
ABSTRACT 

CORDER, RIA DOMIER. Rheological Characterization of Complex and Dynamic Materials: 
From Collagenase-Treated Tumors to Photopolymerizing Coordinated Ionic Liquids. (Under the 
direction of Dr. Saad Khan). 

Understanding how soft materials deform and flow is critical to predicting their behavior 

and for designing novel materials with tailored properties. Many soft materials are neither perfectly 

elastic solids nor Newtonian solutions, and instead exhibit viscoelastic and/or nonlinear responses 

to deformation. This dissertation provides examples of how rheology can aid in the design of novel 

therapies and complex materials by revealing how molecular-level events manifest as changes in 

bulk material properties over time. 

In the first part of this dissertation (Chapters 2 and 3), we use rheology to quantify the 

effectiveness of localized collagenase treatments at reducing tumor stiffness through in vivo 

digestion studies. Enzyme localization is achieved via co-injection of LiquoGelTM (LQG), a 

thermoresponsive polymer that undergoes a sol-gel transition upon heating and reduces enzyme 

diffusion from the injection site. In Chapter 2, we examine how collagenase Clostridium 

histolyticum (CCH) injections soften uterine fibroids. We first established that all tissues exhibit 

gel-like material behavior in the linear viscoelastic regime. Next, we demonstrated through ex vivo 

and in vivo fibroid digestion studies that CCH injections reduced tissue modulus and increased 

viscoelasticity after 48 hours, and that these effects were heightened by co-injection of LQG. 

Through histological staining, we related changes in rheology to tissue physiology as increased 

collagen lysis was observed after treatment by LQG+CCH.  

In Chapter 3, we evaluate how liberase (Lib) treatments affected the linear and nonlinear 

rheological behavior of 4T1 mammary tumors in mice. We observed that single injections of 

localized Lib (LQG+Lib) resulted in significantly smaller tumor volumes and lower tissue moduli 



compared to buffer- and free Lib-injected tumors. A contrasting trend was observed after multiple 

injections; LQG+Lib tumors remained the smallest in volume but had the highest moduli, which 

was attributed to a mechanotransductive mechanism. Finally, we performed large amplitude 

oscillatory shear experiments and observed that at high strains and strain rates, all 4T1 tumors 

exhibited nonlinear rheological behavior, the onset and type of which was independent of 

treatment type and elastic modulus. 

The second part of this dissertation (Chapters 4 and 5) examines the interplay of chain 

growth and gelation that occurs during in situ photopolymerization of coordinated ionic liquids 

(ILs). In Chapter 4, we form coordinated ILs from varying molar ratios of 1-vinylimidazole (Vim) 

and lithium bistriflimide (LiTf2N) and evaluate how composition affects rheological property 

development, monomer conversion, and gelation. We observed three distinct regimes: (1) at low 

[LiTf2N], samples increased in complex shear modulus (G*) and conversion faster with increasing 

[LiTf2N] and behaved as rheological solutions; (2) at intermediate [LiTf2N], G* growth and 

conversion were maximized and samples underwent sol-to-gel transitions; (3) at high [LiTf2N], 

G* growth and conversion slowed with increasing [LiTf2N] and samples exhibited viscoelastic 

material behavior. Gelation was attributed to physical/ionic crosslinking via metal-ligand 

coordination between Li+ cations and pendant imidazole groups. Finally, we observed dark curing 

at high [LiTf2N] due to continued physical crosslinking after cessation of UV light. 

In Chapter 5, we further explore how variations in photoinitiator concentration, light 

intensity, and selection of the coordinating metal salt affect in situ photopolymerization of Vim-

based coordinated ILs. Increasing the photoinitiator concentration and light intensity both resulted 

in faster moduli growth and gelation under continuous illumination. Constant dosage experiments 

revealed that for all [LiTf2N], higher ultimate G* values are reached after lower intensity 



exposures, while dark curing is elevated after higher intensity exposures. Finally, we switched the 

metal salt from LiTf2N to lithium tetrafluoroborate (LiBF4) and observed that Vim/LiBF4 

coordinated ILs exhibited less microstructural development and dark curing, which we postulated 

resulted from relatively weaker ion pair dissociation and increased IL solution viscosities for LiBF4 

compared to LiTf2N. 
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CHAPTER 1 

Introduction 

1.1. Motivation 

Soft matter encompasses materials that are easily deformed and for whom thermal 

fluctuations play an important role in determining their properties.1,2 This wide-ranging class of 

materials includes polymers, gels, emulsions, foams, and even biological samples such as the 

tissues in our bodies.3 Many soft materials are neither perfectly elastic solids nor Newtonian 

solutions, and instead exhibit viscoelastic and/or nonlinear responses to deformation.4,5 

Understanding how these types of materials deform and flow is critical to predicting their behavior 

and for designing new materials with desired properties. The term ‘rheology’ was coined in 19296 

to denote “the science of the deformation and flow of matter.” Using rheology, we can characterize 

flow and microstructural properties7 to aid in the design of novel therapies and complex materials. 

In this dissertation, we use rheology as the principal tool to study two seemingly disparate 

areas that fall within the broad scope of soft matter research: developing and quantifying the 

effectiveness of localized collagenase treatments at reducing the stiffness of tumors, and 

examining the interplay of chain growth and gelation that occurs during in situ 

photopolymerization of coordinated ionic liquids. Underlying the entirety of this dissertation is a 

desire to further our understanding of how molecular-level events manifest as changes over time 

in microstructural and bulk material properties. More details on each topic of research can be found 

at the end of this chapter (Section 1.3) and in the individual dissertation chapters.  
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1.2. Background 

The following sections in Chapter 1 provide short overviews of some of the key concepts 

utilized and explored throughout this dissertation. However, the dissertation chapters are self-

contained and are designed to be read individually.  

1.2.1. Extracellular Matrix (ECM) 

Biological tissue is composed of cells and extracellular matrix (ECM) derived from those 

cells which work together to carry out a specific function. The ECM is composed of water, 

proteoglycans, and fibrous proteins and provides structural support to the tissue by acting as a 

scaffold to which cells can adhere. Additionally, the ECM transmits biochemical and 

biomechanical cues which are necessary to direct tissue morphogenesis, cellular differentiation, 

and homeostasis.8 A diagram showing some of the primary components of the ECM is shown 

below in Figure 1.1. 

 

 

Figure 1.1. Diagram of the extracellular matrix. From Avissar et al.9 
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Tumors, both benign (such as uterine fibroids) and malignant (such as mammary 

carcinomas), possess abnormal ECM compositions and are stiffer than the surrounding normal 

tissue due to excess ECM deposition by fibroblasts.8 Physical stimuli from the tumor 

microenvironment can alter cellular signaling pathways through a process called 

mechanotransduction.10 As a tumor grows and stiffens, cells within the tumor release growth 

factors in response. Growth factors encourage further tumor growth and ECM deposition, leading 

to a vicious positive-feedback loop of tumor growth.8 

Because of the important role that the ECM plays in the structure and development of 

tumors, inhibition of ECM components is a promising therapeutic strategy.11,12 These approaches 

often take the form of inhibiting production of ECM-remodeling enzymes to reduce ECM 

deposition.13,14 Alternatively, ECM proteins can be directly targeted with enzymes (such as 

collagenases15–18 or hyaluronidases19,20) to reduce tissue stiffness. Drug delivery systems can be 

used to increase the effectiveness of ECM-digesting enzymes.16,21,22 

1.2.2. Thermoresponsive Polymers for Drug Delivery 

Polymer carriers are often used to achieve sustained drug release by reducing diffusion of 

the therapeutic agent.23 One route of accomplishing this is through the use of macroscopic 

hydrogels, which can be pre-loaded with therapeutics and then surgically implanted for delivery 

to the site of interest.24 An alternative and often advantageous approach that avoids the need for 

surgery is to use polymers which can be injected as a liquid and then transition to the gel state in 

situ.23 This can be accomplished by exploiting the demixing behavior of certain polymer solutions 

in response to temperature. The lower critical solution temperature (LCST) is the critical 

temperature below which components of a mixture (i.e. polymer and solvent) are miscible at all 

compositions. The LCST occurs at the minimum points of both the binodal (coexistence) and 
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spinodal curves in a phase diagram and is dependent upon pressure and dispersity of the polymer.25 

An example phase diagram of a mixture with an LCST is presented in Figure 1.2. 

 

 

Figure 1.2. Schematic illustration of a two-phase system with a lower critical solution temperature 

(LCST). From Gebauer et al.26 

 

The most common techniques for experimentally determining the phase diagram and LCST 

are turbidity detection using ultraviolet-visible spectroscopy and calorimetry.25 Immiscibility in 

aqueous polymer solutions is entropically driven27 and occurs inside the phase envelope due to 

hydrophobic interactions. At low temperatures outside of the binodal curve (point A in Figure 

1.2), the polymer is hydrophilic and associates with water molecules through hydrogen bonding. 

Hydrogen bonding interactions are greater than van der Waals interactions between hydrophobic 

parts of the polymer, leading to the formation of an ordered hydration layer. As temperature 

increases, the relative strength of hydrophobic interactions also increases.25 By increasing the 

temperature and/or changing the composition to a point inside the binodal curve (point B or C in 



   

5 
 

Figure 1.2), the hydrophobic effect liberates the water molecules that were bound to the polymer, 

exposing hydrophobic areas which can now spontaneously associate. This causes intra- and 

intermolecular aggregation leading to collapse of individual polymer chains and polymer 

precipitation, which leads to macroscopic phase separation. Within the metastable region (point 

B), phase separation occurs by binodal demixing and nucleation, whereas in the unstable region 

(point C) phase separation occurs by spontaneous spinodal decomposition.26 The transition from a 

hydrated polymer chain to a globular conformation is commonly called the “coil-to-globule 

transition”27 and can be measured in dilute solutions using light scattering. The coil-to-globule 

transition is illustrated in Figure 1.3. 

 

 

Figure 1.3. Coil-to-globule transition of a polymer in aqueous solution. From Zhang et al.27 

 

Poly(N-isopropylacrylamide) (pNIPAM) is among the most commonly studied 

thermoresponsive polymers.28 It has an LCST of ~32 ºC, making it suitable for biomedical 

applications and drug delivery,29 though it is not biodegradable.30 Many types of molecular 

architectures of pNIPAM have been created, such as branched polymers31 and microgels,29,32,33 

along with numerous random and blocky copolymers.25,34–37 
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1.2.3. Photopolymerization and Photocuring 

Light is another external stimulus which can be utilized to synthesize and modulate the 

state of materials in a controlled manner. During a photopolymerization reaction, a photoinitiator 

is typically required to covert the energy of the light into a reactive species (such as a radical or 

ion) which then drives chain growth via monomer propagation.38 A schematic illustrating this 

process is shown below in Figure 1.4. 

 

 

Figure 1.4. General presentation of photoinitiated polymerization. From Yagci et al.39 

 

Photopolymerization can be performed at ambient temperatures, allows for spatial control 

via stereolithographic techniques, and decreases the risk of side reactions compared to thermally-

induced polymerizations.39 Light can also be used to induce formation of three-dimensional 

networks; this process is known as photocrosslinking or photocuring. Photopolymerization and 

photocrosslinking can occur simultaneously when multifunctional monomers (often acrylates) are 

included in the reactants.40–42 Photocured materials are used in a variety of industries, including 

adhesives, coatings, additive manufacturing, and for biomedical applications.43–45 
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1.2.4. Coordinated Ionic Liquids 

Ionic liquids (ILs) are salts that are molten below 100 ºC and are typically composed of an 

organic cation and anion. They possess many favorable properties, such as high conductivity and 

low volatility, making them promising materials for industrial separations and electrochemical 

applications.46,47 The chemical and physical properties of ILs are highly tunable, as nearly infinite 

combinations of cations and anions can be selected.48 Coordinated ILs can be formed from 

mixtures of uncharged ligands with easily dissociable metal salts. They differ from traditional ILs 

by containing coordination complexes as one or more of their ionic constituents, as opposed to 

solely molecular ions.49,50  

Polymerized ILs (PILs), which contain an IL species in each repeat unit, can be formed 

from ILs or coordinated ILs that contain reactive sites, such as vinyl or acryloyl groups. PILs 

provide many advantages over ILs such as enhanced mechanical strength, processability, and 

durability.51,52 Photopolymerization at ambient temperatures is a common route for PIL 

synthesis53–55 as it allows for spatial control and decreases the risk of side reactions.39,56 

Coordination of metal ions to multiple ligands can lead to the formation of pre-polymerization 

structures that bring polymerizing groups into closer proximity, resulting in enhanced reaction 

rates.57 A visualization of coordinated IL segregation into monomer-rich and IL-rich domains is 

presented in Figure 1.5. 
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Figure 1.5. Visualization of how lithium bistriflimide (LiTf2N, a metal salt) addition to 

vinylimidazole (VIm, an uncharged ligand) induces segregation into VIm-rich and IL-rich 

domains in the coordinated IL. Adapted from Hamilton et al.57 

 

While the reaction kinetics of photopolymerizing IL systems have been previously 

characterized,50,54,56,58–60 the evolution of mechanical and/or rheological properties during PIL 

synthesis has not been explored. Understanding how the material strength and state changes as the 

reaction proceeds is critical for the design of tailored PIL materials. 

1.2.5. Rheology 

Rheology is a measurement technique used to characterize the flow and microstructure 

properties of samples. Rheological experiments can be divided into two main categories according 

to the type of shear deformation applied, steady or oscillatory. In steady shear flow experiments, 

a fluid is continuously deformed over a range of shear rates (γ̇) while the resulting shear stress (τ) 

is measured. The viscosity (η) at each shear rate can then be calculated according to Equation 1.1: 
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𝜏𝜏 = 𝜂𝜂�̇�𝛾    (1.1) 

For Newtonian fluids, the viscosity is independent of the shear rate. The flow profiles of Non-

Newtonian fluids are more complex, and can include shear-thinning, shear-thickening, and/or yield 

stress behaviors. 

In dynamic oscillatory shear experiments, a sinusoidal deformation (γ) is applied to the 

sample according to Equation 1.2: 

𝛾𝛾 = 𝛾𝛾0 sin(𝜔𝜔𝜔𝜔)    (1.2) 

where γ0 is the strain amplitude and ω is the oscillation frequency. Applying a sinusoidal strain to 

the sample results in a sinusoidal stress which is measured by the torque sensor of the rheometer. 

The measured stress (τ) will be shifted by a phase angle (δ) and is given by Equation 1.3: 

𝜏𝜏 = 𝜏𝜏0 sin(𝜔𝜔𝜔𝜔 + 𝛿𝛿)   (1.3) 

where τ0 is the stress amplitude. Using trigonometric identities, the stress wave can be decomposed 

into two components, one in-phase with the applied strain and one out-of-phase, as described in 

Equation 1.4: 

𝜏𝜏 = 𝜏𝜏0 cos(𝛿𝛿) sin(𝜔𝜔𝜔𝜔) + 𝜏𝜏0 sin(𝛿𝛿) cos(𝜔𝜔𝜔𝜔)  (1.4) 

From this, we can define two material functions, the elastic/storage modulus (G’) and the 

viscous/loss modulus (G”), which are presented in Equations 1.5-7: 

𝜏𝜏 = 𝛾𝛾0[𝐺𝐺′ sin(𝜔𝜔𝜔𝜔) + 𝐺𝐺" cos(𝜔𝜔𝜔𝜔)]  (1.5) 

𝐺𝐺′ = (𝜏𝜏0 𝛾𝛾0⁄ ) cos(𝛿𝛿)   (1.6) 

𝐺𝐺" = (𝜏𝜏0 𝛾𝛾0⁄ ) sin(𝛿𝛿)   (1.7) 
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G’ measures the amount of energy stored by the material during one cycle of oscillation, while 

G” measures the amount of energy dissipated in the same cycle.61 Additional quantities that can 

be derived from G’ and G” include tan δ (a measure of viscoelasticity) and the complex modulus 

(G*), which are defined in Equations 1.8 and 1.9, respectively: 

tan 𝛿𝛿 = 𝐺𝐺" 𝐺𝐺′⁄    (1.8) 

𝐺𝐺∗ = �(𝐺𝐺′)2 + (𝐺𝐺")2   (1.9) 

There are multiple types of dynamic oscillatory experiments that can be performed. In an 

amplitude sweep, the oscillation frequency is held constant while the strain amplitude is increased. 

At low strain amplitudes, the stress and strain are linearly proportional and both G’ and G” remain 

constant with increasing amplitude. The range of stress or strain amplitudes over which G’ and G” 

are constant is referred to as the linear viscoelastic regime (LVE), and experiments conducted 

within the LVE are referred to as small amplitude oscillatory shear (SAOS) experiments. At the 

higher strain amplitudes explored in large amplitude oscillatory shear (LAOS) experiments, the 

stress waveforms become distorted. As a result, G’ and G” become dependent on the applied strain 

amplitude, and nonlinear viscoelastic behaviors can be observed.62,63 A schematic illustrating the 

transition from linear to nonlinear material responses is presented below in Figure 1.6. 
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Figure 1.6. Schematic illustration of a strain sweep experiment conducted at constant frequency. 

Under small amplitude oscillatory shear (SAOS) testing conditions in the linear regime, the stress 

response is a sinusoidal wave. In the nonlinear regime under large amplitude oscillatory shear 

(LAOS) conditions, the stress waveform is distorted. From Vasconcelos de Farias64 

 

Another common oscillatory experiment is a frequency sweep, in which the strain 

amplitude is held constant at a value within the LVE while the oscillation frequency is varied. This 

ensures that the measurement does not affect the microstructure (non-destructive). The shapes of 

the G’ and G” curves vs. frequency give an indication of the type of material being measured. An 

ideal solution will exhibit G” > G’ over the entire range of applied frequencies, with G’ ~ ω2 and 

G” ~ ω. For an ideal gel, G’ > G” throughout, and both curves are independent of frequency.65 

Plots of these ideal curves are shown below in Figure 1.7. 
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Figure 1.7. Elastic (G’) and viscous (G”) moduli behavior as a function of frequency (ω) for an 

ideal (a) solution and (b) gel. 

 

Additional types of oscillatory experiments can also be performed when the strain 

amplitude and oscillation frequency are both kept constant and a third parameter (such as 

temperature or time) is instead varied. Values for gelation temperature or gelation time can be 

approximated from the modulus crossover points on plots of G’ and G” vs temperature or time, 

respectively, as shown in Figure 1.8. Using a photocuring accessory for the rheometer, in situ time 

sweep experiments can be performed under UV illumination to capture photogelation.61,66,67 
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Figure 1.8. (a) Example oscillatory temperature sweep for 15 wt% Pluronic F127, with the 

gelation temperature identified. From Dou et al.68. (b) Example oscillatory time sweep of a thiol-

ene system during UV curing, with the gelation time (tgel) identified. From Chiou and Khan61 

 

1.3. Dissertation Scope 

The overall goal of this thesis is to use rheology to expand our understanding of complex 

and dynamic materials through two different research thrusts. In the first thrust, we developed 

novel injectable enzymatic treatments for uterine fibroids (Chapter 2) and breast cancer (Chapter 

3) and used rheology to evaluate how these injections affected tissue stiffness through in vivo 

digestion studies. Both of these studies included co-injection of LiquoGel (LQG), a 

thermoresponsive NIPAM-based polymer that transitions upon heating from an injectable solution 

to a gel, which we hypothesized would reduce diffusion from the injection site via physical 

entrapment within the gel. In Chapter 2, we establish that rheology can be used to measure 

biological tissues and that all tissues exhibit gel-like material behavior in the linear regime. Next, 

we demonstrate how single injections of free or localized collagenase affect the modulus and 
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viscoelasticity of human uterine fibroid tissues through ex vivo and in vivo case studies. Finally, 

we relate the observed changes in rheology to tissue physiology through histological staining of 

parallel fibroid samples. In Chapter 3, we evaluate the response of mouse mammary tumors to 

localized injections of liberase (a blend of collagenase and thermolysin enzymes). We present 

results from two in vivo studies and observe how tumor size and linear rheological behavior are 

affected by either a single treatment injection or by a series of multiple treatment injections. We 

then analyze the results of LAOS experiments on breast cancer tumors from the multiple-injection 

study to characterize their nonlinear viscoelastic behavior and examine whether the onset and type 

of nonlinearity are affected by enzymatic treatment injections. 

In the second research thrust, we seek to understand how UV light affects coordinated ionic 

liquids ILs containing reactive groups, which provide a tunable medium for bulk polymerization 

and network formation. Rheology is used to monitor the in situ photopolymerization of 

coordinated ILs formed from the mixture of 1-vinylimidazole (Vim) and lithium bistriflimide 

(LiTf2N). In Chapter 4, we form coordinated ILs from varying molar ratios of Vim and LiTf2N 

and measure how coordinated IL composition affects rheological property development, 

coordination-induced gelation, and dark curing behavior under a single set of UV exposure 

conditions. Comparison of the photorheological data to results from parallel Fourier transform 

infrared spectroscopy experiments allows us to observe the interplay between reaction conversion 

and network formation, and we postulate a likely mechanism by which LiTf2N affects 

photopolymerization behavior. In Chapter 5, we further probe the same coordinated IL system 

(Vim/LiTf2N) and report how parameters such as photoinitiator content, UV light intensity, and 

exposure time affect the photorheology. We also explore the effect of anion selection by switching 

the metal salt from LiTf2N to lithium tetrafluoroborate (LiBF4).  
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In addition to the main topics of this dissertation, I have had the opportunity during my 

time in graduate school to work on a number of additional projects. One such project consisted of 

producing electrospun, thermally-crosslinked nanofiber mats for removal of metal ions from 

aqueous solutions out of poly(vinylimidazole), the product synthesized by the vinylimidazole 

photopolymerization reaction employed in Chapters 4 and 5. Details of this work can be found in 

Appendix D. 
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CHAPTER 2 

Using Rheology to Quantify the Effects of Localized Collagenase Treatments on Uterine 

Fibroid Digestion 

Ria D. Corder, Sashi V. Gadi, Robert C. Vachieri, Friederike L. Jayes, John M. Cullen, Saad A. 

Khan, and Darlene K. Taylor 

2.1. Abstract 

Uterine fibroids are stiff, benign tumors composed of excessive, disordered collagens that 

occur in up to 70-80% of women before age 50 and cause bleeding and pain. The most common 

treatment for fibroids is surgical removal via myomectomy or hysterectomy, which can result in 

fertility loss. Collagenase Clostridium histolyticum (CCH) is a bacterial enzyme capable of 

digesting the collagens present in uterine fibroids. By combining CCH with injectable drug 

delivery systems to enhance effectiveness, novel treatments could be developed to reduce the 

stiffness of uterine fibroids, preventing the need for surgical removal and preserving fertility. In 

this work, we used rheology to quantify the effects of localized CCH injections on the digestion 

of uterine fibroids through ex vivo and in vivo studies. Localization of CCH via physical 

entrapment was achieved through co-injection with a thermoresponsive pNIPAM-based polymeric 

delivery system called LiquoGel (LQG), which undergoes a sol-gel transition upon heating. 

Toxicity study results for LQG injected subcutaneously into mice demonstrated that LQG did not 

induce lesions or other adverse effects in mice. We observed that uterine fibroids exhibited gel-

like rheological behavior. Through an ex vivo digestion study, we demonstrate that CCH injections 

reduce the tissue modulus by over two orders of magnitude and increase the tissue viscoelasticity 

of fibroids 48 hours post-injection, and that these effects are enhanced by co-injection of LQG. 

Rheological results from an in vivo digestion study in mice again show a statistically significant 
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reduction in tissue modulus and increase in tissue viscoelasticity 7 days after a single injection of 

LQG+CCH. Parallel histological staining validates that the observed changes in rheological 

properties correspond to an increase in collagen lysis after treatment by LQG+CCH. These results 

show promise for development of novel injectable enzymatic therapies for uterine fibroids and 

other dense tumors. 

2.2. Introduction 

Uterine fibroids (also called leiomyomas) are stiff, benign tumors composed of altered, 

disordered, and crosslinked collagens (types I, III, and V)1 which cannot be digested by 

endogenous mammalian collagenases.2 These fibrotic tumors occur in 70-80% of women before 

age 50 and interfere substantially with daily life by causing excessive uterine bleeding, pelvic pain, 

infertility and pregnancy complications.3,4 In the United States, the economic burden of uterine 

fibroids is estimated to be between $5.9 and $34.4 billion.5 Fibroids are 2-3 fold stiffer than 

matched myometrial tissue6 and can range widely in size from <1 cm to >10 cm, as shown visually 

in Figure 2.1. The increased stiffness of uterine fibroids (a result of excess extracellular matrix 

deposition) has been shown to directly affect tumor growth through mechanotransduction,1,4 a 

process by which physical stimuli can alter cellular signaling pathways.7,8 Fibroids are the leading 

cause for hysterectomy, which is the most common method of treatment for fibroids. Other FDA-

approved treatment methods include uterine artery embolization and magnetic resonance-guided 

focused ultrasound therapy, however the former method results in a loss of fertility and the latter 

often requires additional follow-up therapies upon fibroid regrowth after treatment.3 Thus, there is 

a need to develop novel fertility-preserving and minimally-invasive treatments for uterine fibroids. 
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Figure 2.1. Images of (a) small and (b) large uterine fibroids. 

 

Collagenase Clostridium histolyticum (CCH) is a bacterial collagenase enzyme that can 

digest collagens present in uterine fibroids.9 CCH cleaves collagen types I, II, and III while sparing 

type IV, which is present within connective tissue surrounding arteries, veins, and nerves,10 

preventing damage to surrounding healthy tissue. Calcium is required for enzyme activation.11 

CCH has received FDA approval (trade name: Xiaflex) for local injection to treat two medical 

indications, Peyronie’s disease and Dupuytren’s contracture.11–15 The safety and efficacy of CCH 

injections have been tested and only minimal side effects have been documented.14,16 In-vivo, 

serum proteins inhibit CCH, inactivating it upon entry into circulation within the bloodstream.17 
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Pharmacokinetic analysis has shown that CCH plasma levels are undetectable within 30 min of 

injection,18 indicating that it is also quickly cleared from systemic circulation. Rapid inhibition and 

clearance along with diffusion from the injection site make repeat injections of CCH often 

necessary when treating its two current indications.16 

Injections of CCH are not yet approved for uterine fibroids. A previous study has 

demonstrated the effectiveness of CCH towards softening of uterine fibroids ex-vivo.16 

Histological staining of fibroids with Masson’s trichrome showed a significant decrease in degree 

of fibrosis at 96-hours post-injection. A recent phase 1 clinical trial of injectable CCH treatments 

for uterine fibroids reported no clinically significant adverse effects, and patients reported 

decreases in fibroid-related pain at 24-48 hours, 4-8 days, and 60-90 days post-injection.19 While 

these clinical trial results are very promising, there exists potential to enhance treatment 

effectiveness by improving the CCH delivery system. 

Thermoresponsive materials which undergo a lower critical solution temperature (LCST) 

phase transition below body temperature are well suited for injectable drug delivery, as they can 

be injected as liquids at low or room temperature and then undergo entropically-driven20 sol-gel 

transitions upon heating to physiological temperature. Poly(N-isopropylacrylamide) (pNIPAM) is 

among the most widely studied thermoresponsive polymers.21 It has an LCST of ~32 ºC in aqueous 

solution, making it attractive for biomedical applications and drug delivery.22 Various architectures 

of pNIPAM, such as branched polymers23 and microgels22,24,25 have been created, as well as 

numerous copolymers26–30 with both random and blocky architectures. A drawback of pNIPAM 

and pNIPAM-based materials is that they exhibit syneresis (expulsion of water from the gel) over 

time when heated above the LCST, leading to gel contraction and shrinkage. The addition of 

hydrophilic monomers to pNIPAM, such as acrylic acid (AAc), has been shown to reduce 



   

29 
 

syneresis.24 An additional drawback is that pNIPAM is not biodegradable or resorbable by the 

body. To overcome this, biodegradable monomers or macromers such as lactides can be co-

polymerized with NIPAM to facilitate polymer breakdown and clearance from the body.31 

LiquoGelTM (LQG) is an engineered injectable, biodegradable, and thermoresponsive 

polymeric drug delivery system.3,32 It consists of a random tetrameric copolymer prepared by free 

radical polymerization of NIPAM (87 mol%), 2-hydroxyethyl methacrylate conjugated to 

poly(lactic acid) (HEMA-PLA, 7 mol%),  AAc (1 mol%), and methacrylated hyperbranched 

polyglycerol (HPG-MA, 9 mol%). The monomer structures are presented in Figure 2.2. NIPAM 

provides the thermogelling ability, HEMA-PLA adds biodegradability through hydrolysis of side-

chain ester bonds, AAc improves water retention within the gel and aids in bioadsorption of the 

degraded polymer,33 and HPG-MA provides hydrophilic cavities within the gel for molecular 

entrapment as well as additional biodegradability through acid-labile acetal linkages.34 LQG 

undergoes an LCST sol-gel transition at 25ºC (Figure A.1) and has been shown to not be toxic to 

cultured uterine fibroid cells.32  

 

 

 



   

30 
 

 

Figure 2.2. Structures of monomers and their mol percentages used to synthesize LQG copolymer: 

(a) N-isopropylacrylamide (NIPAM), (b) 2-hydroxyethyl methacrylate-poly (lactic acid) (HEMA-

PLA), (c) acrylic acid (AAc), and (d) hyperbranched polyglycerol-methacrylate (HPG-MA).  

