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Additive manufacturing (AM) technologies are expanding the boundaries of materials science 

and providing an exciting forum for interdisciplinary research. The ability to fabricate arbitrarily 

complex objects has made AM technologies indispensable in personalized healthcare, soft 

electronics, and renewable energy. At the intersection of AM technologies and materials 

chemistry are stimuli-responsive polymers, which change their chemical and physical properties 

in response to specific environmental cues. Stimuli-responsive polymer hydrogels, in particular, 

are seeing significant interest in extrusion-based AM for the fabrication of bespoke medical 

implants and tissue engineering. The responsiveness of these “smart” hydrogels makes them 

suitable for AM and provides functionality to the additively manufactured objects. The type of 

stimulus response, mechanical properties, and functionality of these hydrogels can be regulated 



 

through chemical transformations or incorporation of additives. This dissertation describes two 

fundamentally different approaches to formulating polymer hydrogels for extrusion-based AM. 

Chapter 1 provides a thorough introduction to AM and stimuli-responsive hydrogels, with 

emphasis on hydrogels that respond to changes in temperature and shear pressure. Chapter 2 and 

Chapter 3 describe chemical transformations to the end groups of synthetic block copolymers to 

afford changes in hydrogel temperature response, mechanical characteristics, and morphology. 

By contrast, Chapter 4 reports the collaborative development of a 3D-printable bioink based on 

cardiac decellularized extracellular matrix (cdECM). While Chapter 2 and Chapter 3 deal with 

molecular-level changes to wholly synthetic polymer systems, Chapter 4 deals with biopolymers 

derived from porcine cardiac cells that are combined with synthetic additives. The two 

approaches offer contrasting strategies for the design of polymer hydrogels for AM.  
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Chapter 1. DEVELOPING NOVEL SOFT MATERIALS FOR 

EXTRUSION-BASED ADDITIVE 

MANUFACTURING  

1.1 INTRODUCTION TO EXTRUSION-BASED ADDITIVE MANUFACTURING 

Additive manufacturing (AM), or 3D printing (3DP), is a form of digital production that 

can transfer objects created by computer-aided design (CAD) from the virtual world into the 

physical world. While many different types of AM tools exist, most of these processes use layer-

by-layer deposition of a material to fabricate 3D objects. For example, in fused deposition 

modeling (FDM), also called fused filament fabrication, filamentized material is extruded through 

a heated nozzle and then deposited onto a cooler build stage, while in vat photo-polymerization 

AM processes like stereolithography (SLA), a thin layer of liquid photo-resin is cured in a pattern-

wise manner using light. All AM technologies are capable of producing arbitrarily complex shapes, 

although some techniques result in higher object resolution or faster production times. While the 

type of printer, printing parameters, and modeling software are important to enabling AM, 

materials specifically designed for AM have yet to reach maturity. The material properties are vital 

characteristics necessary for the evolution of AM as an industrial standard for manufacturing. 

Recently, “smart” materials that respond and change according to specific external stimuli have 

seen significant interest. Researchers have since responded to this demand, developing an array of 

synthetic and naturally-occurring materials with a multitude of stimuli responses. Stimuli-

responsive polymers, also referred to as smart polymers, change their physical or chemical 

properties in response to specific triggers such as heat,1,2 light,2,3 electrical and magnetic fields,4,5 

pH,1,6 redox potential,7,8 and mechanical force.9–12 The responsiveness of smart polymers can be 
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an inherent property, or it can be due to the presence of additives, as in composite materials. Due 

to their ability to convert small environmental changes into measurable responses, smart polymers 

have been used for controlled drug delivery,13–16 tissue engineering,14–22 soft robotics,23–25 

electronics,24–28 and mechanically reinforced materials.29 The advantage of using smart polymers 

in AM is the ability to produce complex, functional materials that respond to their environments 

in programmed ways, without the need for external intervention. The object geometries afforded 

by AM, combined with the stimuli-responsive character provided by smart polymers, makes the 

range of potential applications limitless. 

The choice of AM type depends on both the intended application and the nature of the 

material used as the ink. As such, no type of AM is inherently superior to another. For example, 

vat photo-polymerization AM is excellent for producing high-resolution constructs and offers 

unprecedented control over spatial patterning. However, photo-polymerizations are irreversible, 

and so vat photo-polymerization AM has limited potential to produce 3D constructs that degrade 

over time. On the other hand, extrusion-based AM cannot yet replicate the resolution and precision 

of vat photo-polymerization but allows the use of materials that can degrade or be removed after 

printing.  

FDM and direct-ink writing (DIW) are two of the most common extrusion-based AM 

processes (Figure 1.1). Both processes involve the extrusion of a material through a nozzle onto a 

build platform, although the material requirements for each kind of AM are different. For example, 

FDM requires materials that soften when heated during extrusion, then rapidly solidify upon 

cooling. Thermoplastic polymers, which are not covalently cross-linked, are ideal for FDM. For 

DIW, polymer inks should be either highly viscous or shear-thinning (wherein physical cross-links 
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between polymer chains are disrupted by shear force). These viscoelastic polymer inks flow under 

high-strain conditions but cease flowing or recover mechanical integrity after extrusion. 

 

Figure 1.1. Cartoon representations of (a) fused deposition modeling (FDM) and (b) direct-ink 

writing (DIW)  

In FDM, spooled thermoplastic filament is mechanically extruded through a heated nozzle onto a 

build stage. In DIW, viscoelastic material is pneumatically or mechanically extruded from a nozzle 

or syringe needle onto a build stage. (c,d) Side views of individual filaments stacking on the build 

stage as they flow from the nozzle. 

 

During FDM, a continuous filament of thermoplastic material is mechanically fed into a 

nozzle and simultaneously heated so that it flows from the nozzle.30,31 Thermoplastic polymers 

like acrylonitrile butadiene styrene copolymer (ABS) must be heated well above their 

characteristic glass transition temperature (Tg), and semi-crystalline polymers like poly(lactic acid) 
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(PLA) must also be heated above their melting temperature (Tm). Most FDM thermoplastics are 

shear-thinning in the molten state, reducing the pressure required to extrude molten materials 

through the nozzle. The filament is often spooled and retained on the printer, and it gradually 

unwinds as material is used. The molten material is deposited onto a build surface in a consecutive, 

layer-wise fashion to fabricate a digitally-modeled part. Commonly, the build surface is heated to 

prevent warping and improve interlayer adhesion; however, not all readily accessible FDM printers 

have heated build surfaces. Upon deposition, the material cools and holds its structure. In FDM 

systems, the nozzle is translated at a constant height over the build surface as it deposits material. 

The nozzle then moves upward a distance proportional to the layer height, and the next layer is 

fabricated in the same fashion. FDM is relatively user-friendly and commercially accessible. 

However, the range of materials suitable for FDM is mostly limited to existing thermoplastics. 

Moreover, FDM is unsuitable for biological applications that employ living cells within the ink. 

On the other hand, DIW AM processes offer a wider range of existing and novel materials for a 

broader scope of applications. 

In DIW processes, a viscoelastic material is extruded through a nozzle or syringe needle. 

In most DIW systems, the material is stored in a syringe and is either pneumatically or 

mechanically expelled from the syringe. Various temperature-control or curing mechanisms are 

employed to facilitate the deposition and subsequent stabilization of the material. Like FDM, the 

nozzle is situated above the build surface, and for each layer, it is translated at a constant height 

over the build surface as it deposits material. The next layer is then fabricated in the same fashion. 

Many research groups have investigated the rheological properties required for inks in DIW. 

Broadly, DIW inks must be shear-thinning, meaning the viscosity of the ink decreases with 

increasing shear stress. This phenomenon ensures that DIW inks are extrudable without resorting 
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to excessively high pneumatic or mechanical pressure. More specifically, rheological parameters 

that have been shown to impact printability include yield stress (σy),
32–35 tan δ (the ratio of the loss 

modulus G” to the storage modulus G’),36 and viscosity (η).37,38 Yield stress has been correlated 

with layer stacking, shape fidelity, and extrusion pressure.  Inks that are below a threshold yield 

stress are unable to produce self-supporting layers and show poor shape fidelity after extrusion. 

On the other hand, materials with excessively high yield stress require high pressures to extrude, 

which can be detrimental for delicate applications, such as inks encapsulating live cells. Viscous 

materials that do not exhibit a yield stress must have a high zero-shear viscosity yet flow under 

pressure to be printable by DIW.  Excessively high zero-shear viscosity will lead to difficulty 

during extrusion, whereas excessively low zero-shear viscosity results in poor shape fidelity after 

printing. 

There is ample opportunity to develop novel polymer inks for DIW AM. Alternatively, 

existing materials can be modified to enable or enhance printability, with reference to the 

aforementioned parameters. Soft materials, such as hydrogels, are inherently suitable for DIW 

processes. Hydrogels in particular are well-suited to biological AM applications such as bespoke 

medical implants or in vitro tissue engineering. Because such applications often require precise 

control over material properties, the development and engineering of hydrogel inks for DIW 

remains a significant challenge. Section 1.2 outlines recent and emerging strategies to address this 

challenge. 

 

1.2 DESIGNING STIMULI-RESPONSIVE HYDROGELS FOR DIW AM  

Hydrogels are networks of chemically or physically cross-linked molecules that are 

swollen with water. These soft materials are composed of synthetic polymers such as poly(2-
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hydroxyethyl methacrylate) (PHEMA), poly(N-isopropylacrylamide) (PNIPAm), and poloxamers, 

or biological polymers such as alginate, hyaluronic acid, and collagen. In order to maintain 

structural integrity, polymer hydrogels must be cross-linked. Cross-links are covalent (like in 

PNIPAm hydrogels), physical (like electrostatic interactions and van der Waals forces) or both. 

Stimuli-responsive hydrogels, which respond to temperature, pH, shear stress, and light, have been 

used for tissue engineering,39–44 targeted drug delivery,45–47 and microfluidic devices.48 

Increasingly, researchers are using cell-laden hydrogels in DIW printers to fabricate complex 3D 

forms for in vitro studies of tissue growth and cell behavior. One challenge for DIW printing of 

hydrogels is their soft nature, which limits stacking of printed filaments in the z-direction. The 

mechanical robustness of hydrogels can be improved via curing printed forms to further cross-

linking interactions, or by the addition of fillers. The type of stimulus response is important to 

enabling or enhancing DIW. Polymers with a temperature or shear response are especially suited 

for DIW, and many polymer hydrogels are multi-stimuli-responsive.  

Polymers that exhibit upper or lower critical solution temperature (UCST/LCST) behavior 

in solution show a soluble-insoluble phase transition at a certain temperature boundary. This 

temperature boundary varies as a function of the solute-solvent system composition. Put simply, 

polymers dissolve in a solvent if the Gibbs free energy of mixing is negative, per equation (1.1): 

 

∆𝐺𝑚𝑖𝑥 = ∆𝐻𝑚𝑖𝑥 − 𝑇∆𝑆𝑚𝑖𝑥  (1.1) 

 

where T = temperature and Gmix, Hmix, and Smix represent the Gibbs energy, enthalpy, and entropy 

of mixing, respectively. Below the UCST and above the LCST, ΔGmix is positive, and mixing is 

energetically unfavorable, resulting in phase separation. These phenomena are partially modeled 
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by Flory-Huggins solution theory, which accounts for the temperature and concentration-

dependent solvent-solvent, polymer-solvent, and polymer-polymer interactions.49,50 Equation (1.2) 

, based on the Flory-Huggins lattice model, provides a more nuanced approximation of Gibbs free 

energy of mixing for polymers in solution: 

 

∆𝐺𝑚𝑖𝑥 = 𝑁𝑅𝑇 [
𝜑1

𝑟1
ln(𝜑1) +

𝜑2

𝑟2
ln(𝜑2) +  𝜒𝜑1𝜑2] (1.2)  

 

Where R is the ideal gas constant, N is the total number of lattice points, φ1 and φ2 are the volume 

fractions of the polymer and solvent, respectively, r1 and r2 are the number of segments or lattice 

points occupied by each polymer or solvent molecule, respectively (r2 = 1 for solvent molecules), 

and χ is the Flory-Huggins interaction parameter, which is a function of both temperature and 

polymer concentration. 

For polymers showing LCST behavior in water, the driving force for phase separation is 

widely accepted to be the “hydrophobic effect.” For purely hydrophobic compounds (such as 

alkanes) in water at room temperature, the enthalpy of solvation is less than or close to zero, but 

the process is endergonic overall.51,52 Therefore, entropic effects are invoked to explain 

hydrophobic aggregation. Hydrophobic molecules disrupt the three-dimensional network of 

transient, disordered hydrogen bonds between water molecules. This loss of rotational and 

translational freedom results in a decrease in entropy (i.e., the ΔS term is negative). The 

aggregation of hydrophobic molecules reduces the extent of this disruption, and beyond a critical 

cluster size, the free energy of solvation starts to vary with aggregate surface area instead of 

aggregate volume.51 For amphiphilic molecules showing LCST behavior, both enthalpic and 

entropic effects are important. At low temperatures, hydrogen-bonding interactions between water 
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molecules are stronger, and the entropic contribution to the free energy of solvation becomes less 

important. Below the LCST, solvation is favorable due to non-covalent solute-solvent interactions 

like van der Waals forces, and the enthalpic term determines the favorable Gibbs free energy. As 

temperature rises above the LCST, the increased average molecular energy weakens attractive 

interactions, molecules gain increased translational and rotational freedom, and entropic effects 

dominate. Both synthetic and naturally-occurring polymers exhibit UCST or LCST behavior in 

water. Many of these polymer hydrogels also respond to stimuli such as shear stress, pH, and light. 

Various synthetic and naturally-derived hydrogels used for DIW, including combinations of both 

types, are reviewed in the following paragraphs.  

PNIPAm is perhaps the most well-studied temperature-responsive synthetic polymer, with 

an LCST of 32-35 °C. In aqueous solution, the polymer undergoes a coil-to-globule transition 

above its LCST, expelling water and decreasing in volume in the process.53 Because this transition 

occurs just below human body temperature, PNIPAm is a relevant material for tissue engineering 

and controlled drug delivery.54 While the temperature response is an inherent property, PNIPAm 

needs to be covalently cross-linked to form a 3D hydrogel, most often with N,N’-

methylenebisacrylamide. By itself, PNIPAm does not demonstrate the viscoelastic properties 

required for extrusion-based printing.55 As a result, it is often blended with other materials. Spinks 

and co-workers, for example, used PNIPAm with calcium alginate to make ionic-covalent 

entanglement (ICE) hydrogels.56 They created a thermally-actuating valve, combining the 

temperature response of the PNIPAm with the mechanical reinforcement of the calcium alginate. 

Another demonstration of PNIPAm’s temperature response comes from Lewis, Mahadevan, and 

colleagues in the form of shape-morphing, biomimetic structures.57 With Laponite XLG 

(“nanoclay”) acting as a viscosity modifier and cellulose nanofibrils for stiff mechanical 
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properties, PNIPAm served as a reversible thermal actuator in shape-morphing helices, flowers, 

and lattices. The cellulose nanofibrils showed shear-induced alignment in the printed direction. As 

a result, water-induced swelling was greater in the transverse direction (across the width of the 

fibrils) compared to the longitudinal direction (along the length of the fibrils). This anisotropic 

swelling was irreversible when poly(N,N-dimethylacrylamide) (PDMAm) was the polymer used 

for printing, but the replacement of PDMAm with PNIPAm made the swelling actuation 

temperature-reversible: above its LCST, the coil-to-globule transition of PNIPAm resulted in a 

return to a “flat” configuration (Figure 1.2). Following similar principles, PNIPAm served as the 

responsive component in 3D printed bilayer hinges with one layer composed of PNIPAm and the 

other layer composed of PHEMA.58 In this case, a polyether-based polyurethane helped to 

facilitate extrusion and enhanced the stiffness of the hinges. These 3D printed hydrogel bilayers 

exhibited anisotropic swelling in water, causing the hinges to bend. Due to the hydrophobic 

collapse of PNIPAm above its LCST, the swelling and bending behavior was also temperature-

dependent. 
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Figure 1.2. Thermoreversible actuation of a printed flower containing PNIPAm  

Left: the structure exhibited swelling actuation in room-temperature water. Right: when heated to 

50 °C, the structure returned to its flat configuration. The shape change could be cycled several 

times by changing water temperature. Copyright 2016 (Adapted with permission from Nature 

Publishing Group).57 

 

Changes in temperature not only drive shape-morphing behavior, but also facilitate self-

healing and mechanical strengthening of hydrogels. The two latter phenomena are often enabled 

by combinations of permanent (covalent) and reversible bonds. For example, Connal and others59 

prepared printable hydrogels cross-linked by both oxime linkages and hydrogen-bonds, which 

were both self-healing and mechanically robust. In this work, poly (N-hydroxyethyl acrylamide-

co-methyl vinyl ketone) (PHEAm-co-PMVK) was synthesized via free radical polymerization 

initiated from AiBN, yielding a copolymer of molecular weight Mn = 284 kDa and Ð = 2.39 

(determined by SEC). To prepare 3D printable hydrogels, the as-synthesized copolymers were 

cross-linked with tetraethylene glycol bishydroxylamine (TEG-BHA) in aqueous solution, 
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resulting in dynamic covalent oxime linkages between polymer chains through the ketone moieties 

of PMVK (Figure 1.3). 

 

 

Figure 1.3. Doubly-dynamic cryogels composed of PHEAm-co-PMVK  

The cryogels were cross-linked by both oxime bonds and hydrogen-bonds. 

 

The low extent of cross-linking and the dynamic nature of the oxime bonds facilitated 

shear-thinning behavior. After printing, constructs were subjected to multiple freeze-thaw cycles, 

alternating between -10 or -20 °C and room temperature. This treatment, a type of thermally-

induced phase separation (TIPS), resulted in localized pockets of higher polymer concentration 

surrounded by ice, with strong hydrogen-bonding interactions between the amide and hydroxyl 

groups of PHEAm (Figure 1.3). The final shear storage modulus (G’) and Young’s modulus (E) 

of the cryogels was tunable according to the freezing temperature and the total number of freeze-

thaw cycles. Importantly, the printed cryogel constructs retained the ability to autonomously self-

heal cuts and cracks, due to the presence of both dynamic covalent oxime cross-links as well as 

hydrogen-bonding interactions. 

Many synthetic hydrogels with a temperature response can be engineered to respond to 

shear pressure, pH, and light as well. For example, poloxamers, known by their BASF trade name 
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“Pluronics,” are triblock copolymers composed of poly(propylene oxide) (PPO) and poly(ethylene 

oxide) (PEO). These polymers are amphiphilic, nonionic surfactants, with the PPO block 

exhibiting temperature-dependent solubility in aqueous media.60–62 Pluronic F127, hereafter 

referred to simply as “F127,” is a poloxamer with Mn = 12,500 g mol-1 and block lengths of DP = 

98 (PEO) and DP = 67 (PPO).63–65 Viscoelastic F127 hydrogels (typically 20-40 wt% in water) are 

shear-thinning and extrudable at room temperature. The gels melt and flow below their gelation 

temperature, allowing homogeneous incorporation of additives and use as a fugitive ink. 

Furthermore, F127 is generally biocompatible, although at higher concentrations it can destabilize 

cell membranes.66 This combination of mechanical properties and biocompatibility make F127 a 

popular multi-stimuli-responsive polymer for 3D printed soft materials. Although it is clear that 

F127 is printable by DIW, the relationship between viscoelastic properties and “printability” has 

not been fully established. Working towards this end, Nelson and co-workers33 found that the static 

and dynamic yield stresses of F127 hydrogels (defined as the pressure required to initiate flow 

from rest and the pressure required to sustain flow, respectively) correlated strongly to the 

dimensional fidelity of extruded filaments, and hence printability. In this work, the 

functionalization of F127 with methacrylate end groups and the inclusion of water-soluble acrylate 

monomers in the gels resulted in a library of UV-cross-linkable gels with various mechanical 

properties (Figure 1.4). Groll, Jungst, and co-workers34 also developed a protocol for correlating 

the rheological properties of F127 to printability, and also characterized other biocompatible inks 

such as alginate, alginate-gelatin blends, and a commercial crème from Nivea. In order to be 

classified as printable, the hydrogels first needed to be shear-thinning, but also required sufficiently 

high static yield stresses and needed to quickly recover viscosity and modulus following periods 

of high shear rate. F127 gels displayed all of these prerequisites; however, concentrations of at 
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least 25 wt% were required to produce continuous, stackable filaments that retained their shape 

after extrusion. Furthermore, this study helped to determine printable “windows” as functions of 

extrusion pressure and print speed and tested the effects of ink shear rate on embedded cell 

viability. 
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Figure 1.4. Stimuli-responsive F127 hydrogel inks  

The incorporation of various water-soluble acrylate monomers (a, inset) produced a library of gels 

with different viscoelastic properties. (a) Acrylate monomer additives were blended with F127-

DMA in the sol state at low temperature, then transferred to a syringe and warmed to room 

temperature. (b) Gels were pneumatically extruded at room temperature (21 °C). (c) Printed 

structures were irradiated with 365 nm UV light to induce in situ co-polymerization of F127-DMA 

and acrylate monomers. Copyright 2018 (Adapted with permission from Elsevier).33 

 

Because of its extrudability and thermoreversibility, F127 has been frequently used as a 

fugitive ink. For example, F127 at 35 wt% in water was used as a sacrificial “shell” encapsulating 
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OrmoClear liquid for the fabrication of optical waveguides by DIW.67 F127 fugitive inks have also 

been used by Lewis and co-workers42,68 to create microvascular networks. Unmodified F127 was 

printed in a branching pattern into a support bath composed of F127 with diacrylate end-groups 

(F127-DA).68 Following extrusion of the fugitive ink into a photo-polymerizable hydrogel resin, 

the entire structure was UV-irradiated, and the uncured F127 fugitive ink was removed under 

vacuum at low temperature. This process resulted in a well-defined, branched vascular network. 

In another, similar system, F127 was printed into a matrix of methacrylated gelatin (gel-MA), then 

removed under vacuum at low temperatures to yield patterned voids that were subsequently 

endothelialized with normal human dermal fibroblasts.42 Following the strategy of printing into a 

supporting gel bath, Nelson and co-workers69 utilized F127 in a technique referred to as gel-in-gel 

(GiG) printing. In this approach, methacrylated F127 (F127-DMA) containing ammonium 

persulfate (APS) was extruded into a support bath consisting of unmodified F127 and N,N,N’,N’-

tetramethylethylenediamine (TEMED). Upon contact, APS and TEMED initiated a radical 

polymerization of the F127-DMA, curing the printed structure quickly. Removal of the uncured 

support gel resulted in robust 3D objects that normally could not be printed with soft materials in 

air, such as inverted cones. In a creative use of F127 as a fugitive ink, Xe and co-workers70 used 

inks consisting of F127 and partially hydrolyzed tetraethyl orthosilicate (TEOS). F127 and 

hydrolyzed TEOS form a hydrogen-bonded network that manifests as an extrudable hydrogel. The 

3D printed structures were cured at high temperatures (200-1000 °C) following extrusion, resulting 

in removal of the F127 and polymerization of the TEOS to afford shrunken, high-resolution 

objects. The interaction between F127 and TEOS was shown to prevent structural defects. 

Furthermore, this strategy was successfully extended to monomers other than TEOS, which 
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formed hydrogels with F127 and subsequently polymerized after printing to afford well-defined, 

high resolution structures. 

