
ABSTRACT  

 

CHESTER, DANIEL. Microgel Films with Controllable Loss Tangent as a Platform to Study 

Cell Mechanotransduction Responses. (Under the direction of Dr. Ashley Brown). 

 

 Cells have the ability to sense the mechanics of their microenvironment, and adjust their 

cellular responses accordingly, which plays a role in tissue homeostasis as well as the propagation 

of many diseases, namely fibrosis. In order to understand the role in which substrate mechanics 

play in modulating cellular behavior, purely elastic materials with controllable stiffnesses have 

been widely used. However, due to the viscoelastic nature of biological tissues, the results of such 

studies can vary from the cellular responses observed in vivo. Therefore, recent studies have begun 

to create materials with non-linear elastic properties that can be controlled irrespective of the 

substrate stiffness with the hopes of recapitulating the responses seen in vivo in an in vitro setting. 

This dissertation focuses on the creation of microgel scaffolds that have highly controllable 

viscoelastic properties in order to further the understanding of the role that viscoelasticity plays in 

modulating mechanotransduction responses. It is my hypothesis that by altering the amount of 

internal particle crosslinking or the external film crosslinking densities, the viscoelasticity of 

microgel thin films can be controlled and used for the study of mechanotransduction responses. 

The overarching purpose of the works described in this dissertation was to develop a microgel film 

technology capable of (1) having highly controllable viscoelastic properties to study the effect that 

viscoelasticity has on fibroblast migration, morphology, and fibrotic responses; (2) creating 

patterned microgel films by utilizing the ultrasonic microplotting printing method in order to 

further the applications of microgel thin films; and (3) being combined with PA gels in order to 

study the combinatory effect that microgel film surface viscoelasticity and PA gel substrate 

stiffness has on fibroblast cellular and nuclear morphology.
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CHAPTER 1: Introduction to Biomaterials with  Controllable Mechanics for  

Wound Healing Applications 

 

1.1. Overview of Normal Wound Healing and Fibrosis 

Wound healing begins with the disruption of the homeostatic structure and/or function of 

an organismôs cells or tissues. Once an injury has occurred, four overlapping phases of the wound 

healing cascade occur in order for equilibrium to be reestablished1. These four phases are the 

hemostatic phase, the inflammatory phase, the proliferation stage, and the remodeling stage 

diagramed in Figure 1.1. The overarching goal of the wound healing cascade is to reestablish 

homeostasis by replacing the damaged tissue with tissue that is structurally and mechanically 

similar to the original state. 

Figure 1.1. The Wound Healing Process. The Four Stages of Wound Healing: The wound 

healing process is separated into four temporarily overlapping phases, the hemostatic (A), 

inflammatory (B), proliferation (C), and remodeling phase (D). Reprinted with permission from 

Chester, D., Marrow, E., Daniele, M., and Brown, A.C. Wound Healing and the Host Response. 

Encyclopedia of Biomedical Engineering, Pages 1-12. Copyright 2017. 

 



2 

 

The hemostatic phase begins immediately following injury and is responsible for the 

creation of a fibrin clot that stems blood flow and limits the amount of blood lost2. Platelets bind 

to exposed collagen and begin secreting cytokines in order to recruit additional platelets, 

macrophages, and cells to the injury site. Approximately 24 hours following injury the 

inflammatory phase begins with the accumulation of neutrophils and macrophages at the wound 

site. The primary purpose of neutrophils and macrophages is the removal of damaged tissue and 

foreign materials in the wound site3,4. Two to three days after injury, the proliferation phase begins. 

The proliferation phase is characterized by the accumulation and proliferation of fibroblasts at the 

site of injury and the production of fibrous extracellular matrix5. The final stage of the wound 

healing process is the remodeling phase where fibroblasts begin to remodel the newly deposited 

collagen matrix into healed tissue. This phase can last for months or years6. 

The end result of the wound healing process, when it proceeds normally, is new tissue with 

structural and mechanical properties similar to the native tissue. However, in the cases where 

wound healing goes awry, one complication that can occur is fibrosis. In fibrosis, there is an 

overproduction and deposition of connective tissue and ECM resulting in a loss of structure, and 

in some cases function, of the tissue7. Fibrosis is a serious condition that occurs in many medical 

conditions including keloids, Crohnôs disease, idiopathic pulmonary fibrosis, renal fibrosis, and 

atherosclerosis. Fibrosis related diseases affect millions of people each year, with the United States 

government estimating that 45% of deaths in the United States can be attributed to fibrotic related 

diseases8. Fibrosis results in excessive accumulation of scar tissue in the affected organ and has 

been linked clinically to increased proliferation of fibroblasts and increased rates of ECM 

production; fibroblasts isolated from keloids produce 2-3 times more ECM compared to normal 

fibroblasts9. While the exact mechanisms behind the propagation of fibrosis are still largely 
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unknown, there has been work to show that the mechanics of the fibroblastôs microenvironment 

play a role with increased stiffness and decreased viscoelasticity upregulating fibrotic 

responses10,11. As such, there is a lot of interest in further understanding how mechanics play a role 

in influencing cellular behavior. 

 

1.2. The Host Response to Biomaterials 

There is a great deal of interest in the development of biomaterials that can augment the 

wound healing process. Therefore, it is important to understand how the insertion of a biomaterial 

into a wound site influences the wound healing process. There are many factors that determine 

how well a biomaterial performs its intended function once implanted in vivo. Such factors include 

the biomaterialôs composition, mechanical and material properties, surface topography, size, and 

placement in the body12. However, the most important factor that determines the success of the 

implanted material is the resulting host response that begins immediately following implantation. 

The hostôs response to the biomaterial is a summation of the tissue damage received during 

implantation and the response caused by the material itself13. The response caused by the tissue 

damage resolves quickly as part of the normal healing process, but the foreign body response 

caused by the material will last as long as the material is present. The properties of the material 

implanted dictate the success of the material and whether or not integration or the fibrous 

encapsulation of the biomaterial will occur. 

 Integration is the ideal response for most implanted biomaterials and involves the 

incorporation of the biomaterial into the surrounding tissue. In order for integration to occur, a 

biomaterial should have the proper surface properties to promote the adhesion of the appropriate 

proteins and cells. Generally, a combination of high porosity and surface roughness or a hydrogel 
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coating is used to increase cell attachment to a biomaterial14,15. However, once cell attachment is 

accomplished, the material will need to have the proper material properties to elicit the correct 

response from the attached cells. Successful integration of the biomaterial into the surrounding 

tissue is characterized by cellular ingrowth and ECM deposition along with generating little to no 

immune response from the host16. In practice, complete integration of the biomaterial into the 

tissue rarely occurs and it is more likely for fibrous encapsulation to occur to some extent (Figure 

1.2). Fibrous encapsulation is the formation of scar tissue on the surface of the biomaterial 

produced by myofibroblasts and fibrocytes17. The scar tissue that forms acts as a barrier between 

the biomaterial and the wound site, severely limiting the integration and function of the 

biomaterial. Therefore, it is important to fully understand the roles that certain material properties 

play in influencing cellular behavior in order to promote the integration of the material into the 

wound site and prevent fibrous encapsulation from occurring. 
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Figure 1.2. Host Foreign Body Response to Implanted Biomaterials. The host response to a 

biomaterial begins with protein adsorption onto the surface of that material and the immune 

response. Due to the large size of biomaterials, neutrophils are unable to phagocytose the implant, 

begin to undergo frustrated phagocytosis, and recruit monocytes which then differentiate into 

macrophages at the implant. Due to the proteins adsorbed to the surface, macrophages begin to 

adhere to the surface of the implant while continuing to perform frustrated phagocytosis. The 

adhered macrophages will then join together to form foreign body giant cells (FBGCs) which help 

to recruit fibroblasts to the biomaterial. The recruited fibroblasts will then begin to synthesize new 

ECM on the surface of the implant resulting in the fibrous encapsulation of the implant. Reprinted 

with permission from Chester, D., Marrow, E., Daniele, M., and Brown, A.C. Wound Healing and 

the Host Response. Encyclopedia of Biomedical Engineering, Pages 1-12. Copyright 2017. 
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1.3. Changes to a Cellôs Tensional Homeostats Can Direct Their Fate 

 Since both abnormal wound healing and the addition of a biomaterial into the wound site 

can lead to severe health complications with the formation of fibrotic tissue, it has become 

increasingly important to understand how cells can sense and respond to the substrate with which 

they are interacting. Cells sense and respond to the mechanical changes in their microenvironment 

through transmembrane proteins known as integrins. Integrins comprise an extracellular domain, 

containing an ECM ligand-binding site, and a cytoplasmic region, which attaches to the actin 

cytoskeleton through linker proteins such as talin, paxillin, and vinculin18. As integrins attach to 

the matrix of the cellôs environment, they will cluster together to form focal adhesions. These focal 

adhesions can then transmit the mechanical properties of the substrate by regulating the amount of 

force transmitted across the actin cytoskeleton in a process known as mechanotransduction19. The 

larger the focal adhesion size, the greater the amount of force that can be transmitted to the actin 

cytoskeleton and it has been seen that substrate mechanics also influence focal adhesion size 

(Figure 1.3)20. Substrates with higher mechanical properties are able to transmit greater 

mechanical forces and in order to transmit the greater forces to the cell, cells will develop larger 

focal adhesions in an attempt to match the substrate with which they are interacting. This need for 

a cell to match the force transmitting capabilities of their environment is known as tensional 

homeostasis where cell contractility will increase as the mechanical properties of the substrate 

increases21. 
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Figure 1.3. Focal Adhesion Maturation and Force Transmission. Focal adhesions are 

composed of integrins clustered together at binding sites on a substrate. The greater the mechanical 

force presented by the substrate, the larger the focal adhesion becomes, and the more force it can 

transmit to the cell along the actin cytoskeleton. Reprinted from Journal of Cellular and Molecular 

Medicine, Volume 17 Issue 6. Kuo, J. Mechanotransduction at focal adhesions: integrating 

cytoskeletal mechanics in migrating cells, Pages 704-712, Copyright 2013, with permission from 

Blackwell Publishing Ltd. 

 Cells located in different tissues throughout the body become accustomed to different 

mechanical environments. Biological tissues can range from 100 Pa, in the case of neural tissue, 
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to 2 GPa, in the case of bone (Figure 1.4.)22. The tensional homeostasis for cells located in these 

tissues is then based on the normal mechanics of the tissue in which they reside. Changes to the 

mechanics of a cellôs native environment will cause it to deviate from its normal tensional 

homeostasis and can lead to serious complications (Figure 1.5.)23. For example, if there is a drastic 

decrease in stiffness, cells will experience tensional unloading and can lead to apoptosis and cell 

death24. On the other hand, a drastic increase in stiffness will lead to tensional overloading which 

can result in an increase in fibrotic responses. It is for these reasons that it is important to 

understand the relationship between substrate mechanics and cellular mechanotransduction 

responses as it relates to modulating cell fate. 

 

Figure 1.4. The Range of Stiffness Values for Biological Tissues. The tissues and cells found 

throughout the body have a wide range of mechanical values that can influence cell 

mechanotransduction responses. Reprinted from Nature Reviews Cancer, Volume 9. Butcher, D. 

T., Alliston, T., Weaver, V. M. A tense situation: forcing tumor progression, Pages 108-122, 

Copyright 2009, with permission from Springer Nature. 
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Figure 1.5. Substrate Mechanics Change Tensional Homeostasis and Change Cell Fate. The 

tensional homeostasis of a cellôs native environment is dictated by the substrateôs mechanics. 

Changes in the mechanics of the substrate will alter the cellôs tensional homeostasis and change 

the cellôs fate. Reprinted from Nature Reviews Molecular Cell Biology, Volume 15, Humphrey, 

J., Dufresne, E. & Schwartz, M. Mechanotransduction and extracellular matrix homeostasis, Pages 

802-812, Copyright 2014, with permission from Springer Nature. 
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1.4. Biomaterials with Controllable Mechanics and their Influence on Cellular Responses 

 In order to begin to further understand the role that substrate mechanics play in 

mechanotransduction responses, purely linear elastic substrates with controllable stiffness values 

have been widely used. One of the most popular materials to use for this purpose is polyacrylamide 

gels (PA gels) which offer a wide range of physiologically relevant stiffness values ranging from 

0.2 kPa-40 kPa25. By using this material, it has been found that substrate stiffness could directly 

control stem cell differentiation26, stem cell migration27, fibroblast contractility28, and fibroblast 

area29. Specifically, stem cells were seen to differentiate to the cell types that were native to the 

stiffness values of the substrate used with stem cells differentiating to neuronal cells on soft 

substrates with stiffnesses between 0.1-1 kPa, muscle cells on substrates with stiffnesses 8-17 kPa, 

and bone cells on substrates with stiffnesses 25-40 kPa. Stem cells were also seen to migrate in the 

direction of increasing stiffness. Lastly, fibroblast contractility and cell area was seen to increase 

as substrate stiffness increases. 
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Figure 1.6. The Time-Dependent Material Properties of Biological Tissues. Biological tissues 

are not purely elastic and have a time-dependent viscoelastic property. This can be seen in the 

stress relaxation curves of various biological tissues, which decrease towards 0 over time, when 

compared to a purely elastic hydrogel, which does not decrease over time. Reprinted from Nature 

Materials, Volume 15. Chaudhuri, O., Gu, L., Klumpers, D., Darnell, M., Bencherif, S. A., 

Weaver, J. C., Heubsch, N., Lee, H., Lippens, E., Duda, G. N., Mooney, D. J. Hydrogels with 

tunable stress relaxation regulate stem cell fate and activity, Pages 326-334, Copyright 2015, with 

permission from Springer Nature. 

 However, biological tissues are not purely elastic materials and instead are viscoelastic 

(Figure 1.6.). This means that the studies performed on purely elastic PA gels are not entirely 

accurate when compared to in vivo cellular responses since PA gels are not viscoelastic materials. 

As such, materials that had non-linear elastic properties that could be controlled independently of 

substrate stiffness began to be explored. Studies utilizing these materials found that substrate 
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viscoelasticity could impact cellular responses similarly to substrate stiffness. On these materials, 

fibroblast spread area, focal adhesion length, proliferation, and stem cell differentiation have been 

found to increase with non-linear viscoelastic properties irrespective of substrate stiff ness30ï32. 

Results from these studies highlight the importance of understanding the role that viscoelasticity 

has in mechanotransduction responses and that these responses depend on more than just substrate 

stiffness alone. 

 

1.5. Microgel Films as Highly Tunable Substrates to Study Mechanotransduction 

 Our research group is focused on expanding the area of research surrounding 

viscoelasticityôs influence on mechanotransduction responses through the development and 

utilization of microgel thin films. Microgels are colloidally stable,  biocompatible particles that 

offer a high degree of control over individual particle size33, particle stiffness34, and particle 

functionality35ï37 by changing the concentration and types of constituents used during synthesis. 

These particles can be fabricated into films through a layer-by-layer centrifugation method in order 

to build multilayer films38,39. Once particles are fabricated into films, the films have been seen to 

have the ability to self-heal upon exposure to water after receiving damage40. It is believed that 

this self-healing ability stems from polymer mobility within the microgel films and, since polymer 

mobility is an intrinsic property found within viscoelastic materials, that microgel films have 

viscoelastic properties. This hypothesis gains further support by the fact that this self-healing 

ability is diminished when microgel films are externally crosslinked,41 indicating that crosslinking 

prevents polymer mobility and thus reduces the viscoelastic nature of the microgel films. This 

dissertation evaluates 1) the ability to control microgel thin film viscoelasticity through 

intraparticle and external film crosslinking and the role that microgel thin film viscoelasticity has 
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on fibroblast morphology, migration, and fibrotic responses, 2) the feasibility of using ultrasonic 

microplotting to create patterned microgel films, and 3) the combinatory effect that microgel thin 

film viscoelasticity and PA gel stiffness has on fibroblast cellular and nuclear morphology.  
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CHAPTER 2: Objectives 

 

Cells are able to sense and react to changes in the mechanical properties of their 

microenvironment through a process known as mechanotransduction. In order to investigate 

mechanotransduction, studies have been conducted investigating cellular in vitro responses using 

materials with physiologically relevant Youngôs Moduli. However, the major drawback of using 

purely elastic materials is that they do not display physiological relevant viscoelastic properties. 

Recently, viscoelasticity has been recognized as an important material property capable of 

influencing mechanotransduction in a similar manner to a materialôs Youngôs Modulus. Therefore, 

it is imperative that a model material is developed with easily controllable elastic and viscoelastic 

properties in order to further our understanding of cellular mechanotransduction pathways. 

 The overall goal of the studies described herein is to develop a system composed of 

microgel thin films as a platform for studying mechanotransduction events due to their highly 

tunable viscoelastic, biochemical, and topographical properties. It is hypothesized that by varying 

the amount of either internal crosslinker of each microgel particle or external crosslinker of each 

microgel film, it is possible to control the filmôs viscoelasticity and modulate cellular 

mechanotransduction responses. The following studies are divided into three specific aims: 1) to 

determine how microgel film viscoelasticity influences fibroblast adhesion, spreading, and 

migration responses (Chapter 3); 2) to develop ultrasonic microplotting as a technique to create 

patterned microgel films (Chapter 4); and 3) to determine the combinatory effect of bulk substrate 

stiffness and substrate surface viscoelasticity on fibroblast cellular and nuclear morphology 

(Chapter 5). Completion of these studies represents an important step forward in the development 

of a material substrate for understanding mechanotransduction responses in an environment with 
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physiologically relevant mechanical properties that could then be used to develop treatment 

options for fibrotic related diseases and other chronic wound healing conditions.  

  



16 

 

CHAPTER 3: Viscoelastic Properties of Microgel Thin Films Control  

Fibroblast Modes of Migration  and Pro-Fibrotic  Responses  

 

The goal of the studies described in this chapter was to demonstrate the ability to create 

microgel films with controllable viscoelastic properties, while maintaining similar elastic 

properties, in order to study the effect that viscoelasticity had on fibroblast morphology, migration, 

and differentiation. Cells can sense and react to the mechanical properties of their 

microenvironment. Viscoelasticity has been shown to influence cellular mechanotransduction and 

directs cell adhesion, spreading, and differentiation responses. By validating the ability to control 

the viscoelastic properties of microgel films while keeping their stiffness constant, we not only 

demonstrate the ability of microgel films to be used as a platform to study mechanotransduction 

responses, but also begin to elucidate the mechanotransduction pathways responsible for directing 

cellular behavior on viscoelastic surfaces. 