 

Tissue stiffness can be quantified using a variety of techniques, such as by tensile and 

compressive testing,35,36 which can be difficult to perform on soft and deformable samples. 

Elastography techniques (including both ultrasound and magnetic resonance elastography) are 

indirect methods of evaluating tissue stiffness by measuring the speed of propagating shear waves 

within the tissue of interest,37,38 and are often used to diagnose uterine fibroids in vivo.39  Rheology 

is used to characterize the flow and microstructure properties of samples by measuring mechanical 

responses to imposed shear stresses or strains. Two important quantities, among many, that can be 

obtained by rheology include an elastic modulus (a measure of mechanical strength or stiffness) 

and viscoelasticity (relative viscous to elastic material characteristics). Modulus and 

viscoelasticity are both physiologically relevant for understanding cellular and tissue behavior;40,41 

as an example, Chester et al.42 demonstrated using microgel thin films of controlled elastic 
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modulus and variable viscoelasticity that substrate viscoelasticity affects the mechanotransduction 

responses of fibroblasts. Rheology has previously been used to measure porcine and murine 

lungs,43 cancerous tumors in mice,44 and uterine fibroids injected with CCH ex vivo.16 

In this work, we use rheology to quantify the effectiveness of novel localized enzymatic 

treatments at reducing the stiffness and increasing the viscoelasticity of uterine fibroids. We first 

present results from a toxicity study involving subcutaneous injections of LQG in mice to 

determine whether LQG is suitable for biological applications. We next evaluate how different 

types of treatment injections affect the modulus and viscoelasticity of fibroids after 48 hours of ex 

vivo incubation using rheology and histology. The four treatment types include two controls 

without enzymes, Tris buffer (TRIS) and LQG in Tris buffer (LQG), a free enzyme injection of 

CCH in Tris buffer (TRIS+CCH), and co-injection of LQG and CCH in Tris buffer (LQG+CCH). 

Finally, we demonstrate through an in vivo mouse study how the same four types of treatment 

injections affect fibroid digestion over time, by analyzing fibroids extracted from mice by rheology 

and histology at 1, 2, and 7 days post-injection. As no universally accepted spontaneous animal 

model for uterine fibroids currently exists,45 we use human uterine fibroid tissue transplanted into 

nude mice to mimic in vivo fibroid digestion. We hypothesize that in both the ex vivo and in vivo 

studies, co-injection of LQG will localize CCH to the injection site, leading to further collagen 

lysis and tissue softening compared to CCH alone. 

2.3. Experimental Section 

2.3.1. Materials 

Tris base (obtained from Sigma Aldrich), sodium chloride (obtained from VWR) and 

calcium chloride dihydrate (obtained from VWR) were used as received and were combined with 

deionized (DI) water to prepare the Tris buffer, pH 7.5 (Tris) containing 109 μM Tris base, 43 μM 
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sodium chloride and 0.3 mg/mL calcium chloride dihydrate. Collagenase, Type 5 from Clostridium 

histolyticum (for use in the ex vivo study) was obtained from Worthington Biochemical 

Corporation as a dialyzed, lyophilized powder and was reconstituted in Tris buffer to a 

concentration of 20 mg/mL. Collagenase Clostridium histolyticum, research grade (for use in the 

in vivo study) was provided by BioSpecifics Technologies Corporation as a lyophilized powder 

and was reconstituted in Tris buffer to 36 mg/mL. Phosphate-buffered saline, pH 7.4 (PBS) was 

obtained from ThermoFisher Scientific and diluted to 1x in DI water for use. The LiquoGel 

polymer (LQG) was synthesized via benzoyl peroxide-initiated free radical copolymerization of 

individual monomers as previously reported31 and as detailed in Appendix A. 

Human uterine fibroid tissue was obtained from consenting patients undergoing 

hysterectomies or myomectomies and enrolled in institutional review board protocol at Duke 

University. The tissues were de-identified; information about the subject and fibroid location were 

not recorded. The tissue was trimmed into 1 cm3 cubes (referred to from this point on as ‘fibroids’) 

and then stored at -80 ºC. The outside of each fibroid was labeled with a black marker. 

2.3.2. Laboratory Animal Use 

All procedures involving animal care and use were conducted in accordance with published 

guidelines (National Research Council’s Guide for the Care and Use of Laboratory Animals) and 

the U.S. Department of Agriculture’s Animal Welfare Act and were reviewed and approved by 

NCSU’s Institutional Animal Care and Use Committee. All mice were free from apparent disease 

upon arrival, were individually identified by ear punching, and were checked daily by laboratory 

animal care staff. Mice were periodically sampled directly for PCR testing for major pathogens in 

lieu of sentinel animals using IDEXX Laboratories (Westbrook, ME). They were double-housed 

in solid bottom polycarbonate caging with irradiated Bed-O-Cob 1/4" rodent bedding (Anderson), 
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cardboard and nylabone enrichment, and cages were changed twice weekly. Mice were fed Teklad 

2920 Irradiated Diet ad lib and offered tap or autoclaved water for the LQG toxicity and in vivo 

fibroid digestion studies, respectively. Cages were placed in filtered racks, maintained on a twelve-

hour light and dark cycle, and kept in rooms with controlled temperature (range 68-74ºF) and 

humidity (30-70%). 

2.3.3. LQG Toxicity Study 

Seventy-two specific pathogen-free female C57Bl/6 mice were obtained from Charles 

River Laboratories (Raleigh, NC). Mice were five to six weeks of age and weighed 16–25 g on 

arrival. The study began when mice were 7-8 weeks old. Baseline blood and serum were collected 

from each mouse for baseline evaluation of alanine aminotransferase (ALT) and blood urea 

nitrogen (BUN) levels. Each mouse received one injection into the lumbar subcutaneous tissue: a 

dosage of LQG in saline (100, 150, or 200 mg/kg mouse) or a saline control. Groups of 24 mice 

were euthanized at each designated end point (3, 6, and 10 days post-injection). Blood was 

collected immediately following euthanasia by cardiac puncture and serum was collected for ALT 

and BUN testing. Skin was collected to evaluate histological responses to the presence of LQG. In 

addition, livers, spleens, kidneys, hearts, lungs, brains, small and large intestines, pancreases, uteri, 

ovaries, and lymph nodes were also collected for histologic evaluation, and representative organs 

were fixed in 10% neutral buffered formalin for staining. 

2.3.4. Ex Vivo Fibroid Digestion Study 

Fibroids were individually thawed for 10-15 min by submerging in Tris media within 

sterile beakers on a hot plate at 37 ºC. After thawing, each fibroid was quickly transferred to a 

sterile petri dish and was injected with 50 μL of one of the following four treatments: Tris media 

control (TRIS), 300 μg of Worthington Type 5 CCH in Tris media (TRIS+CCH), 15 wt% LQG in 
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Tris media (LQG), or 15 wt% LQG and 300 μg Worthington Type 5 CCH in Tris media 

(LQG+CCH), with 2-3 fibroids in each treatment group. The syringes and needles used for 

treatment injections were chilled to prevent LQG from thermogelling within the needle, and 

injections were done into the center of the fibroid. After injection, fibroids were placed back into 

beakers filled with Tris media and placed into an incubator. After 48 hours of incubation, cubes 

were removed from the incubator, bisected, and photographed. One half of the cube was flash 

frozen on dry ice for later rheological analysis, while the other half was fixed in 10% formalin for 

histology. 

2.3.5. In Vivo Fibroid Digestion Study 

Fibroids were individually rinsed with sterile PBS and then thawed for 10-15 min by 

submerging in PBS within sterile beakers on a hot plate at 37 ºC. After thawing, each fibroid was 

quickly transferred to a sterile petri dish and was injected with 50 μL of one of the following four 

treatments: Tris media control (TRIS), 300 μg of BioSpecifics CCH in Tris media (TRIS+CCH), 

15 wt% LQG in Tris media (LQG), or 15 wt% LQG and 300 μg BioSpecifics CCH in Tris media 

(LQG+CCH), with 4-6 fibroids in each treatment group at each time point. As in the ex vivo study, 

the syringes and needles used for treatment injections were chilled to prevent LQG from 

thermogelling within the needle, and injections were done into the center of the fibroid cube. 

Thirty-one severely immune-deficient female NOG mice (NOD.Cg-Prkdcscid Il2rgtm1sug/JicTac) 

were obtained from Taconic Biosciences (Germantown, NY). The mice were five to six weeks of 

age and weighed 20–25 g at the time of arrival. Mice were placed on heating pads and anesthetized 

with 1-2% isoflurane by inhalation in a biohazard hood. Following surgical site preparation, two 

1-1.5 cm long skin incisions were made in the caudal third of the right and left dorsal flanks of 

mice. Fibroids were then inserted subcutaneously through the incision (2 per mouse). After 
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insertion, the incisions were closed with 4-0 nylon sutures. Pain was controlled using 

buprenorphine/meloxicam (0.05-0.2 mg/kg and 1-2 mg/kg, respectively) and mice were observed 

for one hour post-operatively or until they were alert and active. At designated end points (1, 2, 

and 7 days post-implantation), mice were euthanized by deep inhalation anesthesia using 

isoflurane and bilateral thoracotomy. The implanted fibroids were then removed, bisected, and 

photographed. One half of the cube was flash frozen on dry ice for later rheological analysis, while 

the other half was fixed in 10% formalin for histology. 

2.3.6. Sample Preparation for Rheology 

Each bisected fibroid cube was thawed and sliced individually immediately prior to 

rheological measurement. Fibroids stored at -80 ºC were allowed to partially thaw in a room-

temperature petri dish, Using a surgical scalpel, a ~2 mm thick slice was cut as close to the center 

of the original cube as possible. A disk of tissue (8 mm in diameter, ~2 mm thick) was created 

using an 8 mm biopsy punch. The fibroid disk was hydrated with a few drops of PBS and brought 

up to 37 ºC in an incubator and equilibrated for 2-3 minutes. 

2.3.7. Rheological Measurement 

A Discovery Hybrid Rheometer-3 (DHR-3, TA Instruments) was used for all 

measurements. The temperature was fixed at 37 ± 0.1 ºC by an Advanced Peltier Plate. To keep 

the samples hydrated during the measurement, an immersion cell (manufactured by TA 

Instruments) was secured around the bottom Peltier plate. The bottom and top geometries were 

both 8 mm crosshatched parallel plates. A constant gap height of 1600 μm was used for all 

experiments; we chose to keep the gap height constant for all samples after running preliminary 

experiments at either constant compression or constant gap height with chicken breast meat 

(Figure A.2 and additional discussion in Appendix A).  After loading the tissue onto the 
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rheometer, ~40 mL of PBS preheated to 37 ºC was added to the immersion cell until the sample 

was fully immersed. The axial force at the beginning of the experiment was between 0.03 and 0.08 

N. Samples were first equilibrated at 37 ºC for 2 min, and then a frequency sweep experiment was 

performed (ω = 0.04-40 rad/s). The oscillation strain was selected as 0.5%, which was within the 

linear viscoelastic regime of both control and CCH-digested uterine fibroids. 

Error bars displayed on graphs of rheological data represent a 95% confidence interval (± 

1.96 standard error). Tukey-Kramer honest significant difference tests were performed using JMP 

Pro 14 (SAS Institute) at a significance levels of α = 0.05 and 0.01 to simultaneously test all 

pairwise comparisons among means between treatment groups. For the in vivo study data, pairwise 

comparisons were only performed between groups of fibroids extracted on the same day (1, 2, or 

7) and not across different time points. 

2.3.8. Histology 

Fixed organs (from the toxicity study) and fibroids (from the ex vivo and in vivo studies) 

were processed routinely into paraffin. Sections were cut from the paraffin at 4 μm thickness and 

stained with hematoxylin and eosin. All samples were evaluated histologically by two individuals, 

one a board-certified veterinary pathologist. Fibroids from the in vivo study were scored 

subjectively for the extent of the loss of integrity of the collagen, identified as loss of histologic 

detail for collagen fibers. A 5 point scale was employed using the following scheme: 0 = no lysis, 

1 = <10%, 2 = 10-30%, 3 = 30-50%, 4 = 50-75% and 5 = >75% lysis. The outer edges of the 

fibroids were not evaluated due to the presence of progressive autolysis developed over the course 

of the ex vivo and in vivo studies since the fibroid tissues were not viable.  

The scores from the 5-point scale were summarized by treatment group as continuous 

variables using mean and median and as an ordinal variable using frequency. For the purpose of 



   

37 
 

regression modeling, we defined a dichotomized outcome to represent no lysis (score = 0) and 

some degree of lysis (score > 0). A marginal model using generalized estimating equations (GEE) 

with logit link and compound-symmetric working correlation structure was used to model some 

degree of lysis (score > 0) as a function of treatment group and day as main effects. Comparisons 

between treatment groups included: TRIS+CCH vs TRIS, TRIS+CCH vs LQG, LQG+CCH vs 

LQG, and LQG+CCH vs TRIS+CCH. Odds ratios and 95% confidence intervals are presented. 

All analyses were performed in SAS 9.4 (SAS Institute). 

2.4. Results and Discussion 

2.4.1. LQG Toxicity Study 

Prior to conducting fibroid digestion studies with LQG, we investigated the toxicity of 

LQG in an animal model. Mice injected with either saline or LQG at dosage levels of 100, 150, 

and 200 mg/kg in saline were examined by gross pathology and by histopathology. The primary 

finding was evidence of a response to the injected material in the subcutaneous space. This 

response consisted primarily of aggregate foamy macrophages that were phagocytosing the 

injected material. Steatitis (inflammation of fatty tissue) was observed in only a single sample. A 

summary of the skin lesion occurrences are presented in Table 2.1. At each designated end point 

(days 3, 6, and 10), there was an increasing incidence of subcutaneous macrophage aggregates 

associated with the LQG dosage and the most frequently affected group was the 200 mg/kg LQG 

group, suggesting the presence of dose-related incidence. No lesions occurred in the saline-

injection group, and no trend was evident between the designated end point and the number of 

subcutaneous macrophage aggregates. It was generally difficult to find the site of injection by 

gross inspection, so it is possible that some reaction sites were missed. 
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Table 2.1. Summary of skin lesion occurrences (subcutaneous macrophage aggregates, minimal 

or steatitis, focal) in mice injected with saline and three dosages of LQG in saline (100, 150, and 

200 mg/kg) that were euthanized at three designated end points (3, 6, and 10 days post-injection). 

There were 6 mice per treatment group except where otherwise noted. 

Day Treatment group Subcutaneous macrophage aggregates  Steatitis 
3 Saline 0 0 
3 100 mg/kg LQG 0 1 
3 150 mg/kg LQG 2 0 
3 200 mg/kg LQG 2 0 
6 Saline 0 0 
6 100 mg/kg LQG* 2 0 
6 150 mg/kg LQG 3 0 
6 200 mg/kg LQG 3 0 
10 Saline 0 0 
10 100 mg/kg LQG 0 0 
10 150 mg/kg LQG 1 0 
10 200 mg/kg LQG 2 0 

            *One skin sample went missing prior to analysis. 
 

A few additional findings were noted from histological analysis of the skin samples. There 

were occasionally a small number of associated neutrophils, and the adipocytes (fat cells) were 

occasionally necrotic or formed clear cystic spaces in the subcutaneous region. The clear spaces 

likely contained lipids which were extracted during the tissue processing. However, these changes 

were observed in all treatment groups, including the saline-injected group. There were also a few 

examples of inflammation in the underlying muscle, suggesting that some injections extended into 

the muscle rather than terminating in the subcutaneous space. The response to the injected material 

is typical for various forms of foreign material with an influx of macrophages and scant associated 

inflammatory cells.  

There were no significant lesions in any of the organs from any of the treatment groups 

other than unilateral hydronephrosis in one mouse (from the day 3, 100 mg/kg LQG treatment 
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group). Representative hematoxylin and eosin stains of various organs are displayed in Figure 

A.3. There were occasional scattered foci of mononuclear inflammatory cells with necrotic 

hepatocytes associated with the inflammation found in the liver. This lesion is typically attributed 

to bacteria in the portal vein that have penetrated the GI mucosa and is a common background 

finding in mice. There was no treatment-related association with incidence and this change is 

regarded as a background finding. Results from blood and serum analysis (presented in Table A.1) 

revealed little difference in BUN or ALT levels after treatment injections. Overall, the toxicity 

study results demonstrate that LQG does not induce adverse effects in mice, making it a suitable 

polymer carrier for collagenase in in vivo digestion studies. 

2.4.2. Rheological Characterization of Uterine Fibroids 

Prior to analyzing treated fibroids collected from the ex vivo or in vivo digestion studies, 

we first characterized three untreated control fibroids through frequency sweep experiments. In a 

frequency sweep experiment, the elastic and viscous moduli (G’ and G”, respectively) of a material 

are measured over a range of oscillation frequencies. The material state (solution vs. gel) can then 

be characterized from the shape of the G’ and G” curves. When both G’ and G” exhibit frequency-

dependence and G” dominates over G’, the material is classified as a solution. In contrast, gel-like 

behavior is characterized by G’ and G” both being independent of frequency and G’ > G” at all 

frequencies. Additionally, the magnitudes of G’ and G” are indicators of material strength. The 

rheological data presented in Figure 2.3 reveal that fibroids exhibit gel-like rheological behavior, 

as G’ is larger than G” for each fibroid across all frequencies and both G’ and G” are relatively 

independent of frequency. To quantify fibroid strength and viscoelasticity, and later to quantify 

the effects of collagenase treatments on fibroids, we chose to analyze two response variables for 

each fibroid. The value of G’ at frequency ω = 1 rad/s was chosen as the measure for tissue 
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modulus, while the value of tan δ (defined as ≡ G”/G’) was used to evaluate tissue viscoelasticity 

at the same frequency ω = 1 rad/s. Higher values of tan δ indicate samples that are more 

viscoelastic. The average tissue modulus of these three untreated uterine fibroids was evaluated as 

4560 ± 1770 Pa. This modulus value is of the same order of magnitude as that measured by atomic 

force microscopy (Figure A.4), providing an accuracy benchmark for our rheological results. We 

also observe from Figure 2.3 that sample variability of uterine fibroids is relatively high (19.7% 

standard error in tissue modulus between the three samples and 6.5% standard error in tissue 

viscoelasticity). This variability is likely due to the inherent heterogeneity of fibroids46 and is 

further explored in the discussion of Figure A.2. 

 

 

Figure 2.3. Frequency (ω) sweep results for three untreated control fibroids, showing that fibroids 

exhibit gel-like rheological behavior. 
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2.4.3. Ex Vivo Fibroid Digestion Study 

We subsequently examined how co-injection of LQG affects fibroid digestion by CCH 

through an ex vivo study. Pictures of fibroids after 48 h of ex vivo digestion are shown in Figure 

A.5, and representative histology images are given in Figure A.6. The aggregated rheological data 

(tissue modulus and viscoelasticity) as a result of treatment is presented in Figure 2.4.  

 

 

Figure 2.4. Rheological results for (a) tissue modulus and (b) tissue viscoelasticity, both evaluated 

at frequency 1 rad/s, for ex vivo fibroids injected with TRIS, TRIS+CCH, LQG, or LQG+CCH 

and incubated for 48 hours. Significance level of ** denotes p < 0.01. 
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First, we turn our attention to the tissue modulus data in Figure 2.4a. Fibroids injected 

with TRIS buffer remained the stiffest after 48 h, with an average tissue modulus of 7890 ± 3220 

Pa. Injection of TRIS+CCH significantly reduced the tissue modulus (compared to TRIS) by over 

an order of magnitude to 224 ± 85.8 Pa (p = 0.006). Fibroids injected with LQG had a slightly 

lower modulus (5040 ± 1260 Pa) than those injected with TRIS. Localized collagenase injections 

by LQG+CCH resulted in the softest fibroids, resulting in an average tissue modulus 65.7 ± 15.3 

Pa. This reduction of over two orders of magnitude was statistically significant relative to TRIS (p 

= 0.009), but not relative to LQG (p = 0.091). 

Next, we examine the tissue viscoelasticity data presented in Figure 2.4b. TRIS-injected 

fibroids had the lowest tissue viscoelasticity (and thus the most elastic character) at 0.155 ± 0.038. 

The viscoelasticity of fibroids injected with LQG was similar at 0.159 ± 0.003. Injection of free 

CCH (TRIS+CCH) increased the tissue viscoelasticity to 0.178 ± 0.009, while localizing the 

collagenase to the injection site (LQG+CCH) resulted in fibroids with the highest average 

viscoelasticity of 0.191 ± 0.009. Due to low N (2-3 samples per treatment group) and a more 

narrow range of values for tan δ, no significant differences in tissue viscoelasticity were observed 

between treatment groups (p > 0.05) for all. The results from the preliminary ex vivo study 

demonstrate that co-injection of LQG with CCH results in a greater degree of fibroid digestion 

after 48 h compared to injection of CCH alone. The next step was to establish whether the same 

trend holds true in a more extensive in vivo study. 

2.4.4. In Vivo Fibroid Digestion Study 

As mentioned previously, there currently exists no universally accepted spontaneous 

animal model for uterine fibroids,45 so human uterine fibroid tissue was instead transplanted into 

nude mice to allow for analysis of in vivo digestion by CCH. For the in vivo study, the source of 
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CCH was switched from Worthington Type 5 to the commercial CCH formulation developed by 

BioSpecifics Technologies Corporation, which was recently used in a phase I clinical trial for 

treatment of uterine fibroids.19 In Figure A.7, we show that treatment with either CCH enzyme ex 

vivo resulted in nearly identical frequency sweep spectra post-digestion.  

The rheological data from the in vivo digestion study, stratified by treatment group and 

extraction day, are presented in Figure 2.5. We observe from Figures 2.5a and 2.5b that on day 

1, all treatment groups exhibited similar tissue moduli and viscoelasticities. Differences begin to 

emerge on day 2; while the TRIS and LQG treatment groups remain close in average tissue moduli 

(5070 ± 2030 Pa and 5420 ± 1300 Pa, respectively), fibroids injected with TRIS+CCH exhibited 

a lower tissue modulus of 3320 ± 1510 Pa. Fibroids injected with LQG+CCH were even lower in 

modulus at 2120 ± 675 Pa, which was significantly lower than the LQG treatment group (p = 

0.025). The tissue viscoelasticity results from day 2 also reveal comparable trends, as the TRIS 

and LQG treatment groups have very similar average tissue viscoelasticities of 0.140 ± 0.002 and 

0.138 ± 0.003, respectively. Injections of TRIS+CCH increased the tissue viscoelasticity to 0.147 

± 0.015, while injections of LQG+CCH increased the viscoelasticity even further to 0.156 ± 0.004, 

which was a significant difference compared to the LQG treatment group (p = 0.032). 
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Figure 2.5. Rheological results for (a) tissue modulus and (b) tissue viscoelasticity, both evaluated 

at frequency 1 rad/s, for in vivo fibroids injected with TRIS, TRIS+CCH, LQG, or LQG+CCH and 

extracted after 1, 2, or 7 days. Significance level of * denotes p < 0.05, while ** denotes p < 0.01. 

 

Values for average tissue modulus and viscoelasticity remain relatively unchanged for 

TRIS, TRIS+CCH, and LQG from day 2 to day 7. While this is expected for the TRIS and LQG 

treatment groups which lack enzyme, it is a notable result for TRIS+CCH because it indicates that 

no further enzymatic digestion occurred after the first two days. This could be due to CCH 

diffusing out of the implanted cube, where it can then become inhibited by serum proteins47 and 
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get cleared from the mouse. In contrast, fibroids treated with LQG+CCH showed a further 

reduction in average tissue modulus to 602 ± 442 Pa at day 7. This result was statistically 

significant compared to all three other treatment groups (p = 0.002 compared to TRIS, p = 0.039 

compared to LQG, and p = 0.043 compared to TRIS+CCH). The tissue viscoelasticity data in 

Figure 2.5b also illustrates that LQG+CCH-injected fibroids also increased their viscous nature 

from day 2 to day 7, reaching an average tissue viscoelasticity of 0.169 ± 0.019 which was 

significantly higher than the other treatment groups at day 7 (p = 0.012 compared to TRIS, p = 

0.021 compared to LQG, and p = 0.0483 compared to TRIS+CCH). While the changes in fibroid 

tissue modulus and viscoelasticity after injection with LQG+CCH were lower in magnitude in the 

in vivo study as compared to the ex vivo study (likely due to enzyme inhibition), these results 

illustrate the potential for using localized collagenase treatments to soften uterine fibroids. 

Finally, histological staining of fibroids from the in vivo digestion study with hematoxylin 

and eosin was conducted to evaluate treatment effects on collagen lysis. A summary of the original 

and dichotomized histological scores (on a 5-point scale) is presented in Table 2.2, while the 

means and medians are provided in Table A.2. Representative histology images are presented in 

Figure 2.6. Evaluation of the fibroids revealed regions of loss of collagen fiber integrity to varying 

degrees. Scoring subjectively revealed that on day 1, TRIS- and TRIS+CCH-treated fibroids 

appeared to have the greatest degree of collagen lysis and that LQG+CCH increased collagen lysis 

compared to LQG. By day 2, there was greater collagen lysis scored in the LQG+CCH group 

compared to other groups. On day 7, a similar finding was seen with the localized LQG+CCH 

collagenase treatment having the greatest effect on lysis. Affected regions of lysis were not always 

positioned in the center of the cube and were often in eccentric sites, suggesting that the sampling 

and the injection site were not always aligned. Because the implanted fibroid cubes were not viable 
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once they were removed from the donated tissue, there was progressive spontaneous breakdown 

(autolysis) of the tissue that composed the cubes over the seven day study period. Consequently, 

the edges of the cubes were not counted in the evaluation of the cubes. 

 

Table 2.2. Summary of histological scores of collagen lysis in fibroids from the in vivo digestion 

study. Fibroids were evaluated on a 5 point scale using the following scheme: 0 = no lysis, 1 = 

<10%, 2 = 10-30%, 3 = 30-50%, 4 = 50-75% and 5 = >75% lysis. 

