lower gelation temperature than native F127 at 20 wt% but given the propensity for error

in these qualitative phase diagrams it is not deemed significant enough for our purposes.
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Figure 3.28 Phase diagrams of F127-DiAcid and F127-BUA

Phase diagrams on the left correspond to hydrogels formulated in DI water and phase diagrams

on the right correspond to hydrogels formulated in 1x PBS.
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After the somewhat dissatisfying investigation into the effects of ionic bonding in polymer
hydrogel formation next we considered dynamic covalent bonds. While there are many
possibilities, we chose boronic acid and polyol binding as there were fewer examples in the
literature and the scope of binding included polysaccharides which may improve cell adhesion and
viability for our polymeric hydrogel platform. Initial strategies involved the esterification with
boc-protected glycine followed by deprotection with trifluoroacetic acid to yield a chain-end amine.
While the synthesis was successful, it was discovered that the ester bond was readily cleaved under
basic conditions and therefore incompatible with boronate/diol binding requirements. Instead we
opted for the synthesis as outlined in Figure 3.1 to generate a urethane instead of an ester which
showed greater tolerance to hydrolysis in basic conditions. The chain-end amine allowed for the
use of peptide coupling strategies to amidate various carboxylic acids such as phenyl boronic ester
and lactobionic acid.

To begin this investigation, first the effect of boronic ester on gelation properties was
explored. Initially we thought that deprotection of the pinacol ester was necessary prior to
formulating the hydrogels but due to the relatively low binding affinity of pinacol it was
hypothesized that a slow exchange would occur. In addition to DI water, the polymer was tested
in synthetic complete media (SCM), with the addition of dextran, and with the addition of curdlan
(Figure 3.6). From these results there was little effect in DI water and with the addition of 10 wt%
dextran, however the polymer seemed to show increased solubility in the SCM. Interestingly,
curdlan, a more soluble dextran, when formulated in 0.25 M NaOH solution, reduced the gelation

temperature for concentrations of F127-BUBE greater than 20 wt% but had no effect on lower
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concentrations. Given the above results it was suggested that F127 functionalized with polyol end

groups may improve the binding at the chain-ends and act as cross-links.
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Figure 3.29 Phase diagrams of F127-BUBE in various aqueous media
a) DI water has little effect on the assembly of hydrogel network whereas (b) SCM increases
the solubility and requires higher concentrations to form a gel. c) The addition of Dextran (10

wt%) has little effect on the network formation.

With that in mind, a few functional F127 polymers were synthesized, namely those with
Tris (F127-Bis-urethane triol, F127-BUT) and lactobionic acid (F127-Bis-urethanelactobionic
acid, F127-BULBA) end-groups. A catechol derivative (F127-Bis-urethane catechol, F127-BUC)
was also attempted but was unsuccessful due to the oxidation of catechol in basic conditions. While

unsatisfying we found there to be little difference between the blends formulated with either F127-
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BUT or F127-BULBA in DI water or basic conditions (Figure 3.7). From all of the data described
here and in the previous sections, it was determined that attempting to influence the hydrogel’s
gelation temperature by relying on dynamic covalent bonds in the hydrophilic domain in the

presence of an excess of water was a futile effort.
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Figure 3.30 Phase diagrams of F127-BUBE blends
a) Blended with F127-BUT and (b) blended with F127-BULBA. Both formulations were
blended 1:1 and in pH 10 solution.

0

While boronic acid binding to diols did not influence the gelation properties of the hydrogel
formulations we wanted to explore the rheological properties and determine if any binding was
occurring. The primary rheological experiments of interest were that of yield stress and shear-
thinning as they give an insight into the shear force required to break physical or covalent cross-
links. As can be seen in Figure 3.8, compared to native F127, the formulation with base soluble
curdlan or blended with F127-BULBA were the only ones to show an increased yield stress and
higher viscosity. Based on the binding affinity for galactose moieties and the number of available

diols in curdlan compared to triol this makes sense as the binding affinity is higher for the former
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case. However, an increased yield stress and higher viscosity makes it more difficult to extrusion

print and therefore these hydrogels are less desirable than native F127 or F127-BUM hydrogels.
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Figure 3.31 Rheology of F127-BUBE blends with F127-BULBA or Curdlan

Curdlan gels were prepared at 9 mg/mL in 0.25 M NaOH solution and F127-BUBE:F127-
BULBA blends were mixed in a 1:1 ratio. a) Yield stress showing that the dynamically cross-

linked network takes more force to extrude. b) Shear-thinning experiment showing that the

dynamically cross-linked network is more viscous at all shear rates, however, the 1:1 mixture of
F127-BUBE:F127-BULBA appears to break around 30 1/s.

3.3 CONCLUSIONS

A series of telechelic polymer hydrogels derived from F127 were synthesized and their

gelation and rheological properties were explored by qualitative phase diagrams and rheology.
Among the polymers tested, F127-BUM was the most promising as a light-responsive hydrogel
with minimal interruption of the gelation temperature and yield stress from the original which
makes it a great candidate in extrusion-based 3D printing. F127-BUA and DiAcid were
preferentially soluble in the agueous solvent as may be expected and did not show a significant
effect of ionic binding in DI or PBS media. Similarly, attempts at utilizing the binding affinity of

boronic acid with a series of polyols was met with unsatisfying results as there was little evidence
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of effective binding that takes place. Overall, | hope this chapter serves as a useful guide in what

not to do if you want to target alternative binding strategies in synthetic polymer hydrogels.