The work described in this chapter has been previously published in Biomaterials: Chester, 

D.; Kathard, R.; Nortey, J.; Nellenbach, K.; Brown, A. C., Viscoelastic Properties of Microgel 

Thin Films Control Fibroblast Modes of Migration and Pro-fibrotic Responses. Biomaterials 2018, 

185, 371-382. Reproduced by permission of Elsevier. 

 

3.1. Introduction 

The mechanics of a cellôs biophysical microenvironment can influence cellular behavior in 

a number of ways. For example, substrate stiffness has been shown to modulate the attachment, 

proliferation, and differentiation of a number of cell types26,29,42. In order to study these 

phenomena, linear elastic materials, such as polyacrylamide gels, are commonly used but 
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unfortunately do not exhibit the same time-dependent and non-linear elastic responses as 

biological tissues30. Therefore, there has been great interest in elucidating the role of non-linear 

material properties in controlling cellular phenotypes. Recent studies have shown that materials 

with differing viscoelastic properties are capable of directing cellular mechanotransduction 

responses irrespective of substrate stiffness43. Studies by Cameron et al. found that hydrogels with 

constant elastic moduli, but varying loss moduli, increase mesenchymal stem cell adhesion, 

proliferation, and differentiation rates compared to cells seeded on purely elastic substrates with 

the same stiffness31,32. Furthermore, these responses extend to other cell types; myoblasts44, 

chondrocytes45, endothelial cells46, and epithelial cells47 also show increased adhesion, spread area, 

and proliferation on non-linear elastic substrates when compared to purely elastic substrates of the 

same elastic modulus. These results also indicate that stiffness alone is not a robust enough 

characterization of non-linear elastic materials since cellular responses can change with small 

changes in viscoelasticity irrespective of substrate stiffness. Therefore, there exists the 

fundamental need for the development of materials with highly controllable viscoelastic properties 

to further elucidate the role these properties play in mechanotransduction. 

Having a material platform that can accurately model nuanced viscoelastic changes in a 

cellôs microenvironment could also be useful to elucidate the dynamics behind more complex 

biological processes, such as fibrosis. Fibrosis is characterized by the formation of scar tissue, 

which leads to overall tissue stiffening and has been shown to influence cellular responses such as 

migration, protein expression, and cytokine activation/signaling. Increased substrate stiffness leads 

to the generation of higher traction forces, increased mesenchymal cell migration rates, and 

increased expression of smooth muscle Ŭ-actin (Ŭ-SMA) which enhances cell contractility and 

promotes fibrosis48ï50. Additionally, increased cell contractility can lead to activation of 
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transforming growth factor beta (TGFb), which contributes to myofibroblastic differentiation and 

fibrotic responses28,51,52. Lastly, fibrosis-associated growth factors, such as connective tissue 

growth factor (CTGF), are increased on stiff substrates53. However, it remains unclear how these 

processes are altered at the onset of fibrosis and how diminished tissue viscoelasticity may play a 

role.  

Here we present the use of microgel thin films as a tunable material platform for 

investigating the role of viscoelastic properties in modulating cell adhesion, migration responses, 

and fibrosis-associated gene expression. Poly(N-isopropylacrylamide)-co-(acrylic acid) 

(pNIPAm-co-AAc) microgels can be fabricated into thin films through layer-by-layer (LBL) 

assembly with alternating deposition of positively charged linear polyelectrolytes, such as 

polyethylenimine (PEI). Previous studies have demonstrated that these films display non-linear 

properties as evidenced by the ability of certain compositions of microgel thin films to self-heal 

following damage40. The self-healing ability of the microgel films diminishes upon covalent cross-

linking of microgels and linear polyelectrolyte54, suggesting that microgel film self-healing is due 

to the mobility of polymer chains within the films. Additionally, the cross-linking density of 

microgel films influences cellular attachment41,55; cellular attachment was greatest on non-healing 

monolayers and highly cross-linked films while less cross-linked, more viscous films had the 

lowest cellular attachment. These previous studies highlight the potential of using microgel thin 

films as a tunable platform for investigating the effect of viscoelastic properties on cell 

mechanotransduction responses. 

 Microgels are polymerized hydrogel particles that can range from nanometers to 

micrometers in size and have highly tunable properties. By changing the individual constituents of 

the microgel particles, it is possible to control particle size and mechanical properties. High 
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degrees of tunability compounded with the filmôs ability to interact and influence cellular behavior, 

makes these films an ideal material platform to study how substrate viscoelasticity influence 

mechanotransduction responses. We hypothesize that microgel film viscoelasticity can be 

controlled by altering the degree of internal cross-linking within the microgel particles, without 

significantly changing their elastic modulus, and can, therefore, be used to study the mechanisms 

by which cells sense and respond to the non-linear properties of their biophysical environment. 

Here we investigate this hypothesis by characterizing the effect of microgel cross-linking on film 

viscoelasticity. We then demonstrate that film self-healing dynamics and corresponding 

viscoelastic properties correlate with fibroblast spreading, modes of migration, and fibrosis-

associated protein expression dynamics  

 

3.2. Materials and Methods 

All reagents were purchased from Sigma-Aldrich unless otherwise noted. 

3.2.1. Microgel Synthesis and Purification 

Microgel particles were synthesized in a precipitation-polymerization reaction. Poly(N-

isopropylacrylamide) (poly-NIPam), N,Nô-methylenebis(acrylamide) (BIS), Acrylic Acid (AAc), 

and sodium dodecyl sulfate (SDS) were added to 95mL of de-ionized water and added to a three-

necked reaction vessel, where it equilibrated at 70oC for one hour. Ammonium persulfate (APS) 

was added to initiate the reaction. The reaction was allowed to proceed for 6 hours at 70oC and a 

stir speed of 450 RPM and cooled overnight while continuing to stir. Once cooled, the solution 

was filtered over glass wool to remove any microgel aggregates and then transferred to 1000 kDa 

dialysis tubing (Spectrum Laboratories). Water for dialysis was changed every 12-16 hours over 

the course of 48 hours and microgels were then freeze-dried. Microgel composition was varied by 
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keeping the amount of Aac constant at 5%, varying the amount of BIS to be either 1, 2, 4, or 7%, 

and then calculating the remaining percentage of Poly-NIPAM. SDS was added in order to control 

the size of the microgel particles. 

3.2.2. Microgel Size Characterization 

Microgel particle hydrodynamic radius was measured using nanoparticle tracking analysis 

using a NanoSight (Malvern). Microgel particle hydrodynamic radius as a function of temperature 

was measured with dynamic light scattering (Malvern Zetasizer Nano S) over the range of 25-45 

C. Microgel heights were measured using a MFP-3D atomic force microscope (AFM; Asylum) 

in AC mode with ARROW-NCR cantilevers (Nano and More USA) with a spring constant of 42 

N/m.   

3.2.3. 4 Layer Thin Film Construction 

Microgel thin films were fabricated through active centrifugal deposition in a layer-by-

layer fashion on glass coverslips by alternating layers of microgel solution with 

poly(ethyleneimine) (PEI)38,39. The glass coverslips were first functionalized in a solution of 1% 

(3-Aminopropyl)trimethoxysilane (APTMS) in absolute ethanol for 2 hours and washed once with 

DI water. Then, a 0.1 mg/mL solution of the microgel particles was added to the functionalized 

coverslip and centrifuged a 3000xg for 10 minutes. The solution was then removed, and the 

coverslips were washed 3 times in DI water for 5 minutes. A solution of 0.05 monomolar PEI was 

then added and shaken at room temperature for 30 minutes. The PEI solution was removed, and 

the coverslips were then washed 3 times in DI water for 5 minutes. This process was then repeated 

3 more times for a total of 4 microgel layers with the last layer of the film being a layer of the 

microgel particles.  
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3.2.4. 4 Layer Thin Film Characterization 

The surface coverage, surface roughness, and Youngôs Moduli of the constructed microgel 

films were characterized using a MFP-3D AFM (Asylum). To measure the surface coverage of the 

films after each layer, ARROW-NCR cantilevers (Nano and More USA) with a spring constant of 

42 N/m were used in AC mode and a 20x20 µm area was imaged after each film was built. To 

calculate surface roughness, ARROW-NCR cantilevers (Nano and More USA) with a spring 

constant of 42 N/m were used in AC mode. Then, 3 90x90 µm areas were measured in 3 different 

locations on 3 different films for a total of 9 images per film.  The arithmetic mean deviation (Ra) 

of each film was then calculated using the AFM software. To measure the swelling capacity of the 

4-layer microgel films, a razor blade was used to scratch the films and film thickness was measured 

while the films were dry and hydrated using AFM [54,55]. Two 90x90 micron scratch areas were 

imaged on 3 different films for a total of 6 film thickness values per film. To measure the Youngôs 

Modulus of film layers and completed films measurements were made with PNP-TR cantilevers 

with a pyramidal tip geometry and a cantilever constant of 0.08 N/m (Nano and More USA) were 

used in contact force mode. An area of 10 x 10 ɛm was used for the force maps with a total of 256 

force curves being measured in the selected area. A total of three different spots were measured 

on each film tested and three different films from three different microgel film batches were used. 

The resulting indentation curves were then fit with the Hertz model using analysis software from 

Asylum. Loss tangent imaging was performed using a Cypher ES AFM (Asylum) and BL-

AC40TS-C2 cantilevers (Olympus) with a cantilever constant of 0.09 N/m. An area of 5x5 µm 

was used and three different locations were measured on each film. A total of 3 different films 

from 3 different batches were used to give a total of 9 loss tangent values for each film. 
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3.2.5. 4 Layer Thin Film Self-Healing Analysis 

Previous studies have shown that uncross-linked microgel thin films constructed from 4% 

BIS microgels undergo rapid self-healing, while identical films cross-linked to the PEI chains 

through EDC/NHS cross-linking do not41. We, therefore, were interested in characterizing the role 

of interparticle BIS cross-linking, within non-cross-linked thin films, on modulating film self-

healing ability. Microgel self-healing experiments were therefore performed on 4-layer thin films 

created on polydimethylsiloxane (PDMS)54,56,57. PDMS was made using a mixture of nine parts 

elastomer to one-part curing agent and placed in a vacuum desiccator for 20 minutes to remove 

any air bubbles. The PDMS was then allowed to cure for 24 hours at room temperature and then 

cut into 9x18 mm strips. In order to remove any uncured PDMS and prepare the PDMS for surface 

functionalization, the PDMS strips were submerged in hexanes for 2 hours at room temperature 

and then drained and heated at 50oC for 2 hours to evaporate any remaining hexanes followed by 

incubation in 1.2M HCl for 16 hours at room temperature. Upon removal, the strips were washed 

three times with DI water, twice with absolute ethanol, and then shaken at room temperature in 

absolute ethanol for 30 minutes. The PDMS strips were then functionalized with APTMS and 4-

layer thin films constructed as previously described. To perform the self-healing experiments, the 

4-layer thin films on PDMS were imaged dry using a MFP-3D AFM (Asylum) in AC mode with 

ARROW-NCR cantilevers, with a pyramidal tip geometry and a cantilever constant of 42 N/m, 

(Nano and More USA) before damage, after damage, and after healing. Damage was induced by 

taking a micropipette tip and scratching the surface of the film until there was a visible white line. 

Microgel film healing was then controlled through steam exposure and films were exposed to 

steam for <1 second, 1 second, or 5 seconds. 
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3.2.6. Dynamic Cell Migration and Spreading Experiments 

4-layer microgel films were sterilized in a solution of 20% ethanol for 30 minutes before 

being washed in sterile phosphate buffered saline (PBS) and incubated in sterile PBS at room 

temperature for 24 hours. The films were then coated in type I rat tail collagen (Fisher Scientific) 

at a concentration of 10 µg/cm2 in sterile PBS overnight at 4oC. An empty 12-well plate was then 

coated in 1% bovine serum albumin (BSA; Fisher Scientific) overnight at 4oC to block non-

specific cellular attachment to the well plate. The collagen-coated films were adhered to the BSA 

coated well plate using a glass epoxy (VWR) in order to prevent the movement of the films 

throughout the experiment. The glass epoxy was tested prior to use to ensure that there were no 

cytotoxic effects by first seeding cells on glass coverslips coated with collagen with cured epoxy 

exposed to the cell culture media. A live/ dead assay was performed on glass coverslips with and 

without the epoxy present and there were no statistical changes in cell viability measured (Figure 

A.1.20.). Neonatal human dermal fibroblasts (HDFns; Gibco) were then seeded onto the films at 

a density of 12-15k cells/ cm2 and imaged every 500 seconds at a temperature of 37oC and 

compiled into image stacks using ImageJ and analyzed in the software AIVA (DRVision). In the 

experiments where an inhibitor was used, the inhibitor was added 2 hours after seeding the cells 

on the films. Concentrations used for each inhibitor are as follows: ROCK inhibitor Y-27632 

(Fisher Scientific) added at a concentration of 10 µM58,59, Rac inhibitor CAS 1177865 (Fisher 

Scientific) added at a concentration of 100 µM60, and CDC-42 inhibitor ML141 (EMD Millipore) 

added at 10 µM61. For each experiment, cell behavior was analyzed on thin films constructed from 

1, 2, 4, and 7% BIS microgels; a collagen-coated glass coverslip was used as a control. 
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3.2.7. Analysis of Cell Spreading 

4-layer films or monolayers were sterilized, and collagen-coated in the same manner as the 

films used in the dynamic experiments. HDFns were then seeded at a density of 15-20k cells/cm2 

and incubated for 24 hours at a temperature of 37oC and 5% CO2. In the experiments where an 

inhibitor was used, the inhibitor was added 2 hours after seeding the cells on the films at the same 

concentrations used in the dynamic experiments. At the end of the 24 hours, the cells were fixed, 

and immunohistochemistry staining was performed. HDFn cells were fixed in a solution of 95% 

methanol (Alfa Aeser) and 5% glacial acetic acid (EMD Millipore), which was cooled to -20oC, 

and placed in a -20oC freezer for 10 minutes. The fixed cells were then washed 3 times with ice-

cold PBS and then permeabilized in PBS with 0.1% Tween-20 (PBST; Fisher Scientific) for 30 

minutes. The cells were then blocked for 30 minutes in a solution of 5% non-fat milk (Fisher 

Scientific) dissolved in PBST while shaking at room temperature. Next, the cells were incubated 

with the primary antibodies Ŭ-smooth muscle actin (Ŭ-SMA) clone 1A4 (Fisher Scientific) and 

connective tissue growth factor (CTGF) clone ab6992 (Abcam) in a solution of 5% non-fat milk 

dissolved in PBST at a concentration of 25 ɛg/mL for 2 hours shaking at room temperature and 

then washed 3 times with PBS. Alexa-fluor 488 and Alexa-fluor 594 secondary antibodies 

(ThermoFisher) along with NucBlue live cell stain (ThermoFisher) were then added in a 

concentration of two drops per mL to a solution of 5% non-fat dry milk and incubated shaking at 

room temperature for 1 hour. The coverslips were then mounted on glass slides using Fluoromount 

G mounting media (Electron Microscopy Science) and imaged on an EVOS FL Auto 

(ThermoFisher). Images were then analyzed in ImageJ, where area, circularity, corrected total cell 

fluorescence, and the percent of Ŭ-SMA positive cells were measured. To measure CTGF 

expression, the calculation of the corrected total cell fluorescence for each cell was found by taking 



25 

 

the integrated density of the signal from the cell and subtraction area of the cell multiplied by the 

fluorescence of the background62. This raw value was then normalized to the average CTGF 

expression of the control for each experiment. In order to find the percent of Ŭ-SMA positive cells, 

the total cells were counted in an image and the percent of cells with Ŭ-SMA positive stress fibers 

was calculated. 

3.2.8. Single Cell Force Mapping 

4-layer microgel films were created on top of glass-bottom Petri dishes (World Precision 

Instruments) in the same manner as previously stated. The films were sterilized and collagen-

coated in the same manner as previously mentioned. HDFns were seeded at a density of 15-20k 

cells/cm2 and allowed to attach for 12 hours at 37oC and 5% CO2. After 12 hours, the media was 

removed, and the cells were placed in sterile PBS for AFM force mapping. Cell stiffness was 

measured using a MFP-3D AFM (Asylum) and CP-qp-CONT-ps cantilevers (NanoAndMore) that 

have a spherical tip geometry with a two-micron diameter and a cantilever constant of 0.1 N/m. 

Force maps were performed twice in two different spots over the cytoplasm in order to measure 

the stiffness of each cell and a total of 5-10 cells were measured per condition. Each force map 

was over a 5 µm by 5 ɛm area with a total of 36 force curves being measured in that area. The 

resulting force curves were fit with the Hertz model and analyzed in software from Asylum. 

3.2.9. Traction Force Microscopy 

Traction force microscopy was performed using a modification of standard protocols25,63ï

66. A solution of 0.1M sodium hydroxide (NaOH) was left to evaporate in a glass-bottom 12 well 

cell culture plate (MatTek) before the plate was functionalized with pure APTMS for 6 minutes at 

room temperature while shaking. The well plates were then washed 3 times with de-ionized water 

(dIH2O) for 5 minutes, before being allowed to dry completely. Once dry, a 0.05% solution of 
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glutaraldehyde in PBS was left in each well for 30 minutes followed by three more washes with 

dIH2O and being left to dry completely. Polyacrylamide (PA) hydrogels with polydisperse 

fluorescent beads were then constructed on the functionalized glass-bottom plates. Solutions of 

40% acrylamide and 2% BIS were mixed in dIH2O with red fluorescent beads added. The solution 

was initialized with 10mg/ml APS and 97% tetramethylethylenediamine (TEMED) and pipetted 

into the functionalized glass bottom wells before being covered with dichlorodimethylsilane 

(DCDMS) coated coverslips and allowed to solidify. Coverslips were functionalized through the 

addition of 99.5% purified DCDMS under a hood and allowed to air dry for a minimum of 12 

hours. Upon hydrogel solidification, the wells were filled with 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) buffer and left for a minimum of 4 hours. The PA 

hydrogels had Youngôs moduli of 8.8 kPa. The coverslips were removed, and the PA hydrogels 

functionalized with sulfosuccinimidyl 6-(4'-azido-2'-nitrophenylamino)-hexanoate (sulfo-

SANPAH) by activating a solution of 0.01mg/ml sulfo-SANPAH and 0.0083% dimethyl sulfoxide 

(DMSO) in HEPES buffer with UV light (254 nm) before incubating the well with 0.05 

monomolar PEI overnight at room temperature. Following PA gel functionalization, 4-layer 

colloidal thin films were made in the layer-by-layer process described above. The thin films were 

then incubated with 100 µg/ml collagen in PBS for 12 hours before HDFns were seeded and left 

to attach for 12 hours. Following cellular attachment as well as following cell lysing with 7mM 

EDTA in 3% SDS solution, traction force microscopy measurements were taken and analyzed 

through MATLAB and ImageJ65.  