While F127 is benign to most cell types at lower concentrations, it can adversely affect cell 

viability at high concentrations and over extended periods of time. To circumvent this issue, 

Zenobi-Wong and co-workers71 printed blends of F127, F127-DA, and methacrylated hyaluronic 

acid (HA-MA). The composition of the printable gel was 17 wt% F127, 3 wt% F127-DA, and 0.1 

or 0.5 wt% HA-MA. This formulation allowed homogeneous incorporation of bovine 

chondrocytes at 4 °C, followed by printing at 37 °C. Importantly, the large proportion of uncured 

F127 was removed after printing and UV curing. This lower concentration of F127, along with the 

presence of the biologically active HA-MA, resulted in excellent cell viability over 14 days. While 

mammalian cells are sensitive to F127, robust single-celled organisms such as yeast and bacteria 

have little difficulty flourishing in F127 gels. Capitalizing on this fact, baker’s yeast (S. cerevisiae) 

was embedded in 3D printed cubes consisting of F127-dimethacrylate (F127-DMA) (Figure 1.5).72 

With periodic refreshing of culture media, the yeast cells were able to ferment glucose into ethanol 

(~90% conversion) with no significant loss of biocatalytic activity for weeks. This coupling of a 

triple-stimuli-responsive material (temperature, shear pressure, UV light) with active, living cells 

was termed additive manufacturing of catalytically active living materials (AMCALM). 
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Figure 1.5. Overview of the AMCALM process 

F127-DMA 25 wt% hydrogels occupied a sol state (a) at 4 °C and a gel state (b) at 23 °C. (c) 

Cartoon representation of the yeast cell-laden hydrogel ink. (d) Cell-laden inks were loaded in the 

sol state, then pneumatically extruded as gels at room temperature and cross-linked with 365 nm 

light to afford catalytically-active lattice cubes. Copyright 2018 (Reprinted with permission from 

the American Chemical Society).72 

 

Poly(ether)s structurally related to F127, such as poly(alkyl glycidyl ether)s and 

functionalized poly(glycidol)s, have been explored for their stimuli responses. For example, 

poly(isopropyl glycidyl ether)-b-poly(ethylene oxide)-b-poly(isopropyl glycidyl ether) (PiPGE-b-

PEO-b-PiPGE) triblock copolymer solutions underwent a reversible sol-gel transition above a 
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critical temperature, which was tailorable according to the length of the PiPGE blocks.73 These 

gels exhibited the necessary viscoelastic properties for DIW, and outperformed F127 gels in terms 

of yield stress, mechanical strength of printed objects, and polymer concentration required for 

gelation. Later, other glycidyl ethers such as poly(allyl glycidyl ether) (PAGE) and poly(ethyl 

glycidyl ether) (PEGE) were used to create triple-stimuli-responsive hydrogels.74 The composition 

of these copolymers was ([PxGE-stat-PAGE]-b-PEO-b-[PxGE-stat-PAGE]), where x = ethyl or 

isopropyl. Not only were the gels thermoresponsive and 3D printable, but they were also UV 

curable through the allyl side groups, in a mechanism that has not yet been characterized. The 

advantage of these materials lay in the tunability of the sol-gel transition temperature, mechanical 

properties of the bulk gels, and response to UV light, all of which were synthetically controlled 

through polymer composition and block length. In a similar use of the allyl functional unit, Lindén, 

Groll, and co-workers75,76 synthesized polyglycidol-stat-PAGE and then coupled it to thiol-

functionalized hyaluronic acid (HA) using the UV-mediated “thiol-ene” reaction. While HA 

served as the bioactive component of these gels, the polyglycidol polymers were amenable to 

chemical functionalization through a free primary hydroxyl group. This hydrogel was responsive 

to shear pressure as a non-cross-linked precursor solution and was responsive to UV light to initiate 

thiol-ene cross-linking. 

Some naturally-occurring biopolymers are inherently responsive to temperature, pH, or 

shear pressure. Gelatin and collagen are excellent examples. Gelatin is partially hydrolyzed 

collagen, which itself is a structural protein found in connective tissues, skin, and bone marrow.77–

79 Physically cross-linked gelatin hydrogels dissolve in water around 30-35 °C. Consequently, 

gelatin must be covalently cross-linked for biological use both in vitro and in vivo so that the gels 

do not melt at 37 °C. Importantly, gelatin contains the cell-binding peptide motif arginine-glycine-
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aspartic acid (RGD), as well as degradation motifs responsive to matrix metalloproteinases.80,81 

For this reason, gelatin is a popular material for promoting cell growth and attachment in 3D 

printed soft materials. The temperature-responsive behavior of gel-MA has been utilized by 

Dubruel and co-workers82 during DIW printing by using a temperature-controlled jacket around 

the syringe to heat the ink above the melting temperature of the gel. This process allowed the ink 

to flow out of the nozzle onto a temperature-controlled build platform to rapidly cool the ink back 

into a gel. The printed gel-MA construct was then UV-cured to cross-link the protein network. 

Many synthetic and biological hydrogels are reversibly cross-linked via electrostatic 

interactions. These gels are responsive to changes in pH or ion concentration, wherein these 

changes disrupt polymer cross-linking and alter the bulk properties of the gels. Polymers that are 

pH- and ion-responsive have been used in DIW to produce materials with tunable mechanical 

strength, controlled drug release capability, and catalytic activity. The electrostatic cross-linking 

interactions are important for maintaining structural integrity after extrusion printing. Some 

ionically cross-linked polymers function as the energy-dissipating component of dual-network 

hydrogels. 

Alginate is a polysaccharide produced primarily by brown algae but also in P. aeruginosa 

biofilms, where it plays a key role in conferring antibiotic resistance.83 Alginate, typically available 

as the sodium salt, cross-links in the presence of divalent metal cations such as Ca2+. Unless these 

ions are replenished, they will diffuse away or exchange with monovalent ions over time, making 

alginate hydrogels good candidates for slow release of drugs and other small molecules. However, 

the mechanical properties of calcium alginate gels depend strongly on the rate and temperature at 

which ionic cross-linking occurs.83 Additionally, calcium alginate gels tend to be brittle, and their 

suitability for DIW is highly dependent upon calcium ion concentration.84 Nevertheless, their 
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biocompatibility and biodegradability make alginate gels common components of composite 

bioinks. Butcher and co-workers,85 for example, used poly(ethylene glycol)-diacrylate (PEG-DA) 

and sodium alginate to 3D print aortic valves. At 10-15 wt%, the alginate enhanced the viscosity 

of the PEG-DA solutions, making them printable prior to UV curing. In tandem with gelatin, the 

alginate also served as a temporary, removable filler for the printed valves. Algae-laden blends of 

alginate and methylcellulose were used to print lattice scaffolds, wherein the algae remained 

photosynthetically active for at least 12 days.86 The authors used multichannel plotting to print 

human osteosarcoma SaOS-2 cells in a co-culture system with the algae, which demonstrated the 

potential for therapeutic transmission of metabolites from the algae to the human cell line. Feinberg 

and co-workers87 3D printed alginate filaments in a support bath consisting of gelatin 

microparticles and calcium chloride (Figure 1.6). The key advantage of this technique, termed 

freeform reversible embedding of soft hydrogels (FRESH), was that soft, non-self-supporting 

structures, such as helices, could be printed with soft materials like alginate, collagen, and fibrin.  

Calcium alginate is also commonly the ionic component of ICE networks.56,88,89 In such networks, 

the two types of cross-linking mechanisms help to dissipate energy under different types of 

mechanical load, enhancing the overall strength of the material. 90,91 In another approach, 

negatively-charged alginate  was mixed with 2-hydroxypropyltrimethyl ammonium chloride 

chitosan (HACC, a positively-charged polysaccharide) to produce a hydrogel that was shear-

thinning, self-healing, biocompatible, and adhesive.92 
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Figure 1.6. Freeform reversible embedding of soft hydrogels (FRESH) 

(a) Fluorescently-labeled alginate (green) printed in a gelatin-slurry support bath (red) containing 

Ca2+ ions. Scale bar = 1 mm. (b) Coaxial, multi-material printed cylinder with top view (left) and 

lateral view (right). Scale bar = 2 mm. (c,d) Nonplanar structures such as helices were fabricated 

using the FRESH process. Scale bars = 10 mm (c), 2.5 mm (d). Copyright 2015 (Adapted with 

permission from the American Association for the Advancement of Science).87  

 

Hyaluronic acid (HA, also referred to as hyaluronan) is a ubiquitous, high molecular weight 

glycosaminoglycan found in the connective and epithelial tissues of vertebrates.93 Notably, 

hyaluronic acid is a component of the extracellular matrix, and has a high rate of synthetic turnover 

in the body. As its name suggests, HA is anionic at physiological pH due to the partial ionization 

of its carboxylic acid groups. Lindén, Groll, and colleagues75 used HA as part of a shear-thinning, 

printable hydrogel in a study of the release kinetics of nanoparticles from 3D printed scaffolds. In 

this system, mesoporous silica nanoparticles (MSNs), which have been investigated as potential 

drug delivery vehicles, were functionalized with surface carboxy (COOH) or amino (NH2) groups. 
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The derivatized MSNs were mixed with hydrogels composed of HA and thiol-ene cross-linked 

poly(glycidol)s, and the composite hydrogels were used to print multilayer lattices. These lattices 

were submerged in media containing C2C12 mouse myoblast cells, and the release of MSNs from 

the gel scaffold, followed by uptake by the C2C12 cells, was monitored via fluorescent staining 

and confocal microscopy. The authors found that COOH-functionalized MSNs were released from 

the hydrogel quickly due to charge-charge repulsion between the nanoparticles and HA, while 

NH2-functionalized MSNs were released more slowly due to favorable ionic attraction to the HA.  

Lewis and co-workers94 produced a 3D printable hydrogel ink from high-molecular weight 

poly(acrylamide) (PAm), acrylamide monomers, cross-linker, glycerol, and water. This ink 

demonstrated the shear-thinning properties required for extrusion and solidified upon post-print 

UV curing. Importantly, the 3D scaffolds printed with this formulation influenced 3T3 fibroblast 

morphology. PAm has also served as the covalently cross-linked polymer in ICE systems, 

particularly those coupled with alginate88,89 or carrageenan.95 In the former case,89 the 

PAm/alginate gel ink was combined with a UV-curable polyurethane ink (Emax 904) to produce 

3D printed objects with graduated mechanical properties based on the relative ratios of the two 

inks. In the latter case,95 the reversible temperature response of κ-carrageenan, which cross-links 

in the presence of potassium ions, enabled the printing of stretchable, self-healing materials. Above 

approximately 45 °C, the PAm/carrageenan gels underwent a gel-sol transition, sealing any cuts 

and cracks and recovering mechanical integrity. 

Light-induced reactions can be used to switch materials between a solidlike, hydrogel state 

and a soluble state. For example, Sumerlin and co-workers96 utilized poly(N,N-

dimethylacrylamide) (PDMAm) containing coumarin-functionalized comonomers. Upon 

exposure to long-wave UV (365 nm), the coumarin motifs underwent a [2+2] cycloaddition, 
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resulting in covalently cross-linked hydrogels. Following irradiation with short-wave UV (254 

nm), the coumarin adducts underwent cycloreversion, and a soluble polymer solution was 

recovered. This strategy enabled the creation of photopatterned gels as well as hollow 3D printed 

objects. 

Butcher and co-workers97 used composite, photo-cross-linkable gels composed of HA-MA 

and gel-MA to fabricate trileaflet valves laden with human aortic valvular interstitial cells 

(HAVICs). Higher proportions of gel-MA resulted in gels with lower compressive moduli, i.e. gels 

that were less stiff and more viscous. These gels were dual stimuli-responsive, showing shear-

thinning behavior to enable DIW, along with UV-mediated cross-linking to increase gel modulus. 

The different mechanical properties induced by changing composition resulted in differential 

cellular proliferation and secretory activity. Another excellent example of 3D bioprinting with 

multi-stimuli-responsive hydrogels is the use of kappa-carrageenan (κCA), a sulfated 

polysaccharide, in the presence of nanosilicates (such as Laponite XLS) and K+ ions.98 Heating 

κCA in water results in random polysaccharide coils, but upon cooling, double helices form due 

to hydrogen-bonding interactions. Monovalent ions like K+ interact with the negatively-charged 

sulfate groups, providing a second means of cross-linking and enhancing the mechanical properties 

of κCA hydrogels. Gaharwar and colleagues took advantage of this dual-cross-linking; while κCA 

by itself was not extrudable, the addition of nanosilicates lowered the gelation temperature by 

disrupting polymer-polymer interactions, thereby facilitating extrusion at the biologically relevant 

temperature of 37 °C. Addition of KCl to the printed constructs resulted in ionic cross-links, 

increasing the gel modulus. This work demonstrates the potential to print cell-laden constructs at 

biological temperatures, while maintaining mechanical stiffness after printing. 
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Some extrudable hydrogels are cross-linked via non-covalent, non-ionic interactions. 

These include hydrogen-bonding, guest-host interactions, and protein-protein interactions. As an 

example, Heilshorn and co-workers84 modified alginate with proline-rich peptides and then 

combined it with a recombinant protein containing the complementary peptide binding domain 

(Figure 1.7). The resulting system, referred to as a mixing-induced two-component hydrogel 

(MITCH), allowed homogeneous incorporation of NIH 3T3 fibroblasts and human adipose-

derived stem cells due to the weak interaction of the peptide domains. Following extrusion, the 

system was cross-linked with calcium ions, resulting in a more rigid gel. 
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Figure 1.7. Mixing-induced two-component hydrogel printing (MITCH) 

(a) Graphical representation of MITCH printing. (b) MITCH inks were composed of alginate 

tethered to a proline-rich peptide (P1) and a recombinant protein (C7) containing the 

complementary peptide-binding domain. Non-covalent interactions between P1 and C7 resulted in 

a weak, extrudable hydrogel. Ionic cross-linking of the alginate by Ca2+ ions after extrusion 

strengthened the printed structures. Copyright 2016 (Adapted with permission from Wiley-

VCH).84 

 

HA functionalized with adamantane (Ad-HA) and  β-cyclodextrin (CD-HA) was used as 

both a self-healing support bath and an extrudable ink, in a process termed direct writing of guest-

host hydrogels (or “GHost writing”) (Figure 1.8).99 In this strategy, the known guest-host 

interaction of adamantane and β-cyclodextrin imparted shear-thinning and self-healing 

characteristics to the HA gels. The authors could therefore print freeform, biocompatible structures 
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at high resolutions. The supramolecular guest-host interaction between Ad-HA and CD-HA 

afforded shear-thinning hydrogel inks with the viscoelastic properties necessary for DIW. For the 

support baths, Ad-HA and CD-HA with higher degrees of functionalization (40% of HA repeat 

units modified) than the extrudable ink were used. These support baths yielded to the moving print 

nozzle during DIW, but self-healed and resisted permanent deformation. Additional derivatization 

of HA with methacrylate groups (Me-HA) also made the support bath gels cross-linkable by UV 

irradiation. To demonstrate the utility of GHost writing, an ink gel composed of Ad-HA and CD-

HA was printed into a support bath composed of Ad-HA, CD-HA, and Me-HA. Following 

extrusion, the support gel was cross-linked by UV irradiation, and the extruded ink gel was 

removed by pressure-induced flow, resulting in a channel network. The reverse strategy was also 

demonstrated, wherein a methacrylated ink gel was extruded into a non-methacrylated support gel. 

Following UV cross-linking of the ink gel, the support gel was washed away using a solution of 

excess β-cyclodextrin, removing any gel that was not covalently cross-linked. 
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Figure 1.8. Direct writing of guest-host hydrogels (“GHost Writing”) 

(a) Hyaluronic acid was functionalized with methacrylate groups (blue) or adamantane and β-

cyclodextrin (purple). Inks were cross-linked by non-covalent host-guest interactions between 

adamantane and β-cyclodextrin, as well as by free-radical polymerization of methacrylate groups. 

(b) Channels were made by curing a photo-cross-linkable support gel around a removable ink. (c) 

Self-supporting structures were printed with a UV-curable ink into a removable support gel, which 

was washed away with excess β-cyclodextrin. Scale bars = 500 µm. Copyright 2015 (Adapted with 

permission from Wiley-VCH).99  

 

The applications and formulations of DIW polymer hydrogels are virtually limitless. 

However, strategies to enable or enhance printability are sometimes complex, requiring multiple 

synthetic transformations or processing steps. There are many molecular and nanoscale factors 

that affect the macroscale characteristics of a DIW ink. When formulating polymeric materials, 

for example, one may change the monomer composition itself, the degree of polymerization, the 

architecture, the side-group, or the end-group composition. Additionally, 3D constructs may be 

cross-linked or chemically functionalized after printing. By changing the identity of the monomer, 
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the new polymer takes on different physical properties, such as Tg and Tm, texture, hardness, and 

so on. The change in monomer may appear subtle at a superficial level, such as changing ethylene 

to ethylene oxide. Of course, poly(ethylene) is a waxy thermoplastic used in plastic bags, bottles, 

and films, while poly(ethylene oxide) is a water-soluble material used in laxatives, 

pharmaceuticals, and personal care products. Changes to monomer structure often have dramatic 

effects on the chemical and physical properties of the resulting polymers. However, this strategy 

faces severe limitations if alterations to the monomer make polymerization difficult. Unless the 

target polymer is well-studied, different monomers may require costly and time-consuming 

optimization of novel or existing polymerization techniques.  

There is clearly a need to simplify the formulation and modification of hydrogels for DIW 

AM. In the following chapters, several different strategies for enhancing stimuli-responsive DIW 

hydrogels are discussed. Chapter 2 and Chapter 3 cover the development of a triblock copolymer 

platform with polymer chain-ends designed to alter temperature and shear response. Chapter 4, by 

contrast, details the formulation of a naturally-derived bioink based on decellularized extracellular 

matrix (dECM). 
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Chapter 2. STICKY ENDS IN A SELF-ASSEMBLING ABA 

TRIBLOCK COPOLYMER: THE ROLE OF 

UREAS IN STIMULI-RESPONSIVE 

HYDROGELS 

2.1 ABSTRACT 

Directing polymer self-assembly through noncovalent interactions is a powerful way to 

control the structure and function of nanoengineered materials. Dynamic hydrogen bonds are 

particularly useful for materials with structures that change over time or in response to specific 

stimuli. In the present work, we use the supramolecular association of urea moieties to manipulate 

the morphology, thermal response, and mechanical properties of soft polymeric hydrogels. Urea-

terminated poly(isopropyl glycidyl ether)-b-poly(ethylene oxide)-b-poly(isopropyl glycidyl ether) 

ABA triblock copolymers were synthesized using controlled, anionic ring-opening polymerization 

and subsequent chain-end functionalization. Triblock copolymers with hydroxy end-groups were 

incapable of hydrogelation, while polymers terminated with meta-bisurea motifs formed robust 

gels at room temperature. Rheometric analysis of the bulk gels, variable-temperature infrared 

spectroscopy (VT-IR), differential scanning calorimetry (DSC), and small-angle X-ray scattering 

(SAXS) confirmed the formation of structured hydrogels via association of the meta-bis-urea end-

groups. Monourea end-groups did not result in the same regular structure as the meta-bis-urea. In 

future, the reported hydrogels could be useful for elastomeric, shape-morphing 3D-printed 

constructs, or as biomimetic scaffolds with precisely tailored porosity and mechanical properties. 
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2.2 INTRODUCTION 

Hydrogel-forming biopolymers, like collagen and gelatin, are exquisite examples of 

biopolymers that possess a defined composition, length, and sequence. These linear polymers fold 

or self-assemble into well-defined higher-order structures that can bind molecules and create three-

dimensional scaffolds for cells. In the case of collagen, linear protein strands hierarchically 

assemble to form fibrous bundles that not only provide mechanical structure, but also present 

recognition sites that promote cellular adhesion.1 Non-covalent interactions, including hydrogen 

bonding, ionic interactions, and van der Waals forces—introduced at precise locations along the 

polymer chain—drive the self-assembly of biopolymers.2,3 Wholly synthetic polymers that show 

the same level of compositional precision are not possible yet, even using controlled 

polymerization techniques. Block copolymers that microphase separate have received significant 

attention in the polymer sciences based on their ability to organize into nano- and microscale 

morphologies.4–7 However, these polymers do not self-assemble with the same level of complexity 

observed in proteins or DNA. While the sequence of polymer blocks can be controlled in a 

segmented block copolymer, the individual monomer sequence cannot. The design rules that 

govern the self-assembly of synthetic polymers with precisely defined monomer sequences is 

likely to be incredibly complex.8 Accordingly, there is a need to develop a strategy to afford 

hierarchically self-assembled synthetic polymers that does not rely on precise monomer sequences. 

These alternative strategies could complement existing efforts to create sequence-controlled 

polymers.9 The precision molecular engineering of polymers to control nanoscale architecture 

remains non-trivial.10–14 However, the molecular-level design of nanostructured polymers and 

macromolecular materials (also referred to as nanoarchitectonics)15–17 has led to the emergence of 

precisely self-assembled materials with catalytic behavior,18,19 dynamic mechanical properties,20 
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and electromechanical actuation.21 Nanoarchitectonic-based approaches to polymer design have 

recently been applied toward the fabrication of stimuli-responsive hydrogels.22–25 Stimuli-

responsive hydrogels26 adapt to changes in their environments such as temperature,27–30 pH and 

ion concentration,31–35 and shear stress.29,36–39 These ‘smart’ hydrogels are ideal for biomimetic 

tissues and tissue culture,40–45 as well as drug-delivery systems.46–48 In particular, shear-thinning 

hydrogels have potential as injectable therapeutics36,37 and are excellent inks for direct-write 3D 

printing.29,38,43,49 The manner by which polymeric hydrogels self-assemble and react to stimuli can 

be tuned with small molecular modifications to the main-chain, side-chain or end-group 

functionality. Despite the small fraction of the polymer chain that the end-groups represent, 

supramolecular functionalities at the chain termini can have dramatic effects on the characteristics 

of the resulting self-assembled networks.50–52 Supramolecular hydrogen-bonding molecules can 

form ordered assemblies in solution and bulk polymer and can be incorporated into the design of 

a polymer.53–58 For example, Sijbesma and Meijer demonstrated that the incorporation of the 

ureidopyrimidinone (UPy) motif can have a profound, measurable effect on polymer morphology 

in both solution and the bulk phase.36,59–61 For hydrogels, the use of hydrogen-bonding groups 

influences not only morphology, but also moduli, shear-thinning characteristics, and 

thermoresponsive behavior.36,37,62,63 

Herein, we report temperature and shear-responsive hydrogels composed of poly(isopropyl 

glycidyl ether)-b-poly(ethylene oxide)-b-poly(isopropyl glycidyl ether) (PiPGE-b-PEO-b-

PiPGE). Our group has developed ABA triblock copolymers based on poly(alkyl glycidyl ether)s 

as platforms for stimuli-responsive hydrogels wherein ‘A’ is a poly(alkyl glycidyl ether) and ‘B’ 

is poly(ethylene oxide).29,64 These block copolymers self-assemble into flower-like micelles 

(Figure 2.1) in aqueous media and form physically entangled micelle networks as the polymer 
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concentration increases.29,65 Micellization is driven by the hydrophobic aggregation of the 

poly(alkyl glycidyl ether) blocks. Some poly(alkyl glycidyl ether)s, such as poly(ethyl glycidyl 

ether) have lower critical solution temperatures (LCSTs) as homopolymers.66–68 Others, such as 

poly(isopropyl glycidyl ether), are insoluble at all temperatures and concentrations. However, 

when either of these alkyl glycidyl ethers is the ‘A’ component in a PEO-based ABA triblock 

copolymer, the copolymer has an LCST due to entropically-driven hydrophobic aggregation of the 

‘A’ blocks. This phase transition results in self-supporting hydrogels only when the ‘A’ blocks 

constitute a volume fraction ≥ 20 wt%. 

Ureas were chosen as the hydrogen-bonding group of choice for the present study due to 

their strong self-association and ability to form extended supramolecular arrays both as small 

molecules69–76 as well as in segmented and block copolymers.56,58,62,77–81 The introduction of urea 

motifs into block copolymers results in crystalline or semi-crystalline domains due to the regular 

pattern of intermolecular hydrogen bonds. The geometric structure of the array, as well as the 

strength of the hydrogen-bonding association, varies depending on the placement of the ureas 

within the block copolymer, as well as the nature of the substituents adjacent to the urea 

groups.62,72,73,76,82–84 

In the case of stimuli-responsive hydrogels, ureas play an influential role in polymer self-

assembly. In most cases, ureas are placed in a hydrophobic domain to minimize competing 

hydrogen-bonding interactions with water.10,31,32 This placement allows the formation of 

supramolecular hydrogen-bonding arrays. Ideally, these hydrogen bonds act as physical cross-

links between polymer chains, enhancing the mechanical strength of the resulting hydrogels while 

retaining shear-thinning, self-healing, and temperature-responsive characteristics. 
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Figure 2.1. Dynamic, reversible self-assembly of amphiphilic triblock co-polymers in aqueous 

media 

The equilibrium distribution of solvated unimers, flowerlike micelles, and physically entangled 

micelle networks changes with temperature (top). The hydrogel network can also be temporarily 

disrupted with shear stress (middle). Hydrogen-bonding end groups (orange chevrons) self-

assemble in the hydrophobic domains, enhancing mechanical strength. 

 

The polymers in the present study demonstrate that the inclusion of urea-containing 

hydrogen bonding groups at the chain ends can significantly alter the viscoelastic behavior of 
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multi-stimuli responsive hydrogels. Changes in morphology, mechanical properties, and thermal 

response demonstrate the enormous impact of relatively minor synthetic modifications and imply 

that hydrogen-bonding groups could be used to precisely tune the thermo- and mechano-

responsive behavior of polymeric hydrogels. 