3.4 EXPERIMENTAL

3.4.1 Materials and Instrumentation

All chemicals and solvents, unless otherwise stated, were purchased from Sigma-Aldrich
or Fisher Scientific and used without further purification unless noted otherwise. Pluronic F127
was dried under reduced pressure overnight prior to functionalization. Dry dichloromethane and
tetrahydrofuran was obtained by purification over alumina columns on a Pure Process Technology
purification system. 1H NMR spectra were obtained on a Bruker Avance 300 or 500 MHz
spectrometer.

3.4.2 Synthesis of Pluronic F127 Bis-urethane Methacrylate (F127-BUM)

F127 (60 g, 4.8 mmol) was dried under vacuum, then anhydrous dichloromethane (550 ml)
was charged to the flask. The mixture was stirred until complete dissolution of the F127 was
observed. The reaction mixture was brought to 30 °C and then dibutyltin dilaurate (12 drops) was
added, followed by dropwise addition of 2-isocyanatoethyl methacrylate (3.5 ml, 24.8 mmol) in
anhydrous dichloromethane (50 ml). The reaction was allowed to proceed for 2 d before quenching
with MeOH. The F127-BUM was precipitated in ether, the precipitate was allowed to settle, and
the supernatant was decanted. The F127-BUM precipitate was finally washed in ether twice, dried

under ambient conditions and then dried under vacuum.
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Figure 3.32 'H NMR spectrum of F127-BUM (500 MHz, 293 K, CDCls)

3.4.3 Synthesis of Pluronic F127 DiAcid

F127 (10 g, 0.8 mmol) was dissolved THF (80 mL) and brought to 50 °C until the polymer
was fully dissolved. TEA (285.5 uL, 2 mmol) was added followed by succinic anhydride (820 mg,
8 mmol) dropwise over 45 min. After the addition, the reaction was brought to reflux and run
overnight. Water (3 mL) was added to quench the reaction and stirred for an additional hour. The
reaction mixture was transferred to a centrifuge tube and spun at 4,400 rpm for 15 minutes. The
collected supernatant was combined and concentrated under reduced pressure, redissolved in DCM

and extracted with 1M HCI to remove excess reagent. After two additional washes, the DCM layer
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was dried with MgSOsu, filtered, and concentrated under reduced pressure until viscous. Finally,

the polymer was precipitated into diethyl ether, washed twice, and dried under vacuum.
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Figure 3.33 *H NMR spectrum of F127-DiAcid (500 MHz, 293 K, CDCls)
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3.4.4 Synthesis of Pluronic F127 Dilmidazole (F127-DlI)

F127 (20 g, 1.6 mmol) and carbonyldiimidazole (CDI, 2.66 g, 16 mmol) were dissolved in
acetonitrile separately (ACN, 100 mL each). The F127/ACN mixture was dropwise added into the

CDI/ACN reaction flask over 1 h and was allowed to run for 4 h. The resulting polymer was

immediately used in other reactions and was not isolated.
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3.4.5 Synthesis of Pluronic F127 Bis-urethane Triol (F127-BUT)
F127-DI (10 g, 0.8 mmol) from previous step was used immediately by adding Tris (2 g,
3.2 mmol) and TBAB (5 mg, 0.016 mmol) and allowing the reaction to proceed for 24 h. The
reaction mixture was immediately filtered, concentrated under reduced vacuum, and precipitated
in diethyl ether. The polymer was dried under ambient conditions and subsequently dialyzed in DI

water for 3 d followed by lyophilization to yield a white powder.
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Figure 3.34 'H NMR spectrum of F127-BUT (500 MHz, 293 K, CDCls)
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3.4.6 Synthesis of Pluronic F127-Bis urethane Amine (F127-BUA)
F127-DI (20 g, 1.6 mmol) from previous step was used immediately by adding ethylene
diamine (EDA, 16.5 mL, 240 mmol) and allowing the reaction to run overnight. The resulting
mixture was filtered, concentrated under reduced vacuum, precipitated into diethyl ether, and

washed 3 times. The resulting white polymer was dried under vacuum.
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Figure 3.35 *H NMR spectrum of F127-BUA (500 MHz, 293 K, CDCls)
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3.4.7 Synthesis of Pluronic F127 Bis-urethane Boronic Acid (F127-BUBA)

F127-BUA (10 g, 0.8 mmol) from previous step was dissolved in DMF (50 mL) and stirred
until completely dissolved. In a separate flask, 4-carboxyphenylboronic acid pinacol ester (CPBE,
437 mg, 1.8 mmol), HATU (852 mg, 2.2 mmol), and DiPEA (697 uL, 4 mmol) were stirred in
DMF (50 mL) until dark yellow (30 min). The CPBE mixture was added to the polymer and stirred
for 24 h. After the reaction is complete, the solution was concentrated under reduced pressure and
precipitated in diethyl ether and dried under vacuum. The polymer was then dissolved in water

and dialyzed 3 d and lyophilized to yield a white powder.

OH

f d
0 e o “oH
v °\/}(K,J\,}(G\/\)~UIJ\N/\/" b
HOL ! e e e " e Cc
W
| e
| f
cocl, | \
| H,0
|
c b 2 d e UL
€ i L ) M JL
| I | ] I I T | T T I I
8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 2.0

Figure 3.36 *H NMR spectrum of F127-BUBA (500 MHz, 293 K, CDCls)
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3.4.8 Synthesis of Pluronic F127 Bis-urethane Urea Methacrylate (F127-BUUM)

F127-BUA (10 g, 0.8 mmol) was dissolved in DCM (80 mL) and in a separate flask,
isocyanatoethyl methacrylate (IEMA, 0.58 uL, 4 mmol) was dissolved in DCM (20 mL) and added
dropwise into the polymer mixture over 30 min. The reaction was allowed to proceed at RT
overnight and quenched with methanol (10 mL), concentrated under reduced vacuum, precipitated

into diethyl ether, washed 2 times and dried under vacuum to obtain a white powder.
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Figure 3.37 *H NMR spectrum of F127-BUUM (500 MHz, 293 K, CDCls)
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3.4.9 Synthesis of Pluronic F127 Bis-urethane Lactobionic Acid (F127-BULBA)