3.2.10. Statistical Analysis 

All statistical analysis was performed in the Prism software (Graphpad). Data was 

statistically analyzed using either a one-way or two-way ANOVA with subgroup comparisons 
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done using the Tukey posthoc test at a 95% confidence interval. All results are reported as the 

mean ± the standard deviation. All experiments performed had a minimum of 3 replicates. 

 

3.3. Results 

3.3.1. Characterization of Microgel Thin Films with Controllable Viscoelastic Properties 

To modulate colloidal film viscoelastic properties, we synthesized negatively charged 

microgels with varying degrees of N,N'-Methylenebisacrylamide (BIS) cross-linking and then 

fabricated the microgels into 4-layer thin films. Microgel particles were synthesized with either 

low (1% BIS), intermediate (2-4% BIS), or high (7% BIS) internal cross-linking densities. 4 layer 

films were chosen because this number of layers has previously been shown to display self-healing 

responses, while microgel monolayers do not 67 and cellular responses measured on microgel 

monolayers did not statistically differ from glass (Figure A.1.1.). Nanoparticle tracking analysis 

(NTA) of the microgels showed that the mean hydrodynamic diameter of the particles was 567±34 

nm (Figure 3.1.C; Figure A.1.2.). DLS measurements of microgel hydrodynamic radius over the 

temperature range of 25-45̄ C show that below 35̄C all microgel particles had sizes between 500-

600 nm and above 35̄C all microgel particles had sizes between 300-400 nm (Figure A.1.3.). This 

indicates that the volume phase transition temperature of each microgel composition is similar 

even though the percentage of pNIPAm differs slightly between each formulation. Atomic force 

microscopy (AFM) height traces showed increasing particle heights as the cross-linking 

percentage increased with the lower cross-linked particles having four times shorter particle 

heights than higher cross-linked particles, despite having similar diameters. The difference in 

microgel particle heights is an indication of their deformability, where lower cross-linked particles 
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appear to spread more on a glass surface while higher cross-linked particles act more as hard 

spheres and do not spread extensively35,36,57.  

Figure 3.1. Characterization of microgel thin film properties. A) Microgel particles are created 

in a precipitation-polymerization reaction with the constituents p-NIPam, AAc, and BIS and 

initiated with APS at 70oC. Microgel particles were created by keeping the AAc concentration at 

5% and by varying the amount of BIS to be either 1, 2, 4, or 7%. B) Dry microgel particle diameters 

and heights were measured with AFM. C) Summary of microgel particle and film characterization. 

D) Microgel thin films were created in a LBL process through centrifugation where layers of 

negatively charged microgel particles were alternated with layers of positively charged PEI. E) 

Film loss tangent was measure through AFM. F) The Youngôs Modulus of each film was measured 

with AFM and data was fit with the Hertz model; * p<0.05 
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AFM nanoindentation demonstrated that film elastic modulus was approximately 107±18 

kPa for all films (Figure A.1.4.). A slight increase in modulus was observed with increasing 

particle cross-linking, but the differences were not statistically significant.  Surface roughness 

calculations of the microgel thin films showed that the arithmetic mean deviation (Ra) of the 

surface features was less than 50 nm on all films and no statistical differences were observed 

between film types (Figure 3.1.C; Figure A.1.5.). The swelling capacity of the microgel films 

was also measured, and all films had dry film thicknesses of ~500 nm and hydrated film 

thicknesses of ~1500 nm with no statistical differences observed between films (Figure A.1.6.).  

To determine how properties of the films change during film build-up, we analyzed surface 

coverage and mechanics following the addition of each layer for 2% BIS films (Figure A.1.7.; 

Figure A.1.8.). It was found that as each layer was added, surface coverage improved until no 

glass or individual microgel particles could be seen, and stiffness decreased with increasing layer 

number.  

A summary of the particle hydrodynamic diameter, dry heights, surface roughness, and 

compressive moduli of the microgel films are shown in Figure 3.1C.. We next characterized the 

self-healing and viscoelastic properties of the films. A self-healing assay showed that as the 

intraparticle cross-linking density increased, film self-healing responses were diminished (Figure 

A.1.9.). Lower cross-linked films exhibited greater healing responses than higher cross-linked 

films, indicating a higher degree of polymer mobility and more viscous materials. We next 

measured film loss tangent, which is a measure of the ratio between a materials loss modulus to 

its storage modulus, and for materials with similar storage modulii, is often used as an indication 

of material viscosity43. There is an inverse relationship between film loss tangent and intra-

microgel cross-linking (Figure 3.1.E); higher intra-microgel cross-linking densities correlates 
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with lower film loss tangents and lower film viscoelasticity. The loss tangent values of the microgel 

films significantly decreased with increased particle cross-linking (p<0.05) and ranged from 

1.8±0.1 for 1% BIS films to 0.8±0.2 on 7% BIS films (Figure A.1.10.). These values were seen to 

be consistent for 3 different areas on 3 different films from different batches indicating that the 

viscoelastic properties of the films are homogenous across the film surface and between fabrication 

batches. We ran a correlation analysis to further explore the relationship between microgel %BIS 

and the resulting loss tangent/ Youngôs modulus of the films (Figure A.1.11.); a strong, 

statistically significant, linear correlation exists between loss tangent and %BIS, while a weak, not 

statistically significant, linear correlation exists between Youngôs modulus and %BIS and between 

Youngôs modulus and loss tangent.  

3.3.2. Quantification of Fibroblast Spreading and Migration Rates on Microgel Thin Films 

To analyze the influence of film loss tangent on cell migration, human dermal neonatal 

fibroblasts (HDFns) were seeded on collagen-coated microgel films and imaged over a 24-hr 

period (Videos A.2.1.-A.2.5.). Image stacks were processed in ImageJ and analyzed in the cell 

tracking software Aivia68 to quantify cell velocity, path length, and straight-line length (Figure 

3.2.B-D). Path length is defined as the length of the path taken between each consecutive time 

interval from the beginning to the end of the tracking period and straight-line length is defined as 

the shortest distance between the first and last frame of the track. As film loss tangent decreased, 

cellular velocity, path length, and straight-line length increased. The differences in migration on 

the low loss tangent and high loss tangent films correlated with two different modes of cell 

migration (amoeboid or mesenchymal). In amoeboid migration, cells change shape rapidly by 

sending out many protrusions and then rapidly migrate large distances, which correlates with the 

low path lengths and high straight-line lengths observed. In mesenchymal migration, cells have 
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distinct leading and trailing edges and migrate in a more stepwise fashion correlating with higher 

path lengths and straight-line lengths. Figure 3.2.A further visualizes the different modes of 

migration by showing representative migration patterns of the cells seeded on microgel films with 

varying crosslinking densities, which correspond with the description of ameboid and 

mesenchymal cell migration. 
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Figure 3.2. Analysis of fibroblast migration responses on microgel thin films. HDFns were 

seeded on collagen-coated microgel thin films for 2 hrs and imaged over 24 hrs. A) Representative 

images of single cells migrating using either ameboid or mesenchymal cell migration over 60 mins 

are shown. Circles represent the cell body, while the dots represent the centroid of the cell body. 

Yellow arrows represent the direction and relative path of migration. The time-lapse videos were 

then analyzed in the commercially available software Aivia to quantify cellular migration 

responses including velocity (B), path length (C), and straight-line length (D). * p<0.05; ** p<0.01; 

*** p<0.001; **** p<0.0001. 

Increased material elastic modulus has previously been shown to lead to increased cell 

spreading69, increased myofibroblastic differentiation70, and increased expression of fibrosis-

related genes such as Ŭ-SMA and CTGF71. We were therefore interested in characterizing how 

these responses correlate with loss tangent on our films with stiff elastic moduli. HDFns were 

cultured on microgel thin films with varying loss tangents for 24 hrs, then fixed and stained for Ŭ-
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SMA and CTGF (Figure 3.3.E-F). Cell area and circularity were measured in ImageJ, and it was 

found that cell area on high loss tangent films increased significantly compared to low loss tangent 

fi lms. Cell circularity was also highest on the intermediately cross-linked, low loss tangent films. 

Quantification of Ŭ-SMA expression showed no significant differences in overall expression 

between films, however, the percentage of stress fiber positive cells, indicative of myofibroblastic 

differentiation, was seen to increase as film loss tangent decreased. It was found that the highest 

amounts of CTGF expression occurred on the intermediate cross-linked films with lower loss 

tangent values and were significantly different than the amount of CTGF expression measured in 

the other conditions. Staining for paxillin and FAK also indicated that on lower cross-linked films, 

weak focal adhesions seem to be localized around edges of the cell as seen by the diffuse staining 

around the edges of the cell, while on the higher cross-linked films stronger focal adhesions can 

be seen to be localized around the center of the cell (Figure A.1.12.). These results indicate that 

fibroblasts tend to have a more myofibroblastic phenotype when seeded on films with lower loss 

tangent values as seen by increased cell areas, stress fiber positive cells, and CTGF expression.  
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Figure 3.3. Loss tangent of microgel films modulates cell contractility, morphology, stress 

fiber formation, and CTGF Expression. A) HDFns were seeded on collagen-coated microgel 

films and single-cell stiffness was measured 12 hrs after seeding via AFM. B) TFM was performed 

on a cell-by-cell basis with cells seeded on collagen-coated films built on PA gels containing 

fluorescent beads. 12 hrs after seeding images were taken of individual cells before and after lysis. 

Traction forces were calculated using a MatLab algorithm. HDFns were seeded on collagen-coated 

films for 24 hrs and then stained for Ŭ-SMA (E) and CTGF (F). Cell area (C), circularity (D), the 

percent of stress fiber positive cells (E), and CTGF expression (F) were quantified in ImageJ. * 

p<0.05 
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Since cell spreading and migration are contractility mediated responses, we next quantified 

cell contractility following incubation for 12 hrs on microgel thin films using both AFM single-

cell stiffness measurements and traction force microscopy (TFM) to measure the amount of 

tensional forces generated by cells (Figure 3.3.B). As film loss tangent decreased, mean single-

cell stiffness increased significantly from 0.3±0.1 kPa on the 1% BIS films to 1.4±0.2 kPa on the 

7% BIS films (p<0.05; Figure A.1.13.). TFM results demonstrated that cells seeded on control 

surfaces, i.e. PA gels without film coatings, generated significantly more traction than cells 

cultured on film-coated surfaces (Figure A.1.14.). Results, from TFM did not result in significant 

differences between films, however, cells were able to generate traction forces ranging from 100-

250 Pa on the film-coated surfaces, while traction forces averaging 750 Pa were measured on 

control surfaces. It is possible that differences in traction forces could be greater at earlier 

timepoints. Due to the viscoelastic nature of the films, after 12 hrs it is possible that creep could 

have occurred causing the bead position to relax and move closer to its original location and result 

in lower traction forces. Furthermore, since the fluorescent beads are embedded in the PA gel and 

not in the microgel film, it is possible that the system is not sensitive enough to pick up smaller 

traction forces generated by cells seeded on the microgel layers. 

3.3.3. Cell Contractility Inhibitors Normalize Cell Spreading and Migration Responses on 

Microgel Thin Films 

To determine the influence of GTPase signaling on the observed responses, cell migration, 

spreading, and protein expression were analyzed on microgel films in the presence of Rac, ROCK, 

and CDC42 inhibitors (Figure 3.4.; Figure 3.5.; Videos A.2.6.-A.2.20.). The addition of each 

inhibitor was found to normalize cellular migration velocity across all conditions. Addition of the 

ROCK and CDC42 inhibitor significantly increased total cell migration, as both the straight-line 
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length and path length of the cells was increased in the presence of ROCK and CDC42 inhibitors, 

however, the magnitude of these responses in the presence of the CDC42 inhibitor was not as stark 

as those observed in the presence of the ROCK inhibitor. Finally, the addition of the Rac inhibitor 

greatly reduced all migration responses as both straight-line length and path length were 

significantly reduced.  

Inhibition of Rac was also found to significantly decrease cell spread area while increasing 

cell circularity after 24 hrs, while inhibition of ROCK and CDC42 appeared to normalize both cell 

spreading and circularity across all conditions. Rac inhibition also significantly decreased the 

amount of stress fiber positive cells, while both CDC42 and ROCK inhibition normalized the 

amount of stress fiber positive cells on all films. Finally, across all conditions, CTGF expression 

was normalized with the addition of all of the inhibitors. Overall, with the addition of the cell 

contractility inhibitors, the responses due to differences in film loss tangent were no longer 

apparent. The addition of all of the inhibitors normalized migration velocity, while the addition of 

the ROCK inhibitor was seen to increase total cell migration, and the addition of a Rac inhibitor 

significantly diminished spreading responses. 
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Figure 3.4. Analysis of the contribution of RAC, ROCK, and CDC42 pathways on fibroblast 

migration responses on microgel thin films. HDFns were seeded on collagen-coated microgel 

films and allowed to attach for 2 hrs before the addition of either a CDC42, Rac1, or ROCK 

contractility inhibitor. Cells were imaged over 24 hrs. A) Representative images of single cells 

migrating using either ameboid or mesenchymal cell migration over 60 min on each film are 

shown. Circles represent the cell body, while the dots represent the centroid of the cell body. 

Yellow arrows represent the direction and relative path of migration. Time-lapse videos were 

analyzed in the commercially available software Aivia to quantify cellular migration responses 

including velocity (B), path length (C), and straight-line length (D). * p<0.05; **** p<0.0001 
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Figure 3.5. Contractility inhibitors normalize cell morphology and CTGF expression. HDFns 

were seeded on collagen-coated microgel films and allowed to attach for 2 hrs before the addition 

of a CDC42, Rac1, or ROCK contractility inhibitor and then incubated for 24 hrs. Cells were 

stained for Ŭ-SMA (A) and CTGF (B) and imaged. The percent of stress fiber positive cells (C), 

CTGF expression (D), cell area (E), and circularity (F) were measured using ImageJ.  * p<0.05; 

**** p<0.0001 

 

3.4. Discussion and Conclusions: Outlook and Implications in Fibrotic Responses 

In these studies, we demonstrate that microgel thin films are a tunable platform with 

controllable loss tangent properties and film loss tangent drives fibroblast modes of migration and 

contributes to pro-fibrotic responses. To ensure that the cellular responses measured were due 
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primarily to the differences in film loss tangent values, robust characterization of both the microgel 

particles and films was first performed. Microgel particles were similar in size (~600 nm in 

diameter), films had similar compressive modulii (~100 kPA), and the average surface feature of 

each film was less than 50 nm. Previous work has shown that fibroblast adhesion and spreading 

responses plateau on substrate stiffnesses greater than 50 kPa29; with a mean stiffness of 107±13 

kPa, our films are above this threshold, therefore, any observed differences in cellular responses 

should be primarily due to the differences in loss tangent.  

We first characterized film viscoelasticity using a film self-healing assay and results 

showed that as intraparticle cross-linking density increases, the ability for the films to heal 

decreases. These results corroborate previous work demonstrating that inter-microgel cross-

linking decreases microgel thin filmôs self-healing ability54 by restricting the ability of polymer 

chains to move and rearrange. Intraparticle cross-linking appears to result in a similar effect, which 

is likely due to the decreased mobility of polymer chains within individual microgel particles with 

increasing intraparticle cross-linking. Loss tangent imaging demonstrated that increasing 

intraparticle cross-linking density led to lower loss tangent values. A correlation analysis between 

loss tangent and microgel %BIS showed a strong correlation between the two parameters (Figure 

A.1.11.). These results showed that microgel particles are highly tunable, as both the size and 

stiffness can be controlled during synthesis and used to create films with different viscoelastic 

properties.  

Loss tangent imaging showed that our films had loss tangent values over the range of 1.8 

to 0.8. Other studies performing AFM based imaging to find the loss tangent values of biological 

cells or tissues can help put these values into a relevant biological context. Loss tangent values for 

sheep aorta were found to be 1.0 in young sheep and decreased to 0.86 in aged sheep72. Loss 
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tangent values for the benign cell types NIH 3T3, MDCK-II, NMuMG, and MCF-10A all fell 

within the range of 1.0-1.5, while loss tangent values for malignant cell types SW-13, A549, MCF-

7, MDA-MB-231, and CaKi-1, all fell within the range of 1.5-3.073. Also, loss tangent values of 

human lung epithelial cells have been measured at ~0.574.  

Other methods, including dynamic material analysis and contact resonance, have been used 

to measure the loss tangent values of biological tissues, however, these methods have been shown 

to provide values that are much lower than those measured by AFM75. This has been attributed to 

the differences in the frequency to which the material responds, which for AFM can be 10-100 

kHz, compared to the frequency of 1-100 Hz used commonly by other methods. As such, it is not 

accurate to directly compare values obtained by other methods to the measured values of our films, 

however, the trends observed through other methods remain relevant. For example, studies by Yin 

et al. found the loss tangent value of a mouse liver following injury and before fibrosis was ~0.1 

and then decreased to ~0.03 at the onset of fibrosis, which was lower than the measured healthy 

tissue loss tangent of ~0.0676
, indicating that decreased loss tangent could contribute to fibrotic 

responses in vivo. Indeed, our studies investigating the effect loss tangent on cell migration and 

fibrosis-related responses support this hypothesis. 

 Analysis of cell migration on microgel films showed that velocity, path length, and straight-

line length increased as loss tangent decreased. This quantification, in conjunction with detailed 

observation of the time-lapse videos, indicates that two different modes of migration are occurring. 

These two modes of individual cell migration have been well characterized and are described as 

amoeboid and mesenchymal cell migration. Amoeboid migration is characterized by rounded or 

ellipsoid cells that do not have mature focal adhesions or stress fibers and, during locomotion, 

change shape by rapidly protruding and retracting filopodia77,78. Amoeboid migration is also 
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associated with cancer cell infiltration and metastasis79. This is particularly interesting as the loss 

tangents of malignant cell lines are similar in value to the lower cross-linked microgel films in 

which amoeboid migration was also observed, indicating a potential link between substrate loss 

tangent and cancer cell infiltration and metastasis. On the other hand, mesenchymal migration is 

characterized by elongated, polarized cells that contain a leading edge with protrusions leading to 

the new site of migration and a trailing edge that retracts upon initiation of migration80. 