 

2.3 RESULTS AND DISCUSSION 

We developed a modular route (Figure 2.2) to the syntheses of the polymers in this study. 

8k-iPr-OH was synthesized via anionic ring-opening polymerization of iPGE initiated from PEO. 

Molecular weight was controlled by changing the ratio of iPGE monomer to PEO initiator, and 

dispersity indices were consistently low (Đ < 1.2). 8k-iPr-OH was derivatized with boc-glycine, 

and the protecting groups were removed under acidic conditions to afford an amine-functionalized 

polymer, 8k-iPr-NH2. Further reactions with aryl isocyanates afforded the urea-terminated 

polymers 8k-iPr-U and 8k-iPr-bisU. GPC traces of the urea-terminated polymers indicated lower 

apparent molecular weights than the hydroxy-terminated polymer (Figure 2.13). This effect may 

have been due to the formation of compact aggregates by the urea-derivatized polymers in CHCl3, 

which would have decreased the hydrodynamic radius of the polymer chains. Alternatively, the 

lower detected molecular weights could have been due to secondary retention, or noncovalent 

interactions between the polymers and the column material. 8k-iPr-bisU, in addition to having a 

smaller apparent molecular weight, showed a broader GPC trace and higher dispersity (Đ = 1.68) 

than 8k-iPr-OH (Đ = 1.10) and 8k-iPr-U (Đ = 1.09). The presence of a small, high molecular 

weight shoulder in the 8k-iPr-bisU trace suggested that a small degree of step-growth 

polymerization may have occurred, and accounts for the increased dispersity. No such shoulders 

were present for 8k-iPr-U, which was incapable of step-growth polymerization. 
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Figure 2.2. Chain-end functionalization of the 8k-iPr-OH triblock co-polymer 

For each of the polymers, x ~ 182 and y ~ 8 (Mn ~ 9,900 g mol-1). (i) DCC/Boc-gly (excess); 

DMAP (cat.); CH2Cl2, reflux, 24 h. (ii) 1:1 v/v TFA:CH2Cl2; RT, 18 h. (iii) p-Tolyl 

isocyanate/NEt3; CH2Cl2, RT, 18 h. (iv) (1) Tolylene-2,4-diisocyanate (excess)/NEt3; CH2Cl2, RT, 

16 h. (2) Aniline (excess); CH2Cl2, RT, 21 h. 

 

2.3.1 Phase Diagrams and Rheometric Experiments 

The incorporation of the single- and bis-urea motifs to the chain ends of 8k-iPr-OH (to 

afford 8k-iPr-U and 8k-iPr-bisU, respectively) altered the viscoelastic behaviors of the 

corresponding aqueous solutions or gels. Phase diagrams were constructed by preparing a series 

of polymer solutions as described in the experimental section at different concentrations (2–30 

wt% in DI water) and performing rheometric temperature-ramp experiments for each 

concentration. Relevant data from the temperature-ramp experiments are summarized in Table 2.1. 
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At the end of the temperature-ramp tests, the urea-functionalized polymer hydrogels were stiffer 

than the unfunctionalized gels, as indicated by greater G′ values. 

 

Table 2.1. Rheometric temperature-ramp data for 25 wt% 8k-iPr-OH, 8k-iPr-U, and 8k-iPr-bisU 

As expected, the introduction of chain-end ureas lowered both the gelation temperature 

(Tgel) for a particular concentration, as well as the minimum polymer concentration (Cmin) required 

for gelation at a particular temperature (Figure 2.3). The reduction of Tgel in 8k-iPr-bisU gels was 

due to both hydrophobic and hydrogen-bonding interactions. The aryl bis-urea chain ends were 

hydrophobic, as evidenced by qualitative solubility tests of small-molecule aryl urea analogs 

(Table 2.3). The introduction of aryl bis-urea chain ends therefore increased the overall 

hydrophobicity of the PiPGE ‘A’ blocks in 8k-iPr-bisU, driving micellization at lower 

temperatures. Strong hydrogen-bonding interactions between the bis-urea chain-ends resulted in 

microphase separation of crystalline domains, as supported by DSC and SAXS, to be discussed in 

a later section. The presence of these “hard” domains likely were responsible for imparting gel-

like mechanical properties to the 8k-iPr-bisU gel. Therefore, the increased hydrophobicity of 8k-

iPr-bisU shifted the equilibrium distribution of solvated polymer chains and bridged/unbridged 

flowerlike micelles, while the strong hydrogen-bonding interactions slowed exchange dynamics 

between micellized and water-solvated polymer chains. As a result, the Tgel decreased with the 

introduction of hydrogen-bonding domains. Surprisingly, the monourea end-group in 8k-iPr-U had 

Polymer Tgel (°C) Crossover modulus (Pa) G’ at 50 °C (Pa) 

8k-iPr-OH 39.6 6.25 2,460 

8k-iPr-U 37.2 62.2 2,480 

8k-iPr-bisU 14.9 765 10,100 
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a subtle, almost imperceptible effect on the thermal response of the hydrogels, as depicted in the 

phase diagrams (Figure 2.3 (b)). 

  

Figure 2.3. Temperature-concentration phase diagrams for 8k-iPr polymers 

Phase diagrams for (a) 8k-iPr-OH, (b) 8k-iPr-U, and (c) 8k-iPr-bisU. These phase diagrams were 

prepared using data from temperature-ramp experiments (Figure 2.4 (a)). 
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While a single urea lowered the Tgel for each solution slightly, the most noticeable effect 

of monourea chain ends was the appearance of a viscous regime at higher concentrations and 

temperatures (≥ 20 wt% and ≥ 20 °C). While 8k-iPr-OH underwent a transition directly from free-

flowing solution to self-supporting gel, 8k-iPr-U first became thick and viscous before becoming 

a free-standing gel. The increased viscosity and slightly lowered gelation temperature of 8k-iPr-U 

solutions was likely the result of hydrophobic aggregation of the terminal ureas. 8k-iPr-bisU 

exhibited a much broader “viscous” range and gelled at a much lower temperature and 

concentration than 8k-iPr-OH and 8k-iPr-U. It is likely that the bis-urea domains never became 

fully solvated, except perhaps at polymer concentrations < 10 wt%. This hypothesis was supported 

by VT-IR experiments (discussed later) and by the extreme hydrophobicity of a small-molecule 

bis-urea analog (Table 2.3), which would not dissolve in water at any temperature, even at 

concentrations < 0.5 mg mL-1. 

Based on comparisons of the phase diagrams for each polymer, 25 wt% was chosen as the 

concentration at which to compare rheological properties. All tests were conducted at 25 °C. As 

the phase diagrams suggest, 8k-iPr-bisU was a gel at this temperature, 8k-iPr-U was a viscous 

solution, and 8k-iPr-OH was a free-flowing solution. Indeed, 8k-iPr-bisU showed the self-healing 

and shear-thinning properties expected of these stimuli-responsive hydrogels. The dynamic 

oscillatory strain test, in which the material was subjected to alternating periods of high (100%) 

and low (1%) strain amplitude, indicated that at 25 wt% and 25 °C, 8k-iPr-bisU behaved as a solid 

gel at low strain and as a viscous fluid at high strain (Figure 2.4 (b)). Importantly, the material 

yielded and recovered almost instantaneously, with minimal mechanical hysteresis between strain 

cycles. With increasing shear rate, the viscosity of the 8k-iPr-bisU gel decreased over four orders 

of magnitude (Figure 2.4 (f)). This shear-thinning behavior confirmed the gelled nature of 8k-iPr-
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bisU and demonstrated its suitability as an injectable or extrudable gel. By contrast, the viscosities 

of 8k-iPr-OH and 8k-iPr-U solutions were largely independent of shear rate, suggesting that they 

were more like viscous liquids than elastic solids. Note that the viscosity of the 8k-iPr-U solution 

was consistently greater than that of 8k-iPr-OH at most shear rates, reflecting the thicker nature of 

the 8k-iPr-U solution.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

46 

 

Figure 2.4. Rheometric experiments for 8k-iPr 25 wt% polymer hydrogels at 25 °C 

(a) Temperature-ramp experiments conducted between 5-50 °C at a heating rate of 2 °C min-1, 

with γ = 1% and ω = 1 Hz (6 rad s-1). (b) Cyclic step-strain experiments (ω = 1 Hz). Strain 

amplitude alternated between 1% (white regions) and 100% (shaded regions). (c) Strain amplitude 

sweeps conducted at ω = 1 Hz. Yield strain was reported as the onset of G’ decrease. (d) Stress 

amplitude sweeps derived from the strain-sweep experiments, conducted at ω = 1 Hz. Static yield 

stress (σy) was reported as the onset of G’ decrease. For 8k-iPr-U, σy = 7.58 Pa, while for 8k-iPr-

bisU, σy = 447 Pa. (e) Frequency amplitude sweeps performed at γ = 1%. (f) Shear rate sweep 

experiments to assess shear-thinning behavior, performed at 25 °C. 
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 The dynamic oscillatory strain test for a 25 wt% 8k-iPr-OH solution showed an interesting 

phenomenon: the material was initially a fluid with G″ > G′, but following each cycle of 100% 

strain amplitude, the storage modulus increased and eventually crossed over the loss modulus 

(Figure 2.4 (b)). This strange measurement was attributed to the frequency dependence of the 

moduli for 8k-iPr-OH (Figure 2.4 (e)). Frequency-sweep measurements for each of the polymers 

allowed the estimation of average terminal relaxation time, τ, defined as the inverse of the radial 

frequency ω at the point of modulus crossover.85,86 For 8k-iPr-OH, τ = 0.147 s, while for 8k-iPr-U 

τ = 4.51 s, and for 8k-iPr-bisU there was no modulus crossover in the tested frequency range. If 

the mechanism of stress relaxation is assumed to be disruption of bridging interactions between 

micelles or disruption of individual micelle structure, then this trend is logical. Because 8k-iPr-

OH was not hydrophobic enough to form self-supporting hydrogels at 25 wt% and 25 °C, the 

exchange dynamics between chain-ends in micelle cores and water-solvated chain-ends was fast. 

The introduction of hydrophobic, hydrogen-bonding groups slowed the exchange dynamics for 

8k-iPr-U, resulting in a longer relaxation time, while for 8k-iPr-bisU the exchange dynamics were 

too slow to be measured. The frequency-sweep measurements reflected the physical nature of each 

solution or gel: 8k-iPr-OH was a free-flowing liquid, 8k-iPr-U was a viscous solution, and 8k-iPr-

bisU was a free-standing hydrogel. The angular frequency for the cyclic strain measurements was 

6 rad s-1 (1 Hz), which was near the fluidlike-solidlike transition observed in the frequency-sweep 

test for 8k-iPr-OH. Oscillatory strain sweep tests were conducted for 25 wt% solutions/gels of all 

polymers, in which solutions/gels were subjected to increasing oscillatory strain amplitudes (0.01 

to 100%) at a fixed angular frequency of 6 rad s-1 or 1 Hz (Figure 2.4 (c)). From this data, plots of 

G’ and G” against oscillatory stress (σ) were made (Figure 2.4 (d)). These plots were used to 

determine the static yield stress (σy) for each gel, or the minimum amount of pressure needed for 
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the gel to yield and to begin flowing, a crucial factor for extrusion-based applications. The 8k-iPr-

OH solution was an unstructured fluid, and therefore did not possess a measurable yield stress. 

Under the conditions of the test, 8k-iPr-U was a weak gel, with a yield stress of σy = 7.58 Pa. As 

expected, the 8k-iPr-bisU gel had the highest yield stress of σy = 447 Pa. This yield stress was 

more than 5 times the value for a 20 wt% gel based on Pluronic F127,29 but several orders of 

magnitude less than a similar bis-urea-containing, PEO-based gel.37 While the F127 gel exhibited 

poor mechanical stability, the PEO-based gel was both mechanically robust and extrudable from 

a 29-gauge syringe needle. 8k-iPr-bisU gels therefore had a high enough yield stress to maintain 

structural integrity in the absence of applied pressure, but a low enough yield stress that they could 

be easily extruded from a nozzle. 

 

2.3.2 Differential Scanning Calorimetry 

While rheology and phase diagrams clearly demonstrated that the presence of the urea and 

bis-urea end-groups affected the viscoelastic behavior of the hydrogels, we turned to other 

techniques to further probe the assembly of the hydrogen-bonding assemblies. Urea-based 

assemblies are known to form anisotropic crystalline domains which can be represented by a 

melting transition in a DSC thermogram at temperatures above 170 °C.37,80 As shown in Figure 

2.5 (b), 8k-iPr-bisU exhibited a melting exotherm that suggested that the bis-ureas formed hard 

domains within the hydrogel assemblies. 
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Figure 2.5. DSC thermograms for 8k-iPr polymers in the solid state 

(a) Heating and cooling traces between 0-100 °C, showing slight differences in the peak position 

and width of the PEO melting and crystallization endo- and exotherms. (b) Heating traces between 

150-200 °C. The bis-urea crystalline domains melted at 170 or 193 °C, depending on processing 

conditions. 

 

 

Replicate measurements demonstrated that the melting transition occurred closer to 170 °C 

when the sample was cooled to 0 °C with no additional equilibration time, and closer to 193 °C 

when the sample was equilibrated for 90 min at 0 °C (Table 2.2). This difference in melting 

transition may reflect differences in the crystalline packing of the asymmetric bis-urea.76,84,87,88 

The single urea chain-ends of 8k-iPr-U did not exhibit a melting transition, which suggested that 

the ureas were not strongly associating into crystalline domains. We, and others, have previously 

reported glass transition temperatures for poly(alkyl glycidyl ether)s that range from −70 to −60 

°C.89–92 However, we did not observe a measurable glass transition in this temperature range. 8k-

iPr-OH, 8k-iPr-U, and 8k-iPr-bisU exhibited PEO melting and crystallization transitions at 50–54 

°C and 35–40 °C, respectively. Overall, the DSC data demonstrated phase separation of the urea 

end-groups only in 8k-iPr-bisU, which was consistent with the SAXS data. 
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Table 2.2. Thermal transitions measured by DSC 

Heating/cooling rate was 2 °C min-1 for all experiments. aNo equilibration time at 0 °C. bAllowed 

to equilibrate at 0 °C for 90 min following initial heating/cooling cycle. 

 

 Transition 1 Transition 2 

Polymer Range (°C) T (°C) ΔH (J g-1) T (°C) ΔH (J g-1) 

8k-iPr-OH -90 ↔ 200 53.9 126 -- -- 

8k-iPr-U 0a ↔ 200 53.1 112 -- -- 

8k-iPr-bisU 0a ↔ 200 51.7 99.7 170 0.621 

8k-iPr-bisU 0b ↔ 200 52.0 95.6 193 0.557 

 

 

2.3.3 Infrared Spectroscopy 

Thin-film and solution-phase IR spectroscopic experiments were performed to further 

probe the association of the hydrogen-bonding end-groups. Thin-film IR spectra of 8k-iPr-U and 

8k-iPr-bisU exhibited peaks in the range of 1500–1800 cm-1 that corresponded to the carbonyl 

stretching frequencies (Figure 2.14). For both 8k-iPr-U and 8k-iPr-bisU, the chain-end ester 

carbonyl stretching mode was present at 1751 cm-1. More complex amide I, amide II, and aromatic 

carbon–carbon stretching vibrations appeared between 1500–1700 cm-1. The amide I mode 

(carbonyl stretch) appeared as a mixture of strongly hydrogen-bonded (1640 cm-1) and weakly-

hydrogen-bonded (1700 cm-1) populations in the thin film. Unfortunately, these stretches were 

overlapped by the presence of a water bending mode at 1640–1650 cm-1, which complicated the 

analysis. However, these peak assignments agree with previously reported IR spectra for similar 

urea motifs.72,80,88,93,94 
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To probe the association and dissociation of the urea groups, solution-phase variable-

temperature IR (VT-IR) experiments were performed. In these experiments, 23 wt% gels of 8k-

iPr-U and 8k-iPr-bisU were prepared in D2O to observe the carbonyl stretching modes between 

1600–1800 cm-1. As previously noted, these ABA triblock copolymers exhibit a temperature 

response in which they undergo a reversible sol–gel transition in water above a critical 

temperature. In the “sol” state, the entire triblock copolymer is water soluble, whereas in the “gel” 

state, the PiPGE block is hydrophobic and drives the micellization of the polymers. Thus, we 

hypothesized that, as the PiPGE blocks transitioned from a solvated aqueous state to a 

hydrophobically collapsed micelle core, the chain-end ureas would transition from a partially-

solvated state to a self-associated supramolecular array within the hydrophobic domain of the 

glycidyl ether blocks. The VT-IR spectra suggested that the association of the hydrogen-bonded 

ureas remained relatively constant with temperature, even as the polymer chains underwent 

nanoscale rearrangement. Baseline-corrected spectra of 8k-iPr-bisU in the range of 1615–1715 cm-

1 (Figure 2.6 (b)) indicated a slight change to the peak-shape for the carbonyl stretching frequencies 

as temperature decreased from 50 to 5 °C. This subtle, if not minimal, change suggested that at 

low temperatures, when the PiPGE blocks were more water-soluble, the urea end-groups were still 

hydrogen-bonded. The VT-IR tests therefore implied that the effects of water solvation on urea 

hydrogen-bonding in this system were minimal, and that these interactions persisted despite the 

solubility changes in the polymer. 

We also observed that IR spectroscopy could be used to track the assembly/disassembly of 

the PiPGE chains. The peak at approximately 1348 cm-1 underwent measurable changes in 

intensity with varying temperature, increasing in area continuously as temperature decreased from 

50 to 5 °C (Figure 2.6 (a)). This peak likely corresponded to a C–H bending mode of the gem-
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dimethyl moiety in the PiPGE blocks. As these glycidyl ether blocks underwent hydrophobic 

collapse at higher temperatures, their effective concentration in D2O decreased and their rotational 

freedom was restricted. As a result, CH3 bending modes decreased in intensity. Conversely, 

disassembly of micelles upon cooling and subsequent solvation of the glycidyl ether blocks 

resulted in an increase in intensity for the peak at 1348 cm-1. While these changes in the IR spectra 

are not directly related to the urea hydrogen-bonding motifs, they nevertheless reveal a useful 

protocol to track the self-assembly and disassembly of polymer chains with respect to temperature. 

In future experiments, deuteration of the isopropyl groups might be an easier way to track these 

bending modes in IR spectra. 

 

Figure 2.6. VT-IR spectra of 8k-iPr-bisU 23 wt% in D2O 

(a) Overlaid spectra of 8k-iPr-bisU between 1380-1320 cm-1, showing continuous changes in the 

gem-dimethyl (1348 cm-1) peak intensity with increasing/decreasing temperature. (b) Overlaid, 

baseline-shifted spectra of 8k-iPr-bisU between 1715-1615 cm-1, showing minimal changes in the 

distribution of carbonyl stretching modes with changing temperature. 
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2.3.4 Small-Angle X-ray Scattering (SAXS) 

Small-angle X-ray scattering (SAXS) was used to characterize the morphology of the 

assembled polymers (Figure 2.7). Previously, SAXS has been used to characterize the morphology 

of hydrogen-bonding polymers in hydrogels, organogels, and in the solid state.25,37,53,61,80,95–98 Each 

polymer was examined in both the hydrated state (at 25 wt% polymer concentration) and the dry 

state. 

 

Figure 2.7. SAXS plots for 25 wt% 8k-iPr polymer hydrogels 

Plots of intensity (I) vs. scattering vector (q) for each of the three polymer compositions in the 

hydrated state (25 wt%). The 8k-iPr-bisU formulation was the only polymer that showed 

correlation peaks (arrows), indicating a regular nanostructure. 

 

 

For the base polymer 8k-iPr-OH, the volume fraction of the PiPGE blocks was insufficient 

to induce phase separation as demonstrated by the absence of any correlation peaks. The same was 

also true for 8k-iPr-U at this concentration, which is consistent with the data we have discussed 

thus far. On the other hand, 8k-iPr-bisU exhibited a well-defined, phase-separated morphology in 
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both the hydrated (25 wt%) and dry states. A sharp correlation peak at q = 0.494 nm-1 was 

observed, which corresponded to a characteristic spacing (periodicity, d) of 12.7 nm, according to 

the equation d = 2π / q. Smaller scattering peaks were also present at q = 0.694 and q = 0.856 nm-

1. These peaks corresponded to the peak-position ratio of 1, √2, and √3, which suggested a 

morphology of spherical micelles in a body-centered cubic (bcc) arrangement.99,100 Indeed, for an 

ABA triblock copolymer with weight fractions A ~ 0.2 and B ~ 0.8, cubic morphology was 

expected.101–103 This result suggested that 8k-iPr-bisU was the only polymer with a well-defined, 

structured morphology at 25 wt%. 

 

2.4 CONCLUSIONS 

In conclusion, end-groups capable of strong hydrogen bonding interactions can drastically 

influence both the nano- and macroscale properties of stimuli-responsive polymeric hydrogels. An 

ABA triblock copolymer of PEO (‘B’ block; DP = 182) and PiPGE (‘A’ blocks; DP = 8), which 

could not form hydrogels at room temperature, could be transformed into a gel when its end-groups 

were changed to aryl bis-ureas. As expected, bis-urea end-groups self-associated more strongly 

than monourea end-groups, resulting in more dramatic changes at the molecular and macroscopic 

levels. The changes in viscoelastic behavior induced by bis-urea motifs were the result of both the 

hydrophobicity of the two phenyl groups, as well as the strong hydrogen-bonding between ureas. 

The effects of hydrophobicity and hydrogen-bonding were complementary: additional 

hydrophobicity led to polymer chains that micellized more readily, which in turn allowed for 

higher local concentrations of ureas in the micelle core. The ureas localized within these 

hydrophobic domains formed hydrogen-bonding supramolecular assemblies. 
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The introduction of bis-urea motifs also altered the processing conditions required for the 

gels. 8k-iPr-OH solutions were free-flowing and easy to manipulate at low temperatures, while 

8k-iPr-bisU gels were extremely viscous at low temperatures. DSC and SAXS experiments 

suggested that these changes in the bulk material were due to nanoscale organization and 

microphase separation of the urea groups. Overall, the data demonstrate that end-group 

composition is a profoundly important parameter in block copolymer self-assembly. In future 

work, changing the composition of the ‘A’ blocks – for example, to statistical copolymers of 

isopropyl glycidyl and ethyl glycidyl ether – could help to optimize the thermoresponsive 

properties of urea-containing polymers. We anticipate that alternative polymer compositions and 

hydrogen-bonding end-groups will result in materials with precisely tunable mechanical properties 

and stimuli-responsive behaviors. With further optimization, the soft gels could find applications 

in shape-morphing, 3D-printed materials and tissue engineering scaffolds. 

 

2.5 EXPERIMENTAL 

2.5.1  Materials 

All solvents and reagents were purchased from Sigma-Aldrich, Fisher Scientific, or TCI 

America and used as received, unless noted otherwise. Dichloromethane (CH2Cl2; HPLC grade) 

and tetrahydrofuran (THF; Optima) were dried with neutral alumina using a Pure Process 

Technology Glass Contour solvent purification system and were dispensed under argon. Diethyl 

ether (Et2O; Fisher, Certified ACS, Anhydrous, BHT stabilized, 99.9%) was dried over anhydrous 

magnesium sulfate (Fisher, Certified Powder) immediately prior to use. Acetonitrile (CH3CN) was 

purchased from Fisher (HPLC Grade, 99.9%). 
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2.5.2 Instrumentation 

All NMR spectra were collected using a Bruker AV 500 MHz spectrometer equipped with 

a double resonance broadband (BBI) probe and Oxford narrow bore cryomagnet, with 24 scans 

and 5 or 10 s pulse delay times (d1) at 298 K. Thin-film IR spectra were collected on a Bruker 

Vector 33 FT-IR spectrophotometer using KBr salt plates. Variable-temperature IR experiments 

were performed using a JASCO Model FT/IR-4100A spectrophotometer at 1 cm-1 resolution, with 

a sealed brass sample cell. The cell temperature was controlled using inlet/outlet tubing connected 

to an ethylene glycol-based heat exchanger. The sample chamber was purged with N2 to remove 

CO2 and traces of water vapor. Sol–gels were prepared at 23 wt% in D2O to better observe urea 

stretching and bending modes between 1500–1800 cm-1. Heating/cooling rates were maintained at 

approximately 0.5 °C min-1 to ensure complete equilibration and self-assembly. Gel permeation 

chromatography (GPC) was performed using a Waters chromatograph (Waters 1525 Binary HPLC 

Pump with in-line degasser) equipped with two 10 μm Malvern columns (300 mm × 7.8 mm) 

connected in series with increasing pore size (1,000–10,000 Å), using chloroform (CHCl3; Optima, 

0.1% v/v triethylamine, 1.0 mL min-1 flow rate) as the eluent, and calibrated with poly(ethylene 

oxide) standards (Fluka Analytical, 400 to 40,000 g mol-1). The relative molecular weights were 

measured using a refractive index detector (Waters 2414). All rheological measurements were 

performed on a TA Instruments Discovery HR-2 hybrid rheometer equipped with Peltier 

temperature control accessory. Each rheological experiment was performed with a 20 mm flat-

plate geometry, except for cyclic oscillatory strain experiments, which utilized a 40 mm cone-and-

plate geometry and solvent trap. All tests were performed in duplicate to ensure reproducibility. 