F127-BUA (5 g, 0.4 mmol) was dissolved in DMF (25 mL) and stirred until completely
dissolved. In a separate flask, calcium lactobionate hydrate (LBA, 675 mg, 0.9 mmol), HATU (433
mg, 1.1 mmol), and DIPEA (348 uL, 2 mmol) were stirred in DMF (25 mL) until dark yellow (30
min). The LBA mixture was added to the polymer and stirred for 24 h. Once finished, the reaction
was filtered, concentrated under reduced vacuum, precipitated in diethyl ether, and dried under
vacuum. The dry polymer was dissolved in water and dialyzed for 3 d followed by lyophilization
to yield a white powder.

3.4.10 Phase Diagram Experiments

Hydrogels were prepared by weighing functionalized F127 (5 mg/ wt%) from 2 to 30 wt%
in dram vials. Aqueous media (DI, PBS, SCM, or pH 10) was added to bring the total mass to 200
mg. The 7 vials were then rubber banded together and suspended in a water bath with temperature
control. Temperatures below room temperature were regulated by periodically adding ice.
Measurements were taken after observing a constant temperature for at least 5 minutes and were
obtained by inverting the set of vials and recording which were either free flowing, slow to flow,
or a gel. This process was repeated in 5 degree increments from 5 to 50 °C.

3.4.11 Rheological Experiments.

Dynamic oscillatory experiments were performed on a TA Instruments Discovery HR-2
equipped with a 20 mm parallel plate geometry. Samples, which were equilibrating in an ice bath
for at least 10 minutes, were carefully loaded onto the Peltier plate at 5 °C. A preshear experiment
was applied to ensure bubbles were eliminated from the sample cell. The sample was equilibrated
at 25 °C for 8 minutes. Strain sweep experiments were performed, and all experiments were
conducted using a strain value in the linear viscoelastic regime. Viscosity versus shear rate
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experiments were performed with a 20 mm parallel plate geometry at 25 °C. Gel yield strains were

measured under oscillatory strain (frequency 1 Hz, 25 °C) starting with an initial strain of 0.01 %.
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Chapter 4. TIME-DEPENDENT POLYMER NETWORK
FORMATION IN EXTRUDABLE HYDROGELS

4.1 ABSTRACT

The fabrication of hydrogel materials has gained increased attention for a broad range of
biomedical and biotechnological applications. However, one longstanding challenge in the field is
to develop hydrogels that can be easily processed into the desired form factor, while achieving the
necessary final physical and biochemical properties. Herein, we report a shear-thinning hydrogel
ink that can be photo-cured to create a stretchable, suturable hydrogel whose polymer network is
formed via the combination of thiol-Michael addition and radical polymerization. A shear-thinning
hydrogel based on bis-methacrylated Pluronic® F-127 was modified with varying equivalents of
2,2’-(ethylenedioxy)diethanethiol (EDT) as an additive. We observed that aging the hydrogel over
time prior to extrusion allowed the relatively slow thiol-Michael addition to occur (between thiol
and methacrylate) prior to UV initiated photopolymerization of the methacrylates. The viscoelastic
properties of these hydrogels could be tuned based on the amount of EDT added, and the aging
time of the hydrogel formulation. The changes to the physical properties of the hydrogels were
attributed to the increased chain length between network junctions that resulted from the thiol-
Michael addition reactions. The optimized hydrogel composition was then extruded from a coaxial
nozzle to produce hydrogel tubes that, after curing, were resistant to tearing and were suturable.
These extrudable synthetic hydrogels with tunable viscoelastic properties are promising for tissue

engineering applications and as surgical training models for human vasculature.
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4.2 INTRODUCTION

Hydrogels are an important class of material due to their widespread use in biomedical
applications such as tissue engineering,}*® surgical training models,}**® and implantable
devices.1#16-19  Synthetic polymer hydrogels are advantageous over naturally derived hydrogels
(such as calcium alginate and gelatin) because they afford materials that can be more specifically
tailored to mimic biological materials like human tissue.?%-?2 However, one longstanding challenge
in the field is to develop hydrogels that can be easily processed into the desired form factor, while
achieving the necessary final physical and biochemical properties. Shear-thinning hydrogels®2*
have shear-dependent viscoelastic behaviors that can facilitate the processing of these materials,
and are particularly well-suited as injectable hydrogels for subdermal drug delivery?>-2" and for
direct ink write 3D printing.2* These hydrogels can be mechanically or pneumatically
pressurized to flow from a syringe, and can quickly recover its gel state via the reformation of
reversible covalent or noncovalent bonds upon exiting the nozzle.3*? Strategies for designing
shear-thinning hydrogels have included incorporation of cyclodextrin to enable host-guest
supramolecular interactions,?® protein directed assembly,®® and control of block copolymer
architectures.3+-3¢

Poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) is a triblock
copolymer that self-assembles into micelles in water to afford shear-thinning hydrogels. Our
group,?3™4 and others,*?*® have used a commercially available form of this polymer known as
F127, and the cross-linkable F127-bisurethane methacrylate (F127-BUM) derivative, to afford
extrudable hydrogel inks for creating 3D constructs. In a recent example, we extruded hydrogel
tubes toward modeling vascular endothelium using customized coaxial nozzles.*® The nozzles

were modeled via computer-aided design and then 3D printed on a commercially available SLA
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printer to generate coaxial nozzles with different orifice geometries and dimensions. While the
lumen of these tubular hydrogel constructs could be endothelialized with human umbilical vein
endothelial cells, the hydrogels were still limited by their brittleness, particularly to needle
puncture during suture. Thus, chemical strategies that provide the processability of hydrogels via
shear-thinning behavior, but with improved mechanical properties after curing the hydrogels are
desirable for engineering in vitro models that resemble tubular biological structures (such as blood
vessels, airways, and the intestines).