 TRIS TRIS+CCH LQG LQG+CCH Total 
Day 1      
 N = 6 N = 6 N = 5 N = 5 N = 22 
Original score      

0 6 (100.0%) 1 (16.7%) 4 (80.0%) 3 (60.0%) 14 (63.6%) 
1 0 (0.0%) 4 (66.7%) 1 (20.0%) 2 (40.0%) 7 (31.8%) 
3 0 (0.0%) 1 (16.7%) 0 (0.0%) 0 (0.0%) 1 (4.5%) 

Dichotomized score      
0 6 (100.0%) 1 (16.7%) 4 (80.0%) 3 (60.0%) 14 (63.6%) 

1-3 0 (0.0%) 5 (83.3%) 1 (20.0%) 2 (40.0%) 8 (36.4%) 
Day 2      
 N = 5 N = 4 N = 6 N = 6 N = 21 
Original score      

0 4 (80.0%) 2 (50.0%) 5 (83.3%) 1 (16.7%) 12 (57.1%) 
1 1 (20.0%) 1 (25.0%) 1 (16.7%) 2 (33.3%) 5 (23.8%) 
2 0 (0.0%) 1 (25.0%) 0 (0.0%) 2 (33.3%) 3 (14.3%) 
3 0 (0.0%) 0 (0.0%) 0 (0.0%) 1 (16.7%) 1 (4.8%) 

Dichotomized score      
0 4 (80.0%) 2 (50.0%) 5 (83.3%) 1 (16.7%) 12 (57.1%) 

1-3 1 (20.0%) 2 (50.0%) 1 (16.7%) 5 (83.3%) 9 (42.9%) 
Day 7      
 N = 5 N = 5 N = 4 N = 4 N = 18 
Original score      

0 3 (60.0%) 3 (60.0%) 4 (100.0%) 1 (25.0%) 11 (61.1%) 
1 1 (20.0%) 1 (20.0%) 0 (0.0%) 2 (50.0%) 4 (22.2%) 
2 1 (20.0%) 1 (20.0%) 0 (0.0%) 1 (25.0%) 3 (16.7%) 

Dichotomized score      
0 3 (60.0%) 3 (60.0%) 4 (100.0%) 1 (25.0%) 11 (61.1%) 

1-2 2 (40.0%) 2 (40.0%) 0 (0.0%) 3 (75.0%) 7 (38.9%) 
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Figure 2.6. Hematoxylin and eosin stains of representative fibroids: (a) score = 0, TRIS day 2, (b) 

score = 0, LQG day 2, (c) score = 1, LQG+CCH day 1, (d) score = 2, LQG+CCH day 7, (e) score 

= 3, LQG+CCH day 2, (f) score = 3, TRIS+CCH day 1. All images were taken at 5X magnification 

except (f) which was taken at 10X. 

 

From the GEE regression model, treatment groups were significantly associated with the 

odds of having some degree of lysis after controlling for day (p = 0.002). Among the comparisons 

of interest (Table 2.3), we observed significantly higher odds of having some degree of lysis when 

comparing the TRIS+CCH with TRIS (OR = 6.69; 95% CI = 1.05, 42.82; p = 0.045). Similarly, 

TRIS+CCH (OR = 10.37; 95% CI = 1.62, 66.50; p = 0.014) and LQG+CCH (OR = 13.23; 95% 

CI = 2.72, 64.44; p = 0.001) also showed significantly higher odds of having some degree of lysis 

compared to LQG. However, no significant difference in the outcome was observed between 

LQG+CCH and TRIS+CCH (OR = 1.28; 95% CI = 0.28, 5.79; p = 0.752), though significant 

differences in tissue modulus and viscoelasticity were observed between those two treatment 



   

48 
 

groups. Overall, histological analysis supports the rheological data in demonstrating that localized 

injections of collagenase more effectively digest collagen and soften uterine fibroids in vivo up to 

7 days post-injection compared to treatment with CCH alone. 

 

Table 2.3. Comparisons between treatment groups of odds ratios (OR) with 95% confidence 

intervals (CI) and p-values for fibroids from the in vivo digestion study having some degree of 

lysis. The GEE regression model used to obtain the odds ratios included treatment group and day 

as main effects. 

Variables OR (95% CI) p-value 
TRIS+CCH vs TRIS 6.69 (1.05, 42.82) 0.045 
TRIS+CCH vs LQG 10.37 (1.62, 66.50) 0.014 
LQG+CCH vs LQG 13.23 (2.72, 64.44) 0.001 

LQG+CCH vs TRIS+CCH 1.28 (0.28, 5.79) 0.752 
 

2.5. Conclusions 

We used rheology to quantify the effects of localized collagenase injections on the 

digestion of uterine fibroids through ex vivo and in vivo studies. Toxicity study results for LQG 

injected subcutaneously into mice demonstrated that LQG did not induce lesions or other adverse 

effects in mice, making it a suitable polymer carrier for collagenase in biological applications. 

Uterine fibroids exhibited gel-like rheological behavior. A preliminary ex vivo digestion study 

demonstrated that CCH injections reduce the tissue modulus and increase the tissue viscoelasticity 

48 hours post-injection, and that these effects are enhanced by co-injection of LQG. Rheological 

results from the in vivo study show a statistically significant reduction in tissue modulus and 

increase in tissue viscoelasticity 7 days after a single injection of LQG+CCH. Parallel histological 

staining and scoring analysis validates that the observed changes in rheological properties 
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correspond to an increase in collagen lysis after treatment by LQG+CCH. These results show 

promise for development of novel injectable collagenase therapies for not only uterine fibroids, 

but also for a variety of tumors exhibiting dense ECM with elevated collagen contents, such as 

colorectal, pancreatic, and breast cancer tumors.48–50 
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CHAPTER 3 

Linear and Nonlinear Rheology of Liberase-Treated Breast Cancer Tumors 

Ria D. Corder, Robert B. Vachieri, Megan Martin, Darlene K. Taylor, Jodie M. Fleming, and 

Saad A. Khan 

3.1. Abstract 

Extracellular matrix (ECM) rigidity has been shown to increase the invasive properties of 

breast cancer cells, promoting transformation and metastasis through mechanotransduction. 

Reducing ECM stiffness via enzymatic digestion could be a promising approach to slowing breast 

cancer development by de-differentiation of breast cancer cells to less aggressive phenotypes and 

enhancing the effectiveness of existing chemotherapeutics via improved drug penetrance 

throughout the tumor. In this study, we examine the effects of injectable liberase (a blend of 

collagenase and thermolysin enzymes) treatments on the linear and nonlinear rheology of 

xenograft 4T1 mouse mammary tumors. We perform two sets of in vivo mouse studies, in which 

either one or multiple treatment injections occur before the tumors are harvested for rheological 

analysis. The treatment groups in each study consist of a buffer control, free liberase enzyme in 

buffer, a thermoresponsive polymer called LiquoGel (LQG) in buffer, and a combined, localized 

injection of LQG and liberase. All tumor samples exhibit gel-like linear rheological behavior with 

the elastic modulus significantly larger than the viscous modulus and both independent of 

frequency. Tumors that received a single injection of localized liberase have significantly lower 

tumor volumes and lower tissue moduli at both the center and edge compared to buffer- and free 

liberase-injected control tumors, while tissue viscoelasticity remains relatively unaffected. Tumors 

injected multiple times with LQG and liberase also have lower tissue volumes, but possess higher 

tissue moduli and lower viscoelasticities compared to the other treatment groups. We propose that 
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a mechanotransductive mechanism could cause the formation of smaller but stiffer tumors after 

localized liberase injections. Large amplitude oscillatory shear (LAOS) experiments are also 

performed on tissues from the multiple injection study and the results are analyzed using MITlaos. 

LAOS analysis reveals that all 4T1 tumors from the multiple injection study exhibit nonlinear 

rheological behavior at high strains and strain rates. Examination of the Lissajous-Bowditch 

curves, Chebyshev coefficient ratios, elastic moduli, and dynamic viscosities demonstrate that the 

onset and type of nonlinear behavior is independent of treatment type and elastic modulus, 

suggesting that multiple liberase injections do not affect the nonlinear viscoelasticity of 4T1 

tumors. 

3.2. Introduction 

Breast cancer is the most commonly diagnosed type of cancer in women worldwide.1 The 

American Cancer Society estimates that 279,100 individuals will be newly diagnosed with 

invasive breast cancer in the United States in 2020 and 42,690 will die as a result of the disease.2 

Breast cancer is expected to account for 30% of all new cancer cases and 15% of cancer-related 

deaths in females.2 The tumor microenvironment (TME), which contains both numerous cells 

types (such as pro-tumorigenic immune cells, fibroblasts, adipocytes, and microvasculature) and 

extracellular matrix (ECM) generated and organized from the TME,3 serves an important role in 

determining the progression of cancer.3–6 The ECM is primarily composed of water and fibrous 

proteins (such as collagens, fibronectin, laminins, glycosaminoglycans, and proteoglycans), the 

exact composition of which varies between tissue types and even heterogeneously within the same 

tissue.7 The ECM provides structural support to the tissue by acting as a scaffold to which cells 

can adhere, while also transmitting the biochemical and biomechanical cues necessary to direct 

tissue morphogenesis, cellular differentiation, and homeostasis.7 The most abundant fibrous 
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protein in the ECM is collagen, contributing up to 30% of the total protein mass of a multicellular 

animal.7 Collagens are secreted by fibroblasts and organized into different microstructures, both 

fibrillar and non-fibrillar.8 The role of collagens in the ECM is to provide tensile strength, regulate 

cell adhesion, and support chemotaxis and migration.6,7 

Many medical conditions can result from abnormalities in ECM proteins, such as 

osteogenesis imperfecta and coronary heart disease.9 Tumors, both benign and cancerous, also 

have abnormal ECM compositions. Tumors are stiffer than the surrounding normal tissue due to 

excess ECM deposition by fibroblasts.7 Physical stimuli can alter cellular signaling pathways 

through a process called mechanotransduction.10,11 As a tumor grows and stiffens, cells within the 

tumor release growth factors in response. Those growth factors promote angiogenesis and 

increased ECM deposition, leading to a vicious positive-feedback loop of tumor growth.7,12 The 

ECM of the mammary gland becomes progressively stiffer during tumor progression due to 

increased deposition and cross-linking of ECM components such as collagen.5,13 Triple-negative 

breast cancers (TNBCs), which lack estrogen receptors, progesterone receptors and excess HER2 

protein, make up approximately 15% of all breast tumors.14 TNBC tumors display a significant 

increase in the number of fibroblasts present, which increase the matrix stiffness through ECM 

remodeling.5,15 Mouse mammary carcinoma 4T1 cells are an animal model for stage IV TNBC.16 

Chemotherapeutic agents are the only Food and Drug Administration-approved agents for treating 

non-metastatic TNBCs, and more effective therapies for patients with metastatic TNBCs are 

needed.17  

Because of the important roles that ECM plays in the progression of breast cancer, 

inhibition of ECM components is a promising therapeutic strategy.3,13 These approaches primarily 

take the form of inhibiting ECM-remodeling enzymes.18 For example, Nilsson et al.19 
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demonstrated that inhibition of collagen cross-linking enzymes in the lysyl oxidase family led to 

decreased tumor growth and metastasis. Other studies have attempted to modify the breast cancer 

ECM directly using collagenase enzymes as therapeutic agents. Riegler et al.20 demonstrated that 

collagenase-D injections reduced the collagen content and stiffness of 4T1 tumors in vivo after 24 

hours. Pan et al.21 used co-injections of collagenase-I and trastuzumab (a monoclonal antibody) 

with a thermosensitive hydrogel system composed of PLGA-PEG-PLGA triblock copolymer to 

inhibit growth of and induce collagen digestion in HER2-positive BT474 tumors in vivo. They 

observed a four-fold reduction in collagen density, nine-fold reduction in vascular density, and 

fewer side effects caused by trastuzumab after 28 days.21 

Liberase is an enzyme blend containing highly purified class I and II collagenases (isolated 

from Clostridium histolyticum) and thermolysin (isolated from Bacillus thermoproteolyticus).22,23 

Collagenases are matrix metalloproteinases which digest both water-insoluble native collagens and 

water-soluble denatured collagens in the triple helix region, while thermolysin is a 

metallopeptidase that cleaves peptide ponds at the N-terminus of many hydrophobic amino acids.24 

The liberase enzyme blend was optimized for isolation of human islet cells22 and has also been 

used to isolate human ovarian follicles.25 

The mechanical strength of tissues can be quantified using a variety of techniques, such as 

by tensile and compressive testing,20,26 which can be difficult to perform on soft and deformable 

samples. Nanoindentation27 and atomic force microscopy28 provide a high degree of spatial 

resolution and allow for mapping of tissue heterogeneity, but adhesion between the indenter tip 

and the sample can interfere with measurements27 and cause large variations among individual 

measurements of the same sample.29 Elastography techniques (including both ultrasound and 

magnetic resonance elastography) are indirect methods of evaluating tissue stiffness by measuring 
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the speed of propagating shear waves within the tissue of interest; shear waves travel faster in stiff 

tissues and slower in soft tissues.30,31 This assumption limits elastography to utilization only in the 

linear viscoelastic regime, in which the shear moduli are constant with respect to the applied strain 

or deformation.31 Ultrasound elastography has been used to quantify the elasticity of Achilles 

tendons32 and of mouse melanoma and carcinoma tumors,20 while magnetic resonance 

elastography has been used to quantify the elastic stiffness of model ECM systems consisting of 

cross-linked collagen gels33 and of bovine liver specimens.34 

Rheology is a measurement technique used to characterize the flow and microstructure 

properties of samples by measuring a material’s response to imposed deformations. Two important 

quantities, among many, that can be obtained by rheology include an elastic modulus (a measure 

of mechanical strength) and viscoelasticity (relative viscous to elastic material characteristics), 

both of which are physiologically relevant to understanding cellular and tissue behavior. For 

example, Chester et al.35 fabricated microgel thin films of controlled elastic modulus and variable 

viscoelasticity and demonstrated that substrate viscoelasticity affects the mechanotransduction 

responses of fibroblasts. Rheological characterization is commonly explored in the small 

amplitude oscillatory shear (SAOS) regime, in which the total applied deformation is small enough 

to probe the microstructure without disturbing it. SAOS experiments are used to evaluate a 

sample’s linear viscoelasticity. In contrast, large amplitude oscillatory shear (LAOS) experiments 

can be used to evaluate the nonlinear viscoelastic material response to large strain amplitudes and 

deformations, making this a useful technique for measuring tissue properties under physiologically 

relevant conditions such as tissue injury.36 SAOS rheology has been used to characterize porcine 

and murine lungs,37 collagenase-treated human uterine fibroids,38 and a variety of cancerous 
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tumors in mice,39 while LAOS has been applied to human skin,40 bovine livers,36 and human vocal 

fold tissues.41 

In this work, we examine the effects of injectable liberase treatments on the linear and 

nonlinear rheological behavior of 4T1 breast cancer tumors. We first present SAOS rheological 

data for healthy human mammary tissue subjected to repeated cycles of freezing and thawing to 

highlight the need for consistent tissue handling protocols. Two different sets of in vivo mouse 

studies are then performed; in the first, tumors receive a single treatment injection and incubate 

for three days before harvesting, while in the second, tumors receive five injections over the course 

of nine days before harvesting. In each study, a subset of treatments also include co-injection of 

LiquoGel (LQG), a thermoresponsive N-isopropyl acrylamide-based polymer that transitions upon 

heating from an injectable solution to a gel and hydrolyzes over time.42 We hypothesize that co-

injecting LQG will reduce liberase diffusion from the injection site, allowing for further collagen 

digestion and tissue softening. Each study also includes two control treatments, injection buffer 

only (either Tris or PBS), and LQG in the injection buffer. Tumors from the first, single injection 

study are subjected to SAOS testing only to evaluate treatment effects on linear viscoelastic 

behavior, while tumors from the second, multiple injection study undergo both SAOS and LAOS 

testing to assess whether treatment injections cause deviations in the nonlinear behavior of breast 

cancer tumors. 

3.3. Experimental Section 

3.3.1. Materials 

Tris base (obtained from Sigma Aldrich), sodium chloride (obtained from VWR) and 

calcium chloride dihydrate (obtained from VWR) were used as received and were combined with 

deionized (DI) water to prepare the Tris buffer, pH 7.5 (Tris) containing 109 μM Tris base, 43 μM 
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sodium chloride and 0.3 mg/mL calcium chloride dihydrate. Liberase TL Research Grade, low 

thermolysin concentration (Lib) was obtained from Millipore Sigma as a lyophilized powder and 

was reconstituted in Tris to a stock concentration of 2.5 mg/mL. Matrigel Growth Factor Reduced 

Basement Membrane Matrix (Matrigel) was obtained from Corning and used as received. 

Phosphate-buffered saline, pH 7.4 (PBS) was obtained from ThermoFisher Scientific and diluted 

to 1x in DI water for use. The LiquoGel polymer (LQG) was synthesized via benzoyl peroxide-

initiated free radical copolymerization of individual monomers as previously reported42 and as 

detailed in Chapter 2. 

3.3.2. Single Injection In Vivo Mouse Study Protocol 

4T1 cells (ATCC) were cultured to 80% confluence. 1x104 cells were injected into the right 

mammary gland of 20 female nude mice in 30 μL of 50% PBS, 50% Matrigel to induce tumor 

formation (NCCU IACUC Protocol No. JF-11-09-2011). Mice were randomly distributed into four 

treatment groups (5 mice per group). Once the tumors were palpable (designated as day 0), they 

were injected with 30 μL one of the following treatments: TRIS, Tris (control); TRIS+Lib, 0.01 

units of liberase in TRIS; LQG, 15 wt% LQG in TRIS; LQG+Lib, 15 wt% LQG and 0.01 units of 

liberase in TRIS. The mice were euthanized on day 3, at which point the tumors were harvested 

and measured by calipers to calculate tumor volume. The tumors were then snap frozen on dry ice 

and stored at -80 ºC. 

3.3.3. Multiple Injection In Vivo Mouse Study Protocol 

4T1 cells were again grown to 80% confluence. 5x105 cells were injected into the right 

mammary gland of 20 female nude mice in 30 μL of 50% PBS, 50% Matrigel to induce tumor 

formation. Mice were randomly distributed into four treatment groups (5 mice per group). The 

injection buffer was switched from to PBS from TRIS to reduce irritation to the mice. Once the 
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tumors were palpable (designated as day 0), they were injected with 30 μL one of the following 

treatments: PBS, 1x PBS (control); PBS+Lib, 0.01 units of liberase in PBS; LQG, 15 wt% LQG 

in PBS; LQG+Lib, 15 wt% LQG and 0.01 units of liberase in PBS. Treatment injections were 

repeated on days 2, 4, 6, and 9, for a total of five injections. Later on day 9, the tumors were 

harvested via survival surgery and their volume was measured using calipers. The tumors were 

then snap frozen on dry ice and stored at -80 ºC. Two mice (one in the PBS group, one in the LQG 

group) did not survive to day 9 and their tumors were excluded from the study. 

3.3.4. Sample Preparation for Rheology 

The tumors were labeled such that the rheological operator was blinded to the identity of 

the tumor until after all measurements had been conducted. Each tumor was thawed and sliced 

individually immediately prior to rheological measurement. Tumors stored at -80 ºC were allowed 

to partially thaw, from which two ~2 mm thick slices (center and edge) were cut. Using an 8 mm 

biopsy punch, a disk of tissue (8 mm in diameter, ~2 mm thick) was created from each slice. Both 

slices were hydrated with a few drops of PBS and brought up to 37 ºC in an incubator, where they 

equilibrated for 3 minutes. Either the center or edge slice was randomly selected to be measured 

first on the rheometer, while the other slice remained in the incubator for an additional ~30 min 

prior to measurement. 

3.3.5 Rheological Measurement 

A Discovery Hybrid Rheometer-3 (DHR-3, TA Instruments) was used for all 

measurements. The temperature was fixed at 37 ± 0.1 ºC by an Advanced Peltier Plate. To keep 

the samples hydrated during the measurement, an immersion cell (manufactured by TA 

Instruments) was secured around the bottom Peltier plate. The bottom and top geometries were 

both 8 mm crosshatched parallel plates. After loading the tissue onto the rheometer and bringing 
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the top plate down to the specified gap of 1.6 mm, ~40 mL of PBS preheated to 37 ºC was added 

to the immersion cell until the sample was fully immersed. The gap height was fixed at 1.6 mm 

for all experiments, and the axial force at the beginning of the experiment was between 0.03 and 

0.05 N. A schematic and picture of the experimental setup (prior to addition of PBS to the 

immersion cell) are shown below in Figure 3.1. 

 

 

Figure 3.1. (a) Schematic and (b) picture of a tissue disk loaded between 8 mm crosshatched 

parallel plates on a DHR-3 rheometer equipped with an immersion cell. The picture in (b) was 

taken prior to addition of PBS to the immersion cell. 

 

Samples were first allowed to equilibrate at 37 ºC for 2 min. Next, a frequency sweep 

experiment was performed (ω = 0.01-40 rad/s). The oscillation strain was selected as 0.5%, which 

was previously determined to be within the linear viscoelastic regime of breast cancer tumors. 

Samples from the single-injection study were only subjected to the frequency sweep experiment, 
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after which they were removed from the rheometer and discarded. Samples from the multiple-

injection study were subjected to an additional LAOS experiment (γ = 1-40%, ω = 1 rad/s) after a 

2 min equilibration period. Between samples, the immersion cell was drained and the plates were 

dried off in order to ensure good plate contact was made with each tissue. The strain (γ) and shear 

stress (τ) data from each strain amplitude level were input into the MITlaos MATLAB program43 

for analysis of nonlinear viscoelasticity using the default program settings. 

3.3.6. Freeze/Thaw Cycling of Healthy Human Mammary Tissue 

Frozen human mammary tissue originating from a single healthy individual was procured 

from the National Institutes of Health (NCCU IRB #1201027, de-identified and IRB X4 exempt). 

Three disks of tissue (8 mm diameter, ~2 mm thick) were obtained following the protocol outlined 

in Section 3.3.4 and their linear viscoelastic properties were measured following the frequency 

sweep protocol provided in Section 3.3.5. After measurement (referred to as thaw #1), each tissue 

disk was individually immersed in 1 mL of PBS, flash frozen, and stored on dry ice overnight. The 

next day, the disk was thawed in an incubator at 37 ºC and measured again on the rheometer 

(denoted as thaw #2). The freezing and thawing process was repeated one additional time for a 

total of three thaws per tissue disk. 

3.3.7. Statistical Analysis 

All error bars displayed on graphs represent a 95% confidence interval (± 1.96 standard 

error). Tukey-Kramer honest significant difference (Tukey HSD) tests were performed using JMP 

Pro 14 (SAS) at a significance level α = 0.05 to simultaneously test all pairwise comparisons 

among means between treatment groups within each individual study (single or multiple injection). 
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3.4. Results and Discussion 

3.4.1. Frequency Sweeps and Freeze/Thaw Cycling of Healthy Human Mammary Tissue 

We begin by examining the generic linear viscoelastic behavior of healthy human 

mammary tissues. Under SAOS testing conditions, G’ (elastic modulus) and G” (viscous modulus) 

exhibited similar frequency-dependent responses over the three freeze/thaw cycles. Frequency 

sweep results for the three tissue samples (denoted as Tissues #1-3) measured on thaw #1 are 

presented in Figure 3.2. All mammary tissues examined exhibited gel-like rheological behavior, 

with G’ > G” across all frequencies and G’ and G” being relatively independent of frequency.44 

This observed gel-like behavior makes intuitive sense, as ECM components impart solid character 

to the tissues. 

 

 

Figure 3.2. Frequency sweep data for three human mammary tissue samples (labeled as Tissues 

#1-3) measured on thaw #1, all of which exhibit gel-like rheological behavior. 
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Two parameters of interest were selected for analysis of the linear viscoelastic rheological 

data to quantify the effects of repeated freezing and thawing on the human mammary tissues, and 

later to compare between treatment groups in both in vivo breast cancer tumor studies. The elastic 

modulus (G’) at frequency ω = 1 rad/s was chosen as the measure for tissue modulus, while the 

value of tan δ (defined as ≡ G”/G’) was used to evaluate tissue viscoelasticity at the same frequency 

ω = 1 rad/s. The average tissue moduli and viscoelasticities of the three tissue samples measured 

after each of the three thaws are shown below in Figure 3.3. We observe that repeated cycles of 

freezing and thawing decreases the average tissue modulus and increases the average tissue 

viscoelasticity. A decrease in elastic modulus after subjection to freezing and thawing was 

previously observed for porcine lung tissues.37 The results in Figure 3.3 can be attributed to the 

formation of damaging ice crystals within the tissue45 and highlight the need for consistent tissue 

handling protocols. Going forward, all 4T1 tumors from the in vivo mouse studies were measured 

on the initial thaw to minimize experimental artifacts. 
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Figure 3.3. Effects of repeated freeze/thaw cycling on the (a) tissue modulus (G’ at ω = 1 rad/s) 

and (b) tissue viscoelasticity (tan δ at ω = 1 rad/s) of healthy human mammary tissue. 

 

3.4.2. Single Injection Study Results: Tumor Volume and Linear Viscoelasticity 

As with the human mammary tissues, all 4T1 mouse mammary tumors exhibited gel-like 

rheological behavior, regardless of the imposed treatment. Results for two representative tumors 

are presented below in Figure 3.4. 
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Figure 3.4. Frequency sweep data for two representative tumor samples (labeled as Tumor #1 and 

Tumor #2), both of which exhibit gel-like rheological behavior. 

 

Treatment with the matrix-degrading collagenase enzymes contained in liberase can reduce 

the collagen density and number of collagen crosslinks in the tumor,46 but does not affect other 

ECM proteins such as fibronectin or glycosaminoglycans, leaving the solid nature of the tumor 

intact. The effects of a single treatment injection after 3 days of in vivo incubation are shown in 

Figure 3.5. The tumor volume data presented in Figure 3.5a illustrates that the TRIS-treated 

tumors had the highest average final tumor volume (1350 ± 350 mm3) compared to the other 

treatment groups. TRIS+Lib reduced the final tumor volume to 861 ± 269 mm3. LQG had little 

effect on the final tumor volume (1220 ± 690 mm3) compared to the TRIS buffer control. The 

localized injection treatment of LQG+Lib caused the largest decrease in final tumor volume to 434 

± 325 mm3, and this difference was statistically significant compared to the TRIS buffer control 

group (p = 0.0467). 
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The tissue modulus data presented in Figure 3.5b reveal that the tissue modulus for tumors 

injected with the TRIS buffer control was higher at the edge (2520 ± 590 Pa) than at the center 

(1490 ± 245 Pa). This same trend holds for the tumors injected with TRIS+Lib, where the tissue 

modulus at the edge (1840 ± 465 Pa) was higher than at the center (1530 ± 442 Pa). Comparing 

TRIS with TRIS+Lib, the effect of a single free liberase injection on tissue modulus appears 

minimal. For LQG-treated tumors, the tissue modulus at the center (1910 ± 1000 Pa) is slightly 

higher than that at the edge (1670 ± 587 Pa). Tumors treated with LQG+Lib displayed the lowest 

tissue moduli at both the center (1210 ± 406 Pa) and edge (1070 ± 264 Pa), suggesting that a single 

localized collagenase injection acts to soften 4T1 breast cancer tumors. The reduction in tissue 

modulus was statistically significant for LQG+Lib center vs. TRIS edge (p = 0.044) and LQG+Lib 

edge vs. TRIS edge (p = 0.018). The slightly higher observed G’ values at the tumor center 

compared to the edge for LQG and LQG+ Lib could perhaps be due to LQG polymer remaining 

concentrated at the tumor center; however, the amount of polymer injected was quite low (~ 7.5 

μg), so we expect that these differences are more likely due to experimental variability. 
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Figure 3.5. Effect of single injection treatment on (a) final tumor volume, (b) tissue modulus (G’ 

at ω = 1 rad/s) and (c) tissue viscoelasticity (tan δ at ω = 1 rad/s), split by location of tissue slice 

(center vs. edge). Significance level of * denotes p < 0.05. 

 

The tissue viscoelasticity data presented in Figure 3.5c demonstrate that for all treatment 

groups, the average tissue viscoelasticity (tan δ) was higher at the tumor center compared to the 
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edge, and that treatment appears to have no discernible effect on tan δ. Differences in tan δ between 

the tumor center and edge slices reflect the 4T1 tumor morphology; as the tumors rapidly grow 

outwards, an inner necrotic core develops, while proliferating cells (which continue to deposit 

ECM) remain on the outer edge.47 Thus, the higher tan δ values at the tumor centers reflect the 

increased viscous nature of the necrotic core.  

Overall, the results from the single injection study suggest that LQG+Lib may be a 

promising treatment to reduce the size and mechanical strength (G’) of 4T1 tumors without 

affecting tissue viscoelasticity. We hypothesized that injecting the tumors multiple times with 

LQG+Lib could induce a more dramatic response. In the next section, we explore how 4T1 tumors 

responded to repeated treatment injections.  