Differential scanning calorimetry (DSC) was performed using a TA Instruments DSC 250 
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calorimeter equipped with a TA RCS90 cooling system, using Tzero standard aluminum pans (TA 

Instruments) and calibrated with an indium standard. The heating and cooling rate for all samples 

was 2 °C min-1, except for the initial heating cycle, which was run at a rate of 10 °C min-1. SAXS 

measurements were performed using a Xeuss 2.0 laboratory beamline (Xenocs Inc.) with an X-ray 

wavelength of 1.54 Å and a sample-to-detector distance of 2.5 m. Diffraction images were 

recorded on a Pilatus 1M Detector (Dectris Inc.) with an exposure time of 2 h, then analyzed using 

the Nika software package.104 Measurements were collected in both the hydrated (25 wt%) and 

dry states for each polymer composition. 

 

2.5.3 Monomer Distillation 

Isopropyl glycidyl ether (iPGE; Aldrich 98%) was dried over CaH2 (Fisher, Laboratory 

Grade) for 24 h under N2 atmosphere. Next, iPGE was distilled under reduced pressure into a flask 

containing ∼1 mL butyl magnesium chloride (dried 2.0 M THF solution, Aldrich). Finally, iPGE 

was distilled into a clean, dry flask containing activated 4 Å molecular sieves (Fisher, Grade 514, 

8–12 mesh beads). Immediately prior to use, distilled iPGE was degassed using three full freeze–

pump–thaw cycles. 

 

2.5.4 Potassium Naphthalenide Preparation 

Potassium naphthalenide was prepared as a 1.0 M solution in THF. Typical preparation 

proceeded as follows: naphthalene (2.57 g, Fisher Certified Crystalline) was added to an oven-

dried 100 mL Schlenk flask, then dissolved in 20 mL anhydrous THF under N2 atmosphere. 

Potassium (0.783 g, Aldrich 99.5%) was transferred from mineral oil to hexanes, then added 
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quickly to the dissolved naphthalene. The resulting dark green solution was stirred under N2 

atmosphere for 6 h. 

 

2.5.5 Synthesis of 8k-iPr-OH Polymer 

An oven-dried, 5-neck reactor flask was charged with PEO (1.0 eq / 20.2 g, Sigma 

BioUltra, Mn = 8,000 g mol-1) and a glass-coated stir bar. The flask was evacuated and 

purged with argon three times, and PEO was then dried under reduced pressure at 40 °C 

for 24 h. Dried PEO was dissolved in 200 mL anhydrous THF (final concentration 10% 

w/v), then warmed to 50 °C under argon atmosphere. Potassium naphthalenide 1.0 M THF 

solution (7 mL) was slowly added via syringe to the dissolved PEO until a yellow-green 

color persisted. Degassed iPGE (21 eq / 6.29 g) was added quickly via syringe. After 48 h 

of polymerization at 50 °C under argon atmosphere, the reaction was quenched by addition 

of degassed 1% (v/v) acetic acid:MeOH (5 mL). The reaction mixture was concentrated in 

vacuo, then precipitated in large excess (800 mL) of anhydrous Et2O. The slurry was 

centrifuged at 4400 rpm, the supernatant was decanted, and the precipitated polymer was 

rinsed three times with fresh Et2O. Recovered white solid was dried in air at RT for 24 h, 

then dried under reduced pressure at 40 °C. To remove traces of potassium ion, dried 

polymer was reconstituted in 150 mL CH2Cl2, then stirred with 1 g Dowex 50WX8 cation 

exchange resin (Sigma-Aldrich, hydrogen form, 100-200 mesh) for 30 min. Following 

filtration, concentration, and a final precipitation from Et2O, polymer was dried under 

reduced pressure at 50 °C, then stored in an amber bottle at 5 °C (21.6 g, 82% yield). Degree 

of polymerization (DP) for the poly(isopropyl glycidyl ether) blocks was estimated by 1H 

NMR spectroscopy to be DP = 8 (16 total, approximately 1,900 g mol-1) as described in 
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section 2.5.10. GPC indicated narrow dispersity, Ð = 1.10, suggesting little to no chain 

transfer or termination, in agreement with the living nature of the polymerization. 

 
 

Figure 2.8. Anionic ring-opening polymerization of iPGE from PEO 

(i) Potassium naphthalenide (1.0 M in THF), 50 °C, THF. (ii) (1) iPGE, 50 °C, 48 h. (2) 1% v/v 

AcOH:MeOH, 50 °C, 10 min. 
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Figure 2.9. 1H NMR spectrum of 8k-iPr-OH in CDCl3 

500 MHz frequency / T = 298 K. 

 

2.5.6 Steglich Esterification with Boc-Protected Glycine 

8k-iPr-OH and boc-protected glycine (Boc-gly; 25 eq, Aldrich, ≥99%) were dried under 

reduced pressure at 50 °C for 24 h. Dried boc-gly was dissolved in anhydrous CH2Cl2 under N2 

atmosphere, while dried 8k-iPr-OH was dissolved in CH2Cl2 in a separate flask. 4-

Dimethylaminopyridine (DMAP; 0.25 eq, Aldrich ReagentPlus, ≥ 99%) was dissolved in a 
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minimal amount of CH2Cl2, then mixed with dissolved polymer. The 8k-iPr-OH / DMAP solution 

was added dropwise to dissolved boc-gly. Dicyclohexylcarbodiimide (DCC; 25 eq, Aldrich 99%) 

was melted for easy handling, then dissolved in anhydrous CH2Cl2 and added dropwise to the rest 

of the reaction mixture. The final reaction mixture (approximately 10% w/v polymer) was brought 

to reflux (55 °C hot plate setting) and stirred under N2 for 24 h. The reaction mixture was cooled 

and vacuum-filtered. Solvent was removed in vacuo, then residue was reconstituted in CH3CN 

(Fisher, HPLC Grade, 99.9%) and stirred for 15 min. The solution was centrifuged, resulting in a 

small amount of settled white solid. Supernatant was filtered through a fritted funnel (medium 

porosity), and transparent filtrate was concentrated in vacuo. The residue was stirred in excess 

Et2O, centrifuged, and rinsed twice with fresh Et2O. The boc-functionalized polymer, 8k-iPr-boc, 

was isolated as an off-white solid and dried in air at RT for 24 h. 

 

2.5.7 TFA-Mediated Boc Cleavage 

The 8k-iPr-boc polymer was stirred in a 1:1 (v/v) mixture of CH2Cl2 and 

trifluoroacetic acid (TFA; Sigma-Aldrich ReagentPlus, 99%) for 18 h at RT. Solvent was 

removed in vacuo, concentrate was reconstituted in fresh CH2Cl2, and this process was 

repeated 3 times. The resulting residue was precipitated in excess Et2O, centrifuged, then 

rinsed once with fresh Et2O. The recovered off-white solid was dried under reduced 

pressure at 40 °C to afford the amine-functionalized polymer, 8k-iPr-NH2. 
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2.5.8 Synthesis of 8k-iPr-U Polymer 

8k-iPr-NH2 (1.0 eq) was dried under reduced pressure at 40 °C prior to synthesis. 

Para-tolyl isocyanate (10 eq, Aldrich, 99%) was removed from cold storage and brought 

to RT in a sealed bottle. The isocyanate was dissolved in anhydrous CH2Cl2 in a flask 

containing activated 4 Å molecular sieves. Dried 8k-iPr-NH2 was dissolved in CH2Cl2 

along with triethylamine (NEt3; 2.5 eq, TCI America, > 99%, distilled from CaH2). 

Dissolved 8k-iPr-NH2 was added dropwise to the isocyanate, and the reaction mixture was 

stirred under N2 atmosphere for 18 h. Next, the reaction mixture was vacuum-filtered. The 

slightly turbid, golden filtrate was centrifuged at 4400 rpm. The supernatant was syringe-

filtered (0.7 μm glass microfiber, Whatman) and solvent was removed in vacuo. The 

concentrated residue was stirred in excess Et2O, centrifuged, then rinsed twice with fresh 

Et2O and dried in air at RT for 24 h to afford 8k-iPr-U. Degree of functionalization (fn) was 

estimated by 1H NMR spectroscopy as described in section 2.5.11. fn = 82-91%. 
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Figure 2.10. 1H NMR spectrum of 8k-iPr-U in (CD3)2CO 

500 MHz frequency / T = 298 K 
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2.5.9 Synthesis of 8k-iPr-bisU Polymer 

8k-iPr-NH2 (1.0 eq) was dried under reduced pressure at 40 °C prior to synthesis. 

Toluene-2,4-diisocyanate (100 eq, Aldrich 95%, 4% as 2,6-isomer) was dissolved in 

anhydrous CH2Cl2 in a flask containing activated 4 Å molecular sieves. Dried 8k-iPr-NH2 

was dissolved in CH2Cl2 along with NEt3 (2.5 eq, TCI America, > 99%, distilled from 

CaH2.) Dissolved 8k-iPr-NH2 was added dropwise to the diisocyanate over 1 h. Reaction 

mixture was stirred under N2 atmosphere for 16 h, then vacuum-filtered. The slightly turbid, 

golden filtrate was syringe-filtered (0.7 μm glass microfiber), then concentrated in vacuo. 

The residue was stirred in a large excess of anhydrous Et2O, centrifuged, then rinsed three 

times with fresh Et2O. Recovered polymer was dried under reduced pressure at RT for 3 h. 

Aniline (100 eq, Fisher, Certified ACS, 99.9%) was dried over activated 4 Å molecular 

sieves for 2 h, then dissolved in dry CH2Cl2 in a flask containing molecular sieves. The 

partially dried polymer was reconstituted in dry CH2Cl2, then added dropwise to the aniline 

over 1 h. The reaction mixture was stirred under N2 atmosphere for 21 h, then vacuum-

filtered and centrifuged. The supernatant was syringe-filtered, yielding a clear, golden 

solution which was subsequently concentrated. The residue was stirred in a large excess of 

Et2O, centrifuged, and rinsed three times with fresh Et2O. Recovered polymer was dried 

under reduced pressure at 30 °C to afford 8k-iPr-bisU. Degree of functionalization (fn) was 

estimated by 1H NMR spectroscopy as described in section 2.5.11. fn = 90-93%. 
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Figure 2.11. 1H NMR spectrum of 8k-iPr-bisU in (CD3)2CO 

500 MHz frequency / T = 298 K 
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Figure 2.12. 1H NMR spectrum of 8k-iPr-bisU in (CD3)2CO between δ 6.8-8.6 ppm 

500 MHz frequency / T = 298 K 

 

 

2.5.10 Estimation of Degree of Polymerization (DP) by 1H NMR Spectroscopy 

To complement the estimates of Mn made via GPC, degree of polymerization (and 

hence, Mn) was calculated using 1H NMR. A sample calculation is as follows: Let ‘x’ equal 

the integration per proton for iPGE. Let ‘y’ equal the integration per proton for PEO. Using 

Figure 2.9 as a sample spectrum, this gives the equations 6x = 1 for the 6 protons that 



 

 

67 

contribute to the isopropyl resonance at 1.1 ppm, and 4y + 6x = 8.78 for the 4 PEO protons 

and 6 iPGE protons that contribute to the polyether backbone resonances between 3.3-3.9 

ppm. Solving these equations yields: 

𝑥 =  
1

6
   𝑦 ~ 1.95 

This gives the PEO:PiPGE molar ratio: 

𝑦

𝑥
 ~ 11.7 

With a known Mn  for PEO of 8.0 kg mol-1
 and the monomer mass of ethylene oxide (44.05 g mol-

1), the average number of PEO repeat units is: 

8000

44.05
~ 182 

 

Dividing this by the ratio of PEO to PiPGE, we obtain the total repeat units of iPGE: 

182

11.7
~ 15.6 

 

Or 7.8 repeat units per block, rounded up to 8. 

 

2.5.11 Estimation of Degree of Functionalization (fn) for 8k-iPr-U and 8k-iPr-bisU 

The efficiency of DCC-mediated esterification was estimated by integrating the polymer 

chain-end methyne proton (δ 4.9 ppm, DMSO-d6) and the boc methyl protons (δ 1.4 ppm, DMSO-

d6) against the iPGE methyl protons (δ 1.1 ppm, DMSO-d6). Using the known DP (8) of the PiPGE 

blocks, the iPGE methyl resonance was calibrated to: 

8 × 2 × 6 = 96 
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This resulted in integrations of 1.8 for the methyne proton and 16.7 for the boc methyl 

protons (spectra not shown). Division by the theoretical integrations of 2 and 18 gave estimates of 

fn ~ 90% and 93%, respectively. TFA-catalyzed deprotection was quantitative as indicated by the 

complete disappearance of the boc methyl protons. To estimate degree of functionalization for 

subsequent coupling with p-tolyl isocyanate or tolylene-2,4-diisocyanate, the aromatic protons (δ 

6.9-7.6 ppm, (CD3)2CO) were integrated against the chain-end methyne proton (δ 5.1 ppm, 

(CD3)2CO). Division by the theoretical values for the integrations, followed by multiplying the 

yield of the esterification and deprotection steps, gave fn estimates of fn ~ 82-91% for 8k-iPr-U and 

90-93% for 8k-iPr-bisU. In the case of 8k-iPr-U and 8k-iPr-bisU, the aryl methyl protons (δ 2.2-

2.3 ppm, (CD3)2CO) were also used to estimate fn. 

 

2.5.12 Hydrogel Preparation for Rheometric Experiments 

All polymer sol-gels were prepared using a ‘sandwich’ technique: Approximately half of 

the desired mass of water was added to a small vial, followed by the desired mass of polymer and 

finally the remaining mass of water. All solutions were incubated at 0-5 °C for 72 h prior to 

temperature-ramp measurements, with daily stirring. Using the temperature-ramp data, a solution 

was defined as any region where the storage modulus (G’) was less than the loss modulus (G”). 

Conversely, a gel was defined as any region where G’ > G”. Based on qualitative observations, a 

viscous solution was defined as any region where G’ < G” and G” ≥ 10 Pa. The gelation 

temperature (Tgel) was defined as the point of modulus crossover, where G’ becomes greater than 

G”. 
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Figure 2.13. Normalized GPC traces for 8k-iPr polymers 

Polymers were eluted in CHCl3 (stabilized with 0.1% v/v triethylamine). 

 

 

Figure 2.14. Thin-film IR spectra of 8k-iPr polymers 

8k-iPr-OH (black), 8k-iPr-U (red), and 8k-iPr-bisU (blue) were dried from CH2Cl2 on KBr salt 

plates. 
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Figure 2.15. Photos of 25 wt% 8k-iPr polymer hydrogels 

(a) 8k-iPr-OH. (b) 8k-iPr-U. (c) 8k-iPr-bisU. All gels were equilibrated at 21 °C. 

 

Table 2.3. Melting points of synthesized small-molecule ureas 

 

Molecule Melting Point (°C) 

 

194-196 

 

261-263 

 

>400 (decomposes) 
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Chapter 3. TRIBLOCK COPOLYMERS WITH ALKYL AND ARYL 

CHAIN ENDS 

3.1 INTRODUCTION 

The temperature-dependent aqueous solubility of some polymers is a critical property for 

applications like targeted drug delivery, tissue regeneration, and microfluidic devices.1–5 

Hydrogel-forming polymers that dissolve or “melt” in response to a temperature change allow 

homogeneous incorporation of additives and encapsulation or release of drug molecules. 

Thermoresponsive polymer hydrogels are also important in the 3D printing process. For example, 

polymers that exhibit lower critical solution temperature (LCST) behavior in water, like Pluronic 

F127, have been used as fugitive inks to print vasculature and other complex 3D objects.6–8 Precise 

control of the temperature response is particularly valuable for injectable hydrogels, wherein the 

material is a gel at room temperature (~20-25 °C) but flows at human body temperature (~37 °C), 

or vice versa. For temperature-responsive poly(glycidyl ether)s, previous work has focused on 

controlling the transition temperature by changing the polymer side chain composition.9–13 By 

altering the glycidyl ether side chain altogether or by synthesizing co-polymers of different 

glycidyl ethers, the cloud point temperature (Tcp) of these polymers can be tuned over a wide range, 

from about 10-90 °C. However, novel glycidyl ether monomers require optimization of 

polymerization conditions, and some may require lab-scale synthesis. Furthermore, polymers like 

poly(methyl glycidyl ether) are difficult to prepare except in the presence of air and moisture-

sensitive catalysts.14 A simpler strategy to tune the thermal response of polymer hydrogels that 

does not require extensive synthesis, design, or iterative optimization would be more time and 
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cost-effective. The ideal process would require only 1-2 high-yielding synthetic transformations 

and would afford significant, measurable changes in the temperature response. 

Herein, I report triblock co-polymers with temperature responses that can be changed 

merely by altering the polymer end groups in a single synthetic step. The strategy is similar to the 

chain-end ureas reported in Chapter 2, but utilizes C2, C6, or C7 alkyl/aryl esters instead of aryl 

ureas. The design is straightforward; a single polymer composition with four different end groups 

afforded a range of thermal responses. This ongoing, unpublished work demonstrates that small 

synthetic changes to polymer end groups have macroscopic effects on the thermal responses of the 

corresponding hydrogels. 

 

3.2 RESULTS AND DISCUSSION 

Data from DSC and SAXS experiments showed that in the 25 wt% 8k-iPr-bisU system 

(Chapter 2), significant microphase separation occurred between the block co-polymer and the bis-

urea chain ends, resulting in a regular nanostructure. Although inconclusive, VT-IR experiments 

implied that even at low temperatures, the bis-urea motifs remained strongly hydrogen-bonded to 

each other. Nevertheless, the bis-urea motifs were flanked by benzene rings, which are quite 

hydrophobic. During investigation of how urea chain ends affect hydrogel temperature response 

and mechanical properties, it was difficult to distinguish between the purely hydrophobic 

contributions of these rings and the hydrogen-bonding assembly of the ureas. I theorized that the 

rings acted both as rigid anchor points to limit conformational flexibility of the ureas as well as 

hydrophobic “shields” to screen the ureas from competing hydrogen-bonding interactions with 

water. 
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To better understand the effects of replacing hydroxyl end groups with hydrophobic end 

groups, I chose unsubstituted alkyl and aryl hydrocarbons as the next chain ends to study. These 

relatively simple end groups would serve as a control to differentiate between weak non-covalent 

interactions (e.g., induced dipole-induced dipole) and stronger non-covalent interactions (e.g., 

hydrogen-bonding, charge-charge, dipole-dipole).  The 8k-iPr polymer composition was changed 

to Mn = 20,000 g mol-1 PEO and poly(ethyl glycidyl ether) (PEGE), or 20k-Et for short. We 

discovered that a longer PEO chain decreased the critical polymer concentration required for 

gelation. This was true for all 20k-PEO polymer triblocks compared to 8k-PEO polymers with 

equivalent block volume fractions. The trend also seemed largely independent from the 

composition of the glycidyl ether blocks. For example, 20k-PEO triblocks with relatively 

hydrophilic PEGE blocks were capable of gelation at 10 wt%, which was not true for 8k-PEO 

triblocks with comparatively hydrophobic poly(isopropyl glycidyl ether) (PiPGE) blocks. I chose 

PEGE as the glycidyl ether block because it is more hydrophilic than PiPGE or statistical 

PEGE/PiPGE blends.13 I predicted that the increased hydrophilicity of PEGE would offset the 

hydrophobic nature of the chain ends, thereby preserving thermoreversibility while affording 

measurable shifts in transition temperatures. 

Four triblock co-polymers were prepared via anionic ring-opening polymerization of EGE 

from a 20k-PEO macroinitiator. The final DP of each PEGE block was 39-40, or 78-80 total, 

resulting in the total Mn ~ 28,000 g mol-1. This polymer was subsequently esterified using alkyl or 

aryl acid chlorides to afford the polymers 20k-Et-C2, 20k-Et-C6, and 20k-Et-C7Ar (Figure 3.1). 
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Figure 3.1. 20k-Et polymers with alkyl or aryl end groups 

The same polymer formulation with four different end groups resulted in significant changes to 

the thermal response. Polymers were functionalized with alkyl/aryl acid chlorides as described in 

the experimental section. 

 

Successful derivatization of polymer chain ends was confirmed by 1H NMR spectroscopy. 

The degree of functionalization (fn), as reported in the experimental section, was > 90% for the C2 

and C6 formulations, and as high as 88% for the C7Ar formulation. Some methylene proton signals 

in the C6 chain end overlapped partially with polymer side-chain peaks or trace water. This overlap 

resulted in slight under- or over-integration when calculating fn. 

 

3.2.1 Characterization of Thermal Response 

Vial-inversion temperature-concentration phase diagrams (Figure 3.2) were constructed 

for all formulations. As noted in the experimental section, the “viscous” regime was subjective 

and described flow behavior that was visibly slower than pure water. Notably, the sol-gel transition 

for the 20 wt% formulations correlated well with the Tgel values that were measured rheometrically 

(Figure 3.4 (b)); the transition for 20 wt% 20k-Et-OH occurred between 20-25 °C, while for 20% 
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20k-Et-C6 the transition occurred between 5-10 °C. Although exact values for Tgel could not be 

determined from the phase diagrams, the diagrams showed where gels were immobile and self-

supporting, both good indicators of gelation. Furthermore, the phase diagrams showed an 

appreciable decrease in the minimum polymer concentration required for gelation (Cmin) at 

particular temperatures. For example, Cmin at 25 °C was between 15-20% for 20k-Et-OH, but 

between 1-5% for 20k-Et-C6. Rather than implying that fewer polymer chains are required to 

produce a physically cross-linked gel network, this apparent “effect” is likely an interpretation of 

the decrease in Tgel for each concentration. In other words, 5 wt% 20k-Et-OH might show a sol-

gel transition at a temperature greater than 50 °C. The minimum concentration required for gelation 

at any temperature is unknown for these formulations, but it is likely > 1 wt%. 
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Figure 3.2. Temperature-concentration phase diagrams for 20k-Et polymers 

All gels were prepared in DI water. (a) Phase diagram for 20k-Et-OH formulation. (b) Phase 

diagram for 20k-Et-C2 formulation. (c) Phase diagram for the 20k-Et-C7Ar formulation. (d) Phase 

diagram for the 20k-Et-C6 formulation. Each concentration was maintained at the specified 

temperature for 5 min prior to inversion. 

 

 

The temperature-driven sol-gel transition was quantified by two parameters: the cloud 

point temperature, Tcp, and the gelation temperature, Tgel. At and above the Tcp, a temperature-

responsive polymer in solution forms aggregates sufficiently large to scatter visible light. For 

polymers showing LCST behavior in solvents, Tcp is often reported as “the” lower critical solution 

temperature, since this extent of aggregation usually signifies macroscopic phase separation. Tcp 

of the 20k-Et co-polymers decreased from 39.4 ± 0.1 °C (OH) to 36.3 ± 0.1 °C (C2) to 30.8 °C 

(C7Ar) to 27.3 ± 0.1 °C (C6) (Figure 3.3). This trend suggests that the polymer became more 
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hydrophobic overall when the hydroxyl end-groups of the poly(ethyl glycidyl ether) blocks were 

converted to simple alkyl or aryl esters. The hydroxyl end-groups were capable of hydrogen-

bonding interactions with water molecules, providing an enthalpic driving force that favored 

solvation. This means that PEGE blocks were less energetically likely to aggregate in aqueous 

solution. Therefore, hydrophobic aggregation and desolvation did not occur to a significant extent 

in the 20k-Et-OH formulation unless temperatures were high enough – in this case, around 39 °C. 