Thiol-Michael “click” chemistry presents an important class of reactions for
macromolecular systems*6 that has been utilized in bioconjugation reactions,*~*° the formation
of graft polymer architectures,®*®! and network formation in polymer hydrogels.*-°2-%¢ The thiol-
Michael addition takes place between a free thiol and a,-unsaturated ester and may be catalyzed
by base, or phosphorus and nitrogen centered nucleophiles.®” As demonstrated in a computational
study by Northrop and Coffey, methacrylates are generally less reactive than acrylates, ally ethers,
and maleimides in thiol-Michael reactions.®® Bowman and co-workers experimentally verified
this difference in reactivity by using a photobase and show slow addition of thiols onto butyl
methacrylate.>° Additionally, thiols and alkenes can undergo photoradical thiol-Michael reactions.
Bunel and co-workers showed that under photoradical conditions, methacrylate
homopolymerization was favored over photoradical thiol-Michael addition.®°

Recently, Long and co-workers showed that the combination of free-radical
polymerization with thiol-Michael “click” chemistry could be utilized to afford
poly(dimethylsiloxane)-based (PDMS-based) silicones. The chain-ends of PDMS were
functionalized with acrylamides or thiols to afford resins that varied in the ratio of thiol to

acrylamide. The polymerized network showed a tunable stretchability and Young’s modulus that
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was dependent upon the extent of thiol-Michael chain-extension between chain-end acrylamide
and thiols, versus the free-radical polymerization of the chain-end acrylamides.5! The Smaldone
group has also demonstrated base-catalyzed thiol-Michael addition of a three-arm thiol onto
acrylate-functionalized F127. In this work, the concentration of base determined the cross-link
density of the final printed construct.®?> Additionally, Anseth and co-workers demonstrated the
importance of aging in gels formulated with thiols. Their group used a four-arm thiol and
diacrylated PEG to show a time-dependent thiol-Michael addition, which forms the preliminary

polymer network before a subsequent UV cure further cross-links the material .63
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Figure 4.38 The scope of reactions available between thiols and methacrylates.

A slow thiol-Michael reaction takes place spontaneously while introduction of lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP) photoinitiator and 365 nm light enables fast
photoradical mediated polymerization.

Herein, we report a shear-thinning hydrogel ink that can be photo-cured to create a
stretchable, suturable hydrogel whose polymer network is formed via the combination of thiol-

Michael addition and radical polymerization. The introduction of a dithiol additive into the F127-
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BUM hydrogel was employed to introduce two different covalent bond-forming reactions: the
radical polymerization of the methacrylate chain-ends cross-links the polymer network, while the
thiol-Michael coupling reaction of the F127 polymer chains with a dithiol additive could
effectively increase the molecular weight of the polymer chains between cross-linking sites (Figure
4.1). As a result, the mechanical properties of the hydrogels were dependent upon the contribution
of the thiol-Michael addition versus the radical polymerization to the formation of the final
network. Although the thiol-Michael addition between thiols and methacrylates is slow, the
hydrogel ink can be aged over time to allow the reaction to occur prior to the UV-initiated radical
polymerization of the methacrylate end-groups. The hydrogel inks were extruded using a coaxial
nozzle to create tubular constructs that were UV-cured to afford suturable hydrogels, which could

have future use as models for vascular tissue.

4.3 RESULTS AND DISCUSSION

F127-BUM affords shear-thinning hydrogels at concentrations above ~20 w/w %,
even in the presence of water-soluble additives.?® In this investigation, 2,2’-(ethylenedioxy)
diethanethiol (EDT) was introduced as an additive to 30 w/w % F127-BUM hydrogel
formulations (with 0.1 wt% LAP as photo-initiator) (Figure 4.2) at 0, 0.5, 1.0, 1.5, or 2.0
molar equivalents relative to the polymer. Rheological characterization of these hydrogels
confirmed the shear-thinning behavior of all the hydrogels (Figure 4.14-17). Figure 4.1
shows the reactions by which covalent networks can be formed. Thiols can spontaneously
react with methacrylates at a slow rate under ambient conditions and neutral pH (in the
absence of UV light). This reaction results in a chain-extension that couples F127-BUM
polymer chains to form longer bridging chains between points of cross-linking in the
network. Photoinitiated radical polymerization of the methacrylate end-groups can also
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Figure 4.39 Materials used in this work and cartoon describing chain-extension and
photoradical cross-linking

a) Materials used in this work. F127 is functionalized with urethane methacrylate end-groups
(F127-BUM). At temperatures above the gelation temperature (Tger) and in concentrations greater
than 20 wt%, F127-BUM forms core-shell micelles that affords a hydrogel network. 2,2’-
(ethylenedioxy)diethane thiol (EDT) was chosen because of its water solubility and commercial
availability. b) An F127-BUM hydrogel formulated with EDT slowly undergoes thiol-Michael
chain-extension. A UV cure after a set period of ageing affords tunability in the extent of cross-

linking by radical polymerization.
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occur rapidly and introduces crosslinking sites into the network. As shown in Figure 4.2,
the final polymer network is comprised of both physical cross-links (the assembled
poly(propylene oxide) blocks of the self-assembled micelle core) and chemical cross-links
(the polymerized methacrylate chain-ends) that are separated by the bridging polymer
chains.