3.4.3. Multiple Injection Study Results: Tumor Volume and Linear Viscoelasticity 

The effects of multiple treatment injections over 9 days of in vivo incubation are presented 

in Figure 3.6. The tumor volume data presented in Figure 3.6a shows that the two control injection 

groups (PBS and LQG) once again had the highest average final tumor volume (1440 ± 761 mm3 

for PBS, and 1610 ± 1240 mm3 for LQG) compared to the other treatment groups. PBS+Lib 

reduced the final tumor volume to 870 ± 479 mm3, while the localized injection treatment of 

LQG+Lib caused the largest decrease in final tumor volume to 302 ± 166 mm3. This time, the 

difference in tumor volume between PBS and LQG+Lib was not statistically significant (p = 

0.090). 
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Figure 3.6. Effect of multiple-injection treatment on (a) final tumor volume, (b) tissue modulus 

(G’ at ω = 1 rad/s) and (c) tissue viscoelasticity (tan δ at ω = 1 rad/s), split by location of tissue 

slice (center vs. edge). 
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The tissue modulus data for the multiple injection study is presented in Figure 3.6b. The 

tissue modulus for PBS-injected tumors was nearly equal at the center (1160 ± 438 Pa) and at the 

edge (1110 ± 650 Pa). For PBS+Lib, the tissue modulus at the edge (1420 ± 718 Pa) was higher 

than at the center (1023 ± 256 Pa). Direct comparison of PBS with PBS+Lib reveals that multiple 

free liberase injections did not have a more pronounced softening effect. In a similar fashion to the 

single-injection study, LQG-injected tumors had a higher tissue modulus at the center (1480 ± 706 

Pa) than that at the edge (1190 ± 701 Pa). In stark contrast to the single-injection study, LQG+Lib 

had the highest tissue modulus at both the center (2170 ± 1260 Pa) and edge (1550 ± 1050 Pa). 

Due to experimental variability, this increase in tissue modulus was not statistically significant (p 

> 0.05 compared to all other treatment groups). Figure 3.5c demonstrates that LQG+Lib causes 

the lowest observed tissue viscoelasticity at the tumor center, and that LQG+Lib tumors were 

slightly more viscoelastic at the tumor edge than at the center. For the other three treatment groups, 

the average tissue viscoelasticity was higher at the tumor center compared to the edge, matching 

the trend established in Figure 3.6c. 

Upon first glance, the data presented in Figures 3.6b and 3.6c appear counterintuitive, as 

one would expect that repeated enzymatic injections would act to soften, not stiffen, tumors. We 

postulate that the trends of final tumor volume, tissue modulus, and tissue viscoelasticity from 

Figure 3.6 can be related through a mechanotransductive mechanism. A schematic detailing this 

possible mechanism is presented in Figure 3.7. Tumors treated with PBS (Figure 3.7a) contain a 

stiff microenvironment, which induces an invasive cellular phenotype and promotes outward 

tumor growth. As the tumors grow larger, ECM (purple lines) deposition occurs evenly throughout 

the tumor, leading to similar modulus values obtained at the center versus the edge of the tumors. 

In contrast, the local tumor microenvironment is softened by treatment with LQG+Lib (Figure 
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3.7b), which discourages outward growth and leads to the formation of smaller tumors. Tumor 

cells concentrated at the center of the tumor deposit ECM locally, leading to higher G’ and lower 

tan δ values observed at the center compared to the edge of the tumors. 

 

 

Figure 3.7. Schematic explaining how the tumor volume and modulus trends (Figures 3.6a-b) 

may be related through mechanotransduction.  

 

As no statistically significant differences between treatment groups were observed in the 

multiple injection study, repeat studies containing more tumor replicates will be needed in order 

to validate these results. In an attempt to elucidate more distinctions between the treated and 

untreated 4T1 tumors in the multiple-injection study, we turn to LAOS analysis of tumor nonlinear 

viscoelasticity. 
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3.4.4. Multiple Injection Study Results: MITlaos Analysis of Nonlinear Viscoelasticity 

Upon moving from the linear to the nonlinear regime by increasing to large strain 

amplitudes, the linear viscoelastic parameters G’ and G” become no longer suitable for describing 

a sample since the nonlinear stress response is not a single-harmonic sinusoid.43 To interpret these 

higher harmonics in a physically meaningful matter, Ewoldt et al.43 expanded upon the concept of 

orthogonal decomposition introduced by Cho et al.48 and used Chebyshev polynomials to describe 

the elastic (σ’) and viscous (σ”) stress responses as follows: 

𝜎𝜎′ = 𝛾𝛾0 ∑ 𝑒𝑒𝑛𝑛(𝜔𝜔, 𝛾𝛾0)𝑇𝑇𝑛𝑛( 𝛾𝛾
𝛾𝛾0

)𝑛𝑛:𝑜𝑜𝑜𝑜𝑜𝑜   (3.1) 

𝜎𝜎" = �̇�𝛾0 ∑ 𝑣𝑣𝑛𝑛(𝜔𝜔, 𝛾𝛾0)𝑇𝑇𝑛𝑛( �̇�𝛾
�̇�𝛾0

)𝑛𝑛:𝑜𝑜𝑜𝑜𝑜𝑜   (3.2) 

where γ is the imposed strain, γ0 is the strain amplitude (largest imposed strain in each oscillatory 

cycle), γ̇ is the strain rate, γ̇0 is the strain rate amplitude, and Tn is the nth-order Chebyshev 

polynomial of the first kind.43 The two quantities en and vn are the elastic and viscous Chebyshev 

coefficients and are given by: 

𝑒𝑒𝑛𝑛 = 𝐺𝐺𝑛𝑛′ (−1)
𝑛𝑛−1
2     (3.3) 

𝑣𝑣𝑛𝑛 = 𝐺𝐺𝑛𝑛"

𝜔𝜔
   (3.4) 

where G’n and G”n are the nth-order elastic and viscous moduli, respectively. In the linear regime, 

e3/e1 and v3/v1 << 1, and Equations 3.3 and 3.4 collapse back to the linear viscoelastic result such 

that e1 → G’ and v1 → G”/ω.43  

Two additional definitions of elastic moduli are introduced: 

𝐺𝐺′𝑀𝑀 = 𝜕𝜕𝜕𝜕
𝜕𝜕𝛾𝛾
�
𝛾𝛾=0

= 𝑒𝑒1 − 3𝑒𝑒3 + ⋯  (3.5) 
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𝐺𝐺′𝐿𝐿 = 𝜕𝜕𝜕𝜕
𝜕𝜕𝛾𝛾
�
𝛾𝛾=±𝛾𝛾0

= 𝑒𝑒1 + 𝑒𝑒3 + ⋯  (3.6) 

where G’M is the elastic modulus at the minimum (zero) strain and G’L is elastic modulus at the 

largest imposed strain, and e1 and e3 are the first and third order elastic Chebyshev coefficients, 

respectively. Both G’M and G’L are intercycle quantities, meaning they occur across cycles of 

different maximum observed strain values. Similarly, to capture the viscous nature of the material, 

the following definitions of dynamic viscosities are introduced: 

𝜂𝜂′𝑀𝑀 = 𝜕𝜕𝜕𝜕
𝜕𝜕�̇�𝛾
�
�̇�𝛾=0

= 𝑣𝑣1 − 3𝑣𝑣3 + ⋯  (3.7) 

𝜂𝜂′𝐿𝐿 = 𝜕𝜕𝜕𝜕
𝜕𝜕�̇�𝛾
�
�̇�𝛾=±𝛾𝛾0̇

= 𝑣𝑣1 + 𝑣𝑣3 + ⋯  (3.8) 

where η’M is the dynamic viscosity at minimum (zero) strain rate and η’L is the dynamic viscosity 

at the largest imposed strain rate. These quantities are illustrated on plots of the raw stress vs. strain 

(also called Lissajous-Bowditch curves) in Figure 3.8. At low strain amplitudes within the linear 

viscoelastic regime, the elastic and viscous Lissajous-Bowditch curves (Figures 3.8a and 3.8c) are 

undistorted, and G’M = G’L and η’M = η’L. As the strain amplitude is increased into the nonlinear 

viscoelastic regime, the shapes of the elastic and viscous Lissajous-Bowditch curves become 

distorted (Figures 3.8b and 3.8d) and the elastic moduli and dynamic viscosities deviate from each 

other.  

 



   

79 
 

 

Figure 3.8. Example elastic (a, b) and viscous (c, d) Lissajous-Bowditch curves, illustrating the 

definitions of the intercycle storage moduli (G’M and G’L) and the intercycle coefficients of viscous 

dissipation (η’M and η’L). The undistorted curve shapes in (a) and (c) indicate linear viscoelastic 

responses, while the distorted shapes in (b) and (d) indicate nonlinear viscoelastic responses. 

Figure adapted from Ewoldt et al.43 and Chan.41 

 

LAOS experiments are typically performed over a range of both strain amplitudes and 

oscillatory frequencies; however, due to our experimental design, we were limited with regard to 

the accessible frequency range. Frequencies below 1 rad/s could not be explored without 
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increasing the total experiment time to over 1 hour, and we sought to avoid long experiments to 

prevent sample aging. At frequencies above 5 rad/s, inertial effects resulting from the small (8 mm 

diameter) parallel plates used with a commercial rheometer overwhelmed the torque signal, 

leading to low quality data. Within the range of frequencies ω = 1-5 rad/s, initial screening (data 

not shown) suggested that nonlinear viscoelastic measures were relatively independent of 

frequency, so we have chosen to report data at only a constant frequency of 1 rad/s. Additionally, 

because no significant differences were observed between center and edge slices in Section 3.4.3, 

data for the center and edge slices have been combined into a single data set for analysis throughout 

Section 3.4.4. 

We begin our LAOS analysis of the multiple injection treatment study data by first 

examining the transition from linear to nonlinear behavior using representative elastic and viscous 

Lissajous-Bowditch curves at three different strain and strain rate amplitudes, presented in Figures 

3.9 and 3.10 respectively. At 1% strain and a strain rate of 0.01 s-1, all treatments groups exhibit 

linear elastic and viscous behavior, as evidenced by undistorted Lissajous-Bowditch curves that 

resemble those in Figures 3.8a and 3.8c. At 10% strain and a strain rate of 0.1 s-1, minimal 

deviations from linear elastic behavior are evident (Figure 3.9), while distortions begin to appear 

in the viscous responses (Figure 3.10). At the maximum imposed strain of 40% and strain rate of 

0.4 s-1, both the elastic and viscous Lissajous-Bowditch curves take on pronounced distorted 

shapes resembling those in Figures 3.8b and 3.8d. No differences are visually observed between 

treatment groups in either the elastic or viscous tissue responses, as the curve shapes are similar 

across all treatment groups at a designated strain level. 
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Figure 3.9. Representative elastic Lissajous-Bowditch curves (stress vs. strain) obtained at 

frequency ω = 1 rad/s for multiple injection-treated tumors.  

 

 
Figure 3.10. Representative viscous Lissajous-Bowditch curves (stress vs strain rate) obtained at 

frequency ω = 1 rad/s for multiple injection-treated tumors.  
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Analysis of the Chebyshev coefficients at higher harmonics (n = 3 and above) allows for 

physical interpretation of the nonlinear viscoelastic behavior. Intracycle (occurring within a single 

stress-strain curve cycle) strain-stiffening occurs when e3/e1 > 0 and strain-softening occurs when 

e3/e1 < 0. Similarly, a material has intracycle shear-thickening behavior when v3/v1 > 0  and has 

shear-thinning behavior when v3/v1 < 0.41,43 Figure 3.11 depicts how the elastic and viscous 

Chebyshev coefficient ratios vary with imposed strain and strain rate for each treatment group.  

 

 

Figure 3.11. (a) Effect of the multiple injection treatments on (a) intracycle elastic Chebyshev 

coefficients (e3/e1) and (b) intracycle viscous Chebyshev coefficients (v3/v1). 
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We observe that tumor samples subjected to all four treatment types display linear behavior 

(e3/e1 and v3/v1 ~ 0) up to strains of 5% and strain rates of 0.05 s-1. Above that point, all samples 

begin to exhibit intracycle strain-stiffening (e3/e1 > 0) and shear-thinning (v3/v1 < 0) behavior. As 

expected and in accordance with Figures 3.9 and 3.10, the degree of nonlinearity increases with 

increasing strain, as the Chebyshev coefficient ratios reach higher absolute values. The data for 

PBS deviates slightly from that of the other three treatment groups (PBS+Lib, LQG, and 

LQG+Lib) at high strains (> 25%) and strain rates (> 0.25 s-1); PBS samples appear to be more 

strain stiffening and less shear-thinning than the other samples. This result is not entirely expected, 

as the linear elastic moduli and viscoelasticity values for PBS (Figures 3.6b and 3.6c) are very 

close to that of PBS+Lib and LQG. Indeed, based on the linear viscoelastic data, we might have 

expected the LQG+Lib data to deviate from the other treatment groups, but such was not the case. 

Perhaps the mere presence of injected material (LQG polymer and/or Lib enzyme) is responsible 

for the decreased strain stiffening and increased shear-thinning behaviors observed. Lim et al.49 

demonstrated for polymer nanocomposites that nonlinear viscoelastic properties increased with 

particle concentration and were sensitive to the internal microstructure of heterogeneous systems; 

LAOS experiments conducted on tumors injected with varying LQG and Lib levels could test this 

whether a similar dependence on the amount of injected material is observed in our systems. 

As mentioned previously, the transition from linear to nonlinear behavior can be evidenced 

in multiple ways, including distortions in the Lissajous-Bowditch curves, deviations in the 

Chebyshev coefficient ratios from zero, and by deviations in the elastic moduli and dynamic 

viscosities from their linear counterparts. Information about both intercycle and intracycle 

nonlinear behavior can be gleaned from elastic modulus and dynamic viscosity data. If G’L and 

G’M both increase with increasing strain, this is indicative of intercycle strain-stiffening, while 
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intercycle strain-softening is evidenced by G’L and G’M both decreasing with increasing strain. 

Likewise, if η’L and η’M both increase with increasing strain rate, that indicates intercycle shear-

thickening, while intercycle shear-thinning is evidenced by η’L and η’M both decreasing with 

increasing strain rate. Intracycle strain-stiffening occurs when G’L > G’M at a single strain 

amplitude, while intracycle strain-softening occurs for G’L < G’M. Correspondingly, intracycle 

shear-thickening occurs when η’L > η’M at a single strain amplitude, while intracycle shear-

thinning occurs for η’L < η’M.41,43 

We observe from the elastic modulus data in the left column of Figure 3.12 that tissues in 

all treatment groups display linear elastic behavior up to strains of ~10%, above which G’L and 

G’M  begin to deviate from their linear counterpart (G’1). This transition point is slightly higher 

than that identified from analysis of Figure 3.11a (5% strain), suggesting that the elastic 

Chebyshev coefficients may be a more sensitive measure of nonlinearity than the elastic moduli. 

We also observe that irrespective of treatment type, all tissues exhibit intercycle strain softening 

and intracycle strain stiffening behaviors. The trend of intracycle strain stiffening is in agreement 

with that previously identified from Figure 3.11a. The G’L data in Figure 3.12a for PBS shows a 

slight increase from 15% to 25% strain, but then G’L goes back down for 40% strain. This indicates 

that PBS-injected tumors exhibit more complex nonlinear behavior than the other tumors, with a 

slight amount of intercycle strain stiffening observed at 25% strain. 
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Figure 3.12. Dependence of elastic moduli and dynamic viscosities on imposed strain and strain 

rate for PBS (a, b), PBS+Lib (c, d), LQG (e, f), and LQG+Lib (g, h).  
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We next turn our attention to the dynamic viscosity data presented in the right column of 

Figure 3.12. Nonlinear behavior is observed across all treatment groups for strain rates above 0.1 

s-1, which is again slightly higher than the threshold value of 0.05 s-1 identified in Figure 3.11b. 

Interpretation of the intercycle behavior proves more difficult; η’M increases with increasing strain 

rate, while η’L decreases with increasing strain rate. This data is similar to that obtained for 

gastropod pedal mucus.43 Looking instead at η’1, which can be interpreted as an average of the two 

other dynamic viscosity quantities, we note that LQG and LQG+Lib exhibit a slight amount of 

intercycle shear-thinning, while PBS and PBS+Lib exhibit intercycle shear-thinning up to strain 

rates of 0.25 s-1 but then shear-thicken at 0.4 s-1. From this, we can infer that the presence of LQG 

is associated with intercycle shear-thinning, while a lack of LQG is associated with intercycle 

shear-thickening at the highest strain rates explored. The intracycle behavior is clearly shear-

thinning for all treatment groups (η’L < η’M), again matching the conclusion drawn from Figure 

3.11b. Deviations from the trends established for other treatment groups are observed for PBS in 

Figure 3.12b, this time at 0.4 s-1, at which η’L increases and η’M decreases from the previous data 

points. This observation again suggests that 4T1 tumors injected with the buffer control (PBS) 

exhibit more complex nonlinear behaviors. 

Finally, we examined whether a sample’s nonlinear behavior was related to its linear elastic 

modulus, independent of treatment group. The tumor slices were sorted into four quartiles based 

on their elastic modulus, and data for the lower and upper quartiles is presented in Figure 3.13. 
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Figure 3.13. (a) Average elastic (G’) and viscous (G”) moduli for the tumor slices in the bottom 

quartile (softest 25%) and top quartile (stiffest 25%). (b) Effect of tissue modulus (softest and 

stiffest 25%) on intracycle elastic Chebyshev coefficient ratios (e3/e1). (c) Effect of tissue modulus 

on intracycle viscous Chebyshev coefficient ratios (v3/v1). 
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The softest and stiffest 25% of tumors are distinguishably different in their elastic and 

viscous moduli (Figure 3.13a); however, virtually no difference is observed in the elastic 

Chebyshev coefficient ratios between these two quartiles (Figure 3.13b), and both quartiles 

exhibit intracycle strain-stiffening behavior. The viscous Chebyshev coefficient ratios (Figure 

3.13c) reveal that stiffest 25% of tumors exhibited a higher degree of intracycle shear-thinning 

than the softest 25%. We can conclude that the onset of nonlinearity is similar for all 4T1 tumors, 

independent of elastic modulus as well as treatment. 

Throughout our LAOS analysis of the 4T1 mammary tumors from the multiple injection 

study, we concluded that treatment type had little-to-no effect on nonlinear behavior. This suggests 

that the enzymatic treatments did not change the fundamental nature of the breast cancer tissue, 

and that nonlinear behavior is dictated by ECM components that were unaffected by liberase 

treatments (such as fibronectin or glycosaminoglycans). Perhaps by increasing the amount of 

injected enzyme or switching to a blend of collagenase enzymes with greater activity, larger 

differences in nonlinear behavior could be elucidated. 

3.5. Conclusions 

We examined how two sets of injectable liberase treatments affected the linear and 

nonlinear rheological behavior of 4T1 mammary tumors. All tissue samples explored in this work 

exhibited gel-like rheological behavior in the linear regime. Repeated freezing and thawing of 

healthy human breast tissue caused a decrease in tissue modulus and increase in tissue 

viscoelasticity due to damage from ice crystal formation, emphasizing the need to measure all 4T1 

tumors on the initial thaw to minimize experimental artifacts. We observed in the single injection 

study that after 3 days, tumors injected with localized liberase (LQG+Lib) had significantly 

smaller tumor volumes and lower tissue moduli at both the center and edge compared to buffer- 



   

89 
 

and free liberase-injected control tumors, while tissue viscoelasticity remained relatively 

unaffected. A contrasting trend in tissue modulus was observed in the multiple injection study; 

while LQG+Lib tumors remained the smallest in volume, they had higher tissue moduli and lower 

viscoelasticities compared to the other treatment groups. We postulated a mechanotransductive 

mechanism to explain these linear rheological results, by which the tumor microenvironment is 

softened by treatment with LQG+Lib and discourages outward growth, leading to the development 

of smaller and stiffer tumors. LAOS analysis revealed that all 4T1 tumors from the multiple 

injection study exhibit nonlinear rheological behavior at high strains and strain rates. Examination 

of the Lissajous-Bowditch curves, Chebyshev coefficient ratios, elastic moduli, and dynamic 

viscosities demonstrated that the onset and type of nonlinear behavior was independent of 

treatment type and elastic modulus, suggesting that the multiple liberase injections did not affect 

underlying tissue mechanics and that the nonlinear viscoelasticity of 4T1 tumors is dictated by 

ECM components that were unaffected by liberase treatments. Continued investigation will 

examine whether increasing the enzyme amount or activity could yield greater changes in linear 

and/or nonlinear rheological behavior. Additionally, we plan to explore whether this approach of 

degrading tumor ECM via localized enzymatic injections could enhance the effectiveness of co-

injected chemotherapeutic agents, with the overall goal of developing new therapies for metastatic 

TNBCs. 
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CHAPTER 4 

Photorheology and Gelation during Polymerization of Coordinated Ionic Liquids 

Ria D. Corder, Sumner C. Dudick, Jason E. Bara, and Saad A. Khan 

ACS Appl. Polym. Mater., 2020, 2 (6) 2397-2405. 

4.1. Abstract 

Ionic liquids (ILs) containing reactive groups provide a tunable medium for bulk 

polymerization and network formation with potential applications as 3D-printable materials. In 

this study, dynamic rheology and real-time Fourier transform infrared spectroscopy are used to 

monitor the in situ photopolymerization and gelation of coordinated ILs containing varying molar 

ratios of 1-vinylimidazole (Vim) to lithium bistriflimide (LiTf2N). Three distinct regimes are 

observed: (1) at low [LiTf2N], samples increase in complex shear modulus (G*) and conversion 

faster with increasing [LiTf2N] and behaved as solutions; (2) at intermediate [LiTf2N], G* growth 

and conversion achieve local maxima and samples undergo sol-to-gel transitions during 

polymerization; (3) at high [LiTf2N], G* growth and conversion slow with [LiTf2N] and samples 

exhibit viscoelastic material behavior. Gelation is attributed to Li+ coordination with imidazole 

pendant groups to form physical crosslinks between polymer chains, while the three regimes 

reflect the interplay of competing effects of increased polymer content and coordination-induced 

crosslinking. Rheological dark curing is also observed at high [LiTf2N] due to continued physical 

crosslinking by Li+ after cessation of UV light. 

4.2. Introduction 

Ionic liquids (ILs), salts that are molten below 100 ºC, present a novel and tunable medium 

for bulk polymerization. ILs possess many favorable properties, such as high conductivity and low 
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volatility,1 making them attractive as potential solvents and electrolytes.2 In contrast to traditional 

ILs, which are composed of an organic cation and an anion, coordinated ILs can be formed from 

uncharged ligands coordinated with metal cations and weakly coordinated anions.3 If either ion of 

an IL or coordinated IL contains reactive sites (such as vinyl or acryloyl groups), polymerized ILs 

(PILs) can be formed, containing an IL species in each repeat unit.4 Imidazolium moieties are 

commonly incorporated in ILs,5,6 and imidazolium-based PILs have been synthesized for a variety 

of applications, including self-healing materials,7 solid-state electrolytes,8 and ion-conducting 

membranes.9 PILs have many advantages over ILs such as enhanced mechanical strength, 

processability, and durability.8,10 Photopolymerization at ambient temperatures allows for spatial 

control and decreases the risk of side reactions,11,12 and is a common route for PIL synthesis.13–15 

One of the simplest coordinated ILs that can be formed is from the mixture of 1-

vinylimidazole (Vim) and varying molar ratios of the salt lithium bistriflimide (LiTf2N), which is 

then photopolymerized to form poly(vinylimidazole) (poly(Vim)), as illustrated in Figure 4.1. Due 

to the ability of imidazoles to bind a variety of metal ions through metal-ligand coordination,16,17 

poly(Vim)-derived materials have previously been used as adsorbents to selectively remove heavy 

metal ions18–20 (such as Cr6+, Mn2+, Zn2+, and Cd2+) and rare earth metal ions21 (Sm3+ and Dy3+)  

from aqueous solutions. The photopolymerization kinetics of Vim/LiTf2N coordinated IL systems 

have previously been examined3 using real-time Fourier transform infrared spectroscopy (RT-

FTIR) where it was observed that addition of LiTf2N increases both the rate of polymerization and 

overall vinyl group conversion. Molecular dynamics simulations22 demonstrate that coordination 

of Li+  to 2 or 3 Vim monomers induces the formation of pre-polymerization structures that bring 

polymerizing vinyl C=C groups into closer proximity, leading to the enhanced reaction rates. 

While the reaction kinetics of this and other photopolymerizing IL systems11,14,23–26 have been 
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previously characterized, in situ rheological/mechanical property development has not yet been 

explored. Understanding how the material strength and state (solution vs. gel) changes as the 

reaction proceeds is crucial for the design of tailored PIL materials. 

 

 

Figure 4.1. Chemicals used in this study; (a) 1-Vinylimidazole (Vim) and lithium bistriflimide 

(LiTf2N), when mixed (b), form a coordinated IL which is then photopolymerized (c) via a free 

radical mechanism in the presence of 2,2-dimethoxy-2-phenylacetophenone (DMPA, a 

photoinitiator) to form poly(vinylimidazole) (poly(Vim)). 

 

Photorheology is a powerful tool for measuring rapid changes in mechanical properties that 

occur during photopolymerization or photocuring reactions. Through application of small 

amplitude, sinusoidal deformations coupled with simultaneous light exposure, rheological 

properties can be measured in situ without affecting or damaging the sample of interest. This 

technique allows for monitoring of modulus changes as well as of sol-to-gel transitions that occur 

in response to light, and when employed in conjunction with RT-FTIR, can be used to relate 

mechanical properties to degree of chemical conversion.27–29 Photorheology has predominantly 

been applied to systems undergoing simultaneous photopolymerization and chemical 

crosslinking.27,29–33 A notable exception is the work reported by Higham et al.34 involving UV-
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activated ionic crosslinking of alginate hydrogels by released Ca2+ ions, in which UV exposure 

triggered physical gelation but without any further alginate polymerization. This approach has 

been used to characterize the light-responsive behavior of a variety of materials, including optical 

adhesives,35 acrylates,29,30 epoxies,31 dental resins,32 and photoresponsive hydrogels,33,34 but has 

not previously been employed during PIL synthesis. 

In this study, we used in situ photorheology to measure the mechanical properties before, 

during, and after photopolymerization of coordinated ILs composed of varying molar ratios of 

Vim:LiTf2N. Steady shear rheology was first performed to observe the effects of salt addition on 

solution viscosity. Dynamic oscillatory rheology was then used to non-invasively measure 

modulus development during and after a short, low-intensity UV light exposure and to characterize 

the final material state. The use of low-intensity light (1 mW/cm2) allows for decreased energy 

consumption compared to previous work3 while inducing very large (up to seven orders-of-

magnitude) increases in complex shear modulus. Unlike conventional systems, the presence of Li+ 

ions in the coordinated ILs allows for simultaneous polymerization and physical crosslinking by 

metal-ligand coordination to occur, providing an additional layer of complexity to the system and 

leading to the display of unique rheological properties. RT-FTIR experiments were also performed 

on parallel samples to monitor the evolution of vinyl group conversion under the same low-

intensity UV exposure conditions as the photorheological experiments. Comparison of the 

rheological and kinetic data reveals a likely mechanism by which [LiTf2N] affects 

photopolymerization behavior. Finally, dark curing effects (material property development in the 

absence of light) were quantified by analyzing the rheological and kinetic data from the time period 

after illumination. 
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4.3. Experimental Section 

4.3.1. Materials 

1-Vinylimidazole (Vim, Alfa Aesar, 99%), bis(trifluoromethane)sulfonimide lithium salt 

(LiTf2N, AdipoGen Life Sciences), and 2,2-dimethoxy-2-phenylacetophenone (DMPA, ACROS 

Organics, 99%) were used as received without further purification. Vim and LiTf2N were stored 

in a desiccator to minimize atmospheric moisture uptake, and all measurements were taken under 

ambient conditions. Similar atmospheric conditions for systems containing Vim and metal 

bistriflimide salts have previously been reported by Whitley et al.3,25 

4.3.2. Solution Preparation 

The neat Vim solution was prepared by dissolving 1 wt% DMPA in Vim and mixing using 

a magnetic stir bar. The coordinated IL solutions were prepared through addition of LiTf2N to the 

neat Vim solution in ratios of 8:1 to 2:1 Vim:LiTf2N, keeping the concentration of DMPA relative 

to Vim constant at 1 wt% across all samples. The coordinated IL solutions were mixed using a 

magnetic stir bar under mild heating on a hot plate (<50 ºC) until homogenous, transparent 

solutions were obtained. Solutions were cooled to room temperature prior to measurement. Molar 

ratios above 2:1 Vim:LiTf2N (e.g. 1:1) were not explored in this study because they exhibited 

negligible rheological responses to the applied dosage of UV light. 