 

Figure 3.3. Cloud point temperatures for 20k-Et polymers 

(a) Tcp was determined by heating 1 wt% polymer solutions at a rate of 0.5 °C min-1, with 2 min 

equilibration at each temperature. Absorbance/transmittance was measured at λ = 600 nm for each 

temperature. Tcp is reported as the temperature at 50% of the difference between the initial 

absorbance and the maximum final absorbance. Gradual decreases in absorbance  beyond the Tcp 

are due to density-dependent settling of aggregated polymer. (b) Plotted mean Tcp values for each 

formulation. Error bars represent standard deviation. The Tcp values for OH, C2, C7Ar, and C6 are 

39.4 ± 0.1, 36.3 ± 0.1, 30.8, and 27.3 ± 0.1 °C, respectively. Statistically significant differences 

are reported as follows: OH & C2 (p < 1 x 10-6); OH & C7Ar (p < 1 x 10-4); OH & C6 (p < 1 x 10-

8); C2 & C7Ar (p < 1 x 10-4); C2 & C6 (p < 1 x 10-8); C7Ar & C6 (p < 1 x 10-4). 
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Figure 3.4. Temperature-ramp experiments for 20k-Et polymers 

Rheometric temperature-ramp experiments were used to determine Tgel for all formulations. (a) 

Temperature-ramp experiments conducted between 5-50 °C at a heating rate of 2 °C min-1, with γ 

= 0.1% and ω = 1 Hz. All plots are the mean of at least 3 experiments. (b) Tgel decreased when the 

hydroxyl end-group was replaced with alkyl and aryl esters. Error bars represent standard 

deviation. Tgel for the OH, C2, C7Ar, and C6 formulations were 21 ± 2, 20.0 ± 0.2, 14.9 ± 0.1, and 

11.9 ± 0.6 °C, respectively. Statistically significant differences are reported as follows: OH & C7Ar 

(p < 1 x 10-2); OH & C6 (p < 1 x 10-2); C2 & C7Ar (p < 1 x 10-5); C2 & C6 (p < 1 x 10-6); C7Ar & C6 

(p < 1 x 10-3).   

 

 

Rheometrically, Tgel can be defined in two ways: 1) the point at which G’ = G” and after 

which G’ > G”, or 2) the onset of G’ increase, calculated using linear regression techniques. The 

onset point was difficult to accurately determine due to the “noise” in the data near the detection 

limits of the rheometer (moduli < 1 Pa); however, the crossover point was unique and unambiguous 

for each experiment. Hence, all reported measurements of Tgel refer to the point of modulus 

crossover. Tgel followed the same trend as Tcp, with values decreasing from OH (21 ± 2 °C) to C2 

(20.0 ± 0.2 °C) to C7Ar (14.9 ± 0.1 °C) to C6 ends (11.9 ± 0.6 °C) (Figure 3.4). There was no 

statistically significant difference in Tgel for the 20k-Et-OH and 20k-Et-C2 formulations. The 

explanation is the same: hydrophobic aggregation of PEGE blocks is entropically driven, and with 
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increasing temperature, the equilibrium distribution of solvated polymer chains and assembled 

micelles shifts appreciably toward micelles. Notably, Tgel is much lower than Tcp for all 

formulations. Tgel is merely the formal rheological definition of gelation and does not itself describe 

the extent of aggregation or the mechanical properties of the gel. Simply put, when T ≥ Tgel, 

polymer chains have aggregated enough to form an elastic, cross-linked network. Such a network 

may only form if individual micelles are bridged by PEO chains. The interdigitation of PEO chains 

between closely-packed micelles is likely also important for gelation. Vial-inversion phase 

diagrams show that no visible light-scattering aggregates form up to 50 °C when polymer 

concentrations are high enough for gelation. Although the Tcp was not quantitatively determined 

for polymer concentrations > 1 wt%, it is possible that at high enough concentrations, the Tcp 

transition is replaced altogether by the Tgel transition. At 1 wt%, these triblock copolymers are 

above their aqueous critical micelle concentration (CMC), according to unpublished work from 

our group. However, this concentration is low enough that a gel network cannot form. As such, 

there are fewer bridging and packing interactions between individual micelles. 

 

3.2.2 Rheometric Characterization of Viscoelastic Properties 

There was no statistically significant difference in either G’ or the complex modulus, G*, 

between any of the formulations (Figure 3.5). However, G” was significantly higher for the alkyl 

and aryl formulations compared to the hydroxyl formulation. Physically, this difference in G” (and 

thus, tan δ) means that the alkyl/aryl gels are less brittle and “tackier” than the OH gels. 

Nevertheless, the gels are equally rigid when shear is applied (because G’ values are essentially 

the same). This could mean that hydrogen-bonding interactions between hydroxyl chain ends 
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provide more solid-like character. On the other hand, there is no hydrogen-bonding possible 

between alkyl/aryl ends, only weaker London dispersion forces. 

 

Figure 3.5. Cyclic step-strain experiments for 20k-Et polymers 

All experiments were conducted at 30 °C and ω = 1 Hz. Strain amplitude alternated between 0.1% 

(white regions) and 100% (shaded regions). All plots are the mean of at least 3 experiments. (b) 

The complex (G*) and storage (G’) moduli were approximately equal for all formulations, but 

there were significant differences in G”: OH & C2 (p < 1 x 10-2); OH & C6 (p < 5 x 10-2); C2 & C6 

(p < 1 x 10-2). (c) Statistically significant differences in the loss factor, tan δ,  were as follows: OH 

& C2 (p < 1 x 10-5); OH & C6 (p < 1 x 10-6); OH & C7Ar (p < 5 x 10-2); C2 & C6 (p < 1 x 10-5); C2 

& C7Ar (p < 5 x 10-2).  

  

At the molecular and nanoscales, the higher value of G” for the alkyl/aryl gels indicates 

that a greater proportion of applied force is dispersed or lost, rather than elastically stored. The 

mechanism of energy dissipation is relative motion between polymer chains, resulting in friction 

and viscous heating. It is likely easier for relative motion to occur between polymer chains in the 

alkyl/aryl formulations because only weak London dispersion forces occur between the 

hydrocarbon moieties. The alkyl and aryl chain ends might act as plasticizers, lowering the glass 

transition temperature (Tg) of the PEGE blocks. Although the Tg of a PEGE homopolymer with 

one hydroxyl chain end is already well below room temperature, any decrease in Tg means that 

polymer chains have increased mobility at temperatures above the Tg. By contrast, energetically 
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stronger hydrogen-bonding interactions are possible in the hydroxyl end group gels. Whether 

disordered or not, these hydrogen bonds require more energy to disrupt, increasing the energy 

barrier for relative motion between PEGE chains. The presence of these hydrogen-bonding 

interactions may explain why the hydroxyl gels show a lower G” than the alkyl/aryl gels. Applied 

energy is “stored” or absorbed by hydrogen bonds, and so the hydroxyl gels exhibit a greater 

degree of rigid, elastic behavior compared to the alkyl/aryl gels. 

No statistically significant difference in the critical stress value (σc) was observed between 

any of the gel formulations (Figure 3.6 (b,d)). However, the C6 gels showed a higher critical strain 

value (γc  = 2.2 ± 0.3%) than both the OH (γc = 1.2 ± 0.4%) and C7Ar gels (γc = 1.0 ± 0.5%) (Figure 

3.6 (a,c)). This means that the C6 gels underwent about twice as much deformation as the OH and 

C7Ar gels when subjected to approximately the same amount of pressure. This result is supported 

by the measurements of loss modulus: G” is higher for the C6 gels, reflecting a higher ratio of 

viscous energy dissipation in response to applied force. The C6 gels were less rigid than the OH 

gels and therefore underwent greater relative deformation before breaking. However, considering 

the high degree of variability for γc and σc measurements, these statistically significant differences 

may not be meaningful. Physically, the difference between 1% and 2% deformation is not 

especially significant. 
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Figure 3.6. Strain amplitude and stress sweeps for 20k-Et polymers 

All experiments were conducted at 30 °C and ω = 1 Hz. (a) Strain amplitude sweeps. The critical 

strain (γc) is reported as the point at which G’ has decreased by 10% from the plateau value. (b) 

Stress sweeps derived from the strain-sweep experiments. The critical stress (σc) is reported as the 

point at which G’ has decreased by 10% from the plateau value. All plots are the mean of at least 

3 experiments. (c) The value of γc for the C6 formulation was higher compared to the OH and C7Ar 

polymers: OH & C6 (p < 5 x 10-2); C7Ar & C6 (p < 5 x 10-2). (d) There were no statistically 

significant differences in σc between any of the formulations. 

 

I hypothesized that the characteristic stress relaxation time, λ, for each of the gel 

formulations would be different due to changes in non-covalent intermolecular forces (Figure 3.7). 

For these physically cross-linked hydrogels, the mechanism of stress relaxation is thought to be 
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disassembly of individual micelles via chain pull-out. As relaxation occurs, bridging polymer 

chains pull out from their respective micelles and reform bridging interactions elsewhere in the 

network. Gels may also relax stress through rearrangement of non-covalent cross-links within 

hydrophobic micelle cores. It stands to reason that the alkyl/aryl formulations, with weaker 

intermolecular forces and greater chain mobility, showed a shorter λ than the hydroxyl formulation. 

Nevertheless, high variability in replicate measurements made it difficult to determine if the 

observed differences are statistically significant or physically meaningful. 

 

Figure 3.7. Stress relaxation experiments for 20k-Et hydrogels 

(a) All gels (20 wt%, 30 °C) were pre-strained at 0.01% deformation for 60 s to help with 

reproducibility between samples (data not shown). Then, the gels were kept at 1.0% strain for up 

to 1 h. Only the first 5 min (300 s) are shown for clarity. The relaxation time, λ, is defined as the 

time required to reach 36.8% (1/e) of the initial stress value. All plots are the mean of at least 3 

experiments. (b) There were no statistically significant differences in λ between the formulations, 

but the relaxation time appeared to decrease when the OH chain-end was replaced with an alkyl or 

aryl ester. 

3.2.3 X-Ray Scattering Experiments 

SAXS and WAXS experiments were performed on 20k-Et polymers as both 20 wt% 

hydrogels and powders to determine if end groups significantly altered polymer morphology, 
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particularly in the gel state. Based on previous SAXS experiments using the 8k-iPr urea-

functionalized polymers, I expected the 20k-Et polymers to demonstrate either body-centered or 

face-centered cubic packing of spherical micelles in the gel state at 20 wt%. I did not expect end-

group modification to radically alter gel morphology, but I did predict changes to the characteristic 

spacing (i.e., periodicity) between micelles due to changes in polymer hydrophobicity and 

therefore micelle size and packing. 

WAXS plots of intensity vs. scattering vector (q, Å-1) for each 20k-Et formulation in the 

solid state (Figure 3.8) demonstrated that the alkyl/aryl end groups did not significantly alter the 

crystalline structure compared to the 20k-Et-OH polymer. As expected, the scattering profile of 

each 20k-Et polymer resembled that of highly crystalline PEO, with intense Bragg peaks at q = 

1.3 and 1.5 Å-1 and smaller peaks throughout.15–17 The Bragg peak intensity is likely lower than 

that of pure PEO due to the presence of amorphous poly(ethyl glycidyl ether) domains, which 

disrupt the crystalline structure to some extent. 

SAXS plots of intensity vs. scattering vector (q, Å-1) for each 20k-Et formulation as a 20 

wt% gel (Figure 3.9) showed a single correlation peak for each formulation. Poor signal-to-noise 

ratio precluded observation of any additional peaks, so peak-position ratios could not be used to 

determine packing order. The periodicity, d = 2π / q, ranged from 19.8-21.7 nm (198-217 Å), 

showing little to no difference between polymer formulations.  
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Figure 3.8. WAXS plots for 20k-Et polymers 

WAXS plots were obtained for each 20k-Et polymer formulation in the solid state. Polymer end 

groups had no apparent effect on the crystalline packing. 

 

 

Figure 3.9. SAXS plots for 20k-Et polymer hydrogels 

All formulations were tested as 20 wt% hydrogels. Poor signal-to-noise ratio precluded assessment 

of packing order, and only one correlation peak was observed for each formulation. Periodicity, d 

= 2π / q, ranged from 19.8-21.7 nm (198-217 Å). 
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3.3 CONCLUSIONS 

Converting hydroxyl end groups to purely hydrophobic alkyl or aryl esters resulted in 

increased overall hydrophobicity of the triblock co-polymers. This change was reflected in the 

temperature-dependent phase behavior of the polymer hydrogels: both Tcp and Tgel decreased when 

end groups were converted from an OH group to a Cx hydrocarbon. I propose that this decrease in 

transition temperatures was due to the same thermodynamic principles that drive LCST behavior 

in poly(alkyl glycidyl ether)s. As temperature increases, the free energy of solvation for the 

poly(alkyl glycidyl ether) blocks changes from negative (favorable) to positive (unfavorable) due 

in part to the entropic effects of clathrate-like solvation by water molecules. Although Tcp and Tgel 

both decreased, G’ and σc were unchanged between hydroxyl and hydrocarbon chain ends. 

However, G” and tan δ were both greater for alkyl/aryl chain-end formulations compared to 

hydroxyl ends. These increases in viscous behavior and plasticity were due to the replacement of 

hydrogen-bonding interactions with energetically weaker London dispersion forces between 

hydrocarbons. 

 

3.4 EXPERIMENTAL 

3.4.1 Synthesis of 20k-Et-OH Polymer 

An oven-dried, 5-neck reactor flask was charged with poly(ethylene oxide) (PEO; 

1.00 eq / 25.6 g, Sigma BioUltra, Mn = 20,000 g mol-1), 18-crown-6 ether (2.49 eq / 0.841 

g, TCI America, > 98.0%),  and a glass-coated stir bar. The flask was evacuated and purged 

with argon three times, and PEO/18-crown-6 were then dried under reduced pressure at 80 

°C for 24 h. Dried PEO/18-crown-6 was cooled to 65 °C, then dissolved in anhydrous THF 
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(~75 mL) under argon atmosphere to a final PEO concentration of ~35% w/v. Potassium 

naphthalenide 1.0 M THF solution (1.8 eq / 3.0 mL) was slowly added via syringe to the 

dissolved PEO. Degassed EGE (114 eq / 14.9 g) was added quickly via syringe.  

After 22 h of polymerization at 70 °C under argon atmosphere, an aliquot (~0.5 mL) 

of reaction mixture was removed and quenched with 50 µL of 2% v/v AcOH:MeOH. The 

quenched aliquot was purified as described below, then analyzed by 1H NMR in CDCl3 

(5% w/v). Following analysis of this first aliquot, additional EGE (72.8 eq / 9.52 g) was 

added by dry, argon-purged syringe. Subsequent aliquots were analyzed every 24 h until 

the desired poly(ethyl glycidyl ether) (PEGE) block length (DP = 39-40) was observed by 

1H NMR. In total, 187 eq of EGE was used, and the polymerization time was 145 h at 70 

°C.  

The reaction was then quenched by addition of degassed 2% v/v AcOH:MeOH (~20 

mL). The reaction mixture was concentrated in vacuo, then precipitated in a large excess 

(1.5 L) of anhydrous Et2O at RT for 30 min. The slurry was centrifuged, and the supernatant 

was discarded. The settled, off-white solid was rinsed a total of three times with fresh Et2O. 

Recovered white solid was dried in air at RT for 1 h, then dried at RT under reduced 

pressure for 72 h. 

To remove traces of potassium ion (and potentially naphthalene/dihydronaphthalene), 

dried polymer was reconstituted in ~300 mL CH2Cl2, then stirred with 1.05 g Dowex 50WX8 

cation exchange resin (Sigma-Aldrich, hydrogen form, 100-200 mesh) at RT for 45 min. Following 

vacuum filtration and concentration, the pure polymer was dried under reduced pressure at 40-50 

°C for 48 h. Degree of polymerization (DP) for the PEGE blocks was estimated by 1H NMR 

spectroscopy to be DP = 39-40 (78-80 total; approximately 8,100 g mol-1) as described in section 
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3.4.4. Gel permeation chromatography (GPC) indicated narrow dispersity, Ð = 1.19, suggesting 

little to no chain transfer or termination, in agreement with the living nature of the polymerization. 

 

Figure 3.10. 1H NMR spectrum of 20k-Et-OH in CDCl3 

500 MHz / T = 298 K 
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Figure 3.11. 1H NMR spectrum of 20k-Et-OH in DMSO-d6 

500 MHz / T = 298 K 

 

3.4.2 Synthesis of 20k-Et-C2 and 20k-Et-C6 

Prior to functionalization, a multi-neck RBF was charged with 1.0 eq of 20k-Et-OH 

polymer and a Teflon-coated magnetic stir bar. The flask was evacuated, then backfilled with N2 

a total of two times. Polymer was then dried at 70 °C under reduced pressure for 18-20 h. Under 

N2 atmosphere, dried polymer was dissolved in two-thirds the final target volume of CH3CN (dried 

over anhydrous MgSO4 at RT). NEt3 (10 eq, distilled from CaH2) was added via oven-dried syringe 
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needle to the dissolved polymer. The relevant acid chloride (100 eq) was dissolved in the remaining 

one-third final volume of CH3CN. The polymer/NEt3 solution was cooled to 0 °C in a water/ice 

bath. Diluted acid chloride was then added dropwise via addition funnel to the polymer/NEt3 at 0 

°C at a rate of ~1.5 mL min-1. The reaction mixture was maintained at 0 °C for 10 min, then warmed 

to 25 °C in a PDMS bath and stirred for 18-20 h. At all times, the reaction mixture was kept under 

positive N2 pressure. 

After 18-20 h total reaction time, solvent was removed in vacuo, and the residue was stirred 

in excess Et2O (~50 mL per gram of polymer) at RT for 15 min, then centrifuged. The supernatant 

was discarded, and the pelleted polymer was rinsed three times with fresh Et2O. Recovered 

polymer was dried for 30 min at RT at ambient pressure, then dried under reduced pressure at RT 

for 1-2 h. Dried polymer was reconstituted in CH2Cl2 to a final concentration of 2-3% w/v. The 

solution was extracted three times with aqueous 0.1 M HCl, then once with brine (saturated 

aqueous NaCl). The CH2Cl2 layer was subsequently dried over anhydrous MgSO4, filtered, and 

concentrated in vacuo. Finally, the remaining solvent was removed by drying under reduced 

pressure at RT for 18-24 h to afford polymers 20k-Et-C2 and 20k-Et-C6. Alkyl-functionalized 

polymers were recovered as white solids. Degree of functionalization (fn) was estimated by 1H 

NMR in CDCl3 as described in section 3.4.5. For acetate (C2) ends: fn = 92-96% (mean = 94%). 

For hexanoate (C6) ends: fn = 91-100% (mean = 98%). 
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Figure 3.12. 1H NMR spectrum of 20k-Et-C2 in CHCl3 

500 MHz / T = 298 K 
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Figure 3.13. 1H NMR spectrum of 20k-Et-C2 in DMSO-d6 

500 MHz / T = 298 K 
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Figure 3.14. 1H NMR spectrum of 20k-Et-C6 in CHCl3 

500 MHz / T = 298 K 
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Figure 3.15. 1H NMR spectrum of 20k-Et-C6 in DMSO-d6 

500 MHz / T = 298 K 

 

3.4.3 Synthesis of 20k-Et-C7Ar Polymer 

Prior to functionalization, an oven-dried RBF was charged with 1.0 eq of 20k-Et-OH 

polymer and a Teflon-coated magnetic stir bar. The flask was evacuated, then backfilled with N2 

a total of three times. Polymer was then dried at RT under reduced pressure for 45 h. The RBF 

was subsequently heated to 50 °C in a PDMS bath and dried under reduced pressure for an 

additional 20 h.  
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Under N2 atmosphere, the dried polymer was dissolved in three-quarters the final target 

volume of CH3CN (dried over anhydrous MgSO4 at RT). NEt3 (10 eq, distilled from CaH2) was 

added via oven-dried syringe needle to the dissolved polymer. Benzoyl chloride (105 eq, TCI 

America, >98.0%) was mixed with the remaining one-quarter final volume of CH3CN. The 

polymer/NEt3 solution was cooled to 0 °C in a water/ice bath. Diluted benzoyl chloride was then 

added dropwise via addition funnel to the polymer/NEt3 at 0 °C at a rate of ~1.5 mL min-1. The 

reaction mixture was maintained at 0 °C for 10 min, then warmed to 35 °C in a PDMS bath and 

stirred for 22 h. At all times, the reaction mixture was kept under positive N2 pressure. 

The solvent was removed in vacuo, and the residue was stirred in excess Et2O (~50 mL per 

gram of polymer) at RT for 20 min, then centrifuged. The supernatant was discarded, and the 

pelleted polymer was rinsed twice with fresh Et2O. Recovered polymer was dried for 15 min at 

RT and ambient pressure, then dried at RT under reduced pressure for another 15 min. Dried 

polymer was reconstituted in CH2Cl2 to a final concentration of 7% w/v. In a separatory funnel, 

the CH2Cl2 layer was extracted three times with 10-mL portions of 0.01 M HCl, then once with 

brine (saturated NaCl solution). Next, the CH2Cl2 layer was dried over anhydrous MgSO4 

overnight. The following day, the dried CH2Cl2 solution was vacuum-filtered, then concentrated 

in vacuo. Recovered residue was stirred in excess Et2O for 30 min, then centrifuged. The 

supernatant was discarded, and the solid polymer was washed once with fresh Et2O. Finally, the 

polymer was dried at RT and ambient pressure for 30 min, then at RT under reduced pressure for 

at least 24 h to afford 20k-Et-C7Ar. Degree of functionalization was estimated by 1H NMR in 

DMSO-d6 as described in section 3.4.5. fn = 88% by chain-end methyne shift. fn = 80-86% (mean 

= 82%) by integration against PEGE ethyl side chains. 
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Figure 3.16. 1H NMR spectrum of 20k-Et-C7Ar in DMSO-d6 

500 MHz / T = 298 K 
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Figure 3.17. Overlaid 20k-Et 1H NMR spectra in DMSO-d6 

Note the downfield shift of the chain-end methyne proton after esterification. Also note the 

presence of a residual OH methyne peak in the C7Ar spectrum (top, purple). 500 MHz / T = 298 K 

 

 

3.4.4 Estimation of DP by 1H NMR Spectroscopy 

Let ‘x’ equal the integration per proton for EGE. Let ‘y’ equal the integration per proton 

for PEO. Using Figure 3.10 as a sample spectrum, this gives the equations 3x = 1 for the 3 protons 

that contribute to the ethyl resonance at 1.18 ppm, and 4y + 7x = 10.06 for the 4 PEO protons and 

7 EGE protons that contribute to the poly(ether) backbone resonances between 3.3-3.9 ppm. 

Solving these equations yields: 

𝑥 =  
1

3
   𝑦 ~ 1.93 
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Which gives the PEO:PEGE molar ratio: 

𝑦

𝑥
 ~ 5.80 

 

With a known Mn  for PEO of 20.0 kg mol-1
 and the monomer mass of ethylene oxide (44.05 g 

mol-1), the average number of PEO repeat units is: 

20,000

44.05
~ 454 

Dividing this by the ratio of PEO to PEGE, we obtain the total repeat units of EGE: 

454

5.80
~ 78.3 

Or 39.2 repeat units per PEGE block, rounded down to 39. 

 

3.4.5 Estimation of fn by 1H NMR Spectroscopy 

The efficiency of esterification reactions for the 20k-Et-C2, 20k-Et-C6, and 20k-Et-C7Ar 

polymers was estimated by 1H NMR spectroscopy using two techniques. In the first technique, the 

polymer chain-end methyne proton for the esterified chain ends (δ 4.9-5.2 ppm, DMSO-d6) was 

integrated against the methyne proton for the free (hydroxyl) chain end (δ 4.6 ppm, DMSO-d6). 

Taking the 20k-Et-C7Ar polymer as an example: 

1.60 (𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑒𝑠𝑡𝑒𝑟 𝑐ℎ𝑎𝑖𝑛 𝑒𝑛𝑑)

1.60 + 0.227 (𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 ℎ𝑦𝑑𝑟𝑜𝑥𝑦𝑙 𝑐ℎ𝑎𝑖𝑛 𝑒𝑛𝑑)
× 100 ~ 88% 

 

For the 20k-Et-C2 and 20k-Et-C6 polymers, no methyne proton corresponding to the 

hydroxyl chain end was present, suggesting quantitative chain-end functionalization (Figure 3.17). 
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In the second technique, the chain-end methyne and alkyl/aryl protons were normalized to the 

integration of the EGE ethyl protons (δ 1.18 ppm, CDCl3). Using the known DP (39.2) of the 

PEGE blocks, the EGE ethyl resonance was calibrated to 39.2 x 2 x 3 = 235 or 236, depending on 

small variations in integrations and rounding. Using the 20k-Et-C2 polymer as an example (Figure 

3.12), this normalization resulted in integrations of 1.85 for the chain-end methyne proton (δ 5.1 

ppm, CDCl3) and 5.74 for the acetyl protons in the end group (δ 2.08 ppm, CDCl3). Dividing by 

the theoretical integrations of 2 and 6, respectively, gave an estimate of fn = 93-96%. 