F127-BUM hydrogels that are chemically cross-linked in the absence of EDT
exhibit elasticity, and brittle fracture upon failure. Inspired by recent publications on 3D
printed elastomers,:%4 we hypothesized that increasing the length of the bridging F127-
BUM chains via thiol-Michael addition could lead to hydrogel networks tunable stiffness
and stretchability. As a method of characterizing hydrogel networks, the affine network
theory of unentangled rubber elasticity® is a useful tool to help probe the effects of cross-
link junctions. This model assumes that the cross-link points between each strand is
representative of the entire network and may estimate the molecular weight between cross-
link junctions through uniaxial deformation written in terms of the shear modulus. F127 is
known to create hydrogel networks by the aggregation of micelles packing into a face-
centered cubic (fcc) lattice at concentrations above 20 wt% in agueous media and above its
gelation temperature (Tge1).%¢ This model does not take into account defects such as loops
or dangling ends and may not be representative of a highly entangled micellar network such
as F127. Nonetheless, many groups have shown that this is an appropriate model for this
type of investigation.®167-%° Equation (1) allows us to approximate the molecular weight
between cross-links (M¢) by using rheometry to determine the average plateau storage

modulus (GQ).
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Where d is density, T is temperature, and R is the universal gas constant.
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Figure 4.40 Photorheological characterization of 30 wt% F127-BUM hydrogel with varying
equivalents of EDT

After (a) 0 and and (b) 7 days of equilibration. At 120 s, the UV light was turned on and left
on for the remainder of the experiment. The plateau storage modulus was taken as the average
storage modulus in the region between 250 and 550 s. (c) Molecular weight between cross-links
(M) as calculated from equation (1). A linear increase was shown for 1 to 2 equivalents EDT in
the first 7 days. (d) Viscosity measurements taken at 10 s at 21 °C. Apart from unmodified F127-
BUM, each formulation shows a linear increase in viscosity over time, which suggests an increase

in molecular weight prior to UV cure.

The shear moduli of all hydrogel formulations were determined using a photo-

rheometer in which the samples were exposed to 365 nm light and the viscoelastic
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properties monitored over that time. Given the slow kinetics of thiol-Michael addition in
reactions that involve methacrylates in the absence of any catalyst, each hydrogel
formulation was characterized over the course of 14 days.

The thiol-Michael reaction (slow rate of reaction) and photo-initiated radical
polymerization (fast rate of reaction) occurred during two discrete steps. Upon addition of
EDT to each hydrogel formulation the thiols can undergo a spontaneous thiol-Michael
addition to extend the polymer chains. After a predetermined period of time (on the order
of days) the photopolymerization of the methacrylates was initiated upon UV exposure
during the photo-rheology experiment. Representative examples of the photo-rheological
experiments from days 0 and 7 are shown in Figure 4.3a,b. Upon UV irradiation (365 nm,
5 mW cm?) the storage modulus rapidly increased within 2 min to a plateau storage
modulus (GY). Initially (at day 0), the (G2) for the hydrogels were similar, independent of
the quantity of EDT that was added. In this case, the thiol-Michael reactions were too slow
to enable sufficient incorporation of EDT into the polymer network. However, as we
increased the time (day 3 and beyond) for the thiol-Michael reaction to occur prior to photo-
initiated polymerization, larger differences were observed based on the molar equivalents
of EDT (Figure 4.3a,b). For example, in the case of the samples that were incubated for 7
days prior to photo-initiated polymerization, as the molar equivalents of EDT in the
hydrogel formulation was increased, the G2 for that hydrogel decreased. Thus, while the
F127-BUM hydrogel had a GJ of 347 kPa, the hydrogel formulation with highest amount
of EDT (2 molar equivalents) in this study exhibited a decreased stiffness (55 kPa). We
attribute this trend to the increase in length of the polymer chains (the total length of

bridging chains increase as F127 polymer chains are coupled together via thiol-Michael
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addition reactions) relative to free-radical polymerization of the methacrylates as the
thiol:alkene ratio increased.

The relative stiffness between the different formulations can be used to determine
the molecular weight between cross-links (M) by using a calculation derived from the
affine theory of rubber elasticity (equation 1). The number average molecular weight for
F127-BUM is 12.5 kg/mol, which corresponded well to the values obtained using the affine
model for day 0 and day 1 (Figure 3c). During these earlier time periods, there was not a
significant change to the molecular weight (8-12 kg/mol) independent of the amount of
EDT that was added. The slow kinetics of the thiol-Michael reaction meant that there was
negligible chain extension. However, M. increased over time (see days 3, 7, and 14 in
Figure 4.10-12) when 1.5 equivalents or 2.0 equivalents of EDT was included in the
formulation. Thus, there was chain extension via bridging thiol-Michael addition over time.

Further support for thiol-Michael addition prior to UV curing was provided by
rheometrical evaluation of the changes in the viscosity of the hydrogels (Figure 4.3d).
During the early time periods, there was little variation in the viscosity of the hydrogel.
However, after 3 days, the viscosity began to deviate from 49 to 100 Pa-s and continued to
increase linearly over 14 days to 91 and 278 Pa-s for 0.5 and 2 equivalents, respectively.
These results suggest that chain-extension from slow thiol-Michael addition led to an
increase in molecular weight in a time-dependent manner prior to polymerization by UV

light.
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Figure 4.41 Swelling and gel fraction experiments on 30 wt% F127-BUM with varying
equivalents of EDT

a) Degree of swelling shows a drasic increase when using 2 equivalents of EDT. b) Gel fraction
experiment showing that 30% of the polymer mass is lost when 2 equivalents of EDT are added to

the hydrogel formulation.