4.3.3. Methods 

All rheological experiments were performed in triplicate using a Discovery Hybrid 

Rheometer-3 (TA Instruments). Steady-shear viscosity measurements of the starting solutions 

were performed at 25 ºC using a 20 mm diameter, 1º cone (truncation gap = 26 µm) over a range 

of decreasing shear rates from 100 to 1 s-1. In situ photorheological experiments were performed 
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at room temperature using the UV LED Accessory (TA Instruments). The UV light intensity was 

calibrated using a radiometer (Silver Line).  The sample was loaded between a 20 mm aluminum 

top plate and a 20 mm quartz bottom plate with a gap height of 50 µm. The 50 µm gap was chosen 

to prevent the formation of a polymerization front within the sample; representative results 

validating the gap selection are presented in Figure B.1. After loading, the sample was pre-sheared 

for 30 s at 10 s-1 and then equilibrated for 2 min prior to measurement. At time t = 0, the UV source 

was turned on and UV light was emitted vertically upward through the bottom quartz plate at 365 

nm with intensity 1 mW/cm2 for 5 min. A dynamic oscillatory shear time sweep experiment 

(oscillatory strain γ = 1%, frequency ω = 5 rad/s) was started simultaneously with the UV exposure 

and continued for 1 h, during which the storage and loss moduli (G’ and G”, respectively) were 

continuously measured. A frequency sweep experiment (γ = 1%, ω = 0.01-100 rad/s) was 

performed directly after the conclusion of the time sweep to characterize the post-UV sample 

behavior through plots of G’ and G” vs. frequency. The magnitude of the oscillatory strain 

amplitude was selected as 1% because it was within the linear viscoelastic regime for all samples 

both before and after UV exposure. The UV light intensity and exposure time were chosen to 

ensure all samples remained within the measurable torque limits to prevent damage to the 

instrument. Error bars on rheological data represent a 95% confidence interval (±1.96 standard 

error). 

RT-FTIR experiments were performed using a Spectrum 2 spectrometer (Perkin Elmer) 

operated in attenuated total reflectance (ATR) mode. The spectrometer was connected using a 3D-

printed attachment3 to an OmniCure S1000 (Lumen Dynamics) spot curing lamp with an installed 

365 nm filter. A drop of sample was placed on the surface of the ATR crystal and covered with a 

glass cover slip. To match the UV light intensity of the photorheological experiments (1 mW/cm2), 
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a 1.5 OD neutral density filter (Edmund Optics) was placed on top of the cover slip in the path of 

the beam. The light intensity was calibrated using the same radiometer as for the photorheological 

experiments. An initial IR spectrum (t = 0) was collected prior to UV exposure. An identical 

exposure protocol to the photorheological experiments was followed for RT-FTIR; the sample was 

illuminated for 5 min, while IR spectra were collected at discrete time points throughout 1 h of 

total experiment time. The overall vinyl group conversion was determined from changes in the 

normalized band areas25 according to Equation 4.1: 

𝑋𝑋𝑡𝑡 = 1 −
𝐴𝐴𝑉𝑉𝑉𝑉𝑉𝑉,𝑡𝑡∗𝐴𝐴𝑇𝑇𝑓𝑓2𝑁𝑁,0

𝐴𝐴𝑉𝑉𝑉𝑉𝑉𝑉,0 ∗𝐴𝐴𝑇𝑇𝑓𝑓2𝑁𝑁,𝑡𝑡
   (4.1) 

where Xt is conversion at time t, 𝐴𝐴𝑉𝑉𝑉𝑉𝑉𝑉,0  and 𝐴𝐴𝑉𝑉𝑉𝑉𝑉𝑉,𝑡𝑡 are the absorbance peak areas at ≈ 960 cm-1 

corresponding to the vinyl C-H bending deformation of Vim at times 0 and t, respectively, and  

and 𝐴𝐴𝑇𝑇𝑓𝑓2𝑁𝑁,0 and 𝐴𝐴𝑇𝑇𝑓𝑓2𝑁𝑁,𝑡𝑡 are the absorbance peak areas at ≈ 790 cm-1 corresponding to C-S/N-S 

deformations of Tf2N- at times 0 and t, respectively. 

4.4. Results and Discussion 

4.4.1. Solution Behavior Prior to Photopolymerization 

All of the initial coordinated IL solutions exhibited Newtonian flow behavior and their 

Newtonian viscosities (η) were obtained from linear best fits of the shear stress vs. shear rate data 

plotted on a log-log plot. The solution compositions (varying molar ratios of Vim to LiTf2N) and 

corresponding η values are given in Table 4.1. Complete η data (η plotted as a function of shear 

rate, for all samples) is presented in Figure B.2. While a shear-thinning regime has previously 

been observed in a system of an ionic liquid ([C4mim][Cl]) with added LiCl,36 no shear-thinning 

regime was observed in this study. As illustrated in Figure 4.2, η exhibits an exponential 

dependence on salt concentration, scaling with an exponent of 0.15 when plotted on a 
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semilogarithmic plot. The effect of Li+ salt addition increasing η has been previously observed for 

imidazolium ILs,36–38 with a power-law dependence on salt concentration also being evident in 

one study.36 The increasing η with salt addition can be attributed to the formation of large 

complexes containing multiple Li+ and Tf2N- ions.39 

 

Table 4.1. Solution compositions, steady-shear viscosities (η), modulus crossover times (tc), 

rheological extents of dark curing (εR), and kinetic extents of dark curing (εK). Samples which did 

not exhibit a modulus crossover are denoted by ‘n/a.’ 

mol Vim:LiTf2N mol% LiTf2N η (Pa s) tc (min) εR εK 
Neat Vim 0 0.003 ± 2E-4 n/a 0.085 ± 0.077 0.012 

8:1 11.1 0.011 ± 0.001 n/a 0.066 ± 0.058 0.075 
5:1 16.7 0.035 ± 0.002 3.25 ± 0.47 0.530 ± 0.941 0.104 
4:1 20.0 0.081 ± 0.010 2.43 ± 0.35 0.469 ± 0.178 0.130 
3:1 25.0 0.158 ± 0.040 3.71 ± 0.43 2.98 ± 1.07 0.191 
2:1 33.3 0.323 ± 0.136 n/a 6.69 ± 3.18 0.141 

 

 

Figure 4.2. Effect of [LiTf2N] on solution viscosity. The dashed line represents an exponential fit 

to the data (R2 = 0.99), resulting in a scaling exponent of 0.15. 
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4.4.2. Photorheology and RT-FTIR Results 

The traditional output of a rheological time sweep experiment consists of two quantities, 

G’ (elastic/storage modulus) and G” (viscous/loss modulus), plotted with respect to time. For a 

typical solution measured at constant frequency (ω), G” dominates over G’, while the inverse is 

true for a typical gel. All samples were solutions prior to photopolymerization, as evidenced by 

their Newtonian flow behavior. During polymerization, polymer chains form in the bulk below the 

glass transition temperature of poly(Vim) (171 ºC),40 causing the sample to stiffen and solidify 

which manifests as increases in both G’ and G” with time. Two example time sweep results for 

different molar ratios of Vim:LiTf2N (8:1 and 5:1) are displayed in Figure 4.3, while 

representative individual results for all compositions are displayed in Figure B.3. For some 

samples (15-25 mol% LiTf2N), a modulus crossover is observed during the time sweep experiment 

suggesting gelation to occur during UV radiation. We discuss such gel formation in detail at a later 

point.  

Figure 4.3 depicts that at the beginning of the experiment, G” > G’ for both samples. The 

moduli of both samples then increase by several orders of magnitude during the period of UV 

illumination (t = 0-5 min). The 5:1 sample experienced faster moduli growth compared to the 8:1 

sample and exhibited a modulus crossover at t ≈ 3.5 min, after which G’ overtook G”. In contrast, 

G” remained higher than G’ throughout the UV radiation period for the 8:1 sample. Once the UV 

source was turned off (t > 5 min), moduli growth for both samples was slowed and the moduli 

leveled off, displaying only minor changes until the termination of the experiment at t = 60 min. 



   

106 
 

 

Figure 4.3. Two representative in situ photopolymerization time sweeps showing changes in 

elastic (G’) and viscous (G’’) moduli measured at constant frequency ω = 1 rad/s for 8:1 and 5:1 

Vim:LiTf2N samples. UV radiation at intensity 1 mW/cm2 was turned off after the first 5 min. The 

lines serve as guides to the eye. 

 

To compare moduli changes between all samples consistently as some samples underwent 

gelation and others did not (as observed here and shown later), we chose to represent the data in 

terms of complex shear modulus (G*), as defined by Equation 4.2: 

𝐺𝐺∗ = �(𝐺𝐺")2 + (𝐺𝐺′)2    (4.2) 

The time sweep results for all samples, in terms of G*, are shown in Figure 4.4a. During the period 

of UV illumination, G* increased for all samples, with the rate of G* increase being fastest for 4:1, 

followed closely by 5:1, while the slowest G* growth was observed for neat Vim and 2:1. Once 

the UV light was turned off, the rate of G* increase slowed and leveled off for neat Vim, 8:1, 5:1, 

and 4:1, while 3:1 and 2:1 slowly increased in G* during the dark portion of the time sweep 

experiment. This phenomenon of extended modulus growth after cessation of UV light is referred 
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to as “dark curing” and will be discussed later in more detail. The corresponding conversion data 

for all samples is displayed in Figure 4.4b. Complete kinetic data (IR spectra for each time point) 

are provided in Figure B.4. In contrast to previous kinetic data reported for this system 

photopolymerized under higher intensity light,3 full conversion (X  ≈ 1) was not realized for any 

samples. Conversion increased most quickly and reached the highest value (0.7) for 5:1, followed 

closely by 8:1 and 4:1. Neat Vim and 2:1 exhibited the slowest kinetics. Comparing Figures 4.4a 

and 4.4b, we observe that 5:1 and 4:1 demonstrate the fastest growth in both G* and X, while neat 

Vim and 2:1 display the slowest growth in both quantities with respect to the other samples. 3:1 

exhibits moderate growth in both quantities, following visibly different trajectories than the other 

samples. A notable exception to this trend of G* growth corresponding with evolution of X is the 

8:1 sample, which exhibits fast reaction kinetics (comparable to 4:1 and 5:1) but only moderate 

growth in G* (more closely following the trajectory of 3:1). This unusual behavior can be best 

explained in the context of the final material state discussed in the following section.  
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Figure 4.4. Evolution of G* (a) and conversion (b) for all samples during in situ 

photopolymerization, as measured by dynamic photorheology and RT-FTIR, respectively. The 

solid lines in both (a) and (b) serve as guides to the eye. 

 

Interestingly, we see that this kinetic data (Figure 4.4b) obtained under low UV light 

exposure conditions do not match to the RT-FTIR data previously published for this same system 

by Whitley et al.3 as one might intuitively expect. Whitley et al. observed that samples containing 

the highest [LiTf2N] displayed the fastest kinetics, reaching full conversion. The primary 

difference between this work and that performed previously by Whitley et al. is a three orders-of-

magnitude reduction in the intensity of applied light and an order-of-magnitude reduction in 
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exposure time (1 mW/cm2 for 5 min in this work, compared to ≈ 2.6 W/cm2 for 60 min 

previously3). It is well understood that photopolymerization reaction rates and conversion are 

inversely dependent on light intensity,32,41 and this point will be addressed again in the following 

section. 

To observe how varying [LiTf2N] affects the relationship between G* and X during the UV 

exposure period (t = 0-5 min), the data from Figure 4.4 can be replotted as G* vs. X (Figure B.5). 

Samples exhibit an exponential dependence of G* on X; details on the exponential fitting 

procedure are provided in Appendix B. The data sets appear to cluster into two regimes. The 

highest salt sample (2:1) and the sample without salt (neat Vim) appear in the bottom left corner 

of Figure B.5 (low G* and X) showing a low conversion and lowest exponential coefficient values 

(Table B.1). In contrast, individual data points for the 8:1, 5:1, 4:1, and 3:1 samples are more 

spread out across the conversion variable space in Figure B.5 showing a higher degree of 

conversion. The values for the exponential coefficient are also an order-of-magnitude higher, 

revealing a stronger dependence of G* on X. Examination of the moderate LiTf2N regime (8:1 – 

3:1, or 11-25 mol% LiTf2N) in greater detail yields two further observations; first, that obtaining 

a given G* value requires lower X when at higher [LiTf2N], and secondly, that for a given X, 

increasing [LiTf2N] corresponds to an increase in G*. Together, these observations confirm that 

LiTf2N plays an important role in contributing to material strength.  

4.4.3. Final Property Development and Hypothesized Gelation Mechanism 

To examine the effect of [LiTf2N] on the final material strength and conversion, we replot 

both the photorheological and kinetic data in terms of final values (t = 60 min) vs. coordinated IL 

composition in Figure 4.5. Both the rheological and kinetic data exhibit similar trends, with the 

highest values being obtained at moderate salt levels. A maximum in G*final is observed at 20 mol% 
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LiTf2N (4:1), while the maximum conversion is obtained for 17 mol% (5:1). Since the bulk 

photopolymerization reaction (Figure 4.1) consumes Vim to produce poly(Vim), conversion can 

be taken as an approximation of total polymer/oligomer content in the system.  

 

 

Figure 4.5. Effect of [LiTf2N] on G*final (as measured by rheology) and on conversion (as 

measured by RT-FTIR) after photopolymerization experiments. Asterisks (*) denote samples 

which exhibited gel-like rheological behavior. The solid and dashed lines serve as guides to the 

eye. 

 

Addition of LiTf2N up to 17 mol% enhances polymerization rates, as has been previously 

observed.3 The enhanced kinetics result in faster monomer consumption to achieve higher total 

polymer contents, increasing G*final. Above 20 mol%, addition of LiTf2N decreases the polymer 

content, decreasing G*final. The decreased kinetics at high [LiTf2N] may be a result of diffusion 

limitations; higher viscosities of the starting coordinated ILs (Figure 4.2) could be reducing the 

diffusivity of monomers to propagating radical sites. Additionally, samples at higher [LiTf2N] 
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contained less polymerizable Vim per unit volume, causing the polymerized chains to be more 

dilute in the polymerized sample due to occupied volume by Tf2N-, reducing G*. 

Gelation was observed during the photorheological experiments for three compositions 

(5:1, 4:1, and 3:1). One indication that gelation had occurred was the presence of a modulus 

crossover, where G’ surpasses G” on a plot of the dynamic moduli vs. time. This crossover time 

(tc) can be taken as the approximate gel point. A true gel point according to the Winter-Chambon 

criteria42 was not able to be identified, as no intersection was observed on a plot of tan δ (= G”/G’) 

vs. time due to experimental error between experiments conducted at different frequencies (data 

not provided). The average tc for each composition is given in Table 4.1. The 4:1 sample, which 

exhibited the fastest G* growth in Figure 4.4a and highest G*final in Figure 4.5, had the lowest tc, 

indicating that this composition gels the fastest. Interestingly, the three compositions which 

exhibited a modulus crossover correspond to those with the highest G*final values in Figure 4.5, 

indicating that the presence of a gel microstructure contributes to material strength. 

Frequency sweeps conducted after the conclusion of the one-hour time sweep experiment 

were then used to identify the post-polymerization material state. Representative frequency sweep 

spectra for all compositions are displayed in Figure 4.6. Neat Vim (Figure 4.6a) exhibits polymer 

solution behavior, with G” > G’ across all frequencies and G” ~ ω. G’ exhibits a lot of scatter for 

this sample, indicating there is little elastic nature to the polymerized Vim solution. The frequency 

spectrum for 8:1 (Figure 4.6b) resembles that a material close to or at the gel point, as G’ and G” 

vs. frequency are nearly parallel. The 5:1 (Figure 4.6c) and 3:1 samples (Figure 4.6e) both exhibit 

behaviors typical of weak gels or associative polymer networks,43–45 with G’ > G” throughout but 

exhibiting some frequency dependence at low frequency. The 4:1 sample (Figure 4.6d) exhibits 

fully-crosslinked gel-like behavior, with G’ and G” exhibiting no frequency dependence. The 2:1 
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sample (Figure 4.6f) shows ‘viscoelastic’ material behavior, with G’ slightly higher at low 

frequencies and G” dominating at high frequencies; similar behavior has been observed previously 

for suspensions of fumed silica/ PDMS46 and other weakly aggregated suspensions.47 Taken 

together, the frequency sweep spectra demonstrate that LiTf2N addition contributes to 

microstructural development; this trend passes through a maximum at intermediate [LiTf2N] and 

then reverses at high [LiTf2N]. 

 

 

Figure 4.6. Post-polymerization frequency sweeps for neat Vim (a), 8:1 (b), 5:1 (c), 4:1 (d), 3:1 

(e), and 2:1 Vim:LiTf2N (f). 

 

The material behavior in three different salt regimes (none, moderate, and high [LiTf2N]) 

is schematically depicted in Figure 4.7. 
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Figure 4.7. Hypothesized material structures for photopolymerized neat Vim (a), and Vim:LiTf2N 

ratios of 4:1 (b) and 2:1 (c). In the absence of LiTf2N (a), poly(Vim) chains do not interact leading 

to solution-like rheological behavior. At moderate [LiTf2N] (b), Li+ ions can coordinate with 

multiple poly(Vim) chains and act as physical crosslinks, producing gel-like rheological behavior. 

At high [LiTf2N] (c), the dilute poly(Vim) chains are unable to form a fully-crosslinked network 

through Li+ coordination due to the decreased total polymer content, resulting in viscoelastic 

material behavior. 

 

The gel-like behavior at moderate [LiTf2N] (17-25 mol%) can be attributed to Li+ 

coordination between pendant imidazoles. There are fewer Li+ cations present relative to 

imidazoles, causing multi-dentate coordination48 of Li+ cations to multiple polymer chains, 

forming physical/ionic crosslinks. These poly(Vim)-LiTf2N gels fully dissolve when placed in 

H2O overnight, suggesting that gelation occurs via a physical, not chemical, mechanism and that 

coordinated Li+ cations and Tf2N- anions are more strongly solvated by H2O than poly(Vim). If 

the gels contained chemical crosslinks in addition to physical ones, they would swell when placed 

in H2O or another suitable solvent, not dissolve. No Li+ cations are present in the neat Vim solution, 

so there is no coordination and thus no crosslinking, resulting in solution-like behavior. At high 

[LiTf2N], the total polymer content is lower than at moderate [LiTf2N] (as evidenced by the 
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decreased conversion in Figure 4.5), inhibiting formation of a sample-spanning network. The 

many Li+ cations present can link together some of the dilute polymer chains, resulting in the 

viscoelastic behavior observed in Figure 4.6f. 

Li+, along with other metal ions such as Mn2+, Ni2+, and Zn2+, has previously been shown 

to coordinate with pendant imidazole groups in polymer solutions to act as physical crosslinks,48–

51 but few studies have looked at coordination-induced gelation in PILs. Schauser et al.52 

investigated the dynamics of physically-crosslinked polymer networks formed from imidazole-

tethered poly(ethylene oxide) coordinated with Li+, Ni2+, Fe3+, Zn2+, and Cu2+, while Zheng et al.53 

synthesized antibacterial membranes from imidazolium PILs coordinated with Cu2+, Fe3+, and 

Zn2+. Physical crosslinking of PILs can also occur via alternative mechanisms in the absence of 

additional metal salts; Cui et al.7 observed physical crosslinking in their systems of imidazolium 

PILs through aggregation of pairs of positively charged imidazolium cations and negatively 

charged counterions (CH3SO3-, CF3SO3-, CF3(CF2)3SO3-, FSI-, and Tf2N-). 

With an understanding of the physical crosslinking mechanism governing the behavior of 

these poly(Vim)-LiTf2N materials, the data at 17-20 mol% LiTf2N from Figure 4.5 can be further 

interpreted. While the increased [LiTf2N] of 4:1 (20 mol%) leads to slightly lower polymer content 

as compared with 5:1 (17 mol%), the increased [Li+] provides more opportunities for physical 

crosslinking, increasing the density of crosslinks and as a result, G*. A similar interpretation can 

be applied to the 8:1 (11 mol%) and 3:1 (25 mol%) data from Figure 4.5; while 3:1 has a lower 

polymer content than 8:1, 3:1 exhibits a larger G* as a result of its increased [Li+] available for 

physical/ionic crosslinking. Increasing gel strength with metal ion concentration has previously 

been ascribed to an increase in crosslinking density and/or number of effective crosslinks in the 

gel for alginate physically crosslinked by Ca2+ ions54 and for metallo-supramolecular polymer gels 
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formed from terpyridyl-substituted 8-arm poly(ethylene glycol) complexation with Ni2+, Fe2+, 

Co2+ and Zn2+ ions.55 Our poly(Vim)-LiTf2N results highlight the interplay of competing effects 

of polymer content and coordination-induced crosslinking.  

To demonstrate that the low mechanical properties and conversions observed for high 

[LiTf2N] may result from the low UV light intensity and short exposure time, we performed a set 

of rheology and RT-FTIR experiments for a 2:1 sample at an order-of-magnitude higher light 

intensity (10 mW/cm2) and for a longer exposure time (15 min) (Figure B.6). Under the higher 

exposure conditions, 2:1 exhibits a modulus crossover and reaches high modulus values (Figure 

B.6a) and much higher conversion (X ≈ 0.8, compared to 0.2 under the low exposure conditions) 

(Figure B.6b), and exhibits gel-like rheological behavior (Figure B.6c). This validates that the 

low G* and conversion values obtained for 2:1 (Figure 4.5), as well as the lack of complete 

gelation (Figure 4.6f), are likely a direct result of the low light intensity and that these effects can 

be overcome by applying a higher UV dosage, a topic which we plan to explore in future studies. 

4.4.4. Post-Radiation (Dark) Curing 

Lastly, we turn our attention to the sample behavior in the period following the UV 

exposure (t = 5-60 min). All samples continued to increase in both G* and conversion after 

cessation of UV exposure (Figure 4.4). This phenomenon is referred to as “dark curing”, and has 

been previously observed using a variety of experimental techniques31,34,56,57 for 

photopolymerizing and photocrosslinking systems. The presence of dark curing must be accounted 

for when tuning a photopolymerizing system to achieve a targeted bulk modulus and/or conversion 

value, so it is advantageous to quantify dark curing effects. We can define the rheological and 

kinetic extents of dark curing (εR and εK, respectively) using Equations 4.3 and 4.4: 
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𝜀𝜀𝑅𝑅  =  
𝐺𝐺𝑓𝑓𝑉𝑉𝑛𝑛𝑓𝑓𝑓𝑓
∗ −𝐺𝐺𝑒𝑒∗

𝐺𝐺𝑒𝑒∗
   (4.3) 

𝜀𝜀𝑘𝑘  =  𝑋𝑋𝑓𝑓𝑉𝑉𝑛𝑛𝑓𝑓𝑓𝑓−𝑋𝑋𝑒𝑒
𝑋𝑋𝑒𝑒

   (4.4) 

where G*final is the complex shear modulus at the end of the experiment (t = 60 min), G*e is the 

complex shear modulus at the end of the exposure period (t = 5 min), and Xfinal and Xe are the 

conversions at the end of the experiment and exposure period, respectively. The εR and εK values 

obtained for each photopolymerized sample are presented numerically in Table 4.1 and 

graphically in Figure 4.8. 

 

 

Figure 4.8. Rheological (εR) and kinetic (εK) extents of dark curing obtained from 

photopolymerized coordinated ILs containing varying concentrations of LiTf2N. The solid and 

dashed lines serve as guides to the eye. 
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We observe that εR continues to increase with [LiTf2N], though it appears that >20 mol% 

LiTf2N is needed to achieve appreciable levels of rheological dark curing (εR > 1). In contrast, the 

highest εK value is observed for 3:1 (25 mol% LiTf2N). With the exception of 8:1 (11 mol%), εR 

is close to an order-of-magnitude larger than εK for all samples. Dark curing is not typically 

observed for free-radical polymerization reactions because after cessation of UV exposure, free 

radicals quickly exhibit self-termination through recombination.34 The extent of dark curing has 

previously been shown to depend also on exposure time and light intensity,34 but those parameters 

were not explored in this study. Electron paramagnetic resonance experiments performed by 

Hermosilla et al.58 on a similar photopolymerizing system (methyl methacrylate with added LiCl) 

showed that the concentration of propagating radicals present in solution increases with [Li+]. Li+ 

cations may be acting to stabilize the propagating radicals in our systems, allowing for a small 

amount of continued polymerization after the UV source is turned off (as evidenced by non-zero 

εK values). However, since εR exhibits a greater dependence on [LiTf2N] and is much larger than 

εK, rheological dark curing can be attributed more strongly to continued physical crosslinking34 

(via diffusion of Li+ cations and polymer chains) than to continued polymerization. 

4.5. Conclusions 

In this study, we used in situ UV curing rheology and RT-FTIR to examine the 

photopolymerization of a model coordinated IL system composed of Vim and LiTf2N. Unlike 

traditional photocrosslinking systems used to form 3D networks, UV irradiation led to linear 

polymerization, with the polymer chains becoming interconnected via metal coordination to create 

the material microstructure. The development of mechanical properties during 

photopolymerization of coordinated ILs formed from mixtures of Vim:LiTf2N under low intensity 

UV light was measured by dynamic photorheology and shown to strongly depend on [LiTf2N]. 
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We observed both the fastest G* growth during the UV exposure period and the highest values of 

G*final at 20 mol% LiTf2N. Parallel RT-FTIR experiments reveal that the overall vinyl group 

conversion followed similar trends to the rheological data, with the highest conversion achieved 

for 17 mol% LiTf2N and then decreased conversions observed at high [LiTf2N]. Gelation by 

physical crosslinking occurred at moderate [LiTf2N] (17-25 mol%), as evidenced by modulus 

crossovers and relatively frequency-independent plots of G’ and G” vs frequency after 

photopolymerization, and is attributed to physical/ionic crosslinking via metal-ligand coordination 

between Li+ cations and pendant imidazoles on neighboring polymer chains. Rheological dark 

curing was maximized at high [LiTf2N] and is primarily attributed to continued physical 

crosslinking in the dark exposure period. While this study used a relatively “simple” coordinated 

IL (containing an unsubstituted imidazole pendant group) as a model system, these results will 

serve as a foundation for future rheological investigations of PIL synthesis from more complex 

ILs with potential applications as tunable 3D-printable materials. 
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CHAPTER 5 

Effects of Photoinitiator Content, Light Intensity, and Lithium Salt Anion on 

Photopolymerization and Gelation of 1-Vinylimidazole-Based Coordinated Ionic Liquids 

Ria D. Corder, Kaitlin Glynn, Jason E. Bara, and Saad A. Khan 

5.1. Abstract 

Coordinated ionic liquids (ILs) containing reactive vinyl groups can be photopolymerized 

to form polymers and physically/ionically-crosslinked networks with highly tunable rheological 

properties. Here, we examine how factors such as photoinitiator concentration, light intensity, and 

the selection of the coordinating metal salt affect rheological property development during in situ 

photopolymerization of 1-vinylimidazole- (Vim-) based coordinated ILs. Higher photoinitiator 

concentrations and higher light intensities both result in faster moduli growth and quicker gelation 

of coordinated ILs containing varying molar ratios of Vim to lithium bistriflimide (LiTf2N). 