 

3.4.6 Vial-Inversion Phase Diagrams 

Polymers were dissolved in deionized (DI) water at a range of concentrations between 1-

30 wt%. First, the appropriate mass of polymer was weighed into a clean glass vial. DI water was 

then added by syringe. Solutions were stirred at 0 °C in a water ice bath for 1-2 h, then incubated 

at 5 °C in a refrigerator for at least 18 h, until the solutions were transparent, and no trace polymer 

was visible. To construct phase diagrams, vials were rubber-banded together, then submersed in a 

water bath. Vials were maintained at each temperature for 5 min, then quickly inverted for several 

seconds to determine the physical state of the sol/gel. The “viscous” classification is subjective; 

the objective differences in the phase diagram are between formulations that flowed when inverted 

(“liquid” and “viscous”) and those that did not (“gel”). 

 

3.4.7 Rheometric Experiments 

All rheometric experiments were performed using a TA Instruments Discovery HR-2 

hybrid rheometer with a Peltier temperature control accessory. All experiments used a 20 mm 
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parallel-plate geometry, except for the shear rate sweep experiments, which used a 40 mm cone-

and-plate geometry (1.019° cone angle) to compensate for differential shear across the sample. All 

tests were carried out at least three times to ensure reproducibility, except for the shear rate sweeps. 

All tests were performed at 30 °C, except for the temperature-ramp experiments. 

 

Figure 3.18. Frequency sweeps for 20k-Et hydrogels 

Frequency amplitude sweeps were conducted for 20 wt% hydrogels at 30 °C. 

  

3.4.8 WAXS Experiments 

WAXS scattering plots were obtained under reduced pressure using a laboratory beamline 

system (Xeuss 2.0; Xenocs, Inc.) with an X-ray wavelength of 1.54 Å and a sample-to-detector 

distance of 15 cm. Images were collected on a Pilatus 1M detector (Dectris, Inc.) and processed 

using the Nika software package, along with WAXStools (Wavemetrics Igor Pro). Scattering plots 

were obtained for each of the 20k-Et polymer formulations as powders under vacuum. 
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3.4.9 SAXS Experiments 

SAXS scattering plots were obtained under ambient pressure using a laboratory beamline 

system (Xeuss 2.0; Xenocs, Inc.) with an X-ray wavelength of 1.54 Å, an exposure time of 2 h, 

and a sample-to-detector distance of 2 or 4 m. Diffraction images were collected on a Pilatus 1M 

detector (Dectris, Inc.), then processed using the Nika software package, along with WAXStools 

(Wavemetrics Igor Pro). Scattering plots were obtained for each of the 20k-Et polymer 

formulations as 20% w/w hydrogels under ambient pressure to minimize evaporation. Plots of 

scattering intensity (I) vs. scattering vector (q, Å-1) showed that all gel formulations had a 

characteristic periodicity of 20-21 nm, according to the equation 2π / q, where q is the scattering 

vector at the apex of the first correlation peak. 

 

3.4.10 Statistical Analysis 

Data reported with error bars are the mean ± standard deviation. Statistically significant 

differences were determined via one-way analysis of variance (ANOVA) followed by pairwise f-

tests and two-tailed Student’s t-tests. 

 

3.5 REFERENCES 

(1)  Schild, H. G. Poly (N-Isopropylacrylamide): Experiment , Theory and Application. Prog. 

Polym. Sci. 1992, 17 (2), 163–249. 

(2)  Bakarich, S. E.; Gorkin, R.; Panhuis, M. In Het; Spinks, G. M. 4D Printing with 

Mechanically Robust, Thermally Actuating Hydrogels. Macromol. Rapid Commun. 2015, 

36 (12), 1211–1217. 



 

 

110 

(3)  Priya James, H.; John, R.; Alex, A.; Anoop, K. R. Smart Polymers for the Controlled 

Delivery of Drugs – a Concise Overview. Acta Pharm. Sin. B 2014, 4 (2), 120–127. 

(4)  Jochum, F. D.; Theato, P. Temperature- and Light-Responsive Smart Polymer Materials. 

Chem. Soc. Rev. 2013, 42 (17), 7468–7483. 

(5)  Aseyev, V.; Tenhu, H.; Winnik, F. M. Non-Ionic Thermoresponsive Polymers in Water. 

Adv. Polym. Sci. 2011, 242 (1), 29–89. 

(6)  Basu, A.; Saha, A.; Goodman, C.; Shafranek, R. T.; Nelson, A. Catalytically Initiated Gel-

in-Gel Printing of Composite Hydrogels. ACS Appl. Mater. Interfaces 2017, 9 (46), 

40898–40904. 

(7)  Millik, S. C.; Dostie, A. M.; Karis, D. G.; Smith, P. T.; McKenna, M.; Chan, N.; Curtis, C. 

D.; Nance, E.; Theberge, A. B.; Nelson, A. 3D Printed Coaxial Nozzles for the Extrusion 

of Hydrogel Tubes toward Modeling Vascular Endothelium. Biofabrication 2019, 11 (4), 

045009(1-11). 

(8)  Kolesky, D. B.; Truby, R. L.; Gladman, A. S.; Busbee, T. A.; Homan, K. A.; Lewis, J. A. 

3D Bioprinting of Vascularized, Heterogeneous Cell-Laden Tissue Constructs. Adv. 

Mater. 2014, 26 (19), 3124–3130. 

(9)  Aoki, S.; Koide, A.; Imabayashi, S.; Watanabe, M. Novel Thermosensitive Polyethers 

Prepared by Anionic Ring-Opening Polymerization of Glycidyl Ether Derivatives. Chem. 

Lett. 2002, 31 (11), 1128–1129. 

(10)  Ogura, M.; Tokuda, H.; Imabayashi, S. I.; Watanabe, M. Preparation and Solution 

Behavior of a Thermoresponsive Diblock Copolymer of Poly(Ethyl Glycidyl Ether) and 

Poly(Ethylene Oxide). Langmuir 2007, 23 (18), 9429–9434. 

(11)  Isono, T.; Miyachi, K.; Satoh, Y.; Sato, S.; Kakuchi, T.; Satoh, T. Design and Synthesis of 

Thermoresponsive Aliphatic Polyethers with a Tunable Phase Transition Temperature. 

Polym. Chem. 2017, 8, 5698–5707. 

(12)  Heinen, S.; Rackow, S.; Schäfer, A.; Weinhart, M. A Perfect Match: Fast and Truly 

Random Copolymerization of Glycidyl Ether Monomers to Thermoresponsive 

Copolymers. Macromolecules 2017, 50 (1), 44–53. 

(13)  Fellin, C. R.; Adelmund, S. M.; Karis, D. G.; Shafranek, R. T.; Ono, R. J.; Martin, C. G.; 

Johnston, T. G.; DeForest, C. A.; Nelson, A. Tunable Temperature- and Shear-Responsive 

Hydrogels Based on Poly(Alkyl Glycidyl Ether)S. Polym. Int. 2019, 68 (7), 1238–1246. 

(14)  Imbrogno, J.; Ferrier, R. C.; Wheatle, B. K.; Rose, M. J.; Lynd, N. A. Decoupling 

Catalysis and Chain-Growth Functions of Mono(μ-Alkoxo)Bis(Alkylaluminums) in 

Epoxide Polymerization: Emergence of the N-Al Adduct Catalyst. ACS Catal. 2018, 8 (9), 

8796–8803. 

(15)  Manoravi, P.; Joseph, M.; Sivakumar, N. Pulsed Laser Ablation - Thin Film Deposition of 

Polyethylene Oxide. J. Phys. Chem. Solids 1998, 59 (8), 1271–1277. 

(16)  Lazzara, G.; Milioto, S.; Gradzielski, M.; Prevost, S. Small Angle Neutron Scattering, X-

Ray Diffraction, Differential Scanning Calorimetry, and Thermogravimetry Studies to 

Characterize the Properties of Clay Nanocomposites. J. Phys. Chem. C 2009, 113 (28), 

12213–12219. 

(17)  Innocenzi, P.; Malfatti, L.; Marcelli, A.; Piccinini, M. Evaporation-Induced Crystallization 

of Pluronic F127 Studied in Situ by Time-Resolved Infrared Spectroscopy. J. Phys. Chem. 

A 2010, 114 (1), 304–308. 



 

 

111 

Chapter 4.  3D BIOPRINTING OF MECHANICALLY TUNED 

BIOINKS DERIVED FROM CARDIAC 

DECELLULARIZED EXTRACELLULAR 

MATRIX 

4.1 ABSTRACT 

3D bioprinting is a powerful technique for engineering tissues used to study cell behavior 

and tissue properties in vitro. With the right formulation and printing parameters, bioinks can 

provide native biological and mechanical cues while allowing for versatile 3D structures that 

recapitulate tissue-level organization. Bio-based materials that support cellular adhesion, 

differentiation, and proliferation - including gelatin, collagen, hyaluronic acid, and alginate - have 

been successfully used as bioinks. In particular, decellularized extracellular matrix (dECM) has 

become a promising material with the unique ability to maintain both biochemical and 

topographical micro-environments of native tissues. However, dECM has shown technical 

limitations for 3D printing (3DP) applications posed by its intrinsically low mechanical stability. 

Herein, we report hydrogel bioinks composed of partially digested, porcine cardiac decellularized 

extracellular matrix (cdECM), Laponite-XLG nanoclay, and poly(ethylene glycol)-diacrylate 

(PEG-DA). The Laponite facilitated extrusion-based 3DP, while PEG-DA enabled photo-

polymerization after printing. Improving upon previously reported bioinks derived from dECM, 

our bioinks combine extrudability, shape fidelity, rapid cross-linking, and cytocompatibility in a 

single formulation (> 97% viability of encapsulated human cardiac fibroblasts and > 94% viability 

of human induced pluripotent stem cell derived cardiomyocytes after 7 days). The compressive 

modulus of the cured hydrogel bioinks was tunable from 13.4-89 kPa by changing the 

concentration of PEG-DA in the bioink formulation. Importantly, this span of mechanical stiffness 
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encompasses ranges of tissue stiffness from healthy (compressive modulus ~5-15 kPa) to fibrotic 

(compressive modulus ~30-100 kPa) cardiac tissue states. The printed constructs demonstrated 

shape fidelity, adaptability to different printing conditions, and high cell viability following 

extrusion and photo-polymerization, highlighting the potential for applications in modeling both 

healthy and fibrotic cardiac tissue. 

 

4.2 INTRODUCTION 

3D bioprinting technologies enable the fabrication of tissue-like constructs that aim to 

replicate the complexity of biological systems. These digital manufacturing processes can take 

advantage of imaging techniques such as CT and MRI scans to create computer-aided design 

(CAD) files. The digital files provide the blueprint for 3D bioprinters to fabricate a desired tissue 

construct. Therefore, the growth of the 3D bioprinting field provides opportunities to employ this 

technology for in vitro disease modeling. Such models could be utilized for applications in drug 

screening, disease mechanism research, and pre-clinical studies in the tissue of interest.1–10 

Recent advances in bioinks for 3D bioprinting have sought to modify the biochemical and 

mechanical properties of the bioink matrix for in vitro disease modeling and tissue 

engineering.4,11,20–24,12–19 However, an existing challenge in the field is the balance between the 

rheological properties required for printing and the physicochemical properties required of the 

printed matrix. The complex relationship between rheological parameters, printability, and cell 

viability has been recently reviewed25,26 for common 3D bioprinting techniques, including inkjet 

printing and micro-extrusion. For extrusion-based 3DP, one of the most important properties of a 

bioink is shear-thinning behavior, in which the material flows under high shear stress but maintains 

a significantly higher viscosity under low-shear conditions (“at rest”).27,28 In addition, the 
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viscoelastic properties of the bioinks have been shown to be critical for maintaining cell viability 

during the printing process.29–31  

Conventionally, both natural hydrogel materials (gelatin,32–34 collagen,4,33 hyaluronic 

acid,32,35,36 alginate37–39) and synthetic hydrogels (poly(lactic acid),40 PEG-DA,41,42 Pluronic 

F12743–45) have been popular choices for bioinks. Synthetic hydrogels exhibit good gelation 

kinetics and mechanical tunability, which is advantageous for bioprinting. However, these 

materials lack the ability to closely mimic the biological cues of the native ECM micro-

environment. On the other hand, naturally derived hydrogels have the ability to emulate tissue 

micro-environments through their biophysical and biochemical properties but can be more 

challenging to tune with respect to their viscoelastic properties during the printing process and the 

mechanical properties that arise after printing.  Among the naturally derived hydrogels, dECM-

derived bioinks have attracted significant attention for their enhanced tissue functionality, which 

is unmatched by other hydrogels. dECM bioinks are unique in that they preserve some of the 

growth factors, extracellular matrix (ECM) proteins, and glycosaminoglycans (GAGs) specific to 

the source tissue. Previous studies have demonstrated 3DP of dECM bioinks derived from a variety 

of sources including liver,32,46,47 heart,46,48,49 kidney,10,50 cartilage,51,52 adipose,48 and tendons.53 

However, similar to other naturally derived hydrogels, dECM gels are marked by a lack of 

mechanical and structural stability (with compressive, tensile, or shear moduli < 1 kPa), which is 

lost during both the decellularization and digestion processes.48 Recent work has focused on 

tailoring the mechanical properties of dECM-based bioinks to match the properties of a particular 

tissue. For example, one recent study reported the improvement of mechanical stability through a 

two-step gelation process requiring both temperature control and UV cross-linking using vitamin 

B to engineer a physiologically relevant cardiac tissue compressive modulus (~15 kPa).52  
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While multiple approaches have enabled dECM-based bioinks to recapitulate the modulus 

of native cardiac tissues, current methods have not fully investigated strategies for modeling 

diseased cardiac tissues, which manifest a higher tissue stiffness (compressive modulus between 

30-100 kPa).54,55 For instance, cardiac fibrosis is one of the hallmarks of cardiac disease, 

accompanied by many cardiomyopathies such as hypertrophic cardiomyopathy, idiosyncratic 

dilated cardiomyopathy, and myocardial infarction.56 Therefore, introducing technologies to 

recapitulate mechanical properties of fibrotic cardiac tissue in 3D platforms is valuable for 

modeling cardiac diseases. A key event in cardiac fibrosis, a process marked by disproportionate 

deposition of collagen and abnormal proliferation of fibroblasts, is the differentiation of fibroblasts 

to myofibroblasts.57–59 While many factors influence activation of myofibroblasts, one of the most 

important is substrate stiffness.60–63 However, the mechanism by which myofibroblasts recognize 

and respond to substrate elasticity is not well understood. Therefore, there is a need to develop in 

vitro systems with precisely tunable mechanical properties that mimic the extracellular 

environment. 

Herein, we report a cdECM-based bioink that has been modified with Laponite and PEG-

DA to afford bioinks that can be extrusion-printed to fabricate constructs with tunable mechanical 

properties. To the best of our knowledge, this is the first report of a bioink that uses dECM, 

Laponite, and PEG-DA concurrently to afford a single bioink capable of extrusion and rapid photo-

polymerization. This naturally derived bioink can print without supports, cure quickly, and 

promote high viability of encapsulated cells. To date, there are few examples of dECM-derived 

bioinks that can be photo-cross-linked in 1 minute or less while simultaneously preserving shape 

fidelity and cell viability. Specifically, we show that the desired mechanical stiffness of cross-

linked cdECM bio-constructs can be achieved by varying the concentration of PEG-DA, covering 
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all physiological compressive stiffness ranges from healthy (5-15 kPa) to pathological (30-100 

kPa) conditions. Additionally, Laponite has been shown to provide necessary rheological 

properties64 and print fidelity65–68 while providing the biocompatibility that is crucial for bioinks.69 

Therefore, our bioinks satisfy the need for high-stiffness bio-constructs without sacrificing 

biocompatibility or the capacity to fabricate complex 3D structures. Our work improves upon a 

previous report48 in which dECM-based bioinks, both with and without living cells, were extrusion 

printed into a poly(caprolactone) support framework, then thermally cured at 37 °C for 30 minutes. 

In particular, the current strategy eliminates the need for both support frameworks and long thermal 

gelation periods by adding Laponite to facilitate stacking of filaments and PEG-DA to promote 

rapid photo-polymerization (1 minute or less). Other bioinks require support frameworks or 

fugitive inks (like Pluronic F127) for mechanical reinforcement,70,71 while our bioinks are free-

standing and self-supporting. Our bioinks cross-link rapidly and irreversibly due to the photo-

polymerization of PEG-DA, while bioinks that use alginate70–72 or dECM without a photo-cross-

linker71 require replenishment of exogenous cations to preserve cross-linking interactions or long 

thermal curing times that may result in loss of shape fidelity. Finally, our bioinks require mild 

processing and printing conditions, in contrast to bioink formulations that require higher extrusion 

pressures (like collagen, ECM, and tannic acid73) or freeze-drying, harsh chemical cross-linking, 

and solvent treatment.74 Whereas harsh processing and printing conditions are acceptable for 

applications wherein cells are seeded onto printed constructs, it is critical to avoid conditions that 

cause cell death for bioinks with encapsulated cells. Overall, the all-in-one bioinks reported herein 

simplify the extrusion-printing process, requiring no support frameworks, no long gelation periods, 

and no harsh chemical treatments or printing pressures that damage embedded cells.   
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With the ability to rapidly photo-polymerize filaments, 3D-printed constructs maintain 

structural integrity in contrast to constructs that are cured slowly, which often collapse due to 

destabilization of the underlying layers. Furthermore, varying the concentration of PEG-DA 

affords more precise control over the final stiffness of printed constructs compared to thermal 

gelation. Through incorporation of both Laponite and PEG-DA, we show that the printed cdECM 

bio-constructs have the potential to be used for disease modeling of cardiac fibrosis by controlling 

the mechanical properties to afford compressive moduli that mimic both native and diseased 

cardiac tissue. Additionally, the cdECM bioinks demonstrate high cell viability of human cardiac 

fibroblasts, with > 97% viable cells after 7 days. These are promising results for the fabrication of 

functional 3D-printed constructs containing active cardiac cells. 

 

4.3 RESULTS AND DISCUSSION 

4.3.1 Preparation of Composite cdECM-Laponite-PEG-DA Bioinks 

Fabrication and printing of the cdECM bioink required multiple processing steps (Figure 

4.1). Initially, left ventricular tissues harvested from porcine hearts were decellularized with 

chemical detergents to effectively remove cellular components and to preserve the cardiac 

ventricular ECM. The cdECM harbors many of the biophysical and biochemical cues present in 

the native cardiac micro-environment and therefore provides some of the crucial intrinsic features 

(i.e. morphological similarities, specific cell-matrix interactions, tissue specificity) that cannot be 

replicated by other materials.78,79 We have previously shown that porcine cardiac tissues could be 

effectively decellularized (~98% removal of cellular content) while maintaining major ECM 

components (such as collagen and GAGs) using a combination of chemical detergents: 1% SDS 
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and 1% Triton X-100.48,80 The cdECM was then digested with gastric pepsin at low pH to create a 

concentrated, soluble form of cdECM that could be utilized in the extrudable composite bioinks. 

 

Figure 4.1. Overview of cdECM bioink preparation 

Schematic overview of the fabrication and printing of engineered cdECM bioinks. Fabrication of 

the bioink involved decellularization and solubilization of cardiac tissues into pre-gels which were 

modified with Laponite to afford a viscoelastic bioink capable of providing a high-fidelity print. 

Incorporation of the cross-linker PEG-DA and a photo-initiator, lithium phenyl-2,4,6-

trimethylbenzoylphosphinate, allowed tunable mechanical properties by changing PEG-DA 

concentration.  

 

An important consideration throughout optimization of the bioink included the ability for 

the hydrogel to maintain its shape after extrusion. To date, one of the challenges of using dECM-

based bioinks has been the poor intrinsic mechanical properties – such as low modulus, viscosity, 

and yield stress – which prevent a high-fidelity print, especially in the z-direction. Our formulation 

with 4.6% cdECM alone was too low in shear modulus and viscosity to be suitable for extrusion-

based 3DP. To address this challenge, we introduced a clay-based bioceramic, Laponite-XLG, to 

enhance the printability of the bioink. Laponite, a disc-like crystalline colloid, has been previously 

used for modification of rheological properties.64,81 Studies showed that incorporation of Laponite 

enabled high print fidelity and exhibited the biocompatibility required for bioinks.72 Combining 

rheological experiments (section 4.3.2) with qualitative manual extrusion, it was determined that 
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a concentration of 2.3% w/w Laponite was sufficient to impart the desired rheological properties 

to the cdECM bioink. 

Furthermore, the tunability of mechanical properties - via introduction of cross-linking 

agents - can afford a wider array of bioinks for engineering stiffness. In cardiac tissue, the 

myocardium stiffness is regulated by different cardiac cellular subtypes such as cardiomyocytes, 

cardiac fibroblasts, and endothelial cells that regulate the ECM. Therefore, the interplay between 

resident cardiac cells and paracrine signaling within their micro-environment can result in 

modification of ECM stiffness. In particular, various forms of cardiac myopathies that lead to 

inflammation and scar tissue formation, such as myocardial infarction and ventricular ischemia, 

can trigger progressive fibrosis and excessive deposition of ECM. Many cdECM based bioink 

studies have so far recapitulated the tissue stiffness of the healthy myocardium (compressive; ~5-

15 kPa) through thermal and photo-initiated cross-linking but have not emulated the material 

stiffness required for modeling cardiac diseases that are closely associated with tissue ECM 

stiffness. To address this issue, we incorporated different concentrations of a PEG-DA cross-linker 

to afford constructs with a range of stiffness following photo-polymerization. Iterative rheological 

photo-curing (section 4.3.3) was used to determine the range of PEG-DA concentrations that could 

accurately represent the stiffness of different cardiac disease states. 

 

4.3.2 Rheological Characterization of cdECM-Laponite-PEG-DA Bioinks 

With the necessary components of the bioinks in hand, we attempted to quantify 

printability using rheological experiments.  For the remainder of the manuscript, bioink 

formulations are referred to by weight percentage, using the general formula cdECM-Laponite-

PEG-DA%. To validate the use of each bioink component, we prepared a full range of six bioink 
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formulations: cdECM alone (4.6-0-0% w/w), cdECM with PEG-DA (4.6-0-6.0% w/w), cdECM 

with Laponite (4.6-2.3-0% w/w), and three “printable” formulations, each containing 4.6% w/w 

cdECM, 2.3% w/w Laponite, and 6.0, 8.25, or 10.5% w/w PEG-DA. For a bioink to be suitable 

for direct-write extrusion 3DP, it must exhibit several desirable viscoelastic properties. Some 

rheological parameters that have been shown to impact printability include yield stress, σy,
27,28,82,83 

loss factor, tan δ (G”/G’),84 and viscosity, η.65,85 Specifically, bioinks with gel character (G’ > G”) 

tend to exhibit high shape fidelity after extrusion-based 3DP. It is also important for such materials 

to be shear-thinning, which facilitates pneumatic extrusion. With these parameters in mind, three 

rheological experiments were performed on each cdECM bioink formulation. Each test was 

performed for each of the six different formulations, with comparisons made against the control 

4.6-0-0% ink.  

The first test was an oscillatory strain amplitude sweep from 0.01 to 100% strain (Figure 

4.9 (a,b)). The primary purpose of this test was to determine the equilibrium shear moduli and to 

establish the linear viscoelastic region (LVR) for each formulation to ensure that all subsequent 

oscillatory measurements would occur without irreversible deformation. Based on this experiment, 

1% strain was chosen as the standard for all subsequent oscillatory measurements. Additionally, 

the strain amplitude sweep allowed estimation of σy by calculating oscillatory stress from the 

applied strain and then plotting shear moduli vs. stress (Figure 4.2 (b)). Yield stresses were 

estimated by determining the onset point of G’ decrease using regression techniques in Trios 

software (TA Instruments). 
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Figure 4.2. Rheometric characterization of cdECM composite bioinks 

(a,b) Oscillatory stress sweep experiments conducted at 1 Hz angular frequency for (a) control 

formulations and (b) printable formulations. The onset of G’ decrease was reported as the apparent 

yield stress, σy. The mean yield stress for each formulation is plotted as a dashed vertical line. All 

plots are the mean of 3 tests. (c,d) Dynamic oscillatory strain experiments conducted at 1 Hz 

angular frequency for (c) control formulations and (d) printable formulations. Strain amplitude 

alternated between 1 and 100%. All plots are the mean of 3-4 tests. (e,f) Plots of viscosity vs. shear 

rate for control formulations (e) and printable formulations (f) demonstrated the shear-thinning 

behavior and different viscosities of each formulation. Filled symbols indicate increasing shear 

rate, while open symbols indicate decreasing shear rate. All plots shown are the mean of 3-4 tests. 