Given the possibility of dead chain-ends influencing the Mc value, measurements on
the degree of swelling and gel fraction were performed to offer insight into the cross-link
density and the ability of non-polymerized units to leach out of the network. As shown in
Figure 4.4a, the hydrogels with 1 or fewer equivalents of EDT maintain around the same
degree of swelling, whereas 1.5 and 2 equivalents aged for 7 days increase to 10 and 26
times their dry mass, respectively. These results are supported by a gel fraction (Gs)
experiment (Figure 4.4b) where the swollen gels were then subsequently dried in vacuo and
weighed. Gr was calculated by taking the dried mass after equilibrium swelling over the
initial dried mass to determine the amount of polymer covalently incorporated into the
network. Originally, we thought that the high degree of swelling was due solely to the loss
of 10 and 30% polymer mass, respectively. To determine the effect of dead chain-ends on

Mc, we compared 3 equivalents of mercaptoethanol to 1.5 equivalents of EDT to achieve
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the same thiol:alkene ratio. The M. value was 42 kg/mol after ageing for 3 days compared
to 19 kg/mol for the EDT containing sample (Figure 4.13). Additionally, the
mercaptoethanol containing gel completely dissolved after 3 days of ageing. Thus, a
significant amount of EDT is incorporated and contributes to the network stretchability in

addition to the contribution of a low degree of mass loss.
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Figure 4.42 Tensile and compression measurements taken on the third day after adding EDT
to a 30 wt% F127-BUM hydrogel.

a) Stress-strain tensile curve showing increased stretchability with higher EDT equivalents. 2
eq EDT omitted because the doghone extended beyond the video extensometer viewing window.
(b) Stress-strain compression curve showing a reduction in maximum stress at 80% extension.

Tabulated Young’s and compressive moduli can be found in Table 1.

Figure 4.5a shows a representative set of tensile measurements from 0 to 1.5
equivalents of EDT for hydrogel formulations that were aged for 3 days. The data for the
hydrogel comprising 2 equivalents of EDT is not shown due to elongation beyond the video
extensometer’s active window. We observed that as the amount of thiol was increased, the
Young’s modulus (Y) decreased and the elongation at break increased, which suggests a
more stretchable hydrogel. Compression experiments on the same set of gels showed

similar trends (Figure 4.5b), as summarized in Table 4.1. At higher equivalents of EDT,
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there was a greater degree of chain-extension via thiol-Michael addition which reduced the

stiffness of a resulting hydrogel.

Table 4.2 Summary of tensile and compression experiments for 30 wt% F127-BUM with

varying equivalents of EDT after 3 days of equilibration.

Dithiol Eq Y (MPa)a°¢ E (MPa)2¢ Max Elongation at Break Max Compressive  Stress
(mm/mm) (MPa)be
0 1.0x0.1 11+0.1 0.55+0.08 51
0.5 0.78 £0.07 0.98 +£0.03 20x0.2 46+0.9
1 0.54+0.04 0.654 +0.006 32x05 28+0.2
15 0.25+0.03 0.26 +0.03 81 1.1+01
2 0.04 £0.01 0.039 £0.004 249+0.9 0.44 £0.06

4Calculated as the linear region between 0 and 10% extension

PReported at 80% extension

Error given as standard deviation over 3 replicate experiments
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Figure 4.43 Summary of extrudability and Suturability in EDT containing F127-BUM

hydrogels.

Ageing the hydrogel increases the viscosity while increasing the EDT equivalents results in a

suturable gel. The optimum conditions are 1.5 equivalents EDT aged for 3 days.
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In an extrusion-based setup, shear-thinning gel viscosity (Figure 4.14-17) is an
important parameter to determine how well the material will flow out of a nozzle. In
general, we observed that hydrogel formulations with viscosities greater than 100 Pa/s
(Figure 4.3d) did not readily extrude from a pneumatically controlled syringe at 20 psi.
Therefore, aging of the hydrogels beyond 7 days and with >1.5 equivalents resulted in gels
that could not be extruded. Additionally, hydrogels that are stiff are not capable of
withstanding a needle puncture without tearing. As evidenced by tensile measurements
(Figure 5a), hydrogels with 1 or fewer EDT equivalents resulted in stiff and brittle gels
while hydrogels with 2 equivalents underwent plastic deformation. We observed that 1.5
equivalents of EDT in the hydrogel aged for 3 d resulted in an elastic hydrogel that could

resist tearing or fracturing when punctured with a needle (Figure 4.6).

a) Air line in

Plunger / piston “

A
7N

P
7

” : Hydrogel ink

Figure 4.44 Fabrication and suturing of 30 wt% F127-BUM hydrogel with 1.5 equivalents
EDT and equilibrated for 3 days

a) Cartoon of coaxial nozzle extrusion setup showing cross-section of nozzle and final printed
hollow hydrogel tube. (b) STL rending of nozzle, (c) cross section, and (d) printed nozzle using
Form 2 clear resin. (e) After extrusion, the tube is cut down the middle. (f) A plastic insert is placed
as a support for the 4/0 nylon monofilament needle to join the two tubes. (g) A simple interrupted

suture is placed, the plastic insert is removed, and the hydrogel is washed.

84



As a final proof of concept, we demonstrated the extrusion of a hydrogel tube using an
optimized hydrogel formulation that could be cut, and then sutured. The hydrogel formulation
comprising 30 w/w % F127-BUM and 1.5 equivalents of EDT was aged for 3 days prior to
extrusion through a custom nozzle® that affords tubular hydrogel constructs (Figure 4.7). After
irradiation with UV light, the samples were cross-linked via radical polymerization to afford
stretchable hydrogel tubes. The extruded hydrogel tube was then cut with a razor blade and a
plastic support piece was installed, before a nylon 4/0 monofilament suturing needle was passed
through the gel on both ends and set with a simple suture. Finally, the plastic support was removed,
and the hydrogel was washed to show the suture remaining in place. The resulting stitched

hydrogel was robust and could be manipulated by hand without tearing the suture.