Interestingly, mesenchymal migration is promoted on stiffer substrates and has been associated 

with fibrotic responses81.  

In our studies, we observed that on 1% BIS films, corresponding to the highest loss tangent 

value, filopodial amoeboid cell migration occurs, while on 7% films, corresponding to the lowest 

loss tangent value, mesenchymal migration occurs. On 2% and 4% BIS films, corresponding to 

the intermediate loss tangent values, a transition between ameboid and mesenchymal migration 

occurs. On 1% films, an inverse relationship between path length and straight-line length is 

observed, which supports the conclusion that amoeboid migration is occurring. Since path length 

is the measurement of the total distance traveled and straight-line length is the measure of the 

shortest distance between the start and end of the track, having a cell that is not moving but instead 

sending out many protrusions will lead to a lower average path length per cell, and will 

concurrently lead to a larger straight-line length due to the large distances traveled during one of 

the quick migratory movements characteristic of amoeboid migration80. More elongated, ellipsoid 

cells with decreased cell areas were observed on the lower cross-linked films due to the short-lived 

and loose interactions with the substrate, preventing the cells from generating sufficient internal 

tensional forces needed for spreading. These observations were also confirmed by characterizing 

focal adhesion formation after 24 hours (Figure A.1.12.), where diffuse staining of paxillin and 
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FAK around the edge of the high loss tangent films indicates weak focal adhesion formation. 

Additionally, lower amounts of stress fiber positive cells were observed on lower cross-linked 

films, which is also a key characteristic of amoeboid migration. Furthermore, single-cell force 

mapping showed lower cell stiffness on the lower cross-linked films, which is expected in cells 

that are loosely attached to the surface. Collectively, our data indicates that materials with higher 

loss tangent drive amoeboid migration.  

On the 7% BIS cross-linked films, corresponding to the lowest loss tangents, mesenchymal 

cell migration was observed. This conclusion is supported by greater rates of migration, increased 

spread area, and increased cell stiffness observed on these films, compared to the 1% BIS cross-

linked films. Due to the low viscosity of these films, cells are able to actively polarize into a trailing 

and leading edge, which allows for more stepwise migration leading to longer pathlengths. Cells 

are also able to generate larger internal tensional forces, which leads to greater spread areas, stress 

fiber formation, and cell stiffness values. The ability for cells to generate larger tensional forces 

was also confirmed by the staining of paxillin and FAK on the low loss tangent films indicating 

strong focal adhesion formation (Figure A.1.12.). On the 2% and 4% BIS films, corresponding to 

the intermediate loss tangent values, a transition from amoeboid to mesenchymal migration is 

observed. This conclusion is supported by the range of morphology and migratory responses 

measured on these films. For example, on the 2% BIS films without inhibitors cell spread area, 

circularity, and migration were similar to the 1% BIS films indicating a similar mode of migration. 

However, upon the addition of the contractility inhibitors, the change in the responses on the 2% 

BIS films was not consistent with the 1% BIS films, indicating that there are different pathways 

controlling these responses on the two films. The same can be said when comparing the 4% and 
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7% BIS films where the area, circularity, and migration responses appear to be similar without the 

addition of inhibitors, but do not follow the same trends once the inhibitors have been added.  

Taken together, these results show that substrate loss tangent can modulate cell migration 

by determining the mode by which cells migrate where loss tangent values lower than 1.4-1.5 

promote mesenchymal migration, loss tangent values greater than 1.4-1.5 promote ameboid 

migration, and loss tangent values of 1.4-1.5 promote the transition between the two modes of 

migration. These results are also supported by the aforementioned loss tangent values of epithelial, 

benign, and malignant cells which were found to be 0.5, 1.0-1.5, and 1.5-3.0 respectively. For 

single epithelial cells, mesenchymal migration is the normal mode of migration82 and for cancer 

cell metastasis ameboid migration is the most commonly found mode of migration83,84 which 

further demonstrates that a loss tangent values of 1.4-1.5 lead to a transition between the two modes 

of migration. On the material level, loss tangent values greater than 1.5 cause the films to flow 

away from the cell as it exerts a force on the film. Due to the movement of the film in the direction 

away from the cell, the cell is unable to generate internal tensional forces sufficient enough to 

allow for large spread areas. The inability to spread inhibits the cell from polarizing to form a 

leading and trailing edge resulting in ameboid migration. However, loss tangent values lower than 

1.4 provide enough resistance within the film to prevent the movement of the film away from the 

cell. This allows the cell to obtain the internal tensional forces required for larger spread areas. 

With sufficient enough internal tensional forces, the cell can then polarize to form a leading and 

trailing edge and undergo mesenchymal migration. Focal adhesion staining also shows a more 

diffuse staining around the periphery of the cell on the lower cross-linked films and more robust 

staining by the nucleus of the cell on the higher cross-linked films (Figure A.1.12.). 
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 Since cell contractility plays a major role in both cell migration and spreading, cellular 

responses were characterized in the presence of the GTPases inhibitors Rac, ROCK, and CDC42. 

In general, the addition of the contractility inhibitors had a normalizing effect and eliminated any 

differences observed due to the changes in the loss tangent values between the microgel films. 

However, the effects of inhibiting Rac indicate that it is a crucial pathway contributing to the 

mesenchymal migration observed on lower loss tangent films (Figure A.1.15.). Previous reports 

by Cameron et al. also identified the importance of Rac1-mediated signaling in responses of 

mesenchymal stem cells on hydrogels with variable rates of creep; in those studies, increased Rac1 

signaling was observed on high creep hydrogels where spread area, migration, and differentiation 

was also the highest. High Rac signaling is also known to increase leading edge extension, 

elongated morphology, integrin engagement, and mesenchymal migration85ï87. However, ROCK 

signaling in the absence of Rac has been shown to increase the rounded cell shapes associated with 

amoeboid migration85, which also matches the increase in rounded cell shapes and cell circularity 

we observed on microgel films upon the addition of a Rac inhibitor. These results further indicate 

that Rac mediated signaling is an important factor for directing mesenchymal cell migration on 

low loss tangent films since amoeboid cell migration is observed in the absence of Rac. 

The effects of inhibiting ROCK indicate that it is a crucial pathway contributing to both 

the mode and rate of migration on microgel thin films with varying loss tangents. Studies by 

Totsukawa et al. showed that fibroblast cells cultured on glass coverslips and treated with a ROCK 

inhibitor migrated further and in a straighter direction than untreated fibroblasts58. Similarly, our 

results obtained for cell migration on microgel films in the presence of ROCK inhibition showed 

greater path lengths and straight-line lengths when compared to cells on films with the identical 

loss tangent values, but different inhibitory conditions. Previous reports have also shown that high 
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Rac activity in the absence of ROCK further promotes elongation and mesenchymal migration; 

likewise, we observed an increase in area and migration rates of cells that underwent ROCK 

inhibition on films that otherwise supported amoeboid migration (Figure A.1.16.)86. It was also 

found that ROCK inhibition significantly increased migration and spread area on high loss tangent 

films where ameboid migration was the dominant mode of migration when compared to low loss 

tangent films where mesenchymal migration was already the dominant mode of migration (Figure 

A.1.17.). These results further indicate that ROCK mediated pathways are critical for directing 

amoeboid cell migration on films with low loss tangents since mesenchymal cell migration is 

observed in the absence of ROCK. 

CDC42, along with Rac, is involved in controlling the filipodia dynamics at the leading 

edge during cell migration88. If Rac and CDC42 worked in conjunction with one another during 

mesenchymal migration on the microgel films, then it would be expected that inhibition of CDC42 

would yield similar results to the inhibition of Rac. However, the converse was observed and 

inhibition of CDC42 yielded similar results to inhibiting ROCK on microgel films (Figure 

A.1.18.). Inhibition of CDC42 led to cells with increased spread areas, stress fibers, and migration 

distances, but the magnitude of these observations was not as great as with ROCK inhibition. It 

was also observed that inhibiting CDC42, similar to when ROCK was inhibited, resulted in a 

significant increase in migration and spread area on high loss tangent films where ameboid 

migration was dominant when compared to low loss tangent films where mesenchymal migration 

was dominant (Figure A.1.17.), although the magnitude of the increase was not as great as when 

ROCK was inhibited. These results suggest that CDC42 plays a more important role in controlling 

filipodia dynamics at the leading edge during amoeboid migration and a smaller role during 

mesenchymal migration on microgel films. However, it appears that ROCK is the more dominant 
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pathway controlling ameboid migration. The previously reported results, combined with our own, 

further identify both Rac and ROCK as the dominant pathways in measuring and responding to 

viscoelastic substrates. 

The observations that small changes in substrate viscoelasticity have such a large effect on 

cell migration and morphology have broader implications for more complicated processes such as 

the propagation of fibrosis. Previous studies have shown that substrate stiffness plays a significant 

role in the propagation of fibrosis with higher rates of fibrosis found on stiffer substrates51,89,90. 

Furthermore, ROCK has been identified as a key driver in fibrotic related responses. Upregulation 

of ROCK has been shown to increase fibroblast contractility70,91, increase fibrotic responses52, and 

increase the length and severity of fibrotic responses51. Our results suggest that such responses 

might be more nuanced than just a straightforward increase in ROCK expression or substrate 

stiffness. For example, slight changes in substrate viscoelasticity could cause cells to transition 

from amoeboid to mesenchymal cell migration modes leading to an increase in actin stress fiber 

formation, cell spread area, and other myofibroblastic phenotypes, thereby resulting in an increase 

in ECM deposition and accelerating fibrotic responses. It is possible that slight changes in tissue 

viscoelasticity following injury could lead to the initiation of fibrotic related responses, however 

more research on this topic is needed.  

Additionally, the role that substrate stiffness has on the propagation of fibrotic related 

responses has been well characterized, however, these studies have predominately utilized linear 

elastic materials. Our studies highlight that it is not sufficient to only consider elastic modulus and 

that loss tangent is also an important descriptor for such responses. Further studies are needed to 

fully understand the combinatory effects that substrate stiffness and loss tangent have on cellular 

responses and the initiation of fibrosis. To begin to probe these complex interactions, we built 
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microgel thin films on top of PA gels with Youngôs moduli of 8.8 kPa. Initial results (Figure 

A.1.19.) do show differences in the cell area of fibroblasts seeded on such substrates when 

compared to fibroblasts cultured on microgel films built on glass further exemplifying the need to 

investigate the complex relationship between substrate stiffness and film loss tangent on cellular 

responses in greater detail. 

Figure 3.6. Overview of the effect of film loss tangent on cell migration. Film loss tangent 

influences the fibroblast mode of migration. As film l oss tangent increased, amoeboid migration 

was seen to be the dominant mode of cell migration. Amoeboid migration is characterized by round 

or ellipsoid cells that have poor stress fiber formation and are loosely attached to the surface. On 

low loss tangent films, mesenchymal cell migration was the dominant mode of cell migration. 

Mesenchymal migration is characterized by highly spread and elongated cells that have high 

degrees of stress fiber formation and strong adhesions to the surface. Upon adding the cell 

contractility inhibitors for Rac, ROCK, and CDC42, it was observed that both ROCK and CDC42 

signaling plays an important role in amoeboid migration, while Rac signaling is important for 

mesenchymal migration.  
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Overall, we have shown that microgel thin films can be constructed to have differential 

viscoelastic properties and can be used as a platform to study how these properties influence 

cellular behavior. Specifically, as film loss tangent decreased, cell area, circularity, stress fiber 

formation, and CTGF expression increased, while migration transitioned from amoeboid to 

mesenchymal (Figure 3.6.). In the presence of cell contractility inhibitors, it was found that 

inhibiting Rac had the greatest effect on the high loss tangent films while inhibiting ROCK and 

CDC42 had the greatest effect on the low loss tangent films further indicating that Rac is an 

important pathway in mesenchymal migration and ROCK and CDC42 are important pathways in 

amoeboid migration. While these results begin to provide some insight into the effects that material 

viscosity has in modulating cellular behavior, much remains to be fully elucidated. Overall, we 

demonstrate that microgel thin films provide a highly tunable, easily synthesized material platform 

for further elucidating such responses and have the potential to be used as a platform to build 

substrates with specific properties to elicit desired cellular responses. 
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CHAPTER 4: Ultrasonic Microploting  of Microgel Bioinks 

 

 The studies presented in Chapter 3 investigated the effect that microgel film viscoelasticity 

has on fibroblast morphology and migration on uniform microgel films. Based on the responses 

observed, it was hypothesized that it would be possible to create substrates with patterned areas of 

microgel films that could direct cell migration using only the viscoelastic nature of the films. 

However, the current layer-by-layer method of creating microgel films does not provide the high 

degree of control over microgel particle deposition that would be required to create such substrates. 

Therefore, it became necessary to develop a new method by which it was possible to selectively 

place microgel films in order to make a substrate with patterned viscoelasticity. The studies 

detailed in this chapter describe the development and optimization of an ultrasonic microplotting 

printing technique for use as a method by which patterned microgel films can be formed. The 

development of this technique will not only allow for the creation of scaffolds that can further 

investigate the role that microgel film viscoelasticity has on fibroblast migration but also opens 

the door for the creation of complex microgel films with highly localized film mechanics on a 

similar length scale to a cellôs native microenvironment. The studies described in this chapter have 

been submitted for publication. 

 

4.1. Introduction  

The aim of the regenerative medicine field is to restore the original form and function of 

damaged tissue; there have been numerous investigations into processes that allow for the creation 

of a material scaffold that can fulfill that role. The purpose of these material scaffolds is not only 

to provide a structure in which the regenerative process can take place but also to participate in the 
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regenerative process by providing pro-regenerative cues to cells migrating into the damaged tissue. 

Such cues can include the scaffoldôs mechanics, the scaffoldôs topography, and the inclusion of 

bioactive agents into the scaffold92. Recently, scaffolds composed of microgel particles have been 

investigated for use in regenerative medicine applications due to their high degree of tuneability 

which allows for their fine control over scaffold properties and, therefore, utility in a multitude of 

applications93. These applications can range from creating a matrix for bone regeneration94, 

encapsulating cells for spheroid growth95, and creating patient-specific scaffolds for auricular 

cartilage regeneration96.  

Microgels are micro or nanometer-sized colloidal hydrogels that can be made responsive 

to external stimuli.  These colloidal particles can be used as building blocks in assemblies wherein 

the material properties of individual microgels affect bulk properties of microgel-based materials, 

suspensions, and mixtures41,54,57,67. Extremely sophisticated, multi-responsive systems can be built 

by combining different microgel building blocks, allowing for a ñplug and play systemò with high 

levels of control over design parameters. Importantly, microgel-based materials have the potential 

to modulate cellular behavior through exquisitely tuned spatial, energetic, temporal, and molecular 

properties41,54, and microgel-based materials provide an unparalleled level of control over material 

properties, such as mechanics and degradation rates, compared to bulk gels with the same polymer 

composition.  Therefore, microgels are an attractive building block for creating scaffolds for tissue 

engineering purposes.  

Microgels have widely been synthesized from synthetic polymers97ï99, perhaps the most 

well studied of which is poly N-isopropylacrylamide (pNIPam). pNIPam microgel assemblies 

created through layer-by-layer (LBL) fabrication processes have been well characterized67. Using 

this technique, microgel films have successfully been developed to control cell 
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attachment/detachment from scaffolds100, facilitate drug delivery101, act as antimicrobial 

coatings102, and direct cell migration dynamics through mechanical cues103. While LBL techniques 

for creating microgel films have widely been successful at creating uniform films, one major 

limitation of the technique is that it offers no spatial control over the deposition of the microgel 

particles. Current LBL techniques also do not allow for the creation of more complicated scaffolds 

containing multiple particle types in defined locations. 

In order to overcome the limitations presented by LBL techniques, microgels have been 

adapted for 3D printing applications to create more defined and complex scaffolds. As such, 

extrusion-based 3D printing techniques have become a popular method by which microgel bioinks 

are printed104ï109. In order to print through extrusion-based printing methods, microgel bioinks are 

loaded into syringes, subjected to large pressures or high temperatures, and extruded out of a 

nozzle onto a surface. However, this technique also has limitations with the high levels of shear 

stress and high temperatures associated with the extrusion process damaging cells and other 

biological components incorporated into the bioink110. Furthermore, extrusion-based printing 

techniques commonly use microgel particles with diameters from 30-200 ɛm to avoid small needle 

gauges that would further increase the shear stress that occurs during printing and printing with 

particles composed of pNIPam has yet to be explored105,107,108. Therefore, other printing techniques 

that are less damaging to cells, as well as added biological components, and can also be used to 

print significantly smaller particles need to be explored. 

There are techniques used in other industries that have the potential to be adapted for the 

purpose of creating microgel-based scaffolds and solve the limitations presented by LBL 

approaches and other printing techniques. One such technique, termed ultrasonic microplotting, 

has been successfully used in the circuit industry to create flexible circuits111ï113, artificial cells24, 
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biosensors115,116, microlenses117, and carbon nanotube transistor circuits118,119. This technique uses 

a piezoelectric element attached to a glass capillary write head to print inks onto a surface in a non-

contact manner. When the piezoelectric element is operational, an ultrasonic wave changes the 

surface tension and wetting behavior between the resident ink and dispensing tip, causing a bead 

of ink (meniscus) to form at the dispensing tip, which is brought into contact with the substrate 

and preferentially wets and ñprints ontoò the desired substrate. This results in a printing process 

that does not require the high heat, temperatures, or pressures that are commonly found in other 

scaffold fabrication techniques, such as electrospinning, certain lithography methods, and 

extrusion-based printing, which have the potential to damage the material being used and often 

restricts the inclusion of biological molecules. Moreover, ultrasonic microplotting can achieve 

picolitres printing for materials with viscosities up to 500 cP, and for ideal material substrates, 

higher viscosity inks (> 1200 cP) can also be printed. 

This technique is perfectly suited for use in conjunction with microgel particles as the ink 

can be composed of a suspension of the pre-polymerized colloidal particles which is more 

amenable to printing using this ultrasonic technique than a polymerized bulk hydrogel. While 

ultrasonic microplotting holds promise as a technique used in printing hydrogel-based materials 

for regenerative medicine applications, it has yet to be transitioned from printing circuits and 

biosensors to printing hydrogel materials. Therefore, in this paper, we explore the potential use 

of the ultrasonic microplotting technique as a method to print patterned microgel films in order 

to solve some of the limitations in the LBL film fabrication technique, as well as other printing 

methods. 