 

For viscoelastic gels, σy is a critical stress value below which any deformation is small and 

reversible.86 Above σy, the gel network breaks down, the material flows and becomes deformed. 

Therefore, higher values for σy suggest better stackability of printed filaments in the z-direction 

and better shape fidelity.  
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There was only one statistically significant difference in σy (Figure 4.3 (c)) compared to the 

control formulation consisting only of cdECM (4.6-0-0%), likely due to difficulty with 

reproducibility of experiments. This makes it difficult to draw any conclusions about the effects 

of Laponite and PEG-DA on the σy values for the cdECM bioinks; however, the statistically 

significant difference (p < 0.05) between the 4.6-2.3-10.5% and 4.6-0-0% formulations, together 

with analysis of G’ and tan δ, imply that Laponite may be responsible for any increase in the yield 

stress of the bioink. The effects of Laponite on the rheological characteristics of the bioink are 

discussed further in analysis of G’ and tan δ. 

 

Figure 4.3. Laponite increases G’ and decreases tan δ for cdECM composite bioinks 

Statistically significant differences were determined via one-way analysis of variance (ANOVA), 

followed by pairwise f-tests and two-tailed Student’s t-tests. All formulations were compared to 

the 4.6-0-0% bioink formulation as a control. Asterisks indicate significance levels: *p < 0.05; **p 

< 0.01; ***p < 0.001; ****p < 0.0001; *****p < 0.00001; ns = not significant. (a) Formulations 

containing Laponite exhibited significantly greater plateau G’ values, largely due to the formation 

of a Laponite gel network. The addition of PEG-DA alone (4.6-0-6%, orange) had no significant 

effect on measured G’ values. N = 4-5 for each measurement. (b) The loss factor, tan δ, was lower 

compared to the control (4.6-0-0%, purple) for all formulations. This is an expected result for inks 

containing Laponite, but somewhat unexpected for the 4.6-0-6% formulation. N = 4-5 for each 

measurement. (c) The yield stress, σy, showed too much variability in measurement to assess any 

significant differences; however, the trend appeared to be an increase in yield stress in the presence 

of Laponite. N = 3 for each measurement. 
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Next, dynamic oscillatory strain experiments (Figure 4.2 (c,d)), in which samples were 

subjected to alternating periods of 1% and 100% strain at constant angular frequency, were 

performed. These tests provided estimates of the shear storage and loss (G”) moduli, as well as 

the loss factor, tan δ. More importantly, the tests provided information about the mechanical 

recovery of inks following periods of high strain well outside of the LVR. The tests demonstrated 

that all formulations behave as low-modulus viscoelastic solids with G’ > G” and tan δ < 1 under 

low-strain conditions, which are meant to model behavior of the inks at rest. At high strain, all 

formulations exhibited a rapid decrease in G’ and tan δ > 1, characteristic of fluid-like materials. 

Upon reversion to low strain, all formulations recovered nearly to the initial plateau value of G’. 

Many replicates showed a sloping curve for G’ which made a plateau value difficult to estimate. 

Therefore, the exact time required for G’ to reach the plateau value following high strain could not 

be determined. In general, formulations with Laponite were stiffer than those without, reflected by 

higher G’ values (Figure 4.3 (a)). Indeed, G’ was higher for all formulations compared to the 

cdECM alone, excluding the 4.6-0-6.0% formulation that did not contain Laponite. This is likely 

due to the formation of a non-covalent Laponite gel network. Laponite, a disc-like platelet 

composed of sodium-magnesium-lithium silicates, is known to bear a negative charge on the face 

of the disc and a positive charge on the edges. At concentrations above ~ 1% w/w in aqueous 

solution and at pH < 9, the platelets may aggregate to form a so-called “house-of-cards” gel 

network, with the positively-charged edges of one disc interacting with the negatively-charged 

face of another.87,88 The pH of the cdECM bioinks was maintained at ~ 7.4, and the concentration 

of Laponite was 2.3% w/w, meaning conditions were favorable for the formation of an ionic gel 

network. It is almost certain that Laponite discs interact not only with themselves, but also with 

partially-digested cdECM proteins. Indeed, strong electrostatic interactions between Laponite and 
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collagen or type A gelatin89–91 have been well-characterized. The additional structure afforded by 

Laponite and Laponite-protein networks increased the solid-like characteristics of the bioink by 

providing cross-links, thereby increasing the storage modulus and rendering the bioinks stiffer. 

PEG-DA alone (4.6-0-6.0% formulation) had no significant effect on G’ compared to the control. 

This is unsurprising, given that the interaction between PEG-DA of relatively low molecular 

weight (Mn = 700 g mol-1) and cdECM proteins is expected to be minimal. At this molecular 

weight, PEG is quite hydrophilic and does not present enough amphiphilic character to interact 

with hydrophobic residues in proteins.92    

Moreover, non-cross-linked PEG-DA in water is not expected to self-assemble into a gel 

network. The values of tan δ for our cdECM bioinks were significantly lower for all formulations 

compared to the control formulation comprised solely of cdECM (Figure 4.3 (b)). This result is 

expected for inks containing Laponite, since the cross-linking interactions in the gel network 

impart a greater proportion of solid-like properties to the inks. As such, the ratio G” / G’ becomes 

smaller. It is unclear why tan δ for the 4.6-0-6.0% formulation is significantly lower than the 

control, since PEG-DA is not expected to participate in any gel-network formation that could alter 

tan δ. It is possible that the observed effect is simply due to the slight reduction in water content 

for the 4.6-0-6.0% formulation compared to the control: The loose network of cdECM components 

occupies a slightly smaller volume of water and may not interact significantly with the PEG-DA, 

thereby increasing the measured solid-like behavior of the ink. Of course, if true, this reduction in 

water content could partially account for the reduction in tan δ for the other formulations as well.  

For bioinks that must be extruded and maintain shape fidelity, the value of tan δ should be between 

zero and one. Theoretically, inks with tan δ closer to one extrude uniformly and require only gentle 

pressure but exhibit poor shape fidelity and limited stackability. Inks with tan δ closer to zero are 
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robust and self-supporting but require higher printing pressures and may be too brittle to extrude 

uniformly. These observations are rationalized by considering the physical meaning of tan δ, which 

is an expression of the ratio of fluid, viscous behavior (G”) to solid, elastic behavior (G’) in a 

viscoelastic material. If this ratio is ≥ 1, the material is mostly fluid and behaves correspondingly, 

meaning it tends to spread and flow and should not exhibit a yield stress. If the ratio is < 1, the 

material is mostly solid; this regime is typical for hydrogels. The closer tan δ is to 0, the more 

likely a material is to be self-supporting, but also more brittle due to the increased solid-like, elastic 

character of the material. Tan δ is also an important factor for measuring the glass transition 

temperature (Tg) of amorphous polymers via dynamic mechanical analysis: Below the Tg, tan δ << 

1, and the polymer is brittle, while at and above the Tg, tan δ increases to reflect rubbery, 

elastomeric character. Therefore, a bioink with tan δ ~ 1 is likely to be fluid and runny, while a 

bioink with tan δ ~ 0 is likely to be rigid and brittle. Using a gelatin-alginate bioink, Lee and co-

workers84 found that a range of tan δ values between 0.25-0.45 were optimal for balancing smooth 

extrusion, shape fidelity, and cell viability. Additionally, bioinks with relatively low moduli (G’ < 

5 kPa) required lower extrusion pressure and were therefore better for cell viability. While these 

parameters were determined for a different bioink composition than the present study, it is 

nevertheless interesting to note that tan δ for each of our extrudable cdECM bioink formulations 

(i.e., formulations containing all three components cdECM, PEG-DA, and Laponite) is between 

0.25-0.45. Overall, the results of the dynamic strain experiments indicate that all inks are capable 

of mechanical recovery following deformation beyond the LVR, while inks containing Laponite 

are higher-modulus and lower in tan δ compared to the control cdECM-only formulation.  

  The shear-thinning behavior of the bioinks was evaluated by rotational shear rate sweep 

experiments (Figure 4.2 (e,f)). All ink formulations exhibited shear-thinning behavior, wherein the 
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viscosity decreased with increasing shear rate. Formulations without Laponite had relatively low 

viscosity (< 500 Pa·s) at low shear rates, while all formulations containing Laponite had viscosity 

above 5 000 Pa·s under low-shear conditions. The higher viscosity of the Laponite-containing inks 

(compared to the control cdECM-only formulation) might indicate more favorable printability. If 

the viscosity of an ink is too low, extruded filaments may spread or collapse upon contact with the 

printing stage or the previous layer of a printed object. However, to determine viscosity more 

accurately at a specific shear rate, it would be necessary to make repeated measurements at the 

shear rate of interest. Thus, the absolute values reported for viscosity may be inaccurate, although 

the trends between different formulations are expected to hold. Furthermore, the shear rate sweep 

experiments provided another estimate of σy. Indeed, flow curves of stress vs. shear rate (Figure 

4.9 (e,f)) indicate that all ink formulations had a non-zero yield stress when fit to Herschel-Bulkley 

curves (fits not shown). However, the oscillatory strain amplitude sweeps were preferred for 

calculation of σy due to the gel-like nature of the bioinks.86  

Finally, a frequency amplitude sweep was performed to evaluate the frequency dependence 

of the moduli for each bioink formulation (Figure 4.9 (c,d)). A noticeable frequency dependence 

of the moduli was observed for bioinks formulated without Laponite, wherein the moduli values 

increased with increasing angular frequency. This trend is characteristic of weakly interacting or 

weakly cross-linked polymer chains, wherein the material is more fluid-like at lower frequencies, 

while more solid-like at higher frequencies.86 However, inks formulated with Laponite showed no 

apparent frequency dependence. This trend is observed for solid-like materials with fairly strong 

cross-linking interactions and a stress relaxation time that must be greater than the inverse of the 

lowest applied frequency (0.1 rad s-1).  Thus, Laponite imparts structural stability to the bioinks 

through non-covalent interactions. 
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Overall, the rheological data demonstrate that, in principle, any of the cdECM bioinks 

could be suitable for extrusion-based 3DP. They are all hydrogels at rest, with measurable yield 

stresses. However, bioink formulations without Laponite were not printable in practice. 

Rheological experiments showed that cdECM bioinks formulated with Laponite are higher-

modulus, have lower tan δ, and are more viscous, both at rest and when flowing, than inks without. 

Physically, this means that inks containing Laponite should have better extrudability, shape 

fidelity, and stackability in the z-dimension. 

 

4.3.3 Characterization of PEG-DA-Mediated Mechanical Tunability in Composite cdECM 

Bioinks 

The precise tunability of the mechanical properties of 3D-printed bioinks is critical to the 

development of tissue models that can replicate native structure and function with a high degree 

of fidelity. Therefore, an important consideration in the gelation/cross-linking process of 

engineered bioinks is the curing of the printed construct to reach a target modulus. As such, most 

dECM-based bioinks have utilized thermal gelation kinetics, wherein the printing process takes 

advantage of the change in temperature to induce physical cross-linking of abundant collagen 

within the dECM. However, the rate of thermal gelation is insufficient for extrusion-based 

bioprinting processes that do not involve the use of a temporary support gel,93 especially as 

additional layers are stacked in the z-direction. To overcome such challenges, multifaceted cross-

linking schemes have been introduced, from two-step thermal gelation approaches49 to 

incorporation of photo-polymerizable cross-linkers,52 which have successfully enhanced the 

mechanical properties of the cdECM-based bioinks to recapitulate representative cardiac tissue 

compressive moduli in the range of 5-15 kPa. However, there is still a lack of tissue-derived 3D 
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bioinks that can recapitulate the mechanical properties of pathological cardiac conditions observed 

in the fibrotic heart. To take full advantage of the opportunities provided by 3D bioprinting (i.e., 

in vitro disease modeling, drug-screening applications) it is beneficial to create mechanically 

versatile bioinks that can be tuned to match specific tissue compressive moduli found in both 

healthy (5-15 kPa) and diseased states (30-100 kPa).  

PEG-DA is a common synthetic polymer for hydrogel biomaterials with tunable elastic 

properties, solute permeability, and biocompatibility.94,95 Therefore, we sought to incorporate 

different concentrations of PEG-DA to fabricate a mechanically tunable bioink that can 

recapitulate a wide range of cardiac tissue compressive moduli. LAP was employed as a water-

soluble photo-initiator to rapidly initiate polymerization of the PEG-DA; a prompt polymerization 

of PEG-DA was desired as rapid cross-linking kinetics are necessary to maintain pattern fidelity 

of the bio-construct. LAP has also been shown to permit high survival of the encapsulated cells, 

an important property required to engineer a bioink.96 Thus, the cdECM composite bioinks in this 

investigation comprised cdECM-Laponite hydrogels with PEG-DA (6.0%, 8.25%, or 10.5% w/w) 

and 0.4% w/w LAP. 

To quantify both the gelation kinetics and the ability to formulate hydrogels with distinct 

mechanical properties, we performed oscillatory time sweep measurements with photo-curing 

(405 nm, 28 mW cm-2) for three printable formulations of our composite cdECM bioink. Each 

formulation consisted of 4.6% w/w digested cdECM, 2.3% Laponite, and 0.4% LAP, with PEG-

DA concentrations of 6.0%, 8.25%, or 10.5%. For the first 120 s of the test, G’ and G” were 

measured at 1 Hz and 1% strain to obtain baseline moduli prior to photo-polymerization. 

Irradiation started at 120 s and lasted for 60 s, resulting in fast and stable cross-linking of the bioink 

(Figure 4.4 (a,b)). The photo-polymerization was rapid for all formulations, with the ink reaching 
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95% of the final plateau modulus in approximately 14 s (10.5% PEG-DA), 17 s (8.25%) and 20 s 

(6.0%). These blue-light curing tests also validated the ability to optimize and control material 

stiffness by varying PEG-DA concentration. As expected, the final stiffness of each bioink 

increased with increasing PEG-DA concentration from G’ = 0.761 kPa (6.0% PEG-DA) to 5.23 

kPa (8.25%) to 36.9 kPa (10.5%) (Figure 4.4 (c)). The substantial increase in G’ corresponding to 

a relatively small increase in PEG-DA concentration is likely due to a considerable increase in 

cross-link density (⍴x) and decrease in molecular weight between cross-links (Mc). The relationship 

between moduli (shear, compressive, and tensile) and PEG-DA molecular weight/concentration 

has been well-characterized in the literature.97–101 
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Figure 4.4. Tunable mechanical properties by incorporation of PEG-DA into the cdECM bioinks 

(a) Oscillatory time sweep analysis (γ = 1%, ω = 1 Hz) of each gel formulation before and after 

photo-cross-linking. The light was turned on at 120 s and turned off at 180 s. (b) Zoomed time 

sweep plot between 110-190 s, demonstrating rapid increase in G’ upon photo-curing. (c) Analysis 

of G’ after photo-induced cross-linking (60 s) for different PEG-DA concentrations in cdECM 

bioinks. Error bars are ± one standard deviation. (d) Stress-strain curves from uniaxial compression 

testing showing characteristic behavior of hydrogels. All plots are the mean of 3-4 tests. (e) 

Zoomed stress-strain plot between 0-10% strain, showing linear regions from which compressive 

moduli were calculated. (f) Analysis of compressive moduli for each PEG-DA concentration 

between 0-10% strain, showing that the different formulations can be used to recapitulate cardiac 

tissue stiffness associated with normal (blue) and diseased conditions (red and grey). Error bars 

are ± one standard deviation. Statistically significant differences were determined via one-way 

analysis of variance (ANOVA), followed by two-tailed Student’s t-tests. Asterisks indicate 

significance levels: *p < 0.01; **p < 0.005. 

 

Next, uniaxial compression testing was performed on cured hydrogels generated from each 

composite cdECM bioink formulation. Each formulation was photo-cross-linked in a cylindrical 

PDMS mold. A representative stress-strain curve was obtained for each composite cdECM bioink 
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(Figure 4.4 (d)). The linear region of the stress-strain curve between 0-10% strain was used to 

calculate the compressive modulus (Figure 4.4 (e)). The compressive moduli of the three printable 

formulations were 13.4 ± 0.4 kPa (6.0% PEG-DA), 39 ± 8 kPa (8.25%), and 89 ± 7 kPa (10.5%) 

(Figure 4.4 (f)). Importantly, all the printable formulations mimicked either the compressive 

modulus of healthy (5-15 kPa) or fibrotic (30-100 kPa) cardiac tissues.54,55 Thus, our low-modulus 

bioink (6.0% PEG-DA) can be cured to a stiffness that approximates healthy tissue while the 

intermediate (8.25% PEG-DA) and high-modulus (10.5% PEG-DA) bioinks may be suitable for 

recapitulating fibrotic tissue. 

 

4.3.4 3D Printing of Composite cdECM Bioinks 

3DP of intricate tissue constructs requires precise control of optimal printing parameters. 

Extrusion-based printing offers a high degree of freedom wherein print parameters can be 

manipulated to determine the dimensions of the extruded bioink, allowing enhanced linewidth 

resolution and shape fidelity. However, the resolution and fidelity of the print in extrusion-based 

3D bioprinting is limited by the inherent properties of the bioink itself. Rheological experiments 

(Figure 4.2) showed that our printable formulations harbor the necessary characteristics of an 

extrudable bioink, which inspired confidence in the ability for our bioink to extrude and maintain 

the intended shape. To further assess the feasibility and versatility of our composite cdECM bioink 

for extrusion-based printing, we created a simple square CAD design and subjected our bioinks to 

various printing conditions.  

All our printable composite cdECM bioinks were tested using different nozzle sizes and 

pressures. Two nozzle sizes with distinct inner diameters (25G: 260 μm and 27G: 210 μm), four 

print pressures (6, 7, 8 and 9 psi), and three PEG-DA concentrations (6.0%, 8.25%, and 10.5% 
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w/w) were correlated to the linewidth of the extruded filament (Figure 4.5). The printing 

parameters (i.e., nozzle sizes and print pressures) used to assess printability were chosen based on 

the ability to reproducibly generate prints with good shape fidelity. The linewidth measurements 

from 24 different conditions showed that the width of the line can be adjusted from 370 μm to 3 

mm. The range of linewidth dimension allows use of lower pressures and smaller nozzle diameters 

to print constructs with structural detail, while higher pressures and larger nozzle diameters will 

enable efficient printing of larger structures. The width of the measurement was mostly dependent 

upon the nozzle diameter, except for the low-modulus bioink (6.0% PEG-DA) which was not as 

affected by the size of the nozzle (Figure 4.5 (a)). We observed that an increase in the extrusion 

pressure corresponded with larger linewidth measurements for both nozzle sizes. Interestingly, the 

concentration of PEG-DA within the bioink was one of the governing factors for linewidth. With 

the low-modulus bioink (6.0% PEG-DA) (Figure 4.5 (a)), the printed lines were comparably 

thinner than the intermediate (8.25%) (Figure 4.5 (b)) and high (10.5%) modulus bioinks (Figure 

4.5 (c)). This is likely due to the lower viscosity values observed for the intermediate and high-

modulus bioinks. While G’, tan δ, and σy values were similar for the 6.0%, 8.25%, and 10.5% 

PEG-DA bioinks, the viscosity appeared to decrease from 6.0% to 8.25% to 10.5%. It should be 

noted that, for the experiments performed, it is difficult to accurately determine statistically 

significant differences in viscosity values between formulations. 
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Figure 4.5. Printed line fidelity of cdECM composite bioinks 

3D printing of a square CAD model demonstrates adaptability of the bioink for different 

formulations. The size of the nozzle (25G: 260 μm and 27G: 210 μm) and the feed pressure were 

varied to generate 8 different print conditions for all three (a) low modulus bioink, (b) intermediate 

modulus bioink, and (c) high modulus bioink (total of 24 print parameters). The analysis of 

printability was conducted by quantifying the width of each line print (n = 4). (d) Linewidth 

measurement graph showing the trend of linewidth with respect to nozzle size, print pressure and 

composite cdECM bioink formulations. Scale bars: 5 mm. 

 

Furthermore, we prepared a line print using our low-modulus bioink (6.0% PEG-DA) and 

tested our bioink stability by measuring the width of our print immediately and 7 days after 

immersion in a salt-balanced aqueous solution. The results showed that the width of our line print 

is maintained at 2 mm at both time points, indicating that our composite bioinks do not undergo 

swelling (Figure 4.11). 

 Next, we created more complex CAD models to demonstrate that our bioink could be 

applied to print more versatile structures with intricate geometries. We created three distinct 
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designs: an acronym representing the University of Washington (UW) (Figure 4.6 (a)), a 

concentric circular design (Figure 4.6 (b)), and a UW husky logo (Figure 4.6 (c)). The low-

modulus bioink (4.6% w/w cdECM, 2.3% Laponite, 6.0% PEG-DA) was chosen based on its 

ability to create higher-resolution prints. Each design was printed at 9 psi and cross-linked 

immediately after with a 405 nm light module located on the print head (Figure 4.6 (d)). All the 

designs balanced aqueous solution. The results showed that the width of our line print is maintained 

at 2 mm at both   were printed with high fidelity with respect to the sliced CAD model. Specifically, 

there was no bleeding of printed bioink, resulting in crisp borders, no disparity in the resolution of 

different diameters of concentric circles, and high shape fidelity with respect to infill patterns and 

infill density within the husky logo. 
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Figure 4.6. Printing of complex geometries using cdECM composite bioink 

3D printing of complex geometries demonstrates adaptability of the bioink to create complex 

structures. cdECM composite bioink with 6.0% PEG-DA was used to print (a) the alphabetic 

acronym of the University of Washington, (b) a concentric circle  and (c) the UW husky logo. (d) 

Demonstration of blue-light (405 nm) mediated cross-linking for the cdECM composite bioink 

post-print. Scale bars: 1 cm. 

 

Finally, we tested the feasibility of our composite cdECM bioink to generate a multi-

layered 3D construct. Demonstration of stacking of filaments in the z-direction was performed via 

layer-by-layer printing of the low-modulus (6.0% PEG-DA) bioink. To improve the durability of 

the overall construct, 30 s photo-cross-linking (405 nm) of each construct was performed before a 

subsequent layer was printed on top (Figure 4.7 (a)). The layer-by-layer 3D extrusion printing of 

the composite bioink afforded a multi-layered construct up to 18 layers (Figure 4.7 (b)). The 

resulting structure was a flexible elastomer that could be picked up with forceps and maintained 
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its structure over one month. A multi-layered construct printed using a smaller nozzle size (25G at 

9 psi) shows that extruded filaments maintain their shape prior to cross-linking and enhance the 

fidelity of each print in the z-direction (Figure 4.7 (c,d)). The top view image, especially, validates 

that the material did not collapse as more ink was deposited, suggesting high durability and 

structural integrity of the bioink (Figure 4.7 (d)). The printability of our bioink in the z-direction 

was quantitatively validated through measurement of each layer width at different z-positions 

(heights) of the construct. Indeed, the linewidths were relatively similar throughout the entire 

multi-layered construct, which further validated the high fidelity and mechanical durability 

enabled by our composite cdECM bioink (Figure 4.7 (c)). 
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Figure 4.7. 3D printing of cdECM composite bioink in the z-direction 

3D printing of multiple stacks of square prints was conducted to demonstrate the ability to fabricate 

a mechanically stable, layered 3D construct in the (vertical) z-direction. (a) Schematic of the 3DP 

process involved in an 18-layered tower. Each print was conducted using a 25G nozzle at 9 psi or 

a 22G nozzle at 8 psi with the low-modulus bioink (6.0% PEG-DA) and immediately cross-linked 

using blue-light (405 nm) irradiation for 30 s. This process was repeated 18 times to create a stable, 

18-layered construct. (b) Picture of an 18-layered construct printed with a 22G nozzle at 8 psi. (c) 

Analysis of the linewidth quantified for different heights of the 18-layered construct printed with 

a 25G nozzle at 9 psi post-print (n = 4) and (d) top view of the construct printed with a 25G nozzle 

at 9 psi. The measurements were taken using calipers every 1 mm until the final layer. 
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4.3.5 Biocompatibility Assessment of Composite cdECM Bioinks 

To demonstrate the feasibility of utilizing our engineered cdECM composite bioink as a 

tissue engineering scaffold, we tested the biocompatibility of various control and printable bioink 

formulations. Previous studies have shown that bioinks comprised of cdECM were able to support 

cellular survival up to 7 days post-print, indicating that the cdECM-based bioinks were not only 

biocompatible but also able to withstand shear conditions during the pneumatic printing 

process.46,48 To test whether the incorporation of Laponite, high concentrations of PEG-DA, and 

LAP photo-initiator diminishes the biocompatibility of our bioink, we demonstrated cell viability 

using primary human cardiac fibroblasts (HCFs) and human induced pluripotent stem cell derived 

cardiomyocytes (hiPSC-CMs). HCF cells were chosen based on previous studies that have 

investigated the effect of substrate stiffness on trans-differentiation of myofibroblasts. As 

myofibroblast trans-differentiation manifests in cardiac fibrosis through mechano-transduction of 

stiffening cardiac ECM, HCFs serve as an ideal cell type to investigate a potential mechano-

transduction pathway involved in cardiac fibrosis, a potential application of the mechanically 

tunable composite bioink.57,102,103 Characterization of cell survival was conducted through a 

Live/Dead Assay kit on varying formulations of cdECM, Laponite and PEG-DA containing gels. 