Constant dosage experiments performed at two different light intensities reveal that for all 

[LiTf2N], higher ultimate G* values are reached under lower light intensity exposures, while dark 

curing (modulus growth after cessation of light exposure) is elevated under higher light intensity 

exposures. Comparison of the photorheological behavior of Vim/LiBF4 and Vim/LiTf2N 

coordinated ILs provides an example how the selection of metal salt can affect microstructural 

development and dark curing, with both being reduced for LiBF4 due to increased IL solution 

viscosities and relatively weaker ion pair dissociation compared to LiTf2N. This work further 

demonstrates the highly tunable nature of photopolymerizable Vim-based coordinated IL systems 

for the creation of tailored polymerized IL materials. 
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5.2. Introduction 

Poly(ionic liquids) (PILs) present many advantages compared to traditional ionic liquids 

(ILs) with regard to enhanced mechanical strength and durability,1,2 while maintaining favorable 

IL characteristics such as high conductivity and low volatility.3 PILs are commonly synthesized 

via photopolymerization at ambient temperatures,4–6 and have been used for a variety of 

applications including as solid-state electrolytes in solar cells1 and as ion-conducting membranes 

in organic electronics.7 Coordinated ILs, which are variations of ILs composed of uncharged 

ligands coordinated with metal cations along with weakly coordinated anions,8 provide a tunable 

medium for bulk photopolymerization to form PILs when the ligand contains a reactive site, such 

as a vinyl moiety.5,8–10 

While the reaction kinetics of photopolymerizing IL systems have been well 

characterized,5,9,11–14 fewer studies have examined how rheological/mechanical properties evolve 

during PIL synthesis. Developing an understanding of how IL strength and physical state (solution 

vs. gel) changes as the reaction proceeds is crucial for the design of tailored PIL materials. Through 

the use of photorheology, rapid changes in mechanical properties as well as potential sol-gel 

transitions that occur during photopolymerization or photocuring reactions can be measured in situ 

without affecting or damaging the sample.15–20 In our previous work,10 we used in situ 

photorheology and real-time Fourier-transform infrared spectroscopy (RT-FTIR) to examine the 

photopolymerization behavior of a coordinated IL system composed of 1-vinylimidazole (Vim) 

and lithium bistriflimide (LiTf2N) The development of rheological properties was shown to 

strongly depend on [LiTf2N], with both the fastest growth in moduli during the UV exposure period 

and the highest moduli values obtained from coordinated ILs containing 20 mol% LiTf2N. We also 

observed that gelation occurred at moderate [LiTf2N] (17-25 mol%), which was attributed to the 
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formation of physical/ionic crosslinks via metal-ligand coordination between Li+ cations and 

pendant imidazoles on neighboring polymer chains. Finally, we observed that Vim/LiTf2N 

coordinated ILs exhibited “dark curing”, where samples continued to increase in modulus after 

cessation of UV exposure. Parallel RT-FTIR experiments revealed that dark curing was primarily 

due to continued physical crosslinking in the dark and not to continued polymerization.   

While our previous work yielded valuable insights about the interplay of competing effects 

of increased polymer content and coordination-induced crosslinking that occur during 

photopolymerization of Vim/LiTf2N coordinated ILs, experiments were only conducted under a 

single set of exposure conditions (1 wt% photoinitiator, 1 mW/cm2 light intensity, and 5 min UV 

exposure). Given that tunable parameters such as photoinitiator concentration, UV light intensity, 

and irradiation time have all been demonstrated to affect photocuring behavior,17,19,21,22 further 

exploration of this system is warranted. Additionally, the ability to vary both the ligand and 

coordinating metal salt provide a vast library of potential coordinated IL chemistries available for 

photopolymerization,9,13 and we seek to begin exploring how coordinated IL chemistry affects 

photorheology at varying salt concentrations. 

In this study, we continue our investigation into the evolution of rheological properties of 

Vim-based coordinated ILs during in situ photopolymerization by varying the photoinitiator 

content, light intensity, and coordinating metal salt. First, we evaluate how changing the 

percentage of photoinitiator in the coordinated IL affects moduli growth and the time required to 

reach the gel point. Next, we examine how variations in light intensity affect the photorheological 

behavior of Vim/LiTf2N coordinated ILs under continuous UV exposure up to the gel point. We 

also conduct curing experiments at two different light intensities while keeping the UV dosage 

constant to examine how light intensity affects the ultimate modulus and extent of dark curing at 
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varying concentrations of LiTf2N. Finally, we switch the coordinating metal salt from LiTf2N to 

LiBF4 to investigate how metal anion selection affects initial solution viscosity, microstructural 

development during photopolymerization, and dark curing. 

5.3. Experimental Section 

5.3.1. Materials 

1-Vinylimidazole (Vim, Alfa Aesar, 99%), lithium tetrafluoroborate (LiBF4, Millipore 

Sigma, 98%) and 2,2-dimethoxy-2-phenylacetophenone (DMPA, ACROS Organics, 99%) were 

used as received without further purification. Bis(trifluoromethane)sulfonimide lithium salt 

(LiTf2N, AdipoGen Life Sciences) was stored in a desiccator to minimize atmospheric moisture 

uptake23 and dried overnight at 110 ºC prior to use, as it was observed that moisture from LiTf2N 

affected photorheological behavior (Figure C.1 and additional discussion in Appendix C). The 

structures of these chemicals are shown in Figure 5.1. 
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Figure 5.1. Chemicals used in this work: (a) 1-vinylimidazole (Vim), (b) lithium bistriflimide 

(LiTf2N), (c) lithium tetrafluoroborate (LiBF4), and (d) 2,2-dimethoxy-2-phenylacetophenone 

(DMPA). 

 

5.3.2. Solution Preparation 

Coordinated IL solutions were prepared by addition of lithium salt (LiTf2N or LiBF4) to 

Vim at varying molar ratios according to Table 5.1. DMPA was then added to each solution at 

either 0.25 or 1 wt%. Unless otherwise noted, DMPA wt% is expressed as a percentage of the total 

solution mass. The coordinated IL solutions were mixed via magnetic stirring under mild heating 

(< 50 ºC) until homogenous, transparent solutions were obtained. Solutions were cooled to room 

temperature prior to measurement. Due to relatively poor solubility of LiBF4 in Vim compared to 

LiTf2N, the upper limit for Vim/LiBF4 ILs was 3:1 Vim:LiBF4, while Vim/LiTF2N ILs were 

prepared up to a molar ratio of 2:1 Vim:LiTf2N. 
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Table 5.1. Molar ratios of 1-vinylimidazole (Vim) to lithium salt (either LiTf2N or LiBF4) in the 

coordinated ILs. *Denotes a composition only prepared for LiTf2N. 

mol Vim:mol Li salt mol% Li salt 
Neat Vim 0 

8:1 11.1 
5:1 16.7 
4:1 20.0 
3:1 25.0 
*2:1 33.3 

 

5.3.3. Methods 

All rheological experiments were performed using a Discovery Hybrid Rheometer-3 (TA 

Instruments). In situ photorheology experiments were performed at room temperature using the 

UV LED Accessory (TA Instruments). The UV light intensity was calibrated prior to each 

experiment using a radiometer (Silver Line).  Samples were loaded between a 20 mm aluminum 

top plate and a 20 mm quartz bottom plate with fixed plate gap of 50 µm. After loading, samples 

were pre-sheared for 30 s at 10 s-1 and then equilibrated for 2 min prior to measurement. At time t 

= 0, the UV source was turned on and UV light was emitted vertically upward through the bottom 

quartz plate at 365 nm at a specified intensity (ranging from 0.5-10 mW/cm2). A dynamic 

oscillatory shear time sweep experiment (frequency ω = 5 rad/s) was started simultaneously with 

the UV exposure, during which the storage and loss moduli (G’ and G”, respectively) were 

continuously measured. The oscillatory strain was fixed at γ = 1% for all samples except 2:1 

Vim:LiTf2N, for which it was increased to 2% to obtain reliable data; both of these values were 

within the linear viscoelastic regimes of the starting solutions. 

For continuous illumination experiments, the UV light was left on (for a maximum of 60 

min) until a modulus crossover (intersection of G’ and G”) was observed, at which point the UV 
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light was turned off and the time sweep was stopped to prevent damage to the instrument at 

elevated torque values. For dark curing experiments, the UV light was turned off at specified times 

prior to the conclusion of the time sweep (parameters are specified in the individual results 

sections).  

Steady-shear viscosity measurements of Vim/LiBF4 ILs were performed at 25 ºC using a 

20 mm diameter, 1º cone (truncation gap = 26 µm) over a range of decreasing shear rates from 100 

to 1 s-1. A frequency sweep experiment (γ = 1%, ω = 0.1-100 rad/s) was performed directly after 

the conclusion of the time sweep for Vim/LiBF4 samples during dark curing experiments to 

characterize the post-UV sample behavior through plots of G’ and G” vs. frequency. 

5.4. Results and Discussion 

5.4.1. Effect of Photoinitiator Content 

To examine the importance of photoinitiator content on photocuring behavior, we prepared 

Vim/LiTF2N coordinated ILs at a single salt ratio (5:1 Vim:LiTf2N) containing two different levels 

of DMPA (0.25 and 1 wt%). Those samples were then measured under continuous UV illumination 

at two different light intensities (1 and 3 mW/cm2); the results are presented in Figure 5.2. At the 

start of the experiment, the viscous modulus (G”) is larger in magnitude than the elastic modulus 

(G’), indicating that solution-like behavior is dominant. During polymerization of Vim, poly(Vim) 

chains form in the bulk below the glass transition temperature of (171 ºC),24 which causes the 

sample to stiffen and solidify and is manifested as increases in both G’ and G” with time. The 

experiment was allowed to proceed until a modulus crossover was observed (G’ becomes higher 

than G”), at which point the experiment was terminated. The modulus crossover point can be taken 

as an approximation of the gel point.10,22,25  
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Figure 5.2. Effect of photoinitiator (DMPA) content on photorheology for 5:1 Vim:LiTf2N 

samples under continuous UV illumination at intensities of (a) 1 mW/cm2 and (b) 3 mW/cm2 (data 

sets labeled and color-coded). 

 

We observe from Figure 5.2 that at each light intensity, the sample containing 1 wt% 

DMPA experienced faster moduli growth and reached the gel point more quickly than the sample 

containing 0.25 wt% DMPA. For chain polymerizations, higher concentrations of photoinitiator 

increase both the rate of decomposition (which generates propagating radicals) and the rate of 

propagation (which grows the polymer chain).26 Thus, we expect that the increase in 
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photorheological response at high photoinitiator concentration is likely attributed to increased 

monomer conversion and polymer content over time. These results demonstrate that photoinitiator 

content is one parameter by which the photorheological behavior of Vim/LiTF2N can be tuned to 

achieve a faster or slower material response to UV light; in the following sections, we explore the 

effects of light intensity at varying salt contents. 

5.4.2. Effect of Light Intensity on Gelation Time 

Next, we examine how variations in light intensity affect the time required to reach the gel 

point for Vim/LiTF2N coordinated ILs containing 0.25 wt% DMPA. Neat Vim, 8:1, and 2:1 

Vim:LiTf2N samples did not reach a modulus crossover after 60 min of continuous UV exposure 

and were excluded from analysis in this section. Time sweep results at each light intensity for 4:1 

Vim:LiTf2N are show in in Figure 5.3, while those for 5:1 and 3:1 are provided in Figure C.2. As 

the light intensity is increased, G’ and G” increase in magnitude and reach a modulus crossover 

more quickly, indicating that the internal microstructure is developing more rapidly. This is an 

intuitively expected result, as polymerization kinetics should also increase with increasing light 

intensity.26 This trend is also in accordance with photocuring results for alginate hydrogels.22 
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Figure 5.3. In situ photopolymerization time sweeps of 4:1 Vim:LiTf2N samples under varying 

intensities (0.5-10 mW/cm2) of continuous UV illumination; data sets labeled and color-coded. 

 

To examine whether the salt content of the coordinated IL affects the photorheological 

response to varying light intensities, the approximate gel times (tgel) for each individual experiment 

are plotted as a function of IL composition and light intensity in Figure 5.4a. We observe that for 

all light intensities, 4:1 gels the quickest, which is in agreement with our previous work for 

Vim/LiTF2N samples containing 1 wt% DMPA.10 The 5:1 samples reach the gel point more 

quickly than the 3:1 samples for all intensities except 3 mW/cm2; performing replicates of each 

experiment could confirm if this anomalous result is due to experimental variability.  

The gel time data from Figure 5.4a can be fitted to a power-law model22 as described in 

Equation 5.1: 

𝜔𝜔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝐴𝐴 ∗ (𝐼𝐼0)𝑛𝑛   (5.1) 

where A is a scalar prefactor and n is the power-law coefficient. Values for the power-law 

coefficient as a function of mol% LiTf2N in the coordinated IL are shown in Figure 5.4b, while 
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the rest of the fitting parameters are presented in Table C.1.  

 

 

Figure 5.4. (a) Dependence of approximate gel time on UV light intensity for 5:1, 4:1, and 3:1 

Vim:LiTf2N coordinated ILs. Solid, color-coded lines represent power-law fits to the data. (b) 

Effect of mol% LiTf2N on the power-law coefficients extracted from the regressions in (a). 

 

Figure 5.4b demonstrates that the power-law coefficient shows little dependence on the 

salt content of the coordinated IL, suggesting that gelation by ionic/physical crosslinking may 

depend more on the characteristics of poly(Vim) (polymer concentration and chain length) and 
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less on the additional Vim-Li+ interactions present at higher [LiTf2N]. Measurements of poly(Vim) 

molecular weight for samples arrested at the gel point could identify whether this is indeed the 

case. 

5.4.3. Dependence of Dark Curing on Light Intensity and IL Composition 

We previously noted that Vim/LiTF2N coordinated ILs exhibit significant dark curing 

(extended modulus development in the period following UV exposure) at elevated [LiTf2N]. We 

desired to further examine this phenomenon by evaluating how light intensity affects the presence 

and extent of dark curing. To accomplish this, we exposed 5-2:1 Vim:LiTf2N samples containing 

0.25 wt% DMPA to a constant dosage (intensity × time) of UV light, either 1 mW/cm2 for 6 min 

or 3 mW/cm2 for 2 min, and then continued to measure modulus evolution in the dark for 30 min 

following the exposure period. The neat Vim and 8:1 samples containing 0.25 wt% DMPA 

exhibited negligible responses to the applied dosage of UV light and were excluded from analysis 

in this section. In accordance with our previous work, we report the data in terms of complex shear 

modulus (G*), which is defined by Equation 5.2: 

𝐺𝐺∗ = �(𝐺𝐺")2 + (𝐺𝐺′)2    (5.2) 

The time sweep results from the dark curing experiments are presented in Figure 5.5. For 

each coordinated IL composition, the sample exposed to 3 mW/cm2 initially experiences faster G* 

growth than the one exposed to 1 mW/cm2, which is in congruence with Figures 5.3 and C.2. 

However, the samples exposed to 1 mW/cm2 ultimately reach higher G* values by the end of their 

exposure period than was obtained under 3 mW/cm2 illumination for the shorter exposure period. 

The presence of dark curing is also evident in Figure 5.5 for some compositions, which we will 

revisit again in our analysis of the next figure. 
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Figure 5.5. Evolution of complex shear modulus (G*) over time for 5:1 (a), 4:1 (b), 3:1 (c), and 

2:1 Vim:LiTf2N (d) samples containing 0.25 wt% DMPA exposed to either 1 mW/cm2 light for 6 

min or 3 mW/cm2 light for 2 min. The yellow shaded area (0-2 min) indicates when both data sets 

were under UV illumination, while the green shaded area denotes the time (2-6 min) when only 

the 1 mW/cm2-exposed samples were under UV illumination. 

 

To isolate the effects of salt content on G* and dark curing, we extract two quantities from 

Figure 5.5. First, we plot the terminal values from G* at the end of the experiment (G*final) with 

respect to mol % LiTf2N in Figure 5.6a. Across all compositions, G*final values are slightly higher 
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for samples exposed to 1 mW/cm2 light for 6 min compared to 3 mW/cm2 for 2 min. As in our 

previous work, G*final values are maximized at 20 mol% LiTf2N (4:1). 

 

 

Figure 5.6. Effects of mol% LiTf2N on G*final (a) and extent of dark curing (b) for samples exposed 

to either 1 mW/cm2 light for 6 min or 3 mW/cm2 light for 2 min. 

 

Next, we calculate the extent of dark curing (ε) for each experiment according to Equation 

5.3: 
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𝜀𝜀 =  
𝐺𝐺𝑓𝑓𝑉𝑉𝑛𝑛𝑓𝑓𝑓𝑓
∗ −𝐺𝐺𝑒𝑒∗

𝐺𝐺𝑒𝑒∗
   (5.3) 

where G*e is the complex shear modulus at the end of the exposure period (t = 6 min for 1 mW/cm2 

or 2 min for 3 mW/cm2). The extents of dark curing are then plotted as a function of mol% LiTf2N 

and light intensity in Figure 5.6b. From 16.7 to 25 mol% LiTf2N, dark curing increases with 

increasing [LiTf2N] and is higher for samples exposed to 3 mW/cm2 than those exposed to 1 

mW/cm2. In our previous work10 (which used a single light intensity of 1 mW/cm2)  we attributed 

the increase in dark curing with increasing salt content to continued physical crosslinking and 

interactions between diffusing Li+ cations and poly(Vim) chains, and observed minimal continued 

polymerization in the dark. However, the increase in dark curing at the higher light intensity of 3 

mW/cm2 suggests there may be more propagating radicals present at the conclusion of the UV 

exposure period, which could be stabilized27 by Li+ and contribute to further microstructural 

development in the dark. Finally, the extents of dark curing at 33.3 mol% LiTf2N (2:1) are 

negligible for both light intensities, suggesting that there may be a threshold G* value, polymer 

content, or molecular weight required in order to see appreciable dark curing. 

5.4.4. Effect of Lithium Salt Anion: BF4- vs. Tf2N- 

Lastly, we take a first step into the vast space of coordinated IL chemistries by switching 

the metal salt from LiTf2N to LiBF4. To make direct comparisons to our previous work,10 

coordinated ILs containing LiBF4 were prepared with 1 wt% DMPA relative to Vim and exposed 

to 1 mW/cm2 UV light for 5 min, followed by 55 min of dark exposure. Due to decreased solubility 

of LiBF4 in Vim as compared to LiTf2N, coordinated ILs could only be prepared up to 25 mol% 

salt (3:1 Vim:LiBF4). 
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Steady-shear measurements of coordinated ILs containing LiBF4 reveal that all 

compositions explored exhibited Newtonian flow behavior over the range of shear rates examined 

(Figure C.3), matching the flow behavior observed for LiTf2N-based coordinated ILs.10 The 

Newtonian viscosities of both coordinated IL sets are plotted with respect to mol% salt in Figure 

5.7. We observe that coordinated ILs containing LiBF4 are more viscous than their LiTf2N 

counterparts. It has previously been noted that the viscosity of borate-based ILs are greater than 

that of corresponding TF2N--based ILs.28 

 

 

Figure 5.7. Effect of mol% salt on Newtonian viscosities of coordinated IL solutions. Data for 

LiTf2N is reprinted from Corder et al.10 The solid and dashed lines serve as guides to the eye. 

 

Next, we examine the photorheological responses of Vim/LiBF4 coordinated ILs. The time 

sweep results (G’ and G” vs time) for 8-3:1 Vim:LiBF4 samples are provided in Figure C.4. Unlike 

their LiTf2N counterparts, none of the LiBF4 samples displayed a modulus crossover in response 

to UV light exposure, suggesting gelation (or at least complete gelation) did not occur. In Figure 
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5.8, we compare the magnitudes of the complex shear modulus at the end of the experiment 

(G*final) for both sets of coordinated ILs. At all salt concentrations, G*final is higher for ILs 

containing LiTf2N than for ILs containing LiBF4. We observe that both data sets exhibit similar 

trends with respect to salt content, as G*final increases with salt addition up to 20 mol% and then 

decreases upon further addition to 25% salt. The similar trends suggest that the underlying 

mechanism behind the photorheological response of LiBF4-based coordinated ILs is comparable 

to that previously established for LiTf2N-based coordinated ILs.10 The decreased magnitude of 

G*final for LiBF4 could be perhaps be attributed to diffusion limitations from the higher starting 

viscosities slowing the photopolymerization reaction, or it may result from less poly(Vim)-Li+ 

coordination. Measurements of monomer conversion from parallel RT-FTIR experiments could 

elucidate whether the polymer content varies with salt type after photopolymerization. 

 

 

Figure 5.8. Effect of mol% salt on G*final after photopolymerization experiments for coordinated 

ILs containing LiTf2N or LiBF4. Data for LiTf2N is reprinted from Corder et al.10 The solid and 

dashed lines serve as guides to the eye. 
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As previously mentioned, none of the Vim/LiBF4 samples exhibited a modulus crossover 

during the photopolymerization time sweep step, suggesting that complete gelation did not occur. 

The post-polymerization frequency sweeps are provided in Figure 5.9. All four of these spectra 

resemble materials at or near the gel point,29 as G’ and G” vs. frequency are nearly parallel. The 

results for 5:1-3:1 Vim:LiBF4 in Figures 5.9b-d show significantly less microstructural 

development after UV exposure as compared to LiTf2N-containing coordinated ILs.10 This may 

be a result of poor ion pair dissociation for LiBF4; it has previously been noted that while LiBF4 

has higher ionic mobility than LiTf2N, LiTf2N has a higher ion pair dissociation constant than 

LiBF4 as evaluated in electrochemical solvents such as ethylene carbonate and dimethyl 

carbonate.28,30 A relatively lower ion pair dissociation constant for LiBF4 indicates that Li+ is more 

strongly bound to BF4- than Tf2N-, reducing the occurrence of Vim-Li+ interactions that function 

as physical crosslinks10 in photopolymerized Vim/LiBF4 materials. 
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Figure 5.9. Post-polymerization frequency sweeps for 8:1 (a), 5:1 (b), 4:1 (c), and 3:1 Vim:LiBF4 

(d). 

 

Modulus crossovers are observed on the frequency sweep spectra for 5:1, 4:1, and 3:1 

Vim:LiBF4 in Figures 5.9b-d. The polymer/network relaxation time (λ) can be estimated from the 

frequency at which the modulus crossover occurs (ωc) according to Equation 5.4: 

 𝜆𝜆 = 1 𝜔𝜔𝑐𝑐�    (5.4) 

Modulus crossover frequencies and relaxation times for each level of LiBF4 are given below in 

Table 5.2. We observe that the relaxation time decreases with increasing [LiBF4]. This suggests 

that even though these three compositions possess similar G*fin values after photopolymerization 
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(Figure 5.8), the underlying polymer characteristics (such as molecular weight or molecular 

weight distribution) may differ at each [LiBF4], affecting network relaxation dynamics. 

 

Table 5.2. Values for the frequency at modulus crossover (ωc) and polymer/network relaxation 

time (λ) for polymerized coordinated IL samples containing varying molar rations of Vim:LiBF4. 

mol Vim:LiBF4 mol% LiBF4 ωc (rad/s) λ (s) 
5:1 16.7 16.7 0.378 
4:1 20.0 28.3 0.222 
3:1 25.0 38.6 0.163 

 

Finally, we examine how the extent of dark curing depends on [LiBF4] and compare our 

results to those for LiTf2N (Figure 5.10). The amount of dark curing is relatively similar for 

LiTf2N and LiBF4 up to 20 mol% salt. The greatest difference between the two data sets is observed 

at 25 mol% salt; while the extent of dark curing increased dramatically from 20-25 mol% salt for 

LiTf2N, no further increase is observed for LiBF4. We previously established that rheological dark 

curing in LiTf2N-based coordinated ILs results primarily from Li+ diffusion to form additional 

physical crosslinks between poly(Vim) chains and not from continued polymerization in the dark 

exposure period.10 The relative lack of dark curing for 25 mol% LiBF4 (3:1 Vim:LiBF4) can 

therefore likely be attributed to the lower ion pair dissociation causing fewer additional Vim-Li+ 

interactions to develop during the dark exposure period, which is consistent with our discussion of 

Figure 5.9. 
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Figure 5.10. Rheological extents of dark curing obtained from photopolymerized coordinated ILs 

containing varying concentrations of LiTf2N or LiBF4. Data for LiTf2N is reprinted from Corder 

et al.10 The solid and dashed lines serve as guides to the eye. 

 

5.5. Conclusions 

In this work, we explored how variations in photoinitiator concentration, light intensity, 

and coordinating metal salt affected rheological property development during in situ 

photopolymerization of Vim-based coordinated ILs. Increasing the DMPA concentration from 

0.25 to 1 wt% resulted in faster moduli growth and gelation of 5:1 Vim:LiTf2N at two different 

light intensities (1 and 3 mW/cm2). Faster moduli growth and gelation were also observed for 5-

3:1 Vim:LiTf2N ILs under continuous illumination as the light intensity was increased from 0.5-

10 mW/cm2. The gel time data with respect to light intensity was fitted to a power-law model, and 

analysis of the power-law coefficients at varying [LiTf2N] suggests that the mechanism of gelation 

by ionic/physical crosslinking may depend more on the characteristics of poly(Vim) after 

photopolymerization and less on the additional Vim-Li+ interactions present at higher [LiTf2N]. 
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Constant dosage experiments performed at two different light intensities revealed that for all 

[LiTf2N], higher ultimate G* values were reached under the lower light intensity, while dark curing 

was elevated at the higher light intensity for ILs containing up to 25 mol% LiTf2N. Finally, 

relatively weaker ion pair dissociation and increased IL solution viscosities for LiBF4 compared 

to LiTf2N caused Vim/LiBF4 coordinated ILs to exhibit less microstructural development and dark 

curing than their Vim/LiTF2N counterparts, which is likely due to reductions in the occurrence of 

Vim-Li+ interactions that function as physical/ionic crosslinks in these coordinated ILs. Overall, 

these results further demonstrate the highly tunable nature of photopolymerizable Vim-based 

coordinated IL systems. 
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CHAPTER 6 

Summary and Outlook 

6.1. Development and Quantification of the Effectiveness of Localized Collagenase 

Treatments at Reducing Tumor Stiffness 

In Chapter 2, we used rheology to quantify the effects of localized collagenase 

Clostridium histolyticum (CCH) injections on the digestion of uterine fibroids through ex vivo and 

in vivo studies. Through collagen digestion, we aimed to soften fibroids (which are stiff, benign 

tumors) and prevent the need for surgical removal. CCH localization was accomplished via co-

injection of LiquoGelTM (LQG), a thermoresponsive and biodegradable copolymer of N-

isopropylacrylamide-based copolymer that undergoes a lower critical solution temperature phase 

transition from a solution to a gel when heated above 25ºC. First, we performed a toxicity study 

on LQG injected subcutaneously into mice and observed that LQG did not cause adverse health 

effects, demonstrating its potential to safely act as a delivery system for collagenase. Next, we 

showed that rheology can be used to quantify the modulus and viscoelasticity and characterize the 

material state of human uterine fibroid tissue, which exhibits gel-like rheological behavior. We 

performed a preliminary ex vivo digestion study on fibroids and demonstrated that CCH injections 

reduced the tissue modulus and increased the tissue viscoelasticity after 48 hours, and that these 

effects were heightened by co-injection of LQG. Finally, we conducted an in vivo mouse study of 

implanted human uterine fibroid tissues injected with our treatments and observed a statistically 

significant reduction in tissue modulus and increase in tissue viscoelasticity 7 days after a single 

injection of LQG+CCH. Histological staining of fibroids confirmed that the observed changes in 

rheological properties corresponded to an increase in collagen lysis after treatment by LQG+CCH.  
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In Chapter 3, we took a similar approach as in Chapter 2 to develop localized enzymatic 

treatments for malignant mammary tumors, with the goal of slowing breast cancer development 

by disrupting mechanotransductive acceleration pathways that result from increased tumor 

stiffness. We examined how two sets of injectable liberase (a blend of collagenases and 

thermolysin) treatments affected the linear and nonlinear rheological behavior of 4T1 breast cancer 

tumors in mice. In the first study, we observed that 3 days after a single treatment injection, tumors 

injected with localized liberase (LQG+Lib) had significantly smaller tumor volumes and lower 

tissue moduli at both the center and edge compared to buffer- and free liberase-injected tumors, 

while tissue viscoelasticity remained relatively unaffected. We then performed a longer study 

involving multiple treatment injections in an attempt to further soften 4T1 tumors, but a contrasting 

trend from the single-injection study was instead observed. LQG+Lib tumors remained the 

smallest in volume, but had higher tissue moduli and lower viscoelasticities compared to the other 

treatment groups. We postulated that the development of smaller but stiffer tumors may be the 

result of a mechanotransductive mechanism; softening the local tumor microenvironment by 

LQG+Lib injections could be discouraging outward growth, leading to increased extracellular 

matrix (ECM) deposition by cells concentrated at the tumor center. 