 



53 

 

4.2. Materials and Methods 

4.2.1. Microgel bioink synthesis  

Microgel particles were created using a precipitation-polymerization reaction. Poly(N-

isopropylacrylamide) (pNIPam), N,Nô-methylenebis(acrylamide) (BIS), and Acrylic Acid (AAc) 

were added to 95 mL of de-ionized water to create a final solution with a concentration of 140 

mM. The reaction solution was comprised of 91% poly-NIPam, 4% BIS, and 5% AAc. 0.5 mM of 

sodium dodecyl sulfate (SDS) was added to control for particle size. The solution was then filtered 

and added to a three-necked reaction vessel that had a nitrogen source, a condenser, and a 

thermometer attached to it. The solution was heated to 70 C̄ and allowed to reach thermal 

equilibrium for 1 hour while under the flow of nitrogen gas and mixing at 450 RPM. Once thermal 

equilibrium was achieved, a 1 mM solution of ammonium persulfate (APS) was added to initiate 

the reaction. The reaction was allowed to proceed for 6 hours and cooled overnight while 

continuously stirring at 450 RPM. To remove any large aggregates, the cooled solution was filtered 

using glass wool. Dialysis against deionized water (diH20) was then performed using 1000 kDa 

tubing (Spectrum Laboratories). Water for dialysis was changed every 12-16 hours over the course 

of 48 hours. The microgel solution was then lyophilized and reconstituted in diH20 at a stock 

concentration of 5 mg/mL. Bioinks were then created by diluting the stock concentration to either 

2, 0.2, or 0.02 mg/mL and adding either 5%, 10%, or 20% low molecular weight polyethylene 

glycol 400 (PEG, Mw=380-420 g/mol) by volume.  

4.2.2. Bioink microplotting surface functionalization 

Glass slides were first cleaned in a sonicator for 15 minutes in each of the following 

solutions: Alconox® diluted 3:100 in diH2O, diH2O, acetone, absolute ethanol, and isopropyl 

alcohol. The glass slides were then washed twice with deionized water, dried with nitrogen, and 
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functionalized with one of the following: (3-Aminopropyl)triethoxysilane (APTMS), 

Polyethylenimine (PEI), or bovine serum albumin (BSA). For APTMS functionalization, a 97% 

(v/v) solution of APTMS was diluted 1:100 into absolute ethanol. The clean glass slides were then 

covered with the diluted APTMS solution and shaken at room temperature for 2 hours. For 

functionalization with either PEI or BSA, PEI or BSA were diluted into diH2O to 0.05 monomolar 

or 1% by weight (w/v), respectively. The clean glass slides were then covered with either the PEI 

or BSA solution and incubated overnight at 4oC. Following incubation, the slides were washed 

twice with diH2O and allowed to dry.  

4.2.3. Bioink microplotting surface contact angle analysis 

Contact angle measurements were taken using a Rame-Hart Advanced Contact Goniometer 

ï Model 102. DropImage Advanced software was used to image the water droplets on all of the 

functionalized glass slides mentioned above. In order to measure the contact angle, a line tangent 

to the corner of the liquid droplet is drawn and the angle that the tangent makes with the horizontal 

surface is measured. A contact angle is measured on each side of the droplet and averaged together 

to obtain the overall contact angle for the droplet. The solutions used to create a droplet on each 

of the functionalized surfaces are diH2O and microgel solutions at either 2, 0.2, or 0.02 mg/ml with 

either 0%, 5%, 10%, or 20% PEG (v/v).  

4.2.4. Bioink microplotting 

The patterns used for printing of the microgel bioinks were designed using the SonoDraw 

GIX II software and can be seen in Figures 2A and 6A. All patterns were printed using a 20, 50, 

or 100 µm micropipette tip fabricated using G-1 glass capillary tubes, a Narishige PC-10 

micropipette puller, and cut using a Narishige MF-900 Microforge. The micropipette tips were 

then superglued onto a piezoelectric element and fit into the holder on the Sonoplot GIX 
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Microplotter II. The printing pattern created in the SonoDraw software was then uploaded to the 

Sonoplot printing software. Microgel bioinks containing either 0.02, 0.2, or 2 mg/mL of microgel 

particles and either 5%, 10%, or 20% PEG (v/v) were then created and used for printing the created 

pattern.  

4.2.5. Microplotted microgel film characterization  

The printed microgel films were imaged using an EVOS FL Auto (ThermoFisher) and print 

parameters such as printed dot radius, printed dot circularity, line width, line length, and the 

percent of the template pattern to print successfully was measured in ImageJ in order to assess the 

print quality and presented as the mean value ± the standard deviation. The percent of the template 

pattern to print successfully was measured by calculating the total print distance of the template 

pattern used and then dividing the total print distance for each condition by that value. A total of 

3 different prints were imaged with at least 50 dots and 10 lines measured on each print. The 

thicknesses of the microgel films were determined using a MFP-3D atomic force microscope 

(AFM; Asylum) in AC mode with ARROW-NCR cantilevers, with a pyramidal tip geometry, and 

a cantilever constant of 42 N/m, (Nano and More USA). 3 different line thicknesses were measured 

on 3 different prints for a total of 9 line widths measured, and heights are presented as the mean ± 

the standard deviation. 

4.2.6. Microplotting patterned microgel films  

Microgel particles were labeled as either red or green by coupling Alexa Fluor 594 

Cadaverine or Alexa Fluor 488 Cadaverine (Thermo Fisher Scientific) to the AAc in the particles 

through N-ethyl-Nǋ-(3-(dimethylamino)propyl)carbodiimide (EDC)/ N-hydroxysuccinimide 

(NHS) coupling chemistry. Patterns with the 2 different microgel formulations were made in 

SonoDraw and can be seen in Figure 7. The red labeled microgel bioinks were printed first, allowed 
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to dry for 1 hour protected from light, and then the green microgel bioinks were printed. During 

the printing process, the surface that the films were printed on was not moved in order to ensure 

the precise alignment of the 2 separate print patterns. After printing the patterned films were 

imaged using an EVOS FL Auto in both the red, green, and phase contrast channels. A minimum 

of three separate prints per pattern was analyzed. The separate channels were then composited in 

ImageJ to qualitatively assess the overlap between the red and green microgel bioinks. 

4.2.7. Statistical Analysis  

All statistical analysis was performed in the Prism software (Graphpad). Data was 

statistically analyzed using either a one-way or two-way ANOVA with subgroup comparisons 

done using the Tukey posthoc test at a 95% confidence interval. All results are reported as the 

mean ± the standard deviation. * p<0.05, ** p<0.005, *** p<0.0005, **** p<0.00005 

 

4.3. Results 

4.3.1. Characterization of bioink composition contribution to print quality  

To characterize the ability of the ultrasonic microplotting technique to print microgel films, 

various printing parameters were altered and the print quality was then analyzed; specifically, the 

influence of bioink microgel particle concentration, bioink PEG concentration, print surface 

contact area, and glass capillary write head diameter on print quality were investigated (Figure 

4.1.).  First, bioink microgel and PEG concentrations were varied while surface contact angle and 

capillary diameter were kept constant by using clean glass slides and print capillaries 50 ɛm in 

diameter. Bioinks with microgel concentrations of 0.02 mg/mL, 0.2 mg/ mL, or 2 mg/mL and PEG 

concentrations of 5%, 10% or 20% (v/v) were used for printing. A pattern containing dots, lines, 

filled in shapes, and lettering was developed in order to test the quality and resolution of the 
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resulting prints using each bioink formulation (Figure 4.2.A-B, Figure A.3.1., Figure A.3.2., 

Figure A.3.3.). Each print was imaged and parameters including printed dot radii and circularity, 

printed line width and length, and the percentage of the template pattern to successfully print were 

measured (Figure 4.2.C-G) to evaluate the overall print quality. As the microgel and PEG 

concentration increased, the dot radii, line width, and line length all increased with the 2 mg/mL 

and 20% PEG (v/v) bioink having mean values of 76.2±7.8 µm, 127.9±5.0 µm, and 1,172.1±18.9 

µm, respectively. Also, the only ink formulations where 100% of the template pattern printed 

successfully were those with the highest microgel and PEG concentrations.  
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Figure 4.1. Microgel Bio-ink Formulation and Printing Parameters. A) Microgel particles 

were synthesized in a precipitation-polymerization reaction and mixed with low molecular weight 

polyethylene glycol in order to make microgel based bioinks used for ultrasonic microplotting. B) 

Ultrasonic microplotting was performed using a Sonoplot GIX Microplotter II. C) Printing was 

performed by using a glass capillary write head on a glass surface. D) Ultrasonic microplotting 

print parameters were changed by controlling microgel concentration, PEG concentration, the 

surface coating of the glass to be printed on, and the diameter of the glass capillary. 
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Figure 4.2. Print Q uality Resulting from Bioinks with Changing Microgel and PEG 

Concentrations on Plain Glass. A) A template pattern was designed with several different 

features including dots, lines, filled in shapes, and curves in order to capture as many differences 

in print quality. B) A representative print image from the bioink containing 2 mg/mL of microgel 

particles and 20% PEG (v/v). C-G) Print quality was assessed by measuring features in ImageJ 

such as dot radii, circularity, the percent of the template pattern to print, printed line length, and 

printed line width, respectively. Significant differences were measured between microgel bioinks 

with different microgel concentration, but the same percentage of PEG.   *** p<0.0005, **** 

p<0.00005 

Film thickness is another indicator of the print quality such that a thicker film indicates a 

higher quality print. To measure film thickness, dry AFM imaging was performed on printed lines 
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created using the various bioink formulations characterized above (Figure 4.3.A). AFM heights 

show that at the highest microgel concentration of 2 mg/mL, the thickest print of 1.9±0.3 µm 

occurred when the PEG concentration was also at its highest value of 20% by volume, as those 

prints were significantly thicker (p<0.0005) than the prints created using a bioink of 2 mg/mL and 

either 10% or 5% PEG that had thicknesses of 1.3Ñ0.3 Õm and 0.4Ñ0.2 ɛm, respectively (Figure 

4.3.B). Subsequently, even at the highest PEG concentration of 20% by volume, the thickest print 

of 1.9±0.3 µm occurred when the concentration of microgels in the bioink was at its highest value 

of 2 mg/mL. Prints produced with bioinks comprised of 20% PEG and 2 mg/mL microgels were 

significantly thicker (p<0.0005) than the prints created using a bioink of 20% PEG and 0.2 or 0.02 

mg/mL of microgel particles which had thicknesses of 0.4Ñ0.1 ɛm and 0.3Ñ0.1 ɛm respectively 

(Figure 4.3.C). Taken together, the results from the print quality analysis and print thickness 

measurements show that both the concentration of the microgels and PEG in the bioink are 

important factors in determining the overall print quality, with the prints with the highest quality, 

that was also the thickest, occurring with a bioink composition of 2 mg/mL and 20% PEG. 
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Figure 4.3. Microgel Bioink Print Heights Measured by Atomic Force Microscopy. Atomic 

force microscopy (AFM) was used in order to determine the thickness of printed lines made on 

plain glass with bioinks containing different microgel and PEG concentration. A) A representative 

image of a printed line as imaged by AFM. B) The heights of printed lines measured by AFM 

where microgel concentration remained constant at 2 mg/mL and the PEG percentage was 

changed. C) The heights of printed lines measured by AFM where PEG percentage remained 

constant at 20% and microgel concentration was changed. *** p<0.0005 

4.3.2. Contact angle analysis 

Subsequent studies focused on determining how altering the print surface influenced print 

quality. Print surfaces included glass slides modified with PEI, APTMS, or BSA. Prior to printing 

on these surfaces, contact angle analysis of the microgel bioink on the coated surfaces was 

performed. It was found that changing either the PEG concentration while the microgel 

concentration was held constant or changing the microgel concentration while the PEG 
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concentration was held constant had little effect on the resulting contact angle (Figure 4.4.F-G, 

Figure A.3.4.). Average contact angles of 50.8°±6.3°, 54.4°±3.1°, 65.2°±0.2°, and 77.5°±3.6° 

were measured for clean glass, PEI coated glass, APTMS coated glass, and BSA coated glass, 

respectively. The only statistical differences (p<0.05) found were between bioinks comprised of 

5% PEG (v/v) and 20% PEG (v/v) with 2 mg/mL microgels on the clean glass surface and between 

bioinks comprised of 0.02 mg/mL and the 0.2 mg/mL or 2 mg/mL with 20% PEG (v/v) on the PEI 

coated surface. All other conditions within each surface were not statistically different. However, 

the contact angle of the surface did change significantly (p<0.05) with each different surface 

coating. Using a microgel bioink composition of 2 mg/mL and 20% PEG (v/v), the clean glass 

surface had the lowest contact angle of 49.0±6.0, the PEI coated surface had a contact angle of 

56.5°±1.6°, the APTMS coated surface had a contact angle of 62.8°±1.5°, and the BSA coated 

surface had the highest contact angle of 75.0°±5.9° (Figure 4.4.H). Overall, contact angle analysis 

showed that bioink formulation did not have a huge impact on the resulting contact angle, but the 

contact angle could be controlled by changing the type of surface coating on the glass slide.  
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Figure 4.4. Microgel Bioink Contact Angle Changes Based on Surface Coating. A) Contact 

angle measurements were taken using a Rame-Hart Advanced Contact Goniometer ï Model 102 

and DropImage Advanced software was used to image the water droplets. B-E) Representative 

droplet images for clean glass surfaces, PEI coated surfaces, APTMS coated surfaces, and BSA 

coated surfaces, respectively. F) The contact angle of bioink droplets where microgel 

concentration was kept constant at 2 mg/mL and PEG concentration was varied. G) Contact angle 

of bioink droplets where PEG percentage was kept constant at 20% and microgel concentration 

was varied. H) Contact angle of bioinks with 2 mg/mL of microgels and 20% PEG. * p<0.05 

4.3.3. Analysis of the influence of contact angle on print quality 

In these studies, bioink composition was kept constant while the print surface was varied. 

Printing with a bioink of 2 mg/mL microgel particles and 20% PEG (v/v) on the coated surfaces 

resulted in a biphasic response between contact angle and print quality (Figure 4.5., Figure 

A.3.5.). With increasing contact angle, the quality of the printed dots behaved as expected with 

dot radii decreasing to a value of 39.3Ñ1.6 ɛm and dot circularity increasing to 0.96±0.04 on BSA 

coated surfaces (Figure 4.5.B-C). However, line width and line length followed a biphasic 
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response and decreased to their lowest values of 27.9Ñ5.5 ɛm and 1078.6Ñ16.3 ɛm, respectively, 

on the APTMS surface, but increased to a value of 79.3Ñ3.0 ɛm and 1117.3Ñ10.6 ɛm, respectively, 

on the BSA surfaces (Figure 4.5.E-F). Also, the APTMS coated surface was the only surface to 

not print 100% of the template pattern, while the BSA coated surface, at a higher contact angle, 

did (Figure 4.5.D). The printed line thickness also varied with contact angle as the thickness was 

greatest on the clean glass and APTMS coated surfaces with values of 1.9±0.3 µm and 1.6±0.2 

µm, respectively, while the PEI and BSA coated surfaces had significantly thinner (p<0.005) 

printed lines, having thickness values of 1.0±0.2 µm and 1.0±0.1 µm, respectively. These results 

show that the contact angle does play an important role in print quality. However, due to the 

biphasic response observed, it is possible that other surface properties also influence print quality. 
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Figure 4.5. Changing Surface Coating Effects Microgel Bioink Print Quality. A) 

Representative image of a bioink containing 2 mg/mL of microgels and 20% PEG on a BSA coated 

surface. B-F) Print quality on each coated surface using a bioink containing 2 mg/mL of microgels 

and 20% PEG was measured in ImageJ by analyzing printed dot radii, printed dot circularity, the 

percent of the template pattern to print, printed line width, and printed line length respectively. G) 

The heights of printed lines measured by AFM. ** p<0.005, *** p<0.0005 

4.3.4. Influence of print head diameter on print quality 

Next, the influence of the diameter of the glass capillary print head on print quality was 

analyzed. Glass capillary print head diameters of 20 ɛm, 50 ɛm, or 100 ɛm were investigated while 

the contact angle of the surface was held constant by printing on BSA coated slides (Figure 4.6.A-

B, Figure A.3.6.). Bioink formulation was also kept constant at 2 mg/mL microgels and 20% PEG 

(v/v). While printing parameters appeared to change linearly with increasing capillary diameter, 

print quality appeared to be the highest with the intermediate diameter capillary. Dot radii, line 
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width, and line length all significantly (p<0.0005, p<0.005, and p<0.0005 respectively) increased 

with increasing capillary diameter, with the highest values of 90.7Ñ4.1 ɛm, 138.7Ñ19.4 ɛm, and 

1705.6Ñ27.7 ɛm respectively occurring with the largest tip diameter of 100 ɛm (Figure 

4.6.C,F,G). However printing with the 50 ɛm diameter capillary, led to significantly higher 

(p<0.05) dot circularity values compared to the 100 ɛm diameter capillary and a significantly 

greater (p<0.05) percentage of the template pattern to print successfully compared to the 20 ɛm 

diameter capillary, having values of 0.96±0.04 and 100±5% respectively (Figure 4.6.D,E). While 

changing the tip diameter does increase the print feature size, there is a tradeoff in quality, as seen 

by the decrease in printed dot circularity and the increase in printed line length and width, resulting 

in the 50 ɛm diameter tip having the best overall print quality. 
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Figure 4.6. Printing Features Increases Linearly with Changing Print Head Diameter: A) A 

template pattern was designed in order to measure how printed feature quality changed with the 

glass capillary print head diameter. B) A representative image of a print using a 50 µm diameter 

with a bioink containing 2 mg/mL of microgels and 20% PEG on a BSA coated surface. C-G) 

Print quality was measured in ImageJ by analyzing printed dot radii, printed dot circularity, the 

percent of the template pattern to print, printed line width, and printed line length respectively. * 

p<0.05, ** p<0.005, *** p<0.0005  
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4.3.5. Printing patterned microgel films 

Having established an initial understanding of how changing each parameter affects print 

quality, studies were initiated to evaluate the feasibility of patterning microgels with varied 

compositions. To that end, patterned microgel films were printed using either red labeled or green 

labeled microgel particles at a concentration of 2 mg/mL with 20% PEG on BSA coated surfaces. 