4.4 CONCLUSION

A stretchable, suturable hydrogel was fabricated utilizing a shear-thinning hydrogel
that could undergo a combination of thiol-Michael chain-extension and free-radical
polymerization. The ratio of dithiol additive to methacrylate was altered to tune the
viscoelastic properties of the hydrogel. Through use of the affine network theory of rubber
elasticity, the molecular weight between cross-links was calculated and provides support
for explaining the difference in mechanical properties of the hydrogels. The proposed
mechanism of network formation occurs via a slow thiol-Michael addition during a period
of hydrogel aging, followed by free-radical polymerization initiated by UV light. In our
study, we observed that 3 days of equilibration with a 1.5:1 thiol:methacrylate ratio was
optimal to achieve good stretchability and puncture resistance during suture. This hydrogel

was extruded through a custom 3D printed nozzle to afford robust, suturable hydrogel
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tubes. These materials represent a promising step toward synthetic vasculature for surgical

training and implantable devices.

45 EXPERIMENTAL

45.1 Materials and Instrumentation
All chemicals and solvents, unless otherwise stated, were purchased from Sigma-Aldrich or Fisher
Scientific and used without further purification unless noted otherwise. Pluronic® F127 was dried
under reduced pressure overnight prior to functionalization. Dry dichloromethane was obtained by
purification over alumina columns on a Pure Process Technology purification system. *H NMR

spectra were obtained on a Bruker Avance 300 or 500 MHz spectrometer.
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Figure 4.45 'H NMR spectrum of F127-BUM (500 MHz, 293 K, CDCls).

4.5.2 Synthesis of Pluronic® F127-Bis-urethane Methacrylate (F127-BUM)
The synthesis of F127-bis-urethane methacrylate (F127-BUM) was performed as

previously described.® Briefly, F127 (60 g, 4.8 mmol) was dried under vacuum, then anhydrous
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dichloromethane (550 ml) was charged to the flask. The mixture was stirred until complete
dissolution of the F127 was observed. Dibutyltin dilaurate (12 drops) was then added, followed by
dropwise addition of 2-isocyanatoethyl methacrylate (3.5 ml, 24.8 mmol) in anhydrous
dichloromethane (50 ml). The reaction was allowed to proceed for 2 d before quenching with
MeOH. The F127-BUM was precipitated in ether, allowed to settle, and decanted. The F127-BUM

precipitate was finally washed in ether twice, prior to being dried under vacuum.
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Figure 4.46 GPC trace of F127-BUM in CHCI3 with 0.1 wt/v% TEA as stabilizer.
Smaller peak at higher retention time is due to diblock copolymers present in F127 batches

from vendor.

4.5.3 Preparation of F127-BUM Hydrogels
F127-BUM (3 g, 0.24 mmol) was added to a scintillation vial, then deionized water or PBS
solution (7 mL) was added. The vial was then vortex mixed and placed in an ice box until fully
dissolved. To this vial, Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, 10 mg, 0.03

mmol) and 2,2’-(Ethylenedioxy)diethanethiol (EDT, 58.6 pL, 0.36 mmol) were added and stirred
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between 0 and 5 °C until fully dissolved. Samples were stored in a 5 °C refrigerator and only

removed at 0, 1, 3, 7, and 14-day time points to be cast into molds or loaded onto the rheometer.

4.5.4 Rheological Experiments

Viscous flow experiments were performed on a TA Instruments Discovery HR-2 equipped
with a 40 mm cone and plate geometry. Samples, which were equilibrated in an ice bath for at least
10 minutes, were carefully loaded onto a Peltier plate at 5 °C and trimmed. A preshear experiment
was conducted to ensure that bubbles were eliminated from the sample cell. The sample was
equilibrated at 21 °C for 8 min. The experiments were conducted in a logarithmic sweep from 0.01
to 100 1/s with 5 points per decade. Data was collected using steady state sensing with a 30 s
sample period, 5% tolerance, and 3 consecutive measurements. Photorheological experiments
were performed with an 8 mm parallel plate geometry and loaded onto a UV curing stage. A
preshear experiment was conducted to ensure that bubbles were eliminated from the sample cell.
The sample was equilibrated at room temperature for 8 min. The photorheological experiments
were conducted using constant 1% strain and a frequency of 1 Hz which lies in the linear
viscoelastic regime. A 120 s dwell time elapsed before the UV lamp (365 nm LED with an

irradiation intensity of 5 mW cm) was turned on for 7 min.

455 Tensile Measurements
An Instron 5585H 250 kN electro-mechanical test frame with a 50 N load cell was used to
evaluate the tensile properties of the cross-linked hydrogels. The ASTM D638 type V specimen
specifications were used to prepare dogbone samples by casting in approximately 2 g of 30 wt%
gel into a Teflon dogbone mold. The gel was then exposed to 365 nm light for 10 min. The
chemically cross-linked structure was then removed from the mold and placed into a falcon tube

with a hydrated KimWipe to maintain humidity before testing. The sample was then placed on

88



pneumatic self-aligning grips fixed on the load frame, and the sample was subjected to increasing
strain at a constant rate of 10 mm/min until mechanical failure of the sample. Axial strain was
measured with a video extensometer accessory. Young’s modulus was calculated from the slope

of the linear region between 0 to 10% strain.
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Figure 4.47 Photorheological experiment on 30 wt% F127-BUM hydrogel with varying
equivalents of EDT after 1 day of equilibration.
At 120 s, the UV light is turned on and left on for the remainder of the experiment.
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Figure 4.48 Photorheological experiment on 30 wt% F127-BUM hydrogel with varying
equivalents of EDT after 3 days of equilibration.
At 120 s, the UV light is turned on and left on for the remainder of the experiment.
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Figure 4.49 Photorheological experiment on 30 wt% F127-BUM hydrogel with varying
equivalents of EDT after 14 days of equilibration.