We then performed large amplitude oscillatory shear (LAOS) experiments on the 4T1 

tumors from the multiple-injection study to elucidate whether treatment injections affected 

nonlinear viscoelastic tissue behavior. LAOS analysis revealed that all 4T1 tumors from the 

multiple injection study exhibited nonlinear rheological behavior at high strains and strain rates. 

We observed from examination of the Lissajous-Bowditch curves, Chebyshev coefficient ratios, 

elastic moduli, and dynamic viscosities that the onset and type of nonlinear behavior was 

independent of treatment type and elastic modulus. Our results indicated that the multiple liberase 
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injections did not affect underlying tissue mechanics and that the nonlinear viscoelasticity of 4T1 

tumors is dictated by ECM components that remained unaffected by liberase treatments. 

The results from Chapters 2 and 3 prove that dynamic oscillatory rheology is a useful and 

powerful technique for evaluating the mechanical properties of tissues and for quantifying changes 

in mechanical properties that can result from enzymatic treatments. Additionally, our results show 

promise for development of novel injectable collagenase therapies for not only uterine fibroids and 

breast cancer, but also for a variety of tumors exhibiting dense ECM with elevated collagen 

contents, such as colorectal and pancreatic tumors.1,2 

6.1.1. Recommendations for Future Work 

We demonstrated in Chapter 2 that single injections of LQG+CCH resulted in 

significantly more collagen digestion than free CCH injections after 7 days due to physical 

entrapment of CCH within the polymer gel. It would be useful to measure the release profile of 

CCH from LQG to better understand the transport mechanisms present in our treatment injections.3 

Along these same lines, the performance of LQG (which contains biodegradable monomers in its 

copolymer structure) should be benchmarked against other injectable gel systems that are not 

biodegradable, such as Matrigel or other synthetic polyacrylamide- or poly(ethylene glycol)-based 

scaffolds,4 to examine how LQG breakdown over time affects CCH release as well as the capability 

for extended digestion of fibrous tissues.  

A phase 1 clinical trial involving of injections of free CCH into uterine fibroids was 

completed in 2018.5 No clinically significant adverse effects were reported, and patients self-

reported decreases in fibroid-related pain at 24-48 hours, 4-8 days, and 60-90 days post-injection. 

Since our results in Chapter 2 revealed that LQG is non-toxic (at least in mice) and that LQG 

enhances digestion by CCH, our research shows great promise for translation to clinical trials.  
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When performing the rheological experiments on biological tissues in Chapters 2 and 3, 

we did not take into account tissue anisotropy (varying properties with respect to orientation). Soft 

tissues are known to be anisotropic,6,7 and uterine fibroids have previously been shown to have 

high heterogeneity8 and abnormal fibril orientations;9 thus, systemic examination of anisotropic 

effects after tissue digestion, perhaps by pre-staining the tissues to visualize fibril orientation prior 

to rheological measurement, could yield valuable insights. 

Our collaborators on the breast cancer project detailed in Chapter 3 are continuing to 

examine the biological impacts of injectable enzymatic treatments, such as their effects on 

metastasis and on mRNA and protein expression. Their results will provide a more complete 

picture of how LQG+Lib injections affect tumor growth. Additionally, they plan in future studies 

to co-inject chemotherapeutics along with enzymes and LQG to identify whether enzyme 

localization can enhance the effectiveness of existing therapeutics. 

Though we observed in Chapter 3 that repeated LQG+Lib treatments surprisingly resulted 

in stiffer, not softer tumors, the goal of that project was to achieve tissue softening by enzymatic 

digestion in an attempt to slow cancer development. To that end, other ECM-degrading enzymes, 

such as higher-activity collagenases or hyaluronidases,10 could be explored as alternatives to 

liberase. It would be fascinating to examine whether similar trends are observed for more potent 

enzymes as compared to Lib; will repeated injections of other ECM-degrading enzymes into the 

local tumor microenvironment result in tissue softening or further stiffening? This would also 

allow us to either disprove or further validate our proposed mechanotransductive mechanism. 
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6.2. Rheological Property Development during Photopolymerization and Gelation of 1-

Vinylimidazole-Based Coordinated Ionic Liquids 

In Chapter 4, we used in situ UV curing rheology and real-time Fourier transform infrared 

spectroscopy (RT-FTIR) to monitor the photopolymerization and gelation of a model coordinated 

IL system containing varying molar ratios of 1-vinylimidazole (Vim) to lithium bistriflmide 

(LiTf2N). Three distinct regimes were observed with respect to [LiTf2N]: (1) at low [LiTf2N], 

samples increased in complex shear modulus (G*) and conversion faster with increasing [LiTf2N] 

and behaved as rheological solutions; (2) at intermediate [LiTf2N], G* growth and conversion were 

maximized and samples underwent sol-to-gel transitions during polymerization; (3) at high 

[LiTf2N], G* growth and conversion slowed with increasing [LiTf2N] and samples exhibited 

viscoelastic material behavior. Gelation at moderate 17-25 mol% LiTf2N was attributed to 

physical/ionic crosslinking via metal-ligand coordination between Li+ cations and pendant 

imidazole groups on neighboring polymer chains. Finally, we observed the presence of dark curing 

(continued G* growth after cessation of UV light exposure), which was primarily attributed to 

continued physical crosslinking in the dark exposure period and not to continued chain growth. 

These results demonstrate the interplay of competing effects of increased polymer content and 

coordination-induced crosslinking that occur during photopolymerization of coordinated ILs. 

In Chapter 5, we further explored how variations in photoinitiator concentration, light 

intensity, and the selection of the coordinating metal salt affect rheological property development 

during in situ photopolymerization of Vim-based coordinated ILs. Increasing the photoinitiator 

concentration from 0.25 to 1 wt% resulted in faster moduli growth and gelation of 5:1 Vim:LiTf2N 

at two different light intensities (1 and 3 mW/cm2). Faster moduli growth and gelation (via the 

ionic/physical crosslinking mechanism established in Chapter 4) were also observed for 5-3:1 
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Vim:LiTf2N ILs under continuous illumination as the light intensity was increased from 0.5-10 

mW/cm2. The gel time data with respect to light intensity was fitted to a power-law model, and we 

observed that the power-law coefficients were relatively independent of [LiTf2N]. Constant dosage 

experiments performed at intensities of 1 and 3 mW/cm2 revealed that for all [LiTf2N], higher 

ultimate G* values are reached after lower intensity exposures, while dark curing is elevated after 

higher intensity exposures for Vim/LiTf2N coordinated ILs containing up to 25 mol% LiTf2N. 

Finally, we switched the coordinating metal salt from LiTf2N to lithium tetrafluoroborate (LiBF4) 

and observed that Vim/LiBF4 coordinated ILs exhibited less microstructural development and dark 

curing than their Vim/LiTF2N counterparts containing the same mol% Li+ salt. We postulate that 

this is a result of relatively weaker ion pair dissociation and increased IL solution viscosities for 

LiBF4 compared to LiTf2N, which reduces the occurrence of Vim-Li+ interactions that function as 

physical/ionic crosslinks in these polymerized coordinated ILs. 

The results from Chapters 4 and 5 demonstrate the highly tunable nature of 

photopolymerizable Vim-based coordinated IL systems. They also show how in situ 

photorheology can be used to gain insights into microstructural development in an attempt to 

decouple the competing effects of polymerization and gelation on observed material behavior. 

While these studies used a relatively “simple” coordinated IL (containing an unsubstituted 

imidazole pendant group) as a model system, our results will serve as a foundation for future 

rheological investigations of poly(IL) synthesis from more complex ILs with potential applications 

as tunable 3D-printable materials. 

6.2.1. Recommendations for Future Work 

Through parallel RT-FTIR measurements in Chapter 4, we were able to make direct 

comparisons between the rheological behavior of photopolymerized coordinated ILs and the 
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monomer conversion at set time points. However, the evolution of polymer molecular weight and 

dispersity during photopolymerization may also depend on [LiTf2N], and it would be very 

interesting to compare polymer chain lengths after photopolymerization to the post-cure frequency 

sweep results. To accomplish this, gel permeation chromatography (GPC) experiments could be 

performed on coordinated IL samples arrested after varying degrees of photopolymerization. Such 

analysis would require extensive purification to remove LiTf2N, as Li+ coordination to multiple 

poly(Vim) groups could join chains together and result in artificially high measurements of 

poly(Vim) molecular weight.  

In Chapter 5, we explored the effects of photopolymerization parameters such as 

photoinitiator concentration and light intensity on the photorheology of coordinated ILs. However, 

we have not yet performed parallel RT-FTIR experiments to examine the polymerization kinetics 

under those conditions. Such experiments will be critical to gaining a more complete 

understanding of how the photopolymerization behavior of coordinated ILs can be tuned. We were 

also limited in our investigation to performing experiments under exposure conditions that ensured 

our samples remained within the measurable torque limit of the rheometer to prevent instrument 

damage. Given that higher light intensities typically result in faster polymerization and modulus 

growth, which would be desirable for industrial application, one could quickly photopolymerize 

coordinated ILs under a high-intensity UV lamp and then evaluate the mechanical properties using 

dynamic mechanical analysis instead of rheology.  

Finally, we began to explore the effects of coordinated IL molecular architecture on 

photorheology in Chapter 5 by changing the coordinating metal salt from LiTf2N to LiBF4. One 

of the inherent benefits of studying ILs is the vast library of potential chemistries that can exist 

through combinations of cations and anions, or in the case of coordinated ILs, combinations of 
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monomer ligands and coordinating metal salts. Coordinated ILs have previously been produced 

from combinations of 1-vinylimidazole and methyl methacrylate with a variety of alkali and 

alkaline earth metal bistriflimide salts,11 and while their photopolymerization kinetics have been 

previously examined, the photorheology has not. Further investigation of how substituted 

vinylimidazoles or long chain alkyl methacrylates affect photopolymerization and gelation of 

coordinated ILs could also be used to design novel soft materials. 
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APPENDIX A 

Supporting Information for Chapter 2 

A.1. Identification of the Sol-gel Transition of LiquoGelTM (LQG) Using Rheology 

The lower critical solution temperature (LCST) phase transition of LQG was measured by 

dynamic oscillatory rheology using a Discovery HR-3 (TA Instruments) equipped with a 40 mm 

diameter stainless steel parallel plate geometry (top plate) and a bottom Peltier Plate for precise 

temperature control (±0.1 ºC). A 17 wt/v% LQG solution was prepared by dissolving LQG 

polymer in cold phosphate buffered saline (PBS) buffer (1x PBS+0.2 mM CaCl2, pH 7.4) and 

stirring on ice for 3 hours. To identify the sol-gel transition temperature, a temperature sweep 

experiment was performed at a constant frequency of 1 rad/s by increasing the temperature from 

15 to 29 ºC in 0.5 ºC increments, allowing for 10 s of equilibration at each temperature prior to 

measurement. The oscillation strain amplitude was 10%, which had previously been determined 

to be within the linear viscoelastic regime for both the solution and gel states. The initial gap height 

was set to 500 μm and the axial force adjustment mode was used to keep the axial force constant 

at 0.01±0.1 N by actively adjusting the gap height. We observe from the temperature sweep results 

in Figure A.1 that at low temperatures, LQG is in the solution state, as the viscous modulus (G”) 

is larger than the elastic modulus (G’). A modulus crossover is observed at T = 25 ºC, which 

corresponds to the sol-gel transition (Tgel). Above 25 ºC, LQG remains in the gel state, as G’ > G”. 

Inset pictures in Figure A.1 illustrate the sol-gel transition. 
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Figure A.1. Temperature sweep results for LQG heated from 15-29 ºC. The gelation temperature 

(Tgel) is identified as 25 ºC, as evidenced by a modulus crossover. Inset pictures at 15 ºC (blue 

border, left) and 29 ºC (red border, right) illustrate the sol-gel transition. 

 

A.2. Analysis of Fixing Constant Compression vs. Constant Gap Height Using Chicken 

Meat 

Prior to evaluating enzymatic digestion effects on tissues, we needed to establish a 

consistent rheological measurement protocol for use with tissue samples. Many publications1–3 

report the use of constant compression at variable gap heights to normalize measurements between 

biological samples. However, varying the gap height while keeping the amount of compression 

constant changes the ratio of sample width to height, which can introduce edge effects at higher 

gap heights leading to less reliable data.4 We conducted two sets of frequency sweep experiments 

on samples of chicken breast meat (obtained from a local Harris Teeter supermarket) to determine 
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which protocol to follow for measuring tissue samples. In both sets of experiments, three 

successive ~2 mm thick slices (estimated visually with a ruler) were taken from a piece of chicken. 

We first took the approach of bringing the top plate down in 100 μm increments to where 

it first contacted the tissue (as evaluated by the axial force transducer registering >0.01 N). We 

then applied an additional 10% compression by reducing the gap by 10%, recording the final gap 

at which the measurement was taken. The data from this approach is shown in Figure A.2a. In the 

second approach, the gap height was fixed at 1600 μm (for a resulting width: height ratio of 5) 

irrespective of sample height. The axial force was 0.03-0.08N at the sample gap of 1600 μm prior 

to beginning the frequency sweep. We observe in Figure A.2b that the variability between 

successive chicken meat slices was much lower when the gap was fixed at 1600 μm rather than 

allowing the gap to fluctuate based on sample height. Based on these results, we chose to fix the 

gap height at 1600 μm for all uterine fibroid measurements. 
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Figure A.2. Frequency sweep spectra of chicken breast meat samples following two different 

protocols: (a) fixing constant 10% compression, and (b) fixing a constant 1600 μm gap height. 

 

Analysis of the data in Figure A.2b reveals that the sample variability for chicken breast 

meat relatively low, with only 4.06% standard error in tissue modulus (G’ at frequency ω = 1 rad/s) 

and 1.35% standard error in tissue viscoelasticity (tan δ at frequency ω = 1 rad/s). In comparison, 

the untreated uterine fibroids data from Figure 2.3 exhibits much higher variability (19.7% and 

6.5% standard errors in tissue modulus and tissue viscoelasticity, respectively). Thus, the high 

sample variability observed for uterine fibroids is likely due to inherent tissue heterogeneity5 and 

not a result of measurement error. 
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A.3. LQG Synthetic Protocols 

Protocols for synthesis/purification of individual LQG monomers, as well as for the 

synthesis of the LQG copolymer, are presented below. 

A.3.1. 2-Hydroxyethyl Methacrylate-Poly(lactic Acid) (HEMA-PLA) Synthesis 

HEMA-PLA was synthesized according to the procedure described by Huang et al.6 4.3 g 

of 3,6-dimethyl-1,4-dioxane-2,5-dione (TCI Chemicals) was added to a three-necked round 

bottom flask equipped with a magnetic stir bar. 3.7 mL of 2-hydroxyethylmethacrylate (Acros 

Organics) was added to the flask. The temperature was raised to 60°C while stirring under nitrogen 

gas, and then 0.1 mL of tin(II) 2-ethylhexanoate (Alfa Aesar) was added. The reaction proceeded 

at 110°C for 1 h, after which the temperature was reduced to RT and 20 mL of tetrahydrofuran 

(EMD Millipore) was added while stirring. HEMA-PLA was precipitated in 40 mL of ice-cold DI 

water and washed through a fluted filter with ethyl acetate (Macron). Anhydrous magnesium 

sulfate (Fisher Scientific) was added to remove residual THF, and was subsequently removed by 

filtration. The filtrate was concentrated by rotovap and dried under vacuum at RT for 24 h. 

A.3.2. Hyperbranched Polyglycerol (HPG) Synthesis 

1,1,1-tris(hydroxymethyl)propane (Fluka) was partially deprotonated (10%) with 

potassium methylate solution (EMD Millipore) by distilling off excess methanol from the melt. 50 

mL of glycidol (Acros Organics) was slowly added at 95°C over 12 h. The product was dissolved 

in methanol and neutralized by filtration over cation-exchange resin. The polymer was twice 

precipitated from methanol solution into acetone and subsequently dried for 15 h at 80°C under 

vacuum. Hyperbranched polyglycerol was obtained as a highly viscous liquid in yields of 80-95%. 
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A.3.3. Methacrylated Hyperbranched Polyglycerol (HPG-MA) Synthesis 

10 g of HPG was dissolved in 90 mL DMSO (Alfa Aesar, H2O ≤ 0.005%) at room 

temperature under a nitrogen atmosphere. 20 g of 4-dimethylaminopyridine (Acros Organics) and 

2.5 mL of glycidyl methacrylate (Alfa Aesar) was added to the HPG solution. After 5 hours of 

stirring at room temperature, HPG-MA was precipitated in 1L diethyl ether (Acros Organics). The 

reaction product was washed three times with diethyl ether and dried at room temperature. The 

degree of substitution, defined as the percentage of derivatized hydroxyl groups, was determined 

by 1H NMR spectroscopy. 

A.3.4. N-isopropylacrylamide (NIPAM) Recrystallization 

30 g of NIPAM (TCI Chemicals) was added to an Erlenmeyer flask equipped with a 

magnetic stir bar. 500 mL of n-hexane (Beantown Chemicals) was heated to boiling and added to 

NIPAM, stirring until dissolved. The solution was cooled to room temperature upon which NIPAM 

crystals precipitated. NIPAM crystals were obtained by vacuum filtration. This process was 

repeated once more to obtained twice-recrystallized pNIPAM. 

A.3.5. Acrylic Acid (AAc) Preparation for Synthesis 

A small Buchner funnel was equipped with activated aluminum oxide 58 Angstrom filter 

paper (Alfa Aesar) and a small layer of 99% anhydrous potassium carbonate (Acros Organics). 

AAc (Alfa Aesar) was vacuum filtered through the Buchner funnel to rid it of the inhibitor, then 

filtered through a 0.45 μm filter to remove residual aluminum oxide. 

A.3.6. LiquoGelTM (LQG) Synthesis 

430 mg of HPG-MA was delivered to a round bottom flask containing 60 mL of 1,4-

dioxane flask by syringe and was briefly heated to 40°C under nitrogen to dissolve, then cooled to 
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RT. 50 mg of prepared AAc rid of initiator was then added to the flask. 6 g of recrystallized NIPAM 

was dissolved in 30 mL of 1,4-dioxane (Alfa Aesar) in a separate flask, then added to the reaction 

flask. 1.74 g of HEMA-PLA was added next to the reaction flask. In a third, smaller flask, 140 mg 

of benzoyl peroxide (Alfa Aesar) was added to 12.5 mL 1,4-dioxane and purged with nitrogen for 

30 min, then added to the reaction flask. The temperature was raised to 70°C and the reaction 

occurred under stirring for 24 h. The reaction was cooled to RT and precipitated into 300 mL of 

chilled n-hexane. The precipitate was purified twice by dissolving in 200 mL tetrahydrofuran 

(EMD Millipore) and precipitating in 400 mL chilled diethyl ether and subsequently dried under 

vacuum for 48 h at RT. The composition of the synthesized polymer was determined by 1H NMR 

in dimethyl sulfoxide. 
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A.4. Histology Images from LQG Toxicity Study 

Hematoxylin and eosin stains of representative mouse organs from the LQG toxicity study 

are presented in Figure A.3. In the images below, nuclei are stained blue, while cytoplasm and 

extracellular matrix components are stained in varying degrees of pink. 

 

 

Figure A.3. Hematoxylin and eosin stains of (a, b) livers, (c) spleen, (d) pancreas, (e) duodenum, 

(f) lung, (g) kidney, and (h,i) skin. All stains indicate normal morphologies except (h) and (i), 

which show regions of vacuolated subcutaneous space inflammation and minor tissue necrosis. 

 



   

173 
 

A.5. Atomic Force Microscopy (AFM) Force Mapping of an Untreated Uterine Fibroid 

The elastic modulus of an untreated uterine fibroid was measured using a MFP-3D AFM 

(Asylum) and qp-CONT cantilevers (NanoAndMore USA) that have circular symmetric geometry 

with a tip height of 7 μm and a cantilever constant of 0.1 N/m. The fibroid was immersed in PBS 

for measurement. Force maps were performed over four different spots on the fibroid surface, and 

Each force map was over a 5 μm by 5 μm area with a total of 64 force curves being measured in 

that area. The resulting force curves were fit with the Hertz model and analyzed in software from 

Asylum. The average fibroid modulus as measured by AFM was 3790 ± 1530 Pa, which is of the 

same order of magnitude as that measured by rheology (4560 ± 1770 Pa). A representative force 

map for a uterine fibroid is shown below in Figure A.4. 

 

Figure A.4. Representative force map of a uterine fibroid as measured by atomic force 

microscopy.  
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A.6. Blood and Serum Analysis from the LQG Toxicity Study 

Blood urea nitrogen (BUN) and alanine aminotransferase (ALT) levels from the mice used 

in the LQG toxicity study are summarized below in Table 1. In normal mice, the typical ranges for 

BUN and ALT are 16-30 mg/dL and 25-60 U/L, respectively. 

 

Table A.1. Blood urea nitrogen (BUN) and alanine aminotransferase (ALT) levels from mice 

injected with saline or varying dosages of LQG in the LQG toxicity study. 

   Saline 100 mg/kg LQG 150 mg/kg LQG 200 mg/kg LQG 
Baseline     
BUN (mg/dL) 23.3 23.8 22.4 22.9 

ALT (U/L) 26.2 27.1 21.1 26.0 
Day 3     
BUN (mg/dL) 27.0 22.0 19.0 17.6 

ALT (U/L) 26.8 44.5 26.0 15.3 
Day 6     
BUN (mg/dL) 22.2 22.3 25.0 21.1 

ALT (U/L) 34.3 38.0 72.0 17.4 
Day 10     
BUN (mg/dL) 26.0 21.1 22.1 18.8 

ALT (U/L) 22.8 26.6 59.6 29.3 
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A.7. Pictures and Histological Images of Ex Vivo Fibroids 

Fibroids from the ex vivo study were divided in two and photographed 48 hours after 

treatment injection, prior to being flash frozen and stored for later rheological measurement. 

Pictures of representative fibroids are shown below in Figure A.5. Fibroids injected with TRIS 

and LQG remain solid, while those injected with TRIS+CCH and LQG+CCH do not hold their 

shape as well as a result of collagen digestion. Hematoxylin and eosin stains of representative ex 

vivo fibroids are then presented below in Figure A.6. 

 

 

Figure A.5. Images of fibroids 48 hours post-injection with: (a) TRIS, (b) TRIS+CCH, (c) LQG, 

and (d) LQG+CCH.  
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Figure A.6. Hematoxylin and eosin stains of representative fibroids treated ex vivo with (a, b) 

TRIS, (c, d) TRIS+CCH, (e, f) LQG, and (g, h) LQG+CCH and incubated for 48 hours. Images in 

the left column are at 10X magnification while those right column are at 40X magnification). 
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A.8. Comparison of Collagenases Used in Ex Vivo and In Vivo Fibroid Digestion Studies 

The enzyme used in the ex vivo fibroid digestion study was collagenase Clostridium 

histolyticum (CCH) Type 5, obtained from Worthington Biochemical Corporation, while the in 

vivo fibroid study utilized a commercial CCH formulation supplied by BioSpecifics Technology 

Corp. In both studies, treatments with CCH or LQG+CCH contained 300 μg enzyme per injection. 

To directly compare the abilities of these two enzymes to digest the collagens present in uterine 

fibroids, we followed the ex vivo injection procedure to treat two fibroids with 300 μg of 

BioSpecifics CCH ex vivo and allowed the fibroids to incubate for 48 hours. Examination of the 

frequency sweep results given below in Figure A.7 reveals that ex vivo treatment with either 

Worthington Type 5 CCH or BioSpecifics CCH result in nearly identical values for the elastic and 

viscous moduli, demonstrating that the Worthington Type 5 CCH is an appropriate analog for the 

commercial BioSpecifics CCH for use in laboratory studies. 

 

 

Figure A.7. Frequency (ω) sweep results for fibroids treated ex vivo with 300 μg of either 

Worthington Type 5 CCH or BioSpecifics CCH and incubated for 48 hours. 
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A.9. Summary Statistics from the In Vivo Digestion Study 

The mean and median summary statistics of histological scores from the in vivo fibroid 

digestion study, along with standard deviations (SD) and interquartile ranges [Q1, Q3] are 

presented below in Table A.2.  

 

Table A.2. Mean and median summary statistics of histological scoring of collagen lysis in 

fibroids from the in vivo digestion study. Fibroids were evaluated on a 5 point scale using the 

following scheme: 0 = no lysis, 1 = <10%, 2 = 10-30%, 3 = 30-50%, 4 = 50-75% and 5 = >75% 

lysis. 

 

  

 TRIS TRIS+CCH LQG LQG+CCH Total 
Day 1      
 N = 6 N = 6 N = 5 N = 5 N = 22 
Original score      

Mean (SD) 0.0 (0.0) 1.2 (1.0) 0.2 (0.4) 0.4 (0.5) 0.5 (0.7) 
Median [Q1, Q3] 0.0 [0.0, 0.0] 1.0 [1.0, 1.0] 0.0 [0.0, 0.0] 0.0 [0.0, 1.0] 0.0 [0.0, 1.0] 
Day 2      
 N = 5 N = 4 N = 6 N = 6 N = 21 
Original score      

Mean (SD) 0.2 (0.4) 0.8 (1.0) 0.2 (0.4) 1.5 (1.0) 0.5 (0.7) 
Median [Q1, Q3] 0.0 [0.0, 0.0] 0.5 [0.0, 1.5] 0.0 [0.0, 0.0] 1.5 [1.0, 2.0] 0.0 [0.0, 1.0] 
Day 7      
 N = 5 N = 5 N = 4 N = 4 N = 18 
Original score      

Mean (SD) 0.6 (0.9) 0.6 (0.9) 0.0 (0.0) 1.0 (0.8) 0.6 (0.8) 
Median [Q1, Q3] 0.0 [0.0, 1.0] 0.0 [0.0, 1.0] 0.0 [0.0, 0.0] 1.0 [0.5, 1.5] 0.0 [0.0, 1.0] 
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APPENDIX B 

Supporting Information for Chapter 4 

B.1. Validation of Gap Height Selection for Photorheological Experiments 

Photorheology experiments were performed at varying gap heights for 4:1 Vim:LiTf2N to 

determine the effect of sample thickness on the measured mechanical properties. As shown in 

Figure B.1, the evolution of G* with time is unaffected by a gap increase from 50 to 100 μm but 

exhibits deviations when further increased to 150 μm. The lower G* values at 150 μm suggest that 

a polymerization front has developed within the sample. To avoid developing polymerization 

fronts and ensure consistency between replicates, the gap height for all experiments was selected 

as 50 μm. 

 
Figure B.1. Effect of sample thickness on G* evolution for representative 4:1 Vim:LITf2N 

samples exposed to 1 mW/cm2 UV light for 5 min. The lines serve as guides to the eye. 
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B.2. Viscosity Curves Prior to UV Exposure 

Individual curves of viscosity vs. shear rate are provided for completeness in Figure B.2. 

The viscosity of each sample remains constant over the range of shear rates measured, 

demonstrating that all samples are Newtonian solutions prior to UV exposure. 

 
Figure B.2. Representative steady-shear viscosity measurements for all samples. The lines serve 

as guides to the eye. 

 

B.3. Photorheology Time Sweep Data 

Individual photorheology time sweep data (G’ and G” vs. time) for representative samples 

are provided for completeness in Figure B.3.  
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Figure B.3. Representative in situ photopolymerization time sweeps of neat Vim (a), 8:1 (b), 5:1 

(c), 4:1 (d), 3:1 (e), and 2:1 Vim:LiTf2N (f); filled symbols = G’, and open symbols = G”. 