To test the resolution capabilities while printing multiple microgel bioinks on the same surface, 

patterns with features of either 200x200 ɛm, 100x100 ɛm, 50x100 ɛm, or 50x50 ɛm were created 

(Figure 4.7.). For the patterns with feature sizes of 200x200 ɛm and 100x100 ɛm, the spaces 

where the green microgels are to be printed next to the red microgels are highly defined indicating 

that this technique can easily print patterns with a feature size resolution of 100-200 µm. As the 

pattern features decrease in size to island sizes of 50x100 µm, there are defined spaces in the red 

channel where the green microgels are going to be printed however they are not as defined as the 

patterns with the larger feature size. Lastly, as feature size decreases to the pattern where island 

sizes are 50x50 ɛm in size, the spaces where the green particles are to be printed are not as defined 

and it appears that the red labeled microgels fill in that space to a greater degree. Based on these 

results, it appears that resolution capabilities are limited to around 50-100 ɛm in size as it is 

somewhere between an island size of 50x100 ɛm and 50x50 ɛm where it is not possible to print 

areas of differing microgels next to one another without overlap.  
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Figure 4.7. Patterning Microgel Films Using an Ultrasonic Microplotter : Patterned microgel 

films were created using particles labeled with Alexa Fluor 594 Cadaverine (red) or Alexa Fluor 

488 Cadaverine (green). Bioinks with the labeled particles were created at a concentration of 2 

mg/mL and printed on BSA coated surfaces. Patterns with green feature sizes of 200x200 µm (A), 

100x100 µm (B), 50x100 µm (C), and 50x50 µm (D) were printed. 

 

4.4. Discussions and Conclusions 

In this work, we investigate the utility of ultrasonic plotting in creating patterned pNIPAm 

scaffolds. In order to understand how user-controlled parameters affect printing quality, bioink 

formulation, the contact angle of the surface, and print head diameters were varied independently 
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of one another. The first set of parameters that were varied during the printing process was the 

microgel bioink composition. The bioink is composed of microgel particles and low molecular 

weight polyethylene glycol 400 (PEG). PEG is a common additive in bioink material blends due 

to its ability to increase the mechanical property of the resulting material120,121. PEG is also used 

as a lubricant in many 3D printing applications in order to aid the loading and dispensing 

process122ï125. This increases the ability of the bioink to print successfully while also preventing 

clogging of the write head; for these reasons, PEG was included in the bioinks here. Results 

showed that increasing bioink PEG concentration and bioink microgels concentration while 

holding other parameters constant, resulted in increasing print quality. Bioinks comprised of 2 

mg/mL with 20% PEG (v/v) were found to have the overall highest print quality, as evidenced by 

results demonstrating prints with this bioink have the largest and thickest print features while also 

successfully printing 100% of the template pattern. Indeed, our results show that the addition of 

PEG does aid printing by increasing the wetting of the bioink on the glass surface due to the 

lubrication properties of the PEG aiding the dispensing process. It is important to note that similar 

results could have been achieved using higher molecular weights of PEG in lower amounts, 

however higher molecular weights would be harder to remove from the dried printed microgel 

films which is why a low molecular weight was used.  

Next, the influence of surface contact angle on print quality was analyzed, while keeping 

other printing parameters constant, by coating glass slides with PEI, APTMS, or BSA. The surface 

coatings were chosen based on typical microgel film LBL fabrication, which uses APTMS to 

functionalize the glass and PEI which is used to electrostatically hold microgel layers together, 

and the potential for cell culture, where BSA would prevent non-specific cell adhesion and thereby 

promote adhesion to the printed microgels. Contact angle analysis showed that clean glass had the 
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lowest contact angle, PEI and APTMS had an intermediate contact angle, and BSA had the highest 

contact angle. Initially, it was hypothesized that contact angle would influence the print quality, 

with quality increasing as contact angle increased, due to an increase in the hydrophobicity of the 

surface which would prevent the print from spreading and increase resolution. Indeed, this 

hypothesis holds when printing dots as both the dot radii and dot circularity increased with 

increasing contact angle as expected. However, this hypothesis did not hold with regards to printed 

line length, width, and the percent of the template to print successfully. In fact, it appears that there 

is a biphasic response resulting in APTMS having the lowest print quality even though it is at an 

intermediate contact angle value. These results indicate that there could be other surface 

parameters that impact microgel bioink print quality. Surface charge and magnitude may be 

contributing to these results as both PEI and APTMS are positively charged, with APTMS having 

a higher charge magnitude than PEI, and BSA having a negative charge, but further tests would 

need to be performed in order to substantiate this hypothesis. Overall, the results from changing 

the contact angle showed that either the BSA or PEI coated surfaces represent the best print 

substrates, as evidenced by results demonstrating that prints on these surfaces have print features 

closest to the diameter of the write head with 100% of the template pattern successfully printed. 

Finally, the influence of glass capillary print head diameter on print quality was analyzed 

while holding all other printing parameters constant. The diameter of the print head influences the 

size of the printed features; we hypothesized that smaller diameters would correlate with greater 

print resolution. Results demonstrated that print feature size increased linearly with increasing 

capillary diameter; dot radii, line width, and line length all increased with an increase in tip 

diameter. However, this change in resolution comes at the expense of the overall print quality. As 

the tip diameter decreased, the percent of the template pattern printed also decreased. This could 
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be caused by partial clogging of the smaller tip diameters with the microgel particles in the bioink 

or it could be that the volume wicking onto the surface from the capillary was not large enough to 

maintain a continuous flow over the size of the pattern. In order to increase the resolution further, 

the microgel bioink formulation might need to be altered or perhaps the design of the pattern needs 

to be proportionately scaled to the tip diameter. 

The goal of this project is to spatially control the deposition of microgels to create scaffolds 

with exquisitely controlled mechanical, adhesive, and bioactive properties. Previous studies with 

pNIPAm particle have shown that particle stiffness can be controlled between 3-120 kPa34, film 

viscoelasticity can be controlled between a loss tangent of 0.8 and 1.5103, and bioactivity can easily 

be achieved through the inclusion of antibodies or targeted peptides35ï37.  This ultrasonic printing 

technique, therefore, could be used to pattern particles with different properties consistent with the 

desired application. By optimizing printing parameters, it was possible to create patterned films 

with a feature size resolution of ~50 ɛm by using a microgel bioink comprised of 2 mg/mL of 

microgel particles and 20% PEG (v/v) while printing on a BSA coated surface using a print head 

diameter of 50 ɛm. Therefore, this printing technique successfully addressed the major issue of 

the lack of spatial control of LBL methods for microgel scaffold fabrication. This work also opens 

the door for the development of new and complex microgel platforms that can pattern specific 

substrate parameters to a localized area that is on a similar length scale to a cellôs native 

microenvironment.  

While this technique offers huge advantages in 2D film creation, the technology needs 

further optimization to facilitate printing larger three-dimensional scaffolds. However, the results 

shown here offer promise for extending ultrasonic printing to 3D. Compared to extrusion-based 

printing, ultrasonic printing offers higher spatial resolution and a greater degree of control over 
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material properties. The resolution for the feature size of most extrusion-based printing methods 

is between 200-2000 µm96,104ï106,126. In order to achieve higher resolutions through extrusion-based 

printing, stiffer, or more viscous materials need to be used. A resolution lower than 200 µm has 

been seen with extrusion-based printing, however, this required the use of a material with stiffness 

between 100-500 kPa which is greater than the physiological values of most tissues122. Using this 

method, it was possible to print features down to 50 ɛm with the possibility of even printing at a 

higher resolution with further optimization. Because the bioinks used in this study are made of 

microgel suspensions, the mechanical and rheological behavior of the bioink will be governed by 

the solvent in which the particles are dissolved,109 meaning that resolution size is independent of 

the microgel particle mechanical properties. Therefore, it is possible to still achieve a high degree 

of resolution even with particles that have mechanical properties over a wide range of 

physiologically relevant values. Overall, this technique offers advantages in 2D film creation as 

compared to traditional LBL techniques and offers potential advantages in 3D with further 

development of the technology. 
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CHAPTER 5: Elucidating the Combinatorial  Effect of Substrate Stiffness and 

Surface Viscoelasticity on Fibroblast Phenotype 

 

 The works described in Chapters 3 and 4 focused on furthering the understanding of the 

role that viscoelasticity has on cellular responses. However, viscoelasticity is not the only material 

property that has been shown to influence cellular behavior. In fact, substrate stiffness has long 

been an extremely popular material property to use for the study of mechanotransduction responses 

while viscoelasticity has only begun to be studied more recently. Most studies that aim to further 

elucidate the role that either substrate stiffness or viscoelasticity has in regulating 

mechanotransduction responses investigate each material property irrespective of the 

other42,43,46,127ï129. However, in order to fully understand the role that both bulk material stiffness 

and surface viscoelasticity play in mechanotransduction responses, they must be studied 

concurrently and not independently. This would mean that a material would need to be developed 

that has both a viscoelasticity and stiffness that can be controlled independently of one another and 

has values over a wide range of physiologically relevant values which can be extremely difficult 

to achieve. The studies presented in the chapter propose a composite material that overcomes these 

challenges by combining the high degree of control over substrate stiffness offered by 

polyacrylamide gels with the high degree of control over surface viscoelasticity of microgel thin 

films as shown in Chapter 3. The studies outlined in this chapter then go on to use this composite 

material in order to begin to understand the role that the combinatory effects of both substrate 

stiffness and surface viscoelasticity has on cellular mechanotransduction responses by measuring 

cellular and nuclear morphology changes over a wide range of stiffness and viscoelastic values. 
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5.1. Introduction 

The homeostasis of tissues is ensured by the ability of the cells within those tissues to sense 

and respond to the changes in their mechanical and biological microenvironment. In order to better 

understand the mechanisms driving cellular mechanotransduction responses, many synthetic and 

naturally derived material platforms have been developed with varying degrees of control over 

material mechanics.  Most studies that aim to understand the mechanosensing ability of cells use 

purely elastic substrates130ï133. Indeed, while these studies have shown that substrate stiffness is an 

important factor in modulating cell morphology and differentiation, the results of these studies do 

not always match the cellular behavior found in vivo. This is due to the fact that tissues found in 

the body, such as the brain, muscle, fat, bone, etc., are not purely linearly elastic, but rather display 

viscoelastic properties70,134. To rectify this issue, there have also been studies that use materials 

that vary the viscosity of the material in order to understand its effect on cellular behavior30ï32,43. 

Again, these studies have also shown that viscoelasticity can have a huge influence on cellular 

behavior even while keeping the stiffness of the material constant. For example, studies performed 

by Cameron et al. showed that as substrate loss modulus increased so did mesenchymal stem cell 

area, focal adhesion length, proliferation, and differentiation32. 

 So far, the material systems used to study mechanosensing phenomena have only varied 

substrate stiffness or viscoelasticity independently of each other and not at the same time. This is 

largely because the material properties that would make something highly viscous are not 

conducive to also making that material stiff. However, in order to fully understand the role that 

mechanosensing plays in maintaining homeostasis, a material system would need to be developed 

that can decouple and independently control both the stiffness and viscoelasticity of the material 

over a wide range of physiologically relevant values. Unfortunately for hydrogel systems 
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composed of a single hydrogel material, fully decoupling the elastic and viscous components of 

hydrogels cannot completely happen due to the interactions between the liquid and solid phases135. 

Many hydrogel systems have had success at altering viscoelasticity by altering the solid phase by 

either varying the polymer and/ or crosslinker molecular weight or crosslinking density30,31,136. 

However, with these material systems the degree of control over stiffness is limited as the 

crosslinking density not only impacts the viscoelastic behavior but as crosslinking of the polymer 

network increases the material changes its behavior to act more like an elastic one137. A recent 

study by Cacopardo et al. investigated how altering the liquid phase of a hydrogel through the 

addition of dextran molecules affected the ability to decouple the substrates elastic and viscous 

components and overcome the limitations associated with altering the materialôs polymer 

network135. While their results showed that by adding dextran to the liquid phase viscoelastic 

properties could be controlled, the alteration of the liquid phase did significantly change the 

instantaneous elastic modulus that only settled at a constant value after the time-dependent 

deformation had concluded. Overall, these studies demonstrate the difficulty associated with the 

development of a material that has decoupled elastic and viscoelastic properties. 

To that end, in this study, we propose the use of a composite hydrogel system composed 

of microgel thin films built on top of polyacrylamide (PA) gels. Microgel particles offer a high 

degree of control over individual particle size33, particle stiffness34, and particle functionality35ï37. 

These particles can then be fabricated into films through a layer-by-layer centrifugation method in 

order to build multilayer films38,39. PA gels are also used to mimic soft tissues due to the high 

degree of control they offer over the stiffness of the resulting gel138. A previous study by our group 

has shown that once microgel particles are built into films, these materials have highly controllable 

loss tangent values that are capable of influencing cellular migration, morphology, and fibrotic 
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responses103. However, this previous study was performed on microgel thin films built on glass. 

In order to develop a system where substrate stiffness could also be modulated, microgel thin films, 

in this study, are built on top of PA gels. Studies have shown that fibroblast cells have a mechanical 

depth-sensing range greater than 10 µm139. Since the microgel, thin films used in this study have 

a thickness of ~1.5 ɛm103, fibroblasts seeded on these films are able to sense the underlying 

substrate stiffness of the PA gel while also sensing the loss tangent value of the microgel thin film. 

Therefore, by combining microgel thin films with PA gels, a new material with decoupled stiffness 

and viscoelasticity values that can be controlled independently of one another is developed for the 

purpose of studying the combinatory effect that both properties have on cellular responses. We 

then go on to show the effect that changing both stiffness and viscoelasticity can have on fibroblast 

cells by measuring cellular and nuclear morphological changes in response to a wide range of these 

values. 

 

5.2. Materials and Methods 

All reagents used were purchased from Sigma-Aldrich unless otherwise specified. 

5.2.1. Microgel Particle Synthesis  

Microgel particles were synthesized in a precipitation-polymerization reaction and are 

composed of the reagents poly(N-isopropylacrylamide) (poly-NIPam), N,Nô-

methylenebis(acrylamide) (BIS), and Acrylic Acid (AAc). The amount of each reagent was 

calculated based on the percentage of each reagent of the total 140 mM final solution 

concentration. Sodium dodecyl sulfate (SDS) was also added in order to control particle size. Each 

reagent was then added to 95 mL of DiH2O until dissolved and filtered using a 0.2 µm filter before 

being added to a three-necked reaction vessel. The solution was then heated to 70oC and allowed 
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to equilibrate for 1 hour. Ammonium persulfate (APS) was then dissolved in 2-3 mL of DiH2O 

and filtered using a 0.2 µm filter before being added to the reaction vessel in order to initiate the 

reaction. The reaction was allowed to proceed for 6 hours at 70oC and a stir speed of 450 RPM 

and then cooled overnight. The solution was filtered over glass wool in order to remove any large 

aggregates that may have formed during the reaction and then purified using dialysis in 1000 kDa 

tubing. Water for dialysis was changed every 12-16 hours over the course of 48 hours. Upon 

completion of dialysis, the purified solution was then freeze-dried for long term storage at room 

temperature. Working solutions of 5 mg/ml were then made with the freeze-dried particles. 

5.2.2. Polyacrylamide Gel Creation  

Polyacrylamide (PA) gels with stiffnesses of ~2 kPa, ~9 kPa, and ~20 kPa were made 

following the protocol outlined in Tse et al25. Amino-silanated coverslips were prepared by adding 

300 µL of 0.1 M NaOH to 25-mm coverslips and allowing them to dry overnight. Once dry and a 

uniform layer of NaOH formed on the glass, the coverslips were swabbed with (3-

Aminopropyl)triethoxysilane (APTMS) and allowed to react for 5 min. The coverslips were then 

rinsed with DiH2O in order to remove any unreacted APTMS. The coverslips were then submerged 

in a solution of 0.5% glutaraldehyde in PBS and allowed to stand for 30 min. After 30 min, the 

coverslips were removed from the glutaraldehyde and allowed to dry. Chloro-silanted coverslips 

were made by spreading 100 µL of dichlorodimethylsilane (DCDMS) onto each coverslip and 

allowed to react for 5 minutes before being washed with DiH2O. Acrylamide and bis-acrylamide 

were mixed to the required concentrations in DiH2O. A 1/100 total volume solution of 10% w/v 

of APS and a 1/1000 total volume of tetramethylethylenediamine (TEMED) was added to the 

mixture and was vortexed to ensure uniform mixing. 25 µL of the unpolymerized gel solution was 

then pipetted onto the amino-silanted coverslips and a chloro-silanated coverslip was placed on 
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top. The gel solution was then allowed to polymerize at room temperature for 30 min. After 

polymerization, the gels were submerged in PBS and the chloro-silanated coverslips removed 

5.2.3. Composite Microgel Film and Polyacrylamide Gel Substrate Formation 

In order to build microgel thin films on top of PA gels, the PA gels were first functionalized 

with sulfosuccinimidyl-6-(4ô-azido-2ô-nitrophenylamino)-hexanoate (sulfo-SANPAH). A 0.2 

mg/ml solution of sulfo-SANPAH was made and 500 µL was added to each PA gel. The gel was 

then placed in a 365-nm UV light source and exposed for 10 min. The gels were then removed 

from the UV source and rinsed with PBS for 5 min while shaking before repeating the exposure to 

UV light a second time. Following the second exposure to UV light, the PA gels were washed 

again and a 0.05 monomolar solution of polyethyleneimine (PEI) was added. The films were then 

incubated at 4oC overnight. Following incubation, the first layer of microgels was built on the PA 

gel by adding a 0.1 mg/mL solution of microgels to the PA gels and centrifuging at 3700 RPM for 

10 min. In order to increase the stability of the multilayer film built on the PA gel, the first layer 

of microgels is crosslinked to the PEI via a solution of 2 mM 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC) and 5 mM N-hydroxysuccinimide (NHS) in a 0.1M solution of 2-

ethanesulfonic acid (MES) with a pH ~4.7. After crosslinking, the film was submerged in the PEI 

solution for 30 min and a second layer was built. This process was then repeated until there was a 

total of 4 layers of microgel particles built. With all 4 layers built, the microgel film was either not 

crosslinked or crosslinked at a concentration of 0.2 mM/0.5 mM, 2 mM/5 mM, or 20 mM/50 mM 

of EDC / NHS. The completed films were then coated in rat tail collagen I at a concentration of 40 

µg/mL and incubated overnight at 4oC. 
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5.2.4. Loss Tangent Characterization  

In order to characterize how the loss tangent of the microgel films changed with 

crosslinking, loss tangent imaging using a Cypher ES AFM (Asylum) and BL-AC40TS-C2 

cantilevers (Olympus) with a cantilever constant of 0.09 N/m. An area of 20x20 µM area was 

measured in 3 different locations on 2 different batches of microgel films built on glass.  