At 120 s, the UV light is turned on and left on for the remainder of the experiment.
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Figure 4.50 Molecular weight between cross-links control with mercaptoethanol.
M. calculated from equation (1). Mercaptoethanol (ME) shows the effect of dead chain-ends

on the Mc value as ME does not contribute to the hydrogel network.
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Figure 4.51 Viscous flow measurement of 30 wt% F127-BUM at 21 °C with 0.5 equivalents
of EDT measured over the course of 14 days.
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Figure 4.52 Viscous flow measurement of 30 wt% F127-BUM at 21 °C with 1 equivalent of
EDT measured over the course of 14 days.
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Figure 4.53 Viscous flow measurement of 30 wt% F127-BUM at 21 °C with 1.5 equivalents
of EDT measured over the course of 14 days.
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Figure 4.54 Viscous flow measurement of 30 wt% F127-BUM at 21 °C with 2 equivalents of
EDT measured over the course of 14 days.
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Figure 4.55 Viscous flow controls.
Measurements of 30 wt% F127-BUM taken at 10 s and at 21 °C. The photoinitiator LAP does

not influence the viscosity change over time. Mercaptoethanol has no effect on the viscosity of the

hydrogel.
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Figure 4.56 Viscous flow measurement of 30 wt% F127-BUM at 21 °C with 1.5 equivalents

of EDT without LAP photoinitator measured over the course of 7 days.
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Figure 4.57 Viscous flow measurement of 30 wt% F127-BUM at 21 °C with 3 equivalents of

mercaptoethanol measured over the course of 7 days.

4.5.6 Compressive Measurements
An Instron 5585H 250 kN electro-mechanical test frame with a 1 kN load cell was used to
evaluate the compressive properties of the cross-linked hydrogel. Cylindrical compression samples
(20 mm diameter x 5 mm height) were cast into PDMS molds and then exposed to 365 nm light
for 10 min. The chemically cross-linked structure was then removed from the mold and placed
into a falcon tube with a hydrated tissue to maintain humidity before testing. All tests were
conducted at room temperature (21 °C) using a crosshead rate of 1.3 mm/min until 80% strain.

Compressive modulus was calculated from the slope of the linear region between 0 to 10% strain.

4.5.7 Extrusion Through Coaxial Nozzle
All tubes were extruded through custom printed coaxial nozzles with a Form 2 SLA 3D
printer. Gels chilled on ice were loaded into syringes (Nordson EFD), and once the gels reached

room temperature, the extrusion set-up was assembled. Syringe barrel adapters (Nordson EFD)
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were then attached to each syringe. Pressure to drive the syringe pistons (10-12 psi) was supplied
by an in-house N2 line. To adjust pressures prior to extrusion, the tubing of each syringe barrel
adapter was clamped using a pinch-clamp, and the regulators were set to the desired pressures. To
begin extrusion, the tubing of each adapter was unclamped, and after waiting a moment for the
coaxial extrusion rate to stabilize, a 4 in x 6 in glass sheet was manually translated under the nozzle
to catch the coaxial gel filament. The shell of the coaxial filament was then photo cross-linked for

10 min under a UV lamp (365 nm, 3.3 mW cm™).

h
o

Figure 4.58 Hydrogel tube extrusion setup using coaxial nozzle

4.5.8 Degree of Swelling and Gel Fraction Experiments
Cylindrical samples (10 mm diameter x 5 mm height) were cast into PDMS molds and then
exposed to 365 nm light for 10 min. The resulting cross-linked gel was extracted and wiped down

to remove residual uncross-linked polymer on the surface and weighed. The disks were then dried
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in a vacuum oven for 1 d

achieved by soaking the di

and weighed to obtain the initial dry mass. Equilibrium swelling was

sks in DI water over 3 d and weighed to obtain the degree of swelling.

The swollen gels were then dried in a vacuum oven for 2 d and weighed to obtain a second dry

mass which was used to calculate the gel fraction (Gy).

4.5.9 Suturability Tests

Hydrogel tubes printed using a coaxial nozzle were first cut using a razor blade. To the

middle of the tube, a plastic insert was placed to provide structural support. A 4/0 nylon suture

was used to rejoin the material. The simple interrupted suture method was used to demonstrate

suturability. The final sutured tube was washed in DI water and the plastic insert was removed.
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Figure 4.59 Frequency
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sweep measurement of 30 wt% F127-BUM at 1% strain and 21 °C with

varying equivalents of EDT immediately after EDT addition.
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Figure 4.60 Frequency sweep measurement of 30 wt% F127-BUM at 1% strain and 21 °C with
varying equivalents of EDT 1 day after EDT addition.
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Figure 4.61 Frequency sweep measurement of 30 wt% F127-BUM at 1% strain and 21 °C with
varying equivalents of EDT 3 days after EDT addition.
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Figure 4.62 Frequency sweep measurement of 30 wt% F127-BUM at 1% strain and 21 °C with
varying equivalents of EDT 7 days after EDT addition.
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Figure 4.63 Frequency sweep measurement of 30 wt% F127-BUM at 1% strain and 21 °C with
varying equivalents of EDT 14 days after EDT addition.
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