 

B.4. RT-FTIR Spectra 

The RT-FTIR spectra for all samples collected at all time points are provided for 

completeness in Figure B.4. Figure B.4a contains the full-range IR spectra for all samples and 

LiTf2N prior to UV exposure, while Figures B.4b-g display the relevant region of the IR spectra 

for each composition and time point. The peaks centered at ≈ 960 cm-1 (highlighted in pink) 

correspond to the vinyl C-H bending deformation of Vim, while the peaks at ≈ 790 cm-1 

(highlighted in green) correspond to C-S/N-S deformations of Tf2N-. For 8:1-3:1 Vim:LiTf2N 

(Figures B.4c-f), the area of the peak centered at ≈ 960 cm-1 decreases with time, while the area 

of the peak centered at  ≈ 790 cm-1 remains unchanged. This observation is expected, as the vinyl 

group of Vim is consumed during the photopolymerization reaction while Tf2N- does not 

participate in the reaction directly (Figure 4.1). 
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Figure B.4. (a) Full-range IR spectra for all samples prior to UV exposure. (b-g) Evolution of IR 

spectra during the photopolymerization experiment (5 min UV exposure at 1 mW/cm2, total 

experiment time = 60 minutes) for (b) neat Vim, (c) 8:1, (d) 5:1, (e) 4:1, (f) 3:1, and (g) 2:1 

Vim:LiTf2N. In (b-g), the peaks centered at ≈ 960 cm-1 (highlighted in pink) correspond to the 

vinyl C-H bending deformation of Vim, while the peaks at ≈ 790 cm-1 (highlighted in green) 

correspond to C-S/N-S deformations of Tf2N-. 
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B.5. Complex Shear Modulus vs. Conversion during the UV Exposure Period 

To observe how varying [LiTf2N] affects the relationship between complex shear modulus 

(G*) and conversion of Vim (X) during the UV exposure period (t = 0-5 min), we chose to replot 

data from Figure 4.4 as G* vs. X, which is displayed below in Figure B.5. Upon first glance, many 

of the sample compositions appeared to exhibit an exponential dependence of G* on X. 

Exponential fits were calculated according to Equation B.1, which contains two fitting parameters 

(A and B): 

𝐺𝐺∗ = 𝐴𝐴 ∗ 𝑒𝑒𝑒𝑒𝑒𝑒(𝐵𝐵 ∗ 𝑋𝑋𝑡𝑡)   (B.1) 

The fitting parameters obtained for each sample composition are presented in Table B.1, along 

with a goodness-of-fit statistic (R2). 

The data sets appear to cluster into two regimes. The highest salt sample (2:1) and the 

sample without salt (neat Vim) appear in the bottom left corner of Figure B.5 (low G* and X); 

exponential fitting of these two data sets resulted the lowest values of the exponential coefficient 

(B) in Table B.1. In contrast, individual data points for the 8:1, 5:1, 4:1, and 3:1 samples are more 

spread out across the variable space in Figure B.5, and their values for the exponential coefficient 

are an order-of-magnitude higher, revealing a stronger dependence of G* on X. Examination of  

the moderate LiTf2N regime (8:1 – 3:1, or 11-25 mol% LiTf2N) in greater detail yields two further 

observations; first, that a given G* value (y-axis in Figure B.5) requires lower X when at higher 

[LiTf2N], and secondly, that for a given X (x-axis value in Figure B.5), increasing [LiTf2N] 

corresponds to an increase in G*. Together, these observations confirm that LiTf2N plays an 

important role in contributing to material strength.  
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Figure B.5. Complex shear modulus (G*) plotted as a function of conversion (Xt) during the UV 

exposure period (t = 0-5 min at 1 mW/cm2). The dashed lines are exponential fits to the data using 

Equation B-1. 

 

Table B.1. Fitting parameters obtained by fitting the G* versus conversion data (from Figure B.5) 

to Equation B.1, using the method of least squares. 

 

 

 

 

 

mol Vim:LiTf2N mol% LiTf2N A B R2 
Neat Vim 0 0.21 8.66 0.66 

8:1 11.1 2E-8 44.4 0.97 
5:1 16.7 7E-5 36.5 0.98 
4:1 20.0 0.10 27.4 0.99 
3:1 25.0 0.03 34.6 0.60 
2:1 33.3 0.87 5.6 0.92 
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B.6. Results for 2:1 Vim:LiTf2N Exposed to 10 mW/cm2 Continuous Illumination for 15 

min 

To demonstrate that the low G*, low conversion, and lack of complete gelation observed 

for 2:1 (Figures 4.4 and 4.6f in the manuscript) are a result of the low UV light intensity (1 

mW/cm2) and short exposure time (5 min) used for this study, we performed rheology and RT-

FTIR experiments at an order-of-magnitude higher light intensity (10 mW/cm2) and for a longer 

exposure time (15 min). This data is presented in Figure B.6. Under the higher exposure 

conditions, 2:1 exhibits a modulus crossover and reaches high modulus values (Figure B.6a), 

reaches much higher conversion (X ≈ 0.8, compared to 0.2 under the low exposure conditions) 

(Figure B.6b), and exhibits gel-like rheological behavior (Figure B.6c). 
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Figure B.6. Photorheology time sweep (a), conversion as measured by RT-FTIR (b), and post-

curing frequency sweep (c) data for 2:1 Vim:LiTf2N exposed to 10 mW/cm2 continuous 

illumination for 15 min. The lines serve as guides to the eye. 
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APPENDIX C 

Supporting Information for Chapter 5 

C.1. Effect of Adsorbed Atmospheric Moisture on Photorheology 

LiTf2N is known to be hygroscopic.1 While the stock LiTf2N was kept stored in a desiccator 

to minimize adsorption of atmospheric moisture, it likely did uptake water over time, so we needed 

to examine whether the presence of moisture would have an effect on photopolymerization and/or 

gelation. To accomplish this, we prepared two sets of coordinated ILs containing 5:1 Vim:LiTf2N 

and 1 wt% DMPA. The first set contained non-dried (stock) LiTf2N, while in the second set the 

LiTf2N was dried overnight at 110 ºC prior to solution preparation. We then exposed each set of 

samples to continuous UV illumination at 1 and 3 mW/cm2 up to the modulus crossover (gel point); 

the data is presented in Figure C.1. We observe that samples containing the dried salt experienced 

slower moduli development and took longer to reach the gel point compared to their non-dried 

counterparts at both light intensities. To reduce moisture effects and improve consistency, all 

samples used in the remainder of this work contain dried LiTf2N. 
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Figure C.1. Effect of non-dried (stock) vs. dried LiTf2N salt on photocuring behavior of 5:1 

Vim:LiTf2N coordinated ILs containing 1 wt% DMPA under continuous illumination up to the gel 

point. Data sets are labeled and color-coded. 
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C.2. Photorheology Time Sweep Data vs. Light Intensity for 5:1 and 3:1 Vim:LiTf2N ILs 

Plots of G’ and G” vs. time for 5:1 and 3:1 Vim:LiTf2N coordinated ILs containing 0.25 

wt% DMPA and exposed to continuous UV illumination at varying light intensities up to the gel 

point are presented in Figure C.2. 

 

 

Figure C.2. In situ photopolymerization time sweeps of 5:1 (a) and 3:1 Vim:LiTf2N under varying 

intensities of continuous UV illumination; data sets labeled and color-coded. 
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C.3. Power-law Model Fitting of Gel Time vs. Light Intensity Data 

For each coordinated IL composition, values of the approximate gel time (tgel, data from 

Figure 5.4a) as a function of light intensity (I0) were fitted to the power-law model described by 

Equation C.1: 

𝜔𝜔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝐴𝐴 ∗ (𝐼𝐼0)𝑛𝑛   (C.1) 

where A is a scalar prefactor and n is the power-law coefficient. The fitting parameters and 

goodness-of-fit statistic (R2) for each data set are provided in Table C.1. 

 

Table C.1. Power-law parameters (scalar prefactor (A), power-law coefficient (n), and goodness-

of-fit statistic (R2)) for coordinated ILs containing 0.25 wt% DMPA and varying molar ratios of 

Vim:LiTf2N (data from Figure 5.4a). 

mol Vim:LiTf2N mol% LiTf2N A (min [mW/cm2]-n) n R2 
5:1 16.7 14.0 ± 0.68 -0.454 ± 0.057 0.962 
4:1 20.0 7.77 ± 0.62 -0.433 ± 0.092 0.909 
3:1 25.0 12.3 ± 1.09 -0.538 ± 0.112 0.910 
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C.4. Viscosity Curves for Vim/LiBF4 Solutions Prior to UV Exposure 

Individual curves of viscosity vs. shear rate for coordinated ILs prepared at varying molar 

ratios of Vim:LiBF4 are provided for completeness in Figure C.3. The viscosity of each sample 

remains constant over the range of shear rates measured, demonstrating that all samples are 

Newtonian solutions prior to UV exposure. 

 

 
Figure C.3. Steady-shear viscosity measurements for all Vim:LiBF4 samples. The lines serve as 

guides to the eye. 
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C.5. Photorheology Time Sweep Data for Vim/LiBF4 ILs 

Individual photorheology time sweep results (G’ and G” vs. time) for Vim:LiBF4 samples 

are provided in Figure C.4.  

 

 
Figure C.4. In situ photopolymerization time sweeps of 8:1 (a), 5:1 (b), 4:1 (c), and 3:1 Vim:LiBF4 

(d); filled symbols = G’, and open symbols = G”. 
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APPENDIX D 

Synthesis of Electrospun and Thermally-Crosslinked Poly(vinylimidazole) Nanofiber Mats 

for Aqueous Metal Ion Adsorption 

Ria D. Corder, Farhan Chowdry, Stephanie A. Smith, and Saad A. Khan 

D.1. Abstract 

Heavy metal water contamination is a serious environmental issue, and better adsorbents 

are needed to more efficiently remove metal ions from aqueous solutions. Nanofiber-based 

adsorbents in particular show great promise due to their high surface area to volume ratios. In this 

study, we report for the first time the formation of electrospun nanofibers from 

poly(vinylimidazole) (PVIM), which is capable of binding metal ions via metal-ligand 

coordination to pendant imidazole groups. We demonstrate how process and solution parameters 

such as solvent, polymer concentration, and applied voltage affect fiber morphologies, and observe 

that the most uniform nanofibers are electrospun at 10 kV from 10 wt% solutions of PVIM in 

EtOH. We then thermally-crosslink our electrospun PVIM nanofiber mats and show how 

crosslinking affects fiber morphology and the chemical composition of the polymer. Lastly, we 

perform adsorption experiments of CuSO4 from aqueous solutions and compare the performance 

of our thermally-crosslinked PVIM nanofiber mats to non-specific nylon control mats. Our work 

indicates that thermally-crosslinked, electrospun PVIM nanofibers show promise as adsorbents of 

heavy metal ions from aqueous solutions. 

D.2. Introduction 

Heavy metals are a class of elements encompassing both metals and metalloids such as 

arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb), manganese (Mn), mercury 
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(Hg), and zinc (Zn) that are often poisonous even in very low concentrations.1 Heavy metal ions 

accumulate over time in the soil, atmosphere, and water systems, and are introduced to the food 

chain via contamination of agricultural land by reclaimed wastewater.2,3 Once ingested, heavy 

metals also accumulate in vital organs in the human body such as the kidneys, bones, and liver and 

are associated with many serious health conditions.2 Industrial methods of heavy metal ion 

removal include chemical precipitation, ion-exchange, membrane filtration, electrochemical 

treatments, and use of adsorbents.4 Adsorption is particularly well-suited for removing low 

concentrations of metal ions, with activated carbon adsorbents being among the most widely used 

for removal of metal contaminants.4 

Commercial adsorbents are often limited by their capacity to bind heavy metals,4 which 

can be affected by factors such as surface chemistry and surface area.5 Nanofiber-based adsorbents 

are considered promising materials for water purification due to their high surface area to volume 

ratios.6 For example, activated carbon micro/nanofibers5 have been developed for removal of Pb2+, 

and polyindole nanofibers7 have been shown to adsorb Cu2+. Many methods exist to produce 

polymeric fibers, such as melt-, gel-, and wet-spinning, which rely on mechanical or shear forces 

to draw out fibers and typically result in fiber diameters of 10-100 μm.8  Electrospinning is a facile 

and versatile technique capable of producing ultrafine fibers (with diameters ranging from a few 

to 500 nm) from polymer solutions through application of an electrical field.9,10 A multitude of 

factors, such as the applied voltage, solution flow rate, viscosity, and solution conductivity can all 

affect the electrospinning process.11 

In addition to physical properties, the chemical characteristics of adsorbents are critical to 

providing the ability to uptake heavy metals. Metal-binding polymers such as polyamidoximes12 

and those containing pyridine,13 histidine,14 or imidazole15,16 side groups accomplish this through 
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the formation of metal-ligand coordination complexes.17 Poly(vinylimidazole) (PVIM) is a 

homopolymer of 1-vinylimidazole that can be produced via thermally-initiated solution 

polymerization18 or by bulk photopolymerization, as shown in Figure D.1. PVIM-derived 

materials (containing either mixtures of PVIM with other polymers or surface-grafted PVIM 

chains) have previously been used as adsorbents to selectively remove heavy metal ions19–21 (such 

as Cr6+, Mn2+, Zn2+, and Cd2+) and rare earth metal ions22 (Sm3+ and Dy3+)  from aqueous solutions. 

Deng et al.23 previously reported the formation of poly(acrylonitrile-co-1-vinylimidazole) fibers 

via melt-spinning, but to our knowledge, the production of pure PVIM nanofibers has not 

previously been reported. 

 

 

Figure D.1. (a) 1-Vinylimidazole (Vim) is photopolymerized via a free radical mechanism in the 

presence of 1 wt% 2,2-dimethoxy-2-phenylacetophenone (DMPA, a photoinitiator) to form (b) 

poly(vinylimidazole) (PVIM). 

 

In this work, we demonstrate the ability to produce electrospun PVIM nanofibrous mats 

for use as metal ion adsorbents. We first explore how variation in electrospinning parameters (such 

as solvent, polymer concentration, and voltage) affect nanofiber morphology. Next, we thermally-
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crosslink the PVIM nanofiber mats to render them water-insoluble and characterize the crosslinked 

product using SEM and FTIR. Finally, we demonstrate the potential for crosslinked PVIM 

nanofibers to function as adsorbents by measuring their uptake of copper sulfate and benchmark 

the adsorption performance of crosslinked PVIM nanofibers against nylon nanofibers. 

D.3. Experimental Section 

D.3.1. Materials 

1-Vinylimidazole (Vim, Alfa Aesar, 99%), 2,2-dimethoxy-2-phenylacetophenone 

(DMPA, ACROS Organics, 99%), ethanol (EtOH, Fisher Chemical, 200 proof), acetonitrile 

(Fisher Chemical, ACS grade), nylon-6 (BASF Corporation), formic acid (ACROS Organics, 

98%), glacial acetic acid (Fisher Chemical, ACS grade), and copper (II) sulfate pentahydrate 

(CuSO4, ACROS Organics, 98%) were used as received without further purification. 

D.3.2. PVIM Synthesis, Purification, and Characterization 

A neat Vim solution was prepared by dissolving 1 wt% DMPA in Vim and mixing using a 

magnetic stir bar. The solution was poured into a wide glass jar to form a thin layer on the bottom, 

and was then photopolymerized under a UV lamp (IntelliRay UV Flood Curing System, λ = 320-

390 nm) for 30 min at 32 mW/cm2. To purify the PVIM, EtOH was first added to the jar to form 

a 10 wt% solution and allowed to dissolve overnight. The next day, PVIM was precipitated via 

dropwise solution addition to acetonitrile under constant stirring using a magnetic stir bar. The 

precipitated PVIM was then dried overnight under vacuum at 50 ºC. The purification process 

(dissolving in ethanol, precipitation in acetonitrile, vacuum drying) was repeated one additional 

time. The approximate polymer yield was 48%. 
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The glass transition temperature (Tg) of PVIM was evaluated by differential scanning 

calorimetry (DSC) on a Q2000 DSC (TA Instruments) using a Tzero aluminum pan containing 8 

mg of PVIM. The sample was subjected to a heat/cool/heat experiment from 50 to 200 ºC at using 

a 10 ºC/min ramp rate for all heating and cooling steps. The Tg value was obtained from the second 

heating step. 

D.3.3. Electrospinning 

PVIM solutions were prepared at varying concentrations (8-15 wt%) in either EtOH or 

deionized water (H2O) and allowed to stir overnight under magnetic stirring. Polymer solutions 

were dispensed through a 22-gauge 2” blunt needle at constant flowrate (0.2 mL/h) using a 

precision syringe pump. The voltage (ranging from 5-12 kV) was maintained using a high voltage 

power supply. The tip-to-collector distance was fixed at 15 cm. 

The nylon mats (used as a non-specific control for copper sulfate adsorption experiments) 

were electrospun from a solution of 17 wt% nylon-6 in 2:1 acetic acid:formic acid using the 

following parameters: 22-gauge 2” blunt-end needle, 0.2 mL/h flow rate, 20 kV, tip-to-collector 

distance of 12 cm. 

D.3.4. Scanning Electron Microscopy (SEM) 

The surface morphologies of electrospun samples were observed using a field-emission 

scanning electron microscope (FEI Verios 460L). Samples were mounted on SEM stubs using 

carbon tape and micrographs were obtained at an accelerating voltage of 2 kV and 12 pA of current. 

Because these polymer nanofibers were non-conductive, all samples were sputter coated with ~10 

nm of gold/palladium prior to imaging. The average PVIM fiber diameter and distribution was 
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calculated by measuring the diameter of 50 individual fibers from multiple SEM images using 

ImageJ software.  

D.3.5. Thermal Crosslinking 

Sections of PVIM nanofiber mat were removed from the aluminum foil and taped onto 

glass petri dishes with labeling tape. The dishes were then placed in an oven at 250 ºC for 5 h in 

air. Crosslinking was confirmed by visual inspection (fibers changed from white to brown) as well 

as by immersion testing in water (neat PVIM fibers dissolve, while crosslinked fibers do not).  

D.3.6. Fourier-Transform Infrared (FTIR) Spectroscopy 

Sections of neat and crosslinked PVIM mats were placed on a glass slide and covered with 

a quartz cover slip. FTIR spectroscopy was performed in transmission mode on a ThermoFisher 

Nicolet iS10 infrared microscope using 128 scans from 4000 to 600 cm-1. 

D.3.7. Copper Sulfate Adsorption Experiments 

A Thermo Scientific Genesys 10S UV–vis spectrophotometer was used to create a CuSO4 

calibration curve by measuring the absorbance of 0.003-0.1 M solutions of CuSO4 in DI water at 

809.5 nm. Square pieces of crosslinked PVIM and nylon mats, approximately 1 cm by 1 cm 

(weighing 1-1.2 mg), were placed in individual vials containing 0.01-0.085 M solutions of CuSO4 

in DI water and allowed to soak overnight (18 h). The next day, the amount of CuSO4 remaining 

in solution was measured by UV-vis. The amount of CuSO4 adsorbed per mat was determined by 

a mass balance calculation and normalized to the mass of the nanofiber mat. Adsorption 

experiments were performed in triplicate at each [CuSO4]. 
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D.4. Results and Discussion 

Prior to electrospinning, we measured the Tg of our synthesized PVIM using DSC. We 

observe in Figure D.2 that the Tg of our PVIM is 150 ºC. This value is lower than that reported by 

Fodor et al.24 for PVIM synthesized by AIBN-initiated radical polymerization in benzene (171 ºC), 

suggesting that our PVIM produced via bulk photopolymerization may be of lower molecular 

weight. 

 

Figure D.2. DSC thermogram (second heating) of PVIM synthesized via bulk 

photopolymerization, indicating a glass transition temperature (Tg) of 150 ºC. 

 

D.4.1. Variation of PVIM Electrospinning Parameters 

The first electrospinning parameter we explored was the choice of solvent. PVIM is 

reported to be soluble in aqueous media and various alcohols,25 so we attempted to electrospin 

PVIM from both H2O (boiling point = 100 ºC) and EtOH (boiling point = 78.5 ºC), along with a 

50/50 mixture of the two (Figure D.3). Less volatile solvents often result in beaded nanofibers due 

to deposition of solvent on the collector plate.11 We observe in Figure D.3a that electrospinning 8 
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wt% PVIM in H2O results in large beads of polymer, some of which are connected by thin fibrous 

strings. Changing the solvent to 50% H2O/50% EtOH (Figure D.3b) increases the presence of 

fibers relative to beads, but the resulting morphology is still beaded nanofibers. Finally, 

electrospinning from pure EtOH (Figure D.3c) results in a true nanofiber morphology, though a 

wide distribution of fiber diameters can be observed. 

 

 

Figure D.3. Effect of solvent on electrospun morphology from 8 wt% solutions of PVIM: (a) 

100% H2O at 16 kV, (b) 50% H2O/50% EtOH at 12 kV, and (c) 100% EtOH at 12 kV.  
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Based on Figure D.3, we selected EtOH as the solvent for all other electrospinning 

experiments and next varied the concentration of PVIM in EtOH. Polymer concentrations that are 

too low can cause the formation of beaded nanofibers, while polymer concentrations that are too 

high can hamper flow through the needle tip, also resulting in defected nanofibers.11  Figure D.4 

displays the morphologies of PVIM fibers electrospun from a range of concentrations (8-15 wt%) 

in EtOH, all at a constant voltage of 7 kV.  

 

 

Figure D.4. Effect of PVIM concentration in EtOH on electrospun morphology, all at 7 kV: (a) 8 

wt%, (b) 10 wt%, (c) 12 wt%, and (d) 15 wt%. 
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The 8 wt% solution (Figure D.4a) resulted in primarily small-diameter nanofibers with a 

few large beads. The 10 wt% solution (Figure D.4b) resulted in some elongated beads, but a 

relatively consistent nanofiber diameter. Further increasing the polymer concentration to 12 and 

15 wt% in EtOH (Figures D.4c and d, respectively) did not result in beaded nanofibers, but more 

variations in nanofiber diameter were observed. Because the goal was to create nanofibers that 

were relatively uniform in diameter, we decided to narrow in on the 10 wt% concentration in EtOH 

and attempt to reduce bead formation by varying the voltage. 

The effect of electrospinning voltage on PVIM nanofiber morphology is presented in 

Figure D.5. The lowest voltage at which we were able to maintain a stable Taylor cone was 5 kV, 

and relatively uniform nanofibers were produced under this conditions (Figure D.5a). Increasing 

the voltage to 7 kV resulted in beaded nanofibers (Figure D.5b), and further increasing the voltage 

to 12 kV resulted in even larger beads (Figure D.5c). Bead formation at high voltage can be 

attributed to the decrease in the size of the Taylor cone and corresponding increase in jet velocity 

due to charge repulsion within the polymer jet.11 
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Figure D.5. Effect of voltage on electrospun morphology from 10 wt% PVIM in EtOH: (a) 5 kV, 

(b) 7 kV, and (c) 12 kV. 

 

After exploring the effects of solvent, polymer concentration, and voltage on PVIM 

electrospinning, we determined that optimal PVIM nanofibers could be obtained under the 

following conditions: 10 wt% PVIM in EtOH and 5 kV applied voltage. The fiber diameter 

distribution for the optimal electrospinning conditions is shown in Figure D.6, revealing an 

average fiber diameter of 138 ± 107 nm and a median fiber diameter of 97.3 nm (IQR = 80.1-178 

nm). 
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Figure D.6. Fiber diameter distribution for electrospun PVIM nanofibers under optimal conditions 

(10 wt% PVIM in EtOH, 5 kV). 

 

D.4.2. Thermal Crosslinking of PVIM Nanofibers 

As PVIM is water-soluble, it was necessary to transform the nanofibers into a water-

insoluble state for application as adsorbents from aqueous environments. We accomplished this 

via thermal crosslinking, following a protocol provided by Deng et al. for acrylonitrile/Vim 

fibers.23 We placed sections of PVIM nanofiber mats obtained under optimal electrospinning 

conditions (collected for 1 hr) in an oven at 250 ºC for 5 h in an air environment (no vacuum). The 

resulting changes in nanofiber morphology and mat color are presented in Figure D.7. After 

thermal crosslinking, the nanofibers become melded into a web-like structure and change in color 

from white to brown. 

 



   

211 
 

 

Figure D.7. PVIM nanofibers before (a) and after (b) thermal crosslinking for 5 h at 250 ºC in air. 

Inset pictures illustrate the color change from white to brown after thermal treatment. 

 

Using FTIR spectroscopy, we then identified chemical changes that occurred as a result of 

crosslinking in an attempt to identify a possible mechanism for thermal crosslinking. The complete 

and zoomed-in FTIR spectra are shown in Figure D.8. The broad peak present in both spectra 

centered at 3400 cm-1 corresponds to bound atmospheric water. Other peaks present in both spectra 

at 1420, 1230, 1110, 1090, 760, and 660 cm-1 correspond to various ring stretching and bending 

modes.26 The most evident difference between the two spectra is the appearance of a strong, broad 

peak around 1660 cm-1 after thermal crosslinking, which likely corresponds to the C=O stretch of 



   

212 
 

amide groups. Amide moieties can form as a result of a ring-opening reaction that occurs on the 

pendant imidazole;27,28 perhaps this ring-opening reaction results in the formation of chemical 

crosslinks between neighboring PVIM chains. Further chemical analysis (such as by NMR or XPS) 

is needed to postulate an underlying mechanism for thermal crosslinking of PVIM. 

 

 

Figure D.8. (a) Complete and (b) zoomed-in FTIR spectra for neat (as-electrospun) and thermally-

crosslinked PVIM nanofiber mats. 
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D.4.3. CuSO4 Adsorption by Crosslinked PVIM Mats 

To demonstrate the potential for crosslinked PVIM nanofiber mats to function as 

adsorbents of metal ions from aqueous solutions, we performed a proof-of-concept adsorption 

study of Cu2+ from CuSO4. Thermally-crosslinked PVIM mats, as well as nylon mats (functioning 

as a non-specific control), were placed to soak overnight (18 h) in individual vials containing 0.01-

0.085 M solutions of CuSO4 in H2O. The amount of adsorbed CuSO4 (determined by a mass 

balance calculation from the amount of CuSO4 remaining in solution after the mat was removed) 

was normalized to the mass of the nanofiber mat and is plotted with respect to initial [CuSO4] in 

Figure D.9. 

 

 

Figure D.9. Dependence of CuSO4 adsorption after 18 h of immersion by thermally-crosslinked 

PVIM mats on initial [CuSO4], compared to nylon mats (control). 

 

We observe from Figure D.9 that at all initial [CuSO4], the crosslinked PVIM mats 

adsorbed more CuSO4 than the nylon mats. This indicates that the PVIM mats retain specificity 
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for Cu2+ adsorption (via formation of metal-ligand coordination complexes with pendant imidazole 

groups) even after thermal crosslinking. Another observation of note from Figure D.9 is an 

apparent saturation of PVIM at ~ 1 mg CuSO4/mg nanofiber mat, as the amount of adsorbed CuSO4 

did not increase when the initial [CuSO4] was increased from 0.076 to 0.085 M. While these results 

are promising, it is necessary to perform future time-dependent adsorption studies of Cu2+ as well 

as of other metal ions. Factors such as pH and temperature may also affect adsorption capacity.29 

Finally, it will be critical to characterize the regeneration and reusability of PVIM mats to 

determine the potential for PVIM mats to function as novel, specific adsorbents on an industrial 

scale. 

D.5. Conclusions 

We report for the first time the fabrication of PVIM nanofibers by electrospinning. We 

demonstrated how the electrospinning solvent, polymer concentration, and applied voltage affect 

PVIM electrospinnability, revealing transitions from beaded fibers (spun under sub-optimal 

conditions) to uniform nanofibers. Optimal PVIM nanofibers were obtained from 10 wt% solutions 

of PVIM in EtOH subjected to an applied voltage of 10 kV. We then thermally-crosslinked PVIM 

nanofiber mats and showed using SEM and FTIR how crosslinking affected polymer morphology 

and chemical composition. Finally, we demonstrated through batch adsorption experiments that 

crosslinked PVIM nanofibers are capable of selective adsorption CuSO4 from aqueous solutions. 

Overall, our work indicates that electrospun and thermally-crosslinked PVIM nanofibers show 

promise as adsorbents of heavy metal ions. 
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