5.2.5. Cell Membrane Staining and Seeding  

Prior to seeding the cells, they were stained with a CellBrite fix membrane dye. In order to 

stain the cells, 20 µL of a 100x solution of the membrane dye was added to ~1,000,000 human 

dermal neonatal fibroblasts (HDFn) resuspended in PBS. The cells were allowed to incubate in the 

membrane dye at 37oC for 15 min before being mixed by gently pipetting and then incubating 

again for another 15 min at 37oC. HDFns were then seeded at a concentration of 15k cells per well 

on the PA gel and microgel film constructs following collagen I coating and incubated at 37oC for 

24 hrs. After 24 hrs the cells were fixed in a solution of 95% absolute methanol and 5% acetic acid 

for 5 min at -20oC. After fixing, cells were incubated for 30 minutes with NucBlue (ThermoFisher 

Scientific) in PBS in order to visualize the nucleus. The cells were then imaged using an EVOS 

FL Auto (ThermoFisher) and cell area and circularity as well as nuclear morphology was measured 

using ImageJ. 

5.2.6. Statistical Analysis 

All statistical analysis was performed in the Prism software (Graphpad). Data was 

statistically analyzed using either a one-way or two-way ANOVA with subgroup comparisons 

done using the Tukey posthoc test at a 95% confidence interval. All results are reported as the 

mean ± the standard deviation. * p<0.05, ** p<0.005, *** p<0.0005, **** p<0.00005 
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5.3. Results 

5.3.1. Microgel Thin Film Viscoelasticity at Varying External Crosslinking Densities  

A previous study conducted by our lab has shown the ability of intraparticle BIS 

crosslinking to change the viscoelastic nature of microgel thin films103. BIS crosslinking occurs 

during microgel particle synthesis, and so the crosslinking occurs internally within the particle. 

However, external crosslinking can be performed by utilizing EDC and NHS coupling chemistry 

in order to crosslink the carboxyl groups found in the AAc within the particle to the amine groups 

found in the PEI that diffuses in and out of the microgel particles and between layers41,57. External 

crosslinking would further change the viscoelastic nature of microgel thin films and was 

investigated by creating 4 layer thin films on glass with microgel particles that had either 1%, 2%, 

4%, or 7% BIS crosslinking and were then either externally crosslinked with a solution containing 

0 mM/ 0 mM, 0.2 mM/ 0.5 mM, 2 mM/ 5 mM, or 20 mM/ 50 mM EDC/ NHS (Figure 5.1.B). 

Loss tangent imaging of the resulting films showed that in the absence of external crosslinking, 

loss tangent decreased as internal BIS crosslinking increased. However, as external EDC/ NHS 

crosslinking increased the viscoelastic nature of the films normalized to a loss tangent value of 

~0.6 (Figure 5.1.C). In order to ensure that changing the underlying substrate did not change the 

resulting loss tangent value of microgel thin film, 4 layer films were built upon PA gels with a 

stiffness of 8.8 kPa and crosslinked externally in a solution of 2 mM EDC/ 5 mM NHS. Loss 

tangent imaging of the films built on PA gels did not show any statistical significance when 

compared to the values measured of the same types of films built on glass (Figure A.4.1.). 
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Figure 5.1. PA Gel and Microgel Composite Substrate Synthesis and Characterization. A) 

Composite microgel and PA gel substrates were created by first polymerizing a PA gel on a glass 

coverslip. The polymerized PA gel was functionalized with Sulfo-SANPAH and incubated with 

PEI for microgel film buildup. Microgel film buildup occurred in a layer-by-layer fashion with 

EDC/ NHS crosslinking occurring after the first layer and again after the fourth layer. B) A chart 

of the PA gel stiffnesses, microgel particle internal crosslinking densities, and different amounts 

of external film crosslinking concentrations used to create the composite substrates. C) Loss 

tangent AFM imaging was performed on 3 different locations on 2 different microgel films built 

on glass to measure how external crosslinking influences film viscoelasticity. Significant 

differences were measured between films with different external crosslinking concentrations, but 

the same percentage of BIS. ** p<0.005, *** p<0.0005, **** p<0.00005 
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5.3.2. Quantification of Fibroblast Morphology 

To analyze the influence that both substrate stiffness and surface viscoelasticity has on cell 

morphology, HDFns were seeded on all of the collagen-coated microgel films of different loss 

tangents built on PA gels of different stiffnesses and imaged after 24 hrs. Images were then 

processed in ImageJ in order to quantify cell area and cell circularity. Cells seeded on microgel 

thin films built on 2 kPa (Figure 5.2.), 9 kPa (Figure 5.3.), and 20 kPa (Figure 5.4.) all showed 

similar trends in cell area and circularity for loss tangent values greater than 1. At loss tangent 

values greater than 1, cell area decreased, and cell circularity increased as loss tangent increased 

with the highest cell areas corresponding to cells seeded on the stiffest PA gels. However, at loss 

tangent values lower than 1, the cell morphologies measured across all conditions were highly 

variable and seemed to oscillate between high and low area and circularity values of 500-3000 

µm2 and 0.2-0.8 respectively. However, this degree of variability does appear to decrease as PA 

gel stiffness increases. In order to better visualize the trends of cell morphology across both 

stiffness and viscoelasticity, these results were also plotted in 3D (Figure 5.5.).  On these graphs, 

it is easier to see that the trends across loss tangent are maintained on the different PA gel stiffness, 

and only the magnitude of the cell area increases as stiffness increases. The variability at a loss 

tangent lower than 1 is can also be observed by the frequent rise and fall of the surface at those 

values while the surface remains relatively smooth on loss tangent values greater than 1. 
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Figure 5.2. Cellular morphology on 2 kPa PA gels. Images were taken 24 hours after seeding 

HDFn cells on collagen-coated composite substrates with a PA gel stiffness of 2 kPa and the cell 

membrane stained green and the cell nucleus stained blue. Cell area (A) and cell circularity (B) 

were measured in ImageJ with a total of at least 30 cells measured across 3 different composite 

substrates. C) Representative images of HDFn cells with the labeled images i-iv corresponding to 

the points labeled i-iv on graphs A and B.  
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Figure 5.3. Cellular morphology on 9 kPa PA gels. Images were taken 24 hours after seeding 

HDFn cells on collagen-coated composite substrates with a PA gel stiffness of 9 kPa and the cell 

membrane stained green and the cell nucleus stained blue. Cell area (A) and cell circularity (B) 

were measured in ImageJ with a total of at least 30 cells measured across 3 different composite 

substrates. C) Representative images of HDFn cells with the labeled images i-iv corresponding to 

the points labeled i-iv on graphs A and B. 
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Figure 5.4. Cellular morphology on 20 kPa PA gels. Images were taken 24 hours after seeding 

HDFn cells on collagen-coated composite substrates with a PA gel stiffness of 20 kPa and the cell 

membrane stained green and the cell nucleus stained blue. Cell area (A) and cell circularity (B) 

were measured in ImageJ with a total of at least 30 cells measured across 3 different composite 

substrates. C) Representative images of HDFn cells with the labeled images i-iv corresponding to 

the points labeled i-iv on graphs A and B. 
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Figure 5.5. Cell Morphology Responses to Changing Loss Tangent and Stiffness. In order to 

better visualize the trends in cellular morphology across both stiffness and loss tangent, the area 

(A) and circularity (B) responses of HDFn cells were plotted in 3D. These graphs show that cell 

morphology responses follow similar trends as dictated by the loss tangent and that the magnitude 

of the observed responses changes with stiffness. These graphs also highlight the variability in 

observed responses seen on substrates with loss tangent values below 1. 

5.3.3. Quantification of Fibroblast Nucleus Morphology  

The nucleus plays an important role in cellular mechanotransduction processes.140 In order 

to elucidate the role that both substrate stiffness and viscoelasticity have on nucleus morphology, 

the area, circularity, and aspect ratio of HDFn nuclei was analyzed in ImageJ 24 hours after seeding 

on a subset of collagen-coated microgel/ PA gel substrates (Figure 5.6.). Similar to cell 

morphology, nuclear morphology across microgel film viscoelasticity follow similar trends across 

different PA gel stiffnesses. Nucleus area and aspect ratio increased until a microgel film loss 

tangent around 1. At loss tangent values lower than 1, nucleus area and aspect ratio have a higher 

degree of variability and oscillate between high and low values of 100-200 µm2 and 1-3, 

respectively. Nucleus circularity decreased to a value between 0.7-0.8 as film loss tangent 

decreased to a value of 1 and began to oscillate between circularity values of 0.6-0.9 on films with 
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loss tangent values lower than 1 irrespective of PA gel stiffness. In order to better visualize the 

nuclear morphology trends across both stiffness and loss tangent, these values were also plotted in 

3D (Figure 5.7.). On these graphs, similarly to the graphs depicting cellular morphology, nuclear 

morphology appears to follow a consistent trend along loss tangent and the magnitude of the 

observed responses increasing with substrate stiffness. Additionally, nuclear morphology has the 

same trend of increased variability at loss tangent values less than 1 that cellular morphology has. 
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Figure 5.6. Nuclear morphology changes across changing substrate stiffness and 

viscoelasticity. HDFn cells were seeded on collagen-coated composite substrates and imaged after 

24 hours. Nuclear morphology was characterized by measuring nucleus area (A), circularity (B), 

and aspect ratio (C) in ImageJ. At least 30 cells were measured across 3 different composite 

substrate replicates and representative images of nuclear morphology on 9 kPa PA gels are shown 

in (D) with the pictures labeled i-iii corresponding to the points circled in red on the corresponding 

graphs. Similarly to cellular morphology, nuclear morphology trends were dictated by substrate 

loss tangent while substrate stiffness influenced the magnitude of the observed responses.  
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Figure 5.7. Cell Nucleus Morphology Responses to Changing Loss Tangent and Stiffness. In 

order to better visualize the trends in nuclear morphology across both stiffness and loss tangent, 

the area (A), circularity (B), and (C) aspect ratio responses of HDFn cells were plotted in 3D. 

These graphs show that nucleus morphology responses follow similar trends, as dictated by the 

loss tangent, and that the magnitude of the observed responses changes with stiffness. These graphs 

also highlight the variability in observed responses seen on substrates with loss tangent values 

below 1. 

 

5.4. Discussions and Conclusions 

In this study, we demonstrate the ability to easily create a composite substrate in which 

both the surface viscoelasticity and bulk stiffness can be easily controlled in order to study the 

combinatory effect these mechanical properties have on cellular and nuclear morphology. Surface 

viscoelasticity was controlled by using microgel thin films with different internal and external 

crosslinking densities while substrate stiffness was controlled by changing the amounts of 

acrylamide and bis-acrylamide used during PA gel polymerization. Microgel thin films have been 

shown to have a thickness of 1.5 µm and fibroblasts have been shown to have the ability to sense 

the mechanics of an underlying substrate to a depth of 10-20 µm103,141. This ensures that both the 
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viscoelasticity of the microgel films and the stiffness of the PA gels are within the sensing 

capabilities of the HDFn cells used in this study. 

  Loss tangent imaging of microgel films built on glass with different degrees of internal 

and external crosslinking densities showed that loss tangent decreased as internal and external 

crosslinking increased (Figure 5.1.). In the absence of external crosslinking, changing the internal 

crosslinking density by altering the amount of BIS used during particle polymerization was enough 

to change film loss tangent in a linear fashion where increasing the amount of internal crosslinking 

resulting in lower loss tangent values. This is due to the decrease in polymer mobility caused by 

the increase in the internal crosslinking density. This trend is seen to continue with external 

crosslinking where increasing the density of external crosslinking results in lower loss tangent 

values. However, externally crosslinking the microgel films has a significantly greater effect on 

microgel film loss tangent than does the internal crosslinking density. Even at a low external 

crosslinking density of 0.2 mM EDC / 0.5 mM NHS, the loss tangent values significantly 

decreased on films that had high loss tangent values in the absence of external crosslinking. At 

higher external crosslinking densities, the loss tangent values of all films normalized to a value 

~0.6 regardless of the internal crosslinking density suggesting that the polymer chains were fully 

immobilized. 

 Analysis of cell morphology on substrates with varying stiffness and viscoelasticity 

showed that microgel film loss tangent was crucial for directing the trends of the response observed 

while PA gel stiffness directed the magnitude of the response observed. As substrate stiffness 

increased, the magnitude of the cell area generally increased as well. The increase in the magnitude 

of cell area as substrate stiffness increases is consistent with studies performed on purely elastic 

materials where an increase in cell area is observed as substrate stiffness increases.42,128,132 
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However, regardless of the stiffness of the PA gel the cells were seeded on, cells had a different 

trend of responses depending on the viscoelasticity of the microgel film they were seeded on. Two 

trends emerged based on if the microgel films viscoelasticity was at a loss tangent value greater 

than or less than 1. On films with a loss tangent greater than 1, cell area showed a biphasic response 

where cell area increased until a loss tangent value ~1.1 and then decreased. However, on films 

with a loss tangent less than 1, cell area was highly variable and oscillated between cells with large 

spread areas and cells with low spread areas.  This trend is also consistent with cell circularity 

where on films with a loss tangent greater than 1, cell circularity decreased until a loss tangent 

value of ~1.1 and then began to increase again. Likewise, on films with loss tangent values, less 

than 1 the circularity was highly variable. 

The variability in cell morphology on substrates with loss tangents lower than 1 could arise 

from the vast degree of heterogeneity found in fibroblasts undergoing fibrosis and myofibroblast 

differentiation.142,143 Previous studies have shown that as fibrosis progresses in healthy tissue, the 

viscoelasticity of the tissue decreases.11,76,144 Therefore, it is possible that the composite substrates 

with loss tangent values less than 1 are more indicative of fibrotic tissue resulting in the high 

degree of variability in cellular morphology observed here. Subsequently, it is also possible that 

composite substrates with loss tangent values greater than 1 are more indicative of healthy tissue 

with a loss tangent value of ~1.1 closely resembling the HDFnôs native environment resulting in 

the highest areas and lowest circularities. 

The high degree of deviation on the composite substrates with loss tangents less than 1 

could also be caused through cellular mechanotransduction signals occurring via nuclear 

deformation. Nuclear deformation has been shown to influence cell signaling by activating gene 

expression by decreasing the distance between chromosomes145, altering the rate of transport 
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molecules through nuclear pores146, and/ or by the supercoiling and bending of DNA and altering 

the rates of DNA and RNA synthesis147. One way in which nuclear deformation can occur is 

through traction forces generated by the cells as they react and adjust to the mechanics of their 

environment.148 As the traction forces generated by the cell increase, the nucleus will flatten and 

its area in a 2D focal plane will increase.149 As the loss tangent of the composite substrate 

decreases, cells are able to generate larger traction forces which will deform the nucleus as evident 

by the highly variable nucleus morphology observed on substrates with low loss tangent values. 

The variability in nucleus morphology then leads to different levels of mechanotransduction 

resulting in the higher degrees of variability in cellular morphology observed on the composite 

substrates with low loss tangent values. 

Overall, we have shown that it is possible to create a composite substrate composing of 

both microgel thin films and PA gels. Through the creation of this substrate, we were able to create 

a material where both surface viscoelasticity and stiffness can be controlled independently of one 

another in order to create combinations of stiffness and viscoelasticity over a large range of 

physiologically relevant values. HDFns seeded on these substrates showed an increase in the 

magnitude of cell area as substrate stiffness increased, but cellular morphology trends were 

dictated by the surface viscoelasticity. This substrate also opens the possibility for further studying 

cellular processes while seeded on a substrate that more accurately mimics the mechanics of their 

native microenvironment to yield more accurate results in in vitro experimentation. 
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CHAPTER 6: Conclusions 

 

6.1. Summary of Findings 

 The overall goal of the studies presented in this dissertation was to develop microgel thin 

films with controllable viscoelasticity in order to investigate the role that viscoelasticity has on 

cellular mechanotransduction responses. It was my hypothesis that by changing either the internal 

particle crosslinking or the external film crosslinking density it would be possible to control the 

overall microgel film viscoelasticity which would then direct cellular responses. In order to further 

study this hypothesis, the research objective was divided into three specific aims, presented in 

Chapters 3-5, that each investigated an application of microgel thin films for the study of cellular 

mechanotransduction responses. Aim 1 focused on characterizing how the viscoelastic nature of 

microgel thin films could be finely controlled by varying the amount of intraparticle crosslinking 

used during synthesis and how cellular morphology, fibrotic responses, and migration are affected 

by changes in viscoelasticity. Aim 2 centered on the optimization of the ultrasonic microplotting 

printing technique for the development of creating patterned microgel films. Aim 3 strove to 

investigate the combinatory effect that both substrate stiffness and surface viscoelasticity has on 

cellular and nuclear morphology by utilizing a novel composite substrate composed of both 

polyacrylamide gels and microgel thin films. By controlling either the intraparticle crosslinking 

density or external film crosslinking density, it would be possible to modulate the viscoelastic 

nature of microgel films which would then, in turn, modulate cellular mechanotransduction 

responses. Indeed, it was shown that by varying the intraparticle crosslinking density of microgel 

thin films built on glass, it was possible to modulate viscoelasticity which then directed fibroblast 

cell migration and increased cell area and fibrotic responses on microgel thin films composed of 
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particles with higher intraparticle crosslinking densities and lower loss tangent values. The creation 

of patterned microgel films with highly defined areas of viscoelasticity was also possible through 

the utilization of ultrasonic microplotting down to a feature resolution size of 50x100 ɛm. It was 

also shown to be possible to modulate the viscoelasticity of microgel thin films built on 

polyacrylamide gels through external film crosslinking which, along with the combinatory effect 

of substrate stiffness, was seen to induce fibrotic responses on substrates with loss tangent values 

lower than 1. 

 The studies presented in Chapter 3 focused on characterizing the ability to control microgel 

thin film loss tangent by varying the amount of internal crosslinker, BIS, used during particle 

synthesis, and measuring the effect that viscoelasticity had on fibroblast migration, morphology, 

and fibrotic responses. Microgel thin films were fabricated using microgel particles that contained 

either 1%, 2%, 4%, or 7% of the intraparticle crosslinker BIS in a layer-by-layer fashion until a 

total of 4 layers were created. The microgel thin films were then characterized through the use of 

AFM imaging in order to measure both their elastic properties (Youngôs Modulus) and viscoelastic 

properties (loss tangent). Results showed that by increasing the amount of BIS added during 

particle synthesis, films had decreasing loss tangent values while Youngôs Modulus values were 

not significantly different. Cells seeded on these films displayed ameboid migration on high loss 

tangent films, mesenchymal migration on low loss tangent films, and a transition between ameboid 

and mesenchymal migration on intermediate loss tangent films. Also, cell area was seen to increase 

as loss tangent decreased as did the fibrotic markers of Ŭ-SMA positive cells and CTGF expression. 