Initially, we tested the viability of cells in a 0-0-6% (PEG-DA only) gel, a 0-2.3-6% (Laponite and 

PEG-DA) gel, and a 4.6-0-6% (cdECM and PEG-DA) gel (Figure 4.12). Viability results showed 

that addition of Laponite and cdECM significantly increased the cellular survival after 7 days. In 

particular, Laponite enabled the highest survival of HCFs cultured within the gels, maintaining 

viability above 98% throughout a 7-day long culture period. This finding aligns well with previous 

reports of cdECM-based hydrogels and Laponite-containing hydrogels that exhibit excellent 

biocompatibility both in vitro and in vivo.72,104 
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  Next, we tested the viability of HCFs within our composite printable bioink formulations 

with varying concentrations of PEG-DA (6.0%, 8.25% and 10.5% w/w) and compared the results 

to the 4.6-0-0% (cdECM only) gel. To better understand the possible effects of synthetic additives 

(i.e. Laponite, PEG-DA and LAP photoinitiator) on cell viability, we performed hand extrusion of 

cell-laden bioinks using the exact syringes and needles required for 3D printing. This method was 

chosen because: 1) the printing pressure required to print our material is similar to the pressure 

applied during hand extrusion and 2) it avoids variability that may arise from printing parameters. 

To ensure the consistency of shear stress applied to the cells within the bioink, we utilized the 

same needle gauge used to 3D print our cell-laden bioinks. Therefore, we do not expect to observe 

significant changes between the overall percent viability of the cells within hand extruded bioinks 

and 3D printed bioinks, aside from larger variations in the standard error caused by the variability 

of print parameters used in the 3D printing system. Our composite bioink exhibited high cellular 

survival 1 day and 7 days after printing and cross-linking (> 97% viability), indicating that the 

PEG-DA concentrations used in our hydrogels do not cause any deleterious effects (Figure 4.8). 

Moreover, compared to the cdECM-only formulation, our printable formulations (i.e., those 

containing Laponite) showed reduced cellular cytotoxicity, suggesting that the addition of 

Laponite drastically enhanced the viability of the cells. In addition, comparing the viability results 

of cells in cdECM-only gels (Figure 4.8) with cells in cdECM and PEG-DA gels show that 

introduction of PEG-DA-mediated cross-linking increased cellular survival. Because PEG-DA 

photo-polymerization occurred within 30 s, cured constructs were immersed in culture media 

quickly after printing. By contrast, the thermally cured cdECM-only gels required 30 minutes of 

gelation time, depriving encapsulated HCFs of media for a long period of time and decreasing 

cellular survival. 
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Figure 4.8. Viability of human cardiac fibroblasts embedded in cdECM bioinks 

Live/Dead cell viability was performed on HCFs encapsulated within composite bioinks. x-y-z 

numbers in the legends refer to x: cdECM % w/w, y: Laponite %, and z: PEG-DA % within the 

bioink. (a,b) Representative fluorescence images with live/dead viability staining at (a) day 1 and 

(b) day 7 of culture. Cellular survival was higher in all composite bioink formulations with (ii) 

6.0% PEG-DA; (iii) 8.25% PEG-DA; and (iv) 10.5% PEG-DA compared to (i) cdECM only (4.6-

0-0%) gels. (c) Quantification of cell viability showed that HCFs maintained high viability (> 

97%) within all bioink formulations compared to the cdECM-only gel. Although viability was 

lower in the cdECM-only gel, HCFs exhibited more spreading, suggesting that cdECM only was 

more favorable for enzymatic degradation by HCFs. Scale bar: 200 μm. Statistically significant 

differences were determined via one-way analysis of variance (ANOVA), followed by two-tailed 

Student’s t-tests. Asterisks indicate significance levels: *p < 0.001; **p < 0.05; ***p < 0.0005. 

 

 

One drawback to our printable formulation, however, is the inability of HCFs to spread out 

and assume their native fibroblast morphology as observed in the cdECM-only gel. This is likely 

a direct result of diminished biochemical cues and the presence of dense, non-biodegradable PEG-

DA networks that prevented the cells from enzymatically degrading and remodeling the matrix. 

Similarly, unlike the normal EHT tissues, which are able to compact and generate functional 

cardiomyocyte beating within one week, EHTs generated from our bioinks showed limited 
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compaction (data not shown), re-confirming our hypothesis that cell-cell interaction between the 

stromal cells responsible for contraction of EHT was limited by the dense, cross-linked PEG-DA 

network within our gels that reduced cellular ability to remodel the matrix. Nevertheless, the 

incorporation of Laponite and PEG-DA were necessary for high-fidelity extrusion 3D printing and 

for recapitulating the mechanical properties that we are aiming to model. Furthermore, previous 

studies showed that Laponite and gold nanoparticles incorporated into an injectable dECM 

hydrogel allowed enhanced functionality of cardiac tissues, suggesting that Laponite may not 

significantly impair the functionality of cardiac cells.105  Our results also show that all four EHTs 

harboring hiPSC-CMs exhibited high viability (> 94%) after 7 days of culture, thus validating that 

additives within our printable bioink formulations can support the survival of less robust cells such 

as hiPSC-CMs (Figure 4.13). However, we recognize that further analysis of cellular activity needs 

to be addressed for application of the bioinks in disease modeling. One possibility is the inclusion 

of enzymatically cleavable bonds within the cross-linkers for facile degradation of the surrounding 

matrix, which would further support functional activity of cardiac cells within the system. 

 

4.4 CONCLUSIONS 

Composite bioinks derived from porcine cdECM were engineered for extrusion-based 3DP 

of constructs with tunable elasticity. Laponite-XLG nanoclay enabled shape fidelity and high 

resolution by increasing the shear storage modulus  and viscosity of the cdECM-based hydrogels. 

The final compressive modulus of the photo-polymerized hydrogels was adjustable from 13.4-89 

kPa according to the concentration of PEG-DA in the bioink formulation. This range of moduli 

encompasses the stiffness of both healthy and fibrotic cardiac tissue and shows that our printed 

constructs could be viable models of cardiac disease states. The linewidths of the extruded cdECM 
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bioink filaments were correlated to both extrusion pressure and nozzle diameter, demonstrating 

quantification of print resolution and shape fidelity. Complex and multi-layer structures could also 

be printed, which are important considerations for future printing of biologically relevant 3D bio-

constructs. Finally, encapsulated human cardiac fibroblasts survived both extrusion and photo-

polymerization to show > 97% viability after 7 days, demonstrating the cytocompatibility of the 

cdECM composite bioinks. Additional viability testing with human induced pluripotent stem cell 

derived cardiomyocytes also showed that our bioinks could support the survival of less robust 

cardiac cells. This study lays the groundwork for 3D bioprinting of constructs intended to model 

both healthy and fibrotic cardiac tissue states by recapitulating biological cues and biomechanical 

properties. 

 

4.5 EXPERIMENTAL 

4.5.1 Decellularization of Porcine Cardiac Tissue 

Cardiac tissues were obtained from porcine hearts, purchased from a local butcher. Left 

ventricles were specifically harvested from porcine hearts and stored at -20 °C, up to 6 months. 

Cardiac tissues were thawed, diced, washed in deionized (DI) water for 2 h and decellularized 

using multiple chemical detergents, following a published protocol.48 Briefly, the rinsed cardiac 

tissues were immersed in 1% sodium lauryl sulfate (Fisher Scientific; SDS) in phosphate buffered 

saline (PBS, Invitrogen) for 72 h. Following SDS treatment, porcine heart cubes were treated with 

1% Triton X-100 (Sigma-Aldrich) in PBS for 1 h, then washed in PBS for 72 h. All rinsing and 

detergent washing steps involved stirring of the solution on stir plates at 200 rpm. Solution changes 

for 1% SDS (in PBS) and PBS occurred daily to ensure efficient removal of cellular debris and 
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thorough washing of remaining detergents. After PBS washes, the decellularized scaffold tissues 

were collected in tubes and stored at -80 °C until lyophilization. 

 

4.5.2 Composite cdECM Bioink Preparation 

Fabrication of the cdECM pre-gel was conducted by lyophilizing frozen samples of 

cdECM for 72 h. Lyophilized cdECMs were stored at 4 °C up to 3 months prior to pepsin digestion. 

Upon digestion, lyophilized cdECM was shredded and finely chopped into flakes using razor 

blades. To prepare the cdECM pre-gel, cdECM flakes were massed in a glass vial for digestion at 

~9-10% w/v; typically, 500 mg of cdECM was combined with 50 mg of pepsin (P7000, from 

porcine gastric mucosa, Sigma-Aldrich) and 4.3 mL of 0.1 M aqueous HCl at room temperature 

for one week. Following digestion, solubilized 10% cdECM pre-gel was diluted with 0.5 mL of 

10X RPMI to account for ionic balance. The remaining volume (200 μL) was used to adjust final 

pH to 7.4 using 10 M aqueous NaOH. A pH meter was used to monitor the change during pH 

adjustment. cdECM pre-gels were stored at 4 °C up to 2 weeks. 

The solubilized cdECM was combined with a nanoclay viscosity modifier, Laponite-XLG 

(BYK Additives & Instruments), a photo-curable cross-linker, PEG-DA (Mn = 700 g mol-1, Sigma-

Aldrich), and a photo-initiator, lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP; Sigma-

Aldrich). Laponite powder was pre-dissolved in DI water at 9.1% w/w to prevent separation of 

Laponite and cdECM and to help form a homogeneous gel. All gels were formulated by 

mass/weight. Typical bioink preparation was as follows: First, the LAP photo-initiator was added 

to a clean glass vial. Next, the appropriate mass of cdECM pre-gel was added to the glass vial, 

followed by 9.1% w/w Laponite gel. A small volume of 10X RPMI 1640 media was then added 

to ensure final 1X concentration. This was followed by DI water, and finally by PEG-DA (liquid 
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at room temperature). The final concentrations of each component were 0.4% w/w LAP, 1X RPMI, 

4.6% w/w cdECM, 2.3% w/w Laponite, and 6.0, 8.25, or 10.5% w/w PEG-DA, with DI water 

constituting the remaining mass. The final composite bioinks were briefly vortexed, then 

centrifuged for ~30 s at 2 000 rpm to ensure collection of all components at the bottom of the vial. 

Finally, the bioinks were covered with reflective foil and stirred at room temperature until visually 

homogeneous, at least 18 h. 

 

4.5.3 Rheometric Analysis 

All rheometric experiments were performed on a TA Instruments Discovery HR-2 hybrid 

rheometer equipped with a Peltier temperature-control accessory. All experiments utilized a flat-

plate 8 mm stainless steel geometry and were conducted at 21 °C. First, strain amplitude sweep 

experiments were conducted for each cdECM ink formulation to establish the linear viscoelastic 

region (LVR). All strain amplitude sweeps were conducted at a constant angular frequency (ω) of 

1 Hz (6.28 rad s-1). Then, frequency amplitude sweeps were performed at constant 1% oscillatory 

strain (γ) to determine the viscoelastic behavior of the gels at both short and long time scales. To 

help quantify printability, shear-thinning experiments were carried out during which samples were 

subjected to increasing rates of shear (0.005-50 s-1). To further establish the reversible mechanical 

yielding and recovery of the bioinks, short oscillatory step-strain experiments were conducted at 

constant frequency (1 Hz) with alternating cycles of 1% and 100% strain amplitude. Finally, blue-

light (405 nm) photo-curing at 28 mW cm-2 intensity was performed using a Mightex BLS-series 

BioLED analog control module coupled to a Mightex WLS-series WheeLEDTM light source. These 

curing experiments demonstrated rapid photo-curing of the bioinks. It should be noted that these 

rheological curing experiments provided measures of the shear modulus (G’), which is a different 
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parameter from the compressive modulus measured on a load frame. Moreover, the intensity of 

light used to cure rheological samples (28 mW cm-2) may not have been the same intensity as the 

light used for curing compressive samples, which could not be accurately quantified. The purpose 

of the rheological curing experiments was simply to demonstrate rapid photo-curing and to provide 

an estimate of the range of material stiffness that could be achieved. 

 

4.5.4 Compressive Modulus Testing 

Cylindrical samples for compression testing, approximately 9 mm in diameter by 5 mm in 

height, were cast in PDMS molds. Samples were cured under 395-400 nm irradiation (QUANS 

UV LED flood light, 20 W) at a distance of 15 cm from the light for 60 s. Uniaxial compression 

testing was performed on an Instron 5585H load frame using a 50 N load cell at a rate of 1.3 mm 

min-1. Uniaxial compressive force was applied to the hydrogel constructs until the point of failure. 

The compressive modulus was calculated using linear regression analysis of the stress-strain curve 

between 0-10% strain. Each bioink formulation was measured at least in triplicate.  

 

4.5.5 Characterization of Bioink Printability 

Allevi 2, a two-syringe 3D bioprinter with a pneumatic pressure system, was used to print 

the cdECM-Laponite-PEG-DA “composite” bioink. Testing of the bioink printability was 

conducted for all formulations (6.0%, 8.25% and 10% w/w PEG-DA) by printing a square CAD 

model (10 mm x 10 mm). Prior to printing, the cdECM composite bioink was loaded into a 10-mL 

syringe by filtering through a 25G needle to ensure successful printing. The syringe was then 

connected to an external pressure source to enable pneumatic extrusion. Various ranges of 
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pneumatic pressure (6, 7, 8 and 9 psi) and the diameter of the nozzle (25G: 260 μm and 27G: 210 

μm) were used to optimize best printing parameters as well as to demonstrate the versatility and 

adaptability of the cdECM composite bioink. After each print, an external blue-light module (405 

nm) located under the extruder head was turned on for 60 s to immediately cross-link the printed 

bioink. Photographs of printed constructs were analyzed using ImageJ software to quantify the 

print linewidth measurements and to analyze overall printability of the cdECM bioinks.  

Demonstration of the cdECM composite bioink printability was further validated by 

creating and printing CAD models harboring complex geometries. Three different designs, the 

UW husky logo, University of Washington acronym, and concentric circles with varying 

diameters, were prepared. For visualization, 1 μL of yellow food dye (Whole Foods 365 Brand; 

based on vegetable glycerin and turmeric) was incorporated into the final gel formulation.  The 

husky logo was 2 cm x 3 cm with infill density of 30%, and the concentric circles consisted of 4 

different circles (1, 2, 3, and 4 cm in diameter). All prints were demonstrated using the cdECM 

composite bioink comprised of 6.0% PEG-DA and 2.3% Laponite. A 25G nozzle at 9 psi was used 

to print each design at room temperature. After printing, each design was photocured using a blue-

light module for 30 s.  Confirmation of the stability of our printed material was conducted using 

the 6.0% PEG-DA bioink, which was printed, photo-cured and immersed in Hank’s buffered 

solution for 1 week. 

The ability to print a multi-layer construct was analyzed by layering square prints to create 

a z-construct of 18 layers. To test printability in the z-direction, the cdECM-Laponite-PEG-DA 

“composite” bioink (6.0% PEG-DA) was printed using both a 25G nozzle at 9 psi and a 22G nozzle 

at 8 psi. Z-stacks were created through a layer-by-layer method whereby each layer was extruded 

then cross-linked using 405 nm irradiation for 30 s before a subsequent layer was printed on top 



 

 

146 

of the previous cured layer. Following curing steps, the print stage was lowered by 0.4 mm. The 

thickness of each layer was measured from each side of the printed 3D construct and was used to 

quantify the structural durability of the z-stack. 

 

4.5.6 Cell Culture 

Human cardiac fibroblasts (HCFs), human induced pluripotent stem cell (hiPSC) derived 

cardiomyocytes, and HS27A human bone marrow derived stromal cells (ATCC) were cultured for 

use in assessing the biocompatibility of the cdECM-Laponite-PEG-DA composite bioink. Briefly, 

HCFs were cultured in Fibroblast Medium-2 (ScienCell) supplemented with 5% Fetal Bovine 

Serum (ScienCell), fibroblast growth supplement-2 (ScienCell; FGS-2) and 1% 

Penicillin/Streptomycin (ScienCell). Media was changed every 2 days, and cells between passage 

3-5 were utilized. ATCCs were cultured and maintained in high-glucose DMEM (Invitrogen) 

supplemented with 10% fetal bovine serum. 

 UC 3-4 urine-derived hiPSCs75 were cultured and differentiated into cardiomyocytes 

following an adaptation of a previously published method.76 In brief, hiPSCs were induced with 

RPMI 1640 medium (Invitrogen) supplemented with B-27 without insulin (Invitrogen) and 10 μM 

CHIR-99021 (Selleck Chemicals). After 18 h, the medium was replaced with fresh RPMI/B-27 

without insulin for 48 h. The medium was then replaced with RPMI/B-27 without insulin 

supplemented with 5 μM IWP-4 (REPROCELL) for 48 h, after which the medium was once again 

replaced with fresh RPMI/B-27 without insulin for 48 h. Finally, medium was replaced with 

RPMI/B-27 with insulin (Invitrogen). Spontaneously beating cells are typically observed 10-12 

days after induction.  
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4.5.7 Fabrication of Engineered Heart Tissue Constructs 

The design and fabrication of the hardware utilized for both generating the engineered heart 

tissues (EHTs) and measuring forces in situ has been previously described.77 In brief, post pair 

arrays were fabricated by pouring polydimethylsiloxane (PDMS; Sylgard 184, Dow Chemical) at 

a 10:1 base to curing agent ratio into an acrylic mold. A glass capillary tube was inserted into one 

post of each pair to impart rigidity to that post. Molds were then placed into a 65 °C oven overnight 

to cure the PDMS. Cured post pair arrays were then removed from the mold. Each post was 12.5 

mm long and 1.5 mm in diameter and featured a cap structure 0.5 mm thick and 2 mm in diameter 

to assist with tissue attachment. Post-to-post spacing was 8 mm. Wells for tissue casting were 

fabricated by pouring approximately 1 mL of PDMS into the wells of a 24-well culture plate before 

inserting custom 3D printed spacers that would form rectangular wells with dimensions of 12 mm 

x 4 mm x 4mm (length x width x depth). After curing the PDMS overnight, molds were removed.  

 hiPSC-CMs and HS-27A stromal cells were mixed in the cdECM-Laponite-PEG-DA 

composite bioink (6.0% PEG-DA) at cell densities of 20 x 106 cells/mL and 10 x 106 cells/mL, 

respectively. 70 μL of this cell-hydrogel mixture was then pipetted into each casted PDMS well, 

after which PDMS post arrays were positioned upside-down into the wells, ensuring that each post 

tip was immersed in the cell-hydrogel solution. The 24-well plate was then exposed to blue light 

for 30 seconds before it was placed into an incubator at 37°C and 5% CO2 for approximately 60 

min. 1 mL of RPMI/B-27 with insulin (supplemented with Y-27632 dihydrochloride ROCK 

inhibitor and 1% penicillin/streptomycin) was then added to each well. After 24 h, the media was 

replaced with fresh RPMI/B-27 with insulin, and media changes were conducted every other day.  
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4.5.8 Cell Viability Testing 

Cell viability was assessed on a thin disc of cdECM-Laponite-PEG-DA hydrogel (0.1 mm 

thick x 1 mm in diameter) containing HCFs and on EHTs containing hiPSC-CMs and ATCCs. 

HCFs were resuspended into respective bioink formulations at a density of 2.0 x 106 cells/mL. 

Each formulation was syringe-extruded into thin discs (7mm x 7mm x 1mm). After 1 day and 7 

day culture periods, cell viability analysis was performed using a live/dead cell assay kit 

(Invitrogen Life Technologies, USA) following the protocol provided by the manufacturer. Stained 

samples were imaged using 10X magnification through a confocal microscope (Spinning disk, 

Nikon Instruments, NY, USA) and quantified using ImageJ image processing software (National 

Institutes of Health, MD, USA). Green fluorescence signals indicated live cells (calcein-AM 

excitation/emission: 488/515 nm) whereas red fluorescence signals indicated dead cells (ethidium 

homodimer-1 excitation/emission: 570/602 nm). Viability analysis was conducted by quantifying 

the number of live cells in each culture condition using ImageJ software. 

 

4.5.9 Statistical Analysis 

All data are reported as mean ± standard deviation. Statistical significance was determined 

via a one-way analysis of variance (ANOVA) test for all the quantification measurements, 

including comparisons of compressive modulus, storage modulus, tan δ, and yield stress (σy). 

Pairwise f-tests and two tailed Student’s t-tests were subsequently conducted for pairs of data sets. 
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Figure 4.9. Further rheometric characterization of cdECM composite bioinks 

(a,b) Oscillatory strain amplitude sweeps performed at 1 Hz (6.28 rad s-1) angular frequency for 

(a) control and (b) printable formulations. Data between 0.01-0.1% strain has been omitted due to 

inconsistency and instrument sensitivity issues. All plots are the mean of three experiments. (c,d) 

Frequency amplitude sweeps from 0.1-100 rad s-1 conducted at 1% strain for (c) control and (d) 

printable formulations. The final data point at 100 rad s-1 has been omitted due to wall slippage 

effects. (e,f) Plots of stress vs. shear rate for (e) control and (f) printable formulations. Filled 

symbols indicate increasing shear rate, while open symbols indicate decreasing shear rate. The 

shape of the flow curves is characteristic of shear-thinning viscoelastic materials with a measurable 

yield stress. Herschel-Bulkley curve fitting (not shown) resulted in inconsistent and sometimes 

invalid estimates of yield stress. 
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Figure 4.10. Photos of cdECM composite inks with/without Laponite 

Composite cdECM gel formulations without (left) and with (right) Laponite-XLG, demonstrating 

difference in flow behavior when the vial is inverted. The addition of Laponite enhances the 

apparent viscosity of the gel. 
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Figure 4.11. Non-swelling of cross-linked cdECM bioink constructs 

Cross-linked, printed structures do not swell in aqueous media. Images of line prints immediately 

after (left) and 7 days after (right) incubation in PBS. The print was conducted using the low-

modulus composite bioink (6.0% PEG-DA, 2.3% Laponite). The material did not undergo swelling 

over a one-week period and maintained its structural integrity. 
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Figure 4.12. Additional viability of HCFs in cdECM bioinks 

(a) Images of live/dead staining of human cardiac fibroblasts (HCFs) in the (i,iv) PEG-DA (0-0-

6%) gel, (ii,v) Laponite/PEG-DA (0-2.3-6%) gel, and (iii,vi) cdECM/PEG-DA (4.6-0-6%) gel. 

Scale bars: 100 µm. (b) Quantification of cell viability shows that Laponite/PEG-DA gels support 

> 95% cell survival, suggesting that Laponite significantly enhances the viability of encapsulated 

cells. 
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Figure 4.13. Engineered heart tissue fabricated from cdECM bioinks 

Engineered heart tissue (EHT) fabricated from cdECM bioinks supports the survival of human 

induced pluripotent stem cell derived cardiomyocytes (hiPSC-CMs). (a) Live/dead stained images 

of hiPSC-CMs within engineered heart tissue generated from cdECM composite bioinks. Scale 

bar: 100 µm. (b) Quantification of percent viability of cells after a 7-day culture shows > 94% of 

survival in all four tissues. 
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