When the contractility inhibitors Rac, ROCK, and CDC42 were added, viscoelasticity was seen to 

no longer effect which mode of migration dominated, however, inhibitor specific differences were 

observed. Fibroblasts under Rac inhibition migrated using ameboid migration while fibroblasts 
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under ROCK and CDC42 inhibition migrated using mesenchymal migration. Also, cell area and 

Ŭ-SMA expression were seen to decrease on all films while fibroblasts were under Rac inhibition; 

Cell area and Ŭ-SMA expression were seen to increase on all films while fibroblasts were under 

ROCK and CDC42 inhibition. CTGF expression, however, was seen to decrease on all films while 

fibroblast cells were under any inhibitory condition. Overall, the results of the studies described in 

this chapter highlight 1) the ability of microgel film viscoelasticity to be tunable based on the 

amount of intraparticle crosslinking density used during particle synthesis and 2) that 

viscoelasticity is an important mechanical property that influences cellular behavior, specifically, 

fibroblasts seeded on high loss tangent films migrated through ameboid migration using 

predominantly ROCK and CDC42 mediated pathways, had lower cell area, and lower fibrotic 

marker expression while fibroblasts seeded on low loss tangent films migrated through ameboid 

migration using predominantly Rac mediated pathways, had larger cell areas, and greater 

expression of fibrotic markers. 

 Following the observations on how viscoelasticity directs fibroblasts modes of migration 

and fibrotic responses observed in Chapter 3, the studies discussed in Chapter 4 investigated the 

ability to utilize a novel ultrasonic microplotting printing method for the purpose of creating 

patterned microgel substrates that could potentially be used to further study how viscoelasticity 

affects cellular migration. In order to print patterned microgel films using this method, several 

user-controlled parameters had to first be optimized. The parameters that were optimized were the 

composition of the microgel bioink, the surface coating of the glass slide that was printed on, and 

the diameter of the glass capillary print head. When the composition of the bioink was optimized, 

it was found that by increasing the concentration of the microgel particles and the percentage of 

PEG in the bioink, print quality increased. Prints made with the highest concentrations of 2 mg/mL 
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and 20% PEG (v/v) had the largest printed dot radii, printed line thickness, length, and width, and 

were able to print 100% of the template pattern successfully. Out of the three surface coatings used 

(PEI, APTMS, BSA), it was found that bioinks printed on BSA glass slides had printed dots with 

the lowest radii and highest circularity, printed lines with a thickness greater than 1 ɛm and the 

lowest degree of variability in width and length, and were able to print 100% of the template pattern 

completely making it the ideal surface to print on out of the ones tested. Lastly, it was found that 

print size increased linearly with print head diameter, however, the intermediate diameter of 50 

ɛm yielded prints with the ideal combination of size and consistency by having smaller printed dot 

radii with higher circularities, lower line widths, and lengths, and still had 100% of the template 

pattern print successfully. With the printing parameters optimized, patterned microgel films were 

able to be created down to a feature resolution of 50x100 ɛm. Overall, the results of the studies 

described in this chapter demonstrate the ability to use the ultrasonic microplotting printing method 

for the creation of patterned microgel substrates which opens the door for more complex scaffolds 

with patterned mechanics for the future study on the role of viscoelasticity and fibroblast cell 

migration. 

 Although the studies performed in Chapters 3 and 4 focused mainly on substrates with 

viscoelasticity that can be controlled independent of stiffness, it is important to recognize the role 

that stiffness plays in directing cellular behavior. In order to fully understand the role that both 

substrate stiffness and surface viscoelasticity play in mechanotransduction responses, a novel 

composite substrate composed of both polyacrylamide gels and microgel thin films were used. The 

microgel films used in this study underwent additional external film crosslinking to increase the 

loss tangent values available for study and it was found that increasing the amount of external film 

crosslinking the resulting loss tangent of the film decreased and that after a crosslinking density of 
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2 mM EDC / 5 mM NHS, the loss tangent on all films were normalized to ~0.6 regardless of the 

amount of internal particle crosslinking used. Fibroblast cells were then seeded on composite 

substrates with PA gels having a stiffness of either 2, 9, or 20 kPa and microgel thin films with 

loss tangent values ranging from 0.6-1.5. It was observed that the loss tangent of the microgel thin 

film dictated the fibroblast cell area responses and that substrate stiffness influenced the magnitude 

of the area observed. Also, it was seen that on all PA gel stiffnesses, fibroblasts seeded on microgel 

thin films with loss tangent values less than 1 had highly variable cell areas which are attributed 

to a potential increase in fibrotic differentiation. This trend was also seen when nuclear 

morphology was measured. On surfaces with loss tangent values less than 1, nucleus area and 

aspect ratio were generally larger and highly variable indicating a potential increase in gene 

expression. The summary of these results shows that both substrate stiffness and surface 

viscoelasticity play an important role in directing cellular mechanotransduction responses. 

 

6.2. Limitations and Challenges 

 The studies presented herein demonstrate several positive outcomes for using microgel thin 

films with controllable viscoelasticity as a substrate to study cellular mechanotransduction 

responses, but there are limitations to consider in the overall design of these studies. The studies 

performed in Chapters 3 and 5 showed that cell contractility is an important driver in migration 

and spreading responses. Another key driver of cell contractility, migration, and spreading is the 

cytokine TGF-ɓ. TGF-ɓ is found extensively in FBS, which was added to the DMEM used to 

culture the HDFn cells used for all of the in vitro studies. FBS is also known for its high degree of 

variability in the concentration of the constituents contained within it. The inherent variability of 

FBS was partially accounted for by using FBS from the same batch for all of the in vitro studies, 
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however, the concentration of TGF-ɓ experienced by the cells used was not quantified. If TGF-ɓ 

was present in larger concentrations than what is found physiologically, it is possible that there 

was an over-exaggeration of the cell contractility responses observed than what would actually be 

observed in an in vivo setting. While the measurement of how TGF-ɓ and substrate mechanics play 

a role in directing mechanotransduction responses was out of the scope of these studies, as the 

mechanics of the substrate were the sole focus of these studies, understanding how TGF-ɓ further 

influences the responses observed could put some physiologically relevant context to the 

magnitude of the observations made. 

 One of the important features of the composite microgel thin film and PA gel substrates 

used in Chapter 5 is the ability to control both the substrate stiffness and surface viscoelasticity by 

combining the two materials together into one. However, by combining two materials together the 

complexity of the overall material increases, especially when using microscopy techniques. For 

example, while the studies in Chapter 3 used IHC to measure the expression of the fibrotic markers 

Ŭ-SMA and CTGF, when IHC for the same markers was performed on the composite substrates 

the background caused by the complexity of the substrate overshadowed any expression seen in 

the HDFn cells seeded on the substrates rendering this technique unsuitable for measuring gene 

expression. In order to attempt to capture gene expression on these substrates, more complex 

techniques, such as RT-qPCR, are currently being investigated. 

 The studies on using ultrasonic microplotting as a technique to create patterned microgel 

films presented in Chapter 4 also has several general limitations as well. Firstly, the technique 

itself has a general limitation of not being able to print in three dimensions. Right now, the 

ultrasonic microplotter developed by SonoPlot, and used for all of the studies in Chapter 4, has a 

high degree of precision in the x and y direction, but no control in the z-direction. Also, since this 
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technique uses a hard glass capillary tip that has to make contact with the surface in order to print, 

it is not possible to print in 3D by printing in layers as is common in other 3D printing techniques. 

This is because the tip would make contact with the surface and displace the material that was 

deposited previously as it deposits what was supposed to be the next layer. Also, since the tip does 

have to make contact with the surface in order to print, the print surface has to be smooth with 

little surface roughness as a rough substrate would potentially catch the tip of the glass capillary 

and break it mid-print. Next, the composition of the print surface used with this method is also 

limited. Since the main printing mechanism used with this method is capillary action, if the surface 

being printed on can absorb liquids, the bioink that is loaded in the capillary will be immediately 

and completely dispensed on contact. Lastly, this method has yet to be transitioned from the printed 

microgel films existing in air to the printed microgel films existing in liquid to be used in cell 

culture. Currently, the microgel films are not attached strongly enough to the glass microscope 

surface and so after the particles dry, when they are rehydrated, they wash off the surface. This 

method has the potential to be used in cell culture, but a more complicated microgel system would 

need to be developed where the crosslinking of the particles to the surface occurs in air to prevent 

the particle from washing off the surface. 

 Lastly, an overall limitation to all of the studies presented here is that they occur in 2D. It 

is well established that cells respond differently in 2D than they do in 3D150 and so in order to fully 

understand how cells in vivo respond to changes in substrate mechanics, these studies would need 

to be performed with substrates suitable for 3D cell culture. However, materials composed of 

microgel particles have only started recently to advance into creating 3D substrates105 and so until 

the technology and techniques advance far enough that it is possible to create 3D substrates with 

the same degree of control over material properties as what is presented here, these studies will 
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still present an excellent method for understanding viscoelasticityôs influence on 

mechanotransduction responses. Furthermore, there are still applications for understanding 

cellular interactions with materials in 2D, such as surface coatings to implants and external wound 

dressings, and this research can certainly still be applied to those applications. 

 

6.3. Clinical and Engineering Significance 

 The work described in this dissertation demonstrates significant developments in the 

understanding of how viscoelasticity affects cellular behavior and modulates mechanotransduction 

responses. While several works published over the past five to eight years have described the 

development of materials with controllable viscoelasticity and their influence on cellular 

responses, the work described in this dissertation establishes microgel thin films as a technology 

for studying viscoelasticity and mechanotransduction with a platform that is quick and easy to 

fabricate and offers a wide degree of tunability over viscoelasticity as well as other particle 

properties. The microgel thin films developed and utilized in this study allowed for a direct link to 

be established between substrate viscoelasticity and migration responses, a concept that had 

previously only been demonstrated with substrate stiffness. Furthermore, a new method for 

creating microgel films was developed that allows for the specific patterning of the material 

properties to defined locations which is something not previously possible using the current LBL 

fabrication method. Lastly, by combining PA gels and microgel thin films, it became possible to 

control the substrate stiffness and surface viscoelasticity independently of one another which 

allows for the creation of materials with mechanical properties that more accurately mimic 

biological tissues than many of the currently used materials that study the relationship between 

material mechanics and mechanotransduction. 
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6.4. Future Directions 

 While the work making up this dissertation signifies advances in the field of material 

mechanics and mechanotransduction, there are numerous avenues still left to be explored in order 

to expand this technology further. The promising results on patterning microgel thin films in air 

could be further advanced by transitioning this technology to cell culture which can also be used 

to further study the role that viscoelasticity has on cell migration by developing patterns that aim 

to direct cell migration by using the viscoelasticity of microgel films. Patterns such as gradients, 

channels, and the island pattern used in Chapter 4 can all be developed with the goal of having 

cells migrate from areas of certain viscoelasticity to other areas with more suitable viscoelasticity. 

Also, further characterization of surface properties and their effect on printing microgel films could 

also be performed. There is evidence presented in Chapter 4 that contact angle alone is not the 

only surface property that influences microgel film printing and properties such as surface charge 

might also play a role. So, the characterization of such properties should be done in order to 

advance the technology down to resolutions below the 50x100 µm capabilities seen here. 

 Additional work can also be performed based on the work presented in Chapter 5. As 

mentioned in the limitations section, measuring gene expression using IHC is not possible due to 

the complexity of the composite substrate. So, techniques such as RT-qPCR or Western blots 

should be investigated to further understand and establish a link between the combination of 

substrate stiffness and viscoelasticity with fibrotic responses. Also, it would be interesting to repeat 

the experiments performed in Chapter 3 with the substrate developed in Chapter 5 in order to look 

at how both stiffness and viscoelasticity affects cellular migration and to determine what 

mechanotransduction pathways are responsible for such responses. Lastly, the overarching goal of 

this work was to understand mechanotransduction responses of fibroblasts with relation to fibrosis 
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and improving wound healing outcomes. However, fibroblast cells are not the only cells that 

participate in the wound healing process. As such, it would also be interesting to apply the methods 

utilized in this dissertation to other cells such as keratinocytes, epithelial cells, and endothelial 

cells. 

 Overall, the work presented in this dissertation only scratches the surface of what is 

possible with using microgel thin films as viscoelastic substrates to study cell 

mechanotransduction responses. There is much left to be explored when it comes to printing 

patterned microgel films as well as studying the role of viscoelasticity in mechanotransduction 

responses as it relates to wound healing and fibrotic responses. Namely, patterned microgel 

printing can be further advanced by transitioning the technology to an aqueous environment and 

by further characterizing the influence of surface parameters on print quality. Also, advancements 

in the role of mechanotransduction in wound healing and fibrotic responses can be made by 

measuring gene expression or migration on the PA gel/ microgel substrates or by repeating 

experiments with different cell types. 
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APPENDIX A : Supplemental Supporting Figures  

 

A.1. Chapter 3 Supplemental Figures 

Figure A.1.1. HDFn cell area and circularity when cultured on microgel monolayers. HDFn 

cells were cultured on collagen-coated monolayer microgel films for 24 hours. At least 30 cell 

areas and circularities were measured on each monolayer using ImageJ. A one-way ANOVA and 

Tukey posthoc test at a 95% confidence interval were used to determine statistical significance. 

When compared to glass the areas (A) and circularities (B) of the HDFn cells cultured on the 

monolayers were found to not be statistically significant from glass. 
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Figure A.1.2. Microgel hydrodynamic diameter. Microgel hydrodynamic diameters were 

measured using a Nanosight (Malvern) and nanoparticle tracking analysis. Results showed that all 

microgel particles had a diameter between 550 and 600 nm. 
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Figure A.1.3. Microgel particle size over a range of temperatures. The hydrodynamic diameter 

of 1%, 2%, 4%, and 7% BIS microgel particles was measured using DLS over a range of 

temperatures from 25-45 C̄. Results showed that the small differences in NIPam composition 

across particle types do not alter the volume phase transition temperature, which was 

approximately 35 ̄C for all particle types. Below 35 ̄C all particle types had a hydrodynamic 

diameter between 500-600 nm and above 35 ̄C all particle types had a hydrodynamic diameter 

between 300-400 nm. 
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Figure A.1.4. Microgel film force maps. Youngôs modulus of 4-layer microgel films was 

measured using an AFM. Results showed values for the filmsô Youngôs modulus to be between 

95-115 kPa with no statistical differences found between each film. 
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Figure A.1.5. Surface Roughness of Microgel Films: 3 90x90 µm microgel film areas on 4 

separate microgel films were dry imaged using AFM and the surface roughness of each area was 

calculated using the AFM software. A one-way ANOVA and Tukey posthoc test at a 95% 

confidence interval were used to determine statistical significance. The mean +/- SD are reported 

and show that the average roughness (Ra) of each film was less than 50 nm with no statistical 

differences found between films. 
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Figure A.1.6. Microgel film thickness and swelling capacity. Microgel films were scratched 

with a clean razor blade and the subsequent scratch was imaged to determine film thickness and 

swelling capacity. A) The thickness and height trace of dried 1%, 2%, 4%, and 7% BIS microgel 

films. B) The thickness and height trace of swollen, hydrated 1%, 2%, 4%, and 7% BIS microgel 

films. C) The average height of the dried microgel films is ~500 nm while the average height of 

the hydrated microgel films is ~1500 nm. A one-way ANOVA and Tukey posthoc test at a 95% 

confidence interval were used to determine statistical significance. No statistical differences were 

seen between the film thicknesses for the dry films and no statistical differences were seen between 

the film thicknesses of the hydrated films. 
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Figure A.1.7. Surface coverage after deposition of each microgel film layer. Microgel films 

fabricated from 2% BIS microgel particles were dry imaged using AFM after the deposition of 

each microgel layer. After the second layer, the surface is completely covered by microgel particles 

and a microgel film is formed after the deposition of the fourth layer. 
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Figure A.1.8. Microgel stiffness measured after the formation of each layer. Films created 

with 2% BIS microgel particles were force mapped using an AFM after the deposition of each 

microgel layer in order to determine how the mechanics changed throughout film construction. 3 

10 µm x 10 µm force maps were taken on 3 separate microgel layers. After the first layer, the 

mechanics of the film are similar to glass due to the incomplete surface coverage of the first 

microgel layer and thickness of the film not being sufficient enough to prevent the underlying glass 

substrate from contributing to the AFM indentation measurement. As more layers are built, the 

thickness of the film increases, and the contribution due to the underlying glass lessens until a 

completed microgel layer is formed after the fourth layer. A one-way ANOVA and Tukey posthoc 

test at a 95% confidence interval were used to determine statistical significance. Statistically 

significant values were found between the first layer and all other layers as well as the fourth layer 

and the second and third layers. *p<0.05 
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Figure A.1.9. Microgel film self-healing. Dry AFM imaging was used to visualize 4-layer 

microgel thin films before damage, after damage, and after exposure to steam in order to analyze 

their self-healing responses. Results showed that as the microgel filmôs crosslinking density 

increased, the ability for the film to self-heal decreased. 
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Figure A.1.10. Microgel film loss tangent. Loss tangent imaging was performed using an AFM 

in order to measure the viscoelastic nature of 4-layer microgel films. Results showed that as the 

internal crosslinking of each film increased, the loss tangent of the film decreased. 
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Figure A.1.11. Correlation analysis of loss tangent and % BIS. A linear regression was 

performed to determine if (A) loss tangent correlated with %BIS concentration, (B) Youngôs 

modulus correlated with %BIS concentration, or (C) loss tangent correlated with Youngôs modulus 

of the microgel films. The linear regression for loss tangent and %BIS had a statistically significant 

non-zero slope and a R2 value of 0.978 indicating that there is a strong linear correlation between 

the two parameters. The linear regression for Youngôs modulus and %BIS had a R2 value of 0.7561 

and did not have a statistically significant slope indicating a weak linear correlation between the 

two parameters. The linear regression for loss tangent and Youngôs modulus had a R2 value of 

0.8141 and did not have a statistically significant slope, indicating that there is a weak linear 

correlation between the two parameters. 

 

  

 






























































































































